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Abstract

Background:

Adamantinomatous f@niophayngiomas (ACPs) arelinically challengingellar
region tumours, known to be characterised by mutations ©@TNNB1 ACPsare
often histologicdly complex, with different morphological cell types and
surrounded by a florid glial reaction. Murine models have been generated through
activatird -catenin andsupport a critical role fonucleo-cytoplasmic accumating
i-OFGSyAy OSft f )iddrozagitudnbidgendsiy.Of dza i S NA Q

Aims:

1 To phenotype in detail the 3D growth patterns of human and murine.ACP

1 To characterise the genomic and traniptomic landscape of human and
murine ACP, including of clusters

1 To characterise therapeutically targetable molecular pathways and perform

pre-clinical therapeutic trials.
Methods:

Human ACP samples underwemhicro-focusCT scanning,whole genome
sequencing, targeted next generation sequencing and RNA sequerotig with,

and without laser capture microdissection. The growth dynamics of murine ACP
was characterised by serial MRI and a cohort of murine ACPs, at various stages,
underwent RNA and exoe sequencing. Are-clinical murine trial using a Sonic

Hedgehod SHHpathway inhibitorwas performed.
Results:

CTNNBnutationsin human ACP were confirmed as clonal within tumour epithelia.
Gene expression signatures corresponding to tumour epithebkactive glia and
immune infiltrate were derived and novel ACP genes were identified BE€g11B

A relationship between human and murine ACPs with the developing tooth was also

established, in particular the similarity of clusters to the enameltkriurther
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molecular dissection identified a complex interplay between tumour cell
compartments demonstrating a role for paracrine signalliimdnibition of the SHH
pathway in thepre-clinicalmurine trial resulted in a decrease in median survival
from 33weeks to 11.9 weeks (p=0.048). A signature of inflammasome activation in

ACP was also identified in solid and cystic components of ACP.
Conclusions:

ACPs have clonal mutations @TNNBIand exhibitcomplex signalling interplay
between different cell compaments. Expression analysis revealseav molecular
paradigm for understanding ACP tumorigenesis as an aberrant copycat of natural
tooth development with inflammation driven by activation ofnflammasoms.

Caution is recommended in the use of SHithpvay inhibitors in patients with ACP
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1.1 Introduction

The diagnostic andherapeutic landscape of cancer is currently undergoing
profound changes as a result of understanding the molecular processes underlying
and drivingtumaNA 3Sy SaAiazx a2 O £ f SRoneBlogyS OA AA 2y Q

Analysis of patient samples, particuharthrough the use of modern molecular
technologies is resulting in tumour types and subtypes being redefined based on
molecular characteristics e.g. in paediatric brain tumosush as radulloblastoma
(Taylor, Norhcott et al. 2012, Schwalbe, Hayden et al. 20&)jng this knowledge

of underlying tumour biology, targeted therapies have been developed e.g. Sonic
Hedgehog and other pathway inhibi®(Gould, Low et al. 201Zhao and Adjei
2014) A key aspect to this process has been the use of representative mouse
models, which facilitate both detaileith vivoinvestigation of molecular pathways
and their interactions, but also increasingly more rationalised drug development

and testing(Day, Merlino et al. 2015, Le Magnen, Dutta et al. 2016)

Tumours are the leading cause of death in children in the iKitis recognised
that manytumours of childhood relate to aberrations in norindevelopment
(Scotting, Walker et al. 2005, Cancer Research UK.201th)s thesis | explore the
molecular biology of craniopharyngioma, a rare, but clinically important paediatric
tumour. Through molecular prding and use of mouse models explore its
relationship to developmental processes and characterise and test potential novel

therapeutic opportunities.

1.2 Craniopharyngioma: Clinicdlallenges andmportunities for

precision medicine

Craniopharyngiomas (GParebenignepithelial tumours of the sellar regioffwo
subtypes have been definedgamantinomdous craniopharyngioma (ACP) is the
commonest tumour of the sellar region inidhood and has a biphasic distribution
of age of incidence at-B5 years andl5-50 yeargLouis, Ohgaki et al. 2016)here

areapproximately 17 new cases of childhood craniopharyngioma registered in the
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UK each year (Childhood cancer registration in England,-2016, Public Health
England)Iin contrastpapillary craniopharyngioma (PCPprsdominantly a disease
of adults peakingincidenceat 4055 years(Louis, Ohgaki et al. 2016)his thesis

predominantly focuses on ACP.

CPs are clinically challenging due to their often stgeihar origin and tendency to
grow, invade and destroy eloquent surrounding structures, notably the pituitary,
hypothalamus andisual pathway¢Kasai, Hirano et al. 1997, Kawamata, Kubo et al.
2005, Apps, Hutchims et al. 2016, Louis, Ohgaki et al. 2016, Muller, Merchant et
al. 2017) ACPsare variably cystic and solid and exhibit marked clinical
heterogeneity. Some tumours remain in@ol despite partial resectionwhilst
others relapse frequently, despite appart complete resections and radiotherapy

(Muller 2010, Tan, Patel et al. 2017)

The current mainstay of treatment is surgery and radiotherapy, bothwhich
themselves can result in further damage to the locauistures(Muller, Merchant

et al. 2017) For recurrent cystic fluid accumulatipmtra-cystic administration of
cytotoxic agents and radinucleotides has previously been usdaljt havenow
been discontinued due to toxicitiegBartels, Laperriere et al. 2012ntra-cystic

F RYAY A&l NI eurenifypetfdmed @ Bome deritres, based on similarities
in epithelial origin between head and neck squamous cell cansen@nd ACP
(Cavalheiro, Dastoli et al. 2005, Bartels, Laperriere et al. 20¥Rjlst effects on
cystic fluid accumulation have been reported, definitive evidence of efficacy is
currently lacking and there are sonwncerns regarding toxicitySharmaet al.
2015, report a case of an 8 year old girl who suffered transient expressivesiapha
NBtFGAyYy3 (2 | (Shardd, Bdanfiele et2af 20155he Authors also
highlight previous adverse events, including progressive vegetative state, relating to
intrathecal administration for other indi¢eons (Sharma, Bonfield et al. 2015)
Consequentlythe management of recurrent cystic accumulation remains clinically

challenging.

Despite overall 5 and 10 year survival rates for childhood g@Reater than 90%

there is a long term high risk of relapse (~ 50% ayedrs) and increased mortality
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(Sterkenburg, Hoffmann et al. 2015, Muller, Merchant et al. 20A17)20 years
survival rates between 625% are reported, Wi worse survival in those with
hypothalamic damagéCrowley, Hamnvik et al. 2010, Visser, Hukin et al. 2010,
Sterkenburg, Hoffmann et al. 2015)

The majoriy of patients develop sequelae resulting in poor quatifylife and long

term psychosocial functionin@ablel-1) (Steinbok 2015, Sterkenburg, Hoffmann et

al. 2015, Muller, Merchant et al. 2017)Vhilg reduction of some of the sequ&e

may be acheved by emerging surgical riskratification strategieqe.g. the use of
radiological and clinical criteria to assess hypothalamic involvement and safety of
aggressive surgerythere is an urgent need for more rationally determined
therapeutics, loth as an adjunct for surgery and radiotherapy, but also for rescue
treatment in those who progress despite surgery and radiotherapy or have
recurrent cystic fluid accumulatigifuget, Garnett et al. 2007, MallucBizer et al.
2012, Apps and MartineBarbera 2016)

Considerable efforts have been invested in understanding the biology of
craniophagyngioma to speed up the development o$uch novel therapeutic
strategies(Apps and MartineBarbera 2016)For PCPwhich harbour activating
p.V600E mutationsin thBRARene,BRARRNd MEKnhibitors have been found to
have some benefin the limited cohorts of patients published to dataylwin, Bodi

et al. 2015, Brastianos, Shankar et al. 20l6)contrast no such novelrationally

targeted therapies have yet been successful for ACP.

Tablel1-1: Summary of long termsequdae of craniopharyngioma(Steinbok 2015,
Sterkenburg, Hoffmann et al. 2015, Muller, Merchant et al. 2017)

Long term effect Details
Endocrinopathy (up to 95%) Isolated diabetes insipidus to pan hypopituitm
Visual impairment (5@0%) Including complete blindness
Hypothalamic obesity Associated with: Type 2 diabetes mellifus

hypertension increasedcardiovascular risknon
alcoholic fatty steatohepatitis

Congitive impairment Including emotional labilit, memory deficits,
attention deficits
Other Headachesgerebrovascular abnormalities, seizure

diarrhoea, dyspnoea
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1.3 Histopathology ofmniopharyngioma

ACPs are histologically complaxmours with variablke cystic, calcifiecand solid
components and frquent invason of adjacent tissues, wittumour infiltrating
fingerlike structuressurrounded by a florid glial and inflammatomgactive tissue
(Louis, Ohgaki et al. 201&Yithin tumour epithelia, a peripheral layer of palisading
epithelium (PE) encloses more loosely packed stellate cells, called stellate reticulum
(SR) and epithelial whor{Bigurel-1). A pathognomonic feature is the presence of

eosinophilic anuclear ghost cells, also known as wet kel&iigurel-1).

¢CKS yIYS WIRI Canjopharyngidhta ideided fbm the histological
resemblancewith adamantinoma of the jaw(how known as ameloblastoma
highlighting similarities between ACP and odontogenesis and odontogenic tumours.
Indeed ghost cells are only otherwise observed in calcifying odontogenic cysts and
type of hair follicle tumour called pilomatoma (Rumayor, Carlos et al. 2015)
Whilst similarities to odontogenesis have long been recognlgstblogicallythe
molecular relationships have been relatively unexplored, other than limited
immune-histochemicd characterisations of cexpression of enamel proteins,
proteinases and some keratifgorlin and Chaudhry 1959, Kalnins 1971, Bernstein

and Buchino 1983, Paulus, Stockel et al. 1997)

In contrast to ACP, PCPs amedominantly cystic and characteriség more well
circumscribed pseudostratified epithelium forming pseupl@pillae often around
fibro-vascular cores(Figure 1-1) (Louis, Ohgaki et al. 2016Ynlike ACPno

similarities to odontogenesis have been obseryBdulus, Stockel et al. 1997)

The relationship of craniopharyngioma biology to tooth development emerges from
many of the analyses in this thesis and will be covered inibdetaChapters 5, 6 and

the discussionAn overview of tooth development is introduced in sectiar®.
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Figurel-1: Histopathology of ACP and PCH Representative histology &CP samples

showing and areas of tumour (T), reactive glial tissue (G), wet keratin/ghost cells (WK),

epithelial whorls (EW), palisading epithelium (PE) and stellate reticulum (SR).
LYYdzy2KAaG2O0KSYAa&alNE -deedinyoacade JADZOGsORIAgSlasters 31 A y & (
of cells with nucleacytoplasmic accumulatiorb) Representative histology of PCP showing

epithelia (E) and fibrovascular core (FV. OF € S o6 N& I nam>»W ®OKRIK LR &
power)

ACP
5
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1.4 Theories of cell of origin

Historically there have been two main theories regarding the origin of ACsly

that they derive from remnants of Rath@gpouch, the oral ectodermprimodium of

the anterior pituitary gland (anteriorrad intermediate lobes) and pars intermedia
(Larkin and Ansorge 2013Alternatively it isthought they derive from ectopic
embryonic enamel rests within the pituitaffzoldberg and Eshbaugh 1960)he
processes of pituitary development and tooth development are discussed in more
detail in sectionl.9, with particularly reference to pathways of interest in ACP

formation.

ACP is increasingly recognised as a developmental disgMartinezBarbera
2015) Consstent with this retrospecive analysis has shown decreadeeights of
children with childhood ACP from 1 months of agecompared to healthy
controls, several years prior to presentation suggesting early pituitary/hormonal
disruptionand rare cases détal craniopharyngioma are reporteosaOlavarria,
DiazGuerrero et al. 2001, Muller, Emser et al. 2004, Jurkiewicz, Bekiesinska

Figatowska et al. 2010)
1.5 Geneticchangesin ACP

Activating mutations of the WWT pathway gen€TNNBIencodingb-catenin) have
beenidentified by several groups in ACP otlee last10 years and are increasiyg
recognised to occur in the majority, if not all AGBskine, Sato et al. 2003, Kato,
Nakatani et al. 2004, Bus]eNolde et al. 2005)iIndeed, mmunostainingand/or
sequencingf CTNNBIn surgical samples ar@w used in practie in somecentres

to support diagnosis.

The CTNNBInutations identified in ACP are identical to those observed in other

tumour types and a predicted to lead to enhanced hdife of b-catenin,resulting

in its nucleocytoplasmic accumulatiofMartinezBarbera and Buslei 2015)he

pattern of b-catenin expressionin ACP isunusual as nucleocytoplasmic

accumulationis limited to a proportion dthe tumourcells, oftenonly those cells

within the epithelial whorls/ness (Figurel-1) (Kato, Nakatani et al. 2004, Buslei,
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Nolde et al. 2005)These will hereafter be referred to akisters The consequence
2T ydzOf SI NJ | @ddatil wztranseriptoy’ of 8pecific targets, including
Axin2and LEF® / 2 y & A a {caeyfild immunahistochemistry, expression of
these targets in ACP is limited to clustdidolsken, Kreutzer et al. 2009)he
reasons for this heterogeneity ib-cateninprotein localisation and signalling are
not fully understood. The WNT pathway is described in more detail in section
1.10.1and in Gapter 3, where | explore whether th€ TNNB Inutations identified

in ACP are present in all tumour epithelial cells, or limited to these clusters.

Immuno-histochemical studies have sought to further characterise ACP clusters and
confirmed expression of ste cell makers, e.g. CD40, aB®133, saeted factors,

e.g. SHH, BMP4ctavation of cell surface receptors, e.g. EGFR, as well as absence of
proliferation and reduced expression ofcBdherin(Holsken, Gebhardt etl. 2011,
Andoniadou, GastoiMassuet et al. 2012, Holsken, Stache et al. 2014, Preda, Larkin

et al. 2015) Many of these will be discussed in further detail in later sections.

Whether mutations in other genescontribute to tumour formation or tumour
behaviour (e.qg. infiltative capacity) is also unknownmhe first exome sequences
ACPwere published in 2012 by Brastianie$ al., who by sequencing 12 ACP
samplesand matched germline DNAfound CTNNBImutations to be the only
recurrent mutationsbetween individual casegBrastianos, TayleWeiner et al.
2014) Mutationsin other cancetrelated genes (inalding transcriptional regulators,
epigenetic regulatorsDNA repair and cell adhesion genes) were also idediifi
individual cases, but were not recurrent between patients in this small series.
(Brastianos, TayleWeiner et al. 2014)Consistent withother paediatric tumours,
they found the overall mutation frequency tbe relatively lowin human ACP
(Brastianos, TayleWeiner et al. 2014)With respect to genomic copy number
alterations, pevious studies using G banding or comparative genomic hybridisation
have givervariablg often controversial results Whilst the majority showed normal
karyotype cases with copy number variants were described in some cohorts
(Rienstein, Adams et al. 2003, Yoshimoto, de Toledo et al. 2004, Holskehakill
2016) A better molecular characterisation of more ACP tumourshisrefore
required to determine and refine the mutational landscape of these tumours. In
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Chapter 7 | explore this through whole genome sequencing of a cohort of five

childhood ACPs.

In 2014,BRARV600E mutations were identified in PCP highlighting a different
molecular driver to ACRBrastianos, TayleWeiner et al. 2014) Subsequently
several further studies have reproduced these findirgsyever there have been
case reports of overlap cases harbouring bBITNNBand BRAFRnutations (Larkin,
Preda et al. 2014)Many of these studies have used relatively ins@ves molecular
technigues. In Bapter 41 comprehensively characterise a cohort of 23 ACP and five
PCP using a sensitive targeted hganeratian sequencing panela8iger sequencing
and mutation specific antibodies, looking to address whether differences in the

literature may reflect inadequate sensitivities of more commonly used assays.
1.6 Gene expression andethylation analyses of ACP

The firstgenome-wide transcriptome cohort studyusing expression arrays 15
ACPs was published during 20iGump, Donson et al. 2015)n addition to
highlightingseveral pathways previously identified by others (e.g. SHHEGFR),
using the Ingenity IPA Knowledge based programymhis analysisdentified
expressionof a number of other potential therapeutitarget genes(including
MMP12 1L2B LCKandEphA2 (Holsken, Gebhardt et 22011, Andoniadou, Gasten
Massuet et al. 2012, Gump, Donson et al. 208%ne Ontology analysis of genes
differentially expressed in ACPevealed genes implicated inodontogenesis,

epidermis genes (e.g. keratirem)d cell adhesion gené&ump, Donson et al. 2015)

A further 18 ACP samples underwent expression array analysis and were compared
with 10 PCP samples by Holskearakin 2016(Holsken, Sill et al. 2016 hisstudy

also highlightedhe activation of the WNBRnd SHH pathwayn ACPIn this paper

the methylation profiles 625 ACP and 18 PCPs weailgo assessedrevealing
distinct patterns between tumour typesSpecifically, ACP was found to shoypo
methylationof the WNT pathway gen&XIN2andthe SHH pathway gendsLI2and
PTCHIvhen compared with PCMolsken, Sill et al. 2016)
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Whilst these studies have given insight to the transcriptional landscape of ACP,
correlation between these dysregulated gene pathways and tumour architecture
has been restricted to limitesnmuno-histochemical studiedn Chapter 5 | futher
explore the transcriptional landscape of ACP through RNA sequencing of ACP, with

and without laser cpture microdissection of individual histological components
1.7 Experimental models of ACP

Several experimental models of ACP have been developed to provide a platform on
which to perform controlled experiments, exploring the role and therapeutic

potential ofvarious molecular pathways.

Primary cell cultures have been used by a number of groups, however these are
challenging and confirmation of tumour containing cells, as evidence by persistence
of CTNNBInutations hasnot been reportedHolsken, Gebhardt et al. 2011, Chen,
Zheng et al. 2016, Holsken and Buslei 2017, Nie, Huang et al(G0C&yreo,
personal communicationBimilarlyprimary xenografts have been performed, both
subcutaneously and orthotopically, anehilst engraftment has been successful, a
low engraftment efficiency and slow growth has limited the experimental usage
(Bullard and Bigner 1979, Xu, You et al. 2006, Stache, Holsken et al. 2015)

Two geneticall engineered models (GEMMs) of ACP have been developed by the
host laboratory (GastonMassuet, Andoniadou et al. 2011, Andoniadou,
Matsushima et al. 2013)n both models cells express an oncogenic form lof
catenin which is functionally comparable to that identified in human ACP tumours.
Phosphorylation of serine residuex b-catenin, encoded by exon 3 of t&TNNB1
gene,is critical fortargetingthe protein for proteasomal degradatiofLarkin and
Ansorge 2013)In the mouse models, expression of oncogéngateninis achieved
through Ore-recombinasemediated excision of exon 3whilst human tumours
harbour overactivating mutations in exon @Hassanein, Glanz et al. 2003, Sekine,
Sato et al. 2003, Kato, Nakatani @t 2004, Buslei, Holsken et al. 2007, Gaston
Massuet, Andoniadou et al. 2011, Andoniadou, Matsushima et al. 20hb@)final

outcome is the same in mouse and human A@G&mnely the expression of a
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degradationNB a A 4 G | y (i T 2-ddfénindeadiny witie lowéractivation of
0 KS 2-tatenin pathwayHarada, Tamai et al. 1999)

1.7.1 BEmbryonic model of ACP

The anterior pituitary derives from an invagination of the oral ectoderm known as

wl (0 K1 S gfarthéxd@etd gectiorl.9.1). Lineage tracing has shown thidesx1
SELINBaaAya O0Stta sAGKAY wliGK]1S8Qa L2dzOK 13
within the anterior pituitary(GastonMassuet,Andoniadou et al. 2011)Ushg a

Hesx1Cre mouse, exon 3 was deleted from th@étnnbllocus by @-mediated
recombination in cells of the developing pituitardegsx£™;Ctnntd'*®3"), The

pituitaries of these micavere initially enlargedand dysfuntonal. A high proportion

of mice died at birth due to enlarged pituitaries causing airway obstruction,
however those that swived were smallefgrowth hormone deficient) and went on

to develop large cystisolid pituitary tumours leading to deatit around 6 months
(GastonMassuet, Andoniadou et al. 201T)his ability to induce craniopharyngioma

fA1S OdzY2dzNBE Ay wl GK{1SQa LJ2dzOK RSNAGI (A
pouch theory of ACP origiiMartinezBarbera and Buslei 2015)

Analogous to huma\CPRiumours, these miceshowedisolatedclusters of nucleo
cytoplasmic accumulating) -catenin cells in the developing pituitary, despite
activation of thecre-recombinaseA y | £t OSf f a ¢ Figel-g) wl (K
(GastonMassuet, Andoniadou et al. 2011ncreased expression of markers of WNT
pathway activation, e.gLefl Axin2 and Cyclin Dlwere also limited to these
clusters. The murineclustersdid not express markers of hormorgoducing cell
differentiation and a proportion expressl the pituitary stem cell marker SOX2
(GastonMassuet, Andoniadou et al.021) Activation of the WNT pathway in
Pitl+ve committed progenitors or differentiated hormonproducing cellf the
pituitary did not lead to cluster or tumour formatiorhighlighting a need for the
tumour-initiating mutation to occur in anundifferentiated cell type(Gaston

Massuet, Andoniadou et al. 2011)

Using amouse line reporting WNT pathway activatiodndoniadou et al.

successfullisolated the cluster cells by fleactivated cell sorting ithe embryonc
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model and performed expression analysis comparehgster versuson-cluster
pituitary tissueg(/Andoniadou, GastoiMassuet et al. 2012)This identifiedhe high
expression of many secreted factors thye clustercells includingSonic Hedgehog
(SHH) andnembers of theFibroblast growth factorKGE, Transforming growth

T I O (@ DNFahd Bine morphogenic protein (BP) families of growth factorsis
well as manyinflammatory mediators suchas cytokines and chemokines
(Andoniadou, GastoiMassuet et al. 2012)Thee findings were subsequently
confirmedbyin situhybridisationin human tumous suggesting a strong homology
both histologically and moleculametweenmice and humarlusters/Andoniadou,
GastonMassuet et al. 202). An overview of these pathways is presented below in

sectionl.10

In addition tothe molecular similaritiesthe embryologic ACP GEMM modélosvs
other similarities tohuman ACPLate stage murine tumourare frequentlycystic,
often haemorrhagic, with histological area$ micro-cystic change similar to that
seen in the stellate reticulumf the human tumoursKigurel-2) (GastonMassuet,
Andoniadou et al2011) Importantly, there are also differences. The tumours do
not calcify and ghost cellsr wet keratinhas not been observed. Similarlythe
fingerlike invasions, that posechallenge to treating clinicianare not seernn the
mouse model. The asons underlying these differences are not fully understood.
Calcification may require longer terms than a few months, and although highly
similaroverall, there are specific anatomical differences between the hypothatamo
pituitary axis in mice and humanshich may explain the lack of brain invasion in

murine ACKHMartinezBarbera 2015)

1.7.2 Induciblemodelof ACP reveals a ngrll autonomous mechanism of

tumourigenesis

Building orthe embryonicGEMM,oncogenic -cateninwas specificallgxpressedn

SOX2 positive adult pituitary stem cells using a tamoxifen induailg¢ated form
of Ge recombinase Jox2CreERT2nouse ling. The SOX2 cepopulation was
confirmedto haveboth selfrenewal and differentiatiomapacityinto all lineages of

the anterior pituitary thus demonstrating that stem cells are contained within the
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Sox2expressing cell compartmendoniadou, Matsushima et al. 2013imilar to
the embryonic modelactivation of the WNT pathway these SOX2 positive cells
from 6 weeks of ageled to the development of undifferentiated tumours
(synaptophysin and hormone negative) within thermalpituitary tissug including
the presence of uncleocytoplasmic accunef |  Acgitéhin icell clusters

(Andoniadou, Matsushima et al. 2013)

Surprisingly, lineage tracingsing yellow fluorescent protein (YFRyealedthat

the tumours themselves were not derived from these clustelisand did not carry

the activatingi -catenin mutation asconfirmed by laser capture microdissection
and PCRAndoniadou, Matsushima et al. 2013his suggests an apparent noall
autonomous mechanism ofumourigenesis(Figure 1-2), possibly through the
paracrine activities of secreted proteins suchSt#H, FGFs, BMPs, TGFB, cytokines
among others(Figure1-2). This phenomenon is increasingly described inesal
other cancer model systems arextendsthe traditional understanding of cancer
initiation as a cell autonomous proce@Nicholes, Guillet et al. 2002, Lujambio,
Akkari et al. 2013, Kode, Manavalan et al. 2014)

Subsequent lineage tracing of the embryonic model using both YFP, or TdTomato,
under the Rosa26 locus, has also confirmed tHasx£™;Ctnnid'*©3* tumours

are nonHesxlexpressing cell derived and that tumour cells were non recombined
(Figure 1-2). This therefore confirmed thaHesx£™";Ctnnld'™©3* tumours also
undergo non cell autonomousmourigenesis. Further investigation also confirmed

an initial expansion of endomucin positive cells in embryonic pituitasied a

subsequent influx and expansiai non-Hesxlexpressing derived cells.

The growth dynamics and molecular pathways underlying the development and
growth of murine ACP are incompletely characterised. In Chapter 3, serial MRI and
post mortem high resaition microcomputed CT imaging of the emjmmic model

are described. Int@apter 6, | perform gene expression profiling at various ssamfe
tumour development and in l@pter 7, exome sequencing of late stage murine

tumours, todeterminewhether they haveacquired somatic mutations.
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Figurel-2: Genetically engineered murine models of AG® Embryonic model:

ImmunoK A & G 2 OK S Y A &-takBin adcénulatihg/clisters at E18.5. Macroscopic and
histologi@l images of late stage tumours. B)oposed model of nooell autonomous

tumour formation of inducible murine model of ACP. Tamoxifen induced activation of the

2p¢ LI GKgl e G c ¢ &&8chidacaumulating Sell tlBt&rdAundurs A y |
subsequg’ i f &8 RSGSt 2L K26SOSNI t AySIF3AS GNF¥OAyYy3d &Ksz
catenin accumulating cell clusters) Lineage tracing of the embryonic model of ACP with

YFP showing that at early stages the majority of pituitary cells are Hesx1 lineagedderive

however as tumours develop this tissue is non Hesx1 derived (20 and 30 weeks) (M.
Gonzalezmeljem).
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1.8 Role of senescencetimmourigenesis

Work by others in the host laboratory, particulaily Mario GonzaledMeljem, has
highlighted the potential roleof cellular senesence in murine and human ACP.
Cellular senescence is defined asdlular state of stable and lorgrm loss of
proliferative capacity, but with retention of normahetabolic activity and viability.

It is characterized by specific morplogical, metabolic and phenotypic cellular
changes and whilst traditionally considered a tumour suppressive mechanism has
increasingly been shown to have premourigenic effects, particularly through

paracrine activitiegCoppe, Desprez et al. 2010)

Murine and human clusters have been shown to express markers of senescence,
specifically a lack of proliferative markers (Ki67, pHH3) and expresmarkers of

(i) cell cycle arrst (CDKN1A/p21); (i) DNA damage and activation of a DNA damage
response (DDR) (phosphorylated H2AX, p53,-BKés, PARP1 and phosphtM)

(i) increased lysosomal content (GLB1, senescénded 2 O AghlactSdrlase (SA

P 3AFfox [! atwmX pnoathedNskB pathway, a toMmon Edndsdence

driver (GonzaleaMeljem, Haston et al. 2017)

Clusters have also been shown to secrete a large number of soluble factors, often
referred to as the secretory associated senescent phenotykpewn as SASP. In

addition to the expression of developmental factors (e.g. SHH, BMPs, WNTs, FGFs)

by clusters, murine ACP pituitaries were shown to express higher leveysosines

such as IL1A, I{BonzaleaMeljem, Haston et aR017) Of note, when expression of
GKSasS {!'{t FILIOG2NRBR ¢ a NBdatdndSvERSINdEAIINK S NI & |
older aninals in the inducible model, or whearctivation of the WNT pathwawyas
achievedhough deletion oAP(as opposed to excisionf@xon 3 of CTNNB)then

late stage tumours did not form. This suggests a critical role for senescence and
these factors in the nofwell autonomougdumourigenesis observed in the mouse

models(GonzaleaMeljem, Haston et al. 2017)
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In Chapters 5 and 6, | explore at the transcriptional level evidence of activation of
senescence and SASP signatures in human and murine clusters. In addition | assess

cross species similarities between human and murine clusters.
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1.9 Pituitary and tooth devefument

Many of the pathways identified as expressed in murine and human ACP are also
involved in the normal development of the pituitary glandd also teethln both

these processes reciprocal signalling between different tissue components and
closely reglated expression of key transcriptional factors is critical for normal
development. Through studying patients with mutations and genetically modified
mice, the roles of individual pathway mérars and transcription factors adowly

being elucidated. Kepathways include the Hedgehog, WRGE ¢ &n@BMP
signalling pathways. In many castsese pathways form regulatory loops with
expression reciprocally altertiag across tissue boundaries the next sectiond

briefly describe pituitary and tooth development and an overview of the key

pathways.

1.9.1 Pituitary development

The pituitary gland is of dual origin. The anterior pituitary (adenohypophysis),
comprising the anterior and intermediate lobes derives from oral ectoderm, whist
the posterior pituitary (neurohypophysis) is derive)dm the ventral diencephalon
(Figurel-3).

In the mouse thickening of the oral ectoderm is observed at 8.5 days post coitum
ORLIOO YR o0& mMn®pRLIO RA&YlI&& | RAAGAYOUA
by 12.5 dpc has coptetely separated from the oral ectoder(&elberman, Rizzoti

et al. 2009) Cells derived from this pouch diffentiate to form the hormone

producing cells of the anterigituitary (Kelberman, Rizzoti et al. 2009)

Theposterior lobe forms from an outpouching of the ventral diencephalon and is
connected by the pituitary stalk/infundibulum. Axons originating in the
hypothalamus secrete the systemic hormones oxytocin and vasopressin (DDAVP)
and release hormoneswhich stmulate (e.g. TRH, GnRH), or inhibit (e.g.
somatostatin) hormone secretion by the anterior pituitary. A schematic of pituitary

developmentis presented irFigurel-3.
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Figurel-3: SShematic representation showing dual oiiig of pituitary in development.An
2dzi L2 dZOKAYy3 2NJ 2Nl f SOG2RSNY FT2N¥a wl (K] SQa
an extension of the ventral diencephalon forms the posterior pituitary.
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1.9.2 Tooth develoment

Similar to pituitary developmenbdontogenesis requires the interaction between
cells from two distinct embryological origins.raD ectoderm gives rise to
ameloblaststhat make enameband neural crest derived mesenchyrgies rise to
odontoblasts wich secrete dentir{Thesleff 2003, Tucker and Sharpe 2004, Jussila
and Thesleff 2012)

There are several morphological stages in odontogerf@bissleff 2003, Tucker and

Shape 2004, Jussila and Thesleff 2012, Balic and Thesleff. BYi&)y;

1) Placodes form from the dentainina, a horseshoe shaped stapstratified
oral epithelium along the mandible and maxilla. These express a number of
transcription factors includin®itx2, Foxi3, DIx2, Lefl, p63.

2) Bud stage: Signals, such@ish, Wnt10, Bmp, Fgf20, are restricted to form
the early signalling centre. This stimulates growth of the placode to
invaginate the nearby dental mesenchyme to form the tooth bud.

3) Cap stage: Cellst the tip of the bud enter cell cycle arrest, expressing p21
to form a histologically distinct transient structure, the primary enamel knot.
This signalling centre expresses many signals, including Fgfs 3, 4, 9, 20, Shh,
wnt 3, 6, 10a,10b, Bmp2, 4, 7These stimulate the growth of nearby
epithelium to give rise to the cervical loop. The cervical loops encompass the
surrounding mesenchyme to form the dental papilla which will eventually
become dental pulp and odontoblasts.

4) Bell stage: Further epitheligrowth and folding determines the shape and
size of the tooth crown. In molar teeth a secondary enamel knot forms.
Secreting similafactors to primary enamel knotsyhich determine the
characteristics of the tooth cusp. At the cap/bell stages the epitime, the
enamel organ, consists of two basal cell layers, the inner enamel epithelium,
which gives rise to ameloblasts @rthe outer enamel epitheliumThe
epithelium is surrounded by loosely arranged stellate reticulum cells and
stratum intermedium. Thdanner enamel epithelium encloses the dental

papilla which gives rise to odontoblasts and pulp cells.
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At late bell stage, signals from the enamel knots induce odontoblast differeon.

In turn, these signainitiate differentiation of the inner enameépithelium into
ameloblasts, beginning at the cervical loops. Odontoblasts secrete dentin, initiated
by secretion of norcollagenous proteins, the most abundant of which is Dentin

sialophosphoprotein(DSPP{(Balicand Thesleff 2015%)

Ameloblast differentiation has several stages i) The initial stage, ii) secretory stage,
where proteins are released into the surrouding are to form enamel matrjxii)
maturation, where enamel proteins (enamelin, amelogenin, anidéstin, tuftelins)

are secretedand mineralisation with hydroxyappetite occurs. Proteases (MMP20,
KLK4) digest the enamel proteins and ameloblastdergo apoptosisigch that

enamel cannot be regenerated.

When ameloblast differentiation reaches the @o boundary, the inner enamel
SLIAGKSE AdzYZ NI GKSNJGKFY RAFFSNBYGAFGAY 3
root sheath with the outer enamel epithelium, which along with dental follicle cells

forms the root, cementum and periodontal ligamefussila and Thesleff 2012)
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Figurel-4: Schematic representédn of tooth formation. a) Schematic of different stages
of tooth development.b) Reciprocal signalling between epithleilal and mesencyhmal

components. Secreted factors, transcription factors and other markers expressed at given
stages. Adapted frorhesldf, 2003.
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1.10 Important pathways in ACP

Several of the pathways implicated in pituitary and tooth development have been
shown to be deregulated in ACP. Here | briefly summarise several of these and their
roles in tumours and development. These pathwaysdraracterised in detail by
RNA sequencing and immunofluorescenoebioth human and murine ACP in

Chapters 5 and 6.

1.10.1WNT pathway

Wnt proteins of which 19 have been described in humans, are secreted
glycoproteins with crucial roles in development and steetl enaintenance. In
development they act as morphogens, where effects of cell fate determination are

determined by their concentration gradient{slusken and Carl 2013)

Wnt proteins signal through binding of Frizzled (FZD) receptors. This results in
inhibition of a protein complex, including adamantinomatous polyposis coli (APC),

3t 20238y aeyikKrasS {AyrasS o o6D{Yoi 0 I YyR
signallingthisO2 Y LJt SE LIK 2-Satelir? riisiilfing it i dotybiquitination

and proteosomal destruction. On Wnt ligand binding this destruction is inhibited,
NBadz GAy3 Ay VY dz&htéin Nisplablig YLE représking fagtofs addF |
facilitating TE&/LEF mediated transcriptioRigurel-5) (Larkin, 2013). Wnt proteins

Oy Ftaz2 &aa3ayl f-catérfniBetzEhdent inRaarforicalPogthwhys.

Activation of the Wnt pathway, particularly through mutatiaf the CTNNBANd
APCgenes is a common feature of many tumours and cancers. Whilst germline
mutation inCTNNB#oes not appear to be viable, germline mutation in APC results
in familial adenomatous polyposis (FAB)aracterised by thousands of colonic

polyps and increased risk of cancer, particularly colorectal carcinoma.

The Wnt pathway is important in tooth development. Indeed, supernuaneteeth

are often observed in patients with FAP, whilst patients WitkIN2mutations have
oligodontia(Lammi, Arte et al. 2004%imilarly, activation ahe pathway in mouse
Y2RSt a2 -@aenibdctivaliGhNIAPC inactivation, results in supernwamer
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teeth (Jarvinen, Salaz&iudad et al. 2006, Wang, O'Connell et al. 20@9)

particular note, and analogptACPCtnnblactivation in the epithelia of developing

teeth results in continual tooth formation with multiple enamel knots. Enamel knots

are themselves known to accumulate nucledcg LIt | &atehi® and express

Whnts (e.g. Wnts 3, 6, 10andthe downstream target Lef{Obara and Lesot 2004,

Balic and Thesleff 2015Vnt pathway activation also appears to play a role in

odontoblast differentiation, with activation of the pathway resulting in premature

differentiation and dentin depositionand decreased signalling reducidgntin

deposition(Balic and Thesleff 2015)

Figure 1-5: Schematic representation of the canonical WNigrsalling. In the absence of
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1.10.2Sonic ledgehog pathway

SHH is an important morphogen with critickdvelopmentalroles, particularly in
central nervous syem and craniofacial developmen®n binding to its reeptor,
Patched(PTCH1)inhibition of the transmembrane protein Smoothene®MO) is
relieved, allowing trafficking to primary cilia and stabilisation and activation of Gli2
proteins and inhibition of GIli3This results in transcriptional activation and
expression of SHH pathway target genes, includ®tchl, Gliland Gli3and genes
that regulate cell cycle entrfFigurel-6) (Ruch and ik 2013)

Mutations in the SHH pathway, particulaf®T CH1resulting in activation of the
pathway, are observed in many tumour types, inchglihe paediatric brain tumour
medulloblastomgTaylor, Northcott et al2012) Indeed germline mutations result

AY D2NIAyQa &d@yRNRBYS> OKI NF¥OGSNRASR

(@]]
(04
—

tumours, including occasional reports of craniopharyngio(Musani, Gorry et al.
2006) In addition, paracrine activation of the SHH pathway, through increased
secretion of SHH, is seen in a wider range of tumours, including pancreatic ductal

adenocarcinoma and colorectal carcinorf&cales and de Sauvage 2009)

The SHHpathway s also important in pituitary and tooth development. In the
LIAGdzA GF NBX {11 A& NBIdzANBR F2NJ LINRf A TSN
pouch progenitorgCarreno, Apps et al. 2017n the tooth, SHH is one of the fist

markers to be expressed in the dental epithelium and apparently regulates
proliferation of dental epithelial cells to form the tooth by@obourne and Sharpe

2005) Subsequently it is expressed highly by the enamel knot, regulated by BMP4

and Wnt signallingwith downstream Glil and Ettl expressed in the epithelia and
mesenchyméBalic and Thesle#015) SHH signallinig required fomormal tooth

formation andconditional deletion ofShhor Sno in dental githelium resultsin

disrupted polarity and organisation ¢the ameloblast layeand abnormal tooth

shape and growtl{Dassule, Lewis et al. 2000, Cobourne and Sharpe 2005)

Due to its role intumourigenesis, a number @HHpathway inhibitors have been
developed, particularly through inhibition of the Smoothened ceptor
(Smoothened inhibitorsjScales and de Sauvage 2009, Ruch and Kim.ZlXi&3e

50



have been successful in patients with basal cell carcinoma and the first of these
agents, Vismodegib (GE3d49), is licenced for use in this conditigBekulic,
Migden et al. 2012)Other inhibitors, such as LE2R25, are also in trails and use in

this and other tumour types.

Whilst broadly successful in tumours harbourigCHInutations, inhibition of the
SHH pathway hasat been successful in tumours with paracrine activation of the
pathway (Amakye, Jagani et al. 2013, Ruch and Kim 20k8jeed, in pancreatic
ductal adenocarcinoma a recentiat had to be stopped early due to ireased
progressior{Lou 2014) Subsequent prelinical data has demonstrated howds of
SHH pathway activation of tumour stroma can result in promotion of malignant
tumour characteristics through alterations in the tumour microenvironment
(Ozdemir, PentchevBloang et al. 2014, Rhim, Oberstein &t 2014) This has
highlighted the importance of appropriafge-clinicalstudy of such agents prior to

their use in man.

Within ACRPSHHhas been shown to be overexpress@lomes, Jamra et al. 2015,
Gump, Donsoret al. 2015, Coy, Du et al. 2016, Holsken, Sill et al. 2016)jtu
hybridisation has showrsHHexpression by clusters andTCH1in clusters and

palisading epitheliunfAndoniadou, GastoiMassuet et al. 2012)

51



Figurel-6. Schematic representation ahe Sonic Hedgehog pathwayn the absence of

SHH, PTCH1 binds to and inhibits Smothened (Smo). On ligand binding this repression is

released, enabling activation 8mo, and translocation of Gli proteins (GLI1/3) to the

nucleus where they activate transcription.

pTcHL =™ sMO

A

GLI

SMO

TCH1 m

GLI

" T
?f ,GLI3, PTCH1......

GLI )

=

52




1.10.3Fibroblasgrowth factor signalling

Fibroblast growth factors (FGFwere initially identified from brain and pituitary
tissue as mitogens for fibrobdés(Gospodarowicz 1975, Gospodarowicz, Bialecki et
al. 1978) Subsequently they have been shown to play important roles in
development andumourigenesigltoh and Ornitz @11, Ahmad, Iwata et al. 2012)
Twentytwo FGF proteins (Fgid3) have been reported in mouse and man with
Fgfl5 a mouse ortholog of human FGIFABmad, Iwata et al. 2A2). There are four

FGF receptogenes FGFR#), which through alternative splicing encode seven
separatemajor FGFR proteins (FGFRs 1b, 1c, 2b, 2c, 3b, 3c and 4) with differing
ligandbinding specificity.Variability in dimerization of ligands, recepsoand
heparin sulphate binding partners facilitates diverse activity of this receptor

pathway system.

FGF proteinkave been broadly grouped into three types, based on their function

and activity:

1 Canonical/Paracrine FGF proteins FGF1/2/5 FGF3/4/6 FGF7/10/22
FGF8/17/18 FGF9/16/2) bind and activate cell surface tyrosine kinase
FGFRs with heparin/heparan sulphate as a cofactor. FGF binding to FGFRs
induces functional dimerization, receptor traqpdosphorylation and
activation of four major downstr@m signalling pathways: RARAFMAPK,
PI3KI Y¢ = { ¢! ltolh afdROrnitf 2021FGF1, FGF2 and FGF3 have
also been reported to directly translocate to the nucleus and act in an
intracrine mannerltoh and Ornitz 2011)

1 Hormone like/Endocrine FGF  proteins FGF15(19)/21/23 bind
heparin/hepaan sulphate with very low affinity and are able to signal
through FGFRs over considerable distafftcd and Ornitz 2011) FGF19 has
high affinity for the FGFR4 receptor.

1 Intracellular FG proteirss FGF11/12/13/14are non-secretedintracellular
molecules which act in an FRfdependent manner and their only known
role isin regulating the electrical excitability of neurons and possibly other
cell types(ltoh and Ornitz 2011)
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Mutations in all fourFGFR genes have been seen in tumours, including paediatric
brain tumours, through mutation, amgication and translocatiorfAhmad, Iwata et

al. 2012, Jones, Hutter et al. 2018) addition, overexpression has been observed

in many others. Similarly amplification and/or overexpression of FGFs is also seen in
mouse models suggesting that FGF overexpression can play a role in induction of
tumourigenesis. For examplever expression ofGF19n skeletal muscle resulted

in development of hepatocellular carcinoma and mesenchymal overexpression of
Fgfl0 was sufficknt to induce epithelial transformation leading to prostatic

adenocarcinomagNicholes, Guillet et al. 2002, Memarzadeh, Xin et al. 2007)

Reciprocal FGF signalling is important throughout normal odontogenestativhs
of pathway membersiave been identified in patiensesultingin abnormal teeth,
including FGF3 (microdontia) and in FGFR2 where patients havetooth
abnormalities as part of more complex craniofacial abnormality syndrofitels
and Ornitz 2011, Li, Prochazka et al. 2014)

Fgf8and 9 are expressed by the initial dental lamina and have been shiovwoe
essential for tooth induction(Balic and Thesleff 2015Fgfs 4 9 20are highly
expressed in the enamel knot, whereBgf10is expressed in dental mesenchyme,
Fgf3 is expressed botin the enamel knot and mesenchyme airgfl variably by
epithelial and mesenchymal elemer{tdekinki 19962007, Balic and Thesleff 2015)
Functional analyses in mice suggest there appears to be some redundancy amongst
family members, for instance conditionBgf4/- and, Fgf3/- mice lack phenotype
whereas compound knockouts Bff3/-Fgfl0/- display reduced enamel formation

(Li, Prochazka et al. 2014, Balic and Thesleff 201S)milarly Fgf9/-Fgf26/ mice

had reduced enamel knot size, wherelgf2G/- mice appeared to have normal

enamel knots, thoughrealler molar teeth(Haara, Harjunmaa et al. 2012)

In both human and murine AC&pression oFGFJhas been shown within clusters
by in situ hybridisation and additional FGFs (includigfft Fgf2Q Fgf9 in murne
ACP clusters by expression microarray ana{ysisoniadou, GastoiMassuet et al.
2012)
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1.10.4Epithelial growth factor receptor

Theepidermal growth factor receptor (EGFR) has been shown to be phosphorylated

in ACPspecifically in cluster@dolsken, Gebhardt et al. 201 BGFR is a member of

a receptor tyrosine kinase family compiled of EGFR, ERBB2 (Her2/neu), ERBB3 and
ERBB4Normannq De Luca et al. 2006Dn ligand bindinghese receptors form
dimers that, on activation, initiate a range of signalling pathways including the
MAPK and PI3K pathwayslormanno, De Luca et al. 200@)here are rltiple
ligands; epidermal growth factoEGF), transforming growth factatpha (TGFA),
heparinbinding EGHike growth factor (HBEGF), betacellulin (BTC), amghine
(AREG), epiregulin (ERE@Y epigen (EPGN). Of thegg&sFas been shown to be
up-requlated in murine ACP clusters, suggestive of autocrine signalling

(Andoniadou, GastoiVlassuet et al. 2012)

EGFR has been implicated in the pathogenesis of several tumours (e.g. lung cancer),
particularly throughamplification or activating mutations or deletiorfSlormanno,

De Luca et al. 2006This has made it an attractive target for therapy and several
generations of monoclonal antibodies and small molecular inhibit@ge been
developed. Gefitinib, a first generation inhibitor, has been shown to inhibit ACP
tumour cell migration and increase sensitivity to radiotherdpyvitro (Holsken,
Gebhardt et al. 2011)

EGFR has alsodér®to be shown to be expressed in the developing tooth and a role
in tooth eruption suggeste@hroff, Kashner et al. 1996) is variably expressed by

epithelial and mesenchymal compartments during development, but has not been
observedn the enamel knofCobo, Hernandez et al. 1992, Davideau, Sahlberg et al.

1995)

1.10.5Mitogen activated protein kinase (MAPK) pathway

The MAPK pathway is a major downstream signalling pathway of both FGFR and
EGFR smalling. Briefly, on receptor binding, the Ras GTPase enzyme swaps GDP for
GTP. This enables activation of RAF which in turn activates a phosphorylatation

cascade. This activatesitogen activatedprotein kinase kinases (MAPKK) (MEK1
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and 2) which in turnactivates mitogeractivated proteinkinases (MAPK) (ERK1 and

2) by phosphorylation (pERK1/2). These activate a range of downstream kinases
leading to alteration of cell behaviour (e.g. proliferation, differentiatigdhao and

Adjei 2014) This pathway also includes negative feedback loops and interacts with
multiple other cellular signalling pathways (e.g. Pi@Jao and Adjei 2014frigure

1-7).

Activation of the MAPK pathway, through activating p.V600E mutation irBRRAF
gene, and confirmed by phosphorylation of pERKiE®bsered inPCHRBrastianos,
TaylorWeiner et al. 2014, Haston, Pozzi et al. 20T 4rgeting of this pathway, by
either BRAF or MEK1/2 inhibitors alone, or in combination, has been observed to
resultin profound tumouresponses in the limited cohorts of PCP studied to date
(Aylwin, Bodi et al. 2015, Brastianos, Shankar et al. 20¥6)IstBRAFutations
appear to be rare in ACP, downstream activation of the pathway within ASRdt

been formally assessed.

Figurel-7: Schematic representation of the MAPK pathw&rowth factor bindingresults
in exchange of GDT for GTP on RAS, this binds to RAF triggering a cascade of
phosphoryldion which subsequenly leads to increased transcriptidriving proliferation
and other cellular processes.
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1.10.6Transformingd N2 ¢ (1 K dpérfaniin® NJ | &

The transforming growth factor 6 ¢ DCi 0 & dzLJISNF I YAt & Ay Of dzR
GAOK RAOGSNERS FdzyOllAz2yad ¢KSasS AyOf dzRSY ¢
activin and inhibin, growth and differentiation factors (GDFs), -amiilerian

hormone and noda(Massague 2008, Massague 2Q012)

These ligands signal through binding of a type 2 receptor (e.g. TGBRII or BMPR2)
resulting in formation of a heterodimer withand phosphorylation gfa type 1
receptor (e.g. TGFBR1, BMPR1A). This leads to phosphorylation of receptor
regulated SMAD(RSMAD proteins (e.g.SMAL3 and SMAL2 for TGFB receptor
signalling,SMADB 1, 5, 8 for BMP signallingyhich when complexed witSMADR:
proteins activate transription. The receptors may also activate other signalling
pathways (e.g. MAPK). Signalling is further matkd by a range of inhibitors (@
noggin, follistatin, lefty) and regulatoigMAB (6 and 7).

¢DCi a 0¢DC. mMX ¢DC. HI ¢ Ditatptaya diveide rage &y I £ £ A
functions in development, the immune response and carcinogenesis. Most
O2YYZ2yfté O2YAARSNBR |y AYYdzy2 adzl-JadNB & & A O ¢
anti-tumourigenic effects through direct effects on cancer cells and through

modulation of the local tumour sbma microenvironmen{Massague 2008)

BMPs play important roles in the morphogenesis of many orgéfeang, Green et
al. 2014) Within ACP, expression 8MP4, 2and 7 in both murine and human
clusters has previously beatown byin situhybridisation(Andoniadou, Gaston
Massuet et al. 2012)

Within the tooth, BMP4 plays important roles in epithelial and mesenchymal
differentiation and is variably expressed by cells derived fronthbiypes at
different stages of developmentBmp4 is initially expressed by epithelia and
induces expression of transcription factors in neighbouring melsyme, where it
also antagonises the effectd Fgf8(Tucker andSharpe 2004)Subsequentlyn the

bud stageit is expresed by the dental mesenchyme gtays and important role in
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induction of the enamel knot, from which it is then expressed along ®itip2and

Bmp7(Thesleff2003, Balic and Thesleff 2015)

.atk¢DCi YSYOSNAR INB Ffaz2 AYLEZNIIYydG Ay 2|
deletion of ¢ 3 F,i Bp4 or Bmp2 at early stages result in defects in delayed
osteoblast differentiation and dentin abnormaés (Jussila and Thesleff 2012, Balic

and Thesleff 2015)5imilarly odontoblast derived BMPs are required for ameloblast
differentiation where conditional deletion dBmp4or Bmp2significantly reduces

enamel thickness (Balic and Thesleff 2015)Loss of SMADR signalling or
overexpression oEMAD at early stages result in ngpolarised odontoblasts, a

more oseoblast like differentiationand deposition of bone like structure and

SMAD3-/- mice result have abnormal enaméYokozeki, Afanador et al. 2003, Li,

Huang et al. 2011, Balic and Thesleff 2015)

Otherrelated YSYO SNE 2 F U(KS ¢ Di@iActidndzlAGINIKlaré A £ & |
formed by dimersofthd Y KA O AY | &dzodzyAl OLYKOl S LYKO
opposing functions and is formed of a dimer of the alpha subunit¢ded by Inha)
' YR | | Regequorsinycliide the ACVR1/ALK3 and ACWREgh may also be
activated by BMP ligands. Repemt mutations inACVRhave been identified in the

paediatric brain tumour diffuse intrinsic pontine glioma (DIPG) (Taylor et al 2014).
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1.11 Other processes implicated in ACP tumourigenesis

1.11.1Inflammation and cystic fluid in ACP

For many patientsit is the cytic componentrather than the solid tumouthat

poses a significant clinical challeng@yst fluid has a s®@I £t t SR aY2 G2 NJ
appearance and is cholesterol rich withriable neootic and inflammatory debris

(Zada, Lin et al. 2010peveral studie have investigat the molecular biology
underlying cyst formationas existing intracystic therapies have been largely
empirical in their mechanism of actio(Pettorini, Inzitari et al. 2010, Bartels,
Laperriere ¢al. 2012, Apps and Martinedgarbera 2016)

It has long been recognised that leak of cystic fluid can lead to local inflammation,

and this has been modelled by injection of cystic fluid into the brain of raltsch

induces an inflammatory response andncrease in GFAP expressig¢8hida,

Nakasato et al. 1998, TerBuck, Hernande€ampos et al. 2014, Teiuck,

MoralesDel Angel et al. 2015Expression of a number of inflammatory mediators

such aslIL6, IL1A, TN&nd h-defensins 13 have been identified in cystic fluid
generating interest in the use ommunemodulaors for the treatment of cysts

(Mori, Takeshima et al. 2004, Pettorini, Inzitari et al. 2010, Martelli, lavaebaé

2014) In addition to the cholesterol within cystsholesterol deposits are observed

within tumodzNJ LJF NBy OKe Y I = | yrRacréphapds Rre d dorfdy WT 2

feature.

Through the study of senescence, upregulation of inflammatory cytoKiriesand
IL6has been noted in the pituitaries éfesxt™;Ctnnid'*®3* animals(Gonzalez

Meljem, Haston et al. 2017)

In Ghapter 5 | further explore the inflammatory signature of ACP through
transcriptional profiling, proteomi@nalysis of cystic fluid and integration with
proteomic datasets from analysis of ACP cystic fluid by collaborators (Todd

Hankinson and Benedetta Pettorini).
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1.11.2Angiogenesis

Several studies have investigated the microvascular densities in ACP and the
expresion of a range of prangiogenic (e.g. vascular endothelial groviittor,
VEGF) and an#ingiogenic (e.g.redostatin) mediators with conflicting results in
regard to association with recurrence ri@kaquero, Zuta et al. 1999, Vidal, Kovacs

et al. 2002, Dallago, Oliveira et al. 2005, Agozzino, Ferraraccio et al. 2006, Xu, Zhang
et al. 2006, Sun, Akgun et al. 201@ne functional study using a corneal
angiogenesis assagvealedthat recurrent ACP samples hadsignificantly higher
angiogenic potential than nerecurrent ACP, but less than glioblastoma multiforme

or arteriovenous malformationgSun, Akgun et al. 2010matanikloaded micre
spheres reducd neovascularisgonin this modelbut the use of this or other anti
angiogenic approaches in patients has not been reported in the literataeal

Yilmaz, Ozkan et al. 2013)

Within murine ACP there is nesell autonomousexpansion of endomucin positive
cels in late embryonic/early postnatal pituitarie$hese cells are thought to be
endothelial derived, however disappear at later stages and their functional
significance is unclear. Little is known about the vasculaturetefdeage tumours,

though haemorrhage into cysts is noted.

1.11.3Tumour recurrence

Primary treatment of ACP aims to minimise the risk of recurremta maximum
preservation of tle hypothalamiepituitary axis and quality of life. Understanding
why some patientsrelapse whilst others do not could help in tailoring the
approach to management of patients. Similadyrrent treatments for relapse are
often unsatisfactoryleading to further surgery, increasedorbidity and reduced
quality of life. It is in thesgatients, with persistent recurrences, where novel

therapies could perhaps be most rapidly translated.

Many studies have compared the expression of specific molecules in samples of
recurrent ACPwith or without comparisonto non-recurrent ACP. One study

performed expression microarray analysis in two pairs of matched primary and
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relapse samples and identified 20 genes, including CXCR4 and CX@&etz|ated

in relapsegGong, Zhang et al. 2014)he authors the went on to assess these two
markers in a larger retrospective cohort of 45 patients and found those with higher
levels to have a higher risk of relapse. In another study, Lefeamat found that

recurrent ACP expressdsgherf S@St a 2F w! w! > OF 0KSLIAAY
Galectin3,w! wi cathgdin Othan in nonrecurrent ACRLefranc, Chevalier et

al. 2003) A review in 2013 found variable associations of recurrence with

proliferation markers and TP53 expressi@rieto, Pascual et al. 2013)

These individual studies on recurrence have generally used univariate analyses on
relatively low sample numbers of archival specimdinsiting the generalizability of
their findings and likely contributing to their lack of reproducibility or consistency

when repeated.

Malignant transformation of ACP is extremely uncommon. In the limited molecular
studies to dateincreased expression of proliferati markers and TP53 have been
observed in malignantly transformed specimexssvell asn some rapidly recurring
tumours (Ishida, Hotta et al. 2010, Prieto, Pascual et al. 20¥8hilst TP53
expression appears toebrare in nontransformed ACP, its related family member
TP63, an important transcription faaton tooth and other epitheliadlifferentiation,

has been shown to bwidely expressedMomota, Ichimiya et al. 2003, GaLin et

al. 2010, Esheba and Hassan 2015)
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1.12 Aims and objectives

Through understanding the molecular biology of ACP, particularly in its histological
context, it will be possible to improve patient care through identifying novel

therapeutic approachesral markers of disease behaviour.
The aims of this thesis are:

1) To phenotype in detail the 3D growth patterns of human and murine ACP

2) To characterise the genetic and transcriptional landscapauwhan and
murine ACP, both globally and within individual hisgical components.

3) To identify therapeutically targetable molecular pathways, novel

therapeutics and test efficacy pre-clinicalmodels of ACP.
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1.13 Jummary

ACP is a clinically challenging tumour of the sellar region characterised by activating
mutations n CTNNB1Through the study of human samples by genome wide and
targeted methods and the development and interrogation of genetically engineered
mouse models of ACP, we have greatly increased our understanding of the
molecular basis of ACP. However, thegsi/ances have not fully been integrated
with the complex histological tumour architecture of ACP and are yet to translate

into patient benefit.
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Chapter 2 Materials and Mthods
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2.1 Samples

2.1.1 Human amples

Human ACP samples and control tissues were accessed rroltiple sources

including, Great Ormond Street Hospital (GOSH), Department of Histopathology,

| KAt RNBYyQa / KAfRK22R [/ FyOSNI IyR [SdzlI SY,
virtual biobank cataloguing tissues in UK neuropathology centres) and individual

national and international collaborators and biobanksaple2-1).

As control tissues for RNA sequencing, human fetal pituitary tissue was collected
and accessed through the Human Developmental Biology Resource (HDBR) at ICH

and pituitary adenoma tissue from collaborators and through brain UK.

Where possible, samples of formalin fixed paraffin embedded (FFPE) and fresh
frozen tumour were sought, along with germline DNA (or tissues from which it
could be extracted), and any other esfant material (e.g. CSF, cystic fluid, plasma).
Where feasible, plasma was separated from whole blood within one hour of blood

collection to facilitate isolation of cell free DNA (cfDNA).

Ethical approval for the use of human tissues was gained ditineugh approval by
individual biobanks (CCLG, Brain UK, Imperial College Hospital NHS Tissue Bank,
Edinburgh) or by Research Ethics Committee approval 14/LO/2265. All material is

stored and used in compliance with the Human Tissue Act.

Phenotype informabn was accessed either from GOSH, collaborators or through
the appropriate tissue banks, through local collaborators, as permitted by specific

ethical approval.
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Table2-1: Sources of Tissue

Source of Tissue Type of Tissue Ethical Approval Contact
Great Ormond Street | ACP: FFPE, Frozen CCLG Alex Virasami
Hospital NHS Trust | Cyst fluid, grmline Brain UK
DNA, plasma 14/L.0O/2265
Children Cancer and | ACP: FFPE, Frozenn CQ.G tissue bank Gita Mistry
Leukaemia Group Tissl germline DNA approval
Bank
National Hospital for | Adult ACP and PCP| Brain UK Professor Sebastian
Nervous Diseases FFPE Brandner
Plymouth Hospitals NH Adult ACP and Brain UK Dr David Hilton
Trust PCP:FFPE
Royal Victoria Infirmary] Adut ACP anchormal 14/1L.0/2265 Dr Abhijit Joshi
Newcastle adult pituitary: Frozen
and FFPE
Queens Medical Centrd  Adult ACP: FFPE Brain UK Dr Lisa Storer

Nottingham (childhood ACP via
CCLG)
Imperial College Adult ACP: Frozenar] ICHTB approval | Professor Franscescq
Hospital NHS Tissue FFPE Roncaroli

Bank (ICHTB)

vdzSSYy al | Non functioning 14/L0O/2265 Professor Marta
University of London | pituitary adenoma: Korbonitis
Frozen
Germany Adult ACP: Frozen 14/L.0/2265 Professor Hermann

Muller

Edinburgh Brain and
Tissue Bak

Normal adult
pituitary: FFPE and
Frozen

Edinburgh Brain
and Tissue Bank
approval

Dr ChisAnne McKenzig

Human Developmenta
Biology Resource
(HDBR)

Fetal normal pituitary:
FFPE and Frozen

HDBR approval

Dr Dianne Gerelli

66



2.1.2 Human ampleprocessing

FFPE saples were processed by GOSH Department of Histopathology standard
protocols. Sections were cut and stained with haematoxylin and eosin as per

standard departmental operating procedures.

Where sufficient material was available, frozen specimens were dividi® four
pieces; cryosections were taken from one piece and stained with haematoxylin and
eosin, RNA extracted from another, DNA from a third anduatfopiece stored at

80 degree<elsiudor future proteomics work. For large specimens further pisge(

were stored, whereas if small, priority was given to obtaining histology and RNA.

All sections were reviewed both by myself and Dr Tom Jacques (consultant
paediatric neuropathologist). This was to confirm diagnosis, and if the sample was
to be includedn analyses, to estimate tumour content (% nuclear area), the type of

reactive tissue (e.g. glial), and any other features of note (e.g. morphological

clusters, areas of inflammation).
2.2 Laser capture morodissection (LCM)

Cases were selected as suitabMhere matchedFFPE androzen tissue was
available and in which analysis of FFPE sections found good correlation between
clusters identified morphologicalljnéematoxylin and esin staining) and those
identified by immunohistochemistrii K 2 g A Y 3 -gétdnid faceumiihtion.

7-H nn» frozen sections were mounted on Zeiss 1.0 PEN membrares ligdm No

4151909041-00) andstained with haematoxylin and eosin.

Laser capture micrdissection was performed using th&eiss PALM MicroBeam
system.Clusters (C)Palisading epitheliaPE,non-cluster (NC)), stellate reticulum
(SR)and glial reactive tissue (G) were identified morphologically and separately
collected on adhesiveaps (Zeiss, Adhesive caps opaque 41%0811-001) and

stored at-80 degrees Celsius.
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2.3 Murine samples

All animal procedures were performed under compliance of the Animals (Scientific
Procedures) Act 1986 and rcant Home Office legislationMice were bred and
housed under conditions complying with the Home Office code of practice for the

housing and care of animals bred, supplied or used for scientific purposes.

2.3.1 Mouse strains

The Hesxt™" line had previously been generated in the host laboratory
(Andoniadou, Signore et al. 200Briefly, the codig region ofHesxlgene was
replaced with a Cre recombinase cassette. Hesx1 isrscrgtion factor essential

for normal pituitary and hypothalamus developmefi2attani, MartinezBarbera et

al. 1998) It is expresed in the anterior hypothalamus, ventral diencephalon, oral
SOU2RSNY YR wlkiK(1SQa LJ32dzOK o6& odpPpRLIOD
terminally differentiated pituitary cell types are derived from Hesx1 expressing cells
(GastonMassuet, Andoniadou et al. 200&Jomozygotes are embryologically lethal

and therefore heterozygous mice have been maintained on a C57/BI6 background

for over 50 generations.

The Ctnnt>x®3oxE3)ine had previously been obta@al in the laboratory from

Professor Taket(Harada, Tamai et al. 199%)oxPsites flank exon 3, together with

a neocassette, such that Cmmediated recombination results in an in frame

deletion connectingexons2y R n® ¢ KA & NI &adehin degradafionf 2 & a  ;
domain resulting in functional activation, analogous to the point mutations

observed in human cancers. A colony of homozygotes was maintained.

Embryonic ACP modeHesxt™*:Ctnntd'*®3* mice, were generated by mating

Hesx£™* and CtnnH'©@3Nox(e3)mjce,

2.3.2 Genotyping of mice

Genomic DNA was extracted from ear biopsies using DNAreleasy (Anachem) at 1:5

RAf dziA2y Ay | FAYLFEt (2 (RIZES bi@dy waspusuilly T 2 NJ
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performed at 22 weeks of age. Negative controls without tissue biopsy and positive

controls of samples of known genotypes were included.

Genotyping was performed using established polymerase chain reaction (PCR)
primers and protocolsl{able2-2, Table2-3). Gel electrophoresis using a 2% agarose

gel was performed and PCR products visualised by ultraviolet light. During the first
year the majority of the PCR reactions were performed by myself and more lately by

research assistant Leonid®snousopoulos

Table2-2: PCR primers for genotyping

Mouse line Primer sequences Annealing| Condition| Product
temperat s s
ure
Hesxtre™ OL39:TCAGCAAAGCTACAAGGTGAAQ py R ¥ JD buffer | WT: 500
OLB89:GGAGACAAMTTTGTGAAACCCT| seconds Mutant:
OL91: CCAGAGTGTCTGGCTTCTGT| 35 cycles 300
CreT: CAGAAGCATTTTCCAGGTATG(
Ctnnb1®3M* | pcatFwd: AGAATCACGGTGACCTGGGT| ¢ H R ¥ Tag Poly | WT:600
bcatRev:CATTCATAAAGGACTTGGGAG( seconds buffer Mutant:
40 cycles 550
Table2-3: Protocol for PCR reactions
PCR with Tag Polymerase PCR with JD Buffer
buffer (hot start)(ul) (un
DNA mix Enzyme mix DNA mix Enzyme mix
DNA stock 1.0 - DNA stock 1.0 -
H20 7.08 6.4 H20 1.7 1.55
Taq Pol buffer X 1.2 0.8 JDbuffer x 3 2.5 0.83
10
MgCI2 25 mM 0.72 0.48 - - -
Primer 1 (25 1.0 - Primer 1 (10 0.5 -
nM) nM)
Primer 2 (25 1.0 - Primer 2 (10 0.5 -
nM) nM)
dNTP 25 mM - 0.16 dNTP 25 mM 0.3 -
Taq Pol 5 u/ Im - 0.16 Taq Pol - 0.12
Total volume 11 8 Total volume 5.5 25
Protcol: 94°Cfor 4 min 94°Cfor 2 min
85°Cfor 30s 85°Cfor 30s
Add enzyme mix Add enzyme mix
40 cylcs of: 35 cycles of
96°Cfor 20s 94°Cfor 30s
62°Cfor 20s 58°Cfor 30s
72°Cfor 30s 72°Cfor 45s
72°Cfor 10mins 72°Cfor 10mins
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2.3.3 Collection of murine samples

Wholemouse heads were collected at peasatal dayl (P1) BeyondP7 pituitaries
were individually dissected. Bises were either fixed id% paraformaldehyde or
10% formalin for 1248 hours or frozen immediately on dry ice and stored&

degreescelscius

Fixedsamples were washed 3 times in froghate buffered salinelx PBS) and
then progressivelydehydrated to 70% ethanol (25%, 50%, 70%). They were stored
at 4'C prior tofurther dehydration to 100% ethandB0, 90, 95, 100%), washing
twice inHistoclear (National Diagnostics) and embeddingargffin wax. Durations

of steps varied depending on the size of sections but ranged from 30 mins to 1.5
hours. A small proportion of late stage tumours were processed, embedded and

sectioned by GOSH Department of Histopathology using their standard ptetoco

| Aad2ft 23201t &aSOGA2ya 6SNB Odzi 6SisSSy
slides and baked at 3 overnight.

Existing laboratory stocks of sections of headsHelsx£™:Ctnnld'™®3* mice

collected at 18.5dpc were also used, where 0.5dpc was defasethe first day on

which a vaginal plug was observed.

Addition samples relating to thpre-clinicaltrial of Vismodegib are discussed in

section2.16

2.3.3.1 Survival Analysis

Survival analysis was performed using the survivaB8)Zpackage iR
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2.4 Histological staining

2.4.1 Haematoxylin andosinstaining

Haematoxylin and Eosin (H+E) stainings were performed as per standard laboratory
procedures. For paraffin embedded sections this was predominantly performed on

the Leica AutostaineKL H&E staining machine.

When performed manuallysections were dipped seriglin Histoclear or Xylene
until paraffin was removed, followed by 100% and 70% ethanol, Sections were
placed in Harris Haematoxylin for 5 minutes, briefly immersed in 10% amtdall

and then placed under running water for 5 minutes. They were placed in Eosin for a
further 5 minutes, excess stain washed @ffth running tap waterand then
dehydrated in 70% and 100% ethanol, prior to two washes in Histoclear or Xylene

and mounting

For frozen sections, following brief fixation in formalin and omission of the
Histoclear/xylene and initial rehydration the times were adjusted to 30 seconds, in

Harris Haematoxylin,-2 minutes wash with running water and 5 seconds in Eosin.

For lasercapture microdissectionDiethyl pyrocarbonate(DEPCjreated milliQ

filtered water was used to perform the washing steps.

2.4.2 Immunofluorescence

Immunostaining was performed by established laboratory proto¢alsdonadou,
Matsushima et al. 2013)Briefly slides were dewaxed in Histoclear and slowly
rehydrated from 100% Ethanol to water. Antigen retrieval was performed with
either citrate buffer pH6 or tri€€DTA pHIT@ble2-4). Slides werdieated (110C) at
pressure for2 minutes ina BioCare Medical decloaking chamber NXGEN. Sections
were rinsed and permeabilised in PBT (0.1% Tritd@Xin1x phosphate buffered
saline (PBS)). Slides were incubated for 1 hr at room temperature with 108 Hea
inactivated sheep serum (HISS) in blocking buffab(e2-4). Antibody staining was
performed using concentrations as describedlable2-5. Primary and secondary

antibodies were diluted in 1% HISE1ix PBS. Slides were incubated with primary
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antibodies overnight at B rinsed and incubated with secondary antibodies for 1

hour at room temperature. Where indicated, amplification was performed using
biotin-conjugated secondary antibodies (Dako) and detedvgdincubation with
streptavidin conjugated to a fluorochrome (usually Alxor 555) for 1 hour at

room temperature. Autefluorescenceblocking was performed by incubation in

0.1% Sudan black (Sigma) in 70% ethanol for 5 minutes at room temperature. Afte
washing in 0.02% TriteK in1xt . { 3 aSOGA2ya @¢gSNB -02dzy i
Diamindine2-Phenylindole (DAPI) for 5 minutes (1:10,000 Sigma) and mounted on

coverslips with VectaMount (H000, Vecta Laboratories).

Table2-4: Buffers used foimmunohistochemistry

0.01M Citrate buffer, pH6 1.92g anhydrous citric acid in 1L H20. Adjus
pH6
TrisEDTA buffer, pH9 Dissolve 14.4 g Tris and 1.44 EDTA

to 0.55 L. Adjust to pH 9 with 1 M HCL. Add
ml Tween 20. Makapto 600 ml with H2O.Thi
is a 10xsolution.

Blocking buffer 0.1% Triton XL00, 0.15% glycine, 2mg/ml B
in x 1x PBS.
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Table2-5: Antibodies used for immunofluorescence

Antigen | Concentration |Secondary Antibod
Name(clone/catalog no) | Species| Supplier | Retrieval Amplifciation
Citrate pH{ 1:300
CTNNNBL1 Clone 6F9 | Mouse Sigma or Tris
EDTA pH
CTNNBRBO035P1 | Rabbit Therg:c’f'sr T”FS)ESTA 1:300
CTNNBB37F mutation Mouse Neweast | TrisEDTA 1:25 Anti-Mouse
specific antibody26168) Bioscience| pH9 biotinylated
CTNNB1 S33F mutatior| Mouse Neweast | TrisEDTA 1:50 Anti-Mouse
specific antibody46304) Bioscience| pH9 biotinylated
CTNNB1 T41 mutation Mouse Neweast | Tris-sEDTA 1:25 Anti-Mouse
specific antibody46306) Bioscience| pH9 biotinylated
BCL11B/CTIP2 1:250
Clone 25B6 Rat Abcam [Citrate pH(
(ab18464)
TP63 Clone 4A4 (ab735| Mouse | Abcam TrisEDTA 1:250 Ant-Mouse
pH9 biotinylated
P21 Clone M19 (s¢71) | Rabbit | Santa Cru T”;EQDTA 1:400
. . TrisEDTA 1:100 Anti-Rabbit
Ki67(ab42170) Rabbit | Abcam bH9 biotinylated
PERK1/29101 Rabbit| " lciratepr|{ 1?50 Anti-Rabbit
signalling biotinylated
EDAR Clone (se15289) Goat |Santa Cru T”EEQDTA 1:100
EDA(G16) (sel8927) Goat |Santa Cru T”:EQDTA 1:200
PSMALL 5,89 #9511 Rabbit | | CeII_ TrisEDTA 1:200 A_nt!—Rabblt
signalling pH9 biotinylated
i . TrisEDTA 1:100 Anti-Rabbit
pPSMAL (ab52903) Rabbit | Abcam pHO Biotinylated

2.4.3 0 Z-Biaminobenziohe (DABImMmunohistochemistry

Slides were processed geer the protocol for immunofluorescence. Following
incubation with secondary biotinylated antibodies sections were incubated with an
avidin-biotinylated peroxidase complex (Vector). Chromogenic detection was then
02y RdzOG SR ¢ A (i KdiamifoRekzildne (JPAB2vEctor) BreR Minutes
YR KSy O2dzy iSNREGFIAYSR ¢AGK al @ SNRa

l.j

A

iKS

The majority of stainings wereperformed on Leica BondMax® automated

immunohistochemistry machine geer Table2-6.
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BRAF V600iEnmunohistochemistry staining was performéxy the IgPath service at
the UCL Institute of Neurologysing theLeica Bondmainstrumentwith the Bond
Polymer Refine Detection Kit (Leica DS98Pf=treatment with Leica AR964fdr

15 minutes was performed and th8RAF V600E (Spring Bioscience E19290)
antibody used at 1:50.

Anti-MSX2 stainingvas performediy Annett Holskemsing theBenchmark ULTRA

IHC/ISH Staining Module; Ventana Roche; lllkirch, France) and the streptavidin
biotin-staining  system Ventana, DAB F¥2f f 246A y 3 0KS Yy d:
recommendationsMurine generated mnoclonal antiMSX2/Hox8 antibody (clone

2E12 Abcanm)was used at 1:2Q0

Table2-6: Details of mmunohistochemistry performed on Leica BondMax®

Antibody Species| Supplier | Detection kit Concentration
j o~ & BondMax 1:100
! -
J /! ¢9bLb -1@ddéN3FID) Mouse | DAKO | o - ‘o
CD68 (PGM1) (clone 514H12, ca BondMax 1:100
PA0273) Mouse | LEICA | protocol F
CD4 (clone 4B12, cat PA0368) | Mouse | LEICA | BondMax Prediluted
Protocol F
CD3 (clone LN10, cat PAGS5 | Mouse | LEICA | DondMax Prediluted
Protocol F
CD8 (clone 4B11, cat PA0183) | Mouse | LEICA | oondMax Prediluted
Protocol F
GFAP (cat 20334) Rabbit | DAKO BondMax 1:2000
Protocol F
1:50
. Cell BondMax
pPERK1/2 (197G2) Rabbit signalling Protocol F
CCLBI6SB1 Rabbit | Sigma | BondMax 1:100
Protocol F
ILBR(G20) SC661 Mouse |Santa Cry| ~ EondMax 1:300
Protocol F
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2.5 Microscopy

Immunofluorescent images were taken on a Leica DM500 and images were
captured using a CoolSNAPPro camera connected to MicroManager ldnage
software. Confocal images were taken usingeiss LSM 710 inverted confocal

microscope.

Individual Brightild images were taken on a Zeiss Avioplan 2 microscope and
captured using a Ziess AxioCam HR camera connected to Axiovision 4 software. A
proportion of slides were also imaged completely using either the Hamamatsu
Nanozoomer C96001 with NDP.view 2.4.32 software dhe Leica SCN400F

scanner littp://www.leicabiosystems.com/digitapathology/apericdigital-

pathologyslidescanners). Subsections of images were captured using PicPick

(https://picpick.en.softonic.comy

Images were processed usilgage J and panels made using Microsoft Publisher

or Inskape.
2.6 Imaging

2.6.1 Micro-focus computeriseddmography (micreCT) imaging

Micro CT was performed by Dr Ciaran Hutchinson usingjliken XTH 225 ST micro

CT scanner (http://www.nikonmetrology.com/en_EU/ProductsPay-and-CF
Inspection/Computedl omography/XIH225SFIndustriatkCFScanninyy  Stored
frozen tissue was fixed in 10% formdtina minimum 48 hourand then plaed in
H®p:: dJiodiaeR5gd2 + 50g Kl made up to 1000mls) for at least 72 hours. Data
was initialy processed in Volume Graph®&sStacks of images were then analysed in
Imaris®. Surfaces were manually annotated through consensus agreement between

myself and Dr Ciaran Hutchinson to generate 3D visualisations of tumour and

cluster.
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2.6.2 Imaging of musemodel

Embryonic model mice were serially imaged by MRI by Dr Jessica Boult. Briefly,
MRI was performed on a 7T horizontal bore migraging system (Bker,
Ettlingen, Germany) using a 30 mm birdcage coil and 1 mm thick slices acquired
over a 25 mm x 25 mm field of view (HFOVAnaesthesia was induced usi8%
isoflurane in 100% oxygen (1 L/min) and maintained with 1% isoflurane (for
longitudinal screenig/monitoring). Micro CT images of decapitated mouse heads

were acquired as per sectidh6.1.
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2.7 Nucleic acidtraction

2.7.1 DNA etraction

2.7.1.1 Human and murine frozen tumour and germline DNA samples

DNA was extracted from frozen tumao or mouse tails using the Qan DNeasy

Blood and Tissue Kt Samples were homogenised using the Omni Tissue
Homogenizer with Qiagen Tissue Ruptor tips and left over night with proteinase K.
DNA was extracted from blood either by the regional genetérsise or using the
DNeasy Blood and Tissue kit®. DNA was quantified by nanodrop and Qubit® assay

and on a 1% agarose gel.

2.7.1.2 Laser capture micralissected(LCM)samples

For LCM sample®NA was extracted using the Qiagen QIAmp DNA Microkit. DNA
was quantifiel by digital droplet PCRddPCR), a very sensitive quantitative PCR

method where samples are splitinto thousands of individual droplets and amplified
individually (ddPCR performed by Alice Gutteridg#ihdson, Nes et al. 2011)

2.7.1.3 FFPE embeddesamples

DNA from FFPE tissue sections was extractedG@SHAcquired Genomics
department The Maxwell FFPE plus LEV DNA purification kit ASTb3%eda) was
used. Briefly, 5x10p rolled sectionswere incubated overnight at70°C in
incubation buffer. Lysis buffer was added the following morning and the entire mix
added to the Maxwell cartridge. DNA was extracted by the Maxwell 16 robot
(Promega). Concentration and quality of extracted DNA was assessed using the

Nanodrop.

2.7.2 RNAextraction

RNA was extracted from frozen tumoumsples using the Qiagen miRNe@smini

kit. As per DNA extractigrtissues were homogenised using the Omni Tissue
Homogenizer with Qiagen Tissue Ruptor tips. RNA was assessed using a nanodrop
to estimate quantity and purity (260/280 and 260/230 ratio) andgilent
bioanalyser to assess RNA quality (RNA integrity number (RIN) score).

1



RNA from LCM samples was extractasing the Qiagen RNe&ymicro kit and

assessed on the bioanalyser.

78



2.8 Sanger sequencing GTNNB1

Sanger sequencing &TNNBExon 3 mutation hotspotsvas performed either by

GOSHAcquired @nomicsdepartment or by myselat ICH

At GOSHAcquired @nomics primers as pefTable2-7 were used to generate a

415bp producusing Amplitag Gold (Applied Biosystems) with final concentration of
1.5mM Md" and a touchdown programme (TD45, see below). Amplicons were
sequenced using BigDye Terminator kit (Applied Biosystems) and an Applied
Biosystem 350(nalyser.

At ICH, primergreviously designed by Lucie Wo(fable2-7), MSc studentwere

used with the standard Taq polymerase buffer conditions asTzdaie2-3.

Table2-7: CTNNBIPCR Primers

Primers Amplicon size Amplicon Protocol
size
GOSH i -Catenin F CATTTCCAATCTACTAATGC]| 415bp As per
Acquired Table2-8
genomics i -Catenin R CTGCATTCTGACTTTCAGTA
Institute of GGGAATTCGGCTGTCTTTGACA]| 316bp Taq
Child Health | n1HTbCA- CTT polymerase
(ICH) as per
Table2-8:
GOSH
CTNNBPCR
N1HTBbCAR | AGTCTAGACAGGACTTGGGAG( conditionsTa
CA ble 2-3

Table2-8: GOSHCTNNBPCR conditions

Touch Dwn Cycle TD45

95°C 7mins

93°C 45secs

65° I’ c x10 (<2C per 45secs
72°C cycle) 1min 30secs

93°C 45secs

56°C 45secs
72°C X35 1min 30secs

72°C 10mins

4°C Forever
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2.9 Targeted DNAesjuencing
t SNF2NNXYSR o0& Broup at oL Advandel Bi&)mosliss

A next generation targeted ampbta sequencing panel was designed by Dr Tim
Forshew to include all known craniopharyngioma mutations of exonGTNNB1

and other common paediatric brain tumour hotspots. Targeted amplicon
sequencing uses two PCR steps. Firgtlyraditional PCR amplifies region of
interest; this is followed by barcode attachment and a second round of PCR. Initially
used in the context of cell free DNA, this facilitatiesection of low allele frequency

variants(Forshew, Murtaza et al. 2012)

Primers were designed to specifically target exo@TINNB,1BRAF V600, H3.1, H3.3,
IDH1 and IDR. mutation hotspots and sequencing was preformed using a protocol
adaptedfrom Weaveret al., 2014(Table2-9)(Weaver, Rosthnes et al. 2014)After

the two separate rounds of PCR, resulting amplicons consisted of the genomic
NEIA2Y Ffly{1{SR 0@ || RI -spécSidNdarao8dj aizd MsDyShy = |
lllumina adapter sequences for complementarity to the flow cell. The samples were
pooled, purified and thersequenced on an lllumina MiSeBeads were aligned to

the human genora using bwa mem (v0.7.4#3126) and variants were detected by
VarScan mpileup2snp 2\8) with a minimum variant allele frequency of 0.05%.
Gene regions were failed if fewer than 100 reads were seen using bamreadcount.
Variants were considered valid if present in duplicate sequencing reactions with at

least 50 reads in the variaatlele.
2.10 BRAHligital droplet PCR

t SNF2NXYSR 0@ 5NJC¢CAY C2NBKS$gQa DNRdzLI |

DNA was diluted #old with nucleasdree water (Ambion). Each digital PCR
NEFOQGA2Yy 41 a& YIRS dzLJ 42 wn x[ 6AGK H ¥]
Probes (No dUP; BieRad), forward & reverse primers, ddabelled probes for
wild-type and mutant templates, and nucleatee water. Sequences for the BRAF

V600E assay oligonucleotides are from Hindeb®al. (Hindson, Nessteal. 2011)
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and were used at the concentrations stated. Reactions were partitioned into
~23,000 droplets with Droplet Generation Oil for Probes {Baal) using the QX200
Droplet Generator (BiRad). All samples were tested in duplicate, withtamplate
controls included in all columns. Standard cycling conditions as recommended by

the manufacturer were used with a, of 60°C.
wSadz & 6SNBE ylrfteaSR gAGK vdzk yar {2Fa4d n ;
were successfully read in each well, includingteols. Two droplets positive for

wild-type template were seen in the negative controls, indicating a negligible

degree of contamination.

Table2-9: Primers used for targeted amplicon sequencing

Gene Primer nane Primer sequence Amplicon length
(bp)
HIST1H3A H3.1_F1 GGTAACGGTGAGGCTTTTTCAC 102
H3.1_R3 GGAAATCCACCGGCGGT 102
IDH1 IDH1 R132_F CTTGTGAGTGGATGGGTAAAACCTA 81
IDH1R132CG_| CACATTATTGCCAACATGACTTACTTA 81
CTNNB1| CTNNB1_F2 GCTGTTAGTCACTGGCAGCA 100
CTNNB1_R2 CCTCAGGATTGCCTTTACCACT 100
BRAF | BRAF_V600E_| CTACTGTTTTCCTTTACTTACTACACCT 118
BRAF_AS3 ACTGATGGGACCCACTCCAT 118
H3F3A | H3F3AK27M_F AGCACCCAGGAAGCAACTG 126
H3F3A ACAAGAGAGACTTTGTCCCATT 126
K27M_R3
IDH2 IDH2R172S_3F GATCCCCTCTCCAGGCT 94
IDH2R172S_3R AAACATCCCACGCCTAGTCC 94
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2.11 RNA Sequencing

2.11.1Human ACP

Human ACP cases were selected for RNA sequencing where the diagnosis of
craniopharyngioma was confirmed on frozen section and where gooditguRNA
(RIN>6 as advised by UCL Gencsgiiwas availableAs the cell of origin of
craniopharyngioma is unknown, control samples of human fetal pituitary were
used. In addition, samples of ndanctioning pituitary adenomas (NFPA) were
selected as controls as these closely group with humantgdtuitary in previous

MRNA expression arragudies(Gump, Donson et al. 2015)

For undissected human ACP, sequencing libraries were prepared using the TruSeq
Stranded mRNA Library Prep kit (lllumina) and segadnto a depth of
approximately 50 million peed end reads of 80bfperformed by UCL genomics).

ForLCMsamples RNA was amplified using the Clontech SMARTer® low input RNA
kit and sequencing libraries generated using the Nextera XT library prep and
sequenced to a depth of approximately 15 million 76bp single end reads (performed

by UCL genomics).

2.11.2Murine ACP

For murine ACP samples sequencing was performed by the Oifeldome Trust
Centre for Human Genetics. Sequencing libraries were prepared usigusSeq
Stranded mRNA librargrep kit (illumina). For samples collected at FRNA was
amplified usingthe Clontech SMARTer® low input RAiAd sequencing libraries
generated using theNEBNext® DNA Library Prep Master Mix Set (Begland
Biolabs). For dl samplessequencing was performed to a depth of approximately

30 million 76bp paired end reads.
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2.12 RNA squencinglataanalysis

2.12.1Alignment

For human analyse$ASTQ files were assessed using FASTQC and aligned using
STAR aligner against UCSC human eafer genome hgl9Pérformed by Nital

Jani) Exon 3CTNNBMwere assessed using the integrative genome viewer (IGV)
(Broad Institute) and the variant allele frequency calculated as a proportion of all

reads of a given base.

FASTQ and BAM files have beeroapled to Array Express: Human frozen ACP RNA
seq cohort: BMTAB5267, HumarLCMcohort: EMTAB5266

For murine analyse$ASTQ files were aligned against @RCm38.ERCEference

genome (performed by The Wellcome Trust Centre for Human Genetics).
Downstream analyses wergerformedby myselfusing Bioconductor in RStudio.

2.12.2 Normalisation

Following alignmenta read count per gene was generated for each sample using
RSubread. Normalisations were then performed. The normalisation used most
widely in this prgectwas the variance stabilising transformations implemented by
DESeq2. This $i& negative binomial distribution to the data orderto normalise
across sample3his adjusts for the heteroskedastisity of the per gene read count,
with greater varianceobserved for hose genes with fewest countsThe
transformation does not normalise for gene length, such that at an equal level of
expression, longer gene wilakie a higher normalised courithe variance stabilised
transformation gives only positive valsidacilitating easier downstream analyses

than the similar rlog transformation.

2.12.3Datavisualisation andlustering

To visualise the datasets several approaches were used, all using standard

alogrithms in Bioconductor.
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2.12.3.1Principal Component Analysis (PCA)/MuDimensional Scaling (MDS):
Principal component analysis (PCA) is a method that reduces the complexity of data
to a set of eigenvears that explain its varianc&hese are ordered such that the
first principal component (PC1) explains the most varigbiMulti-dimensional
scaling performs this analysis in a similar manner based ohdeéan distances

between samples.

2.12.3.2Sample dstances:

Sample distance measuratemptto quantifythe similarities between two sets of
data plotted in multidimensional gxre. Distances measures, such as Euclidean
distance assess the actual numerical distance between datasets, whereas

correlation distances compare the patterns.

2.12.3.3Clustering:

There are multiple ways of clustering data; the process of grouping objects into
cdasses. These can broadly be divided ipdatitioning algorithms (e.g. -keans )
where objectsare placed into a set number)(kf classes and hierarchical clustering
algorithmswhereby objectsre grouped by either splitting them by difference (Top
down/Divisive) or grouping them from individual objects (Agglomerative).
Consequentlyhierarchical clustering algorithms generate trees of hierarchy linking
the inferred relationships between samgle Hierarchical clustering wagrformed

using the hclusfunction in the stats package in R.

There are different methods of linking objects ledsaround what constitutes the

Wi K 2 NI S ahetwéeh sampleybase@on their inter sample distances. In single
linkage the shortest distance between objects leadsgrouping in clusters. In

complete linkagethe shortest of the most distant links (cluster members) and in
averagelinkage the shortest distance between centres of clusters. In contrast,

2 NRQA YAYAYLFf @I NAIYOS YSiKBSzarpleshythe It 2 Y
minimal increase in the sum of the squared differences between samples. Téss giv

results often similar to those obtained througtverage clustering. For the analyses

performed in this thesis results were similar regardless of the exgaridhm used.

84



2.12.3.4Consensuslustering:

A limitation of hierarchical clustering is that the interpretation is biased by
preconceptions of meaningful group and is sensitive to anomalies and
idiosyncrasies within the dai®onti, Tamayo et al. 2003)Therefore to investigate

how many groups there are within a dataset Consensus Clustering was performed
with R package Consensus Cluster PiMgkerson and Haye2010) This form of k
means clustering uses an iterative process by repeatedly subsampling the dataset,
partitioning into k number of groups and then forming a consensus of which group
each sample is in. The results for each value of k can then be adskesstheir
adlroAftAGeo /] 2yaSyadza RA&AGNRAROdzIAZY LI 2
consensus distribution, with the aim of identifying the number of clusters (k) that
maximises the concentration. Thisdeterminedby identifying the K that induces

the largest increase in area under the corresponding CDF plot. Further increasing of
K beyond this adds little to the stability of the clustering. Whilstdtetically giving

a hypothesiandependent assessment of clustering, consensus clustering has been
observed to identify clusters in truly random computer generated datasets and
therefore it is important that the results are interpreted in their biological context

(Senbabaoglu, Michailidis et.&014)

2.12.4Differentialexpression

Differential expressior{DE)analysis identifies differences in expression levels of
genes between two groups of samples. It was performed using DEBe¢, Huber

et al. 2014) DESeq2 applies normalisation factors in its analysiedhas a
negative binomial model. As with the variance stabilising transformation, this
adjusts for the heteroskedastisity of the per gene read count, with greater variance
observed for those genes with fewest counts. DEseq2 also applies independent
filtering, through which only those gene where there are sufficient reads for

differential expression to be detected are included in the final statistical analysis.

The results of DESeq2 analysis include a mean expression value, log2 Fold Change

(log2FC)Standard error of log2 Fold Chan{feE) Wald statistic (log2FC/SE) and-a p
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value. Pvalues are adjusted for multiple testing using the Benjariachberg

method to give an adjusted-palue (padj).

2.12.5Downstreamanalysis

2.12.5.1Gene atology analysis

Due to the hé¢eroskedastic nature of RNA seq data, gene ontology enrichment
analysis of differential expressed gene lists must take into acclaumggth of a gene.
Therefore gene ontologyralyses of DE results from DESeq were performed using
the GOSeq package in(ung, Wakefield et al. 2010)To visubse this, results
were plotted using quickGifps://www.ebi.ac.uk/QuickG0O), which plots GO

terms by their hierarchy.

2.12.5.2Gene &t enrichment analysis

Gene set enrichnma analysigGSEAgsseseswhere a set (list) of genes falls within
aranked list of genes. ItassessesWHe€ S NJ G KS 3IA OSy & Kalithe2 ¥ 3ISYy
top or bottom of the ranked list more than expected by chance alone
(Subramanian, Tamayo et al. 2005)A KolmogoroxSmirnov like enrichment
statisticiscalcul RX ¢ KSNB o & (i K&vn the listifrémathedmostupl | & Q
regulated to most dowrregulated calculating a running total. If a given gene is in

the gene set then the total increases, if absent it decreases. The normalised
enrichment score (NES) adjusts thoy differences in gene set size and other
relationships between the gene set and gene list. The false discovery rate (FDR) is
the estimated pobability that a gene set with a given NES represents a false
positive finding, i.e. FDR=0.1 represents 10% chance it is a false positive result.
Broadly, an NES >1 and FDR<0.25 would be considered to represent enrichment of

gene set(Subramanian, Tamayo et al. 2005)

GSEA was initially developed for analysis of gene expression microarray data. For
RNA sequencing results the pr@nked tool was used. This assesses the results of
differential expression analyses. Titesults of DESeq2 analyses were ranked by the
Wald statistic (log2FoldChange/standard error of log2FoldChange). This integrates
both fold change and the degree of variability, making it more suitable than fold

change (can have large fold change but be ssa@mnificant) or pvalue (the most
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significant genes malgjave small fold change) alondgsing the weighted analysis
attributes more significance to genes at the top and bottom of the list when

calculating the GSEA statistics.

Gene sets were either download from the Molecular Signatures Database
(MSigDB, Broad Institutggccessed from collaborators.gesenescence gene sets),
or createdde novobased on experimental or published dataple2-10). GSEA was
performed using graplal user interface GSEA version2.2.4 downloaded from the

Broad Institute littp://software.broadinstitute.org/gseal/index.jsp
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Table2-10: Gene sets used in analyses

Name Description Link/Reference
Hallmarkv5.2 50 curated gene sets representing well defined | http://software.broa
gene sets biological states or processes with coherent express| dinstitute.org/gsea/
Based on amalgamating overlaps of multiple foundi msigdb
gene sets.
Tooth gene sets Genes cofirmed to be expressed in various http://bite -
compartments of the developing teeth in human, mig it.helsinki.fi/

vole and other species. Inner enamel epithelium,
ameloblast, dental mesenchyme and odontoblast ge
sets extracted. Combined and mutually exclusive g€
sets also deried.

(Helsinki, 199€007)

Senescence gen
sets

Oncogene induced senesncence: Genes upregulat
with fold change >1.5 in humdiMIR90ER:RAS
fibroblasts where Ras has been activatedduyoxifen,
compared to those without Ras activation.
SASP proteins upregualted in cultured media in R3
activatedIMR90OER:RAfbroblasts as assesed by mag
spectroscopy

(Acosta, Banito et al
2013)

WGCNA modek

The genes included in each of the 12 WGCNA mod
identified in5.6.

Derived from results
of section5.6
(Supplementary tablg
3).

Human clusters
and tumours

The top 100 or 500amnes upregulated in human
clusters or tumours as assesseddifferential

Derived from results
of sectionss.5and

expression analysis 5.11
(Supplementary table
3).
Expression RNA sequencing derived expression signatures of nl  (Zhang, Chen et al.
patterns of brain CNS cell types, specifically neurons, astrocytes, 2014)
cell types. oligodendrocytes of differing maturation stages,
pericytes, microglia and endothelial cells.
Mesenchymal | Mesenchymal lineage signature of 489 genes based (RosonBurgo,
stem cells deep comparative analysis of multiple transcriptom|{ SanchezZ5uijo et al.
expression data series of mesenchymal stem cells 2016)
different sites and tages compared with other cell
types.
Germ cell 399 gene probsets enriched ingrminomas and 292 i (Wang, Wu et al.
tumours non germinenatous malignant germ cell tumours bas 2010)
on expres®n microarray comparison
ILI response | 200 genes upregulated on treatment of macrophagy (Vincenti and
with IL1 as assessed by expression microarray | Brinckerhoff 2001,
(http://software.broadinstitute.org/gsea/msigdb/geney Chevillard, Derjuga €
et _page.jsp?geneSetName=GSE8515 CTRL VS Il al. 2007, Jura,

STIM_MAC DN
98 genes upregulated (fold change>3) in PH3A1
myometial cells after Iilstimulation
48 genes upregulatedfall SNJ H K 2 dzZNBA 4
on SW1353 chondrosarcontalls

Wegrzyn et al. 2008

Atherosclerosis

29 genes upregulated in atherosclerogilaques (aorta,
carotid or femoral) compared withon atherosclerotic

placques (Fold change > 15, FDR<0.05)

(Sulkava, Raitoharjy
et al. 2017)
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Weighted gene cexpression network analysis (WGCNA)

WGCNA is a sigsns biology approach used to identify-oegulated gene networks
across data sets in a hypothesiglependent manne(Zhang and Horvath 2005,
Horvath, Zhang et al. 2006, Langfelder and Horvath 20883t describd in the
context of brain tumours, this approach has been used to identify novel candidate
pathogenic geneéZhang and Horvath 2005, Horvath, Zhang et al. 2006, Langfelder
and Horvath 2008)

Genes whose pattern®f expression across samples are similar are grouped
together in modules based on their Pearson correlation coefficient. WGCNA uses
soft thresholding to weight/emphasize high correlations at the expense of low
correlations, generating an adjacency meastwe each gene. Groups of closely
interconnected (ceexpressed) genes, as assessed using a network analysis function
(topographical overlap measure) are then defined as modules and assigned a
colour. Full details are available in Langfelder and Horvath8,20€d discussed in
brief below(Langfelder and Horvath 2008)\nalysis performed was based on the
code included within tutorials from the creator laboratories website
(https://labs.genetics.ucla.edu/horvath/htdocs/CoexpressionNetwork/Rpackages/
WGCNAT utorials).

Initially, WGCNA was performed usiagiance stabilised transformed counts of, all

or just the top 5000most variably expressed genes as assessed by their median
absolute deviation. As results were very similar, for computational ease, wid et

to perform all the subsequent analyses with the top 5000 most dysregulated genes.

This could be performed on a standard laptop computer.

2.12.5.3 Detection of modules

Pearson correlation values are calculated between the expression values for each
gene. An djacency value is then calculated by raising these correlationseo
power of the soft thresholdin this thesisselected as 12). This serves to emphasise
strongly correlating genes, whilst minimising the input of those which poorly
correlate. Genes arelustered based on their topology overlap measure, a network

analysisapproach that filters to exclude spurious or isolated connections during
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network construction. Modules are detected by cutting the clustering tree using
dynamic branch cutting methodseifdetecting clusters in a dendrogram depending

on their shape. The relationship between these modules is then explored and
where modules show similar expression patterns they can be merged. This can be
done by varying the thresholds and plotting of resait modules to identify the
most stable configuration. In this thesgsthreshold of 0.2 was selectddr analysis

of human samples. The dynamic threshold was used for murine samples

2.12.5.4Correlation of Modules with phenotypic information

For each module aBgengene (a numerical value) was calculated to represent the
pattern of the gene expression of the whole module. This was correlated with
available sample phenotype information of the tumours (e.g. diagnosis, histological

features,CTNNBInutation allek frequency, age, RNA integrity number (RIN)).

2.12.5.5Module Ontology enrichment

Ontology analysis of modules was performed using the GOStats pafikalgen

and Gentleman 2007)This facilitates assessment of enrichment of genés
module within the context of specifying the 5000 genes included in tl&OMA
analysis. Ontology enrichment was also performed using the AnnotDBi package, as
per the WGCNA tutorials, and gave similar resuRssults were also generated
using g:Profiler, a quick online tool for assessing ontology enrichment amongst a set

of geres fttp://biit.cs.ut.ee/gprofiler/)(Reimand, Arak et al. 2016)

To assess gene enrichment of gene sets within individual modules, genes were
ranked by their module membership score of a specific module, a meaduhe
extent to which a given gen@expression pattern matches that of the module.
Gene enrichment scores and barcode plots were generated using the geneSetTest
and barcodeplot functions in Limn{&itchie, Phipso et al. 2015) This was chosen

in preference to the GSEA graphic user interface as it gives a more direct

assessment of the position of genes within a list.

2.12.5.6Assessment of module preservation:
To assess whether patterns of gene expression are conserveéddependent

datasets module geservation analysis was usethis vas performed as described
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in Langfelderet al, 2011 and using code from the module preservation tutorial
(Langfelder, Luo et al. 201Ihis analysis assesses module presémwain several

ways, which is then summarised as a Zsummary statistic. A Zsummary statistc of >
10 indicates strong preservation, and a result between 2 and 10 represesgk to

moderate preservation.
2.13 Analysis of published datasets

For analysis of thdata presented in Gump et alonmalised expression data was
downloaded from thethe National Centre for Biotechnology Information Gene
Expression Omnibus (GEO) database (accession numbers GSE68015, GSE26966)
(Gump, Dason et al. 2015)

Comparison of expression of genes between ACP and PCP samples was made using
the dataset published in Holskeat al. (Holsken, Sill et al. 2016pPifferential
expression analysis was performbg Dr David Jones (DKFZ, Heidelberg) and GSEA

by inputting normalised per gene expression array intensity values into GSEAv2.2.4.
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2.14 Proteomics

2.14.1Protein extraction

Protein lysates were extracted from pieces of fresh frozen ACP. BrieZ§mg
samples were laced irH p n >lysis Buffer (150mM NaCl, 20mM Tris pH 7.5, 1ImM
EDTA, 1ImM EGTA, 1% Triton, with Protease inhibitor (Roche), 1ImM Sodium
Orthovanadate and 25mM Sodium flude). Samples were sonicated on ice and left

for 30 minutes at 4C, followed by centrifugédn at 20,000G for 10 minutes and
collection of supernatant. Protein concentrations were quantified by Bradford

assay.

2.14.2Multiplexenzyme linked immunosorbent assiy. [SA

Performed by Dr Ying Hong

50>t o#dfumaur protein lysates or 50 bf ACP cystiftuid were added tavieso
Scale Discovery (MSD) multiplex kit (Meso Scale Diagnostics¢asureTNFa,
Interferon-g, IL-m |, 1-6. 11-8, 1:10 and IE18, levels For tumour lysate samples,

results were normalised against total amount of protein added.

2.14.30ther datasets

Cytometric bead analysis of cytokines in ACP and pilocytic astrocytoma cystic fluid
performed by Andrew Donson and Todd Hankinson were interrogéiEhson,
Apps et al. 2017)Similarly mass pectroscopy data of human ACP cystic fluid

acquired by Benedetta Pettorini was also evaluated (personal communication).
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2.15Whole genome sequencing andoenesequencing

In whole genome sequencing (WG®)e whole genome is broken into millions of
fragments. Thesare then sequenced using next generation sequencing and the
resultant sequencing reads aligned against the host reference genome. By
comparing the sequences from tumours, with that from their germlibes possible

to identify somatically acquired poinmnutations. In addition to detecting single
nucleotide variants and small insertions and deletions (indels), analysis of the reads
is also able to inform about larger scale chromosomal copy number changes and

rearrangement.

In contrast, through using capte probes, exome sequencing limits sequendimg
only of 1% of the genome thas expressed at the RNA levE&his greatly reduces
cost andthe amount of dataproduced however copy number and chromosomal

rearrangement information is also reduced.

2.15.1Exome equencing of murine ACP

Sequencing and initial bioinformatics analysis performed by Dr David Adams group

at the Wellcome Sanger Centre

Fully developed pituitary tumours and matched tail samples of 15
Hesx£™®*Ctnnb1™®3* mice were collected at human endpoints. DNA was

extracted using the DNeasydalds and tissue kit (Qiagen).

Exonic DNA was captured using the Agilent whole exome capture kit (SureSelect
Mouse All Exon). Captured material was indexed and sequenced on the Illumina
platform at the Welcome Trust Sanger Institute at 30x depth. Raw pair end
sequencing reads were aligned with BvW#m to the GRCm38 mouse reference
genome(Li 2013) Duplicated readsvere marked using biobambaiTischler and
Leonad 2014) Somatic variants were detected using CaVEMan expectation
maximizatiorgbased somatic substitutiodetectionalgorithm(Jones, Raine et al.
2016) Detected somatic variants were then filtered using an arrayuaflidy filters

and common mouse genome variants were exclufeehne, Goodstadt et al. 2011,
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Jones, Raine et al. 201@IFT and PROVEAN were used to predict the functional
importance of mutationgKumar, Henikoff et al. 2009, Choi and Chan 2015)

A subselection of 14 genes, where mutant variant allele frequencies were greater
than 20% and at least 3 mutant reads were detected, were validated by Sanger
sequencing. Primersvere designed in flanking region3able 2-11). PCR was
performed as peifable2-3 with Taq Polymerase conditions. Sequencing of the PCR
fragments was performed by Source BioScience (UK).

Table2-11: Primers used in validation dflesxf*Ctnnb1x3)*tumour exome
sequencing results

Case Gene Primer 1 Primer 2
MD5190| Apcs TGTGACCTTTGAAACCCTC CAGTGTCAAGGGCAGAGAC
MD5194| Sohlh2 CCTGGAGGGATGTGTGAAQG TGAGTGCAGTGTTAGGCAC
MD5184| Kcnd3 AAACAACCAGGAGTCCATG GTGTCCAGGCAAAAGAAAG(
MD5196| Col9a2 GGAACAGTGGGCTCACAAC TCTGGTCTAACCCAATCCCH/
MD5186| Ncdn CCAGAAACTTGCTCCCAGA TTTCCAAAGAGCCGAAGATG
MD5195| Kmt2c TTTGAACAGGAATATGGTGT( GACAATCGGGAGAAGATAG(
MD5197| Pakl CGCTTGCTTCAAACATCAA/ ATCACACTGGCGCTTTCTTT
MD5186| Slco2bl AGGAGATCCCAAAAGGCTG GGGGCAATCGAGTGACTTA(
MD5194| Trappcll ACAATTTCCTTGTTTTGCC( GCCTGTTAAAGGGTGTCCA/
MD5193| Sipall2 GTTTTCAGTGCAGGGGTTG CTCTGTTCCTTTCTCGGCT(Q
MD5186| Efcab6 GCAGCCTGTCAGGAGAAAT GGGGAGGCTAAAGTACCAG(
MD5189| Nell2 TTTGTTTCTACCCACCTGG GATATTGACGAATGCGGGA(
MD5196| Spsb3 CTCGGCTTCAAAACAGAAG GGTTGCAGTTCATGCTCAGA
MD5189| OlIfrl137 GGTACCCAGAGCAAGGACA ATGGCCTCATCTGGAAGTTC

2.15.2Whole genome sequencing of human ACP

Samples were selected for ®E where the diagnosis ofaniopharymioma was

confirmed on frozen section and where good quality tumour DNA and matched
germline DNA was available. Samples were sent to the Beijing Genomics Institute
(BGI) for whole genome sequencing at 75x coveragéuimour samples and 30x

coverage for germline samples as per the 100K Genome Project protocol

2.15.2.1Data analysis
No pipeline for analysis of cancer genome sequencing data was available at the

Institute of Child Health at the time of this project and so theokhgenome
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sequencing data was analysed through the Sanger centre Cancer Genome Project
(CGP) pipeline through collaboration with Dr Sam Belfasults were interrogated
and interpreted by myself at UCL.

Analysis was as described in &inelet al. (Nik-Zainal, Davies et al. 20)@riefly,

reads were aligned against the human reference genome GRCh37.

Structural variants wereinvestigated using the BRASS d€Bkpoint AnalySiS)

(https://github.com/cancerit/BRASS algorithm. This identifies rearrangements

through identifying discordantly mapping paired end reads and reads which span

breakpoints to produce a consensus sequence of each rearrangement.

Somatic substiitions were identified by the CaVEMan (Cancer Variants Through
Expectation Maximizationh(tp://cancerit.github.io/CaVEMar)/ algorithm(Jones,

Raine et al. 2016)

The presence of smalhsertions and deletions (Indelsyas assessedly Pindel

(http://cancerit.github.io/cgpPindel), where they were required to be present in at

least 5 reads and excluded if they occurred in regions ofrliare repeats.

Results were filtered against a database of variants identified by sequencing 100
normal healthy controls at the Wellcome Sanger centre as well as known SNPs from
established databases. Results were also assessed against a Sanger Gatdce cu

list of 616 established cancer driver genes.

2.15.2.2Validation:

Primers were designed to detect structural rearrangements identified by WGS. For

large deletionsLINA YSNE 6SNBX RSaA3IySR alLlyyiy3a (K
breakpoint, and following ta break. Similarlyprimers were designed to detect a
translocation. For smaller deletions primers were desigmedeither side. Gel
extractions were performed on identified mutant bands. Briefly, bands of
appropriate size were identified on 2% agarosésgising UV light illumination and

the DNA extracted using the QIAquick Gel extraction Kit.

95


https://github.com/cancerit/BRASS
http://cancerit.github.io/CaVEMan/
http://cancerit.github.io/cgpPindel/

Single nucleotide variants at EcoRI restriction enzyme sites were identified.
Restriction enzyme digest was perform@dh 500ng of genomic DNA, 6 units EcoRI

(Promeg = MHAzy AU ak>00ONRP Wi®BPLOZ . WAFRSNHzL) (2 wmp:>
water and incubated for 90 minutes at X7. This wasfollowed by PCR
amplification, purification and sequencing as per secti@i3 and.8. All primers

can be found iMable2-12. Reactions were performed by Leonidas Pansouopolous

with close guidance and review by myself
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Table2-12: Primers used in validatin of WGS resultsFor each genomic locu&enomic
change annotation as per results Table7-9 or Supplementary Table. 7Case mumber for
validation, pimer combinations and expectgaroduct band size.

Translocsion: Chr.3 171753134(36FG-99550849(51) Chr.15 (score 99)

3TF GCCAGGCATGTTCAGTTCA
3TR TCTGAACAGCACCAGGGAA
15TF ATACCCCGGATGCACTTGT.
15TR AAATGGACCAATCAGCAGG
Case 30779 bp
WT Chr 3 3TF+3TR 203
WT Chr 15 15TF+15TR 587
Translocation 3TF+15TR 371
Large deletions:
Chr.3 178998499(502)CA-179001459(62) Chr.3 (score 99)
Primer Annealing sequence Overhang sequence
3F TGGGACAGGTGCAGGAATA
3WT GATTCCTGAGTCACCTGCTT]
3MT ACCTTGCTGTTTTGGTTACT
Case: 30776
WT 3F+3WT 650
Mut 3F+3MT 510
Chr.2 2P2351172] TT [212415756 Chr.2
Annealing sequence Overhang sequence
2F TGTATCTGCTAACTGTGGATT
2WT ACCTACACCCATCACCTGT,
2MT TTGTGTATGTCAGCGGCAT
Case 30779
WT 2F+2NT 435
Mutant 2F+2MT 502
Chr.17 4122745%52)-T--41342301(02) Chr.17
17F CCCTATTGCCTGCCTTTTC
17WT TCTCACCCATCTTCAATCCA
17MT AACCTGAGCATGCCATCTG
Case 30777
WT 17F+17WT 246
Mutant 17F+17MT 386
Chr.4 40437859] C [4089659 Chr.4
4F CAATAAGCTCTACCCTCCGA
AWT CACCATTCTCCTATCTCAGC
4AMT GGCTGGTCTTGAACTCTTGA
Case 30779
WT AF+4WT 408
Mut AF+4MT 613
Repeated with additional primers
4F CAATAAGCTCTACCCTCCGA
AWT CACCATTCTCCTATCTCAGC
4F2 GAGACTTACTGTTCTGCCCO
4AMT2 ACTCATCTTGACCTCCCAAA
5'WT AF+4WT 408
3'WT 4F2+4MT2 647
Mut 4F1+4MT2 580
Chr.2 44318598(604AGGAAEA4321180(86) Chr.2 (score 97)
2delF1 TGGAGAAGGAAGAGGTGGTA
2delR1 GGTACTAAGCTCTBBGTGA
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2delF2 GCTCCCAATTACGATTCCAC
2delR2 CACTCTGCATCTGACAACTG
Case 30777
5'WT 2delF1+2delR1 385
3'WT 2delF2+2delR2 514
Mut 2delF1+2delR2 688
Chr.7 32822895(97-AG-32824956(58) Chr.7 )
7F1 GAAACTTCCACAGAGCCTTA
7R1 TGGCTCCCTCATGAATGGCT
7F2 CGAAGTGACCATACTGAGCA
7R2 GCAGCTCCTCATTCTCTCCT]
Case 30777
5 WT 7F1+7R1 635
3'WT 7F2+7R2 481
Mut 7F1+7R2 581
Chr.13 105462847(30AAG-105476831(34) Chr.13
13F1 TTCTCACTGTTATGGCGAACQ
13R1 GATGTGGGTTCTGACTCTAC
13F2 TCAACCCTCTTAATCCAGGT
13R2 TCCCACTAAGAAGAGTAGCT
Case 30776
5'WT 13F1+13R1 212
3'WT 13F2+13R2 433
Mut 13F1+13R2 441
Small deletions
Chr 1: 7889947 217bp deletion
ldelF CTAGCAGTGTGACAGGCAAC
1delR ATGGTGATTGTGGTAGCGCT
Case 30777
WT 575
Mut 358
Chr 17: del 39340681 337bp
17delF CATATCATGGGATGGTGACT
17delR CCTCTGACACCATGGTTAACQC
Case 30776
WT 501
Del 164
1(431281793’ 4 Del 342bp
19delF GTCGATTGGGAAGGATTAAG
19delR TCAAGTGGAGCAGTAAAGTG
Case 30779
WT 646
Del 304
Chr 1, 244927378 Del 204bp
DellF CCATTGTTTTCTTGCAGCG(
DellR ACAGGAGAATCGCTTGAAC
Case 30779
WT 386bp
Del 204bp
SNPs:
Chrl8: 74464442-3C
S18F | CAACAACGATTTTCTGCAGG|
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S18R

CTCACCCTTGGCATTGTCTT.

Case 30779

Product:

249 bp

Chr 5, 65437974 -GA

S5F

CTACATGCTCAGTCTGGAAT

S5R

AAAGCAGACATTAAAAAGGTT

Case 30776

Product:

378bp

Chr 11, 90532787-€T

S11F

JohnApps_8_1

TGGACGCTTGTAATCCCA

S11R

JohnApps_8_2

TGAAGTGCAGTGGTGTGA

Case 30779

Product

236bp
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2.16 Trid of GD&449 Inhibition of SHHgthway inembryonic model of
ACP

Afflo2Nr A2y ¢l a SadlofAaKSR gAUGK tNRBRT
Cancer Research, Sutton, UK to perfgme-clinicaltrialsin ACP, in association with
pre-clinical imaging by Dr Jessica Boult. The trial was necessarily designed and
performed with input from several team members at ICH and ICR. | was actively
involved in developing the collaboration, designing the trial, genotyping and

transferring mice from ICH, collecting samples and in data analysis.

2.16.1Pharmacokinetiand pharmacodynanmsexperiments

To select the optimum dose and dose regimen the published details of
pharmacokinetics (PK) and pharmacodynamics (PD) were revi@giedg, Chen et

al. 2009, Wong, Alicke et al. 2011, Gould, Low et al4R0ro ensure that the
results were applicable to the embryonic mgt#&-7 oral doses were administered

to the mice and pituiaries, whole blood (blood spognd plasma were collected
(cardiac pucture). PK was determined byassspectrometry performedby Ruth
Ruddlg. Expression of target gene Glwas determined using FACR andh situ
hybridisation performed byGabriela Carrenjo Samples were also collected for

histological examination and immunohistochemistry.

2.16.2Randomisetrial

Mice were bred ad genotyped at ICH. At three weeks of age they were transferred
in cohorts to ICR, where they acclimatised for 1 week before initiation of drug
treatment. Mice were block randomised between drug and vehicle at a ratio of 1:1
and treated for 56 doses (maxum limit allowed by project licence). Mice were
serially imaged fortnightly untitadiologicalsigns of progression were observed
after which they were imaged weekly. Following completion of drug they were
monitored and culled once they reached a humamalgoint, usually when they
showed signs of being unsteady, gross hydrocephalus or there were other clinical

concernsSurvival analysis was performed using the survival (v2.38) package in R.
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Chapter 3 Imaging of human and murine ACP
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3.1 Introduction

In this clapter samples of human and murine ACP were subjetteddvanced

imaging echniques. The aims of this were

1 To dwrther understand the spatial relationshipsf human ACP tissue
invasion.
1 To understand the temporal dynamics of murine AGRourigenesis and

assess the utility ah vivoserial imaging fopre-clinicaltherapeutic testing.
3.2 High resolution imaging of human ACP

The management ofnany cases oACP is challenging due to the inability to
completely resecthe tumourwithout significant damage to stounding structures.
This is often due to infiltration into the surrounding tissuslthe resultantlack of

a well demarcatedurgicaltissue planeSeveral publications have highlightdoe
structures and often diversity of features at thismhour/normal tissue boundary.
Kawamataet al, reviewed the histological interface of 15 ACPs descritiinghree
patterns of interfacein type 1, a capsule like boundacomposed on tumour and
inflammaory cells, in type 2 aelatively clear cleavage between tunoo and
surrounding gliosis and in type 3, perhaps the most challengmey-digitation of
tumour epithelia with surrounding gliosiKawamata, Kubo et al. 2005puch
$ngerlikeQextensions of tumour into areasf profound local reaction, including
dense fibrosis, cholesterol clefts, giant cells, lymphocytes and haemosiderin laden
maaophages have been observeddpers, including Burghaust al, who through
immunohistochemistry described a specific niche ellscat the tumour/reactive
tissue interphaseharacterised by expression oéstin and MAP2¢{Kasai, Hirano et

al. 1997, Burghaus, Holsken et al. 2010)

The ACPclusters described in théntroduction have been sygested to play an
important role in tumoutinvasion based on the observation thathuman ACP and
alsoa murine xenograft modethat clusters are frequently observed at the leading

edge of tumour invasioiiStache Holsken et al. 2015)
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To date these studies have used standard histological approaches to examine the
tumour/normal tissue boundargnd have therefore been limited t& dimensional

planes.

3.2.1 Micro-CT An emerging method for visualising biological éissu

Led by Professor Neil Sebire, Dr Owen Arthurs and PhD student/Pathology trainee
Dr Ciaran Hutchinsonhe histopathology andadiology departments at GOSH have
developed an expertise in micfocus computed tomography (micfGT) of human
tissuesMicro-CT was initially designed for tm@n-destructivetesting of industrial
components but is inceasing emerging as useful providing high resolution
imaging of biological specimens, facilitating detailed 3D -destructive
visualisation at resolutions ocoparable with low magnification light microscopy

(Metscher 2009, Hutchinson, Barrett et al. 2016, Hutchinson, Ashworth et al..2017)

Micro-CT relies onhe differential Xray absorption between sisue compartmerg

to delineate structuresContrast is achieved through treating tissues with contrast
agents, most commonly potassium -tadide, though prolonged scans obn-
contrastedembedded FFPE tissues has also been succéSshit, Vasilescu et al.
2015) Prior to this studyonly one study had investigated the use of mi€d in
studying cancer invasiom this study,Tanget al, performed intraoperative micro
CT of breast cancer specimens to visualise areas of catwi, but did image to

histological levels of deta{lTang, Buckley et al. 2013)

The variable density of the histological structures within ACP (e.g. clustksse,
stellate reticulumg less dense)makes mioo-CT apotentially exciting method to
investigate the 3D patterns of invasiofihreefrozen samples of ACP were selected
where there was adequate tissu&mples wee thawed and fixed in formalin and

placed in potassium tilodide for at least 7hoursbefore imagingTable3-1).

Following imagingsamples were embedded in paraffin and processed by standard
protocols, including staining with Haematoxylin and Eosin and
immunohistochemistry for glial fibrillary acidic protein (GFARY I -cateninto

assess whether potassium iodide affected immunohistochemistry

103



3.2.2 Micro-CT revealsomplexissue architecture with clusters at the leading

edge of tumours

3D image volumes were successfully acquired for all three samplesseittopic

voxel sizes ofdc > Y uivddit to a resolutionof&7>Y ¢ KSy GF 1Ay3a O
GKS F20It &LJRueckel Btbckmar2et al. 261¥)The images were
successfully correlated with their low power histologicabunterparts
demonstrating the ability to identify individuakructures by micreCT Eigure3-1).

The 3D image volumes could be virtually dissected in any image plane giving much
greater spatial information of the samples thathat possible by individual

histologicalslices Supplementaryideoy.

In sampleJAOO3 he spatial relationship of the tumour compartments and reactive
tissue was further explored in 3D.Differential grey values allowed tumour
boundaries and clusters to lsegmented from reactive glial tissue within manually
determined regions. Segmentation tools merged the largest connected areas
bounded by the maximum intensity of voxels within a udefined range, creating a
three dimensional modedf the tumour withinthe reactive tissugFigure3-2). This
highlighted the complex relationships of tumour and reactive tissue with nodules

and islands interspersed across a region of the sample.

An area of apparenfinger-likeCprotrusionswas futher analysed and found to be
part of a relatively larger complex area of tumour tisskegre3-2). Clusters were
visualised predominantly at protrusions of tumour in both areas assessed,

consistent with their suggestl role inpromoting invasionKigure3-2).

As demonstrated in Figure 3-2c, immunohistochemistry was successful,
demonstrating that treatment with potassium triodide does not impair

immunohistochemistry.
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Figure3-1 Micro-CT imaging of adaantinomatous craniopharyngiomaa) Micro-CTand

matched histological tissue section of ACP case JAO003 showing areas of tumour

interspersed by reactive glisissue. Scale barditates Inm. b) 20x mages of specific

tumour compartments from boxed regions of a. The left paneivghepithelial whorls

(BlusterLp within an area of tmour and the right panel shows wet kerativhich has a

higher grey value on Cihiaging. Scale barsé@> Y® O 9 RO -€FTandKSR YA ONER
histological images of cases JA025 and JABS1 t S 6 NET mMYY® 92 I 9LADG
{w I' {iSttlGS wSOAOQdzA dzyx t9 I' tlFfA&alRAY3 9 LRI
Keratin (Adapted from Apps et al, 2016)
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Figure3-2: Three dimensional annotation of micr&Tof human ACPa) Three dimensional
annotation of an area of case JAOO3. Green indicates the border of tumour demonstrating
nodules and islands with sometérconnectons. Connections of less thar Sare notwell
visualised at this resolution, possibly explaining discontinuities. Purple indicates epithelial
whorls/clusters.b) An area of fingefike protrusions. The upper panel shows the mi€d
image; the lower panel shows 3D annotation revealingomplex 3D structure in this
region. c) Immuno-histochemical staimg of the post micreCT sampleslemonstrating
appropriate antigenic reactivity following iodination. Upper pahatatenin showing a

cluster with nucleecytoplasmic accumulatiorJA003, lower panel glial fibrillary acidic
protein (GFAP)JAO51). Scale bars=10 (Adapted from Apps et al, 2016)

a b C

Table3-1: Description of cases undergoing mic@T imaging

Case: Age of Type: Comment:
Patient:

JA003| 10 years Primary Radiological hypothalamic damage prior to surgery.

resection follow up parhypopituitarism requiring hormonal
replacement

JA025 8 years Primary Clinical details not available.
resection

JAO51|  43years Primary Imagingat diagnosis shows calcified lesion impinging
resection 3" ventricle. At follow up pathypopituitarism and

obesity.
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3.3 Imaging the embryonic mouse mod¢lACReveals similarities to

human ACP

To further understand thgrowthdynamics oimurine ACRumours, serial imaging
of embryonic ACP mice was performesing MRIIn addition post mortemmicro-
CT vas performed, enabling higher resolution images at different stagesd

correlationwith histological features

Understanding the temporal dynamics of tumogrowth is important for the design

of appropriate preclinical therapeutic treatment strategies. This is both for
identifying appropriate stages for treatment, but also in assessing the potential of
using imaging quantification of therapy responseas a neasure oftherapeutic

efficacy

To perform the MR$tudies collaborationwas established with Dr Jessica Boult and
Dr Simon Robinson at the Institute of Cancer Research, SuttoreyShticro-CT
images were aagjred by Dr Ciaran Hutchinsofll mice werebred and coordinated
by myself and interpretation of analyses of images done in collaboratitim Drs

Boult and Hutchinson.

MRI and micreCT imaging performed at 8 weeks of age revealed enlargement and
disruption of the pituitary ofHesxt"™®*Ctnnb1>*®®"* mice, when canpared with
wildtype control mice. This isonsistent with the previously observed pituitary
hyperplasia prenatallyGastonMassuet, Andoniadou et al. 2018erial imaging
every twoweeks reveked nosignificantadditional changes for a period of several
weeks followed by a period ofolid tissue expansigrthe development of cysts
(hyperintense relative to the midbrain) and subsequent haemorrhage (relatively

hypo-intense)(Figure3-3).

Of particular notein a proportion of tumourscystsremained hypefintense on
FLAIR images. In thisage acquisition techniquagnasfrom CSF and other motile
fluid compartmens would usually be suppressed. These cystge alsorelatively

hyperintense on T-weighted imagesThese features are frequently seen in cysts in
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patients with ACP, and is thought to relatedoK S A NJ W Soyisistenty&Curgaih f Q
and O'Connor 2005)

In other casesystic fluid attenuated to the same degree as ventricular CSF on FLAIR
and was isointense to the midbrain opWeighted imagesKigure 2A, centre panel,
open head arrow)In some cases botbf these cystic phenotypes were identifie

within individual lesionsKigure3-3).

Ex vivomicro-CT images of intact tumm-bearingHesxt™"Ctnnb1*©**mouse
heads, which had been imaged vivoby MRI prior to necropsy, provided higher
resolution 3D visualization of the turmes in situ This confirmedthe complex
architecture observed on MRind provided additionadetailed evaluation of micro
cystic componentswithin the solid tumaur (Figure 3-4). H&E stained sections
confirmed the histologidafeatures observed by MRI and mie@X; for example
densely cellular areas of solid tumour, cysts containing proteinaceous fluid and/or
red bload cells, and demonstrated that the Ws.of large cysts consisted of a simple

epithelial layer Figure3-4).
No invasion of the brain parenchyma by the tumour was evidgnany technique.

3.3.1 Imaging reveals neimear growth patten

Reviewing the patternsf tumour development in these mice revealed considerable
heterogeneity in tumour dynamic®©f 18Hesx ™ Ctnnb1™*®@®*micefollowed by
serial MRl tumour progressiorwas identified in thirteen prior to 1 year of age
Progession occurred at a median age of 17.7 weeks (rang8®3weeks) with
median overall survival in the cohodt 22.6 weeks (range 10.4 41.0 weeks)
(Figure3-4). It was noted that tumours that presented later appeared to pesy
more slowly. Accordingly, the age at which progression was identified correlated

significantly with progression time (Pearson r=0.85, p=0.0(Rigure3-4).
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Figure 3-3: Imaging of embryonic model of ACPa) Axialin vivo To-weighted MRI (upper
panel) andex vivomicro-CTo > / (I6wer panel) images of the pituitary region of 8 week old
control and Hesx£®%,Ctnnb1>©3)* mutant mice (each image acquired from a different
mouse). Note the expansion and increased heterogeneity of Hesx £/ Ctnnix(©3)/+
pituitaries (solid arrows) relative to the controls (dashed arrows). Arrowheads indicate the
L2 AaGSNA2NI £ 206S 2F LIACT drages and * denbtés2isphRri®id Boaed | 6 f S
in control mice.(MRI resolution 9888x1000 pm; micreCT resolutin approximately 9 um)

b). T-weighted MRI images of aHesxf®*Ctnnb1*®3* mouse demonstrating the
evolution of a tumour. In this mouse the first remarkable change wdetected at 17.7
weeks, which was followed by rapid tummo progression including growth of the solid
component cyst formation andhaemorrhage.c) T2weighted (B-w), fluid attenuated
inversion recovery (FLAIR) andi-weighted (T-w) MRI images from three
Hesxf*Ctnnb1(®®/* mice demonstrating different cyst imaging presentation. Arrows
denote cystic fluid that did not attenuate on FLAIR and was hyperintense;-areighted

MRI; arrowheads denote cystic fluid that attenuated on FLAIR and was issgntam T-
weighted MRI. The example on the right shows both cyst phenotypes in the same tumour
(Adapted from Boult, Apps et al, 2017)

a Control Hesx1¢e/*;Ctnnb1'ox(ex3)/+

T,-W MRI

b
Age: days(wks) 67(9.6) 124 (17.7) 137 (19.6) 155 (21.6) 159 (22.6)

T,-w MRI

FLAIR §
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Figure3-4 Murine ACP Survival and correlation of MRI, mie®T and hisilogy.a) In vivo
To-weighted MRIgx vivomicro-CT and H&E stained sections from two tumbearing

Hesx£e* Ctnnb1>©3)/*mouse heads. Arrow denotes densely cellular solid tum&mall

cysts contained proteinaceous fluid (+) and/or red blood d&)IsArrowhead indicates the

simple epithelial layer that made up the wall of a large cffdRI slice thickness 1000 pm,

>/ ¢ at A0S GKAOlySaa Fc)Bogessibired and dvdedl suiviSBaD (i A 2 v &
curves to 1 year of age representing data from seventelesx £+ Ctnnb1©3/*mjce

alongside the correlation between time torhour identification and time between

identification of tumaur and death for twelve animals. (adapted from Boult, Apps et al,

2017
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3.4 Survival study of mice reveals longarvival with sex differences

Following the variable survival durations observedhia mice undergoing imaging
survival data was collected on a larger cohortHaflsx £ Ctnnb1°X®*®*mice which
had beenfollowed atlCH Included in the analysis were 93 mice who were culled at
a humane end point, or which were still alive as of1167 (study end date).The
KaplanMeier curves are presented irigure3-5. Overall nedian survival was429

weeks (nter-quartile range 17.29.4weeks).

The survival time was significantly shorter in males45, median surval 16.1
weeks) than females (n=48, median 31.7), (Hazard ratio (9850 confidence

interval 1.243.05), p=0.0039)Higure3-5).

These survival graphs highlight a shift from the previously published survivabtiata
median surwal of 11 weeksReasons for thigould includei) a relatively small
cohort of 16 mice in the origal study. i Genetic drift:the Hesxf™* and
Ctnnb1>®3*mijce were initially crossed with C57BI/6J mice. In the original study
published in 2011these mice analysed were possibly in the first 8enerations
(GastonMassuet, Andoniadou et al. 20115or the present study, the mice have
been baclkcrossed to C57BL/6J animals for more generations, which doaNeé
influenced the median survivaii) Changes in housing of animals. Until 20ti&e
were housed in standard cages, these were changed to individually ventilated
cages. This alters the immune environment for the mice, a factor that could

influencetumour progression.

Sex differences in incidence and outcome of cancers are not infreq{@@onk,
McGlynn et al. 2011 orthese tumoursfemale sex appears to increase the time to
tumour formation and death. Reasons for this couldclude: i) hormonal
differences e.goestrogens are relatively immunosuppressive, which given potential
roles of inflammatory mediators in ACP toor initiation could impact on the time
course of tumour progressiqni) gene expressiondifferences related to the
presence/absence of the Y chromosomig) differences in antoxidative capacity.
(Cook, McGlynn et al. 2011)
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Figure 3-5: KaplanMeier survival curves of 93HesxE™®*Ctnnb1°X(ex3)* mice followed at
ICH. a) Al mice, b) Separated by se956% confidence intervals are included.
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3.5 Summary

In this chapter bsed micro-CT to demonstrate the complex 3D structure of human
ACP and the location of clusters at the leading edge of tissue inva$iaprovides

the first detailed 3D visualisation of human tenor invasion and provides proaff-
principle for the use of this technology in assessing tumour/normal tissue
boundaries. Whilst the relative densities of ACP tissue compared to reactive gliosis
facilitated delinegion of tissue compartmentshow well this can be achieved in

other tumour types remains to be assessed.

Imaging of the embryonic mouse model highlights a complex-limear growth
pattern, with early enlargement of the pituitary, a rapid expansion (lader
referred to as post expansion stage) at around 17 weeks followed by tumour
progression and cystic accumulation ultimately leading to symptoms and a
requirement to cull animals at around 20 weeks (hereafter refet@as late stage
tumours). Theesults also highlight the heterogeneity of murine ACP model, both in
imaging features and progression dynamics. Such heterogepeitydes additional
challenges to using the model in pcknical testirg of therapies, for instance
making quantification of maging response difficult, but may also reflect the

heterogeneity seen in patients.

To further understand the molecular mechanisms of tumour initiation and
progressionsamples collected fromnicein the ICHohortwere subsequently used

in transcriptome (n=8) and exome (n=15)equencing experimentsalong with
additional samples collected at intermediate stagd$hese will be described in

detail in Chapters 6 and 7.
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Chapter 4 Targeted NGS of human ACP
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4.1 Introduction

WhilstCTNNBinutations have been descrdol in ACP for over a decade aBRAF
V600E mutations have now increasingly been observed in PCP, there remain
controversies. Following the publication of case reports of craniopharyngioma
harbouring both CTNNBland BRAFMutations, the mutual exclusivity ahese
mutations has been questioneflLarkin, Preda et al. 2014%imilarly, whilst the
majority of ACPs have been found to harb@iFNNBnutations, there remains a
cohort where they have not been described. How much this relates to the lack of
sensitivity of the various assays us&snains unclegrparticularly in tle complex
histological setting of ACP. A summary of published results to date are summarised
in Table4-1.

The pattern of immuneK A & G 2 OK S Y A Okcétenia in huingnAACH ané the |
non-cell autonomous model of murine ACP patfenesis suggested by Andoniadou
et al,. has questioned whether mutations are present in all tumour cells
(Andoniadou, Matsushima et al. 2013)hilst Holskeret al., 2009, attempted to
answer this througlperformingLCMand Sanger sequencing, the results of this are
controversial, particularly the finding of differenETNNBl1mutations within

different compartments of the same tumoyHolsken, Kreutzer et al. 2009)

To further investigate the pattern of mutations in ACP, working with Dr Tim
Forshew, we developed a highly sensitive targeted sequencing panel of genes
commonly mutated in paediatric brain tumours. This included the mutation
hotspots inCTNNBZExon3 and the V600locus ofBRAFas well as several genes
mutation hotspots in high grade glioma, specificdiyd1, IDH2 H3F3Aand H3.1

The benefit of targetetext generational sequencing (NGS) over older approaches,
such as Sanger sequencing, is its ability charasevariant allele frequencies,
enabling an estimation of the proportion of cells within a sample that harbour a
given mutation. In additiojthrough a second amplification stefaygeted amplicon

sequencing is very sensitive, enabling it to identify mwtas at variant allele
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frequencies well below that reliably detected by Sanger sequencing (limited to

~20%)Forshew, Murtaza et al. 2012)

In this chapter, targeted NGS is performed on a cohédrchival FFPE samples of
ACP and PCECMand targeted NGS was also performed on three cases of ACP to
confirm in which compartments the CTNNBiutations are present. Finally, to
independently validatdi K S a S Ndatandzimatadtian specific immunstaining

was performed.
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Table 4-1: Summary of published literature o€ETNNBX&Nnd BRAFNutations in craniopharyngioma

Paper Methodology Results Comment
Sekineet al.,2002 Sanger sequencing CTNNBZ®xon3 point mutations in 10/10 cases of AC CTNNButations also present in
(Sekine, Shibata et al. 2002) 0/6 PCP AaYSaSyoOKeYl!l f ¢ a@ssfef a

Katoet al,2004
(Kato, Nakatani et al. 2004)

Sanger sequencing

CTNNBMutation in 9/14 ACP

CTNNBInutations also identified in
pilomatricomas and calcified odontogenic cyst
tumours associated with viekeratin.

Oikonomou et al, 2005
(Oikonomou, Barreto et al. 200}

Sanger sequencing

CTNNBinutation in17/43 ACP, 0/8 P@P0/22 pituitary
adenoma

Lowest published estimate @TNNBInutation

Busleiet al,2005
(Buslei, Nolde et al. 2005)

Single strand confirimation
polymorphism (SSCP) analy
and sanger sequencing

CTNNButation detected 28/4 ACP, 0/6 PCP

Deletion including exon 3 @TNNB&AIso
described in manuscript (unpublished data)
No APC mutations

Holskeret al,2009
(Holsken, Kreutzer et al. 2009

SSCP and Sanger sequenc
with laser capture
microdissection

CTNNB1 mutation detected in 8/8 cells. Mutations

identified in cells accumukating and not accumulatin

nuclean -catenin. In 2 cases > 1 mutation and in 3 c4g

differences in mutations between nuclear accumulati
and non accumulating cells.

Surprising finding of differnet mutations in
different compartments. Concerns re
contamination.
No mutations in exon 4,ra8-13 of CTNNB1n 32
ACP.

Brastianost al,2014
(Brastianos, TayleWeiner et al.
2014)

Exome sequencig and Sang
sequencing

CTNNBInutation in 11/12 ACP and 0/3 PCP on exo
sequencing
51/53 ACP by Sanger semcing

First desciption oBRAFMutation in PCP.

Larkinet al,.2014
(Larkin, Preda et al. 2014)

Sanger sequencing

BRAF V600fautation in 2/16 ACP with confirmed
CTNNB1 mutations

Only description of coexistence GTNNBA&Nd
BRAFRnutations in CP

Goschzilet al. 2017
(Goghzik, Gessi et al. 2017)

Sanger sequecning, next
generation panel sequencin
pyrosequencing.

LCM in 25 cases of low
epithelial content

CTNNBInutations identified 89/117 ACP cases by
sanger sequencing. Only idenitifed in 12/25 subjecteq
LCM.

NGS segencing of 26 ACP confirm@&@ITNNBInutaton
in all but 4 cases, in 2 where no mutation detected |
sanger sequencing.NBRAnutations identified in ACH

Surpisingly low frequency &TNNBnutations,
particularly in context of LCM. NaDX3X
mutations identfied

Malgulwaret al,2017
(Malgulwar, Nambirajan et al.

2017)

Sanger sequencing and
immunohistochemistry

CTNNBinutations in 27/43 ACBRAF V600mutation
in 4/7 PCP.

Mutation and immunohistochemical resultscdi
not overlap




4.2 Targeted sequencing of archival FFPE cranigpbiama confirms
mutual exclusivity cE TNNBAndBRAutations

To detect whether the variable previous reported prevalenc€dNNBnutations

related to limited sensitivities of assays, amthether all ACPs carrf€TNNB1
mutations if sequenced sufficiently deeply, we identified a cohort of archival FFPE
samples of 23 ACP and 5 PCP for which ample tissue was available. Diagnosis was
confirmed histologically and samples ranged in their tumaamtent from 1090%
(Table4-2). DNA was extracted and underwent targetaahpliconnext generation
sequencing. Sanger sequencing@iNNBlvas also performed on ACP cases and

BRAF V600dgital PCR on PCRses

4.2.1 ACP harbouC TNNBnutations

Of the 23 samplesadequate quality and quantity of DNA was extracted from 22.
CTNNBinutations were identified by targeted NGS in 21/22 (95%) samlaklé¢
4-2)

Full results, including filtering are presentedSuppgementary Rble 1). Thevariant
allele frequencies were predominantly consistent with the histologically assessed

tumour content of samples (correlation r=0.70, p=0.00@h(e 4-1).

Sanger sequencing was successful in 19/22 sesngpnd detected mutations in 12
(63%) In case 105, where no mutation was confirmed, a S33F mutation was
identified in only one of two duplicatesn two separate sequencing runs and
therefore did not pass the threshold for detection. No mutation was itfeed by
Sanger sequencing in this case. Review of histology confirmed reasonable (60%)
tumour content of this sample. Repeat analysis of this case is currently underway
with repeated DNA extraction and sequencing by a separate targeted next
generation pael of 78 paediatric brain tumour genes (through Dr Mike Hubank,

Institute of Cancer Research, Sutton)

In threecases PCR amplification for Sanger sequencing was unsuccessful, this may

relate to the larger amplicon size used in Sanger sequencing relatihettargeted
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NGS and the degraded nature of FFPE derived DNA. In all other cases, where
detected, there was concordance in mutation between targeted NGS and Sanger

sequencing results.

In case 95 an E9K change was also identified by Sanger sequen@nead butside

the amplicon used for targeted NGS and is not thought to be pathogenic.

All other mutations were in known ACP mutated loci, particularly S33, S37 and T41,
loci where mutation is expected to disrupt the degradation of theatenin protein
and consistent with the mutations distribution in other tumour typegable 4-1)

(Forbes, Beare et al. 2016)

Nohotspotmutations ofBRAF, H3F3A3.1,IDH1,0r IDH2 were identified in ACP,
despite adequate coverage in all but 5 casesH8F3Afor 1 case foBRAF V600E
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Table4-2: Targeted sequencing results of ACFanger sequencinfailed in 3 cases both at

ICH and GOSH
Case| Diagnosis Tumour DNA conc| CTNNB1 Average Detected on
No content (copies/ul) | Mutation | Mutation allele Sanger
(% nuclear frequency Sequencing
area)
21 ACP 20 1100 T41l 17% Yes
22 ACP 70 2315 T41l 28% Yes
24 ACP 70 390 S37F 15% No
25 ACP 60 1155 S45F 35% Failed
27 ACP 10 525 S33F 3% No
28 ACP 50 680 S37A 16% No
32 ACP 70 770 T41l 21% No
40 ACP 80 8854 T41l 35% Yes
64 ACP 80 395 S33C 39% Yes
65 ACP 80 2273 T41l 29% Yes
85 ACP 70 143 T41l 15% Yes
88 ACP 45 2087 S33C 19% Yes
89 ACP 80 439 T41l 26% Yes
90 ACP 90 1573 D32N 31% Yes
94 ACP 50 195 S33C 30% Yes
95 ACP 40 237 T41A 25% Yes plus E9K
98 ACP 40 520 S37A 17% Yes
100 ACP 90 470 135S 43% Failed
105 ACP 260 No NA No
60 mutation
106 ACP 25 1256 I7F 3% No
107 ACP 20 1460 S33F 18% No
108 ACP 70 4505 S37C 47% Failed
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Figure4-1: CTNNB1 mutations in AC®) Correlation oCTNNButation allele frequency
with histologically assessed tumour contdy) Distribution ofCTNNBInutationsin ACP
cohort. Each substitution indicated by a box with the letter of resultant amino acid.
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4.2.2 PCP harbouBRAF V600Q&utations

Targeted sequencing of fieCP samples confirmed the presenceB&AF V600E
mutations, but no mutations inCTNNB1H3F3A H3.1, IDH1 or IDH2 BRAF
mutations were also confirmed by digital droplet PGRriant allele frequencies
were consistent with the histologicglassessed tumour proportion¥600E specific
immunohistochemistrywas alsoperformed and wagonsistent with these results
(Table4-3).
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Table4-3: Sequencingesults for PCP

Cag | Diagnosi| Tumour DNA Targeted Sequencing: BRA V600Digital PCR CTNNBZXanger
No [ content conc Mutation Average Mean Mean wild | Mean %| sequencing
(% nuclear| (copies/ Mutation mutant type mutant
area) ul) allele copies/p| copies/pL
frequency L
87 PCP 70 2087 | BRAFV600E 22% 252.5 655 27.60%| No mutation
91 PCP 70 6653 | BRAFV600E 23% 1262.5 3302.5 27.70%| No mutation
96 PCP 70* 360 BRAFV600E 9% 36 240 13.00%| No mutation
97 PCP 50 262 BRAF/600E 16% 11.8 72.5 14.20%/| No mutation
101 PCP 60 1978 | BRARV60OE 19% 1225 395 23.60%| No mutation

* includes significant areas of anuclear necrosis/degatiee change.




Figure4-2: BRARV600E mutation specific antibody staining of PCRumour epithelia (*),

but not fibro-vascular coré$) stains for V60OE mutatio&cale bar =100um.

*r
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4.3 CTNNBinutations are clonal and mutatedcatenin is expressed by

all tumour tissue

4.3.1 Laser capture microdissectiicrCM)and targeted sequencing

The mutation allele frequencies identified in the series ofdissected FFPE cases
are consistent with the presence of heterozygdZiSBNNB nutation throughou all
tumour epithelial cells; @. results where the variant allele frequency was 39%

would suggest tht 78% of cells sequencéddirboured a heterozygous mutation.

To confirm the presence @TNNBinutations in both clusters and necluster ACP
tissue, we performed_.CMon a series of three ACP samples for which fresh frozen
material was available and clusters were eagilentifiable histologicallyDNA was
then extracted andtargeted next generation sequencing performed by Alice
Gutteridge of TMF& K S ¢ Q& 3 NP dzLJ®

This approach was selected as a previous MSc student had previously attempted to
perform laser capture of archival FFPE ACP tissue, followed by a nested PCR
approach, to amplify and Sanger seque@ENNB1This had been unsuccessful,
thought possibly due to poor quality of DNA extracted from FFPE tissue. We
therefore chose to perform this with frozen tissusming to acquirebetter quality

of DNA. The next generation sequencing approach has the added benefit of, as well

as identifying mutatias, in also giving a variant allele frequency.

Unfortunately, neither our group, nor others (Annett Ho6lsken, personal
communication) have been able to successfully immstain human frozen tissue

for i -catenin. Therefore Haematoxylin and Eosin stainedtieas were used to
identify structures. For each cgsee confirmedthat there was reasonable
correlation between clusters identified on matched FFPE sections stained with

eitheri -catenin antibody or Haematoxylin and Eodhig(re4-3).

The three cases underwehtCMof clusters (C), palisading epithelium (PE), stellate
reticulum (SR) and glial tissue (@yure4-3. Where available, targeted sequencing

was also performed on matched germline DNA extrddi®m blood. Laser capture
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microdissection was performed in duplicate on different occasions with freshly cut

sections. Each sequencing reaction was also performed in duplicate.
Full results argresented in Supplementg Tablel anda summary infabk 4-4.

Initial results showed that in cases JA004, JA061 and duplicate 1 of case JA029,
CTNNBinutations could be identified in alC([ PE & SR)mour compartments with
approximately 50% variant allele frequency. This would be ctersi with
heterozygosity. Forthe second duplicate of JA029, the mutation was identified, but
at more modest variant allele frequencies of 288%. The sequencing reactions
were repeated with the same DNA sample with similar results. However on
inspecton, the DNAconcentrations of these samples wemeted to be significantly

higher than other samples and it was felt that contamination may have occurred.

Whilst CTNNB1mutations were found at 50% allele frequency in tumour
compartments, unexpectedly gy were also found in several samples of glial tissue

ranging from 2% to 21%, though absent from germline DNA in the blood.

Reviewing the experimental approachCM of glial tissue was predominantly
performed after capture of tumour tissue compartments.h&h performing laser
capture microdissection not all sections that are cut, lift and stick to the appropriate
collection tube, and therefore there was potential for contamination of glial
samples from tumour tissue. We therefore repeated the laser captirglial tissue
from virgin uncut slides. For case JA0O04 and JAO2ZTH¢NBInutation was no

longer detectableFor case JAO61 the variant allele frequency reduced to 0.65%.

No mutations were identified iBRAF, H3F3A3.1,IDH1,0or IDH2were identifiedin

any of the samples.
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Figure4-3: Representative images of laser capture microdissectityCM) a)

Representative images bfcatenin immunohistochemistry of FFPE sections of the three
cases undergoing@M. b) Representative images of laser capture microdissection, showing
marking of clusters (green), palisading epithelium (blue), stellate reticulum (yellow) and
reactive glial tissue (red).c) Collection of samples in adhesive cap. Scale bars= 150um

Tabk 4-4: Summary results of next generation sequencing of laser capture micro
dissected human ACP

Case JA004 JA029 JA061
Mutation CTNNBIS37F CTNNBAG34E CTNNBAG34E
Clusters 49% 49%* 52%
Palisading epithalim 47% 49%* 54%
Stellate Reticulum 49% 51% 55%
Glial Tissue* 0%* 0%* 0.65%*
Germline 0% NA 0%

* only samples where confident of n@tamination included. See Supplementary
Tablel for full results NA indicates sample not available
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4.3.2 Mutation specift antibody staining

In parallel to the laser capture microdissection a pdettoral scientist, Dr Christina
Stache, optimised the immunstaining of ACP using antibodies specific to particular
i -catenin mutations, specifically S33F, S37F and T41l. She had performed

immunostaining on a cohort dfO cases of ACP from Erlang&bermany

As case JA004 had an S37F mutation, the findings of the laser capture micro
dissection and targeted sequencing meefurther validated by myself tiough
Ydzi | G A 2y -caiehd$ i@huhahBtochemistry on a rtdhed FFPE sample of
this case.This and previously stained cases were then ieshgn the confocal
microscope.This confirmed the expression of mutatédcatenin protein in all

tumour compartments (Figure 5).

Together these results confirm, by two independent techniques and on two
separate, but overlapping, cohorts, th&TNNBInutations are clonal within the
tumour epithelia and present in all tumour componeniherefore the mutations
are present in cells which hay@nd those which do not hayauclear accumulation

of i -catenin.
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Figure4-4: Mutation specific antibody staining of human ACRutation specific and
mutation nonspecific antibody staining perfectly match.OF €t S 6+ N&RI mnn>Y

a-[3-cat S37F DAPI Merge

a-[3-cat S33F

a-[3-cat S411

N318/08
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4.4 Chapter summary

In summay, in this chapter | provide further support of mutual exclusivity of
CTNNBinutations andBRAutations in ACP and PCP respectivalytitermore, |
confirm the presence o£TNNBInutations in all epithelial ACP cells using two

independent methods.
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Chapter 5 Transcriptiongbrofiling of ACP reveals complex
tissue architecture and relationship with the developing
tooth.
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5.1 Introduction

The previous chapter addressed the targeted sequencing of specific genes related
to craniopharyngioma. Next we wished to @stigate the gene expression

landscape of ACP.

To date only three previous publications have investigated the gloleakg
expression patterns in ACKonget al. 2014, compared primary and relapse
samples of two paediatric ACP patients using expressi@noauiray and identified
high levels of CXCL12 and CXCR2 associated with rélamsg, Zhang et al. 2014)
Gumpet al. 2015 performed microarray analysis of 15 ACP samples, comparing
them with a panel of normal laiin tissues and other tumour typd&ump, Donson

et al. 2015) Differential expression analysis was performed identifying up
regulation of a number of genes related to epithelial differentiation and
odontogenesisas well as a number of potential therapeutic targets includsttH
and EGFRGump, Donson et al. 2015imilarly, Holsken et al, 2016, performed
expression array analysis comparing ACP with PCP showing diffeiengese
expression patterns, with SHH and WNT pathway genesegplated in ACP
(Holsken, Sill et al. 2016)

In these publicationgorrelation between dysragated gene pathways and tumour
architecture has beenirhited. In this chapter, | use RNA sequencing to further
dissect the gene expression of several pathways within the context of tissue

architecture and address several biological questions of relevance:

1 Are there distinct biological subtypes of ACP?
1 What hological pathways are active within human ACP?
o Specifically, within which tissue compartment? (e.g. cluster,-doster
tumour, reactive glial tissue)
A What are the pathways/genes activated in nucldacatenin
accumulating clusters?
o0 Can this inform abouthe cell of origin of tumours?

o What therapeutically targetable pathways are active within ACP?
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To address these questions we identified a cohort of archival frozen specimens to
perform RNA sequencing. Similar to the approachid®NNBZ3Zenomic sequencing
we also undertook CMof two cases to profile the genomic landscape specifically of

clusters, palisading epithelium, and glial tissue.
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5.2 Identification, quality control and selection of cases for sequencing

5.2.1 ACP Cohort

Frozen ACP cases were sought fromtioreal biobanks and national and
international collaborators (see Methods). At the time of analydi@ frozen
samples from 37 cases of craniopharyngioma had been accessed. This included four
adult ACP specimens and one childhood case of PCP. No additboB&Pmaterial

was available. In one ACP case, four separate samples were available. In addition
frozen control samples of three fetal pituitaries (19 weeks gestational age), six non
functioning pituitary adenomas (NFPA) and four pogirtem specimen®f adult

pituitaries were accessed.

Quality assessment revealed variable quality across samples. All aduthpasim
pituitaries had low quality RNA (RNA integrity number (RIN) <4) and therefore not
suitable for RNA sequencing. 19 ACP samples froead&s were histologically
confirmed as ACP and had adequate RNA quality (RIN >=6). A sample cohort of 18
ACP samples, three fetal pituitaries and three #fanctioning adenomas was
therefore selected for sequencing. Two samples from one case of AGP wer
included to assess for inttmimoural heterogeneity. One case of adult ACP was
included. The summary details of the included cases are shoWralrie5-1). Of

note the epithelial tumour content varied considerably across slaenples with
estimates ranging from 200%. Histological images of each case are shown in

Figureb5-1.

RNA sequencing was performed to a depth of 50 million pagmed reads per
sample (see Methods). This depth was selectedve gufficient coverage to detect
sequence variants (mutations) and fusion genes, in addition to gene expression data

only. This was successfully performed and the resultant data presented below.
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Table5-1: Characteristics of sampleséluded in RNA Sequencing coho#CP =
Adamantinomatous craniopharyngioma; NFPA ={Ngwctioning pituitary adenomaGA=
Gestational age. Tumour content was assessed histologically as percentage of nuclei. The
presence or absee of wet keratin and glial reactive tissue on the frozen section is also
indicated. NA* indicates unable to assess histologically, usually due to extensive freezing

artefact on frozen section.

Sample| Type Age of Tumour Glial Wet CTNNB1 | CTNNB1
ID patient at content reactive keratin mutation RNA
sample | (% nuclear)| tissue mutation
collection allele
frequency
(%)
JA002 ACP 10yrs 60 Yes Prominent | Ser37Phe 25
JA0OZ4 ACP 10yrs 40 Yes Minimal | Ser37Phe 16
JA005 ACP 13yrs 60 Yes Minimal 0
JA008 ACP 8yrs 60 NA* Prominent | Gly34Arg 27
JA009 ACP 13yrs 90 NA* Prominent| Ser37Phe 48
JA010 ACP 13yrs 40 Yes None Asp32Gly 6
JAO11 ACP 15yrs 20 Yes Minimal | Gly34Arg 5%
JA013 ACP 8yrs 90 No None Thr31llle 47
JAO014 | PCP* 3yrs 90 No None Serd45Phe 42
JA020 ACP 7yrs 70 Yes None Ser37Phe 9
JA023 ACP 16yrs 90 No Prominent| Thr31llle 41
JA026 ACP 3yrs 90 No Prominent | Gly34Arg 37
JA029 ACP 8yrs 70 Yes Prominent | Gly34Glu 13
JA030 ACP 2yrs 90 No None Gly34Glu 42
JA036 NFPA adult 0 NA None 0
JA037 NFPA adult 0 NA None 0
JA038 NFPA adult 0 NA None 0
JAO51 ACP 50yrs 80 Yes None Ser33Cys 36
JAO053 ACP 8.8yrs 80 No Prominent | Asp32Arg 41
JA054 ACP 13.1yrs NA* NA* NA* Asp32Tyr 13
JA056 ACP 8.4yrs 80 No Prominent| Ser33Cys 36
JA058 Fetal 21/40 GA 0 No None 0
Pituitary
JAG9 Fetal 21/40 GA 0 No None 0
Pituitary
JA060 Fetal 21/40 GA 0 No None 0
Pituitary

# NB JA002 and JAO04 were two separate samples collected from one tumour in the same$surgery

Not detected by RNA sequencing but detected by targeted next generagtrescing of DNA of
adjacent frozen tumour sample reclassified as ACP based on presend@ BNBinutation and
clustering with other ACPs. Histology review inconclusive.
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Figure5-1: Histology of matchedrozen sections to ACP samples underg@iRNA
sequencingFor cases JA0O05 and JAOWhere CTNNBInutations were not identified, only
solitary small islands of tumour epithelia (arrow) were se&tafe bars = 500um and
100um
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5.2.1.1 Successful RNA sequengiof laser capture micralissected tissue

In two samples (JA004, JA029) LCM was also performed, isolating clusters (C),
palisading epithelium (NC/PE) and glial (G) tissue. In case JA004 duplicates of
clusters and palisading epithelium tissue were colldcteCase JA061, which also
underwent LCM and targeted DNA sequencing, was not available at the time these

experiments were performed and thus not included.

RNA was analysed by Bioanalyser which demonstrated the presence of only very
small quantities of RN (3¢ ¢ LJ3 Kableb-2). Such low quantities precluded
assessment of RNA integrity. Following conversion to cDNA and amplification,
concentrations ranged from 52 H T LJ3k >f | YR { K XGhbp sthfld ! dzy R
ended sequencing toa depth of 15 million readsTéble 5-2). Adapter
contamination was identified in FASTQ files processed by UCL genomics standard

pipeline. These were removed prior to alignment (performed by Nital Jani).

Table5-2: Laser capture microdissection sampieRNA concentration after extraction and
cDNA concentratiofollowing amplification.

Sample ID Case Cell type RNA conc cDNA
(pg/> X concentration

(pg/> Xt

4C JA004 Cluster 66 727.8

4ANC JA004 Palisading 53 74.09
epithelium

4G2 JA004 Cluster 22 175.93

ANG2 JA004 Palisading 35 95.04
epithelium

4G JA004 Reactive glia 17 52.43

29C JA029 Cluster 72 42491

29NC JA029 Palisading 9 138.37
epithelium

29G JA029 Reactive glia 34 121.30
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5.3 CTNNBnutations identified by RNA sequencing

To assess the presence ©TNNBInutations, reads mapping to exon 3, whete
vast majority of theCTNNBInutations lie, were analysed. Thigveakd several
known activating mutations in 16 out of IBaniopharyngiomaamples with one
mutation per tumourTable5-1). The mutational allele frequency ranged between
6 to 48% Thissignificantly correlated with the estimatedidiological tumour
content (r=0.88, p=6.61x1) and was consistent with the mutation being present

in heterozygositywithin all of the tumour epitheliaKigure5-2).

Failure to identify theCTNNBImutations in cases JAOO5 and JAOmost likely
suggests that not enough tumour RNA material was represented in the total RNA
isolated from these specimens. In agreement with this possibility, targated
generationDNA sequencing of an adjacent frozen sample of case JAO11l revealed a
CINNB1p.Gly34Arg mutation with a veant allele frequency of 4.7%.here was
insufficientmaterial to perform targeted sequencing on JA0O5, but the histological

assessment showed only a very small island of tumour in the se(figare5-1).

The mutations identified in cases JA0O04 and JA029 were also confirmed within the
LCM cluster tissue. Unfortunatelpere was insufficient or no reads to assess these

loci in the palisading epithelium or glial tissue.
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Figure5-2: CTNNBInutations in ACPa) Example trace from integrative genomic viewer
showing reads witlp. S37FCTNNBInutation. b Correlation between mutation allele
frequency and histologicalgssessed tumour content
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5.4 dustering of samples identifies relationship with tumour content

Next to assess the overall patterns of gene expression across the sampiespad
Component Analysis (PCA) and Hierarchicaist€ring was performed. This
confirmed the separation of tumas (including JAOO5 and JA011) fraxmntrols
(Figure5-3). Of note, sample JAO51, the adult ACP case, grouped within the other
paediatric cases. Similarly JA014, reported as a childhood PCP, clustered with the
ACP cases. Given shtase harboured @TNNButation, noBRAFmMutation and
inconclusiveness of histology to differentiate between ACP and PCP in the available
sample, coupled with the extreme rarity of PCP in childhood, this case was

reclassified as an ACP. Samples JA0G2JA004 grouped together.

Whilst tumour cases grouped separately from control tissues, considerable variance

in tumours was also apparent. Clustering revealed this to relate to the tumour
content and theCTNNBInutation allele frequencyRigure5-3). Samples JA26, 56,

14, 13, 9, 30, 51, 23 and 53 had high tumour contents and GIgANB Inutational

allele frequencies (>30%), whereas samples JAOO5, 11, 19, 20, 29, 2, 4, 8 and 54 had
low tumour contents, lowelCTNNBInutation allelefrequencies and were more

likely to include reactive glial tissue.

To assess the stability of this clustering a class discovery tool, Consensus Clustering,
was performed. Using the 5000 most variably expressed gethes approach
repeatedly selects a ramin subset of 250 genes to perform clustering and assess
the stability of the resulting groups. This confirmidht the most stable clustering

was with threegroups (K=3), corresponding to the control samples and the two

subgroups identified by hierarchicelustering Figure5-4).

To investigate whether such a dichotomy of ACP samples is seen over a larger
cohort | integrated the variant allele frequencies from the RNA sequencing cohort
with that of the DNA targeted sequencing cahdn samples JA004, 5, 8, 9, 10 and

11, where both RNA and DNA sequencing data was available, variant allele
frequencies for RNA and DNA analysis was comparable, suggesting this approach is

valid in this cohortTable4-2, Table5-1).
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Histograms showed that whilst there are two peaks at low and high allele frequency
in the RNA cohort, there was one of intermediate frequency in the DNA cohort
(Figure 5-5). Combining the cohortshowed equal distribution across allele
frequencies. To further investigate whether our RNA ws&acing cohort had
sampling bias we reviewed the histology of a larger cohort of cases across GOSH
and the National Hospital for Nervous Diseases (approximatélyther 70 cases),

this identified cases where different blocks, and even occasionally the same block,
included areas corresponding to both histological phenotypEgure 5-5b).
Therefore it was concluded that the sample grougsntified by RNA seq and
clustering analysis most likely represent sampling variation, as opposed to true

biological variation between tumours.

Whilst this does not therefore support the identification of ACP subgroups, this
variation in tumour contentfacilitated in silicomolecular dissection of the gene

expression pathways in ACP.
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Figure5-3: Principal Component Analysis (PCA) and Hierarchical Clustering of sang)les.
PCAplot showing separation dimours from controls and variance amongst tumours. b)
Hierarchical @stering of samples showing the separation of controls from tumours. Note
that samples JA002 and JAOO4, both from the same patient, group together and that JAO51,
the only adilt ACP sanlp, groups with other paediatric ACP samples. démdrogram is
further annotated with sample information. Blue indicates the presence of a trait. For
instance, JA005 includes reactive ghar wet keratin, dark blue indicates prominent wet
keratin and lght blue minimal wet keratinThe assessment of tumour content aGINNB1
mutation allele frequency is represented in red colour, the higher the value the more
intense the red. For instanc&ymour JAOO9 shows bothigh tumour content andCTNNB1
mutation allele frequency Values are available fablel. Grey indicates that tissue wld

not be assessed for a given trait, usually due to freezing artefact. NF®A functioning
pituitary adenoma.
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Figure5-4: Consensus Clustering of 5000 most variably expressed gesjgsonsensus
matrix plots for K=21. Colour indicates the frequency with which samples group within
each group on mitiple iterations of clustering. (deep u#® = strong group membership).) b
& C) The consensus distribution function plot and delta area plot indicate that the most
stable clustering is with k=3
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Figure5-5: CTNNBInutation allele frequenciesa)Histograms o£TNNBnutation alele
frequencyacross targeted DNA sequencing, RNA sequencing cohorts and all samples. B)
Histological images of FFPE block of case JA025 where varying tumour content is found
within two areas of a single tissue blodhk.the upper half of the block almosll cells are
tumour epithelia, whereas in the lower half ther is only a solitary island of tumour (arrow),
surrounded by reactive glial tissuScale bar = 500um.
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5.5 Differential gene expression analysis demonstrates WNT pathway

activation and epitheliaifferentiation in ACP

To understand tk gene expression patterns with ACP, | began by performing
differential expression analysis between tumours and controls. This revealed that a
total of 6099 genes were upegulated and 5211 genes dowmgulated in the
tumours relative to control tissues (adjusteevplue <0.1) (Supplementary Table 2).
KeratinsKkRT75and KRT5wvere the most upregulated genes (1888 and 1788 fold,
respectively), consistent with epithelial histological features of AG® previous

immuno-histochemical studieéBuslei, Holsken et al. 200{Bigure5-6).

Consistent with the activatinGTNNBinutation identified in most tumoursseveral
WNT target genes ahWNT ligands were also upgulated in the tumours including
LEF1(8.12 fold), AXIN2(3.87 fold), NOTUM(114 fold), WNT3a (522 fold) and
WNT7A(459 fold) Figure5-6). Other genes known to be highly expressed @PA
were also found upequlated in the tumours relative to the control tissues,
includingFGF4760 fold),FGF347 fold),BMP7(36 fold) andBMP4(7 fold) Eigure
5-6). Likewise, a number of previously suggestedrapeutic targets includin§HH

(35 fold), MMP12 (417 fold) MMP9 (64 fold) andEGFR?9 fold) were also up
regulated in the tumourgHolsken, Gebhardt et al. 2011, Gomes, Jamra et al. 2015,
Gump, Donson et al. 201&igure5-6).

As expected, pituitary transcription factors (eldgdX3236 fold),POU1F1646 fold)

were downregulated in the tumours relative to the controlgFigure 5-6). In
agreement with the norhormone secretory phenotype of human ACP, pituitary
markers of terminal differentiation, such aGH TSH FSH were also down
regulated in the tumours (512 fold, 544 fold and 547 fold, respectivéligure5-6).
These reslts are consistent with published RNA and immthistochemical ACP
expression data and supportthat the data set is robust and biologically meaiingf
(Buslei, Holsken et a2007, Holsken, Gebhardt et al. 2011, Andoniadou, Gaston
Massuet et al. 2012, Andoniadou, Matsushima et al. 2013, Gomes, Jamra et al.

2015, Gump, Donson et al. 2015)
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To further understand the functional significance of the genesregulated in
tumours, gene ontology analysis was performed. This analysis revealed that the
1000 genes most upegulated in the tumours were enriched for ontologies relating

to development of the skin (e.g. GO:00425288, keratinocyte differentiation,
adjusted pvalue = 2.43x1®), tooth (e.g. GO: 0042476: odontogenesis adjusted p
value =2.02x10°) and hair (e.g. GO:0042633: Hair cycle, adjusteglpe 1.42x10

12) as well as the inflammatory response (GO:0006954, adjustalye= 8.52x10

12) (Supplementary Table, Figure5-6b). Of note, skin, teeth and hair follicles are
derived from embryonic nomeural ectoderm, and ACP is thought to derive from
NEBYYlyida 2F wl (K] SQa LJ2 dibiksuggesys thatMarmhal S OG 2 |
devebpment of skin, hair follicle and tooth and the pathogenesis of human ACP

may share common moletar mechanisms and is explored further in sect®h0
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Table5-3: Top 15 most ugregulated genes in human ACP compared with controls.

Gene FoldChangdlog2)| Adjusted pvalue
Symbol
KRT75 10.88312 6.45E34
KRTS5 10.80425 1.01E44
CALML3 10.41795 3.43E33
KRT6C 10.38228 7.51E26
KRT16 10.36806 3.28E30
SERPINB5 10.366 5.63E36
KRT14 10.31731 5.15E37
KRT85 10.31375 5.44E20
KRTAP3 10.30121 2.68E25
COL17A1 10.2852 3.10E35
KRT31 10.24653 2.75E24
KRT6A 10.23574 1.15E24
FDCSP 9.966995 1.56E20
MSX2 9.957839 4.19E48
KRT15 9.896415 1.01E37

Table5-4: Top 15 most dowrregulated genes in ACP compared with controls

Gene FoldChangdlog2)| Adjusted pvalue
Symbol
GH1 -9.0006 5.12E12
TSHB -9.08938 7.84E10
FSHB -9.09542 6.01E12
C18orf42 -9.14156 1.56517
GHRHR -9.18615 8.09E19
HEPACAMZ -9.22051 2.93E24
SCRT1 -9.2947 1.31E34
GJD2 -9.33303 7.47E26
POU1F1 -9.33816 4.41E14
DGKK -9.35132 1.96E36
MS4A8 -9.36783 5.56E67
BPIFA1 -9.3739 NA
NR5A1 -9.51748 1.48E33
TRPC7 -9.63265 2.15E20
CGA -10.0933 5.31E23
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Figure5-6: Differential expression results between tumours and controla) Bar plot of
selected differentially expressed genes. Log2 fold change indicates expression in tumours
compared with controls Error bars = 1 standard errds) Ancestor chart showing hierarchy

of the top 20 enriched biological process ontology terms of the top 1000 moestguytated
genes in ACP compared with controls. Enriched ontologies are indicated byuaecblmx.
Note there are maltiple enriched ontologies within the same hierarchies relating to tooth
and skin development, the hair cycle and the immune response.
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5.5.1 Differential expression within groups suggests complex reactive tissue

comprising of nemus system and inflammatory components

In addition to performing differential expression between all tumours and controls,

differential expression analyses were also performed between:

High tumour content tumours vs controls

1 Low tumour content tumours vsoatrols (fetal pituitaries only, as NFPA
samples clustered across groupgen analysis limited to low content
tumoursand were therefore excluded).

1 High tumour content tumours vs low tumour content tumours

Full results are presenteith Supplementarylable2. Asexpected, genes expressed
by high tumour content tumours in comparison with either controls, or low tumour
content tumours were enriched for genes relating to epidermis development,
keratinocyte differentiation, odontogenesis and hair cycle andudell Keratins,

WNT targets, FGFs and other genes known to be expressed in ACP.

In contrast, genes expressed by low tumour content samples were enriched for
genes relating to the immune response, (GO: 000695, adjusteal e =2.91H5)

and nervous systerdevelopment GO:0007399adjusted pvalue= 1.91H9) and
included immune system genes, e.g. immunoglobulin heavy chains (e.g. IGHA1,
3700 fold upregulated in low tumour content tumours compared with fetal
pituitaries, 8 fold compared withigh tumour conént tumours), and glial markers
such as GFAP (941 fold -tggulated compared with fetal pituitaries, 24 fold
compared with high tumour content tumours). This suggests distinct processes and
genes expressed within the reactive tissue component of these gsnghis is

further explored below using other approaches.
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5.6 WGCNA identifies 12 modules ofe&qressed genes

To further analyse patterns of gene expsemn across the cohort, used an
approach known as weighted gene correlation network analysis (WGE(3eA
Methods for full details). This identifies patterns of gene expression in a hypothesis
independent manner based on the Pearson correlatioreffwient of expression
patterns between genes. These expression patterns can be statistically summarised
as a vector (Eigen vector) and themselves correlated with sample characteristics,
including diagnosis, percentage of tumour contel@TNNBlmutation allele

frequency and the presence of specific histological features.

Analysis of the 5000 most variablypggssed genes across all samplesSM@CNA
identified 12 distinct groups, each one containing betwe®&® and 958 genes
sharing similar expression pattern3hesewere each assigned a colouas a

reference/nameand will be eferred to hereafter as module&igure 5-7, Table5-5)

| confirmed that each modle had a specific expression pattern through plotting
expression heatmaps of all the genes withéach module Figure 5-8). The
relationship of modles was also plotted on auttidimensional scale plot where
genes were annotated by the colour of the thde to which theybelonged Egure
5-7). This showed three majodistinct patterns of gene expression across the
samples, the brown, blue/dark turquoise and magenta mled with the green

module overlapping blue/dark turquoise and brown malds.
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5.6.1 Modules are preserved in an independent dataset

WGCNA was also performed on thenhan ACP microarray data published by Gump
et al. to assess whether the eexpression modles observed in our cohort were
also present in this independent data §&ump, Donson et al. 2015)f the 5000
genes inakded in our WCGNA analysis, the expression patterns968 @vere
available but the other genes were not present in the microarray data provided
(Gump, Donson et al. 2015Multidimensional scale plotting and hierrical
clustering of the genes expression patterns showed consistency with theileed
identified in our cohort(Fgure 5-7). Moreover, statistical assessments of nubel
preservation, which measure how well patterns of geneeg@ression are
maintained in independent sample sets, revealed a strong preservatiotmeof
brown, blue, magenta, pink and greemodules betweenthe two data sets
(Zsummary > 10) and weak to moderate preservation for the others (Zsummary 2
10) (Fgure5-7).

These analyses demonstrate that the patterns of gene expression that we have
identified in our RNASeq data are also present in an independent dataset, and

therefore oflikely biological significance.
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5.6.2 Modules correlate with spéfic tumour cell compartments:

Next, lexplored further this modlar analysis in an attempt to establish whether
specific modiles may correlate witlphenotypic information Heatmaps identified
that patterns of gene expression correlated with sample infotima. To further
investigate this, performed correlation analysis between the module eigen vectors
and phenotypic informationThisidentified that the brown modle showed the
strongest positive correlation with histological tumour content (r=0.88, d€fx
andCTNNBnutational allelic frequency (r=0.89, p=4x3@Figure5-9). Inspection

of the module expressiorheatmap confirmed that the genes of this mald
exhibited the highest expression in those tumour samples with tlesttumour
content and greatestCTNNBlmutational allelic frequency and the lowest
expression in controls and JA0OO5 and JA(Hifjure5-8). Moreover, the genes
included in this modle were enriched for functions related to WNT patay
activation,as well as odontogenesis, hair cycle and development of the epidermis

(p< 7x10°) (Supplementary Table 3).

In contrast, the blue and dark turquoise malés were highly correlated with the
presence of glial reactive tissue and showed&mment of genes related to central
nervous system development (blue: r=0.93, p=3%10dark turquoise: r=0.68,
p=3x10") (Supplementary Table 3Jhis suggests that this maté contairs genes
expressed by the reactivérain tissue within the tumour sampgk, an idea
supported by the strong correlation witBFAPexpression (r=0.94, p=6x1%), a
known marker ofastrocytes representing gliaissue infiltrated by ACP The
magenta modle was enriched for genes related to the immune response and
correlated wih the expression of immune cell markers such Gi314(r=0.97,
p=1x10'*) andCD3E(r=0.87, p=3x18).

Together, thesen silicoanalyses suggest that most of the identified modules
represent expression patterns relating to specific functions of paricaéll types
within the tumour samples. Therefore, they could provide insights into the
molecular signatures fospecific cell compartments. mext discuss indidual

modules in further detail.
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Table5-5: Summary of WGCNA modules

Module | Number Expression pattern Ontology Comment
of genes Enrichment
Brown 829 High expression in tumours| Skin development,| Represents gees
with high tumour Odontogenesis, expressed by
content/CTNNB/lallele hair cycle and WNT tumour epithelia,
frequency signalling e.g.BCL11B
Black 394 Highest expression in ACP Keratinisation Includes keratins,
with prominentwet keratin keratin associated
proteins and
enamel genes and
proteinases (e.g.
AMELX, ENAM,
MMP20)
Dark grey 69 High eyression in tumours | Skin development
with high tumour and cell jucntions
content/CTNNBallele
frequency
Magenta 958 Low in controls, Variable | Immune response| Includes immune
expression across ACP cell markers (e.g.
samples CD14 and pro and
anti-inflammatory
cytokines (e.gTNF,
IL10
Blue 793 High in those ACP tumourg Nervous system | Includes glial gene
with reactive glial tissue development GFARS100B
Enriched for
signature of
astrocytes
Dark 338 High in those ACP tumourg Nervous system | IncludesNKX2.2
turquoise with reactive djal tissue and development Erriched for
fetal pituitaries oligodendrocyte
lineage gene sets
Green 730 High in those ACP tumourg Microtubules and
with reactive glial tissue, fetg cilia
pituitaries and NFPA
Light 89 High in fetal pituitaries and | Extracellular matrix
yellow some ACP
Pink 443 High in controls Hormone signalling
Cyan 133 High in fetal pituitaries Cell cycle Fetal pituitaries arg
known to be highly
proliferative
Light 93 High in fetal pituitaries ash | Hormone signalling
green oneNFPA
Grey 131 Majority of no genes show n

pattern, a small subset are

expresed based orsex
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Hgure 5-7: WGCNAModule detection and preservation a) Network heatmap plot.
Heatmap of the adjacency measure of the 5000 most variably expressed genes.
Dendrograms show the hierarchical clustering of genes which are annotated agamndyy
colour bar. In the heatmap, high eexpression is indicated by more saturated aolb)
Multidimensional scaling plot of expression patterns of the 5000 most variably expressed
genes. The colour of each gene indicates it membership toexpressed gene expression
module. c) Hierarchical clustering of mad eigengenes, e.g. brown, dark grey étack
modules have similar expression pattern} Multi-dimensional scaling of the expression
pattern 2963 matched genes from Gunep al, 2016 annotated with the colos of modile
identified in the UCL cohore) Hierarchical clustering of the expressipattern of the

genes in both UCL and Gump et al cohorts annotated byureozblour.f) Assessment of
module preservation in the dataset of Gungi al., 2016. Modles are plotted by colour.
Values over 10 (green line) indicate strong evidence ute preserved. Values between 2
(blue line) and 10 indicate weak to moderate evidence of preservation. Themaenta,
brown, blue and greemre the most preserved mades. The cyan mate is the least
preserved. This represents cell cycle genes expressedobiepmting fetal pituitary tissue.
As the normal pituitary tissue analyzed in Guetpal., 2016 is adlt, it is expected that this
module would be the least preserved
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Figure5-8: Heatmaps of WGCNA maotes Heatmaps of variance stabilised counts of genes
within each modle. Heatmaps are scaled by row highlighting patterns of expression, scale
represents row zcore with high expression in yellow, and low expression in red. Where
relevant samples are &b annotated with phenotypic information.
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Figure5-9: Heatmap of correlations between each modueeigemyenes and phenotypic
information. Scale bar indicager-value-1 to +1. For instance, therown modile shows a

strong correlation with tumour content and mutational frequency, whilst the blue oled

correlates with the presence of glial reactive tissue and GFAP. A summary of ontology
enrichment analysis for each molé is highlighted. NB the ¢y modile includes genes not
fitting into a specific caexpression modle.
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5.7 Expression of novel ACP genes in tumour epithelium identified by

WGCNA and laser capture microdissection

5.7.1 The brown modul@entifies novel ACP genes expressed within tumour

epithelium

Given the strong positive correlation of the brown mdé with tumour content and
CTNNBinutation allele frequency, it add be expected that this made includes
genes and pathways known to be dysn&ged in human ACGRs well as other yet

unidentfied genes.

First, lidentified the three genes with the strongest mol@ membership,a
measureof the degree of ceexpression ThisrevealedAPCDDLBCL11BandTP63

as the most ceexpressed gene$lottingthe normalised expression levels against
the CTNNBInutation allele frequency confirmed the relationship of 8ebrown
module geneswith CTNNBImutation allele frequency, further supporting that
these genes are expressed exclusively within the tumour cells (r=0.83, 0.95, 0.96
respectively for each eme, p<ix10) (Figire 5-10). Expression of TP63 has
previously shown to be widespread throughout the tumour tissue in human ACP,
but APCDDLANnd BCL11Bare genes not previously associated with human ACP
(Momota, Ichimiya et al. 2003, Cao, Lin et al. 2010, Esheba and Hassan 2015)
Immunostaining of ACP histological sections revealed the expression of B&id 1B
TP63 exclusively in tumour cell compartments, including clustpedisading
epithelium and stellate retiglum, but not within surrounding reactive tissEigire

5-10). The expression oAPCDDLWas notinvestigated due to the absence of a

specific antibody.

Having validated that the brown odule genesare expressed in tumour tissue, |
interrogated which genes were included within this nudel. This included WNT
targets (includindAXIN2 NOTUM)consistent with WNT pathway activation within
the tumour. In addition to genes previously shown lie expressed in ACP (e.qg.
FGF3FGF4, BMP4, EGFRBthers not previously implicated in ACP (A§CDDL1,
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BCL11Band many others included in Supplemary Table 2a)were also identified

within this module (Rull module list in Supplementary Table 2a).
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Figure 5-10: Brown module.a) Scatter plots of normalised expression countsABCDD1L,
BCL11Bwnd TP63with CTNNBInutation allele frequency. Note the significant correlation
between gene expression and muia allele frequency. b) Double immafluorescence
A0FAYAY3 F3FAYAG -catefinimACP $hoWwithg dxpression i Aliituknour
cglls (including clusters) but not in reactive glial tissue. Scale bars indicateY100
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5.7.2 Laser capture microdissemti reveals genes expressed by tumour

epithelium

Next, | integrated the results of the WGCNA with those results of the RNA
sequencing ofLCM tissue compartments ofcases JA004 and JA0029. First |
performed Principal Componentalysiof this data set, whit revealed grouping
of different cell populations (i.e. clusters (C), palisading epithelium @4 glial(G)

tissue) confirming the success of the experimentgbproach Figure5-11).

To assess which genes were expressed withe tumour epithelia, differential
expression analysis was performed between tumour (C+NC) and reactive glial (G)

components(Full results Supplementaiyable2).

This identified ugregulation of 2347 genes in tumour compartments compared
with glial tissie and 1406 genes uegulated in glial tissue (adjustedvyalue <0.1).
WNT inhibitorDKK4wvas the most ugregulated gene in tumour tissue (9881 fold).
Other genes ugegulated in tumour tissue included keratins (&R T183884 fold).
Gene ontology enrltment of the 1000 genes most wupgulated in tumour
compartments revealed the most enriched ontology was tooth mineralisation,
GO0:0034505 (walue 4.84x1&b) however this was nosignificant after adjusting

for multiple testing (adjusted {value 0.48) $Sumplementary Table 2). Further
additional pairwise differential expression analyses from this data set are presented

later (Sectiorb.11)

5.7.3 Validation of WGCNA by laser capture microdissection

Using theLCMdata it was possible tgalidate the results of the WGCNA modular
analysis, confirming that brown module genwere expressed in the tumour
epithelium. This was performed using Germ Bnrichment Aalysis (GSEA), a tool
that explores the distribution of genes of interest, @ alled gene set, e.g. targets

of a signalling pathway), within a list of ranked genes (e.g. by differential expression
between two conditiony Genes were ranked from highest expression inLt&&/1
tumour compartments to highestin the reactive gliabti®. This analystenfirmed

the expression of browmodule genespredominantlyin the tumour compared
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with reactive glial tissuenprmalised enrichment score (NES) = 2.fse discovery

rate (FDR) <0.001) (Fig. 3d).

This, and the immundistochemical validation, gives confidence in the
interpretation of the brown WGCNA module as representing tumour tissue

compartments.
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Figure5-11: Laser capture microdissection and RNA sequencing of AGPCA ofhe 500

most variably expressed genes showing grouping of clug@raonclusters (NC) and glial

(G) tissue. bISSEA barcode plot showing enrichment of brown genes within the expression
signature of tumour compartment ancl) the blue and dark turquoise mades in the

reactive gliad) Immunohistochemistry of GFAP showing GFAP positive cells in sample
JA004, but not JA0O30. NES = normalised enrichment score, FDR = false discovery rate
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Table5-6: Top 15 mostp-regulated genes in tumour compared witlglial tissue

Gene Symbol| FoldChange | Adjusted p
(log2) value
DKK4 13.27046942 | 9.78E10
TSPANS8 12.0799091 1.38E08
KRT18 11.92333508| 2.34E08
CXADR 11.36100456 | 2.97E07
MFAP2 11.26188379| 1.00E07
NA* 11.1942436 6.21E07
ZNF410 11.12581236| 2.75E07
SDC1 11.05399877 | 3.14E14
SMYD2 10.97945649 | 4.28E07
ST6GALNACZ 10.89742087| 4.62E07
PVRL1 10.83354123| 1.26E06
SLC25A39 | 10.82869648 | 1.13E06
GPX2 10.79301045| 4.45E06
PTGES2 10.73801215| 1.21E06
APTR 1070799631 | 2.11E06

*NA = entrez gend@00507493no gene symbol available.

Table5-7: 15 most downregulated genes in tumour compared witlglia (i.e. up-regulated
in glia)

Gene Symbq FoldChange | Adjusted p
(log2) value

CSPG5 | -12.66308699| 1.44E08
KCNQ2 | -12.67096627| 1.74E08
GALNT15| -12.71242125| 2.20E08
COL9AL | -12.77243047| 3.93E11
GRIK3 -12.866078 1.44E08
GBP4 -12.99939861| 2.85E09
PKNOX2 | -13.09868603| 5.22E09
CADM2 -13.1116304 | 3.72E13
TMA4SF18| -13.12830032| 1.70E09
OLIG1 -13.160598 5.37E14
SCNI1A | -13.21634549| 2.99E09
MRO -13.40441549| 1.93E09
LRP1B | -13.53237844| 9.04E10
LHFPL3 | -14.30087614| 2.80E11
FABP7 -14.6219676 1.04E11
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5.8 The eactive glial tissue has signature of both astrocyte and

oligodendrocyte lineages

Both the blue and dark turquoise mates, which closely correlated thi the
presence of glial tissueyere enriched for genes implicated in central nervous
system developmentRigure5-9). This suggesthat these genes are expressed by
the reactiveglial component of the specimen. This was also supported by laser
capture microdissection and GSEA (blue module NEX, FDR<0.001, dark
turquoise module NES-8.06 FDR<0.001frigure5-11).

Gene expression heatmaps confirmed that genes within eachuleodere highly
expressed by tumours with glial tissuBigure5-8). However their expression
varied across the control tissues. Blue mtglgenes were onliiighly expressed in
tumours with glial tissue, whereas datlrquoise genes were also highly expressed
in fetal pituitaries Figure5-8). This suggsts that the genes in these matks may

indicate different biological functions.

Genes with strong membership of the blue mde included the astrocytic markers
S100BandGFAPwhose expression in reactive glial tissue wasfocamned immune
histochemically Kigure 5-11). In contrast, the gene with the highest adule
membership score for the dark turquoise mad iSNKX2.2a transcription factor
involved in oligodendrocyte differentiatigrsuggesting these mades represent
different glial cell type§65]. Barcode plots of each made with published gene sets

of genes specifically upegulated in different glial, neuronal and endothelial
components shows the blue mate being more enriched for astrocyte genes
(enrichment score (ES)= 3.3, p=0.0001) and the dark turquoise for oligodendrocyte
lineage genes (oligodemocyte precursor cells ES=3.4, p=6.8%10ewly formed
oligodendrocytes ES=3.9, p=0.0012, myelinating oligodendrocytes ES=3.5, p=5.7x10
®) [65] (Supplementary Fig. 6¢J.ogether this suggests that both astrocyte and
oligodendrocyte lineage genes are egpsed within the reactive glial tissue of ACP
tumours with a proportion, predominantly oligodendrocyte genaiso expressed in

the developing pituitarypossibly the posterior lohe
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Figure5-12: Barcode pdts of blue and dark turquoise modules with gene sets of genes
expressed by differing cell types within the central nervous syste@enes were ranked by
their membership of either the blue or dark turquoise mubeks and the presence of genes

in published gne sets corresponding to different glial cell types are plotted as vertical lines.
The top part of the graph shows the enrichment at each part of the ranked list, the higher
the value the greater the enrichment. For instance, for astrocytes the majofitiie lines

are at the left hand of the plot indicating they are among the most connected members of
the blue modile. The astrocyte signature has a greater enrichment in the blueutaod
compared withdark turquoise, whereas for the OPCs it is more emidcn the dark

turquoise modile. OPC = oligodendrocyte precursor cell, NFO = newly formed
oligodendocyte, MO = myelinating oligodendrocyte
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5.9 Other WGCNA modules

5.9.1 Blackand dark grey modules

Similarto the brown module, WGCNanalysis showed that the bleenodule also
correlated with tumour content (r=0.65, p=6xtpand in addition, with the
presence of wet keratin (r=087 p=5x10°) (Figure5-9). The heatmap showed the
highest expression of the black malé genes predominantlyithose tumour cases
where wet keratin had been identifie(Figure5-8). This module includes several
keratins, keratin associated proteins and of particular note enamel prot&haM,
AMELY, AMELY, AMBa&hd proteinasesklLK4, N1P20.

Likewise the dark grey modle also correlated withCTNNBImutation allelic
frequency (r=0.78, p=6x1), but some genes were also expressed in control tissues
(Figure5-8). This was enriched for genes relating to celgtions Among the
brown, black and dark grey modulde brown modile is more likely tspecifically
represent the moleclar signature ofthe tumour cell compartment, hence

excluding hostlerived reactive tissue.

5.9.2 Green module

The green modile genes areexpressed by tumours with glial tissue aalo by
control tissues Figure5-8). Expressiorcorrelated inversely with tumour content
(r=0.9, p=x10° and broadly withGFAPexpression (r=0.64, p=8xtpand was

enriched for genes of microtubules and cildure5-9, Supplementaryable3).

5.9.3 Pink, cyan and light greerodules signatures of control tissues

Genes of thepink, cyan and light greemodules are expressed hine fetal
pituitaries and/or NFPA and were enriched for genes related to hormone processing
and release (pink, light green) or cell cycle (cyan), which aralaelprocesses

relevant to these controtissues (Supplementary Table 3).
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5.9.4 Lightyellow mode

Genes in this module were expressed by fetal pituitaries and variably across ACPs
(Figure 58h). Genes included collagen and extracellular matrix genes and may
reflect contamination of fetal pituitary samples with surrounding connective tissue
(e.g. carilage).

5.9.5 Grey module

The grey modle contains the remaining 131 genes thatiwbnot be grouped into a
distinct coexpression modle. Within this module was a small number of sex

determining genes, e.XIST

5.9.6 Magenta module

The magenta module is considerén detail in sectiorb.16
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5.10 Expression analysis highlights the close relationship of ACP with

tooth development.

Odontogenesisis a recurrent theme in several of the ontology analyses. In addition
both the black and the lmwn modules, which correlate with tumour but not glial
tissue, include several genes that are required for normal tooth development. For
instance, enamel protein gene.g. AMELX, AMBNand ENAN), ameloblast
secreted proteinases(MMP20 and KLK4)and the odontogenic ameloblast
associated proteigeneODAMwere contained within the black made, expressed

in association with wet keratinLikewise, many transcription factors required for
inner enamel epitheliumdmeloblast differentiationsuch asBCL11BTP63 MSX2,

DLXfamily members an&P6 were part of the brown modle.

5.10.1Ameloblast genes are upgulated in ACP

Differential expression analysis confirmed a significantregulation of these
ameloblastrelated genes in ACP tumours compared with control tis@tigure
5-13) [16]. In contrastMSX1 a regilator of odontoblast differentiation and the
odontoblast specific gendSPP encoding dentin sialoprotein, were naip-

regulatedin ACP tumourgFigure5-13).

To further investigate the moladar connection between ACGBmourigenesis and
amelogenesis, wased publicly availablests of genes experimentally confirmed in
human or other species to bexpressed inthe inner enamel epithelium and
ameloblasts. Thisound a significant enrichment of theggenes in ACP tumours
compared withcontrol tissue by gene set enrichment analysis (NEB-&nhd 2.57
respectively FDR<0.001) (Fig. Shjelsinki 199€007) This evidence suggests that
the gene expressionprogramme that is triggered during normameloblast

induction and differentiation is also activated in the tumour cells in human ACP.

Despite the proposed common origin of ACP and PCP (i.e. oral ectoderm
derivatives), histological similarities have been observed between ACP,
odontogenesis and azhtogenic tumours, but no such similarity has been reported

for PCRPaulus, Stockel et al. 1997, Louis, Ohgaki et al. 2016)
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To explore further the degree ofmolecular connection between PCP and
odontogenesis, wanalysed the expression of ameloblast and odontoblast genes in
ACP relative to PCP (rather than to control tissue as previously perfornsau)

data from Holskeret al., 2016 (Holsken, Sill et al. 2016)his anajlsis showed the
up-requlation of enamel genes, ameloblast secreted proteinases and several DLX
transcription factors specifically in ACP (Fig. B§EA confirmed that proportion

of amelogenesiselated genes were overall ugegulated in ACP compared whit

PCP, though many were not differentially expressed (IEE, NES=1.30 FDR=0.29,
ameloblast genes, NES=1.HDR=Q0) Figure5-13).

5.10.2BCL11BndMSXZEXxpression

BCL11Exnd MSX2 two critical reglators of ameloblast developmentvere highly
up-requlated in ACP compared with control (15 fold and 995 fold) and only
modestly upregulated in ACP compared with PCP (1.7 fold and 3.8 fold
respectively), suggesting that they may be expressed also in PCP tumours. To assess
this possibility, weperformed immunohistochemistry with specific antibodies
Having previously confirmed the presence of BCL11B in ACP we confirmed the
presence of BCL11B in PCHgue 5-10, Figure 5-13). Specifically,BCIL1B
expression was widely observed in ACP tumour cells, and predominanthatdsd
epithelial layers of PCRMSX2expression(performed by Annett Holskemyas
broadly expressed in tumour cells in both ACP and PCP (Fig. 5e). Therefore,
although overall ACPhas a greater signature of ameloblast development,
particularly the expression of enamel genétgere is a partial overlap between ACP

and PCRumourigenesis.
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Figure 5-13; Expression of tooth related gees in ACP Differential expression of tooth
related genes ira) ACP compared with controls and b) ACP compared M@RError bars =

1 standard error.Gene set enrichement analysis plots of genes expressed in inner enamel
epithelium (IEE) and amelasts in ACP compared with) controls, d) PCP, €§CL11B
expression in PCP,MSX2expression in ACP and PCP.
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5.11 Laser capture microdissection reveals signature of clusters

To investigate the molecular signature of clusters, differential expression analysis
was performed between clusters and palisading epithelium. This identified 647
genes upregulated in clusters compared withalisading epithelium and 310 in
palisading epithelium compared withlusters. The most upegulated genes in
clusters wereCHRNA3GADland CA6(1696, 1009 and 495 foldespectively).
Genes upregulated in clusters were enriched for genes relating to cell migration
(GO:0016477, adjustedymlue 0.000144). This is consistent with data from Stache
et al,, where it was proposed that citers play an active role in invasion/infiltrative
behaviour of human ACP in a xenograft murine model, and with the distribution of
clusters at the leading edge of tissue invasion as discusse€hiapter 3

(Andoniadu, GastoAVlassuet et al. 2012, Stache, Holsken et al. 2015)

Genes upgregulated in palisading epithelium were enriched for ontologies of
extracellular matrix (GO:0031012) (adjustedvadue 1.98x1&) and tissue
development (GO:0009888, adjusteevplue4.13x106).

5.11.1 Clusters exhibit transcriptional signature of WNT pathway activation

Clusters are characterised by their nuclear accumulationaztenin and activation

of the WNT pathwayas evidenced by over expression of WNT pathway targets.
Differentid expression analysis showed the-tggulation of WNT pathway target
genes such akEF1(9 fold), AXIN2(3.75 fold) and NOTUM(51 fold) in clusters
relative to palisading epithelium and gene set enrichment analysis confirmed that
clusters exhibit a moledar signature strongly associated with activation of the
WNT pathway (NES= 1.81, FDR=0.(igure5-14).

Other genes known to be expressed specifically in clusters framuhybridisation
and immundistochemial studies, were also upegulated in clusters compared
with palisading epithelium (e.dc=GF333 fold),BMP4(9.8 fold),WNT5A(4.9 fold),
CD44(6.6 fold))(Supplementary file 2).
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These results support that clusters were successfully isolated and thae tiesults

can inform on their biology.

Table5-8: Top 15 most upregulated genes in clusters aapared with palisading

epithelium.

Gene Symbol FoldChange | Adjusted p

(log2) value

CHRNA3 10.72856982 3.32E27
GAD1 9.978881961 2.15E26
CA6 8.951353678 4.39E15
TNFRSF11B 8.799594904 3.15E14
ITLN2 8.777772856 3.26E14
ALDH1A1 8.777763239 3.15E14
ERVMER34 8.586760306 3.08E13
CHST11 8.471032085 1.04E12
EPS8 8.302451483 4.38E16
GYG1 8.273363338 8.37E12
PPAP2A 8.023429034 1.15E10
GRM8 8.004905374 1.15E10
ABHD12B 7.972940022 1.54E10
HSPB8 7.916412468 2.94E10
KCNN4 7.901935424 3.21E10

Table5-9: Top 15 genes most dowregulated in clusters comgred with palisading

epithlium (most up in palisading epithelium

Gene FoldChange Adjusted p
Symbol (log2) value
NA -5.507529618 | 0.000604893
CPVL -5.818262674 1.61E05
SUILT1EL | -5.827626376 | 0.000118317
UPK3B -5.831622022 | 0.000149803
ABI3BP -5.860101534 1.80E15
CRISP2 | -5.867271511 8.06E05
SERPINEZ -6.343519618 4.79E08
COL6A6 | -6.393948864 1.02E05
PTER -6.408716695 4.20E06
THSD7B | -6.420229391 1.24E09
STRC -6.56843238 3.98E06
FST -6.883612018 1.49E07
SPTBN4 | -7.394648059 1.95E08
HSD17B2| -7.432187512 2.32E10
LY75 -7.471878849 2.24E28
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Figure 5-14. Clusters compared withpalisading epithelium. a) Principal component
analyss plot of gene expression patterns of laser captlireamples ofclusters and
palisading epithelium4 indicates case number, C = cluster, NC = palisading epithelium, for
4C2, and 4NC2 are independent replicates of 4C and BNEnrichment of gene signature

of WNT signalling within human ACP clusters
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5.12 ACP clustersiihuman and mouse ACP share an expression profile

with theenamel knot

The enamel knot is a critical signalling centre at the cap stage of the denglop
tooth. Morphologically it isimilar to human ACP clusters andlso accumulate
nuclearcytoplasnic i -catenin (Obara and Lesot 2004)o further assess the
molecular similarities we used a gene set of genes known to be expressed by the
enamel knotGSEA showed a significant enrichment in ACP clustess comparel

with palisading epithelium (NES=1.98, FDR<0.001lial tissue suggesting that
these are highly analogous structur@3gure5-15) (Helsinki 199&007)

The enamel knot occurs at the cap stage of development and the palisading
epithelium was most enrichetbr the gene set of the inner enamel epithelium at
this stage (NES£85, FDR=0.008igure5-15), further highlighting the relationship

between tooth development and ACP.

The enamel knot forms a signalling centre inducing tdermesenchyme to
condense and differentiate into odontoblasts. GSEA suggested some enrichment of
genes specifically expressed in these compartments, but not within the inner
enamel epithium/enamel knot or ameloblasts, to be enriched within the glialéss
(NES .41, FDR=0.23)Figure 15) suggesting there could be some analogy in
processes between condensation of dental mesenchyme and activation of glia. This

is further explored with respect to specific pathways below.

p21/CDKN1As often used as a mker of the enamel knot known to be expressed
within ACP clusters. Another enamel knot marker is the ectodysplasin receptor
(EDAR), which has not previously been implicated in @QEker, Headon et al.
2000, Tuckeand Sharpe 2004My analysis revealed that EDARBs upregulated in

ACP tumours compared with controls (382 fold) and in clusters relative to palisading
epithelium (10 fold)Immunostainingconfirmed the expression of ERANn human

cluster cellsEigure5-15).
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In summary thiglata confirm at the moladar level the relationship between tooth
development and ACRmourigenesis and highlighbat the enamel knot and the

i -cateninaccurulating cell clusters are analogous structures
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Figure5-15: ACP clusters share expression signatures with the enamel kigne set
enrichment plot showingenanel knot sigature enriched in ACP clustecesmpared witha)
palisading epithelium b) glial tissue. c¢) Inner enamel epithelium signature enriched in
palisading epithelium, d) Expression of a proportion of genes expressed within dental
mesenchyme and odontddsts in glia. €) Double immunostaining of p21, EDAR and EDA in
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5.13 Autocrine and paacrine signalling between ¢&ypes

During odontogenesis, the enamel knots acts as a signalling hub by secreting several
signals of the WNT, FGF, BMP and SHH families that induce surrounding dental
mesenchyme to conehse and form the odontoblasts of the dental papi[laicker

and Sharpe 2004, Jussila and Thesleff 2002¢se transient structures also control
proliferation and epithelial bendinglriving normal morphogenesisf he tooth.
Studies on mouse models for human ACP, have reported that autocrine and
paracrine signalling may be important for tumour developmdéAndoniadou,
GastonMassuet et al. 2012, Andoniadou, Matsushima et28113) Specifically, it

was hypothesised that the-cateninaccumulating cell clusters may act as signalling
centres affecting tumour cell behaviogAndoniadou, GastoMMassuet et al. 2012,
Andoniadou, Matsushimat al. 2013, Xavier, Patist et al. 201Bherefore decided

to further explore the possibility that human clustexse signalling centres using the

RNASeq datasets of human ACP.

Differential expression analysis identified that many secreted factorse wg-
regulated by clusters reltive to palisading epitheliumSupplementary Table 1d).
These included: (i) several ligands that have previously been shown to be expressed
in human ACP, such &HH(3 fold) BMP4(10 fold),BMP7(2 fold),FGF333 fold)
FG-4(22 fold)(Andoniadou, GasteiMassuet et al. 2012, Gomes, Jamra et al. 2015,
Gump, Donson et al. 2015]ii) others previously identified as upegulated in
murine ACP clusters includiMgNT16(6 fold) WNT5A(5 fold), TGFB15 fold ) and
TGFA7 fold)(Andoniadou, GastoiMassuet et al. 2012Jiii) additional genes not
previously described in human ACP &GF1234 fold),FGFg3 fold), FGF193

fold), BMP8A(38 fold) BMP6(3 fold) andLIF(7 fold)). These genes were also up
requlated in clusters whemwompared withglial tissue $upplementaryrable2). A

few secretory factors were also identified as expressed by both clusters and
palisading epithelium (e.gN/NT6, WNTQA), or predominantly by reactive glial
tissue (e.g.FGF1, PDGIAFigure 7c, Supplementary F@}. 11). Similarly the
receptors of several of these secreted signals were also expressed in specific

tumour cell compartments.
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In the following sections | fther investigate specific pathways of interest in ACP,
(e.g. having previously been suggested as therapeutic targets) as well as those

relating to tooth development.

5.13.1WNT pathway

/] £t dzZai SNB FNB RSTAYSR o-éatefirpStiwiedy ahddgiIL.O G A 2 Y
we show transcriptional evidence of activation of the WNT pathway within ACP
clusters. Clusters have also been shown to express a range of WNT ligands and FZD
receptors. WNTs 4, 5A, 10B and 16 were most highly expreasgedusters. In

contrast WNTs 3A, 6, WNT10Awere more evenly expressed by clusters and
palisading epithelium. FZD receptors were variably expressed across all 3
compartments with FZD1, 2, 6 and 7 most highly expressed by clusters. WNT
inhibitors, e.g. DKKare also highly expressed by clustersO@&1fold in clusters

compared withglia and11 fold in clusters compared withalisading epithelium

Why | -catenin pathway activation is limited to clusters, despite the presence of

CTNNBInutations in all epitlelia, remains uncertain

5.13.2Sonic Hedgehog (SHH) Pathway

Sonic Hedgehog was upgulated in clusters, in concordance with previously
publishedin situhybridisation and immunohistochemistry by another laboratory

member, Gabriela Carren@dndoniadou, GastoMMassuet et al. 2012)

In contrastthe receptorPTCHlandSMQ a critical pathway component, were up
regulated1.7 and 2 fold, respectively, in the palisading epithelium relative to the
clusters. LikewiseGLIland GLI3 two pathway targets were upegulated 2 and 3
fold, consistent with paracrine signalling from the clust¢t$ Plotting of the
normalised counts also identified the urpgulation ofGLI1(95 fold) andGLI3(33
fold)within the clusters themselvashen compared with thelial tissuesuggesting

additional autocrinesignalling Figure5-17).
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MRNAIn situ hybridisatiorpreviously published and by Gabriela Carreno confirmed
the expression oPTCHZ&Nd GLI1in all tumour cellssupporting the presence of
both autocrine and paracrine signalling within the tumour epitheli(figure5-17).
Sonic hedgehog is known to be highly expressed by the enamel lamat,
manipulation of the pathway mults in abnormalities of growth and tooth shape
(Dassule, Lewis et al. 2000, Cobourne and Sharpe 2005)

The SHH pathways has previously been suggested by several groups as a possible
therapeutic targeted in AC&omes, Jamra et al. 2015, Gump, Donson et al. 2015,
Coy, Du et al. 2016, Holsken, Sill et al. 2006 further explore this in Chapter 8.

5.13.3Fibroblast Growth Factor (FGF) Pathway

FGFs 3, 4, 9, 12, 13, 19 were hightpressed by clusters. In contrast FGF2 and 20
were expressed across all tissue compartments with FGF20 highest in clusters, and
FGF1 highly by reactive gliaiqure5-18). The receptors FGFRIlwere expressed
across all tissue compartmentBigures-18). The expression of FGF3, 4, 9 and 20 by
ACP clusters mirrors that of their expression by the enamel knot. Of note FGF19,
hormone like FGF which binds with high affinity t6HR4 was predominantly
expressed in clusters, whilgsirecepto® expression was predominant in reactive

glial tissue.

The MAPK pathway is a major downstream target of the FGF signalling and to assess
activation within tumoursimmunostaining of the phgshorylated form of ERK1/2
(PERK1/2) was performed. This identified variable activation incloster tumour

tissue and in the reactive glial tissuBigure 5-18). Of note areas of pERK1/2
staining at the leading edge of tumourvasion was apparent in a proportion of

case suggesting a possible role in tissue invasion.

5.13.4Epithelial Growth Factor Receptor (EGFR) Pathway

The EGFR pathway has been suggested as a possible therapeutic target in ACP.
Examination of the EGFR pathway tiga revealed high expression dGFAN
clusters andHBEGHN glial tissue Kigure5-18). EGFRexpression was limited to
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tumour compartments, whereasERBB2and ERBB3were expressed in all

compartments and ERBB4 limited to the caae glia Figure5-18).

EGFR activation requires phosphorylation and whilst EGFR receptor has been shown
to be phosphorylated specifically in the clusters, downstream activation of the
pathway in clugers has notoeen demonstratedHolsken, Gebhardt et al. 2011)

Like the FGFR pathwdGFR activates the MAPK pathway. The relative absence of

pPERK staining in clussssuggests that this is not a major feature of ACP.

5135Transe NYAYy 3 DNRSGK CIFOG2NJi o6¢DCi 0 t}

¢CKS KIffYFN] 3ISyS aSi ¥F2 Ndriched @itumbadrsi K g | &
compared withcontrol (NES= 2.1, FDR<0.001), suggesting activation of the pathway
within ACP Kigure5-19). TGFBland INHBBare specifically expressed by clusters
whereas TGFB2 TGFB3and the receptorsTGFBRB and ACVR1, ACVRzkd
ACVR2Bare more ubiquitously expresseHigure5-19).

To investigate this pathway furtherimmunostaining againstthe activated
(phosphorylated)SMAR (pSMAL3) was performed. This confirmed activation of
the pathway Figure5-19). pPSMAL3B staining was observed within the tumour,
particularly in areas of stellate reticulum close to clustetsvds also observed
within the reactive glial tissue, in an apparent dedependent manner around
areas of tumour. This pattern is consistent with paracrine signalling between

tumour and reactive glial tissue.

5.13.6Bone Morphogenic Protein Pathway

BMP4and 7 were found to be highly expressed by clusters and to a lesser extent
other compartments, consistent with previoussituhybridisation. Both BMP4 and

7 are known to be critical regulators of tooth development. The recepBWVMPR1A
and BMPR2are expressed @oss compartments an@MPR1Bwvas found to be
expressed in only one of the two glial tissue sampkgure5-20). This would be
consistent with signalling across compartments throughBMPR1A/BMPR2

heterodimer.
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To assess the dowtream ativation pPSMAILL,5,8/9 immunohistochemistry was
performed. This confirmed activation across tumour and reactive glial

compartments Eigure5-20).

5.13.7Ectodysplasin (EDAR) pathway

The expression of the ectodysplasin recept@)AR in clusters supports the
molecular analogy with the enamel knot. EctodysplaBDA is the ligand for this
receptor and immunostaininghowed expression in all tumoaells consistent with

its expression in the tooth epitheliunfFigure5-15). This is consistent with both

autocrine and paracrine signalling.

EDAR signalling activates the-RB-signalling pathway. This has separately been
confirmed to be activated specifically in clusters through immunostaining against

phosphorylated IKB (M. Gonzalezeljem, G. Kauskal, personal communication).

5.13.80ther factors/pathways

A range of additional factors were also assessd¢Bwas specifically expressed by
clusters, with its receptorLIFR expressed by glial tissue, suggesting pere
signalling between clusters and the surrounding dhigre5-21). In contrastOSM
was expressed specifically by glia and its receg@@MRacrossall compartments
(Figure5-21). PDGFAvas predminantly expressed by the glial reactive tissue and
its receptorPDGFRAvas most highly expressed by clustéfggure5-21)

Glial cell derived neurotrophic factogDNFRvas specifically expressed by clusters
with its co-receptor GFRAlexpressed across compartment&igure 5-21). In
contrast, the brain derived neurotrophic factorBDNE was expressed
predominantly by clusters and palisading epithelium, and its recefNORK2was

expressed very highly brgactive glial tissueFigure5-21).

In summary these analyses reveal a complex system of autocrine and paracrine
signalling between tissue compartments and support the role of clusters as a

signalling hub with similarities tdhe enamel knot.
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5.14 Proliferation in ACP

To assess the functional significance of clusters on tissue proliferation, Ki67
immunostainings was performed on ACPs. As previously described in the literature
this revealed proliferation predominantly within theapsading epithelium and
absentin clusters and minimal in the reactive tis§Raghavan, Dickey et al. 2000)
Double immunostaining revealed areas of Ki67 expression to frequently be in close
association with clusters. This would be consistent with paracrigregadling from
clusters driving proliferation of epithelium in a manner similar to that of signalling

from the enamel knot in the developing tooth.

185



Figure5-16: Heatmap of normalised expression values ofNW ligands and FZD receptors
in laser capture micredissected human ACP tissueéellow indicates higher expression,

red lower.
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Figure5-17: Expression of Sonic Hedigeg pathway components in ACR) Rots of

normalised expression counts for SHH pathway members b) Immunohistochemistry
demonstrating expression of SHH in ACP clusters (G.Carreno) and c) in situ hybridisation of
PTCHBNdGLILYG Carrenq)
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Figure5-18: Fibroblast growth factor and epidermal growth factor signallingdeatmaps

of normalised expression of a) FGF ligands and receptors b) EGF family receptors and

ligands c) Double immunofluorescence and imeshistochemicalstainingof the
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Figure5-19:¢ DC| LI G K ¢ I & Noinalsgtlletpiedsigrdo®T GFB Ichstersh)
Heatmap of normalise@xpression of T@&; activinand inhibin ligands and receptors, c)
GSEA plot showing enrichment of TGFB signalling in ACP. d) Double immunofluorescence
showingactivatedp-SMAD3 in2 cases oACP{ Ol £ S o6F.NBR T'mnn>Y
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Figure5-20: BMP pathway signallinga) Heatmap of normalised expression of BMP ligands
and receptors b) Doué immunofluorescence staining showiagtivation ofSMAR15,.8/9
double check. Scale bars=100Qum
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Figure5-21: Other signalling pathwaysPlots of normalised expression values of selected
members of other signalling pathways.
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Figure5-22: Proliferation in ACPDouble immunofluorescence for the pri@ration marker
YA c T -datgrimini3 cases of ACProliferation is predominantly limited to the
palisading epithelium, close to clusters. The top panel is a serial section of the pERK

staining presented iffigure 519 { OF t S oF NA I'mnn>Y
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5.15 ACP clusrs exhibit the expression signature of cellular senescence

and SASP

Immunohistochemical studies by Mario GonzalMeljem have shown that ACP
clusters undergo cellular senescence, as evidenced by a lack of proliferation
markers, expression of GLB1, activa of mMTOR ad NFkB pathways. Using GSEA |
compared the gene expression profile of clusters witlpraviously established
transcriptional signature for oncogenenduced senescenc@OIS)obtained from
humanIMR90ERRASibroblasts These cellexpress a Esteroid ReceptalKRAS2P
chimaeric fusion protein that triggers growth arrest, senescence and @¥8Bta,
Banito et al. 2013)This confirmed enrichment of the senescence gene signature in

human ACP cluste(dlES=1.44, FDR=0.1Bigure5-23)/

RTFPCR and ELISA analyses had also confirmed that murine ACP clusters exhibit
activation of the Senescence Associated Secretory Phenotype (SASP). To assess the
expression of this in human clust using a gene set derived from proteomic
analysis of cultured media of tH®MR90ERRASNduced senescent fibroblasGGSEA

was perfome and confirmed enrichment in clusters (NES=1.41, FDR=FRiy¢

5-23).

Section 1.13 describéise expression of many growth factors including members of
the SASP@3I®d ¢DCi 0d LYFElYYFG2NE Oedliz21AySa
addition to their established roles in inflammation (discussed below in seé&tibd)

are important members of the SASPL1A(18 fold),IL1B(7 fold) ard IL8(3 fold)

were all significantly ippegulated in tumours vs control$L61.7 fold upregulated,

non- significant). Within the laser capture micthssected RNA seq dataset there
were insufficient or no reads to assess expression of these cytokiheselgenes

are typically small, have high homology and therefore challenging to align. Due to
the singleend, short length and relatively shallow sequencing used the lack of reads

in these genes may reflect experimental design rather than true biology.

Immunohistochemistry for cytokines is challenging doetheir secretory nature

and often short halflives. Immunadistochemistry for the IL6 receptor subunit
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IL6RA confirmed expression within ACP, particularly the stellate reticulum, but also

within the reactive tissue Figure5-23).

Activation ofSTAT3 by phosphorylation is a major downstream signalling pathway
of the IL6 receptor complex. Consistent with the expression of IL6RA, pSTAT3
immunohistochemistry had previously been @pged in both tumour and reactive

glial compartmentgDonson, Apps et al. 2017)
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Figure5-23: Senescence and AC® Enrichment of transcriptional signatures efisscence
and SASP within human ACP clusters b) Immunohistochemistry showing expression of
IL6RA within ACP, particularly the stellate reticulum, and also in cells within the reactive
GAdadsSe {OLtS oFNBAIMAn>Y
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5.16 The signature of the ACP immune infiltraighlights a complex
immune microenvironment with expression of pamd anti

inflammatory cytokines

In addition to these signatures of tumour and reactive lglissue WGCNA
identified a third major pattern of gene c@xpression, the magenta maode
containing 958 genesHgure 5-7, Supplementary Table 3An overall positive
correlation was observed with reactive glial tissue (r=0.74, p=3xahd GFAP
expression (r=0.69, p=2x1)) but not with tumour content o CTNNBInutation
allele frequency, suggesting that the magenta ratedis not related to tumour cells
(Figure5-9). In agreement with this notiongeneontology assessment revealed a
significant enrichment for gerseassociated with the immune response and mbd
genes included cell surface markers (€814, CD68, CDMHC class Il proteins, as
well as several cytokines comprising both pr@e.g. IL18, TNF and anti
inflammatory mediators (e.glL1Q (Table5-10). This analysis suggests that the
magenta modle may represent the immune infiltrateesponse frequently

observed in ACP tumours.

This was further supported by GSEA which showed enrichment for the microglial
gene ggnature (ES=5.4, p=2.8%18) Figure 5-24) (Zhang, Chen et al. 2014)

Microglia are CD68+ve bone marrow derived inflammatory cells in the CNS

To dissect further this made, we assessed the differential expression and
correlation of expression patterns of myeloid and lymphoid immune cell markers.
CD14 (6.2 fold), CD68 (11.9 fold) and CD3E (3.6 fold) were-edyulated in ACPs
compared with controls. Strong correlationsvere observed between myeloid
markers CD14 and CD68 (r= 0.94, p=7g1@s well as with the T cell receptor
component CD3E (CD14: r=0.81, p=1.2x10D68: r=0.82,39x10"). The variable
presence of CD68 positive and CD3 positive cells within ACP sawsdeconfirmed

by immunohistochemistry in three cases (JA005, JA029, JA054) and also an existing
tissue microarray of ACP tissuedgure5-24).
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To further characterise the T cells present in the tumour specimens, we compared
the expression ofCD8 a marker of cytotoxic T cells, adiD4 a marker of helper T
cells, to reveal that CD4 was-uggulated in tumours relative to control tissues (11
fold), whilst CD8 was not significantly differentially expressed (1.1 fold).
Additionally, expression oCD4correlated better withCD3(r=0.87, p=4x18) and

other immune cell markers thanCD8a (r=0.55, p=0.004) suggesting a
predominantly CD4+ T cell response. Immunohistochemistry in cases JA0O54 and
JA029 confirmed the variable presence aitio CD4+ve and CD8+ve cells in ACP
(Figureb-24).

Histological review of ACP cases has also suggested the possible presence of plasma
cells. B cell markers CD2M%4A) and CD79aQD79a and the majority of
immunoglobulin genes we not overall upreguated in ACP tumours compared

with controls. Immunostaining confirmed the relative paucity of CD79a positive
cells, with presence observed in only 4/60 tissue cores on a tissue microarray
(Figure 5-24). As hghlighted in section5.5.1, immunoglobulin genes were up
regulated in low timour content tumours compared witbontrols. Together these

results suggest that a humoral immune response can occur within ACP tissue.

The magenta modle included several cytokines highly -tggulated in tumours
compared withcontrols, including potential therapeutic targets such&sFand
ILLA We examined these in more detail showing tiat TNF, 1L10, IL18, ILAAd
IL1Band several chemokines, e.§CL2expression correlated closely with the
expression of immune cell marke@b14, CD6&8nd CD4(r>0.7, p<0.0001), but not
with the CTNNBInutation frequency (r<0.2)Table5-10). This is consistentith
these cytokines beingxpressed predominantly by immune cells, ineliwith a
recent limited immundistochemical study of the immune infiltrate in ACRena

Suck, Citlaltepelt et al. 2015)

To validate the presence of these cytokines in human,A@Rein lysates were
extracted from matched frozen samples of eight tumours. Multiplex ELISA against
L[ MBE[Yy>S L[ mMnX L [canfirried thebeRpressioy dt alllofiese but
IFNy Figureb-24).
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5.16.1Cystic fluid and inflammation

Cystic fluid has been shown to include inflammatory mediaf@ettorini, Inzitari et

al. 2010) Recent cytometric bead analysis of cytokines within cystic fluid has also
confirmed expression of many cytokines, including IL6, CXCL8 (IL8), IL1a, IL1b and
¢ b dDonsonApps et al. 2017We confirmed this using multiplex ELISA to reveal

the presence of IL6, IL8, IL18, IL1B, IFNy and TNF in the cystic fluid of 10 patients
from GOSHHigure5-24). This showed particularly high levels of IL6 #&I(median
3342pg/ml and 3927pg/ml respectively), comparable to those identified by

cytometric bead analysis.

Independentlymassspectroscopy analysis of human ACP fluid from six patients has
also recently been performed identifying the presencel6i poteins (Benedetta
Pettorini, personal communication). h€ most abundant ofthese were
apolipoprotiens (particularly APOA1 and APOAZ2). Other proteins identified
included; complement proteins, coagulation cascade proteins, immunoglobulins,
keratins (1, 2, 56A, 7,8, 10, 14,16, 17, 189) (Benedetta Pettorini, personal

communication).

To assess the origin of the proteins in cystic flgehe set enrichment analysis was
performed. Using the.CM RNA seq dataseighlighted that whilst some proteins
(e.g. keatins) were likely epithelial derived, overall the proteins were
predominantly expressed by the reactive tissue (NE®8, FDR<0.001)igure
5-25). When considering the WGCNA modules, this showed the black and magenta
modules vere most enriched for expression of genes. These results are consistent
with a mixed, tumour (particularly wet keratin associated) and reactive immune cell

origin of proteins within cystic fluid={gure5-25).

5.16.2The immune signaturef ACP suggests activation of inflammasomes

The upregulation of several IL1 family members (IL1A, IL1B, IL18) and their
presence in cystic fluid is suggestive of a relationship with inflammasuoetated
inflammation. Inflammasomes are innate immune regge complexes activated

through a range of danger signdfSuo, Callaway et al. 2019)he complexes, the
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most common of which is the NLRP3 inflammasome, result in activation ofsaspa
1, which in turn cleaves members of the IL1 family (particularly IL1b and IL18) to the
active form driving an inflammatory response. Targets include expression of other
inflammatory medators such as cytokines (including IL6, IL8, TédiEmokineqe.g.
CCL}, Cycleoxygenase (COX2) and inducible nitric oxide synthase (iNOS) as well
as other factors such as MMPs and VEBd&ifman, Rosengren et al. 2004, Lewis,

Varghese et al. 2006, Apte and Voronov 2008, Gubaway et al. 2015)

Analysis of the cytokines present ACPcystic fluid identified strong correlation
betweenL [ mi YR L[cX y YR ¢bC O6L[ ¢5 ™1 PHMI
r=0.96, p=1.41x18) (Figure5-26).

Activation of the inflammasome is associated with many diseases. Of Inuits,

e.g. in atherosclerosis, and cryla(e.g. in crystal arthropathies) are potent
activators of the inflammasome. Cholesterol clefts are not infrequently observed in
ACP tissue and negatively birefringent cholesterol crystals are a pathognomonic
feature of ACP fluidimmunohistochemistry folCD68 and CCL2 of a case with
cholesterol clefts highlighted a spatial relationship of inflammatory cells and
chemokines to lipid in ACPFigure5-26).

To further investigate the relationship between inflammasomes and, 8&SEA wa
LISNF2NXYSR O2y FANXYAY3I A0 SELINBaarzy 27F L[
dzaAy3 3ISyS asSia FTNRY OS¢t ¢ Odzft G dzNB SELJ
macrophages, chondrocytes or uterine mus@éncenti and Brirkerhoff 2001,

Chevillard, Derjuga et al. 2007, Jura, Wegrzyn et al. 2808)ii) enrichment of

genes expressed in atherosclerotarteries (NES=2.12, NES<0.0@%ulkava,

Raitoharju et al. 2017)This signature as significantly enriched within human ACP

tissue suggesting molecular analogies between the processes.

Activation of inflammasomes by cholesterol crystals requires additional

mechanisms, one of which is activation of the complement cas¢hdgnzima,

Halvorsen et al. 2017¥5ene set enrichment analysis had highlighted expression of

complement components in ACP tumours (NES=2.09, FDR<@@agidularly in the

reactive component compared witthe tumour epithela. All core canonical and
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non-canonical complement proteins have also separately been identified within
ACP cystic fluid (Benedetta Pettorini, personal communication). Other mechanisms
include through TLR4, which is also-ne@gulated in ACP tumours compatewith
controls (5fold) (Supplementaryrable2).

In addition to preinflammatory cytokines ardinflammatory cytokines were also
identified, particularlylL1Q whose expression correlateditiw the immune cell
infiltrate (Table5-10.h § KSNA X S®3d ¢DCi F LIISIENI G2 o685

tumour (section5.13.5.

Together these results also highlight the complex local immune environment with
the presence of both pronflammatory (e.g.TNF, IL18, IL1A, B)land anti

inflammatory (e.gIL10Q mediators.
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Table5-10: Corelation ofexpression of tumour upregulated cytokines of the magenta moduleith CTNNBInutation allele frequencies and immune

cell markers
Correlation with
Gene Differential CTNNB1 mut allele Correlation with Correlation with Correlation with
Symbol | expression results freq Correlation with CD14 CcD68 CD3E Correlation with CD4, CD8A
log2FC Pad r p r p R p r p r p r p
ILLA | 4.180456| 2.99E11 | 0.457088| 0.024732| 0.728229| 5.48E05 | 0.831374| 4.84E07 | 0.684772| 0.000223| 0.809621| 1.65E06 | 0.018407| 0.931968
ILAB | 2.814562| 0.004409| -0.10557| 0.623476| 0.851123| 1.36E07 | 0.72189 | 6.83E05 | 0.676671| 0.000283| 0.775218| 8.63E06 | 0.372277| 0.073222
IL10 | 4.071387| 1.04E07 | 0.148307| 0.489185 0.90128| 1.88E09 | 0.863031| 5.74E08 | 0.784304| 5.74E06 | 0.878822| 1.61E08 | 0.365705| 0.07885
IL16 | 1.837601| 0.001424| -0.25213| 0.234619| 0.934398| 2.46E11 | 0.846896| 1.81E07 | 0.810102| 1.61E06 | 0.91506| 3.85E10 | 0.520537| 0.009113
IL18 | 3.893901| 1.35E07 | 0.101299| 0.637653| 0.91319| 4.85E10 | 0.920587| 1.88E10 | 0.844334| 2.14E07 | 0.908365| 8.59E10 | 0.398997| 0.053432
IL32 | 1.324885| 0.012781| -0.09127| 0.671446| 0.794491] 3.55E06 | 0.776968| 7.99E06 | 0.751461| 2.31E05 | 0.854753| 1.05E07 | 0.448074| 0.028104
CCL2 | 4.043857| 8.42E11 | 0.202457| 0.342742| 0.814754| 1.25E06 | 0.838249| 3.17E07 | 0.760925| 1.58E05 | 0.882254| 1.19E08 | 0.248567| 0.241513
CCL3 | 3.218444| 0.000257| -0.03584 | 0.867962| 0.89264| 4.55E09 | 0.811135| 1.52E06 | 0.72607 | 5.91F05 | 0.816726| 1.13E06 | 0.43621 | 0.033092
CCL4 | 2.919365| 0.000948| -0.0818 | 0.703952| 0.875707| 2.10E08 | 0.763637| 1.41E05 | 0.686265| 0.000213| 0.78354| 5.95E06 | 0.442284| 0.030457
CCL5 | 1.326884| 0.096813| -0.06848| 0.750527| 0.886379 8.23E09 | 0.835729| 3.71E07 | 0.928813| 5.88E11 | 0.865809 4.65E08 | 0.654354| 0.000523
CCL8 | 2.715066| 0.001207| 0.084345| 0.695172| 0.82913| 5.54E07 | 0.783256| 6.02E06 | 0.724543| 6.23E05 | 0.782659| 6.19E06 | 0.434666| 0.03379
CCL20 | 3.66574 | 4.26E05 | 0.222122| 0.296862| 0.834656| 3.96E07 | 0.855468| 9.99E08 | 0.701466| 0.000134| 0.844602| 2.10E07 | 0.241146| 0.25631
TNF | 3.380521] 1.69E05 | 0.01929 | 0.928715| 0.804407| 2.17E06 | 0.772626| 9.67E06 | 0.701721| 0.000133| 0.791097| 4.18E06 | 0.310326| 0.139986




Figure5-24: The immune environment of ACR) Enrichment ploshowing enrichment of

magenta module with gene signature of microglia b) Immbirsgtochemistry of case JA029

showing variable infiltrate of CD68, CD3, CD4 and CD68 positive cells. ¢) CD79 positive cells
within reactive tissue of a case of ACP. d) Corimtadf IL18, IL1B and IL10 expression with

CD14 expression. e) Detection of cytokines in solid tumour lysates, results adjusted to total
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Figure5-25: Proteins in cystic fluid derive from tumour epithelia and reactive tissu®
GSEA plot showing that cystic fluid protein genes are overall expresses highlyin the
reactive tissue rather than tumour. B) Barcodetplshowing that cystic fluid proteins are
expressed within the black module (associated with wet keratin) and magenta module

(inflammatory infiltrate).
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Figure5-26: Inflammasome activation underlies irdimmation in ACPa) Correlation
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5.17 Chapter summary/Discussion

The expression analyses presented in this chapter significantly advance our
understanding of the molecular profiles of ACP. They highlight a complex
transcriptional landscape, which reflects the underlyingdlsgy and a complex
autocrine and paracrine signalling network between various tumour, glial and

immune cell types.

The expression and activation of many of the genes and pathways identified by
these analyses are consistent with the published literatared/or have been
confirmed by immunohistochemistry, or by independent experiments within the
group. In addition novel ACP genés.g. BCL11B genes and pathways (e.g.

ectodysplasin) have been identified and validated by immunohistochemistry.
Returning tothe specific scientific questions highlighted on pdg2

5.17.1Are there distinct biological subtypes of ACP?

Whilst clustering analyses initially suggested two subgroups, further analysis
suggested that this related to sampling apposed to true biological subgroups.
These results highlight the challenges of such clustering analyses in small sample

cohorts, and the caution required in interpretation of results.

Despite this negative result, ACPs remain clinically heterogentmosurs, both in
their clinical course but also in histology. Dissecting the molecular basis of this is
likely to require larger cohorts, and accurate integration of clinical and histological

features.

5.17.2What biological pathways are active within human ACP?

The results highlight a number of pathways active within ACP and a complex pattern
of autocrine and paracrine signalling. Activation of an inflammasoradiated
response is pparent within the tumour micrenvironment and activation of a

senescent phenotye amongst ACP clusters.
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5.17.3Can this inform about therigin of tumours?

In this chapterthe molecular relationship of ACP with tooth development has also
begun to be unravelled, particularly the similarities with amelogenesth clusters

closely resembtig the enamel knot, a critical signalling centre of the developing
tooth. The developing pituitary shares an oral ectoderm origin with enamel
epithelium and these results would be consistent with both theories of origin, that
either pituitary precursor cés have been diverted down an ameloblast lineage
differentiation programme, or that tumours derive from enamel rests. The cell of

origin is further addressed in Chapter 6, with relation to the murine ACP models.

5.17.4What therapeutically targetable pathway® active within ACP?

This analysis has identified several therapeutically targetable pathways. These will
be considered in more detail in later chapters and in the discussion. Briefly, of the
paracrine signalling pathways, the sonic hedgehog pathway itongare in clinical

use for other malignancies and will be discussed furth&@hapter8. The FGFR and
MAPK pathways are targetable by a number of agents, the most advanced of which
are MEK inhibitors, for which favourable responses are seen in othediptiic

brain tumours(Zhao and Adjei 2014)The EDAR pathway is also therapeutically
attractive due to its less pleiotropic activities. WNT, TGFb and [gitiRvays have

not been successfully targeted clinically to date, but remain of interest

therapeutically.

In addition to targeting the paracrine signalling pathways, interrogation of the
immune microenvironment suggests several novel therapeutic appresch
Specificallyd F NBSGAyYy3a 2F GKS L[wmi 3 odzi Ff az
mediators, e.g. IL6, TNFa, complement. Findhlg work in this thesis supports
work by others of a role of senescence and SASP in driving tumourigenesis and
there is considrable interest in developing targeted therapies to eliminate

senescent cells.
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Chapter 6 Characterising the mouse models of ACP
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6.1 Introduction

In Chapter 3the noninear growth dynamics dflesxt™®*=Ctnnb1>*®>* mice were
revealed by serial MRI imang. Dr Mario Gonzale¥leljem, using lineage tracing,
has shown the noitell autonomous origin of tumour cells in the pestpansion
and latestage tumours (Figure 1-2), but the cell of origin and exact signalling
mechanisms underlyinthis have not been elucidatedn this chapter | use RNA
sequencing oHesx £ Ctnnb1>*®3™ pituitaries and tumours at various stages of

development to explore and address:

1 The temporal dynamics of gene expression across tunstages,
including of specific pathways explored in human ACP in Chapter 5.

1 The relationship of murine ACP to odontogenesis.
The cellular phenotype and cell of origin of late stage tumours.

1 Whether murine ACP clusters exhibit a transcriptional signature of
cellular senescence.

1 The relationship of murine clusters and tumours with human ACP

clusters and tumours.
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6.2 Samples andatasets

Hesx£™®*Ctnnb1™®3"* pituitaries were collected at birth (P1), at humane end

point (late stage tumours) and at midagjes (9.9 & 13.4 weeks) referred to \Hge-
expansio2meaning macroscopically enlarged but without any discrete lesiom(as i
Figurel-2and Figure3-3), or \Host-expansiof where therewas enlargement of a

defined area, but pituitary tissue could still be identified macroscopically. In
addition Ctnnb1°X®3"™* mice, functionally wildype due to the lack of Cre
recombinase expression, adult and P1 pituiarivere collected as contro($able

6-1). Of note methodologically, the small size of the Phgkes required them to be

extracted by the Qiagen RNeasy migit rather than the minkit, and the low RNA

yield@ly yyIk>f 0 NBIdZANBR YL AFTAOFIGA2Y LINR 2

In addition to the samples of wildtype andesxf™*Ctnnb1®3* pituitaries,
further samples of late stage tumours froResx£™®*Ctnnb1*©*Trp53M mice
were also included in this study. These were provided by Dr Mario GoRrzalez
Meljem, who had recently demonstrated using lineage tracing that, in contrast to
the Hesx£®*:Ctnnb1°*®3* tumours, tumours in the p58eficient mice developed

in a cellautonomous manner (M. Gonzaldteljem, personal communication).

The expression microarray profile of clusters in E188Sx£™"Ctnnb1X®3* mice

has previously beepublished and | further analyd¢his dataset to gain insight into
the processes and signalling pathwapsidoniadou, GastoiVlassuet et al. 2012)
Separately another PhD student, Scott Haston, had performeddei§édencing on
flow cytometry separated adult pituitary stem cells with and without activation of
2y 023SyA0 i Ol (i SSOREFERTHGtnnEIt S Rioda 28R ard S
Sox2"ERT2HRosa26™"* cells respectively). This dataset is also analysed and

interrogated.
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Table6-1: Samples undergoing RNA sequencing.

Sample| Sequencing Genotype Sample Age Extraction/
Name ID Amplification
WTP1.1] WT1P0.1 Ctnnb1ox@Ex3)* Wildtype pituitary P1 Micro/Yes
WTP1.2] WT1P0.2 Ctnnb1oxEx3* Wildtype pituitary P1 Micro/Yes
WTP1.3] WT1P0.3 Ctnnb1ox©x3)* Wildtype pituitary P1 Micro/Yes
WTP14l WT1P0.4 CtnnbJox©x3)+ Wildtype pituitary P1 Micro/Yes
PTP1.1] MP0.1 | HesxE™*Ctnnb1*®3)™* | pretumoural pituitary P1 Micro/Yes
PTP1.2| MP0.2 | HesxE™*Ctnnb1>®3)* | pretumoural pituitary P1 Micro/Yes
PTP1.3 MPO.3 HesxEe™ CtnnbI°*®3* [ pretumoural pituitary P1 Micro/Yes
WT1 WT1 Ctnnb1ox@ex3)* Normal pituitary 9.1 weeks Mini/No
WT2 WT2 Ctnnb1ox@ex3)* Normal pituitary 9.1 weks Mini/No
WT3 WT4 Ctnnb1ox@ex3)* Normal pituitary 9.1 weeks Mini/No
10.5.1 HesxFre™* Ctnnh1oxEx3)+ Late stage tumour | 11.1weeks Mini/No
LST1
10.5T HesxEe™"Ctnnb1oX®3)* | | ate stage tumour | 12.6weeks|  Mini/No
LST2
2.3T Hesxfte™"Ctnnb1X®3)* | | ate stage tumour | 40.7weeks|  Mini/No
LST3
3.2.2.T2 | Hesxf®*Ctnnb1oX®3* | | ate stage tumour | 12.4weeks Mini/No
LST4
75T Hesxt™* Ctnnb1ox®3)* | ate stage tumour | 14weeks Mini/No
LST5
B429T | HesxE'®*Ctnnb1°X®3)*| [ ate stage tumour | 22.7weeks Mini/No
LST6
J13.2.1 | Hesx®®*Ctnnb1ox®3)* I [ ate stage tumour | 12.9weeks Mini/No
LST7
LST8 | J3.3.3.FD | Hesxt™®*Ctnnb1x®3)* | [ate stage tumour | 17.7weeks|  Mini/No
PreExp J1 HesxEre™ Ctnnb1oxex3)+ aARAaGlF3aS| 9.9 weeks Mini/No
1 expansiold
pituitary
PreExp J2 HesxEe™ Ctnnb1ox@3)+ aARadl3aS| 9.9 weeks Mini/No
2 SELJI y&AZ
pituitary
PreExp J5 Hesxte" Ctnnb1ox©xs)+ aARadl3S|13.4weeks Mini/No
3 SELI yah2
pituitary y
PostExp J3 Hesx £ Ctnnb1oxEx3)+ & bst expansioré 9.9 weeks|  Mini/No
1 pituitary.
2mm lesion
PostExp Ja Hesx £ Ctnnb1oxEx3)+ dPost expansiod 13.4weeks| Mini/No
2 pituitary
2mm lesion, bigger
PostExp J6 Hesx £ Ctnnb1oxex3)+ dPost-expansio 13.4weeks| Mini/No
3 pituitary
3.5mm lesion
LST M1 HesxFre™ Ctnnb1oxexs) Mutant tumour 44.7 weeks|  Mini/No
p53.1 Tp53 without p53
LST M2 HesxE'" Ctnnb1X@3) Mutant tumour 37.7 weeks,  Mini/No
p53.2 Tp53" without p53
LST M3 HesxE'"™, Ctnnb 1@ Mutant tumour 44.4 weeks|  Mini/No
p53.3 Tp53" without p53
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Midstage pituitary with| 18 weeks

Mini/No

MSR P1 HesxFre™ Ctnnb1oxex3)

p53.1 Tp53"™ single copy of p53

MSPR P2 Hesxt®* Ctnnb1x®<)* | Midstage pituitary with| 18 weeks Mini/No
p53.2 Tp53"™ single copy of p53

MSR P3 HesxE®™ Ctnnb 1@ | Midstage pituitary with| 19 weeks Mini/No
p53.3 Tp53™ single copy of p53
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6.3 Overall distribution of samples

Initial analysis of all samples by Principle Component Analysis and Clustering
highlighted separation oP1 samplesHigure6-1). As these had undergone RNA
amplification and therefore changes may reflect technical biagegy are
thereafter considered separately. In additiothis analysisshowed a complex
relationship between othesamples which will be dissected and discussed further

below.

Initial analysis focused on samples froresxt™*Ctnnb1>*®©3* mice where

pairwise analyses were performed between:

1 P1 mutant vs wildtype pituitaries
T Hesxt™*Ctnnb1>*®3* |ate stag tumours vs wildtype pituitaries

1 Postexpansion vs prexpansion pituitaries

As per the human analysedifferential expression analysis was performed using
DESeq2. To functionally assess the resultant differentially expressed gene lists
performed geneontology enrichment using GOseq and gene set enrichment
analysis using the Hallmark gene sets. Where pathways of interest were identified
they were further analysed by interrogating genes of interest and validating

expression using immunostaining.

Below are described the reults of these pairwise analysefllowed by more
integrated analysigoringing together the results of several of these and exploring
patterns acros the sample sets using WGCIRAIl results of the pairwise analyses

are presented irBupplementary dble 4.
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Figure6-1: Principd component analysis (PCA) anderarchical Qustering of expression
signatures of all murine samps undergoing RNA sequencin§lote how on PCA
(highlighted wih circle) and clustering that P1 samples group separately. Other samples
show a complex relationship which will béessectedin following sections and figures. Key
to samples inrable6-1.
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6.3.1 P1 pretumouralHex1°¢*Ctnnb®3"ys WT pituitaries

Clustering analysis confirmed separation of WT a&ebx£™*Ctnnb1>*®3"* p1
pituitaries Figure6-2). Differential expression analysis identified 1472 genes up
regulated and 1323 geesdown-regulatedin mutants P1) compared withcontrol
(adjusted pvalue <0.1). The most upregulated genes in mutants were
4921525009Rik (40 fold poorly characterised RNA, Dkk4 (27 fold), dickkopf WNT
signalling pathway inhibitor 4, witRgf20(17 fold), Fgf3(13 fold),Fgf4(10 fold) and
Shh(10 fold) also among #20 most ugregulated genesThese genes are known

to be highly expressed in human tumours and murine ACP clugsedoniadou,

GastonMassuet etal. 2012)

The mostdown-regulated genes were pituitary hormones, growth hormon@Hj

and thyroid stimulating hormonélchh (10.5 and 10.1 fold respectively), consistent
with pituitary differentiation defects and the growth hormone deficient phenotype
of mice as previously describé@GastonMassuet, Andoniadou et al. 201G ene
ontology enrichment analysis identified enrichment of over 500 gene ontologies in
tumours. These included a range of processes inclgdmany relating to
developmental praesses (Supplementanalile 4).To further refine the specific
pathways activated in the expression signature of mutant pituitaries, gene set
enrichment analysis (GSEA) was performed using the hallmark gene sets from the
Broad Institute. Of these 50 gene sg?f were enriched with a false discovery rate
<0.25 Table 6-3). Of note there was enrichment of the WNT and SHH signalling
within the mutant pituitary (NES =1.90, 1.88 respeely, FDR<0.001). The most
enriched gene set in mutant pituitaries was for an epithelial to mesenchymal (EMT)

transition signature within the mutant pituitaries.

Angiogenesis was also enriched (NES=2.01,-BDR%), consistent with the influx

of endamucin positive cells observed at this stage.
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Figure6-2: Analysis of PHesxE™®*Ctnnb1°X(ex3)* pre-tumoural pituitaries compared

with p1 WT pituitaries.a) PCA and hierarchical clustering showiegasation of mutant

and WT pituitaries b) GSEA showing enrichment of gene signatures of EMT, angiogenesis,
WNT and HH signalling withitesx £, Ctnnb1°x(x3*pre-tumoural pituitaries
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Table6-2: Top15 most upregulated genes in P1 mutant pituitaries compared with

controls.
Gene Symbol Fold Change Adjusted pvalue
(log2)

4921525009Rik 5.306164 2.25E48
Dkk4 4.780541 1.32E38
Fgf20 4.094317 2.81E23
Cdx1 4.064522 1.74E24
Fof3 3.774897 1.79E19
Zfp385¢ 3.732687 5.69E30
Fgf4 3.703927 1.42E19
Notum 3.435146 1.22E53
Foxa2 3.39915 1.89E21
Pglyrpl 3.362144 6.22E23
Shh 3.360002 1.54E20
S100a14 3.303215 3.43E34
Col9al 2.980082 5.78E41
S100a6 2.978218 5.60E43
Fndcl 2.951818 7.70E30

Table 6-3: 20 Hallmark gene sets enriched in mutant pituitarieé/here FDR=0.000, this

indicates level <0.001.

Normalised False

Gene set Size Erichment disocvery

Score (NES)| rate (FDR)
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANY{ 191 2.36 0.000
HALLMARK_ANGIOGENESIS 33 201 0.000
HALLMARK_APICAL_SURFACE 44 1.95 0.000
HALLMARK_APICAL_JUNCTION 191 1.94 0.000
HALLMARK_WNT_BETA_CATENIN_SIGNALIN¢ 41 1.90 0.000
HAILMARK_HEDGEHOG_SIGNALING 35 1.88 0.000
HALLMARK_NOTCH_SIGNALING 31 1.87 0.000
HALLMARK_COAGULATION 131 1.79 0.001
HALLMARK_ESTROGEN_RESPONSE_EARL) 195 1.74 0.003
HALLMARK_XENOBIOTIC_METABOLISM 184 1.70 0.004
HALLMARK_ESTROGEN_RESPONSE_LATE| 190 1.69 0.004
HALLMARK_IL6_JAK_STAT3_SIGNALING 85 1.67 0.004
HALLMARK_UV_RESPONSE_DN 141 161 0.006
HALLMARK_P53 PATHWAY 193 1.60 0.007
HALLMARK_MYOGENESIS 197 1.59 0.007
HALLMARK_KRAS_SIGNALING_DN 182 1.58 0.007
HALLMARK_FATTY_ACID_METABOLISM 146 1.57 0.007
HALLMARK_TGF_BETA_SIGNALING 54 1.57 0.007
HALLMARK_KRAS_SIGNALING_UP 190 151 0.013
HALLMARK_INFLAMMATORY_RESPONSE | 194 1.45 0.023
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http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_ANGIOGENESIS
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_APICAL_SURFACE
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_APICAL_JUNCTION
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_WNT_BETA_CATENIN_SIGNALING
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_HEDGEHOG_SIGNALING
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_NOTCH_SIGNALING
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_COAGULATION
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_ESTROGEN_RESPONSE_EARLY
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_XENOBIOTIC_METABOLISM
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_ESTROGEN_RESPONSE_LATE
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_IL6_JAK_STAT3_SIGNALING
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_UV_RESPONSE_DN
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_P53_PATHWAY
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_MYOGENESIS
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_KRAS_SIGNALING_DN
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_FATTY_ACID_METABOLISM
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_TGF_BETA_SIGNALING
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_KRAS_SIGNALING_UP
http://www.broadinstitute.org/gsea/msigdb/cards/HALLMARK_INFLAMMATORY_RESPONSE

6.3.2 Postexpansion vs PrexpansiorHesx £ Ctnnb®© pituitaries

Next pre and post expansion miestage pituitares were compared. PCA and
Qustering suggested that sample J4 overall grouped more closely with pre
expansion pituitaries than post expansion pituitarigsigre 6-3). | therefore
removed sample J4 and performed differential eegsion between the remaining
samples. This identified 5322 genesnggulated and 5023 genaetown-regulated

in postexpansion samples. The most overexpressed geneDepp(1335 fold)
encoding Dentin sialophosphoprotein, which as discussedhapter5 isexpressed
within odontoblasts. Other genes expressed by odontoblasts were also markedly
up-regulated includingbsp (bone sialoprotein 384 fold),Sp7(Osterix 166 fold),
Dmpl(dentin matrix protein, 164 foldBglap(osteocalcin39 fold),Runx2(12 fdd).

Inspecting the expression dbsppand lbsp across all samples demonstrated
upregulation ofDsppin post expansion pituitaries but not late stage tumours
suggesting that expression is transient for this stagegyre 6-3). Sample J4
exhibited intermediate epression between pre and poséxpansion stages

consistent, consistent with an intermediate stagetomourigenesis.

Gene set expression analysis identified enrichment of 36/50 of the Hallmark gene
sets Figure 6-3, Table 6-5: Hallmark gene sets enriched in post expansion
Hesxt®* Ctnnb1*®3*  pituitaries. Table 6-5). These are similar to those
subsequently identified comparingtiastage tumours wittwild type pituitaries, the

significance of which will be discussed in secta® 3
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Figure6-3: Post vs pre- expansion mid stagélesx£®*;Ctnnb 193 pituitaries. a)

Principal Component Analysis and Hierarchical Clustering showing separation angre
post- expansion pituitaries with sample PostExp2/J4 at intermediate stage. b) Normalised
expression values ddsppand lbspacros tumour stages.
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Table6-4: Top 15 upregulated geres in postexpansion compared wittpre-expansion
HesxFe Ctnnb1o¥©3)* pituitaries.

Gene Symbol Fold Change | Adjusted p
(log2) value

Dspp 10.38293 3.76E112
Lrrcl5 8.586415 1.14E37
lbsp 8.327409 2.53E24
Panx3 8.175649 2.25E27
Hoxd9 8.013229 5.80E121
Prdm6 7.907269 1.75E129
Hoxd8 7.744906 1.66E119
Dkk1 7.721082 6.65E36
Apela 7.653791 2.9E61
Sp7 7.377877 1.49E46
Prss35 7.370249 7.51E35
Dmpl 7.362322 1.54E45
Ifitm5 7.297831 1.02E29
Hoxd4 7.294897 1.4E46

Prph 7.282815 3.92E115
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Table6-5: Hallmark gene sets enriched in post expansibiesxE*;Ctnnb10x(ex3)/*

pituitaries.
Normalised False disocvery
Gene set Size | Erichment Scorg rate (FDR)
(NES)
HALLMARK _MYC TARGETS Vi1 197 2.69 0.000
HALLMARK _E2F TARGETS 194 2.54 0.000
HALLMARK_EPITHELIAL_MESENCHYMAL_TRAN 191 2.46 0.000
HALLMARK_ _G2M_CHECKPOINT 194 241 0.000
HALLMARK _MYC _TARGETS V2 58 2.24 0.000
HALLMARK_TGF_BETA SIGNALING 54 2.22 0.000
HALLMARK_WNT_BETA CATENIN_SIGNALIN 41 1.99 0.000
HALLMARK_MITOTIC_SPINDLE 196 1.90 0.000
HALLMARK_TNFA_SIGMWG VIA_NFKB 195 1.87 0.000
HALLMARK_APICAL_JUNCTION 190 1.81 0.000
HALLMARK MGIOGENESIS 35 1.79 0.000
HALLMARK_ COAGULATION 123 1.70 0.002
HALLMARK ILZTAT5 SIGNALING 190 1.69 0.002
HALLMARK_APOPTOSIS 155 1.66 0.003
HALLMARK_MYOGENESIS 196 1.59 0.007
HALLMARK P53 PATHWAY 193 1.56 0.010
HALLMARK IL6 JAK_STATEANALING 84 1.56 0.010
HALLMARK _UV_RESPONSE_DN 141 1.52 0.017
HALLMARK_HYPOXIA 192 1.48 0.024
HALLMARK _MTORC1_SIGNALING 193 1.45 0.029
HALLMARK_ADIPOGENESIS 193 1.44 0.033
HALLMARK _NOTCH_SIGNALING 31 1.44 0.032
HALLMARK_ OXIDATIVE_PHOSPHORYLATI] 192 1.43 0.031
HALLMARK _ESTROGEN_RESPONSE_EAR| 194 1.40 0.041
HALLMARK_DNA_REPAIR 139 1.39 0.042
HALLMARK CHOLESTEROL HOMEOSTAS| 67 1.37 0.053
HALLMARK _ INFLAMMATORY_RESPONSE| 194 1.36 0.056
HALLMARK_ GLYCOLYSIS 192 1.35 0.055
HALLMARK_COMPLEMENT 177 1.34 0.058
HALLMARK_ANDROGEN_RESPONSE 95 1.33 0.065
HALLMARK_UV_RESPONSE_UP 150 1.24 0.142
HALLMARK_ALLOGRAFT_REJECTION 180 1.24 0.139
HALLMARK_UNFOLDED PROTEIN_RESPON 112 1.23 0.145
HALLMARK_ PI3K_AKT _MTOR_SIGNALING| 102 1.19 0.183
HALLMARK_HEME_NMBOLISM 181 1.19 0.187
HALLMARK_KRAS_ SIGNALING_UP 190 1.17 0.198
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6.3.3 Late stagélesxt®"Ctnnb*®3* tumours vs wildype adult

pituitaries

Next, late stage tumours and wittype adult pituitaries were compared. Clustering
revealed that the majaty of tumours separated from controls with the exception
of LST2/10.5THgure 6-4). Review of histology of this sample revealed that in
addition to tumour tissue neighbouring normal brain had also been collected.
Similarly it was later shown that WT1 expression pattern resembled that seen in
postexpansionHesx£™®*Ctnnb1>*®©3"* pituitaries (despite review of genotyping
confirming WT expression) and therefore this vedsoexcluded ¢eeSection6.3.4).
Differential expression was therefore performed between the remaining seven

tumours and two wild type pituitaries.

This identified 4565 genes upgulated and 458%lown-regulatedin the murine
ACP tumours. The most upgulated genes are shovn Table6-6. The norcoding
RNA Fendrr was the most upegulated in tumours (765 fold).The
notochord/chordoma marker Brachyury) was the third most ugegulated gene
(510 fold) Figure 6-4b). Smco2was the mostdown-regulated (265 fold) whilst
Growth hormone Gh)was the ninth mostiown-regulated(159 fold).

Ontology enrichment of the top 1000 wpegulated genes identified enrichment of
developmental processes, including terms specific to many or@@gsskin, teeth,
heart, kidney, muscle, pancreas) (Supplementaaple4). Gene set enrichment
identified upregulation of 37 hallmark gene sets in tumours of which EMT, MYC,

E2F, TGFB and WNT signalling were the mosegplated Table6-7).

The high expression of EMT gene sets suggest these tumours exhibit a
predominantly mesenchymal phenotype, possibly indicating a mesenchymal cell of
origin. The enrichment of MYE2F targets, G2M checkpointitatic spindle gene

sets may réect the proliferative nature of late stage tumosir

Further visual inspection of the genes-tggulated within the tumours compared

with WT controls identified genes including FGFs (eg#4 110 fold), BMPs (e.g.
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Bmp4 55 fold), TGFB (e.ggfbl, 10 fold), and the germ cell tumour and
hepatoblastoma markeAfp (Alpha feteprotein, 150 fold) (Figure6-4b).
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Figure6-4: Late stageHesxE™+Ctnnb1°X(®3)*tumours .a)PCA and krarchical clustering
showing separation of late stage and WT tumours. Outliers LST2 and WT1 are highlighted
and were not included in differential expression analysis. b) Normalised expression values
of Tand Afpacross tumour stages. ¢c) GSEA plots shoem@ghment of signatures of EMT,
Myc, TGFb and Wrdignalling in tumours compared withild-type pituitaries.
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Table6-6: 15 most upregulated genes ifate stageHesxf™®*;Ctnnb1°*©3"* tumours
compared with controls.

Gene Symbol Fold Change Adjusted p
(log2) value
Fendrr 9.580897 1.02E47
Gbx2 9.317008 1.18E74
T 8.994956 1.02E109
R3hdml 8.820336 5.77E55
Thx4 8.788391 9.97E107
Wifl 8.742061 3.13E257
Hoxd3 8.731874 3.33E18
Hoxd9 8.688136 3.45E52
Notum 8.65695 2.00E281
Foxa2 8.604187 7.25E48
Camkv 8.557676 1.85E71
Adra2a 8.529267 1.77E89
Slc35f2 8.486406 1.45E53
lgfnl 8.481606 2.84E30
Tnnt2 8.423523 6.02E26
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Table6-7: 37 Hallmark gene sets upegulated in late stageHesx£®*;Ctnnl1ox(ex3)+

tumours compared withwild-type adult pituitaries.

Normalised dingcljlee
Gene set Size Erichment rate Y
Score (NES (FDR)
HALLMARK_EPITHELIAL_MESENCHYMAL_TRA 191 2.612846 0.000
HALLMARK_MYC_TARGETS V1 197 2.343957 0.000
HALLMARK_ E2F TARGETS 194 2.342108 0.000
HALLMARK_TGF_BETA_ SIGNALING 54 2.235166 0.000
HALLMARK _WNT_BETA_CATENIN_SIGNALI 41 2.200653 0.000
HALLMARK G2M_CHECKPOINT 193 2.185311 0.000
HALLMARK_APICALNGTION 191 2.04943 0.000
HALLMARK_MITOTIC_SPINDLE 197 2.014696 0.000
HALLMARK_COAGULATION 127 1.987355 0.000
HALLMARK_MYOGENESIS 196 1.964852 0.000
HALLMARK_MYC_TARGETS V2 58 1.941042 0.000
HALLMARK_ANGIOGENESIS 35 1.929029 0.000
HALLMARK_NOTCH_SIGING 31 1.913098 0.000
HALLMARK _UV_RESPONSE DN 141 1.812816 | 5.99E04
HALLMARK IL6 JAK_STAT3_SIGNALING 84 1.799928 | 5.59E04
HALLMARK_ P53 PATHWAY 193 1.793195 | 5.25E04
HALLMARK_TNFA_SIGNALING_VIA NFKE 195 1.780684 | 5.91E04
HALLMARK IL2_ STAT5_ SIGNALING 189 1.774185 | 5.58E04
HALLMARK_APOPTOSIS 155 1.768525 | 5.29E04
HALLMARK_APICAL_SURFACE 44 1.734614 | 8.94E04
HALLMARK _COMPLEMENT 178 1.545644 | 0.009134
HALLMARK_ HYPOXIA 192 1.538911 | 0.00955
HALLMARK_ADIPOGENESIS 193 1.341692 | 0.061569
HALLMARK_GLYCOLYSIS 192 1.286769 | 0.096111
HALLMARK_UV_RESPONSE_UP 150 1.236009 | 0.131886
HALLMARK_HEME_METABOLISM 183 1.226492 | 0.137333
HALLMARK_KRAS SIGNALING_UP 190 1.219113 | 0.140897
HALLMARK_MTORC1_SIGNALING 193 1.146634 | 0.227027
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6.3.4 Weighted gene correlation networkalysis reveals patterns of

expression across samples
CKS LI ANBPAEAS ylFfeasSa RSY2YyaididNIGSR SyNRO
EMT pathway activation in post expansion pituitaries and late stage tumours
suggesting common mechanisms bebtme stages b tumour development and
consistent withthe progressive increases in expression of specific g€Riggire
6-4). However analysis of a limited number of genes, égpp also exhibited non

linear patterns of expression during mour growth, with peaks at the post

expansionstage(Figure6-3).

To explore these patterns of expression across the samples at different stages
performed WGCNA of the witype adult pituitaries, preexpansion, posexpansion

and late stageHesxE™®*Ctnnb1>*®3* samples Initial analysis highlighted 10.5T

as an outlier and so this was not included in the analysis. From the remaining 16
samplesthe 5000 most variably expressed genes were selected and 9 patterns of

gene expressiondentified (Table6-8, Figure6-5).

Of particular note, the brown module genes were shahighly expressed by

tumours andhere was moderate expression of the two post expansptuitaries
PostExp1/J3 and PostExp3/J6, andpsisingly of 1 adult WT (WTL1)dhce its

exclusion in differential expression in sectiér3.3. This module included 704

genes which were enriched from developmental pathwaysing gprofiler, to

analyse the 500 genes with the highest module membership score for the brown
moduleg also identified enchment of KEGG pathways in cancer, Wnt signalling,

l ALJI2 aA3dylrttAy3aE ¢DCI aAdyrttAy3 yR LI
module included. YLIn X . YLJ X C3,Fam weall aLseveralvol their D Ci
receptors Egfrl,2,3, Bmpr2)As expected frontheir expression pattern discussed

in 6.3.3 T andAfpwere also in this module.

The green module genes were also identified as highly expressed in the tumours,
particularly a subset. This module was enriched for cell cyclesrstgenes. This is
consistent with variable proliferation, as evidenced by Ki67 stairobgerved in

late stage tumours.
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The pink module of 91 genes identified genes with an expression pattern matching
that of Dsppand Ibsp high in post expansiopituitaries, but not tumours. This
module was most highly enriched for genes relating to odontogenesis, including
specifically of dentircontaining teeth, ossification and idemineral tissue
development.l discuss the potential significance of this later in sectiofwith

relation to murine ACP and odontogenesis.

The remaining modules included genes predominantly expressed within the pre
expansion and wildype pituitaries. These modules are enriched for varying
biological processes anstructures. The turquoise module included pituitary
hormone and was enriched for neuron and endocrine organ development)line

for synaptic signallingThe red module was enriched from keratins and skin
development genes and the yellow for cilia andcratubules. Of note the black
module included genes highly expressed in @xpansionand WT pituitaries and
lowly expressed in tumours relate to lipid catabolism genes. It is tempting to
hypothesize that low expression of such genes could relate to poorariearof
lipids and accumulation of cysts within tumours, however this would require further

examination.

As with the human WGCNA analysie grey module includes remaining genes, a

subset of which includes sex determining genes sucKists
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Table6-8: WGCNA identifid nine patterns of gene expressian

Module No. Expression pattern Gene Ontology Genes of
Genes Enrichment Interest
Brown 704 High expression in tumours| Developmental processe{ T (brachyury)
medium expression in post| Pathways in Cancer, WN  Afp, Ret
expansio pituitaries signalling, Hippo Bmp4,7, Tdf,
Signalling, TGFB Fgfil
Proteoglycans in cancer
Green 435 High expression in tumours Cellcycle/Mitosis
medium expression in post
expansion pituitaries
Pink 91 High expression in post Odontogenesis Dspp, Msx2,
expansion pituitaries ossification Sp6, Sp7,
PostExpl & 3 Fgf3, Fgf4,
DIx2, Osrl
Turquoise | 1585 High expression in WT and  Neuron differntiation Pituitary
pre-expansion pituitaries Synaptidransport hormones
Endocrine organ
development
Blue 1316 | High or low expression in W Synaptic signalling
and preexpansion pituitaries
Yellow 459 | Mostly high expression in W|  Cilia and microtubules
and preexpansion pituitaries
Black 143 | Mostly high expression in W Lipid breakdown IncludesGFAP,
and preexpansion pituitaries
Red 212 Highest in preexpansion Skin development Many keratins|
pituitaries keratinisation
Grey 55 Variable expression Includes sex
clusters based onex genes e.g
Xist.
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Figure6-5;. Weighted gene caxpression network analysis of

Hesx1Cre/+;Ctnnbllox(ex3)/+ samples. MDS plot highlighting expression patterns of

5000 most variably expressed genes. Genesatrelled by their module colour. Expression

heatmaps of b) brown, c) green, d) pink modules.
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Figure6-6: Heatmaps of remaining WGCNA modules.
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6.4 Murine ACP and odontogenesis

Results presented in@apter 5 hghlight the relationship between human ACP and
odontogenesis, specifically the activation of an inner enamel epithelium and
ameloblast gene signatures within human ACP and molecular similarities between

the enamel knot and human ACP clusters.

Analysisof murine ACP had highlighted expression of odontoblast genes in post
expansion pituitaries (sectioh3.2. In this section | further explore the relationship

of the mouse models with odontogenesis

6.4.1 Ctnnbimutation activates¥ St 206t F a0 RAFTFSNBYGAF GA

pouch derivatives

Analysis of PHesx£"™®*Ctnnb1™*®®"* pituitaries showed upregulation of several of

the ameloblast genes shown figure5-13 (Supplementary Table 4hough notof
enamel genes themselves. Of nd#sx2(3.5 fold),DIx3(5 fold),Sp6(2.8 fold) and
Edar(2.7 fold) were all significantly uyfggulated (adjustedalue <0.01). Gene set
enrichment analysis also showed activation of the inner enamel epithelium and
amdoblast signatures in mutant P1 pituitaries (NES = 2.61 and 2.38 respectively,
FDR< 0.001) suggesting th&@nnblmutation alone is sufficient to induce an

Syl YStf SLIAGKSEt AdzyYkl YSt20flad tA1S RAFTFSN
Figure6-7).

6.4.2 Murine ACP clusters are analogous to the enamel knot

Many of the factors known to be expressed by the enamel knot have previously

been shown to be expressed by murine clusters (e.g. p21, SHH, FGFs, BMPs). To
further assed ¢ K S (i K S NEat¥nidzNakeyndilating clusters transcriptional

profile also resembled the enamel kn@&SEA was performed, comparing clusters

from both the embryonic and the inducible ACP model. In the firstiaince, clusters

are compared withnon-cluster pituitary tissue, whereas in the inducible model,

{2En LIRAAGAGBS LI G dzA (cameBin abeSconipareaddtiviildk | Ol A ¢

type Sox2 positive cells. In both cases the signature of the enamel knot was
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Sy NR OK S Ratenih dckulnylating clusts (NES=2.47 & 2.47 respectively, FDR
<0.001) Table6-7).

6.4.3 Odontoblast genes expressed in post expansion mid stage

HesxFe*Ctnnb 23 *pituitaries

Lineage tracing highlights that at early stages of murinmourigenesis the
majority of pituitary tissue is derived frotdesxlexpressing tissue, other than the

endomucin positiveeells(Figurel-2).

At the development of tumour growth and enlargement however the pituitary
tissue beomes taken over by nolHesxl1derived tissue. Both pairwise analysis and
WGCNA highlighted the expression of odontoblast genes at the postneign
stage otumourigenesisOdontoblasts are neural crest derived mesenclayells
that produce dentin.In the developing tooth their differentiation is induced
through signals from the enamel epithelium and particularly signalling from the
enamel knot(Balic and Thesleff 2015)

GSEA was performed to assess the expressigenes known to be expressed by
dental mesenchyme or odontoblasts within post expangiesx £ *Ctnnb1* 3+
pituitaries. This confirmed enrichment (NES 2.57 and 2.47 respectively, FDR<0.001)
supporting a relationship of these nepituitary derived cells with dental

mesenchymekKigure6-7).

Considering the relevance of this to human A€#e reports were reviewed where
whole teeth had been reported ihumanACPpatients(Seemayg Blundell et al.

1972, Muller, Adroos et al. 2011, Beaty and Ahn 20lMhere histology was
reported, or availabledentin producing cells were observednd these may reflect

the noncell autoromous processes observead the mouse modelMore common

than observing the presence of complete teeth in ACP is the pres#rioene like
differentiation. Osteogenesis and odontogenesis are closely related processes
induced by many of the same signalling pathways (e.g. BMP signalling) and so these

murine resultsmay be of relevance this procesgKim, Kim et al. 2013)
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6.4.4 Summary

Together these results suggest that similar processes are occurring during murine
ACP formation as in tooth developmenin murine ACP, at early stages, pituitary
derived epithelium and clusters resdne IEE/ameloblasts and the enamel knot,
similar tothat observed in human ACP. Lateuring the expansion stagthere is a
non-cell  autonomous  accumulation of cells resembling dental
mesenchyme/odontoblasts, for which analogous processes have beeniluk$én

human ACP
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Figure6-7: Relationship oHesx£®*Ctnnb1°x®3)* tumourigenesis with odontogenesis.

a) enrichment of inner enamel epithelium signature and ameloblast signature in P1 mutant
pituitaries b) Enrichment of enamel knot genes in murine clusters from embryologic and
inducible ACP models. ¢) Enrichment of dental mesenchyme and odontoblast signatures in
post expansion stage pituitaries
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6.5 Late stage murine tumours express markers of melsgmal stem

cells

Surprisinglythe expression of odontoblast genes identified by WGCNA appears to
be specific in timing to the post expansion pituitaries and these genes are not

expressed/expressed less in late stage murine tumours.

Late stage tumourspear to express genes enriched for roles in developmental
processes, including several different organ systems, suggesting a less differentiated

state (Supplementary Table 4)

In contrast to ameloblasts and enamel, dentin can be repaired and replacedlyn f
developed teeth. This is due the presence of dental mesenchymal stem cells. These
cells share many feature of bone marrow derived mesenchymal stem cells and are
of considerable interest in regenerative mediciffduang, Gronthos et al. 2009,
Sharpe 2016)For the most partthese stem cells are likely to be pericyte derived
neural crest cell derivatives, as evidenced by ®g2 labelled lineage tracing
experiments,but there is also increasing evidence of cohtriion of other cell
lineages, e.g. gligSharpe 2016) There are several distinct types of dental
mesenchymal stem cells, varying in location and function and the markers are
increasingly being refined. Many arecommon with other mesenchymal stem cell
elsewhere in the bodyfHuang, Gronthos et al. 2009 arkers typically used to
characterise mesenchymal stem cells are CD146 (Mcam), CD90 (Thy1), CD105 (Eng),
CD13 (Anpep), CD73 (Nt5e) and the absence of haematopoetic stem cells markers
(e.g. ©®34, CD45 (PtprcjHuang, Gronthos et al. 2009, Sharpe 2016)

Expression of thee markersin murine ACRvas interrogated. High CD146, CD105,
CD13 and CD73 expression was observed in@qsansion pituitaries witlnighest
expression inHesxt™®*Ctnnb1>*®©3*tumours Eigure 6-8). CDI0 expression in
contrast was low, and CD45 showed no upregulation and CD34 had variable

expression Kigure6-8).

To further investigate whetherHesx£™®*Ctnnb1®®"* tumours exhibited a MSC
signature the literature was searched for MSC related gene sets. Rtis@oet al,.
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have recently inegrated previously published an analysiRNA sequencing and
expression array data&ss to identify 489 core genes expressed by mesenchymal
stem cells from several organs, though not including te@bsorBurgo, Sanchez
Guijo et al. 2016) Gene set enrichment analysis showed enrichment of this
signature in both posexpansion pituitaries (NES=2.22, FDR<0.001) and late stage
tumours (NES=2.14, FDR<0.0F1\(re6-8).

Together these results suggest that lesions in pegparsion pituitaries express
mesenchymal stem cell markemsnd markers of odontoblast differentiation,
whereas late stage tumours are less differentiated and express other

developmental genes such &dpand T prachury).

6.5.1 High expression of AFP suggests some similarities with intracranial germ

cell tumours

Thehigh expression oAfp by late stage tumours suggested a possible similarity
between murine ACP and germ cell tumours. These heterogeneous tumours arise
most commonly in the testis and ovawyith a subset arising in the central nervous
system. Intracranibgerm cell tumours typically arise in supsallar and pineal
regions and can occur after a prolonged period of thickened pituitary stalk, a
possible analogy with murine A@imourigenesis(Bettendorf, Fehn et al. 1999)
Traditionallythese tumours are thought todwve arisen from primordial germ cells
that have aberrantly migrated to the CNBouis, Perry et al. 2016Alternative
suggestions are that they may form from native stem cell populations of embryonic
or neural tyge and indeed have been generated in animal models from neural stem

cells by overexpression @ct4(Louis, Perry et al. 2016)

Intracranial germ cell tumours can be divided into several types, histologically into
germinomas and noigerminomatous, whicmcludeembryoralcarcinoma, yolk sac
tumours, choriocarcinomaand teratomas(mature and immature) basedn the
secretion of tumour markerandhistologicafeaturesb | NJ A & SR -HCS NHzY
is consigent with choriocarcinoma whereas embryonal cell carcinomas, immature

teratomas and yolk sac tumours secrete AFP. There are also mixed types.
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Given the high expression of AFP in late stage tumours, and possible mesenchymal
stem cell like phenotypghe transcriptional relationship between murine ACP and

intracranial germ cell tumours was further explored.

Whilst gene set enrichment using genes expressed by non germinomatous
malignant germ cell tumours were enriched in murine ACP tumours (NES=2.26,
FDR®.001) Figure6-8), suggesting some similarity, murine ACP lack expression of
embryonal stem cell markers (@ (POUSF1), Nanog, LinZ3iggesting that they

are not bona fide germ cell tumou(8vang, Wu et al. 2010)

Review ofthe literature separately suggested rare coexistence of germ cell
tumours, with craniopharyngioma, including based on high expression of AFP
(Plowman, Besser et al. 2004, Moschovi, Alexiou et al. 2010, TsoukdiasetTa.
2013) Whilst full details for these cases are not availaltles possible that these
rare cases could resemble the processes observedHasxt™* Ctnnb1ox©)*

tumourigenesis.

To further investigate the relationship of murine ACP wgdrm cell tumours the
murine data included in this chapter will be integrated with the paediatric brain
tumour expression dataset at the German Cancer Research Center (DKFZ) in

Heidelberg (by Dr David Jones).
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Figure6-8: Mesenchmyal stem cell markers in murine AGH Expression of mesenchymal
stem cell markers b) GSEA shows enrichment of MSC gene set in post expansion and late
stageHesx £ Ctnnb1o®3)*tumours. c) Late stage tumours are alsoiemed for a

signature of non germinomatous malignant germ cell tumours
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6.6 Specific pathways and processes in human and murine ACP

tumourigenesis

The expression of many secreted factors by clusters has previously been well
described in murine ACP, inclad by expression microarrgfAndoniadou, Gaston
Massuet et al. 2012)n this sectionthe expression of genes in pathways relevant

to tooth development, or of particular interest in ACP, are further explored, both
within clusters, but also in prand postexpansion pituitaries and late stage murine

ACP tumours.

As described in the introduction, during tooth development the expression and
activation of these signallingathwaysis a dynamic process with secretiarf
ligands alternating between epithelial and mesenchymal components. This is
observed within the murine ACP model, with many ligands expressed within the
clusters at E18.5, analogous to the enamel knot, but later becoming expressed in
post-expansion and dte stage tumours, more analogous to dental

mesenchyme/odontoblasts.

6.6.1 WNT pathway

Previously published microarray analysis, ¢é®R andn situ hybridisation of
Hesxt"®*Ctnnb1*®3* mice at E18.5 had confirmed the expression of WNT
targets, e.g.Le1, Axin2 in clusters compared tmon-cluster pituitary as well as
expression of WNT ligands (e.g. WBT6 (4.9 fold), Wnt5a (2.7 fold), Wnt161¢,6 f
Wwnt4 (1.6 fold) andWnt9b (1.6 fold(Andoniadou, GastoMasstet et al. 2012)
GSEA of the microarray data from clusters in these mice also confirmed enrichment
for the gene signature of activation of the WNT pathway within clusters (NES 2.31,
FDR<0.001)F{gure6-9).

Similarly late stagetumours have previously been shown to have nuclear
accumulation of -catenin. Wnt targets such asxin2(19 fold),Sp5(304 fold) were
up-regulated in tumours comparedith control and GSEA confirmed enrichment of

the signature of activation at this stage (NES=2.11, FDR<O0RQuj)€6-4).
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Assesment of results shows statistically significant (adjusted-vplue <0.1)
upregulation ofwnt6 (92 fold),11 (42 fold),2 (19 fold), 10a (15 foldBb (15 fold),
7a(12.4 fold),5a (11 fold),5b (6.9 fold),10b (4.4 fold)3 (3 fold) aand 4 (2.9 fold) in
postexpansion pituitaries In late stage tumours compared witWT adult
pituitaries, WNTs 6, 7a, 10b, 5a, 11, 9b, 16, 10a, 2, 5b, 7b,wkr8 also all up
regulated (339, 206, 82, 42, 36, 27, 26, 20, 12, 10, 9, 9, 7 fold respectivedge

results are presented visually in a heatmap Fg(ire6-9).

In the Hesx£™®*Ctnnb1>*®3*model, the activating -catenin mutation is present
in all the epithelial cells of the pituitary, however activation of thettpmay is
limited to a subset of cells (clusters). As in human ACP, the mechanisms of this

remain unclear.

6.6.2 Sonic ledgehogpathway

Expression ddhhin E18.5 murine clusters by situhybridisation and its receptor,
Ptchl, in surrounding pituitary haspreviously been published following
identification of 10 fold upregulation by expression microarrgdndoniadou,
GastonMassuet et al. 2012) As shown irFigure6-2, P1Hesxt®*:Ctnnb1x®3)r*
pituitaries are enriched for the gene signature of hedgehog signalling consistent

with this.

Between pre and post expansion stages, whilsShhwas not significantly up
regulated, Ptch1(1.9 fold),Gli1 (5.1 fold),Gli3 (1.5 fold) vere all upregulated. In
late stage tumoursGli3 (2.5 fold) was the only member to be significantly-up

regulated (adjusted walue <0.1)Kigure6-10).

The expression of members of the SHH signalling pathway have also beerr furthe
studied byin situhybridisation, RNA scope and immunaisting by Gabriela Carreno
who hasdemonstrated expression &hhand downstream targets up to 2 months

of postnatal age.

| explore the therapeutic potentialfdargeting the SHH pathway irh&pter 8.
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6.6.3 Fibroblast growth factqpathway

Fgfs 3, 4, 1and 20 have previously been shown to be particularly-rggulated in
ACP clusters (7 fold, 20 fold, 5 fold, 16 fold respectively) and expressiegfdf
confirmed by in situ hybridisation. Immunostainingor activation of the
downstream target ERK1/2 identified widespread activation in the E18.5
Hesx£®*Ctnnb1™®3"* pituitaries (Figure6-11).

Between pre and post expansion stagegfs 3(15 fold),4 (13 fold),8 (9 fold),20
(3.4 fold), 2 (3.4 fold), 11 (3.1 fold) and18 (2.6 fold) were all significantly up
regulated (adjusted value<0.1), as werggfrs 14 (2.7, 4.3, 4.4, 2.6 fold). Similarly
in late stage tumourd-gf8(11 fold),18 (6 fold),3 (5 fold),11 (4 fold),22 (2.6 fold)
were all significantly uwpegulated in late stage tumours (adjusteevplue<0.1) as

were the receptord=gfrl, 2, 3(1.9 fold, 7 fold and 6, fold}{gure6-10).

Immunostaining shows phosphorylation/activation of dostream targets ERK1/2
within three late stage tumours consistent with activation of the FGF pathway
(Figure6-11).

6.6.4 Transforming growthfactor LJ- § K& I &

Tgfbl, Tgfl andinbb andinhba(5.7fold, 5.2 fold, 9.7 fold, 7.3 fold) have previously
been shown to be upegulated in murine ACP clusters. To investigate activation of
downstream signalling $MALB stainings were performed on E18.5 mutant
pituitaries. This confirmed activation in cells abutting and nearby clusters, but not

clusters themselved-(gure6-12).

Between pre and post expansion stagégfbl1(18 fold),Tgfb2(4.7 fold), Tgfb3(2.7
fold) Inhba(15 fold),Inhbb (2.8 fold) andTgfbrA 1.3 fold) were all upegulated. In
contrast Inha (3 fold), Acvr241.3 fold), Acvrl¢4.7 fold) weredown-regulated
(Figure6-13).

Similarly Tgfb1(6 fold),Tgfb2(3 fold),Inhbg4.3 fold),Inhbb(5.3 fdd) and TGFBR2
(2.1fold) but notTgfb3were upregulated in late stage tumours ardba(4 fold),

andAcvrlg(28 fold)down-regulated Gene set enrichment identified enrichment of
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tumour vs WT), with the greatest enrichment in late stage tumours (NES=2.44,
FDR<0.001F{gure6-13). pPSMAL3 immunostaining also confirmed heterogeneous
F OGAGI A2y 2F GKS ¢DCi Hgurésgl @ Ay fI1 4GS

6.6.5 Bone morphogenic protepathway

BMPs 3,7,2, 8band 5 had previously been shown to be wpgulated in murine
clusters (9.5, 5.7, 3.7, 1.9, 1.8 fold respectively). To investigate activation of
downstream signalling PMALL,5,89 stainings were performed on E18.5 mutant
pituitaries. Similar to BMAL3 staining this confirmed activation in cells abutting

and nearby clusters, but not clusters themselvEg(re6-14).

Between pre and postxpansionstages Bmp8a(36 fold),2 (24 fold),7 (23 fold),4
(15 fold), 3 (15 fold), 8b (10 fold), 5(7.2 fold),1 (5 fold) were all significantly
(adjusted pvalue <0.1) upegulated as wa8mpr2(2.8 fold). SimilarlyBmp3(7.8
fold), 4 (5.5 fold),7 (4.7 fold),1 (4.5 fold),8b (4.3)8a (4.0 fold) andBmpr2(2.2
fold)were also upregulatedin late stage tumours compared wittontrols Figure
6-15). pPSMALL,58/9 immundastainingconfirm heterogeneous activation of the BMP
pathway in late stage tumourgFigure6-14).

6.6.6 Ectodysplasin signalling

The expression ofdodysplasin family members was explored in all datasets. At
E18.5 microarray analysis of clusters revealed 3.9 fold upregulation of EDAR and 1.3
fold of EDA Consistetwith these results at P1 EDAR and EDA were significantly up
regulated (2.7 fold, 1.7 fold, adjustedvalue <0.1)respectively compared with

controls.

Following expansigfeDARwvas 2 fold further upregulated (adjusted jwalue<0.1),
though at late shgesEDARwvas not significantly differentially expressed and EDA

wasdown-regulated1.9 fold (adjusted gvalue <0.1).

To further investigate the expression of EDA and EDAWRunohistochemistry was

performed Figure6-16). At E18.5 stagexpression was observed EDAR was
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observed throughout the pituitary, with possible higher expression within clusters.
EDA was similarly expressed throughout the pituitary, with possible higher
expression perclustrerally. NdkB sgnalling has previously been demonstrated
within murine clusters consistent with activation of this pathway in clusters, but

could equally be activated by other means.

In view of the expression of EDA within the normal pituitary in the mouse model the
expression within normal adult and fetal pituitary was also explored. This confirmed
expression, though the absencef @ pituitary phenotype inhypohidrotic

ectodermal dysplasiauggests this may not be functionally important.

6.6.7 Summary

In summary these resuls suggest that whilst at early stages expression of the
secreted factors is predominantin the clusters, at later stages their expression shifts
to the non-epithelial derived tumair. This shift is reminiscent of tooth development
where these signia are dynamically expressed in different cell types at different

stages of development.
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Figure6-9: WNT pathway activatio and expression in murine AC&) GSEA confirming
enrichment of the hallmark wnsignalling signature in clusters and late stage tumours. b)
heatmap showing high expression of many wnt ligands in late stage tumours and associated
expression of FZD receptors across stages.
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Figure6-10: Heatmaps of expression of a) SHH pathway and b) FGF pathway members in
murine ACP.
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