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Abstract 

Background:  

Adamantinomatous Craniopharyngiomas (ACPs) are clinically challenging sellar 

region tumours, known to be characterised by mutations in CTNNB1.  ACPs are 

often histologically complex, with different morphological cell types and 

surrounded by a florid glial reaction. Murine models have been generated through 

activatinƎ ʲ-catenin and support a critical role for nucleo-cytoplasmic accumulating 

-̡ŎŀǘŜƴƛƴ ŎŜƭƭ ŎƭǳǎǘŜǊǎ όΨŎƭǳǎǘŜǊǎΩ) in driving tumorigenesis.   

Aims:  

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

¶ To characterise the genomic and transcriptomic landscape of human and 

murine ACP, including of clusters. 

¶ To characterise therapeutically targetable molecular pathways and perform 

pre-clinical therapeutic trials.   

Methods:   

Human ACP samples underwent micro-focus-CT scanning, whole genome 

sequencing, targeted next generation sequencing and RNA sequencing, both 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 exome sequencing. A pre-clinical murine trial using a Sonic 

Hedgehog (SHH) pathway inhibitor was performed.  

Results:   

CTNNB1 mutations in human ACP were confirmed as clonal within tumour epithelia. 

Gene expression signatures corresponding to tumour epithelia, reactive glia and 

immune infiltrate were derived and novel ACP genes were identified (e.g. BCL11B).   

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

established, in particular the similarity of clusters to the enamel knot. Further 
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molecular dissection identified a complex interplay between tumour cell 

compartments demonstrating a role for paracrine signalling. Inhibition of the SHH 

pathway in the pre-clinical murine trial resulted in a decrease in median survival 

from 33 weeks 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 in CTNNB1 and exhibit complex signalling interplay 

between different cell compartments.  Expression analysis reveals a new molecular 

paradigm for understanding ACP tumorigenesis as an aberrant copycat of natural 

tooth development, with inflammation driven by activation of inflammasomes. 

Caution is recommended in the use of SHH pathway inhibitors in patients with ACP. 
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1.1 Introduction 

The diagnostic and therapeutic landscape of cancer is currently undergoing 

profound changes as a result of understanding the molecular processes underlying 

and driving tumouǊƛƎŜƴŜǎƛǎΣ ǎƻ ŎŀƭƭŜŘ ΨǇǊŜŎƛǎƛƻƴΩ ƻǊ ΨǇŜǊǎƻƴŀƭƛǎŜŘΩ oncology.  

Analysis of patient samples, particularly through the use of modern molecular 

technologies is resulting in tumour types and subtypes being redefined based on 

molecular characteristics e.g. in paediatric brain tumours such as medulloblastoma 

(Taylor, Northcott et al. 2012, Schwalbe, Hayden et al. 2013). Using this knowledge 

of underlying tumour biology, targeted therapies have been developed e.g. Sonic 

Hedgehog and other pathway inhibitors (Gould, Low et al. 2014, Zhao and Adjei 

2014). A key aspect to this process has been the use of representative mouse 

models, which facilitate both detailed in vivo investigation 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 UK and it is recognised 

that many tumours of childhood relate to aberrations in normal development 

(Scotting, Walker et al. 2005, Cancer Research UK 2017). In this thesis I explore the 

molecular biology of craniopharyngioma, a rare, but clinically important paediatric 

tumour. Through molecular profiling and use of mouse models, I explore its 

relationship to developmental processes and characterise and test potential novel 

therapeutic opportunities. 

1.2 Craniopharyngioma: Clinical challenges and opportunities for 

precision medicine 

Craniopharyngiomas (CPs) are benign epithelial tumours of the sellar region. Two 

subtypes have been defined; adamantinomatous craniopharyngioma (ACP) is the 

commonest tumour of the sellar region in childhood and has a biphasic distribution 

of age of incidence at 5-15 years and 45-50 years (Louis, Ohgaki et al. 2016). There 

are approximately 17 new cases of childhood craniopharyngioma registered in the 
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UK each year (Childhood cancer registration in England, 2015-2016, Public Health 

England). In contrast, papillary craniopharyngioma (PCP) is predominantly a disease 

of adults, peaking incidence at 40-55 years (Louis, Ohgaki et al. 2016). This thesis 

predominantly focuses on ACP. 

CPs are clinically challenging due to their often supra-sellar origin and tendency to 

grow, invade and destroy eloquent surrounding structures, notably the pituitary, 

hypothalamus and visual pathways (Kasai, Hirano et al. 1997, Kawamata, Kubo et al. 

2005, Apps, Hutchinson et al. 2016, Louis, Ohgaki et al. 2016, Muller, Merchant et 

al. 2017). ACPs are variably cystic and solid and exhibit marked clinical 

heterogeneity. Some tumours remain indolent despite partial resection, whilst 

others relapse frequently, despite apparent complete resections and radiotherapy 

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

The current mainstay of treatment is surgery and radiotherapy, both of which 

themselves can result in further damage to the local structures (Muller, Merchant 

et al. 2017). For recurrent cystic fluid accumulation, intra-cystic administration of 

cytotoxic agents and radio-nucleotides has previously been used, but have now 

been discontinued due to toxicities (Bartels, Laperriere et al. 2012). Intra-cystic 

ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ƻŦ LCbʰ ƛǎ currently performed in some centres, based on similarities 

in epithelial origin between head and neck squamous cell carcinoma and ACP 

(Cavalheiro, Dastoli et al. 2005, Bartels, Laperriere et al. 2012). Whilst effects on 

cystic fluid accumulation have been reported, definitive evidence of efficacy is 

currently lacking and there are some concerns regarding toxicity. Sharma et al. 

2015, report a case of an 8 year old girl who suffered transient expressive aphasia, 

ǊŜƭŀǘƛƴƎ ǘƻ ŀ ƭŜŀƪŀƎŜ ƻŦ LCbʰ (Sharma, Bonfield et al. 2015). The authors also 

highlight previous adverse events, including progressive vegetative state, relating to 

intrathecal administration for other indications (Sharma, Bonfield et al. 2015). 

Consequently, the management of recurrent cystic accumulation remains clinically 

challenging. 

Despite overall 5 and 10 year survival rates for childhood ACP of greater than 90%, 

there is a long term high risk of relapse (~ 50% at 20 years) and increased mortality 



30 
 

(Sterkenburg, Hoffmann et al. 2015, Muller, Merchant et al. 2017). At 20 years, 

survival rates between 62-95% are reported, with worse survival in those with 

hypothalamic damage (Crowley, Hamnvik et al. 2010, Visser, Hukin et al. 2010, 

Sterkenburg, Hoffmann et al. 2015).  

The majority of patients develop sequelae resulting in poor quality of life and long 

term psychosocial functioning (Table 1-1) (Steinbok 2015, Sterkenburg, Hoffmann et 

al. 2015, Muller, Merchant et al. 2017).  Whilst reduction of some of the sequelae 

may be achieved by emerging surgical risk-stratification strategies (e.g. the use of 

radiological and clinical criteria to assess hypothalamic involvement and safety of 

aggressive surgery), there is an urgent need for more rationally determined 

therapeutics, both 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 accumulation (Puget, Garnett et al. 2007, Mallucci, Pizer et al. 

2012, Apps and Martinez-Barbera 2016).  

Considerable efforts have been invested in understanding the biology of 

craniopharyngioma to speed up the development of such novel therapeutic 

strategies (Apps and Martinez-Barbera 2016). For PCP, which harbour activating 

p.V600E mutations in the BRAF gene, BRAF and MEK inhibitors have been found to 

have some benefit in the limited cohorts of patients published to date (Aylwin, Bodi 

et al. 2015, Brastianos, Shankar et al. 2016). In contrast, no such novel, rationally 

targeted therapies have yet been successful for ACP.   

Table 1-1: Summary of long term sequelae 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 hypopituitarism 
Visual impairment (50-80%) Including complete blindness 

Hypothalamic obesity  Associated with:Type 2 diabetes mellitus, 
hypertension, increased cardiovascular risk, non 

alcoholic fatty steatohepatitis 
Congitive impairment Including emotional lability, memory deficits, 

attention deficits 
Other Headaches, cerebrovascular abnormalities, seizures 

diarrhoea, dyspnoea 
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1.3 Histopathology of craniopharyngioma 

ACPs are histologically complex tumours with variable cystic, calcified and solid 

components and frequent invasion of adjacent tissues, with tumour infiltrating 

finger-like structures surrounded by a florid glial and inflammatory reactive tissue 

(Louis, Ohgaki et al. 2016). Within tumour epithelia, a peripheral layer of palisading 

epithelium (PE) encloses more loosely packed stellate cells, called stellate reticulum 

(SR) and epithelial whorls (Figure 1-1). A pathognomonic feature is the presence of 

eosinophilic anuclear ghost cells, also known as wet keratin (Figure 1-1). 

¢ƘŜ ƴŀƳŜ ΨŀŘŀƳŀƴǘƛƴƻƳŀǘƻǳǎΩ craniopharyngioma derives from the histological 

resemblance with adamantinomas of the jaw (now known as ameloblastoma), 

highlighting similarities between ACP and odontogenesis and odontogenic tumours.  

Indeed ghost cells are only otherwise observed in calcifying odontogenic cysts and a 

type of hair follicle tumour called pilomatricoma (Rumayor, Carlos et al. 2015).  

Whilst similarities to odontogenesis have long been recognised histologically, the 

molecular relationships have been relatively unexplored, other than limited 

immune-histochemical characterisations of co-expression of enamel proteins, 

proteinases and some keratins (Gorlin and Chaudhry 1959, Kalnins 1971, Bernstein 

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

In contrast to ACP, PCPs are predominantly cystic and characterised by more well 

circumscribed pseudostratified epithelium forming pseudo-papillae often around 

fibro-vascular cores (Figure 1-1) (Louis, Ohgaki et al. 2016). Unlike ACP, no 

similarities to odontogenesis have been observed (Paulus, 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 in detail in Chapters 5, 6 and 

the discussion. An overview of tooth development is introduced in section 1.9. 
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Figure 1-1: Histopathology of ACP and PCP. a) Representative histology of ACP 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). 
LƳƳǳƴƻƘƛǎǘƻŎƘŜƳƛǎǘǊȅ ǳǎƛƴƎ ŀƴǘƛōƻŘƛŜǎ ŀƎŀƛƴǎǘ ʲ-catenin on case JA029 showing clusters 

of cells with nuclear-cytoplasmic accumulation. b) Representative histology of PCP showing 
epithelia (E) and fibro-vascular core (FV). {ŎŀƭŜ ōŀǊǎ Ґ плл˃Ƴ όƭƻǿ ǇƻǿŜǊύΣ млл˃Ƴ όƘƛƎƘ 
power) 
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1.4 Theories of cell of origin  

Historically there have been two main theories regarding the origin of ACP. Firstly 

that they derive from remnants of RathkeΩs pouch, the oral ectoderm primodium of 

the anterior pituitary gland (anterior and intermediate lobes) and pars intermedia 

(Larkin and Ansorge 2013). Alternatively it is thought they derive from ectopic 

embryonic enamel rests within the pituitary (Goldberg and Eshbaugh 1960).  The 

processes of pituitary development and tooth development are discussed in more 

detail in section 1.9, with particularly reference to pathways of interest in ACP 

formation. 

ACP is increasingly recognised as a developmental disorder (Martinez-Barbera 

2015). Consistent with this, retrospective analysis has shown decreased heights of 

children with childhood ACP from 10-12 months of age, compared to healthy 

controls, several years prior to presentation suggesting early pituitary/hormonal 

disruption and rare cases of fetal craniopharyngioma are reported (Sosa-Olavarria, 

Diaz-Guerrero et al. 2001, Muller, Emser et al. 2004, Jurkiewicz, Bekiesinska-

Figatowska et al. 2010).  

1.5  Genetic changes in ACP  

Activating mutations of the WNT pathway gene CTNNB1 (encoding b-catenin) have 

been identified by several groups in ACP over the last 10 years and are increasingly 

recognised to occur in the majority, if not all ACPs (Sekine, Sato et al. 2003, Kato, 

Nakatani et al. 2004, Buslei, Nolde et al. 2005). Indeed, immunostaining and/or 

sequencing of CTNNB1 in surgical samples are now used in practice in some centres 

to support diagnosis. 

The CTNNB1 mutations identified in ACP are identical to those observed in other 

tumour types and are predicted to lead to enhanced half-life of b-catenin, resulting 

in its nucleo-cytoplasmic accumulation (Martinez-Barbera and Buslei 2015). The 

pattern of b-catenin expression in ACP is unusual, as nucleo-cytoplasmic 

accumulation is limited to a proportion of the tumour cells, often only those cells 

within the epithelial whorls/nests (Figure 1-1) (Kato, Nakatani et al. 2004, Buslei, 
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Nolde et al. 2005). These will hereafter be referred to as clusters. The consequence 

ƻŦ ƴǳŎƭŜŀǊ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ʲ-catenin is transcription of specific targets, including 

Axin2 and LEF1Φ /ƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ʲ-catenin immunohistochemistry, expression of 

these targets in ACP is limited to clusters (Holsken, Kreutzer et al. 2009). The 

reasons for this heterogeneity in b-catenin protein localisation and signalling are 

not fully understood.  The WNT pathway is described in more detail in section 

1.10.1 and in Chapter 3, where I explore whether the CTNNB1 mutations 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 stem cell makers, e.g. CD40, and CD133, secreted factors, 

e.g. SHH, BMP4, activation of cell surface receptors, e.g. EGFR, as well as absence of 

proliferation and reduced expression of E-cadherin (Holsken, Gebhardt et al. 2011, 

Andoniadou, Gaston-Massuet 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 genes contribute to tumour formation or tumour 

behaviour (e.g. infiltrative capacity) is also unknown. The first exome sequences of 

ACP were published in 2012 by Brastianios et al., who by sequencing 12 ACP 

samples and matched germline DNA, found CTNNB1 mutations to be the only 

recurrent mutations between individual cases (Brastianos, Taylor-Weiner et al. 

2014). Mutations in other cancer-related genes (including transcriptional regulators, 

epigenetic regulators, DNA repair and cell adhesion genes) were also identified in 

individual cases, but were not recurrent between patients in this small series. 

(Brastianos, Taylor-Weiner et al. 2014). Consistent with other paediatric tumours, 

they found the overall mutation frequency to be relatively low in human ACP 

(Brastianos, Taylor-Weiner et al. 2014). With respect to genomic copy number 

alterations, previous studies using G banding or comparative genomic hybridisation 

have given variable, 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, Holsken, Sill et al. 

2016). A better molecular characterisation of more ACP tumours is therefore 

required to determine and refine the mutational landscape of these tumours.  In 



35 
 

Chapter 7 I explore this through whole genome sequencing of a cohort of five 

childhood ACPs. 

In 2014, BRAF pV600E mutations were identified in PCP highlighting a different 

molecular driver to ACP (Brastianos, Taylor-Weiner et al. 2014). Subsequently 

several further studies have reproduced these findings, however there have been 

case reports of overlap cases harbouring both CTNNB1 and BRAF mutations (Larkin, 

Preda et al. 2014).  Many of these studies have used relatively insensitive molecular 

techniques. In Chapter 4 I comprehensively characterise a cohort of 23 ACP and five 

PCP using a sensitive targeted next generation sequencing panel, Sanger 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 and methylation analyses of ACP 

The first genome-wide transcriptome cohort study using expression arrays of 15 

ACPs was published during 2015 (Gump, Donson et al. 2015). In addition to 

highlighting several pathways previously identified by others (e.g. SHH and EGFR), 

using the Ingenuity IPA Knowledge based programme, this analysis identified 

expression of a number of other potential therapeutic target genes (including 

MMP12, IL2B, LCK and EphA2) (Holsken, Gebhardt et al. 2011, Andoniadou, Gaston-

Massuet et al. 2012, Gump, Donson et al. 2015). Gene Ontology analysis of genes 

differentially expressed in ACP, revealed genes implicated in odontogenesis, 

epidermis genes (e.g. keratins) and cell adhesion genes (Gump, Donson et al. 2015). 

A further 18 ACP samples underwent expression array analysis and were compared 

with 10 PCP samples by Holsken et al. in 2016 (Holsken, Sill et al. 2016). This study 

also highlighted the activation of the WNT and SHH pathway in ACP. In this paper, 

the methylation profiles of 25 ACP and 18 PCPs were also assessed, revealing 

distinct patterns between tumour types. Specifically, ACP was found to show hypo 

methylation of the WNT pathway gene AXIN2 and the SHH pathway genes GLI2 and 

PTCH1 when compared with PCP (Holsken, 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 limited immuno-histochemical studies. In Chapter 5 I further 

explore the transcriptional landscape of ACP through RNA sequencing of ACP, with 

and without laser capture 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 of various 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 CTNNB1 mutations, has not been reported (Holsken, Gebhardt et al. 2011, Chen, 

Zheng et al. 2016, Holsken and Buslei 2017, Nie, Huang et al. 2017)(G Carreno, 

personal communication). Similarly, primary xenografts have been performed, both 

subcutaneously and orthotopically, and whilst 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 genetically engineered models (GEMMs) of ACP have been developed by the 

host laboratory (Gaston-Massuet, Andoniadou et al. 2011, Andoniadou, 

Matsushima et al. 2013). In both models, cells express an oncogenic form of b-

catenin, which is functionally comparable to that identified in human ACP tumours. 

Phosphorylation of serine residues of b-catenin, encoded by exon 3 of the CTNNB1 

gene, is critical for targeting the protein for proteasomal degradation (Larkin and 

Ansorge 2013).  In the mouse models, expression of oncogenic ̡ -catenin is achieved 

through Cre-recombinase-mediated excision of exon 3, whilst human tumours 

harbour over-activating mutations in exon 3 (Hassanein, Glanz et al. 2003, Sekine, 

Sato et al. 2003, Kato, Nakatani et al. 2004, Buslei, Holsken et al. 2007, Gaston-

Massuet, Andoniadou et al. 2011, Andoniadou, Matsushima et al. 2013). The final 

outcome is the same in mouse and human ACP, namely the expression of a 
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degradation-ǊŜǎƛǎǘŀƴǘ ŦƻǊƳ ƻŦ Ƴǳǘŀƴǘ ʲ -catenin leading to the over-activation of 

ǘƘŜ ²b¢κʲ-catenin pathway (Harada, Tamai et al. 1999).  

1.7.1 Embryonic model of ACP 

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

wŀǘƘƪŜΩǎ ǇƻǳŎƘ (further details section 1.9.1). Lineage tracing has shown that Hesx1 

ŜȄǇǊŜǎǎƛƴƎ ŎŜƭƭǎ ǿƛǘƘƛƴ wŀǘƘƪŜΩǎ ǇƻǳŎƘ ƎƛǾŜ ǊƛǎŜ ǘƻ ŀƭƭ ǘƘŜ ƘƻǊƳƻƴŜ ǇǊƻŘǳŎƛƴƎ ŎŜƭƭǎ 

within the anterior pituitary (Gaston-Massuet, Andoniadou et al. 2011). Using a 

Hesx1-Cre mouse, exon 3 was deleted from the Ctnnb1 locus by Cre-mediated 

recombination in cells of the developing pituitary (Hesx1Cre/+;Ctnnb1lox(ex3)/+). The 

pituitaries of these mice were initially enlarged and dysfunctional. A high proportion 

of mice died at birth due to enlarged pituitaries causing airway obstruction, 

however those that survived were smaller (growth hormone deficient) and went on 

to develop large cystic-solid pituitary tumours leading to death at around 6 months 

(Gaston-Massuet, Andoniadou et al. 2011). This ability to induce craniopharyngioma 

ƭƛƪŜ ǘǳƳƻǳǊǎ ƛƴ wŀǘƘƪŜΩǎ ǇƻǳŎƘ ŘŜǊƛǾŀǘƛǾŜǎ Ƙŀǎ ƎƛǾŜƴ ǇǊŜŎŜŘŜƴŎŜ ǘƻ ǘƘŜ wŀǘƘƪŜΩǎ 

pouch theory of ACP origin (Martinez-Barbera and Buslei 2015). 

Analogous to human ACP tumours, these mice showed isolated clusters of nucleo-

cytoplasmic accumulating ̡-catenin cells in the developing pituitary, despite 

activation of the cre-recombinase ƛƴ ŀƭƭ ŎŜƭƭǎ ǿƛǘƘƛƴ wŀǘƘƪŜΩǎ ǇƻǳŎƘ (Figure 1-2) 

(Gaston-Massuet, Andoniadou et al. 2011). Increased expression of markers of WNT 

pathway activation, e.g. Lef1, Axin2 and Cyclin D1 were also limited to these 

clusters.  The murine clusters did not express markers of hormone-producing cell 

differentiation and a proportion expressed the pituitary stem cell marker SOX2 

(Gaston-Massuet, Andoniadou et al. 2011). Activation of the WNT pathway in 

Pit1+ve committed progenitors or differentiated hormone-producing cells of the 

pituitary did not lead to cluster or tumour formation, highlighting a need for the 

tumour-initiating mutation to occur in an undifferentiated cell type (Gaston-

Massuet, Andoniadou et al. 2011).  

Using a mouse line reporting WNT pathway activation, Andoniadou et al. 

successfully isolated the cluster cells by flow-activated cell sorting in the embryonic 
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model and performed expression analysis comparing cluster versus non-cluster 

pituitary tissue (Andoniadou, Gaston-Massuet et al. 2012). This identified the high 

expression of many secreted factors by the cluster cells, including Sonic Hedgehog 

(SHH) and members of the Fibroblast growth factor (FGF), Transforming growth 

ŦŀŎǘƻǊ ʲ ό¢DCʲ) and Bone morphogenic protein (BMP) families of growth factors as 

well as many inflammatory mediators such as cytokines and chemokines 

(Andoniadou, Gaston-Massuet et al. 2012). These findings were subsequently 

confirmed by in situ hybridisation in human tumours suggesting a strong homology 

both histologically and molecularly between mice and human clusters (Andoniadou, 

Gaston-Massuet et al. 2012).  An overview of these pathways is presented below in 

section 1.10. 

In addition to the molecular similarities, the embryologic ACP GEMM model shows 

other similarities to human ACP. Late stage murine tumours are frequently cystic, 

often haemorrhagic, with histological areas of micro-cystic change similar to that 

seen in the stellate reticulum of the human tumours (Figure 1-2) (Gaston-Massuet, 

Andoniadou et al. 2011). Importantly, there are also differences.  The tumours do 

not calcify and ghost cells or wet keratin has not been observed. Similarly, the 

finger-like invasions, that pose a challenge to treating clinicians, are not seen in the 

mouse model. The reasons underlying these differences are not fully understood. 

Calcification may require longer terms than a few months, and although highly 

similar overall, there are specific anatomical differences between the hypothalamo-

pituitary axis in mice and humans, which may explain the lack of brain invasion in 

murine ACP (Martinez-Barbera 2015).   

1.7.2 Inducible model of ACP reveals a non-cell autonomous mechanism of 

tumourigenesis 

Building on the embryonic GEMM, oncogenic ̡-catenin was specifically expressed in 

SOX2 positive adult pituitary stem cells using a tamoxifen inducible, mutated form 

of Cre recombinase (Sox2-CreERT2 mouse line). The SOX2 cell population was 

confirmed to have both self-renewal and differentiation capacity into all lineages of 

the anterior pituitary, thus demonstrating that stem cells are contained within the 
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Sox2-expressing cell compartment (Andoniadou, Matsushima et al. 2013). Similar to 

the embryonic model, activation of the WNT pathway in these SOX2 positive cells, 

from 6 weeks of age, led to the development of undifferentiated tumours 

(synaptophysin and hormone negative) within the normal pituitary tissue, including 

the presence of nucleo-cytoplasmic accumǳƭŀǘƛƴƎ ʲ-catenin cell clusters 

(Andoniadou, Matsushima et al. 2013).  

Surprisingly, lineage tracing, using yellow fluorescent protein (YFP), revealed that 

the tumours themselves were not derived from these cluster cells and did not carry 

the activating ̡ -catenin mutation, as confirmed by laser capture microdissection 

and PCR (Andoniadou, Matsushima et al. 2013). This suggests an apparent non-cell 

autonomous mechanism of tumourigenesis (Figure 1-2), possibly through the 

paracrine activities of secreted proteins such as SHH, FGFs, BMPs, TGFB, cytokines 

among others (Figure 1-2). This phenomenon is increasingly described in several 

other cancer model systems and extends the traditional understanding of cancer 

initiation as a cell autonomous process (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 that Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumours 

are non Hesx1 expressing cell derived and that tumour cells were non recombined 

(Figure 1-2). This therefore confirmed that Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumours also 

undergo non cell autonomous tumourigenesis. Further investigation also confirmed 

an initial expansion of endomucin positive cells in embryonic pituitaries and a 

subsequent influx and expansion of non-Hesx1 expressing 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 resolution micro-computed CT imaging of the embryonic model 

are described.  In Chapter 6, I perform gene expression profiling at various stages of 

tumour development and in Chapter 7, exome sequencing of late stage murine 

tumours, to determine whether they have acquired somatic mutations.   
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Figure 1-2: Genetically engineered murine models of ACP  a) Embryonic model: 

ImmunoƘƛǎǘƻŎƘŜƳƛǎǘǊȅ ǎƘƻǿƛƴƎ ʲ-catenin accumulating clusters at E18.5. Macroscopic and 
histological images of late stage tumours. b) Proposed model of non-cell autonomous 
tumour formation of inducible murine model of ACP. Tamoxifen induced activation of the 

²b¢ ǇŀǘƘǿŀȅ ŀǘ с ǿŜŜƪǎ ƻŦ ŀƎŜ ǊŜǎǳƭǘǎ ƛƴ ʲ-catenin accumulating cell clusters. Tumours 
subsequeƴǘƭȅ ŘŜǾŜƭƻǇΣ ƘƻǿŜǾŜǊ ƭƛƴŜŀƎŜ ǘǊŀŎƛƴƎ ǎƘƻǿǎ ǘƘŜǎŜ ŀǊŜ ƴƻǘ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ʲ-
catenin accumulating cell clusters. c) Lineage tracing of the embryonic model of ACP with 

YFP showing that at early stages the majority of pituitary cells are Hesx1 lineage derived, 
however as tumours develop this tissue is non Hesx1 derived (20 and 30 weeks) (M. 

Gonzalez-meljem). 
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1.8 Role of senescence in tumourigenesis 

Work by others in the host laboratory, particularly Dr Mario Gonzalez-Meljem, has 

highlighted the potential role of cellular senescence in murine and human ACP. 

Cellular senescence is defined as a cellular state of stable and long-term loss of 

proliferative capacity, but with retention of normal metabolic activity and viability. 

It is characterized by specific morphological, metabolic and phenotypic cellular 

changes and whilst traditionally considered a tumour suppressive mechanism has 

increasingly been shown to have pro-tumourigenic effects, particularly through 

paracrine activities (Coppe, 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 expression of markers of  

(i) cell cycle arrest (CDKN1A/p21); (ii) DNA damage and activation of a DNA damage 

response (DDR) (phosphorylated H2AX, p53, DNA-PKcs, PARP1 and phospho-ATM) 

(iii) increased lysosomal content (GLB1, senescence-ŀǎǎƻŎƛŀǘŜŘ ʲ-galactosidase (SA-

ʲƎŀƭύΣ [!atмΣ [!atнύ  ƛǾύ ŀŎǘƛǾŀǘƛon of the Nf-kB pathway, a common senescence 

driver (Gonzalez-Meljem, 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 phenotype, known 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 levels of cytokines 

such as IL1A, IL6(Gonzalez-Meljem, Haston et al. 2017). Of note, when expression of 

ǘƘŜǎŜ {!{t ŦŀŎǘƻǊǎ ǿŀǎ ǊŜŘǳŎŜŘΣ ŜƛǘƘŜǊ ǿƘŜƴ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ʲ-catenin was induced in 

older animals in the inducible model, or when activation of the WNT pathway was 

achieved though deletion of APC (as opposed to excision of exon 3 of CTNNB), then 

late stage tumours did not form.  This suggests a critical role for senescence and 

these factors in the non-cell autonomous tumourigenesis observed in the mouse 

models (Gonzalez-Meljem, Haston et al. 2017). 
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In Chapters 5 and 6, I explore at the transcriptional level evidence of activation of 

senescence and SASP signatures in human and murine clusters. In addition I assess 

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

Many of the pathways identified as expressed in murine and human ACP are also 

involved in the normal development of the pituitary gland and also teeth. In both 

these processes reciprocal signalling between different tissue components and 

closely regulated expression of key transcriptional factors is critical for normal 

development.  Through studying patients with mutations and genetically modified 

mice, the roles of individual pathway members and transcription factors are slowly 

being elucidated. Key pathways include the Hedgehog, Wnt, FGFΣ ¢DCʲ and BMP 

signalling pathways.  In many cases, these pathways form regulatory loops with 

expression reciprocally alternating across tissue boundaries. In the next sections, I 

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 derived from the ventral diencephalon 

(Figure 1-3). 

In the mouse thickening of the oral ectoderm is observed at 8.5 days post coitum 

όŘǇŎύ ŀƴŘ ōȅ млΦрŘǇŎ ŘƛǎƳŀȅǎ ŀ ŘƛǎǘƛƴŎǘƛǾŜ ƭǳƳŜƴ ƪƴƻǿƴ ŀǎ wŀǘƘƪŜΩǎ ǇƻǳŎƘ ǿƘƛŎƘ 

by 12.5 dpc has completely separated from the oral ectoderm (Kelberman, Rizzoti 

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

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

The posterior 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 hormones, which stimulate (e.g. TRH, GnRH), or inhibit (e.g. 

somatostatin) hormone secretion by the anterior pituitary.  A schematic of pituitary 

development is presented in Figure 1-3.   
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Figure 1-3: Schematic representation showing dual origin of pituitary in development. An 

ƻǳǘǇƻǳŎƘƛƴƎ ƻǊ ƻǊŀƭ ŜŎǘƻŘŜǊƳ ŦƻǊƳǎ wŀǘƘƪŜΩǎ ǇƻǳŎƘ ŦƻǊƳƛƴƎ ǘƘŜ ŀƴǘŜǊƛƻǊ ǇƛǘǳƛǘŀǊȅΣ ǿƘƛƭǎǘ 
an extension of the ventral diencephalon forms the posterior pituitary. 

 

  



45 
 

1.9.2 Tooth development 

Similar to pituitary development, odontogenesis requires the interaction between 

cells from two distinct embryological origins. Oral ectoderm gives rise to 

ameloblasts, that make enamel and neural crest derived mesenchyme gives rise to 

odontoblasts which secrete dentin (Thesleff 2003, Tucker and Sharpe 2004, Jussila 

and Thesleff 2012). 

There are several morphological stages in odontogenesis (Thesleff 2003, Tucker and 

Sharpe 2004, Jussila and Thesleff 2012, Balic and Thesleff 2015). Briefly; 

1) Placodes form from the dental lamina, a horseshoe shaped strip of stratified 

oral epithelium along the mandible and maxilla. These express a number of 

transcription factors including Pitx2, Foxi3, Dlx2, Lef1, p63. 

2) Bud stage: Signals, such as Shh, Wnt10, Bmp2, 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: Cells at 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, 7. These 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 epithelial growth and folding determines the shape and 

size of the tooth crown. In molar teeth a secondary enamel knot forms. 

Secreting similar factors to primary enamel knots, which determine the 

characteristics of the tooth cusp. At the cap/bell stages the epithelium, the 

enamel organ, consists of two basal cell layers, the inner enamel epithelium, 

which gives rise to ameloblasts and the outer enamel epithelium. The 

epithelium is surrounded by loosely arranged stellate reticulum cells and 

stratum intermedium. The inner enamel epithelium encloses the dental 

papilla which gives rise to odontoblasts and pulp cells.   



46 
 

At late bell stage, signals from the enamel knots induce odontoblast differentiation.  

In turn, these signal initiate differentiation of the inner enamel epithelium into 

ameloblasts, beginning at the cervical loops. Odontoblasts secrete dentin, initiated 

by secretion of non-collagenous proteins, the most abundant of which is Dentin 

sialophosphoprotein (DSPP) ((Balic and Thesleff 2015)).  

Ameloblast differentiation has several stages i) The initial stage, ii) secretory stage, 

where proteins are released into the surrounding are to form enamel matrix, iii) 

maturation, where enamel proteins (enamelin, amelogenin, ameloblastin, tuftelins)  

are secreted, and mineralisation with hydroxyappetite occurs. Proteases (MMP20, 

KLK4) digest the enamel proteins and ameloblasts undergo apoptosis such that 

enamel cannot be regenerated.  

When ameloblast differentiation reaches the crown boundary, the inner enamel 

ŜǇƛǘƘŜƭƛǳƳΣ ǊŀǘƘŜǊ ǘƘŀƴ ŘƛŦŦŜǊŜƴǘƛŀǘƛƴƎ ƛƴǘƻ ŀƳŜƭƻōƭŀǎǘǎΣ ŦƻǊƳǎ IŜǊǘǿƛƎΩǎ ŜǇǘƘƛŜƭǳƳ 

root sheath with the outer enamel epithelium, which along with dental follicle cells 

forms the root, cementum and periodontal ligament (Jussila and Thesleff 2012). 
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Figure 1-4: Schematic representation 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 from Thesleff, 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 I briefly summarise several of these and their 

roles in tumours and development. These pathways are characterised in detail by 

RNA sequencing and immunofluorescence in both human and murine ACP in 

Chapters 5 and 6. 

1.10.1 WNT pathway 

Wnt proteins, of which 19 have been described in humans, are secreted 

glycoproteins with crucial roles in development and stem cell maintenance. In 

development they act as morphogens, where effects of cell fate determination are 

determined by their concentration gradients (Husken 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), 

ƎƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ о όD{Yоʲύ ŀƴŘ ŀȄƛƴǎ м ŀƴŘ нΦ  Lƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ²ƴǘ 

signalling, this ŎƻƳǇƭŜȄ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ʲ-catenin, resulting in its poly-ubiquitination 

and proteosomal destruction.  On Wnt ligand binding this destruction is inhibited, 

ǊŜǎǳƭǘƛƴƎ ƛƴ ƴǳŎƭŜŀǊ ǘǊŀƴǎƭƻŎŀǘƛƻƴ ƻŦ ʲ-catenin, displacing TLE repressing factors and 

facilitating TCF/LEF mediated transcription (Figure 1-5) (Larkin, 2013). Wnt proteins 

Ŏŀƴ ŀƭǎƻ ǎƛƎƴŀƭ ǘƘǊƻǳƎƘ ŀŘŘƛǘƛƻƴŀƭ ʲ-catenin independent (non-canonical) pathways.  

Activation of the Wnt pathway, particularly through mutation of the CTNNB1 and 

APC genes, is a common feature of many tumours and cancers. Whilst germline 

mutation in CTNNB1 does not appear to be viable, germline mutation in APC results 

in familial adenomatous polyposis (FAP), characterised by thousands of colonic 

polyps and increased risk of cancer, particularly colorectal carcinoma.  

The Wnt pathway is important in tooth development. Indeed, supernumerary teeth 

are often observed in patients with FAP, whilst patients with AXIN2 mutations have 

oligodontia (Lammi, Arte et al. 2004). Similarly, activation of the pathway in mouse 

ƳƻŘŜƭǎΣ ōȅ ŜƛǘƘŜǊ ʲ-catenin activation or APC inactivation, results in supernumerary 
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teeth (Jarvinen, Salazar-Ciudad et al. 2006, Wang, O'Connell et al. 2009). Of 

particular note, and analogy to ACP, Ctnnb1 activation in the epithelia of developing 

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

are themselves known to accumulate nucleocyǘƻǇƭŀǎƳƛŎ ʲ-catenin and express 

Wnts (e.g. Wnts 3, 6, 10a) and the downstream target Lef1 (Obara and Lesot 2004, 

Balic and Thesleff 2015). Wnt pathway activation also appears to play a role in 

odontoblast differentiation, with activation of the pathway resulting in premature 

differentiation and dentin deposition, and decreased signalling reducing dentin 

deposition (Balic and Thesleff 2015). 

Figure 1-5: Schematic representation of the canonical WNT signalling. In the absence of 
²ƴǘ ƭƛƎŀƴŘǎΣ ʲ-catenin is targeted for proteosomal destruction through phosphorylation of 

ŀƳƛƴƻ ŀŎƛŘǎ ŜƴŎƻŘŜŘ ƛƴ ŜȄƻƴ о ōȅ ǘƘŜ !ȄƛƴκD{Yоʲκ!t/ ŎƻƳǇƭŜȄΦ  hƴ ƭƛƎŀƴŘ ōƛƴŘƛƴƎ ǘƘƛǎ ƛǎ 
sequestered to the cell membrane, facilitating tǊŀƴǎƭƻŎŀǘƛƻƴ ƻŦ ʲ-catenin to the nucleus and 
activation of transcription. 
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1.10.2 Sonic hedgehog pathway 

SHH is an important morphogen with critical developmental roles, particularly in 

central nervous system and craniofacial development. On binding to its receptor, 

Patched (PTCH1), inhibition of the transmembrane protein Smoothened (SMO) is 

relieved, allowing trafficking to primary cilia and stabilisation and activation of Gli2 

proteins and inhibition of Gli3. This results in transcriptional activation and 

expression of SHH pathway target genes, including Ptch1, Gli1 and Gli3 and genes 

that regulate cell cycle entry (Figure 1-6) (Ruch and Kim 2013).  

Mutations in the SHH pathway, particularly PTCH1, resulting in activation of the 

pathway, are observed in many tumour types, including the paediatric brain tumour 

medulloblastoma (Taylor, Northcott et al. 2012). Indeed, germline mutations result 

ƛƴ DƻǊƭƛƴΩǎ ǎȅƴŘǊƻƳŜΣ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ǊŜŎǳǊǊŜƴǘ ōŀǎŀƭ ŎŜƭƭ ŎŀǊŎƛƴƻƳŀǎ ŀƴŘ ƻǘƘŜǊ 

tumours, including occasional reports of craniopharyngioma (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 carcinoma (Scales and de Sauvage 2009). 

The SHH pathway is also important in pituitary and tooth development. In the 

ǇƛǘǳƛǘŀǊȅΣ {II ƛǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ŀƴŘ ƴƻǊƳŀƭ ǎǇŜŎƛŦƛŎŀǘƛƻƴ ƻŦ wŀǘƘƪŜΩǎ 

pouch progenitors (Carreno, Apps et al. 2017). In 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 bud (Cobourne and Sharpe 

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

and Wnt signalling, with downstream Gli1 and Ptch1 expressed in the epithelia and 

mesenchyme (Balic and Thesleff 2015). SHH signalling is required for normal tooth 

formation and conditional deletion of Shh or Smo in dental epithelium results in 

disrupted polarity and organisation of the ameloblast layer and abnormal tooth 

shape and growth (Dassule, Lewis et al. 2000, Cobourne and Sharpe 2005).      

Due to its role in tumourigenesis, a number of SHH pathway inhibitors have been 

developed, particularly through inhibition of the Smoothened receptor 

(Smoothened inhibitors) (Scales and de Sauvage 2009, Ruch and Kim 2013). These 
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have been successful in patients with basal cell carcinoma and the first of these 

agents, Vismodegib (GDC-0449), is licenced for use in this condition (Sekulic, 

Migden et al. 2012). Other inhibitors, such as LDE-225, are also in trails and use in 

this and other tumour types.   

Whilst broadly successful in tumours harbouring PTCH1 mutations, inhibition of the 

SHH pathway has not been successful in tumours with paracrine activation of the 

pathway (Amakye, Jagani et al. 2013, Ruch and Kim 2013).  Indeed, in pancreatic 

ductal adenocarcinoma a recent trial had to be stopped early due to increased 

progression (Lou 2014). Subsequent pre-clinical data has demonstrated how loss of 

SHH pathway activation of tumour stroma can result in promotion of malignant 

tumour characteristics through alterations in the tumour microenvironment 

(Ozdemir, Pentcheva-Hoang et al. 2014, Rhim, Oberstein et al. 2014). This has 

highlighted the importance of appropriate pre-clinical study of such agents prior to 

their use in man. 

Within ACP, SHH has been shown to be overexpressed (Gomes, Jamra et al. 2015, 

Gump, Donson et al. 2015, Coy, Du et al. 2016, Holsken, Sill et al. 2016). In situ 

hybridisation has shown SHH expression by clusters and PTCH1 in clusters and 

palisading epithelium (Andoniadou, Gaston-Massuet et al. 2012). 
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Figure 1-6: Schematic representation of the Sonic Hedgehog pathway. In the absence of 

SHH, PTCH1 binds to and inhibits Smothened (Smo).  On ligand binding this repression is 
released, enabling activation of Smo, and translocation of Gli proteins (GLI1/3) to the 
nucleus where they activate transcription.  
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1.10.3 Fibroblast growth factor signalling 

Fibroblast growth factors (FGFs) were initially identified from brain and pituitary 

tissue as mitogens for fibroblasts (Gospodarowicz 1975, Gospodarowicz, Bialecki et 

al. 1978). Subsequently they have been shown to play important roles in 

development and tumourigenesis (Itoh and Ornitz 2011, Ahmad, Iwata et al. 2012).  

Twenty-two FGF proteins (Fgf1-23) have been reported in mouse and man with 

Fgf15 a mouse ortholog of human FGF19 (Ahmad, Iwata et al. 2012).  There are four 

FGF receptor genes (FGFR1-4), which through alternative splicing encode seven 

separate major FGFR proteins (FGFRs 1b, 1c, 2b, 2c, 3b, 3c and 4) with differing 

ligand-binding specificity. Variability in dimerization of ligands, receptors and 

heparin sulphate binding partners facilitates diverse activity of this receptor 

pathway system.    

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

and activity:  

¶ Canonical/Paracrine FGF proteins: FGF1/2/5, FGF3/4/6, FGF7/10/22, 

FGF8/17/18, FGF9/16/20) bind and activate cell surface tyrosine kinase 

FGFRs with heparin/heparan sulphate as a cofactor. FGF binding to FGFRs 

induces functional dimerization, receptor trans-phosphorylation and 

activation of four major downstream signalling pathways: RAS-RAF-MAPK, 

PI3K-!Y¢Σ {¢!¢ ŀƴŘ t[/ʴ (Itoh and Ornitz 2011). FGF1, FGF2 and FGF3 have 

also been reported to directly translocate to the nucleus and act in an 

intracrine manner (Itoh and Ornitz 2011).  

¶ Hormone like/Endocrine FGF proteins: FGF15(19)/21/23 bind 

heparin/heparan sulphate with very low affinity and are able to signal 

through FGFRs over considerable distance (Itoh and Ornitz 2011).  FGF19 has 

high affinity for the FGFR4 receptor. 

¶ Intracellular FG proteinss: FGF11/12/13/14 are non-secreted intracellular 

molecules which act in an FGFR-independent manner and their only known 

role is in regulating the electrical excitability of neurons and possibly other 

cell types (Itoh and Ornitz 2011). 
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Mutations in all four FGFR genes have been seen in tumours, including paediatric 

brain tumours, through mutation, amplification and translocation (Ahmad, Iwata et 

al. 2012, Jones, Hutter et al. 2013). In 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 example, over expression of FGF19 in skeletal muscle resulted 

in development of hepatocellular carcinoma and mesenchymal overexpression of 

Fgf10 was sufficient to induce epithelial transformation leading to prostatic 

adenocarcinomas (Nicholes, Guillet et al. 2002, Memarzadeh, Xin et al. 2007) .  

Reciprocal FGF signalling is important throughout normal odontogenesis. Mutations 

of pathway members have been identified in patients, resulting in abnormal teeth, 

including FGF3 (microdontia) and in FGFR2, where patients have tooth 

abnormalities as part of more complex craniofacial abnormality syndromes (Itoh 

and Ornitz 2011, Li, Prochazka et al. 2014).  

Fgf8 and 9 are expressed by the initial dental lamina and have been shown to be 

essential for tooth induction (Balic and Thesleff 2015). Fgfs 4, 9 20 are highly 

expressed in the enamel knot, whereas Fgf10 is expressed in dental mesenchyme, 

Fgf3 is expressed both in the enamel knot and mesenchyme and Fgf1 variably by 

epithelial and mesenchymal elements (Helsinki 1996-2007, Balic and Thesleff 2015). 

Functional analyses in mice suggest there appears to be some redundancy amongst 

family members, for instance conditional Fgf4-/ - and, Fgf3-/ - mice lack phenotype 

whereas compound knockouts of Fgf3-/ -Fgf10-/ - display reduced enamel formation 

(Li, Prochazka et al. 2014, Balic and Thesleff 2015).   Similarly, Fgf9-/ -Fgf20-/  mice 

had reduced enamel knot size, whereas Fgf20-/ - mice appeared to have normal 

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

In both human and murine ACP, expression of FGF3 has been shown within clusters 

by in situ hybridisation and additional FGFs (including Fgf4, Fgf20, Fgf9) in murine 

ACP clusters by expression microarray analysis (Andoniadou, Gaston-Massuet et al. 

2012). 
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1.10.4 Epithelial growth factor receptor 

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

in ACP, specifically in clusters (Holsken, Gebhardt et al. 2011). EGFR is a member of 

a receptor tyrosine kinase family compiled of EGFR, ERBB2 (Her2/neu), ERBB3 and 

ERBB4 (Normanno, De Luca et al. 2006). On ligand binding, these receptors form 

dimers that, on activation, initiate a range of signalling pathways including the 

MAPK and PI3K pathways (Normanno, De Luca et al. 2006). There are multiple 

ligands; epidermal growth factor (EGF), transforming growth factor-alpha (TGFA), 

heparin-binding EGF-like growth factor (HBEGF), betacellulin (BTC), amphiregulin 

(AREG), epiregulin (EREG) and epigen (EPGN). Of these, EGF has been shown to be 

up-regulated in murine ACP clusters, suggestive of autocrine signalling 

(Andoniadou, Gaston-Massuet et al. 2012).   

EGFR has been implicated in the pathogenesis of several tumours (e.g. lung cancer), 

particularly through amplification or activating mutations or deletions (Normanno, 

De Luca et al. 2006). This has made it an attractive target for therapy and several 

generations of monoclonal antibodies and small molecular inhibitors have been 

developed. Gefitinib, a first generation inhibitor, has been shown to inhibit ACP 

tumour cell migration and increase sensitivity to radiotherapy in vitro (Holsken, 

Gebhardt et al. 2011). 

EGFR has also been to be shown to be expressed in the developing tooth and a role 

in tooth eruption suggested (Shroff, Kashner et al. 1996). It is variably expressed by 

epithelial and mesenchymal compartments during development, but has not been 

observed in the enamel knot (Cobo, Hernandez et al. 1992, Davideau, Sahlberg et al. 

1995). 

1.10.5 Mitogen activated protein kinase (MAPK) pathway 

The MAPK pathway is a major downstream signalling pathway of both FGFR and 

EGFR signalling. 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 activates mitogen activated protein kinase kinases (MAPKK) (MEK1 
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and 2), which in turn activates mitogen activated protein kinases (MAPK) (ERK1 and 

2) by phosphorylation (pERK1/2). These activate a range of downstream kinases 

leading to alteration of cell behaviour (e.g. proliferation, differentiation) (Zhao and 

Adjei 2014). This pathway also includes negative feedback loops and interacts with 

multiple other cellular signalling pathways (e.g. PI3K) (Zhao and Adjei 2014) (Figure 

1-7). 

Activation of the MAPK pathway, through activating p.V600E mutation in the BRAF 

gene, and confirmed by phosphorylation of pERK1/2, is observed in PCP (Brastianos, 

Taylor-Weiner et al. 2014, Haston, Pozzi et al. 2017). Targeting of this pathway, by 

either BRAF or MEK1/2 inhibitors alone, or in combination, has been observed to 

result in profound tumour responses in the limited cohorts of PCP studied to date 

(Aylwin, Bodi et al. 2015, Brastianos, Shankar et al. 2016). Whilst BRAF mutations 

appear to be rare in ACP, downstream activation of the pathway within ACP has not 

been formally assessed.  

Figure 1-7: Schematic representation of the MAPK pathway Growth factor binding results 

in exchange of GDT for GTP on RAS, this binds to RAF triggering a cascade of 

phosphorylation which subsequenly leads to increased transcription, driving proliferation 

and other cellular processes.  
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1.10.6 Transforming ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲ ǎuperfamily 

The transforming growth factor ̡ ό¢DCʲύ ǎǳǇŜǊŦŀƳƛƭȅ ƛƴŎƭǳŘŜǎ ŀ ǊŀƴƎŜ ƻŦ ƭƛƎŀƴŘǎ 

ǿƛǘƘ ŘƛǾŜǊǎŜ ŦǳƴŎǘƛƻƴǎΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜΥ ¢DCʲǎΣ ōƻƴŜ ƳƻǊǇƘƻƎŜƴƛŎ ǇǊƻǘŜƛƴǎ ό.atǎύΣ 

activin and inhibin, growth and differentiation factors (GDFs), anti-mullerian 

hormone and nodal (Massague 2008, Massague 2012). 

These ligands signal through binding of a type 2 receptor (e.g. TGBRII or BMPR2) 

resulting in formation of a heterodimer with, and phosphorylation of, a type 1 

receptor (e.g. TGFBR1, BMPR1A). This leads to phosphorylation of receptor 

regulated SMAD (R-SMAD) proteins (e.g. SMAD3 and SMAD2 for TGFB receptor 

signalling, SMADs 1, 5, 8 for BMP signalling), which when complexed with SMAD4 

proteins activate transcription. The receptors may also activate other signalling 

pathways (e.g. MAPK). Signalling is further modulated by a range of inhibitors (e.g. 

noggin, follistatin, lefty) and regulatory SMADs (6 and 7). 

¢DCʲǎ ό¢DC.мΣ ¢DC.нΣ ¢DC.оύ ŀǊŜ ǎƛƎƴŀƭƭƛƴƎ ŎȅǘƻƪƛƴŜǎ that play a diverse range of 

functions in development, the immune response and carcinogenesis.  Most 

ŎƻƳƳƻƴƭȅ ŎƻƴǎƛŘŜǊŜŘ ŀƴ ƛƳƳǳƴƻǎǳǇǇǊŜǎǎƛǾŜ ŎȅǘƻƪƛƴŜΣ ¢DCʲ Ŏŀƴ ƘŀǾŜ ǇǊƻ- and 

anti-tumourigenic effects through direct effects on cancer cells and through 

modulation of the local tumour stroma microenvironment (Massague 2008). 

BMPs play important roles in the morphogenesis of many organs (Wang, Green et 

al. 2014). Within ACP, expression of BMP4, 2 and 7 in both murine and human 

clusters has previously been shown by in situ hybridisation (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 from both types at 

different stages of development. Bmp4 is initially expressed by epithelia and 

induces expression of transcription factors in neighbouring mesenchyme, where it 

also antagonises the effects of Fgf8 (Tucker and Sharpe 2004). Subsequently in the 

bud stage, it is expressed by the dental mesenchyme an plays and important role in 
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induction of the enamel knot, from which it is then expressed along with Bmp2 and 

Bmp7 (Thesleff 2003, Balic and Thesleff 2015).  

.atκ¢DCʲ ƳŜƳōŜǊǎ ŀǊŜ ŀƭǎƻ ƛƳǇƻǊǘŀƴǘ ƛƴ ƻŘƻƴǘƻōƭŀǎǘ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴΦ /ƻƴŘƛǘƛƻƴŀƭ 

deletion of ¢ƎŦʲǊн, Bmp4 or Bmp2 at early stages result in defects in delayed 

osteoblast differentiation and dentin abnormalities (Jussila and Thesleff 2012, Balic 

and Thesleff 2015). Similarly, odontoblast derived BMPs are required for ameloblast 

differentiation where conditional deletion of Bmp4 or Bmp2 significantly reduces 

enamel thickness (Balic and Thesleff 2015). Loss of SMAD4 signalling or 

overexpression of SMAD4 at early stages result in non-polarised odontoblasts, a 

more osteoblast like differentiation and deposition of bone like structure and 

SMAD3-/ - mice result have abnormal enamel (Yokozeki, Afanador et al. 2003, Li, 

Huang et al. 2011, Balic and Thesleff 2015). 

Other related ƳŜƳōŜǊǎ ƻŦ ǘƘŜ ¢DCʲ ǎǳǇŜǊŦŀƳƛƭȅ ŀǊŜ the Activins. Activins are 

formed by dimers of the ƛƴƘƛōƛƴ ʲ ǎǳōǳƴƛǘ όLƴƘōŀΣ LƴƘōōΣ LƴƘōŎΣ LƴƘōŜύΦ  LƴƘƛōƛƴ Ƙŀǎ 

opposing functions and is formed of a dimer of the alpha subunit (encoded by Inha) 

ŀƴŘ ŀ ʲ ǎǳōǳƴƛǘΦ Receptors include the ACVR1/ALK3 and ACVR2A, which may also be 

activated by BMP ligands. Recurrent mutations in ACVR1 have 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 

1.11.1 Inflammation and cystic fluid in ACP 

For many patients, it is the cystic component rather than the solid tumour that 

poses a significant clinical challenge. Cyst fluid has a so-ŎŀƭƭŜŘ άƳƻǘƻǊ ƻƛƭέ 

appearance and is cholesterol rich with variable necrotic and inflammatory debris 

(Zada, Lin et al. 2010). Several studies have investigated the molecular biology 

underlying cyst formation as existing intra-cystic therapies have been largely 

empirical in their mechanism of action (Pettorini, Inzitari et al. 2010, Bartels, 

Laperriere et al. 2012, Apps and Martinez-Barbera 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 rats, which 

induces an inflammatory response and increase in GFAP expression (Shida, 

Nakasato et al. 1998, Tena-Suck, Hernandez-Campos et al. 2014, Tena-Suck, 

Morales-Del Angel et al. 2015). Expression of a number of inflammatory mediators 

such as IL6, IL1A, TNF and -hdefensins 1-3 have been identified in cystic fluid, 

generating interest in the use of immune-modulators for the treatment of cysts 

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

2014). In addition to the cholesterol within cysts, cholesterol deposits are observed 

within tumoǳǊ ǇŀǊŜƴŎƘȅƳŀΣ ŀƴŘ ƭƛǇƛŘ ƭŀŘŜƴ ΨŦƻŀƳȅΩ macrophages are a common 

feature.   

Through the study of senescence, upregulation of inflammatory cytokines IL1A and 

IL6 has been noted in the pituitaries of Hesx1Cre/+;Ctnnb1lox(ex3)/+ animals (Gonzalez-

Meljem, Haston et al. 2017).   

In Chapter 5, I further explore the inflammatory signature of ACP through 

transcriptional profiling, proteomic analysis 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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1.11.2 Angiogenesis 

Several studies have investigated the microvascular densities in ACP and the 

expression of a range of pro-angiogenic (e.g. vascular endothelial growth factor, 

VEGF) and anti-angiogenic (e.g. endostatin) mediators, with conflicting results in 

regard to association with recurrence risk (Vaquero, Zurita 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. 2010). One functional study using a corneal 

angiogenesis assay revealed that recurrent ACP samples had a significantly higher 

angiogenic potential than non-recurrent ACP, but less than glioblastoma multiforme 

or arteriovenous malformations (Sun, Akgun et al. 2010). Imatanib-loaded micro-

spheres reduced neovascularisation in this model but the use of this or other anti-

angiogenic approaches in patients has not been reported in the literature (Karal-

Yilmaz, Ozkan et al. 2013).   

Within murine ACP there is non-cell autonomous expansion of endomucin positive 

cells in late embryonic/early postnatal pituitaries. These cells are thought to be 

endothelial derived, however disappear at later stages and their functional 

significance is unclear. Little is known about the vasculature of late stage tumours, 

though haemorrhage into cysts is noted. 

1.11.3 Tumour recurrence 

Primary treatment of ACP aims to minimise the risk of recurrence, with maximum 

preservation of the hypothalamic-pituitary axis and quality of life. Understanding 

why some patients relapse, whilst others do not, could help in tailoring the 

approach to management of patients.  Similarly, current treatments for relapse are 

often unsatisfactory, leading to further surgery, increased morbidity and reduced 

quality of life. It is in these patients, 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 ACP, with or without comparison to 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 CXCL12, up-regulated 

in relapses (Gong, Zhang et al. 2014). The authors then 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, Lefranc et al. found that 

recurrent ACP expresses higher ƭŜǾŜƭǎ ƻŦ w!wʴΣ ŎŀǘƘŜǇǎƛƴ Y ŀƴŘ ƭƻǿŜǊ ƭŜǾŜƭǎ ƻŦ 

Galectin-3, w!wʲ ŀƴŘ cathepsin D than in non-recurrent ACP (Lefranc, Chevalier et 

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

proliferation markers and TP53 expression (Prieto, Pascual et al. 2013).   

These individual studies on recurrence have generally used univariate analyses on 

relatively low sample numbers of archival specimens, limiting 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 date, increased expression of proliferation markers and TP53 have been 

observed in malignantly transformed specimens as well as in some rapidly recurring 

tumours (Ishida, Hotta et al. 2010, Prieto, Pascual et al. 2013). Whilst TP53 

expression appears to be rare in non-transformed ACP, its related family member 

TP63, an important transcription factor in tooth and other epithelial differentiation, 

has been shown to be widely expressed (Momota, Ichimiya et al. 2003, Cao, Lin 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 approaches and 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 landscape of human and 

murine ACP, both globally and within individual histological components. 

3) To identify therapeutically targetable molecular pathways, novel 

therapeutics and test efficacy in pre-clinical models of ACP. 
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1.13 Summary 

ACP is a clinically challenging tumour of the sellar region characterised by activating 

mutations in CTNNB1. Through 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, these advances 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 Methods 
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2.1 Samples 

2.1.1 Human samples 

Human ACP samples and control tissues were accessed from multiple sources 

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

/ƘƛƭŘǊŜƴΩǎ /ƘƛƭŘƘƻƻŘ /ŀƴŎŜǊ ŀƴŘ [ŜǳƪŀŜƳƛŀ DǊƻǳǇ ό//[DύΣ .Ǌŀƛƴ ¦Y όŀ ƴŀǘƛƻƴŀƭ 

virtual biobank cataloguing tissues in UK neuropathology centres) and individual 

national and international collaborators and biobanks (Table 2-1). 

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 relevant 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 either through 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 information 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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Table 2-1: Sources of Tissue 

Source of Tissue Type of Tissue Ethical Approval Contact 
Great Ormond Street 
Hospital NHS Trust 

ACP: FFPE, Frozen, 
Cyst fluid, germline 

DNA, plasma 

CCLG  
Brain UK 

14/LO/2265 

Alex Virasami 

Children Cancer and 
Leukaemia Group Tissue 

Bank 

ACP: FFPE, Frozen, 
germline DNA 

CCLG tissue bank 
approval 

Gita Mistry 

National Hospital for 
Nervous Diseases 

Adult ACP and PCP: 
FFPE 

Brain UK Professor Sebastian 
Brandner 

Plymouth Hospitals NHS 
Trust 

Adult ACP and 
PCP:FFPE 

Brain UK Dr David Hilton 

Royal Victoria Infirmary, 
Newcastle 

Adult ACP and normal 
adult pituitary: Frozen 

and FFPE 

14/LO/2265 Dr Abhijit Joshi 

Queens Medical Centre, 
Nottingham 

Adult ACP: FFPE 
(childhood ACP via 

CCLG) 

Brain UK Dr Lisa Storer 

Imperial College 
Hospital NHS Tissue 

Bank (ICHTB) 

Adult ACP: Frozen and 
FFPE 

ICHTB approval Professor Franscesco 
Roncaroli 

vǳŜŜƴ aŀǊȅΩǎ 
University of London 

Non functioning 
pituitary adenoma: 

Frozen 

14/LO/2265 Professor Marta 
Korbonitis 

Germany Adult ACP: Frozen 14/LO/2265 Professor Hermann 
Muller 

Edinburgh Brain and 
Tissue Bank 

Normal adult 
pituitary: FFPE and 

Frozen 

Edinburgh Brain 
and Tissue Bank 

approval 

Dr Chis-Anne McKenzie 

Human Developmental 
Biology Resource 

(HDBR) 

Fetal normal pituitary: 
FFPE and Frozen 

HDBR approval Dr Dianne Gerelli 
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2.1.2 Human sample processing 

FFPE samples 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 divided into four 

pieces; cryosections were taken from one piece and stained with haematoxylin and 

eosin, RNA extracted from another, DNA from a third and a fourth piece stored at -

80 degrees Celsius for future proteomics work. For large specimens further piece(s) 

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 included in 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 microdissection (LCM) 

Cases were selected as suitable where matched FFPE and frozen tissue was 

available and in which analysis of FFPE sections found good correlation between 

clusters identified morphologically (haematoxylin and eosin staining) and those 

identified by immunohistochemistry ǎƘƻǿƛƴƎ ƴǳŎƭŜŀǊ ʲ-catenin accumulation.   

7-нлm˃ frozen sections were mounted on Zeiss 1.0 PEN membrane slides (Item No 

415190-9041-00) and stained with haematoxylin and eosin.  

Laser capture micro-dissection was performed using the Zeiss PALM MicroBeam 

system. Clusters (C), Palisading epithelia (PE, non-cluster (NC)), stellate reticulum 

(SR) and glial reactive tissue (G) were identified morphologically and separately 

collected on adhesive caps (Zeiss, Adhesive caps opaque 415190-9201-001) 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 current Home Office legislation. Mice 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 Hesx1Cre/+ line had previously been generated in the host laboratory 

(Andoniadou, Signore et al. 2007). Briefly, the coding region of Hesx1 gene was 

replaced with a Cre recombinase cassette. Hesx1 is a transcription factor essential 

for normal pituitary and hypothalamus development (Dattani, Martinez-Barbera et 

al. 1998). It is expressed in the anterior hypothalamus, ventral diencephalon, oral 

ŜŎǘƻŘŜǊƳ ŀƴŘ wŀǘƘƪŜΩǎ ǇƻǳŎƘ ōȅ фΦрŘǇŎΦ [ƛƴŜŀƎŜ ǘǊŀŎƛƴƎ Ƙŀǎ ƛŘŜƴǘƛŦƛŜŘ ǘƘŀǘ ŀƭƭ 

terminally differentiated pituitary cell types are derived from Hesx1 expressing cells 

(Gaston-Massuet, Andoniadou et al. 2008). Homozygotes are embryologically lethal 

and therefore heterozygous mice have been maintained on a C57/Bl6 background 

for over 50 generations.  

The Ctnnb1lox(ex3)/lox(ex3) line had previously been obtained in the laboratory from 

Professor Taketo (Harada, Tamai et al. 1999). LoxP sites flank exon 3, together with 

a neo-cassette, such that Cre-mediated recombination results in an in frame 

deletion connecting exons 2 ŀƴŘ пΦ ¢Ƙƛǎ ǊŜǎǳƭǘǎ ƛƴ ƭƻǎǎ ƻŦ ǘƘŜ ʲ-catenin degradation 

domain resulting in functional activation, analogous to the point mutations 

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

Embryonic ACP model, Hesx1Cre/+;Ctnnb1lox(ex3)/+, mice, were generated by mating 

Hesx1Cre/+ and Ctnnb1lox(ex3)/lox(ex3) mice. 

2.3.2 Genotyping of mice 

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

Řƛƭǳǘƛƻƴ ƛƴ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ нр˃ƭ ŦƻǊ ол ƳƛƴǳǘŜǎ ŀǘ срⱤC. Ear biopsy was usually 
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performed at 1-2 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 protocols (Table 2-2, Table 2-3). 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 Leonidas Panousopoulos. 

Table 2-2: PCR primers for genotyping 

Mouse line Primer sequences Annealing 
temperat

ure  

Condition
s 

Product
s 

Hesx1Cre/+ OL39:TCAGCAAAGCTACAAGGTGAACTG 
OL89:GGAGACAATTCTTTTGTGAAACCCTG 

OL91: CCAGAGTGTCTGGCTTCTGTC 
CreT: CAGAAGCATTTTCCAGGTATGCTC 

руⱤ ŦƻǊ ол 
seconds 
35 cycles 

JD buffer WT: 500 
Mutant: 

300 

Ctnnb1lox(ex3)/l+ bcatFwd: AGAATCACGGTGACCTGGGTTAAA 
bcatRev:CATTCATAAAGGACTTGGGAGGTGT 

 
 

снⱤ ŦƻǊ нл 
seconds  
40 cycles 

Taq Poly 
buffer 

WT:600  
Mutant: 

550 

Table 2-3: Protocol for PCR reactions  

 PCR with Taq Polymerase 
buffer (hot start) (µl) 

 PCR with JD Buffer 
(µl) 

 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 

10  
1.2 0.8 JD buffer x 3 2.5 0.83 

MgCl2 25 mM 0.72 0.48 - - - 
Primer 1 (25 
mM) 

1.0 - Primer 1 (10 
mM) 

0.5 - 

Primer 2 (25 

mM) 

1.0 - Primer 2 (10 

mM) 

0.5 - 

dNTP 25 mM - 0.16 dNTP 25 mM 0.3 - 

Taq Pol 5 u/ ml - 0.16 Taq Pol - 0.12 

Total volume 11 8 Total volume 5.5 2.5 
Protcol: 94°C for 4 min 

85°C for 30s 
Add enzyme mix 

40 cylces of:  
96°C for 20s 
62°C for 20s 
72°C for 30s 

72°C for 10mins 

 94°C for 2 min  
85°C for 30s 

Add enzyme mix 
35 cycles of  
94°C for 30s 
58°C for 30s 
72°C for 45s 

72°C for 10mins 
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2.3.3 Collection of murine samples 

Whole mouse heads were collected at post-natal day 1 (P1).  Beyond P7 pituitaries 

were individually dissected. Tissues were either fixed in 4% paraformaldehyde or 

10% formalin for 12-48 hours or frozen immediately on dry ice and stored at -80 

degrees celscius.  

Fixed samples were washed 3 times in 1x phosphate buffered saline (1x PBS) and 

then progressively dehydrated to 70% ethanol (25%, 50%, 70%).  They were stored 

at 4ꜛ C prior to further dehydration to 100% ethanol (80, 90, 95, 100%), washing 

twice in Histoclear (National Diagnostics) and embedding in paraffin 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 protocols. 

IƛǎǘƻƭƻƎƛŎŀƭ ǎŜŎǘƛƻƴǎ ǿŜǊŜ Ŏǳǘ ōŜǘǿŜŜƴ о ŀƴŘ т˃Ƴ ƻƴ ŀ ƳƛŎǊƻǘƻƳŜΣ ƳƻǳƴǘŜŘ ƻƴ 

slides and baked at 37ꜛC overnight. 

Existing laboratory stocks of sections of heads of Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice 

collected at 18.5dpc were also used, where 0.5dpc was defined as the first day on 

which a vaginal plug was observed. 

Addition samples relating to the pre-clinical trial of Vismodegib are discussed in 

section 2.16. 

2.3.3.1 Survival Analysis 

Survival analysis was performed using the survival (v2.38) package in R. 
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2.4 Histological staining 

2.4.1 Haematoxylin and eosin staining 

Haematoxylin and Eosin (H+E) stainings were performed as per standard laboratory 

procedures. For paraffin embedded sections this was predominantly performed on 

the Leica Autostainer XL H&E staining machine. 

When performed manually, sections were dipped serially in 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% acid alcohol 

and then placed under running water for 5 minutes. They were placed in Eosin for a 

further 5 minutes, excess stain washed off with running tap water and 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, 1-2 minutes wash with running water and 5 seconds in Eosin.  

For laser capture microdissection, Diethyl pyrocarbonate (DEPC) treated milliQ 

filtered water was used to perform the washing steps.  

2.4.2 Immunofluorescence 

Immunostaining was performed by established laboratory protocols (Andoniadou, 

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 tris-EDTA pH9 (Table 2-4). Slides were heated (110ꜛC) at 

pressure for 2 minutes in a BioCare Medical decloaking chamber NXGEN. Sections 

were rinsed and permeabilised in PBT (0.1% Triton X-100 in 1x phosphate buffered 

saline (PBS)). Slides were incubated for 1 hr at room temperature with 10% Heat 

inactivated sheep serum (HISS) in blocking buffer (Table 2-4). Antibody staining was 

performed using concentrations as described in Table 2-5.  Primary and secondary 

antibodies were diluted in 1% HISS in 1x PBS. Slides were incubated with primary 
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antibodies overnight at 4Ɽ, rinsed and incubated with secondary antibodies for 1 

hour at room temperature. Where indicated, amplification was performed using 

biotin-conjugated secondary antibodies (Dako) and detected by incubation with 

streptavidin conjugated to a fluorochrome (usually Alex-Fluor 555) for 1 hour at 

room temperature. Auto-fluorescence blocking was performed by incubation in 

0.1% Sudan black (Sigma) in 70% ethanol for 5 minutes at room temperature. After 

washing in 0.02% Triton-X in 1x t.{Σ ǎŜŎǘƛƻƴǎ ǿŜǊŜ ŎƻǳƴǘŜǊǎǘŀƛƴŜŘ ǿƛǘƘ пΩΣ-

Diamindino-2-Phenylindole (DAPI) for 5 minutes (1:10,000 Sigma) and mounted on 

coverslips with VectaMount (H-1000, Vecta Laboratories). 

Table 2-4: Buffers used for immunohistochemistry 

0.01M Citrate buffer, pH6 1.92g anhydrous citric acid in 1L H20. Adjust to 
pH6 

Tris-EDTA buffer, pH9 Dissolve 14.4 g Tris and 1.44 EDTA 
to 0.55 L. Adjust to pH 9 with 1 M HCL. Add 0.3 
ml Tween 20. Make up to 600 ml with H2O.This 

is a 10x solution. 
Blocking buffer 0.1% Triton X-100, 0.15% glycine, 2mg/ml BSA 

in x 1x PBS.  
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Table 2-5: Antibodies used for immunofluorescence 

Name (clone/catalog no) Species Supplier 
Antigen 
Retrieval 

Concentration Secondary Antibody/ 
Amplifciation 

CTNNNB1 Clone 6F9 Mouse Sigma 
Citrate pH6 

or Tris-
EDTA pH9 

1:300  

CTNNB1 RB-9035-P1 Rabbit 
Thermofish

er 
Tris-EDTA 

pH9 
1:300  

CTNNB1 S37F mutation 

specific antibody (26168) 
Mouse 

Neweast 
Biosciences 

Tris-EDTA 
pH9 

1:25 Anti-Mouse 
biotinylated 

CTNNB1 S33F mutation 
specific antibody (26304) 

Mouse 
Neweast 

Biosciences 
Tris-EDTA 

pH9 
1:50 Anti-Mouse 

biotinylated 

CTNNB1 T41 mutation 
specific antibody (26306) 

Mouse 
Neweast 

Biosciences 
Tris-EDTA 

pH9 
1:25 Anti-Mouse 

biotinylated 

BCL11B/CTIP2 
Clone 25B6 
(ab18464) 

 

Rat Abcam Citrate pH6 
1:250  

TP63 Clone 4A4 (ab735) Mouse Abcam 
Tris-EDTA 

pH9 
1:250 Anti-Mouse 

biotinylated 

P21 Clone M19 (sc-471) Rabbit Santa Cruz 
Tris-EDTA 

pH9 
1:400  

Ki67 (ab42170) Rabbit Abcam 
Tris-EDTA 

pH9 
1:100 Anti-Rabbit 

biotinylated 

pERK1/2 #9101 Rabbit 
Cell 

signalling 
Citrate pH6 

1:250 Anti-Rabbit 
biotinylated 

EDAR Clone E-19 (sc-15289) Goat Santa Cruz 
Tris-EDTA 

pH9 
1:100  

EDA (C-16) (sc-18927) Goat Santa Cruz 
Tris-EDTA 

pH9 
1:200  

pSMAD1,5,8/9 #9511  Rabbit 
Cell 

signalling 
Tris-EDTA 

pH9 
1:200 Anti-Rabbit 

biotinylated 

pSMAD3 (ab52903) Rabbit Abcam 
TrisEDTA 

pH9 
1:100 Anti-Rabbit 

Biotinylated 

 

2.4.3 оΣо-Diaminobenzidine (DAB) immunohistochemistry 

Slides were processed as per the protocol for immunofluorescence. Following 

incubation with secondary biotinylated antibodies sections were incubated with an 

avidin-biotinylated peroxidase complex (Vector). Chromogenic detection was then 

ŎƻƴŘǳŎǘŜŘ ǿƛǘƘ ŀŘŘƛǘƛƻƴ ƻŦ оΣоΩ-diaminobenziidine (DAB, vector) for 2-5 minutes 

ŀƴŘ ǘƘŜƴ ŎƻǳƴǘŜǊǎǘŀƛƴŜŘ ǿƛǘƘ aŀȅŜǊΩǎ ƘŀŜƳŀǘƻȄȅƭƛƴ ό{ƛƎƳŀύΦ 

The majority of stainings were performed on Leica BondMax® automated 

immunohistochemistry machine as per Table 2-6. 
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BRAF V600E immunohistochemistry staining was performed by the IqPath service at 

the UCL Institute of Neurology using the Leica Bondmax instrument with the Bond 

Polymer Refine Detection Kit (Leica DS9800). Pre-treatment with Leica AR9640 for 

15 minutes was performed and the BRAF V600E (Spring Bioscience E19290) 

antibody used at 1:50.  

Anti-MSX-2 staining was performed by Annett Holsken using the Benchmark ULTRA 

IHC/ISH Staining Module; Ventana Roche; Illkirch, France) and the streptavidin-

biotin-staining system Ventana, DAB ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

recommendations. Murine generated monoclonal anti-MSX2/Hox8 antibody (clone 

2E12, Abcam) was used at 1:200.   

Table 2-6: Details of immunohistochemistry performed on Leica BondMax® 

Antibody Species Supplier Detection kit Concentration 

ʲ /!¢9bLb όŎƭƻƴŜ .Ŏŀǘ-1,code M3539) Mouse DAKO 
Bond-Max 
Protocol F 

 1:100 

CD68 (PGM1) (clone 514H12, cat 
PA0273) 

Mouse LEICA 
Bond-Max 
Protocol F 

1:100  

CD4 (clone 4B12, cat PA0368) Mouse  LEICA 
Bond-Max 
Protocol F 

 Pre-diluted 

CD3 (clone LN10, cat PA0553) Mouse LEICA 
Bond-Max 
Protocol F 

 Pre-diluted 

CD8 (clone 4B11, cat PA0183) Mouse LEICA 
Bond-Max 
Protocol F 

 Pre-diluted 

GFAP (cat 20334) Rabbit DAKO 
Bond-Max 
Protocol F 

 1:2000 

pERK1/2 (197G2) Rabbit 
Cell 

signalling 
Bond-Max 
Protocol F 

1:50 

CCL2 B96881 Rabbit Sigma 
Bond-Max 
Protocol F 

1:100 

IL6R (C-20) SC661 Mouse Santa Cruz 
Bond-Max 
Protocol F 

1:300 
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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 Image J 

software. Confocal images were taken using a Zeiss LSM 710 inverted confocal 

microscope. 

Individual Brightfield 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 C9600-01 with NDP.view 2.4.32 software or the Leica SCN400F 

scanner (http://www.leicabiosystems.com/digital-pathology/aperio-digital-

pathology-slide-scanners/). Subsections of images were captured using PicPick 

(https://picpick.en.softonic.com/) 

Images were processed using Image J and panels made using Microsoft Publisher 

or Inskape. 

2.6 Imaging 

2.6.1 Micro-focus computerised tomography (micro-CT) imaging 

Micro CT was performed by Dr Ciaran Hutchinson using the Nikon XTH 225 ST micro 

CT scanner (http://www.nikonmetrology.com/en_EU/Products/X-ray-and-CT-

Inspection/Computed-Tomography/XT-H-225-ST-Industrial-CT-Scanning). Stored 

frozen tissue was fixed in 10% formalin for a minimum 48 hours and then placed in 

нΦр҈ [ǳƎƻƭΩs iodine (25g I2 + 50g KI made up to 1000mls) for at least 72 hours. Data 

was initially processed in Volume Graphics®. Stacks 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.  

http://www.leicabiosystems.com/digital-pathology/aperio-digital-pathology-slide-scanners/
http://www.leicabiosystems.com/digital-pathology/aperio-digital-pathology-slide-scanners/
http://www.nikonmetrology.com/en_EU/Products/X-ray-and-CT-Inspection/Computed-Tomography/XT-H-225-ST-Industrial-CT-Scanning
http://www.nikonmetrology.com/en_EU/Products/X-ray-and-CT-Inspection/Computed-Tomography/XT-H-225-ST-Industrial-CT-Scanning
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2.6.2 Imaging of mouse model 

Embryonic model mice were serially imaged by MRI by Dr Jessica Boult. Briefly, 1H 

MRI was performed on a 7T horizontal bore micro-imaging system (Bruker, 

Ettlingen, Germany) using a 30 mm birdcage coil and 1 mm thick slices acquired 

over a 25 mm × 25 mm field of view (FOV).  Anaesthesia was induced using 3% 

isoflurane in 100% oxygen (1 L/min) and maintained with 1% isoflurane (for 

longitudinal screening/monitoring). Micro CT images of decapitated mouse heads 

were acquired as per section 2.6.1.  
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2.7 Nucleic acid extraction 

2.7.1 DNA extraction 

2.7.1.1 Human and murine frozen tumour and germline DNA samples 

DNA was extracted from frozen tumour or mouse tails using the Qiagen DNeasy 

Blood and Tissue kit®. 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 genetics service 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 micro-dissected (LCM) samples 

For LCM samples, DNA was extracted using the Qiagen QIAmp DNA Microkit. DNA 

was quantified by digital droplet PCR (ddPCR), a very sensitive quantitative PCR 

method where samples are split into thousands of individual droplets and amplified 

individually (ddPCR performed by Alice Gutteridge) (Hindson, Ness et al. 2011).   

2.7.1.3 FFPE embedded samples 

DNA from FFPE tissue sections was extracted by GOSH Acquired Genomics 

department. The Maxwell FFPE plus LEV DNA purification kit AS1135 (Promega) was 

used. Briefly, 5x10µm rolled sections were incubated overnight at 70°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 RNA extraction 

RNA was extracted from frozen tumour samples using the Qiagen miRNeasy® mini 

kit. As per DNA extraction, tissues 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) and Agilent 

bioanalyser to assess RNA quality (RNA integrity number (RIN) score).  
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RNA from LCM samples was extracted using the Qiagen RNeasy® micro kit and 

assessed on the bioanalyser.  
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2.8 Sanger sequencing of CTNNB1  

Sanger sequencing of CTNNB1 exon 3 mutation hotspots was performed either by 

GOSH Acquired Genomics department, or by myself at ICH. 

At GOSH Acquired Genomics, primers as per Table 2-7 were used to generate a 

415bp product using Amplitaq Gold (Applied Biosystems) with final concentration of 

1.5mM Mg++ and a touchdown programme (TD45, see below). Amplicons were 

sequenced using BigDye Terminator kit (Applied Biosystems) and an Applied 

Biosystem 3500 analyser. 

At ICH, primers previously designed by Lucie Wolfe (Table 2-7), MSc student, were 

used with the standard Taq polymerase buffer conditions as per Table 2-3. 

Table 2-7: CTNNB1 PCR Primers 

 Primers Amplicon size Amplicon 
size 

Protocol 

GOSH 
Acquired 
genomics 

-̡Catenin F  CATTTCCAATCTACTAATGCT 415bp As per  
Table 2-8 

-̡Catenin R CTGCATTCTGACTTTCAGTAA 
Institute of 
Child Health 

(ICH) 
n1HTbCA F 

GGGAATTCGGCTGTCTTTGACATTTGA
CTT 

316bp Taq 
polymerase 

as per  
Table 2-8: 

GOSH 
CTNNB1 PCR 
conditionsTa

ble 2-3 

n1HTbCA  R 

 
AGTCTAGACAGGACTTGGGAGGTATC

CA 

 

Table 2-8: GOSH CTNNB1 PCR conditions 

Touch Down  Cycle - TD45  
95oC 7mins 

93oC 

       x10 (<1oC per                         
cycle)    

45secs 
65 o/ Ҧ рс oC  45secs 

72oC  1min 30secs 
93oC  

             x35 

45secs 
56oC  45secs 

72oC  1min 30secs 
72oC 10mins 
4 oC Forever 

  



80 
 

2.9 Targeted DNA sequencing 

tŜǊŦƻǊƳŜŘ ōȅ 5Ǌ ¢ƛƳ CƻǊǎƘŜǿΩǎ group at UCL Advanced Diagnostics 

A next generation targeted amplicon sequencing panel was designed by Dr Tim 

Forshew to include all known craniopharyngioma mutations of exon 3 of CTNNB1 

and other common paediatric brain tumour hotspots. Targeted amplicon 

sequencing uses two PCR steps. Firstly, a traditional PCR amplifies a 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 facilitates detection of low allele frequency 

variants (Forshew, Murtaza et al. 2012). 

Primers were designed to specifically target exon 3 CTNNB1, BRAF V600, H3.1, H3.3, 

IDH1 and IDH.2 mutation hotspots and sequencing  was preformed using a protocol 

adapted from Weaver et al., 2014 (Table 2-9)(Weaver, Ross-Innes et al. 2014). After 

the two separate rounds of PCR, resulting amplicons consisted of the genomic 

ǊŜƎƛƻƴ ŦƭŀƴƪŜŘ ōȅ ŀŘŀǇǘŜǊ ǎŜǉǳŜƴŎŜǎΣ ŀ рΩ ǎŀƳǇƭŜ-specific barcode, and lastly by 

Illumina adapter sequences for complementarity to the flow cell. The samples were 

pooled, purified and then sequenced on an Illumina MiSeq. Reads were aligned to 

the human genome using bwa mem (v0.7.13-r1126) and variants were detected by 

VarScan mpileup2snp (v2.3) 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 variant allele. 

2.10 BRAF digital droplet PCR 

tŜǊŦƻǊƳŜŘ ōȅ 5Ǌ ¢ƛƳ CƻǊǎƘŜǿΩǎ DǊƻǳǇ ŀǘ ¦/[ !ŘǾŀƴŎŜŘ 5ƛŀƎƴƻǎǘƛŎǎ 

DNA was diluted 5-fold with nuclease-free water (Ambion). Each digital PCR 

ǊŜŀŎǘƛƻƴ ǿŀǎ ƳŀŘŜ ǳǇ ǘƻ нл ҡ[ ǿƛǘƘ н ҡ[ ŘƛƭǳǘŜŘ 5b!Σ мл ҡ[ ŘŘt/wϰ {ǳǇŜǊƳƛȄ ŦƻǊ 

Probes (No dUTP; Bio-Rad), forward & reverse primers, dual-labelled probes for 

wild-type and mutant templates, and nuclease-free water. Sequences for the BRAF-

V600E assay oligonucleotides are from Hindson et al. (Hindson, Ness et al. 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 (Bio-Rad) using the QX200 

Droplet Generator (Bio-Rad). All samples were tested in duplicate, with no-template 

controls included in all columns. Standard cycling conditions as recommended by 

the manufacturer were used with a Ta of 60°C. 

wŜǎǳƭǘǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ǿƛǘƘ vǳŀƴǘŀ{ƻŦǘ ϰ ǎƻŦǘǿŀǊŜΣ ǾмΦтΦ ! ƳŜŀƴ ƻŦ мфΣлул ŘǊƻǇƭŜǘǎ 

were successfully read in each well, including controls. Two droplets positive for 

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

degree of contamination. 

Table 2-9: Primers used for targeted amplicon sequencing 

Gene Primer name Primer sequence Amplicon length 
(bp) 

HIST1H3A 
 

H3.1_F1 GGTAACGGTGAGGCTTTTTCAC 102 

H3.1_R3 GGAAATCCACCGGCGGT 102 

IDH1 
 

IDH1 R132_F CTTGTGAGTGGATGGGTAAAACCTA 81 

IDH1R132CG_R CACATTATTGCCAACATGACTTACTTGAT 81 

CTNNB1 CTNNB1_F2 GCTGTTAGTCACTGGCAGCA 100 

CTNNB1_R2 CCTCAGGATTGCCTTTACCACT 100 

BRAF BRAF_V600E_F CTACTGTTTTCCTTTACTTACTACACCTCAGA 118 

BRAF_AS3 ACTGATGGGACCCACTCCAT 118 

H3F3A H3F3A-K27M_F AGCACCCAGGAAGCAACTG 126 

H3F3A-
K27M_R3 

ACAAGAGAGACTTTGTCCCATT 126 

IDH2 IDH2-R172S_3F GATCCCCTCTCCACCCTGG 94 

IDH2-R172S_3R AAACATCCCACGCCTAGTCC 94 
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2.11 RNA Sequencing 

2.11.1 Human ACP 

Human ACP cases were selected for RNA sequencing where the diagnosis of 

craniopharyngioma was confirmed on frozen section and where good quality RNA 

(RIN>6, as advised by UCL Genomics) was available. As the cell of origin of 

craniopharyngioma is unknown, control samples of human fetal pituitary were 

used. In addition, samples of non-functioning pituitary adenomas (NFPA) were 

selected as controls as these closely group with human adult pituitary in previous 

mRNA expression array studies (Gump, Donson et al. 2015). 

For un-dissected human ACP, sequencing libraries were prepared using the TruSeq 

Stranded mRNA Library Prep kit (Illumina) and sequenced to a depth of 

approximately 50 million paired end reads of 80bp (performed by UCL genomics).   

For LCM samples, 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). 

2.11.2 Murine ACP 

For murine ACP samples sequencing was performed by the Oxford Wellcome Trust 

Centre for Human Genetics. Sequencing libraries were prepared using the TrusSeq 

Stranded mRNA library prep kit (illumina). For samples collected at P1, RNA was 

amplified using the Clontech SMARTer® low input RNA and sequencing libraries 

generated using the NEBNext® DNA Library Prep Master Mix Set (New England 

Biolabs).  For all samples, sequencing was performed to a depth of approximately 

30 million 76bp paired end reads.  
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2.12 RNA sequencing data analysis 

2.12.1 Alignment 

For human analyses, FASTQ files were assessed using FASTQC and aligned using 

STAR aligner against UCSC human reference genome hg19. (Performed by Nital 

Jani). Exon 3 CTNNB1 were 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 been uploaded to Array Express: Human frozen ACP RNA 

seq cohort:  E-MTAB-5267, Human LCM cohort: E-MTAB-5266 

For murine analyses, FASTQ files were aligned against the GRCm38.ERCC reference 

genome (performed by The Wellcome Trust Centre for Human Genetics). 

Downstream analyses were performed by myself using Bioconductor in RStudio.  

2.12.2 Normalisation  

Following alignment, a read count per gene was generated for each sample using 

RSubread. Normalisations were then performed. The normalisation used most 

widely in this project was the variance stabilising transformations implemented by 

DESeq2. This fits a negative binomial distribution to the data in order to normalise 

across samples. This adjusts for the heteroskedastisity of the per gene read count, 

with greater variance observed for those genes with fewest counts. The 

transformation does not normalise for gene length, such that at an equal level of 

expression, longer gene will have a higher normalised count. The variance stabilised 

transformation gives only positive values facilitating easier downstream analyses 

than the similar rlog transformation.  

2.12.3 Data visualisation and clustering 

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

alogrithms in Bioconductor.  
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2.12.3.1 Principal Component Analysis (PCA)/Multi -Dimensional Scaling (MDS): 

Principal component analysis (PCA) is a method that reduces the complexity of data 

to a set of eigenvectors that explain its variance. These are ordered such that the 

first principal component (PC1) explains the most variability. Multi-dimensional 

scaling performs this analysis in a similar manner based on Euclidean distances 

between samples.  

2.12.3.2 Sample distances: 

Sample distance measures attempt to quantify the similarities between two sets of 

data plotted in multidimensional space. Distances measures, such as Euclidean 

distance, assess the actual numerical distance between datasets, whereas 

correlation distances compare the patterns.   

2.12.3.3 Clustering: 

There are multiple ways of clustering data; the process of grouping objects into 

classes.  These can broadly be divided into partitioning algorithms (e.g.  k-means ) 

where objects are placed into a set number (k) of classes and hierarchical clustering 

algorithms whereby objects are grouped by either splitting them by difference (Top 

down/Divisive) or grouping  them  from individual objects (Agglomerative).  

Consequently, hierarchical clustering algorithms generate trees of hierarchy linking 

the inferred relationships between samples.  Hierarchical clustering was performed 

using the hclust function in the stats package in R.  

There are different methods of linking objects based around what constitutes the 

ΨǎƘƻǊǘŜǎǘ ŘƛǎǘŀƴŎŜΩ between samples based on their inter sample distances. In single 

linkage the shortest distance between objects leads to grouping in clusters. In 

complete linkage, the shortest of the most distant links (cluster members) and in 

average linkage the shortest distance between centres of clusters. In contrast, 

²ŀǊŘΩǎ ƳƛƴƛƳŀƭ ǾŀǊƛŀƴŎŜ ƳŜǘƘƻŘ ƻŦ ŀƎƎƭƻƳŜǊŀǘƛǾŜ ŎƭǳǎǘŜǊƛƴƎ ƎǊƻǳǇǎ samples by the 

minimal increase in the sum of the squared differences between samples. This gives 

results often similar to those obtained through average clustering. For the analyses 

performed in this thesis results were similar regardless of the exact algorithm used.  
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2.12.3.4 Consensus clustering: 

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 data (Monti, Tamayo et al. 2003).  Therefore to investigate 

how many groups there are within a dataset Consensus Clustering was performed 

with R package Consensus Cluster Plus (Wilkerson and Hayes 2010).  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 assessed for their 

ǎǘŀōƛƭƛǘȅΦ  /ƻƴǎŜƴǎǳǎ ŘƛǎǘǊƛōǳǘƛƻƴ Ǉƭƻǘǎ ǉǳŀƴǘƛŦȅ ǘƘŜ άŎƻƴŎŜƴǘǊŀǘƛƻƴέ ƻŦ ǘƘŜ 

consensus distribution, with the aim of identifying the number of clusters (k) that 

maximises the concentration. This is determined by 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. Whilst theoretically giving 

a hypothesis-independent 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 al. 2014). 

2.12.4 Differential expression 

Differential expression (DE) analysis identifies differences in expression levels of 

genes between two groups of samples. It was performed using DESeq2 (Love, Huber 

et al. 2014).  DESeq2 applies normalisation factors in its analysis based on 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 Change (SE), Wald statistic (log2FC/SE) and a p-
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value. P-values are adjusted for multiple testing using the Benjamini-Hochberg 

method to give an adjusted p-value (padj).    

2.12.5 Downstream analysis 

2.12.5.1 Gene ontology analysis   

Due to the heteroskedastic nature of RNA seq data, gene ontology enrichment 

analysis of differential expressed gene lists must take into account length of a gene.  

Therefore gene ontology analyses of DE results from DESeq were performed using 

the GOSeq package in R (Young, Wakefield et al. 2010).  To visualise this, results 

were plotted using quickGO (https://www.ebi.ac.uk/QuickGO/), which plots GO 

terms by their hierarchy.   

2.12.5.2 Gene set enrichment analysis 

Gene set enrichment analysis (GSEA) assesses where a set (list) of genes falls within 

a ranked list of genes. It assesses wheǘƘŜǊ ǘƘŜ ƎƛǾŜƴ ǎŜǘ ƻŦ ƎŜƴŜǎ ƛǎ ΨŜƴǊƛŎƘŜŘΩ at the 

top or bottom of the ranked list more than expected by chance alone 

(Subramanian, Tamayo et al. 2005).  A KolmogorovςSmirnov like enrichment 

statistic is calculatŜŘΣ ǿƘŜǊŜōȅ ǘƘŜ ŀƴŀƭȅǎƛǎ ΨǿŀƭƪǎΩ down the list, from the most up-

regulated to most down-regulated, 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 this for differences in gene set size and other 

relationships between the gene set and gene list. The false discovery rate (FDR) is 

the estimated probability 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 pre-ranked tool was used. This assesses the results of 

differential expression analyses. The results 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 non-significant) or p-value (the most 

https://www.ebi.ac.uk/QuickGO/
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significant genes may have small fold change) alone. Using 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 downloaded from the Molecular Signatures Database 

(MSigDB, Broad Institute), accessed from collaborators (e.g. senescence gene sets), 

or created de novo based on experimental or published data (Table 2-10). GSEA was 

performed using graphical user interface GSEA version2.2.4 downloaded from the 

Broad Institute (http://software.broadinstitute.org/gsea/index.jsp). 
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Table 2-10: Gene sets used in analyses 

Name Description Link/Reference 
Hallmark v5.2 

gene sets 
50 curated gene sets representing well defined 

biological states or processes with coherent expression. 
Based on amalgamating overlaps of multiple founding 

gene sets.  

http://software.broa
dinstitute.org/gsea/

msigdb 

Tooth gene sets Genes confirmed to be expressed in various 
compartments of the developing teeth in human, mice, 

vole and other species.  Inner enamel epithelium, 
ameloblast, dental mesenchyme and odontoblast gene 
sets extracted. Combined and mutually exclusive gene 

sets also derived. 

http://bite -
it.helsinki.fi/ 

(Helsinki, 1996-2007)  

Senescence gene 
sets 

Oncogene induced senesncence: Genes upregulated 
with fold change >1.5 in human IMR90 ER:RAS 

fibroblasts where Ras has been activated by tamoxifen, 
compared to those without Ras activation. 

SASP proteins upregualted in cultured media in Ras 
activated IMR90 ER:RAS fibroblasts  as assesed by mass 

spectroscopy 

(Acosta, Banito et al. 
2013) 

WGCNA modules The genes included in each of the 12 WGCNA modules 
identified in 5.6. 

Derived from results 
of section 5.6 

(Supplementary table 
3). 

Human clusters 
and tumours 

The top 100 or 500 genes up-regulated in human 
clusters or tumours as assessed by differential 

expression analysis 

Derived from results 
of sections 5.5 and 

5.11 
(Supplementary table 

3). 
Expression 

patterns of brain 
cell types. 

RNA sequencing derived expression signatures of major 
CNS cell types, specifically neurons, astrocytes, 

oligodendrocytes of differing maturation stages, 
pericytes, microglia and endothelial cells.  

(Zhang, Chen et al. 
2014) 

Mesenchymal 
stem cells 

Mesenchymal lineage signature of 489 genes based on a 
deep comparative analysis of multiple transcriptomic 
expression data series of mesenchymal stem cells at 
different sites and stages compared with other cell 

types. 

(Roson-Burgo, 
Sanchez-Guijo et al. 

2016) 

Germ cell 
tumours 

399 gene probe sets enriched in germinomas and 292 in 
non germinomatous malignant germ cell tumours based 

on expression microarray comparison 

(Wang, Wu et al. 
2010) 

IL1̡  response 200 genes upregulated on treatment of macrophages 
with IL1̡  as assessed by expression microarray 

(http://software.broadinstitute.org/gsea/msigdb/genes
et_page.jsp?geneSetName=GSE8515_CTRL_VS_IL1_4H_

STIM_MAC_DN) 
98 genes upregulated (fold change>3) in PHM1-31 

myometial cells after IL1̡ stimulation  
 48 genes upregulated aŦǘŜǊ н ƘƻǳǊǎ ƻŦ L[мʲ ǎǘƛƳǳƭŀǘƛƻƴ 

on SW1353 chondrosarcoma cells 

(Vincenti and 
Brinckerhoff 2001, 

Chevillard, Derjuga et 
al. 2007, Jura, 

Wegrzyn et al. 2008) 
 

Atherosclerosis 29 genes upregulated in atherosclerotic plaques (aorta, 
carotid or femoral) compared with non atherosclerotic 

placques (Fold change > 15, FDR<0.05)  

(Sulkava, Raitoharju 
et al. 2017) 

  

http://bite-it.helsinki.fi/
http://bite-it.helsinki.fi/
http://software.broadinstitute.org/gsea/msigdb/geneset_page.jsp?geneSetName=GSE8515_CTRL_VS_IL1_4H_STIM_MAC_DN
http://software.broadinstitute.org/gsea/msigdb/geneset_page.jsp?geneSetName=GSE8515_CTRL_VS_IL1_4H_STIM_MAC_DN
http://software.broadinstitute.org/gsea/msigdb/geneset_page.jsp?geneSetName=GSE8515_CTRL_VS_IL1_4H_STIM_MAC_DN
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Weighted gene co-expression network analysis (WGCNA) 

WGCNA is a systems biology approach used to identify co-regulated gene networks 

across data sets in a hypothesis-independent manner (Zhang and Horvath 2005, 

Horvath, Zhang et al. 2006, Langfelder and Horvath 2008). First described in the 

context of brain tumours, this approach has been used to identify novel candidate 

pathogenic genes (Zhang and Horvath 2005, Horvath, Zhang et al. 2006, Langfelder 

and Horvath 2008).  

Genes whose patterns of 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 measure for each gene. Groups of closely 

interconnected (co-expressed) 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 Horvath, 2008, and discussed in 

brief below (Langfelder and Horvath 2008). Analysis performed was based on the 

code included within tutorials from the creator laboratories website 

(https://labs.genetics.ucla.edu/horvath/htdocs/CoexpressionNetwork/Rpackages/

WGCNA/Tutorials/). 

Initially, WGCNA was performed using variance stabilised transformed counts of all, 

or just the top 5000, most variably expressed genes as assessed by their median 

absolute deviation. As results were very similar, for computational ease, we decided 

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 adjacency value is then calculated by raising these correlations to the 

power of the soft threshold (in this thesis, selected as 12). This serves to emphasise 

strongly correlating genes, whilst minimising the input of those which poorly 

correlate. Genes are clustered based on their topology overlap measure, a network 

analysis approach 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 methods for detecting 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 resultant modules to identify the 

most stable configuration. In this thesis, a threshold of 0.2 was selected for analysis 

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

2.12.5.4 Correlation of Modules with phenotypic information 

For each module an Eigen gene (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, CTNNB1 mutation allele frequency, age, RNA integrity number (RIN)).  

2.12.5.5 Module Ontology enrichment 

Ontology analysis of modules was performed using the GOStats package (Falcon 

and Gentleman 2007). This facilitates assessment of enrichment of genes of a 

module within the context of specifying the 5000 genes included in the WGCNA 

analysis. Ontology enrichment was also performed using the AnnotDBi package, as 

per the WGCNA tutorials, and gave similar results. Results were also generated 

using g:Profiler, a quick online tool for assessing ontology enrichment amongst a set 

of genes (http://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 measure of the 

extent to which a given genesΩ expression pattern matches that of the module.  

Gene enrichment scores and barcode plots were generated using the geneSetTest 

and barcodeplot functions in Limma (Ritchie, Phipson 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.  

2.12.5.6 Assessment of module preservation: 

To assess whether patterns of gene expression are conserved in independent 

datasets module preservation analysis was used. This was performed as described 



91 
 

in Langfelder et al, 2011 and using code from the module preservation tutorial 

(Langfelder, Luo et al. 2011). This analysis assesses module preservation in 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 represents weak to 

moderate preservation. 

2.13 Analysis of published datasets 

For analysis of the data presented in Gump et al, normalised expression data was 

downloaded from the the National Centre for Biotechnology Information Gene 

Expression Omnibus (GEO) database (accession numbers GSE68015, GSE26966) 

(Gump, Donson et al. 2015).  

Comparison of expression of genes between ACP and PCP samples was made using 

the dataset published in Holsken et al. (Holsken, Sill et al. 2016). Differential 

expression analysis was performed by 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 

2.14.1 Protein extraction 

Protein lysates were extracted from pieces of fresh frozen ACP. Briefly, 6-28mg 

samples were placed in нрл˃ƭ ƻŦ lysis buffer (150mM NaCl, 20mM Tris pH 7.5, 1mM 

EDTA, 1mM EGTA, 1% Triton, with Protease inhibitor (Roche), 1mM  Sodium 

Orthovanadate and 25mM Sodium fluoride). Samples were sonicated on ice and left 

for 30 minutes at 4ꜛC, followed by centrifugation at 20,000G for 10 minutes and 

collection of supernatant.  Protein concentrations were quantified by Bradford 

assay. 

2.14.2 Multiplex enzyme linked immunosorbent assay (ELISA) 

Performed by Dr Ying Hong 

50˃ ƭ ƻŦ ǎolid tumour protein lysates or 50˃ƭ of ACP cystic fluid were added to Meso 

Scale Discovery (MSD) multiplex kit (Meso Scale Diagnostics) to measure TNF-a, 

Interferon-g, IL-м,̡ IL-6. IL-8, IL-10 and IL-18, levels. For tumour lysate samples, 

results were normalised against total amount of protein added. 

2.14.3 Other datasets 

Cytometric bead analysis of cytokines in ACP and pilocytic astrocytoma cystic fluid 

performed by Andrew Donson and Todd Hankinson were interrogated (Donson, 

Apps et al. 2017). Similarly, mass spectroscopy data of human ACP cystic fluid 

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

In whole genome sequencing (WGS), the whole genome is broken into millions of 

fragments. These are 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 germline, it is possible 

to identify somatically acquired point mutations. 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 capture probes, exome sequencing limits sequencing to 

only of 1% of the genome that is expressed at the RNA level. This greatly reduces 

cost and the amount of data produced, however, copy number and chromosomal 

rearrangement information is also reduced. 

2.15.1 Exome sequencing 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 

Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice were collected at humane end-points. DNA was 

extracted using the DNeasy bloods 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 Wellcome Trust Sanger Institute at 30x depth. Raw pair end 

sequencing reads were aligned with BWA-mem to the GRCm38 mouse reference 

genome (Li 2013). Duplicated reads were marked using biobambam (Tischler and 

Leonard 2014). Somatic variants were detected using CaVEMan, an expectation 

maximizationςbased somatic substitution-detection algorithm (Jones, Raine et al. 

2016). Detected somatic variants were then filtered using an array of quality filters 

and common mouse genome variants were excluded (Keane, Goodstadt et al. 2011, 
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Jones, Raine et al. 2016). SIFT and PROVEAN were used to predict the functional 

importance of mutations (Kumar, Henikoff et al. 2009, Choi and Chan 2015).  

A sub-selection 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. Primers were designed in flanking regions (Table 2-11). PCR was 

performed as per Table 2-3 with Taq Polymerase conditions. Sequencing of the PCR 

fragments was performed by Source BioScience (UK). 

Table 2-11: Primers used in validation of Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumour exome 
sequencing results 

Case Gene Primer 1 Primer 2 

MD5190 Apcs TGTGACCTTTGAAACCCTCC CAGTGTCAAGGGCAGAGACA 

MD5194 Sohlh2 CCTGGAGGGATGTGTGAAGT TGAGCTGCAGTGTTAGGCAC 

MD5184 Kcnd3 AAACAACCAGGAGTCCATGC GTGTCCAGGCAAAAGAAAGC 

MD5196 Col9a2 GGAACAGTGGGCTCACAACT TCTGGTCTAACCCAATCCCA 

MD5186 Ncdn CCAGAAACTTGCTCCCAGAG TTTCCAAAGAGCCGAAGATG 

MD5195 Kmt2c TTTGAACAGGAATATGGTGTCAG GACAATCGGGAGAAGATAGCA 

MD5197 Pak1 CGCTTGCTTCAAACATCAAA ATCACACTGGCGCTTTCTTT 

MD5186 Slco2b1 AGGAGATCCCAAAAGGCTGT GGGGCAATCGAGTGACTTAC 

MD5194 Trappc11 ACAATTTCCTTGTTTTGCCG GCCTGTTAAAGGGTGTCCAA 
MD5193 Sipa1l2 GTTTTCAGTGCAGGGGTTGT CTCTGTTCCTTTCTCGGCTG 

MD5186 Efcab6 GCAGCCTGTCAGGAGAAATC GGGGAGGCTAAAGTACCAGG 

MD5189 Nell2 TTTGTTTCTACCCACCTGGC GATATTGACGAATGCGGGAC 

MD5196 Spsb3 CTCGGCTTCAAAACAGAAGG GGTTGCAGTTCATGCTCAGA 

MD5189 Olfr137 GGTACCCAGAGCAAGGACAA ATGGCCTCATCTGGAAGTTG 

 

2.15.2 Whole genome sequencing of human ACP 

Samples were selected for WGS where the diagnosis of craniopharyngioma 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 coverage for tumour samples and 30x 

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

2.15.2.1 Data 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 the whole genome 
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sequencing data was analysed through the Sanger centre Cancer Genome Project 

(CGP) pipeline through collaboration with Dr Sam Behjati. Results were interrogated 

and interpreted by myself at UCL. 

Analysis was as described in Nik-Zainel et al. ((Nik-Zainal, Davies et al. 2016)) Briefly, 

reads were aligned against the human reference genome GRCh37.  

Structural variants were investigated using the BRASS (BReakpoint 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 substitutions were identified by the CaVEMan (Cancer Variants Through 

Expectation Maximization  (http://cancerit.github.io/CaVEMan/) algorithm (Jones, 

Raine et al. 2016). 

The presence of small insertions and deletions (Indels) was assessed by 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 of 10 or more 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 Centre curated 

list of 616 established cancer driver genes. 

2.15.2.2 Validation:  

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

large deletions, ǇǊƛƳŜǊǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ǎǇŀƴƴƛƴƎ ǘƘŜ рΩ όŀƴŘ ƛƴ ǎƻƳŜ ŎŀǎŜǎ ǘƘŜ оΩύ 

breakpoint, and following the break.  Similarly, primers were designed to detect a 

translocation. For smaller deletions primers were designed on either side.  Gel 

extractions were performed on identified mutant bands. Briefly, bands of 

appropriate size were identified on 2% agarose gels using UV light illumination and 

the DNA extracted using the QIAquick Gel extraction kit. 

https://github.com/cancerit/BRASS
http://cancerit.github.io/CaVEMan/
http://cancerit.github.io/cgpPindel/
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Single nucleotide variants at EcoRI restriction enzyme sites were identified. 

Restriction enzyme digest was performed with 500ng of genomic DNA, 6 units EcoRI 

(PromegŀΣ мнǳƴƛǘǎκ˃ƭύΣ мΦр˃ƭ .ǳŦŦŜǊ I όtǊƻƳŜƎŀύΣ ƳŀŘŜ ǳǇ ǘƻ мр˃[ ǿƛǘƘ wbŀǎŜ ŦǊŜŜ 

water and incubated for 90 minutes at 37ꜛC. This was followed by PCR 

amplification, purification and sequencing as per sections 2.3 and 2.8. All primers 

can be found in Table 2-12. Reactions were performed by Leonidas Pansouopolous 

with close guidance and review by myself. 
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Table 2-12: Primers used in validation of WGS results. For each genomic locus: Genomic 

change annotation as per results in Table 7-9 or Supplementary Table 7.  Case number for 
validation, primer combinations and expected product band size. 

Translocation:  Chr.3  171753134(36)--CC--99550849(51)  Chr.15  (score 99)  
3TF GCCAGGCATGTTCAGTTCAT     
3TR TCTGAACAGCACCAGGGAAA     
15TF ATACCCCGGATGCACTTGTA     

15TR AAATGGACCAATCAGCAGGA     
  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)--TCA--179001459(62)  Chr.3  (score 99) 
Primer Annealing sequence Overhang sequence   

3F TGGGACAGGTGCAGGAATAA     
3WT GATTCCTGAGTCACCTGCTTTGT     
3MT ACCTTGCTGTTTTGGTTACTGT     

  Case: 30776     

  WT 3F+3WT 650 
  Mut 3F+3MT 510 

Chr.2  212351172] TT [212415756  Chr.2   
  Annealing sequence Overhang sequence   

2F TGTATCTGCTAACTGTGGATTCA     

2WT ACCTACACCCATCACCTGTT     
2MT TTGTGTATGTCAGCGGCATG     

  Case 30779     
  WT 2F+2WT 435 
  Mutant 2F+2MT 502 

Chr.17  41227451(52)--T--41342301(02)  Chr.17   

17F CCCTATTGCCTGCCTTTTCA     
17WT TCTCACCCATCTTCAATCCAGG     
17MT AACCTGAGCATGCCATCTGA     

  Case 30777      
  WT 17F+17WT 246 

  Mutant 17F+17MT 386 
Chr.4  40437859] C [40469659  Chr.4    

4F CAATAAGCTCTACCCTCCGACT     
4WT CACCATTCTCCTATCTCAGCCT     
4MT GGCTGGTCTTGAACTCTTGATC     

  Case 30779     

  WT 4F+4WT 408 
  Mut 4F+4MT 613 

Repeated with additional primers   
4F CAATAAGCTCTACCCTCCGACT     

4WT CACCATTCTCCTATCTCAGCCT     
4F2 GAGACTTACTGTTCTGCCCCTA     

4MT2 ACTCATCTTGACCTCCCAAAGT     
  5' WT 4F+4WT 408 
  3' WT 4F2+4MT2 647 
  Mut 4F1+4MT2 580 

Chr.2  44318598(604)--AGGAAC--44321180(86)  Chr.2  (score 97) 

2delF1 TGGAGAAGGAAGAGGTGGTAAG     
2delR1 GGTACTAAGCTCTTGGGACTGA     
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2delF2 GCTCCCAATTACGATTCCACAA     
2delR2 CACTCTGCATCTGACAACTGAG     

  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 GAAACTTCCACAGAGCCTTAGG     

7R1 TGGCTCCCTCATGAATGGCTTA     
7F2 CGAAGTGACCATACTGAGCAAG     
7R2 GCAGCTCCTCATTCTCTCCTAA     

  Case 30777     
  5' WT 7F1+7R1 635 
  3'WT 7F2+7R2 481 

  Mut 7F1+7R2 581 
Chr.13  105462847(50)--AAG--105476831(34)  Chr.13   

13F1 TTCTCACTGTTATGGCGAACC     
13R1 GATGTGGGTTCTGACTCTACCT     
13F2 TCAACCCTCTTAATCCAGGTGG     

13R2 TCCCACTAAGAAGAGTAGCTGG     
  Case 30776     
  5' WT 13F1+13R1 212 
  3'WT 13F2+13R2 433 
  Mut 13F1+13R2 441 

Small deletions 

Chr 1: 7889947 217bp deletion  
1delF CTAGCAGTGTGTTACAGGCAAC     
1delR ATGGTGATTGTGGTAGCGCTTA     

  Case 30777     
    WT 575 

    Mut 358 
        

Chr 17: del 39340681  337bp 
17delF CATATCATGGGATGGTGACTGG     
17delR CCTCTGACACCATGGTTAACTC     

  Case 30776     

    WT 501 
    Del 164 
        

Chr 19, 
1418734   

Del 342bp 
  

19delF GTCGATTGGGAAGGATTAAGCC     
19delR TCAAGTGGAGCAGTAAAGTGGC     

  Case 30779     
    WT 646 
    Del 304 

 Chr 1, 244927378 Del 204bp   
Del1F CCATTGTTTTCTTGCAGCGG     
Del1R ACAGGAGAATCGCTTGAACC     

  Case 30779     
    WT 386bp 
    Del 204bp 

SNPs: 
Chr18: 74464442 T->C    

S18F CAACAACGATTTTCTGCAGGTC     



99 
 

S18R CTCACCCTTGGCATTGTCTTAG     
  Case 30779     

  Product:  249 bp   
Chr 5, 65437974 G->A   

S5F CTACATGCTCAGTCTGGAATGC     
S5R AAAGCAGACATTAAAAAGGTTTG     

  Case 30776 
 

  
  Product:  378bp   

Chr 11, 90532787 C->T  
S11F JohnApps_8_1 TGGACGCTTGTAATCCCACT   
S11R JohnApps_8_2 TGAAGTGCAGTGGTGTGATC   

  Case 30779     
  Product 236bp   
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2.16 Trial of GDC-449 Inhibition of SHH pathway in embryonic model of 

ACP  

A cƻƭƭŀōƻǊŀǘƛƻƴ ǿŀǎ ŜǎǘŀōƭƛǎƘŜŘ ǿƛǘƘ tǊƻŦ [ƻǳƛǎ /ƘŜǎƭŜǊΩǎ ƎǊƻǳǇ ŀǘ ǘƘŜ LƴǎǘƛǘǳǘŜ ƻŦ 

Cancer Research, Sutton, UK to perform pre-clinical trials in 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.  I was actively 

involved in developing the collaboration, designing the trial, genotyping and 

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

2.16.1 Pharmacokinetic and pharmacodynamics experiments 

To select the optimum dose and dose regimen the published details of 

pharmacokinetics (PK) and pharmacodynamics (PD) were reviewed (Wong, Chen et 

al. 2009, Wong, Alicke et al. 2011, Gould, Low et al. 2014). To ensure that the 

results were applicable to the embryonic mode,l 1-7 oral doses were administered 

to the mice and pituitaries, whole blood (blood spot) and plasma were collected 

(cardiac puncture).  PK was determined by mass spectrometry (performed by Ruth 

Ruddle).  Expression of target gene Gli-1 was determined using RT-PCR and in situ 

hybridisation (performed by Gabriela Carreno).  Samples were also collected for 

histological examination and immunohistochemistry. 

2.16.2 Randomised trial 

Mice were bred and 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 (maximum limit allowed by project licence).  Mice were 

serially imaged fortnightly until radiological signs of progression were observed 

after which they were imaged weekly. Following completion of drug they were 

monitored and culled once they reached a humane endpoint, usually when they 

showed signs of being unsteady, gross hydrocephalus or there were other clinical 

concerns. Survival 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 chapter samples of human and murine ACP were subjected to advanced 

imaging techniques.  The aims of this were: 

¶ To further understand the spatial relationships of human ACP tissue 

invasion. 

¶ To understand the temporal dynamics of murine ACP tumourigenesis and 

assess the utility of in vivo serial imaging for pre-clinical therapeutic testing. 

3.2 High resolution imaging of human ACP 

The management of many cases of ACP is challenging due to the inability to 

completely resect the tumour without significant damage to surrounding structures.  

This is often due to infiltration into the surrounding tissues and the resultant lack of 

a well demarcated surgical tissue plane. Several publications have highlighted the 

structures and often diversity of features at this tumour/normal tissue boundary. 

Kawamata et al, reviewed the histological interface of 15 ACPs describing the three 

patterns of interface: in type 1, a capsule like boundary composed on tumour and 

inflammatory cells, in type 2 a relatively clear cleavage between tumour and 

surrounding gliosis and in type 3, perhaps the most challenging, inter-digitation of 

tumour epithelia with surrounding gliosis (Kawamata, Kubo et al. 2005). Such 

Ψfinger-likeΩ extensions of tumour into areas of profound local reaction, including 

dense fibrosis, cholesterol clefts, giant cells, lymphocytes and haemosiderin laden 

macrophages  have been observed by others, including Burghaus et al, who through 

immunohistochemistry described a specific niche of cells at the tumour/reactive 

tissue interphase characterised by expression of Nestin and MAP2c (Kasai, Hirano et 

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

The ACP clusters described in the Introduction have been suggested to play an 

important role in tumour invasion based on the observation that in human ACP and 

also a murine xenograft model, that clusters are frequently observed at the leading 

edge of tumour invasion (Stache, Holsken et al. 2015).   
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To date these studies have used standard histological approaches to examine the 

tumour/normal tissue boundary and have therefore been limited to 2 dimensional 

planes.  

3.2.1 Micro-CT: An emerging method for visualising biological tissues  

Led by Professor Neil Sebire, Dr Owen Arthurs and PhD student/Pathology trainee 

Dr Ciaran Hutchinson, the histopathology and radiology departments at GOSH have 

developed an expertise in micro-focus computed tomography (micro-CT) of human 

tissues. Micro-CT was initially designed for the non-destructive testing of industrial 

components, but is increasing emerging as useful in providing high resolution 

imaging of biological specimens, facilitating detailed 3D non-destructive 

visualisation at resolutions comparable with low magnification light microscopy 

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

Micro-CT relies on the differential X-ray absorption between tissue compartments 

to delineate structures. Contrast is achieved through treating tissues with contrast 

agents, most commonly potassium tri-iodide, though prolonged scans of non-

contrasted embedded FFPE tissues has also been successful (Scott, Vasilescu et al. 

2015). Prior to this study, only one study had investigated the use of micro-CT in 

studying cancer invasion. In this study, Tang et al, performed intraoperative micro-

CT of breast cancer specimens to visualise areas of calcification, but did image to 

histological levels of detail (Tang, Buckley et al. 2013). 

The variable density of the histological structures within ACP (e.g. clusters ς dense, 

stellate reticulum ς less dense), makes micro-CT a potentially exciting method to 

investigate the 3D patterns of invasion. Three frozen samples of ACP were selected 

where there was adequate tissue. Samples were thawed and fixed in formalin and 

placed in potassium tri-iodide for at least 72 hours before imaging (Table 3-1). 

Following imaging, samples were embedded in paraffin and processed by standard 

protocols, including staining with Haematoxylin and Eosin and 

immunohistochemistry for glial fibrillary acidic protein (GFAP) and ̡ -catenin to 

assess whether potassium iodide affected immunohistochemistry.  
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3.2.2 Micro-CT reveals complex tissue architecture with clusters at the leading 

edge of tumours 

3D image volumes were successfully acquired for all three samples with isotropic 

voxel sizes of 4ςс˃Ƴ όŜǉuivalent to a resolution of 5ς7˃Ƴ ǿƘŜƴ ǘŀƪƛƴƎ ŀŎŎƻǳƴǘ ƻŦ 

ǘƘŜ ŦƻŎŀƭ ǎǇƻǘ ǎƛȊŜ ƻŦ о˃Ƴ (Rueckel, Stockmar et al. 2014).  The images were 

successfully correlated with their low power histological counterparts 

demonstrating the ability to identify individual structures by micro-CT (Figure 3-1).  

The 3D image volumes could be virtually dissected in any image plane giving much 

greater spatial information of the samples than that possible by individual 

histological slices (Supplementary Videos). 

In sample JA003 the spatial relationship of the tumour compartments and reactive 

tissue was further explored in 3D.  Differential grey values allowed tumour 

boundaries and clusters to be segmented from reactive glial tissue within manually 

determined regions. Segmentation tools merged the largest connected areas 

bounded by the maximum intensity of voxels within a user-defined range, creating a 

three dimensional model of the tumour within the reactive tissue (Figure 3-2). This 

highlighted the complex relationships of tumour and reactive tissue with nodules 

and islands interspersed across a region of the sample.  

An area of apparent Ψfinger-likeΩ protrusions was further analysed and found to be 

part of a relatively larger complex area of tumour tissue (Figure 3-2). Clusters were 

visualised predominantly at protrusions of tumour in both areas assessed, 

consistent with their suggested role in promoting invasion (Figure 3-2). 

As demonstrated in Figure 3-2c, immunohistochemistry was successful, 

demonstrating that treatment with potassium tri-iodide does not impair 

immunohistochemistry. 
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Figure 3-1 Micro-CT imaging of adamantinomatous craniopharyngioma. a) Micro-CT and 

matched histological tissue section of ACP case JA0003 showing areas of tumour 
interspersed by reactive glial tissue. Scale bar indicates 1mm. b) 20x images of specific 
tumour compartments from boxed regions of a. The left panel shows epithelial whorls 

(ΨclustersΩ) within an area of tumour and the right panel shows wet keratin which has a 
higher grey value on CT imaging. Scale bars=100˃ ƳΦ Ŏ ϧ Řύ aŀǘŎƘŜŘ ƳƛŎǊƻ-CT and 
histological images of cases JA025 and JA051. SŎŀƭŜ ōŀǊǎҐмƳƳΦ  9² Ґ 9ǇƛǘƘŜƭƛŀƭ ²ƘƻǊƭǎΣ 

{w Ґ {ǘŜƭƭŀǘŜ wŜǘƛŎǳƭǳƳΣ t9 Ґ tŀƭƛǎŀŘƛƴƎ 9ǇƛǘƘŜƭƛǳƳΣ D Ґ wŜŀŎǘƛǾŜ Dƭƛŀƭ ¢ƛǎǎǳŜΣ ²Y Ґ ²Ŝǘ 
Keratin  (Adapted from Apps et al, 2016) 
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Figure 3-2: Three dimensional annotation of micro-CT of human ACP. a) Three dimensional 

annotation of an area of case JA003. Green indicates the border of tumour demonstrating 
nodules and islands with some interconnections. Connections of less than 5˃Ƴ are not well 
visualised at this resolution, possibly explaining discontinuities. Purple indicates epithelial 

whorls/clusters. b) An area of finger-like protrusions. The upper panel shows the micro-CT 
image; the lower panel shows 3D annotation revealing a complex 3D structure in this 
region. c) Immuno-histochemical staining of the post micro-CT samples demonstrating 

appropriate antigenic reactivity following iodination. Upper panel -̡catenin showing a 
cluster with nucleo-cytoplasmic accumulation (JA003), lower panel glial fibrillary acidic 

protein (GFAP) (JA051). Scale bars=100˃Ƴ (Adapted from Apps et al, 2016) 

 

 

Table 3-1: Description of cases undergoing micro-CT imaging 

Case: Age of 
Patient: 

Type: Comment: 

JA003 10 years Primary 
resection 

Radiological hypothalamic damage prior to surgery. At 
follow up pan-hypopituitarism requiring hormonal 

replacement 

JA025 8 years Primary 
resection 

Clinical details not available. 

JA051 43years  Primary 
resection 

Imaging at diagnosis shows calcified lesion impinging on 
3rd ventricle. At follow up pan-hypopituitarism and 

obesity.   
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3.3 Imaging the embryonic mouse model of ACP reveals similarities to 

human ACP  

To further understand the growth dynamics of murine ACP tumours, serial imaging 

of embryonic ACP mice was performed using MRI. In addition, post mortem micro-

CT was performed, enabling higher resolution images at different stages and 

correlation with histological features.   

Understanding the temporal dynamics of tumour growth is important for the design 

of appropriate pre-clinical therapeutic treatment strategies. This is both for 

identifying appropriate stages for treatment, but also in assessing the potential of 

using imaging quantification of therapy response as a measure of therapeutic 

efficacy.  

To perform the MRI studies, collaboration was established with Dr Jessica Boult and 

Dr Simon Robinson at the Institute of Cancer Research, Sutton, Surrey. Micro-CT 

images were acquired by Dr Ciaran Hutchinson. All mice were bred and coordinated 

by myself and interpretation of analyses of images done in collaboration with Drs 

Boult and Hutchinson. 

MRI and micro-CT imaging performed at 8 weeks of age revealed enlargement and 

disruption of the pituitary of Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice, when compared with 

wildtype control mice. This is consistent with the previously observed pituitary 

hyperplasia prenatally (Gaston-Massuet, Andoniadou et al. 2011). Serial imaging 

every two weeks revealed no significant additional changes for a period of several 

weeks, followed by a period of solid tissue expansion, the development of cysts 

(hyper-intense relative to the midbrain) and subsequent haemorrhage (relatively 

hypo-intense) (Figure 3-3).    

Of particular note, in a proportion of tumours, cysts remained hyper-intense on 

FLAIR images. In this image acquisition technique signals from CSF and other motile 

fluid compartments would usually be suppressed. These cysts were also relatively 

hyper-intense on T1-weighted images. These features are frequently seen in cysts in 
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patients with ACP, and is thought to relate to ǘƘŜƛǊ ΨŜƴƎƛƴŜ ƻƛƭΩ consistency (Curran 

and O'Connor 2005)  

In other cases cystic fluid attenuated to the same degree as ventricular CSF on FLAIR 

and was isointense to the midbrain on T1-weighted images (Figure 2A, centre panel, 

open head arrow). In some cases both of these cystic phenotypes were identified 

within individual lesions (Figure 3-3).  

Ex vivo micro-CT images of intact tumour-bearing Hesx1Cre/+;Ctnnb1lox(ex3)/+ mouse 

heads, which had been imaged in vivo by MRI prior to necropsy, provided higher 

resolution 3D visualization of the tumours in situ. This confirmed the complex 

architecture observed on MRI and provided additional detailed evaluation of micro-

cystic components within the solid tumour (Figure 3-4). H&E stained sections 

confirmed the histological features observed by MRI and micro-CT; for example 

densely cellular areas of solid tumour, cysts containing proteinaceous fluid and/or 

red blood cells, and demonstrated that the walls of large cysts consisted of a simple 

epithelial layer (Figure 3-4). 

No invasion of the brain parenchyma by the tumour was evident by any technique.  

3.3.1 Imaging reveals non-linear growth pattern 

Reviewing the patterns of tumour development in these mice revealed considerable 

heterogeneity in tumour dynamics. Of 18 Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice followed by 

serial MRI, tumour progression was identified in thirteen prior to 1 year of age.  

Progression occurred at a median age of 17.7 weeks (range 8.3-35.3 weeks) with 

median overall survival in the cohort at 22.6 weeks (range 10.1 ς 41.0 weeks) 

(Figure 3-4). It was noted that tumours that presented later appeared to progress 

more slowly. Accordingly, the age at which progression was identified correlated 

significantly with progression time (Pearson r=0.85, p=0.0002) (Figure 3-4). 

  



109 
 

Figure 3-3: Imaging of embryonic model of ACP. a) Axial in vivo T2-weighted MRI (upper 

panel) and ex vivo micro-CT ό˃/¢ύ (lower panel) images of the pituitary region of 8 week old 
control and Hesx1Cre/+;Ctnnb1l°x(ex3)/+ mutant mice (each image acquired from a different 
mouse). Note the expansion and increased heterogeneity of the Hesx1Cre/+;Ctnnb1l°x(ex3)/+ 

pituitaries (solid arrows) relative to the controls (dashed arrows). Arrowheads indicate the 
ǇƻǎǘŜǊƛƻǊ ƭƻōŜ ƻŦ ǇƛǘǳƛǘŀǊȅ ŀƭǎƻ ŘŜǘŜŎǘŀōƭŜ ƛƴ ˃-CT images and * denotes the sphenoid bone 
in control mice. (MRI resolution 98×98×1000 µm; micro-CT resolution approximately 9 µm) 

b). T2-weighted MRI images of a Hesx1Cre/+;Ctnnb1l°x(ex3)/+ mouse demonstrating the 
evolution of a tumour. In this mouse the first remarkable change was detected at 17.7 

weeks, which was followed by rapid tumour progression including growth of the solid 
component, cyst formation and haemorrhage. c) T2-weighted (T2-w), fluid attenuated 
inversion recovery (FLAIR) and T1-weighted (T1-w) MRI images from three 

Hesx1Cre/+;Ctnnb1l°x(ex3)/+ mice demonstrating different cyst imaging presentation. Arrows 
denote cystic fluid that did not attenuate on FLAIR and was hyperintense on T1-weighted 
MRI; arrowheads denote cystic fluid that attenuated on FLAIR and was isointense on T1-

weighted MRI. The example on the right shows both cyst phenotypes in the same tumour. 
(Adapted from Boult, Apps et al, 2017) 
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Figure 3-4 Murine ACP Survival and correlation of MRI, micro-CT and histology. a) In vivo 

T2-weighted MRI, ex vivo micro-CT and H&E stained sections from two tumour-bearing 
Hesx1Cre/+;Ctnnb1l°x(ex3)/+ mouse heads. Arrow denotes densely cellular solid tumour. Small 
cysts contained proteinaceous fluid (+) and/or red blood cells (*). Arrowhead indicates the 

simple epithelial layer that made up the wall of a large cyst. (MRI slice thickness 1000 µm, 
-˃/¢ ǎƭƛŎŜ ǘƘƛŎƪƴŜǎǎ Ғ ф ҡƳΣ ǘƛǎǎǳŜ ǎŜŎǘƛƻƴǎ р ҡƳ). c) Progression-free and overall survival 

curves to 1 year of age representing data from seventeen Hesx1Cre/+;Ctnnb1l°x(ex3)/+ mice 

alongside the correlation between time to tumour identification and time between 
identification of tumour and death for twelve animals. (adapted from Boult, Apps et al, 

2017) 
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3.4 Survival study of mice reveals longer survival with sex differences 

Following the variable survival durations observed in the mice undergoing imaging, 

survival data was collected on a larger cohort of Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice which 

had been followed at ICH. Included in the analysis were 93 mice who were culled at 

a humane end point, or which were still alive as of 16/1/17 (study end date).  The 

Kaplan-Meier curves are presented in Figure 3-5. Overall median survival was 24.9 

weeks (inter-quartile range 17.9-29.4 weeks).  

The survival time was significantly shorter in males (n=45, median survival 16.1 

weeks) than females (n=48, median 31.7), (Hazard ratio 1.95 (95% confidence 

interval 1.24-3.05), p=0.0039) (Figure 3-5).   

These survival graphs highlight a shift from the previously published survival data of 

median survival of 11 weeks. Reasons for this could include i) a relatively small 

cohort of 16 mice in the original study. ii)  Genetic drift: the Hesx1Cre/+ and 

Ctnnb1lox(ex3)/+ mice were initially crossed with C57Bl/6J mice. In the original study 

published in 2011, these mice analysed were possibly in the first 3-4 generations 

(Gaston-Massuet, Andoniadou et al. 2011). For the present study, the mice have 

been back-crossed to C57BL/6J animals for more generations, which could have 

influenced the median survival. iii) Changes in housing of animals.  Until 2014, mice 

were housed in standard cages, these were changed to individually ventilated 

cages.  This alters the immune environment for the mice, a factor that could 

influence tumour progression. 

Sex differences in incidence and outcome of cancers are not infrequent (Cook, 

McGlynn et al. 2011). For these tumours, female sex appears to increase the time to 

tumour formation and death. Reasons for this could include: i) hormonal 

differences e.g. oestrogens are relatively immunosuppressive, which given potential 

roles of inflammatory mediators in ACP tumour initiation could impact on the time 

course of tumour progression, ii) gene expression differences related to the 

presence/absence of the Y chromosome, iii) differences in anti-oxidative capacity. 

(Cook, McGlynn et al. 2011) 
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Figure 3-5: Kaplan-Meier survival curves of 93 Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice followed at 

ICH.  a) All mice, b) Separated by sex. 95% confidence intervals are included.  
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3.5 Summary 

In this chapter I used micro-CT to demonstrate the complex 3D structure of human 

ACP and the location of clusters at the leading edge of tissue invasion. This provides 

the first detailed 3D visualisation of human tumour invasion and provides proof-of-

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 delineation of tissue compartments, how well this can be achieved in 

other tumour types remains to be assessed.   

Imaging of the embryonic mouse model highlights a complex non-linear growth 

pattern, with early enlargement of the pituitary, a rapid expansion (hereafter 

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 referred to as late stage 

tumours). The results also highlight the heterogeneity of murine ACP model, both in 

imaging features and progression dynamics. Such heterogeneity provides additional 

challenges to using the model in pre-clinical testing of therapies, for instance 

making quantification of imaging response difficult, but may also reflect the 

heterogeneity seen in patients.  

To further understand the molecular mechanisms of tumour initiation and 

progression, samples collected from mice in the ICH cohort were subsequently used 

in transcriptome (n=8) and exome (n=15) sequencing experiments, along with 

additional samples collected at intermediate stages. These 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 

Whilst CTNNB1 mutations have been described in ACP for over a decade and BRAF 

V600E mutations have now increasingly been observed in PCP, there remain 

controversies. Following the publication of case reports of craniopharyngioma 

harbouring both CTNNB1 and BRAF mutations, the mutual exclusivity of these 

mutations has been questioned (Larkin, Preda et al. 2014). Similarly, whilst the 

majority of ACPs have been found to harbour CTNNB1 mutations, there remains a 

cohort where they have not been described. How much this relates to the lack of 

sensitivity of the various assays used remains unclear, particularly in the complex 

histological setting of ACP. A summary of published results to date are summarised 

in Table 4-1. 

The pattern of immuno-ƘƛǎǘƻŎƘŜƳƛŎŀƭ ǎǘŀƛƴƛƴƎ ƻŦ ʲ-catenin in human ACP and the 

non-cell autonomous model of murine ACP pathogenesis suggested by Andoniadou 

et al,. has questioned whether mutations are present in all tumour cells 

(Andoniadou, Matsushima et al. 2013). Whilst Holsken et al., 2009, attempted to 

answer this through performing LCM and Sanger sequencing, the results of this are 

controversial, particularly the finding of different CTNNB1 mutations within 

different compartments of the same tumour (Holsken, 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 in CTNNB1 exon3 and the V600 locus of BRAF, as well as several genes 

mutation hotspots in high grade glioma, specifically IDH1, IDH2, H3F3A and H3.1.  

The benefit of targeted next generational sequencing (NGS) over older approaches, 

such as Sanger sequencing, is its ability characterise variant allele frequencies, 

enabling an estimation of the proportion of cells within a sample that harbour a 

given mutation. In addition, through a second amplification step, targeted amplicon 

sequencing is very sensitive, enabling it to identify mutations 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 cohort of archival FFPE samples of 

ACP and PCP. LCM and targeted NGS was also performed on three cases of ACP to 

confirm in which compartments the CTNNB1 mutations are present. Finally, to 

independently validate ǘƘŜǎŜ ǊŜǎǳƭǘǎΣ ʲ-catenin mutation specific immuno-staining 

was performed. 

 



 

 

 

1
1
7 

Table 4-1: Summary of published literature of CTNNB1 and BRAF mutations in craniopharyngioma.  

Paper Methodology Results Comment 
Sekine et al., 2002 

(Sekine, Shibata et al. 2002) 
Sanger sequencing CTNNB1 exon3 point mutations in 10/10 cases of ACP, 

0/6 PCP 
CTNNB1 mutations also present in 

άƳŜǎŜƴŎƘȅƳŀƭέ ŎŜƭƭǎ  ōǳǘ ƴƻǘ Ǝƭƛal tissue 

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

Sanger sequencing CTNNB1 mutation in 9/14 ACP CTNNB1 mutations also identified in 
pilomatricomas and calcified odontogenic cysts, 

tumours associated with wet keratin.  

Oikonomou et al, 2005 
(Oikonomou, Barreto et al. 2005) 

Sanger sequencing CTNNB1 mutation in17/43 ACP, 0/8 PCP & 0/22 pituitary 
adenoma 

Lowest published estimate of CTNNB1 mutation 

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

Single strand confirimation 
polymorphism (SSCP) analysis 

and sanger sequencing 

CTNNB1 mutation detected 28/4 ACP, 0/6 PCP 
 

Deletion including exon 3 of CTNNB1 also 
described in manuscript (unpublished data) 

No APC mutations 
Holsken et al, 2009 

(Holsken, Kreutzer et al. 2009) 
SSCP and Sanger sequencing 

with laser capture 
microdissection 

CTNNB1 mutation detected in 8/8 cells. Mutations 
identified in cells accumukating and not accumulating 

nuclear ̡ -catenin.  In 2 cases > 1 mutation and in 3 cases 
differences in mutations between nuclear accumulating 

and non accumulating cells.   

Surprising finding of differnet mutations in 
different compartments. Concerns re 

contamination. 
No mutations in exon 4, or 8-13 of CTNNB1 in 32 

ACP. 
Brastianos et al, 2014 

(Brastianos, Taylor-Weiner et al. 
2014) 

Exome sequencig and Sanger 
sequencing 

CTNNB1 mutation in 11/12 ACP and 0/3 PCP on exome 
sequencing 

51/53 ACP by Sanger sequencing  

First desciption of BRAF mutation in PCP. 
 

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

Sanger sequencing BRAF V600E mutation in 2/16 ACP with confirmed 
CTNNB1 mutations   

Only description of coexistence of CTNNB1 and 
BRAF mutations in CP 

Goschzik et al.  2017 
(Goschzik, Gessi et al. 2017) 

Sanger sequecning, next 
generation panel sequencing, 

pyrosequencing.  
LCM in 25 cases of low 

epithelial content 

CTNNB1 mutations identified 89/117 ACP cases by 
sanger sequencing. Only idenitifed in 12/25 subjected to 

LCM. 
NGS sequencing of 26 ACP confirmed CTNNB1 mutaton 
in all but 4 cases, in 2 where no mutation detected by 

sanger sequencing.No BRAF mutations identified in ACP. 

Surpisingly low frequency of CTNNB1 mutations, 
particularly in context of LCM. No DDX3X 

mutations identified 

Malgulwar et al, 2017 
(Malgulwar, Nambirajan et al. 

2017) 

Sanger sequencing and 
immunohistochemistry 

CTNNB1 mutations in 27/43 ACP, BRAF V600E mutation 
in 4/7 PCP. 

Mutation and immunohistochemical results did 
not overlap 
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4.2 Targeted sequencing of archival FFPE craniopharyngioma confirms 

mutual exclusivity of CTNNB1 and BRAF mutations  

To detect whether the variable previous reported prevalence of CTNNB1 mutations 

related to limited sensitivities of assays, and whether all ACPs carry CTNNB1 

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 tumour content from 10-90% 

(Table 4-2). DNA was extracted and underwent targeted amplicon next generation 

sequencing. Sanger sequencing of CTNNB1 was also performed on ACP cases and 

BRAF V600E digital PCR on PCP cases. 

4.2.1 ACP harbour CTNNB1 mutations 

Of the 23 samples, adequate quality and quantity of DNA was extracted from 22.  

CTNNB1 mutations were identified by targeted NGS in 21/22 (95%) samples (Table 

4-2) 

Full results, including filtering are presented in (Supplementary Table 1). The variant 

allele frequencies were predominantly consistent with the histologically assessed 

tumour content of samples (correlation r=0.70, p=0.004) (Table 4-1).  

Sanger sequencing was successful in 19/22 samples and detected mutations in 12 

(63%)  In case 105, where no mutation was confirmed, a S33F mutation was 

identified in only one of two duplicates, in two separate sequencing runs and 

therefore did not pass the threshold for detection. No mutation was identified 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 panel of 78 paediatric brain tumour genes (through Dr Mike Hubank, 

Institute of Cancer Research, Sutton) 

In three cases PCR amplification for Sanger sequencing was unsuccessful, this may 

relate to the larger amplicon size used in Sanger sequencing relative to the targeted 
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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 sequencing. This was outside 

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 the -̡catenin protein 

and consistent with the mutations distribution in other tumour types (Table 4-1) 

(Forbes, Beare et al. 2016).  

No hotspot mutations of BRAF, H3F3A, H3.1, IDH1, or IDH2, were identified in ACP, 

despite adequate coverage in all but 5 cases for H3F3A, for 1 case for BRAF V600E.  
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Table 4-2: Targeted sequencing results of ACP. Sanger sequencing failed in 3 cases both at 

ICH and GOSH. 

Case 
No 

Diagnosis Tumour 
content 

(% nuclear 
area) 

DNA conc 
(copies/ul) 

CTNNB1 
Mutation 

Average 
Mutation allele 

frequency 

Detected on 
Sanger 

Sequencing  

21 ACP 20 1100 T41I 17% Yes 

22 ACP 70 2315 T41I 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 T41I 21% No 

40 ACP 80 8854 T41I 35% Yes 
64 ACP 80 395 S33C 39% Yes 

65 ACP 80 2273 T41I 29% Yes 

85 ACP 70 143 T41I 15% Yes 

88 ACP 45 2087 S33C 19% Yes 

89 ACP 80 439 T41I 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 I35S 43% Failed  

105 ACP 
60 

260 No 
mutation 

NA No 

106 ACP 25 1256 S37F 3% No 

107 ACP 20 1460 S33F 18% No 

108 ACP 70 4505 S37C 47% Failed  
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Figure 4-1: CTNNB1 mutations in ACP. a) Correlation of CTNNB1 mutation allele frequency 

with histologically assessed tumour content b) Distribution of CTNNB1 mutations in ACP 
cohort. Each substitution indicated by a box with the letter of resultant amino acid. 
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4.2.2 PCP harbour BRAF V600E mutations 

Targeted sequencing of five PCP samples confirmed the presence of BRAF V600E 

mutations, but no mutations in CTNNB1, H3F3A, H3.1, IDH1 or IDH2.  BRAF 

mutations were also confirmed by digital droplet PCR. Variant allele frequencies 

were consistent with the histologically assessed tumour proportions. V600E specific 

immunohistochemistry was also performed and was consistent with these results 

(Table 4-3).  
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2
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Table 4-3: Sequencing results for PCP.  

Case 

No 

Diagnosi
s 

Tumour 
content 

(% nuclear 
area) 

DNA 
conc 

(copies/
ul) 

Targeted Sequencing: BRAF V600E Digital PCR CTNNB1 sanger 
sequencing Mutation Average 

Mutation 
allele 

frequency 

Mean 
mutant 
copies/µ

L 

Mean wild-
type 

copies/µL 

Mean % 
mutant 

87 PCP 70 2087 BRAF-V600E 22% 252.5 655 27.60% No mutation 

91 PCP 70 6653 BRAF-V600E 23% 1262.5 3302.5 27.70% No mutation 

96 PCP 70* 360 BRAF-V600E 9% 36 240 13.00% No mutation 

97 PCP 50 262 BRAF-V600E 16% 11.8 72.5 14.20% No mutation 

101 PCP 60 1978 BRAF-V600E 19% 122.5 395 23.60% No mutation 

* includes significant areas of anuclear necrosis/degenerative change. 
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Figure 4-2: BRAF V600E mutation specific antibody staining of PCP.  Tumour epithelia  (*), 

but not fibro-vascular core ($) stains for V600E mutation. Scale bar =100um. 
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4.3 CTNNB1 mutations are clonal and mutated ̡ catenin is expressed by 

all tumour tissue 

4.3.1 Laser capture microdissection (LCM) and targeted sequencing 

The mutation allele frequencies identified in the series of un-dissected FFPE cases 

are consistent with the presence of heterozygous CTNNB1 mutation throughout all 

tumour epithelial cells; e.g. results where the variant allele frequency was 39% 

would suggest that 78% of cells sequenced harboured a heterozygous mutation. 

To confirm the presence of CTNNB1 mutations in both clusters and non-cluster ACP 

tissue, we performed LCM on a series of three ACP samples for which fresh frozen 

material was available and clusters were easily identifiable histologically. DNA was 

then extracted and targeted next generation sequencing performed by Alice 

Gutteridge of Tim ForǎƘŜǿΩǎ ƎǊƻǳǇΦ 

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 sequence CTNNB1. This had been unsuccessful, 

thought possibly due to poor quality of DNA extracted from FFPE tissue. We 

therefore chose to perform this with frozen tissue, aiming to acquire better quality 

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

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

Unfortunately, neither our group, nor others (Annett Hölsken, personal 

communication) have been able to successfully immuno-stain human frozen tissue 

for -̡catenin. Therefore Haematoxylin and Eosin stained sections were used to 

identify structures.  For each case, we confirmed that there was reasonable 

correlation between clusters identified on matched FFPE sections stained with 

either ̡ -catenin antibody or Haematoxylin and Eosin (Figure 4-3). 

The three cases underwent LCM of clusters (C), palisading epithelium (PE), stellate 

reticulum (SR) and glial tissue (G) Figure 4-3. Where available, targeted sequencing 

was also performed on matched germline DNA extracted from blood. Laser capture 



  

126 
 

microdissection was performed in duplicate on different occasions with freshly cut 

sections. Each sequencing reaction was also performed in duplicate.  

Full results are presented in Supplementary Table 1 and a summary in Table 4-4. 

Initial results showed that in cases JA004, JA061 and duplicate 1 of case JA029, 

CTNNB1 mutations could be identified in all (C, PE & SR) tumour compartments with 

approximately 50% variant allele frequency. This would be consistent with 

heterozygosity.  For the second duplicate of JA029, the mutation was identified, but 

at more modest variant allele frequencies of 26.8-37%.  The sequencing reactions 

were repeated with the same DNA sample with similar results. However on 

inspection, the DNA concentrations of these samples were noted to be significantly 

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

Whilst CTNNB1 mutations were found at 50% allele frequency in tumour 

compartments, unexpectedly they 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 approach, LCM of glial tissue was predominantly 

performed after capture of tumour tissue compartments.  When 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 capture of glial tissue 

from virgin uncut slides. For case JA004 and JA029 the CTNNB1 mutation was no 

longer detectable. For case JA061 the variant allele frequency reduced to 0.65%.  

No mutations were identified in BRAF, H3F3A, H3.1, IDH1, or IDH2 were identified in 

any of the samples. 
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Figure 4-3: Representative images of laser capture microdissection (LCM)  a) 

Representative images of ̡ catenin immunohistochemistry of FFPE sections of the three 
cases undergoing LCM. 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 

 

Table 4-4: Summary results of next generation sequencing of laser capture micro-

dissected human ACP. 

Case JA004 JA029 JA061 

Mutation CTNNB1-S37F CTNNB1-G34E CTNNB1-G34E 

Clusters 49% 49%* 52% 

Palisading epithelium 47% 49%* 54% 

Stellate Reticulum 49% 51% 55% 

Glial Tissue* 0%* 0%* 0.65%* 

Germline 0% NA 0% 

* only samples where confident of no contamination included. See Supplementary 

Table 1 for full results, NA indicates sample not available 
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4.3.2 Mutation specific antibody staining 

In parallel to the laser capture microdissection a post-doctoral scientist, Dr Christina 

Stache, optimised the immuno-staining of ACP using antibodies specific to particular 

-̡catenin mutations, specifically S33F, S37F and T41I. She had performed 

immunostaining on a cohort of 10 cases of ACP from Erlangen, Germany. 

As case JA004 had an S37F mutation, the findings of the laser capture micro-

dissection and targeted sequencing were further validated by myself through 

Ƴǳǘŀǘƛƻƴ ǎǇŜŎƛŦƛŎ ʲ-catenin immunohistochemistry on a matched FFPE sample of 

this case. This and previously stained cases were then imaged on the confocal 

microscope. This confirmed the expression of mutated ̡-catenin protein in all 

tumour compartments (Figure 5). 

Together these results confirm, by two independent techniques and on two 

separate, but overlapping, cohorts, that CTNNB1 mutations are clonal within the 

tumour epithelia and present in all tumour components. Therefore the mutations 

are present in cells which have, and those which do not have, nuclear accumulation 

of -̡catenin.   
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Figure 4-4: Mutation specific antibody staining of human ACP.  Mutation specific and 

mutation non-specific antibody staining perfectly match. {ŎŀƭŜ ōŀǊǎҐ млл˃Ƴ
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4.4  Chapter summary 

In summary, in this chapter I provide further support of mutual exclusivity of 

CTNNB1 mutations and BRAF mutations in ACP and PCP respectively. Furthermore, I 

confirm the presence of CTNNB1 mutations in all epithelial ACP cells using two 

independent methods. 

 

  



  

131 
 

 

 

 

 

 

 

Chapter 5 Transcriptional profiling 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 investigate the gene expression 

landscape of ACP.  

To date only three previous publications have investigated the global gene 

expression patterns in ACP. Gong et al. 2014, compared primary and relapse 

samples of two paediatric ACP patients using expression microarray and identified 

high levels of CXCL12 and CXCR2 associated with relapse (Gong, Zhang et al. 2014). 

Gump et al. 2015, performed microarray analysis of 15 ACP samples, comparing 

them with a panel of normal brain tissues and other tumour types (Gump, Donson 

et al. 2015).  Differential expression analysis was performed identifying up-

regulation of a number of genes related to epithelial differentiation and 

odontogenesis as well as a number of potential therapeutic targets including SHH 

and EGFR (Gump, Donson et al. 2015). Similarly, Holsken et al, 2016, performed 

expression array analysis comparing ACP with PCP showing differences in gene 

expression patterns, with SHH and WNT pathway genes up-regulated in ACP 

(Holsken, Sill et al. 2016). 

In these publications, correlation between dysregulated gene pathways and tumour 

architecture has been limited. In this chapter, I 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:  

¶ Are there distinct biological subtypes of ACP? 

¶ What biological pathways are active within human ACP? 

o Specifically, within which tissue compartment? (e.g. cluster, non-cluster 

tumour, reactive glial tissue) 

Á What are the pathways/genes activated in nuclear -̡catenin 

accumulating clusters? 

o Can this inform about the 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 approach for CTNNB1 genomic sequencing, 

we also undertook LCM of 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 from national biobanks and national and 

international collaborators (see Methods). At the time of analysis, 40 frozen 

samples from 37 cases of craniopharyngioma had been accessed. This included four 

adult ACP specimens and one childhood case of PCP. No adult PCP frozen material 

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 post-mortem specimens of adult 

pituitaries were accessed.  

Quality assessment revealed variable quality across samples.  All adult post-mortem 

pituitaries had low quality RNA (RNA integrity number (RIN) <4) and therefore not 

suitable for RNA sequencing.  19 ACP samples from 17 cases were histologically 

confirmed as ACP and had adequate RNA quality (RIN >=6).   A sample cohort of 18 

ACP samples, three fetal pituitaries and three non-functioning adenomas was 

therefore selected for sequencing.   Two samples from one case of ACP were 

included to assess for intra-tumoural heterogeneity. One case of adult ACP was 

included.  The summary details of the included cases are shown in (Table 5-1).  Of 

note the epithelial tumour content varied considerably across the samples with 

estimates ranging from 20-90%.  Histological images of each case are shown in 

Figure 5-1. 

RNA sequencing was performed to a depth of 50 million paired-end reads per 

sample (see Methods).  This depth was selected to give sufficient 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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Table 5-1: Characteristics of samples included in RNA Sequencing cohort. ACP = 

Adamantinomatous craniopharyngioma; NFPA = Non-functioning pituitary adenoma; GA= 
Gestational age. Tumour content was assessed histologically as percentage of nuclei. The 
presence or absence 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. 

 # NB JA002 and JA004 were two separate samples collected from one tumour in the same surgery $ 
Not detected by RNA sequencing but detected by targeted next generation sequencing of DNA of 
adjacent frozen tumour sample.** reclassified as ACP based on presence of CTNNB1 mutation and 
clustering with other ACPs.  Histology review inconclusive.   

Sample 
ID 

Type Age of 
patient at 
sample 

collection 

Tumour 
content  

(% nuclear) 

Glial 
reactive 
tissue 

Wet 
keratin 

CTNNB1 
mutation 

CTNNB1 
RNA 

mutation 
allele 

frequency 
(%) 

JA002# ACP 10yrs 60 Yes Prominent Ser37Phe 25 

JA004# 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 

JA011 ACP 15yrs 20 Yes Minimal Gly34Arg$ 5$ 

JA013 ACP 8yrs 90 No None Thr31Ile 47 

JA014 PCP** 3yrs 90 No None Ser45Phe 42 

JA020 ACP 7yrs 70 Yes None Ser37Phe 9 

JA023 ACP 16yrs 90 No Prominent Thr31Ile 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 

JA051 ACP 50yrs 80 Yes None Ser33Cys 36 

JA053 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 
Pituitary 

 21/40 GA 0 No None  0 

JA059 Fetal 
Pituitary 

21/40 GA 0 No None  0 

JA060 Fetal 
Pituitary 

21/40 GA 0 No None  0 
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Figure 5-1: Histology of matched frozen sections to ACP samples undergoing RNA 

sequencing. For cases JA005 and JA011, where CTNNB1 mutations were not identified, only 
solitary small islands of tumour epithelia (arrow) were seen. (Scale bars = 500um and 
100um) 
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5.2.1.1 Successful RNA sequencing of laser capture micro-dissected 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 collected.  Case 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 RNA (9-ссǇƎκ˃ƭύ όTable 5-2). Such low quantities precluded 

assessment of RNA integrity.  Following conversion to cDNA and amplification, 

concentrations ranged from 52-тнтǇƎκ˃ƭ ŀƴŘ ǘƘƛǎ Ŏ5b! ǳƴŘŜǊǿŜƴǘ 76bp single-

ended sequencing to a depth of 15 million reads (Table 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).  

Table 5-2: Laser capture microdissection samples:  RNA concentration after extraction and 

cDNA concentration following amplification. 

Sample ID Case Cell type RNA conc 
(pg/˃ƭ) 

cDNA 
concentration 

(pg/˃ƭ) 
4C JA004 Cluster 66 727.8 

4NC JA004 Palisading 
epithelium 

53 74.09 

4C-2 JA004 Cluster 22 175.93 
4NC-2 JA004 Palisading 

epithelium 
35 95.04 

4G JA004 Reactive glia 17 52.43 
29C JA029 Cluster 72 424.91 

29NC JA029 Palisading 
epithelium 

9 138.37 

29G JA029 Reactive glia 34 121.30 
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5.3 CTNNB1 mutations identified by RNA sequencing 

To assess the presence of CTNNB1 mutations, reads mapping to exon 3, where the 

vast majority of the CTNNB1 mutations lie, were analysed. This revealed several 

known activating mutations in 16 out of 18 craniopharyngioma samples, with one 

mutation per tumour (Table 5-1). The mutational allele frequency ranged between 

6 to 48%. This significantly correlated with the estimated histological tumour 

content (r=0.88, p=6.61x10-8) and was consistent with the mutation being present 

in heterozygosity within all of the tumour epithelia (Figure 5-2). 

Failure to identify the CTNNB1 mutations in cases JA005 and JA011 most likely 

suggests that not enough tumour RNA material was represented in the total RNA 

isolated from these specimens. In agreement with this possibility, targeted next 

generation DNA sequencing of an adjacent frozen sample of case JA011 revealed a 

CTNNB1 p.Gly34Arg mutation with a variant allele frequency of 4.7%. There was 

insufficient material to perform targeted sequencing on JA005, but the histological 

assessment showed only a very small island of tumour in the section (Figure 5-1).   

The mutations identified in cases JA004 and JA029 were also confirmed within the 

LCM cluster tissue. Unfortunately, there was insufficient or no reads to assess these 

loci in the palisading epithelium or glial tissue.  
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Figure 5-2: CTNNB1 mutations in ACP.  a) Example trace from integrative genomic viewer 

showing reads with p.S37F CTNNB1 mutation. b) Correlation between mutation allele 
frequency and histologically-assessed tumour content. 
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5.4 Clustering of samples identifies relationship with tumour content 

Next to assess the overall patterns of gene expression across the samples, Principal 

Component Analysis (PCA) and Hierarchical Clustering was performed. This 

confirmed the separation of tumours (including JA005 and JA011) from controls 

(Figure 5-3). Of note, sample JA051, the adult ACP case, grouped within the other 

paediatric cases. Similarly JA014, reported as a childhood PCP, clustered with the 

ACP cases. Given this case harboured a CTNNB1 mutation, no BRAF mutation 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 JA002 and JA004 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 the CTNNB1 mutation allele frequency (Figure 5-3). Samples JA26, 56, 

14, 13, 9, 30, 51, 23 and 53 had high tumour contents and high CTNNB1 mutational 

allele frequencies (>30%), whereas samples JA005, 11, 19, 20, 29, 2, 4, 8 and 54 had 

low tumour contents, lower CTNNB1 mutation allele frequencies 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 genes, this approach 

repeatedly selects a random subset of 250 genes to perform clustering and assess 

the stability of the resulting groups. This confirmed that the most stable clustering 

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

subgroups identified by hierarchical clustering (Figure 5-4). 

To investigate whether such a dichotomy of ACP samples is seen over a larger 

cohort I integrated the variant allele frequencies from the RNA sequencing cohort 

with that of the DNA targeted sequencing cohort. In 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 cohort (Table 4-2, Table 5-1). 
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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 cohorts showed equal distribution across allele 

frequencies. To further investigate whether our RNA sequencing cohort had 

sampling bias we reviewed the histology of a larger cohort of cases across GOSH 

and the National Hospital for Nervous Diseases (approximately a further 70 cases), 

this identified cases where different blocks, and even occasionally the same block, 

included areas corresponding to both histological phenotypes (Figure 5-5b). 

Therefore it was concluded that the sample groups identified 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 content facilitated in silico molecular dissection of the gene 

expression pathways in ACP. 
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Figure 5-3: Principal Component Analysis (PCA) and Hierarchical Clustering of samples. a) 

PCA plot showing separation of tumours from controls and variance amongst tumours. b) 
Hierarchical Clustering of samples showing the separation of controls from tumours. Note 
that samples JA002 and JA004, both from the same patient, group together and that JA051, 

the only adult ACP sample, groups with other paediatric ACP samples. The dendrogram is 
further annotated with sample information. Blue indicates the presence of a trait. For 
instance, JA005 includes reactive glia. For wet keratin, dark blue indicates prominent wet 

keratin and light blue minimal wet keratin. The assessment of tumour content and CTNNB1 
mutation allele frequency is represented in red colour, the higher the value the more 

intense the red.  For instance, tumour JA009 shows both high tumour content and CTNNB1 
mutation allele frequency. Values are available in Table 1.  Grey indicates that tissue could 
not be assessed for a given trait, usually due to freezing artefact. NFPA = non functioning 

pituitary adenoma.
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Figure 5-4: Consensus Clustering of 5000 most variably expressed genes. a) Consensus 

matrix plots for K=2-4.  Colour indicates the frequency with which samples group within 
each group on multiple iterations of clustering. (deep blue = 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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Figure 5-5: CTNNB1 mutation allele frequencies. a) Histograms of CTNNB1 mutation allele 

frequency across 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 block. In the upper half of the block almost all cells are 

tumour epithelia, whereas in the lower half ther is only a solitary island of tumour (arrow), 
surrounded by reactive glial tissue. Scale bar = 500um. 
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5.5 Differential gene expression analysis demonstrates WNT pathway 

activation and epithelial differentiation in ACP  

To understand the gene expression patterns within ACP, I began by performing 

differential expression analysis between tumours and controls. This revealed that a 

total of 6099 genes were up-regulated and 5211 genes down-regulated in the 

tumours relative to control tissues (adjusted p-value <0.1) (Supplementary Table 2). 

Keratins KRT75 and KRT5 were the most up-regulated genes (1888 and 1788 fold, 

respectively), consistent with epithelial histological features of ACP and previous 

immuno-histochemical studies (Buslei, Holsken et al. 2007) (Figure 5-6).  

Consistent with the activating CTNNB1 mutation identified in most tumours, several 

WNT target genes and WNT ligands were also up-regulated in the tumours including 

LEF1 (8.12 fold), AXIN2 (3.87 fold), NOTUM (114 fold), WNT3a (522 fold) and 

WNT7A (459 fold) (Figure 5-6). Other genes known to be highly expressed in ACP 

were also found up-regulated in the tumours relative to the control tissues, 

including FGF4 (760 fold), FGF3 (47 fold), BMP7 (36 fold) and BMP4 (7 fold) (Figure 

5-6). Likewise, a number of previously suggested therapeutic targets including SHH 

(35 fold), MMP12 (417 fold) MMP9 (64 fold) and EGFR (9 fold) were also up-

regulated in the tumours (Holsken, Gebhardt et al. 2011, Gomes, Jamra et al. 2015, 

Gump, Donson et al. 2015) (Figure 5-6).  

As expected, pituitary transcription factors (e.g. LHX3 (236 fold), POU1F1 (646 fold) 

were down-regulated in the tumours relative to the controls (Figure 5-6). In 

agreement with the non-hormone secretory phenotype of human ACP, pituitary 

markers of terminal differentiation, such as GH, TSHb, FSHb were also down-

regulated in the tumours (512 fold, 544 fold and 547 fold, respectively) (Figure 5-6). 

These results are consistent with published RNA and immuno-histochemical ACP 

expression data and support that the data set is robust and biologically meaningful 

(Buslei, Holsken et al. 2007, 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 genes up-regulated in 

tumours, gene ontology analysis was performed. This analysis revealed that the 

1000 genes most up-regulated in the tumours were enriched for ontologies relating 

to development of the skin (e.g. GO:00425288, keratinocyte differentiation, 

adjusted p-value = 2.43x10-20), tooth (e.g. GO: 0042476: odontogenesis adjusted p-

value = 2.02x10-20) and hair (e.g. GO:0042633: Hair cycle, adjusted p-value 1.42x10-

12) as well as the inflammatory response (GO:0006954, adjusted p-value= 8.52x10-

12) (Supplementary Table 2, Figure 5-6b). Of note, skin, teeth and hair follicles are 

derived from embryonic non-neural ectoderm, and ACP is thought to derive from 

ǊŜƳƴŀƴǘǎ ƻŦ wŀǘƘƪŜΩǎ ǇƻǳŎƘΣ ŀƴ ƻǊŀƭ ŜŎǘƻŘŜǊƳ ŘŜǊƛǾŀǘƛǾŜΦ This suggests that normal 

development of skin, hair follicle and tooth and the pathogenesis of human ACP 

may share common molecular mechanisms and is explored further in section 5.10. 
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Table 5-3: Top 15 most up-regulated genes in human ACP compared with controls.  

Gene 
Symbol 

 Fold Change (log2) Adjusted p-value 

KRT75 10.88312 6.45E-34 

KRT5 10.80425 1.01E-44 

CALML3 10.41795 3.43E-33 

KRT6C 10.38228 7.51E-26 

KRT16 10.36806 3.28E-30 

SERPINB5 10.366 5.63E-36 

KRT14 10.31731 5.15E-37 

KRT85 10.31375 5.44E-20 

KRTAP3-1 10.30121 2.68E-25 

COL17A1 10.2852 3.10E-35 

KRT31 10.24653 2.75E-24 

KRT6A 10.23574 1.15E-24 

FDCSP 9.966995 1.56E-20 

MSX2 9.957839 4.19E-48 

KRT15 9.896415 1.01E-37 

 

Table 5-4: Top 15 most down-regulated genes in ACP compared with controls.

 Gene 
Symbol 

 Fold Change (log2) Adjusted p-value 

GH1 -9.0006 5.12E-12 

TSHB -9.08938 7.84E-10 

FSHB -9.09542 6.01E-12 

C18orf42 -9.14156 1.56E-17 

GHRHR -9.18615 8.09E-19 

HEPACAM2 -9.22051 2.93E-24 

SCRT1 -9.2947 1.31E-34 

GJD2 -9.33303 7.47E-26 

POU1F1 -9.33816 4.41E-14 

DGKK -9.35132 1.96E-36 

MS4A8 -9.36783 5.56E-67 

BPIFA1 -9.3739 NA 

NR5A1 -9.51748 1.48E-33 

TRPC7 -9.63265 2.15E-20 

CGA -10.0933 5.31E-23 
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Figure 5-6: Differential expression results between tumours and controls.  a) Bar plot of 

selected differentially expressed genes. Log2 fold change indicates expression in tumours 
compared with controls. Error bars = 1 standard error. b) Ancestor chart showing hierarchy 
of the top 20 enriched biological process ontology terms of the top 1000 most up-regulated 

genes in ACP compared with controls. Enriched ontologies are indicated by a coloured box. 
Note there are multiple 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 nervous 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 

¶ Low tumour content tumours vs controls (fetal pituitaries only, as NFPA 

samples clustered across groups when analysis limited to low content 

tumours and were therefore excluded). 

¶ High tumour content tumours vs low tumour content tumours 

Full results are presented in Supplementary Table 2. As expected, 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 and included 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, adjusted p-value =2.91E-45) 

and nervous system development (GO:0007399, adjusted p-value= 1.91E-19) and 

included immune system genes, e.g. immunoglobulin heavy chains (e.g. IGHA1, 

3700 fold up-regulated in low tumour content tumours compared with fetal 

pituitaries, 8 fold compared with high tumour content tumours), and glial markers 

such as GFAP (941 fold up-regulated 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 samples. This is 

further explored below using other approaches.  
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5.6 WGCNA identifies 12 modules of co-expressed genes 

To further analyse patterns of gene expression across the cohort, I used an 

approach known as weighted gene correlation network analysis (WGCNA) (see 

Methods for full details). This identifies patterns of gene expression in a hypothesis- 

independent manner based on the Pearson correlation co-efficient 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 content, CTNNB1 mutation allele 

frequency and the presence of specific histological features.  

Analysis of the 5000 most variably expressed genes across all samples by WGCNA 

identified 12 distinct groups, each one containing between 69 and 958 genes 

sharing similar expression patterns. These were each assigned a colour as a 

reference/name and will be referred to hereafter as modules (Figure 5-7, Table 5-5)  

I confirmed that each module had a specific expression pattern through plotting 

expression heatmaps of all the genes within each module (Figure 5-8). The 

relationship of modules was also plotted on a multidimensional scale plot where 

genes were annotated by the colour of the module to which they belonged (Figure 

5-7). This showed three major distinct patterns of gene expression across the 

samples, the brown, blue/dark turquoise and magenta modules with the green 

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

WGCNA was also performed on the human ACP microarray data published by Gump 

et al. to assess whether the co-expression modules observed in our cohort were 

also present in this independent data set (Gump, Donson et al. 2015). Of the 5000 

genes included in our WCGNA analysis, the expression patterns of 2963 were 

available but the other genes were not present in the microarray data provided 

(Gump, Donson et al. 2015). Multidimensional scale plotting and hierarchical 

clustering of the genes expression patterns showed consistency with the modules 

identified in our cohort (Figure 5-7). Moreover, statistical assessments of module 

preservation, which measure how well patterns of gene co-expression are 

maintained in independent sample sets, revealed a strong preservation of the 

brown, blue, magenta, pink and green modules between the two data sets 

(Zsummary > 10) and weak to moderate preservation for the others (Zsummary 2-

10) (Figure 5-7). 

These analyses demonstrate that the patterns of gene expression that we have 

identified in our RNA-Seq data are also present in an independent dataset, and 

therefore of likely biological significance. 
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5.6.2 Modules correlate with specific tumour cell compartments: 

Next, I explored further this modular analysis in an attempt to establish whether 

specific modules may correlate with phenotypic information. Heatmaps identified 

that patterns of gene expression correlated with sample information.  To further 

investigate this, I performed correlation analysis between the module eigen vectors 

and phenotypic information. This identified that the brown module showed the 

strongest positive correlation with histological tumour content (r=0.88, p=1x10-8) 

and CTNNB1 mutational allelic frequency (r=0.89, p=4x10-9) (Figure 5-9). Inspection 

of the module expression heatmap confirmed that the genes of this module 

exhibited the highest expression in those tumour samples with the most tumour 

content and greatest CTNNB1 mutational allelic frequency and the lowest 

expression in controls and JA005 and JA011 (Figure 5-8). Moreover, the genes 

included in this module were enriched for functions related to WNT pathway 

activation, as well as odontogenesis, hair cycle and development of the epidermis  

(p< 7x10-10) (Supplementary Table 3).  

In contrast, the blue and dark turquoise modules were highly correlated with the 

presence of glial reactive tissue and showed enrichment of genes related to central 

nervous system development (blue: r=0.93, p=3x10-11; dark turquoise: r=0.68, 

p=3x10-4) (Supplementary Table 3). This suggests that this module contains genes 

expressed by the reactive brain tissue within the tumour samples, an idea 

supported by the strong correlation with GFAP expression (r=0.94, p=6x10-12), a 

known marker of astrocytes representing glial tissue infiltrated by ACP. The 

magenta module was enriched for genes related to the immune response and 

correlated with the expression of immune cell markers such as CD14 (r=0.97, 

p=1x10-14) and CD3E  (r=0.87, p=3x10-8).   

Together, these in silico analyses suggest that most of the identified modules 

represent expression patterns relating to specific functions of particular cell types 

within the tumour samples. Therefore, they could provide insights into the 

molecular signatures of specific cell compartments. I next discuss individual 

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

Module Number 
of genes 

Expression pattern Ontology 
Enrichment 

Comment 

Brown 829 High expression in tumours 
with high tumour 

content/CTNNB1  allele 
frequency 

Skin development, 
Odontogenesis, 

hair cycle and WNT 
signalling 

Represents genes 
expressed by 

tumour epithelia, 
e.g. BCL11B 

Black 394 Highest expression in ACPs 
with prominent wet keratin 

Keratinisation Includes keratins, 
keratin associated 

proteins and  
enamel genes and 
proteinases (e.g. 
AMELX, ENAM, 

MMP20)  
Dark grey 69 High expression in tumours 

with high tumour 
content/CTNNB1  allele 

frequency 

Skin development 
and cell jucntions 

 

Magenta 958 Low in controls, Variable 
expression across ACP 

samples 

Immune response Includes immune 
cell markers (e.g. 

CD14) and pro and 
anti-inflammatory 
cytokines (e.g. TNF, 

IL10) 
Blue 793 High in those ACP tumours 

with reactive glial tissue 
Nervous system 

development 
Includes glial genes 

GFAP, S100B. 
Enriched for 
signature of 
astrocytes 

Dark 
turquoise 

338 High in those ACP tumours 
with reactive glial tissue and 

fetal pituitaries 

Nervous system 
development 

Includes NKX2.2. 
Enriched for 

oligodendrocyte 
lineage gene sets 

Green 730 High in those ACP tumours 
with reactive glial tissue, fetal 

pituitaries and NFPA 

Microtubules and 
cilia 

 

Light 
yellow 

89 High in fetal pituitaries and 
some ACP 

Extracellular matrix  

Pink 443 High in controls Hormone signalling  
Cyan 133 High in fetal pituitaries Cell cycle Fetal pituitaries are 

known to be highly 
proliferative 

Light 
green 

93 High in fetal pituitaries and 
one NFPA 

Hormone signalling  

Grey 131 Majority of no genes show no 
pattern, a small subset are 

expressed based on sex 
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Figure 5-7: WGCNA Module 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 as modules by 
colour bar. In the heatmap, high co-expression is indicated by more saturated colour b) 

Multidimensional scaling plot of expression patterns of the 5000 most variably expressed 
genes. The colour of each gene indicates it membership to a co-expressed gene expression 
module. c) Hierarchical clustering of module eigengenes, e.g. brown, dark grey and black 

modules have similar expression patterns d) Multi-dimensional scaling of the expression 
pattern 2963 matched genes from Gump et al, 2016 annotated with the colours of module 

identified in the UCL cohort. e) Hierarchical clustering of the expression pattern of the 
genes in both UCL and Gump et al cohorts annotated by module colour. f) Assessment of 
module preservation in the dataset of Gump et al., 2016.  Modules are plotted by colour. 

Values over 10 (green line) indicate strong evidence module is preserved. Values between 2 
(blue line) and 10 indicate weak to moderate evidence of preservation. The pink, magenta, 
brown, blue and green are the most preserved modules. The cyan module is the least 

preserved. This represents cell cycle genes expressed by proliferating fetal pituitary tissue. 
As the normal pituitary tissue analyzed in Gump et al., 2016 is adult, it is expected that this 

module would be the least preserved 
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Figure 5-8: Heatmaps of WGCNA modules. Heatmaps of variance stabilised counts of genes 

within each module.  Heatmaps are scaled by row highlighting patterns of expression, scale 
represents row Z-score with high expression in yellow, and low expression in red.  Where 
relevant samples are also annotated with phenotypic information.  
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Figure 5-9: Heatmap of correlations between each moduleΩs eigengenes and phenotypic 

information.  Scale bar indicates r-value -1 to +1. For instance, the brown module shows a 
strong correlation with tumour content and mutational frequency, whilst the blue module 
correlates with the presence of glial reactive tissue and GFAP. A summary of ontology 

enrichment analysis for each module is highlighted. NB the grey module includes genes not 
fitting into a specific co-expression module. 
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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 module identifies novel ACP genes expressed within tumour 

epithelium  

Given the strong positive correlation of the brown module with tumour content and 

CTNNB1 mutation allele frequency, it could be expected that this module includes 

genes and pathways known to be dysregulated in human ACP, as well as other yet 

unidentified genes.  

First, I identified the three genes with the strongest module membership, a 

measure of the degree of co-expression. This revealed APCDDL1, BCL11B, and TP63 

as the most co-expressed genes. Plotting the normalised expression levels against 

the CTNNB1 mutation allele frequency confirmed the relationship of these brown 

module genes with CTNNB1 mutation allele frequency, further supporting that 

these genes are expressed exclusively within the tumour cells (r=0.83, 0.95, 0.96 

respectively for each gene, p<1x10-5) (Figure 5-10). Expression of TP63 has 

previously shown to be widespread throughout the tumour tissue in human ACP, 

but APCDDL1 and BCL11B are 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 BCL11B and 

TP63 exclusively in tumour cell compartments, including clusters, palisading 

epithelium and stellate reticulum, but not within surrounding reactive tissue (Figure 

5-10). The expression of APCDDL1 was not investigated due to the absence of a 

specific antibody.  

Having validated that the brown module genes are expressed in tumour tissue, I 

interrogated which genes were included within this module. This included WNT 

targets (including AXIN2, NOTUM), consistent with WNT pathway activation within 

the tumour. In addition to genes previously shown to be expressed in ACP (e.g. 

FGF3, FGF4, BMP4, EGFR), others not previously implicated in ACP (e.g. APCDDL1, 
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BCL11B, and many others included in Supplementary Table 2a) were also identified 

within this module (Full module list in Supplementary Table 2a).  
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Figure 5-10: Brown module. a) Scatter plots of normalised expression counts for APCDD1L, 

BCL11B and TP63 with CTNNB1 mutation allele frequency. Note the significant correlation 
between gene expression and mutation allele frequency. b) Double immunofluorescence 
ǎǘŀƛƴƛƴƎ ŀƎŀƛƴǎǘ ./[мм. ŀƴŘ ¢tсо ǿƛǘƘ ʲ-catenin in ACP showing expression in all tumour 

cells (including clusters) but not in reactive glial tissue. Scale bars indicate 100˃Ƴ.
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5.7.2 Laser capture microdissection reveals genes expressed by tumour 

epithelium 

Next, I integrated the results of the WGCNA with those results of the RNA 

sequencing of LCM tissue compartments of cases JA004 and JA0029. First I 

performed Principal Component Analysis of this data set, which  revealed grouping 

of different cell populations (i.e. clusters (C), palisading epithelium (NC) and glial (G) 

tissue), confirming the success of the experimental approach (Figure 5-11). 

To assess which genes were expressed within the tumour epithelia, differential 

expression analysis was performed between tumour (C+NC) and reactive glial (G) 

components (Full results Supplementary Table 2). 

This identified up-regulation of 2347 genes in tumour compartments compared 

with glial tissue and 1406 genes up-regulated in glial tissue (adjusted p-value <0.1). 

WNT inhibitor DKK4 was the most up-regulated gene in tumour tissue (9881 fold). 

Other genes up-regulated in tumour tissue included keratins (e.g. KRT18, 3884 fold). 

Gene ontology enrichment of the 1000 genes most up-regulated in tumour 

compartments revealed the most enriched ontology was tooth mineralisation, 

GO:0034505 (p-value 4.84x10-5) however this was non-significant after adjusting 

for multiple testing (adjusted p-value 0.48) (Supplementary Table 2). Further 

additional pairwise differential expression analyses from this data set are presented 

later (Section 5.11) 

5.7.3 Validation of WGCNA by laser capture microdissection  

Using the LCM data it was possible to validate the results of the WGCNA modular 

analysis, confirming that brown module genes were expressed in the tumour 

epithelium.  This was performed using Gene Set Enrichment Analysis (GSEA), a tool 

that explores the distribution of genes of interest, (a so called gene set, e.g. targets 

of a signalling pathway), within a list of ranked genes (e.g. by differential expression 

between two conditions).  Genes were ranked from highest expression in the LCM 

tumour compartments to highest in the reactive glial tissue.  This analysis confirmed 

the expression of brown module genes predominantly in the tumour compared 
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with reactive glial tissue (normalised enrichment score (NES) = 2.24, false discovery 

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

This, and the immuno-histochemical validation, gives confidence in the 

interpretation of the brown WGCNA module as representing tumour tissue 

compartments.  
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Figure 5-11: Laser capture microdissection and RNA sequencing of ACP.  a) PCA of the 500 

most variably expressed genes showing grouping of clusters (C), non-clusters (NC) and glial 
(G) tissue. b) GSEA barcode plot showing enrichment of brown genes within the expression 
signature of tumour compartment and c) the blue and dark turquoise modules in the 

reactive glia. d) Immunohistochemistry of GFAP showing GFAP positive cells in sample 
JA004, but not JA030. NES = normalised enrichment score, FDR =  false discovery rate 
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Table 5-6: Top 15 most up-regulated genes in tumour compared with glial tissue 

Gene Symbol  Fold Change 
(log2) 

Adjusted p-
value 

DKK4 13.27046942 9.78E-10 

TSPAN8 12.0799091 1.38E-08 

KRT18 11.92333508 2.34E-08 

CXADR 11.36100456 2.97E-07 

MFAP2 11.26188379 1.00E-07 

NA* 11.19452436 6.21E-07 

ZNF410 11.12581236 2.75E-07 

SDC1 11.05399877 3.14E-14 

SMYD2 10.97945649 4.28E-07 

ST6GALNAC2 10.89742087 4.62E-07 

PVRL1 10.83354123 1.26E-06 

SLC25A39 10.82869648 1.13E-06 

GPX2 10.79301045 4.45E-06 

PTGES2 10.73801215 1.21E-06 

APTR 10.70799631 2.11E-06 

 *NA = entrez gene 100507493, no gene symbol available. 

Table 5-7: 15 most down-regulated genes in tumour compared with glia (i.e. up-regulated 

in glia) 

Gene Symbol  Fold Change 
(log2) 

Adjusted p-
value 

CSPG5 -12.66308699 1.44E-08 

KCNQ2 -12.67096627 1.74E-08 

GALNT15 -12.71242125 2.20E-08 

COL9A1 -12.77243047 3.93E-11 

GRIK3 -12.866078 1.44E-08 

GBP4 -12.99939861 2.85E-09 

PKNOX2 -13.09868603 5.22E-09 

CADM2 -13.1116304 3.72E-13 

TM4SF18 -13.12830032 1.70E-09 

OLIG1 -13.160598 5.37E-14 

SCN1A -13.21634549 2.99E-09 

MRO -13.40441549 1.93E-09 

LRP1B -13.53237844 9.04E-10 

LHFPL3 -14.30087614 2.80E-11 

FABP7 -14.6219676 1.04E-11 
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5.8 The reactive glial tissue has signature of both astrocyte and 

oligodendrocyte lineages   

Both the blue and dark turquoise modules, which closely correlated with the 

presence of glial tissue, were enriched for genes implicated in central nervous 

system development (Figure 5-9). This suggests that these genes are expressed by 

the reactive glial component of the specimen. This was also supported by laser 

capture microdissection and GSEA (blue module NES -3.37, FDR<0.001, dark 

turquoise module NES = -3.06 FDR<0.001) (Figure 5-11). 

Gene expression heatmaps confirmed that genes within each module were highly 

expressed by tumours with glial tissue (Figure 5-8).  However their expression 

varied across the control tissues. Blue module genes were only highly expressed in 

tumours with glial tissue, whereas dark-turquoise genes were also highly expressed 

in fetal pituitaries (Figure 5-8). This suggests that the genes in these modules may 

indicate different biological functions.  

Genes with strong membership of the blue module included the astrocytic markers 

S100B and GFAP, whose expression in reactive glial tissue was confirmed immune-

histochemically (Figure 5-11). In contrast, the gene with the highest module 

membership score for the dark turquoise module is NKX2.2, a transcription factor 

involved in oligodendrocyte differentiation, suggesting these modules represent 

different glial cell types [65]. Barcode plots of each module with published gene sets 

of genes specifically up-regulated in different glial, neuronal and endothelial 

components shows the blue module being more enriched for astrocyte genes 

(enrichment score (ES)= 3.3, p=0.0001) and the dark turquoise for oligodendrocyte 

lineage genes (oligodendrocyte precursor cells ES=3.4, p=6.8x10-5, newly formed 

oligodendrocytes ES=3.9, p=0.0012, myelinating oligodendrocytes ES=3.5, p=5.7x10-

5) [65] (Supplementary Fig. 6c). Together this suggests that both astrocyte and 

oligodendrocyte lineage genes are expressed within the reactive glial tissue of ACP 

tumours with a proportion, predominantly oligodendrocyte genes, also expressed in 

the developing pituitary, possibly the posterior lobe.  
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Figure 5-12: Barcode plots of blue and dark turquoise modules with gene sets of genes 

expressed by differing cell types within the central nervous system. Genes were ranked by 
their membership of either the blue or dark turquoise modules and the presence of genes 
in published gene 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 majority of the lines 
are at the left hand of the plot indicating they are among the most connected members of 

the blue module.  The astrocyte signature has a greater enrichment in the blue module 
compared with dark turquoise, whereas for the OPCs it is more enriched in the dark 

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

5.9.1 Black and dark grey modules 

Similar to the brown module, WGCNA analysis showed that the black module also 

correlated with tumour content (r=0.65, p=6x10-4) and in addition, with the 

presence of wet keratin (r=0.73, p=5x10-5) (Figure 5-9). The heatmap showed the 

highest expression of the black module genes predominantly in those tumour cases 

where wet keratin had been identified (Figure 5-8). This module includes several 

keratins, keratin associated proteins and of particular note enamel proteins (ENAM, 

AMELY, AMELY, AMBN) and proteinases (KLK4, MMP20).  

Likewise, the dark grey module also correlated with CTNNB1 mutation allelic 

frequency (r=0.78, p=6x10-6), but some genes were also expressed in control tissues 

(Figure 5-8).  This was enriched for genes relating to cell junctions. Among the 

brown, black and dark grey module, the brown module is more likely to specifically 

represent the molecular signature of the tumour cell compartment, hence 

excluding host-derived reactive tissue.    

5.9.2 Green module 

The green module genes are expressed by tumours with glial tissue and also by 

control tissues (Figure 5-8). Expression correlated inversely with tumour content 

(r=-0.9, p=2x10-9) and broadly with GFAP expression (r=0.64, p=8x10-4) and was 

enriched for genes of microtubules and cilia (Figure 5-9, Supplementary Table 3).   

 

5.9.3 Pink, cyan and light green modules: signatures of control tissues 

Genes of the pink, cyan and light green modules are expressed by the fetal 

pituitaries and/or NFPA and were enriched for genes related to hormone processing 

and release (pink, light green) or cell cycle (cyan), which are cellular processes 

relevant to these control tissues (Supplementary Table 3).   
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5.9.4 Light yellow module 

Genes in this module were expressed by fetal pituitaries and variably across ACPs 

(Figure 5-8h). Genes included collagen and extracellular matrix genes and may 

reflect contamination of fetal pituitary samples with surrounding connective tissue 

(e.g. cartilage).  

5.9.5 Grey module 

The grey module contains the remaining 131 genes that could not be grouped into a 

distinct co-expression module.  Within this module was a small number of sex 

determining genes, e.g. XIST  

5.9.6 Magenta module 

The magenta module is considered in detail in section 5.16. 
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5.10 Expression analysis highlights the close relationship of ACP with 

tooth development. 

Odontogenesis is a recurrent theme in several of the ontology analyses. In addition, 

both the black and the brown modules, which correlate with tumour but not glial 

tissue, include several genes that are required for normal tooth development. For 

instance, enamel protein genes (e.g. AMELX, AMBN and ENAM), ameloblast 

secreted proteinases (MMP20 and KLK4) and the odontogenic ameloblast-

associated protein gene ODAM were contained within the black module, expressed 

in association with wet keratin. Likewise, many transcription factors required for 

inner enamel epithelium/ameloblast differentiation such as BCL11B, TP63, MSX2, 

DLX family members and SP6, were part of the brown module. 

5.10.1 Ameloblast genes are up-regulated in ACP 

Differential expression analysis confirmed a significant up-regulation of these 

ameloblast-related genes in ACP tumours compared with control tissue (Figure 

5-13) [16]. In contrast, MSX1, a regulator of odontoblast differentiation and the 

odontoblast specific gene DSPP, encoding dentin sialoprotein, were not up-

regulated in ACP tumours (Figure 5-13). 

To further investigate the molecular connection between ACP tumourigenesis and 

amelogenesis, we used publicly available lists of genes experimentally confirmed in 

human or other species to be expressed in the inner enamel epithelium and 

ameloblasts. This found a significant enrichment of these genes in ACP tumours 

compared with control tissue by gene set enrichment analysis (NES= 2.79 and 2.57 

respectively, FDR<0.001) (Fig. 5b) (Helsinki 1996-2007). This evidence suggests that 

the gene expression programme that is triggered during normal ameloblast 

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 odontogenic tumours, but no such similarity has been reported 

for PCP (Paulus, Stockel et al. 1997, Louis, Ohgaki et al. 2016). 
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To explore further the degree of molecular connection between PCP and 

odontogenesis, we analysed the expression of ameloblast and odontoblast genes in 

ACP relative to PCP (rather than to control tissue as previously performed) using 

data from Holsken et al., 2016 (Holsken, Sill et al. 2016). This analysis showed the 

up-regulation of enamel genes, ameloblast secreted proteinases and several DLX 

transcription factors specifically in ACP (Fig. 5c). GSEA confirmed that a proportion 

of amelogenesis-related genes were overall up-regulated in ACP compared with 

PCP, though many were not differentially expressed (IEE, NES=1.30 FDR=0.29, 

ameloblast genes, NES=1.20, FDR=0.20) (Figure 5-13). 

5.10.2 BCL11B and MSX2 Expression 

BCL11B and MSX2, two critical regulators of ameloblast development, were highly 

up-regulated in ACP compared with control (15 fold and 995 fold) and only 

modestly up-regulated 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, we performed immunohistochemistry with specific antibodies. 

Having previously confirmed the presence of BCL11B in ACP we confirmed the 

presence of BCL11B in PCP (Figure 5-10, Figure 5-13). Specifically, BCL11B 

expression was widely observed in ACP tumour cells, and predominantly the basal 

epithelial layers of PCP. MSX2 expression (performed by Annett Holsken) was 

broadly expressed in tumour cells in both ACP and PCP (Fig. 5e). Therefore, 

although overall ACP has a greater signature of ameloblast development, 

particularly the expression of enamel genes, there is a partial overlap between ACP 

and PCP tumourigenesis.   

 

  



  

173 
 

Figure 5-13: Expression of tooth related genes in ACP. Differential expression of tooth 

related genes in a) ACP compared with controls and b) ACP compared with PCP. Error bars = 
1 standard error. Gene set enrichement analysis plots of genes expressed in inner enamel 
epithelium (IEE) and ameloblasts in ACP compared with c) controls, d) PCP, e) BCL11B 

expression in PCP, f) MSX2 expression 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 up-regulated in clusters compared with palisading epithelium and 310 in 

palisading epithelium compared with clusters. The most up-regulated genes in 

clusters were CHRNA3, GAD1 and CA6 (1696, 1009 and 495 fold, respectively). 

Genes up-regulated in clusters were enriched for genes relating to cell migration 

(GO:0016477, adjusted p-value 0.000144). This is consistent with data from Stache 

et al., where it was proposed that clusters 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 discussed in Chapter 3 

(Andoniadou, Gaston-Massuet et al. 2012, Stache, Holsken et al. 2015). 

 Genes up-regulated in palisading epithelium were enriched for ontologies of 

extracellular matrix (GO:0031012) (adjusted p-value 1.98x10-7) and tissue 

development (GO:0009888, adjusted p-value 4.13x10-6).  

5.11.1  Clusters exhibit transcriptional signature of WNT pathway activation 

Clusters are characterised by their nuclear accumulation of -̡catenin and activation 

of the WNT pathway, as evidenced by over expression of WNT pathway targets.  

Differential expression analysis showed the up-regulation of WNT pathway target 

genes such as LEF1 (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 molecular signature strongly associated with activation of the 

WNT pathway (NES= 1.81, FDR=0.013) (Figure 5-14). 

Other genes known to be expressed specifically in clusters from in situ hybridisation 

and immunohistochemical studies, were also up-regulated in clusters compared 

with palisading epithelium (e.g. FGF3 (33 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 that these results 

can inform on their biology.   

Table 5-8: Top 15 most up-regulated genes in clusters compared with palisading 

epithelium. 

Gene Symbol  Fold Change 
(log2) 

Adjusted p-
value 

CHRNA3 10.72856982 3.32E-27 

GAD1 9.978881961 2.15E-26 

CA6 8.951353678 4.39E-15 

TNFRSF11B 8.799594904 3.15E-14 

ITLN2 8.777772856 3.26E-14 

ALDH1A1 8.777763239 3.15E-14 

ERVMER34-1 8.586760306 3.08E-13 

CHST11 8.471032085 1.04E-12 

EPS8 8.302451483 4.38E-16 

GYG1 8.273363338 8.37E-12 

PPAP2A 8.023429034 1.15E-10 

GRM8 8.004905374 1.15E-10 

ABHD12B 7.972940022 1.54E-10 

HSPB8 7.916412468 2.94E-10 

KCNN4 7.901935424 3.21E-10 

 

Table 5-9: Top 15 genes most down-regulated in clusters compared with palisading 
epithlium (most up in palisading epithelium). 

Gene 
Symbol 

 Fold Change 
(log2) 

Adjusted p-
value 

NA -5.507529618 0.000604893 

CPVL -5.818262674 1.61E-05 

SULT1E1 -5.827626376 0.000118317 

UPK3B -5.831622022 0.000149803 

ABI3BP -5.860104534 1.80E-15 

CRISP2 -5.867271511 8.06E-05 

SERPINE2 -6.343519618 4.79E-08 

COL6A6 -6.393948864 1.02E-05 

PTER -6.408716695 4.20E-06 

THSD7B -6.420229391 1.24E-09 

STRC -6.56843238 3.98E-06 

FST -6.883612018 1.49E-07 

SPTBN4 -7.394648059 1.95E-08 

HSD17B2 -7.432187512 2.32E-10 

LY75 -7.471878849 2.24E-28 
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Figure 5-14: Clusters compared with palisading epithelium. a) Principal component 

analysis plot of gene expression patterns of laser captured samples of clusters and 
palisading epithelium, 4 indicates case number, C = cluster, NC = palisading epithelium, for 
4C2, and 4NC2 are independent replicates of 4C and 4NC. b) Enrichment of gene signature 

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

with the enamel knot  

The enamel knot is a critical signalling centre at the cap stage of the developing 

tooth.  Morphologically it is similar to human ACP clusters and it also accumulates 

nuclear-cytoplasmic -̡catenin (Obara and Lesot 2004). To further assess the 

molecular similarities we used a gene set of genes known to be expressed by the 

enamel knot. GSEA showed a significant enrichment in ACP clusters when compared 

with palisading epithelium (NES=1.98, FDR<0.001) or glial tissue, suggesting that 

these are highly analogous structures (Figure 5-15) (Helsinki 1996-2007).  

The enamel knot occurs at the cap stage of development and the palisading 

epithelium was most enriched for the gene set of the inner enamel epithelium at 

this stage (NES=-1.85, FDR=0.008) (Figure 5-15), further highlighting the relationship 

between tooth development and ACP.   

The enamel knot forms a signalling centre inducing dental mesenchyme 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 glial tissue 

(NES =-1.41, 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/CDKN1A is often used as a marker 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 ACP (Tucker, Headon et al. 

2000, Tucker and Sharpe 2004). My analysis revealed that EDAR was up-regulated in 

ACP tumours compared with controls (382 fold) and in clusters relative to palisading 

epithelium (10 fold). Immunostaining confirmed the expression of EDAR in human 

cluster cells (Figure 5-15).  
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In summary this data confirm at the molecular level the relationship between tooth 

development and ACP tumourigenesis and highlight that the enamel knot and the 

-̡catenin accumulating cell clusters are analogous structures. 
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Figure 5-15: ACP clusters share expression signatures with the enamel knot.  Gene set 

enrichment plot showing enamel knot signature enriched in ACP clusters compared with a) 
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 odontoblasts in glia. e) Double immunostaining of p21, EDAR and EDA in 
human ACP. {ŎŀƭŜ ōŀǊǎ Ґ млл˃Ƴ 
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5.13 Autocrine and paracrine signalling between cell types 

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 condense and form the odontoblasts of the dental papilla (Tucker 

and Sharpe 2004, Jussila and Thesleff 2012). These transient structures also control 

proliferation and epithelial bending, driving normal morphogenesis of the tooth. 

Studies on mouse models for human ACP, have reported that autocrine and 

paracrine signalling may be important for tumour development (Andoniadou, 

Gaston-Massuet et al. 2012, Andoniadou, Matsushima et al. 2013). Specifically, it 

was hypothesised that the ̡-catenin-accumulating cell clusters may act as signalling 

centres affecting tumour cell behaviour (Andoniadou, Gaston-Massuet et al. 2012, 

Andoniadou, Matsushima et al. 2013, Xavier, Patist et al. 2015). I therefore decided 

to further explore the possibility that human clusters are signalling centres using the 

RNA-Seq datasets of human ACP. 

Differential expression analysis identified that many secreted factors were up-

regulated by clusters relative to palisading epithelium (Supplementary Table 1d). 

These included: (i) several ligands that have previously been shown to be expressed 

in human ACP, such as SHH (3 fold) BMP4 (10 fold), BMP7 (2 fold), FGF3 (33 fold), 

FGF4 (22 fold) (Andoniadou, Gaston-Massuet et al. 2012, Gomes, Jamra et al. 2015, 

Gump, Donson et al. 2015); (ii) others previously identified as up-regulated in 

murine ACP clusters including WNT16 (6 fold), WNT5A (5 fold), TGFB1 (5 fold ) and 

TGFA (7 fold) (Andoniadou, Gaston-Massuet et al. 2012); (iii) additional genes not 

previously described in human ACP e.g. FGF12 (34 fold), FGF8 (3 fold),  FGF19 (3 

fold), BMP8A (38 fold), BMP6 (3 fold) and LIF (7 fold)). These genes were also up-

regulated in clusters when compared with glial tissue (Supplementary Table 2). A 

few secretory factors were also identified as expressed by both clusters and 

palisading epithelium (e.g. WNT6, WNT10A), or predominantly by reactive glial 

tissue (e.g. FGF1, PDGFA) (Figure 7c, Supplementary Fig. 8, 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 I further investigate specific pathways of interest in ACP, 

(e.g. having previously been suggested as therapeutic targets) as well as those 

relating to tooth development.  

5.13.1 WNT pathway 

/ƭǳǎǘŜǊǎ ŀǊŜ ŘŜŦƛƴŜŘ ōȅ ǘƘŜƛǊ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ²b¢κʲ-catenin pathway and in 5.11.1 

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 expressed by clusters. In 

contrast WNTs 3A, 6, WNT10A were 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. DKK4 are also highly expressed by clusters (21000 fold in clusters 

compared with glia and 11 fold in clusters compared with palisading epithelium).  

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

CTNNB1 mutations in all epithelia, remains uncertain. 

5.13.2 Sonic Hedgehog (SHH) Pathway 

Sonic Hedgehog was up-regulated in clusters, in concordance with previously 

published in situ hybridisation and immunohistochemistry by another laboratory 

member, Gabriela Carreno (Andoniadou, Gaston-Massuet et al. 2012).   

In contrast, the receptor PTCH1, and SMO, a critical pathway component, were up-

regulated 1.7 and 2 fold, respectively, in the palisading epithelium relative to the 

clusters. Likewise, GLI1 and GLI3, two pathway targets were up-regulated 2 and 3 

fold, consistent with paracrine signalling from the clusters [1]. Plotting of the 

normalised counts also identified the up-regulation of GLI1 (95 fold) and GLI3 (33 

fold) within the clusters themselves when compared with the glial tissue suggesting 

additional autocrine signalling (Figure 5-17).  
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mRNA in situ hybridisation previously published and by Gabriela Carreno confirmed 

the expression of PTCH1 and GLI1 in all tumour cells, supporting the presence of 

both autocrine and paracrine signalling within the tumour epithelium (Figure 5-17). 

Sonic hedgehog is known to be highly expressed by the enamel knot, and 

manipulation of the pathway results 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 ACP (Gomes, Jamra et al. 2015, Gump, Donson et al. 2015, 

Coy, Du et al. 2016, Holsken, Sill et al. 2016). We further explore this in Chapter 8. 

5.13.3 Fibroblast Growth Factor (FGF) Pathway 

FGFs 3, 4, 9, 12, 13, 19 were highly expressed by clusters. In contrast FGF2 and 20 

were expressed across all tissue compartments with FGF20 highest in clusters, and 

FGF1 highly by reactive glia (Figure 5-18). The receptors FGFR1-3 were expressed 

across all tissue compartments (Figure 5-18). 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 to FGFR4 was predominantly 

expressed in clusters, whilst its receptorΩs expression was predominant in reactive 

glial tissue. 

The MAPK pathway is a major downstream target of the FGF signalling and to assess 

activation within tumours, immunostaining of the phosphorylated form of ERK1/2 

(pERK1/2) was performed. This identified variable activation in non-cluster tumour 

tissue and in the reactive glial tissue (Figure 5-18). Of note, areas of pERK1/2 

staining at the leading edge of tumour invasion was apparent in a proportion of 

case, suggesting a possible role in tissue invasion.  

5.13.4 Epithelial Growth Factor Receptor (EGFR) Pathway 

The EGFR pathway has been suggested as a possible therapeutic target in ACP. 

Examination of the EGFR pathway ligands revealed high expression of TGFA in 

clusters and HB-EGF in glial tissue (Figure 5-18). EGFR expression was limited to 
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tumour compartments, whereas ERBB2 and ERBB3 were expressed in all 

compartments and ERBB4 limited to the reactive glia (Figure 5-18). 

EGFR activation requires phosphorylation and whilst EGFR receptor has been shown 

to be phosphorylated specifically in the clusters, downstream activation of the 

pathway in clusters has not been demonstrated (Holsken, Gebhardt et al. 2011). 

Like the FGFR pathway, EGFR activates the MAPK pathway. The relative absence of 

pERK staining in clusters suggests that this is not a major feature of ACP. 

5.13.5 TransfƻǊƳƛƴƎ DǊƻǿǘƘ CŀŎǘƻǊ ʲ ό¢DCʲύ tŀǘƘǿŀȅ 

¢ƘŜ ƘŀƭƭƳŀǊƪ ƎŜƴŜ ǎŜǘ ŦƻǊ ¢DCʲ ǇŀǘƘǿŀȅ ǎƛƎƴŀƭƭƛƴƎ ǿŀǎ enriched in tumours 

compared with control (NES= 2.1, FDR<0.001), suggesting activation of the pathway 

within ACP (Figure 5-19). TGFB1 and INHBB are specifically expressed by clusters 

whereas TGFB2, TGFB3 and the receptors TGFBR1-3 and ACVR1, ACVR2A and 

ACVR2B, are more ubiquitously expressed (Figure 5-19).  

To investigate this pathway further, immunostaining against the activated 

(phosphorylated) SMAD3 (pSMAD3) was performed. This confirmed activation of 

the pathway (Figure 5-19). pSMAD3 staining was observed within the tumour, 

particularly in areas of stellate reticulum close to clusters. It was also observed 

within the reactive glial tissue, in an apparent dose-dependent manner around 

areas of tumour. This pattern is consistent with paracrine signalling between 

tumour and reactive glial tissue.  

5.13.6 Bone Morphogenic Protein Pathway 

BMP4 and 7 were found to be highly expressed by clusters and to a lesser extent 

other compartments, consistent with previous in situ hybridisation. Both BMP4 and 

7 are known to be critical regulators of tooth development. The receptors BMPR1A 

and BMPR2 are expressed across compartments and BMPR1B was found to be 

expressed in only one of the two glial tissue samples (Figure 5-20). This would be 

consistent with signalling across compartments through a BMPR1A/BMPR2 

heterodimer. 
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To assess the downstream activation pSMAD1,5,8/9 immunohistochemistry was 

performed. This confirmed activation across tumour and reactive glial 

compartments (Figure 5-20). 

5.13.7 Ectodysplasin (EDAR) pathway 

The expression of the ectodysplasin receptor, EDAR, in clusters supports the 

molecular analogy with the enamel knot.  Ectodysplasin (EDA) is the ligand for this 

receptor and immunostaining showed expression in all tumour cells, consistent with 

its expression in the tooth epithelium (Figure 5-15). This is consistent with both 

autocrine and paracrine signalling.   

EDAR signalling activates the NF-kB signalling pathway. This has separately been 

confirmed to be activated specifically in clusters through immunostaining against 

phosphorylated IKB (M. Gonzalez-meljem, G. Kauskal, personal communication). 

5.13.8 Other factors/pathways 

A range of additional factors were also assessed. LIF was specifically expressed by 

clusters, with its receptor, LIFR, expressed by glial tissue, suggesting paracrine 

signalling between clusters and the surrounding glia (Figure 5-21).  In contrast, OSM 

was expressed specifically by glia and its receptor, OSMR, across all compartments 

(Figure 5-21). PDGFA was predominantly expressed by the glial reactive tissue and 

its receptor PDGFRA was most highly expressed by clusters (Figure 5-21) 

 Glial cell derived neurotrophic factor, GDNF was specifically expressed by clusters 

with its co-receptor GFRA1 expressed across compartments (Figure 5-21). In 

contrast, the brain derived neurotrophic factor, BDNF, was expressed 

predominantly by clusters and palisading epithelium, and its receptor, NTRK2, was 

expressed very highly by reactive glial tissue (Figure 5-21). 

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 to the 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 the palisading epithelium and 

absent in clusters and minimal in the reactive tissue (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 paracrine signalling from 

clusters driving proliferation of epithelium in a manner similar to that of signalling 

from the enamel knot in the developing tooth.  
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Figure 5-16: Heatmap of normalised expression values of WNT ligands and FZD receptors 

in laser capture micro-dissected human ACP tissues. Yellow indicates higher expression, 
red lower. 
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Figure 5-17: Expression of Sonic Hedgehog pathway components in ACP.  a) Plots 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 
PTCH1 and GLI1 (G Carreno). 
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Figure 5-18: Fibroblast growth factor and epidermal growth factor signalling.  Heatmaps 

of normalised expression of a) FGF ligands and receptors b) EGF family receptors and 
ligands c) Double immunofluorescence and immune-histochemical staining of the 
ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ŦƻǊƳǎ ƻŦ 9wYмκн ƛƴ н ŎŀǎŜǎ ƻŦ !/tΦ {ŎŀƭŜ ōŀǊǎ Ґмлл˃Ƴ ŀƴŘ рлл˃ƳΦ 
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Figure 5-19: ¢DCʲ ǇŀǘƘǿŀȅ ǎƛƎƴŀƭƭƛƴƎΦ a) Normalised expression of TGFB1 by clusters b) 

Heatmap of normalised expression of TGFB, activin and inhibin ligands and receptors, c) 
GSEA plot showing enrichment of TGFB signalling in ACP. d) Double immunofluorescence 
showing activated p-SMAD3 in 2 cases of ACP. {ŎŀƭŜ ōŀǊǎ Ґмлл˃Ƴ. 
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 Figure 5-20: BMP pathway signalling. a) Heatmap of normalised expression of BMP ligands 

and receptors b) Double immunofluorescence staining showing activation of SMADs1,5,8/9 
double check. Scale bars=100um. 
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Figure 5-21: Other signalling pathways.  Plots of normalised expression values of selected 

members of other signalling pathways.
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Figure 5-22: Proliferation in ACP. Double immunofluorescence for the proliferation marker 

Yƛст ŀƴŘ ʲ-catenin in 3 cases of ACP.  Proliferation is predominantly limited to the 
palisading epithelium, close to clusters.  The top panel is a serial section of the pERK 
staining presented in Figure 5-19Φ {ŎŀƭŜ ōŀǊǎ Ґмлл˃Ƴ. 
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5.15 ACP clusters exhibit the expression signature of cellular senescence 

and SASP 

Immunohistochemical studies by Mario Gonzalez-Meljem have shown that ACP 

clusters undergo cellular senescence, as evidenced by a lack of proliferation 

markers, expression of GLB1, activation of mTOR and NF-kB pathways. Using GSEA I 

compared the gene expression profile of clusters with a previously established 

transcriptional signature for oncogene-induced senescence (OIS) obtained from 

human IMR90 ER:RAS fibroblasts. These cells express an Esteroid Receptor-KRASV12D 

chimaeric fusion protein that triggers growth arrest, senescence and SASP (Acosta, 

Banito et al. 2013). This confirmed enrichment of the senescence gene signature in 

human ACP clusters (NES=1.44, FDR=0.14) (Figure 5-23)/  

RT-PCR 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 clusters, using a gene set derived from proteomic 

analysis of cultured media of the IMR90 ER:RAS induced senescent fibroblasts GSEA 

was performe and confirmed enrichment in clusters (NES=1.41, FDR=0.09) (Figure 

5-23). 

Section 1.13 describes the expression of many growth factors including members of 

the SASP (eΦƎΦ ¢DCʲύΦ LƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎ L[с ŀƴŘ /·/[у όL[уύΣ L[м! ŀƴŘ L[м.Σ ƛƴ 

addition to their established roles in inflammation (discussed below in section 5.16) 

are important members of the SASP.  IL1A (18 fold), IL1B (7 fold) and IL8 (3 fold) 

were all significantly up-regulated in tumours vs controls (IL6 1.7 fold up-regulated, 

non- significant). Within the laser capture micro-dissected RNA seq dataset there 

were insufficient or no reads to assess expression of these cytokines. These genes 

are typically small, have high homology and therefore challenging to align. Due to 

the single-end, 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 due to their secretory nature 

and often short half-lives.  Immunohistochemistry for the IL6 receptor subunit 
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IL6RA confirmed expression within ACP, particularly the stellate reticulum, but also 

within the reactive tissue (Figure 5-23).  

Activation of STAT3 by phosphorylation is a major downstream signalling pathway 

of the IL6 receptor complex. Consistent with the expression of IL6RA, pSTAT3 

immunohistochemistry had previously been observed in both tumour and reactive 

glial compartments (Donson, Apps et al. 2017).  
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Figure 5-23: Senescence and ACP  a) Enrichment of transcriptional signatures of senescence 

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 
ǘƛǎǎǳŜΦ {ŎŀƭŜ ōŀǊǎҐмлл˃Ƴ. 
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5.16 The signature of the ACP immune infiltrate highlights a complex 

immune microenvironment with expression of pro- and anti-

inflammatory cytokines 

In addition to these signatures of tumour and reactive glial tissue, WGCNA 

identified a third major pattern of gene co-expression, the magenta module 

containing 958 genes (Figure 5-7, Supplementary Table 3). An overall positive 

correlation was observed with reactive glial tissue (r=0.74, p=4x10-5) and GFAP 

expression (r=0.69, p=2x10-4), but not with tumour content or CTNNB1 mutation 

allele frequency, suggesting that the magenta module is not related to tumour cells 

(Figure 5-9). In agreement with this notion, gene ontology assessment revealed a 

significant enrichment for genes associated with the immune response and module 

genes included cell surface markers (e.g. CD14, CD68, CD3), MHC class II proteins, as 

well as several cytokines comprising both pro- (e.g. IL18, TNF) and anti-

inflammatory mediators (e.g. IL10) (Table 5-10). This analysis suggests that the 

magenta module may represent the immune infiltrate/response frequently 

observed in ACP tumours.  

This was further supported by GSEA which showed enrichment for the microglial 

gene signature (ES=5.4, p=2.8x10-13) (Figure 5-24) (Zhang, Chen et al. 2014). 

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

To dissect further this module, 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 all up-regulated in ACPs 

compared with controls. Strong correlations were observed between myeloid 

markers CD14 and CD68 (r= 0.94, p=7x10-12) as well as with the T cell receptor 

component CD3E (CD14: r=0.81, p=1.2x10-6, CD68: r=0.82, p=9x10-7). The variable 

presence of CD68 positive and CD3 positive cells within ACP samples was confirmed 

by immunohistochemistry in three cases (JA005, JA029, JA054) and also an existing 

tissue microarray of ACP tissue (Figure 5-24).  
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To further characterise the T cells present in the tumour specimens, we compared 

the expression of CD8, a marker of cytotoxic T cells, and CD4, a marker of helper T 

cells, to reveal that CD4 was up-regulated in tumours relative to control tissues (11 

fold), whilst CD8 was not significantly differentially expressed (1.1 fold). 

Additionally, expression of CD4 correlated better with CD3 (r=0.87, p=4x10-8) and 

other immune cell markers than CD8a (r=0.55, p=0.004), suggesting a 

predominantly CD4+ T cell response. Immunohistochemistry in cases JA054 and 

JA029 confirmed the variable presence of both CD4+ve and CD8+ve cells in ACP 

(Figure 5-24). 

Histological review of ACP cases has also suggested the possible presence of plasma 

cells. B cell markers CD20 (MS4A1) and CD79a (CD79a) and the majority of 

immunoglobulin genes were not overall up-regulated 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 highlighted in section 5.5.1, immunoglobulin genes were up-

regulated in low tumour content tumours compared with controls. Together these 

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

The magenta module included several cytokines highly up-regulated in tumours 

compared with controls, including potential therapeutic targets such as TNF and 

IL1A. We examined these in more detail showing that for TNF, IL10, IL18, IL1A and 

IL1B and several chemokines, e.g. CCL2, expression correlated closely with the 

expression of immune cell markers CD14, CD68 and CD4 (r>0.7, p<0.0001), but not 

with the CTNNB1 mutation frequency (r<0.2) (Table 5-10). This is consistent with 

these cytokines being expressed predominantly by immune cells, in line with a 

recent limited immunohistochemical study of the immune infiltrate in ACP (Tena-

Suck, Citlaltepelt et al. 2015).  

To validate the presence of these cytokines in human ACP, protein lysates were 

extracted from matched frozen samples of eight tumours.  Multiplex ELISA against 

L[мʲΣ IL6, L[уΣ L[млΣ L[муΣ ¢bCʰ ŀƴŘ LCbȅ confirmed the expression of all of these but 

IFNy (Figure 5-24). 
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5.16.1 Cystic fluid and inflammation 

Cystic fluid has been shown to include inflammatory mediators (Pettorini, 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 

¢bCʰ (Donson, Apps et al. 2017). We 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 GOSH (Figure 5-24). This showed particularly high levels of IL6 and IL8 (median 

3342pg/ml and 3927pg/ml respectively), comparable to those identified by 

cytometric bead analysis. 

Independently, mass spectroscopy analysis of human ACP fluid from six patients has 

also recently been performed identifying the presence of 461 proteins (Benedetta 

Pettorini, personal communication). The most abundant of these were 

apolipoprotiens (particularly APOA1 and APOA2). Other proteins identified 

included; complement proteins, coagulation cascade proteins, immunoglobulins, 

keratins (1, 2, 5, 6A, 7,8, 10, 14,16, 17, 18, 19) (Benedetta Pettorini, personal 

communication).  

To assess the origin of the proteins in cystic fluid, gene set enrichment analysis was 

performed. Using the LCM RNA seq dataset highlighted that whilst some proteins 

(e.g. keratins) were likely epithelial derived, overall the proteins were 

predominantly expressed by the reactive tissue (NES=-1.60, FDR<0.001) (Figure 

5-25). When considering the WGCNA modules, this showed the black and magenta 

modules were 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 (Figure 5-25). 

5.16.2 The immune signature of ACP suggests activation of inflammasomes 

The up-regulation of several IL1 family members (IL1A, IL1B, IL18) and their 

presence in cystic fluid is suggestive of a relationship with inflammasome-mediated 

inflammation. Inflammasomes are innate immune response complexes activated 

through a range of danger signals (Guo, Callaway et al. 2015). The complexes, the 
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most common of which is the NLRP3 inflammasome, result in activation of caspase 

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 mediators such as cytokines (including IL6, IL8, TNF), chemokines (e.g. 

CCL2), Cyclo-oxygenase-2 (COX2) and inducible nitric oxide synthase (iNOS) as well 

as other factors such as MMPs and VEGF (Hoffman, Rosengren et al. 2004, Lewis, 

Varghese et al. 2006, Apte and Voronov 2008, Guo, Callaway et al. 2015). 

Analysis of the cytokines present in ACP cystic fluid identified strong correlation 

between L[мʲ ŀƴŘ L[сΣ у ŀƴŘ ¢bC όL[с ǊҐлΦфмΣ ǇҐлΦлллнΣ L[уΣ ǊҐлΦфрΣ ǇҐнΦпȄмл-5, TNF, 

r=0.96, p=1.41x10-5) (Figure 5-26). 

Activation of the inflammasome is associated with many diseases. Of note, lipids, 

e.g. in atherosclerosis, and crystals (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 fluid. Immunohistochemistry for CD68 and CCL2 of a case with 

cholesterol clefts highlighted a spatial relationship of inflammatory cells and 

chemokines to lipid in ACP (Figure 5-26). 

To further investigate the relationship between inflammasomes and ACP, GSEA was 

ǇŜǊŦƻǊƳŜŘ ŎƻƴŦƛǊƳƛƴƎ ƛύ ŜȄǇǊŜǎǎƛƻƴ ƻŦ L[мʲ ǊŜǎǇƻƴǎŜ ƎŜƴŜǎ ōȅ ƘǳƳŀƴ !/t ǘǳƳƻǳǊǎΣ 

ǳǎƛƴƎ ƎŜƴŜ ǎŜǘǎ ŦǊƻƳ ŎŜƭƭ ŎǳƭǘǳǊŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿƘŜǊŜ L[мʲ ǿŀǎ ŀŘŘŜŘ ǘƻ 

macrophages, chondrocytes or uterine muscle (Vincenti and Brinckerhoff 2001, 

Chevillard, Derjuga et al. 2007, Jura, Wegrzyn et al. 2008) and ii) enrichment of 

genes expressed in atherosclerotic arteries (NES=2.12, NES<0.001) (Sulkava, 

Raitoharju et al. 2017). This signature was 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 cascade (Niyonzima, 

Halvorsen et al. 2017). Gene set enrichment analysis had highlighted expression of 

complement components in ACP tumours (NES=2.09, FDR<0.001), particularly in the 

reactive component compared with the tumour epithelia. 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 up-regulated in ACP tumours compared with 

controls (5 fold) (Supplementary Table 2). 

In addition to pro-inflammatory cytokines anti-inflammatory cytokines were also 

identified, particularly IL10, whose expression correlated with the immune cell 

infiltrate (Table 5-10). hǘƘŜǊǎΣ ŜΦƎΦ ¢DCʲ ŀǇǇŜŀǊ ǘƻ ōŜ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŜȄǇǊŜǎǎŜŘ ōȅ 

tumour (section 5.13.5). 

Together these results also highlight the complex local immune environment with 

the presence of both pro-inflammatory (e.g. TNF, IL18, IL1A, IL1B) and anti-

inflammatory (e.g. IL10) mediators. 
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 Table 5-10: Correlation of expression of tumour up-regulated cytokines of the magenta module with CTNNB1 mutation allele frequencies and immune 
cell markers.  

 

Gene 
Symbol 

Differential 
expression results 

Correlation with 
CTNNB1 mut allele 

freq Correlation with CD14 
Correlation with 

CD68 
Correlation with 

CD3E Correlation with CD4 
Correlation with 

CD8A 

 
log2FC Padj r p r p R p r p r p r p 

IL1A 4.180456 2.99E-11 0.457088 0.024732 0.728229 5.48E-05 0.831374 4.84E-07 0.684772 0.000223 0.809621 1.65E-06 0.018407 0.931968 

IL1B 2.814562 0.004409 -0.10557 0.623476 0.851123 1.36E-07 0.72189 6.83E-05 0.676671 0.000283 0.775218 8.63E-06 0.372277 0.073222 

IL10 4.071387 1.04E-07 0.148307 0.489185 0.90128 1.88E-09 0.863031 5.74E-08 0.784304 5.74E-06 0.878822 1.61E-08 0.365705 0.07885 

IL16 1.837601 0.001424 -0.25213 0.234619 0.934398 2.46E-11 0.846896 1.81E-07 0.810102 1.61E-06 0.91506 3.85E-10 0.520537 0.009113 

IL18 3.893901 1.35E-07 0.101299 0.637653 0.91319 4.85E-10 0.920587 1.88E-10 0.844334 2.14E-07 0.908365 8.59E-10 0.398997 0.053432 

IL32 1.324885 0.012781 -0.09127 0.671446 0.794491 3.55E-06 0.776968 7.99E-06 0.751461 2.31E-05 0.854753 1.05E-07 0.448074 0.028104 

CCL2 4.043857 8.42E-11 0.202457 0.342742 0.814754 1.25E-06 0.838249 3.17E-07 0.760925 1.58E-05 0.882254 1.19E-08 0.248567 0.241513 

CCL3 3.218444 0.000257 -0.03584 0.867962 0.89264 4.55E-09 0.811135 1.52E-06 0.72607 5.91E-05 0.816726 1.13E-06 0.43621 0.033092 

CCL4 2.919365 0.000948 -0.0818 0.703952 0.875707 2.10E-08 0.763637 1.41E-05 0.686265 0.000213 0.78354 5.95E-06 0.442284 0.030457 

CCL5 1.326884 0.096813 -0.06848 0.750527 0.886379 8.23E-09 0.835729 3.71E-07 0.928813 5.88E-11 0.865809 4.65E-08 0.654354 0.000523 

CCL8 2.715066 0.001207 0.084345 0.695172 0.82913 5.54E-07 0.783256 6.02E-06 0.724543 6.23E-05 0.782659 6.19E-06 0.434666 0.03379 

CCL20 3.66574 4.26E-05 0.222122 0.296862 0.834656 3.96E-07 0.855468 9.99E-08 0.701466 0.000134 0.844602 2.10E-07 0.241146 0.25631 

TNF 3.380521 1.69E-05 0.01929 0.928715 0.804407 2.17E-06 0.772626 9.67E-06 0.701721 0.000133 0.791097 4.18E-06 0.310326 0.139986 
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Figure 5-24: The immune environment of ACP. a) Enrichment plot showing enrichment of 

magenta module with gene signature of microglia b) Immune-histochemistry of case JA029 
showing variable infiltrate of CD68, CD3, CD4 and CD68 positive cells. c) CD79 positive cells 
within reactive tissue of a case of ACP. d) Correlation of IL18, IL1B and IL10 expression with 

CD14 expression. e) Detection of cytokines in solid tumour lysates, results adjusted to total 
ǇǊƻǘŜƛƴ ŀŘŘŜŘ ǘƻ ŀǎǎŀȅΦ Ŧύ /ƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŎȅǘƻƪƛƴŜǎ ƛƴ !/t ŎȅǎǘƛŎ ŦƭǳƛŘΦ {ŎŀƭŜ ōŀǊǎҐмлл˃Ƴ. 
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Figure 5-25: Proteins in cystic fluid derive from tumour epithelia and reactive tissue. a) 

GSEA plot showing that cystic fluid protein genes are overall expressed more highly in the 
reactive tissue rather than tumour. B) Barcode plots showing that cystic fluid proteins are 
expressed within the black module (associated with wet keratin) and magenta module 

(inflammatory infiltrate). 
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Figure 5-26: Inflammasome activation underlies inflammation in ACP. a) Correlation 

ōŜǘǿŜŜƴ L[сΣ L[у ŀƴŘ ¢bC ƛƴ ŎȅǎǘƛŎ ŦƭǳƛŘ ǿƛǘƘ L[мʲΦ ōύ /5суҌǾŜ ŎŜƭƭǎ ŀƴŘ //[н ŜȄǇǊŜǎǎƛƻƴ 
ŀǊƻǳƴŘ ŎƘƻƭŜǎǘŜǊƻƭ ŎƭŜŦǘǎ όŀǊǊƻǿύ ǿƛǘƘƛƴ !/tΦ Ŏύ D{9! Ǉƭƻǘǎ ǎƘƻǿƛƴƎ ŜƴǊƛŎƘƳŜƴǘ ƻŦ L[мʲ 
response signatures and atherosclerosis gene expression in ACP. 
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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 underlying histology 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 literature and/or have been 

confirmed by immunohistochemistry, or by independent experiments within the 

group. In addition novel ACP genes (e.g. BCL11B) genes and pathways (e.g. 

ectodysplasin) have been identified and validated by immunohistochemistry.  

Returning to the specific scientific questions highlighted on page 132. 

5.17.1 Are there distinct biological subtypes of ACP? 

Whilst clustering analyses initially suggested two subgroups, further analysis 

suggested that this related to sampling as opposed 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 heterogeneous tumours, 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. 

5.17.2 What 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 inflammasome-mediated 

response is apparent within the tumour microenvironment and activation of a 

senescent phenotype amongst ACP clusters. 
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5.17.3 Can this inform about the origin of tumours? 

In this chapter, the molecular relationship of ACP with tooth development has also 

begun to be unravelled, particularly the similarities with amelogenesis, with clusters 

closely resembling 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 cells 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.  

5.17.4 What therapeutically targetable pathways are 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 inhibitors are in clinical 

use for other malignancies and will be discussed further in Chapter 8. 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 other paediatric 

brain tumours (Zhao and Adjei 2014).  The EDAR pathway is also therapeutically 

attractive due to its less pleiotropic activities. WNT, TGFb and BMP pathways 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 approaches. 

Specifically ǘŀǊƎŜǘƛƴƎ ƻŦ ǘƘŜ L[мʲΣ ōǳǘ ŀƭǎƻ ǘŀǊƎŜǘƛƴƎ ƻŦ ƻǘƘŜǊ ƛƴŦƭŀƳƳŀǘƻǊȅ 

mediators, e.g. IL6, TNFa, complement.  Finally, the work in this thesis supports 

work by others of a role of senescence and SASP in driving tumourigenesis and 

there is considerable 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 3, the non-linear growth dynamics of Hesx1Cre/+;Ctnnb1lox(ex3)/+  mice were 

revealed by serial MRI imaging. Dr Mario Gonzalez-Meljem, using lineage tracing, 

has shown the non-cell autonomous origin of tumour cells in the post-expansion 

and late-stage tumours (Figure 1-2), but the cell of origin and exact signalling 

mechanisms underlying this have not been elucidated. In this chapter I use RNA 

sequencing of Hesx1Cre/+;Ctnnb1lox(ex3)/+  pituitaries and tumours at various stages of 

development to explore and address: 

¶ The temporal dynamics of gene expression across tumour stages, 

including of specific pathways explored in human ACP in Chapter 5. 

¶ The relationship of murine ACP to odontogenesis. 

¶ The cellular phenotype and cell of origin of late stage tumours. 

¶ Whether murine ACP clusters exhibit a transcriptional signature of 

cellular senescence. 

¶ The relationship of murine clusters and tumours with human ACP 

clusters and tumours. 
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6.2 Samples and datasets 

Hesx1Cre/+;Ctnnb1lox(ex3)/+  pituitaries were collected at birth (P1), at humane end-

point (late stage tumours) and at mid stages (9.9 & 13.4 weeks) referred to as Ψpre-

expansionΩ, meaning macroscopically enlarged but without any discrete lesion (as in 

Figure 1-2and Figure 3-3), or Ψpost-expansionΩ, where there was enlargement of a 

defined area, but pituitary tissue could still be identified macroscopically. In 

addition Ctnnb1lox(ex3)/+ mice, functionally wild-type due to the lack of Cre-

recombinase expression, adult and P1 pituitaries were collected as controls (Table 

6-1). Of note methodologically, the small size of the P1 samples required them to be 

extracted by the Qiagen RNeasy micro-kit, rather than the mini-kit, and the low RNA 

yield (31-ууƴƎκ˃ƭύ ǊŜǉǳƛǊŜŘ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ǇǊƛƻǊ ǘƻ ǎŜǉǳŜƴŎƛƴƎΦ 

In addition to the samples of wildtype and Hesx1Cre/+;Ctnnb1lox(ex3)/+ pituitaries, 

further samples of late stage tumours from Hesx1Cre/+;Ctnnb1lox(ex3)/+;Trp53fl/fl   mice 

were also included in this study. These were provided by Dr Mario Gonzalez-

Meljem, who had recently demonstrated using lineage tracing that, in contrast to 

the Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumours, tumours in the p53-deficient mice developed 

in a cell-autonomous manner (M. Gonzalez-Meljem, personal communication). 

The expression microarray profile of clusters in E18.5 Hesx1Cre/+;Ctnnb1lox(ex3)/+   mice 

has previously been published and I further analysed this dataset to gain insight into 

the processes and signalling pathways (Andoniadou, Gaston-Massuet et al. 2012).  

Separately another PhD student, Scott Haston, had performed RNA sequencing on 

flow cytometry separated adult pituitary stem cells with and without activation of 

ƻƴŎƻƎŜƴƛŎ ʲ ŎŀǘŜƴƛƴ ό¸Ct ǇƻǎƛǘƛǾŜ Sox2CreERT2/+;Ctnnb1lox(ex3;Rosa26YFP/+  and 

Sox2CreERT2/+;Rosa26YFP/+ cells respectively). This dataset is also analysed and 

interrogated.  
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Table 6-1: Samples undergoing RNA sequencing. 

Sample 
Name 

Sequencing 
ID 

Genotype Sample Age Extraction/ 
Amplification 

WTP1.1 WT1P0.1 Ctnnb1lox(ex3)/+ Wildtype pituitary P1 Micro/Yes 

WTP1.2 WT1P0.2 Ctnnb1lox(ex3)/+ Wildtype pituitary P1 Micro/Yes 

WTP1.3 WT1P0.3 Ctnnb1lox(ex3)/+ Wildtype pituitary P1 Micro/Yes 

WTP1.4 
WT1P0.4 Ctnnb1lox(ex3)/+ Wildtype pituitary P1 Micro/Yes 

PTP1.1 MP0.1 Hesx1Cre/+;Ctnnb1lox(ex3)/+ Pre-tumoural pituitary  P1 Micro/Yes 

PTP1.2 MP0.2 Hesx1Cre/+;Ctnnb1lox(ex3)/+ Pre-tumoural pituitary  P1 Micro/Yes 

PTP1.3 MP0.3 Hesx1Cre/+;Ctnnb1lox(ex3)/+ Pre-tumoural pituitary  P1 Micro/Yes 

WT1 WT1 Ctnnb1lox(ex3)/+ Normal pituitary 9.1 weeks Mini/No 

WT2 WT2 Ctnnb1lox(ex3)/+ Normal pituitary 9.1 weeks Mini/No 

WT3 WT4 Ctnnb1lox(ex3)/+ Normal pituitary 9.1 weeks Mini/No 

LST1 
10.5.1 Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 11.1weeks Mini/No 

LST2 
10.5T Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 12.6weeks Mini/No 

LST3 
2.3T Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 40.7weeks Mini/No 

LST4 
3.2.2.T2 Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 12.4weeks Mini/No 

LST5 
7.5T Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 14weeks Mini/No 

LST6 
B429T Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 22.7weeks Mini/No 

LST7 
J13.2.1 Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 12.9weeks Mini/No 

LST8 J3.3.3.FD Hesx1Cre/+;Ctnnb1lox(ex3)/+ Late stage tumour 17.7weeks Mini/No 

PreExp
1 
 

J1 Hesx1Cre/+;Ctnnb1lox(ex3)/+ aƛŘǎǘŀƎŜ άǇǊŜ-
expansionέ  
pituitary 

9.9 weeks Mini/No 

PreExp
2 

J2 Hesx1Cre/+;Ctnnb1lox(ex3)/+ aƛŘǎǘŀƎŜ άǇǊŜ-
ŜȄǇŀƴǎƛƻƴέ  
pituitary 

9.9 weeks 
 

Mini/No 

PreExp
3 

J5 Hesx1Cre/+;Ctnnb1lox(ex3)/+ aƛŘǎǘŀƎŜ άǇǊŜ-
ŜȄǇŀƴǎƛƻƴέ  
pituitary y 

13.4 weeks Mini/No 

PostExp
1 

J3 Hesx1Cre/+;Ctnnb1lox(ex3)/+ άtost expansionέ 
pituitary. 

2mm lesion 

 9.9 weeks Mini/No 

PostExp
2 

J4 Hesx1Cre/+;Ctnnb1lox(ex3)/+ άPost expansionέ 
pituitary 

 2mm lesion, bigger  

13.4 weeks Mini/No 

PostExp
3 

J6 Hesx1Cre/+;Ctnnb1lox(ex3)/+ άPost-expansionέ 
pituitary  

3.5mm lesion 

13.4 weeks Mini/No 

LST-
p53.1 

M1 Hesx1Cre/+;Ctnnb1lox(ex3)/+;
Tp53fl/fl  

Mutant tumour 
without p53 

44.7 weeks Mini/No 

LST-
p53.2 

M2 Hesx1Cre/+;Ctnnb1lox(ex3)/+;
Tp53fl/fl  

Mutant tumour 
without p53 

37.7 weeks Mini/No 

LST-
p53.3 

M3 Hesx1Cre/+;Ctnnb1lox(ex3)/+;
Tp53fl/fl  

Mutant tumour 
without p53 

44.4 weeks Mini/No 
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MSP-
p53.1 

P1 Hesx1Cre/+;Ctnnb1lox(ex3)/+;
Tp53fl/+ 

Midstage pituitary with 
single copy of p53 

18 weeks 
 

Mini/No 

MSP-
p53.2 

P2 Hesx1Cre/+;Ctnnb1lox(ex3)/+;
Tp53fl/+ 

Midstage pituitary with 
single copy of p53 

18 weeks Mini/No 

MSP-
p53.3 

P3 Hesx1Cre/+;Ctnnb1lox(ex3)/+;
Tp53flf+ 

Midstage pituitary with 
single copy of p53 

19 weeks Mini/No 
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6.3 Overall distribution of samples 

Initial analysis of all samples by Principle Component Analysis and Clustering 

highlighted separation of P1 samples (Figure 6-1). As these had undergone RNA 

amplification and therefore changes may reflect technical biases, they are 

thereafter considered separately. In addition, this analysis showed a complex 

relationship between other samples which will be dissected and discussed further 

below. 

Initial analysis focused on samples from Hesx1Cre/+;Ctnnb1lox(ex3)/+ mice where 

pairwise analyses were performed between: 

¶ P1 mutant vs wildtype pituitaries 

¶ Hesx1Cre/+;Ctnnb1lox(ex3)/+ late stage tumours vs wildtype pituitaries 

¶ Post-expansion vs pre-expansion pituitaries 

As per the human analyses, differential expression analysis was performed using 

DESeq2. To functionally assess the resultant differentially expressed gene lists, I 

performed gene ontology 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 results of these pairwise analyses, followed by more 

integrated analysis, bringing together the results of several of these and exploring 

patterns across the sample sets using WGCNA. Full results of the pairwise analyses 

are presented in Supplementary Table 4. 
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Figure 6-1: Principal component analysis (PCA) and Hierarchical Clustering of expression 

signatures of all murine samples undergoing RNA sequencing.  Note how on PCA 
(highlighted with circle) and clustering that P1 samples group separately.  Other samples 
show a complex relationship which will be dissected in following sections and figures.  Key 

to samples in Table 6-1. 
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6.3.1 P1 pre-tumoural Hesx1Cre/+;Ctnnb1lox(ex3)/+ vs WT pituitaries 

Clustering analysis confirmed separation of WT and Hesx1Cre/+;Ctnnb1lox(ex3)/+ P1 

pituitaries (Figure 6-2). Differential expression analysis identified 1472 genes up-

regulated and 1323 genes down-regulated in mutants (P1) compared with control 

(adjusted p-value <0.1). The most up-regulated genes in mutants were 

4921525O09Rik (40 fold), a poorly characterised RNA, Dkk4 (27 fold), dickkopf WNT 

signalling pathway inhibitor 4, with Fgf20 (17 fold), Fgf3 (13 fold), Fgf4 (10 fold) and 

Shh (10 fold) also among the 20 most up-regulated genes. These genes are known 

to be highly expressed in human tumours and murine ACP clusters (Andoniadou, 

Gaston-Massuet et al. 2012).   

The most down-regulated genes were pituitary hormones, growth hormone (Gh) 

and thyroid stimulating hormone (Tshb) (10.5 and 10.1 fold respectively), consistent 

with pituitary differentiation defects and the growth hormone deficient phenotype 

of mice as previously described (Gaston-Massuet, Andoniadou et al. 2011). Gene 

ontology enrichment analysis identified enrichment of over 500 gene ontologies in 

tumours. These included a range of processes including many relating to 

developmental processes (Supplementary Table 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 sets, 20 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 respectively, 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, FDR<-0.001), consistent with the influx 

of endomucin positive cells observed at this stage. 
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Figure 6-2:  Analysis of P1 Hesx1Cre/+;Ctnnb1lox(ex3)/+  pre-tumoural pituitaries compared 

with p1 WT pituitaries. a) PCA and hierarchical clustering showing separation of mutant 
and WT pituitaries b) GSEA showing enrichment of gene signatures of EMT, angiogenesis, 
WNT and HH signalling within Hesx1Cre/+;Ctnnb1lox(ex3)/+ pre-tumoural pituitaries. 
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Table 6-2: Top 15 most up-regulated genes in P1 mutant pituitaries compared with 

controls. 

Gene Symbol  Fold Change 
(log2) 

Adjusted p-value 

4921525O09Rik 5.306164 2.25E-48 

Dkk4 4.780541 1.32E-38 

Fgf20 4.094317 2.81E-23 

Cdx1 4.064522 1.74E-24 

Fgf3 3.774897 1.79E-19 

Zfp385c 3.732687 5.69E-30 

Fgf4 3.703927 1.42E-19 

Notum 3.435146 1.22E-53 

Foxa2 3.39915 1.89E-21 

Pglyrp1 3.362144 6.22E-23 

Shh 3.360002 1.54E-20 

S100a14 3.303215 3.43E-34 

Col9a1 2.980082 5.78E-41 

S100a6 2.978218 5.60E-43 

Fndc1 2.951818 7.70E-30 

Table 6-3: 20 Hallmark gene sets enriched in mutant pituitaries. Where FDR=0.000, this 

indicates level <0.001. 

Gene set Size 
Normalised 
Erichment 
Score (NES) 

False 
disocvery 
rate (FDR) 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 191 2.36 0.000 
HALLMARK_ANGIOGENESIS 33 2.01 0.000 

HALLMARK_APICAL_SURFACE 44 1.95 0.000 

HALLMARK_APICAL_JUNCTION 191 1.94 0.000 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 41 1.90 0.000 
HALLMARK_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_EARLY 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 1.61 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 1.51 0.013 

HALLMARK_INFLAMMATORY_RESPONSE 194 1.45 0.023 

  

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
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6.3.2 Post-expansion vs Pre-expansion Hesx1Cre/+;Ctnnb1lox(ex3)/+ pituitaries 

Next pre- and post- expansion mid-stage pituitaries were compared. PCA and 

Clustering suggested that sample J4 overall grouped more closely with pre-

expansion pituitaries than post expansion pituitaries (Figure 6-3). I therefore 

removed sample J4 and performed differential expression between the remaining 

samples.  This identified 5322 genes up-regulated and 5023 genes down-regulated 

in post-expansion samples. The most overexpressed gene was Dspp (1335 fold) 

encoding Dentin sialophosphoprotein, which as discussed in Chapter 5 is expressed 

within odontoblasts.  Other genes expressed by odontoblasts were also markedly 

up-regulated including Ibsp (bone sialoprotein, 384 fold), Sp7 (Osterix, 166 fold), 

Dmp1 (dentin matrix protein, 164 fold), Bglap (osteocalcin, 39 fold), Runx2 (12 fold).   

Inspecting the expression of Dspp and Ibsp across all samples demonstrated 

upregulation of Dspp in post expansion pituitaries but not late stage tumours 

suggesting that expression is transient for this stage (Figure 6-3). Sample J4 

exhibited intermediate expression between pre and post expansion stages 

consistent, consistent with an intermediate stage of tumourigenesis.  

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 

Hesx1Cre/+;Ctnnb1lox(ex3)/+   pituitaries. Table 6-5). These are similar to those 

subsequently identified comparing late stage tumours with wild type pituitaries, the 

significance of which will be discussed in section 6.3.3. 
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Figure 6-3: Post- vs pre- expansion mid stage Hesx1Cre/+;Ctnnb1lox(ex3)/+   pituitaries.  a) 

Principal Component Analysis and Hierarchical Clustering showing separation of pre- and 
post- expansion pituitaries with sample PostExp2/J4 at intermediate stage.  b) Normalised 
expression values of Dspp and Ibsp across tumour stages.   
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 Table 6-4: Top 15 up-regulated genes in post-expansion compared with pre-expansion 

Hesx1Cre/+;Ctnnb1lox(ex3)/+   pituitaries. 

Gene Symbol  Fold Change 
(log2) 

Adjusted p-
value 

Dspp 10.38293 3.76E-112 

Lrrc15 8.586415 1.14E-37 

Ibsp 8.327409 2.53E-24 

Panx3 8.175649 2.25E-27 

Hoxd9 8.013229 5.80E-121 

Prdm6 7.907269 1.75E-129 

Hoxd8 7.744906 1.66E-119 

Dkk1 7.721082 6.65E-36 

Apela 7.653791 2.9E-61 

Sp7 7.377877 1.49E-46 

Prss35 7.370249 7.51E-35 

Dmp1 7.362322 1.54E-45 

Ifitm5 7.297831 1.02E-29 

Hoxd4 7.294897 1.4E-46 

Prph 7.282815 3.92E-115 
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Table 6-5: Hallmark gene sets enriched in post expansion Hesx1Cre/+;Ctnnb1lox(ex3)/+   

pituitaries. 

Gene set Size 
Normalised 

Erichment Score 
(NES) 

False disocvery 
rate (FDR) 

HALLMARK_MYC_TARGETS_V1 197 2.69 0.000 
HALLMARK_E2F_TARGETS 194 2.54 0.000 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 191 2.46 0.000 
HALLMARK_G2M_CHECKPOINT 194 2.41 0.000 
HALLMARK_MYC_TARGETS_V2 58 2.24 0.000 

HALLMARK_TGF_BETA_SIGNALING 54 2.22 0.000 
HALLMARK_WNT_BETA_CATENIN_SIGNALING 41 1.99 0.000 

HALLMARK_MITOTIC_SPINDLE 196 1.90 0.000 
HALLMARK_TNFA_SIGNALING_VIA_NFKB 195 1.87 0.000 

HALLMARK_APICAL_JUNCTION 190 1.81 0.000 
HALLMARK_ANGIOGENESIS 35 1.79 0.000 
HALLMARK_COAGULATION 123 1.70 0.002 

HALLMARK_IL2_STAT5_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_STAT3_SIGNALING 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_PHOSPHORYLATION 192 1.43 0.031 
HALLMARK_ESTROGEN_RESPONSE_EARLY 194 1.40 0.041 

HALLMARK_DNA_REPAIR 139 1.39 0.042 
HALLMARK_CHOLESTEROL_HOMEOSTASIS 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_RESPONSE 112 1.23 0.145 
HALLMARK_PI3K_AKT_MTOR_SIGNALING 102 1.19 0.183 

HALLMARK_HEME_METABOLISM 181 1.19 0.187 

HALLMARK_KRAS_SIGNALING_UP 190 1.17 0.198 
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6.3.3 Late stage Hesx1Cre/+;Ctnnb1lox(ex3)/+   tumours vs wild-type adult 

pituitaries 

Next, late stage tumours and wild-type adult pituitaries were compared. Clustering 

revealed that the majority of tumours separated from controls with the exception 

of LST2/10.5T (Figure 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 

post-expansion Hesx1Cre/+;Ctnnb1lox(ex3)/+   pituitaries (despite review of genotyping 

confirming WT expression) and therefore this was also excluded (see Section 6.3.4). 

Differential expression was therefore performed between the remaining seven 

tumours and two wild type pituitaries.  

This identified 4565 genes up-regulated and 4585 down-regulated in the murine 

ACP tumours. The most up-regulated genes are shown in Table 6-6. The non-coding 

RNA Fendrr was the most up-regulated in tumours (765 fold). The 

notochord/chordoma marker Brachyury (T) was the third most up-regulated gene 

(510 fold) (Figure 6-4b). Smco2 was the most down-regulated (265 fold) whilst 

Growth hormone (Gh) was the ninth most down-regulated (159 fold). 

Ontology enrichment of the top 1000 up-regulated genes identified enrichment of 

developmental processes, including terms specific to many organs (e.g. skin, teeth, 

heart, kidney, muscle, pancreas) (Supplementary Table 4). Gene set enrichment 

identified upregulation of 37 hallmark gene sets in tumours of which EMT, MYC, 

E2F, TGFB and WNT signalling were the most up-regulated (Table 6-7).  

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 MYC, E2F targets, G2M checkpoint, mitotic spindle gene-

sets may reflect the proliferative nature of late stage tumours. 

Further visual inspection of the genes up-regulated within the tumours compared 

with WT controls identified genes including FGFs (e.g. Fgf4, 110 fold), BMPs (e.g. 
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Bmp4, 55 fold), TGFB (e.g Tgfb1, 10 fold), and the germ cell tumour and 

hepatoblastoma marker Afp (Alpha feto-protein, 150 fold)  (Figure 6-4b).  
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Figure 6-4: Late stage Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumours . a) PCA and hierarchical 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 T and Afp across tumour stages. c) GSEA plots showing enrichment of signatures of EMT, 

Myc, TGFb and Wnt signalling in tumours compared with wild-type pituitaries.  
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Table 6-6: 15 most up-regulated genes in late stage Hesx1Cre/+;Ctnnb1lox(ex3)/+   tumours 

compared with controls. 

Gene Symbol  Fold Change 
(log2) 

Adjusted p-
value 

Fendrr 9.580897 1.02E-47 

Gbx2 9.317008 1.18E-74 

T 8.994956 1.02E-109 

R3hdml 8.820336 5.77E-55 

Tbx4 8.788391 9.97E-107 

Wif1 8.742061 3.13E-257 

Hoxd3 8.731874 3.33E-18 

Hoxd9 8.688136 3.45E-52 

Notum 8.65695 2.00E-281 

Foxa2 8.604187 7.25E-48 

Camkv 8.557676 1.85E-71 

Adra2a 8.529267 1.77E-89 

Slc35f2 8.486406 1.45E-53 

Igfn1 8.481606 2.84E-30 

Tnnt2 8.423523 6.02E-26 
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Table 6-7: 37 Hallmark gene sets up-regulated in late stage Hesx1Cre/+;Ctnnb1lox(ex3)/+  

tumours compared with wild-type adult pituitaries. 

Gene set Size 
Normalised 
Erichment 
Score (NES) 

False 
disocvery 

rate 
(FDR) 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 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_SIGNALING 41 2.200653 0.000 

HALLMARK_G2M_CHECKPOINT 193 2.185311 0.000 

HALLMARK_APICAL_JUNCTION 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_SIGNALING 31 1.913098 0.000 

HALLMARK_UV_RESPONSE_DN 141 1.812816 5.99E-04 

HALLMARK_IL6_JAK_STAT3_SIGNALING 84 1.799928 5.59E-04 

HALLMARK_P53_PATHWAY 193 1.793195 5.25E-04 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 195 1.780684 5.91E-04 

HALLMARK_IL2_STAT5_SIGNALING 189 1.774185 5.58E-04 

HALLMARK_APOPTOSIS 155 1.768525 5.29E-04 

HALLMARK_APICAL_SURFACE 44 1.734614 8.94E-04 

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 network analysis reveals patterns of 

expression across samples  

¢ƘŜ ǇŀƛǊǿƛǎŜ ŀƴŀƭȅǎŜǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ŜƴǊƛŎƘƳŜƴǘ ƻŦ ǎƛƎƴŀǘǳǊŜǎ ƻŦ a¸/Σ ²b¢Σ ¢DCʲΣ 

EMT pathway activation in post expansion pituitaries and late stage tumours, 

suggesting common mechanisms between stages of tumour development and 

consistent with the progressive increases in expression of specific genes (Figure 

6-4). However, analysis of a limited number of genes, e.g. Dspp, also exhibited non-

linear patterns of expression during tumour growth, with peaks at the post-

expansion stage (Figure 6-3).  

To explore these patterns of expression across the samples at different stages, I 

performed WGCNA of the wild-type adult pituitaries, pre-expansion, post-expansion 

and late stage Hesx1Cre/+;Ctnnb1lox(ex3)/+  samples.   Initial analysis highlighted 10.5T 

as an outlier and so this was not included in the analysis. From the remaining 16 

samples, the 5000 most variably expressed genes were selected and 9 patterns of 

gene expression identified (Table 6-8, Figure 6-5). 

Of particular note, the brown module genes were most highly expressed by 

tumours and there was moderate expression of the two post expansion pituitaries 

PostExp1/J3 and PostExp3/J6, and surprisingly of 1 adult WT (WT1) (hence its 

exclusion in differential expression in section 6.3.3). This module included 704 

genes which were enriched from developmental pathways. Using gprofiler, to 

analyse the 500 genes with the highest module membership score for the brown 

module, also identified enrichment of KEGG pathways in cancer, Wnt signalling, 

IƛǇǇƻ ǎƛƎƴŀƭƭƛƴƎΣ ¢DCʲ ǎƛƎƴŀƭƭƛƴƎ ŀƴŘ ǇǊƻǘŜƻƎƭȅŎŀƴǎ ƛƴ /ŀƴŎŜǊΦ DŜƴŜǎ ǿƛǘƘƛƴ ǘƘƛǎ 

module included .ƳǇпΣ .ƳǇтΣ CƎŦммΣ CƎŦммΣ ¢DCʲ, as well as several of their 

receptors (Fgfr1,2,3, Bmpr2).  As expected from their expression pattern discussed 

in 6.3.3, T and Afp were 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 cycle/mitosis genes. This is 

consistent with variable proliferation, as evidenced by Ki67 staining, observed in 

late stage tumours. 



  

227 
 

The pink module of 91 genes identified genes with an expression pattern matching 

that of Dspp and Ibsp, high in post expansion pituitaries, but not tumours.  This 

module was most highly enriched for genes relating to odontogenesis, including 

specifically of dentin-containing teeth, ossification and bio-mineral tissue 

development. I discuss the potential significance of this later in section 6.4 with 

relation to murine ACP and odontogenesis.  

The remaining modules included genes predominantly expressed within the pre-

expansion and wild-type pituitaries.  These modules are enriched for varying 

biological processes and structures. The turquoise module included pituitary 

hormone and was enriched for neuron and endocrine organ development, the blue 

for synaptic signalling. The red module was enriched from keratins and skin 

development genes and the yellow for cilia and microtubules. Of note the black 

module included genes highly expressed in pre expansion and 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 poor clearance of 

lipids and accumulation of cysts within tumours, however this would require further 

examination.  

As with the human WGCNA analysis, the grey module includes remaining genes, a 

subset of which includes sex determining genes such as Xist.  
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Table 6-8: WGCNA identified nine patterns of gene expression.   

Module No. 
Genes 

Expression pattern Gene Ontology 
Enrichment 

Genes of 
Interest 

Brown 704 High expression in tumours, 
medium expression in post-

expansion pituitaries 

Developmental processes 
Pathways in Cancer, WNT 

signalling, Hippo 
Signalling, TGFB 

Proteoglycans in cancer 

T (brachyury)  
Afp, Ret 

Bmp4,7, Tgf̡, 
Fgf11 

Green 435 High expression in tumours, 
medium expression in post-

expansion pituitaries 

Cell cycle/Mitosis  

Pink 91 High expression in post 
expansion pituitaries 

PostExp1 & 3  

Odontogenesis 
ossification  

Dspp, Msx2, 
Sp6, Sp7, 
Fgf3, Fgf4, 
Dlx2, Osr1 

Turquoise 1585 High expression in WT and 
pre-expansion pituitaries 

Neuron differntiation 
Synaptic transport 
Endocrine organ 

development 

Pituitary 
hormones 

 

Blue 1316 High or low expression in WT 
and pre-expansion pituitaries 

Synaptic signalling  

Yellow 
 

459 Mostly high expression in WT 
and pre-expansion pituitaries 

Cilia and microtubules  

Black 143 Mostly high expression in WT 
and pre-expansion pituitaries 

Lipid breakdown Includes GFAP 

Red 212 Highest in pre-expansion 
pituitaries 

Skin development 
keratinisation 

Many keratins 

Grey 55 Variable expression 
clusters based on sex 

 Includes sex 
genes e.g. 

Xist. 
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Figure 6-5:  Weighted gene co-expression network analysis of 

Hesx1Cre/+;Ctnnb1lox(ex3)/+   samples. a) MDS plot highlighting expression patterns of 

5000 most variably expressed genes. Genes are labelled by their module colour. Expression 

heatmaps of b) brown, c) green, d) pink modules.  
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Figure 6-6: Heatmaps of remaining WGCNA modules. 
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6.4 Murine ACP and odontogenesis 

Results presented in Chapter 5 highlight 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.    

Analysis of murine ACP had highlighted expression of odontoblast genes in post 

expansion pituitaries (section 6.3.2). In this section I further explore the relationship 

of the mouse models with odontogenesis. 

6.4.1 Ctnnb1 mutation activates aƳŜƭƻōƭŀǎǘ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ǇǊƻŦƛƭŜ ƛƴ wŀǘƘƪŜΩǎ 

pouch derivatives 

Analysis of P1 Hesx1Cre/+;Ctnnb1lox(ex3)/+ pituitaries showed upregulation of several of 

the ameloblast genes shown in Figure 5-13 (Supplementary Table 4), though not of 

enamel genes themselves. Of note Msx2 (3.5 fold), Dlx3 (5 fold), Sp6 (2.8 fold) and 

Edar (2.7 fold) were all significantly up-regulated (adjusted p-value <0.01). Gene set 

enrichment analysis also showed activation of the inner enamel epithelium and 

ameloblast signatures in mutant P1 pituitaries (NES = 2.61 and 2.38 respectively, 

FDR< 0.001) suggesting that Ctnnb1 mutation alone is sufficient to induce an 

ŜƴŀƳŜƭ ŜǇƛǘƘŜƭƛǳƳκŀƳŜƭƻōƭŀǎǘ ƭƛƪŜ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ǇǊƻƎǊŀƳƳŜ ƛƴ wŀǘƘƪŜΩǎ ǇƻǳŎƘ ό 

Figure 6-7). 

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 assesǎ ǿƘŜǘƘŜǊ ƳǳǊƛƴŜ ʲ-catenin accumulating clusters transcriptional 

profile also resembled the enamel knot, GSEA was performed, comparing clusters 

from both the embryonic and the inducible ACP model. In the first instance, clusters 

are compared with non-cluster pituitary tissue, whereas in the inducible model, 

{ƻȄн ǇƻǎƛǘƛǾŜ ǇƛǘǳƛǘŀǊȅ ŎŜƭƭǎ ǿƛǘƘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ʲ-catenin are compared with wild-

type Sox2 positive cells. In both cases the signature of the enamel knot was 
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ŜƴǊƛŎƘŜŘ ǿƛǘƘƛƴ ʲ-catenin accumulating clusters (NES=2.47 & 2.47 respectively, FDR 

<0.001) (Table 6-7). 

6.4.3 Odontoblast genes expressed in post expansion mid stage 

Hesx1Cre/+;Ctnnb1lox(ex3)/+  pituitaries 

Lineage tracing highlights that at early stages of murine tumourigenesis, the 

majority of pituitary tissue is derived from Hesx1 expressing tissue, other than the 

endomucin positive cells (Figure 1-2).  

At the development of tumour growth and enlargement however the pituitary 

tissue becomes taken over by non Hesx1 derived tissue. Both pairwise analysis and 

WGCNA highlighted the expression of odontoblast genes at the post expansion 

stage of tumourigenesis. Odontoblasts are neural crest derived mesenchymal cells 

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 expression of genes known to be expressed by 

dental mesenchyme or odontoblasts within post expansion Hesx1Cre/+;Ctnnb1lox(ex3)/+ 

pituitaries. This confirmed enrichment (NES 2.57 and 2.47 respectively, FDR<0.001) 

supporting a relationship of these non-pituitary derived cells with dental 

mesenchyme (Figure 6-7).   

Considering the relevance of this to human ACP, case reports were reviewed where 

whole teeth had been reported in human ACP patients (Seemayer, Blundell et al. 

1972, Muller, Adroos et al. 2011, Beaty and Ahn 2014). Where histology was 

reported, or available, dentin producing cells were observed, and these may reflect 

the non-cell autonomous processes observed in the mouse model. More common 

than observing the presence of complete teeth in ACP is the presence of bone 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 results may be of relevance to this process (Kim, 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 development. In murine ACP, at early stages, pituitary 

derived epithelium and clusters resemble IEE/ameloblasts and the enamel knot, 

similar to that observed in human ACP.  Later, during the expansion stage, there is a 

non-cell autonomous accumulation of cells resembling dental 

mesenchyme/odontoblasts, for which analogous processes have been described in 

human ACP.  
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Figure 6-7: Relationship of Hesx1Cre/+;Ctnnb1lox(ex3)/+  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. c) 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 mesenchymal stem 

cells 

Surprisingly, the 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 tumours appear 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 replaced in fully 

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 medicine (Huang, Gronthos et al. 2009, 

Sharpe 2016). For the most part, these stem cells are likely to be pericyte derived 

neural crest cell derivatives, as evidenced by Ng2-Cre labelled lineage tracing 

experiments, but there is also increasing evidence of contribution of other cell 

lineages, e.g. glia (Sharpe 2016). There are several distinct types of dental 

mesenchymal stem cells, varying in location and function and the markers are 

increasingly being refined.  Many are in common with other mesenchymal stem cell 

elsewhere in the body (Huang, Gronthos et al. 2009). Markers 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. CD34, CD45 (Ptprc)) (Huang, Gronthos et al. 2009, Sharpe 2016). 

Expression of these markers in murine ACP was interrogated. High CD146, CD105, 

CD13 and CD73 expression was observed in post-expansion pituitaries with highest 

expression in Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumours (Figure 6-8). CD90 expression in 

contrast was low, and CD45 showed no upregulation and CD34 had variable 

expression (Figure 6-8). 

To further investigate whether Hesx1Cre/+;Ctnnb1lox(ex3)/+  tumours exhibited a MSC 

signature the literature was searched for MSC related gene sets. Roson-Burgo et al,. 



  

236 
 

have recently integrated previously published an analysis of RNA sequencing and 

expression array datasets to identify 489 core genes expressed by mesenchymal 

stem cells from several organs, though not including teeth (Roson-Burgo, Sanchez-

Guijo et al. 2016). Gene set enrichment analysis showed enrichment of this 

signature in both post-expansion pituitaries (NES=2.22, FDR<0.001) and late stage 

tumours (NES=2.14, FDR<0.001) (Figure 6-8). 

Together, these results suggest that lesions in post expansion pituitaries express 

mesenchymal stem cell markers and markers of odontoblast differentiation, 

whereas late stage tumours are less differentiated and express other 

developmental genes such as Afp and T (brachury).  

6.5.1 High expression of AFP suggests some similarities with intracranial germ 

cell tumours  

The high expression of Afp 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 ovary, with a subset arising in the central nervous 

system. Intracranial germ cell tumours typically arise in supra-sellar and pineal 

regions and can occur after a prolonged period of thickened pituitary stalk, a 

possible analogy with murine ACP tumourigenesis (Bettendorf, Fehn et al. 1999). 

Traditionally, these tumours are thought to have arisen from primordial germ cells 

that have aberrantly migrated to the CNS (Louis, Perry et al. 2016). Alternative 

suggestions are that they may form from native stem cell populations of embryonic 

or neural type and indeed have been generated in animal models from neural stem 

cells by overexpression of Oct4 (Louis, Perry et al. 2016).  

Intracranial germ cell tumours can be divided into several types, histologically into 

germinomas and non-germinomatous, which include embryonal carcinoma, yolk sac 

tumours, choriocarcinoma and teratomas (mature and immature) based on the 

secretion of tumour markers and histological featuresΦ ! ǊŀƛǎŜŘ ǎŜǊǳƳ ƻǊ /{C ʲ-HCG 

is consistent 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 phenotype, the 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<0.001) (Figure 6-8), suggesting some similarity, murine ACP lack expression of 

embryonal stem cell markers ((Oct4 (POU5F1), Nanog, Lin28) suggesting that they 

are not bona fide germ cell tumours (Wang, Wu et al. 2010).  

Review of the 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, Tsoukalas, Tolia et al. 

2013).  Whilst full details for these cases are not available, it is possible that these 

rare cases could resemble the processes observed in Hesx1Cre/+;Ctnnb1lox(ex3)/+  

tumourigenesis. 

To further investigate the relationship of murine ACP with germ 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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Figure 6-8: Mesenchmyal stem cell markers in murine ACP. a) Expression of mesenchymal 

stem cell markers b) GSEA shows enrichment of MSC gene set in post expansion and late 
stage Hesx1Cre/+;Ctnnb1lox(ex3)/+  tumours.  c) Late stage tumours are also enriched 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, including by expression microarray (Andoniadou, Gaston-

Massuet et al. 2012). In this section, the expression of genes in pathways relevant 

to tooth development, or of particular interest in ACP, are further explored, both 

within clusters, but also in pre-and post-expansion pituitaries and late stage murine 

ACP tumours.    

As described in the introduction, during tooth development the expression and 

activation of these signalling pathways is a dynamic process with secretion of 

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 late stage tumours, more analogous to dental 

mesenchyme/odontoblasts. 

6.6.1 WNT pathway 

Previously published microarray analysis, qRT-PCR and in situ hybridisation of 

Hesx1Cre/+;Ctnnb1lox(ex3)/+   mice at E18.5 had confirmed the expression of WNT 

targets, e.g. Lef1, Axin2 in clusters compared to non-cluster pituitary as well as 

expression of WNT ligands (e.g. WBT6 (4.9 fold), Wnt5a (2.7 fold),  Wnt16 (1.6 fold), 

Wnt4 (1.6 fold) and Wnt9b (1.6 fold) (Andoniadou, Gaston-Massuet 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) (Figure 6-9).  

Similarly, late stage tumours have previously been shown to have nuclear-

accumulation of ̡-catenin. Wnt targets such as Axin2 (19 fold), Sp5 (304 fold) were 

up-regulated in tumours compared with control and GSEA confirmed enrichment of 

the signature of activation at this stage (NES=2.11, FDR<0.001) (Figure 6-4). 
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Assessment of results shows statistically significant (adjusted p-value <0.1) 

upregulation of Wnt6 (92 fold), 11 (42 fold), 2 (19 fold), 10a (15 fold), 9b (15 fold), 

7a (12.4 fold), 5a (11 fold), 5b (6.9 fold), 10b (4.4 fold) 3 (3 fold) and 4 (2.9 fold) in 

post-expansion pituitaries. In late stage tumours compared with WT adult 

pituitaries, WNTs 6, 7a, 10b, 5a, 11, 9b, 16, 10a, 2, 5b, 7b, 4, 3 were also all up-

regulated (339, 206, 82, 42, 36, 27, 26, 20, 12, 10, 9, 9, 7 fold respectively). These 

results are presented visually in a heatmap in (Figure 6-9). 

In the Hesx1Cre/+;Ctnnb1lox(ex3)/+  model, the activating ̡ -catenin mutation is present 

in all the epithelial cells of the pituitary, however activation of the pathway is 

limited to a subset of cells (clusters). As in human ACP, the mechanisms of this 

remain unclear. 

6.6.2 Sonic hedgehog pathway 

Expression of Shh in E18.5 murine clusters by in situ hybridisation and its receptor, 

Ptch1, in surrounding pituitary has previously been published following 

identification of 10 fold upregulation by expression microarray (Andoniadou, 

Gaston-Massuet et al. 2012).  As shown in Figure 6-2, P1 Hesx1Cre/+;Ctnnb1lox(ex3)/+  

pituitaries are enriched for the gene signature of hedgehog signalling consistent 

with this.  

Between pre- and post- expansion stages, whilst Shh was not significantly up-

regulated, Ptch1 (1.9 fold), Gli1 (5.1 fold), Gli3 (1.5 fold) were all up-regulated. In 

late stage tumours Gli3 (2.5 fold) was the only member to be significantly up-

regulated (adjusted p-value <0.1) (Figure 6-10).  

The expression of members of the SHH signalling pathway have also been further 

studied by in situ hybridisation, RNA scope and immunostaining by Gabriela Carreno 

who has demonstrated expression of Shh and downstream targets up to 2 months 

of post-natal age. 

I explore the therapeutic potential of targeting the SHH pathway in Chapter 8. 
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6.6.3 Fibroblast growth factor pathway 

Fgfs 3, 4, 15 and 20 have previously been shown to be particularly up-regulated in 

ACP clusters (7 fold, 20 fold, 5 fold, 16 fold respectively) and expression of Fgf3 

confirmed by in situ hybridisation.  Immunostaining for activation of the 

downstream target ERK1/2 identified widespread activation in the E18.5 

Hesx1Cre/+;Ctnnb1lox(ex3)/+ pituitaries (Figure 6-11). 

Between pre and post expansion stages, Fgfs 3 (15 fold), 4 (13 fold), 8 (9 fold), 20 

(3.4 fold), 2 (3.4 fold), 11 (3.1 fold) and 18 (2.6 fold) were all significantly up-

regulated (adjusted p-value<0.1), as were Fgfrs 1-4 (2.7, 4.3, 4.4, 2.6 fold). Similarly 

in late stage tumours, Fgf8 (11 fold), 18 (6 fold), 3 (5 fold), 11 (4 fold), 22 (2.6 fold) 

were all significantly up-regulated in late stage tumours (adjusted p-value<0.1) as 

were the receptors Fgfr1, 2, 3  (1.9 fold, 7 fold and 6, fold) (Figure 6-10).    

Immunostaining shows phosphorylation/activation of downstream targets ERK1/2 

within three late stage tumours consistent with activation of the FGF pathway 

(Figure 6-11).  

6.6.4 Transforming growth factor ̡  ǇŀǘƘǿŀȅ 

Tgfb1, Tgfb2 and Inbb and Inhba (5.7fold, 5.2 fold, 9.7 fold, 7.3 fold) have previously 

been shown to be up-regulated in murine ACP clusters.  To investigate activation of 

downstream signalling pSMAD3 stainings were performed on E18.5 mutant 

pituitaries. This confirmed activation in cells abutting and nearby clusters, but not 

clusters themselves (Figure 6-12).  

Between pre and post expansion stages, Tgfb1 (18 fold), Tgfb2 (4.7 fold), Tgfb3 (2.7 

fold) Inhba (15 fold), Inhbb (2.8 fold) and Tgfbr2( 1.3 fold) were all up-regulated. In 

contrast Inha (3 fold), Acvr2a(1.3 fold), Acvr1c(4.7 fold) were down-regulated 

(Figure 6-13).   

Similarly, Tgfb1 (6 fold), Tgfb2 (3 fold), Inhba(4.3 fold), Inhbb (5.3 fold) and  TGFBR2 

(2.1fold) but not Tgfb3 were up-regulated in late stage tumours and Inba (4 fold), 

and Acvr1c (28 fold) down-regulated. Gene set enrichment identified enrichment of 
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¢DCʲ ǎƛƎƴŀƭƭƛƴƎ ŀǘ ŀƭƭ ǎǘŀƎŜǎ όtм Ƴǳǘŀƴǘ Ǿǎ ²¢Σ Ǉƻǎǘ Ǿǎ ǇǊŜ ŜȄǇŀƴǎƛƻƴΣ ƭŀǘŜ stage 

tumour vs WT), with the greatest enrichment in late stage tumours (NES=2.44, 

FDR<0.001) (Figure 6-13). pSMAD3 immunostaining also confirmed  heterogeneous 

ŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ¢DCʲ ǇŀǘƘǿŀȅ ƛƴ ƭŀǘŜ ǎǘŀƎŜ ǘǳƳƻǳǊǎ όFigure 6-12).  

6.6.5 Bone morphogenic protein pathway 

BMPs 3,7,2, 8b and 5 had previously been shown to be up-regulated in murine 

clusters  (9.5, 5.7, 3.7, 1.9, 1.8 fold respectively).  To investigate activation of 

downstream signalling pSMAD1,5,8/9 stainings were performed on E18.5 mutant 

pituitaries. Similar to pSMAD3 staining this confirmed activation in cells abutting 

and nearby clusters, but not clusters themselves (Figure 6-14).  

Between pre and post expansion stages, 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 p-value <0.1) up-regulated as was Bmpr2 (2.8 fold). Similarly, Bmp3 (7.8 

fold),  4  (5.5 fold), 7 (4.7 fold), 1 (4.5 fold), 8b (4.3) 8a (4.0 fold) and Bmpr2 (2.2 

fold) were also up-regulated in late stage tumours compared with controls (Figure 

6-15). pSMAD1,5,8/9 immunostaining confirm heterogeneous activation of the BMP 

pathway in late stage tumours  (Figure 6-14).  

6.6.6 Ectodysplasin signalling  

The expression of Ectodysplasin 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. Consistent with these results at P1 EDAR and EDA were significantly up-

regulated (2.7 fold, 1.7 fold, adjusted p-value <0.1), respectively, compared with 

controls.   

Following expansion, EDAR was 2 fold further up-regulated (adjusted p-value<0.1), 

though at late stages EDAR was not significantly differentially expressed and EDA 

was down-regulated 1.9 fold (adjusted p-value <0.1).  

To further investigate the expression of EDA and EDAR, immunohistochemistry was 

performed (Figure 6-16). At E18.5 stage, expression 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 peri-clustrerally. Nf-kB signalling 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 absence of a pituitary phenotype in hypohidrotic 

ectodermal dysplasia suggests this may not be functionally important. 

6.6.7 Summary 

In summary. these results suggest that whilst at early stages expression of the 

secreted factors is predominant in the clusters, at later stages their expression shifts 

to the non-epithelial derived tumour. This shift is reminiscent of tooth development 

where these signals are dynamically expressed in different cell types at different 

stages of development.  
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Figure 6-9: WNT pathway activation and expression in murine ACP. a) GSEA confirming 

enrichment of the hallmark wnt signalling 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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Figure 6-10: Heatmaps of expression of a) SHH pathway and b) FGF pathway members in 

murine ACP. 

 
























































































































































































