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Abstract	

Craniopharyngiomas	are	clinically	challenging	pituitary	tumours	that	disrupt	pituitary-

hypothalamic		function	causing	severe	long-term	morbidities.	There	are	two	histologically	

and	 pathologically	 distinct	 subtypes.	 Adamantinomatous	 Craniopharyngioma	 (ACP)	

presents	during	childhood	and	70%	of	cases	are	driven	by	activating	mutations	of	CTNNB1	

in	pituitary	stem/progenitor	 cells	 (PSCs).	 It	 is	 histologically	 characterized	by	 clusters	of	

tumour	 initiating	 PSCs	 with	 accumulated	 β-catenin	 (β-catenin	 clusters)	 that	 secrete	

paracrine	factors	thought	to	drive	tumourigenesis.		Papillary	Craniopharyngiomas	(PCPs)	

present	mainly	during	adulthood	and	are	driven	by	activating	BRAFV600E	mutations.	 	The	

molecular	aetiology	of	these	tumours	is	poorly	understood,	and	both	subtypes	are	treated	

surgically.	Neither	yet	has	licensed	pharmaceutical	treatments	and	this	thesis	represents	an	

exploratory	transcriptomic	analysis	of	early	tumour	development	in	the	pursuit	of	novel	

therapeutic	targets.	To	evaluate	early	ACP	tumourigenesis,	a	fluorescent	lineage	tracer	was	

used	to	isolate	Sox2-positive	murine	PSCs	and	a	Wnt/β-catenin	signalling	reporter	enabled	

separation	 of	 the	 tumour	 initiating	 subpopulation	 from	 those	 PSCs	 refractory	 to	

transformation	by	oncogenic	β-catenin.		Transcriptomic	analysis	of	ACP-mutant	PSCs,	and	

intra-subpopulation	variability	revealed	increased	expression	of	secreted	paracrine	factors	

and	increased	MAPK	signalling.	Tumour	initiating	PSCs	showed	a	marked	pro-inflammatory	

gene	signature,	with	upregulation	of	the	IL6-Jak-stat3	and	Tnf-NFkB	signalling	pathways	as	

well	as	secreted	chemokines	and	cytokines.	This	led	to	increased	immune	cell	infiltration	

centred	 around	 tumour	 initiating	 β-catenin	 clusters.	 Immunophenotyping	 by	 flow	

cytometry	identified	tumour-associated	macrophages	as	the	predominant	cell	population,	

highlighting	their	potential	role	in	the	early	stages	of	ACP	tumourigenesis	and	candidacy	as	

targets	 for	 future	 therapeutic	 strategies.	 For	PCP,	a	novel	adult-onset	mouse	model	was	

generated	 and	 characterized.	 Transcriptional	 analysis	 of	 PSCs	 after	 BrafV600E	 activation	

revealed	 changes	 in	 genes	 associated	with	 an	 epithelial	 to	mesenchymal	 transition	 and	

metabolism.	This	metabolic	shift	was	profiled	in	vitro	revealing	an	 increased	reliance	on	

respiration	 in	BrafV600E	mutant	PSCs,	which	may	 represent	a	 therapeutic	 vulnerability	 of	

stem	cells	in	BrafV600E	driven	pituitary	tumours.		
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1.1:	The	Pituitary	Gland	

The	pituitary	gland	is	a	small	endocrine	organ	connected	to	the	hypothalamus	at	the	

base	of	the	brain	and	located	in	a	cavity	of	the	basosphenoid	bone	named	the	sella	turcica.	

The	pituitary	 is	 connected	 to	 the	hypothalamus	via	 the	 infundibulum	and	 together	 they	

form	 the	 hypothalamic-pituitary	 axis	 (HP-axis).	 The	 hypothalamus	 governs	 pituitary	

function	through	the	release	of	regulatory	neuroendocrine	hormones	that	in	turn	stimulate	

the	 secretion	 of	 endocrine	 hormones	 from	 the	 adenoid	 cells	 of	 the	 anterior	 pituitary	

(Charlton,	2008).	The	HP-axis	is	essential	for	life	and	regulates	numerous	vital	physiological	

functions	such	as	growth,	reproduction,	lactation,	metabolism	and	stress-responses	(Perez-

castro	et	al.,	2012).	Morphologically,	the	mammalian	pituitary	gland,	or	hypophysis,	can	be	

separated	 into	 two	 parts:	 the	 adenohypophysis	 (anterior	 pituitary),	 including	 both	 the	

anterior	 lobe	 (AL)	 and	 intermediate	 lobe	 (IL),	 and	 the	 neurohypophysis	 (posterior	

pituitary)	also	known	as	 the	posterior	 lobe	(PL).	 In	adult	humans	 the	 IL	of	 the	pituitary	

forms	 part	 of	 the	 AL,	with	 ‘intermediate	 lobe’	 cells	 dispersed	within	 a	 layer	 of	 the	 AL,	

whereas	 in	 rodents	 the	 two	 lobes	 remain	 distinct	 and	are	 separated	 by	 a	 cleft,	with	 an	

epithelial	lining	known	as	the	marginal	zone	(MZ).	The	anterior	and	posterior	parts	of	the	

pituitary	are	developmentally	distinct	with	different	embryonic	origins,	cell	compositions	

and	functions.		

The	PL	is	populated	by	the	axonal	termini	of	hypothalamic	magnocellular	neurons	

which	release	anti-diuretic	hormone	(ADH)	and	oxytocin	(OT)	into	 the	blood	circulation		

(Brown,	2016).	ADH	acts	in	the	kidneys	to	regulate	water	homeostasis,	and	OT	plays	a	role	

in	 regulating	 uterine	 contraction	 during	 labour	 and	 lactation	 (Brown,	 2016).	 The	 PL	 is	

extensively	vascularized,	and	an	additional	glial	cell	population	called	pituicytes	regulate	

the	 development	 and	 maintenance	 of	 permeable	 neuro-vascular	 interfaces	 to	 enable	

secretion	of	ADH	and	OT	(Anbalagan	et	al.,	2018).	Both	the	PL	and	the	AP	harbour	different	

populations	 of	 myelomonocytic	 immune	 cells,	 known	 as	 microglia	 and	 macrophages	

respectively,	and	that	constitute	20%	and	1%	of	the	non-endothelial	cells	in	the	PL	and	AP	

(Mander	&	Morris,	1996).	In	the	PL,	these	microglial	cells	phagocytose	the	axonal	termini	of	

neurosecretory	neurons	 that	obtrude	 into	 the	perivascular	spaces	(Pow	et.	al.,	1989).	 In	

contrast,	the	AL	is	predominantly	composed	of	five	populations	of	adenoid	cells	responsible	

for	 the	 secretion	 of	 endocrine	 hormones:	 lactotrophs,	 producing	 prolactin	 (PRL),	which	

induces	 the	production	of	milk	 from	the	mammary	glands;	somatotrophs,	which	release	

growth	hormone	(GH)	that	stimulates	the	growth	of	 tissues,	 such	as	muscles	and	bones;	

corticotrophs,	 which	 synthesize	 adrenocorticotrophic	 hormone	 (ACTH)	 to	 induce	 the	

production	of	cortisol	from	the	adrenal	gland;	thyrotrophs,	secreting	thyroid-stimulating	
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hormone	(TSH)	 to	stimulate	the	 thyroid	 to	produce	 thyroxine	and	triiodothyronine;	and	

finally,	 gonadotrophs,	 which	 release	 luteinizing	 hormone	 (LH)	 and	 follicle-stimulating	

hormone	(FSH)	which	target	cells	in	the	gonads	and	are	essential	for	reproduction.	A	further	

population	 of	 hormone	 secreting	 cells,	 melanotrophs,	 are	 found	 in	 the	 IL	 and	 are	

responsible	for	the	synthesis	of	melanocyte-stimulating	hormone	(MSH)	which	causes	the	

melanocytes	in	skin	and	hair	to	release	melanin	(Fig.	1.1;	Kelberman	et	al.,	2009).	Like	the	

PL,	 the	 anterior	pituitary	 is	 extensively	 vascularized	 (Daniel,	1966)	and	harbors	several	

non-endocrine	cell	types	including	vascular	endothelial	cells,	perivascular	pericytes	which	

are	associated	with	capillaries	and	the	formation	and	maintenance	of	blood	vessels	(Bergers	

&	Song,	2005),	as	well	as	Folliculostellate	(FS)	cells.	FS	cells	represent	a	multifunctional		and	

heterogenous	population	of	cells	 (Morris	&	Christian,	2011)	and	 form	an	 interconnected	

network	joined	by	gap-junctions	that	can	propagate	calcium	signals	(Fauquier	et	al.,	2001).	

They	can	be	thought	of	as	paracrine	communication	hubs	and	secrete	Follistatin	(FST)	to	

communicate	with	gonadotrophs	and	lactotrophs	(Bauer-dantoin	et	al.,	1996);	ANX	A1	to	

inhibit	secretion	of	ACTH	by	corticotrophs	and	other	hormones	by	endocrine	cells	more	

generally	in	response	to	glucocorticoid	stress	(Chapman	et	al.,	2002;	Taylor	et	al.,	2000a;	

Taylor	et	al.,	2000b;	Tierney	et	al.,	2003);	and	communicate	with	the	vasculature	through	

the	 secretion	 of	 VEGF,	 NO	 and	 TGFb2	 (Henzel	 &	 Press,	 1989;	 Tsukada	 et	 al.,	 2016;	

Vankelecom	et	al.,	1997).	

The	 secretion	 of	 endocrine	 hormones	 is	 tightly	 regulated	 by	 both	 positive	 and	

negative	 feedback	 loops	 between	 the	 HP-axis	 and	 various	 target	 organs	 (Smith	 &	 Vale,	

2006;	Tissier	et	al.,	2016;	Turnbull	&	Rivier,	1999).	Together	these	feedback	loops	result	in	

the	 pulsatile	 secretion	 of	 pituitary	 hormones	 in	 accordance	with	 physiological	 demand.	

Hypopituitarism	is	characterized	by	the	absence	or	reduction	in	the	levels	of		one	(isolated	

hormone	deficiency,	IHD)	or	more	(combined	hormone	deficiencies,	CHD)	hormones	(Zhu	

et	 al.,	 2005).	 Endocrine	dysfunction	 can	be	 caused	by,	 developmental	defects,	 traumatic	

injury,	 the	 growth	of	pituitary	 tumours	or	 their	 surgical	 resection	 (Melmed,	 2011).	The	

resulting	hormonal	imbalances	caused	by	IHD/CHD	lead	to	significant	morbidity,	and		if	left	

untreated,	mortality	(Gasco	et	al.,	2013).	The	clinical	manifestation	of	IHD/CHD	and	their	

underlying	 genetic	 causes	have	been	extensively	 reviewed	 (Kelberman	&	Dattani,	 2006;	

Prince	et	al.,	2011;	Romero	et	al.,	2009)	and	symptoms	can	range	 from	short	stature	or	

hypogonadism	and	infertility	caused	by	single	gene	mutations	and	GH	or	LH/FSH	deficiency	

respectively	 (Barbosa	 et	 al.,	 2007;	 Herna	 et	 al.,	 2007)	 to	 more	 severe	 CHD	 caused	 by	

mutations	in	transcription	factors	important	for	early	pituitary	development	such	as	Prop1	

resulting	 in	 loss	 of	 GH,	 TSH,	 PRL	 and	 late	 onset	 ACTH	 (Fluck	 et	 al.,	 1998).	 Generally	
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endocrine	 dysfunction	 requires	 life-long	 hormone	 replacement	 therapy	 (HRT),	 which	

cannot	recapitulate	the	pulsatile	nature	of	pituitary	hormone	secretion	and	the	homeostatic	

feedback	 mechanisms	 between	 the	 secretory	 pituitary	 cells	 and	 the	 peripheral	 organs	

(Vankelecom,	2016).		

	

	

Figure 1.1: The anatomy and function of the human pituitary gland.  The posterior pituitary comprises 

the terminal axonal projections of hypothalamic neurons responsible for the production of oxytocin (OT) 

and vasopressin (or anti-diuretic hormone, ADH). The anterior pituitary contains the endocrine cells 

responsible for the production of pituitary hormones (ACTH, GH, TSH, MSH, LH, FSH and PRL). The 

hypothalamus regulates the hormone production of the pituitary gland by producing specific hormones, 

which can stimulate or repress the activity of the endocrine cells of the anterior pituitary. Target organs of 

each hormone are listed. Abbreviation: ACTH, adrenocorticotropic hormone; GH, growth hormone; TSH, 

thyroid-stimulating hormone; MSH, melanocyte-stimulating hormone; LH, luteinizing hormone; FSH, 

follicle-stimulating hormone; PRL, prolactin; OT, oxytocin; ADH, antidiuretic hormone [based on 

(Musumeci et al., 2015)]. 
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1.2:	Pituitary	Development	

Morphogenesis	of	the	pituitary	gland	can	be	separated	into	three	sequential	steps,	

cell	specification,	cell	lineage	commitment	and	terminal	differentiation.		(Fig.	1.2;	Kusakabe	

et	 al.,	 1984).	 In	 mice,	 pituitary	 organogenesis	 begins	 at	 embryonic	 day	 8	 (E8),	 with	 a	

ectodermal	thickening	of	a	region	within	the	Anterior	Neural	Ridge	(ANR),	known	as	the	

hypophyseal	 placode	 (HP)	 within	 the	 anterior	 neural	 ridge	 and	 adjacent	 to	 the	 future		

ventral	diencephalon	(VD.	By	E9,	an	epithelial	invagination	of	the	oral	ectoderm,	centred	at	

HP	occurs	 forming	 a	 rudimental	 pouch	known	as	Rathke’s	pouch	 (RP)	 (Kusakabe	et	 al.,	

1984).	This	process	 is	directed	by	physical	contact	with	 the	overlaying	region	of	 the	VD	

known	as	the	infundibulum	(INF),	which	eventually	gives	rise	to	the	hypothalamic	median	

eminence,	the	pituitary	stalk	and	the	PL	(Pearson	&	Placzek,	2013).	By	E10.5	the	INF	begins	

to	 evaginate	 towards	 the	 RP	and	 tightly	 regulated	 apoptosis	 separates	 the	 RP	 from	 the	

underlying	oral	ectoderm	(Charles	et	al.,	2005).	The	lumen	of	the	RP	is	surrounded	by	a	

highly	proliferative	epithelial	layer	of	pituitary	stem/progenitor	cells	(PSCs) (Raetzman	et	
al.,	 2002).	 This	 cell	 population	 undergoes	 a	 rapid	 expansion	 between	 E11.5	 and	 E13.5	

during	which	the	majority	of	endocrine	cell	precursors	are	generated	(Davis	et	al.,	2011),	

though	the	daughter	cells	then	go	on	to	differentiate	at	different	rates	(Japon	et	al.,	1994).	

During	this	period	the	progenitor	cells	forming	the	RP	gradually	exit	the	mitotic	cycle	and	

begin	to	lose	their	epithelial	characteristics	in	order	to	give	rise	to	the	distinct	pituitary	cell	

types	(Bilodeau,	Roussel-gervais,	&	Drouin,	2009;	Pérez	Millán,	Brinkmeier,	Mortensen,	&	

Camper,	2016).	By	E14.5	pituitary	progenitors	are	committed	to	one	of	the	three	endocrine	

lineages	(Tpit,	Pit1	or	Sf-1;	described	in	section	1.2.3),	and	as	they	begin	to	differentiate	

they	migrate	ventrally	and	laterally	away	from	the	RP	lumen,	forming	the	bulk	of	the	AL,	

with	the	dorsal	progenitors	of	the	RP	forming	the	IL.	The	two	lobes	are	separated	by	the	

residual	luminal	space	of	the	RP,	now	known	as	the	cleft,	and	the	periluminal	region	(or	the	

MZ)		constitutes	a	stem	cell	niche	where	multipotent	PSCs	are	maintained	into	adulthood	

(discussed	 further	 in	 section	 1.3).	 The	 final	 stage	 of	 pituitary	 development	 is	 terminal	

differentiation	of	the	endocrine	cells,	which	is	strictly	regulated	temporally	and	spatially	

and	 specific	 for	 each	 endocrine	 cell	 type.	 As	 endocrine	 cells	 differentiate	 they	 begin	 to	

assemble	 into	 3-dimensional	 (3D)	 networks,	 starting	 with	 corticotropes	 which	 project	

processes	towards	the	vasculature,	and	later	gonadotrophs	which	position	themselves	in	

closer	proximity	to	the	vasculature.	(Budry	at	al.,	2011).	The	homotypic	networks	formed	

during	 development	 by	 these	 cells,	 and	also	 somatotrophs	 (Bonnefont	 et	 al.,	 2005)	 and	

lactotrophs	 (Hodson	 et	 al.,	 2012),	 facilitate	 synchronized	 and	 high	 amplitude	 hormone	

secretion	 in	 later	 life	 (Stojilkovic	 &	 Bertram,	 2010;	 Tissier	 et	 al.,	 2016).	 The	 terminal	
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differentiation	 that	begins	during	embryogenesis	culminates	shortly	after	birth	when,	 in	

rodents,	 the	pituitary	 gland	undergoes	 a	 sustained	perinatal	 period	of	 proliferation	 and	

growth	(Gremeaux	et	al.,	2012).				

Our	understanding	of	the	genetic	regulation	of	pituitary	development		is	extensive,		

constantly	evolving,	and	built	upon	a	vast	body	of	work	(Davis,	2013;	Davis	et	al.,	2010;	

Kelberman	et	al.,	2009;	Musumeci	et	al.,	2015;	Prince	et	al.,	2011;	Rizzoti,	2015;	Zhu	et	al.,	

2007).	Together,	these	works	have	provided	a	good,	if	still	incomplete,	understanding	of	the	

complex	array	of	spatiotemporal	cues	and	signals	that	induce	the	formation	of	the	pituitary	

primordial	precursor,	govern	the	tissue’s	patterning	and	stratification,	and	then	direct	the	

lineage	 specification	 and	 differentiation	 of	 progenitor	 cells.	 In	 unison	 these	 regulatory	

mechanisms	 result	 in	 the	 timely	 and	 spatially	 organized	 appearance	 of	 populations	 of	

differentiated	endocrine	cell	types.		
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Figure 1.2: Morphogenesis of the pituitary gland. At E9.5 the thickened oral ectoderm begins to invaginate centred at the hypophyseal placode towards the overlaying 

Ventral diencephalon (VD; orange) to form Rathke’s pouch (RP; red). By E11.5 the RP then thickens and separates from the oral ectoderm and is populated by highly 

proliferative pituitary progenitor/stem cells (red dots). During this time the Infundibulum (INF) evaginates towards the RP eventually giving rise to the posterior lobe (PL) and 

remaining connected to the hypothalamus (not shown). From E13.5, the majority of the pituitary progenitors are located in the marginal zone (MZ) along the cleft, which is the 

remnant structure of the pituitary primordium. Progenitors start to migrate ventrally and laterally to form the Anterior lobe (AL) and start to express lineage-specific commitment 

markers (yellow dots). From E15.5 onwards, most of the differentiating cells start to express terminal-differentiation markers (hormones). By E17.5 the parenchyma is 

characterised by terminally differentiated cells, whilst the population of pituitary progenitor/stem cells is mostly located in the marginal zone along the cleft (considered the 

pituitary stem cell niche), with a limited number of progenitors also scattered throughout the parenchyma. Abbreviations: RP, Rathke’s Pouch; VD, ventral diencephalon; Inf, 

infundibulum; AL, anterior lobe, IL; intermediate lobe; PL, posterior lobe; MZ, marginal zone [based on (Dasen & Rosenfeld, 1999)]
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1.2.1:	Signalling	pathways	involved	in	pituitary	development	

	 Patterning	of	the	developing	embryo,	and	induction	of	the	pituitary	primordium	is	

regulated	by	a	complex	array	of	sequentially	expressed	transcription	factors	and	signalling	

molecules.	Together,	 these	act	 to	demarcate	different	regions	of	the	VD	(Saint-jeannet	&	

Moody,	2014)	and	control	the	developmental	induction	of	the	pituitary	gland.	Among	the	

most	important	signalling	factors	and	pathways	are	Bone	morphogenic	proteins	(Bmps),	

Fibroblast	 growth	 factors	 (Fgfs),	 Sonic	 hedgehog	 pathway	 (Shh)	 ligands,	 the	 Notch	

signalling	pathway	and	Wnt	signalling	pathway.	Both	secreted	signalling	factors	from	the	

VD,	and	those	expressed	in	the	RP	itself	are	important	for	pituitary	development.	Bmp4	is	

expressed	 and	 secreted	 from	 the	 VD	 from	 E8.5.	 It	 functions	 as	 an	 essential	 extrinsic	

requirement	for	RP	formation,	and	its	expression	is	maintained	in	the	infundibulum	up	to	

E14.5	(Davis	&	Camper,	2007;	Ericson	et	al.,	1998;	Takuma	et	al.,	1998;	Treier	et	al.,	1998).	

Through	induction	of	T-box	transcription	factor	2	(Tbx2),	Bmp4	represses	the	expression	

of	 	 Shh	 (Manning	 et	 al.,	 2006)	 and	 opposing	 gradients	 of	 Bmp4	 and	 Shh	 define	 the	

infundibular	region	of	the	VD	ensuring	correct	positioning	of	the	RP.	From	E10.5	Bmp2	is	

expressed	 in	 the	 developing	 RP	 and	 is	 essential	 for	 RP	 maintenance	 and	 progenitor	

proliferation,	before	expression	is	lost	by	E14.5	indicating	that	this	signalling	needs	to	be	

downregulated	 to	allow	for	differentiation	 to	occur	(Davis	et	al.,	2011;	Davis	&	Camper,	

2007;	 Ericson	 et	 al.,	 1998).	 Fgf-	 8,	 10	 and	 18	 are	 also	 expressed	 in	 the	 developing	 VD,	

appearing	shortly	after	Bmp4	and	maintained	until	E14.5	(Ericson	et	al.,	1998;	Treier	et	al.,	

1998,	2001).	Fgfs	secreted	by	the	VD	activate	the	MAPK	signalling	pathway	to	promote	the	

maintenance	 and	 proliferation	 of	 the	 dorsal	 region	 of	 the	 RP	 (Davis	 et	 al.,	 2011).	 Shh	

expression	 in	 the	 VD	 depends	 on	 the	 SRY	 (Sex	 Determining	 Region	 Y)-HMG	 box	

transcription	factors	Sox2	and	Sox3	(Zhao	et	al.,	2012),	and	ensures	the	correct	patterning	

of	the	region.	The	reciprocal	inhibition	of	Shh	and	Bmp4	is	required	for	correct	infundibular	

positioning	and	induction	of	the	RP.	Consequently,	ablation	of	Shh	in	the	VD	causes	altered	

expression	of	Bmp4,	Wnt5a	and	Fgf8	and	a	complete	arrest	in	pituitary	formation	from	the	

early	stages	of	development	(Carreno,	et	al.,	2017;	Trowe	et	al.,	2013).	Within	the	RP	itself,	

Shh	signalling	is	involved	in	progenitor	proliferation	as	revealed	by	conditional	deletion	of	

its	downstream	transcriptional	repressors	Gli2	and	Gli3	(Wang	et	al.,	2010).	The	role	of	the	

Notch	 signalling	 pathway	 in	 pituitary	 development	 is	 still	 emerging,	 but	 it	 appears	

important	for	infundibular	morphogenesis,	as	Hes-/-	null	mutants	have	reduced	evagination	

and	 disrupted	 development	 off	 the	 posterior	 lobe	 (Aujla	 et	 al.,	 2011;	 Kita	 et	 al.,	 2007;	

Raetzman,	2007;	Zhu	et	al.,	2006).	Within	the	RP,	notch	signalling	is	initially	widespread	

and	 later	 restricted	 to	 the	marginal	 zone	 (Raetzman	 et	 al.,	 2004;	 Zhu	 et	 al.,	 2006).	 The	
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function	of	Notch	signalling	in	the	RP/pituitary	is	complex	and	incompletely	understood,	

however	 it	 appears	 initially	 important	 to	 promote	 progenitor	 proliferation	 and	 prevent	

differentiation,	and	later	to	promote	the	emergence	of	the	Pit1	lineage	through	integration	

with	 the	 Prop1	 transcription	 factor	 (Himes	 &	 Raetzman,	 2009;	 Zhu	 et	 al.,	 2006).	 More	

recently,	ablation	of	canonical	Notch	signalling	in	the	embryonic	pituitary	led	to	pituitary	

hypoplasia	 and	 a	 depletion	 of	 the	 Sox2-positive	 progenitor	 pool,	 emphasizing	 the	

importance	 of	 the	 pathway	 in	 PSC-maintenance	 (Zhu	 et	 al.,	 2015).	 Ectopic	 activation	 of	

Notch	signalling	in	Pit-1-	or	POMC-positive	 	 lineage	committed	cells,	had	varying	affects,	

with	 Pit-1	 committed	 cells	 largely	 unresponsive	 top	 Notch	 modulation,	 whereas	 Notch	

activation	 in	 melanotrophs	 and	 corticotrophs	 induced	 a	 gradual	 dedifferentiation,	

suggesting	 that	 physiologically	 Notch	 prevents	 melanotrophs	 and	 corticotrophs	

differentiation	(Cheung	et	al.,	2018)	

Of	 the	 19	 known	 mammalian	 genes	 for	 Wnt	 ligands,	 12	 are	 expressed	 in	 the	

developing	pituitary	and	VD	(Wnt	2b,	3,	4,	5a,	5b,	6,	7a,	7b,	10a,	11,	15	and	16),	with	Wnt4	

and	Wnt5a	 representing	the	most	extensively	characterized	ligands	 to	date	(Olson	et	al.,	

2006;	Potok	et	al.,	2008;	Treier	et	al.,	1998).	Wnt5a	is	expressed	in	both	the	VD	and	RP	from	

E9.5	to	E12.5	and	is	necessary	for	correct	VD	patterning,	and	indirectly	for	RP	induction	

(Potok	 et	al.,	 2008).	 Since	β-catenin	 staining	patterns	are	unaffected	by	 its	 deletion	 it	 is	

likely	 that	 Wnt5a	 functions	 through	 the	 non-canonical	 Wnt	 signalling	 pathway	 in	 this	

context.	Wnt4	also	signals	via	the	non-canonical	Wnt	pathway,	but	in	contrast	is	expressed	

exclusively	in	the	RP,	and	appears	to	function	in	cell	commitment	since	its	deletion	reduces	

the	expression	of	Pit1	resulting	in	fewer	somatotrophs,	lactotrophs	and	thyrotrophs	(Potok	

et	 al.,	 2008).	 Canonical	 Wnt/β-catenin	 also	 plays	 an	 important	 role	 in	 pituitary	

development,	and	conditional	gain	or	loss	of	 function	studies	of	β-catenin	within	 the	VD	

showed	its	role	in	regulating	the	expression	of	Fgf8,	necessary	for	normal	RP	development	

(Osmundsen	et	al.,	2017).	Within	the	RP,	β-catenin	has	a	role	in	Pitx2	activation	stimulating	

progenitor	proliferation	(Kioussi	et	al.,	2002)	and	later	binds	Prop1	and	is	necessary	for	the	

emergence	of	Pit1	lineage	of	endocrine	cells	(Olson	et	al.,	2006).	Further	downstream	of	

Wnt	signalling,	the	transcription	factor	binding	partners	of	β-catenin,	Tcf3,	Tcf4	and	Lef-1,	

also	play	a	 role	 in	pituitary	development.	Tcf3	acts	 as	a	 repressor	of	 the	Wnt/β-catenin	

pathway	 in	 the	 anterior	 forebrain	 (Andoniadou	 et	 al.,	 2011)	 and	 is	 essential	 for	 the	

development	of	the	hypothalamic-pituitary	axis	in	both	human	and	mice	(Gaston-massuet	

et	al.,	2016).	Tcf4	is	 involved	 in	the	regulation	of	pituitary	cell	proliferation,	and	genetic	

ablation	leads	to	an	increase	in	early	progenitor	proliferation	with	increased	and	prolonged	

expression	of	Prop1,	which	can	lead	to	aberrant	tissue	growth	and	tumour	formation	if	not	
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down-regulated	(Brinkmeier	et	al.,	2003;	2007;	Cushman	et	al.,	2001).	Genetic	ablation	of	

Lef-1	 does	not	have	 similarly	pronounced	effects,	 however	Lef-1	does	directly	bind	 and	

repress	Pit1	expression,	a	repressive	mechanism	that	is	attenuated	by	the	miRNA-26b	in	

GH3	cells	(Olson	et	al.,	2006;	Zhang	et	al.,	2010).	

	

1.2.2:	Transcription	factors	that	regulate	pituitary	development	

	 In	addition	to	the	role	of	morphogens	and	signalling	pathways,	the	spatiotemporal	

expression	patterns	of	transcriptional	regulators	have	also	been	extensively	studied	in	the	

context	 of	 pituitary	 development	 (Fig.	 1.3;	 Prince	 et	 al.,	 2011).	 The	 paired-like	

homeodomain	transcription	factor	Hesx1,	functions	as	a	transcriptional	repressor	through	

its	 interaction	with	 Tle1	 and	 is	 an	 is	 an	 important	 regulator	 of	 forebrain	 development	

(Dattani	et	al.,	1998).	It	is	also	crucial	for	early	pituitary	development,	with	Hesx1-/-	null	mice	

showing	multiple	clefts	and	over	proliferation	(Dasen	et	al.,	2001).	Importantly,	in	the	RP	

Hesx1	 represses	 the	 expression	 of	 Prop1	 until	 E13.5	 (Dasen	 et	 al.,	 2001)	 when	 it	 is	

reciprocally	downregulated	by	the	Prop1/β-catenin	complex	(Olson	et	al.,	2006).	Hesx1	also	

acts	as	a	repressor	of	the	Wnt	pathway,	and	it	has	been	suggested	that	de-repression	of	the	

Wnt	pathway	in	the	anterior	neural	plate	and	RP	underlies	the	phenotype	of	Hesx1-/-	null	

mice	 (Dasen	 et	 al.,	 2001;	 Gaston-massuet	 et	 al.,	 2008).	 The	 closely	 related	 Sine	 Oculis	

homeobox	(Six)	transcription	factors	Six3	and	Six6	are	expressed	in	both	the	VD	and	RP,	

with	Six6	expression	maintained	in	the	adult	pituitary.	Knockout	studies	have	revealed	that	

both	transcription	factors	are	involved	in	the	regulation	of	progenitor	proliferation,	with	

Six6	acting	a	repressor	of	the	cell	cycle	inhibitor	p27KIP1	(Li	et	al.,	2002)	,	and	Six3	serving	as	

a	 repressor	 of	 Wnt/β-catenin	 signalling	 (Gaston-Massuet	 et	 al.,	 2008).	 The	 paired	

homeodomain	proteins,	 Pitx1	and	Pitx2,	are	 two	more	 important	 regulators	of	pituitary	

development	expressed	in	the	RP	where	they	function	redundantly	in	the	maintenance	of	

RP	progenitors	(Charles	et	al.,	2005)	and	later	play	a	role	in	thyrotroph	function	(Castinetti	

et	al.,	2011).	Three	different	members	of	the	LIM-homeodomain	transcription	factors	(Lhx2,	

3	and	4)	are	expressed	during	pituitary	development.	Lhx2	is	expressed	throughout	the	RP	

and	VD,	and	appears	to	function	in	formation	of	the	infundibulum,	but	is	not	involved	in	cell	

differentiation	(Zhao	et	al.,	2010).	By	contrast	Lhx3	and	Lhx4	are	expressed	from	E9.5	in	the	

RP	and	are	redundantly	required	 for	progenitor	maintenance,	and	 later	at	E14.5	Lhx4	 is	

downregulated	whilst	Lhx3	expression	 in	maintained	 into	adulthood	and	 is	required	 for	

endocrine	differentiation	(Sheng	et	al.,	1997).		Sox2	and	Sox3	are	expressed	in	the	VD	where	

they	activate	the	expression	of	Shh	(Zhao	et	al.,	2012)	as	well	as	the	Six3/Six6	proteins	(Lee	
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et	al.,	2012,	2013).	Sox3	loss	of	function	mutations	can	result	in	mild	hypopituitarism	(Ronce	

et	al.,	2002),	as	can	Sox2	haploinsufficiency	(Kelberman	et	al.,	2006).	 In	both	Sox3-/-	and	

Sox2+/-	mice	the	RP	is	bifurcated,	and	at	least	for	Sox3-/-	mutants	this	has	been	associated	

with	expanded	Bmp4	and	Fgf8	domains	 in	 the	VD	(Kelberman	et	al.,	2006;	Rizzoti	et	al.,	

2004).	This	is	likely	a	consequence	of	downregulation	of	Shh	(Zhao	et	al.,	2012)	and	perhaps	

Six3/6	also	(Lee	et	al.,	2012,	2013).	Sox2,	present	from	E9.5	(Jayakody	et	al.,	2012)	is	also	

required	 in	 the	RP,	and	 is	 later	restricted	 to	 the	periluminal	progenitor	cells	where	 it	 is	

maintained	into	adulthood	marking	the	adult	PSCs	(Andoniadou	et	al.,	2013;	Fauquier	et	al.,	

2008;	Rizzoti	et	al.,	2013).	Prophet	of	pit	1	(Prop1)	represents	the	earliest	pituitary	specific	

marker.	It	is	first	expressed	at	E10,	and	maintained	throughout	development	in	the	Sox2-

positive	 progenitor	 cells,	 before	 rapid	 postnatal	 downregulation	 in	 all	 but	 a	 few	 Sox2-

positive	PSCs	(Gage	et	al.,	1996;	Sornson	et	al.,	1996;	Yoshida	et	al.,	2009).	Prop1-/-	null	mice	

have	 reduced	 Pit1	 expression,	 and	 prolonged	Hesx1	 expression	 resulting	 in	 the	 loss	 of	

somatotrophs,	 lactotrophs,	 and	 thyrotrophs	 (Gage	 et	 al.,	 1996;	 Nasonkin	 et	 al.,	 2004;	

Sornson	 et	 al.,	 1996).	 An	 important	 role	 of	 Prop1	 is	 the	 regulation	 of	 the	 epithelial-to-

mesenchymal	transition	as	progenitor	cells	migrate	away	from	the	residual	RP	lumen	and	

begin	to	undergo	differentiation.	In	the	absence	of	Prop1,	progenitors	fail	to	populate	the	

anterior	lobe	resulting	in	a	dysmorphic	pituitary	gland	by	E14.5	(Pérez	Millán	et	al.,	2016;	

Ward	et	al.,	2005).	Much	of	what	is	known	today	about	the	transcription	factors	involved	in	

early	pituitary	development	and	endocrine	cell	lineage	commitment	(see	section	1.2.3)	is	

derived	 from	 studies	 of	 patients	 with	 congenital	 forms	 of	 hypopituitarism.	 For	

completeness,	a	table	of	the	mutated	genes,	the	affected	endocrine	cell	types	and	clinical	

manifestations	for	some	of	these	conditions	is	included	below.		
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Table	1.1:	Transcription	factors	associated	with	congenital	hypopituitarism		

	

*Abbreviations:	S,	Somatotrophs;	L,	Lactotrophs;	T,	Thyrotrophs;	G,	Gonadotrophs;	C,	Corticotrophs	[Adapted,	with	permission	from	(Romero	et	al.,	
2009)].

Transcription	factor		 Affected	Cells*	 Clinical	features	
Hesx1	 S,	L,	T,	G,	C	 Wide	spectrum	of	hormone	deficiency	(isolated	GH	deficiency	to	CPHD)																																			

Septo-Optic	Dysplasia	(midline	neural	defects,	optic	nerve	hypoplasia,	hypopituitarism)	
Lhx3	 S,	L,	T,	G,	C	 Reported	patients	with	CPHD																																																																																																															

Associated	with	rigid	and	short	cervical	spine	and	limited	head	rotation	

Lhx4	 S,	T,	G,	C	 Wide	spectrum	seen	in	anterior	hormone	deficiencies	
Reported	family	with	intronic	mutation	->	short	stature,	pituitary/hindbrain	defects,	abnormality	

Pitx2	 S,	T,	G	 Associated	with	Axenfeld-Rieger	syndrome																																																																											
Heterogeneous	AD	disorder	with	anomalies	of	anterior	eye	chamber,	dental	hypoplasia,	craniofacial	dysmorphism	and	
protuberant	umbilicus																																																				
Hypopituitarism	is	also	variable	(GHD,	hypothyroidism,	absent/delayed	puberty)	

Pit1	 S,	L,	T	 Severe	growth	deficiency	accompanied	with	hypothyroidism																																																										
Initial	presentation	may	be	central	hypothyroidism	

Prop1	 S,	T,	G,	C	 CPHD	including	GH,	TSH,	PRL	and	late	onset	ACTH.																																																																																				
Most	common	cause	of	genetic	CPHD	(50%	reported	cases)																																																											
Patients	with	normal/delayed	puberty	

Six6	 S,	G	 Associated	with	reports	of	deletion	in	deletion	of	chromosome	14q22-23	(patients	with	bilateral	anophthalmia	and	
pituitary	anomalies)																																																																			
Association	with	Brachiootorenal	Syndrome	and	Oculoauriculovertebral	Spectrum	

Sox2	 S,	G	 Hypogonadotropic	hypogonadism																																																																																																				
Bilateral	anophthalmia/microphthalmia																																																																												
Sensorineural	defects	Oesophageal	atresia	and	learning	difficulty	

Sox3	 S,	T,	G,	C	 Spectrum	of	hormone	deficiency:	GH->	Panhypopituitarism	X-linked	hypopituitarism	expansion	of	a	polyalanine	tract	on	
Xq27.1																																																																									
Female	carriers	unaffected																																																																																																				
Dosage	of	SOX3	may	be	critical	for	pituitary	development	and	phenotype	

Tpit	 C	 Neonatal	ACTH	deficiency	
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1.2.3:	Pituitary	cell	lineage	commitment	and	terminal	differentiation		

	 As	RP	progenitors	begin	to	differentiate	they	exit	the	cell	cycle	and	express	markers	

such	as	p57KIP2	and	p27KIP1	(Bilodeau	et	al.,	2009).			They	then	undergo	an	EMT-like	change	

as	they	migrate	away	from	the	RP	lumen	under	the	control	of	Prop1	(Pérez	Millán	et	al.,	

2016;	Ward	et	al.,	2005).	Progenitor	endocrine	cell	lineage	commitment	is	defined	by	the	

expression	 of	 three	 essential	 transcription	 factors	 Pit1,	 Tpit	 and	 Sf-1.	 The	 process	 of	

differentiation	 relies	 on	 the	 activity	 of	 at	 least	 two	 epigenetic	 regulators,	 the	 histone	

demethylase	Lsd1,	(Wang	et	al.,	2007),	and	the	zinc	finger	protein	Insm1	(Welcker	et	al.,	

2013).	The	Pit1	expression	is	activated	by	Prop1	(Olson	et	al.,	2006)	and	is	required	for	the	

differentiation	 as	 well	 as	 the	 expansion	 and	 survival	 of	 lactotrophs	 somatotrophs	 and	

thyrotrophs	 (Li	 et	 al.,	 1990;	Ward	 et	 al.,	 2006).	 Somatotrophs	 are	 further	 specified	 by	

Neurod4	 (Zhu	et	 al.,	 2006),	 and	 the	Notch	 ligand	Dlk1	 (Cheung	et	 al.,	 2013).	 In	 contrast	

Lactotrophs	are	predominately	specified	by	oestrogen	signalling	(Featherstone	et	al.,	2012).	

Thyrotrophs	can	first	be	identified	by	the	expression	of		Foxl2	and	then	aGSU		(Treier	et	al.,	

1998),	both	are	also	expressed	in	gonadotrophs.	Subsequently,	Gata2	 is	expressed	which	

can	 activate	 the	 expression	 of	 Cga	 (Dasen	 et	 al.,	 1999).	 In	 addition	 to	 this	 definitive	

population	 of	 Pit-1	 derived	 Thyrotrophs,	 there	 is	 also	 a	 transient	 population	 of	 Pit-1	

independent	Thyrotrophs	(Lin	et	al.,	1994).	The	role	and	mechanism	of	differentiation	of	

these	transient	Thyrotrophs	is	less	well	defined,	but	they	appear	first	in	the	rostral	part	of	

the	gland	from	E12.5	and	disappear	shortly	after	birth.	Gonadotrophs	are	broadly	similar	

to	 thyrotrophs	 in	 terms	 of	 their	 expression	 of	 lineage	 commitment	markers	 but	 can	 be	

differentiated	by	their	expression	of	Gnrhr	(Wen	et	al.,	2010)	and	later	the	orphan	nuclear	

receptor	 Sf-1	 which	 promotes	 the	 expression	 of	 Cga,	 Fsh	 and	 Lh	 (Lamba	 et	 al.,	 2009).	

Corticotrophs	and	Melanotrophs	emerge	 from	the	Tpit	 (Tbx19)	 lineage	(Pulichino,	et	al.,	

2003a;	 2003b)	which	 are	 further	 defined	 by	 their	 expression	 of	NeuroD1	 (Lavoie	 et	 al,	

2008)	 and	 Pax7	 (Budry	 et	 al.,	 2012)	 respectively.	 Whilst	 the	 progenitor	 cells	 of	 the	

endocrine	 lineages	 undergo	 differentiation,	 Sox2	 drives	 proliferation	 and	 asymmetric	

division	in	the	cells	lining	the	RP	lumen.	Sox9	is	then	upregulated	at	which	point	the	degree	

of	proliferation	and	differentiation	is	reduced	(Rizzoti	et	al.,	2013).	In	neural	development	

Sox9	expression	marks	the	transition	from	embryonic	progenitors	to	more	quiescent	neural	

stem	cells	(Scott	et	al.,	2010),	and	it	may	serve	a	similar	function	in	the	pituitary.			
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Figure 1.3: Molecular regulation of  pituitary gland development. A succession of transcription factors (black) and signalling molecules (blue) determine the establishment 

of Rathke’s pouch and the subsequent lineage specification and differentiation in the progenitor cells of the developing pituitary hormone-secreting cell types characteristic of 

the mature anterior pituitary gland: corticotrophs (ACTH), gonadotrophs (FSH and LH), thyrotrophs (TSH), somatotrophs (GH) and lactotrophs (PRL). The key lineage 

commitment makers are highlighted in red. Arrows indicate upstream relationships in molecular signalling pathways, not necessarily direct activation. Red arrows denote 

repressive relationships. Abbreviations: ACTH, adrenocorticotropic hormone; AL, anterior lobe; FSH, follicle-stimulating hormone; GH, growth hormone; IL, intermediate 

lobe; LH, luteinizing hormone; MZ, marginal zone; PL, posterior lobe; PRL, prolactin; RP, Rathke’s pouch, VD; Ventral diencephalon [based on  (Prince et al., 2011)].
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1.3:	Pituitary	Stem	Cells	

	 The	past	decade	has	seen	a	great	deal	of	interest	in	the	characterisation	of	PSCs	and	

their	function	through	development	to	the	maintenance	of	the	adult	gland,	under	normal	

physiological	conditions,	periods	of	endocrine	stress	or	in	the	context	of	pituitary	disease	

(Andoniadou,	 2016;	 Martinez-Barbera	 &	 Andoniadou,	 2016;	 Mertens	 et	 al.,	 2015;	

Vankelecom,	2010,	 2016;	Vankelecom	&	Chen,	2014).	 Stemness,	as	 characterized	by	 the	

capacity	 for	 self-renewal	 and	 differentiation	 into	 one	 or	 more	 cell	 types,	 is	 ubiquitous	

during	early	development	(Angeles	et	al.,	2015).	In	general,	as	organs	develop	the	majority	

of	cells	differentiate	and	lose	their	stemness,	with	only	a	residual	population	of	tissue	stem	

cells	 retained.	 These	 so	 called	 adult	 stem	 cells	 typically	 function	 in	 tissue	 homeostasis	

replacing	old	cells	and/or	regenerating	cells	destroyed	by	pathological	or	physical	insult	

(Avgustinova	&	Benitah,	2016;	Tweedell,	2017;	Vankelecom	&	Chen,	2014).	Interestingly,	

although	several	studies	have	shown	the	capability	of	PSCs	to	respond	to	experimentally		

induced	endocrine	challenge,		it	appears	their	contribution	towards	homeostatic	endocrine	

cell	turnover	is	minimal	(Langlais	et	al.,	2013;	Rizzoti	et	al.,	2013).	For	corticotrophs	at	least,	

differentiated	 endocrine	 cell	 division	 is	 sufficient	 to	 ensure	 typical	 physiological	 cell	

turnover	 (Langlais,	 et	 al.,	 2013).	 The	 biological	 requirement	 for	 this	 latent	 pool	 of	

regenerative	capacity	remains	unknown,	since	an	80%	depletion	of	Sox2-postive	PCS	didn	

not	affect	homeostatic	maintenance	of	pituitary	hormonal	cell	populations.	 (Roose	et	al.,	

2017).	

During	 early	 pituitary	 development,	 the	 progenitors	 lining	 the	 lumen	 of	 the	 RP	

undergo	a	rapid	proliferation,	in	part	driven	by	the	expression	of	Sox2		(Goldsmith	et	al.,		

2016;	 Jayakody	 et	 al.,	 2012).	 The	 Sox2	 gene	 is	 a	 well-known	 stem	 cell	 marker,	 and	 is	

expressed	 in	 the	PSCs	alongside	other	 general	stemness	markers	 including	Kruppel-like	

factor	 4	 (Klf4),	Oct4	 and	Nanog,	 which	 together	mediate	 the	 transcriptional	 identity	 of	

embryonic	stem	cells,	and	induce	pluripotency	when	ectopically	expressed	differentiated	

cells.	(Angeles	et	al.,	2015;	Takahashi	&	Yamanaka,	2006).	Together	with	the	other	stemness	

transcription	 factors,	Sox2	 is	required	 for	 the	maintenance	of	 the	PSCs’	undifferentiated	

proliferative	state.	By	E13.5	the	surge	in	pituitary	precursor	proliferation	subsides	and	Sox9	

is	expressed	alongside	Sox2	in	a	subpopulation	of	PSCs	(Rizzoti	et	al.,	2013).	Interestingly	

in	 all	 contexts	 tested,	 when	 Sox2-positive	 pituitary	 cells	 differentiate,	 they	 appear	 to	

recapitulate	the	developmental	sequence	of	pituitary	transcription	factor	expression,	first	

expressing	Pitx1/2	followed	by	Lhx3/4	and	then	Prop1	(Pérez	Millán	et	al.,	2016;	Ward	et	

al.,	2005).	This	has	been	shown	both	in	differentiating	clonogenic	spheres	(Chen	et	al.,	2005)	
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and	in	human	embryonic	stem	cell-derived	pituitary	organoids.	(Ozone	et	al.,	2016;	Suga	et	

al.,	2011)	

The	 residual	 lumen	 of	 the	 RP	 is	 maintained	 into	 adulthood,	 and	 is	 lined	 by	 an	

epithelial	population	of	adult	PSCs	located	in	a	niche	known	as	the	marginal	zone,		lining	the	

cleft	 between	 the	 AL	 and	 IL	 (Fig.	 1.4;(Chen	 et	 al.,	 2009;	 Fauquier	 et	 al.,	 2008;	 Garcia-

Lavandeira	et	al.,	2009).	The	AL	also	harbors	a	secondary	stem	cell	niche	with	clusters	of	

Sox2-positive	PSCs	scattered	 through	the	parenchyma	(Davis,	2013;	Prince	et	al.,	2011).	

Functional	 analysis	 of	 PSCs	 from	 these	 two	 different	 niches	 did	 not	 reveal	 obvious	

differences	 (Jayakody	et	al.,	 2012).	 Intriguingly	 these	 two	disparate	populations	of	PSCs	

appear	to	be	physically	interconnected	to	form	a	3D	network,	an	architectural	feature	that	

hints	at	some,	as	of	yet	undescribed,	concerted	function	(Mollard	et	al.,	2012).	A	putative	

population	of	PSCs	were	first	discovered	in	2005	as	a	side-population	of	pituitary	cells	that	

had	 elevated	 efflux	 capacity.	 These	 cells	 stained	positive	 for	 stem	 cell	 antigen	1	 (Sca1),	

expressed	stemness	factors	(Notch,	Wnt	and	Shh	pathway	components)		but	not	hormones,	

and	were	capable	of	clonal	expansion	in	culture	as	non-adherent	spheres	(Chen	et	al.,	2005).	

Also	in	2005,	a	population	of	pituitary	cells	was	discovered	that	was	clonogenic	in	vitro	and	

expressed		S100	calcium-binding	protein	B	(S100B)	a	marker	of	FS	cells	(Lepore	et	al.,	2005;	

Vila-Porcile	et	al.,	1972).	Next	came	in	vitro	evidence	of	multipotency	when	it	was	shown	

that	 Sox2-expressing	 PSCs	 are	 capable	 of	 producing	 all	 endocrine	 cell	 lineages	 in	 vitro	

(Fauquier	 et	 al.,	 2008).	 This	 same	 work	 posited	 that	 Sox9	 expression	 defines	 a	

subpopulation	 of	 the	 PSCs	 pool	 with	 single	 Sox2-postive	 cells	 representing,	 true,	 self-

renewing	stem	cells,	whereas	cellS	double	positive	for	Sox2	and	Sox9	correspond	to	transit	

amplifying	 cells.	 Numerous	 additional	 markers	 of	 PSC	 stemness	 have	 now	 been	

described: CD44	and	CD133	(Jianghai	Chen	et	al.,	2009);	Nestin	(Gleiberman	et	al.,	2008);	
Prop1	(Yoshida	et	al.,	2011;	Yoshida	et	al.,	2009);	Prx1/2	(Higuchi	et	al.,	2014);	Ephrin-

B2	(Yoshida	et	al.,	2015);	and	Gfrα2	(Garcia-Lavandeira	et	al.,	2009).	Attempts	to	integrate	

these	data	are	ongoing.	For	example,	Andoniadou	et	al.,	showed	that	essentially	all	S100B-

positive	cells	expressed	both	Sox2	and	Sox9,	and	that	FAC-sorted	pituitary	cells	from	S100B-

eGFP	mice	have	clonogenic	potential	in	vitro	(Andoniadou	et	al.,	2013;	Vives	et	al.,	2003).	

This	suggests	that	a	subpopulation	of	FS	cells	constitute	at	least	a	part	of	the	PSC	stem	cell	

pool.	However,	although	stemness	marker	expression	studies	point	towards	heterogeneity	

in	 the	 Sox2-positive	 PSCs,	 comprehensive	 analyses	 of	 a	 functional	 link	 between	 these	

different	PSC	subpopulations	and	the	capacity	to	differentiate	into	the	different	endocrine	

lineages	has	yet	to	emerge.		
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More	recently	in	vivo	lineage	tracing	studies	in	which	Sox2/Sox9-positive	cells	and	

their	progeny	were	fluorescently	labelled	have	been	used	to	demonstrate	the	multipotency	

of	embryonic	and	adult	PSCs	and	their	contribution	to	tissue	homeostasis	(Andoniadou	et	

al.,	 2013;	 Rizzoti	 et	 al.,	 2013).	 These	 experiments	 have	 revealed	 that	 under	 normal	

physiological	conditions	adult	PSCs’	contribution	to	tissue	renewal	is	minimal,	and	raise	an	

interesting	question	as	to	their	primary	function	(Vankelecom,	2016).	Unlike	some	organs	

requiring	constant	tissue	turnover	and	a	highly	active	stem	cell	pool	(e.g.	skin,	stomach	and	

small	intestine	(Barker	et	al.,	2010))	cells	of	the	adult	pituitary	gland	undergo	turnover	in	

terms	of	months	(Levy,	2008,	2016).	Consistent	with	this	low	turnover	rate,	adult	PSCs	are	

highly	quiescent	and	largely	inactive	under	normal	physiological	conditions	(Andoniadou	

et	al.,	2013;	Rizzoti	et	al.,	2013;	Vankelecom,	2016;	Vankelecom	&	Chen,	2014).	Despite	their	

typical	 quiescence,	 the	 pituitary	 retains	 a	 significant	 regenerative	 capacity	 and	 genetic	

ablation	 of	 different	 endocrine	 cell	 populations	 induce	 activation	 of	 the	 PSCs	 and	

replenishment	of	~60%	of	the	targeted	hormone	secreted	cell	type	(Fu	et	al.,	2012;	Fu	&	

Vankelecom,	2012;	Luque	et	al.,	2011;	Willems	et	al.,	2016).	However,	the	capacity	of	PSCs	

to	regenerate	the	gland	should	not	be	overstated	as	it	tails	off	rapidly	with	age	(Willems	et	

al.,	2016)	and	there	is	at	least	some	contribution	from	endocrine	cell	proliferation	and	trans	

differentiation	(Fu	&	Vankelecom,	2012).	 PSCs	 are	 also	 able	 to	 respond	to	physiological	

demand,	 mobilizing	 to	 produce	 the	 appropriate	 endocrine	 cell	 type	 in	 response	 to	

endocrine	 challenge	 due	 to	 the	 loss	 of	 peripheral	 organ.	 For	 instance,	 experimental	

adrenalectomy	leads	to	increases	in	Sox2-positive	PSC	derived	corticotrophs	(Langlais	et	

al.,	2013;	Rizzoti	et	al.,	2013).	Interestingly	if	instead	corticotrophs	were	depleted	gradually,		

then	the	progenitor	pool	was	not	activated.	This	gradual	depletion	was	achieved	using	a	

Pomc:Cre	to	introduce	chromosome	rearrangements	that	are	cytotoxic	during	proliferation	

(Gregoire	&	Kmita,	2008).	This	failure	to	respond	to	gradual	corticotroph	deletion	suggests	

that	the	loss	of	signal	from	the	end	organ	feedback	may	be	required	for	PSC	mobilization	

(Langlais	et	al.,	2013).	More	physiological	examples	of	when	PSC	mobilization	is	necessary	

are	postnatal	pituitary	growth,	sexual	maturation	and	pregnancy.	During	pregnancy,	 the	

number	 and	 activity	 of	 lactotrophs	 rise	 in	 an	 expansion	 partly	 driven	 by	 oestrogen	

(Vankelecom,	2012),	and	indeed	treatment	of	male	mice	with	oestradiol	causes	an	increase	

in	 Sox2-positive	 PSC	proliferation	 (Rizzoti	 et	 al.,	 2013).	However,	 not	 all	 agree	 that	 the	

lactotroph	cell	compartment	is	enlarged	during	pregnancy	and	lactation	(Castrique	et	al.,	

2010),		and	there	are	mechanisms	other	than	changing	total	lactotroph	cell	number	that	can	

alter	prolactin	 secretion	 (Le	Tissier	 et	 al.,	 2015).	Therefore,	whilst	 an	 increase	 in	 Sox2-

psoitive	 PSC-derived	 lactotrophs	 during	 pregnancy	 seems	 intuitively	 likely,	 further	

experimentation	 is	 needed	 to	 support	 this	 hypothesis.	 The	 heightened	 activity	 of	 PSCs	
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during	the	neonatal	expansion	of	the	gland	and	production	of	new	endocrine	cells	is	also	

clear,	and		

	

1.3.1:	Pituitary	stem	cells	in	disease	

Genetic	 abnormalities	 in	PSCs	during	development	 can	 result	 in	hypopituitarism	

that	is	associated	with	significant	morbidity	and	requires	life-long	HRT,	which	is	unable	to	

fully	recapitulate	the	dynamic	homeostatic	balance	of	hormone	secretion	achieved	by	the	

functioning	pituitary	gland	(Table	1.1).	Advances	in	our	understanding	of	the	regulation	of	

adult	 PSCs	 in	 vivo	 coupled	 to	 recent	 advances	 in	 the	 in	 vitro	 recapitulation	 of	 pituitary	

development	 and	 production	 of	 endocrine	 cells	 from	 embryonic	 stem	 cells	 are	 now	

beginning	 to	pave	 the	way	 towards	 the	use	of	 regenerative	medicine	 to	 treat	 endocrine	

dysfunction	(Cox	et	al.,	2019;	Dincer	et	al.,	2013;	Ozone	et	al.,	2016;	Suga	et	al.,	2011).	For	

example,	ACTH	secreting	human	pituitary	organoids	can	respond	to	regulatory	signals	and	

upon	 subcapsular	 transplantation	 improved	 survival	 of	 mice	 with	 hypophysectomy	

induced	 hypopituitarism	 (Ozone	 et	 al.,	 2016).	 There	 is	 also	 considerable	 interest	 in	 the	

pathological	role	of	PSCs	in	pituitary	tumourigenesis	and	their	potential	role	as	cancer	stem	

cells	 (CSCs)	 (Florio,	 2011).	 CSCs	 refer	 to	 small	 subpopulations	 of	 relatively	 quiescent	

tumour	cells	 that	are	enriched	 for	 tumour	 forming	capacity	when	transplanted	and	that	

share	many	properties	of	stem	cells	including,	the	capacity	to	self-renew	and	differentiate	

(Clevers,	2011).	They	may	arise	either	through	transformation	of	tissue	stem	cells	or	de-

differentiation	of	somatic	tumour	cells	(Clevers,	2011).	In	addition	to	their	tumour	initiating	

capacity,	 CSCs	often	 show	 increased	 resistance	 to	cytotoxic	drugs	 and	 can	drive	 tumour	

recurrence	and	metastasis	(Jian	Chen	et	al.,	2012;	Thi	et	al.,	2018;	Triassic,	2013).	There	is	

a	growing	number	of	studies	reporting	the	presence	of	putative	CSCs	in	human	and	mouse	

pituitary	adenomas	(Chen	et	al.,	2014;	Donangelo,	et	al.,	2014;	Mertens	et	al.,	2015;	Orciani	

et	al.,	2014;	Xu	et	al.,	2009).	In	general,	the	results	from	these	investigations	consistently	

show	that	these	cells	have	sphere	forming	capacity	 in	vitro,	express	markers	of	EMT,	are	

associated	 with	 invasive	 growth,	 are	 more	 chemoresistant	 than	 their	 differentiated	

daughter	cells	and	are	enriched	for	tumour	forming	potential.	Stem	cells	are	also	found	in	

pituitary	Craniopharyngiomas	(Gaston-Massuet	et	al.,	2011;	Haston	et	al.,	2017)	and	are	the	

cell	 type	 of	 origin	 in	 the	 Adamantinomatous	 Craniopharyngioma	 subtype	 in	which	 they	

initiate	 tumourigenesis	 via	 an	 unusual	 non-cell	 autonomous	 paracrine	 mechanism	

(Andoniadou	et	al.,	2013;	Gaston-Massuet	et	al.,	2011;	Gonzalez-meljem	et	al.,	2017).	The	
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role	 of	 PSCs	 in	 the	 development	 of	 Craniopharyngioma	 is	 a	 central	 theme	 of	 the	 work	

presented	in	this	thesis	and	is	discussed	in	depth	in	sections	1.5.2	and	1.6.2.	

	

	

1.4:	Craniopharyngioma		

Craniopharyngiomas	(CPs)	are	rare,	low-grade	epithelial	neoplasms	of	the	central	

nervous	system	(CNS)	situated	within	the	sellar	and	parasellar	region,	adjacent	to	the	optic	

nerves	and	hypothalamus	(Müller,	2014).	They	have	an	incidence	rate	of	approximately	0.5-

2	per	million	people	per	year,	with	equal	distribution	by	gender	or	race	(Bunin	et	al.	1998;	

Garnett	 et	 al.,	 2007;	 Larkin	 &	 Ansorge,	 2013).	 CPs	 have	 a	 characteristic	 bi-modal	 age	

distribution,	with	peak	incidence	rates	in	children	of	ages	5-14	years	and	adults	of	ages	50	

-	 74	 years	 (Marie	 &	 Helene,	 2013;	 Olsson	 et	 al.,	 2015).	 Approximately	 40%	 of	 CPs	 are	

diagnosed	 in	 children	 and	 adolescents,	 with	 CP	 representing	 1.4-4%	 of	 all	 pediatric	

intracranial		tumors	(Müller,	2010,	2014;	2017).	A	small	additional	sub-cohort	of	patients,	

with	an	aggressive	congenital	form	of	CP	has	also	been	reported	(Scagliotti	et	al.,	2016).	CPs	

are	slow-growing	and	considered	histologically	benign.	However,	they	grow	aggressively	

and	 can	 infiltrate	 the	 neighbouring	 optic	 nerve	 and	 hypothalamus.	 This	 leads	 to	 severe	

morbidities	 such	 as	 endocrine	 and	 hypothalamic	dysfunction,	 hypopituitarism,	 diabetes	

insipidus,	blindness,	delayed	puberty	and	obesity	(Müller	2014).	 	The	diagnosis	of	CPs	is	

often	made	 late	 (Muller	 et	 al.,	 2004)	 -	 sometimes	 years	 after	 the	 initial	 appearance	 of	

symptoms	–	with	patients	usually	first	presenting	with	classical	symptoms	of	intracranial	

pressure	 such	 as	 headaches,	 nausea	 and	 vomiting.	 Further	 primary	 manifestations	 are	

visual	 impairment	 (62-84%)	 and	 endocrine	 deficits	 (52-87%).	 In	 addition,	 17-27%	 of	

patients	 present	 with	 diabetes	 insipidus,	 a	 life	 threatening	 condition	 characterized	 by	

homeostatic	water	 imbalance	caused	by	breakdown	of	 the	control	of	kidney	 function	by	

ADH	secreted	from	the	PL	(Abbas	et	al.,	2016;	Müller,	2014).		Patients	are	diagnosed	using	

imaging	 techniques	 such	 as	 magnetic	 resonance	 imaging	 (MRI)	 or	 computerized	

tomography	(CT)	scans	(Fig.	1.5).	
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Figure 1.5: Craniopharyngioma diagnostic imaging. Representative MRI & CT images of a 2-year old 

boy with Adamantinomatous Craniopharyngioma (top; A&B) and 54-year old woman with Papillary 

Craniopharyngioma (bottom; C&D). A) Sagittal T1 weighted image shows diffuse bright signal intensity 

(arrow) in the sellar and suprasellar mass. B) Non-contrast axial CT scan shows curvilinear high density 

(arrowheads) in the peripheral portion of mass, indicating calcification. C) Sagittal T1 weighted image 

shows no bright signal intensity (arrow) in the sellar and suprasellar mass. D) Non-contrast axial CT scan 

shows no high density in the mass, indicating the absence of calcification [adapted, with permission, from 

(Lee et al., 2016)]. 
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1.4.1:	Craniopharyngioma	treatment	

CPs	 are	 typically	 treated	 by	 surgical	 resection	 with	 adjuvant	 external	 beam	

radiotherapy	(Müller,	2014;	2017).	The	extent	of	resection	possible	is	dependent	on	the	size	

and	 location	 of	 the	 tumour	 and	 the	 degree	 to	 which	 its	 growth	 has	 infiltrated	 the	

neighbouring	 hypothalamus	 and	 optic	 nerves.	 Furthermore,	 surgery	 is	 associated	 with	

frequent	recurrence,	and	damage	to	functional	pituitary	and	hypothalamic	tissue.	This	can	

worsen	co-morbidities	associated	with	the	disease	and	increases	the	requirement	for	HRT	

(Müller,	2014;	2017).	Analysis	of	a	cohort	of	121	patients	of	all	ages	showed	a	 ten-year	

survival	rate	of	90%	that	dropped	to	70%	for	patients	with	recurrence	(Karavitaki	&	Wass,	

2005).	A	more	recent	longitudinal	study	of	pediatric	CP	patients	revealed	a	20	year	survival	

rate	of	95%	in	patients	without	hypothalamic	involvement	and	85%	for	those	patients	with	

hypothalamic	involvement	(Sterkenburg	et	al.,	2015).	Interestingly	this	study	also	revealed	

no	 change	 in	 survival	 between	 those	 patients	 in	which	 complete	 tumour	 resection	was	

performed	as	compared	to	tumors	that	were	partially	resected	in	order	to	prevent	excessive	

hypothalamic	damage.	This	finding	supports	the	current	best	practice	which	recommends	

only	partial	 resection	of	pituitaries	with	hypothalamic	 involvement	(Müller	et	al.,	2017).	

Advances	in	radiotherapy	are	also	being	translated	into	the	treatment	of	CP,	and	trials	using	

proton	 beam	 therapy	 to	 limit	 the	 collateral	 radiation	 damage	 to	 neighboring	 tissue	 are	

underway	 (Müller	 et	 al.,	 2017).	 There	 have	 also	 been	 attempts	 to	 treat	 CP	 with	

intratumoural	 administration	 of	 therapeutic	 agents,	 bleomycin,	 radioisotopes	 and	

interferon	alpha	(INFa),	however	these	strategies	are	relatively	ineffective,	associated	with	

significant	 toxicity	 and	 their	 effect	 is	 limited	 to	 the	 cystic	 component	 of	 the	 tumors	

(Mrowczynski	 et	 al.,	 2018).	Due	 to	 research	 advances	 in	 the	molecular	pathology	of	 the	

papillary	subtype	of	CP,	 there	are	now	numerous	reports	emerging	of	promising	patient	

responses	to	MAPK-inhibitors	(Discussed	further	in	section	1.6).	Given	the	risks	associated	

with	 surgery,	 there	 is	 a	 serious	 need	 for	 the	 advent	 or	 adaptation	 of	 pharmacological	

treatment	strategies.	Research	 into	 the	molecular	pathology	of	CPs	 is	advancing	 rapidly,	

with	many	 promising	 therapeutic	 targets	 and	 treatment	 strategies	 uncovered	 in	 recent	

years.	However,	further	basic	research	is	required	to	speed	their	translation	into	the	clinic	

(Gupta	et	al.,	2018).		

1.4.2:	Histopathology	of	Craniopharyngioma	subtypes	

CPs	can	be	separated	into	two	histologically	and	pathologically	distinct	subtypes,	

Adamantinomatous	Craniopharyngioma	 (ACP)	 and	Papillary	Craniopharyngioma	 	 (PCP).	

ACP	is	the	more	common	of	the	subtypes	(ACP:PCP	ratio	=	9:1)	and	accounts	for	the	vast	
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majority	of	paediatric	cases	of	CPs.	In	contrast,	PCP	is	more	commonly	identified	in	adults,	

accounting	for	14–50%	of	adult	cases,	and	only	very	rarely	identified	in	children,	accounting	

for	 2%	 of	 paediatric	 cases	 (Larkin	 &	 Karavitaki,	 2018).	 ACP	 develops	 from	 pituitary	

progenitor	 cells	 (Gaston-Massuet	 et	 al.,	 2011)	 and	 has	 some	 shared	 properties	 with	

odontogenic	tumours	(Apps	et	al.,	2018;	Sekine	et	al.,	2004).	There	are	even	reports	of	fully	

formed	teeth	being	found	within	the	tumour	mass	of	ACP	patients	(Baden,	2014).	Consistent	

with	their	development	in	later	life	PCPs	are	thought	to	develop	from	more	mature	pituitary	

epithelium	(Crotty	et	al.,	1995).	ACPs	are	often	cystic,	and	it	has	recently	been	shown	that	

the	cystic	fluid	of	the	tumour	has	a	high	content	of	pro-inflammatory	cytokines	(Donson	et	

al.,	 2017).	 They	 are	 histologically	 complex	 and	 contain	 regions	 of	 necrotic	 debris,	

cholesterol	clefts,	fibrous	tissue,	regions	of	wet	keratin	and	calcifications,	as	well	as	finger	

like	protrusions	into	neighbouring	brain	tissue	(Larkin	&	Karavitaki,	2018;	Müller,	2014).	

Microscopically	 they	 are	 characterized	 by	 dense	 epithelial	 whorl-like	 cell	 clusters	 that	

show	nucleo-cytoplasmic	accumulation	of	β-catenin	and	are	often	located	at	the	invasive	

front	of	the	tumour	(Burghaus	et	al.,	2010;	Buslei	et	al.,	2007;	Hölsken	et	al.,	2009).	Other	

histological	compartments	include	the	palisading	epithelium	and	stellate	reticulum	(loose	

aggregates	of	stellate	cells)	and	enlarged	and	keratinized	squamous	cells	that	line	the	cystic	

lumen	(Fig.	1.6	A-D;	Larkin	&	Karavitaki,	2018;	Müller,	2014).	By	contrast,	PCPs	have	less	

calcification	with	fewer	cysts,	and	are	typically	composed	of	a	monomorphous	mass	of	well-

differentiated	 squamous	 epithelium	 lacking	 surface	 maturation,	 the	 picket	 fence-like	

palisades	 and	 wet	 keratin	 (Müller,	 2014).	 In	 the	 wake	 of	 recent	 advances	 in	 our	

understanding	of	PCP	molecular	pathology,	 they	 can	now	also	be	diagnosed	by	positive	

immunostaining	for	BrafV600E		(Fig.	1.6	E-H;	Brastianos	et	al.,	2014).	
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Figure 1.6: Histopathology of Craniopharyngioma. A-D) Adamantinomatous craniopharyngioma 

(ACP), A) H&E staining of ACP with classical morphology; peripheral palisading epithelium (arrowhead), 

loose ‘stellate reticulum’ and nodules of ‘ghost cells’(degenerated keratinocytes; arrow). B) 

Immunohistochemistry against β-catenin showing clusters and individual cells will accumulated neucleo-

cytoplasimic β-catenin staining. C & D) Epithelial nodules, or whorls (arrows) within the advancing front 

of the tumour commonly show nuclear β -catenin expression. E-F) Papillary Craniopharyngioma (PCP). E 

& F) PCP is characterised by clefted (pseudo-) papillae lacking ‘stellate reticulum’, ‘ghost cells’ and 

nodules or whorls. G) Immunohistochemistry against β-catenin shows signal restricted to the cell 

membrane. F) Immunohistochemistry against Braf-V600E [Adapted, with permission from (Larkin & 

Ansorge, 2013; 2017)]. 
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1.5:	Adamantinomatous	Craniopharyngioma	

Mutational	 analysis	 of	 ACP	 has	 revealed	 that	~70%	 of	 patients	 carry	 activating	

mutations	in	the	cadherin-associated	protein	β-catenin	1	(CTNNB1)	gene,	which	encodes	β-

catenin,	 a	multifunctional	 transcription	 factor	 and	 key	 component	 of	 the	 canonical	Wnt	

signalling	pathway	(Brastianos	et	al.,	2014;	Buslei	et	al.,	2005;	Kato	et	al.,	2004;	Preda	et	al.,	

2015;	 Shigeki	 Sekine	 et	 al.,	 2002).	 These	 activating	 mutations	 result	 in	 the	 nucleo-

cytoplasmic	 accumulation	 of	 β-catenin	 in	 dense	 cell	 clusters,	 which	 are	 considered	 a	

diagnostic	hallmark	of	ACP	(Buslei	et	al.,	2007;	Hofmann	et	al.,	2006).	Intriguingly,	 laser-

capture	microdissection	of	β-catenin	clusters,	and	non-accumulating	regions	revealed	that	

both	 tumour	 compartments	 carry	 the	 CTNNB1	 mutations	 (Hölsken	 et	 al.,	 2009),	 which	

implies	a	 shared	 cell	 of	 origin.	Why	 it	 is	 that	 only	 a	 subset	 of	 tumour	 cells	 carrying	 the	

CTNNB1	 mutation	 demonstrate	 nucleo-cytoplasmic	 accumulation	 of	 β-catenin	 is	

completely	unknown.		

1.5.1:	The	canonical	Wnt/β-catenin	signalling	pathway	

	 The	Wnt	signalling	pathway	is	a	key	regulator	of	development	and	stemness	(Nusse	

et	al.,	2008)	and	 is	 frequently	dysregulated	in	cancer	(Reya	&	Clevers,	2005;	Zhan	et	al.,	

2016).	Wnt	 signalling	 can	be	 split	 into	 the	 canonical	 pathway	which	 is	dependent	on	β-

catenin	 (Wnt/β-catenin	 signalling),	 and	 non-canonical	 Wnt	 signalling	 which	 operates	

independently	of	β-catenin.	Given	that	ACP	mutations	occur	in	CTNNB1	and	consequently	

effect	the	canonical	Wnt/β-catenin	signalling	pathway,	non-canonical	signalling	pathways	

are	not	discussed	here	but	are	addressed	 in	several	excellent	reviews	(Anastas	&	Moon,	

2013;	Clevers	&	Nusse,	2012;	Zhan	et	al.,	2016).	In	pituitary	development,	Wnt/β-catenin	

signalling	promotes	progenitor	proliferation	and	regulates	the	expression	of	transcription	

factors	 that	 control	 cell	 differentiation	 (Chambers	 et	 al.,	 2013;	 Grigoryan	 et	 al.,	 2008;	

Martinez-Barbera	&	Andoniadou,	2016).	There	is	also	strong	evidence	for	a	role	of	Wnt/β-

catenin	signalling	as	a	key	factor	for	the	maintenance	of	adult	stem	cells	in,	amongst	others,	

pituitary,	neural	and	intestinal	tissues	(Bowman	et	al.,	2013;	Chiacchiera	et	al.,	2015).		

The	Wnt	 ligands	 are	 a	 family	of	 19	(in	humans	 )	palmitoylated	 secreted	protein	

ligands	(Niehrs,	2012)	that	serve	as	short	distance	signalling	molecules	that	can	either	be	

tethered	to	membranes,	released	by	solubilization	or	loaded	onto	exosomes	or	lipid	protein	

particles	 (Zhan	 et	 al.,	 2016).	 In	 the	 absence	 of	 Wnt	 ligands,	 β-catenin’s	 transcriptional	

activity	is	held	in	check	through	the	action	of	the	destruction	complex,	which	is	composed	

of	AXIN,	Adenomatous	polyposis	coli	(APC),	Glycogen	synthase	kinase	3β	(GSK3),	and	casein	
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kinase	(CK1α).	β-catenin	is	bound	by	the	destruction	complex	and	phosphorylated	by	GSK3	

and	CK1α.	This	enables	binding	of	βTrCP,	a	component	of	the	E3	ubiquitin	ligase	complex	

that	 is	 recruited	 to	 the	 destruction	 by	 Yes-associated	 protein	1	 (YAP/TAZ).	 βTrCP	 then	

ubiquitinylates	β-catenin	and	targets	it	for	rapid	degradation	by	the	proteasome	(Latres	et	

al.,	1999),	a	process	potentially	mediated	by	APC	(Su	et	al.,	2008).	Another	ubiquitin	ligase,	

and	 tumour	 suppressor	 that	 targets	β-catenin	 for	degradation	 is	 F-Box	And	WD	Repeat	

Domain	 Containing	 7	 protein	 (FBXW7)	 (Jiang	 et	 al.,	 2016).	 Under	 these	 conditions,	 β-

catenin’s	co-transcriptional	activators,	the	T	cell-factor/lymphoid	enhancer	binding	factor	

(TCF/LEF)	family,	are	bound	by	transducing-like	enhancer	protein	(TLE/Groucho)	and	bind	

to	Wnt	target	genes	repressing	their	expression	(Fig.	1.7	A).	Upon	binding	of	a	Wnt	ligand	

to	its	membrane	receptor,	Frizzled,	and	its	co-receptor,	LRP5/6,	AXIN	is	recruited	to	the	

LRP5/6	receptor	 tail	 that	becomes	phosphorylated	by	GSK3	and	CK1α.	This	 leads	to	 the	

dissociation	 of	 βTrCP	 from	 the	 destruction	 complex,	 by	 an	 incompletely	 understood	

mechanism	 (Li	 et	 al.,	 2012)	 	 that	 may	 involve	 Dishevelled	 (DVL)	 proteins	 which	 are	

activated	 at	 the	 LRP5/6	 receptor	 upon	 Wnt	 ligand	 binding	 (Metcalfe	 et	 al.,	 2010).	

Phosphorylated	 β-catenin	 remains	 bound	 to	 the	 destruction	 complex,	 but	 is	 not	

ubiquitinylated	and	degraded.	This	leads	to	the	saturation	of	the	destruction	complex	and	

the	accumulation	of	newly	synthesized,	and	unphosphorylated	cytoplasmic	β-catenin	(Staal	

et	 al.,	 2002).	 Accumulated	 β-catenin	 which	 then	 translocate	 into	 the	 nucleus	 where	 it	

displaces	Groucho,	recruits	various	histone	modifying	co-activators	(i.e.	CBP/p300,	BRG1,	

BCL9;	Lien	&	Fuchs,	2014),	and	activates	a	program	of		transcription	that	upregulates	genes	

involved	in	proliferation	(Fig.	1.7	B).	

Numerous	other	molecules	play	a	role	in	the	regulation	of	canonical	Wnt/β-catenin	

signalling.	For	example,	the	R-spondin	family	of	ligands,	which	bind	to	leucine-rich	repeat	

containing	G-protein-coupled	receptors	(LGR)	4-6.	In	the	absence	of	R-spondins,	the	Wnt	

receptor	 Frizzled	 is	 internalized	 for	 lysosomal	 degradation	 in	 a	 process	 mediated	 by	

ZNRF3/RNF43.	 In	 the	 presence	 of	 R-spondins,	 this	 process	 is	 inhibited	 resulting	 in	 an	

accumulation	of	Fzd	receptors	at	the	membrane	and	increased	Wnt/β-catenin	signalling.	

Negative	 regulators	 of	 Wnt/β-catenin	 signalling	 include;	 the	 Dickkopf	 (DKK)	 family	

members,	 which	 inhibit	 the	 binding	 of	 Wnts	 to	 	 LRP5/6	 (Niehrs,	 2012);	 NOTUM,	 an	

extracellular	 carboxylesterase	 that	 removes	 an	 essential	 palmitoleate	moiety	 from	Wnt	

proteins	 (Kakugawa	et	 al.,	 2015);	 and	Wnt	 inhibitory	protein	 (WIF-1),	which	binds	 and	

sequesters	Wnt	ligands	(Malinauskas	et	al.,	2011).		

	 β-catenin	also	plays	an	important	secondary	role	in	cellular	adhesion	binding	the	

cytoplasmic	tail	of	E-cadherin,	through	its	armadillo	domain	(Peffer	et	al.,	1992).	Thus,	β-
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catenin	forms	part	of	the	adherens	junction,	and	along	with		α-catenin	and	the	cyto-linker	

protein	p120-catenin	(CTTND1),	facilitates	the	interaction	between	the	transmembrane	E-

cadherin	 and	 the	 actin	 cytoskeleton	 (Hartsock	 &	 Nelson,	 2008).	 Dysregulation	 of	 the	

adherens	junction	is	frequently	observed	in	cancer,	particularly	in	the	context	of	EMT	and	

cell	migration	(Dusek	&	Attardi,	2011).	However,	β-catenin’s	signalling	and	adhesion	roles	

do	not	appear	to	be	closely	linked,	indeed	in	C.	elegans	they	are	performed	by	different	β-

catenin	 homologues	 (Korswagen	 et	 al.,	 2000).	 Furthermore,	 an	 analysis	 of	 the	 different	

adherens	complex	proteins	in	human	CP	revealed	that	their	expression	and	localisation	was	

unchanged,	and	no	loss	in	junctional	integrity	(Preda	et	al.,	2015).	It	is	therefore	unlikely	

that		β-catenin’s	role	in	cellular	adhesion	plays	an	integral	role	in	ACP	pathology.		
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Figure 1.7: The canonical Wnt/b-Catenin signalling pathway.   A) In the absence of Wnt ligand, 

cytoplasmic β-catenin is bound to the destruction complex, formed by AXIN, APC, GSK3β and CK1 

(responsible for β-catenin phosphorylation). Upon phosphorylation, β-catenin is ubiquitinated by β-TrCP 

(recruited to the destruction complex by YAP/TAZ) and FBXW7 which leads to degradation via the 

proteasome. The transcription factors TCF/LEF are bound to the co-repressor Groucho/TLE1, recruiting 

HDAC and suppressing gene transcription. In parallel, when not interacting with R-spondin ligands, the E3 

ubiquitinase RNF43/ZNRF3 promotes the clearance of Frizzled receptors from the membrane. B) Upon 

binding of a Wnt ligand to the Frizzled receptor and LRP5/6 co-receptor, AXIN is recruited to the LRP5/6 

receptor tail that becomes phosphorylated by GSK3 and CK1α leading to dissociation of βTrCP from the 

destruction complex, in a process involving dishevelled. Phosphorylated but non-ubiquitinylated β-catenin 

saturates the destruction complex leading to the accumulation of cytoplasmic β-catenin which translocates 

into the nucleus, displaces Groucho from the LEF/TCF co-transcriptional activators,  recruits various 

histone modifying co-activators (i.e. CBP/p300, BRG1, Bcl9; Lien & Fuchs, 2014), and activates  

transcription. Abbreviations: APC, Adenomatous Polyposis Coli; β-TrCP, β-Transducin repeats-containing 

protein; CK1, Casein Kinase 1; DSH, Dishvelled; FBXW7; F-Box And WD Repeat Domain Containing 7 

protein GSK-3β, glycogen synthase kinase-3β; HDAC, histone deacetylase; LGR5, Leucine-rich repeat-

containing G-protein coupled receptor 5; LRP5/6, Low-Density Lipoprotein Receptor-Related Protein 5/6; 

RNF43/ZNRF3, Ring Finger Protein 43/Zinc and Ring Finger Protein 3; TCF/LEF, T-cell 

Factor/Lymphoid Enhancer-binding Factor, YAP/TAZ, yes-associated protein 1 [Adapted, with permission 

from (Zhan et al., 2016)]. 
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1.5.2:	Molecular	pathology	of	Adamantinomatous	Craniopharyngioma	

The	 proliferative	 and	 self-renewal	 signalling	 of	 the	Wnt/β-catenin	 is	 frequently	

increased	during	tumourigenesis	(Anastas	&	Moon,	2013;	Chambers	et	al.,	2013;	Clevers	et	

al.,	2014;	Zhan	et	al.,	2016).	This	may	be	caused	by	loss	of	function	mutations	in	components	

of	 the	 destruction	 complex	 such	 as	 APC,	 as	 found	 in	 Familial	 Adenomatous	 Polyposis	

(Caldwell	 et	 al.,	 2010),	 or	 in	 the	Wnt	 signalling	 inhibitor	RNF43,	 described	 in	~20%	of	

colorectal	carcinomas	(Giannakis	et	al.,	2014).	Alternatively,	tumourigenesis	can	be	driven	

by	 activating	point	mutations	 in	β-catenin	 (CTNNB1)	 at	 serine/threonine	 residues	 (S33,	

S37,	T41	and	S45),	such	that	they	can	no	longer	be	phosphorylated	by	GSK3	and	CK1α	and	

tagged	for	degradation.	(Morin	et	al.,	1997).	This	leads	to	the	production	of	degradation-

resistant	 β-catenin	 which	 accumulates	 in	 the	 cytoplasm	 and	 nucleus	 leading	 to	

constitutively	 active	 canonical	 Wnt/β-catenin	 signalling.	 In	 addition	 to	 ACP,	 gain-of-

function	 mutations	 in	 CTNNB1	 are	 frequently	 found	 in	 hepatocellular	 carcinoma,	

medulloblastoma	 and	 ovarian	 cancer	 (Anastas	 &	 Moon,	 2013).	 The	 molecular	

underpinnings	of	the	remaining	~30%	of	ACPs	without	activating	mutations	in	β-catenin	is	

unknown,	but	 increased	Wnt/β-catenin	signalling	 is	common	to	all	ACPs,	and	our	group	

have	discovered	mutations	in	additional	pathway	Wnt/β-catenin	components	(RNF43,	APC,	

FBXW7;	 unpublished	 data;	 Dr.	 Nikolina	 Kyprianou).	 One	 study	 profiling	 the	mutational	

status	of	both	ACP,	and	PCP	found	that	10%	of	ACP	harboured	BRAFV600E	mutations	(Larkin	

et	al.,	2014),	which	are	usually	associated	with	PCPs,	and	indeed	the	two	mutations	were	

originally	thought	mutually	exclusive	in	CPs	(Brastianos	et	al.,	2014).	This	points	to	a	role	

for	 MAPK-signalling	 in	 ACP,	 and	 we	 have	 also	 identified	 co-occurrences	 of	 the	 two	

mutations	 in	 ACPs	 (Gaston-Massuet,	 unpublished	 data).	 In	 ACP,	 expression	 of	 this	

degradation-resistant	 β-catenin	 (hereafter	 oncogenic	 β-catenin)	 leads	 to	 its	 nucleo-

cytoplasmic	accumulation	only	in	cell	clusters,	and	some	disparate	single	cells,	despite	the	

presence	of	the	mutation	in	all	tumour	cells	(Hölsken	et	al.,	2009;	Preda	et	al.,	2015).	The	

heterogenous	 relationship	 between	mutation	 at	 β-catenin	 phosphorylation	 sites	 and	 its	

accumulation	in	the	nucleus	and	cytosol	remains	an	answered	question	in	the	field	of	ACP	

pathology.	

Activating	 point	 mutations	 in	 oncogenic	 β-catenin	 are	modelled	 in	 a	 transgenic	

murine	line	containing	a	Ctnnb1	allele	with	exon	3	flanked	by	loxP	sites	(Ctnnb1lox(ex3)).	Upon	

recombination,	exon	3,	which	encompasses	β-catenin	phosphorylation	sites	(S33,	S37,	T41	

and	S45),	is	excised	giving	rise	to	a	degradation-resistant,	but	functional,	form	of	β-catenin	

(Harada	et	al.,	1999).	This	β-catenin	truncation,	causes	constitutive	signalling	through	the	

canonical	 Wnt/β-catenin	 signalling	 pathway,	 and	 has	 not	 been	 reported	 to	 affect	 the	



	
	 	

	 	 	 29	

protein’s	function	at	the	adherens	complex.	By	crossing	the	Ctnnb1lox(ex3)	strain	with	a	Cre-

line,	 that	 expresses	 Cre	 recombinase	 under	 the	 control	 of	 the	 pituitary	 developmental	

transcription	 factor	Hesx1	 (Hesx1Cre/+;Ctnnb1lox(ex3)/+),	Gaston-Massuet	et	al.	demonstrated	

that	 oncogenic	 β-catenin	 was	 sufficient	 to	 drive	 ACP	 tumourigenesis.	 Hesx1Cre/+;	

Ctnnb1lox(ex3)/+	mice	 developed	 tumours	 that	 recapitulate	 many	 aspects	 of	 human	 ACP	

histology.	These	exhibited	both	solid	and	cystic	components,	did	not	express	hormones	and	

harboured	 ACP’s	 characteristic	 β-catenin	 clusters	 of	 Sox2-positive	 stem	 cells	 (Gaston-

Massuet	 et	 al.,	 2011).	 However,	 they	 did	 not	 show	 the	 wet	 keratin,	 calcification	 or	 a	

palisading	epithelium	observed	in	human	tumours	(Larkin	&	Ansorge,	2013).	All	mutant	

mice	 died	 by	 6	months,	 with	 ~80%	 of	 animals	 not	 surviving	 past	 four	 weeks.	 In	 vitro	

analysis	showed	that	tumours	were	enriched	for	cells	with	self-renewal	and	differentiation	

properties.	This,	coupled	to	the	finding	that	tumours	did	not	arise	when	oncogenic	β-catenin	

was	 activated	 in	 Pit1-committed	 progenitors	 (using	 a	 Pit1:Cre	 line)	 nor	 in	 pituitary	

differentiated	cells	derived	from	the	Pit1-lineage	(using	Gh:Cre	or	Prl:Cre	lines),	led	to	the	

hypothesis	that	ACPs	originate	from	PSCs	(Gaston-Massuet	et	al.,	2011).	Accordingly,	a	new	

inducible	model	was	 generated	 that	 specifically	 expressed	oncogenic	β-catenin	 in	 Sox2-

positive	PSCs	alongside	a	YFP	fluorescent	lineage	tracer	(Andoniadou	et	al.,	2013).		These	

experiments	confirmed	that	ACP	develops	from	PSCs	and	showed	that	the	β-catenin	clusters	

were	 labelled	 with	 YFP.	 Furthermore,	 isolation	 and	 analysis	 of	 the	 β-catenin	 clusters	

showed	upregulated	 expression	of	numerous	 growth	 factors,	 chemokines	 and	 cytokines	

(Andoniadou	et	al.,	2012;	2013).	Remarkably,	despite	activation	of	oncogenic	β-catenin	and	

the	YFP	fluorescent	tag	in	the	same	cell	population		the	bulk	of	the	tumour	mass	was	not	

lineage	 traced.	 This	 led	 to	 the	 first	 proposal	 of	 a	 paracrine	 mechanism	 of	 ACP	

tumourigenesis	whereby	clusters	of	tumour	initiating	stem	cells	with	nucleo-cytoplasmic	

β-catenin	accumulation	act	as	signalling	centres,	secreting	paracrine	factors	to		modulate	

their	 microenvironment	 and	 drive	 tumourigenesis	 (Fig.	 1.8;	 Martinez-barbera	 &	

Andoniadou,	 2016).	 	 This	hypothesis	 is	 consistent	with	 the	 increased	Ki67	 staining	 that	

labels	 the	 cells	 surrounding	 β-catenin	 stem	 cell	 clusters	 (Gaston-Massuet	 et	 al.,	 2011).	

Recently,	 several	 transcriptomic	 studies	 have	 identified	 the	 transcriptional	 signature	

downstream	of	β-catenin	in	mature	ACP	samples	from	both	humans	and	mice	(Apps	et	al.,	

2018;	Gonzalez-meljem	et	al.,	2017;	Gump	et	al.,	2015).	Gonzalez-meljem	et	al.	added	colour	

to	 the	backdrop	of	 the	paracrine	model	of	ACP	by	demonstrating	that	β-catenin	clusters	

represent	tumour	initiating	cells	that	adopt	a	senescence	associated	secretory	phenotype	

(Copp	 et	 al.,	 2010)	 which	 was	 necessary	 to	 drive	 ACP	 tumourigenesis.	 The	 same	

transcriptomic	 dataset	 was	 used	 by	 Apps	 et	 al.	 to	 highlight	 the	 importance	 of	 MAPK-

signalling	 in	 ACP	 and	 to	 finally	 confim	 the	 long-known	 association	 between	 ACPs	 and	
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odontogenic	development	by	showing	that	β-catenin	stem	cell	clusters	were	analogous	to	

the	 enamel	 knot,	 a	paracrine	 signalling	 centre	 involved	 in	 normal	 tooth	morphogenesis	

(Jussila	&	Thesleff,	2012).	Togther,	the	molecular	characterisation	of	ACP	to	date	shows	that	

β-catenin	 accumulating	 cell	 clusters	 express	markers	 of	 stemness	 (Sox2,	 CD44,	 CD133,	

Nestin),	senescence	(p21),	direct	Wnt/β-catenin	targets	(Axin,	Lef-1)	and	activated	Notch	

and	Shh	signalling	pathways	(Gli1/2/3,	Ptch1,	Shh).	There	is	also	upregulation	of	numerous	

secreted	 paracrine	 factors	 including	 Bmps,	 Fgfs,	 Wnts	 and	 cytokines/chemokines.	 In	

contrast	the	cells	surrounding	the	β-catenin	clusters,	do	not	share	this	molecular	profile	but	

express	Sox9	and	show	increased	proliferation	(Larkin	&	Karavitaki,	2018).	Further	recent	

evidence	supporting	the	generalized	histopathology	of	ACP	mouse	models	is	provided	by	

Youngblood	et	al,	who	recently	demonstrated	that	both	gain	or	loss	of	function	of	β-catenin	

driven	 by	 Prop1-cre	 lead	 to	 pituitary	 hyperplasia,	 and	 that	 	 Prop1-cre;Ctnnb1GOF/+	mice	

develop	 enlarged	 pituitaries	 with	 characteristic	 β-catenin-accumulating	 clusters	

(Youngblood	et.	al.,	2018).	Interestingly,	unlike	Hesx1Cre	driven	ACP	mouse	models,	in	these	

mice	there	is	no	anterior	pituitary	formation,	rather	a	large	expansion	of	the	epithelial	layer,	

which	 the	 authors	 suggest	 could	 be	 due	 to	 Hesx1-positive	 progenitors	 inhibiting	

transcription	from	the	β-catenin	locus,	thus	preventing	the	accumulation	of	oncogenic-β-

catenin	in	some	cells	and	allowing	for	anterior	lobe	formation	(Youngblood	et.	al.,	2018).	

The	accumulated	evidence	supporting	the	paracrine	model	of	ACP	tumourigenesis	

is	 compelling.	 Indeed	 there	 are	 other	 examples	 of	 paracrine	 transformation	 such	 as	 in	

hepatocellular	 carcinoma	 where	 loss	 of	 p53-driven	 senescence	 in	 hepatic	 stellate	 cells	

induces	 liver	 fibrosis	 and	 cirrhosis	 leading	 to	 transformation	 of	 neighbouring	 epithelial	

cells	 (Lujambio	 et	 al.,	 2013).	A	 second	example	 is	 leukaemogenesis	where	oncogenic	β-

catenin	 activation	 in	 osteoblasts	 triggers	 transformation	 of	 the	 neighbouring	 
haematopoietic	 stem	 cells	 (Kode	 et	 al.,	 2014).	 Intriguingly,	 other	 tumours	 driven	 by	

activating	mutations	in	CTNNB1	such	as	medulloblastoma,	hepatocellular	carcinoma	and	

fibromatoses	show	near	uniform	nucleo-cytoplasmic	accumulation	of	oncogenic	β-catenin,	

and	to	my	knowledge	β-catenin	stem	cell	clusters	are	a	feature	unique	to	ACP	(Bhattacharya	

et	al.,	2005;	Burke,	et	al.,	2018;	Zhang	et	al.,	2014).	However,	 the	pre-eminent	paracrine	

model	 for	 ACP	 tumourigenesis	 appears	 irreconcilable	 with	 the	 finding	 that	 CTNNB1	

mutations	 are	 found	 throughout	 ACP	 tumours,	 and	 not-restricted	 to	 the	Wnt/β-catenin	

clusters	(Hölsken	et	al.,	2009;	Preda	et	al.,	2015).	Deeper	research	is	required	to	resolve	this	

key	 outstanding	 issue.	 Furthermore,	 whilst	 it	 is	 now	 established,	 that	 PSCs	 forming	 β-

catenin	accumulating	clusters	are	tumour	initiating,	these	represent	only	a	subpopulation	

of	PSCs	(Andoniadou	et	al.,	2013;	Gaston-Massuet	et	al.,	2011;	Gonzalez-meljem	et	al.,	2017).	
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This	 is	 particularly	 evident	 in	 mouse	 models,	 whereby	 oncogenic	 β-catenin	 is	

simultaneously	 activated	 across	 progenitors.	 In	 this	 situation,	 only	 a	 subpopulation	 of	

tumour	initiating	PSCs	form	β-catenin	clusters,	whereas	the	remaining	PSCs,	are	refractory	

to	transformation	by	oncogenic	β-catenin	(Fig.	1.8).	PSC	subpopulation	specific	responses	

to	 oncogenic	 β-catenin	 activation	 remain	 completely	 unknown.	 Finally,	 to	 date	 the	

transcriptomic	analyses	performed	in	ACP	have	been	conducted	on	mature	ACP	samples,	

and	 very	 little	 is	 known	 about	 the	 genes	 and	 pathways	 dysregulated	 early	 during	 the	

tumourigenesis	process.		
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Figure 1.8: The paracrine model of ACP tumourigenesis. After activation of oncogenic β-catenin in pituitary progenitors a subpopulation of tumour initiating PSCs form 

senescent β-catenin stem cell clusters (green), whereas the remaining PSCs are refractory to transformation by oncogenic β-catenin. Tumour initiating PSCs express markers 

of stemness (Sox2), senescence (p21) and active Wnt/β-catenin signalling (β-cat, Axin, Lef-1) as well as numerous secreted paracrine factors including Bmps, Fgfs, Wnts, Shh, 

chemokines and cytokines (shown in red). These secreted paracrine factors induce the transformation of neighbouring tumour-propagating cells, which do not carry the Ctnnb1 

mutation, and go on to form the majority of the tumour bulk.   
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1.5.3:	Inflammation	in	cancer		

A	 link	 between	 cancer	 and	 inflammation	 is	 no	 longer	 controversial,	 (Crusz	 &	

Balkwill,	2015)	and	tumour	progression	is	dependent	not	only	on	intrinsic	genetic	changes	

within	 cancerous	 cells	 that	 confer	 a	 selective	 advantage,	 but	 also	 non-cell	 autonomous	

ancillary	 effects	 on	 the	 tumour	 microenvironment	 such	 as	 angiogenesis	 and	 chronic	

inflammation	 (Hanahan	 &	 Weinberg	 2011).	 Indeed,	 there	 is	 epidemiological	 evidence	

showing	 that	 15%	 of	 human	 cancer	 deaths	 are	 linked	 to	 chronic	 bacterial	 and	 viral	

infections	 with	 associated	 inflammation	 (Karin	 &	 Greten	 2005).	 Consistent	 with	 this,	

nonsteroidal	 anti-inflammatory	drugs	(NSAIDs)	 such	 as	 aspirin,	 are	 chemo-preventative	

and	reduce	the	incidence	of	cancers	of	the	colon,	lungs,	stomach,	oesophagus	and	ovaries,	

as	well	as	Hodgkin’s	lymphoma	(Karin	&	Greten	2005).	This	positive	relationship	between	

inflammation	and	cancer	can	also	operate	in	reverse,	as	oncogene	activation	can	increase	

inflammatory	 signalling	 pathways,	 upregulate	 expression	 of	 cytokines	 and	 drive	

recruitment	of	infiltrating	immune	cells	(Crusz	&	Balkwill,	2015;	Grazia	et	al.,	2008).	The	

interaction	 between	 infiltrating	 immune	 cells	 and	 tumours	 is	 varied	 and	 complex.	

Depending	on	cell	 type	and	context,	 infiltrating	 immune	cells	can	either	 initiate	an	anti-

tumour	 response	 or	 actively	 promote	 tumourigenesis	 and	 suppress	 protective	 immune	

responses	(Grivennikov	&	Karin,	2010).	For	instance	IL6	and	IL11	secreted	from	myeloid	

cells	 in	 gastrointestinal	 cancers	 support	 tumour	 growth	 by	 activating	 STAT3	 signalling	

(Putoczki	et	al.,	2013)	whereas	cytotoxic	CD8-positive	T-cells	can	mediate	an	anti-tumour	

immune	response	and	are	associated	with	improved	outcome	in	breast	(Mao	et	al.,	2016),	

ovarian	(Hwang	et	al.,	2013)	and	lung	cancer	(Genga	et	al.,	2015).	

There	 are	 numerous	 examples	 of	 oncogenes	 that	 have	 been	 demonstrated	 to	

activate	 inflammatory	 pathways	 such	 as	 Kras,	 which	 can	 induce	 the	 expression	 of	

inflammatory	cytokines	(IL1a,	IL1b,	IL6,	IL8,	and	IL11)	with	concomitant		NFκB	activation	

in	 ovarian	 cancer	 (Yoneda	 et	 al.,	 1998).	 Sparmann	 et	 al.	 showed	 that	 IL8	 is	 a	 direct	

transcriptional	target	of	Kras	and	used	xenograft	studies	to	demonstrate	that	Ras-mediated	

production	of	IL8	by	human	cancer	cells	leads	to	recruitment	of	mouse	inflammatory	cells,	

which	 produce	 growth	 and	 angiogenic	 factors.	 When	 IL8	 was	 inhibited	 the	 immune	

infiltrate	was	reduced	leading	to	a	substantial	decrease	in	tumour	vasculature	and	extensive	

tissue	necrosis	(Sparmann	&	Bar-sagi,	2004).	It	has	also	been	shown	that	HRas-G12V	can	act	

upstream	of	IL6	in	a	wide	range	of	cell	lines,	promoting	angiogenesis	and	tumour	growth	in	

immunocompromised	mice	 (Ancrile	 et	 al.,	 2007).	 Similarly	mutation	 of	 the	BRAF	 gene,	

downstream	of	Ras	proteins	in	the	MAPK	pathway,	is	associated	with	hyperactivation	of	the	
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NFκB	pathway	in	papillary	thyroid	carcinoma,	which	in	turn	upregulates	autocrine	TIMP-1	

signalling	to	promote	cell	survival	(Bommarito	et	al.,	2011).	Oncogenic	RET	tyrosine	kinase	

signalling	 can	 also	 lead	 to	 the	upregulation	of	 inflammatory	mediators	such	 as	 IL8,	 and	

Cxcr4,	 both	 potent	 pro-inflammatory	 chemoattracts	 for	 immune	 cells	 (Castellone	 et	 al.,	

2004;	Iwahashi	et	al.,	2002).	Investigation	of	β-cell	carcinogenesis,	showed	that	Myc-driven	

IL1β	from	β-cell	stimulates	the	release	of	Vegfa	from	mast	cells	promoting	tumourigenesis	

(Pelengaris	et	al.,	2002).	A	follow	up	paper	added	Ccl2,	Ccl5,	Ccl7,	Cxcl1,	and	Cxcl2	to	the	list	

of	 Myc-induced	 cytokines,	 and	 showed	 that	 they	 led	 to	 the	 recruitment	 of	 mast	 cells,	

macrophages,	 and	 neutrophils	 (Shchors	 et	 al.,	 2006).	 In	 summary,	 oncogene	 driven	

inflammation	it	is	a	common	occurrence	across	multiple	oncogenes	and	tumour	types.	

1.5.4:	Wnt	signalling	and	inflammation	in	cancer	

Of	 particular	 relevance	 to	 ACP,	 oncogene-induced	 inflammation	 has	 also	 been	

demonstrated	in	hepatocellular	carcinomas	(HCC)	driven	by	oncogenic	β-catenin	(Anson	et	

al.,	2012).	Through	Chip-Seq	it	was	shown	that	Cxcl2,	Cxcl10,	Cxcl11,	IL1,	and	IL1r1,	were	

direct	 transcriptional	 targets	 of	 β-catenin	 and	 also	 that	 oncogenic	 β-catenin	 driven	

activation	of	NFκB	led	to	the	upregulation	of	Ccl2,	Ccl5,	and	IL15.	NFκB	is	 	central	to	the	

regulation	 of	 inflammation,	 proliferation,	 survival,	 and	 apoptosis	 and	 is	 now	 widely	

recognized	as	a	crucial	player	in	many	steps	of	cancer	initiation	and	progression	(Gilmore,	

2006;	 Hoesel	 &	 Schmid,	 2013).	 Accumulating	 evidence	 suggests	 reciprocal	 and	 context	

dependent	 crosstalk	 between	 the	 NFκB	 and	Wnt/β-catenin	 signalling	 pathways	 (Ma	 &	

Hottiger,	 2016).	 For	 instance,	 βTrCP	 which	 ubiquitinates	 β-catenin	 at	 the	 destruction	

complex	 and	 participates	 in	 a	Wnt/β-catenin	 negative	 feedback	 loop	 also	mediates	 the	

degradation	 of	 IκB-α,	 an	 inhibitory	 regulator	 of	 NFκB	 activity	 (Spiegelman	 et	 al.,	 2000;	

Winston	et	al.,	1999).	Therefore,	high	levels	of	Wnt/β-catenin	signalling	result	in	elevated	

levels	 of	 βTrCP,	 enhanced	 degradation	 of	 IκB-α	 and	 consequent	 NFκB	 transactivation	

(Winston	 et	 al.,	 1999).	 An	 alternative	 mechanism	 for	 Wnt/β-catenin	 mediated	 	 NFκB		

activation	 was	 identified	 in	 colorectal	 cancer	 cells	 in	 which	 Wnt/β-catenin	 induces	

TNFRSF19	expression	and	TNFRSF19	 ligands	activated	NFκB	 signalling	(Flierman	et	 al.,	

2014).	Non-canonical	Wnt	signalling	can	also	contribute	to	inflammation	in	cancer	and	in	

melanoma	Wnt5a	signalling	induces	a	senescent	associated	secretory	phenotype	(Webster	

et	al.,	2014)	with	increased	expression	of	angiogenic	and	pro-inflammatory	cytokines	such	

as	IL6	and	Vegf	(Ekström	et	al.,	2014).	Studies	of	melanoma	have	also	recently	revealed	an	

additional	role	for	Wnt	signalling	in	the	inhibition	of	anti-tumour	immunity.		Using	a	mouse	

melanoma	 model	 with	 constitutively	 high	 β-catenin	 activity	 it	 was	 shown	 that	 Wnt	

signalling	correlated	with	T-cell	exclusion	from	the	tumour	due	to	downregulation	of	the	
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chemokine	Ccl4	and	 failure	 to	recruit	dendritic	cells	 (Spranger	et	al.,	2015).	Similarly	β-

catenin	can	upregulate	IL10	in	melanoma	also	impairing	dendritic	cell	function	(Yaguchi	et	

al.,	2012).	The	degree	 to	which	β-catenin	oncogene	driven	 inflammation,	or	anti-tumour	

immune	suppression	occurs	in	ACP	is	unknown	and	requires	further	research.		

1.5.5:	Inflammation	in	Adamantinomatous	Craniopharyngioma	

The	role	played	by	inflammation	in	ACP	tumourigenesis	is	still	emerging.	However,	

recently	there	have	been	a	number	of	advances	in	the	characterisation	of	the	inflammatory	

microenvironment	of	ACP	tumours.	The	IL6-Jak-Stat3	inflammatory	signalling	pathway	is	

frequently	 dysregulated	 in	 cancer	 and	 can	 promote	 tumour	 growth	 as	well	 as	 severely	

hinder	anti-tumour	immunity	(Johnson	et	al.,	2018).	Expression	of	the	pro-inflammatory	

cytokine	IL6	is	stimulated	by	NFκB	activity	(Tanaka	et	al.,	2014)	and	was	first	reported	in	

ACP	in	2004,	(Mori	et	al.,	2004).	In	a	more	recent	study	IL6	was	detected	in	the	solid	and	

cystic	component	of	ACP	alongside	pro-inflammatory	Cxcl1,	 Il8	and	Cxcr2	as	well	as	the	

immunosuppressive	 factors	 IL10	 and	 IDO-1	 (Donson	 et	 al.,	 2017).	 The	 molecular	

mechanisms	by	which	IL6	may	contribute	to	ACP	tumourigenesis	needs	further	research	

however	 in	 vitro	 studies	 of	 in	 ACP	 tumour	 cells	 suggest	 that	 IL6	may	 promote	 an	 EMT	

phenotype	and	enhance	cell	migration	(Zhou	et	al.,	2017).	Therapeutic	targeting	of	the	IL6-

Jak-Stat3	pathway	has	been	extensively	studied	and	there	are	a	number	of	FDA	approved	

agents	 targeting	 IL-6,	 IL-6R,	 and	 Jaks	 used	 to	 treat	 inflammatory	 disorders	 and	 some	

myeloproliferative	neoplasms	(Johnson	et	al.,	2018).	This	opens	up	the	possibility	of	future	

ACP	treatment	strategies	targeting	the	IL6-Jak-Stat3	pathway.	Another	interesting	potential	

target	 for	 ACP	 therapeutic	 intervention	 is	 the	 Cxcr4-Cxcl12	 signalling	 axis,	 which	 can	

promote	tumour	angiogenesis	(Hughes	et	al.,	2015),	and	it	was	recently	reported	that	high	

Cxcl12	and	Cxcr4	expression	are	predictive	of		increased	recurrence	and	reduced	survival	

of	 paediatric	 ACP	 patients	 (Gong	 et	 al.,	 2014).	 Interestingly	 proteomic	 detection	 of	 α-

defensins	in	the	cystic	fluid	of	ACPs	suggested	the	innate	immune	system	is	involved	in	ACP	

pathology	and	intra-cystic	administration	of	INF-α	led	to	decreased	α-defensin	expression	

and	regression	of	the	cystic	component	of	the	tumour	(Massimi	et	al.,	2017;	Pettorini	et	al.,	

2010).				

Lipid	mediators	represent	an	important,	and	often	underappreciated	component	of	

the	 inflammatory	 response	 (Bennett	 &	 Gilroy,	 2016).	 Among	 lipids,	 Arachidonic	 acid	

metabolism	is	most	frequently	dysregulated	in	cancer	(Sulciner	et	al.,	2018),	with	the	well-

studied	 Cox2/PGE2	 axis	 representing	 the	 paradigm	 of	 pro-tumourigenic	 inflammatory	

lipids	(Greenhough	et	al.,	2009).	Cox2	is	upregulated	in	β-catenin	clusters	and	treatment	of	
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an	ACP	model	with	a	Cox2	specific	inhibitor	resulted	in	a	significant	reduction	of	tumour	

size	in	female	mice	(Scagliotti	et	al.,	unpublished	data).	The	degree	to	which	other	important	

lipid	mediators	of	inflammation	may	play	a	role	in	ACP	tumourigenesis	remains	unknown.	

One	 of	 the	 pro-inflammatory	 functions	 of	 lipid	 mediators	 is	 their	 contribution	 to	 the	

recruitment	of	infiltrating	immune	cells.	Their	presence	in	ACP	is	now	long	established	and	

a	 1988	 study	 reported	 a	 high	 density	 of	 infiltration	 and	 the	 presence	 of	 T-helper	 cells,	

Natural	Killer	(NK)	cells,	monocytes	and	B-cells	 in	human	tissue	samples	(Stevens	et	al.,	

1988).	However,	 their	 contribution	 to	ACP	 tumourigenesis	 is	 still	 largely	unknown.	One	

recent	study	reported	the	presence	of	CD68-positive	macrophages	in	a	cohort	of	45	ACP	

patients,	and	that	cases	with	more	severe	inflammation	were	associated	with	lower	survival	

(Lilia	et	al.,	2016).	This	is	supported	by	another	study	which	also	identified	the	presence	of	

IBA-1-positive,	CD68-positive	macrophages	as	well	as	CD3	positive	lymphocytes	in	human	

ACP	samples	(Apps	et	al.,	2018).	In	summary,	although	all	results	point	towards	an	active	

role	for	inflammation	and	infiltrating	immune	cells	in	ACP	tumourigenesis	the	full	picture	

of	their	involvement	and	how	the	inflammatory	microenvironment	changes	over	time	has	

yet	to	emerge.	Immunomodulatory	therapies	are	proving	successful	for	a	number	of	cancers	

(Crusz	 &	 Balkwill,	 2015),	 and	 further	 investigation	 of	 the	 role	 of	 inflammation	 in	 ACP	

tumourigenesis	 may	well	 lead	 to	 the	 discovery	 of	 novel	 treatment	 strategies	 for	 these	

tumours.	
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1.6:	Papillary	Craniopharyngioma	

The	PCP	subtype	of	Craniopharyngioma	accounts	for	approximately	10%	of	all	CP	

cases,	and	typically	presents	in	adulthood	(Larkin	&	Karavitaki,	2018).	In	2014,	using	an	

exploratory	exome	sequencing	approach	Brastianos	et	al.	identified	the	BRAFV600E	mutation	

in	a	small	cohort	of	PCP	patients.	They	then	went	on	to	perform	targeted	sequencing	in	a	

larger	cohort	and	reported	a	BRAFV600E	mutation	frequency	of	95%	(36	of	39	patients).	The	

BRAF	gene	encodes	a	serine/threonine	protein	kinase	that	functions	as	part	of	the	mitogen	

activated	protein	kinase	(MAPK)	signalling	pathway	(Fiskus	&	Mitsiades,	2016).	All	BRAF	

mutations	 were	 clonal	 and	 no	 other	 recurrent	 mutations	 or	 genetic	 aberrations	 were	

identified	(Brastianos	et	al.,	2014).	Mutation-specific	BRAF-V600E	antibodies	(Capper	et	al.,	

2011)	now	enable	the	use	of	immunohistochemistry	to	aid	pathologists	in	PCP	diagnosis	

(Schweizer	 et	 al.,	 2015),	 though	 there	 are	 some	 complications	 of	 cross-reactivity	 of	 the	

antibody	 with	 normal	 endocrine	 pituitary	 cells	 (Mordes	 et	 al.,	 2014).	 Crucially,	 the	

preponderance	of	BrafV600E	mutations,	and	other	MAPK	pathway	components	across	tumour	

types,	has	led	to	the	development	of	a	wide	range	of	BRAF	and	MEK	inhibitors	currently	in	

use	 across	 a	 broad	 range	 of	 cancer	 indications	 (Burotto	 et	 al.,	 2014).	 There	 are	 now	

numerous	 reports	 of	 dramatic	 responses	 to	 either	 BRAF	 inhibition	 by	 vemurafenib	

dabrafenib	alone,	or	in	combination	with	Trametinib	MEK	inhibition	in	patients	with	PCP	

(Aylwin	 et	 al.,	 2016;	Brastianos	 et	al.,	 2016;	Roque	&	Odia,	 2017;	Rostami	 et	al.,	 2017).	

Multicentre	 phase	 II	 studies	 are	 now	 underway	 to	 further	 evaluate	 the	 effectiveness	 of	

BRAF	 and	 MEK	 inhibition	 in	 patients	 with	 PCP	 (ClinicalTrials.gov	 Identifier:	

NCT03224767).	

1.6.1:	The	Mitogen-activated	protein	kinase	pathway	in	cancer	

The	Mitogen-activated	protein	kinase	(MAPK)	pathway,	 is	an	 essential	signalling	

pathway	 that	 is	 ubiquitously	 conserved	 across	 eukaryotes	 (Robinson	&	 Cobb,	 1997).	 It	

responds	to	various	extracellular	signals	such	as	cytokines,	hormones	and	growth	factors	

in	 order	 to	 regulate	 a	 wide	 range	 of	 biological	 activities	 including	 cell	 differentiation,	

proliferation,	 senescence,	 and	 survival	 (Cantwell-dorris	 et	 al.,	 2011).	 Extracellular	

signalling	molecules	interact	with	their	receptors	and	activate	the	small	G-proteins	of	the	

Ras	 family	 (Hancock,	 2003).	 Activated	RAS	 together	with	 adaptor	 proteins	 recruits	 and	

activates	RAF	proteins,	which	once	activated	initiate	a	phosphorylation	signalling	cascade	

via	two	further	protein	kinases,	MEK	and	ERK.	Phosphorylated-ERK	then	regulates	effectors	

of	the	MAPK	pathway	instigating	changes	in	gene	expression,	cytoskeletal	arrangement	and	

metabolism	(Fig.	1.9)	(Garnett	&	Marais,	2004).	Mutations	affecting	the	MAPK	pathway	are	
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frequently	 found	 in	cancer,	and	the	pathway	 is	over-activated	 in	30%	of	human	cancers	

(Hoshino	et	al.,	1999),	with	activating	mutations	of	RAS	in	15-30%	and	BRAF	in	7%	of	all	

human	cancers	(Bos,	1989;	Davies	et	al.,	2002).	

BRAF	is	the	most	potent	activator	of	MEK	among	the	RAF	family	of	serine/threonine	

kinases	and	is	also	the	most	commonly	mutated	in	human	malignancies	(Cantwell-dorris	et	

al.,	2011).	BRAF	has	two	key	regulatory	domains:	the	activation	segment	(residues	G596-

V600)	and	the	P-loop	(residues	G464-V471).	In	the	resting	state,	the	two	domains	interact	

to	block	the	docking	of	ATP	and	substrate	(Wan	et	al.,	2004).	This	interaction	is	disrupted	

by	the	phosphorylation	of	two	residues	(residues	T599	&	S602)	by	RAS	proteins	rendering	

BRAF	catalytically	active.	There	have	been	multiple	activating	BRAF	mutations	reported	in	

cancer,	the	majority	cluster	around	the	regulatory	activation	domain	and	the	most	potent	

and	 prevalent	 is	 BRAFV600E	 (Holderfield	 et	 al.,	 2014),	 which	 represents	 ~80%	 of	 the	

mutations	observed	(Davies	et	al.,	2002).	The	V600E	mutation	mimics	the	phosphorylation	

of	 the	 two	 neighbouring	 residues	 and	 renders	 BRAF-V600E	 constitutively	 active.	 This	

culminates	 in	 continuous	 oncogenic	 MAPK	 signalling	 that	 is	 no	 longer	 dependant	 on	

mitogens	and	growth	factors.	

Since	 the	 initial	 discovery	 that	BRAF	 mutations	 are	 found	 in	 66%	 of	 malignant	

melanoma	cases	(Davies	et	al.,	2002)	there	have	been	numerous	publications	characterizing	

the	roles	of	oncogenic	BRAF	in	a	variety	of	solid	tumours	and	haematological	malignancies:	

Papillary	and	anaplastic	thyroid	carcinomas	are	also	very	 frequently	affected	(40–50%);	

colon	cancer	(8–10%);	serous	ovarian	carcinomas	(30%);	and	hairy-cell	leukaemia	(100%)	

(Fiskus	&	Mitsiades,	2016).	Investigation	of	the	pathology	of	these	tumours	has	shown	that	

BRAFV600E	expression	frequently	drives	an	EMT	transition	in	tumour	cells,	associated	with	

increased	tumour	cell	migration	and	metastasis	(Boyd	et	al.,	2013;	Knauf	et	al.,	2011;	Ma	et	

al.,	 2014).	 In	 addition	 BRAFV600E	 activation	 has	 been	 shown	 to	 modulate	 tumour	 cell	

metabolism,	particularly	in	melanoma	(Chain	et	al.,	2013;	Haq	et	al.,	2013;	Vazquez	et	al.,	

2013).	To	interrogate	the	effect	of	oncogenic	Braf	in	vivo,	a	mouse	model	that	carries	a	Cre	

recombinase-activated	allele	of	BrafV600E	under	the	control	of	the	endogenous	promoter	was	

created	(Dankort	et	al.,	2007).	Infection	with	a	Cre-expressing	adenovirus	achieved	lung-

specific	expression	of	oncogenic	Braf	resulting	in	lung	adenomas,	or	adenocarcinomas	in	

the	absence	of	Trp53	(Dankort	et	al.,	2007).	Similarly,	expression	of	oncogenic	Braf	in	the	

melanocyte	lineage	alongside	loss	of	tumour	suppressors		(Pten/p16INK4a)	yields	metastatic	

melanoma	 (Dankort	 et	 al.,	 2009).	 Oncogenic	 Braf	 can	 also	 drive	 tumorigenesis	 in	 the	

absence	 of	 tumour	 suppressor	 loss,	 and	 when	 expressed	 in	 thyrocytes	 or	 proliferative	

gastrointestinal	 cells	 can	 cause	 papillary	 or	 anaplastic	 thyroid	 cancers,	 and	 serrated	
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colorectal	 cancer	 respectively	 (Carragher	 et	 al.,	 2010;	 Knauf	 et	 al.,	 2005).	 A	 similar	

transgenic	 modelling	 approach	 applied	 to	 PCP	 might	 contribute	 towards	 a	 greater	

understanding	of	the	disease’s	molecular	pathology.	
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Figure 1.9: The Mitogen-activated protein kinase signalling pathway. The Ras/Raf/MEK/MAPK/ERK 

cascade conveys mitogenic signals from membrane receptors to the nucleus, phosphorylating transcription 

factors such as Elk-1 and Myc. In addition the cascade phosphorylates diverse cytoplasmic proteins to 

regulate key cellular processes and decisions on cell fate, including proliferation, survival, differentiation, 

gene expression, cytoskeleton and metabolism [adapted, with permission from (Fiskus & Mitsiades, 2016)]. 
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1.6.2:	Molecular	pathology	of	Papillary	Craniopharyngioma	

In	comparison	to	ACP	relatively	little	is	known	about	 the	molecular	pathology	of	

PCP,	 other	 than	 the	BRAFV600E	 driver	mutation.	However,	 similarly	 to	CTNNB1	 and	ACP,	

mouse	studies	have	also	now	begun	to	shed	 light	on	 the	role	of	MAPK-signalling	 in	PCP	

(Haston	et	al.,	2017).	Expression	of	BrafV600E	or	KrasG12D	under	the	control	of	Hesx1Cre	in	the	

developing	 pituitary	 showed	 an	 expansion	 of	 the	 Sox2-postive	 stem	 cell	 pool	 and	 an	

impairment	of	endocrine	cell	differentiation.	Haston	et	al.	then	demonstrated	the	presence	

of	Sox2-positive	cells	in	human	PCPs,	and	that	these	cells	represent	the	majority	of	cycling	

cells.	This	prompted	the	suggestion	 that	Sox2-positive	cells,	with	active	MAPK	signalling	

may	 be	 the	 cell	 of	 origin	 and	 drive	 PCP	 tumourigenesis.	 However,	 there	 are	 several	

limitations	to	this	mouse	model,	 firstly	PCPs	predominantly	occur	in	the	elderly	and	it	is	

unlikely	 BrafV600E	 mutations	 occur	 during	 development,	 secondly	 perinatal	 lethality	

precluded	 the	 analysis	 of	whether	proliferative	 Sox2-positive	 stem	cells	may	eventually	

drive	the	formation	of	PCP	in	later	life.	Therefore,	whether	or	not	PCPs	do	indeed	originate	

from	Sox2-positive	PSCs	remains	unproven.	However,	there	is	some	evidence	to	suggest	a	

stem	cell	origin,	such	as	the	fact	that	PCPs	are	non-secretory	(Müller,	2014).	This	is	not	the	

case	 for	 hormone-secreting	 pituitary	 adenomas	 which	 originate	 from	 differentiated	

endocrine	cells	(Asa	&	Ezzat,	2009)	but	is	true	for	the	ACP	subtype	of	Craniopharyngioma,	

which	do	derive	 from	mutated	progenitor	cells	 (Gaston-Massuet	et	al.,	2011).	Therefore,	

there	is	a	need	for	a	more	representative	mouse	model	to	determine	whether	PCP	develops	

from	 Sox2-positive	 stem	 cells	 and	 to	 facilitate	 the	 investigation	 of	 the	 downstream	

consequences	of	BrafV600E	activation	in	adult	pituitaries.		
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1.7:	Project	aims	

Patients	 with	 Craniopharyngiomas	 suffer	 significant	 morbidities	 and	 reduced	

quality	of	 life.	Current	best	practice	 involves	challenging	surgical	 resection	and	adjuvant	

radiotherapy	that	comes	with	the	risk	of	severe	sequalae.	This	would	be	greatly	enhanced	

by	effective	neo-adjuvant	pharmacological	treatment.	 	The	work	presented	 in	this	thesis	

aims	to	address	this	need	by	using	genetically	engineered	mouse	models	to	investigate	the	

early	 transcriptional	 landscape	 of	 these	 tumours	 in	 the	 pursuit	 of	 identifying	 novel	

candidate	genes	and	pathways	which	may	serve	as	therapeutic	targets.		

Part	I:	Adamantinomatous	Craniopharyngioma	

Activating	mutations	 of	 CTNNB1	 in	 pituitary	 progenitor	 cells	 leads	 to	 the	 formation	 of	

unique	clusters	of	tumour	initiating	PSCs	that	accumulate	oncogenic	β-catenin	and	secrete	

paracrine	factors	to	drive	ACP	tumourigenesis.	However,	very	little	is	known	about	the	early	

stages	of	this	process.	Furthermore,	it	is	unknown	why,	despite	both	cell	types	harbouring	

CTNNB1	mutations,	 only	 a	 subpopulation	 of	 PSCs	 become	 tumour	 initiating	 β-catenin	

clusters,	whereas	 the	 remaining	PSCs	are	 refractory	 to	 transformation.	To	 shed	 light	 on	

these	unknowns	I	pursued	the	following	aims:		

Aim	1:	To	investigate	the	dysregulated	genes	and	pathways	downstream	of	oncogenic	

β-catenin	activation	in	PSCs	during	the	early	stages	of	ACP	tumourigenesis.		

Aim	2:	To	interrogate	the	differences	between	subpopulations	of	tumour	initiating	PSCs	

and	PSCs	refractory	to	transformation	by	oncogenic	β-catenin.	

Part	II:	Papillary	Craniopharyngioma	

The	cell	type	from	which	PCP	tumours	originate	and	the	mechanisms	by	which	activating	

BrafV600E	mutations	 drive	 tumourigenesis	 remain	 completely	 unknown,	 and	 there	 is	 no	

representative	mouse	model	 for	 the	 disease.	 To	 address	 these	 gaps	 in	 the	 field	 of	 PCP	

research	I	pursued	the	following	aims:	

Aim	1:	To	demonstrate	the	stem	cell	origin	of	PCP	by	generating	and	characterizing	an	

adult	onset	mouse	model	that	activates	BrafV600E	in	Sox2-positive	PSCs.	

Aim	2:	To	investigate	the	early	transcriptomic	and	phenotypic	changes	induced	in	adult	

PSCs	by	the	activation	of	oncogenic	BrafV600E.	
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Chapter	2:	Materials	and	Methods	
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2.1:	Animal	studies		

All	animal	procedures	were	carried	out	in	accordance	with	the	recommendations	

provided	 in	 the	 Animals	 (Scientific	 procedures)	 Act	 1986	 of	 the	 UK	 Government	 (PPL	

licence	70/8269).	Mice	were	maintained	on	a	12-hour	light-dark	cycle	with	constant	access	

to	food	and	water.	All	transgenic	mouse	lines	were	maintained	in	the	widely	used	C57BL/6	

inbred	mouse	genetic	background,	Jackson	laboratory	(stock	#000664).	

2.1.1:	Transgenic	mouse	lines	

Sox2CreERT2 line 

These	knock-in	mice	have	the	Sox2	open	reading	frame	replaced	with	a	CreERT2	

fusion	 gene	 (Arnold	 et	 al.,	 2011).	 Heterozygous	 mice	 are	 viable	 and	 fertile,	 while	

homozygous	mice	exhibit	embryonic	lethality.	The	Cre-ERT2	fusion	protein	consists	of	Cre	

recombinase	fused	to	a	triple	mutant	form	of	the	human	oestrogen	receptor,	which	does	not	

bind	its	natural	ligand	(17β-estradiol)	but	will	bind	the	synthetic	oestrogen	receptor	ligands	

4-hydroxytamoxifen	 (tamoxifen).	 Restricted	 to	 the	 cytoplasm,	 Cre-ERT2	 can	 only	 gain	

access	to	the	nuclear	compartment	after	exposure	to	tamoxifen.	When	these	mice	are	bred	

with	 mice	 containing	 loxP-flanked	 sequences,	 tamoxifen-inducible	 Cre-mediated	

recombination	will	result	in	deletion	of	the	floxed	sequences	in	the	Sox2-expressing	cells.	

The	Sox2CreERT2	line	was	obtained	from	Positive	Laboratory	(stock	#017593).	

Hesx1Cre line		

This	 transgenic	 line	was	 previously	 generated	 by	 replacing	 the	 coding	 region	 of	

Hesx1,	a	transcription	factor	expressed	in	the	anterior	neural	plate,	ventral	diencephalon	

and	in	the	pituitary	progenitors	between	E10.5	&	E15.5,	with	a	cassette	containing	a	Cre	

recombinase	gene	(Andoniadou	et	al.,	2007).	Since	homozygous	mice	were	not	viable,	mice	

were	maintained	as	heterozygotes.	The	Hesx1Cre	line	was	kindly	provided	by	Prof	Martinez-

Barbera	(University	College	of	London,	UK).		

Prop1:Cre line		

Prop1	 is	 a	 pituitary	 specific	 transcription	 factor	 expressed	 from	 E10.5	 and	

haploinsufficiency	 is	 associated	 with	 hypopituitarism	 (Sornson	 et	 al.,	 1996).	 Therefore,	

these	mice	were	generated	by	forming	a	transgene	consisting	of	the	Prop1	promoter	and	a	

Cre	recombinase	sequence	which	was	incorporated	elsewhere	in	the	genome		(Davis,	et	al.	

2016).	 	 The	 Prop1:Cre	 line	 was	 kindly	 provided	 by	 Prof.	 Sally	 Camper	 (University	 of	

Michigan)	and	Prof.	Shannon	Davis	(University	of	South	Carolina).	
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Ctnnb1lox(ex3) line 

	This	transgenic	mouse		was	generated	through	the		insertion	of	loxP	sites	flanking	

the	 exon	3	of	 the	β-catenin	 	 gene	 (Ctnnb1),	which	 contains	 regulatory	 serine/threonine	

residues	that	when	phosphorylated	tag		β-catenin		for	proteolytic	degradation	(Harada	et	

al.,	1999).	Upon	Cre-recombination,	a	dominant	allele	lacking	exon	3	is	produced,	resulting	

in	 a	 mutant	 form	 of	 β-catenin	 resistant	 to	 degradation	 leading	 to	 constitutively	 active	

canonical	Wnt/β-catenin	signalling.	These	mice	were	crossed	with	Hesx1Cre	mice	to	obtain	

Hesx1Cre/+;Ctnnb1lox(ex3)/+ 
mice,	the	original	ACP	model	used	to	show	mutant	β-catenin	as	a	

driver	of	ACP	tumours	(Gaston-Massuet	et	al.,	2011).	

BrafV600E  line 

BrafV600E	is	a	knock-in	hybrid	allele	encoding	the	first	14	endogenous	mouse	exons	

of	 Braf	 followed	 by	 loxP-flanked	 exons	 15-18.	 Beyond	 the	 loxP-flanked	 sequences	 is	 a	

second	sequence	of	human	exons	15-18	with	a	1799T	->	A	nucleotide	transversion	in	exon	

15	 encoding	 the	 pV600E	 point	 mutation.	 Under	 normal	 conditions,	 Braf	 demonstrates	

physiological	expression	levels	and		is	subject	to	normal	patterns	of	alternate	splicing	and	

differential	 exon	 usage,	 with	 no	 abnormalities	 reported	 in	 homozygotes.	 Upon	 Cre-

recombination,	 the	 loxP-flanked	 sequence	 is	 removed	 and	 a	 constitutively	 active	 Braf-

V600E	protein	is	expressed	at	endogenous	levels.	By	design,	this	model	recapitulates	the	

somatic	mutation	of	Braf		that	is	found	in	human	cancers	(Dankort	et	al.,	2007).	The	BrafV600E	

line	was	obtained	from	Jackson	laboratory	(stock	#017837).		

RosatdTmt line  

The	Rosa26CAGLoxpSTOPLoxpTdTomato	line	(referred	 to	as	RosatdTmt)	contains	a	CMV	early	

enhancer/chicken	β	actin	(CAG)	promoter	driving	expression	of	a	red	fluorescent	protein	

tdTomato	(tdTmt)	(Madisen	et	al.,	2009).	The	tdTmt	gene	is	silenced	by	a	loxP-flanked	STOP	

cassette,	 that	 prevents	 its	 transcription	 under	 normal	 conditions.	 Homozygotes	 for	 the	

mutant	allele	are	viable	and	fertile.	Since	the	ROSA26	locus	is	ubiquitously	transcribed,	in	

cells	when	Cre	recombinase	is	expressed	recombination	will	take	place,	removing	the	STOP	

cassettes	such	that	tdTmt	is	constitutively	expressed.	Initially,	this	allows	fluorescence	to	

identify	those	cells	in	which	recombination	has	occurred,	and	since	fluorescence	expression	

is	maintained	 in	daughter	 cells	 it	allows	 for	 this	 line	 to	be	used	 for	 lineage	 tracing.	The	

Rosa26CAGLoxpSTOPLoxpTdTomato	line	was	obtained	from	Jackson	laboratory	(stock	#007905).		
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Tcf/Lef-1:H2B-GFP line	

The	Tcf/Lef-1:H2B-GFP	transgenic	line	(referred	to	as	Lef-1:GFP)	harbours	a	knock-

in	Wnt/β-catenin	 signalling	 reporter	 construct	 containing	 6	 Tcf/Lef	 response	 elements	

upstream	of	the	hsp68	minimal	promoter,	which	control	the	expression	of	a	fusion	protein	

made	of	human	histone	H2B	and	GFP	(Ferrer-Vaquer	et	al.,	2010).	Therefore,	cells	from	Lef-

1:GFP	mice	are	 labelled	by	GFP	 that	 is	 expressed	proportionally	 to	 the	 level	 of	 	Wnt/β-

catenin	signalling	activity.	Prior	to	the	inception	of	this	project	Lef-1:GFP	mice	were	tested	

under	physiological	 conditions	 and	 in	 a	Hesx1Cre/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	ACP	model. In	

both	 cases,	 it	 recapitulated	 the	 known	 pattern	 of	 Wnt	 responsive	 cells	 and	 therefore	

represents	an	accurate	read-out	of	active	Wnt/β-catenin			pathway.	The	Tcf/Lef-1:H2B-GFP	

line	was	obtained	from	Jackson	laboratory	(stock	#	024746).	

2.1.2:	Genetic	crosses		

The	 following	 genetic	 crosses	 were	 performed	 to	 generate	 the	 main	 transgenic	

mouse	models	used	for	experiments	in	this	thesis.	In	the	majority	of	cases,	genetic	crosses	

were	preformed	using	both	sexes	of	each	genotype	to	maximize	the	speed	and	quantity	of	

production	of		experimental	animals.	Hesx1Cre/+;Ctnnb1lox(ex3)/+	and	Prop1:Cre;Ctnnb1lox(ex3)/+;	

RosatdTmt	experimental	lines	were	bred	by	Dr.	Valeria	Scagliotti	and	Dr.	Rachael	Tan	and	are	

not	described	here.			

	

Figure 2.1: Sox2CreERT2/+;RosatdTmt/+ control mice. After tamoxifen induction Sox2CreERT2/+;RosatdTmt/+ 

express tdTmt in the Sox2-positive PSCs. The mice were used as controls and were generated by crossing 

mice heterozygous for Sox2CreERT2 allele with RosatdTmt/tdTmt homozygotes.  
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Figure 2.2: The Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ ACP-lineage tracing model. First homozygotes 

containing the Ctnnb1lox(ex3) or RosatdTmt alleles were bred and the resulting generation of Ctnnb1lox(ex3)/+; 

RosatdTmt/+ heterozygotes were back crossed to produce double homozygotes, Ctnnb1lox(ex3)/lox(ex3); 

RosatdTmt/tdTmt. These double homozygotes were then crossed with Sox2CreERT2/+ to generate the Sox2CreERT2/+; 

Ctnnb1lox(ex3)/+;RosatdTmt/+ ACP-lineage tracing model that, once induced, expresses oncogenic b-catenin 

and tdTmt in Sox2-positive PSCs.   
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Figure 2.3: The Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP ACP-reporter model. First homozygotes 

containing the Ctnnb1lox(ex3) alleles were bred with mice carrying the Lef-1:GFP Wnt/b-catenin reporter 

transgene. The resulting heterozygotes were then bred with Ctnnb1lox(ex3) homozygotes to generate mice 

homozygous for  Ctnnb1lox(ex3) alleles and carrying the Lef-1:GFP Wnt/b-catenin reporter transgene. These 

mice were then crossed with Sox2CreERT2/+ mice to generate the Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP 

ACP-reporter model that labels cells with elevated Wnt/b-catenin signalling with GFP, and, upon induction, 

express oncogenic b-catenin in Sox2-positive PSCs.  
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Figure 2.4: The Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP embryonic ACP model. First 

homozygotes containing the Ctnnb1lox(ex3) or RosatdTmt alleles were bred and the resulting generation of 

Ctnnb1lox(ex3)/+;RosatdTmt/+ double heterozygotes were back crossed to produce double homozygotes, 

Ctnnb1lox(ex3)/lox(ex3);RosatdTmt/tdTmt. In parallel Sox2CreERT2/+ mice were crossed with Lef-1:GFP Wnt/b-

catenin reporter mice. The resulting Sox2CreERT2/+;Lef-1:GFP mice were then crossed with 

Ctnnb1lox(ex3)/lox(ex3);RosatdTmt/tdTmt double homozygotes. Pregnant dams were tamoxifen induced and 

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP were collected. Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+; 

Lef-1:GFP embryos express GFP in cells with active Wnt/b-catenin signalling, and after induction express 

oncogenic b-catenin alongside the tdTmt reporter in the Sox2-positive PSCs.  
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Figure 2.5: The Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ PCP model. First homozygotes containing the 

BrafV600E or RosatdTmt alleles were bred and the resulting generation of BrafV600E/+;RosatdTmt/+ heterozygotes 

were back crossed to produce double homozygotes, BrafV600E/V600E;RosatdTmt/tdTmt. These double 

homozygotes were then crossed with Sox2CreERT2/+ to generate experimental animals the Sox2CreERT2/+; 

BrafV600E/+;RosatdTmt/+ PCP-model, which after induction, express Braf-V600E  alongside tdTmt in Sox2-

positive PSCs.   
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2.1.3:	Genotyping	of	mice	and	embryos	

Genomic	DNA	was	extracted	 from	ear	punch	biopsies	 taken	 from	mice	aged	≥10	

days.	Ear	biopsies	were	digested	in	25µl	of	50	mM	sodium	hydroxide	(NaOH)	for	1hour	at	

95	0C.	Genotyping	was	then	carried	out	by	polymerase	chain	reaction	(PCR)	amplification.	

PCR	reactions	were	carried	out	either	using	a	standard	protocol	or	a	‘hot-start’	protocol	to	

increase	 reaction	 specificity.	 Primers	 (Sigma)	were	 re-suspended	 in	ddH2O	and	used	at	

10	µM	or	25	µM.	Working	stocks	of	dNTPs	were	made	by	diluting	100	mM	stock	solutions	

in	ddH2O	to	a	final	concentration	of	10	mM.	For	the	standard	protocol,	a	reaction	mix	was	

made	up	and	aliquoted	before	addition	of	1.5	µl	of	template	DNA.	For	‘hot-start’	reactions	

reagents	 were	 divided	 in	 two	 different	 mixtures;	 the	 first,	 without	 the	 enzyme,	 was	

aliquoted	in	each	PCR	tube,	followed	by	the	addiction	of	1	µl	of	template	DNA	and	two	drops	

of	mineral	 oil.	 Samples	were	 then	 incubated	 at	94	 0C	 for	 the	 initial	 denaturation	 of	 the	

template	 DNA,	 followed	 by	 a	 holding	 step	 at	 85	 0C	 during	 which	 the	 second	 mixture,	

containing	 the	 enzyme,	 was	 added.	 Typically,	 PCR	 reactions	 incorporated	 an	 initial	

denaturation	step	at	94	0C	for	2	minutes,	followed	by	30-40	amplification	cycles	including	a	

denaturation	step	at	94	0C	for	30	seconds,	a	step	at	the	specific	annealing	temperature	of	

the	primers	for	30	seconds	and	an	elongation	step	at	72	0C,	which	varied	in	time	according	

to	the	size	of	the	amplicons.	A	final	elongation	step	at	72	0C	for	5	minutes	was	included	to	

ensure	the	completion	of	any	partial	copies.	Both	negative	(no	DNA)		and	positive	controls	

were	included	in	every	PCR	reaction.		

Total	PCR	products	were	resolved	on	Agarose	gels	at	a	percentage	depending	on	the	

size	of	the	products.	Gels	were	prepared	by	dissolving	1-2.5	g	agarose	powder	(Sigma)	in	

100	mls	of	1X	Tris-acetate-EDTA	buffer	[TAE,	40	mM	Tris-acetate,	1	mM	EDTA	pH	8.0]	and	

heated	to	aid	the	dissolving.	2.5	µl	of	GelRed™	(Biotium)	was	added	to	100	ml	of	gel	to	allow	

the	bands	to	be	visualised	under	UV	light.	1X	loading	buffer	[50%	v/v	glycerol,	50%	v/v	1x	

TAE,	0.1%	Orange	G]	was	added	to	each	DNA	sample	prior	to	loading.	2	µl	of	DNA	ladder	

(Bioline)	was	loaded	alongside	the	samples.	DNA	samples	were	resolved	by	electrophoresis	

at	~110	mV	for	~30-45	minutes,	and	DNA	bands	visualised	with	an	Odyssey	Fc	 imaging	

system	(Li-cor).	
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Table	2.1:	Primers	for	mouse	genotyping		
	

	

	

Table	2.2:	Components	for		standard	and	hot	start	PCR	reactions	

	

	

	

	

	

Mouse	line	 Primer	sequence	 Annealing		 Conditions	 Products	

Ctnnb1lox(ex3)	 Fwd	-	AGAATCACGGTGACCTGGGTTAAA						

Rev	-	CATTCATAAAGGACTTGGGAGGTGT	
62°C	 Hot	Start	 WT:	600	bp											

Floxed:	700	bp	

Ctnnb1lox(ex3)	
recombination	

cDNA-Fwd	-	CAGCGCACAGCTGCTGTGACACC	

cDNA-Rev-ACGTGTGGCAAGTTCCGCGTCATCC		
63°C	 Hot	Start	 WT:	500	bp											

Dex3:	260	bp	

Lef-1:GFP	 11775	–	ACAACAAGCGCTCGACCATCAC.					
11776	–	AGTCGATGCCCTTCAGCTCGAT	

oIMR7339-	CTAGGCCACAGAATTGAAAGATCT	

oIMR7339-	GTAGGTGGAAATTCTAGCATCATCC	

	

65°C	 Hot	Start	 CTR:	300	bp	
Transgene:	530	bp	

Sox2CreERT2	 CreA	-	GATGCAACGAGTGATGAGGTTCGC						

CreB	-		ACCCTGATCCTGGCAATTTCGGC	
65°C	 Standard	 Transgene:	400	bp	

RosatdTmt	 WT	Fwd	–	AAGGGAGCTGCAGTGGGTA												
WT	Rev	-	CCGAAAATCTGTGGGAAGTC											

Mut	Fwd	-	GGCATTAAAGCAGCGTATCC								

Mut	Rev	–	GTGTTCCTGTACGGCATGG	

	

61°C	 Standard	 WT:	450	bp.			
Floxed:	550	bp	

BrafV600E	 Fwd	-	TGAGTATTTTTGTGGCAACTGC												

Rev	–	CTCTGCTGGGAAAGCGGC	

	

60°C	 Standard	 WT:	400	bp.										
Floxed:	500	bp	

	
Hesx1Cre	 OL39	-TCAGCAAAGCTACAAGGTGAACTG		

OL89	-GGAGACAATTCTTTTGTGAAACCCTG	

OL91	-	CCAGAGTGTCTGGCTTCTGTCAC						

CreT	-	CAGAAGCATTTTTCCAGGTATGCTC		

58°C	 Hot	Start	 WT:	500	bp.								
Mutant:	300	bp	

		 HOT	START	 STANDARD	

Reagents	 DNA	Mix	(µl)	 Enzyme	Mix	(µl)	 Reaction	Mix	(µl)	

H2O	 7.8	 6.88	 19.875	

Taq	buffer	(10X)	 1.2	 0.8	 2.5	

Primer	F	 1	(of	25	µM)	 -	 0.5	(of	10	µM)	

Primer	R	 1	(of	25	µM)	 -	 0.5	(of	10	µM)	

dNTPs	(10	mM)	 -	 0.16	 0.5	

Taq	Polymerase	(5U/µl)	 -	 0.16	 0.125	
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2.1.5:	Tamoxifen	induction	

40	mg	of	Tamoxifen	(Sigma-Aldrich)	was	dissolved	in	200	μl	ethanol	and	1.8	ml	of	

corn	oil	(Sigma)	to	form	a	20	mg/ml	stock	solution,	and	left	on	a	roller	for	at	least	1hour.	

Tamoxifen	stock	solution	was	stored	in	a	light-blocking	vessel	for	a	maximum	of	1	week	at	

-4	0C	or	3	months	at	-20	0C	.	For	standard	experimental	procedure	mice	were	administered	

with	0.2	mg/g/mouse	 tamoxifen	via	 intraperitoneal	 injection	once	 every	24	hours	 for	2	

days.	The	dosage	was	determined	by	a	tamoxifen	titration	experiment	(Fig.	3.2).		For	in	utero	

induction,	pregnant	females	were	given	the	same	dosage	at	E12.5	and	E13.5.	Dams	were	

culled	for	analysis	of	embryos	at	either	E15.5	or	E18.5.	

2.1.6:	Tissue	collection	and	processing		

For	 analysis	 of	 adult	 pituitaries	 mice	 were	 culled	 by	 carbon	 dioxide	 (CO2)	

asphyxiation	and	pituitaries	were	dissected.	Dissected	pituitaries,	were	 fixed	 in	4%	PFA	

(Acros	 Organics)	 for	 30	 minutes.	 For	 cryosectioning,	 fixed	 pituitaries	 were	 first	

cryopreserved	in	30%	sucrose	(Fisher)	at	4	0C	overnight.	Pituitaries	were	briefly	washed	in	

phosphate	 buffered	 saline	 (PBS)	 then	 orientated	 in	 Optimum	 cutting	 temperature	

compound	(OCT:	V.W.R),	embedded	samples	were	snap	frozen	on	dry	ice	and	stored	at	-

80	0C.	Pituitaries	were	sectioned	at	14	μm	on	a	Leica	CM1510S	cryostat	and	stored	at	-80	0C	

prior	 to	 immunofluorescence	 staining.	 Stomachs	 from	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	

mice	were	instead	fixed	in	4%	PFA	overnight	and	cryopreserved	in	30%	sucrose	(Fisher)	

for	48	hours.	Pituitaries	used	for	paraffin	wax	embedding	were	dehydrated	to	70%	ethanol	

and	stored	at	4	0C	overnight.	Pituitaries	were	then	dehydrated	to	100%	ethanol	through	a	

gradient	ethanol	series	(80%,	90%	and	100%)	for	30	minutes	each	and	stored	overnight	

again	at	4	0C.	Next	pituitaries	were	washed	for	a	final	time	in	100%	ethanol	and	subjected	

to	two	30	minutes	changes	of	Histo-Clear	(National	Diagnostic)	at	room	temperature	before	

an	incubation	in	wax:solvent	50:50	at	60	0C	in	the	oven.	Finally,	pituitaries	underwent	three	

incubations	of	1	hour	in	wax	at	60	°C,	before	orientation	in	plastic	moulds.	Coronal	sections	

of	4-6μm	were	cut	using	a	rotary	microtome.		

For	 embryos,	 experimental	 litters	 were	 generated	 through	 timed	 mating,	 with	

females	paired	with	stud	males	at	the	end	of	the	daily	light	cycle	and	checked	for	vaginal	

plugs	the	following	morning.	The	day	of	the	vaginal	plug	was	considered	as	E0.5.	Pregnant	

females	were	 culled	 at	 the	 required	 gestational	 stage	by	CO2	 asphyxiation	 and	embryos	

were	dissected	in	PBS	under	a	Zeiss	Stemi	2000-C	dissecting	microscope	using	fine	forceps.	

The	dissection	process	consisted	in	the	separation	of	the	embryos	from	the	uterine	tissue,	
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Reichert’s	 membrane,	 visceral	 yolk	 sac	 and	 placenta.	 Embryos	 older	 than	 E15.5	 were	

further	 severed	 at	 the	 level	 of	 the	 heart	 or	 the	 neck	 and	 pierced	 between	 the	 eyes	 to	

facilitate	the	penetration	of	fixative	in	the	brain	and	pituitary.	Embryos	were	fixed	overnight	

in	4%	PFA,	before	preparation	for	cyrosectioning	or	paraffin	sectioning	in	the	same	fashion	

as	pituitaries.	Incubation	times	were	adjusted	accordingly	to	account	for	embryo	size,	with	

incubation	times	increased	to	1.5	hours	for	E18.5	embryos.		
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2.2:	Cell	culture	and	in	vitro	analysis	

2.2.1:	Pituitary	stem	cell	culture	

PSCs	used	for	primary	culture	were	isolated	from	murine	anterior	pituitaries.	Mice	

were	culled	by	CO2		asphyxiation,	and	the	pituitary	was	dissected	removing	the	posterior	

lobe	 with	 the	 aid	 of	 a	 dissection	 microscope.	 The	 remaining	 anterior	 pituitary	 was	

transferred	to	a	1.5	ml	microcentrifuge	tube	containing	150	µl	of	Enzyme	mix	[0.5%	w/v	

Collagenase	type	II	(Worthington),	50	µg/ml	DNase	(Worthington),	2.5	µg/ml	Fungizone	

(Gibco)	and	0.1%	v/v	trypsin	(1X,	0.05%)		in	Hank’s	Balanced	Salt	Solution	(HBSS;	Gibco)].	

Once	transferred,	the	anterior	pituitary	was	minced	using	sterile	scissors	to	facilitate	the	

digestion	process	and	 incubated	 at	37	0C	 for	2	hours.	 Following	 the	 incubation,	 samples	

were	mechanically	dissociated	into	single	cells	by	pipetting.	500	µl	of	HBSS	was	added	to	

the	solution	to	dilute	the	enzyme	and	samples	were	centrifuged	at	1500	rpm	for	5	minutes.	

The	cell	pellet	was	re-suspended	in	a	stem-cell	promoting	PSC	media	[Dulbecco’s	Modified	

Eagle’s	Medium	(DMEM)	F12	with	L-glutamine,	15	mM	HEPES	(Sigma),	supplemented	with	

5%	 v/v	 FCS	 (Sigma),	 1%	 v/v	 Penicillin/Streptomycin	 (P/S:	 Fisher),	 1%	 v/v	 Glutamax	

(Gibco),	1%	v/v	Insulin-Transferrin-Selenium-X	(Sigma),	20	ng/ml	basic	fibroblast	growth	

factor	 (bFgf;	 R&D)	 and	 50	 ng/ml	 Cholera	 Toxin	 (Sigma)].	 Cells	 were	 counted	 using	 a	

haemocytometer	and	plated	at	a	density	appropriate	for	the	experimental	assay.	Fresh	PSC	

media	was	replaced	every	three	days.	To	passage	cells	the	media	was	removed	and	the	cells	

were	washed	with	PBS	before	a	15min	incubation	in	1X	StemPro™	Accutase™	(Fisher)	at	

37	0C.	The	Accutase™	was	then	inactivated	with	3	volumes	of	 	media	and	the	cells	were	

harvested	and	centrifuged	at	1500	rpm	for	5	minutes.	The	supernatant	was	discarded,	and	

cells	were	re-suspended	and	counted	prior	to	downstream	analysis.		

2.2.2:	4-hydroxy-Tamoxifen	induction		

	 PSCs	were	cultured	for	three	days	–	until	visible	colonies	were	established	-	then	

treated	with	0.25μM	4-hydroxy-tamoxifen	(4OHT)	(Sigma)	dissolved	in	100%	Ethanol	or	

vehicle	control	for	48	hours.	4OHT	is	the	active	derivative	of	tamoxifen	metabolized	in	the	

liver	 in	vivo.	After	4OHT	treatment,	cells	were	washed	with	PBS	and	media	was	replaced	

with	standard	PSC	stem-cell	promoting	media	
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2.2.3:	Protein	extraction	

	 After	10	days	in	culture	(7	days	post	4OHT	treatment)	pituitary	stem	cells	were	kept	

on	ice	and	washed	for	3x	10	minutes	with	ice	cold	PBS.	Cells	were	then	lysed	in	ice-cold	

western	blot	buffer	[50mM	Tris-Base	(pH	7.6),	150mM	NaCl	and	1%	Triton	X100	in	ddH2O]	

supplemented	 with	 6%	 v/v	 protease	 inhibitor	 cocktail	 (Sigma)	 and	 1%	 phosphatase	

inhibitor	cocktail	(Roche).	Cell	lysate	was	then	left	on	ice	for	20	minutes,	before	spinning	at	

13,000rpm	for	12	minutes	at	4	0C	,	and	the	supernatant	was	stored	at	-80	0C.	Protein	sample	

concentrations	 were	 quantified	 using	 a	 bicinchoninic	 acid	 assay	 (BCA)	 kit	 (Thermo	

scientific)	 according	 to	 the	 manufacturer’s	 instructions.	 Briefly,	 a	 standard	 curve	 of	 8	

concentrations	(2000	–	0μg/ml)	was	created	by	sequential	dilutions	of	Albumin	with	WB	

buffer.		Next,	25μl	of	protein	standard	and	samples	(1:5	dilution	in	WB	buffer)	were	loaded	

into	a	96-well	plate	and	200μl	of	BCA	reagent	 (49:1	–	reagent	A:	reagent	B)	was	added.	

Plates	were	then	incubated	at	370C	for	30	minutes	before	550nm	absorption	was	read	on	a	

kinetic	microplate	reader	(Novi	Biolabs).	

2.2.4:	SDS-PAGE	and	immunoblotting	

4x	 laemmli	 (Sigma)	 buffer	 was	 added	 to	 15-30μg	 of	 protein	 samples	 (volumes	

equalized	with	WB	 buffer)	 and	were	 denatured	 by	 heating	 for	 3	minutes	 at	 95oC	 on	 a	

shaking	 heat	 block	 at	 500rpm.	 Samples	 were	 then	 loaded	 onto	 a	 12%	 acrylamide	 gel	

[Resolving	 gel:	 acrylamide	 (8mls),	 ddH2O	 (6ml),	 resolving	 buffer	 (5ml),	 APS	 (150μl),	

TEMED	(30μl);	Stacking	gel:	acrylamide	(0.8mls),	ddH2O	(3.8ml),	stacking	buffer	(325	μl),	

APS	(50μl),	TEMED	(5μl)]	and	run	first	for	15	minutes	at	90V	and	then	~1hourat	150V	in	

1X	running	buffer	 [3.03g	Tris	Base,	14.4g	glycine,	1g	SDS	 in	1L	ddH2O].	Acrylamide	gels	

were	 then	 placed	 on	 a	nitrocellulose	membrane	 soaked,	 for	 15	minutes	 on	 a	 shaker,	 in	

transfer	buffer	[2.4g	Tris	Base,	9g	Glycine,	800ml	ddH20,	and	200ml	methanol].	Protein	was	

transferred	to	the	membrane	using	a	True-Blot	SD	Semi-Dry	Transfer	cell	(BioRad)	run	at	

15V,	0.8A	for	40	minutes	(1gel)	or	50	minutes	(2	gels).	Membranes	were	then	incubated	in	

blocking	buffer	[1g	powdered-milk	in	20ml	1%	PBS-Tween	20]	for	1hr.	Samples	were	then	

incubated	overnight	at	40C	in	primary	antibodies	dissolved	in	blocking	buffer.	The	next	day	

samples	 were	 washed	 for	 3x	 30	 minutes	 in	 PBS-Tween	 before	 secondary	 antibody	

incubation	 for	1hour	 at	 room	 temperature.	 Samples	were	 then	washed	 in	PBS-Tween	a	

further	3x	and	imaged	on	an	Odessy	infrared	imager	(Li-Cor).	The	following	primary	and	

secondary	antibodies	were	used	for	western	blots:		
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Table	2.3:	Antibodies	used	for	western	blots	
Antibody Supplier Host Species Dilution Secondary Antibody 

β-catenin   Sigma Mouse  1/5000  Gt  a-ms 800 (1/5000) 

β-actin Abcam Rabbit  1/5000  Gt  a-rb 640 (1/5000) 

	

2.2.5:	Cellular	scratch	migration	assay		

For	 ‘scratch’	 cellular	 migration	 assays	 cells	 PSCs	 were	 cultured	 for	 three	 days,	

treated	with	4OHT	or	ethanol	vehicle	for	48hrs	and	passaged	at	day	8.	Paired	samples	were	

plated	 at	 100,000	 cells	 per	 well	 in	 a	 24-well	 plate	 (Sigma).	 Once	 cells	 had	 grown	 to	

confluence	two	scratches	were	made	per	well	using	a	sterile	pipette	tip.	Migration	of	cells	

into	 the	 scratch	 was	 monitored	 by	 imaging	 at	 0,	 6,	 12	 and	 24	hours.	 Quantification	 of	

reducing	scratch	area	was	performed	using	ImageJ	software.	

2.2.6:	Extracellular	flux	analysis	

The	oxygen	consumption	rate	(OCR)	and	extracellular	acidification	rate	(ECAR)	of	

cultured	PSCs	was	measured	using	the	Seahorse	XF	Cell	Mito	Stress	Test	kit	(Agilent)	on	a	

Seahorse	XFe96	Analyzer	(Agilent)	according	 to	 the	manufacturer’s	 instructions.	Briefly,	

Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 PSCs	 were	 cultured	 at	 high	 density	 (1	 pituitary/6-well	

plate),	and	on	day	3	 	 treated	with	0.25	μM	4OHT	(Sigma)	dissolved	 in	100%	ethanol	 or	

vehicle	control	for	48	hours,	three	wells	per	condition.	On	day	8,	PSCs	were	passaged	into	a	

Seahorse	 XF96	 Cell	 Culture	 96-well	 microplates.	 100,000	 cells/well	 were	 plated,	 at	 a	

minimum	of	3	biological	replicates	per	experiment	and	10	wells	per	condition,	and	cultured	

for	a	further	48	hours.	The	day	prior	to	analysis	a	sensor	cartridge	was	hydrated	in	Seahorse	

XF	Calibrant	at	37	0C	in	a	non-CO2	incubator.	On	the	day	of	the	assay	(day	10,	7	days	after	

4OHT),	 cultured	 cells	were	washed	 in	PBS	and	 changed	 into	supplemented	Seahorse	XF	

Base	Medium	[Minimal	DMEM	without	phenol	red,	1	mM	pyruvate,	2	mM	glutamine	and		

10	mM	glucose,	(all	Agilent)]	adjusted	to	pH	7.4	and	incubated	for	45-60	minutes	at	37	0C	

in	a	non-CO2	incubator.	Meanwhile	the	sensor	cartridge	was	loaded	with	2	µM	Oligomycin	

(port	 A),	 0.5	µM	 	 4-(trifluoromethoxy)phenylhydrazone	 (FCCP)	 (port	 B)	 and	 0.5	µM	

Rotenone/antimycin	A	(port	C).	After	sensor	cartridge	calibration,	 the	Seahorse	XF	Mito	

Stress	Program	was	run	using	the	wave®	software	package.	The	resulting	measurements	

were	normalized	by	protein	 levels	per	well	 determined	using	 a	 colorimetric	BCA	assay.	

Results	were	exported	into	Graphpad	Prism	7	for	analysis,	and	the	experiment	was	repeated	
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n=4	times.	Key	parameters	of	mitochondrial	respiration	and	glycolysis	were	calculated	as	

in	Figure	2.6.	
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Figure 2.6: Calculation of key parameters of respiration and glycolysis.	A) Illustration of the 5 

complexes of the respiratory transfer chain indicating the point of inhibition of Oligomycin, FCCP and 

Rotanone/Antimycin A which are sequentially added during the Seahorse XF Mito Stress protocol. B) 

Oxygen consumption rate (OCR) over the course of the assay: Basal respiration levels are stopped by 

inhibition of Complex V by addition of Oligomycin, enabling the calculation of ATP production. Addition 

of the mitochondrial uncoupler FCCP  enables transfer of protons across the mitochondrial membrane and 

the calculation of the maximal rate of respiration and spare respiratory capacity. On addition of 

Rotanone/Antimycin A complex I and II are inhibited preventing electrons entering the respiratory transfer 

chain, inhibiting oxidative phosphorylation and enabling calculation of the non-mitochondrial respiration 

rate. C)  Plot of the Extracellular acidification rate (ECAR) over the time course of the assay. ECAR 

measures glycolytic rate, and is the area under the curve under conditions of basal respiration. Upon 

addition of Oligomycin the respiratory transfer chain is inhibited and cells compensate by increasing 

glycolysis enabling the measurement of glycolytic reserve [based on Agilent  Seahorse XF user guides].	

	

	



	

	 	

	 60	

2.3:	Staining	and	microscopy		

2.3.1:	Haematoxylin	and	eosin	staining		

Paraffin-embedded	 sections	 were	 deparaffinised	 in	 Histo-Clear	 (National	

Diagnostic)	for	10		minutes,	rehydrated	through	a	descending	ethanol	series	(100%,	75%,	

50%	and	25%,	in	ddH2O)	for	2	minutes	each	and	left	to	stand	in	water	for	5	minutes.	Slides	

were	 then	stained	 in	0.1%	v/v	Gill’s	 III	Haematoxylin	for	10	 	minutes	before	washing	 in	

running	water	for	5	minutes.	Next	slides	were	stained	in	0.5%	w/v	Eosin	in	95%	Ethanol		

for	2	minutes	and	dehydrated	through	an	Ethanol	series	(25%,	50%,	70%	and	100%,	v/v)	

1	minute	each,	and	left	in	xylene	for	5	minutes.	Slides	were	mounted	in	VectaMountTM	m	

(Vector	Laboratories).	When	staining	cells,	media	was	removed,	cells	were	washed	with	PBS	

and	fixed	with	4%	PFA	for	5	minutes	at	room	temperature.	Following	further	washing	with	

PBS,	cells	were	incubated	with	0.1%	v/v	Gill’s	III	Haematoxylin	for	1-5	minutes.	Cells	were	

then	 rinsed	with	water,	 and	 scanned	using	 a	LI-COR	Odyessy	Scanner	with	Odyssey	2.1	

Software.	Number	of	colonies	per	well	were	counted	blind	using	ImageJ	software.		

2.3.2:	Immunohistochemistry		

Paraffin-embedded	 sections	 were	 deparaffinised	 in	 Histo-Clear	 (National	

Diagnostic)	for	10	minutes,	rehydrated	through	a	descending	ethanol	series	(100%,	75%,	

50%	and	25%,	 in	ddH2O)	 for	 2	minutes	 each	 and	 left	 to	 stand	 in	water	 for	 5	minutes.	

Antigen	retrieval	was	performed	by	heating	slides	in		10	mM	citric	acid	(pH	6.0)	in	ddH2O	

for	12	minutes	in	a	microwave	and	leaving	to	cool	to	room	temperature.	Slides	were	washed	

quickly	in	1X	PBS-T	[0.1%	Triton	X-100	in	1X	PBS]	and	blocked	for	1	hour	with	blocking	

buffer	(BB)	[5%	(v/v)	Normal	Goat	Serum	(Vector	Laboratories)	in	1X	PBS-T]	to	block	non-

specific	binding	of	the	antibodies	to	the	tissue.	Slides	were	incubated	overnight		in	200μl	of	

primary	antibody	in	BB	at	40C	in	a	wet	chamber.	Next,	slides	were	washed	in	PBS-T	for	3x	

10	 minutes	 then	 in	 3%	 hydrogen	 peroxide	 (H2O2;	 Sigma)	 in	 PBS-T,	 in	 order	 to	 block	

endogenous	 peroxidase	 activity.	 Next	 slides	 were	 incubated	 in	 200μl	 of	 biotinylated	

secondary	antibody	in	BB	for	1	hour	at	room	temperature.	Slides	were	again	washed	in	PBS-

T	for	3x	10	minutes	and	then	incubated	for	1	hour	at	room	temperature	in	ABC	solution	[2	

drops	Reagent	A	(Avidin	DH)	and	2	drops	Reagent	B	(Biotinylated	Horseradish	Peroxidase	

H)	in	5	ml	of	1X	PBS]	(Vector	Laboratories).	Next,	DAB	solution	[2	drops	of	Buffer	Solution	

pH	7.5,	 2	drops	of	Hydrogen	Peroxidase	 solution	 and	4	drops	of	DAB	 stock	 solution,	 in	

ddH2O]	was	added	 to	 the	 slides	 and	 left	 until	 staining	 appeared.	 Slides	were	washed	 in	

water	and	counterstained	with	1:3	haematoxylin	(Sigma)	in	ddH2O.	Slides	were	dehydrated	
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through	an	Ethanol	series	(25%,	50%,	75%	&	100%),	2		minutes	each,	and	left	in	Histo-Clear	

(National	Diagnostic)	for	5	minutes	before	mounting	with	VectaMountTM	Mounting	Medium	

(Vector	 Laboratories).	 For	 each	 experiment	 aberrant	 secondary	 antibody	 staining	 was	

checked	by	exclusion	of	the	primary	antibody.	

2.3.3:	Immunofluorescence		

OCT	embedded	sections	were	first	left	to	warm	to	room	temperature	for	15	minutes,	

and	then	briefly	re-fixed	in	4%	paraformaldehyde	for	5	minutes.	Slides	were	washed	for	3x	

10	minutes	 in	1X	 PBS-T	 (0.1%	Triton	 X-100	 in	 1X	 PBS)	 and	 incubated	 for	 1	 hour	with	

blocking	buffer	(BB)	[5%	(v/v)	Normal	Goat	Serum	(Vector	Laboratories)	in	1X	PBS-T]	to	

block	non-specific	antibody	binding.	Slides	were	incubated	in	200µl	of	primary	antibody	in	

BB		for	either	2	hours	at	room	temperature	or	overnight	at	4°C	in	a	dark	wet	chamber.	The	

following	day,	slides	were	washed	for	3x	10	minutes	in	PBS-T	prior	to	addition	of	either	a	

second	 primary	 antibody	 (double	 immunostaining)	 or	 a	 secondary	 antibody	 (single	

immunostaining).	 Secondary	 antibody	 incubations	 were	 conducted	 for	 1hour	 at	 room	

temperature,	for	double	immunostaining	secondary	antibody	incubations	were	conducted	

sequentially,	 each	 time	washing	 for	3x	10	minutes	 in	PBS-T	 to	 remove	excess	 antibody.	

Slides	were	mounted	in	VECTASHIELD®	Mounting	Medium	with	DAPI	(Vectashield)	and	

stored	in	the	dark	at	40C.	For	each	experiment	aberrant	secondary	antibody	staining	was	

checked	by	exclusion	of	the	primary	antibody.	

2.3.4:	Immunocytofluorescence	

Cultured	pituitary	stem	cells	were	used	for	immunocytofluorescence	staining	at	day	

7.	After	removing	 the	media,	cells	were	washed	with	cold	PBS,	 fixed	with	4%	PFA	 for	5	

minutes	at	room	temperature	and	washed	again	with	cold	PBS.	First	cells	were	incubated	

for	1	hour	in	blocking	buffer,	then	sequentially	incubated	for	1	hour	at	room	temperature	

in	 primary	 antibodies,	 gently	 washing	 with	 PBS-T	 to	 remove	 excess	 antibody	 between	

incubations.	 Cells	 were	 then	 incubated	 for	 1	 hour	 at	 room	 temperature	 in	 a	 solution	

containing	 both	 secondary	 antibodies,	 before	 a	 final	 15min	 incubation	 in	 1:5000	 DAPI.	

Stained	cells	were	stored	in	PBS	at	-40C	and	imaged	no	more	than	1	week	after	staining.			
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Table	2.4:	Antibodies	used	for	histological	and	immunofluorescence	staining		

	

Antibody	 Supplier	 Host	 Dilution	 Secondary	Antibody	

		 		 		 IHC	 IF	 ICC	 IHC	 IF	 ICC	

β-catenin			 Sigma	 Mouse	 -	 1/500	 1/100	 -	

Gt	α-ms	

488/568	

(1/300)	

-	

Sox2	 Abcam	 Rabbit	 -	 1/250	 1/500	 -	
Gt	α-rb	488	

(1/300)	

Gt	α-rb	568	

(1/500)	

GFP	 Abcam	 Chicken	 -	 1/100	 -	 -	
Gt	α-ch	488	

(1/200)	
-	

Sox9	 Millipore	 Rabbit	 -	 1/300	 -	 -	
Gt	α-rb	488	

(1/300)	
-	

pMAPK	 Cell	

Signalling	
Rabbit	 1/300	 -	 -	

Gt	α-rb	

biotinylated	

(1/300)		

-	 -	

	

2.3.5:	In	situ	hybridisation	

Sections	were	deparaffinised	 in	Histo-clear	 (National	Diagnostic)	 for	10	minutes	

and	 rehydrated	 through	 a	 decreasing	 Ethanol	 series	 (100%,	 70%,	 50%	 &	 25%)	 for	 2	

minutes	each.	Sections	were	then	fixed	with	4%	PFA	for	20	minutes,	permeabilised	with	

proteinase	K	for	8	minutes,	fixed	again	with	4%	PFA	for	5	minutes	and	finally	incubated	

with	0.1	M	triethanolamine,	0.1%	acetic	anhydride	for	10	minutes.	Slides	were	left	to	dry	at	

room	temperature	and	then	incubated	with	100	ng	of	 the	digoxigenin-labelled	antisense	

probe	 overnight	 at	 65°C.	 Following	 overnight	 hybridisation,	 sections	 were	 sequentially	

washed	 (30	minutes	 each	wash)	 at	 65°C	with	 2X	 Saline-Sodium	Citrate	 for	 30	minutes	

[(20XSSC)	3	M	Sodium	chloride,	0.3	M	Sodium	citrate,	pH=7],	Formamide	in	2.5XSSC	and	

0.2XSSC,	then	left	to	cool	to	room	temperature.	Slides	were	washed	in	Buffer	1	[0.1	M	Tris-

HCl,	0.15	M	Sodium	chloride,	pH	=	7.5]	and	incubated	for	1	hour	in	blocking	buffer	[10%	

fetal	calf	serum	in	Buffer	1]	at	room	temperature.	Slides	were	incubated	overnight	at	4°C	

with	anti-Dig	antibody	(1:1000,	Sigma-Aldrich)	diluted	with	2%	fetal	calf	serum	in	Buffer	1.	

Detection	of	probe	was	achieved	by	colorimetric	reaction	using	4-Nitro	blue	 tetrazolium	

chloride	 solution	 (NBT,	 Sigma-Aldrich)	 and	 5-Bromo-4-chloro-3-indolyl	 phosphate	

disodium	 salt	 (BCIP,	 Sigma-Aldrich).	 Nuclei	 were	 lightly	 counterstained	 with	 1:3	

haematoxylin	 and	 slides	 were	 dehydrated	 through	 an	 Ethanol	 series	 (25%,	 50%,	 70%,	

100%)	 and	 left	 in	 xylene	 for	 5	 	 minutes	 before	 mounting	 in	 VectaMountTM	 (Vector	

Laboratories).	The	following	probes	were	used	for	the	work	presented	in	this	thesis	Ctnnb1,	
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Axin2,	p21,	Fgf8,	Bmp4,	Shh,	Dkk1,	Dkk4	and	Notum.	The	antisense	probes	were	generated	

and	labelled	by	Ms.	Angelica	Gualtieri	and	Dr.	Rachael	Tan.	

2.3.6:	Microscopy	

Images	of	Immunohistochemistry	and	Immunofluorescence	staining	were	acquired	

using	either	a	Leica	DM5500B	microscope	using	a	Leica	DFC	365	FX	camera.	Acquisition	

Parameters	 were	 kept	 consistent	 throughout	 imaging,	 using	 5x,	 10x	 and	 20x	 objective	

lenses.	All	images	were	processed	using	Image	J	(NIH)	and	Adobe	Photoshop	CS6	software	

packages.	
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2.4:	Flow	cytometry		

2.4.1:	Fluorescence	activated	cell-sorting		

	 For	 Fluorescence	 activating	 cell	 sorting	 (FACs)	 experiments	 pituitaries	 were	

dissected	and	digested	in	150	µl	of	Enzyme	mix	[0.5%	w/v	Collagenase,	50	µg/ml	DNase,	

2.5	µg/ml	Fungizone,	trypsin	0.1%	in	Hank’s	Balanced	Salt	Solution	(HBSS)]	on	a	shaking	

heat	block	at	37	0C	5for	≥	2	hours	at	500rpm.	Samples	were	further	dissociated	by	pipetting	

and	500	µl	of	1/5000	DAPI	was		added	for	a	3-minute	incubation	on	ice	to	stain	dead	cells.	

Samples	were	then	centrifuged	at	1500	rpm	for	5	minutes	and	the	supernatant	removed.	

Pellets	were		resuspended	in	0.5	ml	FACs	buffer	[sterile	PBS,	25	mM	HEPES	(Fisher),	1%	

FCS	(Sigma)]	containing	0.5	µl	RNase	inhibitor	(Fisher),	and	transferred	to	flow	cytometry	

tubes.	Samples	were	sorted	directly	into	Trizol®	LS	using	a	BD	FACs	Aria	II	machine	(BD	

bioscience)	 with	 a	 100µm	 nozzle,	 and	 immediately	 frozen	 on	 dry	 ice.	 For	

Sox2CreERT2;RosatdTmt/+	and	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+		cells	the	532	nm	green	laser	was	

used,	for	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	cells	a	488	nm	blue	laser	was	used,	and	for	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	samples	the	lasers	were	used	sequentially.	

Flow	cytometry	gates	used	for	sorting	were	maintained	between	all	experiments.	

2.4.2:	Flow	cytometry	analysis	of	immune	infiltrate		

	 For	flow	cytometry	pituitaries	were	dissected	and	digested	in	150	µl	of	Enzyme	mix	

[0.5%	w/v	 Collagenase,	 50	 µg/ml	 DNase,	 2.5	 µg/ml	 Fungizone,	 trypsin	 0.1%	 in	 Hank’s	

Balanced	Salt	Solution	(HBSS)]	on	a	shaking	heat	block	at	37	0C	5for	≥	2	hours	at	500	rpm.	

Cells	were	washed	with	1ml	sterile	PBS	and	centrifuged	at	1500	rpm	for	5	minutes.	The	

supernatant	was	discarded	before	re-suspending	in	50	µl	of	antibody	mix.	The	antibody	mix	

was	 prepared	 in	 FACS	 buffer	 [0.1%	 v/v	FCS,	 0.025%	1M	HEPES	 in	 PBS].	 Samples	were	

incubated	in	the	dark	at	4	0C	for	20	minutes	before	washing	with	70	µl	of	PBS	at	1500	rpm	

for	5	mins.	Cells	were	re-suspended	in	100	µl	of	fixable	viability	dye	(1:1000	in	PBS)	and	

incubated	 in	 the	 dark	 for	 25	 minutes.	 Cells	 were	 washed	 in	 100	µl	 FACs	 buffer	 by	

centrifuging	at	1500	rpm	for	5	mins.	If	only	extracellular	staining	was	required	cells	were	

then	fixed	by	adding	100	µl	of	Fluorofix	(Biolegend,	422101)	at	room	temperature	for	30	

minutes	 for	 washing	 in	 100	µl	 FACs	 buffer	 centrifuging	 at	 1500	rpm	 for	 5	minutes	 3x.	

Samples	were	finally	re-suspended	in	250	µl	of	FACs	buffer	and	filtered	into	FACs	tubes.	If	

intra-cellular	staining	was	required	samples	underwent	permeabilization	prior	to	fixation	

by	re-suspending	in	100	µl	of	FIX/PERM	BUFFER	(1:3	dilution	in	PBS)	and	incubating	for	

30	minutes.	65	µl	of	perm	buffer	(1:10	PBS)	was	added	to	samples	before	centrifuging	at	
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1500	rpm	for	5	minutes	and	re-suspending	in	intracellular	antibody	mixture	(antibodies	

diluted	in	Perm	buffer)	for	30	minutes.	Cells	were	washed	by	adding	70	µl	Perm	Buffer	and	

centrifuging	at	1500	rpm	for	5	minutes	before	re-suspending	 in	250	µl	Perm	Buffer	and	

filtering	 into	FACs	tubes.	Compensation	 for	 flow	cytometry	was	made	by	diluting	1	µl	of	

each	 antibody	 in	 100	µl	 of	 ultrabead	 solution	 (1	 drop	 per	 300	 µl	 FACS	 buffer).	 Flow	

cytometry	was	performed	within	48	hours	of	sample	preparation	on	a	BD	Fortessa	LSR™	

machine.	Analysis	was	performed	using	FlowJo™.	

	

Table	2.5:	Antibody	panel	for	FACs	analysis	of	the	immune	infiltrate			

	

Antibody	 Fluorochrome	 Host	Species	 Supplier	 Dilution		

CD3	 PerCp-cy5.5	 Mouse	 Biolegend	 	1/400	

CD45	 BV650	 Mouse	 Biolegend	 	1/200	

MerTK	 Apc	 Mouse	 Biolegend	 	1/800	

CD64	 PE/Dazzle	 Mouse	 Biolegend	 	1/400	

CD206	 PeCy7	 Mouse	 Biolegend	 	1/400	

Viability	 eFluo450	 Mouse	 Invitrogen	 	1/1000	
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2.5:	RNAseq	and	bioinformatic	analysis		

2.5.1:	RNA	extraction	

	 RNA	extraction	 from	FAC-sorted	 cells	was	 carried	out	using	TRIzol®	LS	 (Fisher)	

according	to	manufacturer’s	instructions.	Briefly,	0.2	ml	of	chloroform	per	0.75	ml	TRIzol®	

LS	was	added,	samples	were	shaken	and	incubated	at	room	temperature	for	15	minutes.	

Next,	samples	centrifuged	at	12,000	rpm	for	30	minutes	and	the	aqueous	phase	(containing	

RNA)	was	removed.	10	μg	RNAse-free	glycogen	(Fisher)	was	added	as	a	carrier	and	then	

0.5	ml	 of	 isopropanol	 per	0.75	ml	 TRIzol®	LS	was	 added	and	 incubated	 for	 10	minutes.	

Samples	 were	 centrifuged	 at	 12,000rpm	 for	 30	 minutes	 and	 the	 supernatant	 removed	

leaving	 the	 RNA	 pellet.	 RNA	 pellets	 were	 washed	 twice	 with	 1	ml	 of	 75%	 Ethanol	 and	

centrifuged	at	7500	rpm	for	5	minutes	at	4	0C.	Pellets	were	then	air-dried	and	re-suspended	

in	12	μl	of	RNAse-free	water	and	sent	for	quality	control	using	an	Agilent	2100	Bioanlyser.	

Those	samples	with	an	RNA	integrity	value	≥	7.5	were	kept	for	downstream	analysis	

2.5.2:	cDNA	library	preparation	and	sequencing		

Samples	were	sent	to	the	Oxford	Genomics	Centre	facility	at	the	Wellcome	Centre	

for	 Human	 Genetics	 for	 cDNA	 library	 preparation	 and	 	 RNA	 sequencing.	 cDNA	 library	

preparation	was	 	 carried	out	 on	10	μl	RNA	 samples	using	 the	 SMARTer®	Universal	 Low	

Input	RNA	Kit	(Clontech).	Samples	were	multiplexed	and	sequenced	across	3	lanes	of	an	

Illumina	HiSeq4000	 sequencer	 generating	~240million	75bp	paired	 end	 reads	per	 lane.	

This	strategy	has	the	advantage	of	removing	any	potential	lane	effect,	and	after	the	pooled	

samples	are	sequenced	over	 the	 first	 lane	 the	yield	of	data	per	sample	 is	quantified	and	

quality	checked	by	a	BWA-MEM	alignment	(Li	&	Durbin,	2009).	If	necessary,	samples	can	be	

re-pooled	 before	 sequencing	 the	 last	 2	 lanes.	 For	 the	 embryonic	 ACP	 transcriptomic	

experiment,	some	of	the	samples	with	the	lowest	input	RNA	had	a	reduced	percentage	of	

aligning	reads	after	analysis	of	results	from	the	first	lane.	Consequently,	samples	were	re-

pooled	to	maximize	the	number	of	usable	reads	generated	from	the	lowest	input	samples	

(final	mean	of		18	million	aligned	reads	for	the	low	input	samples).		

2.5.3:	Sample	pre-processing	and	alignment		

Raw	reads	were	provided	in	fastq	format	[text	file	of	read	sequences	with	quality	

(Phred)	scores],	and	data	from	each	lane	was	concatenated	before	data	was	quality	checked	

using	 FastQC	 (Andrews,	 2010).	 Broadly	 speaking,	 samples	 were	 of	 very	 high	 quality,	
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however,	 in	some	cases	 the	second	of	 the	paired	 fastq	 files	showed	some	contamination	

with	the	SMARTer®		adaptor	sequence	(AAGCAGTGGTATCAACGCAGAGTAC)	used	in	cDNA	

library	preparation.	Therefore	Trimmomatic	was	used	to	remove	adaptor	sequences	and	

trim	any	low	quality	bases	from	the	ends	of	reads		(Bolger	et	al.,	2014).	FastQC	was	again	

used	to	analyze	the	improvement	in	fastq	file	quality	achieved	by	trimming.		Paired	reads	

were	 aligned	 to	 the	 GRCm38	 reference	 genome	 using	Hisat2	 (hierarchical	 indexing	 for	

spliced	alignment	of	transcripts	2)	(Kim	et	al.,	2015),	loosing	following	a	published	methods	

protocol	(Pertea	et	al.,	2016).	Single	reads,	whose	partners	did	not	survive	trimming	were	

also	aligned	using	Hisat2	and	the	final	bam	files	[binary	sequence	alignment	maps]	were	

merged	 for	 downstream	 analysis.	 In	 all	 cases	 sample	 pre-processing	 improved	 the	

percentage	of	aligning	reads.	Trimming	and	alignment	statistics	are	available	in	Appendix	

II	of	this	thesis.	To	ensure	the	reproducibility	of	results	a	second	analysis	pipeline	was	used	

in	which	Kallisto	was	used	 to	pseudoalign	reads	 to	 the	GRCm38.genome.fa	 full	 reference	

transcriptome	 (Bray	 et	 al.,	 2016).	 Downstream	 differential	 expression	 analysis	 in	 R	

produced	analogous	results	using	both	alignment	strategies.		

2.5.4:	In	silico	genotyping	of	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	mice	

	 A	 cDNA	 sequence	 for	 the	mouse-human	hybrid	BrafV600E	 allele	was	not	available	

(Dankort	et	al.,	2007).	I	therefore	downloaded	the	sequences	from	exons	1-14	of	the	mouse	

cDNA	 sequences	 from	mouse	 (ENSMUSG00000002413)	 and	 exons	 15-18	 of	 the	 human	

cDNA	sequence	(ENSG00000157764)	and	manually	created	a	hybrid	recombined	BrafV600E	

allele	 cDNA	 sequence	 (Zerbino	 et	 al.,	 2018).	Kallisto	 was	 used	 to	 create	 a	 small	 custom	

reference	cDNA	library	consisting	of	the	WT/Floxed	Mouse	Braf	 cDNA	sequence	and	the	

mouse-human	 hybrid	 recombined	 	 BrafV600E	 sequence.	 Next	 Sox2CreERT2/+;BrafV600E/+;	

RosatdTmt/+	and	Sox2CreERT2/+;RosatdTmt/+	 control	samples	were	pseudoaligned	to	our	custom	

reference.	(Bray	et	al.,	2016),	and	the	percentage	of	total	Braf	aligning	reads	that	aligned	to	

each	allele	was	calculated.		

2.5.5:	Differential	gene	expression	analysis		

Bam	 alignment	 files	 produced	 by	 Hisat2	 were	 imported	 into	 R	 and	 the	

GenomicFeatures	and	GenomicAlignments	Bioconductor	R	packages	were	used	to	generate	

a	DEseq2	object	 	using	a	GRCm38.gtf	reference	(Aboyoun	et	al.,	2013).	Alternatively	files	

generated	 from	 Kallisto	 pseudoalignments	 were	 imported	 into	 R	 using	 the	 Tximport	

package	 and	 converted	 into	 a	 DESeq2	 object	 (Soneson	 et	 al.,	 2019).	 Differential	 gene	

expression	 analysis	 was	 performed	 with	 the	 Bioconductor	 R	 package	 DESeq2,	 which	



	

	 	

	 68	

provides	methods	to	test	for	differential	expression	by	use	of	negative	binomial	generalized	

linear	models	 to	 estimate	 technical	and	biological	variability	 (Love	 et	 al.,	 2014).	Results	

tables	were	then	annotated,	and	exported	for	further	analysis	and	the	R	packages	gplots	and	

ggplots2	were	used	to	generate	plots	(Wickham,	2016).	A	representative	R	script	is	included	

in	Appendix	I.	

2.5.6:	Gene	set	enrichment	analysis	

The	Gene	set	enrichment	analysis	(GSEA)	software	v2.0	(Subramanian	et	al.,	2005)	

was	 used	 to	 perform	 the	 GSEA	 analysis.	 Gene	 lists	 ranked	 by	 expression	 fold-change	

calculated	in	DESeq2	were	used	as	inputs	and	for	the	analysis	of	each	dataset	enrichment	of	

the	Hallmark	gene	sets	downloaded	from	the	Molecular	Signatures	Database	(Liberzon	et	

al.,	 2011)	 was	 calculated	 using	 the	 pre-Ranked	 gene	 list	 default	 parameters	 with	

permutations	 set	 to	 10,000.	 In	 contrast	 to	 many	 techniques	 GSEA,	 employs	 an	 FDR	

significance	 threshold	 of	 25%	 which	 is	 reasonable	 for	 exploratory	 analysis	 generating	

hypotheses	for	further	validation.	Given	the	lack	of	coherence	in	most	expression	datasets	

a	 more	 stringent	 FDR	 cut-off	 may	 lead	 potentially	 significant	 results	 to	 be	 overlooked	

(http://software.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html?Interpreting_G

SEA).	

2.5.7:	Gene	ontology	enrichment	and	protein-protein	interaction	networks	

The	online	version	of	the	String-DB	tool	was	used	to	evaluate	potential	interactions	

between	 differentially	 expressed	 genes	 and	 produce	 a	 protein-protein	 interaction	 (PPI)	

network	 (Szklarczyk	 et	 al.,	 2017).	 String-DB	 builds	 interaction	 networks	 based	 on	 an	

extensive	database	of		known	and	predicted	interactions	(physical	&	functional)	between	

proteins.	 In	 each	 case	 the	 significantly	 differentially	 expressed	 gene	 list	 (q<0.1)	 was	

uploaded	and	gene	ontology	(GO)	term	enrichments	were	calculated	using	connected	genes	

in	PPI	as	the		target	list	and	the	full	M.musculus	gene	list	as	background	list.	For	plots	line	

thickness	 indicates	 confidence	 in	 the	 interaction	 (minimum	 interaction	 score	 =	 0.700),	

disconnected	nodes	are	hidden,	and	the	network	is	coloured	according	to	those	proteins	

associated	with	GO	terms	of	interest.	In	parallel	GO	enrichments	were	also	calculated	via	an	

alternative	approach	using	a	single	ranked	gene	list	and	the	TopGO:	Enrichment	Analysis	

for	Gene	Ontology	R	package	(Alexa	et	al.,	2016).	
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2.5.8:	Kegg-term	enrichment	analysis	and	visualization		

The	Kyoto	Encyclopaedia	of	Genes	and	Genomes	(kegg)	database	is	resource	used	

for	 identifying	 biological	 function	 from	 large	 scale	 molecular	 datasets	 generated	 by	

sequencing	 (Kanehisa	 et	 al.,	 2017).	 	 Kegg	 term	 enrichments	 within	 the	 differentially	

expressed	gene	lists	were	analysed	using	Generally	Applicable	Gene	set	Enrichments	(gage)	

(Luo	 et	 al.,	 2009).	 I	 then	 used	 the	 R	 package	 Pathview	 to	 download	 a	 vector	 map	 of	

significantly	 enriched	 (q-value	 <0.05)	 	 Kegg	 pathway	 Arachidonic	 Acid	 Metabolism	

(mmu04110),	map	the	gene	list	fold	change	data	to	the	pathway,	and	render	pathway	graph	

with	the	mapped	data	(Luo	&	Brouwer,	2013).	

2.5.9:	 Transcription	 factor	 binding	 motif	 enrichment	 and	 gene	 regulatory	

network	modelling	

RcisTarget		(Aibar	et	al.		2016;	Aibar	et	al.,	2017)	was	used	to	identify	transcription	

factor	 binding	 motifs	 (TFBM)-enrichment	 within	 the	 differentially	 expressed	 gene	 lists	

produced	by	RNAseq.	Briefly,	enriched	DNA	motifs	over-represented	in	the	surroundings	of	

the	transcription	start	site	of	the	genes	(-500bps	to	+100bps)		of	the	gene	set	are	identified	

using	 a	 recovery-based	method	 on	a	database	 that	 contains	 genome-wide	 cross-species	

rankings	 for	 each	motif:	 (http://pyscenic.aertslab.org/databases/mm9-500bp-upstream-

7species.mc9nr.feather).	The	enriched	motifs	 that	are	 	annotated	 to	 their	corresponding	

Transcription	factors	and	achieve	a	normalized	enrichment	score	(NES)	>	3.0	are	retained.	

Next,	for	each	motif,	RcisTarget	predicts	candidate	target	genes	ranked	above	the	leading	

edge	 (i.e.	 Those	 genes	 that	 harbour	 the	 enriched	 motifs	 in	 their	 promoters).	 A	 Gene	

Regulatory	Network	(GRN)	was	then	generated	using	GENIE3		(Aibar	et	al.,	2017;	Huynh-

thu	et	al.,	2010)	to	model	putative	regulatory	relationships	between	transcription	factors	

identified	 by	 TFBM-enrichment	 and	 the	 differentially	 regulated	 genes.	 GENIE3	 trains	

random	forest	models	predicting	the	expression	of	each	gene	in	the	data	set	and	uses	as	

input	 the	 expression	of	 the	 transcription	 factors.	The	different	models	 are	 then	used	 to	

derive	weights	for	the	transcription	factor-gene	links,	measuring	their	respective	relevance	

for	 the	 prediction	 of	 the	 expression	 of	 each	 target	 gene.	 The	 highest	 weights	 can	 be	

translated	into	Transcription	Factor-target	regulatory	links.	
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Figure 2.7: Summary bioinformatic pipeline used for RNAseq analysis.	Library preparation was carried 

out using a SMARTer® Universal Low Input RNA Kit. Multiplexed samples were sequenced on an 

Illumina HiSeq4000 sequencer generating. Raw reads were quality checked using FastQC and trimmed 

accordingly using the Trimmomatic algorithm. Two contrasting approaches were used to align the trimmed 

reads; Hisat2 was used to align reads to the GRCm38 reference genome and pseudoalignment of reads to 

the GRCm38 cDNA reference transcriptome was conducted using kallisto. Statistical analysis was 

conducted in R using DEseq2 on aligned reads from Hisat2 and using EdgeR for reads aligned with kallisto. 

String-DB was used to generate protein-protein interaction plots and Gene Ontology enrichments were 

performed using String-DB and TopGO. Gage was used to identify enriched Kegg terms and Pathview was 

used to visualise the changes in expression of cell cycle genes  
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2.6:	 Lipidomic	 analysis	 by	 liquid	 chromatography	 with	

tandem	mass	spectrometry	

Pregnant	 dams	 were	 tamoxifen	 induced	 at	 E12.5	 and	 E13.5,	 and	 Sox2CreERT2/+;	

Ctnnb1lox(ex3)/+;RosatdTmt/+	 and	 Wild-type	 littermates	 embryos	 were	 culled	 at	 E18.5	 for	

primary	PSC	culture.	Conditioned	cell	culture	media	was	harvested	from	D7		primary	PSC	

cultures	 and	 immediately	 snap-frozen	 at	 stored	 at	 -80	0C.	 Samples	 were	 sent	 to	 our	

collaborator	Dr.	Nicholas	Cenac	as	the	INSERM	Institute	(Toulouse,	France)	to	assess	the	

levels	 of	 secreted	 lipid	 mediators	 by	 Liquid	 chromatography	 with	 tandem	 mass	

spectrometry	(LC/MS-MS).	The	following	lipid	mediators	were	quantified	during	analysis:	

6-keto-prostaglandin	F1α	(6kPGF1α),	thromboxane	B2	(TXB2),	prostaglandin	E2	(PGE2),	

prostaglandin	D2	 (PGD2),	 15-deoxy-Δ12,14-Prostaglandin	 J2	 (15d-PGJ2),	 leukotriene	B4	

(LTB4),	leukotriene	B4	deuterated	(LTB4-d4),	15-hydroxyeicosatetraenoic	acid	(15-HETE)	

and	12-HETE,	8-HETE,	5-HETE,	5-HETE-d8,	8,9-EET,	5,6-EET.	In	each	case	standards	were	

purchased	 from	 Cayman	 Chemicals	 (Ann	 Arbor,	 MI,	 USA).	 Samples	 were	 processed	

following	Dr	Cenac’s	protocol	(Le	Faouder	et	al.,	2013),	which	is	reproduced	below.	

2.6.1:	Lipid	extraction	from	PSC	conditioned	culture	media		

	Cell	media	samples	were	collected,	completed	to	2	ml	total	voulme	in	ddH2O	and	

submitted	to	solid-phase	extraction	using	HRX-50	mg	96-well	(Macherey	Nagel,	Hoerd,	86	

France).	Briefly,	the	plate	was	conditioned	by	successive	washing	with	2	ml	methanol	and	

2	ml	H2O/methanol	at	a	ratio	9:1.	Samples	were	 loaded	at	 flow	rate	of	0.1ml/min.	After	

complete	loading,	the	plate	was	washed	with	2	ml	H2O/methanol	(9:1).	After	drying	under	

aspiration,	lipid	mediators	were	eluted	with	2	ml	methanol.	Solvent	was	evaporated	under	

nitrogen	and	samples	were	dissolved	with	methanol	and	stored	at	 -80	°C	 for	LC/MS-MS	

measurements.		

2.6.2:	Liquid	chromatography/tandem	mass	spectrometry	measurements		

To	 simultaneously	 separate	 lipids	 of	 interest	 and	2	 deuterated	 internal	 controls	

[6kPGF1α,	TXB2,	PGD2,	PGE2,	8-isoPGA2,	PGE3,	15d-PGJ2,	LTB4,	LTB4-d4,	15-HETE,	12-

HETE,	 8-HETE,	 5-HETE,	 5-HETE-d8,	 8,9-EET	 and	 5,6-EET],	 LC-MS/MS	 analysis	 was	

performed	on		an	UHPLC	system	(Agilent	LC1290	Infinity)	coupled	to	an	Agilent	6460	triple	

quadrupole	MS	(Agilent	Technologies)	equipped	with	electro-spray	ionization	operating	in	

negative	mode.	Reverse-phase	UHPLC	was	performed	using	a	ZorBAX	SB-C18	column	(2.1	

mm,	50	mm,	1.8	μm)	 (Agilent	Technologies)	with	a	 gradient	 elution.	The	mobile	phases	
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consisted	of	water,	acetonitrile	(ACN)	and	formic	acid	(FA)	(75:25:0.1;v/v/v)	(A)	and	ACN,	

FA	(100:0.1,	v/v)	(B).	The	linear	gradient	was	as	follows:	0%	B	at	0	minutes,	85%	B	at	8.5	

minutes,	100%	B	at	9.5	minutes,	100%	B	at	10.5	minutes	and	0%	B	at	12	minutes.	The	flow	

rate	was	0.35	ml/minute.	The	autosampler	was	set	at	5	°C	and	the	injection	volume	was	5	

mls.	 Data	 were	 acquired	 in	Multiple	 Reaction	Monitoring	 (MRM)	mode	with	 optimized	

conditions	(ion	optics	and	collision	energy).	Peak	detection,	 integration	and	quantitative	

analysis	 were	 done	 using	 Mass	 Hunter	 Quantitative	 analysis	 software	 (Agilent	

Technologies).	 For	 each	 standard,	 calibration	 curves	 were	 built	 using	 10	 solutions	 at	

concentrations	ranging	from	0.95	ng/ml	to	500	ng/ml.	A	linear	regression	with	a	weight	

factor	of	1/X	was	applied	for	each	compound.	The	limit	of	detection	(LOD)	and	the	limit	of	

quantification	(LOQ)	were	determined	 for	 the	14	 compounds	using	signal	 to	noise	 ratio	

(S/N).	The	LOD	corresponded	to	the	lowest	concentration	leading	to	a	signal	to	noise	over	

3	and	LOQ	87	corresponded	to	the	lowest	concentration	leading	to	a	signal	to	noise	over	5.	

All	values	under	the	LOQ	were	not	considered.	Importantly,	blank	samples	were	evaluated,	

and	 their	 injection	 showed	 no	 interference	 (no	 peak	 detected),	 during	 the	 analysis.	

Polyunsaturated	Fatty	Acid	(PUFA)	metabolite	quantities	were	transformed	to	z-scores	and	

clustered	based	on	1-Pearson	correlation	coefficient	as	distance	and	the	Ward	algorithm	as	

agglomeration	criterion.	
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Chapter	3:	The	transcriptional	

signature	of	Wnt/β-catenin	

responsive	pituitary	cells.	
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3.1:	Introduction		

	 Gaston-Massuet	et	al.	first	showed	that	expression	of	oncogenic	β-catenin	in	Hesx1-

expressing	murine	pituitary	progenitor	cells	led	to	the	development	of	ACP	tumours	that	

closely	resemble	the	histological	and	molecular	features	of	human	ACP	tumours.	In	contrast,	

expression	of	oncogenic	β-catenin	in	differentiated	or	fate	committed	pituitary	cells	using	

several	different	Cre	reporter	 lines	(Gh:Cre,	Pit1:Cre,	Prl:Cre	and	Acth:Cre)	did	not	elicit	

tumour	 formation,	 which	 indicates	 that	 oncogenic	 β-catenin	 is	 only	 able	 to	 transform	

undifferentiated	 progenitor	 cells	 (Gaston-Massuet	 et	 al.,	 2011).	 Moreover,	 this	 work	

showed	 expression	 of	 oncogenic	 β-catenin	 in	 PSCs	 induces	 the	 formation	 of	 β-catenin	

clusters	which	express	the	stemness	marker	Sox2	and	were	surrounded	by	Sox9	expressing	

cells	(Gaston-Massuet	et	al.,	2011).	The	presence	of	stemness	markers	(Sox2,	Sox9,	Oct4,	

Klf4)	 has	 also	 been	 identified	 in	 human	 ACP	 tumours	 (Garcia-Lavandeira	 et	 al.,	 2017;	

Gaston-Massuet	et	al.,	2011).	Subsequent	work	using	a	cell	 lineage	tracing	approach	and	

Sox2CreERT2	driven	expression	of	oncogenic	β-catenin	showed	that	transformed	Sox2-positive	

cells	formed	lineage	traced	stem	cell	clusters	with	accumulated	β-catenin	that	were	vital	to	

tumourigenesis.	Surprisingly,	analysis	at	later	stages	revealed	that	the	bulk	of	the	tumour	

mass	was	negative	for	the	YFP	lineage	tracer,	which	led	to	the	proposal	of	a	paracrine	model	

of	tumourigenesis	whereby	PSCs	transformed	by	β-catenin	form	clusters	of	cells	that	act	as	

signalling	hubs	and	secrete	paracrine	factors	to	effect	the	transformation	of	neighbouring	

cells	 (Fig.	 1.8;	 Andoniadou	 et	 al.,	 2013;	 Gonzalez-meljem	 et	 al.,	 2017).	 This	 paracrine	

mechanism	 of	 ACP	 tumourigenesis	 was	 further	 explained	 in	 a	 recently	 published	

transcriptomic	study	 that	described	 the	acquisition	of	a	senescence	associated	secretory	

phenotype	(SSAP)	of	transformed	β-catenin	positive	stem	cell	clusters	(β-catenin	clusters)	

and	many	secreted	factors	likely	to	contribute	to	the	transformation	of	neighbouring	cells	

(Gonzalez-meljem	et	al.,	2017).	A	parallel	study	showed		the	gene	expression	similarities	

between	β-catenin	clusters	and	the	enamel	knot,	a	developmental	signalling	hub	important	

for	 tooth	 development,	 and	 identified	 the	 MAPK-signalling	 pathway	 as	 a	 potential	

therapeutic	target	for	ACP	(Apps	et	al.,	2018).		

Despite	 these	 recent	 advances,	 much	 remains	 unknown	 about	 the	 molecular	

aetiology	 of	 ACP.	Mouse	models	 of	 ACP	 have	 shown	 that	 only	 a	 subpopulation	 of	 PSCs	

undergo	 transformation	and	 form	tumour	 initiating	β-catenin	clusters.	 Importantly,	why	

the	remaining	Sox2-positive	cells	are	refractory	to	transformation	by	oncogenic	β-catenin	

remains	 elusive.	 Furthermore,	 transcriptomic	 studies	 performed	 to	 date	 have	 been	

conducted	on	advanced	stage	ACP	tumours	(Apps	et	al.,	2018;	Gonzalez-meljem	et	al.,	2017;	

Gump	et	al.,	2015)	and	comparatively	little	is	known	about	the	important	transcriptomic	
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events	that	occur	during	early	tumourigenesis	soon	after	oncogene	activation.	It	is	therefore	

important	 to	 the	 field	 to	 understand	 the	 heterogenous	 response	 to	 oncogenic	β-catenin	

activation	observed	between	PSC	subpopulations	and	investigate	the	earliest	stages	of	ACP	

tumourigenesis.		

In	 this	chapter	 I	attempt	 to	 investigate	 the	 transcriptomic	events	downstream	of	

oncogenic	β-catenin	activation	in	PSCs	during	early	ACP	tumourigenesis.	First,	Sox2CreERT2/+;	

Ctnnb1lox(ex3)/+;Lef-1:GFP	 ACP-Wnt/β-catenin	 reporter	 mice	 were	 used	 to	 	 isolate	 a	

subpopulation	of	pituitary	cells	with	elevated	levels	of	Wnt/β-catenin	signalling,	and	RNA-

sequencing	 (RNAseq)	 was	 performed	 using	 PSCs	 from	 Sox2CreERT2/+;RosatdTmt/+	 mice	 as	

controls.	 Unfortunately,	 subsequent	 investigations	 with	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;	

RosatdTmt/+	ACP-lineage	 tracing	mice	 called	 into	 question	 the	 efficiency	 of	 recombination	

achieved	 at	 the	 Ctnnb1lox(ex3)	 locus,	 and	 the	 validity	 of	 the	 transcriptomic	 analysis	 as	 an	

assessment	 of	 early	 ACP	 tumourigenesis.	 Regardless,	 of	 these	 limitations	 the	 results	

presented	here	represent	valuable	information	about	those	genes	and	pathways	regulated	

by	Wnt/β-catenin	signalling	in	the	pituitary,	and	which	therefore	may	play	a	role	in	ACP	

tumourigenesis.	Furthermore,	 the	results	presented	herein	provide	 the	preliminary	data	

that	prompted	the	successful	refinement	of	the	ACP	models	used	which	facilitated	the	PSC-

subpopulation	specific	 transcriptomic	analysis	of	early	ACP	tumourigenesis	presented	 in	

Chapters	4	and	5.	
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3.2:	Results	

3.2.1:	Transgenic	mouse	models	of	Adamantinomatous	Craniopharyngioma	

In	 order	 to	 investigate	 the	 transcriptional	 changes	 induced	 by	 activation	 of	

oncogenic	 β-catenin	 I	 adopted	 a	 transgenic	 approach	 using	 three	 different	 inducible	

transgenic	mouse	models.	For	a	control,	Sox2CreERT2/+;RosatdTmt/+	mice	were	generated	(Fig.	

3.1	A)	by	crossing	mice	heterozygous	for	Sox2CreERT2	-	a	tamoxifen	inducible	Cre	recombinase	

expressed	from	endogenous	Sox2	regulatory	elements	(Fig.	3.1	D;	Arnold	et	al.	2011)	–	with	

mice	homozygous	for	the	RosatdTmt	allele	(Fig.	3.1	E;	Madisen	et	al.,	2009).	The	RosatdTmt	allele	

encodes	 a	 red	 fluorescent	 protein,	 tdTmt,	 silenced	 by	 a	 loxP-flanked	STOP	 cassette	 and	

expressed	 from	 p-CAG	 promoter	 at	 the	 ubiquitously	 expressed	 ROSA26	 locus.	 Upon	

tamoxifen	induction	in	Sox2CreERT2/+;RosatdTmt/+	mice,	Cre	is	able	to	translocate	to	the	nucleus	

whereupon	 recombination	 results	 in	 the	 excision	 of	 the	 STOP	 cassette	 and	 constitutive	

expression	of	tdTmt	in	Sox2-positive	PSCs	and	their	progeny.	Two	different	transgenic	lines	

were	used	as	models	for	Apc,	each	of	which	incorporates	an	inducible	allele	encoding	an	

oncogenic	β-catenin;	Ctnnb1lox(ex3)	(Harada	et	al.,	1999).	This	genetic	model	of	oncogenic	β-

catenin	has	exon	3	–	encoding	the	protein’s	regulatory	phosphorylation	sites	-	flanked	by	

loxP	sites.	Cre-mediated	recombination	results	in	a	gene	encoding	a	degradation-resistant	

β-catenin	 protein	 (hereafter	 referred	 to	 as	 oncogenic	 β-catenin)	 with	 absent	

serine/threonine	regulatory	phosphorylation	sites	(Fig.	3.1	F;	Harada	et	al.,	1999).	The	ACP-

Wnt/β-catenin	 reporter	 model	 incorporates	 the	 Lef-1:GFP	 transgene	 that	 encodes	 a	

histone-tagged	 GFP	 protein	 downstream	 of	 six	 Lef-1/Tcf	 sites,	 that	 is	 expressed	

proportionally	to	the	level	of	canonical	Wnt/β-catenin	signalling	(Fig.	3.1	G;	Ferrer-Vaquer	

et	 al.,	 2010).	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	 mice	 were	 generated	 by	 crossing	

Sox2CreERT2/+;Lef-1:GFP	mice	with	Ctnnb1lox(ex3)/lox(ex3)	homozygotes	(Fig.	3.1	B).	The	model	is	

designed	such	that	tamoxifen	induction	leads	to	the	accumulation	of	oncogenic	β-catenin	in	

a	subpopulation	of	Sox2-positive	PSCs,	which	upon	translocation	to	the	nucleus,	induces	the	

expression	 of	 the	 GFP	 reporter.	 The	 ACP-lineage	 tracing	 model	 replaces	 the	 Lef-1:GFP	

reporter	gene	with	the	RosatdTmt	fluorescent	tag,	and	is	generated	by	crossing	Sox2CreERT2/+	

mice	 with	 Ctnnb1lox(ex3)/lox(ex3);RosatdTmt/tdTmt	 double	 homozygotes	 to	 produce	 Sox2CreERT2/+;	

Ctnnb1lox(ex3)/+;RosatdTmt/+	mice	(Fig.	3.1	C).	Upon	induction	of	the	ACP-lineage	tracing	model	

oncogenic	β-catenin	and	tdTmt	are	co-expressed	in	Sox2-positive	PSCs.	
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Figure 3.1: Transgenic mouse breeding schemes and mutant allele schematics. A) B) & C) show the 

breeding schemes used to generate Sox2CreERT2/+;RosatdTmt/+ control mice, Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-

1:GFP ACP-Wnt/β-catenin reporter mice, and Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ ACP-lineage tracing 

mice. D) The Sox2CreERT2 allele which encodes a tamoxifen inducible Cre recombinase fusion protein 

downstream of the endogenous Sox2 promoter. E) The RosatdTmt allele which has a p-CAG promoter 

silenced by a loxP-flanked STOP cassette preceding the tdTmt gene. F) The Ctnnb1lox(ex3) which has exon3 

(the site of regulatory phosphorylation) flanked by loxP sites. G) The Lef-1:GFP Wnt/β-catenin reporter 

transgene which has 6 Lef/Tcf binding sites in its promoter driving expression of a histone-tagged GFP.  
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Establishing	 a	 robust	 tamoxifen	 induction	 protocol	 is	 an	 important	 aspect	 of	

designing	 experiments	 using	 the	 Cre-loxP	 transgenic	 system.	 A	 number	 of	 different	

induction	procedures	have	been	sucessful	performed	using	the	genetic	constructs	 in	our	

transgenic	models:	Arnold	et	al	used	4	consectuive	daily	injections	of	2	mg	tamoifen	(Arnold	

et	al.,	2011),	Andoniadou	et	al.	used	0.15	mg/g/ms	tamoxifen	over	2	consecutive	days	for	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+	mice	and	over	3	consecutive	days	for	Sox2CreERT2/+;RosaYFP/+	mice	

(Andoniadou	et	 al.,	 2013)	and	Rizzoti	 et	al.	 used	3-5	days	of	 5mg/25g/ms	tamoxifen	 to	

induce	 Sox2CreERT2/+;R26REYFP/+	 mice	 (Rizzoti	 et	 al.,	 2013).	 Given	 the	 variability	 in	 the	

induction	protocols	reported	in	the	literature	a	tamoxifen	titration	was	performed	to	test	

recombination	efficiency	at	the	RosatdTmt	locus	in	Sox2-positive	PSCs.	Sox2CreERT2/+;RosatdTmt/+	

mice	 were	 induced	 with	 varying	 concentrations	 of	 tamoxifen	 adminsitered	 by	

intraperitoneal	injection	over	 two	 consecutive	days.	A	week	 later,	 pituitary	 cryosections	

were	 stained	 with	 DAPI	 and	 examined	 for	 tdTmt	 expression,	 which	 does	 not	 require	

staining	 for	 fluorescence	 visualization	 in	 cryosections	 	 (Fig.	 3.2).	 As	 expected,	 a	 dose	

dependent	 relationship	 between	 the	 concentration	 of	 tamoxifen	 administered	 and	 the	

degree	 of	 tdTmt	 fluorescence	 was	 observed.	 Furthermore,	 tdTmt	 fluorescence	 was	

predominantly	seen	in	the	marginal	zone	lining	the	cleft	and	in	cells	dispersed	through	the	

anterior	pituitary	parenchyma	which	resembles	the	known	staining	pattern	for	Sox2	and	

the	location	of	PSCs.	Given	my	plan	to	use	the	tdTmt	fluorescence	to	isolate	Sox2-positive	

PSCs	the	highest	tamoxifen	dosage,	0.2	mg/g/ms,	was	chosen	to	maximize	recombination	

efficiency.	 Unless	 otherwise	 stated.	 this	 concentration	 was	 used	 for	 all	 subsequent	

experiments	presented	in	this	thesis	

Next,	Sox2CreERT2/+;RosatdTmt/+	control	mice	and	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	

ACP-Wnt/β-catenin	reporter	mice	were	induced	at	4	weeks	and	pituitaries	were	taken	1	

week	 post	 induction	 for	 model	 validation	 by	 immunofluorescence.	 Cryosections	 from	

Sox2CreERT2/+;RosatdTmt/+	mice	 were	 stained	 for	 Sox2,	 which	 corresponded	 to	 the	 known	

expression	pattern,	along	the	surface	of	cleft	in	the	MZ	and	dispersed	through	the	AL	(Fig.	

3.3	 A).	 As	 anticipated	 this	 expression	 pattern	 was	 closely	 mirrored	 by	 the	 tdTmt	

fluorescence	and	there	was	a	high	degree	of	colocalisation	of	tdTmt	and	Sox2,	both	at	the	

marginal	zone	and	in	the	anterior	pituitary.	This	result	suggests	that	tdTmt	can	reliably	be	

used	 a	 marker	 of	 Sox2-positive	 stem	 cells.	 Next,	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	

sections	were	stained	for	Sox2	and	the	histone-tagged	GFP,	that	functions	as	the	Wnt/β-

catenin	 signalling	 reporter	 	 (Fig.	 3.3	 B).	 Colocalisation	 of	 Sox2	 and	 GFP	was	 observed,	

particularly	 in	 the	MZ	 (arrows).	 However,	 unlike	 tdTmt,	which	 is	 restricted	 to	 PSCs	 by	

Sox2CrERT2	 recombination,	Lef-1:GFP	 is	a	transgene	construct	present	in	all	 cells,	and	cells	
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that	 were	 singly	 positive	 for	 either	 Sox2	 or	 GFP	 were	 also	 detectable	 (arrowheads).	

Respectively,	 these	cells	 likely	represent	PSCs	that	are	refractory	 to	oncogenic	β-catenin	

driven	 transformation,	 and	 differentiated	 pituitary	 cells	 with	 active	 Wnt/β-catenin	

signalling.	There	are	 few	reported	studies	describing	 the	relative	 level	of	Wnt/β-catenin	

signalling	 	 in	 	 differentiated	 pituitary	 cells.	 However,	 it	 is	 known	 that	 Wnt/β-catenin	

signalling	 is	 frequently	activated	 in	immune	cells	 (Staal	et.	al.,	 	2015)	and	also	 is	widely	

associated	with	proliferating	cells	 (Nusse	et	al.,	2008).	 In	particular,	cellular	 turnover	of	

corticotrophs	 is	 predominantly	 driven	 by	 proliferation	 of	 terminally	 differentiated	

corticotrophs	(Langlais	et	al.,	2013),	and	 	 in	vitro	studies	have	demonstrated	 the	role	of		

Wnt/β-catenin	 signalling	 in	 promoting	 corticotrophs	 division	 (Nasir	 et.	 al.,	 2010).	 It	 is	

therefore	likely	that	singly	Lef-1:GFP-positive		pituitary	cells		represent	a	mixture	of		tissue	

resident	immune	cells	and	dividing	hormone		secreting	cells.	Since	ACP	develops	from	PSCs	

(Gaston-Massuet	et	al.,	2011)	this	cell	population	was	not	further	investigated.		
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Figure 3.2: Tamoxifen titration of Sox2CreERT2/+;RosatdTmt/+ mice.	Immunofluorescence	imaging	of	pituitary	cryosections	from	4	week	old	Sox2CreERT2/+;RosatdTmt/+	mice	

1	week	after	2	injections	on	consecutive	days	with	tamoxifen	at	varying	concentrations	(0.05,	0.1	&	0.2	mg/g/ms)	[DAPI	(Blue),	tdTmt	(red)].	Scale	bars	represents	

100	μm.
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Figure 3.3: Immunofluorescence characterisation of Sox2CreERT2/+;RosatdTmt/+ control and Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP ACP-Wnt/β-catenin reporter mouse 

models. A) Immunofluorescence staining of pituitary cryosections from 4	 week	 old	 Sox2CreERT2/+;RosatdTmt/+mice 1 week after tamoxifen induction, arrows indicate 

colocalisation of tdTmt and Sox2 in the marginal zone [DAPI (blue), tdTmt (red); Lef-1:GFP (green)]. B) Immunofluorescence staining of pituitary cryosections from 4	week	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP mice 1 week after tamoxifen induction, arrows indicate colocalisation of Sox2 and the GFP Wnt/β-catenin reporter, arrowheads indicate 

GFP-positive cells that do not express Sox2 [DAPI (blue), Sox2  (red), GFP (green)]. Scale	bars	represents	250	μm.
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To	investigate	the	early	transcriptional	changes	mediated	by	activation	of	oncogenic	

β-catenin	in	PSCs,	control	and	ACP-Wnt/β-catenin	reporter	mice	were	induced	at	4	weeks	

and	culled	1	week	later	(Fig.	3.4	A).	This	age	of	4	weeks	was	chosen	as	it	has	previously	been	

used	 to	 induce	 ACP	 tumourigenesis	 (Andoniadou	 et	 al.,	 2013)	 and	 	 the	 experimental	

timecourse	of	7	days	represents	an	early	snapshot	of	tumourigenesis,	whilst	leaving	ample	

time	 for	Cre-mediated	recombination	and	transcriptional	changes	to	occur.	Control	PSCs	

were	isolated	by	FAC-sorting	the	tdTmt-positive	fraction	from		Sox2CreERT2/+;RosatdTmt/+	mice	

and	pituitary	cells	actively	responding	to	Wnt/β-catenin	signalling	were	isolated	by	sorting	

the	GFP-positive	fraction	of	cells	from	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	mice	(Fig.	3.4	C	

&	 D).	 tdTmt-positive	 PSCs	 from	 control	 mice	 have	 baseline	 levels	 of	 β-catenin	 and	 a	

standard	transcriptional	state	whereas	GFP-positive	cells	from	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;	

Lef-1:GFP	 mice	 should,	 by	 design,	 have	 an	 altered	 β-catenin	 binding	 profile	 and	

transcriptional	state	caused	by	the	nuclear	accumulation	of	oncogenic	β-catenin.	To	ensure	

that	FAC-sorting	for	tdTmt-positive	cells	successfully	enriched	Sox2-positive	PSCs,	isolated	

cells	were	cultured	in	a	stem	cell	promoting	media,	and	stained	for	Sox2	expression	after	

one	week	in	culture	(Fig.	3.4	E).	These	results	confirmed	that	tdTmt-cells	were	capable	of	

forming	colonies	and	expressed	Sox2.	RNA	was	extracted	from	Sox2CreERT2/+;RosatdTmt/+	and	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	 sorted	 cells	 and	 quality	 checked	 using	 an	 Agilent	

Bioanalyzer,	 those	 samples	 with	 an	 RNA	 integrity	 number	 (RIN)	 or	 ≥	 8	 were	 sent	 for	

RNAseq	(n=6	&	6,	Fig.	3.4	B)	

Unfortunately,	after	sending	samples	for	RNAseq,	several	lines	of	evidence	from	in	

vitro	 and	 in	 vivo	 experiments	 began	 to	 suggest	 that	 only	 low	 levels	 of	 recombination	

efficiency	were	achieved	at	the	Ctnnb1lox(ex3)	locus.	These	results	question	the	validity	of	the	

tamoxifen	induction	regime	and	experimental	timepoints	used.	I	will	 first	consider	these	

experiments	 and	 the	 data	 pointing	 towards	 the	 low	 recombination	 levels,	 and	 then	 the	

results	of	the	transcriptomic	analysis.	Interpretation	of	the	transcriptomic	results	takes	into	

due	consideration	the	caveats	and	limitations	introduced	by	a	having	a	low	and	ill-defined	

level	 of	 recombination	 at	 Ctnnb1lox(ex3)	 locus,	 which	 are	 discussed	 in	 depth	 later	 in	 this	

Chapter.	
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Figure 3.4: FAC-sorting was used to isolate tdTmt-positive control PSCs and GFP-positive Wnt/β-

catenin responsive pituitary cells. A) Mice aged 4-6 weeks were tamoxifen induced and culled 7 days 

post injection. B) Representative Agilent Bioanalyzer trace for extracted RNA, samples with RIN ≥ 8 were 

kept for further analysis. C & D) Representative FACs scatter plots for isolation of tdTmt-positive PSCs 

from Sox2CreERT2/+;RosatdTmt/+ control mice, and  GFP-positive Wnt/β-catenin responsive pituitary cells from  

the Sox2CreERT2/+;Ctnnb1lox(ex3)/+ ;Lef-1:GFP ACP model. E) Immunocytofluorescence staining for Sox2 on 

PSC colonies cultured from tdTmt-positive sorted cells of  Sox2CreERT2/+;RosatdTmt/+ control mice. Scale bars 

indicate 200	μm. 
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3.2.2:	 Analysis	 of	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 ACP-lineage	 tracing	

mice	indicates	low	levels	of	recombination	at	the	Ctnnb1lox(ex3)	locus	

The	 first	 ACP	 mouse	 model	 Hesx1cre/+;Ctnnb1lox(ex3)/+	 showed	 that	 expression	 of	

oncogenic	 β-catenin	 	 in	 pituitary	progenitor	 cells	 induces	 ACP	with	 the	 formation	 of	β-

catenin	 clusters	 that	 express	 stemness	 markers	 (Gaston-Massuet	 et	 al.,	 2011).	 Further	

experiments	in	a	Sox2CreERT2	model	showed	that	tumour	initiating	β-catenin	clusters,	but	not	

the	 full	 bulk	of	 tumour	 cells,	were	 lineage	 traced	by	YFP	 (Andoniadou	et	 al.,	 2013),	and	

transcriptome	analysis	of	mature	ACP	tumour	cells	showed	that	they	adopt	a	senescence	

associated	secretory	phenotype	(Gonzalez-meljem	et	al.,	2017).	Together	these	studies	led	

to	 the	 proposal	 of	 the	 paracrine	 model	 of	 ACP	 tumourigenesis	 (Fig.	 1.8).	 However,	

sequencing	 of	 laser	 capture	microdissected	 β-catenin	 clusters	 and	 bulk	 tumour	 regions	

from	 human	 ACP	 samples	 indicate	 that	 both	 tumour	 compartments	 carry	 the	 CTNNB1	

mutations	 implying	 a	 shared	 cell	 of	 origin	 (Hölsken	 et	 al.,	 2009;	 Preda	 et	 al.,	 2015).	 To	

validate	our	experimental	setup	for	investigating	the	transcriptional	changes	during	early	

tumourigenesis,	and	to	further	investigate	the	development	of	ACP	tumours	over	time,	a	

cohort	of	6	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	ACP-lineage	tracing	mice	were	induced	and	

culled	3	months	later	(Fig.	3.4	A).	Readily	detectable	ACP	tumours	have	previously	been	

identified	 using	 this	 experimental	 setup	 and	 time-course	 (Andoniadou	 et	 al.,	 2013)	 and	

successful	 induction	 of	 Sox2CreERT2	 recombinase	 activity	was	determined	 by	 fluorescence	

imaging	48	hours	after	induction	(Fig.	3.4	B).	Surprisingly,	mice	did	not	demonstrate	signs	

of	 ill	 health,	 their	weight	 remained	 stable,	 and	 upon	 dissection	 all	 pituitaries	 appeared	

grossly	morphologically	 normal.	 Immunofluorescence	 for	 analysis	 for	 β-catenin	 did	 not	

detect	tdTmt-lineage	traced	tumours	or	β-catenin	clusters	(Fig.	3.4	C).	Although	there	were	

occasional	regions	of	higher	 than	usual	β-catenin	staining	observed,	 tumour	 initiating	β-

catenin	clusters,	which	emerge	early	during	ACP	tumourigenesis	were	absent.		It	is	likely	

that	the	absence	of	tumours	in	our	cohort	of	mice	was	due	to	technical	reasons	and	a	lack	of	

efficient	Cre-mediate	recombination	at	the	Ctnnb1lox(ex3)	genetic	locus.		
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Figure 3.4: Lineage tracing in Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ mice revealed mice did not develop ACP tumours. A) Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ mice 

aged 4-6 weeks were induced by injection of tamoxifen (0.2mg/g/ms) on consecutive days and culled after 3 months. B) Fluorescence microscopy images of a Sox2CreERT2/+; 

Ctnnb1lox(ex3)/+;RosatdTmt/+ pituitary 48hrs post tamoxifen induction. C) Immunofluorescence staining for β-catenin on pituitary cryosections from mice 3 months after induction 

[DAPI (blue), Tomato (red), β-catenin (green)]. Scale bars represent 250 μm.	
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3.2.3:	 In	 vitro	 analysis	 of	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 support	

inefficient	recombination	at	the	Ctnnb1lox(ex3)	locus	

The	 reasons	 underlying	 the	 absence	 of	 detectable	 tumours	 in	 the	 ACP-lineage	

tracing	mice	could	be	biological,	technical	or	a	combination	of	the	two.	To	further	explore	

these	possibilities	a	series	of	in	vitro	experiments	was	performed	to	examine	the	biology	of	

primary	 cultures	 of	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 PSCs.	 This	 work	 aimed	 to	

investigate	whether	recombination	of	at	the	Ctnnb1lox(ex3)		was	detectable	and	whether	this	

translated	into	phenotypic	changes	in	cell	behaviour.	Pituitaries	were	extracted	from	mice	

at	4	weeks,	and	PSCs	were	grown	in	adherent		cultures	for	3	days,	before	treatment	for	48	

hrs	with	media	supplemented	with	0.25μM	4-hydroxy-tamoxifen	(4OHT)	or	100%	ethanol	

vehicle	control.	Fluorescent	 imaging	revealed	successful	recombination	at	 the	RosatdTmt/+	

locus	 after	 48	 hours	 of	 treatment	 (Fig.	 3.5	 A).	 7	 days	 after	 treatment,	 colonies	 were	

haematoxylin	stained	and	quantified	(Fig.	3.5	B	&	D).	To	serve	as	a	positive	control	for	the	

phenotypic	effect	of	activating	oncogenic	β-catenin,	primary	PSC	cultures	using	wild-type	

(Hesx1+/+;Ctnnb1lox(ex3)/+)	and	mutant	Hesx1Cre/+;Ctnnb1lox(ex3)/+	 	mice	were	 used.	Hesx1	 is	 a	

pituitary/forebrain	 specific	 transcription	 factor	 expressed	 during	 development	 and	 the	

Hesx1Cre/+;Ctnnb1lox(ex3)/+	 transgenic	 line	 was	 used	 to	 originally	 show	 that	 activation	 of	

oncogenic	β-catenin	in	pituitary	progenitors	drives	ACP	tumourigenesis	(Gaston-Massuet	

et	al.,	2011).	Surprisingly,	there	was	no	significant	difference	in	the	number	of	PSC	colonies	

between	 the	 4OHT-treated	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 cells	 and	 controls.	 In	

contrast,	 there	was	 a	 large	 increase	 in	 the	number	of	 colonies	when	 comparing	 control	

Hesx1+/+;Ctnnb1lox(ex3)/+	and	mutant	Hesx1Cre/+;Ctnnb1lox(ex3)/+	cultures	(Fig.	3.5	C	&	D).	

One	 possible	 explanation	 for	 these	 observations	 is	 allele-specific	 differences	 in	

recombination	efficiency	at	the	Ctnnb1lox(ex3)	and	RosatdTmt	loci	of	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;	

RosatdTmt/+	cells.	 To	 test	whether	 4OHT	 induction	 led	 to	 successful	 recombination	 at	 the	

Ctnnb1lox(ex3)/+	 locus,	 genomic	 DNA	 and	 whole	 cell	 protein	 lysates	 were	 extracted	 from	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	colonies	 treated	 for	 either	2	or	5	days	with	0.25μM	

4OHT	or	ethanol	vehicle	control.	In	contrast	to	DNA	extracted	from	Hesx1Cre/+;Ctnnb1lox(ex3)/+	

colonies,	 there	 were	 no	 clear	 PCR	 bands	 indicating	 recombination	 had	 occurred	 in	

Sox2CreERT2/+;	Ctnnb1lox(ex3)/+;RosatdTmt/+	cells	after	either	2	or	5	days	4OHT	treatment	(Fig.	3.5	

E).	 Consistent	 results	 were	 observed	 by	 western	 blot	 with	 the	 band	 corresponding	 to	

truncated	oncogenic	β-catenin	protein	present	 in	Hesx1Cre/+;Ctnnb1lox(ex3)/+	 cells,	absent	 in	

Sox2CreERT2/+;	Ctnnb1lox(ex3)/+;RosatdTmt/+		control	cells,	those	treated	with	4OHT	for	2	days,	and	

at	 the	 lower	 limit	 of	detection	after	5	days	4OHT	treatment	 (Fig.	3.5	E).	Together	 these	
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results	indicate	that	there	is	an	insufficient	level	of	recombination	at	the	Ctnnb1lox(ex3)/+	locus	

of	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 cells	 to	 drive	 the	 phenotypic	 increase	 in	 PSC	

proliferation	associated	with	oncogenic	β-catenin	expression.			
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Figure 3.5: In vitro analysis of Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ and Hesx1Cre/+;Ctnnb1lox(ex3)/+ 

PSCs reveals low levels of recombination at the Ctnnb1lox(ex3) locus. A) Fluorescent images of 

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+  taken before, and after 48hrs of treatment with 0.25 µM 4-Hydroxy-

Tamoxifen (4OHT) or vehicle control (100% EtOH). B) Hematoxylin staining of Sox2CreERT2/+; 

Ctnnb1lox(ex3)/+;RosatdTmt/+  PSC colonies seeded at 5000 cells/well at day 10, 7 days after treatment with 

treated with 4OHT or EtOH. C) For comparison Hesx1+/+;Ctnnb1lox(ex3)/+ and  Hesx1Cre/+;Ctnnb1lox(ex3)/+ 

PSCs were cultured for 10 days before Hematoxylin staining. D) Quantification of the number of colonies 

per 5000 plated cells. Graph shows s.e.m. error bars and means. P ***= < 0.001. E) PCR detection of the 

wild-type (900bp) and recombined (700bp) Ctnnb1 locus on genomic DNA extracted from 

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ samples treated with 4OHT or Ethanol for 48 hours or 5 days. 

Genomic DNA from cultured Hesx1Cre/+;Ctnnb1lox(ex3)/+ cells was used for a positive control. F) Protein 

levels of truncated β-catenin in whole PSC lysates from Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ samples 

treated with 4OHT or EtOH for 48 hours or 5 days and Hesx1Cre/+;Ctnnb1lox(ex3)/+ PSCs was determined by 

western blot.  
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3.2.4:	 Transcriptomic	 analysis	 of	 Wnt/β-catenin	 responsive	 pituitary	 cells	

from	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	mice	

	 As	previously	mentioned,	samples	were	sent	for	RNAseq	before	the	acquisition	of	

two	 strands	 of	 data,	 in	 vitro	 and	 in	 vivo,	 that	 called	 into	 question	 the	 recombination	

efficiency	and	hence	the	validity	of	the	transcriptomic	experiment.	Since	we	are	uncertain	

of	the	degree	of	recombination	achieved,	and	the	level	of	oncogenic	β-catenin	expressed	in	

the	Sox2-positive	PSCs,	 this	study	does	not	accurately	represent	 the	early	stages	of	ACP	

tumourigenesis.	 Nonetheless,	 the	 Lef-1:GFP	Wnt/β-catenin	 reporter	was	 used	 to	 isolate	

cells	with	high	Wnt/β-catenin	signalling	(whether	due	to	oncogenic	β-catenin	expression	in	

a	few	cells		or	normal	physiological	canonical	Wnt	signalling),	and	therefore	the	results	can	

provide	valuable	information	regarding	the	transcriptional	program	mediated	by	Wnt/β-

catenin	signalling	in	pituitary	cells.		

RNA	 samples	 from	 control	 Sox2CreERT2/+;RosatdTmt/+	 and	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;	

Lef-1:GFP	ACP-Wnt/β-catenin	reporter	mice	were	sequenced	across	two	Illumina	lanes,	and	

the	resulting	reads	were	merged,	quality	checked	and	trimmed	prior	to	alignment	to	the	

Gcrm38	reference	genome	[bioinformatic	workflow	available	in	material	and	methods	and	

scripts	and	summary	statistics	available	in	Appendix	I	and	II	respectively].	Differential	gene	

expression	 analysis	was	performed	 in	R	using	 the	DESeq2	 package	 and	 revealed	~3000	

significant	(q-value	<	0.1)	differentially	expressed	genes	between	the	experimental	groups	

(Fig.	 2.6).	Gene	 set	 enrichment	 analysis	 (GSEA)	 and	Gene	Ontology	 enrichment	 analysis	

were	 also	 performed	 on	 the	 set	 of	 differential	 expressed	 genes	 to	 identify	 biological	

pathways	altered	between	the	two	experimental	groups	(Fig.	2.6	B-F).	

	 As	 expected	 GSEA	 identified	 a	 significant	 enrichment	 (NES=1.77,	 FDR	 q-value	 <	

0.002)	of	genes	associated	with	Wnt/β-catenin	in	the	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	

experimental	 group	 (Fig.	 3.6	 B).	 	 Notably	 upregulated	 genes	 in	 the	 high	Wnt/β-catenin	

signalling	 group	 included	 direct	 targets,	 bound	 and	 regulated	 by	 β-catenin,	 such	 as		

Transcription	 Factor	 7	 (Tcf7)	 and	 Leucine	 Rich	 Repeat	 Containing	 G	 Protein-Coupled	

Receptor	5	 (Lgr5).	However,	 some	 other	 canonical	markers	of	 increased	Wnt/β-catenin	

signalling,	such	as	Axin2	and	Lef-1	were	conspicuous	by	their	absence	from	the	differentially	

expressed	gene	list.	This	may	be	explained	by	the	low	recombination	efficiency.	The	Wnt/β-

catenin	signalling	pathway	is	a	key	regulator	of	cell	proliferation	and	stemness		(Nusse	et	

al.,	2008).	Consistent	with	this	well	described	role,	the	high	Wnt/β-catenin	signalling	group	

had	increased	expression	of	genes	involved	in	cell	proliferation	such	as	the	early	growth	

response	protein	(Egr3),	and	the	Myc	proto-oncogene.	In	addition,	there	was	upregulation	
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of	 several	 markers	 of	 stemness	 including	 canonical	 Yamanaka	 factors	 Sox2	 and	 Klf4	

(Takahashi	&	Yamanaka,	2006),	Sox9	which	marks	a	subpopulation	of	Sox2-positive	PSCs	

(Rizzoti	et	al.,	2013)	and	CD44	a	cell	surface	marker	frequently	expressed	in	cancer	stem	

cells	(Yan,	et	al.,	2015).	Another	upregulated	stemness	marker	is	Aldehyde	Dehydrogenase	

1	Family	Member	A3	(Aldh3),	which	is	an	enzyme	involved	in	retinoic	acid	metabolism	that	

is	 frequently	 expressed	 in	 cancer	 stem	cells	 of	 CNS-tumours	 (Moretti	 et	 al.,	 2016).	This	

increased	expression	of	stemness	related	genes	was	also	reflected	in	the	enrichment	of	the	

‘stem	 cell	 differentiation’	 GO	 term	 identified	 by	TopGO	 and	 String-DB	 software	 (TopGO:	

q<0.001,	String-DB:	FDR<	0.005).		

There	are	now	numerous	reports	of	context	specific	crosstalk	between	the	Wnt/β-

catenin	and	MAPK	signalling	pathways,	particularly	 in	cancer	(Guardavaccaro	&	Clevers,	

2012).	 This	 can	 be	 negative,	 as	 in	melanoma	where	 oncogenic	 MAPK	 signalling	 down-

regulates	 the	Wnt/β-catenin	 cascade	 (Biechele	 et	 al.,	 2012)	 or	 positive	 as	 in	 colorectal	

cancer	where	stimulation	of	the	Wnt/β-catenin	pathway	enhances	MAPK	signalling	through	

the	 stabilisation	 of	 Ras	 (Jeong	 et	 al.,	 2012).	 Until	 recently	 aberrant	 activation	 of	MAPK	

signalling	was	associated	with	PCP	or	ACTH-secreting	pituitary	adenomas	driven	by	 the	

BrafV600E	mutations	(Brastianos	et	al.,	2014;	Chen,	2018),	however	 it	has	now	also	 	been	

shown	 in	 the	 ACP	 subtype	 of	 Craniopharyngioma	 (Apps	 et	 al.,	 2018).	 GO	 enrichment	

analysis	 identified	 a	 significant	 enrichment	 for	 the	 ‘MAPK	 cascade’	 GO	 term	 (TopGO:	

q<0.001,	 String-DB:	 FDR<	 0.0005)	 and	 GSEA	 shows	 enrichment	 of	 the	 set	 of	 genes	

upregulated	 in	 response	 to	 KRas	 activation	 in	 the	 high-Wnt/β-catenin	 signalling	 group	

(NES=1.99,	 FDR	 q-value	 <0.0001)	 (Fig.	 3.6	 C	 &	 F).	 Components	 of	 the	MAPK	 signalling	

pathway	that	were	upregulated	included	the	Braf	and	Raf-1	signal	transductor	proteins	as	

well	 as	multiple	 effector	 MAPK-kinases	 (MAPK6,	MAPK13,	 MAP3K1,	 MAP3K3,	 MAP3K20,	

MAP4K5)	 (Fig.	 3.6	 A).	 There	 was	 also	 upregulation	 of	 the	 Early	 growth	 factor	 receptor	

(Egfr),	which	 signals	 through	 the	MAPK	pathway,	 is	 commonly	mutated	or	 amplified	 in	

cancers	(Yewale	et.	al.,	2013)	and	has	been	shown	to	be	detectable	in	the	majority	of	human	

ACPs	localised	 in	 	β-catenin	clusters	(Gump	et	al.,	2015).	Together,	 these	data	indicate	a	

strong	activation	of	the	MAPK	signalling	pathway	in	the	Wnt/β-catenin	responsive	pituitary	

cells.	

	 There	has	long	been	an	association	between	inflammation	and	tumour	development	

(Crusz	 &	 Balkwill,	 2015),	 and	 there	 is	 well	 documented	 crosstalk	 between	 the	Wnt/β-

catenin	pathway	and	NFkB	signalling	pathways	during	inflammation	(Ma	&	Hottiger,	2016).	

In	accordance	with	this,	an	inflammatory	associated	gene	signature	was	identified	in	cells	

with	 elevated	 Wnt/β-catenin	 pathway,	 with	 significant	 enrichment	 of	 the	 GO	 term	
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‘regulation	of	inflammatory	response’	(FDR	<	0.005;	String-DB).	GSEA	showed	enrichment	

of	 the	Tnfa-NFκB	signalling	pathway	 	 (Fig.	3.6	E;	NES=2.72,	FDR	q-value	<0.0001),	With	

upregulation	 of	 tumour	 necrosis	 factor	 (Tnf)	 as	 well	 as	 several	 subunits	 of	 the	 NFκB	

complex;	 Nuclear	 Factor	 Kappa	 B	 Subunit	 1	 (Nfkb1)	 ,	 REL	 Proto-Oncogene	 (Rel),	 RELB	

Proto-Oncogene	 (Relb)	 (Fig.	 3.6	A).	Another	 important	 inflammatory	 signalling	pathway	

highlighted	 by	 GSEA	was	 the	 IL6-Jak-Stat3	 pathway	 (Fig.	 3.6	 D;	 NES=2.37,	 FDR	 q-value	

<0.0001).	 Amongst	 the	 upregulated	 genes	 in	 the	 IL6	 pathway	were	 Interleukin	6	 (IL6),	

Interleukin	 6	 signal	 transducer	 (IL6st),	 Janus	 Kinase2	 (Jak2)	 and	 signal	 transducer	 and	

activator	of	transcription	3	(Stat3)	(Fig.	3.6	A).	Together	these	results	suggest	that	Wnt/β-

catenin	signalling	 in	the	pituitary	 is	associated	with	expression	of	an	 inflammatory	gene	

signature,	which	is	likely	relevant	to	ACP	tumourigenesis.		
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Figure 3.7: The transcriptional landscape of pituitary cells with elevated Wnt/β-catenin signalling. 

A) Supervised hierarchical clustering analysis of  significant differentially regulated genes (q-value ≤ 0.1). 

Shades of red and blue are used to illustrate whether the expression value is above (red) or below (blue) the 

normalized mean expression value across all samples. B, C, D & E) Gene Set Enrichment Analysis (GSEA) 

plots that show a significant (q < 0.25) enrichment for genes associated with, Wnt/β-catenin signalling, 

Kras signalling, IL6-Jak-Stat3 signalling and Tnfa signalling via NFκB in the Sox2CreERT2/+; 

Ctnnb1lox(ex3)/+;Lef-1:GFP cells. G) A table of Gene Ontology terms identified by TopGO and/or String-DB 

as significantly enriched within the set of differentially expressed genes. Abbreviations: Sox2_tmt = 

Sox2CreERT2/+;RosatdTmt/+ and BcatGOF = Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP. 
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3.3:	Discussion	

What	are	the	earliest	transcriptional	responses	to	oncogene	activation,	and	how	do	

they	 drive	 ACP	 tumourigenesis?	How	 does	 the	 paracrine	model	 of	 ACP	 tumourigenesis	

reconcile	with	the	presence	of	CTNNB1	mutation	throughout	human	tumours?		The	work	

presented	in	this	chapter	provides	the	first	stumbling	steps	in	attempting	to	answer	these	

fundamental	and	challenging	questions.	ACP-Wnt/β-catenin	reporter	mice	were	used	in	an	

attempt	 to	 perform	 an	 early	 transcriptomic	 analysis	 of	 the	 subpopulation	 of	 tumour	

initiating	PSCs	that	accumulate	nuclear		β-catenin	and		are	susceptible	to	transformation.	

However,	subsequent	experiments	using	an	ACP-lineage	tracing	model	revealed	that	mice	

did	not	develop	tumours,	calling	into	question	the	efficacy	of	the	tamoxifen	dosage	regime	

used.	This	was	 supported	by	 in	 vitro	 analysis	 of	 age-matched	primary	PSC	 cultures	 that	

revealed	 that	 4OHT-treated	 cells	 did	 not	 have	 increased	 proliferation	 and	 the	 level	 of	

recombination	 detected	 was	minimal.	 An	 accurate	 transcriptomic	 analysis	 of	 early	 ACP	

tumourigenesis	 requires	 further	 model	 refinement;	 instead	 the	 results	 presented	 here	

represent	those	genes	and	pathways	in	pituitary	regulated	by	Wnt/β-catenin	signalling.	It	

is	reasonable	to	speculate	that	these	Wnt/β-catenin	regulated	genes	are	likely	to	play	a	role	

in	human	ACP	driven	by	 activating	CTNNB1	mutations,	 and	 indeed	 results	presented	 in	

Chapter	4	firmly	support	this	assertion.		

3.3.1:	 Recombination	 discrepancies:	 pitfalls	 and	 limitations	 of	 the	 Cre-lox	

system	

The	Cre-lox	system	is	a	powerful	tool	enabling	tissue	and	temporal	specific	targeted	

genomic	alterations.	However,	despite	the	flexibility	it	affords	to	genetics	research,	the	Cre-

lox	system	has	several	limitations	and	potential	pitfalls	that	should	be	accounted	for	in	both	

in	experimental	design	and	interpretation	(Lewandoski,	2002;	Weyden	et.	al.,	2011).	These	

can	broadly	be	split	 into	 issues	 involving	either	 tissue	and/or	cell	 specificity	of	 the	Cre-

driver,	or	variable	recombination	efficiency	of	 loxP	 flanked	sequences.	This	study	uses	a	

tamoxifen-inducible	 CreERT2	 fusion	 protein	 expressed	 under	 the	 control	 of	 the	 Sox2	

regulatory	 elements	 (Arnold	 et	 al.,	 2011).	 However	 despite	 starting	 from	 published	

tamoxifen	 dosages	 (Andoniadou	 et	 al.,	 2013;	 Arnold	 et	 al.,	 2011),	 	 and	 performing	 a	

tamoxifen	 titration	 to	 ensure	 Cre	 expression	 and	 recombination	 at	 the	 RosatdTmt	 locus,	

technical	difficulties	regarding	recombination	of	the	Ctnnb1lox(ex3)	locus	were	encountered.	

Fundamentally,	 interpretation	 of	 results	 generated	 using	 Cre-Lox	 transgenic	 models	

requires	 knowledge	 of	 the	 efficiency	 of	 recombination,	which	 determines	 the	 extent	 to	

which	the	desired	genetic	alterations	occur	in	the	target	cell	population.	The	factors	that	
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mediate	the	efficiency	of	recombination	of	the	Sox2CreERT2	transgene	can	be	separated	into	

those	 affecting	 tamoxifen	 induction	 and	 translocation	 of	 the	 Cre	 fusion	 protein	 into	 the	

nucleus,	 and	 allele	 specific	 features	 of	 the	 loxP-flanked	 sequences	 (Ctnnb1lox(ex3)	 and	

RosatdTmt).	Cre	reporter	strains	are	essential	to	characterize	the	expression	pattern	of	Cre	

transgenes	and	ensure	 the	 transgene	 is	expressed	in	 the	desired	cell	type	(Gierut,	et.	al.,	

2014).	The	expression	of	Sox2CreERT2,	was	extensively	characterized	by	its	creators	(Arnold	

et	 al.,	 2011),	 and	 in	 my	 hands	 tamoxifen	 induction	 of	 Sox2CreERT2/+;RosatdTmt/+	mice	 has	

successfully	led	to	the	expression	of	the	tdTmt	fluorescent	tag	in	the	Sox2-positive	cells	of	

all	tissues	tested,	both	 in	vivo	and	in	vitro.	This	shows	that	Sox2CreERT2	 is	expressed	in	the	

correct	cell-type,	is	translocated	to	the	nucleus	after	tamoxifen	treatment,	and	once	there,	

is	capable	of	the	excision	of	loxP-flanked	genetic	sequences.	However,	despite	the	apparent	

robustness	of	the	Sox2CreERT2	transgene,	and	the	in	vivo	and	in	vitro	tamoxifen	administration	

protocols,	 several	 lines	 of	 evidence	 point	 towards	 a	 low	 level	 of	 recombination	 of	 the	

Ctnnb1lox(ex3)	allele	under	our	experimental	conditions.	The	Ctnnb1lox(ex3)	allele	has	previously	

been	 used	 in	multiple	 genetic	 backgrounds	with	 different	 Cre	 transgenes,	 and	achieved	

good	recombination	levels	(Andoniadou	et	al.,	2013;	Gaston-Massuet	et	al.,	2011;	Harada	et	

al.,	1999;	Klaus	et	al.,	2007;	Kuwahara	et	al.,	2010;	Soshnikova	et	al.,	2003).	Furthermore,	

we	 know	 from	 studies	 using	 a	 constitutively	 expressed	 Cre	 transgene,	Hesx1Cre	 and	 an	

alternate	Sox2CreERT2	inducible	transgene	that	activation	of	oncogenic	β-catenin	leads	to	the	

development	of	ACP	in	vivo	and	increased	proliferation	of	cells	in	vitro	(Andoniadou	et	al.,	

2013;	Gaston-Massuet	et	al.,	2011).	I	did	not	detect	early	signs	of	ACP	(β-catenin	clusters)	

in	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 mice	 after	 3	 months,	 whereas	 ACP	 has	 full	

penetrance	in	Hesx1Cre/+;Ctnnb1lox(ex3)/+	mice,	with	all	mutants	dying	by	6	months	(Gaston-

Massuet	 et	 al.	 2011).	 In	 vitro	 4OH-Tamoxifen	 treatment	 of	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;	

RosatdTmt/+	 did	 not	 confer	 an	 obvious	 proliferation	 phenotype,	 likely	 due	 to	 low	

recombination	efficiency	as	detected	by	PCR	and	western	blot.	These	results	were	in	stark	

contrast	to	the	doubling	in	the	number	of	Hesx1Cre/+;Ctnnb1lox(ex3)/+	PSC	colonies	compared	to	

wild-type	controls,	which	emphasize	the	positive	effect	of	oncogenic	β-catenin	signalling	on	

PSC	proliferation.	It	therefore	seems	that	tamoxifen	induced	recombination	efficiency	was	

relatively	lower	with	the	Sox2CreERT2/+	allele	used	in	this	study	(Arnold	et	al.,	2011)	than	that	

achieved	 by	 the	 alternate	 Sox2CreERT2/+	 generated	 and	 used	 by	 Andoniadou	 et	 al.	 This	

discrepancy	is	unlikely	to	be	caused	by	the	genetic	background	of	the	mice	used,	as	C57BL/6	

mice	were	used	in	both	studies.	A	more	likely	possible	underlying	cause	for	the	difference	

in	 recombination	 efficiency	 between	 the	 two	 Sox2CreERT2/+	alleles	 is	 the	 retention	 of	 the	

Neomycin	 Cassette	 in	 the	 Arnold	 et,	 al.	 Sox2CreERT2/+	 allele,	 which	 under	 certain	

circumstances	can	significantly	reduce	gene	expression	around	the	insertion	locus		(Pham	
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et	 al.,	 1996).	 Regardless	 of	 the	 underlying	 cause,	 the	 evidence	 suggests	 that	 this	 study	

encountered	 variable	 recombination	 efficiency	 between	 the	 Ctnnb1lox(ex3)	 and	 RosatdTmt	

alleles,	which	invalidates	the	use	of	tdTmt	fluorescence	as	a	marker	of	cells	with	activated	

oncogenic	 β-catenin.	 Numerous	 allele	 specific	 factors	 can	 affect	 the	 efficacy	 of	

recombination:	chromosomal	location	of	loxP	sites	(Vooijs	et	al.,	2001)	distances	between	

loxP	sites	(Collins	et	al.,	2000;	Koike	et	al.,	2002;	Zong	et	al.,	2005)	and	cell	type	specific	

epigenetic	 context	 of	 floxed	 loci	 (Hameyer	 et	 al.,	 2007;	 Long	&	Rossi,	 2009).	 Given	 this	

variability,	one	study	set	out	to	quantify	the	‘recombination	correlation’	between	common	

reporter	alleles	and	other	floxed	loci	at	a	single	cell	resolution	(Jing,	2014).	Their	findings,	

along	with	those	presented	in	this	chapter	demonstrate	that	“recombination	of	one	allele	

may	 not	 predict	 recombination	 in	 another	 within	 the	 same	 cell”,	 and	 emphasize	 the	

requirement	 to	 extensively	 validate	 Cre-loxP	 systems	 before	 embarking	 on	 further	

experiments.	 	 In	 the	 next	 Chapter	 it	 is	 shown	 that	 by	 adopting	 an	 in	 utero	 tamoxifen	

induction	 protocol	 using	 the	 same	 dosage	 (0.2	mg/g/ms)	 efficient	 recombination	 is	

achieved	in	embryonic	pituitaries	at	the	Ctnnb1lox(ex3)	locus.	Since	the	chromosomal	location	

and	distance	between	loxP	sites	of	the	allele	remain	unchanged	as	mice	age,	it	is	therefore	

possible	that	the	epigenetic	context	of	the	floxed	locus	changes	over	time,	thus	reducing	the	

efficiency	of	recombination.		

3.3.2:	 The	 requirement	 for	 a	 refined	 ACP-model	 to	 investigate	 the	 early	

transcriptional	event	of	ACP	tumourigenesis	

	 The	technical	challenges	encountered	with	respect	to	recombination	in	this	chapter	

clearly	required	resolving	for	future	experiments.	In	particular,	since	tdTmt	fluorescence	

cannot	be	assumed	indicative	of	activation	of	oncogenic	β-catenin	in	PSCs,	robust	evidence	

of	recombination	of	the	Ctnnb1lox(ex3)	allele,	either	by	characterisation	of	oncogenic	β-catenin	

driven	 phenotypes	 or	 experimental	 determination	 such	 as	 performing	 a	 PCR	 to	

demonstrate	 excision	 of	 exon	 3	 from	 Ctnnb1lox(ex3).	 However	 there	 remain	 two	 further	

aspects	 in	 which	 the	 ACP-Wnt/β-catenin	 reporter	 model	 could	 be	 improved.	 Firstly,	

although	possible,	adult	presentation	of	ACP	is	relatively	rare,	and	ACPs	are	more	commonly	

identified	during	early	childhood,	leading	some	to	describe	ACP	as	a	developmental	tumour	

(Müller,	2014).	Indeed,	it	has	also	been	shown	that	the	tumour	inducing	potential	of	PSCs	

with	oncogenic	Wnt	signalling	diminishes	with	age	(Gonzalez-meljem	et	al.,	2017).	It	may	

therefore	be	more	appropriate	to	investigate	the	early	stages	of	ACP	tumourigenesis	during	

development	rather	than	in	an	adult-onset	mouse	model.	Secondly,	using	the	current	ACP-

Wnt/β-catenin	reporter	experimental	noise	is	inevitably	introduced	when	FAC-sorting	for	
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GFP-positive	 cells	 which,	 in	 addition	 to	 transformed	 PSCs	 (in	 the	 event	 of	 efficient	

recombination),	will	isolate	some	differentiated	pituitary	cells	with	active	Wnt/β-catenin	

signalling.	 Furthermore,	 this	 model	 does	 not	 enable	 isolation	 of	 the	 interesting	

subpopulation	of	PSCs	that	are	refractory	to	transformation,	which		despite	harbouring	the	

Ctnnb1	mutation,	do	not	accumulate	nuclear	oncogenic	β-catenin.	In	the	following	Chapter	

I	 introduce	 changes	 to	 the	 ACP	 model	 and	 experimental	 design	 that	 facilitate	 PSC	

subpopulation	specific	analysis	of	the	early	transcriptional	events	of	ACP	tumourigenesis.	

3.3.3:	The	 transcriptional	 landscape	of	pituitary	cells	with	elevated	Wnt/β-

catenin	signalling	

The	transcriptomic	analysis	presented	here	sheds	light	on	some	of	the	genes	and	

pathways	that	are	regulated	by	the	Wnt/β-catenin	signalling	pathway	in	the	pituitary,	and	

which	may	therefore	be	involved	in	ACP	tumourigenesis	driven	by	oncogenic	β-catenin.	β-

catenin	 acts	 as	 a	 co-transcriptional	 activator	 that	 binds	 Lef/Tcf	 proteins	 to	 facilitate	

upregulation	of	genes	downstream	of	Tcf	binding	sequences	(Cadigan	&	Waterman,	2012).	

An	example	of	such	a	known	direct	target	of	Wnt/β-catenin	signalling	that	is	upregulated	is	

leucine-rich	 repeat-containing	 G-protein	 coupled	 receptor	 5	 (Lgr5),	 a	 stemness	marker	

expressed	 in	 the	 intestinal	 crypts	 and	upregulated	 in	pituitary	 adenomas	 (Barker	 et	 al.,	

2007;	Mertens	et	al.,	2015).	However,	expression	of	other	canonical	markers	of	increased	

Wnt/β-catenin	signalling,	such	as	Axin2,	remained	unchanged	(Lustig	et	al.,	2002).	Perhaps,	

an	increase	in	the	statistical	power	of	the	experiment	or	a	higher	degree	of	recombination	

of	 the	 Ctnnb1lox(ex3)	 allele	may	 have	 enabled	 detection	 of	 upregulation	 of	 such	 genes.	

Numerous	studies	have	demonstrated	that	Wnt/β-catenin	signalling	promotes	progenitor	

proliferation	and	is	a	key	factor	for	the	maintenance	of	adult	stem	cells	in	the	pituitary,	as	

well	as	 in	other	 tissues	(Chiacchiera	et	al.,	2015;	Nusse	et	al.,	2008;	Rizzoti	et	al.,	2013).	

Consistent	with	these	canonical	Wnt/β-catenin	functions	there	was	enrichment	for	genes	

relating	to	 ‘positive	regulation	of	cell	proliferation’	GO	term	 	with	upregulation	of	genes	

promoting	proliferation	 such	 as	Myc	 (Rennoll	&	Yochum,	2015),	 and	downregulation	of	

negative	cell	cycle	regulators	such	as	Cdkn2c	(also	known	as	p18),	which	controls	cell	cycle	

G1	 progression,	 and	 is	 frequently	 lost	 in	 pituitary	 adenomas	 (Pinzer	 et	 al.,	 2009).	 In	

apparent	conflict	with	this	we	also	see	upregulation	of	Cdkn1a	(also	known	as	p21),	which	

serves	 as	 a	 negative	 regulator	 of	 proliferation	 and	 a	 key	 mediator	 of	 senescence	

(Georgakilas	et	al,.	2017).		β-catenin	clusters	in	ACP	express	p21	which	is	proposed	to	be	a	

key	mediator	of	their	senescence	associated	secretory	phenotype	(Gonzalez-meljem	et	al.,	

2017).	 It	 is	 possible	 that	within	 the	 high-Wnt/β-catenin	 sorted	 cell	 samples	 RNA	 from	
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differentiated	cells	responding	to	Wnt	signals	account	for	the	increased	expression	of	genes	

involved	 in	 proliferation,	whereas	 the	 RNA	 from	 the	 PSCs	 in	which	 recombination	was	

achieved	accounts	for	the	change	in	senescence	related	genes.			

Crosstalk	between	the	Wnt/β-catenin	and	MAPK	signalling	pathways	is	known	to	

occur	(Guardavaccaro	&	Clevers,	2012).	However,	 only	recently,	elevated	Wnt/β-catenin	

and	 MAPK	 signalling	 were	 thought	 to	 be	 exclusively	 associated	 with	 ACP	 and	 PCP	

Craniopharyngioma	 subtypes	 respectively.	 Indeed	mutations	 in	 either	CTNNB1	 or	BRAF	

were	thought		mutually	exclusive	(Brastianos	et	al.,	2014).	However,	the	report	of	a	case	of	

ACP	containing	both	CTNNB1	and	BRAF	mutations	cast	doubt	on	this	assertion	(Larkin	et	al,	

2014).	Indeed,	in	an	unpublished	cohort	of	patient	samples	we	have	also	identified	several	

ACP	patients	carrying	mutations	in	both	genes	(unpublished	data;	Dr.	Nikolina	Kyprianou).	

My	analysis	showed	upregulation	of	 the	Egfr	receptor,	 signalling	transduction	molecules	

Braf	and	Raf-1	as	well	as	effector	MAPK-kinases.	Together	this	strongly	implies	increased	

signalling	through	the	MAPK	pathway	in	pituitary	cells	with	elevated	Wnt/β-catenin	which	

is	likely	relevant	to	ACP	tumourigenesis.		

Two	 further	signalling	pathways	highlighted	by	the	 transcriptomic	analysis	were	

the	Tnf-NFκB		and	IL6-Jak-Stat3,	which	are	both	pro-inflammatory.	Indeed,	genes	involved	

in	 inflammation	 (‘macrophage	 activation’	 and	 ‘regulation	of	 inflammatory	 response’	 GO-

terms)	 are	 enriched	 in	 Lef-1:GFP-positive	 cells	 suggesting	 that,	 in	 addition	 to	 its	 cell	

autonomous	proliferative	effects,	Wnt/β-catenin	signalling	in	pituitary	cells	is	associated	

with	 increased	 inflammatory	 signalling	 that	 may	 influence	 the	 neighboring	

microenvironment.	Inflammation	and	tumour	development	are	intimately	linked	(Crusz	&	

Balkwill,	 2015),	and	 the	pro-inflammatory	 role	of	Wnt/β-catenin	 signalling	 identified	 in	

pituitary	cells	would	support	a	role	for	inflammation	in	ACP	driven	by	oncogenic-β-catenin.	

Indeed	 tumour	 progression	 is	 dependent	 not	 only	 on	 intrinsic	 genetic	 changes	 within	

cancerous	cells	that	confer	a	selective	advantage,	but	also	non-cell	autonomous	ancillary	

effects	on	the	tumour	microenvironment	such	as	angiogenesis	and	chronic	inflammation	

(Hanahan	&	Weinberg,	 2011).	 Given	 its	 central	 role	 in	 the	 regulation	 inflammation,	 the	

NFκB	 signalling	 pathway	 is	 likely	 to	 contribute	 to	 some	 of	 these	 processes	 during	 ACP	

tumourigenesis	and	is	now	widely	recognized	as	a	crucial	player	in	many	steps	of	cancer	

initiation	 and	 progression	 (Gilmore,	 2006;	 Hoesel	 &	 Schmid,	 2013).	 Furthermore,	 the	

cytokine	IL6	is	one	of	the	downstream	transcriptional	targets	of	NFκB	(Yoon	et	al.,	2011)	

and	 the	 IL6-Jak-Stat3	 signalling	pathway	 is	 frequently	hyperactivated	 in	 cancer	 and	 can	

induce	the	expression	of	genes	promoting	proliferation	and	survival	(Johnson	et	al.,	2018).	

It	 is	 possible	 that,	 in	 sorting	 for	Lef-1:GFP-positive	 cells,	 some	 immune	 cells,	which	 are	
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known	 to	have	 active	Wnt/β-catenin	 signalling	 	 (Staal	 et	al.,	 2015),	were	 	 inadvertently	

isolated	 and	 that	 these	 contributed	 to	 the	 inflammatory	 signature	 observed	 in		

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	 cells.	 However,	 the	 transcriptomic	 findings	 here	 are	

consistent	 with	 results	 presented	 in	 later	 chapters,	 in	 which	 recombination	 at	 the		

Ctnnb1lox(ex3)	 and	 the	 identity	 of	 the	 sorted	 cells	 is	 more	 certain.	 In	 keeping	 with	 the	

increased	robustness	of	later	results,	detailed	discussion	of	the	MAPK,	NFκB	and	IL6-Jak-

Stat3	signalling	pathways	is	saved	for	Chapter	4.	
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4.1:	Introduction	

	 Recent	years	have	seen	dramatic	advances	in	our	understanding	of	the	genomic	and	

molecular	pathology	of	ACP	(Müller	et	al.,	2017).	However,	the	translation	of	these	advances	

is	only	just	beginning,	with	limited	pre-clinical	evidence	for	the	efficacy	of	novel	therapeutic	

strategies.	One	of	the	key	benefits	of	large	scale	transcriptomic	analysis	of	tumours	is	their	

ability	to	identify	genes	and	pathways	that	may	serve	a	novel	therapeutic	target	(Gump	et	

al.,	2015),	a	particularly	worthwhile	pursuit	for	ACP	which	currently	has	very	limited	and	

ineffective	adjuvant	treatments	to	employ	alongside	surgical	resection	(Gupta	et	al.,	2018).	

Intra-tumoural	heterogeneity	is	a	commonly	observed	phenomenon	and	is	a	key	driver	of	

resistance	to	therapy	(Ramos	&	Bentires-Alj,	2014).	It	 is	therefore	important	to	consider	

differences	between	tumour	compartments,	as	they	may	have	varied	response	to	therapy.	

For	several	tumour	types,	including	ACP	(Gaston-Massuet	et	al.	2011),	it	has	been	shown	

that	mature	differentiated	cells	are	resistant	to	oncogene	transformation	(Newrzela	et	al.,	

2008),	whereas	stem/progenitor	cells	are	more	susceptible	(Sell,	2010).	However,	whether	

or	not	there	is	variability	in	the	response	to	oncogene	activation	within	subpopulations	of	

stem/progenitor	cells,	and	the	molecular	mechanisms	that	might	mediate	these	differences	

are	largely	unexplored.		

Accumulated	 evidence	 now	 supports	 the	 tumour	 initiating	 role	 of	 clusters	 of	

senescent	PSCs	that	accumulate	oncogenic	β-catenin,	and	function	as	signalling	hubs	that	

secrete	paracrine	factors	which	drive	ACP	tumourigenesis	(Andoniadou	et	al.,	2013;	Apps	

et	al.,	2018;	Gaston-Massuet	et	al.,	2011;	Gonzalez-meljem	et	al.,	2017).	In	the	context	of	

ACP,	 it	 is	 therefore	 this	population	of	 tumour	 initiating	PSCs	 that	 is	 of	 greatest	 interest.	

Furthermore,	investigations	using	mouse	models	to	drive	oncogenic	β-catenin	from	Hesx1-

positive	(Gaston-Massuet	et	al.,	2011)	or	Sox2-positive	(Andoniadou	et	al.,	2013)	pituitary	

stem/progenitor	cells	have	revealed	that	only	a	subpopulation	of	PSCs	go	on	to	form	tumour	

initiating	β-catenin	clusters,	whereas	the	remaining	PSCs	are	refractory	to	transformation.	

Determining	 the	molecular	differences	between	 these	 two	 subpopulations	of	PSCs	 is	 an	

important	 step	 towards	 understanding	 ACP	 tumourigenesis.	 Finally,	 the	 transcriptomic	

events	underpinning	the	initial	stages	of	ACP	tumourigenesis	remain	unknown,	and	may	

reveal	genes	and	pathways	fundamentally	important	for	tumour	development.	

In	 this	 chapter	 I	 generate	 the	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP		

inducible	model	of	ACP,	which	enables	the	subpopulation	specific	investigation	of	the	early	

stages	 of	 ACP	 tumourigenesis	 in	 tumour	 initiating	 PSCs	 and	 those	 refractory	 to	

transformation	by	oncogenic	β-catenin.	I	adopt	an	 in-utero	tamoxifen	induction	protocol,	
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and	validate	the	development	of	ACP	and	fidelity	of	the	different	fluorescent	reporters	by	

immunofluorescent	imaging	of	mutant	embryos.	Next	the	transcriptomic	landscape	of	ACP	

is	analysed	by	comparing	mutant	PSCs	(both	subpopulations)	against	those	from	control		

Sox2CreERT2/+;RosatdTmt/+	embryos,	which	shows	dysregulation	of	Wnt/β-catenin	components,	

as	well	as	secreted	paracrine	factors,	genes	important	for	pituitary	development	and	those	

associated	with	 inflammation.	 Transcriptomic	 analysis	 is	 then	 extended	 to	 consider	 the	

differences	 between	 tumour	 initiating	 PSCs	 and	 those	 refractory	 to	 transformation	 by	

oncogenic	β-catenin.	This	analysis	demonstrates	that	tumour	initiating	PSCs	have	altered	

expression	 of	 Wnt/β-catenin	 inhibitors	 and	 a	 marked	 inflammatory	 associated	 gene	

signature,	 with	 increased	 IL6-Jak-Stat3	 signalling,	 and	 expression	 of	 chemoattractant	

cytokines.	Next,	transcription	factor	binding	motif	enrichment	and	gene	regulatory	network	

modelling	is	conducted	to	identify	and	investigate	the	candidate	transcription	factors	that	

mediate	 early	 ACP	 tumourigenesis.	 Finally,	 I	 identify	 hitherto	 unreported	 hypothalamic	

lesions	 in	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 embryos	 which	 exhibit	 some	 of	 the	

histological	hallmarks	of	ACP.	This	suggests	that	activation	of	oncogenic	β-catenin	in	Sox2-

positive	neural	stem	cells	can	lead	to	CNS	tumours.		
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4.2:	Results		

4.2.1:	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP:	 a	 refined	 model	 of	

embryonic	ACP	

In	Chapter	3	FAC-sorted	populations	of	pituitary	cells	from	Sox2CreERT2/+;RosatdTmt/+		

control	 and	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	 Wnt/β-catenin	 reporter	 mice	 were	

compared	to	investigate	the	effect	of	the	activation	oncogenic	β-catenin	in	PSCs.	However	

technical	 problems	 with	 Cre-mediated	 recombination	 and	 further	 consideration	 of	 the	

experimental	design	revealed	three	key	requirements	for	a	refined	model	of	ACP.	Firstly	

since	ACP	more	commonly	presents	during	early	childhood	(Müller,	2014),	a	developmental	

model	of	ACP	is	likely	more	representative	of	the	majority	of	human	ACP	cases	than	the	

adult-onset	model	used	previously.	Secondly,	although	the	Wnt/β-catenin	reporter	model	

enabled	 the	 isolation	 of	 GFP-positive	 cells,	 a	 fraction	 that	 should	 contain	 	 the	 tumour-

initiating	 β-catenin-cluster	 cells,	 there	 may	 also	 be	 contamination	 with	 differentiated	

pituitary	cells	responding	to	Wnt/β-catenin	signalling.	Crucially	this	model	also	does	not	

allow	 isolation	 of	 the	 population	 of	 PSCs	 refractory	 to	 oncogenic	 β-catenin	 driven	

transformation,	and	comparison	of	the	refractory	and	tumour-initiating	subpopulations	of	

PSCs.	 Finally,	 	 a	 new	 model	 must	 display	 phenotypic	 and	 experimentally	 determined	

evidence	of	recombination	at	the	Ctnnb1lox(ex3)	allele	if	results	are	to	be	reliably	interpreted.		

To	overcome	these	limitations	a	refined	model	was	produced	through	introduction	

of	the	RosatdTmt	allele	into	the	previous	ACP	Wnt/β-catenin	reporter	model.	Sox2CreERT2/+;	Lef-

1:GFP	 mice	 were	 crossed	 with	 Ctnnb1lox(ex3)/lox(ex3);RosatdTmt/tdTmt	 mice	 to	 generate	 the	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	 ACP	 model	 (Fig.	 4.1	 A).	 In	 these	 mice	

tamoxifen	 induction	 leads	 to	 expression	 of	 oncogenic	 β-catenin	 alongside	 the	 tdTmt	

fluorescent	lineage	tracer	in	the	Sox2-positive	PSCs,	and	those	cells	that	have	active	Wnt/β-

catenin	 signalling	 are	 identified	 by	 GFP	 fluorescence.	 This	 enables	 visualization	 and	

isolation	of	the	two	key	subpopulations	of	interest:	tdTmt-positive	GFP-negative	(tdTmt+,	

GFP-)	PSCs	that	are	refractory	to	transformation	by	oncogenic	β-catenin;	and	the	tdTmt+,	

GFP+	population	of	tumour	initiating	cells	with	accumulated	nucleo-cytoplasmic	oncogenic	

β-catenin	(Fig.	4.1	B).	Importantly,	GFP+	cells	that	do	not	express	tdTmt,	and	correspond	to	

Wnt/β-catenin	 responsive	 differentiated	 pituitary	 cells	 can	 be	 excluded	 from	 analysis.	

Again	Sox2CreERT2/+;RosatdTmt/+	mice	were	used	as	controls.		
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Figure 4.1: Generation of a transgenic ACP model that enables isolation of subpopulation of PSCs 

that are tumour-initiating or refractory to transformation by oncogenic β-catenin. A) Sox2CreERT2/+; 

Lef-1:GFP and Ctnnb1lox(ex3/lox(ex3);RosatdTmt/tdTmt mice are crossed to  generate the Sox2CreERT2/+; 

Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP embryonic ACP model. B) Schematics of coronal pituitary sections 

after tamoxifen induction: In Sox2CreERT2/+;RosatdTmt/+ mice (left) Sox2-positive PSCs are labelled with 

tdTmt. In Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP mice (right) all Sox2-positive PSCs express 

tdTmt and oncogenic β-catenin. Tumour initiating PSCs accumulate nuclear β-catenin and express GFP 

(tdTmt+,GFP+) whereas PSCs refractory to transformation do not express GFP tdTmt+,GFP-). 

Abbreviations: PL, posterior lobe, IL, intermediate lobe, AL, anterior lobe. 
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	 In	addition	to	modifying	 the	ACP	model	to	enable	PSC	subpopulation	 isolation,	a	

novel	experimental	design	was	employed	 in	which	 in	utero	 induction	was	performed	on	

pregnant	dams	by	consecutive	tamoxifen	injection	(0.2mg/g/ms)	at	gestational	days	E12.5	

and	E13.5	and	embryos	were	analysed	at	E18.5,	5	days	after	oncogene	activation	(Fig.	4.2	

A).	This	experimental	design	more	closely	resembles	the	timepoint	of		oncogenic	β-catenin	

activation	in	the	original	ACP	mouse	model,	Hesx1Cre/+;Ctnnb1lox(ex3)/+		(Gaston-Massuet	et	al.,	

2011),	 and	 has	 been	 previously	 successful	 in	 another	 Sox2CreERT2	 driven	 model	 of	 ACP	

(Andoniadou	 et	 al.,	 2013).	 To	 ensure	 that	 the	 new	 experimental	 design	 and	 tamoxifen	

dosage	 regime	 led	 to	 recombination	 of	 the	 Ctnnb1lox(ex3)	 allele,	 sections	 from	 E18.5	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+		mutant	embryos	and		Sox2+/+;Ctnnb1lox(ex3)/+	wildtype	littermates	

were	 stained	 with	 haematoxylin	 and	 eosin	 	 (H&E)	 and	 analysed	 for	 phenotypic	 ACP	

histology	(Fig.	4.2	B).	Consistent	with	successful	 recombination	of	 the	Ctnnb1lox(ex3)	allele	

there	was	pituitary	enlargement	in	mutants,	along	with	bifurcations	of	the	marginal	zone,	

and	dense	whorl-like	 clusters	 of	 cells	 that	 are	 considered	 histological	 hallmarks	 of	 ACP	

(Gaston-Massuet	et	al.,	2011;	Müller,	2014).	

Next,	 a	 series	 of	 immunofluorescence	 staining	 experiments	 were	 performed	 to	

ensure	that	the	whorl-like	clusters	of	cells	identified	by	H&E	staining	did	indeed	represent	

β-catenin	clusters	of	stem	cells	and	to	confirm	the	fidelity	of	the	fluorescent	makers	of	the	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	 model.	 First,	 cryosections	 from	 E18.5	

Sox2CreERT2/+;	Ctnnb1lox(ex3)/+;RosatdTmt/+	embryos	and	wild-type	littermates	were	stained	for	

Sox2	and	β-catenin	(Fig.	4.2	C).	As	expected,	tdTmt	fluorescence	matched	the	known	Sox2	

expression	pattern	and	labelled	PSCs	at	the	marginal	zone	as	well	as	the	dense	cell	clusters	

that	colocalised	with	both	Sox2	and	β-catenin.	Next,	to	ensure	that	the	Lef-1:GFP	Wnt/β-

catenin	reporter	faithfully	labelled	β-catenin	clusters,	cryosections	from	E18.5	Sox2CreERT2/+;	

Ctnnb1lox(ex3)/+;Lef-1:GFP	and	wild-type	littermates	were	stained	for	β-catenin	(Fig.	4.2	D).	

Results	showed	colocalisation	of	β-catenin	staining	with	GFP-labelled	clusters,	confirming	

that	GFP-expression	can	reliably	be	used	to	identify	clusters	of	tumour-initiating	cells	with	

accumulated	 oncogenic	 β-catenin.	 Finally,	 embryos	 from	 the	 combined	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	embryonic	ACP	models	were	DAPI	stained	

and	imaged	to	assess	the		tdTmt	and	GFP	staining		(Fig.	4.2	E).	Both	cell	types	of	interest,	

refractory	PSCs	 that	do	not	 accumulate	oncogenic	β-catenin	and	transformed	 	 β-catenin	

clusters	of	PSCs	that	do,	were	clearly	detectable	as	single-positive	tdTmt+,	GFP-	cells	and	

double-positive	tdTmt+,GFP+	cells	respectively	(Fig.	4.2	E).	Taken	together	these	data	show	

a	clear	biological	phenotype	indicating	successful	recombination	at	the	Ctnnb1lox(ex3)	locus	



	
	 	

	 	 105	

and	that	the	fluorescent	reporters	can	be	reliably	used	to	isolate	our	cell	types	of	interest	

for	downstream	analysis.				
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Figure 4.2: Characterisation of the embryonic Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP 

model, shows ACP histological features and the fidelity of fluorescent reporters. A) Pregnant dams 

were given two tamoxifen injections (0.2mg/g/ms) at embryonic day E12.5 and E13.5 with embryos culled 

for experiments at E18.5. B) Haematoxylin and eosin staining of coronal pituitary sections from E18.5 

Sox2CreERT2/+;Ctnnb1lox(ex3)/+ embryos and Sox2+/+;Ctnnb1lox(ex3)/+littermates. C) Immunofluorescence 

staining of E18.5 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ and wild-type littermate embryos for Sox2 and β-

catenin [DAPI (blue), tdTmt (red), Sox2/β-catenin (green)]. D) Immunofluorescence staining of E18.5 

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP and wild-type littermate embryos for β-catenin [DAPI (blue), β-

catenin (red);Lef-1:GFP (green)]. E) Immunofluorescence staining of E18.5 Sox2CreERT2/+; 

Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP and wild-type littermate embryos [DAPI (blue), tdTmt (red);Lef-

1:GFP (green)]. Scale bars represent 250 μm.	Abbreviations:	AL,	anterior	lobe;	IL,	intermediate	lobe;	

PL,	posterior	lobe.		
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4.2.2:	FACs-isolation	of	 subpopulations	 of	 tumour-initiating	PSCs	 and	 those	

refractory	to	transformation	by	oncogenic	β-catenin	

	 In	order	 to	 investigate	 the	early	subpopulation	specific	 transcriptional	landscape	

downstream	of	oncogenic	β-catenin	in	PSCs,	fluorescent	cell	populations	were	FAC-sorted	

from	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	 embryos	 and	 Sox2CreERT2/+;RosatdTmt/+	

controls	(Fig.	4.3).	First,	and	with	the	aid	of	a	fluorescence	dissecting	microscope,	the	brain	

was	 removed	 and	 the	 pituitary	 isolated	 from	 the	 brain	 cavity,	 before	 removal	 of	 the	

posterior	lobe	(Fig.	4.3	A).	tdTmt	fluorescence	was	visible	in	both	genotypes	with	clusters	

of	GFP-positive	cells	only	present	in	the	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	ACP	

model.	For	controls	Sox2CreERT2/+;RosatdTmt/+	embryos	the	tdTmt+	fraction	of	wild	type	PSCs	

were	isolated	by	FAC-sorting	(Fig.	4.3	B).	Two	subpopulations	of	PSCs	were	isolated	by	FAC-

sorting	from	the	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	ACP	model,	both	carrying	

the	 oncogenic	 β-catenin	 recombined	 allele.	 The	 tdTmt+,GFP-	 fraction	 represents	 PSCs	

refractory	 to	 oncogenic	 β-catenin	 driven	 transformation,	 and	 the	 tdTmt+,GFP+	 fraction	

represents	 tumour	 initiating	 β-catenin	 clusters	 that	 are	 transformed	 by	 oncogenic	 β-

catenin.	For	downstream	transcriptome	analysis	this	enabled	two	comparisons,	first	Wild-

type	vs	ACP	mutant	PSCs	(both	tdTmt+,GFP-	and	tdTmt+,GFP+	fractions)	and	secondly	an	

analysis	of	ACP	mutant	subpopulation	variability	between	refractory	(tdTmt+,GFP-)	PSCs	

and	tumour	initiating	PSCs	(tdTmt+,GFP+	).	
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Figure 4.3: Pituitary dissection from  Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;Ctnnb1lox(ex3)/+; 

RosatdTmt/+;Lef-1:GFP  mice and  representative FACs scatter plots. A) Brightfield and fluorescence 

images of full skull cavity (top), intact pituitary (middle) and the anterior/intermediate pituitary after 

posterior lobe removal (bottom) from E18.5 Sox2CreERT2/+;RosatdTmt/+,  and Sox2CreERT2/+;Ctnnb1lox(ex3)/+; 

RosatdTmt/+;Lef-1:GFP embryos. B) Representative FACs scatter plots, with gates used to isolate i) 

tdTmt+,GFP- PSCs refractory to transformation by oncogenic β-catenin (or wild-type PSCs from controls) 

or ii) tdTmt+,GFP+ tumour initiating PSC subpopulations from different genotypes. Scale bars represent 5 

mm (top) or 250 μm.	
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4.2.3:	 The	 early	 transcriptomic	 events	 downstream	 of	 oncogenic	 β-catenin	

activation	in	PSCs	

It	 is	 possible	 that	 tdTmt+,GFP-	 PSCs	 do	 not	 express	 GFP	 due	 to	 absence	 of	

recombination	of	the	Ctnnb1lox(ex3)	allele	rather	than	some,	as	of	yet	undefined,	mechanism	

that	 renders	 them	 refractory	 to	 transformation	 by	 oncogenic	 β-catenin.	 To	 exclude	 this	

possibility	a	PCR	to	detect	floxed	and	recombined	Ctnnb1lox(ex3)	sequences	was	performed	

on	cDNA	from	both	tdTmt+,GFP-	(refractory)	and	tdTmt+,GFP+		(tumour	initiating)	FAC-

sorted	PSC	subpopulations	(Fig.	4.4	A).	As	expected	for	heterozygous	(Ctnnb1lox(ex3)/+)	mice	

for	each	sample	two	PCR	bands	were	detected	corresponding	to	the	wild-type	allele	(cDNA-

WT)	and	the	recombined	allele	missing	exon	3		(cDNA-Dex3).	This	confirms	that	the	PSCs	

refractory	to	transformation	do	indeed	express	the	oncogenic	β-catenin.	Next,	RNA	from	

Sox2CreERT2/+;RosatdTmt/+	 	 (n=6)	 and	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	 (paired	

tdTmt+,GFP-	&	tdTmt+,GFP+,	n=6)	embryos	were	sequenced	across	two	Illumina	lanes,	and	

the	resulting	reads	were	merged,	quality	checked	and	trimmed	prior	to	alignment	to	the	

Gcrm38	reference	genome	[bioinformatic	workflow	available	in	material	and	methods	and	

scripts	and	summary	statistics	available	in	Appendix	I	and	II	respectively].	Three	samples	

with	 poor	 quality	 cDNA	 libraries,	 and	 hence	 a	 low	 proportion	 of	 aligning	 reads	 were	

removed	from	downstream	analysis	(Appendix	II;	Table	10.4).	First,	three	differential	gene	

expression	analyses	were	conducted	in	R	comparing	wild-type	PSCs	against	tdTmt+,GFP-	

refractory	or	tdTmt+,GFP+	tumour	initiating	mutant	subpopulations,	as	well	as	both	mutant	

subpopulations	together	(Fig.	4.4	B).	Comparison	of	the	differentially	expressed	genes	from	

the	 comparison	 of	 wild-type	 vs.	 refractory	 (tdTmt+,GFP-),	 and	 wild-type	 vs.	 tumour	

initiating	PSCs	(tdTmt+,GFP+),	revealed	239	overlapping	genes	(Fig.	4.4.	C).	Alongside	the	

recombination	PCR	(Fig.	4.4	A),	this	strongly	suggests	that	tdTmt+,GFP-		refractory	PSCs	do	

not	simply	represent	PSCs	without	recombination	of	Ctnnb1lox(ex3),	but	rather	PSCs	that	carry	

the	mutation	but	do	not	accumulate	oncogenic	β-catenin	and	do	not	activate	the	Lef-1:GFP	

reporter.	Given	the	large	degree	of	overlap	between	differential	gene	expression	between	

WT	and	both	mutant	subpopulations	(Fig.	4.4.	C),	in	this	section	both	subpopulations	are	

considered	 together	 to	maximize	 the	 statistical	 power	 of	 the	 experiment.	 This	 analysis	

revealed	 448	 significantly	 dysregulated	 genes	 (q-val	 <0.1)	 and	 hierarchical	 clustering	

analysis	 of	 these	 differentially	 regulated	 genes	 was	 performed	 (Fig.	 4.4	 D).	 For	

consideration	of	the	difference	between	the	refractory	and	tumour	initiating	mutant	PSCS	

subpopulations	please	see	the	following	section	(4.2.4).	Next	GSEA	was	performed	to	detect	

significant	enrichment	of	pathways	within	the	dataset		(Fig.	4.4	E-G)	and		a	protein-protein	

interaction	(PPI)	network	 and	GO	enrichments	among	 the	differentially	 regulated	genes	
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were	analysed	using	String-DB	and	TopGO	software	(Fig.	4.5).	The	PPI	network	is	based	on	

an	extensive	database	of	known	and	predicted	protein-protein	interactions	(Szklarczyk	et	

al.,	2017),	and	showed	a	significant	enrichment	of	PPIs		(p-value	<	1.0e-16),	above	the	level	

expected	of	 a	 random	gene	 set	 (Fig.	4.5	A).	GO	 term	enrichments	were	 calculated	using	

String-DB	(genes	in	PPI	as	target	list,	full	M.musculus	gene	list	as	background	list)	and	using	

TopGO		(single	ranked	gene	list)	(Fig.	4.5	B).		

As	 expected	GSEA	 identified	an	 enrichment	of	Wnt/β-catenin	signalling	 genes	 in	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	PSCs	(Fig.	4.4	E;	NES=	1.38,	FDR	q-val	<0.15)	

There	was	also	a	significant	enrichment	for	genes	associated	with	Wnt/β-catenin	signalling	

within	the	PPI	network	(Fig.	4.5	B;	FDR	=	0.00165).	The	significantly	dysregulated	genes	

included	in	these	gene	sets	are	shown	in	table	4.1.	Importantly,	we	observed	upregulation	

of	direct	targets	of	Wnt/β-catenin	signalling	including	Axin2	and	Notum	(Hill	&	Petersen,	

2015;	 Lustig	 et	al.,	 2002).	There	was	also	upregulation	of	 several	Wnt	 ligands	(Wnt10a,	

Wnt6	&	Wnt7a).	Notable	amongst	this	group	of	dysregulated	Wnt/β-catenin	related	genes	

were	members	of	the	Dickkopf	family	(Dkk1	and	Dkk4),	the	Naked	Cuticle	Homologs		1	and	

2	 (Nkd1,	 Nkd2),	 Wnt	 inhibitory	 factor	 1	 (Wif1)	 and	 Notum.	 All	 of	 these	 genes,	 each	

upregulated	in	cells	with	oncogenic	β-catenin,	are	negative	regulators	of	the	Wnt/β-catenin	

signalling	pathway	(Niehrs,	 2012).	 In	 this	 context	 their	upregulation	 likely	 represents	a	

homeostatic	response	as	cells	compensate	for	oncogenic	levels	of		Wnt/β-catenin	signalling.		

Table	4.1:	Differentially	regulated	genes	of	the	Wnt/β-catenin	signalling	pathway		

Symbol	 log2FoldChange	 p-value	 q-value	

Notum	 13.1722368	 8.03E-15	 1.25E-11	
Nkd2	 9.82238489	 1.62E-10	 4.66E-08	
Wnt10a	 6.53408948	 6.44E-08	 1.35E-05	
Dkk1	 10.6599077	 2.08E-07	 3.78E-05	
Frzb	 9.45619982	 6.92E-06	 0.00075654	
Wif1	 4.45028296	 1.22E-05	 0.0012555	
Nkd1	 3.72940195	 6.84E-05	 0.00532329	
Axin2	 2.4273111	 0.00022053	 0.01425719	
Dkk4	 6.78387864	 0.00024113	 0.01538318	
Wnt7a	 7.32681655	 0.00128102	 0.05644928	

Wnt6	 5.47135692	 0.00250054	 0.08964012	

	

The	fibroblast	growth	factor	(Fgf)	family	of	secreted	mitogens,	signal	through	the	

MAPK	 signalling	pathway	 to	 control	numerous	biological	 functions	 including	 embryonic	

development,	 cell	 growth,	 morphogenesis	 and	 tumourigenesis	 (Turner	 &	 Grose,	 2010).	
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Results	show	that	oncogenic	β-catenin	drives	upregulation	of	numerous	Fgfs	(Fgf3,	Fgf4,	

Fgf8,	Fgf15	&	Fgf20)	 in	mutant	PSCs	(Table	4.2).	Fgfs	have	previously	been	shown	to	be	

upregulated	 in	mouse	and	human	ACPs	(Andoniadou	et	al.,	2012;	Gump	et	al.,	2015).	As	

short	range	signalling	molecules,	Fgfs	are	good	candidates	for	factors	playing	a	role	in	the	

paracrine	mechanism	of	ACP	tumourigenesis	(Andoniadou	et	al.,	2013).	Fgfs	can	activate	

the	MAPK	signalling	pathway	(Turner	&	Grose,	2010),	and	the	upregulation	of	Fgf	ligands	

observed	in	mutants	was	accompanied	by	GSEA	enrichment	of	set	of	genes	upregulated	by	

oncogenic	Kras	(Fig.	4.4	F;	NES=	1.38,	FDR	q-val	<0.15)	as	well	as	an	enrichment	for	the	GO	

term	‘positive	regulation	of	ERK1	and	ERK2	cascade’	(Fig.	4.5	B:	TopGO	q-val	<0.007;	String-

DB	FDR	<	0.005).	These	results	are	consistent	with	those	from	chapter	3	that	indicated	that	

the	MAPK	signalling	pathway	was	upregulated	in	adult	pituitary	cells	with	active	Wnt/β-

catenin	signalling	(Fig	3.7).	

Table	4.2:	Differentially	regulated	Fibroblast	growth	factor	proteins	

Symbol	 log2FoldChange	 p-value	 q-value	

Fgf15	 11.2525791	 4.34E-09	 1.03E-06	
Fgf4	 10.1447638	 1.85E-07	 3.46E-05	
Fgf3	 7.78699306	 6.84E-06	 0.00075143	
Fgf20	 7.61519049	 1.76E-05	 0.00174452	
Fgf8	 5.9702034	 0.00019934	 0.01302256	
	

In	addition	to	the	dysregulated	Fgfs,	some	of	which	are	expressed	during	pituitary	

development	 (e.g.	 Fgf8	 and	 Fgf18),	 there	 was	 differential	 expression	 of	 several	 other	

important	genes	that	regulate	pituitary	development.	Among	these	were	three	upregulated	

members	of	 the	Forkhead	 family	of	transcription	 factors	which	play	central	 roles	during	

development,	 are	 frequently	misregulated	 during	 cancer	 (Benayoun	 et	 al.,	 2011).	 These	

include	Foxd1	which	is	expressed	postnatally	in	the	pituitary	and	during	development	is	

expressed	 in	 the	diencephalon	 and	 the	mesenchyme	 surrounding	 the	 pituitary	 at	 E10.5	

(Gumbel	et	al.,	2012).	Interestingly	these	regions	are	essential	for	the	production	of	Bmps,	

which	 are	 required	 for	 normal	 pituitary	 development	 (Kelberman	 et	 al.,	 2009;	 Rizzoti,	

2015).	Consistent	with	 this	regulatory	 link	 there	 is	also	an	 increase	 in	the	expression	of	

Bmp4	 which	 is	 secreted	 from	 the	 ventral	 diencephalon	 during	 development	 to	 induce	

proliferation	and	maintenance	of	RP	progenitors.	There	is	also	evident	downregulation	of	

Pitx1,	an	important	transcription	factor	required	for	pituitary	morphogenesis	(Charles	et	

al.,	 2005)	and	Pax7	a	 lineage	 specific	 transcription	 factor	of	melanotrophs	(Budry	 et	 al.,	

2012).	
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Table	4.3:	Differentially	regulated	genes	involved	in	pituitary	development		

Symbol	 log2FoldChange	 p-value	 q-value	

Bmp4	 5.55087668	 4.68E-14	 3.99E-11	

Foxa2	 9.24712255	 1.00E-08	 2.42E-06	

Foxd1	 7.22569749	 3.80E-06	 0.00043837	
Pax7	 -6.0159991	 4.07E-06	 0.00046619	

Foxc2	 6.43674727	 0.00022371	 0.01223921	

Pitx1	 -1.9067774	 0.00222612	 0.0689762	

Shh	 4.35003441	 0.00291087	 0.0834544	

	

Importantly,	 there	 is	 also	 a	 clear	 inflammatory	 gene	 signature	 in	 mutant	 PSCs	

expressing		oncogenic	β-catenin,	with	an	enrichment	for	the	inflammatory	response	gene	

set	(Fig.	4.4	G;	NES=1.42,	FDR	q-val	<0.12)	and	the	‘inflammatory	response’	GO	term	(Fig.	

4.5	B;	TopGO	q-val	<8.20E-5;	String-DB	FDR	<	0.002).	Furthermore,	this	pro-inflammatory	

gene	signature	is	likely	to	drive	increased	recruitment	of	infiltrating	immune	cells	in	ACP	

pituitaries	 as	 suggested	 by	 the	 enrichment	 of	 GO	 terms	 ‘cell	 chemotaxis’	 (TopGO	 q-val	

<0.008)	and	‘regulation	of	leukocyte	activation’	(String-DB	FDR	<	0.014)	(Fig.	4.5	B).	We	can	

be	confident	that	the	inflammatory	gene	signature	visible	in	the	transcriptomic	data	is	due	

to	the	PSCs	rather	than		contaminating	infiltrating	immune	cells	as	all	samples	were	FAC-

sorted	 for	 tdTmt	 fluorescence	 and	 tdTmt-,GFP+	 cells	 were	 excluded	 from	 the	 analysis.	

Unlike	when	using	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP	in	Chapter	4,	here	there	should	be	

no	 possibility	 of	 contamination	 by	 immune	 cells	 that	 express	 the	 Wnt/β-catenin	 GFP	

reporter	due	to	the	introduction	of	the	RosatdTmt	allele	to	select	for	Sox2-positive	cells.		

Some	 of	 the	 upregulated	 genes	 in	 ACP	mice	 that	 form	 part	 of	 an	 inflammatory	

response	 may	 be	 associated	 with	 increased	 immune	 cell	 infiltration	 include	

chemoattractant	chemokines	such	as	Cxcl1,	Ccl20	and	Il34,	which	promotes	the	recruitment	

of	tumour	associated	macrophages		(Boulakirba	et	al.,	2018).	There	is	also	upregulation	of	

several	 genes	 involved	 in	 interferon	 responses	 including	 interferon	 beta	 1	 (Ifnb1)	 and	

interferon	induced	transmembrane	protein	1	(Ifitm1).	Intriguingly,	the	interferon	response	

and	the	 innate	 immune	system	has	previously	been	 linked	to	ACP	pathology	with	 intra-

cystic	administration	of	INF-α	leading	to	regression	of	the	cystic	component	of	the	tumour	

(Massimi	 et	 al.,	 2017;	 Pettorini	 et	 al.,	 2010).	 Two	 of	 the	most	 upregulated	 genes	 in	 the	

dataset	 were	 phospholipase	 enzymes,	 Pla2g2f	 and	 Pla2g2,	 which	 release	 stored		

Arachidonic	 acid	 (AA)	 from	 membrane	 phospholipids	 to	 serve	 as	 the	 biosynthesis	

precursor	for	eicosanoids,	a	family	of	lipid	mediators	important	for	regulating	inflammation	

(Bennett	 &	 Gilroy,	 2016).	 The	 contribution	 of	 eicosanoids	 to	 ACP	 tumourigenesis	 are	



	
	 	

	 	 113	

considered	in	greater	depth	in	Chapter	5.Taken	together	this	data	clearly	shows	that	there	

is	an	inflammatory	associated	gene	signature	in	ACP-mutant	PSCs,	and	given	the	increased	

expression	 of	 chemoattractant	 cytokines	 it	 is	 likely	 this	 phenomenon	 leads	 to	 increase	

immune	cell	infiltration	early	during	ACP	tumour	formation.	This	hypothesis	is	further	is	

further	 explored	 in	 Chapter	 5.	 It	 should	 	 not	 go	 unmentioned	 that	 some	 of	 the	 gene	

expression	foldchanges	reported	for	gene	associated	with	inflammation	(Pla2g2f,	IL1rl2	and	

Ccl9)	appear	unusually	high	(log2FoldChange>20).	This	is	an	experiential	artefact,	common	

for	inflammatory	genes,	that	arises	due	to	comparison	of	gene	expression	to	a	zero/near-

zero	read	count	value	in	wild-type	PSCs	(where	these	inflammatory	genes	are	essentially	

not	expressed	at	all).	Some	RNAseq	analyses	procedures	remove	all	genes	with	NULL	values	

in	order	 to	avoid	 these	 statistical	anomalies,	 however,	 from	a	biological	 perspective	 the	

difference	between	a	gene	expressed	and	not	expressed	in	two	conditions	is	informative	

and	hence	I	chose	to	include	these	values.		

	

Table	4.4:	Differentially	regulated	genes	involved	in	inflammation		

Symbol	 log2FoldChange	 p-value	 q-value	
Pla2g2f	 24.0497491	 5.17E-24	 4.83E-20	
IL1rl2	 21.8362217	 1.88E-13	 1.47E-10	
Ccl9	 22.2507274	 4.26E-13	 2.75E-10	
Pla2g2a	 12.1122341	 1.39E-11	 5.77E-09	
Ccl20	 21.4640639	 3.68E-11	 1.25E-08	
Ifnb1	 21.4306523	 4.00E-11	 1.33E-08	
Cd48	 20.6080434	 2.15E-10	 5.74E-08	
Ifitm1	 5.20739012	 2.47E-08	 5.63E-06	
Il34	 8.7291097	 4.59E-05	 0.0038846	
IL15	 8.6208464	 0.00011106	 0.00798075	
IL17d	 4.66305533	 0.00145172	 0.06150571	
Cxcl1	 2.32845737	 0.00152774	 0.06371489	
Il22	 7.23676784	 0.00204549	 0.07818692	
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Figure 4.4: The transcriptional events downstream of oncogenic β-catenin activation in PSCs. A) PCR 

on cDNA from FAC-sorted PSCs demonstrating excision of exon 3 from Ctnnb1lox(ex3) in both tumour 

initiating (tdTmt+,GFP+) and refractory (tdTmt+,GFP-) PSC subpopulations. B) Schematic of 

experimental design and trasncriptomic comparison between wild-type and mutant PSCs (both 

tdTmt+,GFP+ and tdTmt+,GFP-). C) Hierarchical clustering analysis of significant differentially regulated 

genes (q-value ≤ 0.1) between wild-type and mutant cells (both subpopulations). Shades of red and blue 

are used to illustrate whether the expression value is above (red) or below (blue) the normalized mean 

expression value across all samples. D) Proportion of overlapping genes between WT vs. refractory and 

WT vs. tumour initiating differential gene expression analyses. E, F & G) Gene Set Enrichment Analysis 

(GSEA) plots showing significant (FDR q-val<0.2) enrichment for Wnt/β-catenin signalling, Kras 

signalling and inflammatory response gene sets respectively. 
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Figure 4.5: Protein-protein interaction network and gene ontology enrichment analysis of 

differentially expressed genes between wild-type and mutant PSCs. A) Protein-protein interaction (PPI) 

network revealing the known and predicted interactions (physical & functional) between the set of  

differentially expressed (q-value <0.1) genes, and a significant PPI enrichment (p-value < 1.0e-16). Line 

thickness indicates confidence in the interaction (minimum interaction score = 0.500), disconnected nodes 

are hidden.  Network nodes are coloured according to their gene ontology terms. B) Enriched gene ontology 

terms identified by String-DB and TopGO within the set of differentially expressed genes. 
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4.2.4:	 Subpopulation	 specific	 transcriptional	 analysis	 of	 tumour-initiating	

PSCs	during	early	ACP	tumourigenesis	

Next,	 paired	 RNA	 samples	 from	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP		

embryos	were	 compared	 to	 investigate	 the	variability	 in	 the	 transcriptomic	 response	 to	

oncogenic	β-catenin	activation	between	PSCs	refractory	to	transformation	(tdTmt+,GFP-)	

and	tumour	initiating	PSCs	(tdTmt+,GFP+)	(Fig.	4.6	A).	Differential	gene	expression	analysis	

revealed	 >1500	 significantly	 dysregulated	 genes	 (q-value	 <0.1)	 between	 the	 two	 cell	

populations.	Previously	I	showed	that	numerous	negative	Wnt/β-catenin	regulators	were	

upregulated	in	mutant	PSCs	(both	subpopulations)	relative	to	controls.	Intriguingly,	here	

two	key	Wnt/β-catenin	inhibitors,	Notum	and	Dkk4,	were	significantly	downregulated	in	

tumour	 initiating	 PSCs	 	 relative	 to	 cells	 refractory	 to	 transformation	 (Table	 4.5).	 Two	

further	 inhibitors,	Dkk1	 and	Wif1,	approached	 statistically	 significant	downregulation	 in	

tumour	initiating	cells	(p-value	<	0.05).	This	hints	that	these	genes	may	be	involvement	in	

the	suppression	of	Wnt/β-catenin	signalling	in	the	PSCs	refractory	to	transformation,	and	

that	this	inhibition	is	overcome	in	tumour	initiating	cells	via	some	unknown	mechanism.	

Table	4.5:	Downregulation	of	Wnt/β-catenin	inhibitors	in	tumour	initiating	cells	

Symbol	 log2FoldChange	 p-value	 q-value	

Dkk4	 -7.9197642	 8.52E-07	 0.00015547	
Notum	 -3.6090171	 0.01125686	 0.09894089	
Dkk1	 -5.6263551	 0.02360971	 0.15517412	
Wif1	 -2.253087	 0.04606087	 0.22401202	
	

One	of	the	most	evident	transcriptional	differences	between	the	two	subpopulations	

was	a	strong	inflammatory	gene	signature	in	tumour	initiating	PSCs	as	identified	by	GSEA	

and	GO	enrichment	(Fig.	4.6	C	&	D:	GSEA:	NES=	2.05,	FDR	q-val	<	1.00E-10	&	TopGO:	q-value	

<0.008).	There	was	significant	upregulation	of	numerous	cytokines	and	chemokines	(Ccl20,	

Ccl9,	 Ccl5,	 Cxcl2,	 IL6	 and	 others)	 in	 tumour	 initiating	 PSCs.	 This	 was	 accompanied	 by	

enrichment	 of	 the	 cytokine-cytokine	 receptor	 interaction	 GSEA	 gene	 set	 (Fig.	 4.6	 C;	

NES:1.92,	FDR	q-val<0.003)	and	the	GO	term	‘cytokine-mediated	signalling	pathway’		(Fig.	

4.6	D;	TopGO:	q-value	<4.90E-0.7;	String-DB	FDR	<0.0004).	Many	of	these	upregulated	genes	

serve	 as	 chemoattractant	 for	 infiltrating	 immune	 cells	 (Ccl20,	 Ccl9,	 Cxcl2,	 Ccl5),	 which	

indicates	 there	 is	 likely	 to	 be	 an	 increased	 immune	 infiltrate	 in	 ACP	mice,	 and	 that	 the	

tumour	initiating	cell	clusters	may	function	as	signalling	hubs	that	drive	the	recruitment	of	

immune	 cells.	 Consistent	 with	 the	 hypothesis	 the	 upregulation	 of	 chemoattractant	

cytokines	was	also	reflected	in	the	significant	enrichment	of	‘leukocyte	chemotaxis’	(Fig.	4.6	
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D;	TopGO:	q-value	<0.007;	String-DB	FDR	<0.05)	and	‘positive	regulation	of	cell	migration’	

GO	terms	(Fig.	4.6	D;	TopGO:	q-value	<0.00065;	String-DB	FDR	<2.84E-05).		

In	Chapter	3	results	indicated	that	adult	pituitary	cells	with	elevated	Wnt/β-Catenin	

signalling	 had	 increased	 signalling	 through	 the	 Tnf-NFkB	 and	 IL6-Jak-Stat3	 signalling	

pathways	 (Fig.	 3.7),	 which	 suggested	 these	 pathways	 may	 play	 a	 role	 in	 ACP	

tumourigenesis.	In	support	of	those	findings	GSEA	here	shows	significant	enrichment	of	the	

Il6-Jak-Stat3	pathway	in	tumour	initiating	PSCs	(Fig.	4.6	C;,	NES=2.01,	FDR	q-val<1.00E-10),	

with	upregulation	of	Il6	,	IL6st,	Jak2	and	Stat3.	Furthermore,	GSEA	identified	a	significant	

enrichment	of	 the	Tnf-NFkB	 inflammatory	signalling	pathway	also	(Fig.	4.6	C;	NES=1.81,	

FDR	q-value=8.91E-04).	Together	with	 the	dysregulation	of	 inflammatory	 cytokines	and	

chemokines	this	data	shows	there	is	considerable	variability	in	PSC	subpopulation	response	

to	 β-Catenin	 oncogene	 activation	 and	 that	 tumour	 initiating	 PSCs	 have	 a	 marked	

inflammatory	gene	signature.	Importantly,	this	inflammatory	gene	signature	is	attributable	

to	 the	 PSCs	 themselves	 rather	 than	 immune	 cells,	 and	 it	 is	 an	 early	 feature	 of	 ACP	

tumourigenesis	apparent		only	5	days	after	oncogene	induction.		

Table	4.6:	Upregulation	of		inflammatory	genes	in	tumour	initiating	cells	

Symbol	 log2FoldChange	 p-value	 q-value	

Ccl9	 27.2715613	 7.00E-13	 1.62E-09	
Cxcl2	 13.7590268	 2.26E-08	 9.18E-06	
IL1rn	 13.5556132	 2.61E-06	 0.00033902	
IL6st	 3.79992299	 5.85E-06	 0.00059378	
Cxcl5	 8.27330967	 9.99E-06	 0.0008396	
Ptgs2	 12.341949	 1.35E-05	 0.00104746	
Ccl5	 12.8710795	 5.26E-05	 0.00287533	
Ccl7	 12.0313199	 0.00014597	 0.00575162	
Ccl20	 7.55449512	 0.0001919	 0.00693837	
Ccl19	 15.5268953	 0.00044353	 0.01267774	
Stat3	 2.60733052	 0.00056394	 0.0146012	
Jak2	 11.4875254	 0.00060127	 0.01519081	
IL6	 8.44435371	 0.00083475	 0.01887251	
Cxcl10	 7.80610823	 0.00092652	 0.02032574	
Ccl6	 10.0805868	 0.00530232	 0.06215012	
IL16	 7.00693973	 0.00695265	 0.07406118	
IL1r2	 7.86503483	 0.00786724	 0.08062931	
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The	paracrine	model	of	ACP	tumourigenesis	postulates	that	tumour	initiating	PSCs	

act	 as	 signalling	 hubs,	 adopt	 a	 senescence	 associated	 secretory	 phenotype	 and	 	 secrete	

paracrine	factors	to	drive	tumourigenesis	(Martinez-Barbera,	2016).	Consistent	with	this	

hypothesis	there	is	enrichment	for	the	set	of	genes	associated	with	the	unfolded	protein	

response	(UPR)	(Fig.	4.6	C;	NES=1.26;	FDR	q-val	<	0.19),	which	is	closely	associated	with	

senescence	(Pluquet	et	al.,	2015),	and	also	the	set	of	genes	associated	with	protein	secretion	

(Fig.	4.6	C;	NES=1.14;	FDR	q-val	<	0.05;	Table	4.8).	The	most	upregulated	gene	within	this	

set	 is	 ATPase	 Copper	 Transporting	 Alpha	 (Atp7a)	 which	 supplies	 copper	 to	 copper-

dependent	 enzymes,	 which	 are	 either	 secreted	 from	 cells,	 or	 reside	 within	 vesicular	

compartments	(Lutsenko,	2016).	Another	interesting	gene	was	Rab5a,	a	member	of	the	rab	

small	GTPase	protein	family	that	function	in	intracellular	membrane	trafficking	and	vesicle	

transport.	 Rab5a	 has	 been	 found	 to	 interact	 with	 Frizzled	 proteins,	 mediates	 receptor	

internalization	 and	 contribute	 to	 the	 maintenance	 of	 high	 intensity	 Wnt	 signalling	

(Purvanov	et	al.,	2010).	There	was	also	significant	upregulation	of	a	number	of	different	

heatshock	 chaperone	 proteins,	which	 are	 often	 upregulated	 in	 cancer	 and	 can	promote	

tumourigenesis	by	stabilizing	the	active	function	of	over	expressed	or	mutated	cancer	genes	

(Calderwood	&	Gong,	2016).	Some	of	these	genes	were	Heat	Shock	Protein	90	Beta	Family	

Member	1	(Hsp90b1),	which	is	located	in	the	endoplasmic	reticulum	(ER)	and	chaperones	

secreted	proteins	(Marzec	et	al.,	2012)	and	Heat	Shock	Protein	90	Alpha	Family	Class	A	

Member	1	(Hsp90aa1)	a	stress	induced	secreted	isoform	of	Hsp90	(Zuehlke	et	al.,	2015),	

which	 can	 be	 upregulated	 by	 NFκB,	 and	 in	 turn	 once	 secreted	 can	 cause	 further	

inflammation	by	activation	of	the	NFκB	and	Stat3	transcription	programs	which	include	the	

pro-inflammatory	 cytokines	 IL6	 and	 IL8	 (Bohonowych	 et	 al.,	 2014).	 There	 were	 also	

members	 of	 the	 Hsp70	 subfamily	 (Hspa5	 and	 the	 co-chaperone	 Bag3)	 and	 the	 Hsp40	

subfamily	(Dnaja2)	dysregulated	in	tumour	initiating	PSCs.	

Table	4.7:	Upregulation	of	protein	secretion	and	UPR	genes	in	tumour	initiating	PSCs	

Symbol	 log2FoldChange	 p-value	 q-value	

Hspa5	 4.0311018	 1.19E-12	 2.14E-09	

Atp7a	 11.693024	 1.77E-06	 0.0002496	

Copb1	 3.3773381	 9.20E-06	 0.00079883	

Hsp90b1	 3.83114977	 1.57E-05	 0.00118275	

Dnaja2	 2.9950957	 3.00E-05	 0.00186479	

Rab5a	 3.23258317	 0.00044982	 0.01280499	

Rps6ka5	 6.9132214	 0.00120989	 0.02388451	

Hsp90aa1	 2.78006586	 0.00168816	 0.03005005	

Bag3	 2.95288161	 0.00234844	 0.03720423	

Stam	 3.34755705	 0.01128261	 0.09905996	
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Figure 4.6: Subpopulation specific transcriptional analysis of tumour-initiating PSCs during early 

ACP tumourigenesis.	A)	Two	cell	populations	from	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-

1:GFP	mice	i)	tdTmt+,GFP-	PSCs	refractory	to	transformation	by	oncogenic	β-catenin	and	ii)	

tdTmt+,	 GFP+	 tumour	 initiating	 PSCs	 were	 compared.	 B)	 Volcano-plot	 depicting	 the	

genome-wide	 expression	 changes	 between	 refractory	 and	 tumour	 initiating	 PSCs,	

differentially	 regulated	 genes	 (q-value	 <	 0.1)	 are	highlighted	 in	 red,	 and	 selected	 genes	

discussed	in	the	text	are	labelled.	C)	Gene	set	enrichment	analysis	(GSEA)	plots	showing	

significant	 (FDR	 q-val<0.2)	 enrichment	 for	 gene	 sets	 associated	 with	 the	 inflammatory	

response,	 cytokine-cytokine	 receptor	 interactions,	 IL6-Jak-Stat3	 signalling,	 Tnf-NFκB	

signalling,	protein	secretion	and	the	unfolded	protein	response.	D)	Enriched	gene	ontology	

terms	identified	by	String-DB	and	TopGO	within	the	set	of	differentially	expressed	genes.	
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4.2.5:	Validation	of	transcriptomic	findings	by	in	situ	hybridization	

The	genes	and	pathways	dysregulated	in	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-

1:GFP	cells	are	consistent	both	with	findings	from	adult	pituitary	cells	with	elevated	Wnt/β-

catenin	 signalling	 presented	 in	 Chapter	 3	 and	 other	 published	 RNA	 and	

immunohistochemical	 expression	 studies	 conducted	 in	 mouse	 models	 and	 human	 ACP	

samples	(Andoniadou	et	al.,	2013;	Apps	et	al.,	2018;	Gaston-Massuet	et	al.,	2011;	Gonzalez-

meljem	et	al.,	2017;	Gump	et	al.,	2015).	To	further	confirm	the	biological	meaningfulness	of	

the	transcriptomic	findings,	in	situ	hybridization	was	performed	against	selected	mRNAs	on	

coronal	 pituitary	 sections	 from	 E18.5	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	embryos	 and	

controls	 (Fig.	4.7).	Staining	 for	Ctnnb1	revealed	widespread	upregulation	along	 the	PSC-

compartment	lining	the	marginal	zone	as	well	as	in	focal	clusters	of	tumour	initiating	cells	

(Fig.	4.7	A	&	F).	This	finding	is	consistent	with	increased	expression	of	oncogenic-β-catenin	

in	 all	 Sox2-postive	 PSCs	 and	 relatively	 higher	 levels	 in	 tumour	 initiating	 β-catenin	 cell	

clusters.	Perhaps	then,	part	of	the	reason	certain	cells	are	refractory	to	oncogenic-β-catenin	

induced	 transformation	 is	mediated	by	their	ability	 to	dampen	expression	of	the	Ctnnb1	

gene.	As	in	the	transcriptomic	data,	there	was	also	clear	increased	expression	of	Axin2,	a	

direct	target	of	the	β-catenin/Tcf	transcription	factor	complex	(Lustig	et	al.,	2002).	Another	

interesting	gene	upregulated	in	mutant	PSCs	was	p21,	a	key	mediator	of	cellular	senescence,	

that	has	been	proposed	to	play	a	role	in	the	senescence	associated	secretory	phenotype	in	

numerous	 tumours	 (Copp	 et	 al.,	 2010)	 including	 the	 pituitary	 (Gonzalez-meljem	 et	 al.,	

2017).	Consist	with	these	reports	and	the	transcriptomic	analysis	of	mutant	PSCs,	there	was	

increased	 p21	 expression	 in	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 mutant	 embryos.		

Additionally,	 transcriptomic	 analysis	 identified	 	 upregulation	 of	 a	 number	 of	 secreted	

paracrine	factor	that	play	important	roles	during	pituitary	development.	These	include	Fgf8	

and	Bmp4	which	are	secreted	by	the	ventral	diencephalon	and	help	drive	the	proliferation	

of	progenitor	cells	as	well	as	Shh	which	is	involved	in	ventral	diencephalon	patterning	as	

well	as	promoting	proliferation	in	Rathke’s	pouch	(Treier	et	al.,	1998;	Y.	Wang	et	al.,	2010).	

In	 situ	 hybridization	 against	 Fgf8,	 Bmp4	 and	 Shh	 again	 showed	 upregulation	 in	mutant	

pituitaries	in	accordance	with	the	transcriptomic	analysis	of	mutant	PSCs.	Together	these	

findings	help	verify	the	validity	of	our	transcriptomic	data	(Fig	4.7	;D-K’).		
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Figure 4.7: In situ hybridisation validates transcriptional changes identified by RNAseq analysis. In 

situ hybridisation was performed on E18.5 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ embryos (F-K’) and 

wildtype littermates (A-F).  Probes against Ctnnb1, Axin2, p21, Fgf8, Bmp4 and Shh were used. In each 

case there is a notable increase in expression in Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ pituitaries compared 

to wild-types.  Arrows indicate β-catenin clusters of tumour initiating PSCs. Abbreviations: MZ, marginal 

zone; AL, anterior lobe; PL, posterior lobe, 3V; third ventricle. Images are representative of 3 embryos per 

genotype. Scale bars represent 250 μm	(A-K)	and	100 μm	(F’-K’).	 
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	 One	of	the	key	findings	of	the	transcriptional	analysis	of	early	ACP	tumourigenesis	

was	 the	 upregulation	 of	 numerous	 Wnt/β-catenin	 signalling	 inhibitors	 in	 mutant	 PSCs	

(Dkk1,	Dkk4,	Notum,	Nkd1,	Nkd2,	Wif1).	Crucially,	two	of	these	inhibitors,	Dkk4	and	Notum	

were	significantly	downregulated	in	tumour	initiating	PSCs	relative	to	PSCs	refractory	to	

transformation,	 with	 Dkk1	 also	 approaching	 significance.	 This	 suggests	 a	 possible	

mechanism	 by	 which	 PSCs	 refractory	 to	 transformation	 by	 oncogenic	 β-catenin	 may	

attenuate	oncogenic	Wnt/β-catenin	signalling	levels.	To	further	analyse	these	findings,	in	

situ	hybridization	was	performed	against	Dkk1,	Dkk4	and	Notum	on	pituitary	sections	from	

E18.5	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	embryos	 and	wild-type	 controls	 (Fig.	 4.8).	 In	

every	case	there	was	increased	expression	of	the	Wnt/β-catenin	inhibitor	genes	in	mutant	

pituitaries,	 as	 shown	 in	 the	 control	 vs	mutant	 transcriptomic	 comparison.	 Furthermore,	

whilst	the	upregulated	expression	was	widespread	it	was	most	evident	in	the	cells	lining	

the	marginal	 zone,	 rather	 than	 focal	 clusters	of	 cells	 corresponding	 to	 tumour	 initiating	

PSCs.	Thus,	these	findings	agree	with	the	RNAseq	analysis	and	support	a	potential	role	for	

these	Wnt/β-catenin	inhibitors	in	mediating	the	variable	response	to	oncogenic	β-catenin	

activation	in	PSCs.		
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Figure 4.8: In situ hybridisation shows increased expression of Wnt/β-catenin inhibitors in PSCs 

refractory to tumourigenesis. In situ hybridisation was performed on E18.5 Sox2CreERT2/+;Ctnnb1lox(ex3)/+; 

RosatdTmt/+ embryos (D-F’) and wildtype littermates (A-C).  Probes against Dkk1, Dkk4 and Notum were 

used. In each case there is a notable increase in expression in Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ 

pituitaries compared to wild-types, and signal is most evident in the MZ, not in tumour initiating PSCs 

(arrows). Abbreviations: MZ, marginal zone; AL, anterior lobe; PL, posterior lobe, 3V; third ventricle. 

Images are representative of 3 embryos per genotype. Scale bars represent 250 μm	(A-F)	and	100 μm	(D’-

F’).	 
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4.2.6:	 Transcription	 factor	 binding	 motif	 enrichment	 and	 gene	 regulatory	

network	modelling	of	early	ACP	tumourigenesis	

Individual	transcription	factors	do	not	function	in	isolation	but	as	part	of	a	complex	

gene	 regulatory	 network	 	 (GRN)	 composed	 of	 regulators,	 the	 transcription	 factors	 and	

chromatin	remodellers,	and	targets,	the	DNA	promoters	to	which	they	bind	and	the	genes	

expressed	(Emmert-streib	et	al.,	2014;	Thompson	et	al.,	2015).	Alteration	of	the	level,	or	

activity	 of	 an	 individual	 node	 (i.e.	 a	 transcription	 factor)	 	 of	 the	 network	 will	 induce	

perturbations	 that	 propagate	 through	 the	 GRN,	 resulting	 in	 widespread	 transcriptional	

changes	 in	 genes	 beyond	 those	 directly	 bound	 and	 regulated	 by	 the	 changed	 node.	 To	

investigate	 the	 GRN	 underpinning	 the	 oncogenic	 β-catenin-driven	 transcriptional	

landscape	of	ACP	a	two-step	process	was	employed	(Fig.	4.9	A).	The	first	step,	Transcription	

Factor	DNA-binding	motifs	(TFBM)	-enrichment	analysis,	 is	split	 into	three	parts.	Firstly,	

the	proximal	promoter	regions	surrounding	the	transcription	start	site	(TSS)	of	the	genes	

(-500bps	 to	 +100bps)	 	 of	 the	 control	 vs	mutant	 (both	 refractory	 and	 tumour	 initiating	

subsets)	dysregulated	gene	set	were	downloaded.	Secondly,	enrichment	of	TFBMs	within	

this	set	of	promoters	is	then	calculated.	TFBMs	represent	cis-regulatory	elements	located	in	

DNA	promoters	and	enhancers	that	are	bound	by	sequence-specific	transcription	factors	

(Inukai	et	al.,	2017),	and	they	can	be	represented	position	weight	matrices;		measures	of	the	

probability	that	each	base	in	the	TFBM	sequence	is	a	particular	nucleotide	(Stormo,	2013).	

This	analysis	identified	60	TFBMs	significantly	over-represented	(NES	>	3.00,	q<0.01)	in	the	

surroundings	of	the	TSS	of	these	genes.	Thirdly,	these	enriched	TFBMs	are	linked	with	their	

known	and	predicted	transcription	factor	binding	partners.	Ultimately	this	unsupervised	

approach	produces	a	list	of	candidate	transcription	factors	that	are	likely	to	mediate	the	

transcriptional	differences	between	control	and	mutant	PSCs	during	this	early	snapshot	of	

ACP	tumourigenesis.		

The	 next	 step	 of	 the	 analysis	 constructs	 a	 GRN	 by	 taking	 the	 list	 of	 candidate	

transcription	factors	and	raw	expression	data	as	input	and	using	random	forest	modelling	

to	 compute	 the	 putative	 regulatory	 relationships	 between	 the	 candidate	 transcription	

factors	and	each	of	the	dysregulated	genes	between	control	and	mutant	PSCs	(Aibar	et	al.,	

2017;	 Huynh-thu	 et	 al.,	 2010).	 This	 modelling	 outputs	 arbitrary	 ‘weights’	 for	 each	

transcription	factor-gene	link	that	measures	the	respective	relevance	of	each	transcription	

factor	 for	 the	 prediction	 of	 the	 expression	 of	 each	 target	 gene,	 with	 high	 weightings	

translated	as	putative	regulatory	links.	Therefore,	for	each	candidate	transcription	factor,	

the	 cumulative	weight	 of	 its	 gene	 regulatory	 linkages	provides	a	measure	of	 its	 relative	

contribution	to	the	maintenance	of	the	different	transcriptional	states	in	control	and	ACP	
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mutant	PSCs.	 It	 is	however	 important	to	state	 that	 this	GRN	modelling	strategy	can	only	

provide	 a	 partial	 picture	 of	 the	 complexities	 of	 gene	 expression	 regulation	 as	 only	 the	

control	of	candidate	transcription	factor	expression	over	gene	expression	is	considered,	and	

post-translational	mechanisms	regulating	transcription	factor	activity	cannot	be	built	into	

the	model		

Reassuringly,	 the	 three	 transcription	 factors	 with	 the	 greatest	 cumulative	

regulatory	weighting	were	β-catenin	(Ctnnb1),	and	its	co-transcriptional	activators,	Lef-1,	

Tcf7	and	Tcf7l1	(Nusse	et	al.,	2008).	Since	we	know	that	many	of	the	dysregulated	genes	

between	 wild-type	 and	 mutant	 PSCs	 are	 known	 direct	 targets	 of	 β-catenin	 and	 its	 co-

transcriptional	 activators,	 this	 evidences	 the	 validity	 of	 this	 unsupervised	 approach.	

Another	interesting	transcription	factor	that	emerges	as	a	candidate	mediating	mutant	PSCs	

transcriptional	states	is	Sox9.	The	Sox9	transcription	factor	labels	a	subpopulation	of	PSCs	

in	the	normal	pituitary	(Rizzoti	et	al.,	2013),	and	during	ACP	tumourigenesis	is	expressed	

in	the	proliferating	cells	surrounding	tumour	initiating	β-catenin	clusters	of	PSCs	(Gaston-

Massuet	et	al.,	2011).	Furthermore,	in	an	unpublished	cohort	of	human	ACPs	we	have	found	

Sox9	 to	be	 frequently	mutated	(unpublished	data,	Dr.	Nikolina	Kyprianou),	which	 along	

with	 the	 analysis	 here	 suggests	 that	 Sox9	 may	 play	 an	 important	 role	 in	 ACP	

tumourigenesis.	Analysis	of	adult	pituitary	cells	with	elevated	Wnt/β-catenin	in	Chapter	3	

indicated	upregulation	of	MAPK	 signalling	may	be	 a	 feature	of	ACP	 tumourigenesis	 and	

analysis	 of	 mutant	 PSCs	 in	 an	 embryonic	 model	 of	 ACP	 support	 this	 findings,	 with	

upregulation	of	Fgfs	proteins	that	signal	through	the	pathway.	GRN	modelling	identified	two	

transcription	factors	Myocyte	Enhancer	Factor	2D	(Mef2D)	and	BLOC-1	Related	Complex	

Subunit	 8	 (Borcs8)	 also	 known	 as	Mef2B.	 The	Mef2	 family	 of	 transcription	 factors	 are	

involved	in	diverse	developmental	programs	(Potthoff	&	Olson,	2007)	and	are	frequently	

dysregulated	in	cancer	(Pon	&	Marra,	2015).	Moreover	Mef2	family	members	are	frequently	

found	to	be	activated	downstream	of	MAPK	and	Wnt	signalling	pathways	(Chen	et	al.,	2017).	

Given	the	strong	inflammatory	gene	signature	identified	in	mutant	PSCs,	it	is	not	surprising	

that	GRN	analysis	 revealed	 candidate	 transcription	 factors	 involved	 in	 the	 regulation	of	

inflammatory	gene	expression.	These	included	Nfkb2,	Rel	and	Relb,	all	components	of	the	

NFκB	signalling	complex,	which	is	a	key	modulator	of	inflammatory	gene	expression,	and	

frequently	dysregulated	in	cancer	(Hoesel	&	Schmid,	2013).	Intriguingly,	the	transcription	

factor	that	bound	the	TFBM	with	the	most	significant	enrichment	(NES	=4.09)	was	Sterol	

Regulatory	 Element	 Binding	 Transcription	 Factor	 2	 (Srebf2),	 a	 key	 mediator	 of	 lipid	

metabolism	and	Cholesterol	Biosynthesis	(Madison,	2016).	Human	ACP	tumours	frequently	

contain	cholesterol	clefts,	elongated	spicular	spaces	filled	with	cholesterol	crystals	(Müller,	
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2014),	however	these	have	not	been	detected	in	mouse	models	of	ACP	(Andoniadou	et	al.,	

2013;	Gaston-Massuet	et	al.,	2011)	
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Figure 4.9: Transcription factor binding motif enrichment and gene regulatory network modelling 

on the dysregulated gene list between wild-type and ACP-mutant PSCs. A) Schematic of the 

bioinformatic pipeline. Using RcisTarget software i) The proximal promoter regions surrounding the 

transcriptional start site (-500bp +100bp) of the list of genes dysregulated between wild-type and mutant 

PSCs is downloaded ii) Transcription factor binding motifs (TFBMs)-enrichment within the set of 

promoters is calculated iii) A list of candidate transcription factors that bind the enriched-TFBM is 

generated iv) Putative regulatory relationships between candidate transcription factors and dysregulated 

genes are modelled using GENIE3. B) Heat map displaying the modelled regulatory link weightings 

between the candidate transcription factors (with the highest cumulative TF-gene link weights) and the set 

of differentially regulated genes. Increasing weight (red) measures the respective relevance for each 

transcription factor on the prediction of the expression of each target gene.  
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Next,	 the	 same	 procedure	 was	 conducted	 to	 identify	 enrichment	 of	 TFBMs	 and	

model	the	putative	regulatory	relationships	of	candidate	transcription	factors	that	mediate	

the	transcriptional	differences	between	PSCs	refractory	to	transformation	by	oncogenic	β-

catenin	 and	 the	 subpopulation	 of	 tumour	 	 initiating	 PSCs	 (Fig.	 4.10).	 TFBM-enrichment	

identified	 20	 enriched	 DNA	 motifs	 significantly	 over-represented	 (NES	 >	 3.00)	 in	 the	

proximal	 promoter	 regions	 	 of	 the	 differentially	 expressed	 gene	 set.	 The	 ER	 is	 a	

multifunctional	 organelle	 responsible	 for	 the	 proper	 folding	 of	 secreted	 and	

transmembrane	organelles	(Corazzari	et	al.,	2017).	ER	stress	initiates	the	unfolded	protein	

response	 (UPR),	 a	 regulatory	 mechanism	 closely	 linked	 to	 cellular	 senescence	 that	 is	

mediated	by	the	release	of		CAMP	Responsive	Element	Binding	Proteins	(Crebps)	from	the	

ER	(Chan	et	al.,	2011).	GSEA	analysis	of	transcriptional	differences	between	PSCs	refractory	

to	transformation	and	tumour	initiating	PSCs	showed	enrichment	of	gene	sets	associated	

with	 protein	 secretion	 and	 the	 UPR.	 Consistent	 with	 this	 finding,	 the	 GRN	 modelling	

revealed	 important	 contributions	 by	 Crebp3	 as	well	 as	 Crebp3L1	 and	 Crebp3L2.	 These	

transcription	 factors	 have	 previously	 been	 linked	 to	 the	 regulation	 of	 the	 inflammatory	

response,	and	are	thought	to	be	regulated	by	ER	stress	and	activate	the	UPR	(Chan	et	al.,	

2011).	 Creb3	 is	 positively	 regulated	 by	 NFκB	 signalling,	 can	 control	 the	 expression	 of	

cytokines	(Jang	et	al.,	2007)	 their	receptors	 (Sung	et	al.,	2008)	and	the	unfolded	protein	

response	 (UPR),	 promoting	 cell	 survival	 versus	 ER	 stress-induced	 apoptotic	 cell	 death	

(Liang	et	al.,	2006).	Furthermore,	studies	across	a	number	or	organisms	have	pointed	to	an	

essential	role	for	CREB3L1	and	CREB3l2	in	the	regulation	of	protein	secretion	(Chan	et	al.,	

2011),	and	as	direct	regulators	of	secretory	capacity	in	typically	non-secretory	cells	(Fox	et	

al.,	 2010).	 Given	 the	 close	 association	 between	 the	 UPR	 and	 senescence	 (Pluquet	 et	 al.,	

2015),	and	the	known	role	for	these	transcription	factors	in	regulating	cellular	secretion	it	

is	 tempting	 to	 speculate	 that	 these	 proteins	 may	 play	 a	 role	 in	 the	 transcriptional	

maintenance	of	the	senescence	associated	secretory	phenotype,	thought	to	be	important	for	

ACP	 tumourigenesis	 	 (Gonzalez-meljem	 et	 al.,	 2017).	 Another	 key	 stress	 pathway	 often	

activated	 during	 tumourigenesis	 is	 the	 DNA	 damage	 response	 (DDR).	 GRN	 modelling	

identified	the	contribution	of		early	onset	breast	cancer	1	(BRCA1)		to	the	transcriptional	

differences	between	mutant	PSC	subpopulations.	BRCA1	 is	a	classical	tumour	suppressor	

gene	involved	in	the	DDR	that	can	promote	the	expression	of	p21	and	cellular	senescence	

(Deng,	 2006),	 and	 also	 may	 play	 a	 role	 in	 driving	 the	 senescence	 observed	 in	 tumour	

initiating	PSCs.	As	would	be	 expected	given	 the	marked	 inflammatory	 gene	 signature	of	

tumour	 initiating	 PSCs	 TFBMs-enrichment	 and	 GRN	 modelling	 identified	 candidate	

transcription	factors,	in	addition	to	the	aforementioned	Creb3,	that	are	known	to	regulate	

the	inflammatory	response.	CCAAT	Enhancer	Binding	Protein	Beta	(Cebpb)	is	an	important	
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regulator	of	the	inflammatory	response	(Kishimotot,	1992),	and	over	expression	of	Cebpb	

can	induce	NFκB	binding,	JNK	activation,	and	pro-inflammatory	cytokine	gene	expression	

in	 adipocytes	 and	macrophages	 (Rahman	 et	 al.,	 2012).	 Another	 candidate	 transcription	

factor	 that	 emerged	was	 Nuclear	 Receptor	 Subfamily	 3	 Group	 C	Member	 1	 (NR3C1),	 a	

glucocorticoid	 receptor	 involved	 in	inflammatory	 responses,	 cellular	 proliferation,	 and	

differentiation	in	target	tissues	(Newton	et	al.,	2017).	

	It	 is	 possible	 that	 variability	 in	 PSC	 response	 to	 the	 activation	 of	 the	 β-catenin	

oncogene	 is	 underpinned	 by	 epigenetic	 differences	 between	 the	 tumour	 initiating	 and	

refractory	 PSC	 cell	 populations.	 Nr3c1	 is	 involved	 in	 chromatin	 remodelling	 (Fryer	 &	

Archer,	 1998)	 ,	 as	 is	 Zinc	Finger	 and	BTB	Domain	Containing	33	protein	 (Zbtb33),	 also	

known	as	Kaiso	(Yoon	et	al.,	2003).	Zbtb33	is	a	relatively	understudied	transcription	factor,	

that	was	found	to	bind	to	45%	(9/20)	of	the	enriched	TFBMs.	Zbtb33	recruits	the	N-CoR	

repressor	complex	to	promote	histone	deacetylation	and	formation	of	repressive	chromatin	

structures	in	target	gene	promoters	(Yoon	et	al.,	2003).	Furthermore,	Zbtb33	has	previously	

been	linked	to	the	regulation	of	target	genes	of	the	Wnt/β-catenin	signalling	pathway	(Iioka	

et	al.,	2009;	Kim	et	al.,	2004;	Liu	et	al.,	2014;	Park	et	al.,	2005;	Prokhortchouk	et	al.,	2006).	

Given	 its	 previous	 association	 with	 Wnt/β-catenin	 Zbtb33	 was	 investigated	 further	

revealing	 that	 it	 binds	 to	 the	 proximal	 promoter	 region	 of	 316	 differentially	 expressed	

genes,	 and	 of	 those	 85%	 are	 upregulated	 in	 the	 tumour	 initiating	 PSCs	 relative	 to	

unresponsive	PSCs	(Fig.	4.10	B).	These	findings	prompt	the	need	to	further	investigate	the	

role	 played	 by	 Zbtb33	 in	 mediating	 the	 differences	 between	 PSCs	 refractory	 to	

transformation	and	tumour	initiating	PSCs.		
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Figure 4.10: Transcription factor binding motif enrichment and gene regulatory network modelling 

of tumour initiating PSCs. A) Heat map displaying the modelled regulatory link weightings between the 

candidate transcription factors (with the highest cumulative TF-gene link weights) and the set of 

differentially regulated genes between refractory and tumour initiating PSCs. Increasing weight (red) 

measures the respective relevance for each transcription factor on the prediction of the expression of each 

target gene. B) Volcano-plot depicting the genome-wide expression changes between refractory and tumour 

initiating PSCs, differentially regulated genes (q-value < 0.1) are highlighted in red, and those genes 

containing TFBM’s bound by Zbtb33 are labelled. 
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4.2.7:	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 embryos	 develop	 hypothalamic	

lesions	

The	Sox2	transcription	factor	is	a	canonical	stem	cell	marker,	that	in	addition	to	the	

developing	pituitary,	 is	widely	 expressed	during	neural	 development	and	maintained	 in	

numerous	 adult	 neural	 stem	 cell	 compartments	 including	 the	 3rd	 ventricle	 of	 the	

hypothalamus	(Dahiya	et	al.,	2011;	Pevny	&	Nicolis,	2010).	However,	previous	ACP	studies	

activating	oncogenic	β-catenin	in	Sox2-positive	cells	have	not	reported	any	neural	defects	

or	the	presence	of	neural	lesions	(Andoniadou	et	al.,	2013;	Gonzalez-meljem	et	al.,	2017).	In	

contrast,	 investigation	of	 the	pituitary	phenotype	of	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	

embryos	 uncovered	 highly	 penetrant	 and	 hitherto	 uncharacterized	 lesions	 in	 the	

hypothalamus	of	mutant	embryos	(Fig.	4.11).	Unlike	pituitary	β-catenin	clusters	of	tumour	

initiating	 cells,	 which	 were	 largely	 absent	 at	 E15.5,	 hypothalamic	 lesions	 were	 clearly	

discernible	3	days	post	tamoxifen	induction	at	E12.5	(Fig.	4.11	A).	Hypothalamic	lesions,	

were	positive	 for	 the	 tdTmt	 lineage	tracer,	which	and	colocalised	with	both	Sox2	and	β-

catenin	 staining	 (Fig.	 4.11	 A).	 Staining	 of	 E18.5	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	

cryosections	for	Sox2	and	Sox9	revealed	that	hypothalamic	lesions	were	positive	for	Sox2	

but	negative	for	Sox9,	which	instead	surrounded	the	lesions	(Fig.	4.11	B).	This	staining	is	

reminiscent	of	the	staining	pattern	reported	in	ACP’s	β-catenin	accumulating	cell	clusters	

(Andoniadou	et	al.,	2013).	To	further	evaluate	whether	hypothalamic	lesion	recapitulated	

ACP	β-catenin	cell	cluster	histopathology,	in	situ	hybridization	against	Ctnnb1,	Axin2	and	

p21	mRNA	was	performed	on	E18.5	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	coronal	sections	

(Fig.	4.11	C).		Remarkably,	the	hypothalamic	lesions	were	histologically	similar	to	clusters	

of	tumour	initiating	PSCs	in	ACP	(Figs	4.2	&	4.7)	and	showed	clear	upregulation	of	Ctnnb1,	

Axin2,	and	p21.	Although	further	investigation	of	these	unidentified	hypothalamic	lesions	is	

clearly	necessary,	the	preliminary	results	suggest	that	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	

mice	 may	 be	 applicable	 to	 the	 study	 of	 brain	 tumours.	 Furthermore,	 the	 induction	 of	

putative	brain	tumours	in	the	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	model	may	extend	the	

relevance	of	the	transcriptomic	analysis	presented	in	this	chapter	beyond	the	scope	of	ACP.	
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Figure 4.11: Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ mice develop hypothalamic lesions with 

histological features similar to ACP. A) Immunofluorescence staining of E15.5 pituitary/hypothalamus 

sagittal cryosections  from Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ embryos for Sox2 and β-catenin [DAPI 

(blue), Sox2/β-catenin (green), tdTmt (red)]. B) Immunofluorescence staining of sequential hypothalamic 

coronal cryosections from E18.5  Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ embryos for Sox2 and Sox9 

[Sox2/Sox9 (green), tdTmt (red)]. C)  In situ hybridisation against Ctnnb1, Axin2 and p21 mRNA in coronal 

pituitary/hypothalamus sections of Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ embryos and wild-type E18.5 

embryos. Scale bars represent 250 μm	(A	&	C)	or	50 μm	(B). 

 

 



	
	 	

	 	 133	

4.3:	Discussion		

Tumorigenesis	 is	 a	 multifaceted	 process	 brought	 about	 by	 widespread	

transcriptional	changes	in	response	to	oncogene	activation.	An	understanding	the	earliest	

steps	 of	 tumourigenesis,	 and	 what	 features	 may	 predispose	 certain	 cell	 types	 to	

transformation	remains	elusive.	This	study	represents	the	earliest	transcriptomic	analysis	

of	ACP	performed	to	date,	with	previous	human	microarray	and	RNAseq	studies	conducted	

on	 mature	 tumour	 samples	 (Apps	 et	 al.,	 2018;	 Gump	 et	 al.,	 2015),	 and	 comparable	

transcriptomic	 studies	 in	mice	 performed	 4	weeks	 after	 oncogene	 induction	 (Gonzalez-

meljem	et	al.,	2017).	The	reasons	underlying	how	and	why	subpopulations	of	specific	cell	

types	respond	differently	to	oncogene	activation	also	remain	unknown	–	particularly	in	the	

context	of	mouse	models	where	an	oncogene	is	simultaneously	activated	in	a	large	number	

of	cells.	In	this	chapter	I	evaluate	the	PSC	subpopulation	specific	transcriptional	landscape	

of	ACP,	early	during	the	tumourigenesis	process,	both	in	terms	of	the	genes	and	pathways	

that	are	dysregulated	and	the	GRNs	mediating	these	altered	transcriptional	states.	Using	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	 	 embryos	 I	 distinguished	between	mutant	

PSCs	 that	 are	 refractory	 to	 transformation	 by	 oncogenic	 β-catenin	 and	 those	 tumour	

initiating	PSCs	that	form	secretory		β-catenin	clusters.	The	findings	highlight	the	importance	

of	the	MAPK	kinase	signalling	as	well	as	the	inflammatory	signalling	pathways	Tnfa-NFκB	

and	IL6-Jak-Stat3	in	early	ACP	tumourigenesis.	Importantly	this	inflammatory	associated	

gene	signature	is	due	to	transcriptional	changes	in	the	PSCs	themselves,	and	in	particular	

the	tumour	initiating	PSCs	rather	than	immune	cells	and	is	accompanied	by	the	expression	

of	chemokines	and	cytokines,	likely	driving	the	recruitment	of	infiltrating	immune	cells	and	

further	 contributing	 to	 an	 inflammatory	 tumour	 microenvironment.	 Furthermore,	 the	

results	 presented	 here	 identify	 Wnt/β-catenin	 inhibitors	 and	 candidate	 transcription	

factors	 that	may	underpin	 the	differences	 in	 response	 to	oncogenic	β-catenin	activation	

between	PSC	subpopulations.		

4.3.1:	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	 	 embryos	develop	ACP	

and	hypothalamic	lesions			

In	 contrast	 to	 previous	 attempts	 using	 adult	 ACP	 mouse	 models	 in	 Chapter	 3,	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	embryos	showed	clear	phenotypic	signs	of	

ACP,	 with	 clearly	 identifiable	 clusters	 of	 senescent	 cells	 with	 high	 levels	 of	 nucleo-

cytoplasmic	 accumulated	 β-catenin,	 which	 correspond	 to	 the	 subpopulation	 of	 tumour	

initiating	PSCs.	It	is	certainly	intriguing	that	by	altering	the	timepoint	of	induction	from	that	

used	 in	Chapter	3	 recombination	of	 the	Ctnnb1lox(ex3)	and	phenotypic	 consequences	were	
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achieved,	 particularly	 since	 adult	 induction	 of	 ACP	 has	 previously	 been	 successful	

(Andoniadou	et	al.,	2013).	Although	beyond	the	scope	of	this	thesis,	it	would	be	interesting	

to	interrogate	the	reasons	underlying	the	apparent	diminishing	efficiency	of	Cre-mediated	

recombination	at	the	Ctnnb1lox(ex3)	locus	over	time.		

The	 Sox2	 transcription	 factor	 is	 expressed	 in	numerous	different	adult	 stem	cell	

compartments	including	the	pituitary	(Fauquier	et	al.,	2007),		the	brain	(Brazel	et	al.,	2005),	

the	 hair	 follicle	 (Driskell	 et	 al.,	 2009),	 and	 several	 epithelial	 tissues	 lining	 the	

gastrointestinal	tract	(Arnold	et	al.,	2011).	Moreover,	Sox2	is	expressed	even	more	widely	

during	development,	 notably	 throughout	Rathke’s	pouch	during	 early	development,	and	

then	later	restricted	to	the	marginal	zone	(Rizzoti,	2015).	Sox2	also	plays	a	critical	role	in	

neural	development	(Bylund	et	al.,	2003),	and	is	expressed	widely	in	the	developing	ventral	

diencephalon,	 and	 later	 restricted	 to	 the	 epithelial	 layer	 of	 stem	 cells	 that	 line	 the	 3rd	

ventricle	(3V)	of	the	hypothalamus	in	humans	and	mice	(Dahiya	et	al.,	2011).	It	is	therefore	

somewhat	incongruous	that	there	have	been	no	previous	reports	of	any	neural	defects	or	

lesions,	 either	 elsewhere,	 or	 in	 the	 hypothalamus	of	mouse	models	 of	ACP	 that	 express	

oncogenic	β-catenin	in	Sox2-positive	cells	(Andoniadou	et	al.,	2013;	Gonzalez-meljem	et	al.,	

2017).	Particularly	since	mutations	in	CTNNB1	have	been	detected	in	childhood	primitive	

neuroectodermal	 tumours	 (Erthold	 et	al.,	 2001)	and	 in	medulloblastomas	 (Gibson	et	 al.,	

2010),	albeit	 in	 a	 small	 subpopulation	of	patients.	The	hypothalamus	 functions	as	a	 key	

homeostatic	regulator	of	metabolism,	and	its	function	is	severely	impaired	by	hypothalamic	

tumours	(Huguet	et	al.,	2015).	 	These	 tumours	have	poor	clinical	prognosis,	with	severe	

post-surgical	 morbidities	 and	 reduced	 or	 absent	 hypothalamic	 function.	 Hypothalamic	

hamartomas	(HH)	are	benign,	slow	growing	 tumours	 that	present	early	 in	 life	primarily	

with	suppressed	endocrine	dysfunction,	epilepsy	and	intellectual	impairment	(Harrison	et	

al.,	2017).	A	recent	full	exome	sequencing	study	reported	mutations	in	the	Shh	pathway	of	

37%	(14/38)	of	HH	patients	as	well	as	mutations	in	several	different	components	of	the	

Wnt/B-catenin	 pathway	 (Hildebrand	 et	 al.,	 2016).	 ACP	 is	 also	 a	 benign,	 slow	 growing	

tumour	that	is	driven	by	aberrant	Wnt/β-catenin	signalling,	and	associated	with	increased	

Shh	signalling	(Andoniadou	et	al.,	2012;	Gaston-Massuet	et	al.,	2011;	Gomes	et	al.,	2015).	

Analysis	of	hypothalamic	lesions	revealed	that	they	resemble	some	of	the	histopathology	of	

ACP.	 Given	 the	 molecular	 similarities	 between	 HH	 and	 ACP,	 these	 unidentified	

hypothalamic	lesions	may	represent	a	novel	transgenic	model	of	HH,	a	poorly	understood	

condition	 without	 a	 mouse	 model	 for	 use	 in	 preclinical	 studies.	 Furthermore,	 the	

development	 of	 putative	 brain	 tumours	 derived	 from	 neural	 stem	 cells	 in	 our	 model	

potentially	 broaden	 the	 implications	 of	my	 transcriptomic	 findings	 in	 the	 pituitary	 to	 a	
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wider	 range	 of	 Wnt/β-catenin	 driven	 tumours.	 This	 is	 emphasized	 by	 the	 numerous	

overlapping	 genes	 between	 the	 transcriptomic	 findings	 from	 a	 mouse	 model	 of	

medulloblastoma,	human	medulloblastomas	driven	by	CTNNB1	mutations	and	the	genes	

highlighted	my	analysis	of	ACP,	which	include	Wif1,	Dkk1,	Bmp4,	Fgf20,	Crebl2	(Gibson	et	al.,	

2010).	These	similarities	support	the	need	for	future	work	to	investigate	the	hypothalamic	

lesions	present	in	Sox2CreERT2/+;Ctnnb1lox(ex3)/+	embryonic	ACP	models,	and	investigations	of	

the	shared	features	of	ACP	with	Wnt/β-catenin	driven	brain	tumours.		

4.3.2:	 A	 PSC	 subpopulation	 specific	 transcriptomic	 analysis	 of	 early	 ACP	

tumourigenesis.			

It	is	not	uncommon	for	cell	signalling	pathways	to	drive	either	post-translational	or	

transcriptional	 homeostatic	 negative	 feedback	 loops	 to	 prevent	 their	 over-activation	

(Freeman,	2000).	It	is	therefore	perhaps	unsurprising	that	we	saw	extensive	upregulation	

of	Wnt/β-catenin	inhibitors	in	mutant	PSCs.	Secreted	Wnt	inhibitors	that	we	identified	Dkk	

family	members,	which	bind	the	Wnt	co-receptor	Lrp5/6,	the	Wif1,	which	sequester	Wnt	

proteins,	 and	 notum,	 an	 extracellular	 carboxylesterase	 that	 removes	 an	 essential	

palmitoleate	moiety	from	Wnt	proteins	(Kakugawa	et	al.,	2015;	Niehrs,	2012).	Notum	is	a	

direct	target	of	β-catenin	and	therefore	constitutes	part	of	a	negative	feedback	loop	limiting	

Wnt/β-catenin	 signalling	when	 activated	 (Hill	 &	 Petersen,	 2015).	 Indeed	Notum	 is	 also	

found	 to	 be	 very	 highly	 expressed	 in	 colorectal	 cancer	 (Robertis	 et	 al.,	 2015)	 and	 in		

hepatocellular	carcinoma	(Torisu	et	al.,	2008),	both	Wnt/β-catenin	driven	cancers.	DKK4	

has	also	been	found	to	be	upregulated	hepatocellular	carcinoma	(Fatima	et	al.,	2012)	and	in	

colorectal	cancer	(Baehs	et	al.,	2009)	functioning	as	a	tumour	suppressor.	It	is	possible	that	

the	difference	in	response	to	β-catenin	oncogene	activation	between	tumour	initiating	PSCs	

and	 those	 refractory	 to	 transformation	 is	 in	 part	 mediated	 by	 alterations	 in	 negative	

feedback	loops,	that	successfully	limit	Wnt/β-catenin	signalling	in	refractory	PSCs	but	not	

cells	that	become	transformed.	Consistent	with	this	theory,	Dkk1,	Dkk4	and	Notum	were	all	

relatively	 downregulated	 in	 tumour	 initiating	 PSCs	 compared	 with	 the	 subpopulation	

refractory	 to	 transformation.	 These	 expression	 differences	 could	 be	 epigenetically	

mediated	as	is	the	case	in	colorectal	cancer	where	downregulation	of	TET1	leads	to	DNA	

methylation	of	 the	promoters	of	 the	DKK	 inhibitors	of	 the	Wnt	pathway,	 reducing	 their	

expression		and	resulting	in	a	constitutive	activation	of	the	Wnt	pathway	(Neri	et	al.,	2014).	
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I	 previously	 identified	 upregulation	 of	MAPK	 signalling	 in	 adult	Wnt	 responsive	

pituitary	cells,	but	this	was	not	associated	with	increased	expression	of	Fgfs.	In	contrast,	I	

now	 show	widespread	 upregulation	 across	 numerous	 Fgf	 ligands	 in	 ACP	mice	 –	 which	

corroborate	the	findings	of	Apps	et	al.	who	also	demonstrated	expression	of	Fgf-receptors	

1-3	in	ACP	tumour	cells	(Apps	et	al.,	2018).	The	Fgf/Fgfr	system	functions	in	the	regulation	

of	proliferation,	differentiation	and	survival,	is	intimately	involved	in	development,	and	is	

frequently	dysregulated	in	cancer	(Turner	&	Grose,	2010).	Binding	of	Fgfs	to	their	tyrosine	

kinase	receptors	leads	to	 the	recruitment	of	 	adaptor	proteins	 that:	activate	Ras	and	the	

downstream	RAF	and	MAPK	pathways	 (Eswarakumar	 et	al.,	 2005);	activate	PI3K	which	

activates	the	antiapoptotic	AKT-dependant	pathway	(Altomare	&	Testa,	2005);	or	activate	

the	p38	MAPK	kinase	signalling	pathway,	a	key	regulator	of	pro-inflammatory	cytokines	

(Cuenda	&	Rousseau,	2007).	Pathogenic	Fgf/Fgfr	signalling	is	most	commonly	caused	by	

activating	 mutations	 in	 Fgfrs	 or	 Fgfr	 gene	 amplifications,	 neither	 of	 which	 have	 been	

detected	in	whole-exome	studies	of	ACP	(Hölsken	et	al.,	2016).	More	likely,	aberrantly	over	

expressed	 Fgfs	 are	 promoting	 tumourigenesis	 via	 paracrine	 mechanisms,	 in	 which	 the	

tumour	 cells	 signal	 to	 the	 stromal	 cells	 and	vice	 versa,	 autocrine	mechanisms,	 in	which	

tumour	 cells	 signal	 to	 themselves,	 or	 both.	 The	 evidence	 that	 increased	 Fgf	 expression	

contributes	to	tumourigenesis	is	manifold.	For	example,	Fgf3,	Fgf4,	and	Fgf8,	all	upregulated	

in	ACP,	are	among	the	most	common	integration	sites	for	mouse	mammary	tumour	virus	

MMTV	driven	breast	cancer	mouse	models	(Callahan	&	Smith,	2000).	Fgf	driven	autocrine	

loops	 have	 been	 shown	 to	 induce	 tumourigenesis	 in	mammary	 adenocarcinoma	 (Fgf8)	

(Ornitz	et	al.,	1998),	breast	cancer	cell	 lines	(Sharpe	et	al.,	2011),	prostate	cancer	(Fgf8)	

(Zhong	et	al.,	2006)	and	pulmonary	tumours	(Fgf10)	(Clark	et	al.,	2001).	With	a	paracrine	

role	for	Fgf10	secreted	by	stromal	cells	also	demonstrated	in	prostate	cancer	(Memarzadeh	

et	 al.,	 2007).	 Fgfs	 also	 play	 an	 important	 role	 in	 angiogenesis,	 with	 Fgfs	 1,2	 4	 and	 8	

functioning	as	potent	pro-angiogenic	growth	factors		that	drive	endothelial	cell	proliferation	

(Presta	et	al.,	2005).	Interestingly,	 increased	Fgf4	expression	in	ACP	may	correlates	with	

recurrence	(Sun,	2010).	However,	short	of	demonstrating	the		overexpression	of	different	

Fgfs,	the	expression	of	their	receptors	and	increased	MAPK	signalling	(Apps	et	al.,	2018),	

the	 mechanistic	 contribution	 of	 the	 different	 Fgfs	 towards	 ACP	 remain	 largely	

undiscovered.		My	findings	also	show	upregulated	epidermal	growth	factor	receptor	(Egfr)	

expression	in	ACP	cell	clusters,	which	has	been	shown	to	be	detectable	in	the	majority	of	

human	ACPs	localised	in	tumour	initiating		clusters	(Gump	et	al.,	2015).	Inhibition	of	Egfr	

signalling	 by	 Gefatinib	 decreased	 ACP	 cell	motility	 in	 vitro	 by	 downregulating	 Fascin,	 a	

protein	linked	to	cell	motility	and	invasiveness	in	multiple	cancers	(Holsken	et	al.,	2011).	It	

is	 apparent	 then,	 that	 aberrant	 growth	 factor	 signalling	 is	 an	 important	 aspect	 of	 ACP	
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tumorigeneses	and	likely	plays	an	important	role	in	the	paracrine	contribution	of	β-catenin	

stem	cell	clusters	to	tumour	development.	Importantly,	numerous	growth	factor	receptors	

are	 targeted	 by	 licenced	 anti-cancer	 therapeutics,	 which	 prompts	 the	 question	 of	 their	

effectiveness	 in	 the	 treatment	 of	 ACP,	 and	warrants	 further	 investigation	 in	pre-clinical	

models.	The	signal	transduction	components	of	these	pathways	can	also	be	inhibited,	and	

in	particular	there	are	numerous	small	molecule	inhibitors	of	Braf	and	Mek	currently	use	in	

the	 clinic	 (Meurer	 &	 Weiskirchen,	 2018).	 Preliminary	 tests	 in	 ex	 vivo	 murine	 pituitary	

cultures	are	promising	as	treatment	with	Trametinib	a	selective	MEK	inhibitor	(Robert	et	

al.	2012),	reduced	proliferation	and	increased	apoptosis	in	an	ACP	model	(Apps	et	al.,	2018).	

Importantly	 Trametinib,	 is	 currently	 being	 trialled	 in	 children	 and	 adolescents	 with	 a	

variety	 of	 solid	 tumours	 (NIH-NCI	 clinical	 trial:	 NCT02124772),	 and	 although	 further	

experimentation	is	still	needed,	it	may	one	day	be	applicable	to	ACP	patients.	Given	their	

prominent	role	in	tumourigenesis,	Fgfs	and	their	receptors	are	also	attractive	therapeutic	

targets,	and	there	are	numerous	inhibitors	that	target	Fgf	receptors	as	well	as	ligand	traps	

that	sequester	Fgfs	preventing	the	activation	of	their	receptors	(Presta	et	al.,	2017).	 	

	 Developmental	signalling	pathways	and	secreted	morphogens	 fuel	 the	expansion	

and	 patterning	 of	 tissues	 during	 embryonic	 development	 and	many	 of	 these	 signalling	

pathways	(e.g.	Notch,	Wnt,	Hedgehog)	are	maintained	in	adult	stem	cells.	It	is	a	frequent	

phenomenon	 in	 cancer	 that	 usually	 dormant	 developmental	 signalling	 pathways	 are	

reactivated	(Dempke	&	Uciechowski,	2017),	particularly	in	cancer	stem	cells	(Karamboulas	

&	 Ailles,	 2013).	 During	 pituitary	 development	 morphogens	 secreted	 from	 the	 ventral	

diencephalon	and	expressed	in	the	developing	pituitary	(i.e.	Fgfs,	Bmps	&	Wnts)	drive	the	

expansion	 of	 the	 pituitary	 cells.	 Similarly,	 in	 ACP	 mutant	 PSCs	 these	 may	 increase	 the	

proliferation	of	neighbouring	cells	by	the	ectopic	expression	and	secretion	of	morphogens	

including	numerous	 Fgfs,	 Bmp4	and	 several	Wnt	proteins	 that	were	 upregulated	 in	my	

transcriptomic	 analyses.	 There	 was	 also	 ectopic	 expression	 of	 Foxd1	 which	 is	 usually	

expressed	in	the	diencephalon	and	the	mesenchyme	surrounding	the	pituitary	at	E10.5	and	

may	be	important	for	the	production	of	Bmps	(Gumbel	et	al.,	2012).	It	is	also	the	case,	that	

aberrant	 activation	 of	 oncogenic	 β-catenin,	 a	 factor	 involved	 in	 stem	 cell	 maintenance	

(Nusse	et	al.,	2008)	and	in	pituitary	development	(Rizzoti,	2015)	in	PSCs	is	likely	to	perturb	

their	normal	process	of	differentiation.	Consistent	with	this	there	was	reduced	expression	

of	Pitx1,	 required	 for	 pituitary	morphogenesis	 (Charles	 et	 al.,	 2005)	 and	Pax7	 a	 lineage	

specific	transcription	factor	of	Melanotrophs	(Budry	et	al.,	2012).	
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GRN	analysis	highlighted	CREB	transcription	factors,	that	have	also	been	linked	to	

the	regulation	of	an	inflammatory	response,	and	are	thought	to	be	regulated	by	ER	stress	

and	activate	the	UPR,	though	this	is	somewhat	controversial	(Chan	et	al.,	2011).	Creb3	is	

positively	regulated	by	NFκB	signalling	and	can	control	the	expression	of	cytokines	(Jang	et	

al.,	2007)	their	receptors	(Sung	et	al.,	2008)	and	the	UPR,	promoting	cell	survival	versus	ER	

stress-induced	 apoptotic	 cell	 death	 (G.	 Liang	 et	 al.,	 2006).	 Studies	 across	 a	 number	 or	

organisms	have	pointed	to	an	essential	role	for	CREB3L1	and	CREB3L2	in	the	regulation	of	

protein	section	(Chan	et	al.,	2011),	and	as	direct	regulators	of	secretory	capacity	in	typically	

non-secretory	 cells	 (Fox	 et	 al.,	 2010).	 Based	 on	 the	 identification	 of	 these	 candidate	

transcription	factors,	as	well	as	the	GSEA	enrichment	of	UPR	genes	in	tumour	initiating	PSCs	

it	is	likely	that	there	is	a	link	between	the	UPR	and	the	acquisition	of	the	senescent	associate	

secretory	phenotype	that	is	critical	for	PSCs	tumour	initiating	potential		(Gonzalez-meljem	

et	 al.,	 2017).	 Activation	 of	 the	 ER-stress	 induced	 UPR	 and	 upregulation	 of	 heatshock	

chaperone	proteins	in	tumour	initiating	cells	is	understandable	given	the	accumulation	of	

very	 high	 levels	 of	 degradation	 resistant	 oncogenic	 β-catenin,	 the	 upregulation	 of	 it	

downstream	targets	and	their	increased	secretory	requirements.	It	is	therefore	reasonable	

to	speculate	that	through	their	regulation	of	inflammation,	protein	secretion	and	cellular	

senescence	via	the	UPR,	CREB	transcription	factors	are	key	mediators	of	the	paracrine	role	

of	β-catenin	clusters	in	ACP	tumourigenesis.		

It	 should	 not	 go	 unmentioned	 that	 some	 of	 the	 genes	 that	were	 expected	 to	 be	

upregulated	in	transformed	cells	such	as	β-catenin	and	p21	did	not	reach	significance.	It	is	

possible	that	the	lack	of	detection	of	upregulation	of	Ctnnb1	was	a	consequence	of	exon	3	

excision,	 and	 RNAseq	 reads	 that	 aligned	 to	 some	 regions	 of	 the	 mutant	 mRNA	 were	

discarded	from	analysis	by	the	aligner.	The	absence	of	some	predicted	genes	may	also	be	a	

feature	of	experimental	noise,	inherent	to	RNAseq,	and	complicated	by	the	fact	that	the	Lef-

1:GFP	reporter	 is	a	continuous	rather	 than	off/on	measure	of	 	Wnt/β-catenin	signalling.	

Perhaps	 a	 more	 stringent	 gating	 strategy,	 FAC-sorting	 only	 those	 tdTmt+,GFP+	 double	

positive	 cells	 with	 the	 highest	 GFP	 fluorescence	 would	 have	 better	 captured	 these	

anticipated	 gene	 expression	 differences	 (Fig.	 4.3	 C).	 Indeed,	 despite	 not	 reaching	

statistically	 higher	 levels	 in	 tumour	 initiating	 PSCs	 compared	 to	 refractory	 PSCs,	 the	

increase	in	p21	between	Wild-type	and	tumour	initiating	PSCs	(tdTmt+,GFP+)	was	greater	

than	that	between	Wild-type	PSCs	and	those	refractory	to	transformation	(tdTmt+,GFP-).	

Previous	 attempts	 to	 compartmentalize	 the	 transcriptomic	 phenotypes	 of	 different	 ACP	

subpopulations	 have	 used	 Weighted	 gene	 co-expression	 network	 analysis	 (WGCNA)	 to	

identify	distinct	transcriptional	programs	from	bulk	human	ACP	RNA.	These	could	broadly	
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be	separated	into	three	distinct	patterns	which	could	be	attributed	to	β-catenin	clusters,	

palisaded	 epithelium	 and	 reactive	 glial	 tissue	 isolated	 by	 laser	 capture	microdissection	

(Apps	 et	al.,	 2018).	The	 logical	 next	 step	 and,	 perhaps	 the	most	 appropriate	 strategy	 to	

uncover	 ACP	 tumour	 cell	 heterogeneity,	 would	 be	 to	 perform	 single-cell	 RNAseq	

(Kolodziejczyk	et	al.,	2015).	This	would	overcome	the	possible	limitation	in	our	dataset	of	

imperfect	isolation	of	desired	PSC	subpopulations,	and	it	would	be	interesting	to	observe	to	

what	extent	gene	expression	modules	derived	from	single-cell	transcriptomes	overlapped	

with	those	derived	from	bulk	tumour	samples	(Apps	et	al.,	2018).	

4.3.3:	A	tumour	initiating	PSC	driven	inflammatory	gene	signature		

My	findings	indicate	that	expression	of	cytokines	and	activation	of	an	inflammatory	

associated	 gene	 signature	 is	 one	 of	 the	 early	 responses	 to	 oncogene	 activation	 in	 PSCs.	

Crucially	 this	 inflammatory	gene	signature	 is	attributable	 to	 the	PSCs	 themselves	rather	

than	infiltrating	immune	cells.	On	the	surface	this	would	contradict	the	assertion	made	by	

Apps	et	al.	that	 	ACP	cytokine	expression	 is	predominantly	derived	 from	immune	rather	

than	tumour	cells	 (Apps	et	al.,	2018).	 In	their	study	of	 the	correlation	between	cytokine	

expression	 levels	 and	 the	 number	 of	 infiltrating	 immune	 cells,	 those	 cytokines	 that	 did	

correlate	with	 immune	 cells	were	 	 IL1B,	 IL18	and	 IL10.	 In	my	 own	 dataset,	which	was	

conducted	at	a	much	earlier	stage	of	tumourigenesis,	all	of	these	remained	unchanged.	It	is	

highly	likely	then,	that	the	inflammatory	microenvironment	of	ACP	develops	over	time,	and	

that	different	cell	populations	are	responsible	for	the	secretion	of	different	cytokines	and	

chemokines.	 Indeed,	 the	 increased	 IL6	cytokine	expression	that	we	observe	 in	β-catenin	

clusters,	has	also	been	identified	in	cancer	stem	cells	in	breast	(Korkaya	et	al.,	2011)	and	

liver	cancer	(He	et	al.,	2013).		

Our	 transcriptomic	 analysis	 and	GRN	modelling	highlighted	numerous	 signalling	

pathways	and	transcription	factors	involved	in	an	inflammatory	response.	These	include	

members	 of	 the	 	 NFκB	 transcription	 factor	 complex	 and	 Cebpb	 which	 are	 essential	

modulators	 of	 the	 SASP	 (Chien	 et	 al.,	 2011),	 that	 drives	 the	 paracrine	 model	 of	 ACP	

tumourigenesis	 (Gonzalez-meljem	 et	 al.,	 2017).	 The	 NFκB	 signalling	 pathway	 drives	

expression	of	genes	linked	to	all	six	hallmarks	of	cancer,	most	notably	genes	that	promote	

cellular	proliferation,	inhibit	apoptosis	or	promote	tumourigenesis	indirectly	through	the	

induction	 of	 cancer-related	 inflammation	 and	 tumour	 immunity.	 (Baud	 &	 Karin,	 2009).	

Aside	 from	 a	 few	 haematological	 cancers,	 NFκB	 pathway	 components	 are	 not	 typically	

mutated	 themselves,	 but	 rather	 the	 pathway	 is	 activated	 by	 oncogenic	 signalling	 in		

malignant	 cells,	 or	 in	 response	 to	 inflammatory	 stimuli	 originating	 from	 the	
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microenvironment	(Staudt,	2010).	Accumulating	evidence	suggests	crosstalk	between	the	

NFκB	 and	 Wnt/β-catenin	 	 signalling	 pathways	 (Ma	 &	 Hottiger,	 2016).	 Crosstalk	 and	

reciprocal	 regulation	 between	 the	 pathways	 are	 context	 dependent,	with	 each	 pathway	

capable	of	both	positive	and	negative	regulation	of	the	other	under	certain	conditions.	One	

such	example	is	a		study	using	colorectal	cancer	cells	found	that	Tnfrsf19	expression	was	

regulated	 by	 the	 Wnt/β-catenin	 pathway,	 and	 that	 Tnfrsf19	 ligands	 activated	 NFκB	

signalling	 (Flierman	 et	 al.,	 2014).	 Tnfrsf19	 has	 also	 been	 in	 previously	 shown	 to	 be	

upregulated	 	 ACP	 (Gonzalez-meljem	 et	 al.,	 2017),	 suggesting	 that	 it	may	 fulfil	 a	 similar	

regulator	function	in	the	pituitary.	Given	the	ubiquity	of	NFκB’s	dysregulation	in	cancer,	and	

its	 anti-apoptotic	 contribution	 towards	 resistance	 to	 conventional	 chemotherapeutics,	

there	 has	 been	 great	 investment	 by	 the	 pharmaceutical	 industry	 in	 the	 development	

pathway	 inhibitors	 (Didonato	 &	 Karin,	 2012).	 However	 NFκB’s	 pleotropic	 role	 in	 the	

regulation	of	inflammation	and	the	innate	immune	system,	has	prevented	specific	NFκB	or	

IKKb	 inhibitors	 from	 being	 clinically	 approved,	 because	 of	 the	 preclusive	 toxicities	

associated	with	the	global	suppression	of	NFκB	(Didonato	&	Karin,	2012).	Similarly,	whilst	

there	 has	 been	 some	 moderate	 success	 using	 agents	 that	 inhibit	 the	 proteasome	 (and	

degradation	of	NFκB	inhibitors)	they	are	associated	with	a	low	therapeutic	index	and	dose-

limiting	toxicities	(Chen	et	al.,	2011).	Perhaps	the	most	promising	approach	is	the	specific	

targeting	of	downstream	mediator	of	NFκB’s	pro-tumourigenic	effects.	This	strategy	has	

proved	successful	in	pre-clinical	studies	of	multiple	myeloma	in	which	a	peptide	inhibitor	

was	used	to	disrupt	the	association	of	the	NFκB	-regulated	antiapoptotic	factor	GADD45b	

and	the	JNK	kinase	MKK7	resulting	in	highly	selective	tumour	cell	toxicity	(Tornatore	et	al.,	

2014).	As	the	field	of	NFκB	inhibitors	continues	to	advance,	it	would	be	of	interest	to	test	

their	effectiveness	in	ACP	pre-clinical	models.		

Another	 important	 inflammatory	 signalling	 pathway	 upregulated	 in	 ACP,	 and	

particularly	in	transformed	β-catenin	clusters	is	the	IL6-Jak-Stat3	pathway.	IL6	is	a	major	

mediator	of	inflammation	and	is	a	direct	downstream	transcriptional	target	of	NFκB	(Yoon	

et	al.,	2011).	It	is	frequently	expressed	at	high	levels	in	cancer	and	can	be	produced	by	either	

tumour	cells,	stromal	cells	or	infiltrating	immune	cells	(Kumari	et	al.,	2016).		In	tumour	cells	

IL6	can	work	via	the	transcription	factor	Stat3	to	activate	the	expression	of	genes	promoting	

proliferation	and	survival	(Johnson	et	al.,	2018).	In	addition	to	its	direct	effects	on	tumour	

cells,	 IL-6-Jak-Stat3	 signalling	 can	 contribute	 to	 an	 immunosuppressive	 environment	 by	

negatively	regulating	neutrophils,	NK-cells	and	effector	T-cells	whilst	positively	regulating		

regulatory	T-cells	and	myeloid-derived	suppressor	cells	(Johnson	et	al.,	2018).		When	IL6	

binds	to	its	heterotetrametric	receptor	complex,	composed	of	IL6-Ra	and	gp130,	it	results	
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in	the	phosphorylation	and	activation	of	JAK	enzymes,	which	subsequently	phosphorylate	

multiple	tyrosine	residues	in	the	cytoplasmic	region	of	gp130.	Crosstalk	between	the	IL6-

Jak-Stat3	 and	 the	 MAPK	 pathway	 could	 explain	 some	 of	 the	 increased	 MAPK	 kinase	

signalling	 observed	 in	 ACP	 as	 once	 phosphorylated,	 the	 gp130	 residues	 then	 serve	 as	

docking	residues	for	proteins	initiating	the	Jak-Stat3,	Pi3k	and	MAPK	signalling	pathways	

(Fahmi	et	al.,	2013).		One	activated	Stat3	can	induce	the	expression	of	IL6	as	well	other	and	

cytokines,	 forming	 a	 feed-forward	 signalling	 loop	 further	 activating	 the	 IL6-Jak-Stat3	

pathway	and	generating	 a	 immunosuppressive	 tumour	microenvironment	 (Chang	 et	 al.,	

2013).	IL6	is	expressed	in	human	ACPs	and	is	detectable	in	both	solid	component	and	cystic	

fluid	(Donson	et	al.,	2017).	In	vitro	studies	suggest	that	IL6	promotes	an	EMT	phenotype	in	

ACP	 cells	 and	 promotes	 tumour	 cell	 migration	 (Zhou	 et	 al.,	 2017).	 The	 IL6-Jak-Stat3	

pathway	 therefore	 represents	 and	 an	 attractive	 therapeutic	 target	 for	 ACP,	 although	 a	

greater	understanding	of	the	inflammatory	milieu	of	ACP	from	pre-clinical	studies	remain	

necessary	before	 immunomodulatory	 treatments	 can	be	 incorporated	 into	 clinical	 trials	

(Donson	et	al.,	2017).	Unsurprisingly,	given	 its	dual	role	 in	 immunosuppression	and	the	

promotion	of	tumour	growth,	therapeutic	targeting	of	the	IL6-Jak-Stat3	pathway	has	been	

a	subject	of	great	interest	(Johnson	et	al.,	2018).	There	are	already	FDA	approved	agents	

targeting	 IL-6,	 IL-6R,	 and	 JAKs	 used	 to	 treat	 inflammatory	 disorders	 and	 some	

myeloproliferative	neoplasms.	Many	such	agents	are	now	involved	in	clinical	trials	for	the	

treatments	of	other	haematopoietic	malignancies	and	solid	tumours.		Taken	together	our	

results	 highlight	 the	 importance	 of	 an	 inflammatory	 gene	 signature	 early	 during	 ACP	

tumourigenesis.	This	extends	 the	paracrine	model	of	ACP	tumourigenesis,	by	suggesting	

that	 β-catenin	 stem	 cell	 clusters	 act	 as	 inflammatory	 signalling	 centres	 early	 during	

tumourigenesis	 and	promote	 the	 attraction	 of	 infiltrating	 immune	 cells,	which	 can	 then	

further	 contribute	 to	 an	 inflammatory	 tumour	 microenvironment.	 This	 strong	

inflammatory	contribution	to	ACP	tumourigenesis	opens	the	door	to	a	variety	of	potential	

targets	for	future	therapeutic	strategies.		

4.3.4:	Zbtb33,	a	novel	contributor	to	ACP	tumourigenesis?	

	 TFBM-enrichment	 analysis	 uncovered	 an	 intriguing	 candidate	 gene	 Zbtb33,	 or	

Kaiso,	which	may	be	mediating	some	of	the	transcriptional	changes	between	refractory	and	

tumour	initiating	PSCs.	Zbtb33	is	a	multifunctional	protein	methyl	binding	protein,	(MBPs)	

capable	 of	 binding	 the	 methylated	 sequence	 mCGmCG	 (a	 CpG	 island)	 as	 well	 as	 the	

nonmethylated	kaiso	binding	sequence		–	CTGCNA	-	present	in	some	Wnt	target	promoters,	

such	as	matrilysin/MMP7	(Fournier	et	al.,	2011;	Spring	et	al.,	2005).	On	inspection	both	of	

these	 sequence	 types	 are	 	 present	 within	 the	 TFBM’s	 enriched	 in	 the	 differentially	
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expressed	genes	between	 refractory	and	 tumour	 initiating	PSCs.	Although	 there	was	no	

statistically	 significant	 difference	 in	 Zbtb33	 expression	 between	 groups	 there	 was	 an	

apparent	 upregulation	 in	 transformed	 PSCs,	 (log2FC=8.8;	 p-value=0.03;	 p-adjust=0.19),	

and	 any	 differences	 in	 Zbtb33	 activity	 may	 be	 post-translational.	 There	 are	 conflicting	

reports	in	the	literature	about	whether	Zbtb33	functions	as	a	transcriptional	repressor	or	

activator,	with	one	study	in	Xenopus	suggesting	it	can	function	as	both	(Iioka	et	al.,	2009).	

Early	studies,	now	replicated	in	other	settings,	showed	that	Zbtb33	binds	the	MTA2	locus	

in	a	methylation	dependent	manner	and	recruits	the	N-CoR	repressor	complex	 inducing	

histone	deacetylation,	H3	lysine	9	methylation	and	transcriptional	repression	(Yoon	et	al.,	

2003).	 In	 contrast	 one	 study	 reported	 that	 Zbtb33	 preferentially	 binds	 unmethylated	

regions	of	the	genome	associated	with	actively	expressed	genes	(Blattler	et	al.,	2013).	Given	

these	discrepancies	it	 is	likely	that	Zbtb33’s	transcriptional	affects	are	both	cell	type	and	

context	specific.	However,	a	common	theme	is	the	intimate	link	between	Zbtb33	and	the	

Wnt/β-catenin	signalling	(Iioka	et	al.,	2009;	S.	W.	Kim	et	al.,	2004;	Y.	Liu	et	al.,	2014;	Park	et	

al.,	2005;	Prokhortchouk	et	al.,	2006).		

	 Zbtb33	contains	a	BTB/POZ	domain	enabling	protein–protein	interactions,	and	was	

first	identified	as	a	binding	partner	of	p120	–	a	component	of	the	adherens	complex	and	a	

modulator	of	Wnt	signalling		(Duñach	et	al.,	2017).	Cytoplasmic	Zbtb33	can	bind	β-catenin	

and	Tcf4	preventing	their	association	and	disrupting	canonical	Wnt	signalling	(Valle-pérez	

et	al.,	2011).	Upon	Wnt	stimulation	p120-catenin	becomes	phosphorylated	and	released	

from	 the	 adherens	 junction,	 and	 is	 then	able	 to	disrupt	 these	 interactions	by	binding	 to	

Zbtb33	and	relieve	its	inhibitory	effects	on	Wnt/β-catenin	signalling,	whilst	still	allowing	

for	Zbtb33	to	bind	to	methylated	CpG	sequences.	Conversely,	Wnt	signalling	therefore	also	

positively	 regulates	 the	 ability	 of	 Zbtb33	 to	 bind	 to	 methylated	 promoters	 and	 exert	

transcriptional	effect	by	preventing	its	association	with	β-catenin,		

More	 recently	 Zbtb33	 has	 been	 attributed	with	 pro-tumourigenic	 effects	 with	 a	

Zbtb33	 knockout	 conferring	 resistance	 to	 the	 development	 of	 intestinal	 cancer	 in	 the		

ApcMin/+	model	 for	 human	 familial	 adenomatous	 –	 a	 tumour	 driven	 by	 Wnt/β-catenin	

signalling	(Prokhortchouk	et	al.,	2006).	Experiments	in	colon	cancer	cell	lines	suggest	this	

effect	is	caused	by	Zbtb33’s	DNA	methylation-dependent	silencing	of	tumour	suppressor	

genes	(Lopes	et	al.,	2008).	Nuclear	Zbtb33	has	also	been	shown	as	a	prognostic	marker	in	

prostate	cancer	 	 that	promotes	migration	and	 invasion	(Jones	et	al.,	2012).	This	may	be	

caused	by	Zbtb33	binding	to	the	hypermethylated	promotor	of	pro-metastatic	miR-31and	

reducing	its	expression	(Wang	et	al.,	2015).	Interestingly,	Zbtb33	has	also	been	shown	to	be	

a	 mediator	 of	 cell	 cycle	 arrest	 in	 response	 to	 genotoxic	 stress	 through	 p53-driven	
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transcription	of	p21		(Koh	et	al.,	2014).	Perhaps	it	could	play	a	similar	role	in	the	context	of	

ACP	clusters	with	high	p21	expression	levels?	Although	our	study	highlights	Zbtb33	as	an	

important,	and	potentially	pro-tumourigenic	factor	in	ACP	the	full	extent	of	its	involvement	

and	its	mechanism	of	action	are	not	yet	clear	and	should	be	further	investigated.	Its	notable	

that	Zbtb33-null	mice	do	not	have	any	deleterious	phenotype		(Prokhortchouk	et	al.,	2006),	

reducing	the	likelihood	that	pharmacological	antagonists	would	be	toxic.		
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5.1:	Introduction	

In	 1863	 Rudolf	 Virchow	 identified	 infiltrating	 immune	 cells	 in	 neoplasms	 and	

suggested	a	link	between	cancer	and	inflammation.	Ever	since	there	has	been	an	irrevocable	

intertwining	of	 cancer	and	 inflammation	 research.	The	 relationship	between	 cancer	and	

inflammation	is	bi-directional;	inflammation	can	promote	cancer,	and	cancers	arising	from	

chronic	 inflammation	 account	 for	 almost	 20%	 of	 cancer	 related	deaths	 (Kumar	&	 Surh,	

2008)	 and	 similarly,	 	 cancer	 can	promote	 inflammation	with	oncogenes	 in	 tumour	 cells	

driving	the	activation	of	pro-inflammatory	signalling	pathways	and	recruitment	of	immune	

cells	 (Grazia	et	al.,	2008).	Classical	examples	of	direct	oncogene-drivers	of	 inflammation	

include	Kras	and	Myc	which	have	been	shown	to	activate	pro-tumourigenic	expression	of	

cytokines	 leading	 to	 immune	 cell	 recruitment	 and	 worse	 prognosis	 in	 ovarian	 and	

pancreatic	cancers	(Shchors	et	al.,	2006;	Sparmann	&	Bar-sagi,	2004).	Each	disease	was	

associated	with	a	different	inflammatory	gene	signature	with	upregulation	of	IL1a,	IL1b,	IL6,	

IL8,	 and	 IL11	 in	 ovarian	 cancer	and	 IL1β,	Ccl2,	 Ccl5,	 Ccl7,	 Cxcl1,	 and	 	Cxcl2	 in	pancreatic	

cancer	(Shchors	et	al.,	2006;	Sparmann	&	Bar-sagi,	2004).	Oncogene	driven	inflammation	

has	also	been	described	 in	hepatocellular	carcinomas	driven	by	mutations	 in	CTNNB1	in	

which	β-catenin	directly	activates	expression	of	some	cytokines	(Cxcl2,	Cxcl10,	Cxcl11,	IL1,	

and	IL1r1)	and	others	via	its	positive	interaction	with	NFκB	signalling	(Anson	et	al.,	2012).	

Thus,	oncogenic	signalling	can	induce	the		secretion	of	inflammatory	mediators	(cytokines,	

chemokines	and	lipids),	which	in	addition	to	any	pro-tumourigenic	autocrine	or	angiogenic	

effects,	can	drive	the	recruitment	of	infiltrating	immune	cells	(Crusz	&	Balkwill,	2015).	This	

results	in	the	development	of	a	complex	tumour	microenvironment	populated	by	malignant	

cells,	 stromal	 and	 immune	 cells	which	 can	 all	 function	 as	 active	 participants	 in	 tumour	

development	(Balkwill	&	Hagemann,	2012).		

The	presence	and	activity	of	infiltrating	immune	cells	is	a	double	edged	sword,	and	

can	either	lead	to	an	antitumor	response	or	actively	promote	tumourigenesis	and	suppress	

tumour	 immunity	 (Shalapour	 et	 al.,	 2015).	 For	 example	 in	 sporadic	 colorectal	 cancers,	

caused	by	Apc	loss	and	overactivation	of	canonical	Wnt/β-catenin	signalling	(Caldwell	et	

al.,	2010),	tumour	associated	macrophages	secrete	IL23,	which	in	turn	stimulates	T-helper	

cells	and	innate	lymphoid	cells	to	release	IL17A	(Grivennikov	et	al.,	2012).	In	turn,	IL17A	

directly	 promotes	 the	 proliferation	 and	 growth	 of	 lesions	 into	 adenomas	 and	

adenocarcinomas	(Wang	et	al.,	2014).	Similarly,	IL6	and	IL11	secreted	from	myeloid	cells	in	

gastrointestinal	cancers	support	tumour	growth	by	activating	Stat3	signalling	(Putoczki	et	

al.,	2013).	On	the	other	hand,	infiltrating	immune	cells	can	be	beneficial	and	the	immune-

surveillance	 hypothesis	 posits	 that	 mutations	 occurring	 in	 cancer	 can	 result	 in	 the	
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expression	 of	 neoantigens	 that	 can	 activate	 antitumor	 immunity	 and	 tumour	 rejection	

mediated	 by	 cytotoxic	 T-cells	 (Schumacher	 &	 Schreiber,	 2015).	 This	 theory	 is	 lent	

considerable	weight	by	the	widespread	success	of	immune	checkpoint	inhibitors	(Darvin	et	

al.,	 2018).	 However	 the	 effectiveness	 of	 these	 anti-tumour	 immune	 responses	 is	

proportional	to	intrinsic	mutation	rate	(Snyder	et	al.,	2014),	and	ACP	has	a	relatively	low	

mutational	burden	(Martinez-gutierrez	et	al.,	2016).	The	presence	of	infiltrating	immune	

cells	in	ACP	is	long	established,	and	a	1988	study	reported	a	high	density	of	infiltration	with	

the	presence	of	T-helper	cells,	NK	 cells,	monocytes	and	B-cells	 in	human	tissue	samples	

(Stevens	 et	 al.,	 1988).	 More	 recently,	 a	 study	 reported	 the	 presence	 of	 CD68-positive	

macrophages	in	a	cohort	of	45	ACP	patients,	and	that	cases	with	more	severe	inflammation	

were	associated	with	lower	survival	(Lilia	et	al.,	2016).	However,	the	understanding	of	the	

subpopulations	of	immune	cells	present	in	ACP,	their	secretory	profile	and	contribution	to	

tumourigenesis	remains	 in	 its	 infancy.	 Investigation	of	 these	processes	has	begun,	and	a	

transcriptomic	study	that	used	Weighted	gene	co-expression	network	analysis	(WGCNA)	to	

describe	the	correlation	patterns	among	genes	across	bulk	ACP	tumour	samples	identified	

a	module	of	inflammatory	genes,	some	of	which	(IL1B,	IL18	and	IL10)	correlated	with	the	

degree	of	CD14-	and	CD68-positive	infiltrating	immune	cells	(Apps	et	al.,	2018).	However	

functional	 understanding	 of	 how	 these	 cytokines	 released	 by	 infiltrating	 immune	 cells	

might	contribute	to	tumourigenesis	requires	more	detailed	experimentation.		

Lipid	 signalling	 molecules,	 and	 in	 particular	 prostaglandins	 and	 leukotrienes	

derived	from	Arachidonic	acid	metabolism	are	implicated	in	various	pathological	processes	

such	 as	 inflammation	 and	 cancer	 (Wang	 &	 Dubois,	 2010).	 This	 is	 evidenced	 by	

epidemiological	 studies	 showing	 that	 high-fat	 diets	 are	 associated	 with	 increased	 risks	

of	colorectal,	breast,	pancreatic	and	prostate	cancer	(Gerber,	2012).	This	is	likely	due	to	the	

cyclooxygenase	 and	 lipoxygenase	 pathways,	 which	 produce	 prostaglandins	 and	

leukotrienes	 respectively	 and	 are	 activated	 during	 chronic	 inflammation	 and	

carcinogenesis	(Wang	&	Dubois,	2010).	Cox2	is	upregulated	in	colon	cancer	(Eberhart	et	al.,	

1994)	and	produces	Prostaglandins	E2,	an	inflammatory	mediator	that	directly	promotes	

colon	 carcinogneisis	 (Wang	 et	 al.,	 2004).	 Interestingly	 Cox2/PGE2	 upregulation	 is	 also	

observed	 in	 ACP	 (unpublished	 data;	 Dr.	 Valeria	 Scagliotti).	 Anothor	 important	 lipid	

mediator	upregulated	 in	colon	and	prostate	cancer	 is	Leukotrine	B4	(LBT4)(Larre	et	al.,	

2008),	which	functions	as	a	potent	chemoattractant	that	recruits	macrophages	as	well	as	

neutrophils,	T	cells	and	dendritic	cells	to	sites	of	inflammation	(Bomalaski	&	Clark,	1990;	

Haribabu	et	al.,	2000;	Islam	et	al.,	2006;	Shin	et	al.,	2006).	Despite	the	importance	of	lipid	



	
	 	

	 	 147	

mediators	to	the	inflammatory	response	and	the	pathology	of	various	cancers,	very	little	is	

known	about	their	potential	contribution	to	ACP	tumourigenesis.		

	 Results	presented	in	Chapter	4	showed	a	clear	inflammatory	gene	signature	during	

early	ACP	tumourigenesis,	particularly	in	tumour	initiating	PSCs.	Increased	expression	of	

chemokines	 and	 cytokines	 prompted	 the	 hypothesis	 that	 oncogenic	 β-catenin	 driven	

inflammation		would	increase	the	immune	infiltrate.	In	this	Chapter	I	further	characterize	

the	inflammatory	microenvironment	of	ACP,	and	asses	the	immune	infiltrate	of	Sox2CreERT2/+;	

Ctnnb1lox(ex3)/+;RosatdTmt/+	embryos	5	days	after	oncogene	activation.	Immunohistochemistry	

staining	 supports	 the	 increase	 in	 IL6-Jak-Stat3	 signalling	 in	 tumour	 initiating	 PSCs	 and	

reveals	 increased	 infiltration	 of	 CD3-posiitve	 lymphoid	 cells,	 and	 in	 particular	 Iba-1-

positive	 myeloid	 cells.	 Intriguingly,	 infiltrating	 immune	 cells	 were	 frequently	 localised	

around	 β-catenin	 clusters	 of	 tumour	 initiating	 PSCs.	 Next	 an	 analogous	 ACP	 model,	

Prop1:Cre;Ctnnb1lox(ex3)/+;RosatdTmt/+,	 was	 used	 to	 perform	 immunophenotyping	 of	 the	

immune	infiltrate	by	flow	cytometry,	confirming	the	predominance	of	myeloid	derived	cells	

and	 the	 presence	 of	 tumour	 associated	 macrophages	 (TAMs).	 Since	 lipid	 mediators	

constitute	 an	 important	 part	 of	 the	 inflammatory	 milieu,	 	 I	 profiled	 eicosanoids	 lipid	

mediator	 secretion	 from	 cultured	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 PSCs,	 revealing	

activation	of	the	lipoxygenase	pathway.		
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5.2:	Results		

5.2.1:	Characterisation	of	the	inflammatory	microenvironment	of	ACP	

	 Infiltrating	 immune	 cells	 can	 have	 context	 dependant	 anti-	 or	 pro-tumourigenic	

effects	(Shalapour	et	al.,	2015).	Characterisation	of	immune	infiltrates	can	therefore	provide	

prognostic	 value	 (Barnes	 &	 Amir,	 2017).	 For	 instance,	 the	 presence	 of	 CD8-expressing	

cytotoxic	T	cells	is	indicative	of	an	anti-tumour	response	and	is	associated	with	improved	

clinical	outcomes	in	breast	(Mao	et	al.,	2016),	ovarian	(Hwang	et	al.,	2013)	and	lung	cancer	

(Genga	et	al.,	2015).	In	contrast	the	presence	of	Tumour	associated	macrophages	(TAMs),	

which	 are	 key	 mediators	 of	 pro-tumourigenic	 inflammation	 (Noy	 &	 Pollard,	 2014),	 is	

associated	with	poor	survival	in	bladder	(Sjödahl	et	al.,	2014)	and	breast	cancer	(Zhao	et	al.,	

2017).	 Transcriptomic	 analysis	 in	 Chapter	 4	 showed	 upregulation	 of	 pro-inflammatory	

signalling	pathways	(NFκB	and	IL6-Jak-Stat3),	particularly	in	tumour	initiating	β-catenin	

clusters,	and	upregulation	of	numerous	chemokines	and	cytokines	(see	tables	4.4	&	4.7).	To	

analyse	if	this	early	inflammatory	gene	signature	was	associated	with	increased	immune	

cell	 infiltration	 Sox2CreERT2/+;Ctnnb1lox(ex3/+);RosatdTmt/+	 pituitaries	 and	 controls	 were	

characterized	 by	 immunohistochemistry.	 The	 following	 immunohistochemistry	 and	

subsequent	flow	cytometry	experiments	were	performed	in	conjunction	with	my	colleague		

Dr.	Rachael	Tan.	

	 First	to	confirm	the	increase	in	IL6	signalling	suggested	by	transcriptomic	analysis,	

pituitaries	 were	 stained	 for	 phosphorylated-Stat3	 (pStat3),	 the	 transcriptionally	 active	

downstream	 marker	 of	 the	 IL6-Jak-Stat3	 pathway	 (Fig.	 5.1	 A).	 Consistent	 with	 the	

transcriptomic	data,	this	revealed	a	strong	trend		for	an	increase	in	the	number	of	pStat3-

positive	cells	in	mutant	pituitaries	(p<0.06)	and	the	strongest	pStat3	staining	was	localised	

in	tumour	initiating	β-catenin	clusters	(Fig.	5.1	D’).	Next,	I	sought	to	investigate	the	presence	

of		infiltrating	immune	cells	by	staining	for	CD3,	a	marker	of	lymphoid-derived	cells	(Chetty	

&	 Gatter,	 1994)	 and	 Ionized	 calcium	 binding	 adaptor	 molecule	 1	 (Iba-1),	 a	 marker	 of	

activated	 macrophages	 cells	 (Sasaki	 et	 al.,	 2001).	 As	 predicted	 there	 was	 a	 significant	

increase	in	both	immune	markers	(CD3;	p<0.05,	Iba1;	p<0.01,	Unpaired	Student’s	t-tests)	in	

Sox2CreERT2/+;Ctnnb1lox(ex3/+);RosatdTmt/+	 pituitaries.	 Interestingly	 there	 were	 more	

macrophages,	associated	with	pro-tumourigenic	inflammation,	than	CD3-positive	lymphoid	

cells,	which	 are	often	 associated	with	 an	 anti-tumour	 response	 (Shalapour	 et	 al.,	 2015).	

Furthermore,	 in	 both	 cases	 positive	 cells	 were	 found	 surrounding	 tumour	 initiating	 β-

catenin	clusters	(Fig.	5.1	E’	&	F’).	Together	these	results	suggest	that	oncogenic	β-catenin	
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driven	inflammation	leads	to	the	recruitment	of	infiltrating	immune	cells	and	is	consistent	

with	a	role	for	tumour	initiating	β-catenin	clusters	as	pro-inflammatory	signalling	hubs.	

	

	

	

	

	

	

	

	

	

	



	
	 	

	 	 150	

	

Figure 5.1: Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ pituitaries have an increased immune infiltrate. A) 

Immunohistochemistry in transverse sections of wildtype E18.5 Sox2+/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ (A-C’) 

and E18.5 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ mutants (D-F) 5 days after tamoxifen induction. 

A,A’,D,D’ are IHC performed using an anti-pStat3 antibody. B,B’,E,E’ are IHC using an anti-CD3 

antibody and C,C’,F,F’ are IHC staining with an anti-Iba-1 antibody. Scale bars represent 250µm (A-F) or 

25µm (A’-F’). B-D) Quantification of the number of positive-stained cells for pStat3, CD3 and Iba-1 

respectively. Graphs plot mean with s.e.m. Unpaired Student’s t-test.  ** p<0.01, *p<0.05.	
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5.2.2:	Characterisation	of	the	infiltrating	immune	cells	in	ACP	

	 Since	 subtypes	 of	 infiltrating	 immune	 cells	 can	 have	 variable	 anti-	 or	 pro-

tumourigenic	effects	(Shalapour	et	al.,	2015),	the	increased	immune	infiltrate	detected	in	

ACP	 pituitaries	 was	 further	 characterized	 by	 flow	 cytometry.	 These	 experiments	 were	

performed	using		Prop1:Cre;Ctnnb1lox(ex3)/+;RosatdTmt/+		mice,	an	alternative	ACP	model.	Prop1	

is	a	pituitary	specific	transcription	factor	that	reaches	maximal	expression	in	developing	

pituitary	 stem/progenitor	 cells	 at	 E12.5,	 the	 timepoint	 at	 which	 Sox2CreERT2/+;	

Ctnnb1loc(ex3)/+;RosatdTmt/+	embryos	were	tamoxifen	induced	in	previous	experiments.	In	this	

respect	the	two	ACP	models	are	analogous,	and	for	all	markers	tested	(IHC:	Stat3,	CD3,	Iba-

1,	 ISH:	 Ctnnb1,	 Axin2,	 p21,	 Fgf8,	 Bmp4,	 Shh,	 Dkk1,	 Dkk4,	 Notum)	 the	 Prop1:Cre;	

Ctnnb1loc(ex3)/+;RosatdTmt/+	 model	 phenocopies	 the	 staining	 patterns	 observed	 in	

Sox2CreERT2/+;Ctnnb1loc(ex3)/+;RosatdTmt/+	 pituitaries	 (unpublished	 data;	 Dr.	 Rachael	 Tan).	

Pituitary	 cells	 from	 E18.5	 Prop1:Cre;Ctnnb1loc(ex3)/+;RosatdTmt/+	 	 mutants	 and	 wild-type	

embryos	were	stained	with	a	cocktail	of	antibodies	against	different	lymphoid	and	myeloid	

markers	to	profile	the	subtypes	of	immune	cells	present	in	ACP	tumour	infiltrates	by	flow	

cytometry	(Fig.	5.2;	Jakubzick	et	al.,	2013;	Maecker	et	al.,	2012).	CD45	represents	a	pan-

immune	 cell	 marker	 and	 was	 used	 to	 quantify	 the	 total	 immune	 infiltrate	 revealing	 a	

significant	increase	in	ACP-mutants	(8%	+/-	0.3)	compared	to	wild-type	littermates	(2%	

+/-0.3;	p<0.0001,	Unpaired	Student’s	t-test).	A	very	small	unidentified	population	of	CD45+,	

tdTmt+	double-positive	cells	(0.9%	+/-	0.1)	were	detected	ACP-mutants.	Since	Prop1	is	a	

pituitary	specific	transcription	factor,	not	expressed	in	any	immune	cells	these	cells	were	

not	 further	 investigated	 but	 may	 be	 caused	 by	 ‘leaking’	 Prop1:Cre	 	 or	 immune	 cell	

autofluorescence	(Mitchell	et	al.,	2010).	

	 Immunohistochemical	 analysis	 indicated	 there	 were	 more	 Iba-1-positive	

macrophages	 than	 CD3-positive	 immune	 cells	 present	during	 early	ACP	 tumourigenesis	

(Fig.	 5.1),	 and	 immunophenotyping	 by	 flow	 also	 showed	 relatively	 fewer	 CD45+CD3+	

infiltrating	 immune	 cells	 than	 their	 myeloid	 counterparts	 (data	 not	 shown).	 Therefore,	

subsequent	analysis	was	focused	on	immune	cells	from	a	myeloid	origin.	Macrophages	are	

phagocytic	tissue	resident	leukocytes	that	function	in	maintaining	tissue	homeostasis	and	

integrity	 (Gasteiger	 et	 al.,	 2017).	 They	 are	 a	 frequent	 component	 of	 tumour	 immune	

infiltrates	 and	 tumour-associated	 macrophages	 (TAMs)	 are	 the	 dominant	 mediators	 of	

cancer-related	 inflammation	 (Mantovani	 et	 al.,	 2017).	 Our	 immunophenotyping	 panel	

incorporated	 MER	 Proto-Oncogene,	 Tyrosine	 Kinase	 (MertK)	 and	 CD64	 as	 markers	 of	

macrophages,	and	CD206	(also	known	as	Macrophage	mannose	receptor	1)	as	a	marker	of	

TAMs	(Scodeller	et	al.,	2017).	Of	the	increased	number	of	CD45+	infiltrating	immune	cells	
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in	mutants,	 there	was	 a	 significant	 increase	 in	 the	 proportion	 of	 CD45+,	MertK+,CD64+	

macrophages	in	the	ACP	pituitaries	(56.9%	+/-	3.5)	compared	to	wild-types	(~21%	+/-	4;	

p<0.001,	 Unpaired	 Student’s	 t-test).	 Furthermore,	 of	 those	 macrophages	 detected	 a	

significantly	higher	proportion	of	them	expressed	CD206	and	were	identified	as	TAMs	in	

ACP	 pituitaries	 (57.9%	 +/-	 3.2)	 than	 in	 wild-types	 (22.8%	 +/-	 2.4;	 p<0.001,	 Unpaired	

Student’s	 t-test).	 Overall	 the	 analysis	 of	 the	 inflammatory	 microenvironment	 of	 ACP-

pituitaries	revealed	that	there	is	an	early	increase	in	the	number	of	infiltrating	immune	cells	

in	 response	 to	 β-catenin	 oncogene	 activation,	 and	 that	 among	 these	 cells	 TAMs	 are	

predominant.	
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Figure 5.2: Flow cytometry analysis of ACP infiltrating immune cells. A & B) Representative flow 

cytometry analysis of infiltrating immune cell marker staining in Prop1:Cre;Ctnnb1lox(ex3)/+;RosatdTmt/+ 

(mutants) and Prop1+/+;Ctnnb1lox(ex3)/+;RosatdTmt/+  (WT) embryos at E18.5, respectively. Cells were gated 

for lymphocytes (CD45+), tdTmt +ve cells, Macrophages (CD45+, MerTK+;CD64+) and Tumour 

Associated Macrophages (CD45+, MerTK+, CD64+, CD206+). C) Quantification of infiltrating immune 

cell marker staining. Graphs plot mean with s.e.m. Unpaired Student’s t-test **** = p< 0.0001, *** 

p<0.001 ** p<0.01 * p<0.05. 
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5.2.3:	 ACP-mutants	 show	 abnormal	 eicosanoid	 metabolism	 and	 increased	

activation	of	the	Lipoxygenase	pathway	

Transcriptomic	 analysis	 in	 Chapter	 4	 identified	 oncogenic	 β-catenin-driven	

activation	of	inflammatory	signalling	pathway	with	upregulation	of	secreted	chemokines	

and	cytokines	which	is	associated	with	increased	recruitment	of	immune	cells	in	early	ACP	

tumourigenesis.		Among	the	most	significant	and	upregulated	genes	in	mutant	PSCs	were	

two	phospholipase	enzymes,	Pla2g2f	and	Pla2g2,	which	release	stored		AA	from	membrane	

phospholipids	to	serve	as	the	precursor	for	eicosanoid	biosynthesis	(Valentin	et	al.,	2000).	

These	 changes	were	 accompanied	by	 significant	 enrichment	of	AA	metabolism	genes	 in	

ACP-mutants	(Fig.	5.3	A;	NES=1.61;	FDR	q-val=0.18).	Lipid	signalling	molecules	constitute	

an	important	part	of	the	inflammatory	response	(Bennett	&	Gilroy,	2016),	and	eicosanoids,	

most	notably	prostaglandins	(PGs)	and	leukotrienes	(LTs),	are	frequently	dysregulated	in	

cancer	(Gomes	et	al.,	2018;	Wang	&	Dubois,	2010).	To	investigate	the	potential	contribution	

of	 eicosanoids	 to	 early	 ACP	 tumourigenesis,	 the	 secretory	 profile	 of	 mutant	 PSCs	 was	

analysed.	After	tamoxifen	induction,	PSCs	from	E18.5	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	

and	wild-type	littermate	embryos	were	cultured,	and	conditioned	media	was	quantified	for	

eicosanoids	 by	 LC-MS/MS	 (Fig.	 5.3	 B).	 Lipidomic	 analysis	 was	 performed	 by	 our	

collaborator	 Dr.	 Nicholas	 Cenac	 at	 the	 INSERM	 Institute	 (Toulouse,	 France).	 Whilst	

transcriptomic	 analysis	 cannot	 provide	 information	 about	 metabolite	 concentrations,	

relative	expression	changes	in	metabolic	enzymes	can	provide	some	indication	of	pathway	

flux,	providing	supporting	evidence	to	concentrations	calculated	by	LC-MS/MS.	Therefore,	

the	 foldchanges	 of	 metabolic	 enzymes	 between	 wild-type	 and	 mutant	 PSCs	 were	

superimposed	on	the	AA	kegg	term	pathway	using	Pathview	(Luo	&	Brouwer,	2013)	and	

those	metabolites	quantified	by	LC-MS/MS	were	highlighted	in	blue	(Fig.	5.3	D).	

LC-MS/MS	 showed	 significant	 increases	 in	 secreted	 6-keto-prostaglandin	 F1α	

(6kPGF1α;	 p<0.019,	 Unpaired	 Student’s	 t-test)	 and	 15-deoxy-Δ12,14-Prostaglandin	 J2	

(15d-PGJ2;	p<0.0018,	Unpaired	Student’s	t-test),	no	changes	in	prostaglandin	E2	(PGE2)	or	

Prostaglandin	F2α	(PGF2a)	and	a	decrease	in	prostaglandin	D2	(PGD2;	p<	0.0365,	Unpaired	

Student’s	t-test).	These	changes	were	not	fully	coherent	with	the	transcriptome	data,	which	

suggests	that	increased	secretion	of	PGE2	and	PGF2a	were	to	be	expected.	However,	levels	

of	 PGE2,	 PGF2a	 and	 PGE3	 levels	 in	 mature	Hesx1Cre/+;Ctnnb1lox(ex3)/+	 ACP-tumours	 were	

markedly	increased.	(Fig.5.3	C;	provided	by	Dr.	Valeria	Scagliotti).	Therefore,	the	increased	

secretion	 of	 prostaglandins	 in	 ACP	 may	 be	 a	 feature	 that	 develops	 later	 during	

tumourigenesis,	or	a	compartment	of	cells	other	 than	PSCs	may	be	responsible	 for	 their	

secretion.	In	contrast,	there	was	good	coherence	between	expression	changes	detected	in	
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enzymes	of	pro-tumourigenic	lipoxygenase	(Lox)	pathways,	and	the	pathway	metabolites	

quantified	by	LC-MS/MS	(Pidgeon	et	al.,	2007).	These	included	significant	upregulation	of	

LBT4	 (p=0.0102;	 Unpaired	 Student’s	 t-test)	 as	 well	 as	 5-,	 8-	 and	 15-	 hydroxy-

eicosatetraenoic	 acids	 (5-HETE,	 p=0.0004;	 8-HETE,	 p=0.0053;	 15-HETE,	 p=0.066;	 LBT,	

p=0.0102;	 Unpaired	 Student’s	 t-test).	 Together,	 these	 results	 indicate	 that	 activation	 of	

oncogenic	β-catenin	in	PSCs	leads	to	activation	of	the	lipoxygenase	pathway	and	increased	

secretion	of	 lipid	mediators	 that	promote	 inflammation	and	 the	 recruitment	of	 immune	

cells	(Bennett	&	Gilroy,	2016).	
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Figure 5.3: Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt mutant PSCs have altered eicosanoid lipid 

metabolism. A) Gene Set Enrichment Analysis (GSEA) shows an enrichment of genes involved in 

Arachidonic acid metabolism in Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP  PSCs (NES=1.61; 

FDR q-val=0.18). B) Concentrations of secreted Arachidonic acid lipid mediators detected in the 

conditioned cell culture media of E18.5 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+ mutant PSCs and wild-type 

littermates (n= 6 & 3) at day 7, determined by LC-MS/MS. C) Concentration of prostaglandins detected in  

Hesx1Cre/+;Ctnnb1lox(ex3)/+ tumours and wild-type pituitaries determined by LC-MS/MS. Unpaired t-tests 

*** p<0.001 ** p<0.01 * p<0.05. D) Arachidonic Acid metabolism kegg pathway populated with 

normalized foldchange data between control and ACP-mutant PSCs, rendered in Pathview. Upregulated 

genes shown in red and downregulated in green, boxed  metabolites were quantified by  LC-MS/MS. 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	 	

	

	

158	

5.3:	Discussion		

In	 this	 Chapter	 I	 further	 investigate	 the	 role	 of	 oncogenic	 β-catenin	 driven	

inflammation	during	early	ACP	tumourigenesis.	Immunohistochemical	analysis	of	mutant	

pituitaries	identified	increased	pStat3	staining	in	tumour	initiating	β-catenin	cell	clusters	

consistent	 with	 elevated	 levels	 of	 IL6-Jak-Stat3	 signalling.	 Furthermore,	 an	 increase	 in	

infiltrating	 CD3-positive	 lymphoid	 cells	 and	 Iba-1-positive	 activated	 macrophages	 was	

observed	in	mutant	pituitaries	centred	at	tumour	initiating	β-catenin	cell	clusters.	The	cell	

type	composition	of	the	increased	immune	infiltrate	in	ACP	mutants	was	analysed	by	flow	

cytometry	 immunophenotyping.	This	 confirmed	 the	 increased	 immune	 infiltrate	 in	ACP,	

and	identified	tumour	associated	macrophages	as	the	predominant	cell	population.	Next,	I	

analysed	the	eicosanoid	lipid	mediators	secreted	by	mutant	PSCs,	and	identified	increased	

levels	 of	 LBT4,	 and	 several	 HETEs,	 which	 was	 supported	 by	 expression	 changes	 in	

lipoxygenase	pathway	enzymes.	This	suggests	that	activation	of	the	pro-inflammatory	and	

pro-tumourigenic	Lipoxygenase	pathway	is	a	feature	of	early	ACP.	

5.3.1:	 Early	 ACP	 tumourigenesis	 is	 associated	 with	 an	 increase	 in	 tumour	

associated	macrophages.	

	 Oncogene	driven	 inflammation	 resulting	 in	 the	 recruitment	of	 immune	 cells	 is	 a	

commonly	observed	phenomenon	in	cancer	(Crusz	&	Balkwill,	2015),	and	here	I	show	that	

the	 inflammatory	 gene	 signature	 observed	 in	 PSCs	 during	 early	 ACP	 tumourigenesis	 is	

associated	 with	 increased	 immune	 cell	 infiltration.	 Understanding	 the	 functional	

significance	of	the	immune	infiltrate	requires	consideration	of	the	specific	cell	types	since	

immune	 cells	 can	 either	 promote	 anti-tumour	 responses	 or	 actively	 contribute	 to	

tumourigenesis	(Shalapour	et	al.,	2015).		In	that	respect,	it	is	telling	that	the	predominant	

immune	cell	 type	 identified	during	early	ACP	tumourigenesis	were	TAMs,	which	are	key	

mediators	 of	 cancer	 related	 inflammation	 (Mantovani	 et	 al.,	 2017).	 The	 term	 ‘TAM’	

represents	a	highly	heterogenous	population	of	cells	which	can	be	broadly	separated	in	into	

‘M1-like’	TAMs	which	are	polarized	towards	anti-tumour	activity	and	can	kill	tumour	cells,	

and	 ‘M2-like’	 TAMs	 which	 encompass	 a	 broad	 range	 of	 phenotypes	 that	 promote	

tumourigenesis	(Mantovani	et	al.,	2017).	The	ontogenetic	origin	of	TAMs	is	variable,	and	

they	can	either	be	derived	 from	circulating	monocytes	recruited	 to	 tumours	by	secreted	

chemoattractant	(Bottazzi	et	al.,	1982)	or	from	proliferation	of	tissue	resident	macrophages	

present	 in	 some	 tissues,	 including	 the	 pituitary	 (Hume	 et	 al.,1984).	Whilst	 our	 analysis	

cannot	determine	the	origin	of	the	TAMs,	we	do	observe	increased	expression	of	a	number	
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of	 chemoattracts,	 particularly	 in	 β-catenin	 clusters,	 that	 suggests	 active	 recruitment	 of	

immune	 cells.	 These	 include	 chemokines	 such	 as	 Ccl5,	which	 aids	 in	 the	 recruitment	of	

classical	 monocytes	 (Alard	 et	 al.,	 2015),	 cytokines	 such	 as	 IL34,	 which	 promotes	 the	

recruitment	and	polarisation	of	immunosuppressive	M2	TAMs	(Boulakirba	et	al.,	2018),	and	

various	 complement	 components	 that	 are	 important	 for	 recruitment	 and	 functional	

polarisation	of	TAMs		(Khan	et	al.,	2015).	However,	we	did	not	detect	upregulation	of	Ccl2,	

another	 key	 chemoattractant	 of	 monocytes,	 that	 has	 previously	 been	 shown	 present	 in	

human	ACP	samples,	in	close	association	with	macrophage	staining	and	cholesterol	clefts	

(Apps	et	al.,	2018).	This	may	be	due	to	the	relatively	early	snapshot	of	tumour-associated	

inflammation	captured	in	our	analysis	or	species	difference	between	humans	and	mice.	

M2-like	 TAMs	 play	 a	 variety	 of	 pro-tumourigenic	 roles	 contributing	 to	 cancer	

‘hallmarks’	 including	 the	 stimulation	of	 angiogenesis,	 suppression	of	 adaptive	 immunity	

and	promotion	of	cancer	growth	and	migration	(Mantovani	et	al.,	2017).	For	example,	 in	

breast	 cancer	 TAMs	 secrete	 Egf	 and	 Vegf	 that	 stimulate	 angiogenesis	 and	 tumour	 cell	

proliferation	(Coussens	et	al.,	2013),	a	finding	that	may	well	be	relevant	to	ACP,	in	which	

the	majority	of	tumours	express	Egfr	(Gump	et	al.,	2015).	Furthermore,	TAMs	have	been	

demonstrated	 to	 enhance	 the	 tumour	 initiating	 capacity	 of	 CSCs	 and	 amplify	 their	drug	

resistance	in	co-operation	with	IL6	(Jinushi	et	al.,	2011).	TAMs	also	contribute	to	genetic	

instability	 by	 generating	 reactive	 oxygen	 and	 nitrogen	 intermediates,	 and	 tissue	

remodelling	 or	 tumour	 migration	 by	 secreting	 the	 matrix	 metalloprotease	 MMP9	

(Mantovani	et	al.,	2017).	Another	important	contribution	by	M2	TAMs	is	the	suppression	of	

the	adaptive	immune	response,	through	the	promotion	of	regulatory	T	(Treg)	cells	(Biswas	

&	Mantovani,	2010),	and	the	secretion	of	immunosuppressive	cytokines	and	metabolites	

such	as	IL10,	TGFB	and	IDO-1	(Mantovani	et	al.,	2017),	all	of	which	have	been	detected	in	

the	cystic	component	of	human	ACPs	(Donson	et	al.,	2017).	Lastly,	TAMs	frequently	express	

PD-L1/1	which	mediates	the	T-cell	PD-1	immune	checkpoint,	the	target	of	many	of	the	most	

successful	therapeutic	strategies	to	activate	anti-tumour	immunity	(Pardoll,	2012).	There	

are	therefore	multiple	avenues	by	which	TAMs	may	be	contributing	to	ACP	tumourigenesis,	

and	 further	 investigation	 is	 required	 to	 elucidate	 their	 potential	 pro-tumourigenic	

molecular	mechanisms.			

The	presence	of	myeloid	cells	in	tumours	has	variable	prognostic	value,	and	TAMs	

can	have	positive	or	negative	effects	on	responses	to	cytotoxic	chemo/radio-therapies.	For	

example,	M2	TAMs	accumulate	in	the	perivascular	region	of	breast	carcinomas	and	bone	

metastases	after	chemotherapy	and	promotes	 tumour	revascularization	and	growth	 in	a	

Cxcr4-Cxcl12	 dependent	 manner	 (Hughes	 et	 al.,	 2015).	 Indeed,	 it	 has	 previously	 been	
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reported	that	Cxcl12	and	Cxcr4	are	predictive	of	recurrence	and	survival	of	paediatric	ACP	

patients	 (Gong	 et	 al.,	 2014).	 It	 is	 possible	 then	 that	 M2	 TAMs	 are	 involved	 in	 this	

phenomenon.	Therapeutic	strategies	to	targeting	TAMs	either	prevent	their	recruitment	by	

targeting	 Ccl2	 or	 Ccl5,	 or	 alternatively	 aim	 to	 activate	 their	 anti-tumourigenic	 activities	

(Mantovani	 et	 al.,	 2017).	 Interestingly,	 Trabectedin,	 originally	 designed	 as	 an	 anti-

proliferative	 chemotherapy	 agent,	 selectively	 induces	 rapid	 apoptosis	 exclusively	 in	

mononuclear	phagocytes	 (Germano	et	 al.,	 2013).	 In	multiple	mouse	 tumour	models	 this	

depletion	of	macrophage	numbers	was	a	key	mechanism	mediating	the	anti-tumour	activity	

of	 the	 compound.	 Perhaps	 this	drug	 could	 be	 used	 in	pre-clinical	 studies	 to	 interrogate	

whether	TAMs	have	a	pro-tumourigenic	function	in	ACP	tumour	development.		

5.3.2:	 Oncogenic	 β-catenin	 activation	 in	 PSCs	 activates	 the	 5-Lipoxygenase	

pathway	

Secreted	 lipid	metabolites	 constitute	 an	 important,	 and	 often	 underappreciated,	

component	of	the	inflammatory	milieu	of	the	tumour	microenvironment.	There	have	now	

been	several	attempts	to	characterise	the	inflammatory	protein	content	of	ACP	cystic	fluid,	

(Donson	et	al.,	2017),	which	in	one	case	led	to	a	novel,	and	partially	successful	treatment	

strategy:	intra-cystic	INF-α	treatment	(Pettorini	et	al.,	2010).	No	such	parallel	attempts	have	

been	made	to	profile	the	lipid	component	of	ACP	cysts.	It	would	be	interesting	to	see	to	what	

extent	the	PSC-secreted	lipid	mediators	detected	in	vitro	recapitulate	human	tumours.	AA	

metabolism	 is	 frequently	 dysregulated	 in	 cancer	 (Sulciner	 et	 al.,	 2018),	 with	 the	 well-

studied	 Cox2/PGE2	 axis	 representing	 the	 paradigm	 of	 pro-tumourigenic	 inflammatory	

lipids	(Greenhough	et	al.,	2009).	Quantification	of	secreted	prostaglandins	by	PSCs	did	not	

reveal	results	that	were	fully	coherent	with	my	transcriptional	data	or	the	quantification	of	

PG	levels	from	ACP	tumour	tissues,	which	may	be	due	to	the	experimental	timepoint	or	an	

artefact	of	the	in	vitro	experimental	system.	Notwithstanding,	the	role	of	prostaglandins	in	

ACP	is	complex,	and	incompletely	understood:	both	pituitary-specific	genetic	ablation	and	

overexpression	of	Cox2	resulted	 in	significantly	enlarged	ACP	tumours	 in	mouse	models	

(unpublished	 data;	 Dr.	 Valeria	 Scagliotti).	 An	 alternative	 branch	 of	 Arachidonic	 acid	

metabolism	is	catalysed	by	lipoxygenase	(Lox)	enzymes,	which	like	cyclooxygenases,	have	

been	associated	with	cancer	development	(Gomes	et	al.,	2018;	Wang	&	Dubois,	2010).	Of	

the	 three	main	Lox	 isoforms,	 5-Lox	 and	12-Lox	pathways	 are	 generally	 considered	pro-

carcinogenic	particularly	in	epithelial	cell	cancers	such	as	breast,	prostate,	lung	and	colon,	

whereas	15-Lox	function	remains	controversial	and	is	likely	context	specific	(Pidgeon	et	al.,	

2007).	The	Lox	enzymes	metabolize	arachidonic	acid	to	the	biologically	active	metabolites	
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hydroperoxy–eicosatetraenoic	 acids	 (HPETEs),	 which	 are	 then	 reduce	 to	 their	

corresponding	HETEs,	 in	 the	 case	of	 5-Lox,	 5-HPETE	 is	 also	metabolized	 to	 the	 epoxide	

Leukotriene	A4	(LTA4)	and	subsequently	hydrolysed	to		LTB4	by	leukotriene	A4	hydrolase,	

or	the	cysteinyl	leukotrienes,	LTC4,	LTD4	and	LTE4	(Fabre	et	al.,	2002).		

Our	LC-MS/MS	and	RNAseq	analysis	imply	upregulation	of	the	5-Lox	pathway	and	

in	particular	increased	secretion	of	LTB4	a	potent	pro-inflammatory	leukotriene.	LTB4	is	a	

potent	chemotactic	agent,	which	attracts	macrophages	as	well	as	neutrophils,	T	cells	and	

dendritic	 cells	 to	 sites	of	 inflammation	 (Bomalaski	&	Clark,	 1990;	Haribabu	et	al.,	 2000;	

Islam	et	al.,	2006;	Shin	et	al.,	2006).	LBT4	binds	 to	 two	different	GPCRs	the	high	affinity	

receptor	BLT1	and	the	lower	affinity	BLT2,	and	is	thought	to	induce	chemotaxis	via	a	Rac–

Erk	signalling	cascade	(Woo	et	al.,	2002).	LBT4	signalling	has	been	implicated	in	numerous	

human	cancers,	with	increased	levels	in	colon	and	prostate	cancer	(Larre	et	al.,	2008)	and	

receptor	upregulation	in	pancreatic	cancer	(Hennig	et	al.,	2002).	It	has	also	been	shown	that	

BLT2	is	required	for	Ras-induced	transformation	in	vivo	and	that	in	HRas-v12-transformed	

cells	secrete	LBT4	in	vitro	(Yoo	et	al.,	2004).	In	addition	to	regulating	inflammation,	LBT4	

can	 also	 affect	 cell	 growth	 in	 an	 autocrine	or	paracrine	 fashion	 (Jeong	 et	 al.,	 2009)	 and	

emerging	evidence	suggests	a	role	in	angiogenesis	(Kim	et	al.,	2009).	Interestingly,	LBT4,	

and	other	leukotrienes,	stimulate	the	proliferation	of	haemopoietic	and	neural	stem	cells,	

spurring	speculation	that	they	may	regulate	cancer	stem	cell	growth	(Chung	et	al.,	2005;	

Wada	 et	 al.,	 2006).	 Hence,	 an	 increase	 in	 these	 factors	 could	 be	 important	 in	 the	

proliferation	of	tumour	initiating	PSCs	that	drive	ACP	formation.	

	 Collectively	 these	 findings	 have	 informed	 numerous	 successful	 therapeutic	

strategies	 targeting	 the	 5-Lox	 pathway	at	multiple	 levels.	 Inhibitors	 against	5-Lox	 itself	

prevent	 lung	 tumourigenesis	 in	mouse	models,	and	combinatorial	 treatment	alongside	a	

selective	Cox2	had	additive	effects	in	reducing	tumour	growth	in	xenograft	models	of	colon,	

oesophageal,	breast	and	skin	cancer	(Barry	et	al.,	2009;	Chen	et	al.,	2004;	Fegn	&	Wang,	

2009;	Ye	et	al.,	2005).	The	success	of	these	combined	treatments	is	of	interest	as	treatment	

of	ACP	mouse	models	with	 a	 selective	Cox2	 inhibitor	 exhibited	significant	but	 relatively	

small	reduction	of	tumour	size	in	females.	It	would	be	interesting	to	investigate	whether	

this	effect	could	be	enhanced	by	co-targeting	5-Lox	alongside	Cox2.	At	 the	 level	of	LTA4	

hydrolase,	the	inhibitor	Bestatin	reduces	growth	of	an	oesophageal	adenocarcinoma	and	

oral	 carcinoma	 in	 vivo	models	 (Xiaoxin	Chen	et	 al.,	 2003;	 Z.	 Sun	 et	 al.,	 2006)	 as	well	 as	

reducing	proliferation	of	lung	carcinoma	and	glioma	cells	in	vitro	(Brock	et	al.,	2005;	Ishii	et	

al.,	 2009).	 Indeed	 several	 clinical	 trials	 have	 shown	 the	 efficacy	 of	 LTA4	 hydrolase	

inhibition:	Bestatin	prolonged	 survival	 in	 a	 stage	 III	 clinical	 trial	 for	 skin	 squamous	 cell	
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carcinoma	(Ichinose	et	al.,	2003)	and	another	drug	Tosedostat	improved	patient	outcome	

in	patients	with	acute	myeloid	leukaemia	(Löwenberg	et	al.,	2010).	In	addition	numerous	

approaches	to	date	have	targeted	the	LBT4	receptors,	and	in	preclinical	studies	the	receptor	

antagonist	 LY293111	 limited	metastatic	 spread	of	pancreatic	 cancer	 cells	 (Hennig	 et	al.,	

2005)	and	in	a	xenograft	model	of	colorectal	carcinoma	(Hennig	et	al.,	2004).	However	these	

findings	failed	to	translate	into	improved	survival	in	Phase	II	trials	of	patients	with	non-

small-cell	lung	or	pancreatic	cancer	(Adrian	et	al.,	2008).	Given	these	advances	the	putative	

role	for	LBT4	in	ACP	tumourigenesis	warrants	further	investigation	and	the	5-Lox	pathway	

may	represent	an	attractive	target	for	future	therapies.	
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Chapter	6:	The	role	of	BrafV600E	in	

Papillary	Craniopharyngioma	
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6.1:	Introduction	

PCPs	typically	present	during	later	life	and	account	for	10%	of	total	CPs,	and	14–

50%	 of	 adult-onset	 cases.	 (Larkin	 &	 Karavitaki,	 2018).	 Whole	 exome	 sequencing	 first	

identified	the	activating	BRAFV600E	mutation	 in	PCP,	and	targeted	Sanger	sequencing	 in	a	

larger	cohort	confirmed	the	presence	of	the	mutation	in	95%	of	tumours	(Brastianos	et	al.,	

2014).	Normally,	 the	MAPK-signalling	pathway	responds	 to	extracellular	signals	such	as	

cytokines,	 hormones	 and	 growth	 factors	 in	 order	 to	 regulate	 cell	 differentiation,	

proliferation,	 senescence,	 and	 survival	 (Cantwell-dorris	 et	 al.,	 2011).	 The	 BRAFV600E	

mutation	results	in	ligand-independent	constitutive	MAPK-signalling,	and	BRAF	mutations	

are	found	in	as	many	as	7%	of	all	human	cancers	(Davies	et	al.,	2002)	including	melanoma	

(66%),	 thyroid	carcinomas	(40-50%)	colon	cancer	(8–10%);	ovarian	carcinomas	(30%);	

and	hairy-cell	 leukaemia	 (100%)	 (Fiskus	&	Mitsiades,	 2016).	 In	many	of	 these	 tumours	

BRAF-V600E	has	been	shown	to	drive	an	epithelial-to-mesenchymal	transition	in	tumour	

cells,	associated	with	increased	tumour	cell	migration	and		metastasis	(Boyd	et	al.,	2013;	

Knauf	 et	 al.,	 2011;	Ma	 et	 al.,	 2014).	 In	 addition	BRAFV600E	 activation	 has	 been	 shown	 to	

modulate	tumour	cell	metabolism,	particularly	in	melanoma	(Chain	et	al.,	2013;	Haq	et	al.,	

2013;	 Vazquez	 et	 al.,	 2013).	 BRAFV600E	 	 has	 also	 recently	 been	 discovered	 as	 a	 driver	

mutation	in	16.5%	of	pituitary	corticotroph	adenomas,	which	hypersecrete		ACTH	leading	

to	Cushing’s	disease	(Chen,	2018).	Unlike	corticotroph	adenomas,	the	cell	type	of	origin	of	

PCPs	remains	unknown,	however	there	are	a	few	indications	of	a	potential	stem	cell	origin.	

Firstly,	 unlike	many	 pituitary	 adenomas,	 originating	 from	 differentiated	 endocrine	 cells	

(Asa	&	Ezzat,	2009)	PCPs	are	non-secretory	(Müller,	2014).	This	is	also	true	for	the	ACP	

subtype	of	Craniopharyngioma,	which	do	derive	 from	mutated	progenitor	cells	 (Gaston-

Massuet	et	al.,	2011).	Furthermore,	activation	of	BrafV600E	in	the	developing	murine	pituitary	

progenitors	 led	 to	 increased	 proliferation,	 though	 perinatal	 mortality	 prevented	

investigation	of	whether	these	mice	go	on	to	develop	PCP	(Haston	et	al.,	2017).	This	work	

also	showed	the	presence	of	slow	cycling	Sox2-positive	cells	in	human	PCP	tumours,	and	

suggested	 that	 these	may	 represent	 cancer	 stem	cells	 (CSCs),	which	 are	 also	 found	 in	 a	

number	of	pituitary	adenomas	(Carreno	et	al.,	2017).	

Importantly,	investigation	of	MAPK-driven	tumourigenesis	in	other	contexts	has	led	

to	the	development	of	a	number	of	effective	BRAF	and	MEK	inhibitors,	that	are	currently	

either	already	in	use	or	undergoing	clinical	trials	for	the	treatment	of	numerous	tumour	

types	(Burotto	et	al.,	2014).	Furthermore,	promising	reports	of	the	efficacy	of	treating	PCP	

with	MAPK	inhibitors	are	now	emerging	(Aylwin	et	al.,	2016;	Brastianos	et	al.,	2016;	Roque	

&	Odia,	2017;	Rostami	et	al.,	2017),	and	a	phase	 II	clinical	trial	(NCT03224767)	 treating	
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BRAFV600E-positive	PCP	patients	with	Vemurafenib	and	Cobimetinib		has	now	begun.	Despite	

these	 positive	 advances,	 very	 little	 molecular	 detail	 is	 known	 about	 the	 pathological	

consequences	of	BRAFV600E	activation	in	the	context	of	PCP,	particularly	during	the	crucial	

early	stages	of	tumourigenesis.	There	has	been	no	transcriptomic	analysis	of	PCP	to	date,	

and	the	downstream	mediators	of		BRAFV600E-driven	oncogenic	MAPK	signalling	in	pituitary	

remain	largely	unknown.	Further	investigation	of	PCP	molecular	pathology,	and	future	pre-

clinical	 therapeutic	 studies	would	be	 greatly	aided	by	 the	 generation	of	 a	mouse	model	

representative	of	human	PCP.	

	 In	this	chapter	I	attempt	to	demonstrate	the	stem	cell	origin	of	PCP,	and	generate	an	

inducible	mouse	model	for	adult-onset	disease,	activating	the	BrafV600E	oncogene	in	Sox2-

positive	 PSCs.	 Immunohistochemical	 characterisation	 indicates	 activation	 of	 BrafV600E	 in	

PSCs,	but	off-target	effects	in	the	Sox2-positive	stem	cells	of	the	forestomach	cause	lethality	

soon	after	oncogene	induction.	This	prevented	the	use	of	long-term	lineage	tracing	analysis	

of	PCP,	to	definitely	demonstrate	a	stem	cell	origin	for	PCP.	Transcriptional	analysis	of	the	

early	events	downstream	of	BrafV600E	activation	in	PSCs	revealed	changes	in	metabolic	gene	

expression,	 and	 GSEA	 highlighted	 changes	 in	 gene	 sets	 associated	 with	 EMT	 and	

cytoskeletal	 remodelling.	 To	 better	 understand	 the	 downstream	 effectors	 of	 oncogenic	

MAPK-signalling	in	PSCs,	TFBM-enrichment	and	gene	regulatory	network	modelling	was	

performed	 identifying	 candidate	 transcription	 factors	 that	 mediate	 the	 BrafV600E-driven	

transcriptional	program.	In	vitro	assays	on	primary	PSC	cultures	were	performed	to	support	

these	 findings	 and	 revealed	 that	 proliferation	was	 unchanged,	while	 cell	migration	was	

increased	in	 	BrafV600E		mutant	PSCs.	Finally,	extracellular	flux	analysis	was	performed	to	

characterise	the	metabolic	rewiring	suggested	by	transcriptomic	analysis.	This	showed	a	

metabolic	 shift	 towards	 respiration,	 with	 increased	 respiratory	 capacity,	 reduced	 basal	

glycolysis,	and	an	impaired	ability	to	compensate	for	respiratory	inhibition	by	increasing	

glycolytic	flux.		
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6.2:	Results	

6.2.1:	 An	 inducible	 transgenic	 mouse	 model	 of	 adult	 onset	 Papillary	

Craniopharyngioma	

The	BRAFV600E	mutation	has	been	identified	in	>95%	of	a	cohort	of	patients	with	PCP	

tumours	(Brastianos	et	al.	2014).	However,	whether	or	not	PCPs	originate	from	mutated	

PSCs,	and	the	transcriptional	changes	downstream	of	BrafV600E	activation	in	 	PSCs	remain	

unexplored.	Therefore,	I	set	out	to	generate	a	novel	transgenic	model	of	adult	onset	PCP,	

that	would	enable	the	investigation	of	the	early	events	of	PCP	tumourigenesis	and	serve	as	

a	 tool	 for	 future	 research.	Again,	Sox2CreERT2/+;RosatdTmt/+	mice	were	used	 as	 controls	 and	

generated	as	before	by	crossing	mice	heterozygous	for	Sox2CreERT2	(Arnold	et	al.,	2011)	with	

RosatdTmt	 homozygotes	 (Fig.	 6.1	 A;	 Madisen	 et	 al.,	 2009).	 To	 generate	 the	 PCP	 model	 I	

incorporated	the	BrafV600E	allele,	which	has	 the	endogenous	exons	15-18	 flanked	by	loxP	

sites	followed	by	the	human	sequence	containing	the	BrafV600E	point	mutation	in	exon	15	

(Fig.	6.1	E;	Dankort	et	al.,	2007).	To	generate	the	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	model	

Sox2CreERT2	 heterozygotes	 were	 crossed	 with	 BrafV600E/V600E;RosatdTmt/tdTmt	 double	

homozygotes	(Fig.	6.1	B).	The	PCP	model	is	designed	such	that	upon	tamoxifen	induction,	

Cre-mediated	recombination	activates	expression	of	the	tdTmt	lineage	tracer	alongside	a	

hybrid	mutant	BrafV600E	allele	that	is	expressed	at	endogenous	levels	with	normal	patterns	

of	differential	splicing.		

To	 validate	 the	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 	 model,	 mice	 were	 tamoxifen	

induced	at	4	weeks,	as	before	with		2	IP-injections	of	0.2	mg/g/ms	on	consecutive	days,	and	

analysed	for	increased	MAPK	signalling	(Fig.	6.2	A).	In	the	absence	of	an	efficient	anti-mouse	

Braf-V600E	antibody,	immunohistochemical	staining	for	phosphorylated-MAPK	(pMAPK)	

was	used	in		Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	and	Sox2CreERT2/+;RosatdTmt/+	coronal	pituitary	

sections	 as	 a	 phenotypic	 readout	 for	 recombination	 at	 the	 BrafV600E	 allele.	 The	 pMAPK	

antibody	stains	both	phosphorylated-Erk	1	and	2,	which	are	downstream	components	of	

the	MAPK-pathway	 that	 become	 phosphorylated	 upon	 activation	 of	MAPK-signalling	 by	

oncogenic	 	BrafV600E	(Robinson	&	Cobb,	 1997).	The	majority	of	 the	pMAPK-positive	 cells	

lined	 the	marginal	 zone	where	PSCs	 are	 found,	 and	quantification	 revealed	 a	significant	

increase	 in	 pMAPK	 staining	 in	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 	mice	 (Fig.	 6.2	 B	 &	 C;	 *	

p<0.05,	 Unpaired	 Student’s	 t-test).	 Next,	 	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 cryosections	

were	 stained	 for	 Sox2	 and	 imaged	 alongside	 the	 native	 tdTmt	 fluorescence.	 The	 tdTmt	

fluorescence	corresponded	to	the	known	staining	pattern	for	Sox2	and	was	visible	along	the	

cleft	at	 the	MZ	and	dispersed	 through	 the	 anterior	pituitary	 and	 showed	high	degree	of	
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colocalisation	 with	 Sox2	 staining	 (Fig.	 6.2	 D).	 Taken	 together	 these	 results	 show	 that	

tamoxifen	induction	induces	recombination	at	both	the	BrafV600E	and	RosatdTmt	loci	and	that	

tdTmt	can	reliably	be	used	as	a	marker	of	Sox2	positive	PSCs.		
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Figure 6.1: Transgenic mouse breeding schemes and mutant allele schematics. A) & B) show the 

breeding schemes used to generate Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ models 

respectively. C) Shows a schematic of the Sox2CreERT2 allele which encodes a tamoxifen inducible Cre 

recombinase fusion protein downstream of the endogenous Sox2 promoter. D) Shows a schematic of the 

RosatdTmt allele which has a p-CAG promoter silenced by a loxP-flanked STOP cassette preceding the tdTmt 

gene. E) Shows the BrafV600E allele, which has exons 15-18 flanked by loxP-sites such that when they are 

removed a mutant exon 15 is expressed instead.  
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Figure 6.2 : In vivo characterisation of Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ mice. A) Mice of 4-6 weeks are given 2 injections of tamoxifen 0.2mg/g/ms on consecutive days 

and then culled 7 days post injection. B) Quantification of the number of p-MAPK (ERKs 1 & 2) positive cells in Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ 

mice 1 week after tamoxifen induction  (*<0.05, Unpaired Student’s t-test n= 5 & 3), Graph shows means and s.e.m. error bars C) Immunohistochemistry staining against p-

MAPK in Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ pituitaries 1 week after tamoxifen induction, arrows show p-MAPK-positive cells.  D) 

Immunofluorescence staining of pituitary cryosections from  Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+  mice [DAPI (blue), tdTmt (red), Sox2 (green)] 1 week after tamoxifen 

induction. Scale bars represent 50 µm.
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6.2.2:	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	mice	show	off-target	stomach	defects	

leading	to	premature	lethality		

Previous	attempts	at	transgenic	modelling	of	PCP,	drove	expression	of	a	BrafV600E	

allele	from	embryogenesis	under	the	Hesx1	promoter	and	encountered	peri-natal	mortality	

(Haston	 et	 al.,	 2017).	 I	 therefore	 enquired	 whether	 using	 the	 inducible	 Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	model	to	model	adult-onset	BrafV600E	activation	in	PSCs	would	enable	

long-term	lineage	tracing	to	track	PCP	development	over	time.	Unexpectedly,	shortly	after	

induction,	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	mice	 demonstrated	 rapid	 weight	 loss	 and	 a	

decline	 in	 health,	 requiring	 their	 euthanasia	 between	 1	 and	 2	 weeks	 after	 oncogene	

activation	(Fig.	6.3	A).	 	PCP	 is	a	slow	growing	 tumour,	and	 there	were	no	obvious	gross	

changes	to	the	pituitary	at	these	timepoints,	so	it	 is	unlikely	that	the	cause	of	death	was	

pituitary	related.	However,	the	Sox2	gene	is	a	broad	stem	cell	marker	that	is	expressed	in		

the	adult	stem	cells	of	numerous	organs,	so	I	hypothesised	that	the	premature	death	was	

driven	by	off	target	effects	of	BrafV600E	activation	in	another	stem	cell	compartment	such	the	

brain	(Brazel	et	al.,	2005)	or	gastrointestinal	tract	(Arnold	et	al.,	2011).	Autopsy	revealed	

red-tinted	 stomachs	 in	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 mice	 and	 a	 thickening	 of	 the	

forestomach	lining	(Fig.	6.3	B).	Since	the	stomachs	of	mutant	mice	were	all	empty,	it	is	likely	

that	 the	rapid	decline	 in	mutant	health	was	caused	by	a	 failure	 to	eat.	Staining	 for	Sox2	

(green)	revealed	colocalisation	of	the	tdTmt	fluorescent	reporter	with	Sox2	in	the	stem	cells	

at	the	base	of	the	crypts	of	the	forestomach	lining	(Fig.	6.3	C).	In	addition,	multiple	small	

Sox2	positive	lesions	were	observed	at	the	base	of	the	crypts	(white	arrows)	suggesting	that	

BrafV600E	 expression	 induced	 over	 proliferation	 of	 Sox2-positive	 stomach	 stem	 cells.	

Unfortunately,	 these	unanticipated	off-target	effect	precluded	the	use	of	 the	Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	 mice	 for	 pituitary	 lineage	 tracing	 experiments,	 which	 might	 have	

demonstrated	the	stem	cell	origin	of	PCP.		
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Figure 6.3: Off-target effects induce premature death in Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ mice. 

A) Kaplan-meiers survival plot demonstrating the significant (p<0.0001) reduction in survival of  

Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+  mice compared to Sox2CreERT2/+;RosatdTmt/+   controls. B) Brightfield 

image showing red discolouration Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ stomachs caused by 

hyperproliferation of stomach stem cells. C) Immunofluorescence staining of stomach cryosections from 

Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ mice 1-2 weeks after induction [DAPI 

(blue), tdTmt (red), Sox2 (green)]. Arrows indicate regions with tdTmt/Sox2 colocalisation. Scale bars 

indicate 1 cm (B) and 50 µm (C). 
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6.2.3:	The	early	transcriptional	response	to	BrafV600E	activation	in	adult	PSCs		

	 To	investigate	the	early	transcriptional	events	downstream	of	BrafV600E	activation	in	

Sox2-positive	 PSCs,	 tdTmt-positive	 pituitary	 cells	 were	 isolated	 from	 Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	mice	 and	 Sox2CreERT2/+;RosatdTmt/+controls	 by	 FACs,	 and	 analysed	 by	

RNAseq.	RNA	samples	from	PCP		(n=4)	and	control	mice	(n=6)	were	sequenced	across	two	

Illumina	lanes,	and	the	resulting	reads	were	merged,	quality	checked	and	trimmed	prior	to	

alignment	to	the	Gcrm38	reference	genome	[bioinformatic	workflow	available	in	material	

and	methods	and	scripts	and	summary	statistics	available	in	Appendix	I	and	II	respectively].	

When	recombined,	 the	BrafV600E	transgenic	allele	contains	a	hybrid	mouse-human	mRNA	

sequence	(including	the	V600E	mutation)	that	can	be	distinguished	from	the	fully	mouse	

wild-type	or	floxed	mRNA	sequences	(Fig.	6.4	A).	A	custom	cDNA	library	of	the	two	possible	

Braf	 sequences	 	 (mouse-wild-type/floxed	or	hybrid-recombined)	was	generated	and	the	

percentage	of	Braf	reads	that	aligned	to	each	transcript	was	analysed	using	Kallisto	pseudo-

alignment	 software	 (Bray	 et	 al.,	 2016).	 Encouragingly,	 in	 Sox2CreERT2/+;RosatdTmt/+	mice	 all	

reads	 aligned	 to	 the	 wild-type/floxed	 sequence	 whereas	 in	 Sox2CreERT2/+;BrafV600E/+;	

RosatdTmt/+		mice,	heterozygous	for	the	BrafV600E,	almost	50%	of	reads	aligned	to	the	hybrid-

BrafV600E	sequence	providing	in	silico	evidence		of	succesful	recombination.		Differential	gene	

expression	analysis	was	conducted	in	R	comparing	BrafV600E		mutant	PSCs	against	wild-type	

PSCs,	 revealing	~850	significantly	dysregulated	genes	between	genotypes	(q-value	<0.1)	

and	 hierarchical	 clustering	 analysis	 of	 a	 supervised	 lists	 of	 dysregulated	 genes	 was	

performed	 (Fig.	 6.4	 C).	 GSEA	 was	 performed	 to	 identify	 significant	 coherency	 in	 the	

concerted	fold	changes	amongst	members	of	different	annotated	gene	sets	(Subramanian	

et	al.,	2005).	This	showed	significant	enrichment	for	genes	associated	with	increased	MAPK-

signalling,	(Fig.	6.4	D;	NES:	1.63;	FDR	q-value		=	0.01)	as	well	as	three	independent	MAPK	

pathway	oncogene	driven	gene	sets	from	prostate	cancer	(NES:	1.72;	FDR	q-value		=	0.016),	

breast	cancer	(NES:	1.72;	FDR	q-value		=	0.014)	and	lung	cancer	(NES:	1.56;	FDR	q-value		=	

0.042;	Liberzon	et	al.,	2011).	The	gene	expression	changes	we	see	are	 therefore	broadly	

representative	of	other	activating	MAPK	mutations	and	of	other	tumour	types.		

The	gene	with	the	greatest	foldchange	increase	was	Follistatin	(Fst),	an	antagonist	

of	TGFb	family	members	such	as	activin	and	Bmp	proteins,	that	is	secreted	by	melanoma	

cells	(Stove	et	al.,	2004)	and	found	upregulated	in	numerous	solid	tumours	(Shi	et	al.,	2016).	

There	was	also	increased	expression	of	other	secreted	 factors	 that	are	expressed	during	

pituitary	development	such	as	Bmp4	and	Wnt16.	Wnt16	activates	canonical	Wnt/β-catenin	

signalling,	and		is	expressed	in	the	pituitary	throughout	development,	concentrated	dorsally	

in	Rathke’s	pouch,	with	lower	expression	in	the	regions	of	differentiating	cells	(Potok	et	al.,	
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2008).	In	contrast	Bmp4	is	not	usually	expressed	in	the	pituitary,	but	is	secreted	from	the	

VD	during	development	to	induce	proliferation	and	maintenance	of	RP	progenitors	(Treier	

et	al.,	1998).	Another	interesting	group	of	genes	that	are	dysregulated	are	the	Somatostatin	

receptors	Sstr2,	Sstr3	and	Sstr5.	Somatostatin	is	a	hormone	secreted	by	the	hypothalamus	

that	inhibits	secretion	of	hormones	from	the	anterior	pituitary,	 in	particular	Gh	and	Tsh,	

and	also	reduces	cell	proliferation	(Nielsen	et	al.,	2001).	Sstr2	and	Sstr5	are	expressed	at	

high	 levels	 in	 endocrine	 pituitary	 tumours	 (François	 et	 al.,	 2014),	 and	 consequently	

pituitary	 adenomas	 are	 frequently	 treated	 with	 somatostatin	 analogues.	 In	 contrast,	 in	

Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	cells	there	was	downregulation	of	each	of	the	receptors.	

Two	 more	 interesting	 upregulated	 genes	 were	 polypeptide	 N-acetylgalactosaminyl-

transferase	 6	 (Galnt6)	 and	 ST6	 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-

acetylgalactosaminide	alpha-2,6-sialyltransferase	1	(St6galnac1).	Aberrant	glycosylation	of	

proteins	is	characteristic	of	tumour	cells	(Hakomori,	1985)	and	both		Galnt6	and	St6galnac1	

have	 both	 been	 shown	 to	 be	 markers	 of	 early	 tumourigenesis	 in	 breast	 cancer	 tissue	

samples,	which	corrolate	with	smaller	and	lower	grade	tumors	(Andergassen	et	al.,	2015).	

Cancer	cells	are	frequently	found	to	have	altered	metabolic	states	and	I	observed	

dysregulation	 of	 numerous	 genes	 involved	 in	 in	 metabolism	 such	 as	 3-hydroxy-3-

methylglutaryl-Coenzyme	A	synthase	2	(Hmgcs2),	the	rate	limiting	enzyme	of	ketogenesis	

and	acetoacetyl-CoA	synthetase	(Aacs)	which	can	be	employed	by	cancer	cells	to	use	acetate	

as	an	additional	energy	source	(Schug	et	al.,	2015).	In	addition,	they	showed	upregulation	

of	Transcription	Factor	A,	Mitochondrial	(Tfam)	and	Nuclear	Respiratory	Factor	1	(Nrf1),	

both	key	transcriptional		regulators	of	mitochondrial	function	(Kelly	&	Scarpulla,	2004),	and	

components	 of	 the	 citric	 acid	 cycle	 Succinate-Coenzyme	 A	 ligase	 2	 (Sucla2)	 and	

phosphoenolpyruvate	carboxykinase	2	(Pck2).	There	was	also	reduced	expression	of	the	

glycolytic	Malic	enzyme	1	(Me1),	upon	which	some	tumour	cells	rely	to	provide	pyruvate	

for	glycolysis	from	citric	acid	cycle	intermediates	(Murai	et	al.,	2017).	

GSEA	identified	a	significant	enrichment	in	the	EMT	gene	set	(Fig.	6.5	A;	NES	1.81,	

FDR	q-value=0.002)	with	upregulation	of	genes	such	as	Cadherin	6	(Cdh6)	which	promotes	

EMT	 and	 cancer	 metastasis	 in	 thyroid	 cancer	 (Gugnoni	 et	 al.,	 2017)	 and	 secreted	

phosphoprotein	2	(Spp1),	also	known	as	Osteopontin,	and	considered	a	master	regulator	of	

EMT	 (Kothari	 et	 al.,	 2016).	 A	 key	 pre-requisite	 of	 EMT-associated	 changes	 in	 cell	

morphology	and	motility	are	dynamic		changes	to	the	actin	cytoskeleton,	the	microtubule	

network	and	the	intermediate	filaments	(Sun	et	al.	2015).	In	accordance	with	this,	GSEA	also	

identified	enrichment	in	the	negative	regulation	of	actin	filament	depolymerization	(NES	
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2.19,	FDR	q-value	=0.01)	and	actomyosin	structure	organisation		gene	sets.	(Fig.	6.5	B	&	C;	

NES	1.99,	FDR	q-value	=0.043).		

In	Chapter	4,	 transcriptomic	analysis	of	 tumour	 initiating	PSCs	revealed	an	early	

activation	of	an	inflammatory	gene	signature.	Intriguingly,	despite	the	difference	between	

ACP	and	 PCP	pathology	 there	 are	 some	 similarities	 in	 the	 enriched	 gene	 sets	 identified	

between	the	two.	The	gene	set	for	inflammatory	response	is	enriched	(NES:	1.91;	FDR	q-

value		<	0.001)	as	are	both	the	IL6-Jak-stat	(NES:	1.73;	FDR	q-value		=	0.005);	and	Tnf-NFκB	

pathways	 (NES:	 1.75;	 FDR	 q-value	 	 =	 0.004).	 Though,	 despite	 the	 significant	 coherent	

upregulation	of	the	gene	set	components	relatively	few	genes	reach	statistically	significant	

fold	changes	when	considered	individually.	Perhaps	a	more	significant	inflammatory	PSC	

gene	 signature	would	develop	 later	during	 tumourigenesis	 or	 inflammation	plays	a	 less	

important	role	in	the	pathology	of	PCP	when	compared	to	ACP.		
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Figure 6.4: The early transcriptional landscape of Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ pituitary stem 

cells. A) Schematic of Wild-type, floxed and recombinded Braf alleles. loxP sites are situtated such that 

upon recombination a hybrid BrafV600E gene of mouse and human exons is formed. B) Quantification of 

the % of RNAseq reads aligning to Braf that aligned to either the Wild-type/floxed allele or recombined 

allele in Sox2CreERT2/+;RosatdTmt/+ and  Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ samples. C) Supervised 

hierarchical clustering analysis of  significant differentially regulated genes (q-value < 0.1). Shades of blue 

and red are used to illustrate whether the expression value is above (red) or below (blue) the normalized 

mean expression value across all samples. D) GSEA plot showing a significant enrichment in expression 

of genes upregulated by MAPK-signalling (Hallmark_Kras_signalling_up) in Sox2CreERT2/+;BrafV600E/+; 

RosatdTmt/+ samples.
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Figure 6.5: GSEA reveals enrichment gene sets associated with epithelial-mesenchymal transition (EMT) and inflammation in PSCs expressing BrafV600E. GSEA 

identified significant enrichment in gene sets associated with EMT: A) Epithlial mesenchymal trasnsition. (NES= 1.81, FDR q-val = 0.002), B) Myofibril assembly (NES= 

2.31, FDR q-val = 0.003), C) Negative regulation of actin filament de-polymerization (NES= 2.19, FDR q-val = 0.01). In addition GSEA identifed significant enrichment of 

gene sets associated with inflammation: D) Inflammtory response (NES= 1.85, FDR q-val < 0.001), E) Tnfa signalling via NFκB (NES= 1.75, FDR q-val = 0.004), F) IL6-Jak-

Stat3 signalling (NES= 1.73, FDR q-val = 0.005). 
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6.2.4:	The	gene	regulatory	network	of	transcription	factors	 	downstream	of	

BrafV600E	in	PSCs	 

	 The	MAPK	signalling	cascade	has	many	components	and	propagates	signals	through	

a	variety	of	effector	proteins,	ultimately	leading	to	gene	expression	changes	mediated	by	

transcription	 factors.	 The	 BrafV600E	 is	 a	 relatively	 upstream	 component	 of	 the	 MAPK	

pathway,	 and	 the	 downstream	 transcription	 factors	 that	 mediate	 BrafV600E	 driven	

tumourigenesis	 in	 the	 pituitary	 are	 completely	 unknown.	 To	 investigate	 this,	 TFBM-

enrichment	was	performed	to	identify	those	regulatory	motifs	that	are	overrepresented	in	

the	promoter	regions	of	the	differentially	expressed	genes.	Transcription	factors	that	bind	

the	 enriched	motifs	were	 identified,	 and	a	 GRN	was	modelled	 to	 predict	 the	 regulatory	

linkage	between	each	transcription	factor	and	the	differentially	regulated	gene	list.	The	sum	

of	 the	 transcription	 factor-gene	 regulatory	 weightings	 can	 estimate	 each	 transcription	

factor’s	contribution	to	the	GRN.	Hierarchical	clustering	analysis	was	performed	to	visualise	

the	modelled	regulatory	relationships	between	those	candidate	transcription	factors	with	

the	highest	cumulative	weight	and	dysregulated	genes	associated	with	 the	 inflammation	

and	EMT	gene	sets	(Fig.	6.6).	

	 This	 group	 of	 candidate	 transcription	 factors	 for	mediating	 the	 BrafV600E	 driven	

transcriptional	 changes	 included	 several	 known	 metabolic	 regulators:	 Zbtb7a,	 which	

supresses	expression	of	 	glycolytic	genes	(Liu	et	al.,	2014);	Cebpb,	which	in	regulates	the	

expression	of	 inflammation	and	genes	of	 the	 gluconeogenesis	pathway.	 	 There	was	 also	

Klf10,	 which	 regulates	 the	 expression	 of	 genes	 involved	 in	 lipogenesis,	 glycolysis/	

gluconeogenesis	 such	 as	 Pck2,	 which	 encodes	 the	 rate-limiting	 step	 enzyme	 of	

gluconeogenesis	 and	 is	 upregulated	 in	 PSCs	 with	 BrafV600E.	 Another	 interesting	 pair	 of	

transcription	factors	with	large	contributions	to	the	modelled	GRN	are	Nrf1,	a	key	inducer	

of	genes	involved	in	oxidative	phosphorylation	(Zhang	et	al.,	2015)	and	Oestrogen	Related	

Receptor	Alpha	(Esrra)	which	interacts	with	PGC-1a	to	regulate	energy	metabolism	(Villena	

&	Kralli,	2008).	Recently	these	transcription	factors	were	shown	to	work	in	unison,	along	

with	Lysine	Demethylase	1,	to	positively	regulate	cell	migration	as	well	as	their	previously	

describe	metabolic	roles	(Zhang	et	al.,	2018).		Consistent	with	the	GSEA	results	there	were	

also	 numerous	 candidate	 transcription	 factors	 that	 mediate	 EMT	 such	 as	 TEA	 Domain	

Transcription	Factor	1	(Tead1)	which	through	YAP1	and	TAZ	mediates	cell	proliferation,	

migration	 and	 EMT,	 and	 Wilms	 Tumour	 1	 (Wt1)	 which	 regulates	 the	 epithelial/	

mesenchymal	balance	of	breast	tumour	cells	(Artibani	et	al.,	2017).	Others	include		Zfp64	

which	 has	 been	 linked	 to	mesenchymal	differentiation	 (Sakamoto	 et	 al.,	 2008)	 and	Klf8	
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which	induces	EMT	and	increased	invasion	in	human	breast	cancer	(Wang	et	al.,	2007).	Myc,	

and	associated	transcription	factors	Max	and	Maz	were	also	identified	as	a	key	candidates	

for	mediating	BrafV600E	driven	transcriptional	changes.	Myc	is	a	classic	proto-oncogene	that	

can	drive	EMT	in	breast	(Yin	et	al.,	2017)	and	lung	cancer	(Larsen	et	al.,	2016),	as	well	as	

mediating	 broad	 metabolic	 changes	 during	 tumourigenesis	 (Huang	 et	 al.,	 2014).	 In	

summary,	the	transcriptional	analysis	coupled	to	GSEA	and	GRN	modelling	suggest	that	two	

of	the	early	features	downstream	of	BrafV600E		activation	in	PSCs	are	metabolic	rewiring	and	

EMT.	
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Figure 6.6: Gene regulatory network modelled from enriched transcription factor binding motifs. A) 

Hierarchical clustering analysis of the putative regulatory relationships (GENIE3 weightings produced by 

random forest modelling) between a supervised differentially expressed gene list and the transcription 

factors (TFs) that bind significantly enriched TF-binding motifs. Increasing weight (red) measure the 

respective relevance for each TF on the prediction of the expression of each target gene. The highest weights 

can be translated into TF-gene regulatory links 
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6.2.5:	BrafV600E	increases	PSC	migration	in	vitro		

To	assess	the	effect	of	BrafV600E	in	vitro,	PSCs	collected	from	4	week	old	Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	mice	were	grown	in	stem	cell	promoting	media	(Gaston-Massuet	et	al.,	

2011).	Cells	were	cultured	for	3	days,	until	colonies	were	established,	and	then	treated	for	

48	hours	 with	 4-hydroxy-Tamoxifen	 (4OHT)	 or	 100%	 EtOH	 vehicle.	 After	 48	hours	 red	

fluorescence	was	visible	in	4OHT-treated	cells	and	absent	in	controls,	indicative	of	highly	

efficient	 recombination	 of	 the	RosatdTmt	 allele	 (Fig.	 2.6	A).	 Activation	 of	BrafV600E	 in	PSCs	

during	embryonic	development	results	in	increased	proliferation	and	pituitary	hyperplasia	

(Haston	et	al.,	2017).	In	contrast	we	observed	no	change	in	colony	number	or	area	upon	

haematoxylin	staining	7	days	after	treatment	(Fig.	6.7	B).	To	ensure	that	4OHT	induction	

resulted	 in	 recombination	of	 the	BrafV600E	 locus,	 a	 PCR	was	performed	on	genomic	DNA	

isolated	 from	 treated	 cells.	 Intronic	 primers	 between	 exons	 14	 and	 15	 were	 designed	

flanking	the	loxP	sequence	such	that	three	different	sized	bands	were	produced	for	wild-

type	(185	bps),	floxed	(303	bps)	and	recombined	(330	bps)	alleles	(Fig.	6.7	C;	Dankort	et	al.,	

2007).	As	expected	PCR	detected	the	recombined	allele	in	the	4OHT	treated	PSCs	only	(Fig.	

6.7	 D).	 These	 results	 suggest	 that	 the	 unchanged	proliferation	 in	 Sox2CreERT2/+;BrafV600E/+;	

RosatdTmt/+	PSC	is	not	due	to	inefficient	recombination.		

Together,	 GSEA	 and	 TFBM-enrichment	 suggest	 that	 BrafV600E	 drives	 EMT	 in	

Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	PSCs.	 Gene	 expression	 analysis	 and	 cellular	migration/	

wound	healing	assays	have	been	used	to	show	that	the	BrafV600E	oncogene	has	induced	EMT	

in	thyroid	cancer	(Byeon	et	al.,	2017),	colorectal	cancer	(Barras	et	al.,	2017)	and	melanoma	

(K.	Lin	et	al.,	2010).	Since	increased	migratory	capacity	is	a	hallmark	of	EMT	(Nieto	et	al.,	

2016),	a	‘scratch’	assay	of	cellular	migration	(Liang	et	al.,	2007)	was	performed	on	confluent	

cultures	of	SoxCreERT2/+;BrafV600E/+;RosatdTmt/+	cells	previously	treated	with	4OHT	or	EtOH	(Fig.	

6.8	A).	In	agreement	with	RNAseq	findings,	by	6	hours,	there	was	a	significantly	increased	

reduction	in	the	scratch	area	in	4OHT	treated	PSCs	(Fig.	6.8	B;	*	p<0.05;	Paired	Student’s	t-

test).	 Given	 that	 no	 significant	 changes	 in	 colony	 number	 or	 area	were	 detected	 in	 the	

growth	 assays	 (Fig.	 6.7)	 it	 is	 unlikely	 that	 	 this	 larger	 reduction	 in	 scratch	 area	 was	

determined	by	cell	proliferation.	Cell	migration,	and	scratch	area	reduction	was	followed	

over	 24	hours,	 showing	 a	 strong	 overall	 trend	 for	 increased	migration	 in	4OHT	 treated	

SoxCreERT2/+;BrafV600E/+;RosatdTmt/+	cells	(p=	0.06;	2way	ANOVA).		
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Figure 6.7: In vitro analysis of Sox2CreERT2/+;BrafV600E/+,  RosatdTmt/+ PSC proliferation. A) Fluorescent 

images of Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+  PSCs taken before, and after 48 hours of treatment with 

0.25 µM 4-Hydroxy-Tamoxifen (4OHT) or vehicle control (100% EtOH). B) Haematoxylin stained PSC 

colonies 7 days after treatment with 0.25 µM 4OHT (left) or vehicle (right). C) Graph showing the effect 

of 4OHT treatment on the number of PSC colonies/5,000 plated cells , 7 days after treatment. Graphs show 

s.e.m. error bars and means. D) Primers designed to distinguish between wild-type Braf (185bps), floxed 

BrafV600E (303bps) and recombined BrafV600E (330bps) alleles. E) PCR gel showing the presence of the 

recombined BrafV600E allele in genomic DNA extracted from 4OHT-treated Sox2CreERT2/+;BrafV600E/+; 

RosatdTmt/+ PSCs. 
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Figure 6.8: In vitro analysis of Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ PSC migration. A) Fluorescent 

images of Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+  PSCs taken immediately after a manual scratch (0 hrs) and 

6 hrs later. Prior to the assay PSCs were treated with 0.25 µM 4-Hydroxy-Tamoxifen (4OHT) or vehicle 

control (100% EtOH) for 48 hours, passaged and cultured to confluency. B) Graph showing the percentage 

of the scratch area remaining after 6 hours culture (* = p<0.05;  Paired Student’s t-test; graph shows s.e.m.) 

C) Graphs showing reduction in remaining scratch area over 24 hours in culture (p=0.0609;  2way ANOVA; 

graph shows s.e.m.) 
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6.2.6:	BrafV600E	increases	respiratory	capacity	and	reduces	glycolysis	in	PSCs	

	 Metabolic	 changes	 are	 an	 emerging	 hallmark	 of	 tumourigenesis	 (Pavlova	 &	

Thompson,	 2016)	 and	 EMT	 has	 been	 previously	 associated	 with	 changes	 in	 oxidative	

phosphorylation	 and	 respiratory	 efficiency	 (Farris	 et	 al.,	 2016;	 Thomson	 et	 al.,	 2011).	

Furthermore,	PSCs	with	the	BrafV600E	mutation	showed	downregulation	of	members	of	the	

TCA	cycle	(Pk2,	Sucla2	&	Sucg2),	upregulation	of	gluconeogenic	enzymes	(Hmgcs2	and	Aacs)	

and	upregulation	of		transcriptional	regulators	of	mitochondrial	function	(Tfam,	Nrf1;	Kelly	

&	Scarpulla,	2004).	I	therefore	hypothesised	that	activation	of	BrafV600E	induces	metabolic	

rewiring	 of	 PSCs	 accompanied	 by	 changes	 in	 respiration	 and	 glycolysis.	 To	 investigate	

potential	metabolic	 changes	 driven	 by	BrafV600E	 in	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	PSCs	

extracellular	flux	analysis	was	performed	to	measure	the	changes	in	oxygen	consumption	

rate	 (OCR)	 and	 extracellular	 acidification	 rate	 (ECAR)	 upon	 sequential	 addition	 of	 the	

respiratory	 inhibitors	 Oligomycin,	 FCCP	 and	 Rotenone/Antimycin	 A.	 OCR	 provides	 a	

measure	of	aerobic	respiration,	of	which	the	final	step	is	the	oxidation	of	cytochrome	c	in	

complex	IV,	as	oxygen	is	reduced	to	form	water	(Brand	&	Nicholls,	2011).	In	contrast	ECAR	

is	proportional	to	glycolysis	and	is	predominantly	driven	by	the	excretion	of	lactic	acid	after	

its	conversion	from	pyruvate	(TeSlaa	&	Teitell,	2014).		

	 Basal	levels	of	respiration	were	unchanged	between	4OHT	treated	cells	and	controls	

(Fig.	6.9	A	&	B).	However,	upon	addition	of	the	mitochondrial	uncoupler	FCCP,	there	was	a	

significant	 increase	 in	 the	 maximal	 rate	 of	 respiration	 in	 4OHT	 treated	 cells	 with	 a	

concomitant	increase	in	the	calculated	spare	respiratory	capacity	(Fig.	6.9	A	&	B).	Under	

basal	conditions	there	was	significantly	reduced	glycolysis	in	4OHT	treated	cells	(Fig.	6.9	

D).	These	lower	basal	levels	were	accompanied	by	a	dampened	response	to	the	addition	of	

the	respiratory	inhibitor	oligomycin,	a	condition	in	which	cells	exclusively	use	glycolysis	to	

meet	their	energy	requirements	(Fig.	 	6.9	C	&	D).	This	reduction	in	glycolytic	capacity	in	

4OHT	treated	cells	was	reflected	in	their	lower	calculated	glycolytic	reserves	(Fig.		6.9	D).		

Cells	 fall	 on	 a	 metabolic	 continuum	 of	 the	 degree	 to	 which	 they	 use	 glycolysis	 and	

respiration	 to	 fulfil	 their	 energy	 requirements	 and	 the	 ratio	 between	 OCR	 and	 ECAR,	

provide	a	measure	of	how	‘aerobic’	or	‘glycolytic’	cells	are.	Analysis	of	the	OCR/ECAR	ratio	

revealed	 that	 4OHT	 treated	 cells	 are	 relatively	 more	 aerobic	 than	 their	 untreated	

counterparts	(Fig.	6.9	E	&	F).	This	relationship	was	consistent	for	three	of	four	biological	

replicates	within	 this	 experiment,	 and	 across	 experimental	 repeats	 (Fig.	 6.9	 F,	 data	not	

shown).	 Taken	 together,	 extracellular	 flux	 analysis	 indicates	 that	 BrafV600E	 activation	

induces	metabolic	rewiring	 that	renders	PSCs	more	reliant	on	respiration,	with	reduced	
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basal	 glycolysis	 and	 an	 impaired	 ability	 to	 compensate	 for	 oxidative	 phosphorylation	

inhibition	by	a	glycolytic	switch.		
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Figure 6.9: Extracellular flux analysis reveals Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ PSCs have increased 

respiratory capacity and reduced glycolysis levels. A) Graph showing the changing Oxygen 

Consumption Rate (OCR) of 4OHT treated Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ PSCs and 100% EtOH 

treated controls, over time as Oligomycin, FCCP and Rotenone/Antimycin A inhibitors are sequentially 

added (2way ANOVA). B) Basal and Maximal respiration rate and spare respiratory capacity for 

4OHT/EtOH treated PSCs (Unpaired Student’s t-tests). Graph showing the Extracellular Acidification Rate 

(ECAR) before and after addition of Oligomycin (2way ANOVA). D) Basal and Maximal glycolysis rates 

and spare glycolytic capacity for 4OHT/EtOH treated PSCs (Unpaired Student’s t-tests). E) Scatter plot of 

the relative OCR and ECAR rate under basal conditions, each point represents 4 measurements of single 

well. F) The ratio of OCR to ECAR under basal conditions in 4OHT/EtOH treated PSCs (Unpaired 

Student’s t-tests). All Graphs show means and s.e.m. error bars, control PSCs shown in blue, 4OHT-treated 

cells shown in red (* p<0.05, ** p<0.01,  *** p<0.001, **** p<0.0001). Results are representative of 3 

experimental repeats. 
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6.3:	Discussion	

BRAFV600E	is	now	established	as	the	oncogenic	driver	of	PCP,	but	the	cell	type	from	

which	 these	 tumours	 originate	 remains	 uncertain.	 In	 this	 chapter	 I	 generate	 and	

characterize	a	novel	mouse	model	for	the	inducible	activation	of	oncogenic	BrafV600E		in	adult	

Sox2-positive	PSCs.	Immunohistochemical	staining	indicated	successful	recombination	of	

the	BrafV600E	allele	and	increased	MAPK	signalling	in	PSCs.	However	off-target	effects	in	the	

stomach	prevented	lineage	tracing	experiments	to	demonstrate	the	development	of	PCP.	

Investigation	 of	 the	 transcriptome	 of	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 PSCs	 revealed	

dysregulation	of	metabolic	genes	as	well	as	gene	sets	associated	with	EMT	and	cytoskeletal	

remodelling.	 Further	 analysis	 through	 TFBM-enrichment	 and	 GRN	 modelling	 identified	

candidate	transcription	factors,	previously	associated	with	these	phenotypic	changes	that	

may	 mediate	 the	 BrafV600E	 transcriptional	 program	 in	 PSCs.	 In	 vitro	 validation	 of	 the	

transcriptomic	 findings	 revealed	 unchanged	 proliferation,	 but	 increased	 migration	

consistent	with	an	EMT	shift.	Extracellular	flux	analysis	indicated	a	metabolic	shift	towards	

respiration,	with	increased	spare	respiratory	capacity	as	well	as	a	reduced	basal	level	of	

glycolysis,	and	a	 failure	 to	compensate	 for	respiratory	 inhibition	by	 increasing	glycolytic	

flux.	Thus,	activation	of	BrafV600E	in	PSCs	initiates	EMT	and	metabolic	rewiring	that	makes	

mutant	cells	more	reliant	on	respiration.		

6.3.1:	BrafV600E	activation	in	Sox2-positive	stomach	stem	cells	causes	lethality	

There	remains	a	need	for	an	accurate	model	of	human	PCP	for	detailed	investigation	

of	 disease	 pathology	 and	 pre-clinical	 testing	 of	 therapeutic	 strategies.	 The	 Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	model	 enabled	 the	 investigation	 of	 the	 effect	 of	BrafV600E	activation	

during	adulthood,	which	 is	presumably	 the	case	 in	human	patients	 that	acquire	somatic	

BRAF	mutations	and	present	with	PCP	in	later	life	(Müller,	2014).	However,	whether	or	not	

PCPs	 develop	 from	 PSCs	 with	 activated	 BrafV600E	 remains	 unanswered	 since	 off-target	

effects	in	the	stomach	led	to	rapid	lethality	and	it	cannot	be	excluded	that	PCP	originates	

from	BrafV600E	mutant	differentiated	pituitary	cells.	In	retrospect,	it	is	perhaps	unsurprising	

that	 tamoxifen	 induction	of	 the	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	model	was	 lethal	 as	 the	

original	 characterisation	 of	 the	 Sox2CreERT2	 line	 demonstrated	 that	 both	 the	 glandular	

stomach	 and	 forestomach	 harbour	 populations	 of	 multipotent	 Sox2-positive	 stem	 cells	

(Arnold	et	al.,	2011).	Lineage	tracing	after	tamoxifen	induction	showed	that	some	Sox2	cells	

expanded	over	a	period	of	only	four	days,	and	genetic	ablation	of	the	Sox2-positive	pool	of	

stomach	progenitors,	resulted	in	morbidity	within	a	week	and	lethality	within	two	(Arnold	

et	al.,	2011).	As	with	our	model,	this	was	hypothesised	to	be	the	result	of	dehydration	and	
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failure	to	absorb	food.	In	fact,	I	may	have	inadvertently	developed	a	mouse	model	suitable	

for	the	study	of	Gastric	cancer	(GC).	Gastric	cancer	is	the	third	most	frequent	cause	of	human	

cancer	 related	 deaths,	 and	 although	 most	 commonly	 caused	 by	H.	 Pylori	 infection	 and	

chronic	inflammation,	GC	can	also	be	driven	by	KRAS	and	BRAF	mutations	(Hewitt	et	al.,	

2015).	There	are	now	many	mouse	models	of	GC,	and	although	GC	has	successfully	been	

modelled	 by	 expressing	 oncogenic	Kras	 in	 stomach	 progenitors	 (Okumura	 et	 al.,	 2010)	

there	has	not	to	my	knowledge	yet	been	a		BrafV600E	driven	model	of	GC	published	(Poh	et	

al.,	2016).	Incidence	rates	of	BRAF	mutations	have	been	too	low	for	detailed	epidemiological	

analysis,	 however	KRAS	driven	GCs	are	 reported	 to	have	 a	worse	prognosis	 than	Kras	 –	

wildtype	tumours	(Deng	et	al.,	2012).	Whilst	BRAF	mutations	are	very	rare	in	GC	patient	

cohorts	 (0-12%);	 Hewitt	 et	 al.,	 2015),	 further	 investigation	 using	 the	 Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	mice	may	still	shed	light	on	disease	pathology	and	ultimately	help	this	

small	subpopulation	of	patients.		

6.3.2:	 BrafV600E	 activation	 in	 PSCs	 drives	 an	 epithelial	 to	 mesenchymal	

transition.		

	 EMT	was	first	studied	during	embryogenesis,	and	describes	the	process	by	which	

epithelial	 cells	 lose	 their	 apico-basal	 polarisation,	modify	 their	 expression	 of	 junctional	

complexes	and	adhesion	molecules	and	adopt	a	migratory	and	invasive	phenotype	(Nieto	

et	al.,	2016).	BrafV600E	driven	EMT	has	previously	been	shown	in	several	different	cancers	

including	thyroid	cancer	(Knauf	et	al.,	2011)	associated	with	increased	tumour	stemness							

(Ma	et	al.,	2014)		and	in	melanoma	(Boyd	et	al.,	2013).	EMT	can	also	occur	when	BrafV600E	is	

activated	in	stem/progenitor		cells	as	shown	for	in	erythro-myeloid	progenitors	in	a	mouse	

model	 of	 neurodegenerative	 disease	 (Mass	 et	 al.,	 2017).	 	 To	 date	 there	 have	 been	 few	

investigations	of	EMT	in	craniopharyngioma,	and	fewer	still	in	the	PCP	subtype.	One	such	

analysis	characterized	the	expression	of	E-cadherin,	an	epithelial	marker,	and	Vimentin,	a	

mesenchymal	marker,	 in	 a	 cohort	 of	 34	 ACPs	 and	 8	 PCPs	 (Qi	 et	 al.,	 2012).	 Their	 study	

reported	signs	of	EMT	at	 the	 infiltrative	 tumour-brain	 interface	of	ACP,	which	corelated	

with	disease	recurrence	and	postoperative	hypothalamic	function.	In	contrast,	no	signs	of	

EMT	were	reported	in	PCP	which	does	not	grow	and	infiltrate	the	hypothalamus	to	the	same	

extent	 as	 ACP.	 If	 indeed	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	 PSCs	 do	 represent	 the	 early	

tumour	initiating	cells,	which	remains	unproven	in	this	study,	the	EMT	detected	may	only	

be	relevant	to	the	small	Sox2-positive	cell	population	detected	in	human	PCPs	(Haston	et	

al.,	2017),	and	not	to	the	tumour	bulk.		
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Interestingly,	 EMT	has	previously	been	 liked	 to	metabolic	 changes	 akin	 to	 those	

observed	in	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	PSCs.	For	instance,	Thomson	et	al.	performed	

a	systems	level	analysis	of	KRAS-transformed	human	NSCLC	cells	undergoing	EMT	driven	

by	 induced	 expression	 of	 ZEB1/SNAIL	 or	 exogenous	 TGFb treatment.	 They	 reported	

reduced	 expression	 of	 glycolytic	 enzymes	 such	 as	 HK2	 and	 ME1	 	 and	 upregulation	 of	

mitochondrial	 respiration	 genes	 which	 suggest	 that	 EMT	 shifts	 cellular	 metabolism	 to	

reduce	glycolytic	capacity	(Thomson	et	al.,	2011).	This	underscores	the	link	between	EMT	

and	cellular	metabolism	in	MAPK	driven	tumours	and	suggests	that	the	metabolic	rewiring	

observed	in	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	PSCs	may	be	a	downstream	consequence	of	

EMT.		They	also	reported	increased	autocrine	IL6-Jak-Stat3	signalling	during	EMT,	which	

was	 identified	 by	 GSEA	 in	 our	 dataset.	 Interestingly	 IL6	 has	 previously	 been	 shown	 to	

increase	migration	and	invasiveness,	and	its	upregulation	during	EMT	may	contribute	to	

the	invasive	nature	of	mesenchymal-like	tumour	cells	(Sullivan	et	al.,	2009).	These	findings	

are	also	true	for	ACP,	in	which	IL6	promotes	EMT	and	migration,	and	may	reflect	parallels	

between	 the	 pathology	 of	 the	 two	 craniopharyngioma	 subtypes	 (Zhou	 et	 al.,	 2017).	

Interestingly,	 characterisation	 of	 the	 metabolic	 activity	 of	 a	 subpopulation	 of	 an	

immortalized	human	mammary	epithelial	cell	line	that	co-express	EMT	and	CSC	phenotypes	

(Mani	 et	 al.,	 2008)	also	 revealed	 that	EMT	 shifted	 cells	 towards	 increased	utilization	of	

mitochondrial	oxidative	phosphorylation	and	partially	suppressed	glycolysis	(Farris	et	al.,	

2016).	 There	 is	 therefore	 accumulating	 evidence	 for	 the	 link	 between	 EMT,	 and	 the	

acquisition	of	the	CSC	phenotype	with	metabolic	rewiring	relating	to	altered	respiration.	

6.3.3:	 BrafV6OOE	 mutant	 PSCs	 reliance	 on	 respiration;	 a	 therapeutic	

vulnerability?		

On	the	surface	the	findings	that	EMT	in	certain	tumour	cell	populations	increases	

reliance	on	 respiration	 contradicts	 the	 conventional	wisdom	of	 the	Warburg-effect,	 	 the	

phenomenon	 by	 which	 	 cancer	 cells	 have	 increased	 glycolysis	 relative	 to	 oxidative	

phosphorylation	 (Warburg,	 1956)	 conferring	 a	 selective	 advantage	 in	 hypoxic	

environments	typical	of	many	tumors	(Fantin	et	al.,	2006).	However,	it	is	now	increasingly	

being	 understood	 that	 	 this	metabolic	 adaptation	 is	 highly	 context	dependent	 (Wallace,	

2012).	Recent	studies	indicate	that	across	a	wide	range	of	tumours	CSCs	do	not	exhibit	the	

Warburg	effect	but	in	fact	demonstrate	reduced	glycolysis	and	enhanced	capacity	for	and	

dependence	on	oxidation	phosphorylation	(Viale	et	al.,	2015).	The	earliest	 indications	of	

this	 dependence	 were	 studies	 showing	 that	 cancer	 cells	 with	 experimentally	 depleted	

mitochondrial	 DNA	 (mtDNA)	 and	 suppressed	 oxidative	 phosphorylation	 demonstrated	
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reduced	 anchorage-independent	 growth,	 reduced	 tumourigenicity	 and	 enhanced	

sensitivity	 to	 cytotoxic	 drugs	 (Cavalli	 &	 Liang,	 1997;	 Hayashi,	 1992;	 Zinkewich-pã	 et	

al.,1994).	More	recently,	it	has	been	shown	that	mtDNA-depleted	tumour	cells	have	reduced	

tumourigenicity	and	delayed	tumour	growth	that	is	dependent	on	the	acquisition	of	host	

mtDNA	 and	 the	 reactivation	 of	 oxidative	 phosphorylation	 (Tan	 et	 al.,	 2015).	 This	

emphasises	the	importance	of	oxidative	phosphorylation	to	cancer	stemness	and	suggests	

that	whilst	 the	bulk	of	 tumour	cells	may	depend	on	aerobic	glycolysis,	CSCs	do	not.	Like	

many	 facets	 of	 tumour	 biology,	 metabolism	 is	 heterogenous	 and	 given	 their	 divergent	

phenotype	CSCs	are	metabolically	distinct	 from	other	 tumour	cells.	Evidence	supporting	

this		model	is	rapidly	accumulating.	For	example,	in	a	Kras-driven	pancreatic	cancer	model,	

CSCs	that	were	resistant	to	genetic	ablation	of	oncogene	signalling	and	drove	recurrence,	

were	 shown	 to	 have	 increased	 oxidative	 phosphorylation	 with	 lower	 basal	 levels	 of	

glycolysis	 (Kapoor	 et	 al.,	 2014;	 Marchesini	 et	 al.,	 2014).	 Crucially,	 like	 Sox2CreERT2/+;	

BrafV600E/+;RosatdTmt/+	PSCs,	these	cells	were	unable	to	increase	glycolytic	flux	in	response	to	

oxidative	 phosphorylation	 inhibition,	 and	 oligomycin	 treatment	 specifically	 induced	

apoptosis	in	CSCs	in	vitro	and	reduced	relapse	and	increased	survival	in	vivo	(Marchesini	et	

al.,	2014).	This	metabolic	phenotype	is	conserved	in	other	CSCs.	Leukaemia-initiating	cells		

are	 also	 reliant	 on	 oxidative	 phosphorylation,	 unable	 to	 compensate	 for	 oxidative	

phosphorylation	 inhibition	 by	 increasing	 glycolysis	 (Lagadinou	 et	 al.,	 2013)	 and	 are	

selectively	killed	by	tigecycline,	an	antibiotic	that	inhibits	respiration	(Sriskanthadevan	et	

al.,	2011).		Importantly	metabolic	heterogeneity	has	also	been	identified	in	BRAFV600E	driven	

tumours	also,	and	a	subpopulation	of	melanoma	cells	with	high	PGC1a	expression	rely	on	

oxidative	 phosphorylation,	 and	 show	 tumour	 initiating	 potential	 dependant	 on	 their	

respiratory	gene	expression	program	(Vazquez	et	al.,	2013).	Furthermore,	two	studies	have	

shown	 that	 oxidative	 phosphorylation	 inhibition	 is	 synthetically	 lethal	 with	 MAPK	

inhibition	and	extends	survival	in	in	vivo	models	(Chain	et	al.,	2013;	Haq	et	al.,	2013).	Given	

these	 promising	 pre-clinical	 findings	 across	 numerous	 cancer	 types	 there	 is	 increasing	

interest	 in	 exploiting	 the	metabolic	 vulnerabilities	 of	 CSCs	 therapeutically	 (Weinberg	&	

Chandel,	2015;	Wolf,	2014).	Regardless	of	PCP’s	cell	type	of	origin,	mature	human	PCPs	do	

harbour	a	small	population	of	Sox2-positive	stem	cells	which	may	represent	CSCs	that	carry	

the	 BrafV600E	 mutation	 (Haston	 et	 al.,	 2017).	 Furthermore,	 activation	 of	 the	 BrafV600E	

oncogene	in	corticotrophs	can	drive	the	development	of	ACTH	secreting	pituitary	adenomas	

(Chen,	2018),	and	cells	expressing	the	CD133	CSC	marker	have	been	identified	in	a	number	

of	pituitary	adenoma	subtypes,	including	ACTH-secreting	adenomas	(Yunoue	et	al.,	2011).	

It	is	therefore	possible	that	BrafV600E	driven	pituitary	tumours	harbour	CSC	populations	that	

are	 reliant	 on	 respiration	 and	 	 consequently	 are	 therapeutically	 vulnerable	 to	oxidative	
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phosphorylation	 inhibition.	 If	 this	 hypothesis	 holds	 true	 combinatorial	 treatment	 with	

respiratory	and	MAPK	inhibitors	may	improve	patient	responses.		
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Chapter	7:	General	Discussion	and	

Future	work		
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	 In	 this	 thesis	 I	 present	 transcriptomic	 analyses	 of	 early	 Craniopharyngioma	

tumourigenesis.	In	Chapter	4,	I	perform	the	first	PSC	subpopulation-specific	transcriptomic	

analysis	of	ACP	investigating	the	transcriptional	response	to	oncogenic	β-catenin	activation	

in	 mutant	 PSCs.	 This	 furthers	 the	 existing	 knowledge	 in	 the	 field	 by	 interrogating	

differences	 between	 tumour	 initiating	 PSCs	 and	 those	 refractory	 to	 transformation	 by	

oncogenic	 β-catenin	 during	 an	 important	 early	 stage	 of	 tumour	 development.	 These	

analyses	highlight	 the	 importance	of	 the	MAPK	signalling	pathway	as	well	as	ectopically	

active	and	expressed	developmental	signalling	pathways	and	secreted	paracrine	 factors.	

Importantly,	I	 identify	oncogenic	β-catenin	driven	inflammation	as	a	key	feature	of	early	

ACP	 tumourigenesis,	 particularly	 in	 tumour	 initiating	PSCs.	This	pro-inflammatory	 gene	

signature	 includes	 upregulation	 of	 the	 NFκB	 and	 IL6-Jak-Stat3	 signalling	 pathway	

components	 as	 well	 as	 numerous	 secreted	 cytokines	 and	 chemokines.	 In	 Chapter	 5,	 I	

characterize	the	immune	microenvironment	of	ACP	and	uncover	an	increased	immune	cell	

infiltration	as	an	early	feature	of	ACP	tumour	development.	Among	the	infiltrating	immune	

cells	tumour	associated	macrophages	were	the	predominant	population.	I	also	investigate	

the	contribution	of	secreted	eicosanoids	to	oncogenic	β-catenin-driven	inflammation	and	

highlight	the	activation	of	the	Lipoxygenase	pathway.	Experiments	presented	in	Chapter	6	

are	focused	on	PCP,	and	whilst	they	fall	short	of	demonstrating	a	stem	cell	origin	for	the	

disease	they	do	uncover	the	transcriptional	response	to	activation	of	oncogenic	BrafV600E	in	

PSCs.	 This	 transcriptomic	 response	 was	 characterized	 by	 an	 EMT	 shift	 and	 metabolic	

changes	resulting	in	an	increased	reliance	on	respiration	in	mutant	PSCs.	Together	these	

experiments	offer	a	broad,	descriptive	 insight	 into	early	CP	 tumourigenesis	and	provide	

fertile	ground	for	future	functional	and	pre-clinical	experiments.		

Experiments	 in	 Chapter	 3	 sought	 to	 model	 ACP	 by	 activating	 expression	 of	

oncogenic	 β-catenin	 in	 Sox2-positive	 PSCs	 of	 adult	 mice	 (4-6weeks).	 This	 experimental	

setup	has	previously	been	used	to	model	ACP	successfully,	albeit	using	a	different	Sox2CreERT2	

line	 (Andoniadou	et	 al.,	 2013),	 and	 tamoxifen	dosages	were	 chosen	based	on	published	

protocols	(Andoniadou	et	al.,	2013;	Arnold	et	al.,	2011).	However,	despite	first	conducting	

a	tamoxifen	titration	to	ensure	Cre-expression	and	recombinase	activity	in	PSCs	(Fig.	3.2),	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	 did	not	develop	ACP	 in	 lineage	 tracing	 experiments	

(Fig.	3.5)	and	in	vitro	analysis	indicated	low	levels	of	recombination	at	the	Ctnnb1lox(ex3)	allele	

was	achieved	despite	successful	recombination	of		RosatdTmt	allele	(Fig.	3.6).	This	highlights	

allele	 specific	 differences	 in	 Cre	 recombination	 efficiency,	 which	 has	 previously	 been	

reported	in	a	study	investigating	the	‘recombination	correlation’	of	multiple	floxed	reporter	

alleles	in	Cre-expressing	mouse	cell	lines	(Liu	et	al.,	2013).	Results	presented	in	Chapter	4	
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showed	that	inefficient	recombination	at	the	Ctnnb1lox(ex3)		allele	was	overcome	by	adopting	

an	in	utero	tamoxifen	dosage	protocol	(Fig.	4.2).	In	both	cases,	0.2	mg/g/ms	tamoxifen	was	

injected	 on	 two	 consecutive	 days.	 Whilst	 it	 is	 impossible	 to	 compare	 the	 effective	

concentrations	 of	 tamoxifen	 present	 in	 the	 pituitaries	 of	 adult	 mice	 and	 embryos	 after	

induction,	 it	 is	 reasonable	 to	 assume	 that	 this	 was	 not	 greatly	 elevated	 in	 embryonic	

pituitaries.	Recombination	efficiency	can	be	affected	by	chromosomal	location	(Vooijs	et	al.,	

2001),	distance	between	loxP	sites	(Collins	et	al.,	2000;	Koike	et	al.,	2002;	Zong	et	al.,	2005)	

and	cell	type	specific	epigenetic	context	of	floxed	loci	(Hameyer	et	al.,	2007;	Long	&	Rossi,	

2009).	Since	all	other	parameters	remain	consistent	with	age,	it	is	likely	that	the	epigenetic	

context	 of	 the	 Ctnnb1lox(ex3)	 locus	 changes	 over	 time.	 Indeed,	 there	 have	 been	 previous	

examples	 of	 tamoxifen	 induced	 recombination	 efficiency	 diminishing	 with	 age	 and	

Monvoisin	et	al.	showed	that	recombination	of	the		ROSA26R	allele	inversely	correlated	with	

age	when	using	a	VECad:CreERT2	to	drive	excision	in	endothelial	cells.	This	occurred	in	spite	

of	 continued	 high	 expression	 of	 the	 CreERT2,	 and	 they	 hypothesised	 that	 alterations	 in	

chromatin	status	underpinned	this	phenomenon	(Monvoisin	et	al.,	2006).	Another	study	

investigated	diminishing	recombination	efficiencies	at	the	molecular	level	and	using	three	

Cre-reporter	strains	Z/AP,	Z/EG	and	R26R-EYFP.	This	showed	reliable	reporter	activation	

during	 embryogenesis	which	was	much	 reduced	when	 activated	 in	 adult	 hematopoietic	

stem	cells	(Long	&	Rossi,	2009).	Mechanistically,	the	lower	recombination	efficiency	was	

attributed	 to	 transgene	 DNA-methylation	 and	 the	 incorporation	 of	 the	 transgenes	 into	

heterochromatin	preventing	the	access	of	Cre	recombinase.	It	is	of	note,	that	whilst	both	

multipotent,	Sox2-positive	PSCs	at	E12.5	and	4-6weeks	are	phenotypically	very	different.	

During	 embryogenesis	 Sox2-positive	 PSCs	 are	 highly	 proliferative	 whereas	 during	

adulthood	Sox2-positive	PSCs	are	largely	quiescent	under	normal	physiological	conditions	

(Andoniadou	et	al.,	2013;	Rizzoti	et	al.,	2013).	Chromatin	states	between	proliferative	and	

quiescent	cells	are	distinct	in	human	and	mouse	cells	with	reversible	patterns	of	histone	H3	

lysine	 9	 methylation	 (H3K9me),	 the	 hallmark	 of	 eukaryotic	 heterochromatin,	 as	 cells	

transition	between	phenotypic	states	(Grigoryev	et	al.,	2004).	One	example	is	adult	skeletal	

muscle	 stem	 cells	 which	 typically	 	 employ	 Suv4-20h1	 a	H4K20	 dimethyltransferase,	 to	

maintain	facultative	heterochromatin	during	quiescence.	Disruption	of	Suv4-20h1	activity	

leads	to	loss	of	heterochromatin,	increased	proliferation	and	depletion	of	the	stem	cell	pool	

(Boonsanay	 et	 al.,	 2016).	 Therefore,	 it	 is	 possible	 that	 the	 different	 Cre	 recombination	

efficiencies	 observed	with	 age	 in	 Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	mice	 occur	 due	 to	

differential	access	of	the	Cre	recombinase	to	the	Ctnnb1lox(ex3)	locus	in	highly	proliferative	

embryonic	PSCs	with	highly	accessible	euchromatin	compared	with	quiescent	adult	PSCs	

which	have	relatively	higher	 levels	of	heterochromatin.	 It	also	remains	possible	 that	 the	
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increased	efficiency	of	deletion	in	embryonic	pituitaries	is	simply	a	statistical	consequence	

of	the	higher	proportion	of	Sox2-positive	cell	in	the	gland	at	the	timepoint.		

An	 unfortunate	 consequence	 of	 the	 technical	 difficulties	 relating	 to	 Cre	

recombination	in	adult	PSCs	is	the	absence	of	long-term	ACP	lineage	tracing	results	in	this	

thesis.	The	bulk	of	accumulated	evidence,	including	that	presented	in	Chapters	4	and	5	of	

this	 thesis,	are	supportive	of	a	paracrine	mechanism	of	ACP	tumourigenesis.	This	model	

proposes	that	tumour	initiating	β-catenin	clusters	of	stem	cells	act	as	paracrine	signalling	

hubs	which	secrete	factors	that	drive	tumourigenesis	and	formation	of	the	tumour	mass	

from	 cells	 other	 than	 the	 Sox2-positive	 mutation	 sustaining	 cells.	 The	 most	 definitive	

evidence	 in	 support	 of	 	 this	 hypothesis	 are	 lineage	 tracing	 experiments	 in	

Sox2CreERT2/+;Ctnnb1lox(ex3)/+;	RosaYFP/+	showing	that	the	tumour	bulk	does	not	express	the	YFP	

lineage	 tracer,	 supported	 by	 PCR	 analysis	 of	 DNA	 isolated	 from	 laser-captured	

microdissected	 tumors	 (Andoniadou	 et	 al.,	 2013).	 However,	 reports	 from	 similar	 laser-

capture	sequencing	of	human	ACP	samples	show	the	presence	of	the	Ctnnb1	mutations	in	

all	tumour	compartments,	not	just	tumour	initiating	β-catenin	clusters,		implying	a	shared	

cell	of	origin	(Hölsken	et	al.,	2009;	Preda	et	al.,	2015).	Further	lineage	tracing	experiments	

may	help	reconcile	these	discrepancies.	Perhaps	this	could	be	achieved	by	prolonging	the	

tamoxifen	induction	protocol	in	adult	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+	mice	by	injecting	

tamoxifen	 over	 more	 consecutive	 days	 or	 by	 instead	 switching	 to	 a	 dietary	 tamoxifen	

induction	protocol,	which	may	result	in	sufficient	levels	of	recombination	of	the	Ctnnb1lox(ex3)	

allele	to	drive	ACP	tumourigenesis.	Whilst	the	in	utero	tamoxifen	induction	did	drive	ACP	

tumourigenesis,	this	introduces	alternative	complications	for	lineage	tracing	experiments.	

Tamoxifen	is	a	nonsteroidal	selective	oestrogen	receptor	modulator	and	in	utero	induction	

is	usually	associated	with	delayed	delivery	and/or	mortality	of	pups	(Lizen	et	al.,	2015).	

Some	 researchers	 have	 circumvented	 the	 oestrogen	 agonist	 effects	 of	 tamoxifen	 by	 co-

administering	progesterone	(Nakamura	et	al.,	2006),	however	this	did	not	improve	delivery	

survival	 in	my	hands	 (data	not	 shown).	Two	alternative	 approaches	would	be	 to	 collect	

E18.5	embryos	from	tamoxifen-treated	pregnant	dams	by	caesarean	section	and	raise	them	

with	 foster	 mothers,	 or	 alternatively	 to	 perform	 peri-natal	 induction	 in	 P1-5	 pups	 by	

intragastric	injection	(Lizen	et	al.,	2015).	These	approaches	are	currently	being	trialled	in	

our	laboratory.		

	 A	key	feature	of	the	Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP	ACP	model	used	

in	Chapter	4	was	a	desire	to	investigate	difference	between	tumour	initiating	PSCs	and	those	

refractory	to	transformation	by	oncogenic	β-catenin.	Pioneering	experiments	in	the	1980’s	

generated	 the	 first	 transgenic	mouse	 cancer	models	dubbed	 ‘oncomice’	 (Hanahan	et	 al.,	
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2007)	and	quickly	revealed	cell	type	specific	susceptibilities	to	transformation	(Leder	et	al.,	

1986).	More	 recently	Guerra	 et	 al	 used	 transgenic	mice	with	 a	KrasV12-β-geo	bicistronic	

transcript	 under	 the	 endogenous	 promoter	 to	 show	 that	 tamoxifen	 induction	 of	 the	

ubiquitously	expressed	RERTnCreERT2	resulted	in	the	formation	of	adenocarcinomas	(Guerra	

et	al.,	2003).	Whilst	all	tumours	were	lineage	traced	by	the	β-geo	marker,	as	were	multiple	

other	seemingly	healthy	cell	compartments	(i.e.	intestinal	crypts,	and	exocrine	pancreas),	

so	 too	were	many	morphologically	normal	bronchiolo-alveolar	 lung	epithelia	cells.	They	

reasonably	concluded	that	“The	high	susceptibility	of	bronchiolo-alveolar	cells	to	tumour	

development	must	be	due	 to	an	 intrinsic	consequence	of	 their	 transcriptional	program”.	

Moreover	 after	 a	 relatively	 long	 latency	 the	 formation	 of	 tumours	 was	 sporadic,	

asynchronous,	 and	 multifocal,	 which	 is	 a	 commonly	 observed	 phenomenon	 (Bouchard,	

Lamarre,	Tremblay,	&	Jolicoeur,	1999;	Stewart,	Pattengale,	&	Leder,	1984).	This	observation	

is	 usually	 attributed	 to	 the	 requirement	of	 the	 requirement	of	 another	 genetic	 event,	 or	

‘second	 hit’	 to	 transform	 cells	 (Knudson,	 1986;	 Nowell,	 1976).	 When	 considering	 the	

embryonic	ACP	models	presented	in	this	thesis,	it	is	unlikely	that	tumour	initiating	PSCs	are	

distinguished	from	their	tumour	refractory	counterparts	by	the	acquisition	of	‘second	hit’.	

This	is	due	to	the	very	short	experimental	time	course	and	the	fact	that	ACP	typically	has	a	

low	mutational	burden	(Martinez-gutierrez	et	al.,	2016).	It	is	then	likely	that	the	differential	

PSC	subpopulation	response	to	oncogenic	β-catenin	is	“due	to	an	intrinsic	consequence	of	

their	transcriptional	program”	(Guerra	et	al.,	2003).	This	is	not	so	hard	to	imagine,	as	Sox2-

positive	PSCs	do	not	represent	one	uniform	pool,	but	rather	a	heterogenous	population	of	

cells	with	overlapping	 stem	cells	marker	 expression.	 For	 example,	 both	 Sox2	and	Sox9-

postive	pituitary	cells	have	been	shown	to	function	as	PSCs	in	vivo,	and	although	expression	

of	these	two	markers	does	overlap	in	<90%	of	PSCs,	cells	are	present	that	are	singly	positive	

for	Sox2	or	Sox9	alone	(Fauquier	et	al.,	2008;	Rizzoti	et	al.,	2013).	Might	only	one	of	these	

cell	 populations	 be	 vulnerable	 to	 transformation	 by	 oncogenic	 β-catenin?	 Another	

overlapping	marker	with	Sox2	is	S100B,	which	labels	a	heterogenous	population	of	FS	cells		

which	regulate	pituitary	function	by	secreting	diverse	signalling	molecules	and	are	thought	

to	contain	a	subset	of	PSCs	(Devnath	&	Inoue,	2008;	Morris	&	Christian,	2011).	Furthermore	

Andoniadou	 et	 al.,	 showed	 that	 tumour	 initiating	 	 β-catenin	 clusters	 express	 S100B,	

suggesting	that	they	may	be	derived	from	Sox2+;S100B+	FS/PSCs	(Andoniadou	et	al.,	2013).	

Perhaps	future	experiments	crossing	the	Ctnnb1lox(ex3)	strain	with	a	S100B:Cre	strain	might	

resolve	this	question	(Tanaka	et	al.,	2008).	It	was	notable	however,	that	were	no	differences	

in	 expression	 of	 	 FS	 cell	 markers	 observed	 between	 tumour	 initiating	 cells	 and	 those	

refractory	to	transformation	by	oncogenic	β-catenin.		
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	 The	transcriptomic	analysis	performed	in	Chapter	4,	highlighted	a	number	of	genes	

and	pathways	 for	 further	 functional	analysis	and	pre-clinical	studies.	MAPK	signalling	 is	

hyperactivated	in	30%	of	all	human	cancers	(Hoshino	et	al.,	1999)	and	my	transcriptomic	

analysis	 show	 that	 it	 is	 activated	 during	 early	 ACP	 tumourigenesis,	 likely	 through	

upregulation	of	Fgfs	and	Egfr.	There	are	numerous	small	molecule	inhibitors	of	Braf	and	

Mek	currently	in	use	in	the	clinic	(Meurer	&	Weiskirchen,	2018),	and	preliminary	studies	

showed	that	treatment	of	ex	vivo	murine	ACP	pituitary	cultures	with	trametinib	reduced	

proliferation	 and	 increased	 apoptosis	 (Apps	 et	 al.,	 2018).	 Experiments	 in	 the	 Gaston-

Massuet	 laboratory	 are	 currently	 underway	 to	 test	 the	 efficacy	 of	 PLX8394,	 a	 second	

generation	 Braf	 inhibitor	 (Okimoto	 et	 al.,	 2016),	 in	 E18.5	 Sox2CreERT2/+;Ctnnb1lox(ex3);	

RosatdTmt/+	primary	PSC	growth	assays.	Should	this	treatment	strategy	reduce	mutant	PSC	

proliferation	 in	 vitro	 then	a	pre-clinical	study	will	be	performed	 to	 analyse	 the	 effect	 of	

treatment	of	pregnant	dams	with	PLX8394	after	tamoxifen	induction	of	oncogenic	β-catenin	

in	 Sox2CreERT2/+;Ctnnb1lox(ex3);RosatdTmt/+	 embryos	 (unpublished	 data;	 Dr.	 Rachael	 Tan).	

Another	potential	pathway	target	to	arise	from	the	transcriptomic	analysis	was	the	IL6-Jak-

Stat3	pathway	and	parallel	assays	will	be	performed	using	an	anti-IL6	monoclonal	antibody	

that	neutralized	the	activity	of	IL6,	and	abolished	Fgf19-driven	tumourigenesis	in	a	mouse	

model	of	hepatocellular	carcinoma	(Zhou	et	al.,	2017).	In	Chapter	5,	characterisation	of	the	

ACP	 immune	 infiltrate	 showed	 that	 oncogenic	 β-catenin	 in	 tumour	 initiating	 PSCs	 was	

associated	with	 increased	 recruitment	 of	 TAMs	 during	 early	 tumourigenesis.	 TAMs	 can	

have	variable	effects	on	tumourigenesis	and	can	either	be	polarized	towards	anti-tumour	

effects	 (M1-like)	 or	 towards	 	 promoting	 tumour	 growth	 (M2-like)	 by	 stimulating	

angiogenesis,	suppressing	adaptive	immunity	and	promoting	tumour	cell	proliferation		and	

migration	(Mantovani	et	al.,	2017).	Functional	analysis	of	their	specific	contribution	to	ACP	

development	 would	 be	 greatly	 aided	 by	 an	 experimental	 means	 of	 knocking	 out	 the	

monocyte/macrophage	lineage	in	the	Sox2CreERT2/+;Ctnnb1lox(ex3);RosatdTmt/+	ACP	model.	This	

could	be	achieved	pharmacologically	by	treating	mice	with	Trabectedin,	which	selectively	

induces	apoptosis	in	mononuclear	phagocytes	and	improved	outcomes	in	mouse	models	of	

fibrosarcoma,	 ovarian	 carcinoma	 and	 Lewis	 lung	 carcinoma	 (Germano	 et	 al.,	 2013).	

Importantly	Trabectedin	is	already	approved	in	humans	for	the	treatment	of	sarcomas	and	

ovarian	cancer	and	it	is	has	been	shown	that	monocytes	and	TAMs	are	similarly	depleted	in	

Trabectedin	treated	patients	(Germano	et	al.,	2013).	 If	 treatment	of	pregnant	dams	with	

Trabectedin	 improved	 the	 phenotype	 of	 	 Sox2CreERT2/+;Ctnnb1lox(ex3);	 RosatdTmt/+	embryos	 it	

would	provide	strong	evidence	for	an	active,	druggable	and	pro-tumourigenic	role	for	TAMs	

in	ACP	tumourigenesis.			
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	 Recent	 advances	 have	 identified	 BrafV600E	 as	 the	 driver	 of	 <95%	 of	 PCP	 cases	

(Brastianos	et	al.,	2014)	and	these	advances	are	now	being	translated	into	the	clinic	with	

several	reports	of	dramatic	patient	responses	to	Braf/MEK	inhibition	(Aylwin	et	al.,	2016;	

Brastianos	et	al.,	2016;	Roque	&	Odia,	2017;	Rostami	et	al.,	2017),	and	a	phase	II	clinical	trial	

now	underway	(NCT03224767).	However,	much	remains	unknown	about	PCP	aetiology,	

including	 the	 cell	 type	 of	 origin	 and	 the	 molecular	 mechanisms	 by	 which	 the	 BrafV600E	

oncogene	 drives	 tumourigenesis.	 Furthermore,	 although	 now	widely	 used,	 treatment	 of	

BrafV600E	tumours	with	Braf/MEK	inhibitors	is	frequently	associated	with	the	acquisition	of	

resistance,	 particularly	 in	 melanoma	 (Thakur	 &	 Stuart,	 2014).	 Intrinsic	 or	 acquired	

resistance	to	Braf/Mek	inhibitors	can	arise	via	a	number	of	mechanisms	such	as	loss	of	the	

PTEN	 or	 NF1	 tumour	 suppressor	 genes	 (Manzano	 et	 al.,	 2016;	Whittaker	 et	 al.,	 2013),	

upregulation	 of	 alternative	 Raf	 isoforms	 A-Raf	 or	 C-Raf	 (Mek	 et	 al.,	 2010),	 or	 adaptive	

hyperactivation	 of	 the	 PI3K/AKT	 pathway	 (Shi	 et	 al.,	 2014).	 Also,	 some	 other	BrafV600E	

tumour	 types	 such	 as	 thyroid	 and	 colorectal	 cancers	 are	 somewhat	 resistant	 to	 MAPK	

pathway	 inhibition	 since	 Braf/Mek	 inhibitors	 relieve	 negative	 feedback	mechanisms	 on	

receptor	 tyrosine	 kinase	 activity	 leading	 to	 rapid	pathway	 reactivation	 (Corcoran	 et	 al.,	

2012;	Montero-conde	et	al.,	2013).	For	these	reasons	it	remains	imperative	to	build	a	better	

understanding	of	PCP	pathophysiology,	and	a	representative	mouse	model	would	facilitate	

this,	 enabling	 both	 basic	 research	 into	 disease	 biology	 and	 the	 preclinical	 testing	 of	

combinatorial	 treatment	 strategies	 pairing	 Braf/MEK	 inhibition	 with	 novel	 therapeutic	

agents.		

In	Chapter	6,	I	sought	to	generate	such	a	model,	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+,	

however	 due	 to	 the	 broad	 expression	 profile	 of	 Sox2	 across	 different	 stem	 cell	

compartments	 (Arnold	 et	 al.,	 2011;	Brazel	 et	 al.,	 2005),	 non-pituitary	 side-effects	 in	 the	

stomach	lead	to	lethality	shortly	after	tamoxifen	induction	(Fig.	6.3).		If	indeed,	PCP	does	

originate	 from	the	somatic	mutation	of	BrafV600E	in	adult	PSCs	as	 I	hypothesised,	 then	an	

alternate	genetic	strategy	will	be	needed	to	prove	it.	Such	a	model	should	be	inducible,	since	

embryonic	 expression	 of	 BrafV600E	 under	 two	 different	 transcription	 factors	 expressed	

during	 pituitary	 development	 Hesx1Cre	 or	 Prop1:Cre	 both	 resulted	 in,	 endocrine	

differentiation	defects	and	peri-natal	mortality	(Haston	et	al.,	2017;	Dr	Nikolina	Kyprianou,	

manuscript	in	preparation).	There	are	a	number	of	alternate	markers	of	stemness	in	which	

could	 be	 used	 to	 generate	 inducible	 Cre	 expression	 in	 adult	 PSCs.	 These	 include	 Sox9	

(Fauquier	 et	 al.,	 2008;	 Rizzoti	 et	 al.,	 2013),	 CD44	 and	 CD133,	 (Jianghai	 Chen	 et	 al.,	

2009),	 Nestin,	 (Gleiberman	 et	 al.,	 2008),	 Prop1,	 (Yoshida	 et	 al.,	 2011;	 Yoshida	 et	 al.,	

2009);	PRX1/2,	(Higuchi	et	al.,	2014);	Ephrin-B2	(Yoshida	et	al.,	2015)	and	GFRα2	(Garcia-
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Lavandeira	et	al.,	2009).	Perhaps	the	best	characterized	of	these	marker	is	Sox9,	and	Sox9-

positive	cells	have	sphere	forming	ability	in	culture	and	multipotent	differentiation	capacity	

in	 vitro	 and	 in	 vivo	 (Rizzoti	 et	al.,	 2013),	 and	activation	of	 oncogenic	β-catenin	 in	 Sox9-

positive	 PSCs	 can	 drive	 ACP	 (unpublished	 data;	 Dr.	 Gaston-Massuet).	 There	 is	 also	 the	

advantage	that	there	is	already	a	tamoxifen	inducible	Sox9ires-CreERT2/+	mouse	line.	However,	

X-gal	staining	of	Sox9ires-CreERT2/+;	R26R	mice	revealed	widespread	expression	in	the	brain,	

heart,	lungs,	kidney,	intestine	and	pancreas	(Furuyama	et	al.,	2010;	Soeda	et	al.,	2010).	It	

would	therefore	seem	likely	that	an	attempt	to	model	PCP	using	the	Sox9ires-CreERT2/+	line	may	

encounter	similar	problems	as	the	Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	mouse	model.	Indeed,	

the	majority	of	markers	of	adult	PSCs	are	broadly	expressed	with	the	possible	exception	of	

Prop1.	Prop1	is	expressed	in	normal	adult	human	pituitaries	(Nakamura	et	al.,	1999),	and	

during	 the	 postnatal	 pituitary	 growth	 period	 in	 rats	 is	 expressed	 in	 the	marginal	 zone,	

though	this	expression	diminishes	sharply	with	age	(Yoshida	et	al.,	2011).	To	my	knowledge	

there	have	been	no	reports	of	Prop1	expression	outside	of	the	pituitary,	and	so	perhaps	the	

generation	of	a	Prop1:CreERT2	genetic	construct	might	enable	a	truly	PSC-specific	model	of	

PCP,	if	correctly	temporally	induced.		

One	 of	 the	 most	 interesting	 observations	 that	 came	 out	 of	 investigation	 of	 the	

Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	mice	was	 the	 apparent	 reliance	of	PSCs	with	oncogenic	

BrafV600E	on	respiration	to	fulfil	their	energetic	requirements	(Fig.	6.9).	Despite	contravening	

the	dogma	that	tumours	and	by	extension	oncogenic	signalling	are	associated	with	a	shift	

towards	glycolysis	(Warburg,	1956)	this	finding		is	consistent	with	emerging	reports	that	

CSCs	are	often	metabolically	divergent	from	the	tumour	bulk	(Viale	et	al.,	2015).	CSCs	are	

often	resistant	to	therapy	and	can	drive	tumour	recurrence	(Thi	et	al.,	2018).	Therefore,	

combinatorial	 treatments	 that	 simultaneously	 target	 the	 bulk	 tumour	 and	 exploit	 CSCs’	

metabolic	vulnerabilities	are	an	attractive	therapeutic	option	(Weinberg	&	Chandel,	2015;	

Wolf,	2014),	and	 treatment	of	pre-clinical	BrafV600E	driven	melanoma	models	with	MAPK	

pathway	 inhibitors	 alongside	 respiratory	 inhibitors	 proved	 synthetically	 lethal	 and	

extended	survival	(Chain	et	al.,	2013;	Haq	et	al.,	2013).	Since	the	presence	of	stem	cells	in	

BrafV600E-driven	human	PCPs	(Haston	et	al.,	2017)	and	ACTH-secreting	adenomas	(Yunoue	

et	al.,	2011)	has	been	shown,	a	logical	next	step	would	be	to	investigate	whether	these	cells	

are	 particularly	 susceptible	 to	 respiratory	 inhibition.Proof	 of	 concept	 studies	 could	 be	

performed	 by	 conducting	 Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+	PSC	 growth	 assays	 (Fig.	 6.7)	

treating	cultures	with	oligomycin	(Marchesini	et	al.,	2014),	or	tigecycline,	an	antibiotic	that	

inhibits	 respiration	 (Sriskanthadevan	 et	 al.,	 2011).	 Evidently,	 should	 in	 vitro	 treatment	
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prove	 successful	 	 further	 pre-clinical	 investigation	 would	 need	 to	 be	 performed,	

reemphasizing	the	need	for	a	representative	model	of	BrafV600E-driven	pituitary	tumours.		

	

Concluding	remarks	

	 The	work	presented	in	this	thesis	represents	the	earliest	transcriptomic	analysis	of	

Craniopharyngiomas	performed	to	date,		providing	new	insight	into	an	important	stage	of	

tumour	development.	 Furthermore,	 this	 is	 the	 first	 study	of	ACP	to	distinguish	between	

subpopulations	 of	 tumour	 initiating	 PSCs	 and	 those	 refractory	 to	 transformation	 by	

oncogenic	β-catenin.	This	approach	highlighted	the	importance	of	a	stem	cell-driven	pro-

inflammatory	gene	signature,	particularly	in	tumour	initiating	PSCs.	This	was	coupled	to	

high	 levels	 of	 infiltrating	 immune	 cells	 that	 may	 play	 an	 active	 role	 in	 early	 tumour	

development.	 	 In	 addition,	 several	 druggable	 signalling	 pathways	 were	 identified	 as	

upregulated	 during	 early	 ACP	 tumorigenesis	 providing	 the	 foundations	 for	 future	

mechanistic	and	pre-clinical	studies	to	evaluate	their	potential	as	novel	therapeutic	targets.	

Finally,	investigation	of	the	effect	of	BrafV600E	activation	in	PSCs	revealed	signs	of	EMT	and	a	

metabolic	shift	 towards	a	reliance	on	respiration.	Whilst	 further	experimentation	 is	still	

needed,	 this	 may	 be	 important	 for	 BrafV600E	 driven	 pituitary	 tumours	 and	 represent	 a	

therapeutic	vulnerability	to	be	exploited	in	the	future.		
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9.1:	Read	trimming	and	alignment:	FastQC	->	Trimmomatic	->	Hisat2	

Raw	Illumina	RNAseq	reads	were	checked,	prepared	and	aligned	to	the	M.	musculus,	

GRCm38	reference	genome.	Briefly,	raw	fastq.gz	files	from	different	sequencing	lanes	were	

merged	and	read	quality	was	check	using	FastQC.	Low	quality	reads	&/or	those	containing	

library	prep	adapters	were	then	removed	using	Trimmomatic	before	rechecking	samples	

with	FastQC.	Trimmomatic	outputs	trimmed	paired	reads	and	forward/reverse	reads	whose	

paired	read	was	dropped	during	trimming.	For	all	samples	each	of	the	QC-passed	read	types	

were	 aligned	 to	 GRCm38	 using	Hisat2	 and	 the	 resulting	 .bam	 files	 were	 merged	 using	

SAMTOOLs.	This	pipeline	maximises	the	number	of	high-quality	reads	for	reference	genome	

alignment	 and	 differential	 gene	 expression	 analysis.	 The	 following	 representative	 code	

snippets	and	high-performance	computer	(hpc)	submission	scripts	provide	a	guide	to	the	

approach	taken	in	the	various	steps	of	the	analysis	pipeline.	For	each	of	the	three	datasets	

(CNTRL	vs	BrafVE,	CNTRL	vs.	BcatGOF,	 and	CNTRL	vs	T+G-	 vs	T+G+)	 a	broadly	 similar	

approach	was	used.		

9.1.1: First Paired fastq.gz produced by each Illumina sequencing lane first need to be 

merged for downstream analysis.	

#!/bin/sh/ 
 
# Paired fastq.gz produced by each Illumina sequencing lane first need to be merged for downstream analysis 
cat samples/lane1/*<unique_identifier>_1* samples/lane2/*<unique_identifier>_1* > merged/Sox2T+1_1.fastq.gz 
cat samples/lane1/*<unique_identifier>_2* samples/lane2/*<unique_identifier>_2* > merged/Sox2T+1_2.fastq.gz 
# repeat this code for each of the different samples 
	

9.1.2: Prior to analysis .fastq.gz files are quality checked using FastQC . 
#!/bin/sh 
#$ -cwd                                        # use current working directory 
#$ -V                                            # env variables 
#$ -j y                                           # put all stdout and stderr into the same file  
#$ -m bea                                    # Send email at the beginning and end of the job and if aborted 
#$ -M j.g.nicholson@qmul.ac.uk # The email address to notify 
#$ -pe smp 8                               # Request 8 CPU cores 
#$ -l h_vmem=3G                       # Request 3GB RAM / core, 
 
module load fastqc 
cd /data/WHRI-GastonMassuetLab/Braf/FastQC/raw 
FILES=../../fastq/raw/* 
for f in $FILES 
do 
  echo "Running FastQC on $f file..." 
  # take action on each file. $f store current file name 
  fastqc -t 4 $f  
done 
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9.1.3: Poor quality reads and those with library prep adaptor sequences (identified by 

FastQC) are trimmed and/or dropped using Trimmomatic. 
#!/bin/sh 
#$ -cwd                                          # use current working directory 
#$ -V                                              # env variables 
#$ -j y                                             # and put all stdout and stderr into the same file  
#$ -l h_rt=24:0:0                            # Request 24 hour runtime (upto 240 hours) 
#$ -m bea                                      # Send email at the beginning and end of the job and if aborted 
#$ -M j.g.nicholson@qmul.ac.uk   # The email address to notify 
#$ -pe smp 8                                 # Request 8 CPU cores 
#$ -l h_vmem=3G                         # Request 3GB RAM /core, 
 
cd /data/WHRI-GastonMassuetLab/Braf  # change to the correct directory 
 
java -jar Trimmomatic-0.36/trimmomatic-0.36.jar PE -threads 8 -phred33 <unique_identifier>_1.fastq.gz  
\ <unique_identifier>_2.fastq.gz trimmed/paired/<unique_identifier>_1.fastq.gz  
\ trimmed/unpaired/WTCHG_R_EXP_01_1.fastq.gz trimmed/paired<unique_identifier>_2.fastq.gz \ 
trimmed/unpaired/<unique_identifier>_2.fastq.gz ILLUMINACLIP:Trimmomatic-0.36/adapters/TruSeq3-PE-
2.fa:2:25:10  \ LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:35 
 
# repeat this code for each of the different samples 
	

9.1.4: The output trimmed fastq.gz files are then quality checked again using FastQC to 

ensure efficacy of trimming.  
#!/bin/sh 
#$ -cwd                                         # use current working directory 
#$ -V                                             # env variables 
#$ -j y                                           # and put all stdout and stderr into the same file  
#$ -m bea                                    # Send email at the beginning and end of the job and if aborted 
#$ -M j.g.nicholson@qmul.ac.uk # The email address to notify 
#$ -pe smp 8                               # Request 8 CPU cores 
#$ -l h_vmem=3G                       # Request 3GB RAM / core, 
 
module load fastqc 
 
cd /data/WHRI-GastonMassuetLab/Braf/FastQC/trimmed 
 
FILES=../../fastq/raw/* 
for f in $FILES 
do 
  echo "Running FastQC on $f file..." 
  # take action on each file. $f store current file name 
  fastqc -o . -t 4 $f  
done 
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9.1.5: Paired trimmed reads are then aligned to the Grcm38 reference genome using Hisat2. 
#!/bin/sh 
#$ -cwd                                           # use current working directory 
#$ -V                                               # env variables 
#$ -j y                                             # put all stdout and stderr into the same file  
#$ -l h_rt=18:0:0                            # Request 18 hour runtime (upto 240 hours) 
#$ -m bea                                      # Send email at the beginning and end of the job and if aborted 
#$ -M j.g.nicholson@qmul.ac.uk   # The email address to notify 
#$ -pe smp 8                                 # Request 8 CPU cores 
#$ -l h_vmem=3G                         # Request 3GB RAM / core, 
 
 
cd /data/WHRI-GastonMassuetLab/Braf  # change to the correct directory 
 
echo "loading modules"   
module load samtools 
export PATH="$PATH://data/home/hhx387/privatemodules/hisat2-2.0.5/hisat2-2.0.5"       # loading Hisat2 
 
echo "loading variables & filesnames" 
NUMCPUS=8 
BASEDIR=$"/data/WHRI-GastonMassuetLab/Braf" 
FASTQLOC="$BASEDIR/fastq/trimmed/paired" 
GENOMEIDX="$BASEDIR/grcm38_tran/genome_tran" 
TEMPLOC="./tmp" 
OUTPUT=./hisat2/trimmed/paired                                          #this will be relative to the output directory 
 
## list of samples for paired reads, must follow _1.*/_2.* file naming convention) 
reads1=(${FASTQLOC}/*_1.*) 
reads1=("${reads1[@]##*/}") 
reads2=("${reads1[@]/_1./_2.}") 
echo "..." 
echo "..." 
## 
for ((i=0; i<=${#reads1[@]}-1; i++ )); do 
    sample="${reads1[$i]%%.*}" 
    sample="${sample%_*}" 
    stime=`date +"%Y-%m-%d %H:%M:%S"` 
    echo "[$stime] Processing sample: $sample" 
    echo [$stime] "   * Alignment of reads to genome (HISAT2)" 
    echo "paired fastq files: ${reads1[$i]}  &  ${reads2[$i]}" 
    hisat2 -p $NUMCPUS --dta -x ${GENOMEIDX} \ 
     -1 ${FASTQLOC}/${reads1[$i]} \ 
     -2 ${FASTQLOC}/${reads2[$i]} \ 
     -S ${TEMPLOC}/${sample}.sam 2>${OUTPUT}/align_stats/${sample}.alnstats 
     echo "[$stime] $sample complete" 
     echo "..." 
     echo "..." 
     echo "[$stime] Sorting & compressing: ${sample}.sam" 
     samtools sort -@ 8 -o ${OUTPUT}/bams/${sample}.bam ${TEMPLOC}/${sample}.sam 
     samtools flagstat ${OUTPUT}/bams/${sample}.bam > ${OUTPUT}/bam_stats/${sample}.bamstats 
     echo "[$stime] ${sample}.bam complete" 
     echo "..." 
     echo "..." 
     rm ${TEMPLOC}/${sample}.sam 
done 
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9.1.6: Single ended forward/reverse reads whose partner read did not survive trimming are 

then aligned to the reference genome. This maximizes usage of the usable data 
#!/bin/sh 
#$ -cwd                                           # use current working directory 
#$ -V                                               # env variables 
#$ -j y                                             # put all stdout and stderr into the same file  
#$ -l h_rt=18:0:0                            # Request 18 hour runtime (upto 240 hours) 
#$ -m bea                                      # Send email at the beginning and end of the job and if aborted 
#$ -M j.g.nicholson@qmul.ac.uk   # The email address to notify 
#$ -pe smp 4                                 # Request 8 CPU cores 
#$ -l h_vmem=2G                         # Request 2GB RAM / core, 
 
cd /data/WHRI-GastonMassuetLab/old_Bcat  # change to the correct directory 
echo "loading modules"   
module load samtools 
export PATH="$PATH://data/home/hhx387/privatemodules/hisat2-2.0.5/hisat2-2.0.5"       # loading Hisat2 
 
echo "loading variables & filenames" 
NUMCPUS=8 
qdstat 
BASEDIR=$"/data/WHRI-GastonMassuetLab/old_Bcat" 
FASTQLOC="$BASEDIR/fastq/trimmed/unpaired" 
GENOMEIDX="$BASEDIR/grcm38_tran/genome_tran" 
TEMPLOC="./<tmp1 or 2>" 
OUTPUT=./hisat2/<unpaired or unpaired2>                                          #for forward/reverse reads 
 
## list of samples for single end reads 
reads=(${FASTQLOC}/*<_1 or _2>*)                            #for forward/reverse reads         
reads=("${reads[@]##*/}") 
 
echo "..." 
echo "..." 
## 
for ((i=0; i<=${#reads[@]}-1; i++ )); do 
    sample="${reads[$i]%%.*}" 
    sample="${sample%_*}" 
    stime=`date +"%Y-%m-%d %H:%M:%S"` 
    echo "[$stime] Processing sample: $sample" 
    echo [$stime] "   * Alignment of reads to genome (HISAT2)" 
    echo "unpaired fastq files: ${reads[$i]} " 
    hisat2 -p $NUMCPUS --dta -x ${GENOMEIDX} \ 
     -U ${FASTQLOC}/${reads[$i]} \ 
     -S ${TEMPLOC}/${sample}.sam 2>${OUTPUT}/align_stats/${sample}.alnstats 
    echo "[$stime] $sample complete" 
    echo "..." 
    echo "..." 
    echo "[$stime] Sorting & compressing: ${sample}.sam" 
    samtools sort -@ 8 -o ${OUTPUT}/bams/${sample}.bam ${TEMPLOC}/${sample}.sam 
    samtools flagstat ${OUTPUT}/bams/${sample}.bam > ${OUTPUT}/bam_stats/${sample}.bamstats 
    echo "[$stime] ${sample}.bam complete" 
    echo "..." 
    echo "..." 
    rm ${TEMPLOC}/${sample}.sam 
done 
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9.1.7: Once paired, forward & reverse reads were all aligned using Hisat2 they were 

combined into a single .bam file for differential gene expression analysis. 
#!/bin/sh 
#$ -cwd                                         # use current working directory 
#$ -V                                             # env variables 
#$ -j y                                           # put all stdout and stderr into the same file  
#$ -l h_rt=18:0:0                          # Request 18 hour runtime (upto 240 hours) 
#$ -m bea                                    # Send email at the beginning and end of the job and if aborted 
#$ -M j.g.nicholson@qmul.ac.uk # The email address to notify 
#$ -pe smp 6                               # Request 6 CPU cores 
#$ -l h_vmem=3G                       # Request 3GB RAM / core 
 
 
cd /data/WHRI-GastonMassuetLab/old_Bcat/hisat2 
 
echo "loading modules" 
module load samtools  
 
samtools merge merged/<unique_identifier>.bam paired/bams/<unique_identifier>.bam 
\ unpaired/bams/<unique_identifier>.bam unpaired2/bams/<unique_identifier>.bam 
 
# repeat this code for each of the different samples 
 

	

9.2:	Read	pseudoalignment	with	Kallisto		

To	 ensure	 the	 reproducibility	 of	 results	 a	 second	 analysis	 pipeline	 was	 used	 in	 which	

Kallisto	was	used	to	pseudoalign	raw	Illumina	RNAseq	reads	to	the	GRCm38.cDNA.all.fa	full	

reference	transcriptome.	

9.2.1: First reads from different sequencing lanes were merged 
#!/bin/sh/ 
 
# Paired fastq.gz produced by each illumina sequencing lane first need to be merged for downstream analysis 
cat samples/lane1/*<unique_identifier>_1* samples/lane2/*<unique_identifier>_1* > merged/Sox2T+1_1.fastq.gz 
cat samples/lane1/*<unique_identifier>_2* samples/lane2/*<unique_identifier>_2* > merged/Sox2T+1_2.fastq.gz 
 
# repeat this code for each of the different samples 

	

9.2.1: Next a local Kallisto reference index was created from the GRCm38.cDNA.all.fa 

reference transcriptome 
#!/bin/sh/ 
 
Kallisto index -i index/ms_ref.idx GRCm38.cDNA.all.fa 
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9.2.2: Finally reads were pseudo aligned using kallsito 
#!/bin/sh 
 
kallisto quant -i index/ms_ref.idx -t 4  -plaintext -o <unique_identifier> ../merged/<unique_identifier>_1.fastq.gz 
\ ../merged/<unique_identifier>_2.fastq.gz  
 
# repeat this code for each of the different samples 

	

9.3:	Importing	RNAseq	data	into	R	for	analysis	with	DESeq2	

9.3.1: Kallisto abundance files are loaded and converted into a DESeq2 object using the 

tximport package 
### R script to import the BrafV600E Kallisto data for analysis in DESeq2 
 
# https://bioconductor.org/packages/devel/bioc/vignettes/tximport/inst/doc/tximport.html#kallisto-with-tsv-files 
# http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html 
 
### clear the workspace and move to the correct directory  
graphics.off() 
rm (list =ls())  
setwd("~/../../Volumes/JN_files/RNAseq/Braf/Analysis/Kallisto/") 
 
### loading the required packages 
#source("https://bioconductor.org/biocLite.R")  # for downloading packages if necessary 
library("AnnotationHub") 
library("tximport")   
library("DESeq2") 
 
######################################## Kallisto ########################################### 
 
(sampleTable <- read.csv("phenodata.csv")) 
 
dir <- "~/../../Volumes/JN_files/RNAseq/Braf/Alignment/Kallisto" 
 
# Transcripts need to be associated with gene IDs for gene-level summarization. 
# We first make a data.frame called t2g with two columns: 1) transcript ID and 2) gene ID.  
ah <- AnnotationHub() 
MsDb <- query(ah, pattern = c("Mus Musculus", "EnsDb", 92)) 
MsDb <- MsDb[[1]] 
k <- keys(MsDb, keytype = "TXNAME") 
t2g <- select(MsDb, k, "GENEID", "TXNAME") 
head(t2g) 
 
# reading in the data from the Kallisto output using TxiImportpackage 
files <- file.path(dir, sampleTable$ids, "abundance1.tsv") 
names(files) <- sampleTable$ids 
files 
txi <- tximport(files, type = "kallisto", tx2gene = t2g, ignoreAfterBar = TRUE) 
dds <- DESeqDataSetFromTximport(txi, sampleTable, ~condition) 
dds <- dds[rowSums(counts(dds)) > 1, ] 
dds$condition <- relevel(dds$condition, "Sox2_tmt") 
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save(dds, file="saves/dds_kallisto.rda") 
 
### creating the rld_object  
rld <- rlog(dds, blind=FALSE) 
save(rld, file="saves/rld_kallisto.rda") 
 

	

9.3.2: Loading bam files into R & using the summarize overlaps function to generate a 

DESeq2 object for downstream analysis.  
## importing hisat2 generated bam files & creating the expression matrix for DESeq2 
# http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html 
 
### clear the workspace and move to the correct directory  
graphics.off() 
rm (list =ls())  
setwd("~/../../Volumes/JN_files/RNAseq/Braf/Analysis/Hisat2/") 
 
### loading the required packages 
#source("https://bioconductor.org/biocLite.R"). # used to load packages if necessary 
library("GenomicFeatures") 
library("GenomicAlignments") 
library("BiocParallel") 
library("DESeq2") 
 
################################# Preparing count matrix ################################# 
 
### loading the experimental setup 
### creating a list of filenames 
### indicate  these are BAM files using the BamFileList function from the Rsamtools package 
(sampleTable <- read.csv("phenodata.csv")) 
 
filenames <- paste0("bams/", sampleTable$ids, ".bam") 
bamfiles <- BamFileList(filenames, yieldSize=2000000) 
 
### change dir to location of the BAM files & creating the se_objects 
file.exists(filenames) 
 
### checking chr/genomic feature names are consistent between your BAM and GTF file 
seqinfo(bamfiles[1]) 
 
### Next, we need to read in the gene model that will be used for counting reads/fragments 
### indicate that none of the seqs (chromosomes) are circular using a 0-length character vector. 
gtffile <- "genes.gtf" 
(txdb <- makeTxDbFromGFF(gtffile, format="gtf", circ_seqs=character())) 
 
### The following line produces a GRangesList of all the exons grouped by gene.  
### Each element of the list is a GRanges object of the exons for a gene. 
(ebg <- exonsBy(txdb, by="gene")) 
 
### summarizeOverlaps from the GenomicAlignments package will perform the count 
### The following call creates the SummarizedExperiment object with counts: 
se <- summarizeOverlaps(features=ebg,  
                              reads=bamfiles,  
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                              mode="Union",  
                              singleEnd=FALSE, 
                              ignore.strand=TRUE,  
                              fragments=TRUE ) 
save(se, file="saves/se_braf.rda") 
 
se 
dim(se) 
assayNames(se) 
head(assay(se), 3) 
round( colSums(assay(se)) / 1e6, 1) ## number of reads 
rowRanges(se) 
str(metadata(rowRanges(se))) # this will display some of the metadata 
(colData(se) <- DataFrame(sampleTable)) 
 
 
### creating a DESeqDataSet object of the dataset 
dds <- DESeqDataSet(se, design = ~ condition) 
dds$condition <- relevel(dds$condition, "Sox2_tmt")  
 
### creating the rld_object  
rld <- rlog(dds, blind=FALSE) 
save(rld, file="saves/rld_hisat2.rda") 
save(dds, file="saves/se_braf.rda") 

	

9.4:	Differential	gene	expression	analysis	with	DESeq2,	plotting	results	and	GO	

enrichment.		

### Braf RNAseq DESeq2, plotting & GO enrichment pipeline 
# 1) DEseq2 
# 2) Annotating, exporting & plotting results 
# 3) GO/Kegg term enrichment analysis  
 
# http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/DESeq2.html 
# http://bioconductor.org/packages/release/bioc/vignettes/ensembldb/inst/doc/ensembldb.html 
 
### clear the workspace and move to the correct directory  
graphics.off() 
rm (list =ls())  
setwd("~/../../Volumes/JN_files/RNAseq/Braf/Analysis/hisat2/") 
 
### loading the required packages 
#source("https://bioconductor.org/biocLite.R")     # for downloading packages if necessary 
library("AnnotationHub") 
library("tximport")   
library("DESeq2") 
library("ggplot2") 
library("ggrepel") 
library("org.Mm.eg.db") 
library("dplyr") 
library("gplots") 
library("genefilter") 
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library("topGO") 
library("gage") 
library("gageData") 
library("pathview") 
library("clusterProfiler") 
 
########################################### Running DEseq2 ################################ 
 
(sampleTable <- read.csv("phenodata.csv")) 
 
load("saves/se_hisat2.rda") 
 
# differential expression pipeline is called on raw counts with the function DESeq: 
dds <- DESeq(dds) 
save(dds, file="saves/dds_hisat2.rda") 
(res <- results(dds)) 
save(res, file="saves/res_hisat2.rda") 
 
# Principal components analysis (PCA) this gives an idea of the variance between samples 
tiff(filename="results/plots/pca.tiff", width=8, height=4, units = 'in', res = 300) 
pcaData <- plotPCA(rld, intgroup=c("condition", "ids"), returnData=TRUE) 
percentVar <- round(100 * attr(pcaData, "percentVar")) 
ggplot(pcaData, aes(PC1, PC2, color=condition)) + geom_point(size=3) + geom_text_repel(aes(label = ids)) + 
   xlab(paste0("PC1: ",percentVar[1],"% variance")) + ylab(paste0("PC2: ",percentVar[2],"% variance")) + 
coord_fixed() 
graphics.off() 
 
 
############################### Annotating  & exporting results ################################ 
 
# Annotating the results for exporting  
 
# 1) ordering results by padj 
res<-res[order(res$padj),]                                                                                        
 
# 2) annotating: symbol 
res$symbol <- mapIds(MsDb, keys=row.names(res), column="SYMBOL", keytype="GENEID", multiVals="first")   
 
# 3) annotating: entrez 
res$entrez <- mapIds(org.Mm.eg.db, keys=row.names(res), column="ENTREZID", keytype="ENSEMBL", multiVals="first")                                        
 
# 4) annotating: name 
res$name <-   mapIds(org.Mm.eg.db, keys=row.names(res), column="GENENAME", keytype="ENSEMBL", 
multiVals="first")  
 
res<-res[complete.cases(res),] 
res_sig <- subset(res,  padj < 0.1)                                                                          # extracting significant results 
write.csv(res, file="results/tables/VEvsCTRL_adult_all.csv")                                 # writing out all genes 
write.csv(res_sig, file="results/tables/sig_VEvsCTRL_adult.csv")                         # writing out sig genes 
 
summary(res) 
summary(res_sig) 
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################################### Volcano Plots  ########################################## 
 
tiff(filename="results/plots/volcano_top50.tiff", width=8, height=6, units = 'in', res = 300) 
dim(res) 
df <- data.frame(res[complete.cases(res),]) 
df = mutate(df, sig=ifelse(df$padj<0.1, "FDR<0.1", "Not Sig")) 
print(ggplot(df, aes(log2FoldChange, -log10(pvalue))) + 
          geom_point(aes(col=sig)) + xlim(-8,8) + 
          geom_text_repel(data=df[1:50,], aes(label=symbol)) +  
          theme(axis.title = element_text(size=15)) + 
          ggtitle("")) 
graphics.off() 
 
################################### Heatmap Plots   ############################################ 
 
# seeting up the color palette 
cool = rainbow(50, start=rgb2hsv(col2rgb('cyan'))[1], end=rgb2hsv(col2rgb('blue'))[1]) 
warm = rainbow(50, start=rgb2hsv(col2rgb('red'))[1], end=rgb2hsv(col2rgb('yellow'))[1]) 
cols = c(rev(cool), rev(warm)) 
mypalette <- colorRampPalette(cols)(255) 
mypalette 
sidecols <- c("#4FD5D6", "#FF0000","#FFE100", "#0040FF" )  
 
 
group <- as.factor(sampleTable$condition) 
mat <- assay(rld)[rownames(res_sig),] 
rownames(mat) <- res_sig$symbol 
colnames(mat) <- sampleTable$ids 
mat <- mat - rowMeans(mat) 
 
# plotting the heatmap of all sig genes 
tiff(filename="results/plots/all_sig_Hmap.tiff", width=6, height=8, units = 'in', res = 300) 
heatmap.2(mat, mar=c(6,12), key.title="", labRow = FALSE, 
          col=mypalette, scale="row", Rowv = TRUE, ColSideColors=sidecols[group], 
          key=TRUE, keysize=1, trace= "none", cexCol=0.9, cexRow = 0.9, main="all_genes") 
graphics.off() 
 
#creating the matrix for Top50 genes 
mat <- assay(rld)[rownames(res_sig)[1:50],] 
rownames(mat) <- res_sig$symbol[1:50] 
colnames(mat) <- sampleTable$ids 
mat <- mat - rowMeans(mat) 
head(mat) 
# plotting the heatmap for Top50 genes 
tiff(filename="results/plots/Top50_sig_Hmap.tiff", width=6, height=8, units = 'in', res = 300) 
heatmap.2(mat, mar=c(6,12), key.title="", 
          col=mypalette, scale="row", Rowv = TRUE, ColSideColors=sidecols[group], 
          key=TRUE, keysize=1, trace= "none", cexCol=0.9, cexRow = 1.2, main="top50") 
graphics.off() 
 
#creating the matrix for curated genes 
pgenes <- read.csv("results/tables/picked.csv") 
# finding cancer genes in our resSig list 
goi <- which(res$symbol %in% pgenes$symbol) 
y <- res[goi,] 
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sampleTable$condition 
mat <- assay(rld)[ rownames(y), ]  
rownames(mat) <- y$symbol 
colnames(mat) <- sampleTable$ids 
mat <- mat - rowMeans(mat) 
head(mat) 
 
# plotting the heatmap for picked genes 
tiff(filename="results/plots/picked_Hmap.tiff", width=6, height=8, units = 'in', res = 300) 
heatmap.2(mat, mar=c(6,12), key.title="", 
          col=mypalette, scale="row", Rowv = TRUE, ColSideColors=sidecols[group], 
          key=TRUE, keysize=1, trace= "none", cexCol=0.9, cexRow = 0.7) 
graphics.off() 
 
#############################GO enrichment with TopGO #################################### 
 
### generating the background genelist  
overallBaseMean <- as.matrix(res[, "baseMean", drop = F]) 
sig_idx <- match(rownames(res_sig), rownames(overallBaseMean)) 
backG <- c() 
for(i in sig_idx){ 
  ind <- genefinder(overallBaseMean, i, 10, method = "manhattan")[[1]]$indices 
  backG <- c(backG, ind) 
} 
backG <- unique(backG) 
backG <- rownames(overallBaseMean)[backG] 
backG <- setdiff(backG, rownames(res_sig)) 
 
######### running topGO  
onts = c( "MF", "BP", "CC" ) 
geneIDs = rownames(overallBaseMean) 
inUniverse = geneIDs %in% c(rownames(res_sig),  backG)  
inSelection =  geneIDs %in% rownames(res_sig)  
alg <- factor( as.integer( inSelection[inUniverse] ) ) 
names(alg) <- geneIDs[inUniverse] 
alg 
######### 
tab = as.list(onts)  
names(tab) = onts 
 
for(i in 1:3){ 
  ## prepare data 
  tgd <- new( "topGOdata", ontology=onts[i], allGenes = alg, nodeSize=5, 
              annot=annFUN.org, mapping="org.Mm.eg.db", ID = "ensembl" ) 
  ## run tests 
  resultTopGO.elim <- runTest(tgd, algorithm = "elim", statistic = "Fisher" ) 
  resultTopGO.classic <- runTest(tgd, algorithm = "classic", statistic = "Fisher" ) 
  ## look at results 
  tab[[i]] <- GenTable( tgd, Fisher.elim = resultTopGO.elim,  
                        Fisher.classic = resultTopGO.classic, 
                        orderBy = "Fisher.classic" , topNodes = 100) 
} 
 
head(tab$MF) 
head(tab$BP) 
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head(tab$CC) 
write.csv(tab$BP, file = "results/GO/TopGO_BP.csv") 
 
############################### KEGG analysis  with gage ####################################### 
 
#### loading the KEGG data 
data(kegg.sets.mm) 
data(sigmet.idx.mm) 
kegg.sets.mm = kegg.sets.mm[sigmet.idx.mm] 
 
### Define plotting function for applying later 
plot_pathway = function(pid) pathview(gene.data=foldchanges, pathway.id=pid, species="mmu", 
new.signature=FALSE) 
 
### creatihng the gene list 
foldchanges = res$log2FoldChange 
names(foldchanges) = res$entrez 
# Get the results 
keggres = gage(foldchanges, gsets=kegg.sets.mm, same.dir=TRUE) 
# Look at both up (greater), down (less), and statatistics. 
lapply(keggres, head) 
 
# Get the pathways 
 
keggUP = data.frame(id=rownames(keggres$greater), keggres$greater) %>%  
  tbl_df() %>% dplyr::filter(keggres$greater[,3]<0.05) %>% .$id %>% as.character() 
keggDOWN = data.frame(id=rownames(keggres$less), keggres$less) %>%  
  tbl_df() %>% dplyr::filter(keggres$greater[,3]<0.05) %>% .$id %>% as.character() 
(keggrespathways <- c(keggUP, keggDOWN)) 
(keggIDs = substr(keggrespathways, start=1, stop=8)) 
 
write.csv(keggres$greater, file = "results/GO/gage_kegg_greater.csv") 
write.csv(keggres$less, file = "results/GO/gage_kegg_less.csv") 
 
getwd() 
setwd("/Volumes/JN_files/RNAseq/Braf/Analysis/Hisat2/results/GO/pathview") 
# plot multiple pathways (plots saved to disk and returns a throwaway list object) 
tmp = sapply(keggIDs[1:25], function(pid) pathview(gene.data=foldchanges, pathway.id=pid, species="mmu")) 
setwd("/Volumes/JN_files/RNAseq/Braf/Analysis/Hisat2/") 
 
 

	

9.5:	Transcription	factor	binding	motif	enrichment	analysis			

### RicsTarget & Genie3 pipeline for B-cat MutvsTrans 
 
#source("http://bioconductor.org/biocLite.R") 
library("RcisTarget") 
library("magrittr") 
library("GENIE3") 
library("AnnotationHub") 
library("reshape2") 
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library("DESeq2") 
library("gplots") 
 
setwd("~/../../Volumes/JN_files/TF_motif_enrichment") 
 
# We are fitting a regression model between significantly enriched TF binding motifs and  & diff expressed genes 
 
################################################################################## 
# Step 1: identify enriched  TF motifs in set of DE_genes with RicsTarget 
################################################################################## 
 
### load in the list of DE genes & format as a named list 
txtFile <- "./DE_genelists/Braf_DE.txt" 
geneLists <- list(Braf_DE=read.table(txtFile, stringsAsFactors=FALSE)[,1]) 
head(geneLists$Braf_DE) #this is the list of DE genes that we want to analyze 
 
 
#Required databases 
# RcisTarget needs two types of databases: 
# 1. Gene-motif rankings: which provides the rankings (~score) of all the genes for each motif. 
# 2. The annotation of motifs to transcription factors 
 
# donwloading the mouse gene-motif rankings 
# featherURL <- "http://pyscenic.aertslab.org/databases/mm9-500bp-upstream-7species.mc9nr.feather" # .feather 
# download.file(featherURL, destfile=basename(featherURL)) # saved in current dir 
 
# Loading database & annotations 
motifRankings <- importRankings("./reference_annotations/mm9-500bp-upstream-7species.mc9nr.feather") 
data(motifAnnotations_mgi) 
 
########################### now breaking down stepwise ####################################### 
# 1. Calculate enrichment 
motifs_AUC <- calcAUC(geneLists, motifRankings, nCores=1) 
auc <- getAUC(motifs_AUC)["Braf_DE",] 
par(mfrow=c(1,1)) 
hist(auc, main="Braf_DE", xlab="AUC histogram", 
     breaks=100, col="#ff000050", border="darkred") 
nes3 <- (3*sd(auc)) + mean(auc) 
abline(v=nes3, col="red") 
 
# 2. Select significant motifs and/or annotate to TFs 
# The selection of significant motifs is done based on the Normalized Enrichment Score (NES).  
# The NES is calculated -for each motif- based on the AUC distribution of all the motifs for the gene-set [(x-mean)/sd]. 
# Those motifs that pass the given threshold (3.0 by default) are considered significant. 
# Furthermore, this step also allows to add the TFs annotated to the motif. 
 
motifEnrichmentTable <- addMotifAnnotation(motifs_AUC, nesThreshold=3, 
                                           motifAnnot=motifAnnotations_mgi) 
class(motifEnrichmentTable) 
dim(motifEnrichmentTable) 
head(motifEnrichmentTable[,-"TF_lowConf", with=FALSE]) 
 
# 3. Identify the genes with the best enrichment for each Motif 
# finding a motif ‘enriched’ does not imply that all the genes in the gene-list have a high score for the motif. 
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# the third step of the workflow is to identify which genes (of the gene-set) are highly ranked for each of the significant 
motifs. 
 
motifEnrichmentTable_wGenes <- addSignificantGenes(motifEnrichmentTable, 
                                                   rankings=motifRankings,  
                                                   geneSets=geneLists) 
dim(motifEnrichmentTable_wGenes) 
 
# extracting the names of the sig Transcription Factors from the results table 
anotatedTfs <- lapply(split(motifEnrichmentTable_wGenes$TF_highConf, 
                            motifEnrichmentTable$geneSet), 
                      function(x) { 
                        genes <- gsub(" \\(.*\\). ", "; ", x, fixed=FALSE) 
                        genesSplit <- unique(unlist(strsplit(genes, "; "))) 
                        return(genesSplit) 
                      }) 
(sig_TFs<-anotatedTfs$Braf_DE) 
 
write.csv(motifEnrichmentTable_wGenes, file="./results/Braf_VE_enriched_motifs.csv") 
write.table(sig_TFs, file="./results/Braf_VE_sig_TFs.txt", sep = "/", row.names = FALSE, col.names = FALSE) 
# NB still need to modify TF file a little manually  
 
 
################################################################################## 
# Step 2: identifying regulatory relatioonships between the enriched TFs & DE genes 
################################################################################## 
 
 
# loading the expressing data 
load("./GENIE3/se_BrafVE.rda") 
exprMatr <- assay(se) 
 
# annotating the row names ENSEMBLID -> symbol 
ah <- AnnotationHub() 
MsDb <- query(ah, pattern = c("Mus Musculus", "EnsDb", 92)) 
MsDb <- MsDb[[1]] 
rownames(exprMatr) <- mapIds(MsDb, keys=row.names(exprMatr),  
                             column="SYMBOL", keytype="GENEID", multiVals="first")    
head(exprMatr) 
 
# Loading the list of enbriched TFs identified by Ricstarget 
(TFs <- read.table("./results/Braf_VE_sig_TFs.txt", stringsAsFactors=FALSE)[,1]) 
 
# subsetting the expression matrix to those sig DE genes and TFs 
sig_genes<-read.csv("./DE_genelists/sig_Braf_VE.csv") 
head(sig_genes) 
DE_genes <- which(rownames(exprMatr) %in% sig_genes$symbol) 
enriched_TFs <- which(rownames(exprMatr) %in% TFs) 
goi <- c(DE_genes, enriched_TFs) 
exprMatr<-exprMatr[goi,] 
dim(exprMatr) 
 
# Fitting the regression model to find regulatory links between the genes 
weightMat <- GENIE3(exprMatr, regulators=TFs) 
linkList <- getLinkList(weightMat) 
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head(linkList) # These are the regulatoru relationships identified between the TFs & each DEgenes 
write.csv(linkList, file = "./results/Braf_VE_linklist.csv") 
 
 
################################################################################## 
# Step 3: Plotting the regulatory relationships  
################################################################################## 
 
# setting up the color palette 
mypalette <- c("#F8F8F8", colorRampPalette(c("grey", "white","red"))(n=100)) 
 
# Plotting the regulatory network relationships 
linkList <- getLinkList(weightMat, threshold = 0.1) 
df<-linkList 
x<-acast(df, targetGene~regulatoryGene, value.var="weight") 
x[is.na(x)] <- 0 
head(x) 
 
write.csv(x, file="GENIE3/Braf_VE_TF_weightings_matrix.csv") 
 
# First plotting for the Full DGE list 
png(filename="./results/graphs/BrafVE_TF_reg_all.png", width=8, height=12, units = 'in', res = 300) 
heatmap.2(x, mar=c(6,12), key.title="", 
          col=mypalette, scale="row", Rowv = TRUE, labRow = FALSE, 
          key=TRUE, keysize=0.5, trace= "none", cexCol=0.9) 
graphics.off() 
 
# Now plotting with a curated gene list 
picked <-read.csv("./GENIE3/goi_BrafVE.csv") 
picked$symbol.x 
dim(x) 
a<-which(rownames(x) %in% picked$symbol.x) 
x<- x[a,] 
dim(x) 
head(x) 
png(filename="./results/graphs/BrafVE_TF_reg_curated.png", width=8, height=12, units = 'in', res = 300) 
heatmap.2(x, mar=c(6,12), key.title="", 
          col=mypalette, scale="row", Rowv = TRUE, 
          key=TRUE, keysize=0.5, trace= "none", cexCol=0.9,  
          cexRow = 0.5) 
graphics.off() 
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Table 10.1: Trimmoatic fastq pre-processing statistics for Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP samples from Chapter 3. 

 Total		 Both		 Fwd		 Rev		 dropped	 	 Both		%	 Fwd	%	 Rev	%	 Dropped	%	 	
BcatGOF_1	 34471171 22351933 11575499 127506 416233  64.84 33.58 0.37 1.21  
BcatGOF_2	 10061019 1309995 7208337 561930 980757  13.02 71.65 5.59 9.75 * 
BcatGOF_3	 25141108 13956525 10355230 170051 659302  55.51 41.19 0.68 2.62  
BcatGOF_4	 33214593 24989955 7703270 107226 414142  75.24 23.19 0.32 1.25  
BcatGOF_5	 35702704 22790008 12287491 143185 482020  63.83 34.42 0.40 1.35  
BcatGOF_6	 35789007 26594318 8624798 119967 449924  74.31 24.10 0.34 1.26  
Sox2_tmt1	 34988206 23677995 10779779 130579 399853  67.67 30.81 0.37 1.14  
Sox2_tmt2	 31888414 20894965 10467850 111292 414307  65.53 32.83 0.35 1.30  
Sox2_tmt3	 28330598 16611503 11259723 117512 341860  58.63 39.74 0.41 1.21  
Sox2_tmt4	 40283420 27462098 12375477 108001 337844  68.17 30.72 0.27 0.84  
Sox2_tmt5	 39040908 27297460 11298424 105714 339310  69.92 28.94 0.27 0.87  
Sox2_tmt6	 30654542 19543009 10735752 85534 290247  63.75 35.02 0.28 0.95  
*	Sample	excluded	from	further	analysis	due	to	low	overall	number	of	aligned	reads	
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Table 10.2: Hisat2 alignment statistics for Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;Ctnnb1lox(ex3)/+;Lef-1:GFP samples from Chapter 3 showing 

improvement of alignment after Trimmomatic sample processing. 

 Raw Paired Forward Reverse Processed  

 Total  Aligned   % Total  Aligned   % Total  Aligned   % Total Aligned   % Aligned    % Increase  
BrafGOF_1 34471171 27628644 80.15 22351933 21636671 96.8 11575499 11171514 96.51 127506 85085 66.73 32893270 95.42 15.27  
BrafGOF_2 10061019 2379431 23.65 1309995 1012888 77.32 7208337 2644018 36.68 561930 30513 5.43 3687419 36.65 13.00 * 
BrafGOF_3 25141108 18244902 72.57 13956525 13321503 95.45 10355230 9290712 89.72 170051 87644 51.54 22699860 90.29 17.72  
BrafGOF_4 33214593 28092903 84.58 24989955 23992856 96.01 7703270 7301159 94.78 107226 82757 77.18 31376772 94.47 9.89  
BrafGOF_5 35702704 28040904 78.54 22790008 21867013 95.95 12287491 11540412 93.92 143185 104611 73.06 33512035 93.86 15.32  
BrafGOF_6 35789007 30227395 84.46 26594318 25589053 96.22 8624798 8201320 95.09 119967 87768 73.16 33878141 94.66 10.20  
Sox2_Tmt_1 34988206 28221487 80.66 23677995 22745082 96.06 10779779 10179345 94.43 130579 95388 73.05 33019815 94.37 13.71  
Sox2_Tmt_2 31888414 25185469 78.98 20894965 19889917 95.19 10467850 9872229 94.31 111292 80041 71.92 29842188 93.58 14.60  
Sox2_Tmt_3 28330598 21647410 76.41 16611503 15985249 96.23 11259723 10685477 94.9 117512 78357 66.68 26749083 94.42 18.01  
Sox2_Tmt_4 40283420 32822931 81.48 27462098 26415792 96.19 12375477 11925010 96.36 108001 90472 83.77 38431274 95.40 13.92  
Sox2_Tmt_5 39040908 31888614 81.68 27297460 26011750 95.29 11298424 10851006 96.04 105714 86051 81.4 36948807 94.64 12.96  

Sox2_Tmt_6 30654542 24235481 79.06 19543009 18792557 96.16 10735752 10210774 95.11 85534 66597 77.86 29069928 94.83 15.77  
*	Sample	excluded	from	further	analysis	due	to	low	overall	number	of	aligned	reads	
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Table 10.3: Trimmoatic fastq pre-processing statistics for Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP samples (both 

tdTmt+,GFP+ and tdTmt+,GFP- PSCs) from Chapter 4. 

  Total		 Both		 Fwd		 Rev		 dropped	 		 Both		%	 Fwd	%	 Rev	%	 Dropped	%	
Sox2T+1 29657770 20810857 5893635 28289 294  70.17 28.32 0.48 1.04 
Sox2T+2 16897084 6616898 2914082 290534 19843  39.16 44.04 9.97 6.83 
Sox2T+3 29001141 16017330 6435763 90101 2874  55.23 40.18 1.40 3.19 
Sox2T+4 29746945 18859563 6585759 26343 337  63.40 34.92 0.40 1.28 
Sox2T+5 29921387 19137719 6462808 58165 797  63.96 33.77 0.90 1.37 
Sox2T+6 33799346 21628202 7085399 97779 1828  63.99 32.76 1.38 1.87 
T+G+ve1 41461636 19462092 7642764 444045 35435  46.94 39.27 5.81 7.98 
T+G+ve3 14332313 4569141 2937501 45238 1036  31.88 64.29 1.54 2.29 
T+G+ve4 43845036 19068206 8451029 640588 29531  43.49 44.32 7.58 4.61 
T+G+ve5 44815049 11495060 6056747 803730 67513  25.65 52.69 13.27 8.40 
T+G+ve6 31570506 11324341 5153707 459711 44592  35.87 45.51 8.92 9.70 
T+G+ve7 42667107 25250394 8744211 306047 8233  59.18 34.63 3.50 2.69 
T+G-ve2 29192448 15638394 6579073 144740 3126  53.57 42.07 2.20 2.16 
T+G-ve3 29557093 18257416 6682214 28734 345  61.77 36.60 0.43 1.20 
T+G-ve4 28894983 18995562 6207750 26693 304  65.74 32.68 0.43 1.14 
T+G-ve5 35211525 22218472 7903111 29242 281  63.10 35.57 0.37 0.96 
T+G-ve6 30151838 19652968 6512994 28006 350  65.18 33.14 0.43 1.25 
T+G-ve7 28620135 18614536 6099983 43920 646   65.04 32.77 0.72 1.47 
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Table 10.4: Hisat2 alignment statistics for Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;Ctnnb1lox(ex3)/+;RosatdTmt/+;Lef-1:GFP samples (both tdTmt+,GFP+ 

and tdTmt+,GFP- PSCs) from Chapter 4  

 Raw	 Paired	 Forward	 Reverse	 Merged	 	
ids	 Total	 Aligned	 %	 Total	 Aligned	 %	 Total	 Aligned	 %	 Total	 Aligned	 %	 Aligned	 %	 Increase	 	

Sox2T+1	 29657770 23960512 80.79% 20810857 19838990 95.33% 8399080 7549094 89.88% 187048 86697 46.35% 27474780 92.64% 11.85%  

Sox2T+2	 16897084 4290170 25.39% 6616898 3246912 49.07% 7441476 2033755 27.33% 18084 1080 5.97% 5281747 31.26% 5.87% * 
Sox2T+3	 29001141 18711536 64.52% 16017330 13901441 86.79% 11652658 8441186 72.44% 116030 18298 15.77% 22360925 77.10% 12.58%  

Sox2T+4	 29746945 22232867 74.74% 18859563 17539394 93.00% 10387633 8809752 84.81% 159948 81174 50.75% 26430319 88.85% 14.11%  

Sox2T+5	 29921387 22749231 76.03% 19137719 17947353 93.78% 10104452 8863626 87.72% 167876 45998 27.40% 26856977 89.76% 13.73%  

Sox2T+6	 33799346 24636343 72.89% 21628202 19685989 91.02% 11072666 8301178 74.97% 162147 22863 14.10% 28010029 82.87% 9.98%  

T+G+ve1	 41461636 14494988 34.96% 19462092 10659388 54.77% 16281984 5583092 34.29% 66736 3317 4.97% 16245797 39.18% 4.22%  

T+G+ve3	 14332313 1881833 13.13% 4569141 1145484 25.07% 9214244 1463222 15.88% 7256 1080 14.88% 2609785 18.21% 5.08% * 
T+G+ve4	 43845036 18752522 42.77% 19068206 13210453 69.28% 19432120 7889441 40.60% 77417 2926 3.78% 21102820 48.13% 5.36%  

T+G+ve5	 44815049 8541748 19.06% 11495060 4599174 40.01% 23613049 4831230 20.46% 23519 388 1.65% 9430791 21.04% 1.98% * 
T+G+ve6	 31570506 10405639 32.96% 11324341 7015429 61.95% 14367737 4560320 31.74% 35943 1804 5.02% 11577553 36.67% 3.71%  

T+G+ve7	 42667107 28659496 67.17% 25250394 22255697 88.14% 14775619 10472959 70.88% 178975 11472 6.41% 32740128 76.73% 9.56%  

T+G-ve2	 29192448 19077265 65.35% 15638394 13678904 87.47% 12281263 9257616 75.38% 117882 13391 11.36% 22949911 78.62% 13.27%  

T+G-ve3	 29557093 20551047 69.53% 18257416 15628348 85.60% 10817896 8926928 82.52% 150660 70554 46.83% 24625830 83.32% 13.79%  

T+G-ve4	 28894983 20188925 69.87% 18995562 16110136 84.81% 9442880 7289904 77.20% 146646 64920 44.27% 23464960 81.21% 11.34%  

T+G-ve5	 35211525 27588230 78.35% 22218472 21074221 94.85% 12524739 11921047 95.18% 211475 128450 60.74% 33123718 94.07% 15.72%  

T+G-ve6	 30151838 21395744 70.96% 19652968 16934963 86.17% 9992319 7875946 78.82% 154905 71334 46.05% 24882242 82.52% 11.56%  

T+G-ve7	 28620135 21631098 75.58% 18614536 17225891 92.54% 9378818 7875394 83.97% 156306 47892 30.64% 25149177 87.87% 12.29%  
*	Samples	excluded	from	further	analysis	due	to	low	overall	number	of	aligned	reads	
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Table 10.5: Trimmoatic fastq pre-processing statistics for Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ samples from Chapter 6. 

 Total		 Both		 Fwd		 Rev		 dropped	 	 Both		%	 Fwd	%	 Rev	%	 dropped	%	
BrafVE_1	 29323787 21019593 7995730 94038 214426  71.68 27.27 0.32 0.73 
BrafVE_2	 36192263 25396390 10419651 106662 269560  70.17 28.79 0.29 0.74 
BrafVE_3	 32611390 24117509 8201492 95172 197217  73.95 25.15 0.29 0.60 
BrafVE_4	 26604731 19546030 6796499 80718 181484  73.47 25.55 0.30 0.68 
Sox2_tmt1	 34988206 23677995 10779779 130579 399853  67.67 30.81 0.37 1.14 
Sox2_tmt2	 31888414 20894965 10467850 111292 414307  65.53 32.83 0.35 1.30 
Sox2_tmt3	 28330598 16611503 11259723 117512 341860  58.63 39.74 0.41 1.21 
Sox2_tmt4	 40283420 27462098 12375477 108001 337844  68.17 30.72 0.27 0.84 
Sox2_tmt5	 39040908 27297460 11298424 105714 339310  69.92 28.94 0.27 0.87 
Sox2_tmt6	 30654542 19543009 10735752 85534 290247  63.75 35.02 0.28 0.95 

 

	

	

 

 

 

 

 

265	



	 	 	

	
	

 

 

 

Table 10.6: Hisat2 alignment statistics for Sox2CreERT2/+;RosatdTmt/+ and Sox2CreERT2/+;BrafV600E/+;RosatdTmt/+ samples from Chapter 6 showing improvement 

of alignment after Trimmomatic sample processing. 

 Raw	 Paired	 Forward	 Reverse	 Merged	
ids	 Total	 Aligned	 %	 Total	 Aligned	 %	 Total	 Aligned	 %	 Total	 Aligned	 %	 Aligned	 %	 Increase	

Sox2_Tmt_1	 34988206 28221487 80.66 23677995 22745082 96.06 10779779 10179345 94.43 130579 95388 73.05 33019815 94.37 13.71 

Sox2_Tmt_2	 31888414 25185469 78.98 20894965 19889917 95.19 10467850 9872229 94.31 111292 80041 71.92 29842188 93.58 14.60 

Sox2_Tmt_3	 28330598 21647410 76.41 16611503 15985249 96.23 11259723 10685477 94.9 117512 78357 66.68 26749083 94.42 18.01 

Sox2_Tmt_4	 40283420 32822931 81.48 27462098 26415792 96.19 12375477 11925010 96.36 108001 90472 83.77 38431274 95.40 13.92 

Sox2_Tmt_5	 39040908 31888614 81.68 27297460 26011750 95.29 11298424 10851006 96.04 105714 86051 81.4 36948807 94.64 12.96 

Sox2_Tmt_6	 30654542 24235481 79.06 19543009 18792557 96.16 10735752 10210774 95.11 85534 66597 77.86 29069928 94.83 15.77 

BrafVE_1	 29323787 24218516 82.59 21019593 20031672 95.3 7995730 7659110 95.79 94038 73857 78.54 27764639 94.68 12.09 

BrafVE_2	 36192263 29626986 81.86 25396390 24248473 95.48 10419651 9934095 95.34 106662 84583 79.3 34267151 94.68 12.82 

BrafVE_3	 32611390 27175071 83.33 24117509 22904398 94.97 8201492 7802899 95.14 95172 78155 82.12 30785453 94.40 11.07 

BrafVE_4	 26604731 22156420 83.28 19546030 18615639 95.24 6796499 6479102 95.33 80718 65188 80.76 25159929 94.57 11.29 
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