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Summary	

Prostate	cancer	is	a	leading	cause	of	cancer	related	death	in	men.	As	prostate	cancer	

cells	are	dependent	on	androgen	receptor	(AR)	signalling	for	continued	growth,	anti-

androgen	therapy	is	initially	effective	in	treating	most	patients	with	locally	advanced	or	

metastatic	PCa.	However,	resistance	to	anti-androgen	therapies	inevitably	develops	in	all	

patients	leading	to	castration	resistant	prostate	cancer	(CRPC),	which	is	currently	

incurable.	In	most	cases	of	drug	resistance,	AR	signalling	is	maintained	despite	castration	

levels	of	androgens.	The	molecular	underpinnings	for	how	this	occurs	and	how	it	can	be	

overcome	have	yet	to	be	fully	elucidated.	

	

Non-coding	RNAs,	initially	thought	to	be	redundant	parts	of	the	genome,	are	now	known	

to	be	involved	in	the	regulation	of	key	cellular	processes	in	human	tumourigenesis	and	in	

the	development	of	drug	resistance.	Long	non-coding	RNAs	(lncRNAs)	are	non-coding	

RNAs	>	200	nucleotides	in	length	and	over	100,000	have	been	identified	in	the	human	

genome.	Whether	all	these	lncRNAs	play	a	functional	role	in	cellular	biology	and	what	

that	role	may	be,	is	still	largely	unknown.		

	

The	objective	of	this	study	was	to	evaluate	the	molecular	mechanisms	underlying	

resistance	to	the	anti-androgen	enzalutamide	in	PCa.	An	isogenic	cell	line	model	with	

clones	of	varying	resistance	to	enzalutamide	was	used.	Microarray	analysis	was	

performed	and	differentially	expressed	lncRNAs	and	mRNAs	identified.	Six	lncRNAs	were	

validated	by	qPCR	as	being	significantly	overexpressed	in	enzalutamide	resistant	PCa	cells	

-	SPRY4-IT1,	DPP10-AS1,	FLJ26850,	SARCC,	RP11-222K16.2	and	RP11-1C8.7.	These	

lncRNAs	were	not	previously	known	to	be	associated	with	PCa.	One	of	these	lncRNAs,	

SARCC,	was	previously	reported	to	bind	to	the	AR	in	renal	cell	carcinoma.	Using	a	cloning	

strategy,	SARCC	was	stably	overexpressed	in	enzalutamide	sensitive	cells	resulting	in	

increased	resistance	to	enzalutamide,	thus	suggesting	a	functional	role	for	SARCC	in	

enzalutamide	resistance.	

	

Five	mRNAs	were	also	validated	by	qPCR	as	being	significantly	overexpressed	in	

enzalutamide	resistant	PCa	cells	-	CTAG1B,	PEG10,	SPINK1,	PITX2	and	PCDH7.	The	

reported	functions	of	the	proteins	encoded	by	these	5	mRNAs	offer	possible	mechanisms	

for	how	resistance	to	enzalutamide	could	develop,	such	as	modulating	AR	signalling	and	
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affecting	neuroendocrine	differentiation.	This	is	the	first	time	that	an	association	with	

enzalutamide	resistance	has	been	reported	for	these	mRNAs.		

	

In	conclusion,	this	study	contributed	significantly	to	the	understanding	of	the	

development	of	resistance	in	PCa	by	identifying	a	number	of	previously	unknown	

lncRNAs	and	mRNAs	associated	with	enzalutamide	resistance.	This	information	could	

provide	the	basis	for	further	investigative	work	into	potential	treatment	targets.	It	could	

also	form	the	basis	for	a	biomarker	test	predicting	the	development	of	resistance	to	

enzalutamide	or	helping	to	stratify	patients	based	on	their	likelihood	to	respond	to	

therapy.		
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1.1	Introduction	

The	human	prostate	is	a	secondary	sex	organ,	the	function	of	which	is	to	produce	fluids	

that	form	part	of	semen	and	to	help	propel	this	fluid	into	the	urethra	during	ejaculation.	

Unlike	other	male	secondary	sex	tissues,	such	as	the	seminal	vesicles,	the	prostate	gland	

is	highly	susceptible	to	oncogenic	transformation	making	this	small	gland	of	outsized	

importance	in	male	morbidity	and	mortality.	The	androgen	receptor	(AR)	signalling	

pathway	is	central	to	the	development	and	progression	of	prostate	cancer	(PCa).	

Treatments	directed	at	blocking	this	pathway	are	usually	effective	at	treating	PCa	initially	

but,	unfortunately,	resistance	to	these	therapies	develops	in	nearly	all	patients.	This	

resistant	form	of	PCa,	termed	castration	resistant	prostate	cancer	(CRPC),	is	currently	

incurable.	Understanding	the	mechanisms	through	which	treatment	resistance	develops	

is	a	key	challenge	in	PCa	research.	With	the	use	of	molecular	pathology	techniques,	our	

understanding	of	how	resistance	develops	has	improved	over	recent	years,	but	this	has	

yet	to	lead	to	a	significant	reduction	in	PCa	mortality	which	remains	one	of	the	main	

causes	of	cancer	related	death	in	men.		

	

1.2	The	Prostate	Gland	

Anatomy	and	Physiology	

The	prostate	gland	is	located	just	below	the	bladder	and	surrounds	part	of	the	urethra	

(Figure	1.1).	It	contains	three	glandular	zones:	the	central,	transition	and	peripheral	

zones,	and	a	fourth	non-glandular	zone	called	the	anterior	fibromuscular	stroma	(Figure	

1.2).	The	peripheral	zone	accounts	for	70%	of	the	prostate	volume	and	is	the	most	

common	site	for	malignancy	[1].	The	transition	zone	surrounds	the	urethra	as	it	enters	

the	prostate	gland	and	accounts	for	10%	of	the	prostate	volume.	It	is	also	the	site	of	

benign	prostatic	hyperplasia	(BPH)	[1].	The	central	zone	surrounds	the	ejaculatory	ducts	

and	accounts	for	20%	of	the	prostate	volume	[1].		
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(Source:	National	Cancer	Institute,	What	you	need	to	know	about	Prostate	Cancer)	

Figure	1.1:	Prostate	gland	in	relation	to	other	organs.	
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Figure	1.2:	Zonal	anatomy	of	the	prostate	gland.	

(Source:	The	zonal	anatomy	of	the	prostate,	McNeal	JE,	Prostate,	1981;2(1):35-49)	

	

The	prostate	gland	contains	a	system	of	branching	ducts	surrounded	by	a	fibromuscular	

stroma.	The	glandular	epithelium	is	made	up	of	an	outer	layer	of	luminal	cells	and	an	

inner	layer	of	non-secretory	basal	cells	(Figure	1.3).	The	luminal	cells	produce	prostate-

specific	antigen	(PSA)	and	prostatic	acid	phosphatase	(PAP),	which	alter	semen	to	

improve	sperm	motility.	Luminal	cells	express	cytokeratins	8	and	18	whereas	basal	cells	

express	cytokeratins	5	and	14,	and	p63	[2,	3].	Each	cell	population	can	be	identified	by	

immunohistochemical	(IHC)	testing	for	these	cytokeratins,	which	is	useful	as	malignant	

glands	do	not	contain	basal	cells	whereas	benign	glands	do.	Within	the	basal	layer	are	

occasional	intermediate	cells	that	co-express	luminal	and	basal	markers	[3].	It	remains	

unclear	whether	intermediate	cells	represent	a	functionally	distinct	cell	type.	Rare	

neuroendocrine	cells	are	also	present	and	express	secreted	neuropeptides	and	other	

hormones	[4].	A	layer	of	smooth	muscle	lines	the	epithelium	and	contracts	to	aid	

expulsion	of	prostatic	fluid	during	ejaculation	[5].	The	stroma	also	contains	a	large	

population	of	mature	fibroblasts,	blood	vessels,	lymphatics,	nerves	and	immune	cells.		
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Figure	1.3:	Diagram	of	different	cells	in	the	prostate	gland.	

	(Source:	Toivanen	R	et.	al,	Prostate	organogenesis:	tissue	induction,	hormonal	

regulation	and	cell	type	specification.	Development	2017	144:1382-1398)	

	

Embryology	

The	prostate	gland	arises	from	the	endoderm,	in	contrast	to	other	tissues	of	the	male	

reproductive	system,	which	arise	from	the	mesoderm	[5].	This	may	explain	the	

comparatively	high	rate	of	tumorigenesis	in	the	prostate	gland	as	it	is	essentially	an	

extension	of	the	hindgut	and	shares	an	embryological	origin	with	other	important	sites	of	

tumorigenesis	such	as	the	colon,	rectum,	pancreas	and	liver.		

	

Epithelial	budding	from	the	urogenital	sinus	forms	the	primitive	prostate	at	about	10	

weeks	gestation	[6].	This	is	prompted	by	androgens	produced	by	Leydig	cells.	Prostate	

organogenesis	then	continues	under	the	influence	of	circulating	androgens	which	cause	

tissue	outgrowth	and	branching	to	form	a	system	of	ducts	composed	of	solid	epithelial	

cords	[5].	The	solid	epithelial	cords	undergo	canalization	to	form	the	ductal	lumina	and	

then	differentiate	into	the	various	epithelial	cell	types.		
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1.3	Prostate	Cancer	

Epidemiology	

Prostate	cancer	is	the	second	most	commonly	diagnosed	non-skin	cancer	in	men	with	an	

estimated	1.3	million	new	cases	worldwide	in	2018	[7].	There	were	an	estimated	359,000	

deaths	associated	with	PCa	in	2018	worldwide,	making	it	the	fifth	leading	cause	of	cancer	

death	in	men	[7].	In	Ireland,	prostate	cancer	is	the	most	frequently	diagnosed	non-skin	

cancer,	with	an	estimated	3,500	new	cases	per	year	[8].	There	are	an	estimated	520	

deaths	per	year	making	it	the	3rd	most	common	cause	of	cancer	death	in	men	after	lung	

and	colorectal	cancer	[8].	

	

For	such	a	common	cancer,	there	is	little	known	about	the	aetiology	of	PCa.	Incidence	

rates	are	highest	among	Sub-Saharan	African	men	and	men	of	African	descent	in	the	

United	States	and	the	Caribbean,	reflecting	ethnic	and	genetic	predisposition	[9].	There	is	

also	strong	evidence	that	family	history	influences	the	risk	of	PCa,	as	men	with	a	father	

or	brother	diagnosed	with	PCa	are	at	a	two	to	threefold	higher	risk	compared	to	men	

with	no	family	history	[10].	Germline	mutations	in	certain	genes	such	as	Homeobox	B13	

(HOXB13),	BRCA2	and	Lynch	syndrome	are	associated	with	an	increased	risk	of	PCa	[11].	

More	than	20	genome	wide	association	studies	(GWAS)	have	been	published	identifying	

77	single	nucleotide	polymorphisms	(SNPs)	associated	with	an	increased	risk	of	PCa	[12].		

Most	of	these	SNPs	are	located	in	chromosome	8q24,	in	a	non-coding	region	in	the	

vicinity	of	the	C-MYC	gene	[13].	

	

There	is	some	evidence	that	dietary	carcinogens,	oestrogens,	taller	height	and	smoking	

are	positively	associated	with	PCa	[14-20],	whereas	increased	physical	activity	and	diets	

rich	in	tomatoes	and	fish	are	negatively	associated	with	PCa	development	and	recurrence	

[21-23].	Obesity	is	associated	with	an	increased	risk	of	PCa	mortality	and	recurrence	[24].		

An	overview	of	prostate	carcinogenesis	is	summarised	in	Figure	1.4.	
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Figure	1.4:	Overview	of	prostate	carcinogenesis.	

(Source:	Shen	et.	al,	Molecular	genetics	of	prostate	cancer:	new	prospects	for	old	

challenges;	Genes	Dev.	2010	Sep	15;24(18):1967-2000)	

	

Androgen	signalling	

Androgen	signalling	plays	a	central	role	in	PCa	development,	progression	and	recurrence	

after	treatment	[25].	The	AR	is	an	intracellular,	ligand-activated	transcription	factor	that	

mediates	the	biological	actions	of	androgens	[26].	It	is	a	member	of	the	steroid	receptor	

subfamily	of	nuclear	receptors	sharing	structural	and	functional	features	with	the	

glucocorticoid,	mineralocorticoid,	progesterone	and	oestrogen	receptors	[25].	

Testosterone	is	the	main	circulating	androgen,	secreted	primarily	by	the	testes	after	

stimulation	by	luteinising	hormone	(LH)	(Figure	1.5).	It	circulates	in	the	blood	where	it	is	

bound	to	albumin	and	sex-hormone-binding	globulin.	When	free	testosterone	enters	

prostate	epithelial	cells,	90%	is	converted	into	dihydrotestosterone	(DHT)	by	5alpha-

reductase	(Figure	1.6).	DHT	is	the	more	active	hormone,	having	a	5-fold	higher	affinity	for	

the	AR	than	testosterone.	In	the	absence	of	androgen	binding,	the	AR	is	bound	to	heat	

shock	protein	complexes,	thus	preventing	it	from	binding	with	DNA	[25].	Upon	binding	

with	DHT,	the	AR	dissociates	from	the	heat	shock	proteins	and	translocates	from	the	

cytoplasm	into	the	nucleus.	The	AR	then	binds	to	androgen	response	elements	(AREs)	in	

the	DNA	leading	to	the	transcription	of	target	genes	such	as	Kallikrein	related	peptidase	2	

(KLK2),	KLK3	and	NK3	Homeobox	1	(NKX3.1)	[27].	This	leads	to	biological	responses	such	

as	the	promotion	of	differentiation	of	luminal	cells	and	the	production	of	PSA.	In	PCa,	the	
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functions	of	the	AR	are	less	clear	but	involve	the	expression	of	genes	associated	with	cell	

cycle	regulation,	survival	and	growth	[25].			

	

	
Figure	1.5:	Androgen	production	in	the	human	male.	

	(Source:	Drudge-Coates,	GnRH	blockers:	a	changing	paradigm	in	the	management	of	

prostate	cancer.	Urological	Nursing:	2009;	85-92)	

	



Chapter	1	–	Introduction	
	

	 9	

	
Figure	1.6:	Androgen	signalling	in	a	prostate	epithelial	cell.	

Testosterone	is	converted	to	DHT,	which	binds	to	the	AR.	This	causes	uncoupling	from	

heat	shock	proteins	and	translocation	of	the	AR	into	the	nucleus	where	it	binds	to	DNA	

causing	transcription	of	target	genes.			

AR:	Androgen	Receptor,	DHT:	Dihydrotestosterone,	HSP:	Heat	shock	protein,	PSA:	

Prostate	specific	antigen	

	

1.4	Molecular	Pathology	of	Prostate	Cancer	

Recent	advances	in	molecular	techniques	have	increased	our	understanding	of	the	

molecular	underpinnings	of	PCa	development.	While	much	of	this	research	confirmed	

the	central	role	of	androgen	signalling	in	PCa,	other	discoveries	have	shown	that	PCa	is	a	

molecularly	complex	and	heterogeneous	disease	involving	numerous	other	genetic	

pathways.		

	

Gene	fusions	

Over	15	years	ago,	gene	fusions	were	thought	to	mainly	occur	in	sarcomas	and	

haematopoietic	malignancies	and	were	rare	in	carcinomas.	However,	a	landmark	paper	
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in	2005	demonstrated	that	recurrent	gene	fusions	involving	the	E26	transformation-

specific	(ETS)	family	of	transcription	factors	occur	in	over	50%	of	patients	with	PCa	[28].	

These	fusions	usually	result	in	an	androgen-specific	promoter	juxtaposed	with	an	

oncogene.	By	far	the	most	common	recurrent	fusion,	is	the	fusion	of	the	5’	promoter	

element	of	the	Transmembrane	Serine	Protease	2	(TMPRSS2)	gene	with	the	3’	element	

of	the	ETS-related	Gene	(ERG)	[29].	Other	5’	partners	have	been	described	

(Homocysteine	Inducible	ER	Protein	with	Ubiquitin-like	domain	1	[HERPUD1],	Solute	

Carrier	Family	45	Member	3	[SLC45A3]	and		N-Myc	Downstream	Regulated	1	[NDRG1])	as	

well	as	other	ETS	family	3’	partners	(ETS	Variant	1,	4	and	5	[ETV1,	ETV4,	ETV5]	and	ETS	

transcription	factor	[ELK4])	[29].	TMPRSS2-ERG	fusions	are	present	in	the	precursor	

lesion	high-grade	prostatic	intraepithelial	neoplasia	(PIN)	but	do	not	occur	in	adjacent	

benign	epithelial	cells	or	stromal	cells	suggesting	an	early	role	in	carcinogenesis	[29].	The	

underlying	cause	for	this	recurrent	non-random	fusion	is	unclear	but	is	thought	to	be	

related	to	androgen	signalling	and	the	actions	of	enzymes	inducing	DNA	double-strand	

breaks.	It	has	been	shown	in	vitro	that	androgen	signalling	induces	proximity	of	the	

TMPRSS2	and	ERG	loci,	and	also	enhances	recruitment	of	enzymes	that	cause	specific	

DNA	double	stranded	breaks	at	these	loci	[30-32].	Although	rare,	non-ETS	related	gene	

fusions	can	occur	in	PCa.	RAF	kinase	fusions	have	been	identified	in	about	1%	of	PCa	and	

are	sensitive	to	sorafenib,	a	RAF	inhibitor	[33].		

	

Other	common	mutations	

A	number	of	other	mutations	are	common	in	PCa,	some	of	which	are	almost	exclusive	to	

ETS-related	gene	fusions	(Table	1.1).		

	

The	Phosphoinositide	3-kinase	Protein	kinase	B	(PI3K-AKT)	pathway	plays	an	important	

role	in	PCa	and	alterations	in	this	pathway	have	been	identified	in	up	to	40%	of	primary	

tumours	and	50%	of	CRPCs	[34-36].	The	phosphatase	and	tensin	homolog	(PTEN)	gene	

has	a	critical	role	in	regulating	the	PI3K-AKT	pathway	such	that	loss	leads	to	downstream	

activation.	PTEN	inactivation	is	present	in	up	to	40%	of	CRPC	[37]	and	correlates	with	

poor	prognosis	and	higher	Gleason	score	[38-41]	.		
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Speckle	type	POZ	protein	(SPOP)	gene	mutations	occur	in	approximately	10%	of	PCa	and	

drive	prostate	neoplasia	through	deregulation	of	the	PI3K/AKT	and	AR	pathways	[34].	

SPOP	mutations	rarely	occur	in	ETS	fusion	PCa	[34].	

	

Serine	protease	inhibitor	Kazal-type	1	(SPINK1)	encodes	a	serine	protease	inhibitor	and	is	

overexpressed	in	around	10%	of	PCa	[42].	SPINK1	overexpression	may	be	a	predictor	of	

biochemical	recurrence	after	resection	although	there	is	conflicting	evidence	regarding	

this	[43].	SPINK1	tends	to	occur	in	ETS-fusion	negative	PCa,	although	it	can	occur	in	ETS-

fusion	positive	PCa	[43].	

	

Chromodomain	helicase	DNA	binding	protein	1	(CHD1)	mutations	and	deletions	occur	in	

about	5-15%	of	PCa	and	rarely	occur	in	ETS-fusion	positive	PCa	[44,	45].	CHD1	plays	a	role	

in	homologous	recombination	such	that	loss	of	CHD1	leads	to	genetic	instability.	

Tumours	with	CHD1	loss	are	sensitive	to	DNA-damaging	therapies	such	as	carboplatin	

and	olaparib	[46].		

	

The	TP53	gene	is	the	most	commonly	mutated	gene	in	human	tumours	and	encodes	a	

transcription	factor	that	activates	gene	programmes	required	for	cell-cycle	arrest,	DNA	

repair	and	apoptosis	[47].	It	is	mutated	in	40%	of	CRPCs,	both	ETS	fusion	positive	and	

negative	[48],	and	is	of	prognostic	significance	independent	of	grade,	stage	and	margin	

status	[49-51].		

	

NKX3.1	is	expressed	at	high	levels	in	normal	prostate	and	is	androgen	sensitive.	NKX3.1	

loss	is	associated	with	PCa	suggesting	it	has	a	tumor-suppressor	role	[52].		
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Table	1.1:	Common	mutations	in	PCa.	

Gene	 Can	occur	in	ETS-

fusion	PCa	

Role	in	PCa	

PTEN	 Yes	 Loss	in	40%	of	CRPC	and	associated	with	poor	prognosis	[39]	

SPOP	 Rarely	 Mutated	in	10%	of	PCa.	Deregulates	the	PI3K/AKT	and	AR	

pathways	[34]	

SPINK1	 Rarely	 Overexpressed	in	10%	of	PCa	[42]	

CHD1	 Rarely	 Mutated	in	5-15%	of	PCa.	Plays	a	role	in	homologous	

recombination	[46]	

TP53	 Yes	 Mutated	in	40%	of	CRPC	[11]	

NKX3.1	 Yes	 Tumor	suppressor	role	[52]	

	

1.5	Treatment	of	Prostate	Cancer	

PCa	is	a	clinically	heterogeneous	disease.	On	one	end	of	the	spectrum	are	patients	with	

low	grade	microscopic	disease,	usually	identified	after	a	PSA	screening	test,	who	are	

highly	unlikely	to	suffer	any	consequences	from	their	cancer	[53].	On	the	other	end	of	

the	spectrum	are	patients	with	aggressive	cancer	that	will	spread	beyond	the	prostate	if	

not	removed	in	time	[53].	These	patients	often	develop	metastatic	disease	and	are	hard	

to	treat	due	to	the	development	of	resistance	to	current	therapies.	Therefore,	the	goal	

for	one	set	of	patients	is	to	avoid	unnecessary	investigation	and	surgery,	while	the	goal	in	

the	other	set	of	patients	is	to	remove	the	prostate	before	cancer	cells	spread	beyond	it.	

While	Gleason	grading	and	tumour	volume	help	to	stratify	patients	into	low	and	high	risk	

groups,	there	is	currently	no	reliable	way	to	separate	those	with	low	risk	disease	from	

high	risk	disease.			

	

Surgery	and	radiotherapy	

PCa	that	is	confined	to	the	prostate	gland	is	usually	managed	with	surgical	excision	of	the	

prostate	and,	depending	on	biopsy	and	radiological	findings,	may	also	include	removal	of	

regional	lymph	nodes	and	radiotherapy	[54].	Radiotherapy	can	also	be	used	to	treat	

patients	with	PCa	that	has	spread	into	the	tissues	adjacent	to	the	prostate	but	has	not	

spread	to	distant	sites	(locally	advanced	PCa)	[54].		
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Androgen	deprivation	therapy	(ADT)	

The	first	major	breakthrough	in	the	treatment	of	PCa	came	from	Nobel	prize-winning	

work	in	the	1940s	showing	that	PCa	could	be	treated	by	removing	the	testes,	proving	

that	PCa	cells	are	dependent	on	androgen	production	for	growth	and	survival	[55].	

Blocking	androgen	synthesis	continues	to	be	the	mainstay	of	treatment	in	patients	with	

advanced	PCa,	although	this	is	now	achieved	through	chemical	rather	than	surgical	

means	[56].	Luteinising	hormone-releasing	hormone	(LHRH)	agonists	and	LHRH	

antagonists	suppress	luteinising	hormone	(LH)	production	through	different	feedback	

mechanisms	resulting	in	suppression	of	testosterone	production	by	the	testes.	This	leads	

to	decreased	androgen	stimulation	of	the	prostate,	lower	levels	of	PSA	and	improvement	

in	symptoms	[57].	ADT	may	be	given	post-operatively	to	patients	with	high	Gleason	

grade,	locally	advanced	PCa	or	positive	surgical	margins	[54].	ADT	also	forms	the	basis	for	

the	treatment	of	patients	with	metastatic	or	recurrent	PCa	[56].	Some	patients	with	

metastatic	disease	at	presentation	may	also	be	offered	docetaxel	chemotherapy	[58].	

Although	initially	effective,	resistance	inevitably	develops	to	ADT	in	nearly	all	patients.	

	

Abiraterone	and	Enzalutamide	

Abiraterone	and	enzalutamide	are	newer	“second	generation”	anti-androgens	developed	

to	overcome	the	resistance	to	LHRH	agonists	and	antagonists.	Abiraterone	inhibits	the	

Cytochrome	P450	family	17	(CYP17)	gene,	which	results	in	the	blockage	of	the	synthesis	

of	androgens	in	the	tumour	as	well	as	in	the	testis	and	adrenal	glands	[59].	Enzalutamide	

binds	to	the	ligand-binding	domain	of	the	AR	competing	with,	and	displacing	

testosterone	and	DHT.	This	inhibits	the	translocation	of	AR	into	the	nucleus	and	prevents	

transcriptional	activation	of	androgen-responsive	target	genes	[60].	Studies	have	shown	

improved	survival	for	men	with	PCa	treated	with	these	drugs	[59,	60].	However,	like	first	

generation	anti-androgens,	resistance	to	abiraterone	and	enzalutamide	develops	in	

nearly	all	men.		Approximately	30-40%	of	men	will	be	intrinsically	resistant	to	these	

therapies	whereas	the	remainder	acquire	resistance	over	the	course	of	their	treatment	

(secondary	resistance).	
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Resistance	to	ADT	and	second	generation	anti-androgens	

Understanding	the	mechanisms	underpinning	the	development	of	resistance	to	anti-

androgen	therapies	is	a	key	area	in	PCa	research.	It	was	previously	thought	that	

resistance	occurred	due	to	PCa	cell	growth	becoming	non-responsive	to	AR	signalling.	

However,	recent	research	has	shown	that	CRPC	remains	strongly	dependent	on	AR	

signalling	in	most	cases	[11].	There	are	a	number	of	proposed	mechanisms	for	how	the	

AR	continues	to	signal	despite	castration	levels	of	androgens:	

		

1.	Androgens	are	produced	from	other	sources	apart	from	the	testes	negating	the	effects	

of	LHRH	agonists	and	antagonists.	The	adrenal	gland	produces	androgens,	which	can	be	

converted	into	DHT	resulting	in	AR	signalling.	Also,	PCa	cells	themselves	have	been	

shown	to	produce	androgens	[61,	62].		

	

2.	The	AR	becomes	more	sensitive	to	low	levels	of	androgens.	AR	gene	amplification	in	

the	setting	of	ADT	results	in	increased	expression	of	the	AR	protein	and	increased	

activation	by	lower	levels	of	androgens.	AR	gene	amplification	is	present	in	

approximately	20-30%	of	CRPC	but	is	not	observed	in	hormone	dependent	disease	[63,	

64].		

	

3.	AR	mutations	may	enhance	the	number	of	mediators	that	can	bind	to	the	AR.	Other	

steroids,	such	as	oestrogen,	may	therefore	be	able	to	bind	to	the	mutated	AR	allowing	

continued	AR	signalling.	Some	AR	mutations	alter	the	effect	of	enzalutamide	causing	a	

switch	from	an	antagonist	to	an	agonist	effect	[65].	AR	mutations	are	present	in	up	to	

50%	of	CRPC	but	absent	in	localised	disease	[66].		

	

4.	AR	splice	variants	are	alternatively	spliced	variants	of	AR	mRNA	resulting	in	the	

encoding	of	alternative	forms	of	the	AR	protein.	AR	splice	variant-7	(AR-V7)	is	an	AR	

splice	variant	that	encodes	a	protein	lacking	the	ligand-binding	domain	but	retaining	the	

transcriptionally	active	domain	[67].	Therefore,	AR-V7	protein	may	be	constitutively	

active	in	a	ligand-independent	manner,	driving	CRPC	growth	despite	enzalutamide	or	

abiraterone	treatment	[68].	The	detection	of	AR-V7	in	circulating	tumour	cells	(CTCs)	is	

associated	with	resistance	to	enzalutamide	and	abiraterone	in	CRPC	[67].	Also,	patients	
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with	detectable	AR-V7	mRNA	or	protein	do	not	benefit	from	enzalutamide	or	abiraterone	

treatment	[69,	70].		

	

5.	True	AR	independence	may	occur	in	a	subset	of	patients	with	CRPC.	AR-independent	

PCa	is	usually	very	aggressive	and	is	associated	with	neuroendocrine	features.	There	is	

still	debate	about	whether	AR-independent	PCa	is	the	result	of	transdifferentiation	of	

AR-positive	PCa	cells	or	due	to	proliferation	of	an	AR-negative	PCa	clone	[71].	

	

Epigenetic	alterations	are	also	thought	to	play	a	role	in	the	development	of	resistance	in	

PCa	[72].	Mechanisms	through	which	this	occurs	include	chromatin	remodelling,	DNA	

methylation	and	regulation	of	the	RNA	splicing	machinery	[72].	Non-coding	RNAs	impart	

some	of	their	functions	through	regulation	of	chromatin	and	cell	trafficking	[73]	and	have	

increasingly	been	associated	with	drug	resistance	in	many	other	types	of	cancer	[74-76].	

	

1.6	Long	non-coding	RNAs	

Approximately	70-90%	of	the	human	genome	is	transcribed	into	RNA	but	only	roughly	

2%	of	the	genome	encodes	for	protein	[77].	This	means	that	the	vast	majority	of	human	

RNA	transcripts	are	non-coding.	Initially	thought	to	be	mostly	“junk”	RNA,	recent	

discoveries	have	demonstrated	roles	for	non-coding	RNAs	in	almost	all	aspects	of	cell	

biology	[78].	Non-coding	RNAs	are	broadly	divided	into	two	categories:	small	non-coding	

RNAs,	<200	nucleotides	long,	and	long	non-coding	RNAs	(lncRNAs),	>	200	nucleotides	

long	[79].	The	most	studied	class	of	non-coding	RNAs	are	microRNAs	(miRNAs),	a	subclass	

of	small	non-coding	RNAs	of	18	to	25	bases	in	length,	which	play	a	key	role	regulating	

post-translational	gene	expression	[80].		

	

LncRNAs	are	a	much	less	studied	class	of	non-coding	RNA.	Over	100,000	lncRNAs	have	

been	identified	in	the	human	genome	to	date	[81],	but	the	number	of	functional	

lncRNAs,	and	what	those	functions	are,	remains	largely	unknown.	LncRNAs	are	roughly	

divided	into	five	categories:	sense	lncRNAs	that	overlap	exons	of	another	transcript	on	

the	same	strand,	antisense	lncRNAs	that	overlap	exons	on	the	opposite	strand,	intergenic	

lncRNAs	that	lie	between	two	genes,	bidirectional	lncRNAs	that	are	transcribed	
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simultaneously	to	coding	transcripts	on	the	opposite	strand	and	intronic	lncRNAs	that	are	

located	within	the	introns	of	a	coding	transcript	[78,	79].		

	

Upon	transcription,	lncRNAs	can	fold	into	three	dimensional	structures	allowing	

interaction	with	proteins,	RNA	and	lipids	[82].	LncRNAs	exhibit	both	nuclear	and	

cytoplasmic	localisation	and	are	involved	in	the	regulation	of	key	cellular	processes	

including	transcription,	translation,	cell	cycle	regulation,	cellular	differentiation	and	

nuclear-cytoplasmic	trafficking	(Figure	1.7)	[73,	83].	The	mechanisms	through	which	this	

regulation	is	achieved	are	incompletely	understood	but	include	transcriptional	

interference,	recruitment	of	chromatin	remodelling	complexes	to	specific	gene	loci	and	

by	acting	as	competing	endogenous	RNAs	[78].	Competing	endogenous	RNAs	bind	with	

miRNAs	and	liberate	miRNA	targets	from	negative	regulation.	Given	that	miRNAs	play	a	

key	role	in	regulating	human	mRNAs,	the	activity	of	competing	endogenous	RNAs	may	

indirectly	regulate	a	significant	proportion	of	human	protein-coding	genes	[80].		

Aberrant	expression	of	lncRNAs	also	appears	to	play	a	considerable	role	in	human	

tumorigenesis	[84,	85].	LncRNAs	have	been	shown	to	regulate	key	functions	in	cancer	

cells	including	sustained	proliferative	signalling,	replicative	immortality,	invasion	and	

metastasis,	evasion	of	growth	suppressors,	induction	of	angiogenesis	and	resistance	to	

apoptosis	[86].		
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Figure	1.7:	Overview	of	lncRNA	functions.	

	(Source:	Malik	et.	al,	Long	noncoding	RNAs	in	prostate	cancer:	overview	and	clinical	

implications.	Asian	Journal	of	Andrology;	2016)	

	

1.7	Long	non-coding	RNAs	in	Prostate	Cancer	

Although	the	field	of	lncRNA	research	is	in	its	early	stages,	many	lncRNAs	have	been	

identified	that	appear	to	play	a	role	in	prostate	carcinogenesis.	A	literature	review	

revealed	86	lncRNAs	associated	with	PCa	or	the	AR	(Table	1.2).	This	section	will	highlight	

a	selection	of	lncRNAs	that	might	contribute	to	drug	resistance	in	PCa	(extensively	

reviewed	in	Aird	et.	al	[87]).		

	

A	number	of	lncRNAs	have	been	associated	with	the	upregulation	of	the	AR,	including	

HOX	Transcript	Antisense	RNA	(HOTAIR),	C-terminal	binding	protein	1	antisense	(CTBP1-

AS),	Prostate	cancer	gene	expression	marker	1	(PCGEM1)	and	PlncRNA1	(Figure	1.8).	

HOTAIR	is	repressed	by	androgens	and	is	therefore	upregulated	after	ADT	[88].	HOTAIR	

binds	to	the	N-terminal	domain	of	the	AR,	preventing	the	ubiquitination	and	degradation	

of	the	AR,	thus	resulting	in	increased	AR	expression	[88].	HOTAIR	overexpression	can	also	

induce	an	AR-binding	profile	similar	to	that	induced	by	androgens,	resulting	in	AR	
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signalling	in	the	absence	of	androgens	[88].	CTBP1-AS	indirectly	regulates	the	AR	by	

interacting	with	the	protein	coding	gene	C-terminal	binding	protein	1	(CTBP1)	[89].	

CTBP1	negatively	regulates	the	AR	by	inhibiting	AR-mediated	demethylation	[89].	CTBP1-

AS	upregulation	(which	can	occur	after	ADT)	results	in	downregulation	of	CTBP1	leading	

to	upregulation	of	the	AR	[89].	PlncRNA1	protects	the	AR	from	miRNA-mediated	

suppression	by	acting	as	a	sponge	for	certain	AR	targeting	miRNAs	such	as	miR-34c	and	

miR-297	[90].	The	lncRNA	Growth	arrest	specific	5	(GAS-5)	negatively	regulates	the	AR	by	

binding	to	the	DNA-binding	domain	of	the	AR,	thus	preventing	it	from	binding	to	target	

genes	[91].	Overexpression	of	GAS-5	is	associated	with	decreased	PCa	cell	progression	in	

vitro	and	reduced	tumour	growth	in	vivo	through	inactivation	of	the	PI3K-AKT	pathway	

[92].		

	

The	AR	itself	also	regulates	the	expression	of	lncRNAs.	AR	activation	upregulates	lncRNAs	

Prostate	cancer	associated	transcript	18	(PCAT18)	and	Suppressor	of	cytokine	signalling	2	

antisense	(SOCS2-AS1)	resulting	in	enhanced	PCa	cell	proliferation,	migration	and	

invasion	[93,	94].	AR	signalling	downregulates	the	expression	of	lncRNAs	such	as	

Downregulated	RNA	in	androgen	independent	cells	(DRAIC),	Prostate	cancer	associated	

transcript	14	(PCAT14)	and	Prostate	cancer	associated	transcript	29	(PCAT29),	lncRNAs	

that	are	associated	with	favourable	outcomes	in	PCa	[93,	95,	96].		
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Figure	1.8:	lncRNAs	associated	with	the	androgen	receptor.	

	(Source:	Aird	et.	al,	Carcinogenesis	in	prostate	cancer:	the	role	of	long	non-coding	

RNA.	Noncoding	RNA	Res.	2018	Mar;	3(1):	29–38.)	
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Table	1.2:	lncRNAs	associated	with	Prostate	Cancer.	

lncRNA	 Association	with	PCa	
	 	
AFAP1-AS1	 Promotes	PCa	cell	proliferation	[97]	
ANRIL	 Promotes	PCa	cell	proliferation	[98]	
ARLNC1	 Associated	with	AR	signalling	[99]	
ARNILA	 Downregulated	by	the	AR	[100]	
BCAR4	 Upregulated	in	CRPC	[101]	
BDNF-AS	 Downregulated	in	PCa	[102]	
BRE-AS1	 Downregulated	in	PCa	[103]	
CCAT2	 Upregulated	in	PCa	[104]	
CHRF	 Promotes	EMT	and	cell	proliferation	[105]	
CTBP1-AS	 Upregulates	the	AR	[89]	
DANCR	 Upregulated	in	PCa	[106]	
DRAIC	 Prevents	the	migration	of	PCa	cells	[95]	
FALEC	 Upregulated	in	PCa	[107]	
FENDRR	 Downregulated	in	PCa	[108]	
FEZF1-AS1	 Activates	Notch	signalling	pathway	[109]	
FOXC2-AS1	 Upregulated	in	PCa	[110]	
FOXP4-AS1	 Upregulated	in	PCa	[111]	
GAS5	 Downregulated	in	PCa	[112]	
GASL1	 Inhibits	growth	in	PCa	[113]	
GHET1	 Promotes	PCa	cell	proliferation	[114]	
HCG11	 Downregulated	in	PCa	[115]	
HOTAIR	 Promotes	AR	signalling	[88]	
HOTTIP	 Promotes	PCa	cell	proliferation	[116]	
HULC	 Promotes	EMT	in	PCa	[117]	
IGF2AS	 Tumor	suppressor	role	[118]	
LEF1-AS1	 Promotes	AR	expression	[119]	
LINC00304	 AR	regulated,	promotes	proliferation	[120]	
LINC00518	 Promotes	paclitaxel	resistance	[121]	
LINC00662	 Promotes	PCa	growth	[122]	
LINC00683	 Downregulated	in	PCa	[123]	
LINC00844	 Promotes	PCa	through	AR	signalling	[124]	
LINC01296	 Promotes	PCa	cell	proliferation	[125]	
LINC01638	 Promotes	PCa	cell	proliferation	[126]	
LINP1	 Promotes	PCa,	regulates	p53	[127]	
LincRNA-p21	 Suppresses	PCa	development	[128]	
LncRNA-ATB	 Promotes	EMT	[129]	
LncRNA-LBCS	 AR	regulator,	inhibits	CRPC	[130]	
LOC283070	 Promotes	PCa	cell	proliferation	[131]	
LOC400891	 Promotes	PCa	progression	[132]	
LOC440040	 Promotes	PCa	progression	[133]	
LOXL1-AS1	 Promotes	PCa	cell	proliferation	[134]	
LUCAT1	 Promotes	PCa	cell	migration	[135]	
MALAT-1	 Suppresses	PCa	progression	[136]	
MEG3	 Inhibits	PCa	cell	proliferation	[137]	
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	 Table	1.2	continued	
lncRNA	 Association	with	PCa	
	 	
MIR222HG	 Promotes	development	of	CRPC	[138]	
MYU	 Promotes	PCa	cell	proliferation	[139]	
NAP1L6	 Promotes	PCa	progression	[140]	
NEAT1	 Promotes	PCa	progression	[141]	
PANDAR	 Promotes	PCa	progression	[142]	
PART1	 Modulates	Toll-like	receptors	[143]		
PCA3	 Promotes	PCa	cell	invasion	and	metastasis	[144]	
PCAT1	 Promotes	PCa	cell	proliferation	[145]	
PCAT5	 ERG	regulated	and	upregulated	in	CRPC	[146]	
PCAT14	 Low	expression	associated	with	poor	outcomes	[147]	
PCAT18	 AR	regulated	and	upregulated	in	PCa	[93]	
PCAT19	 Promotes	PCa	growth	and	metastasis	[148]	
PCAT29	 Tumor	suppressor,	repressed	by	the	AR	[149]	
PCAT92	 Upregulated	in	PCa	[150]	
PCGEM1	 AR	regulated	and	upregulated	in	PCa	[151]	
PCSEAT	 Upregulated	in	PCa,	associated	with	EZH2	[152]	
PlncRNA-1	 Causes	upregulation	of	the	AR	[90]	
POTEF-AS1	 AR	regulated	and	promotes	PCa	cell	growth	[153]	
PRNCR1	 Upregulated	in	PCa	[154]	
PSLNR	 Inhibits	PCa	progression	through	p53	pathway	[155]	
PVT1	 Upregulated	in	PCa,	regulates	tumour	growth	[156]	
RNCR3	 Promotes	PCa	progression	[157]	
SAP30L-AS1	 Promotes	PCa	growth	by	repressing	SAP30L	[158]	
SARCC	 Modulates	the	AR	in	renal	cell	carcinoma	[159]	
SChLAP1	 Upregulation	associated	with	poor	outcomes	[160]	
SLNCR	 Binds	to	the	AR	in	melanoma	[161]	
SNHG1	 Promotes	PCa	cell	proliferation	[162]	
SNHG6	 Upregulation	predicts	poor	prognosis	[163]	
SNHG7	 Promotes	PCa	cell	proliferation	[164]	
SNHG12	 Promotes	PCa	cell	proliferation	[165]	
SNHG15	 Promotes	PCa	cell	proliferation	and	EMT	[166]	
SOCS2-AS1	 AR	regulated	and	overexpressed	in	CRPC	[94]	
SPRY4-IT1	 Enhances	PCa	cell	invasion	and	proliferation	[167]	
TINCR	 Tumour	suppressor	role,	modulates	TRIP13	[168]	
TMPO-AS1	 Overexpression	correlates	with	poor	prognosis	[169]	
TRPM2-AS	 Overexpression	correlates	with	poor	prognosis	[170]	
TTTY15	 Upregulated	in	PCa	tissue	[171]	
TUC338	 Overexpressed	in	PCa	[172]	
TUG1	 Promotes	PCa	cell	invasion	[173]	
UCA1	 Upregulation	associated	with	poor	prognosis	[174]	
XIST	 Tumour	suppressor,	modulates	RKIP	expression	[175]	
ZEB1-AS1	 Promotes	PCa	cell	proliferation	and	migration	[176]	
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1.8	Aims	and	Objectives	

The	overall	aim	of	this	project	is	to	utilise	a	human	prostate	cancer	isogenic	cell	model	of	

enzalutamide	resistance	to	identify	molecular	events	occurring	in	the	development	of	

resistance	to	enzalutamide.	By	using	this	model,	we	hope	to	identify	novel	lncRNAs	and	

mRNAs	associated	with	enzalutamide	resistance.	Enzalutamide	resistance	is	a	major	

problem	in	the	treatment	of	PCa,	eventually	occurring	in	all	patients.		The	mechanisms	

underlying	enzalutamide	resistance	are	only	partially	understood	and	there	is	currently	

no	way	to	prevent	it.	Identifying	novel	lncRNAs	and	mRNAs	will	add	to	the	body	of	

knowledge	on	enzalutamide	resistance	and	may	form	the	basis	of	treatment	strategies	to	

circumvent	enzalutamide	resistance.	This	would	have	profound	implications	on	the	

treatment	of	patients	with	PCa.		

	

Another	clinically	relevant	outcome	from	this	project	may	be	the	development	of	a	

biomarker	for	enzalutamide	resistance.	At	present,	it	is	difficult	to	tell	when	a	patient	has	

become	resistant	to	enzalutamide	and	impossible	to	identify	patients	who	do	not	benefit	

from	enzalutamide	treatment	whatsoever	(primary	resistance).	The	development	of	a	

blood	or	urine	test	for	enzalutamide	resistance	would	be	very	beneficial	as	it	would	allow	

clinicians	to	switch	to	a	more	useful	drug	and	reduce	the	futile	use	of	an	expensive	

medication.		

	

	

The	specific	aims	of	this	project	are:	

	

• To	compare	the	expression	of	lncRNAs	and	mRNAs	in	enzalutamide	sensitive	and	

enzalutamide	resistant	cells	using	microarray	technology	

	

• To	validate	highly	ranked	mRNA	and	lncRNA	microarray	patterns	at	the	transcript	

level	

	

• To	determine	the	effect	of	modifying	the	expression	of	selected	lncRNAs	on	

enzalutamide	sensitivity	
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2.1	Preparation	and	handling	of	materials	

Reagents	and	chemicals	used	in	the	laboratory	were	of	analytical	grade	and	stored	in	

accordance	with	manufacturers’	instructions.	All	chemicals	and	waste	resulting	from	any	

experiments	was	disposed	of	according	to	local	guidelines.	

	

2.2	Cell	lines	

The	main	cell	lines	used	in	this	project	were	LNCaP	clones	displaying	varied	resistance	to	

enzalutamide	(obtained	from	Novartis,	Dublin,	Ireland).	RNA	from	a	panel	of	seven	

human	prostate	cell	lines	(RWPE-1,	PWR-1E,	BPH-1,	VCaP,	DU	145,	22Rv1	and	PC3;	

obtained	from	the	American	Tissue	Culture	Collection	[ATCC-LGC	Standards,	Middlesex,	

UK])	and	three	non-prostate	cell	lines	(MCF7,	H1975	and	HuH7)	were	also	used,	

described	below.	H1975	was	a	kind	gift	from	Dr.	John	D.	Minna	(UT	South	Western,	USA),	

MCF7	was	a	kind	gift	from	Dr.	Paul	Spiers	(Trinity	College,	Dublin,	Ireland)	and	HuH7	was	

obtained	from	the	Japanese	Collection	of	Research	Bioresources	Cell	Bank.			

	

LNCaP	cell	line	

LNCaP	cells	are	PCa	cells	derived	from	the	left	supraclavicular	lymph	metastasis	of	a	50	

year	old	Caucasian	man	in	1977.	They	are	sensitive	to	androgens,	grow	readily	in	vitro	

(doubling	time	of	approximately	60	h)	and	tumour	development	correlates	with	serum	

androgen	levels	in	mice	[177].		

	

LNCaP	clones	displaying	varied	resistance	to	enzalutamide		

We	obtained	an	isogenic	cell	line	model	of	LNCaP	cells	with	varied	resistance	to	

enzalutamide,	previously	described	by	Korpal	et.	al	[65].	Long-term	culture	(90	days)	of	

LNCaP	cells	with	1	µmol/L	of	enzalutamide	led	to	the	emergence	of	resistant	clones.	

These	clones	were	isolated	and	expanded.	Testing	revealed	clones	that	were	strongly	

resistant	to	enzalutamide	and	clones	that	were	weakly	resistant	to	enzalutamide.	There	

was	no	significant	change	in	AR	expression	levels	or	AR	nuclear	localisation	between	the	

resistant	clones	and	the	controls.	The	resistant	clones	could	also	maintain	AR	pathway	

activity.	The	main	difference	between	the	groups	identified	by	Korpal	et.	al	was	the	

presence	of	a	specific	mutation	in	the	AR	(F876L	mutation)	in	all	strongly	resistant	clones	

but	not	in	the	weakly	resistant	clones	or	in	the	controls.	In	addition,	they	showed	that	
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this	AR	mutation	confers	agonist	activity	to	enzalutamide.	This	finding	was	corroborated	

by	Joseph	et.	al	and	Balbas	et.	al	[178,	179].	The	F876L	mutation	(now	called	the	F877L	

mutation)	leads	to	an	amino	acid	substitution	in	the	ligand	binding	domain	of	the	AR.		

We	obtained	three	cell	lines	-	Control	(enzalutamide	sensitive),	Clone	9	(weakly	resistant	

to	enzalutamide)	and	Clone	1	(strongly	resistant	to	enzalutamide).	Cells	were	cultured	in	

complete	RPMI-1640	Medium	(Sigma	Aldrich,	Missouri,	USA)	supplemented	with	10%	

(v/v)	foetal	bovine	serum	(FBS),	penicillin-streptomycin	(10,000	units	penicillin	and	10	

mg/mL	streptomycin)	and	L-glutamine	(200	mM).	Supplements	were	obtained	from	

Sigma	Aldrich.		

	

RWPE-1	

RWPE-1	is	a	human	prostate	epithelial	cell	line	derived	from	the	peripheral	zone	of	a	

histologically	normal	adult	human	prostate.	The	cells	were	transfected	with	a	single	copy	

of	the	human	papilloma	virus	18	(HPV-18)	to	establish	the	cell	line	[180].		

	

PWR-1E	

PWR-1E	is	a	human	prostate	epithelial	cell	line	derived	from	a	normal	prostate	with	mild	

hyperplasia.	The	cells	were	immortalised	with	an	adenovirus	12-SV40	hybrid	virus	(Ad12-

SV40)	[181].		

	

BPH-1	

BPH-1	is	an	epithelial	cell	line	developed	from	benign	human	prostate	tissue	obtained	by	

transurethral	resection.		

	

VCaP		

This	line	was	established	in	1997	from	a	vertebral	bone	metastasis	from	a	patient	with	

hormone	refractory	PCa.	It	was	passaged	as	xenografts	in	mice	then	cultured	in	vitro.	It	is	

androgen	sensitive	in	vitro	and	in	vivo.		

	

DU	145	

DU	145	is	human	prostate	carcinoma	epithelial	cell	line	that	is	not	hormone	sensitive	and	

is	only	weakly	positive	for	acid	phosphatase.	The	cells	do	not	express	PSA.		
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22Rv1		

22Rv1	is	a	human	prostate	carcinoma	epithelial	cell	line	derived	from	a	xenograft	that	

was	serially	propagated	in	mice	after	castration-induced	regression	and	relapse	of	the	

parental,	androgen-dependent	CWR22	xenograft.		

	

PC-3		

The	PC-3	cell	line	was	initiated	from	a	bone	metastasis	of	a	grade	IV	prostatic	

adenocarcinoma	from	a	62-year-old	male	Caucasian.	It	does	not	express	androgens.	

	

MCF7		

MCF7	is	a	human	breast	cancer	cell	line	(invasive	ductal	carcinoma)	isolated	in	1970	from	

a	69-year-old	Caucasian	woman.	The	cells	are	positive	for	oestrogen	receptor	(ER)	and	

progesterone	receptor	(PR)	but	do	not	have	HER2	overexpression.		

	

H1975	

H1975	is	a	human	lung	adenocarcinoma	cell	line	established	in	1988	from	a	non-smoking	

female.	H1975	cells	are	positive	for	the	T790M	epidermal	growth	factor	receptor	(EGFR)	

mutation,	which	confers	resistance	to	tyrosine	kinase	inhibitor	therapies.		

	

HuH7	

HuH7	is	a	well	differentiated	hepatocellular	carcinoma	cell	line,	originally	taken	from	

the	liver	of	a	57-year-old	Japanese	male	in	1982.	Androgen	signalling	is	important	in	

hepatocellular	carcinoma	and	HuH7	cells	express	the	AR	[182].	The	cells	also	have	a	point	

mutation	in	the	TP53	gene.		

	

2.3	Cell	culture		

Cell	culture	conditions	

Cell	culture	work	was	performed	aseptically	in	accordance	with	good	laboratory	practice	

in	a	laminar	air	flow	unit	(LAF).	The	LAF	was	allowed	to	run	for	at	least	20	min	prior	to	

use	and	sanitised	using	70%	industrial	methylated	spirits	(IMS)	in	dH2O.	Cell	culture	
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reagents	were	warmed	in	a	37°C	incubator	for	approximately	30	min	prior	to	use,	unless	

stated	otherwise.	All	cells	were	cultured	in	a	5%	CO2	humidified	atmosphere	(FormaTM	

Steri-CycleTM	CO2	Incubator,	Thermo	Fisher	Scientific,	Massachusetts,	USA).		

	

Propagation	of	cells	from	storage	

Complete	media	was	warmed	to	37°C.	Cells	were	removed	from	storage	and	thawed	

rapidly	in	a	37°C	water	bath	for	2	min.	Once	thawed,	the	cells	were	added	to	9	mL	

complete	media	in	a	15	mL	tube.	The	cells	were	then	centrifuged	at	300	χ	g	for	5	min.	

The	supernatant	was	decanted	and	the	cell	pellet	was	re-suspended	in	1	mL	warmed	

complete	media.	The	cells	were	added	to	a	tissue	culture	flask	with	the	required	volume	

of	media.	The	cells	were	incubated	in	a	humidified	atmosphere	at	37°C	with	5%	CO2.		

	

Cell	sub-culture	

Cells	were	visualised	daily	using	an	inverted	phase-contrasted	microscope	(Nikon	Corp.,	

Tokyo,	Japan).	Sub-culturing	was	performed	when	cell	cultures	reached	80-90%	

confluency.	Cell	culture	medium	was	decanted	and	the	cells	were	washed	with	5	mL	1X	

Dulbecco’s	Phosphate	Buffered	Saline	(PBS)	(Sigma-Aldrich)	to	remove	residual	FBS.	One	

mL	trypsin	ethylene-diamine	tetra-acetic	acid	(EDTA)	(Sigma-Aldrich)	was	added	to	the	

flasks.	Flasks	were	incubated	at	37°C	for	approximately	5	min	to	remove	adherent	cells	

from	the	surface.	Nine	mL	complete	medium	was	then	added	to	the	flasks	to	inactivate	

the	trypsin.	Cells	were	transferred	to	a	sterile	15	mL	tube	and	pelleted	by	centrifugation	

at	1300	χ	g	for	3	min	in	a	Thermo	IEC	Centra	GP8-R	centrifuge	(Thermo	Fisher	Scientific).	

The	supernatant	was	discarded	and	the	cell	pellet	re-suspended	in	10	mL	complete	

medium.	This	suspension	was	used	to	seed	fresh	flasks	at	a	number	of	different	

densities.		

	

Cell	counting	

Cells	were	seeded	at	specific	densities	depending	on	experimental	set	up.	A	bright	line	

haemocytometer	(Paul	Marienfeld	GmbH	&	Co.	KG,	Lauda-Königshofen,	Germany)	was	

used	in	conjunction	with	Trypan	Blue	(0.4%	v/v)	(Sigma-Aldrich)	for	cell	counting	and	

viability.	Cells	were	pelleted	as	above	and	re-suspended	in	a	specific	volume	of	media	

until	a	single	cell	suspension	was	obtained.	A	20	μL	aliquot	of	this	suspension	was	added	
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to	180	μL	Trypan	Blue	and	mixed.	A	coverslip	was	placed	on	the	haemocytometer.	The	

edge	of	the	cover	slip	was	touched	gently	by	a	pipette	tip	and	the	chamber	filled	by	

capillary	action.	The	number	of	cells/mL	was	calculated	using	the	following	equation:		

Average	no.	of	cells	counted	x	10,000	x	10	=	no.	of	cells/mL		

10,000	equals	the	μL	volume	under	the	cover	slip	and	10	equals	the	dilution	factor.		

	

Cryopreservation	

Cells	were	trypsinised	and	counted	as	described	previously,	and	re-suspended	in	

Cellbanker®	cryopreservation	media	(AMS	Biotechnology,	Abingdon,	UK)	at	a	

concentration	of	1-1.5	x	106	cells/mL.	Aliquots	were	stored	at	-80°C.		

	

Mycoplasma	testing	

At	70-80%	cell	confluence,	media	was	removed	from	T75	cm3	flasks	for	mycoplasma	

testing.	Prior	to	use,	the	cell	supernatant	was	centrifuged	at	300	χ	g	to	remove	cellular	

debris.	A	polymerase	chain	reaction	(PCR)	based	assay	adapted	from	Young	et	al.	[183],	

was	used	to	determine	the	presence/absence	of	mycoplasma.	The	primers	were	

designed	to	encompass	common	mycoplasma	species:		

FWD	5´	-	GGGAGCAAACAGGATTAGATACCCT-3´;		

REV	5´	-	TGCACCATCTGTCACTCTGT	TAACCTC-3´		

The	PCR	reaction	consisted	of	the	following:	12.5	μL	Green	2X	DreamTaq	PCR	Master	Mix	

(Thermo	Fisher	Scientific),	0.5	μL	FWD	primer	(10	μM)	(Merck	KGaA,	Darmstadt,	

Germany),	0.5	μL	REV	primer	(10	μM)	(Merck	KGaA)	and	10.5	μL	DNase	free	water	

(Thermo	Fisher	Scientific).	The	total	reaction	volume	was	25	μL,	which	included	1	μL	cell	

supernatant.	The	PCR	reaction	was	run	under	the	conditions	laid	out	in	Table	2.1.	The	

resulting	PCR	products	were	electrophoresed	on	a	2.5%	agarose	gel.	A	PCR	negative	

control	and	a	known	mycoplasma	positive	control	were	included.	A	band	at	270	bp	was	

indicative	of	a	positive	result.	All	cell	lines	were	examined	for	mycoplasma	infection	after	

propagation	from	storage	and	every	3	months	thereafter.		
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Table	2.1:	PCR	conditions	for	Mycoplasma	testing.	

Temperature	 Time	

95°C	 5	min	

94°C	

55°C	

72°C	

30	s	

																												30	s										40	cycles	

1	min	

72°C	 10	

	

2.4	RNA	isolation	and	quantification	

Homogenisation	

The	cell	culture	supernatant	was	decanted	and	adhered	cells	were	directly	lysed	by	

adding	1	mL	TRI	Reagent®	(Sigma-Aldrich)	to	the	flask	surface	and	cells	were	dislodged	

with	a	cell	scraper	(Thermo	Fisher	Scientific).	The	cell	lysate	was	mixed	several	times	

using	a	pipette	tip.		

	

Phase	separation	

One	hundred	μL	1-bromo-3-chloropropane	(Sigma-Aldrich)	was	added	to	the	cell	lysate,	

vortexed	vigorously	for	15	s	and	then	incubated	at	room	temperature	for	5	min.	The	

samples	were	centrifuged	at	12,000	χ	g	for	15	min	at	4°C	resulting	in	separation	into	an	

interphase	and	red	phenol	phase	(containing	DNA	and	protein),	and	an	upper	aqueous	

phase	containing	RNA.	

	

RNA	precipitation	

The	upper	aqueous	phase	was	carefully	transferred	into	a	fresh	tube	without	disturbing	

the	interphase.	To	precipitate	the	RNA	from	the	aqueous	phase,	500	μL	isopropanol	

(Merck	KGaA)	was	added	to	the	sample.	The	sample	was	mixed	and	incubated	for	5	min	

at	room	temperature.	The	sample	was	centrifuged	at	12,000	χ	g	for	15	min	at	4°C.		

	

RNA	wash	

The	precipitate	was	removed	and	the	RNA	pellet	was	washed	with	1	mL	70%	Ethanol	

(EtOH)	(Merck	KGaA).	The	sample	was	then	centrifuged	at	12,000	χ	g	for	10	min	at	4°C.		
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RNA	solubilisation	

The	EtOH	was	removed	and	a	repeat	pulse	centrifuge	step	was	performed.	Surplus	EtOH	

was	removed	and	the	pellet	was	allowed	to	air	dry	for	20	min.	The	sample	was	re-

suspended	in	molecular	grade	water	and	stored	at	–80°C.		

	

RNA	quantification	

RNA	was	quantified	using	a	NanoDrop	1000	spectrophotometer	(Thermo	Fisher	

Scientific).	The	instrument	was	first	initialised	and	blanked	with	1	μL	molecular	grade	

water	(Thermo	Fisher	Scientific).	One	μL	of	each	sample	was	loaded	individually	onto	the	

NanoDrop.	The	instrument	was	cleaned	between	each	sample.	The	NanoDrop	returned	

the	nucleic	acid	concentration	in	ng/μL	and	also	the	260:280	and	260:230	purity	ratios.	A	

260/280	ratio	of	~1.8	is	generally	accepted	as	“pure”	for	DNA;	a	ratio	of	~2.0	is	generally	

accepted	as	“pure”	for	RNA.		

	

RNA	integrity	testing	

RNA	integrity	was	confirmed	with	agarose	gel	electrophoresis.		

	

2.5	Gene	expression	analysis	

DNase	treatment	

DNase	I	(Sigma-Aldrich)	is	designed	to	remove	contaminating	DNA	from	RNA	

preparations,	and	to	subsequently	remove	the	DNase	and	divalent	cations	from	the	

sample.	One	μL	10X	reaction	buffer	and	1	μL	DNase	I,	amplification	grade,	1	unit/μL	was	

added	to	2500	ng	RNA	in	8	μL	molecular	grade	water.	Samples	were	mixed	gently	and	

incubated	at	room	temperature	for	15	min.	One	μL	Stop	Solution	was	added	to	bind	

calcium	and	magnesium	ions	and	to	inactivate	the	DNase	I.	The	sample	was	then	heated	

at	70°C	for	10	min.		

	

cDNA	synthesis	for	gene	expression	analysis	

cDNA	was	synthesised	on	ice	using	an	All-in-One	cDNA	Synthesis	SuperMix	kit	(Bimake,	

Houston,	TX,	USA).	After	DNase	treatment,	2.75	μL	5X	qRT	SuperMix	was	added	to	the	

RNA.	The	tube	contents	were	mixed	gently	and	incubated	at	25°C	for	10	min,	42°C	for	90	

min,	and	then	85°C	for	10	min.	The	tube	was	chilled	on	ice	until	the	contents	reached	
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room	temperature.	Samples	were	diluted	to	a	final	volume	of	40	μL	using	molecular	

grade	water	and	stored	at	-20°C	until	use.	

	

End-point	PCR	

End-point	PCR	reactions	consisted	of	the	following:	10	μL	Green	2X	DreamTaq	PCR	

Master	Mix	(Thermo	Fisher	Scientific),	1	μL	FWD	primer	(5	μM),	1	μL	REV	primer	(5	μM)	

and	7	μL	molecular	grade	water	(Thermo	Fisher	Scientific).	The	total	reaction	volume	was	

20	μL,	which	included	1	μL	cDNA.	The	negative	control	for	each	reaction	consisted	of	1	μL	

molecular	grade	water	substituted	for	cDNA.	The	PCR	reaction	was	run	under	the	

conditions	laid	out	in	Table	2.2	unless	otherwise	specified.	The	resulting	PCR	products	

were	electrophoresed	on	a	2%	agarose	gel.		

	

Table	2.2:	PCR	conditions	for	end-point	PCR	reactions	

Temperature	 Time	

95°C	 5	min	

95°C	

62°C	

72°C	

10	s	

																												45	s											35	cycles	

30	s	

72°C	 7	min	

	

Agarose	gel	electrophoresis	

PCR	products	were	visualised	on	2%	agarose	gels	using	the	LABREPCO	Horizon®	58	

Agarose	Gel	Electrophoresis	Apparatus	(Lab	Rep	Co,	Horsham,	PA,	USA).	Agarose	(Sigma-

Aldrich)	was	dissolved	in	Tris-Acetate-EDTA	(TAE)	buffer	(40	mM	Trizma	base,	20	mM	

acetic	acid,	1	mM	EDTA)	by	boiling	in	a	microwave	for	2-	3	min.	Four	μL	ethidium	

bromide	was	added	to	the	cooled	solution.	The	solution	was	poured	into	a	gel	tray	with	

well	forming	combs	and	allowed	to	set.	One	volume	of	6X	DNA	Loading	Dye	(Thermo	

Fisher	Scientific)	was	added	to	the	PCR	sample	and	loaded	on	to	the	gel	if	required.	A	

DNA	ladder	(Thermo	Fisher	Scientific)	was	also	added	to	the	gel.	Electrophoresis	of	the	

samples	was	carried	out	using	1X	TAE	as	running	buffer.	The	voltage	was	kept	constant	at	

80	V	and	gels	electrophoresed	for	approximately	30	min.	The	bands	were	visualised	and	
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photographed	under	UV	light	using	a	Fusion	Fx	System	(Vilber	Lourmat,	Collegien,	

France).		

	

Quantitative	reverse	transcription	PCR	(RT-qPCR)	

cDNA	was	generated	using	the	protocol	previously	described	(Section	2.5).	RT-qPCR	was	

carried	out	on	the	PCRmax	Eco	48	Real-Time	qPCR	System	(PCR	max,	Staffordshire,	UK).	

The	expression	of	target	gene	transcripts	was	determined	using	SYBR	Green	PCR	Master	

Mix	(Thermo	Fisher	Scientific).	Each	PCR	reaction	was	carried	out	in	a	final	volume	of	20	

μL	containing	10	μL	2X	SYBR	Green	Master	Mix,	1	μL	(5	μM)	FWD	and	REV	primers,	7	μL	

molecular	grade	water	and	1	μL	cDNA.	PCR	amplification	was	performed	according	to	the	

conditions	laid	out	in	Table	2.3.	Data	were	analysed	using	the	ΔΔCt	method	with	values	

normalised	to	18S	rRNA	levels.		

	

Table	2.3:	PCR	conditions	for	RT-qPCR	reactions.	

Temperature	 Time	

95°C	 5	min	

95°C	

62°C	

10	s												

																												45	s											35	cycles	

	

2.6	Primers	

Custom	designed	primers	were	used	for	validation	of	microarray	data	and	for	cloning	

experiments.	The	designs	were	based	on	sequences	provided	by	Arraystar	Inc.	or	in	

published	studies	(Table	2.4).	Primers	were	purchased	from	Sigma-Aldrich	and	Integrated	

DNA	Technologies,	Leuven,	Belgium.	On	receipt,	the	primers	were	pulsed	on	a	vortex	and	

re-suspended	in	molecular	grade	water	to	a	concentration	of	100	μM.	Primers	were	

further	diluted	to	5	μM	before	use.		
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Table	2.4:	Primer	designs.	

Primer	Name	 Sequence	(5’	to	3’)	

AR-FL	Forward	 CAGCCTATTGCGAGAGAGCTG	
AR-FL	Reverse	 GAAAGGATCTTGGGCACTTGC	
AR-V7	Forward	 CCATCTTGTCGTCTTCGGAAATGTTA	
AR-V7	Reverse	 TTTGAATGAGGCAAGTCAGCCTTTCT	
CTAG1B	Forward	 CCAGGGGTGCTTCTGAAGGA	
CTAG1B	Reverse	 GCACTGCGTGATCCACATCA	
DGCR5	Forward	 CCGATCAGCAGGTGAAAGCG	
DGCR5	Reverse	 GTGCGCTCACCATCGACGTAT	
DGUOK-AS1	Forward	 CCTTGCTAGAGGAGGAAGCCC	
DGUOK-AS1	Reverse	 TGCACATCCAATTATGCTTCCTG	
DPP10-AS1	Forward	 CCGAATCCAGCCCAGATTCT	
DPP10-AS1	Reverse	 AGTGCCTTCAGGTGGCTGT	
FLJ26850	Forward	 TGATGGGCACCTGGTACCTG	
FLJ26850	Reverse	 TCGGGTTGTGTGGGTTCAAAT	
PCDH7	Forward	 CCGTACAAGATCTACCACCAGC	
PCDH7	Reverse	 CAGTAATGTATGGATGTAGACGCAT	
PEG10	Forward	 GCTGGCTGAGCACACATGAT	
PEG10	Reverse	 CTACTGGATAATAGAGTGGCGGTTG	
PITX2	Forward	 CTTGCGAGCAAGGGAGTGTA	
PITX2	Reverse	 ACACAGGGTAGGTTGTACATAGCAG	
RP11-1C8.7	Forward	 AAGTGGCACCTGGGAAAACA	
RP11-1C8.7	Reverse	 GGGTCTGTCATCACTTCCATTTG	
RP11-222K16.2	Forward	 AGGCGAATGGGAAAGGAAAG	
RP11-222K16.2	Reverse	 AATCTCTGCGGGTGTCATGG	
SARCC	Forward	 AAAACCATGATGTTGCCGCT	
SARCC	Reverse	 AGCAGATTTCACAGGCTCCT	
SARCC	Cloning	Forward	 GCTCGGATCCATGATGATTGAAGTATGTTTATTGTAAG	
SARCC	Cloning	Reverse	 TAGACTCGAGCTACCATGTTTCATAGTTTTATTGAGTC	
SPINK1	Forward	 AACACTGGAGCTGACTCCCTG	
SPINK1	Reverse	 GGCCCAGATTTTTGAATGAGG	
SPRY4-IT1	Forward	 AGCCACATAAATTCAGCAGA	
SPRY4-IT1	Reverse	 CGATGTAGTAGGATTCCTTTCA	
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2.7	Microarray		

General	background:	

RNA	was	shipped	to	Arraystar	Incorporated,	Maryland,	USA	for	evaluation.	Arraystar	

microarrays	are	designed	for	global	gene	expression	profiling	of	both	lncRNAs	and	

mRNAs	on	the	same	array.	Arraystar	Human	LncRNA	Microarray	v4.0	detects	40,173	

lncRNAs.	The	lncRNAs	are	constructed	using	public	transcriptome	databases	(Refseq,	

UCSC	knowngenes,	GENCODE,	LncRNAdb,	RNAdb,	NRED,	lincRNA	catalogues	[184-186],	

ENCODE	CAGE	Clusters),	Arraystar	lncRNA	collection	pipelines	and	landmark	publications	

up	until	2015.	The	microarray	also	includes	an	entire	collection	of	20,730	protein	coding	

mRNAs.	Each	RNA	transcript	is	detected	by	a	splice	junction-specific	probe	or	a	unique	

exon	sequence,	such	that	the	individual	transcripts	are	reliably	and	accurately	detected.	

Positive	probes	for	housekeeping	genes	and	negative	probes	are	printed	on	the	array	for	

hybridisation	quality	control.		

	

RNA	preparation	

Control,	Clone	9	and	Clone	1	cell	lines	were	cultured	as	previously	described	(Section	

2.3).	One	µL	dimethyl	sulfoxide	(DMSO)	was	added	to	Control	1	cells	for	24	h	prior	to	

RNA	extraction.	DMSO	served	as	the	vehicle	control.	One	µM	enzalutamide	was	added	to	

both	Clone	1	and	Clone	9	for	24	h	prior	to	RNA	extraction.	Total	RNA	was	extracted	as	

previously	described	(Section	2.4),	dried	down	using	RNAStable	(Biomatrica,	California,	

USA)	and	sent	to	Arraystar.		

	

Labelling	and	Hybridisation	

Each	sample	was	amplified	and	transcribed	to	fluorescent	cRNA	along	the	entire	length	

of	the	transcripts	with	3’	bias	utilising	a	random	priming	method	(Arraystar	Flash	RNA	

Labelling	Kit,	Arraystar).	The	labelled	cRNAs	were	hybridized	onto	the	Human	LncRNA	

Array	v4.0	(8	x	60K,	Arraystar).	Hybridisation	was	performed	in	Agilent	SureHyb	

Hybridization	Chambers.		

	

Data	Collection	and	Normalisation	

After	washing	the	slides,	the	arrays	were	scanned	by	the	Agilent	Scanner	G2505C.	Agilent	

Feature	Extraction	software	(version	11.0.1.1.)	was	used	to	analyse	the	acquired	array	
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images.	Quantile	normalisation	and	subsequent	data	processing	were	performed	using	

GeneSpring	GX	v12.1	software	package	(Agilent	Technologies).		

To	identify	differentially	expressed	lncRNAs	and	mRNAs	with	statistical	significance,	

Volcano	Plot	filtering	was	performed	between	two	compared	groups	(either	Control	

versus	Clone	1	or	Control	versus	Clone	9).	The	threshold	was	a	fold	change	of	≥	2.0	and	a	

p-value	of	≤	0.05.	False	discovery	rates	were	adjusted	from	all	the	p-values	by	the	

Benjamini-Hochberg	method	for	multiple	testing	correction.	The	fold	change	between	

log2	transformed	normalised	intensities	was	calculated	as	𝐹𝐶 = 2|&'()*+&'(),|	where	

FC	is	the	fold	change.		

	

2.8	Cloning	Experiments	

A	summary	diagram	of	the	cloning	experiments	is	given	in	Appendix	I.	

	

Amplification	of	SARCC	gene	by	PCR	

Primers	for	the	SARCC	gene	were	manually	designed	and	ordered	from	Integrated	DNA	

Technologies	(Table	2.4).	Binding	sites	for	BamH	I	and	Xho	I	were	incorporated	upstream	

and	downstream	of	the	gene.	cDNA	from	Clone	1	cells	was	used	to	amplify	the	insert.	

PCR	conditions	are	set	out	in	Table	2.5.		

	

Table	2.5:	PCR	conditions	for	SARCC	amplification.	

Temperature	 Time	

95°C	 10	min	

95°C	

58°C	

72°C	

1	min	

																													1	min													35	cycles	

1	min	

72°C	 10	min	

	

Clean-up	of	PCR	products:	

PCR	products	were	purified	using	the	Wizard®	SV	Gel	and	PCR	Clean-Up	System	

(Promega)	according	to	the	manufacturer’s	instructions.	Briefly,	membrane	binding	

solution	was	added	to	the	PCR	products	in	equal	volumes.	This	was	added	to	a	mini-

column	assembly,	incubated	at	room	temperature	for	1	min	and	centrifuged	at	16,000	χ	
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g	for	1	min.		The	flow-through	was	discarded,	700	μL	Membrane	Wash	Solution	was	

added	to	the	column,	and	the	mini-column	centrifuged	at	16,000	χ	g	for	1	min.	The	flow-

through	was	discarded,	500	μL	Membrane	Wash	Solution	was	added	and	the	mini-

column	was	centrifuged	at	16,000	χ	g	for	5	min.	The	flow-through	was	discarded	and	the	

mini-column	centrifuged	at	16,000	χ	g	for	1	min	with	the	lid	open	to	allow	evaporation	of	

any	residual	EtOH.	The	mini-column	was	transferred	to	a	clean	1.5	mL	microcentrifuge	

tube	and	50	μL	nuclease-free	water	added.	This	was	incubated	at	room	temperature	for	

1	min	and	centrifuged	at	16,000	χ	g	for	1	min.	The	purified	DNA	was	then	stored	at	-20°C	

until	required.		

	

TOPO	Cloning	

TOPO	cloning	was	performed	using	the	TOPO®	TA	Cloning®	Kit	and	the	pCR™2.1-TOPO®	

plasmid	(Invitrogen,	ThermoFisher	Scientific).	The	pCR™2.1-TOPO®	plasmid	is	supplied	

linearised	with	single	3’-thymidine	overhangs	and	topoisomerase	I	covalently	bound	to	

the	vector.	The	thymidine	overhangs	bind	to	the	adenine	overhangs	of	the	PCR	products	

produced	by	Taq	polymerase	during	the	PCR	process.	In	total,	3	μL	PCR	product	was	

added	to	1	μL	salt	solution	and	molecular	grade	water	was	added	to	a	total	volume	of	5	

μL.	One	μL	pCR™2.1-TOPO®	was	added	for	a	final	volume	of	6	μL.	The	reaction	was	mixed	

gently	and	incubated	at	room	temperature	for	5	min.	The	reaction	was	then	placed	on	

ice	until	transformation	was	performed.			

	

Transformation	

Transformation	was	carried	out	using	DH5α	E.	coli	chemically	competent	cells	

(ThermoFisher	Scientific).	The	cells	were	removed	from	-80°C	and	let	thaw	on	ice.	Three	

μL	DNA	was	added	to	50	μL	cell	suspension.	The	tube(s)	were	incubated	on	ice	for	30	min	

and	then	placed	into	a	42°C	water	bath	for	30	s.	The	tube(s)	were	placed	back	on	ice	for	

2	min.	The	solution	was	diluted	to	1	mL	by	the	addition	of	950	μL	SOC	medium	(2%	

tryptone,	0.5%	yeast	extract,	0.4%	glucose,	10	mM	NaCl,	2.5	mM	KCl,	10	mM	MgCl2	and	

10	mM	MgSO4.	The	tube(s)	were	then	shaken	at	approximately	200	rpm	for	60	min	at	

37°C.	The	solution	was	streaked	out	onto	agar	plates	containing	Fast-Media®	Amp	Agar	

X-Gal	(InvivoGen,	California,	USA)	and	incubated	overnight	at	37°C.	Blue/white	selection	

was	carried	out	on	the	colonies	with	10	white	colonies	selected.	These	colonies	were	



Chapter	2	–	Materials	and	Methods	
	

	 38	

added	to	tubes	containing	liquid	medium	Fast-Media®	Amp	TB	(InvivoGen).	The	tubes	

were	incubated	at	37°C	and	shaken	at	approximately	200	rpm	overnight.	

	

Plasmid	DNA	isolation	

Plasmid	DNA	was	isolated	using	the	PureYield™	Plasmid	Miniprep	System	(Promega,	

Wisconsin,	USA)	according	to	the	manufacturer’s	instructions.	Briefly,	1.5	mL	bacterial	

culture	was	centrifuged	at	15,000	χ	g	for	30	s	and	the	supernatant	discarded.	An	

additional	1.5	mL	of	bacterial	culture	was	added	to	the	same	tube,	centrifuged	at	15,000	

χ	g	for	30	s	and	the	supernatant	discarded.	The	cell	pellet	was	re-suspended	in	600	μL	

molecular	grade	water.	One	hundred	μL	cell	lysis	buffer	was	added	and	the	samples	

mixed	by	inversion.	Subsequently,	350	μL	cold	(4–8°C)	neutralisation	solution	was	added	

and	samples	mixed	thoroughly	by	inverting.	The	samples	were	centrifuged	at	15,000	χ	g	

for	3	min.	The	supernatant	was	transferred	to	a	PureYield™	mini-column	without	

disturbing	the	cell	pellet.	The	mini-column	was	placed	into	a	collection	tube	and	

centrifuged	at	15,000	χ	g	for	15	s.	The	flow-through	was	discarded	and	the	mini-column	

was	placed	into	the	same	collection	tube.	Two	hundred	μL	Endotoxin	Removal	Wash	was	

added	to	the	mini-column	and	centrifuged	at	15,000	χ	g	for	15	s,	followed	by	400	μL	

Column	Wash	Solution	and	centrifuged	at	15,000	χ	g	for	30	s.	The	mini-column	was	

transferred	to	a	clean	1.5	mL	micro-centrifuge	tube,	30	μL	elution	buffer	added	and	the	

mini-column	let	stand	for	1	min	at	room	temperature.	This	was	centrifuged	at	15,000	χ	g	

for	15	s	to	elute	the	plasmid	DNA,	which	was	stored	at	-20°C.		

	

Restriction	enzyme	digest	

Five	samples	of	pCR2.1-TOPO	SARCC	DNA	were	selected	for	double	digest	using	BamH	I	

and	Xho	I	restriction	enzymes	as	these	sites	were	present	at	each	end	of	the	insert	and	

did	not	cut	the	insert	itself.	Restriction	enzymes	BamH	I	and	Xho	I	were	obtained	from	

ThermoFisher	Scientific	and	used	as	per	manufacturer’s	instructions.	Buffers	were	

chosen	based	on	available	restriction	enzyme	buffer	reference	tables.		Ten	μL	plasmid	

DNA	was	added	to	40	μL	molecular	grade	water.	This	was	added	to	2.5	μL	BamH	I,	2.5	μL	

Xho	I,	10	μL	10X	buffer	and	35	μL	molecular	grade	water	giving	a	final	volume	of	100	μL.	

This	was	incubated	overnight	at	37°C.	The	digest	was	stopped	by	heat	inactivating	at	

65°C	for	15	min.	End-point	PCR	was	performed	using	the	original	SARCC	primers	(Table	
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2.4)	and	1	μL	DNA	from	the	digestion,	to	confirm	the	presence	of	the	SARCC	gene.	Two	

samples	identified	to	have	the	SARCC	gene	present	were	chosen	for	band	isolation.	

	

Band	isolation	

Target	DNA	was	electrophoresed	on	an	agarose	gel	as	previously	described	(Section	2.5).	

The	target	band	was	visualised	using	a	long-wavelength	UV	lamp.	To	reduce	nicking,	the	

gel	was	irradiated	for	the	absolute	minimum	time	possible.	The	DNA	fragment	of	interest	

was	excised	using	a	clean	scalpel.	The	gel	slice	was	transferred	to	a	previously	weighed	

microcentrifuge	tube	and	the	weight	of	the	gel	obtained.	The	DNA	was	then	purified	

using	the	Wizard®	SV	Gel	and	PCR	Clean-Up	System	(Promega).	Membrane	binding	

solution	was	added	at	a	ratio	of	10	μL	solution	per	10	mg	of	agarose	gel.	The	mixture	was	

vortexed	and	incubated	at	55°C	for	10	min	or	until	the	gel	slice	had	completely	dissolved.	

The	dissolved	gel	mixture	was	transferred	to	mini-columns	and	purified	as	per	

manufacturer’s	instructions.		In	parallel,	DNA	from	a	new	plasmid,	pcDNA3.1(+)	

(Invitrogen)	was	also	digested	using	BamH	I	and	Xho	I	and	band	isolation	performed.	

	

Ligation	and	transformation	

Ligation	of	the	SARCC	insert	into	the	new	plamid,	pcDNA3.1(+)	was	performed	using	a	

molar	ratio	of	1:3	(vector:insert)	as	per	Table	2.6.	T4	DNA	Ligase	(ThermoFisher	Scientific)	

was	added	last	and	the	solution	was	mixed	gently	by	pipetting	up	and	down.	The	solution	

was	incubated	at	room	temperature	for	10	min	and	then	chilled	on	ice	until	transformed	

in	to	bacterial	cells.	The	pcDNA3.1(+)	plasmid	containing	the	SARCC	insert	and	the	

control	pcDNA3.1(+)	plasmid	were	transformed	into	DH5α	E.	coli	chemically	competent	

cells	as	previously	described	(Section	2.8).	Five	μL	ligation	solution	was	added	to	50	μL		

DH5α	E.	coli	chemically	competent	cells.	The	solution	was	streaked	onto	agar	plates	

containing	Fast-Media®	Amp	Agar	(InvivoGen)	and	incubated	overnight	at	37°C.	Ten	

colonies	were	added	to	tubes	containing	liquid	medium	Fast-Media®	Amp	TB	(InvivoGen)	

and	incubated	overnight	at	37°C.	The	plasmid	DNA	was	isolated	using	the	PureYield™	

Plasmid	Miniprep	System	(Promega	Corporation).	
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Table	2.6:	Components	of	the	ligation	reaction.	

Sample	 Volume	

10X	T4	DNA	Ligase	Buffer	 2	μL	

Vector	DNA	(3kb)	 50	ng	(0.025	pmol)	

Insert	DNA	(1	kb)	 50	ng	(0.076	pmol)	

T4	DNA	Ligase	 1	μL	

Molecular	grade	water	 up	to	20	μL	

	

Transfection	

Transfection	was	performed	using	TurboFect	Transfection	Reagent	(ThermoFisher	

Scientific).	At	the	time	of	transfection,	the	target	cells	had	a	confluency	of	70-90%.	The	

cells	were	seeded	into	a	6-well	plate	(0.8	–	2.4	x	105	cells	per	well).	Four	μg	plasmid	DNA	

was	diluted	in	400	μL	serum	free	media	(the	volume	of	DNA	was	at	least	1/10th	the	

volume	of	media).	The	transfection	reagent	was	vortexed	and	then	6	μL	was	added	to	

the	diluted	DNA.	This	was	mixed	immediately	by	pipetting	and	incubated	at	room	

temperature	for	15	min.	The	solution	was	added	dropwise	to	the	wells	containing	cells	

and	the	plate	rocked	gently	to	achieve	even	distribution.	The	cells	were	incubated	at	

37°C	in	a	humidified	CO2	incubator.	Selection	of	transfected	cells	was	achieved	by	

treatment	with	G418	disulfate	antibiotic	(Invivogen)	as	resistance	to	G418	is	conferred	by	

the	Neomycin	gene.	Prior	to	transfection,	an	antibiotic	killing	curve	was	undertaken	on	

target	cells	to	determine	the	minimum	concentration	of	antibiotic	that	killed	the	majority	

of	cells	within	14	days	(media	and	antibiotic	was	replaced	every	2	days).	Transfected	cells	

were	then	treated	for	at	least	14	days	based	on	this	concentration.		
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2.9	Cell	Blocks	and	Immunohistochemistry	

Preparation	of	formalin	fixed	paraffin	embedded	(FFPE)	cell	blocks	

Cells	were	recovered	from	the	culture	flasks	as	previously	described	(Section	2.3).	The	

cell	suspension	was	diluted	with	50	mL	complete	media	and	centrifuged	at	200	χ	g	for	5	

min.	Bovine	thrombin	(Instrumentation	Laboratory,	Munich,	Germany)	and	human	

plasma	(Instrumentation	Laboratory)	reagents	were	reconstituted	with	molecular	grade	

water.	One	drop	of	reconstituted	plasma	reagent	was	added	to	the	pellet,	followed	by	3	

drops	of	reconstituted	thrombin.	The	sample	was	incubated	for	3	min	to	allow	a	clot	to	

form,	placed	into	a	white	cell	safe	biopsy	capsule,	and	then	placed	into	an	appropriately	

labelled	cassette.	The	cassette	was	closed	with	a	metal	clip	and	placed	in	a	specimen	pot	

containing	10%	buffered	formalin	(Thermo	Fisher	Scientific).	This	was	processed	and	

embedded	using	standard	laboratory	protocols.	The	FFPE	blocks	were	stored	at	room	

temperature.		

	

FFPE	block	sectioning	

The	FFPE	blocks	were	sectioned	at	4	μm	using	a	HM325	rotary	microtome	(Thermo	

Fisher	Scientific).	The	sections	were	floated	in	a	56°C	waterbath	and	mounted	onto	

TOMO®	adhesion	slides	(Matsunami	Glass,	Osaka,	Japan).	The	sections	were	dried	

overnight	by	placing	the	slides	on	a	heating	block	at	40°C.	Slides	were	used	immediately	

or	stored	at	RT.		

	

Immunohistochemistry	(IHC)	

Immunohistochemical	staining	with	antibodies	to	synaptophysin,	chromogranin	and	AR	

protein	was	undertaken	at	the	Department	of	Histopathology,	St	James’s	Hospital,	

Dublin,	according	to	standardised	protocols.	The	following	antibodies	were	used:	anti-

Chromogranin	A,	mouse	monoclonal	antibody,	LK2H10	clone,	prediluted	(Ventana	

Medical	Systems,	Arizona,	USA);	anti-Synaptophysin,	rabbit	monoclonal	antibody,	MRQ-

40	clone	(Cell	Marque,	California,	USA);	anti-Androgen	receptor,	rabbit	monoclonal	

antibody,	SP107	clone	(Cell	Marque).	All	three	antibodies	were	stained	on	the	Ventana	

Benchmark	Ultra	platform	with	OptiView	DAB	detection	system	(Ventana).	There	was	no	

antigen	retrieval	stage	for	chromogranin	A	staining	and	the	antibody	was	incubated	for	

16	min.	Synaptophysin	staining	protocol	included	heat	mediated	antigen	retrieval	with	
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Cell	Conditioning	solution	CC1	(Ventana)	for	40	min	and	antibody	incubation	for	32	min.	

Androgen	receptor	staining	protocol	included	heat	mediated	antigen	retrieval	with	Cell	

Conditioning	solution	CC1	(Ventana)	for	40	min	and	antibody	incubation	for	20	min.		

	

2.10	Cell	Doubling	and	Cell	Proliferation	Assay	

Cell	doubling	

Cells	were	counted	as	previously	described	(Section	2.3)	and	200,000	viable	cells	were	

seeded	into	each	well	of	a	6-well	plate.	Cells	were	counted	again	after	72	h	of	culture.	

Doubling	time	was	calculated	according	to	the	formula:		

Doubling	Time	=	[T	×	(ln2)]	/	[ln	(Xe	/	Xb)]		

where	T	equals	the	length	of	time	in	culture,	Xe	equals	the	number	of	cells	at	the	end	

and	Xb	equals	the	initial	number	of	cells.		

	

Assessment	of	enzalutamide	resistance	by	cell	proliferation	assay	

Cell	proliferation	was	evaluated	using	an	assay	based	on	the	measurement	of	5-bromo-

2’-deoxyuridine	(BrdU)	incorporation	during	DNA	synthesis.	The	Cell	Proliferation	ELISA	

BrdU	Assay	(Roche	Diagnostics,	Basel,	Switzerland)	was	used.	Cells	and	drugs	were	added	

simultaneously	to	a	flat	bottomed	96	well	plate	–	1,000	viable	cells	were	seeded	per	well	

in	a	final	volume	of	200	μL.	Enzalutamide	was	diluted	in	media	to	provide	the	following	

concentrations:	1	μM,	2.5	μM,	5	μM,	7.5	μM,	10	μM,	15	μM,	20	μM	and	40	μM.	Controls	

were	untreated	cells	(no	DMSO	or	enzalutamide)	and	cells	treated	with	DMSO	only.	The	

plate	was	incubated	at	37°C	for	one	week.	Following	treatment,	20	μL	BrdU	labelling	

solution	(1:100	dilution	in	sterile	culture	media)	was	added	to	each	well	and	incubated	at	

37°C	for	4	h.	All	liquid	was	removed	from	the	plate	and	the	plate	was	allowed	to	dry	at	

37°C	for	a	further	10	min.	Cells	were	fixed	with	200	μL	FixDenat	solution	per	well	for	30	

min	at	room	temperature	and	then	the	solution	was	removed.	One	hundred	μL	anti-

BrdU-POD	(1:100	anti-BrdU-POD	stock	with	antibody	dilution	solution)	was	added	to	

each	well	and	incubated	at	room	temperature	for	90	min.	The	antibody	conjugate	was	

removed	and	the	wells	washed	three	times	with	200	μL	washing	solution	per	well.	The	

washing	solution	was	removed	and	100	μL	substrate	solution	was	added	to	each	well.	

The	plate	was	incubated	at	room	temperature	for	5-10	min	or	until	colour	change	was	

detected.	Twenty-five	μL	1	mM	H2SO4	was	added	to	each	well	to	stop	the	reaction.	The	
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plate	was	read	on	an	LT4500	Absorbance	Microplate	Reader	(Labtech,	East	Sussex,	UK)	

within	5	min	of	adding	the	stop	solution.	The	plates	were	read	at	450	nm	with	reference	

wavelength	690	nm.		

	

2.11	Statistics	

Independent	experiments	were	completed	a	minimum	of	three	times.	Graphpad	PRISM	7	

software	(Graphpad,	California,	USA)	was	used	for	statistical	analysis.	Significance	was	

determined	via	one-way	analysis	of	variance	(ANOVA),	where	the	number	of	groups	in	

the	experiment	was	three	or	more,	or	an	appropriate	student’s	t	test,	where	the	number	

of	groups	was	two.	A	probability	of	p	≤	0.05	was	considered	to	represent	a	significant	

difference	between	the	groups.	A	post	hoc	test	was	performed	following	ANOVA	to	

determine	which	groups	were	significantly	different	to	each	other.	Post-test	analysis	was	

conducted	using	Tukey,	Dunnett	or	Bonferroni	multiple	comparisons	test	(as	

appropriate).		
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3.1	Quality	control	of	material	for	microarray	analysis	

Cell	lines	were	tested	for	Mycoplasma	prior	to	use	and	were	negative	(Figure	3.1).	RNA	

was	extracted	as	previously	described	(Section	2.4).	Total	RNA	from	each	sample	was	

quantified	using	a	NanoDrop	ND-1000	spectrophotometer	(Thermo	Fisher	Scientific)	and	

RNA	integrity	was	assessed	by	standard	electrophoresis	(Figure	3.2).	The	integrity	and	

concentration	of	the	RNA	was	determined	prior	to	shipment	and	by	Arraystar	Inc.	upon	

receipt.	

	
Figure	3.1:	Mycoplasma	testing	

Mycoplasma	was	not	detected	in	the	three	cell	lines.	C1	=	Clone1,	C9	=	Clone	9,	+ve	=	

positive	control,	-ve	=	negative	control.	

		

Assessment	of	RNA	integrity,	prior	to	sending	(A)	and	by	Arraystar	Inc.	(B).		

Lane	1	=	Control,	Lane	2	=	Clone	1,	Lane	3	=	Clone	9.	The	28S	and	18S	ribosomal	bands	

are	sharp	intense	bands	with	the	intensity	of	the	upper	band	about	twice	that	of	the	

lower	band,	indicating	good	RNA	integrity.	

Figure	3.2:	Assessment	of	RNA	integrity	

A	 B	
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3.2	Quality	assessment	of	data	after	filtering	

The	RNA	was	evaluated	by	Arraystar	as	previously	described	(Section	2.7).	The	data	on	

lncRNA	and	mRNA	expression	was	evaluated	after	quantile	normalisation.	The	

distribution	of	intensities	from	all	three	samples	was	similar	after	normalisation	(Figure	

3.3).	After	normalisation	of	the	raw	data,	lncRNAs	flagged	as	“present”	or	“marginal”	in	

at	least	1	out	of	3	samples	were	chosen	for	further	data	analysis.	

	

	
Figure	3.3:	Quality	assessment	of	data	after	filtering.	

A	=	lncRNA	data.	B	=	mRNA	data.	The	distributions	of	log2-ratios	for	the	samples	were	

consistent	after	normalisation.	n=1.	

	

A.	

B.	
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3.3	Differentially	expressed	lncRNAs	

Grouped	analysis	between	the	different	groups	according	to	FC	is	shown	using	a	principle	

component	analysis	(PCA),	allowing	the	direct	visualisation	of	the	different	levels	of	

lncRNA	expression	between	groups	(Figure	3.4).		

	

In	total,	3,150	upregulated	lncRNAs	and	3,713	downregulated	lncRNAs	were	identified	

when	comparing	clone	1	(strongly	enzalutamide	resistant)	to	the	control	(enzalutamide	

sensitive).	Data	is	shown	as	a	scatter-plot	and	heat-map	in	Figure	3.5.		

In	total,	2,923	upregulated	lncRNAs	and	2680	downregulated	lncRNAs	were	identified	

when	comparing	clone	9	(weakly	enzalutamide	resistant)	to	the	control	(enzalutamide	

sensitive).	Data	is	shown	as	a	scatter-plot	and	heat-map	in	Figure	3.6.		
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Figure	3.4:	Principle	component	analysis.	

Principle	component	analysis	indicates	that	the	grouping	of	all	three	samples	are	

different.	A	=	lncRNAs.	B	=	mRNAs.	C1	=	Clone	1,	C9	=	Clone	9.	

A	

B	
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Figure	3.5:	Expression	levels	for	clone	1	versus	control	cells.	

The	values	of	the	X	and	Y	axes	in	the	scatter-plot	(A)	are	the	averaged	normalised	

signal	values	of	the	groups	(log2	scaled).	Upregulated	lncRNAs	of	more	than	2.0	fold	

change	are	marked	red	and	downregulated	lncRNAs	marked	green.	The	heat-map	(B)	

shows	the	relationship	among	lncRNA	expression	patterns	of	samples.	Red	indicates	

high	and	green	indicates	low	relative	expression.	

	

A.	

B.	
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Figure	3.6:	Expression	levels	for	clone	9	versus	control	cells.	

The	values	of	the	X	and	Y	axes	in	the	scatter-plot	(A)	are	the	averaged	normalised	

signal	values	of	the	groups	(log2	scaled).	Upregulated	lncRNAs	of	more	than	2.0	fold	

change	are	marked	red	and	downregulated	lncRNAs	marked	green.	The	heat-map	(B)	

shows	the	relationship	among	lncRNA	expression	patterns	of	samples.	Red	indicates	

high	and	green	indicates	low	relative	expression.	

A.	

B.	
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3.4	Upregulated	lncRNAs		

	

3.4.1	The	top	ten	upregulated	lncRNAs		

The	top	ten	upregulated	lncRNAs	by	FC	in	Clone	1	and	Clone	9	compared	to	the	control	

are	shown	in	Table	3.1.	A	thorough	literature	review	did	not	reveal	any	previously	

reported	associations	to	PCa	or	the	AR.	Many	of	the	genes	were	poorly	characterised	or	

had	no	known	cancer	associations	reported.		

	

Table	3.1:	Top	ten	upregulated	lncRNAs	in	Clone1	and	Clone	9	versus	control.	

Upregulated	in	Clone	1	versus	Control	 Upregulated	in	Clone	9	versus	Control	

Fold	Change Gene	Symbol Fold	Change	 Gene	Symbol	

2340 DPP10-AS1 233	 RP11-119D18.1	

559 RP11-1C8.7 226	 G064429*	

323 FLJ26850 108	 RP11-426J5.2	

305 LOC101928891 101	 RP5-827C21.6	

282 RP11-222K16.2 84	 G062386*	

278 RP11-385E5.5 54	 G074428*	

217 LOC283352 54	 G089220*	

177 DGCR5 39	 G018651*	

144 DGUOK-AS1 35	 G012915*	

141 RP11-384L8.1 32	 G077283*	

*RNA-seq	data	sourced	by	Arraystar	from	Iyer	et.	al	2015	[186]	

	

3.4.2	Upregulated	lncRNAs	with	known	associations	to	PCa	or	the	AR		

A	literature	review	revealed	86	lncRNAs	with	a	reported	association	to	PCa	or	the	AR	

(Provided	in	Table	1.2).	Fifteen	of	these	lncRNAs	were	upregulated	with	a	FC	greater	than	

2.0	(Table	3.2).		
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Table	3.2:	Upregulated	lncRNAs	with	previously	reported	associations	to	PCa	or	the	AR.	

Upregulated	

lncRNA	

Fold	change		

(Clone	1	vs.	Control	1)	

Reported	association	to	PCa	or	the	AR	

RP11-38P22.2	

(SARCC)	

51.5	 Binds	to	the	AR	and	AR	protein	in	renal	cell	carcinoma	

[159,	187]	

SPRY4-IT1	 41.8	 Enhances	PCa	cell	invasion	and	proliferation	in	vitro	

[167]	

AFAP1-AS1	 14.3	 Enhances	PCa	cell	proliferation	and	metastasis	in	vitro	

via	targeting	RBM5,	an	inhibitor	of	the	Wnt	signalling	

pathway	[97]	

PART-1	 9.1	 Highly	expressed	in	normal	prostate	and	is	regulated	

by	androgens	[188].	It	modulates	Toll-like	receptor	

pathways	in	PCa	cells	in	vitro	[143].	

LINC00844	 5.2	 Regulated	by	androgens	and	facilitates	AR	binding	to	

chromatin	[124].	Tumour	suppressor	role	in	PCa	cells	in	

vitro	by	reducing	proliferation	and	metastasis	[124].	

HOTAIR	 4.0	 Binds	to	the	AR,	preventing	its	degradation	[88].	Can	

induce	an	AR-binding	profile	similar	to	that	induced	by	

androgens,	resulting	in	AR	signalling	in	the	absence	of	

androgens	[88].	

SNHG7	 4.0	 Overexpressed	in	PCa,	promotes	PCa	migration	and	

invasion	by	modulating	EMT	[189].	Acts	as	a	sponge	for	

miRNA-324-3p	causing	upregulation	of	WNT2B,	a	

protein	in	the	Wnt	signalling	pathway	[189].	Also	

sponges	miR-503	leading	to	PCa	cell	proliferation	[164]	

FEZF1-AS1	 3.8	 Activates	the	Notch	signalling	pathway,	associated	with	

metastasis	and	poorer	prognosis	in	PCa	[109]	

HOTTIP	 3.5	 Knockdown	inhibits	PCa	cell	proliferation	and	enhances	

cell	sensitivity	to	cisplatin	by	suppressing	the	Wnt	

pathway	[116]	
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Table	3.2	continued	

Upregulated	

lncRNA	

Fold	change	

(Clone	1	vs.	Control	1)	

Reported	association	to	PCa	or	the	AR	

LUCAT1	 2.7	 Promotes	the	migration	and	invasion	of	prostate	

cancer	cells	by	inhibiting	KISS1	expression	which	has	a	

tumor	suppressor	role	in	a	number	of	cancers	[135].	

LEF1-AS1	 2.5	 Associated	with	the	initiation	and	development	of	PCa	

by	acting	as	a	sponge	of	miR-330-5p	leading	to	

upregulation	of	LEF1	[119].	LEF1	is	associated	with	

increased	AR	expression	and	CRPC	[190]	

SNHG12	 2.5	 Promotes	tumorigenesis	by	acting	as	a	sponge	on	miR-

133b	[191]	and	activates	the	Wnt	signalling	pathway	

through	sponging	miRNA-195	[165]	

MEG3	 2.4	 Inhibits	cell	proliferation	and	induces	apoptosis	in	PCa	

by	reducing	the	protein	expression	of	BCL-2	[137]	

SNHG15	 2.3	 Associated	with	PCa	cell	migration,	invasion	and	EMT	

and	acts	as	a	sponge	on	miR-338-3p	causing	

upregulation	of	FKBP1A	[166].	

LINC00683	 2.1	 Associated	with	an	unfavorable	prognosis	in	PCa	based	

on	TCGA	analysis	[123]	

	

3.4.3	Selection	of	upregulated	lncRNAs	for	validation		

LncRNAs	were	selected	for	validation	based	on	their	degree	of	differential	expression	

and	whether	they	were	previously	linked	to	mechanisms	that	may	contribute	to	

enzalutamide	resistance.	We	selected	DGCR5,	DPP10-AS1,	FLJ26850,	RP11-1C8.7,	RP11-

222K16.2,	SARCC	and	SPRY4-IT1	for	validation.	Control,	Clone	1	and	Clone	9	cells	were	

cultured	in	triplicate	and	RNA	isolated	and	quantified	as	previously	described	(Section	2.3	

and	2.4).	cDNA	was	synthesised	and	RT-qPCR	performed	as	previously	described	(Section	

2.5).		
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3.4.4	LncRNA	DPP10-AS1	is	significantly	overexpressed	in	enzalutamide	resistant	cells		

DPP10	antisense	RNA	1	(DPP10-AS1)	showed	a	FC	of	2340	in	Clone	1	compared	to	

Control	based	on	Arraystar	data.	RT-qPCR	confirmed	that	DPP10-AS1	was	significantly	

overexpressed	in	Clone	1	(Figure	3.7).	There	are	no	previous	reports	evaluating	the	role	

of	DPP10-AS1	or	Dipeptidyl	peptidase	like	10	(DPP10)	in	PCa	or	AR	signalling.	

	

	
Figure	3.7:	LncRNA	DPP10-AS1	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.4.5	LncRNA	FLJ26850	is	significantly	overexpressed	in	enzalutamide	resistant	cells		

FLJ26850	showed	a	fold	change	of	323	in	Clone	1	compared	to	Control	1	based	on	

Arraystar	data.	RT-qPCR	confirmed	that	FLJ26850	was	significantly	overexpressed	in	

Clone	1	(Figure	3.8).	There	are	no	previous	reports	evaluating	the	role	of	FLJ26850	in	PCa	

or	AR	signalling.	

	

	
Figure	3.8:	LncRNA	FLJ26850	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	**	p≤0.01).			

C1	=	Clone	1,	C9	=	Clone	9.		
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3.4.6	LncRNA	RP11-222K16.2	is	significantly	overexpressed	in	enzalutamide	resistant	

cells		

RP11-222K16.2	showed	a	fold	change	of	282	in	Clone	1	compared	to	Control	1	based	on	

Arraystar	data.	RT-qPCR	confirmed	that	RP11-222K16.2	was	significantly	overexpressed	

in	Clone	1	(Figure	3.9).	There	are	no	previous	reports	evaluating	the	role	of	RP11-

222K16.2	or	EOMES	in	PCa	or	AR	signalling.			

	

	
Figure	3.9:	LncRNA	RP11-222K16.2	is	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	**	p≤0.01).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.4.7	LncRNA	SARCC	is	significantly	overexpressed	in	enzalutamide	resistant	cells		

Suppressing	Androgen	Receptor	in	Renal	Cell	Carcinoma	(SARCC)	showed	a	fold	change	

of	51.5	in	Clone	1	compared	to	Control	1	based	on	Arraystar	data.	RT-qPCR	confirmed	

that	SARCC	was	significantly	overexpressed	in	Clone	1	(Figure	3.10).	Also	known	as	RP11-

38P22.2,	lnc-P2RY1-1	and	ENST00000460407,	SARCC	binds	directly	to	the	AR	and	to	AR	

protein	in	renal	cell	carcinoma	(RCC)	[159,	187].	Given	the	high	relative	expression	and	its	

reported	association	to	the	AR,	we	selected	this	lncRNA	for	further	evaluation	(discussed	

in	Chapter	4).	

	

	
Figure	3.10:	LncRNA	SARCC	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	**	p≤0.01).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.4.8	LncRNA	SPRY4-IT1	is	significantly	overexpressed	in	enzalutamide	resistant	cells		

SPRY4	intronic	transcript	1	(SPRY4-IT1)	showed	a	fold	change	of	41.8	in	Clone	1	

compared	to	Control	1	based	on	Arraystar	data.	RT-qPCR	confirmed	that	SPRY4-IT1	was	

significantly	overexpressed	in	Clone	1	(Figure	3.11).		

	

	
Figure	3.11:	LncRNA	SPRY4-IT1	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	**	p≤0.01).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.4.9	LncRNA	RP11-1C8.7	is	significantly	overexpressed	in	enzalutamide	resistant	cells	

RP11-1C8.7	showed	a	fold	change	of	559	in	Clone	1	compared	to	Control	1	based	on	

Arraystar	data.	RT-qPCR	confirmed	that	RP11-1C8.7	was	significantly	overexpressed	in	

Clone	1	(Figure	3.12).	There	are	no	previous	reports	evaluating	the	role	of	RP11-1C8.7	in	

PCa	or	AR	signalling.			

	

	
Figure	3.12:	LncRNA	RP11.C8.7	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		

C1	=	Clone	1,	C9	=	Clone	9,	n.s.	=	not	significant.	
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3.4.10	Validation	of	lncRNA	DGCR5		

DiGeorge	syndrome	critical	region	gene	5	(DGCR5)	showed	a	fold	change	of	177	in	Clone	

1	compared	to	Control	1	based	on	Arraystar	data.	RT-qPCR	showed	there	was	no	

significant	change	in	expression	of	DGCR5	(Figure	3.13).		

	

	
Figure	3.13:	DGCR5	relative	gene	expression	by	RT-qPCR.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	not	statistically	

significant).	C1	=	Clone	1,	C9	=	Clone	9.	
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3.5	Downregulated	lncRNAs	

	

3.5.1	The	top	ten	downregulated	lncRNAs	

The	top	ten	downregulated	lncRNAs	by	FC	in	Clone	1	and	Clone	9	compared	to	Control	

are	shown	in	Table	3.3.	The	only	association	with	PCa	in	the	literature	was	that	

LOC440040	upregulation	promoted	tumor	progression	and	predicted	poor	prognosis	in	

patients	with	PCa	[133].	Silencing	of	RP11-476D10.1	enhances	apoptosis	and	autophagy	

while	inhibiting	proliferation	of	papillary	thyroid	carcinoma	cells	[192].	The	remainder	of	

the	genes	were	either	poorly	characterised	or	had	no	known	association	to	cancer.		

	
Table	3.3:	Top	ten	down-regulated	lncRNAs	in	Clone1	and	Clone	9	versus	control.	

Downregulated	in	Clone	1	versus	

Control	

Downregulated	in	Clone	9	versus	

Control	

Fold	Change Gene	Symbol Fold	Change	 Gene	Symbol	

311 XLOC	013193*	 903	 XLOC	013193	

308 G003081**	 277	 LOC650226	

196 G026537**	 152	 XLOC	007124	

149 G019273**	 117	 G030769	

128 RP11-476D10.1	 86	 G058502	

90 G058502	 81	 G009267	

83 G002978	 80	 G002978	

81 RP11-989E6.3	 76	 G082708	

79 G082708	 75	 NKAIN3-IT1	

78 NKAIN3-IT1	 65	 LOC440040	

*Sourced	by	Arraystar	from	RNA-seq	data	by	Cabili	et.	al	2011	

**Sourced	by	Arraystar	from	RNA-seq	data	by	Iyer	et.	al	2015	
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3.5.2	Downregulated	lncRNAs	with	known	associations	to	PCa	or	the	AR		

We	evaluated	whether	any	of	the	86	lncRNAs	previously	associated	with	PCa	or	the	AR	

(Given	in	Table	1.2)	were	downregulated	in	Clone	1	compared	to	the	control.	Sixteen	

lncRNAs	showed	a	FC	greater	than	2.0	(Table	3.4).		

	
Table	3.4:	Downregulated	lncRNAs	with	known	associations	to	PCa	or	the	AR.	

Downregulated	

lncRNA	

Fold	change	between	

Clone	1	and	Control	

Reported	association	to	PCa	or	the	AR	

PCAT-1	 77	 Promotes	PCa	cell	proliferation	and	regulates	BRCA2	

[145,	193]	

LINC00662	 22	 Promotes	PCa	tumorigenesis	by	sponging	miR-34a	

[122]	

SChLAP1	 8	 Overexpressed	in	PCa,	especially	CRPC	[194,	195]	

NEAT1	 6.1	 Promotes	cell	proliferation	and	invasion	[141]	

TUG1	 4.9	 Promotes	cancer	progression	by	sponging	miR-26a	

[173]	

PRNCR1	 4.3	 Physically	binds	to	the	AR	[196]	

LincRNA-p21	 4.1	 Suppresses	the	development	of	PCa	[128]	

HCG11	 3.0	 Downregulation	predicts	a	poor	prognosis	[115]	

HULC	 2.9	 Promotes	tumor	progression	by	regulating	EMT	

[117]	

BCAR4	 2.8	 Upregulated	in	CRPC	[101]	

CTBP1-AS	 2.8	 Associated	with	PCa	and	AR	overexpression	[89]	

TTTY15	 2.8	 Promotes	PCa	by	sponging	LET-7	[171]	

GHET1	 2.6	 Higher	expression	in	PCa	tissue	[114]	

PCA3	 2.2	 Overexpressed	in	PCa	and	involved	in	EMT	[197,	

198]	

FOXP4-AS1	 2.1	 Promotes	PCa	by	upregulating	FOXP4	[111]	

ARNILA	 2.1	 Downregulated	by	the	AR	in	breast	cancer	[100]	
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3.6	Differentially	expressed	mRNAs	

A	total	of	2,423	upregulated	mRNAs	and	3,228	downregulated	mRNAs	were	identified	

when	comparing	clone	1	(strongly	enzalutamide	resistant)	to	the	control	(enzalutamide	

sensitive).	Data	is	shown	as	a	scatter-plot	and	heat-map	in	Figure	3.14.	A	total	of	1,342	

up-regulated	mRNAs	and	2,043	down-regulated	mRNAs	were	identified	when	comparing	

clone	9	(weakly	enzalutamide	resistant)	to	the	control	(enzalutamide	sensitive).	Data	is	

shown	as	a	scatter-plot	and	heat-map	in	Figure	3.15.		
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Figure	3.14:	mRNA	expression	levels	for	Clone	1	versus	Control	cells.	

The	values	of	the	X	and	Y	axes	in	the	scatter-plot	(A)	are	the	averaged	normalised	

signal	values	of	the	groups	(log2	scaled).	Upregulated	mRNAs	of	more	than	2.0	fold	

change	are	marked	red	and	downregulated	mRNAs	marked	green.	The	heat-map	(B)	

shows	the	relationship	among	mRNA	expression	patterns	of	samples.	Red	indicates	

high	and	green	indicates	low	relative	expression.	

	

A.	

B.	
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Figure	3.15:	mRNA	expression	levels	for	Clone	9	versus	Control	cells.	

The	values	of	the	X	and	Y	axes	in	the	scatter-plot	(A)	are	the	averaged	normalised	

signal	values	of	the	groups	(log2	scaled).	Upregulated	mRNAs	of	more	than	2.0	fold	

change	are	marked	red	and	downregulated	mRNAs	marked	green.	The	heat-map	(B)	

shows	the	relationship	among	mRNA	expression	patterns	of	samples.	Red	indicates	

high	and	green	indicates	low	relative	expression.	

B.	

A.	
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3.7	Upregulated	mRNAs	

	

3.7.1	Gene	Ontology	Analysis	

The	Gene	Ontology	(GO)	project	provides	a	controlled	vocabulary	to	describe	gene	and	

gene	product	attributes	in	any	organism	(http://www.geneontology.org).	The	ontology	

covers	three	domains:	biological	process,	cellular	component	and	molecular	function.	

Fisher’s	exact	test	was	used	to	determine	if	there	was	more	overlap	between	the	

differentially	expressed	list	of	mRNAs	and	the	GO	annotation	list	than	would	be	expected	

by	chance.	Figure	3.16	shows	upregulated	mRNAs	grouped	by	their	molecular	function.	

The	largest	group	concerns	receptor	binding	(194	genes).			

	

	
Figure	3.16:	Upregulated	mRNAs	grouped	by	molecular	function.	

Number	of	genes	given	in	brackets.	
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3.7.2	Pathway	Analysis	

Pathway	analysis	is	a	functional	analysis	mapping	genes	to	Kyoto	Encyclopedia	of	Genes	

and	Genomes	(KEGG)	pathways.	The	p-value	(EASE-score,	Fisher	p-value	or	

hypergeometric	p-value)	denotes	the	significance	of	the	pathway	correlated	to	the	

conditions.	Figure	3.17	shows	upregulated	mRNAs	grouped	by	pathways.	The	largest	

group	concerns	purine	metabolism	(35	genes).	

	

	
Figure	3.17:	KEGG	pathway	analysis	of	upregulated	mRNAs.	
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3.7.3	The	top	ten	upregulated	mRNAs	

The	top	ten	upregulated	mRNAs	in	Clone	1	compared	to	the	control	are	listed	in	Table	

3.5	including	reported	associations	to	PCa	or	the	AR.	

	
Table	3.5:	Top	ten	upregulated	mRNAs	in	Clone	1	compared	to	Control.	

Upregulated	

mRNA	

Fold	change		

Clone	1	vs.	Control	1	

Reported	association	to	PCa	or	the	AR	

SERPINB1	 2400	 Protects	cells	from	proteases	released	during	stress	

or	infection.	Reduced	expression	in	locally	

advanced	and	metastatic	PCa	[199]	

SCG3	 1271	 Encodes	a	neuroendocrine	secretory	protein	[200].	

No	reported	association	to	PCa	or	the	AR.	

RGS2	 1221	 Regulates	G	protein-coupled	receptor	signalling.	

Inhibits	androgen-independent	activation	of	the	

AR[201].	High	levels	in	advanced	PCa	correlate	to	

poor	patient	survival	and	metastasis	[202]	

FUNDC1	 1132	 Activator	of	hypoxia-induced	mitophagy	[203].	No	

reported	association	to	PCa	or	the	AR.	

MATK	 1111	 Plays	a	significant	role	in	the	signal	transduction	of	

hematopoietic	cells	[204].	No	reported	association	

to	PCa	or	the	AR.	

CTAG1B	

(NY-ESO-1)	

1078	 Absent	expression	in	benign	prostate	but	associated	

with	ERG	fusion	PCa	and	PCa	with	PTEN	loss	[205].		

HYI	 1052	 Involved	in	carbohydrate	transport	and	metabolism	

[206].	No	reported	association	to	PCa	or	the	AR.	

GPAT2	 942	 Highly	expressed	in	PCa,	melanoma,	lung	and	breast	

cancer[207].	

PEG10	 910	 AR	repressed	gene,	upregulated	in	neuroendocrine	

PCa	in	response	to	AR	interference[208,	209]	

SGCE	 810	 Encodes	a	cellular	membrane	protein	of	unknown	

function.	Often	co-expressed	with	PEG10	[210].		
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3.7.4	Upregulated	mRNAs	with	important	associations	to	PCa	or	the	AR	

We	evaluated	genes	known	to	be	involved	in	the	development	of	PCa	and	CRPC	to	

determine	if	they	were	significantly	upregulated	in	Clone	1	compared	to	control	cells	

(Table	3.6).	

	

Table	3.6:	Selected	upregulated	mRNAs	previously	associated	with	PCa	or	the	AR.	

Upregulated	

mRNA	

Fold	change	

Clone	1	vs.	Control	

SPINK1	 343	

PCDH7	 229	

PITX2	 119	

AR	 2.3	

SPOP	 <	2.0	

	

3.7.5	Selection	of	mRNAs	for	validation		

mRNAs	were	selected	for	validation	based	on	their	degree	of	differential	expression	and	

whether	they	were	previously	linked	to	mechanisms	that	may	contribute	to	

enzalutamide	resistance.	We	selected	CTAG1B,	PITX2,	SPINK1,	PCDH7	and	PEG10	for	

validation.	Cells	from	Control,	Clone	1	and	Clone	9	were	cultured	and	RNA	isolated	and	

quantified	as	previously	described	(Sections	2.3	and	2.4).	cDNA	was	synthesised	and	RT-

qPCR	performed	as	previously	described	(Section	2.5).		
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3.7.6	CTAG1B	is	significantly	upregulated	in	enzalutamide	resistant	cells		

Cancer/testis	antigen	1B	(CTAG1B),	also	known	as	New	York	esophageal	squamous	cell	

carcinoma	(NY-ESO-1),	showed	a	fold	change	of	1078	between	Clone	1	and	Control.	RT-

qPCR	confirmed	that	CTAG1B	was	significantly	overexpressed	in	Clone	1	(Figure	3.18).		

	

	
Figure	3.18:	CTAG1B	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.7.7	PEG10	is	significantly	upregulated	in	enzalutamide	resistant	cells		

Paternally	expressed	gene	10	(PEG10)	showed	a	fold	change	of	910	between	Clone	1	and	

Control.	RT-qPCR	confirmed	that	PEG10	was	significantly	overexpressed	in	Clone	1	

(Figure	3.19).		

	

	
Figure	3.19:	PEG10	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		

C1	=	Clone	1,	C9	=	Clone	9,	n.s.	=	not	significant.	
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3.7.8	SPINK1	is	significantly	upregulated	in	enzalutamide	resistant	cells	

SPINK1	showed	a	fold	change	of	343	between	Clone	1	and	Control.	RT-qPCR	confirmed	

that	SPINK1	was	significantly	overexpressed	in	Clone	1	(Figure	3.20).		

	

	
Figure	3.20:	SPINK1	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.7.9	PITX2	is	significantly	upregulated	in	enzalutamide	resistant	cells		

Paired	like	homeodomain	2	(PITX2)	showed	a	fold	change	of	119	between	Clone	1	and	

Control.	RT-qPCR	confirmed	that	PITX2	was	significantly	overexpressed	in	Clone	1	(Figure	

3.21).		

	

	
Figure	3.21:	PITX2	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.7.10	PCDH7	is	significantly	upregulated	in	enzalutamide	resistant	cells		

Protocadherin	7	(PCDH7)	showed	a	fold	change	of	229	between	Clone	1	and	Control.	RT-

qPCR	confirmed	that	PCDH7	was	significantly	overexpressed	in	Clone	1	(Figure	3.22).		

	

	
Figure	3.22:	PCDH7	is	significantly	overexpressed	in	Clone	1	versus	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	*	p≤0.05).		

C1	=	Clone	1,	C9	=	Clone	9.	
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3.8	Downregulated	mRNAs	

3.8.1	The	top	ten	downregulated	mRNAs	

The	top	ten	downregulated	mRNAs	in	Clone	1	compared	to	Control	1	are	listed	in	Table	

3.7	including	reported	associations	to	PCa	or	the	AR.	

	

Table	3.7:	Top	ten	downregulated	mRNAs.	

Downregulated		

mRNA	

Fold	change		

Clone	1	vs.	Control	

Reported	association	to	PCa	or	the	AR	

H2AFJ	 1321	 Encodes	a	variant	H2A	histone	[211].	No	reported	

associations	to	PCa	or	the	AR	

PEG3	 488	 Transcription	factor,	regulates	foetal	growth	rates	

[212].	Promotes	PCa	cell	growth	in	rats	[213].	

Downregulated	by	androgens	in	vitro	[214]	

SLC22A3	 462	 Associated	with	prostate	carcinogenesis	[215]	

UGT2B17	 270	 Associated	with	androgen	metabolism,	deletion	is	

association	with	an	increased	risk	of	PCa	[216]	

TM4SF1	 234	 AR	regulated,	overexpressed	in	PCa,	involved	in	

cell	migration	[217]	

UGT2B11	 228	 Associated	with	androgen	metabolism	and	

expression	regulated	by	androgens	in	PCa	cells	in	

vitro	[218]	

PXDN	 194	 Overexpressed	in	PCa	tissue,	inhibits	oxidative	

stress	leading	to	decreased	apoptosis	[219]	

TSPY3	 124	 Normal	expression	restricted	to	the	testis	[220],	

no	reported	associations	to	PCa	or	the	AR		

CTNNA3	 115	 Encodes	α-T-catenin	involved	in	cell–cell	

adhesion	[221].	No	reported	associations	to	PCa	

or	the	AR	

TRIM49	 113	 Preferentially	expressed	in	testis	and	involved	in	

protein-protein	interactions	[222].	No	reported	

associations	to	PCa	or	the	AR	
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3.8.2	Downregulated	mRNAs	with	important	associations	to	PCa	or	the	AR	

Genes	known	to	be	involved	in	the	development	of	PCa	and	CRPC	were	evaluated	to	see	

if	they	were	significantly	downregulated	in	Clone	1	compared	to	Control	(Table	3.8).	

	

Table	3.8:	Selected	downregulated	mRNAs	previously	associated	with	PCa	or	the	AR.	

Downregulated	

mRNA	

Fold	change	

Clone	1	vs	Control	1	

PTEN	 <	2.0	

SPOP	 <	2.0	

CHD1	 <	2.0	

TP53	 2.1	
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3.9	Assessment	of	lncRNAs	and	mRNAs	in	a	panel	of	cell	lines	

The	expression	of	validated	lncRNAs	and	mRNAs	was	assessed	by	end-point	PCR	in	a	

panel	of	cell	lines	as	previously	described	(Section	2.2)	and	summarised	in	Table	3.9.	

Validated	lncRNAs	and	mRNAs	were	expressed	in	both	benign	and	malignant	cell	lines	

but	were	more	likely	to	be	expressed	in	more	aggressive	PCa	cell	lines	22Rv1,	PC-3	and	

DU	145	(Figure	3.23)	

	

Table	3.9:	Panel	of	cancer	cell	lines	used	in	experiments.	

Group	 Cell	Line	 Source	
	 RWPE-1	 Human	prostate	tissue	

Benign	prostate	 PWR-1E	 Prostatic	epithelial	cells	

	 BPH-1	 Human	prostate	tissue	

	 VCaP	 Vertebral	bone	metastasis	

AR	positive	 22Rv1	 Androgen-dependent	xenograft	

	 LNCaP-FGC	 Lymph	node	metastasis	

AR	negative	 PC-3	 Bone	metastasis	

	 DU	145	 Brain	metastasis	

	 MCF7	 Breast	cancer	

Other	cancer	type	 H1975	 Lung	adenocarcinoma	

	 HuH7	 Hepatocellular	carcinoma	
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End-point	PCR,	n=1.	18S	rRNA	used	as	loading	control.	
	

3.10	Evaluation	of	the	AR	signalling	pathway		

Given	the	central	importance	of	the	AR	signalling	pathway	in	PCa	and	enzalutamide	

resistance,	we	evaluated	the	differential	expression	of	the	AR	and	AR-V7	[67].	Cells	from	

Control,	Clone	1	and	Clone	9	were	cultured	in	triplicate	and	RNA	isolated	and	quantified	

as	previously	described	(Section	2.3	and	2.4).	cDNA	was	constructed	and	RT-qPCR	

performed	as	previously	described	(Section	2.5).	Primers	were	designed	and	constructed	

as	previously	described	(Table	2.4).	There	was	no	significant	difference	in	expression	of	

the	AR	between	the	cell	lines	(Figure	3.24).	However,	AR-V7	was	significantly	

overexpressed	in	Clone	1	cells	(Figure	3.25).	

DPP10-AS1 

FLJ26850 

RP11-222K16.2 

SARCC 

CTAG1B 

PEG10 

SPINK1 

PITX2 

Figure	3.23:	Expression	of	lncRNAs	and	mRNAs	in	a	panel	of	cell	lines.	

18S	rRNA 
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Figure	3.24:	Expression	of	AR-FL	in	cells	with	varied	enzalutamide	resistance.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test.	There	is	no	difference	in	AR	full	length	expression	

between	enzalutamide	sensitive	and	resistant	cells.	

	
Figure	3.25:	AR-V7	is	significantly	overexpressed	in	Clone	1	compared	to	Control.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(Clone	1	vs	Control,	***	p≤0.001).		
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3.11	Evaluation	of	neuroendocrine	differentiation	

Neuroendocrine	differentiation	is	an	important	feature	of	lethal	CRPC.	Patients	with	

neuroendocrine	PCa	have	a	poor	prognosis	due	to	resistance	to	anti-androgen	therapies	

[208].	It	is	unclear	whether	neuroendocrine	PCa	develops	due	to	the	growth	of	a	

separate	clone	of	malignant	neuroendocrine	cells	or	if	it	is	due	to	transdifferentiation	of	

malignant	epithelial	cells.	Neuroendocrine	PCa	is	becoming	more	common	in	patients	on	

second	generation	anti-androgens	suggesting	that	targeting	the	AR	may	be	associated	

with	its	development.	One	study	reported	that	PEG10	is	upregulated	after	treatment	

with	anti-androgens	and	is	associated	with	the	development	of	neuroendocrine	PCa	

[208].	Given	that	PEG10	is	upregulated	in	our	data,	and	also	because	neuroendocrine	

differentiation	is	a	potential	mechanism	for	the	development	of	enzalutamide	resistance,	

we	evaluated	the	expression	of	common	genes	associated	with	neuroendocrine	

differentiation.		

	

3.11.1	BRN2	and	CgA	are	not	upregulated	in	enzalutamide	resistant	cells	

BRN2	is	highly	expressed	in	neuroendocrine	PCa	and	its	expression	is	correlated	with	the	

development	of	neuroendocrine	differentiation	[223].	CgA	mRNA	overexpression	has	

been	used	to	identify	neuroendocrine	differentiation	as	it	encodes	for	chromogranin	A,	a	

protein	highly	expressed	in	neuroendocrine	tissues	[224].	The	relative	expression	of	both	

BRN2	and	CgA	were	evaluated	by	RT-qPCR	as	previously	described	(Section	2.5).	While	

both	showed	more	expression	in	enzalutamide	resistant	cells,	the	difference	was	not	

significant	(Figure	3.26	and	3.27).			
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Figure	3.26:	Expression	of	BRN2	in	Control,	Clone	1	and	Clone	9.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test.	There	is	no	difference	in	BRN2	expression	

between	enzalutamide	sensitive	and	resistant	cells.	

	
Figure	3.27:	Expression	of	CGA	in	cells	with	varied	enzalutamide	resistance.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test.	There	is	no	significant	difference	in	CGA	

expression	between	enzalutamide	sensitive	and	resistant	cells.	

CGA	
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4.1	SARCC	background	

Having	validated	a	number	of	lncRNAs	and	mRNAs	that	were	upregulated	in	

enzalutamide	resistant	cells,	the	next	step	was	to	pick	one	lncRNA	candidate	and	one	

mRNA	candidate	for	further	investigation.	We	were	particularly	keen	to	investigate	a	

lncRNA	candidate	as	they	have	been	associated	with	drug	resistance	in	other	organ	

systems	and	are	highly	stable	when	circulating	in	body	fluids,	a	useful	property	for	a	

potential	biomarker	[225].		LncRNA	SARCC	and	mRNA	PCDH7	were	chosen	for	further	

investigation	although	the	experiments	for	PCDH7	were	ultimately	unsuccessful	(see	

section	4.10).	

	

LncRNA	SARCC	was	chosen	for	further	investigation	as	we	had	validated	its	

overexpression	in	enzalutamide	resistant	cells	compared	to	enzalutamide	sensitive	cells.	

Also,	previous	research	on	SARCC	showed	an	association	with	the	AR.	Zhai	et.	al	

demonstrated	that	SARCC	can	physically	bind	to	AR	protein	and	that	DHT	enhanced	the	

interaction	of	SARCC	with	the	AR	in	RCC	cells	[159,	187].	They	also	showed	that	SARCC	is	

mainly	located	in	the	nucleus	and	a	region	at	the	3’	end	of	SARCC		binds	to	the	ligand	

binding	domain	of	the	AR.	Although	Zhai	et.	al	found	SARCC	to	have	a	tumour	suppressor	

role	in	RCC	and	was	associated	with	a	decrease	in	AR	protein	expression,	another	study	

reported	that	SARCC	is	overexpressed	in	RCC	tissue	compared	to	benign	renal	tissue	

arguing	against	a	tumour	suppressor	role	[226].		

	

A	key	feature	of	CRPC	is	continued	AR	signalling	despite	undetectable	circulating	

androgens.	As	lncRNA	SARCC	can	bind	to	the	AR	and	was	upregulated	in	enzalutamide	

resistant	cells,	theoretically,	lncRNA	SARCC	could	cause	continued	AR	signalling	in	the	

absence	of	androgens.	This	potential	functional	role	in	AR	signalling	made	it	a	good	

candidate	for	further	investigation.	We	aimed	to	overexpress	SARCC	in	enzalutamide	

sensitive	Control	cells	to	determine	if	this	would	result	in	increased	resistance	to	

enzalutamide	and	also	to	knockdown	SARCC	in	the	enzalutamide	resistant	Clone	1	cells	

to	examine	if	this	would	result	in	increased	sensitivity	to	enzalutamide.	
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4.2	Overexpression	of	SARCC	

A	summary	of	the	cloning	strategy	for	overexpression	of	SARCC	is	given	in	Appendix	I.		

Briefly,	SARCC	was	amplified	by	PCR	as	previously	described	(Section	2.8).	Agarose	gel	

electrophoresis	confirmed	the	presence	of	SARCC	after	PCR	(Figure	4.1).	TOPO	cloning	

and	transformation	into	E.	coli	bacteria	was	performed	as	previously	described	(Section	

2.8).	Plasmid	DNA	was	isolated	and	samples	containing	SARCC	were	selected	for	double	

digest	using	BamH	I	and	Xho	I	restriction	enzymes	as	previously	described	(Section	2.8).	

The	insert	was	isolated	by	band	isolation	and	DNA	purification	was	performed	as	

previously	described	(Section	2.8).	In	parallel,	DNA	from	a	new	plasmid,	pcDNA3.1(+)	

(Invitrogen)	was	also	digested	using	BamH	I	and	Xho	I	and	band	isolation	performed.	

Figure	4.2	is	a	representative	gel	electrophoresis	image	of	the	DNA	after	band	isolation	

and	purification	showing	the	SARCC	insert.	Ligation	of	the	SARCC	insert	into	the	

pcDNA3.1(+)	plasmid	was	performed	as	previously	described	(Section	2.8).	An	overview	

of	the	resulting	recombinant	plasmid	DNA	is	shown	in	Appendix	II.	The	pcDNA3.1(+)	

plasmid	containing	the	SARCC	insert	and	the	control	pcDNA3.1(+)	plasmid	were	

transformed	into	DH5α	E.	coli	chemically	competent	cells	as	previously	described	

(Section	2.8).	Plasmid	DNA	was	isolated	and	the	presence	of	the	SARCC	insert	confirmed	

by	PCR	using	the	original	SARCC	primers	(Table	2.5)	(Figure	4.3).	

	

	
Figure	4.1:	Gel	electrophoresis	of	SARCC	PCR	products.	

Bright	bands	at	predicted	size	of	SARCC	insert	(2150	base	pairs).	1	=	1500	bp,	2	=	2000	

bp,	3	=	3000	bp.		

	

Clone	1	#1	 Clone	1	#2	
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Figure	4.2:	Purified	DNA	after	restriction	enzyme	digest	and	band	isolation.	

Predicted	length	of	pcDNA3.1(+)	is	5428	bp	and	for	SARCC	insert	is	2150	bp	

	

	

	

	
Figure	4.3:	Gel	electrophoresis	confirming	SARCC	in	all	three	samples	of	plasmid	DNA.	
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Orientation	of	the	insert	
The	orientation	of	the	insert	was	examined	using	the	restriction	enzyme	Hind	III.	The	

correct	orientation	of	the	insert	is	shown	in	part	A	of	Figure	4.4,	where	digestion	with	

Hind	III	would	provide	three	fragments	measuring	510,	633	and	6,435	base	pairs.	If,	

however,	the	insert	was	in	the	incorrect	orientation	(part	B),	digestion	with	Hind	III	

would	result	in	three	fragments	measuring	510,	1,025	and	6,043	base	pairs.	The	DNA	

from	two	of	the	plasmids	were	selected	and	digested	with	Hind	III.	Five	μL		plasmid	DNA,	

1	μL	Hind	III,	2	μL	10X	buffer	and	12	μL	molecular	grade	water	were	gently	mixed	

together	and	digested	overnight	at	37°C.	Gel	electrophoresis	confirmed	that	SARCC	was	

in	the	correct	orientation	based	on	the	size	of	the	fragments	(Figure	4.5).		

	

	
Figure	4.4:	Schematic	showing	the	restriction	enzyme	sites	in	the	SARCC	insert.	

A	(top)	shows	the	correct	orientation	while	B	(bottom)	shows	the	incorrect	orientation.	

	

A.	

B.	
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Figure	4.5:	pcDNA3.1(+)	SARCC	digested	by	Hind	III.	

Both	samples	show	three	fragments	at	predicted	lengths	for	correct	orientation		

(510	bp,	633	bp	and	6435	bp)	

 

	

Transfection	

In	preparation	for	a	double	integration	transfection,	the	plasmids	were	linearised	with	

Pvu	I,	a	restriction	enzyme	that	cuts	pcDNA3.1(+)	in	one	location	and	does	not	cut	the	

SARCC	insert.	Linearisation	was	successful	but	multiple	attempts	at	transfection	using	

various	combinations	of	concentrations	and	new	plasmid	DNA	were	unsuccessful.	

Therefore,	a	single	integration	stable	transfection	was	performed	using	TurboFect	

Transfection	Reagent	as	previously	described	(Section	2.8).	Both	the	vector	containing	

the	SARCC	gene	and	an	empty	vector	control	were	transfected.	Treatment	with	4	μL	100	

mg/mL	G418	dilsulfate	was	used	to	select	the	transfected	cells.	The	media	and	G418	

were	replaced	approximately	every	2-3	days	for	14	days.		

	

Preparation	of	SARCC	overexpressed	cell	line	for	analysis	

Cells	from	the	parent	Clone	1	cells,	the	empty	vector	control	(EVC)	and	the	SARCC	

overexpressed	cells	were	cultured	in	triplicate.	RNA	was	isolated	and	cDNA	synthesised	

as	previously	described	(Section	2.5).		
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4.3	SARCC	overexpression	is	confirmed	in	enzalutamide	sensitive	cells	

RT-qPCR	was	undertaken	on	cDNA	from	the	parent,	EVC	and	SARCC	overexpressed	cells	

as	previously	described	(Section	2.5)	using	the	original	SARCC	primers	(Table	2.5).	SARCC	

was	significantly	overexpressed	in	the	cells	containing	the	SARCC	insert	(Figure	4.6).		

	
Figure	4.6:	SARCC	is	overexpressed	compared	to	Control	and	the	EVC.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test	(***	p≤0.001).	EVC	=	Empty	Vector	Control	
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4.4	SARCC	overexpression	is	associated	with	increased	resistance	to	

enzalutamide	

Cells	from	the	EVC	and	SARCC	overexpressed	cell	lines	were	seeded	in	triplicate	into	a	96	

well	plate	with	varying	concentrations	of	enzalutamide	and	a	BrdU	assay	performed	as	

previously	described	(Section	2.10).	The	SARCC	overexpressed	cells	showed	increased	

resistance	to	enzalutamide	compared	to	the	EVC	cells	(Figure	4.7).		

	

	
Figure	4.7:	SARCC	overexpressed	cells	are	more	resistant	to	enzalutamide	treatment	

than	the	EVC	cells	

Data	graphed	as	mean	±	SEM	(n=3).	
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4.5	SARCC	overexpression	does	not	result	in	a	significant	alteration	in	cell	

doubling	time	

Cell	doubling	time	was	evaluated	in	the	EVC	and	SARCC	overexpressed	cell	lines	as	

previously	described	(Section	2.10).	There	was	no	significant	difference	in	cell	doubling	

time	between	the	EVC	cells	and	the	SARCC	overexpressed	cells	(Table	4.2).	

	

Table	4.1:	Comparison	of	cell	doubling	time	

	 EVC	 SARCC	

Doubling	time,	n	=	1		 50	hours	 55	hours	

Doubling	time,	n	=	2	 53	hours	 47	hours	

Doubling	time,	n	=	3	 58	hours	 53	hours	

Mean	doubling	time	 53.7	hours	 51.7	hours	

	

4.6	SARCC	overexpression	does	not	result	in	significant	alteration	in	AR	

expression	

We	assessed	the	expression	of	the	AR	in	the	EVC	and	SARCC	overexpressed	cell	lines	by	

RT-qPCR	as	previously	described	using	primers	originally	described	by	Antonarakis	et.	al	

[67]	(Table	2.5).	We	also	assessed	AR	expression	at	the	protein	level	by	performing	

immunohistochemistry	(IHC)	for	the	AR	protein	(Section	2.9),	on	cell	blocks	derived	from	

the	EVC	and	SARCC	overexpressed	cell	lines.	There	was	no	significant	difference	in	AR	

mRNA	expression	by	qPCR	(Figure	4.8).	There	was	also	no	appreciable	difference	in	

immunohistochemical	staining	-	both	the	EVC	and	SARCC	overexpressed	cells	showed	

strong	nuclear	staining	for	the	AR	protein	(Figure	4.9).	
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Figure	4.8:	AR	expression	in	EVC	versus	SARCC	overexpressed	cell	lines.	

Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	performed	using	ordinary	one-

way	ANOVA,	post-hoc	Dunnett’s	test.		

	

	
Figure	4.9:	Immunohistochemistry	for	AR	protein.	

There	is	strong	nuclear	staining	for	the	AR	protein	in	both	the	EVC	cells	(left)	and	the	

SARCC	overexpressed	cells	(right).	200X	magnification.	
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4.7	SARCC	overexpression	does	not	result	in	significant	alteration	in	AR-V7	

expression	

We	assessed	the	expression	of	AR-V7	in	the	EVC	and	SARCC	overexpressed	cell	lines	by	

RT-qPCR	as	previously	described	(Section	2.5)	using	primers	originally	described	by	

Antonarakis	et.	al	[67]	(Table	2.5).	We	did	not	find	any	significant	alteration	in	expression	

(Figure	4.10).	

	

	
Figure	4.10:	AR-V7	expression	in	EVC	compared	to	SARCC	overexpressed	cells.	

RT-qPCR	showed	no	significant	difference	in	AR--V7	expression	between	the	EVC	and	

SARCC	overexpressed	cell	lines.	Data	graphed	as	mean	±	SEM	(n=3).	Statistical	analysis	

performed	using	ordinary	one-way	ANOVA,	post-hoc	Dunnett’s	test.	
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4.8	SARCC	overexpression	does	not	result	in	significant	alteration	in	

neuroendocrine	expression	

The	expression	of	neuroendocrine	markers	synaptophysin	and	chromogranin	was	

assessed	by	immunohistochemistry	on	cell	blocks	derived	from	the	EVC	and	SARCC	

overexpressed	cell	lines,	as	previously	described	(Section	2.9).	There	was	no	appreciable	

difference	in	staining	with	both	cell	lines	showing	an	absence	of	staining	(Figure	4.11).	

	

	

	

	

	
Figure	4.11:	Immunohistochemistry	for	synaptophysin	and	chromogranin.	

Staining	for	synaptophysin	(left	column)	and	chromogranin	(right	column)	is	negative	in	

the	EVC	cells	(top	row)	and	the	SARCC	overexpressed	cells	(bottom	row).	200X	

magnification.	
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4.9	Knockdown	of	SARCC	

Knockdown	of	the	SARCC	gene	was	attempted	using	short	hairpin	RNA	(shRNA).	We	used	

the	plasmid	pLK0.1	TRC	(Sigma	Aldrich)	and	primers	as	described	by	Zhai	et.	al			[159,	

187].	Transformation	of	the	insert	into	the	plasmid	was	successful	but	repeated	attempts	

at	transfection	into	Clone	1	cells	using	various	concentrations	of	plasmid	DNA,	Turbofect	

and	different	cultures	of	Clone	1	cells	were	unsuccessful.	We	repeated	the	cloning	

experiments	using	a	different	digestion	approach	with	the	same	plasmid	but,	again,	

transfection	was	unsuccessful.	

	

4.10	Evaluation	of	PCDH7	

PCDH7	was	chosen	for	further	evaluation	as	it	was	significantly	overexpressed	in	

enzalutamide	resistant	cells	(from	mRNA	screen)	and	previous	reports	describe	an	

association	with	CRPC	and	enzalutamide	resistance	[227].	We	attempted	to	overexpress	

and	knockdown	PCDH7	in	a	similar	manner	to	SARCC	and	then	assess	its	effect	on	

enzalutamide	resistance.	We	used	the	TOPO®	TA	Cloning®	Kit	and	the	pCR™2.1-TOPO®	

plasmid	(Invitrogen,	ThermoFisher	Scientific)	as	previously	described	(Section	2.8).	We	

also	attempted	cloning	using	the	plasmid	pcDNA3.1(+)	(Invitrogen)	and	the	plasmid	

PLX303	(Addgene).	Despite	multiple	attempts,	we	were	unable	to	purify	a	sufficient	

quantity	of	the	PCDH7	plasmid	DNA	from	E.	coli	bacteria	for	transfection.	Knockdown	of	

PCDH7	was	attempted	using	shRNA	and	the	plasmid	pLK0.1	TRC	(Sigma	Aldrich).	

Although	plasmid	DNA	was	isolated	after	transformation,	attempts	at	transfection	were	

unsuccessful.		
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5.1	Introduction	

One	of	the	main	causes	of	cancer	related	death	in	PCa	is	the	development	of	drug	

resistance	to	anti-androgen	therapies.	Despite	the	development	of	a	new	generation	of	

anti-androgen	therapies,	drug	resistance	remains	a	key	problem.	Numerous	studies	have	

shown	that,	in	most	cases	of	drug	resistance,	AR	signalling	is	maintained	despite	

treatment	with	anti-androgens	[11].	Structural	changes	in	the	AR,	such	as	the	F877L	

mutation	and	AR-V7	splice	variant,	can	result	in	AR	signalling	despite	ADT	[65,	67].	While	

this	recent	knowledge	has	enhanced	our	understanding	of	the	mechanisms	underlying	

drug	resistance,	it	has	not	yet	led	to	significant	changes	in	the	treatment	and	monitoring	

of	patients	in	the	clinical	setting.		

	

The	aim	of	this	study	was	to	evaluate	the	molecular	changes	that	occur	in	the	

development	of	resistance	to	enzalutamide,	a	“second	generation”	anti-androgen.	We	

were	particularly	interested	in	the	role	of	lncRNAs,	as	they	are	an	understudied	area	of	

molecular	biology	and	recent	papers	have	described	how	they	may	contribute	to	drug	

resistance	in	other	cancers	[74,	161,	228].	

	

We	used	an	isogenic	cell	line	model	of	LNCaP	cells	with	varied	resistance	to	enzalutamide	

and	evaluated	differentially	expressed	lncRNAs	and	mRNAs.	LNCaP	cells	are	known	to	

lack	expression	of	the	DNA	mismatch	repair	proteins	MSH2	and	MSH6	suggesting	that	

LNCaP	cells	have	a	high	rate	of	spontaneous	mutation	[229].	For	most	cases	of	acquired	

drug	resistance,	spontaneous	mutation	accounts	for	the	emergence	of	resistant	clones.	

Cells	with	a	high	spontaneous	mutation	rate	are	therefore	useful	when	trying	to	identify	

drug	resistant	clones	as	there	is	a	higher	likelihood	that	a	resistant	clone	will	emerge.	

However,	LNCaP	cell	line	models	may	not	accurately	reflect	typical	cases	of	PCa	as	

deficiencies	in	mismatch	repair	protein	expression	are	rare	in	PCa	[230].		

	

The	strongly	resistant	cells	in	our	study	were	known	to	have	the	F877L	mutation	

compared	to	the	sensitive	cells	which	did	not.	The	F877L	mutation	leads	to	an	amino	acid	

substitution	in	the	ligand	binding	domain	of	the	AR	which	confers	resistance	to	

enzalutamide	[65].	It	can	also	confer	an	antagonist	to	agonist	switch	to	enzalutamide.	

This	study	showed	that	the	resistant	cells	also	express	the	AR	splice	variant,	AR-V7.	AR-
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V7	encodes	a	truncated	AR	that	lacks	a	ligand-binding	domain	but	retains	the	N-terminal	

domain.	Although	the	truncated	AR	protein	is	unable	to	bind	ligand,	it	is	capable	of	

promoting	activation	of	target	genes	and	is	associated	with	both	primary	and	secondary	

resistance	to	enzalutamide	[68].		

	

5.2	lncRNA	SARCC	

SARCC	was	chosen	for	focused	evaluation	due	to	its	known	associations	to	the	AR	–	the	

800	nucleotide	(nt)	region	at	the	3’	end	of	SARCC	can	bind	to	the	DNA-binding	domain	

and	the	ligand-binding	domain	of	the	AR	protein	[159,	187].	The	N-terminal	domain	of	

the	AR	fails	to	bind	to	SARCC.	SARCC	overexpression	could	therefore	lead	to	

enzalutamide	resistance	through	activating	the	AR	by	directly	binding	to	it	or	by	

preventing	enzalutamide	binding.	It	may	also	facilitate	translocation	of	the	AR	to	the	

nucleus	or	facilitate	binding	to	AREs.		

	

This	study	showed	that	SARCC	is	significantly	overexpressed	in	enzalutamide	resistant	

LNCaP	cells	compared	to	enzalutamide	sensitive	cells.	In	addition,	when	SARCC	was	

overexpressed	in	enzalutamide	sensitive	cells,	this	resulted	in	increased	resistance	to	

enzalutamide.	This	finding	suggests	that	SARCC	plays	a	functional	role	in	the	

development	of	resistance	to	enzalutamide,	something	that	has	not	been	previously	

reported.		

	

We	did	not	observe	any	significant	difference	in	AR	mRNA	expression	when	SARCC	was	

overexpressed	in	enzalutamide	sensitive	cells.	This	finding	supports	previous	work	that	

showed	AR	mRNA	expression	in	PCa	was	unaffected	by	SARCC	overexpression	or	

knockdown	[159].	Previous	studies	in	RCC	reported	that	SARCC	exerts	its	effects	at	the	

protein	level,	where	it	plays	a	tumour	suppressor	role	by	binding	to	the	AR	and	

enhancing	its	degradation	[159,	187].	We	assessed	AR	protein	expression	by	

immunohistochemistry	and	found	no	difference	in	expression	when	SARCC	was	

overexpressed	compared	to	the	EVC.	It	is	unclear	why	SARCC	appears	to	degrade	the	AR	

in	RCC	but	not	in	PCa.	One	possible	explanation	is	that	the	presence	of	ARF877L	or	AR-V7	

alters	the	effect	of	SARCC	as	it	is	acting	on	a	mutated	AR	rather	than	the	full	length	AR	

present	in	RCC.	It	is	also	worth	noting	that	a	different	study	examining	SARCC	in	RCC	
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found	that	it	was	overexpressed	in	RCC	tissue	compared	to	benign	renal	tissue	arguing	

against	a	tumour	suppressor	role	[226].				

	

Another	consideration	was	whether	SARCC	was	affecting	RNA	splicing	and	enhancing	the	

expression	of	AR-V7,	thus	leading	to	enzalutamide	resistance.	LncRNAs	can	bind	to	

splicing	factors	or	RNA-binding	proteins	and	cause	alternative	splicing	patterns	[231].	For	

example,	lncRNA	MALAT-1	can	sequester	splicing	factors	within	nuclear	paraspeckles	to	

alter	splicing	efficiency	[232].	However,	when	we	overexpressed	SARCC	in	enzalutamide	

sensitive	cells,	there	was	no	significant	difference	in	AR-V7	expression.		

	

SARCC	is	a	long	intergenic	non-coding	RNA	(lincRNA),	a	subtype	of	lncRNA	that	does	not	

overlap	protein-coding	genes,	located	on	chromosome	3.	lincRNAs	vary	in	their	proximity	

to	protein-coding	genes	with	some	within	a	few	bases	and	others	more	than	3Mb	away	

[233].	While	some	lincRNAs	affect	the	expression	of	neighbouring	genes,	proximity	to	a	

protein-coding	gene	does	not	necessarily	predict	the	function	of	a	lincRNA.	The	SARCC	

gene	is	a	single	exon	and	is	located	in	close	proximity	to	the	protein	coding	gene	P2RY1.	

P2RY1	encodes	a	protein	belonging	to	the	P2Y	receptor	family,	a	family	of	G-protein	

coupled	receptors	that	respond	to	extracellular	purine	and	pyrimidine	nucleotides.	The	

P2RY1	receptor	functions	as	a	receptor	for	extracellular	ATP	and	ADP.	P2RY1	showed	a	

2.4-fold	increase	in	expression	in	enzalutamide	resistant	cells	compared	to	sensitive	cells	

based	on	microarray	data.	Other	members	of	the	P2Y	receptor	family	(P2RY2,	4,	6,	8,	10,	

11,	13	and	14)	did	not	show	any	significant	change	in	expression.	We	did	not	further	

investigate	whether	P2RY1	expression	is	associated	with	enzalutamide	resistance.	

However,	KEGG	pathway	analysis	showed	that	the	most	upregulated	pathway	in	

enzalutamide	resistant	cells	was	a	pathway	associated	with	purine	metabolism	(35	genes	

upregulated)	suggesting	that	purine	receptors	may	play	a	role	in	resistance.		

	

5.2.1	Further	work	–	SARCC	and	enzalutamide	resistance	

While	SARCC	overexpression	resulted	in	increased	resistance	to	enzalutamide,	

knockdown	of	SARCC	in	enzalutamide	resistant	cells	is	required	to	determine	a	

concomitant	increase	in	enzalutamide	sensitivity.	We	attempted	knockdown	of	SARCC	
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but	multiple	efforts	at	transfection	were	unsuccessful.	Further	work	could	attempt	

SARCC	knockdown	using	a	different	strategy	such	as	CRISPR.		

Further	work	could	also	examine	SARCC	expression	in	vivo.	Evaluation	of	SARCC	

expression	in	PCa	tissue	has	never	been	performed.	Tissue	or	blood	samples	of	patients	

with	PCa	could	be	assessed	for	SARCC	expression	by	RNA-ISH.	It	would	be	important	to	

evaluate	the	levels	of	SARCC	in	samples	of	patients	with	and	without	enzalutamide	

resistance.			

	

5.2.2	Further	work	–	SARCC	as	a	biomarker	of	enzalutamide	resistance	

If	the	above	experiments	confirmed	the	findings	in	this	study,	the	use	of	SARCC	as	a	

biomarker	for	enzalutamide	resistance	could	be	considered.	A	reliable	biomarker	for	

primary	and	secondary	resistance	to	enzalutamide	would	be	of	great	benefit	in	the	

clinical	setting.	Quantifying	SARCC	expression	in	patients	before	and	during	enzalutamide	

treatment	and	at	the	point	of	the	development	of	resistance	could	be	performed.		

	

5.2.3	Further	work	–	SARCC	and	the	AR	

As	SARCC	can	bind	to	AR	protein,	further	work	could	be	performed	to	evaluate	whether	

SARCC	can	promote	AR	signalling.	The	expression	of	AR	target	genes	such	as	NKX3.1,	

TMPRSS2,	FKBP5,	KLK3,	UGT2B15,		IGF1R	and	UBE2C	could	be	evaluated	by	qPCR	in	

SARCC	overexpressed	cells	and	compared	to	their	expression	in	EVC	cells.	A	more	

accurate	quantification	of	AR	protein	expression	would	also	be	helpful.	AR	protein	

quantification	in	SARCC	overexpressed	cells	compared	to	EVC	cells	could	be	performed	

by	Western	blot	analysis	or	mass	spectrometry.	

	

5.2.4	Further	work	–	evaluation	of	P2RY1	expression	

Although	P2RY1	demonstrated	just	over	a	two	fold	increase	in	enzalutamide	resistant	

cells,	its	close	proximity	to	SARCC	on	chromosome	3	suggests	that	the	functions	of	SARCC	

and	P2RY1	could	be	interlinked.	qPCR	could	be	used	to	assess	the	expression	of	P2RY1	in	

enzalutamide	resistant	cells	and	in	SARCC	overexpressed	cells.			
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5.2.5	Further	work	–	evaluation	of	SARCC	on	miRNA	expression	

Like	other	lncRNAs,	SARCC	may	function	as	a	competing	endogenous	RNA	and	regulate	

the	AR	by	competing	for	shared	miRNAs.	Previous	work	has	shown	that	the	AR	can	bind	

to	an	ARE	in	the	promoter	region	of	miR-143-3p	causing	a	decrease	in	its	activity	and	

altering	the	expression	of	its	target	genes	AKT,	MMP-13,	KRAS	and	P-ERK	[159].	SARCC	

expression	has	also	been	shown	to	affect	the	expression	of	miR-143-3p	in	RCC	[159].	Cell	

lines	from	SARCC	overexpression	and	knockdown	experiments	could	be	used	to	evaluate	

the	effect	of	SARCC	expression	on	miR-143-3p	and	its	target	genes.	Software	

programmes	such	as	TargetScan	could	also	be	used	to	identify	other	miRNA	binding	sites	

on	SARCC.		

	

5.2.6	Further	work	–	evaluation	of	the	role	of	hypermethylation	in	SARCC	expression	

MethPrimer	software	analysis	in	a	previous	study	predicted	that	CPG-rich	islands	were	

located	at	the	promoter	region	of	SARCC	suggesting	that	hypermethylation	could	be	a	

mechanism	for	silencing	of	SARCC	expression	[159].	Bisulfite	sequencing	analysis	could	

be	performed	to	see	if	hypermethylation	of	SARCC	plays	a	role	in	its	regulation	and	to	

see	if	SARCC	is	hypermethylated	in	enzalutamide	sensitive	PCa	cells	or	hypomethylated	

in	enzalutamide	resistant	PCa	cells.		

	

5.2.7	Further	work	–	evaluation	of	the	role	of	hypoxia	on	SARCC	expression	

Under	hypoxic	conditions,	HIF-2α	accumulates	within	cells	and	can	translocate	into	the	

nucleus	to	form	a	HIF	complex	with	HIF-1β.	HIF-2α	regulates	numerous	genes,	including	

C-MYC,	through	binding	to	hypoxia	response	elements	in	their	promoters	[234].	Zhai	et.	

al	showed	that	HIF-2α	regulates	SARCC	expression	in	RCC	via	binding	to	hypoxia	

responsive	elements	on	its	promoter	[187].	Knockdown	of	HIF-2α	increased	SARCC	

expression.	They	also	showed	that	the	expression	of	SARCC	was	downregulated	in	LNCaP	

cells	under	hypoxic	conditions.	Similar	experiments	could	be	performed	in	the	cell	lines	

developed	in	this	study	to	see	if	HIF-2α	regulates	SARCC	expression	and	if	it	alters	the	

resistance	of	PCa	cells	to	enzalutamide.	
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5.3	Other	lncRNAs	

In	this	study,	five	other	highly	upregulated	lncRNAs	were	validated	by	qPCR	as	being	

significantly	overexpressed	in	enzalutamide	resistant	cells	-	SPRY4-IT1,	DPP10-AS1,	

FLJ26850,	RP11-222K16.2	and	RP11-1C8.7.	This	is	the	first	time	that	these	lncRNAs	have	

been	associated	with	enzalutamide	resistance	in	PCa.	

	

SPRY4-IT1	is	an	intronic	region	within	the	Sprouty	RTK	signaling	antagonist	4	(SPRY4)	

gene	and	is	associated	with	a	number	of	human	cancers	including	PCa,	melanoma,	

colorectal	cancer	and	lung	cancer	[235].	The	primary	transcript	is	cleaved	to	release	a	

mature	product	that	localizes	to	the	cytoplasm	although	the	structure	of	the	primary	and	

cleaved	transcript	is	unknown	[236].	SPRY4-IT1	was	previously	shown	to	be	highly	

upregulated	in	the	human	prostate	cancer	cell	line	PC3	and	was	detectable	in	the	urine	

of	PCa	patients	[167].	Knockdown	of	SPRY4-IT1	in	PC3	cells	inhibited	cell	proliferation	

and	invasion	and	increased	cell	apoptosis	[167].		

	

DPP10-AS1	is	highly	expressed	in	testis	but	not	in	prostate	based	on	RNA-seq	data	from	

tissue	samples	of	95	people	[220].	DPP10-AS1	has	been	reported	in	association	with	

Human	epidermal	growth	factor	receptor	2	(HER-2)	positive	breast	cancer	but	its	

function	is	unknown	[237].	There	are	no	reported	associations	with	other	types	of	

cancer.	The	protein	coding	DPP10	gene	encodes	a	type	II	membrane	protein	that	is	a	

member	of	the	S9B	family	in	clan	SC	of	the	serine	proteases,	although	the	protein	has	no	

detectable	protease	activity.	It	is	downregulated	in	pancreatic	cancer	[238]	but	there	

have	been	no	previous	reports	evaluating	the	role	of	DPP10-AS1	or	DPP10	in	PCa	or	AR	

signalling.		

		

FLJ26850	is	highly	expressed	in	benign	prostate	tissue	[220]	and	maps	on	chromosome	

19,	at	19q13.33	according	to	Entrez	Gene.	There	have	been	no	previous	reports	

evaluating	the	role	of	FLJ26850	in	cancer	or	AR	signalling.	

	

RP11-222K16.2	is	associated	with	altered	expression	in	newly	diagnosed	acute	myeloid	

leukemia	[239].	Its	expression	was	highly	correlated	with	the	expression	of	its	

neighbouring	protein	coding	gene,	Eomesodermin	(EOMES),	which	is	involved	in	the	
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regulation	of	developmental	processes	[240].	The	microarray	analysis	from	our	study	

showed	that	EOMES	is	upregulated	in	enzalutamide	resistant	cells	compared	to	

enzalutamide	sensitive	cells	(3.6-fold	change).	There	have	been	no	reports	evaluating	the	

role	of	RP11-222K16.2	or	EOMES	in	PCa	or	AR	signalling.			

	

RP11-1C8.7	is	upregulated	in	high-grade	ovarian	serous	carcinoma	compared	with	non-

tumor	tissues	[241]	and	may	help	to	predict	prognosis	in	renal	papillary	cell	carcinoma	as	

part	of	a	panel	of	seven	lncRNAs	[242].	There	have	been	no	reports	evaluating	the	role	of	

RP11-1C8.7	in	PCa	or	AR	signalling.	

	

5.3.1	Further	work	–	evaluation	of	the	role	of	validated	lncRNAs	in	enzalutamide	

resistance	

Similar	to	the	experiments	evaluating	the	role	of	SARCC,	the	five	validated	lncRNAs	could	

be	overexpressed	in	enzalutamide	sensitive	cells	and	knocked	down	in	enzalutamide	

resistant	cells	to	determine	what	effect,	if	any,	they	have	on	enzalutamide	resistance.			

	

5.3.2	Further	work	–	validation	of	other	lncRNAs	

A	number	of	other	lncRNAs	with	interesting	features	such	as	HOTAIR	and	AFAP1-AS1	

were	upregulated	in	enzalutamide	resistant	cells	according	to	the	microarray	analysis,	

but	were	not	validated.	HOTAIR	binds	to	the	N-terminal	domain	of	the	AR	whereas	

AFAP1-AS1	enhances	PCa	cell	metastasis	in	vitro	via	targeting	RBM5,	an	inhibitor	of	the	

Wnt	signalling	pathway	[88,	97].	qPCR	could	be	performed	to	validate	the	overexpression	

of	HOTAIR	and	AFAP1-AS1.	

	

5.3.3	Further	work	–	evaluation	of	downregulated	lncRNAs	

Downregulated	lncRNAs	were	not	evaluated	further	due	to	time	and	financial	

constraints.	Many	of	the	most	downregulated	lncRNAs	were	poorly	characterised	with	

no	known	associations	to	cancer.	qPCR	looking	at	relative	expression	of	the	most	

downregulated	lncRNAs	could	be	performed	to	validate	the	findings	of	the	microarray	

analysis.	Further	overexpression	and	knockdown	experiments	could	be	performed	to	

evaluate	their	effects	in	enzalutamide	resistance.		
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5.4	mRNAs	and	enzalutamide	resistance	

Microarray	analysis	revealed	2,423	upregulated	mRNAs	when	comparing	Clone	1	to	

Control.	Grouping	these	mRNAs	by	molecular	function	revealed	a	large	number	of	genes	

involved	in	receptor	binding	and	protein	dimerisation,	key	functions	in	AR	signalling.		

	

A	number	of	significantly	upregulated	mRNAs	were	validated	as	being	overexpressed	in	

enzalutamide	resistant	cells	-	CTAG1B,	PEG10,	SPINK1,	PITX2	and	PCDH7.	This	is	the	first	

time	these	genes	have	been	associated	with	enzalutamide	resistance	in	PCa	apart	from	

PCDH7.	

	

CTAG1B	is	a	cancer-testis	antigen	with	expression	in	numerous	cancer	types,	including	

PCa	[243].	Much	of	the	research	into	CTAG1B	has	focused	on	its	ability	to	elicit	immune	

responses	and,	therefore,	as	a	target	for	cancer	immunotherapy	[243].	The	role	of	cancer	

testis	antigens	in	oncogenesis	is	unclear	but	some	data	points	to	a	role	in	the	regulation	

of	EMT	[244].	CTAG1B	has	not	been	reported	in	association	with	the	AR	although	

Melanoma	antigen	gene	protein-A11	(MAGEA11),	a	related	cancer	testis	antigen	gene,	

increases	AR	transcriptional	activity	in	PCa	by	direct	interactions	with	the	AR	and	other	

coactivators	[245].	MAGEA11	showed	a	2.3-fold	increase	in	expression	in	Clone	1	

compared	to	Control	based	on	our	microarray	analysis.	A	previous	study	of	CTAG1B	

expression	by	immunohistochemistry	on	a	tissue	microarray	of	PCa	tissue	samples	

showed	positive	staining	in	8.8%	of	8,761	tumors	[205].	There	was	a	threefold	higher	rate	

of	expression	in	ERG	fusion	positive	tumors	and,	within	this	group,	expression	was	

associated	with	early	biochemical	recurrence	and	high	Gleason	grade.	In	ERG-negative	

PCa,	CTAG1B	expression	was	associated	with	PTEN	loss.		

	

Paternally	expressed	gene	10	(PEG10)	is	required	for	placental	development	and	is	highly	

upregulated	in	neuroendocrine	PCa	[208,	209].	PEG10	is	AR	repressed,	but	under	AR	

interference	from	enzalutamide	treatment,	it	becomes	highly	upregulated	and	this	is	

associated	with	the	development	of	neuroendocrine	PCa	[208,	209].	Stimulating	AR	

activity	reverses	PEG10	and	neuroendocrine	marker	expression	in	vitro	[209].	
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SPINK1	encodes	a	protein	that	inhibits	serine	proteases,	such	as	trypsin	[246],	and	is	

overexpressed	in	a	subset	of	patients	with	PCa[43].	Recently	presented	data	at	the	

American	Association	for	Cancer	Research	Annual	Meeting	in	2019	reported	that	

blocking	AR	signalling	upregulates	SPINK1	expression	in	PCa	and	that	this	is	associated	

with	an	increase	in	neuroendocrine	markers	[247].	

	

PITX2	hypermethylation	(and	consequent	reduced	gene	expression)	is	associated	with	

poorer	outcomes	in	head	and	neck	squamous	cell	carcinoma,	breast,	lung	and	PCa	[248-

251].	PITX2	methylation	testing	has	been	assessed	as	a	biomarker	for	poorer	outcome	on	

prostate	biopsies	[252].	However,	other	data	has	shown	that	PITX2	is	overexpressed	in	

metastatic	CRPC,	particularly	in	bone	metastases,	and	it	may	play	a	role	in	cell	migration	

and	metastasis	[253].	It	has	been	identified	as	an	upstream	regulator	of	both	the	AR	and	

the	insulin-like	growth	factor-1	receptor	(IGF-1R)	[254].	PITX2	overexpression	has	also	

been	associated	with	cell	invasion	and	dissemination	in	breast	cancer	[255]	and	with	

ovarian	cancer	progression	[256].		

	

PCDH7	encodes	a	cell	surface	protein	that	is	required	for	the	rounding	of	cells	at	the	

onset	of	mitosis	[257].	It	was	previously	shown	to	be	upregulated	in	an	androgen-

independent	LNCaP	cell	line	[258].	Data	presented	at	the	AACR	Annual	Meeting	in	2018	

showed	PCDH7	was	overexpressed	in	CRPC	cell	lines	and	the	highest	levels	were	seen	in	

an	enzalutamide	resistant	cell	line	[227].	

	

5.4.1	Further	work	–	evaluation	of	mRNA	expression	on	enzalutamide	resistance	

Similar	to	the	cloning	experiments	with	SARCC,	overexpression	and	knockdown	of	the	

five	validated	mRNAs	could	be	performed	to	assess	how	they	impact	on	enzalutamide	

resistance.	In	particular,	given	its	previously	reported	association	to	enzalutamide	

resistance,	overexpression	and	knockdown	of	PCDH7	would	be	important	to	examine.	As	

previously	discussed	(Section	4.10),	we	attempted	overexpression	and	knockdown	of	

PCDH7	but	were	unsuccessful.		
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5.4.2	Further	work	–	evaluation	of	protein	expression	for	validated	mRNAs	

In	addition	to	assessing	the	expression	of	mRNA	transcripts,	further	work	could	be	

undertaken	to	evaluate	expression	levels	at	the	protein	level	by	Western	blot	or	mass	

spectrometry.	

	

5.4.3	Further	work	–	PITX2	and	hypermethylation		

PITX2	is	a	regulator	of	the	AR	and	methylation	is	important	in	determining	its	expression.	

Bisulfite	sequencing	analysis	could	be	performed	to	determine	if	hypermethylation	of	

PITX2	plays	a	role	in	its	regulation	and	to	see	if	PITX2	is	hypermethylated	in	enzalutamide	

sensitive	PCa	cells	or	hypomethylated	in	enzalutamide	resistant	PCa	cells.		

	

5.4.4	Further	work	–	PITX2	and	the	IGF1	receptor	

The	expression	of	the	IGF1	receptor	(IGF-1R)	in	enzalutamide	resistant	cells	could	be	

evaluated	by	qPCR	as	its	expression	is	regulated	by	PITX2	[208].	The	IGF1	receptor	can	

activate	the	AR	offering	a	potential	mechanism	for	AR	signalling	in	the	absence	of	

androgens	[259].	

	

5.5	Panel	of	cell	lines	

The	expression	of	validated	lncRNAs	and	mRNAs	were	evaluated	by	end-point	PCR	in	a	

panel	of	cell	lines	(Section	3.9).	They	were	expressed	in	both	benign	and	malignant	cell	

lines	but	were	more	likely	to	be	expressed	in	more	aggressive	PCa	cell	lines	22Rv1,	PC-3	

and	DU	145.	In	particular,	most	of	the	lncRNAs	and	mRNAs	were	expressed	in	22Rv1,	a	

cell	line	that	is	known	to	be	resistant	to	enzalutamide	and	shows	high	levels	of	AR-V7	

expression	[260,	261]	

	

5.6	Neuroendocrine	differentiation	

Neuroendocrine	differentiation	in	PCa	is	associated	with	an	aggressive	phenotype	and	

poor	prognosis.	Neuroendocrine	PCa	is	also	resistant	to	anti-androgens	and	appears	to	

be	truly	AR-independent	i.e.	cancer	cell	growth	is	not	dependent	on	AR	signalling.	We	

assessed	the	expression	of	two	neuroendocrine	mRNAs,	BRN2	and	CGA,	by	qPCR	but	did	

not	show	any	significant	difference	in	expression	at	the	transcript	level.	We	also	

examined	the	expression	of	two	commonly	expression	neuroendocrine	proteins,	
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synaptophysin	and	chromogranin,	by	immunohistochemistry	on	the	SARCC	

overexpressed	and	EVC	cell	lines	but	there	was	no	difference	in	expression.	These	

findings	suggest	that	the	development	of	resistance	in	this	cell	population	is	not	related	

to	neuroendocrine	differentiation.	

	

5.7	Clinical	Relevance	and	Conclusions	

The	development	of	resistance	to	anti-androgen	therapies	is	a	key	problem	in	the	

treatment	of	PCa.	While	some	AR	mutations	and	AR	splice	variants	are	associated	with	

the	development	of	resistance,	the	full	picture	of	how	resistance	develops	is	still	unclear	

and	treatment	strategies	to	overcome	resistance	are	lacking.	In	this	study,	we	evaluated	

an	isogenic	cell	line	model	with	varied	levels	of	resistance	to	enzalutamide.	Microarray	

analysis	revealed	a	large	number	of	differentially	expressed	lncRNAs	and	mRNAs.	We	

validated	6	lncRNAs	and	5	mRNAs	associated	with	enzalutamide	resistance	by	qPCR.	This	

is	the	first	time	that	these	lncRNAs	and	mRNAs	have	been	reported	in	association	with	

drug	resistance	in	PCa,	apart	from	PCDH7.	One	of	the	lncRNAs,	SARCC,	was	selected	for	

further	evaluation	due	to	previous	reports	that	it	could	bind	to	the	AR.	Overexpression	of	

SARCC	in	enzalutamide	sensitive	cells	resulted	in	an	increase	in	resistance	to	

enzalutamide	suggesting	a	functional	role	for	SARCC	in	the	development	of	enzalutamide	

resistance.	

	

This	work	has	identified	a	number	of	potentially	important	novel	lncRNAs	and	mRNAs	in	

enzalutamide	resistance	that	may	be	targeted	in	patients.		In	particular,	given	SARCCs	

potential	functional	role	in	AR	signalling,	targeting	of	SARCC	could	alter	the	development	

of	enzalutamide	resistance.	This	would	significantly	improve	PCa	mortality	as	

enzalutamide	is	a	very	effective	and	safe	drug	when	used	in	sensitive	patients.	Another	

clinically	relevant	outcome	from	this	project	is	the	potential	to	use	one	of	the	lncRNAs	as	

a	biomarker	for	enzalutamide	resistance.	As	lncRNAs	are	stable	in	circulating	fluids,	they	

are	good	biomarker	candidates.	Identifying	patients	with	enzalutamide	resistance	would	

be	beneficial	as	it	would	allow	switching	to	a	more	effective	medication	and	avoid	

wasting	money.		
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The	upregulation	of	CTAG1B	is	noteworthy	as	it	can	elicit	immune	responses	and	may	be	

a	target	for	immunotherapy.	Thus	far,	there	has	been	little	success	in	using	

immunotherapy	in	PCa	patients	but	this	marker	may	identify	a	subgroup	that	are	

responsive	to	immunotherapy.	

	

In	conclusion,	this	project	has	identified	SARCC,	a	lncRNA,	with	a	potential	functional	role	

in	enzalutamide	resistance.	In	addition,	a	number	of	lncRNAs	and	mRNAs	associated	with	

enzalutamide	resistance	were	identified	for	the	first	time.		
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Appendices	
Appendix	I:	Cloning	strategy	for	overexpression	of	SARCC	gene	
	

	

Step	1:	Amplify	SARCC	gene	by	PCR	using	cDNA	from	Clone	1	cells	
	

	
	
	
	

Step	2:	Insert	SARCC	into	pCR2.1	TOPO	plasmid	by	TOPO	cloning	
	

	
	
	
	
	

Step	3:	Transform	SARCC	into	E.coli	bacteria	and	select	by	blue	/	white	selection 
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Step	4:	Grow	bacteria	and	isolate	plasmid	DNA.	Isolate	SARCC	insert	by	restriction	
enzyme	digest	and	band	isolation	

	
	

	
Step	5:	Insert	and	ligate	SARCC	into	plasmid	pcDNA3.1(+)	with	restriction	enzymes	

	

	
	
	
	

Step	6:	Transform	into	E.	coli	bacteria	
	

	
	
	 	

Step	7:	Purify	plasmid	DNA	after	selection	by	growth	on	ampicillin	containing	media		
	

	
	
Step	8:		Check	for	presence	of	SARCC	insert	by	PCR	and	for	correct	orientation	of	insert	

by	restriction	enzyme	digest	
	
	
	

Step	9:	Transfect	correctly	orientated	DNA	into	enzalutamide	sensitive	cells	
	
	
	

	
Step	10:	Select	cells	containing	SARCC	insert	using	G418	disulfate	
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Appendix	II:	Overview	of	SARCC	recombinant	plasmid	DNA	
	

	
Overview	of	insertion	of	SARCC	gene	into	pcDNA3.1(+).		

The	SARCC	insert	is	2150	bp	and	the	vector	is	5428	bp	in	length.	BamH	I	and	Xho	I	sites	
are	present	at	each	end	of	the	insert.	

	

	

	
pcDNA3.1(+)	containing	the	SARCC	insert	in	the	correct	orientation.	

There	is	a	CMV	promoter	upstream	from	the	insert	and	resistance	genes	for	ampicillin	

and	neomycin.	Restriction	enzyme	sites	for	BamH	I	and	Xho	I	are	present	at	each	end	of	

the	insert	and	there	are	three	separate	sites	for	Hind	III.		

	


