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Abstract	
	

An	Innate	Immune	response	to	DNA	Damage	in	Prostate	Cancer	
	
	
Each	 year	 in	 the	 UK	 47,300	 men	 are	 diagnosed	 with	 prostate	 cancer.	 Recent	

research	has	shown	that	up	to	25%	of	men	with	mCRPC	harbour	mutations	in	DNA	

Repair	 genes	 BRCA1/	 BRCA2	 and	 ATM.	 This	 group	 has	 previously	 identified	 a	

molecular	 subtype	 in	 solid	 tumors	 characterised	 by	 STING	 mediated	 immune	

signalling	due	to	abnormal	DNA	as	a	result	of	loss	of	DNA	repair	mechanisms.	This	

subtype	 is	 characterised	by	activation	of	 cytokines,	 such	as	CXCL10,	which	attract	

lymphocytic	 infiltration	 and	 up	 regulate	 immune	 checkpointing	 genes	 like	 PD-L1.	

Identified	by	a	44-gene	expression	 signature,	 the	DNA	damage	 response	deficient	

(DDRD)	assay	has	been	shown	to	predict	 response	to	anthracyclines	and	platinum	

agents	 in	breast,	oesophageal	and	ovarian	cancer.	We	hypothesize	 that	 there	 is	a	

DDRD	positive	subgroup	in	prostate	cancer,	which	may	fail	 to	benefit	 from	taxane	

agents,	which	are	the	current	standard	of	care.	

Methods.	
	

siRNA-mediated	 knockdown	 was	 used	 to	 identify	 if	 knockdown	 of	 common	 DNA	

repair	 genes	 in	 metastatic	 prostate	 cell	 lines	 led	 to	 up	 regulation	 of	 key	 genes	

associated	with	the	DDRD	signature	by	qPCR	and	also	to	assess	response	platinum,	

PARP	inhibitors	and	taxanes.	Subsequently	a	siRNA	mediated	screen	was	completed	

to	 try	 and	 identify	 novel	 gene	 mutations,	 which	 may	 contribute	 to	 BRCAness	

phenotype.	Formalin-fixed,	paraffin-embedded	(FFPE)	diagnostic	core	biopsies	were	

obtained	from	52	men	with	Castrate	Resistant	Prostate	Cancer	(CRPC)	treated	with	

docetaxel	 in	 the	 NI	 Cancer	 Centre.	 Samples	 were	 microarray	 profiled,	 signature	

scored	and	defined	as	DDRD	positive	or	negative.		

Results	
	
siRNA	mediated	knockdown	of	BRCA1,	BRCA2	and	ATM	resulted	in	up	regulations	of	

DDRD	 associated	 chemokines	 and	 a	 lack	 of	 response	 to	 docetaxel	 and	 increased	
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sensitivity	to	cisplatin	and	olaparib.	Ten	patients	(19.23%)	were	DDRD	positive	and	

42	(80.76%)	were	DDRD	negative;	80%	of	DDRD	positive	and	47%	of	DDRD	negative	

patients	 failed	 to	 benefit	 from	 docetaxel.	 DDRD	 positive	 tumour	 samples	

demonstrated	an	association	with	poorer	overall	 survival	post-docetaxel	 (HR	3.72;	

95%	 CI	 1.40	 to	 9.89	 ;	 p=0.009;	 Median	 survival	 DDRD	 positive	 12.43months	 vs.	

DDRD	negative	21.83	months).		

	

Conclusions.	
	
The	 DDRD	 positive	 molecular	 subtype	 of	 prostate	 cancer,	 characterised	 by	 an	

immune	 response	 to	 DNA	 damage,	 has	 a	 reduced	 benefit	 from	 docetaxel.	 We	

intend	 to	 validate	 this	 observation	 in	 a	 prospective	 clincal	 trial,	 investigating	

advanced	 prostate	 cancer	 patients	 who	 received	 docetaxel	 as	 primary	 therapy.		

These	 studies	 may	 lead	 to	 clinical	 trials	 where	 DDRD	 positive	 patients	 receive	

specific	DNA	damaging	agents	like	carboplatin,	olaparib.	
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1.1	Prostate	Cancer	

1.1.1	Incidence	and	Risk	Factors	

	
Each	year	in	the	UK	47,	300	men	are	diagnosed	with	prostate	cancer	1.		Over	the	last	

few	decades	there	has	been	a	rise	in	the	incidence	of	prostate	cancer	largely	due	to	

the	utilisation	of	prostate	specific	antigen	(PSA)	for	screening	purposes.	 	 In	the	UK	

prostate	 cancer	 accounts	 for	 13%	of	 all	 cancer	 related	 deaths	 in	men,	 and	 is	 the	

second	 leading	 cause	 of	 cancer	 related	 death	 1.	 The	 risk	 of	 developing	 prostate	

cancer	 increases	 with	 age,	 the	 median	 age	 of	 presentation	 being	 70	 years	 as	

illustrated	 below,	 Figure	 1.1.	 Apart	 from	 age,	 family	 history	 is	 an	 important	 risk	

factor	 for	 the	development	of	prostate	 cancer.	 First	degree	 relatives	of	men	with	

prostate	cancer	have	twice	the	risk	of	the	general	population	2,3.	Increasing	to	over	

four	times	the	risk	 if	 that	relative	was	under	60	years	old	at	diagnosis	 2–4.	Further	

evidence	that	there	is	a	genetic	component	to	the	development	of	prostate	cancer	

is	that	there	is	a	50%	higher	risk	in	monozygotic	twins	than	dizygotic	twins	5–7.		

	

Studies	of	different	ethnic	populations	have	also	shown	that	men	of	African	descent	

have	a	higher	 incidence	of	prostate	 cancer	when	compared	 to	 those	of	European	

Caucasian	descent,	while	incidence	rates	are	low	in	men	of	Asian	origin	8.	Exploring	

this	further	gene	wide	association	studies	(GWAS)	have	highlighted	that	some	risk	

variants	 of	 8q24	 are	 exclusive	 to	 men	 of	 African	 ancestry9–12.	 Meanwhile	 gene	

linkage	studies	have	implicated	homeobox	gene	HOXB13	to	be	involved	in	prostate	

cancer	 susceptibility	 13.	Germ-line	mutations	 in	DNA	 repair	genes	 including	Breast	

Cancer	susceptibility	genes	(BRCA)	1	and	2;	CHEK2,	BRIP1	and	NBS1	have	also	been	

associated	with	 an	 increased	 risk	 of	 developing	 prostate	 cancer	 and	 overall	 poor	

prognosis	14–20	.	
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Figure	 1.1	 	 	Average	number	of	 cases	 per	year	 and	 age	 specific	 incidence	 rates	
Males	UK		2010-2013	1	
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1.1.2	Diagnosis	and	Staging		

	
The	majority	 of	men	 are	 diagnosed	with	 prostate	 cancer	 either	 via	 opportunistic	

PSA	screening	(though	this	is	currently	controversial	amongst	clinicians	21,22)	or	after	

presenting	 with	 symptoms	 including,	 urinary	 frequency	 or	 hesitancy,	 nocturia,	

haematuria	 or	 bone	 pain.	 A	 diagnosis	 of	 prostate	 cancer	 is	 made	 from	 a	

combination	of	direct	rectal	examination	(DRE),	PSA	and	prostatic	core	biopsy.	 	To	

complete	staging	once	a	diagnosis	of	prostate	cancer	is	confirmed	all	patients	have	

a	Magnetic	Resonance	imaging	(MRI)	of	pelvis	+/-	an	isotope	bone	scan.	

	

57%	 of	 men	 diagnosed	 with	 prostate	 cancer	 in	 the	 UK	 present	 with	 localised	

disease,	which	 incorporates	Stage	 I-II	disease	where	there	may	be	tumour	 in	both	

lobes	 of	 the	 prostate	 but	 the	 capsule	 has	 not	 been	 breached	 23,24.	 While	 43%	

present	 with	 advanced	 (Stage	 III	 or	 IV)	 disease	 (Figure	 2a)	 24.	 	 21%	 of	 men	

presenting	with	prostate	cancer	have	metastases	present	at	diagnosis	24.	

	

1.2		Treatment	of	Localised	and	Locally	advanced	Disease	

	
Treatment	decisions	in	localised	prostate	cancer	are	based	on	the	triad	of	stage	of	

disease,	degree	of	PSA	rise	and	Gleason	score	(Figure	2b).	Gleason	score	was	 first	

outlined	in	1960s,	and	is	the	sum	of	the	two	most	dominant	pathological	patterns.	

The	 score	 ranges	 from	one	 to	 ten,	 scoring	 is	 usually	 expressed	 as	 3+4	 or	 5+4	 for	

example,	with	the	dominant	pattern	noted	first	25.	The	accuracy	of	Gleason	scoring	

has	improved	over	the	last	decade	with	the	implementation	of	increased	numbers	

of	biopsies	and	image-guided	biopsies,	using	ultrasound	or	MRI,	which	is	currently	

under	 investigation.	 This	 risk	 stratification	 in	 combination	 with	 patients’	 age,	 co-

morbidities	 and	 subsequent	 life	 expectancy	 influences	 treatment	 choices.	 These	

include,	 active	 surveillance	 	 (serial	 PSA	 measurement	 and	 repeat	 biopsies)	 for	

suitable	men	with	low	risk	disease	only.		For	men	with	low-intermediate	and	high-

risk	 disease	 radical	 prostatectomy	 or	 radiotherapy	 are	 both	 accepted	 options.	 As	

regards	radiotherapy	for	low	intermediate	risk	patients	low	dose	rate		
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	 Clinical	T	Stage	 Gleason	

Score	

PSA	ng/mL	

Low	Risk	 cT1-	T2a	 2-6	 <10	

Intermediate	Risk	 cT2b	 7	 10-20	

High	Risk	 cT2c	 8-10	 >20	

Figure	1.2	
a. Proportion	of	prostate	cancers	diagnosed	at	each	stage,	all	ages	England	

2014	25.	
b. Risk	stratification	of	localised	prostate	cancer	EAU	guidelines	24.	
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brachytherapy	(LDR-BT)	is	often	used.	Brachytherapy	refers	to	the	insertion	of	small	

radioactive	 seeds	 to	 the	 tumour	and	surrounding	prostatic	 tissue.	The	permanent	

implantation	of	radioactive	seeds	delivers	a	high	intra-prostatic	radiation	dose	over	

an	extended	six	month	treatment	interval	26.	As	there	is	a	rapid	fall	off	in	dose	over	

a	 few	millimetres,	 there	 is	 less	 radiation	related	toxicity	 to	surrounding	structures	

including	 the	 rectum	 and	 bladder	 26.	 LDR-BT	 as	 a	monotherapy	 is	 an	 established	

method	of	treatment,	with	rates	of	local	recurrence	of	less	than	10%	27.	

	

For	men	with	high	tier	 intermediate	and	high-risk	disease,	combination	treatment	

with	androgen	deprivation	 therapy	 (ADT),	external	beam	radiotherapy	 (EBRT)	and	

brachytherapy	 is	used.	Patients	 in	this	group	receive	a	minimum	of	3	months	ADT	

prior	 to	 radiation,	 after	multiple	 trials	 including	EORTC	22863	 found	 that	patients	

had	increased	overall	survival	and	a	reduction	in	all-cause	mortality	when	ADT	was	

combined	with	radiotherapy	28.	Following	ADT	patients	receive	EBRT.	In	UK	practice,	

the	 standard	 radical	 treatment	 regimen	 consists	 of	 a	 total	 dose	 of	 74	 Gray	 (Gy),	

given	in	daily	fractions	of	2Gy	over	7	½	weeks.	It	has	been	clearly	demonstrated	that	

tumour	control	(as	measured	by	reduction	in	biochemical	failure)	improves	with	the	

delivery	 of	 higher	 doses	 of	 radiotherapy.	 Although	 this	 has	 been	 limited	 by	 the	

radiation	tolerance	of	nearby	tissues,	or	organs	at	risk,	particularly	the	small	bowel	
29–31.	Recent	studies	have	 focused	on	delivering	high	doses	of	 radiotherapy	 to	 the	

effected	 prostate	 tissue	 while	 minimising	 radiation	 related	 toxicity.	 In	 order	 to	

achieve	this,	the	insertion	of	fiducials	into	the	prostate	prior	to	EBRT	is	recognised	

as	the	gold	standard	for	treatment.	Fiducials	typically	made	of	gold	or	polymer	act	

as	markers	 for	 radiotherapy,	and	enable	higher	doses	of	 radiotherapy	 to	be	given	

while	minimising	 the	 toxicity	 to	surrounding	 tissues	 like	 the	 rectum	32.	 In	patients	

with	 high	 risk	 disease	 brachytherapy	 is	 often	 given	 post	 EBRT	 as	 analysis	 of	 the	

published	literature	has	shown	that	EBRT	given	with	a	high	dose	rate	brachytherapy	

(HDR	 BT)	 is	 superior	 in	 terms	 of	 relapse	 free	 survival	 than	 EBRT	 alone33.	

Brachytherapy	is	performed	as	described	previously	but	with	higher	dose	delivery.		

	

Many	studies	have	looked	retrospectively	at	the	outcomes	of	radical	prostatectomy	

vs.	 EBRT	 in	men	with	 localised	 disease.	 A	meta-analysis	 of	 clinical	 trials	 including	
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patients	 from	 the	 1990s	 and	 early	 2000s,	 found	 that	 with	 EBRT	 there	 was	 an	

increase	 in	 prostate	 cancer	 related	 mortality	 34,35.	 	 There	 was	 however	 often	 a	

selection	bias	to	EBRT	in	patients	with	high	risk	disease,	 less	well	defined	tumours	

and	 co	 morbidities	 which	 made	 them	 unfit	 for	 surgery	 35.	 Retrospective	 studies	

which	 have	 recognised	 and	 attempted	 to	 compensate	 for	 these	 factors	 have	

suggested	that	outcomes	 from	radical	prostatectomy	and	radiation	based	therapy	

are	 equivalent	 in	 terms	 of	 prostate	 cancer	 related	mortality	 36.	 There	 have	 been	

attempts	at	randomised	control	trials	directly	comparing	radical	prostatectomy	with	

radiation	based	therapies,	however	these	have	encountered	difficulties	with	patient	

accrual	 (such	as	SABRE	1),	as	patients	are	preferring	 to	make	 informed	treatment	

choices	 than	be	 randomised	 to	different	arms	 37.	To	date	 the	only	 trial	which	has	

successfully	 recruited	 is	 the	 PROTECT	 trial.	 in	 this	 trial	 1643	 men	 with	 localised	

prostate	cancer	were	randomised	to	receive	active	monitoring,	surgery	or	EBRT	38.	

While	there	was	no	difference	 in	10	year	prostate	cancer	specific	mortality	across	

the	groups,	both	radiotherapy	and	surgery	were	associated	with	a	lower	incidence	

of	 disease	 progression	 and	 metastases	 than	 active	 monitoring	 38.	 Currently	 in	

localised	disease	EBRT	and	 radical	prostatectomy,	 in	absence	of	 further	evidence,	

are	felt	to	be	equivalent	and	personal	choices	are	made	based	on	toxicity	profiles39.	

In	 patients	 with	 locally	 advanced	 (T3-4)	 disease,	 surgery	 is	 not	 generally	

recommended	due	to	the	difficulty	of	achieving	clear	margins	when	the	capsule	of	

the	 prostate	 has	 been	 breached40.	 These	 patients	 are	 usually	 treated	 with	 a	

combination	of	ADT,	EBRT	and	HDR-BT.		

1.3	Treatment	Strategies	in	Metastatic	Disease	

1.3.1	Androgen	Deprivation	Therapy	

	

In	the	UK	21%	of	men	with	prostate	cancer	have	metastatic	disease	at	diagnosis	and	

a	 further	 25-33%	 will	 develop	 metastases	 after	 radical	 treatment,	 the	 most	

common	 sites	 being	 bone	 and	 lymph	 nodes	 16,41.	 	 Since	 1941	when	 Huggins	 and	

Hodges,	 discovered	 that	 suppressing	 serum	 testosterone	 in	 men	 with	 advanced	

prostate	 cancer	 lead	 to	 improvement	 in	 clinical	 symptoms,	 ADT	 has	 been	 the	
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mainstay	of	treatment	for	men	with	metastatic	disease	42,43.	Androgen	deprivation	

is	 achieved	 either	 by	 bilateral	 orchidectomy	 or	 chemical	 castration	 using	 most	

commonly	 Luteinising	 Hormone-releasing	 hormone	 (LHRH)	 agonists	 such	 as			

Goserelin	 (Zoladex).	 While	 ADT	 for	 the	 majority	 provides	 rapid	 improvement	 in	

symptoms	including	bony	pain	and	urinary	symptoms,	the	effect	is	temporary	with	

a	median	 time	 to	 the	development	 of	 castrate	 resistant	 disease	of	 18-24	months	
44,45.	 Though	 the	 control	 arm	of	 the	 Systemic	 Therapy	 in	Advancing	or	Metastatic	

Prostate	 Cancer:	 Evaluation	 of	 Drug	 Efficacy	 (STAMPEDE)	 trial	 recently	 reported	

that	 for	 the	 cohort	 of	 917	 men	 with	 de	 novo	 metastatic	 disease	 at	 diagnosis	

allocated	 to	 receive	ADT	 alone	 the	median	 time	 to	 CR	was	 12	months,	with	 only	

29%	of	men	still	responding	to	ADT	at	2	years	46.	Survival	after	the	development	of	

metastatic	castrate	resistant	prostate	cancer	(mCRPC)	is	on	average	9	–	13	months	
47.The	estimated	5	year	overall	survival	for	men	with	metastatic	prostate	cancer	is	

28%		48.		

	

1.3.2	The	Biology	behind	the	development	of	Castrate	Resistance	

	

The	 principle	 behind	 ADT	 is	 to	 reduce	 levels	 of	 circulating	 androgens	 reducing	

stimulation	 of	 the	 Androgen	 Receptor	 (AR),	 androgen	 signalling	 (AS)	 and	 in	 turn	

decreasing	prostate	cancer	cells	ability	to	proliferate	and	thrive	49.	Over	time	there	

is	a	selective	pressure	and	prostate	cancer	cells	evolve	to	develop	mechanisms	to	

preserve	androgen	signalling.	Koivisto	et	al.	 in	1997	were	the	first	 to	highlight	the	

evolution	 of	 prostate	 cancer	 as	 they	 found	 acquired	 AR	 gene	 amplification	 and	

raised	mRNA	levels	in	biopsies	from	patients	who	had	failed	ADT	50.	Further	studies	

have	since	confirmed	this	and	that	there	are	also	increased	levels	of	AR	protein	in	

CRPC	tumours	51,52,53,54,55.	This	leads	to	a	hypersensitive	pathway,	with	AR	signalling	

being	induced	by	low	levels	of	residual	circulating	androgens.		

	

Tumours	 may	 also	 preserve	 AS	 by	 over	 expression	 of	 the	 5α-reductase	 enzyme	

(required	 to	 convert	 testosterone	 to	 its	 more	 potent	 form	 dihydrotestosterone	

(DHT))	 or	 by	 increased	 transcription	 of	 genes	 required	 for	 the	 synthesis	 of	
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androgens	 from	 alternative	 precursors	 such	 as	 cholesterol	 and	

dehydroepiandrosterone	 (DHEA)	 56,57,58,59.	 Alternatively	 mutations	 within	 the	 AR,	

which	are	more	prevalent	in	CRPC,	allow	activation	by	weaker	androgens	including	

cortisol	60,61,62,63,64.	These	can	also	lead	to	the	conversion	of	AR	antagonists	(such	as	

bicalutamide	 or	 nilutamide)	 to	 agonists	 65.	 Other	 signalling	 pathways	 can	 also	

activate	the	AR,	for	example,	insulin	like	growth	factor	(IGF-1)	when	overexpressed	

can	 bind	 and	 activate	 the	 AR,	while	 Interleukin	 6	 (IL6)	 activates	 the	 AR	 by	 its	 up	

regulation	of	STAT3	and	MAPK	pathways	66,67,68,69.			

	

1.3.3	Taxane	based	therapy	

	

Until	 2004,	 no	 cytotoxic	 agents	 had	 shown	 a	 survival	 benefit	 in	mCRPC.	 Patients	

were	 simply	 palliated	 with	 radiation	 to	 sites	 of	 bony	 pain	 and	 treated	 with	

mitoxantrone	 or	 cyclophosphamide	 to	 control	 symptoms.	 This	 changed	 with	 the	

TAX327	 trial	 which	 compared	 docetaxel	 plus	 prednisolone	 to	 mitoxantrone	 plus	

prednisolone	in	1006	men	and	found	an	increase	in	overall	survival	of	2.4	months	in	

the	taxane	arm	(HR	0.76,	95	%	confidence	interval	0.62	to	0.94;	p=0.009)	70.	Modest	

numbers	 of	 patients	 also	 reported	 an	 improvement	 in	 pain	 control.	 A	 significant	

improvement	of	1.9	months	in	median	overall	survival	was	also	noted	in	the	SWOG	

99-16	 trial,	 comparing	 docetaxel	 and	 estramustine	 to	 mitoxantrone	 and	

prednisolone	(HR	0.8,	95%	confidence	interval	0.67	to	0.97,	p=0.02).	However	there	

was	 no	 significant	 difference	 in	 symptom	 control	 between	 the	 two	 arms	 	 (Figure	

1.3)	71.		

	

Today	 docetaxel	 is	 the	 accepted	 standard	 of	 care	 for	 men	 with	 symptomatic	

mCRPC.	Recent	 research	has	 therefore	 focused	on	 its	utility	when	combined	with	

ADT	 in	 men	 with	 hormone	 sensitive	 metastatic	 disease.	 The	 chemohormonal	

therapy	 versus	 androgen	 ablation	 randomised	 trial	 for	 extensive	 disease	

(CHAARTED),	reported	a	benefit	of	13.6	months	median	overall	survival	for	patients	

who	 received	 docetaxel	 in	 combination	 with	 ADT	 versus	 ADT	 alone	 (57.6	 vs.	

44mths,	HR	0.61,	P=0.003)	72.	When	a	subgroup	analysis	was	carried	out	based	on	
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high	 (the	presence	of	visceral	metastases	and	4	or	more	bone	metastases)	or	 low	

volume	disease,	the	benefit	in	survival	was	lost	in	those	with	low	volume	disease	72.	

In	contrast	the	GETUG	AFU	-15	trial	reported	only	a	5.4	month	increase	in	median	

overall	survival	for	patients	receiving	both	docetaxel	and	ADT	vs.	ADT	alone	which	

failed	 to	 reach	 significance	 (P=0.44)	 73.	While	 the	CHAARTED	 trial	 contained	more	

patients	 with	 high	 volume	 disease,	 the	 GETUG-AFU	 15	 had	 a	 longer	 period	 of	

median	follow	up	for	patients	70,71,74.		

	

The	 STAMPEDE	 trial,	 incorporating	 2962	 patients	 with	 both	 advanced	 localised	

disease	and	de	novo	metastatic	disease	was	 the	 largest	and	 last	 trial	 to	 report.	 It	

compared	docetaxel	and	ADT,	not	only	to	ADT	standard	of	care,	but	also	considered	

if	 the	 addition	 of	 the	 bisphosphonate	 zolendronic	 Acid	 (ZA),	 was	 of	 any	 benefit.	

Although	this	trial	reported	no	survival	benefit	from	the	addition	of	ZA,	the	addition	

of	docetaxel	to	ADT	gave	a	10	month	 improvement	 in	median	overall	survival	 (HR	

0.78,	95	%	CI	0.66-0.93,	p=0.006),	supporting	the	CHAARTED	results	75.	This	trial	did	

not	 distinguish	 between	 high	 and	 low	 volume	 disease.	 A	 meta-analysis	 of	 these	

three	 randomised	control	 trials	by	Vale	and	colleagues	 found	 that	 the	addition	of	

docetaxel	 to	 ADT	 resulted	 in	 a	 9%	 absolute	 improvement	 in	 four	 year	 overall	

survival	(p=<0.0001)		76.		

	

Although	 these	 studies	 may	 suggest	 we	 should	 advocate	 treating	 all	 men	 with	

newly	diagnosed	metastatic	prostate	cancer	and	CRPC	with	docetaxel,	they	are	not	

representative	 of	 the	 populations	 of	men	with	 prostate	 cancer.	 In	 common	with	

most	 trial	 cohorts,	 they	 largely	 contain	 younger	 and	 fitter	 patients	 (mostly	

performance	status	0-1),	with	less	co-morbidity.	For	example,	in	the	STAMPEDE	trial	

90%	of	men	had	no	history	of	diabetes	and	97%	no	history	of	cardiovascular	disease	
75–77.	A	Canadian	institutional	review	of	docetaxel	use	across	a	standard	population	

of	men	with	mCRPC	with	no	protocol	restrictions	found	that	they	did	not	replicate	

the	outcomes	of	 the	TAX327	 trial.	 Improvements	 in	overall	 survival	were	 less	and	

toxicity	 from	 treatment	 was	 higher,	 particularly	 in	 men	 over	 70	 years	 old	 78.	

Therefore,	 docetaxel	 should	 be	 considered	 on	 an	 individual	 basis,	 with	 the	
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knowledge	 that	 older	 patients	 and	 those	 who	 are	 less	 fit	 and	 have	 more	 co-

morbidities	are	less	likely	to	benefit.	

	

Docetaxel,	 is	no	longer	the	only	taxane	based	treatment	in	use	in	prostate	cancer.	

Cabazitaxel	 has	 recently	 become	 available	 for	 use	 in	 patients	 who	 have	 become	

docetaxel	 resistant.	 Cabazitaxel,	 like	 other	 taxanes	 is	 a	 microtubule	 poison	 that	

binds	to	β-tubulin	and	stabilizes	microtubules	inhibiting	mitosis	79.	Cabazitaxel	was	

chosen	 for	 development	 due	 to	 its	 activity	 in	 cell	 lines	 with	 p-glycoprotein	

overexpression,	 a	 proposed	mechanism	 of	 docetaxel	 resistance	 79,80.	 The	 TROPIC	

trial,	 compared	 cabazitaxel	 to	mitoxantrone	 in	755	men	with	mCRPC	all	 of	whom	

had	previously	 received	docetaxel	and	 found	a	2.4	month	 improvement	 in	overall	

survival	 (15.1mths	 vs.	 12.7	mths;	HR	 0.70	 P<0.0001)	 81.	 Research	 by	 Leeuw	et	 al.	

(2015)	has	 suggested	 that	 cabazitaxel	has	greater	 cytostatic	and	cytotoxic	effects,	

when	 compared	 to	 docetaxel	 across	 in-vitro	model	 systems	 however,	 preliminary	

results	of	the	FIRSTANA	trial	which	directly	compared	the	two	agents	 in	men	with	

mCRPC	found	no	significant	difference	in	median	overall	survival	(Figure	1.3.)	82,83.	

No	studies	to	date	have	examined	cabazitaxel	in	hormone	sensitive	disease.	

	

1.3.4	New	hormonal	agents	

	
Alongside	taxanes	for	prostate	cancer,	there	has	also	been	the	development	of	new	

hormonal	 agents.	 Abiraterone	 is	 a	 potent	 and	 selective	 inhibitor	 of	 CYP17,	 an	

enzyme	 involved	 in	 the	 conversion	 of	 cholesterol	 to	 DHEA	 84.	 As	 CYP17	 is	 also	

important	 in	 glucocorticoid	 production	 (particularly	 cortisol),	 patients	 on	

abiraterone	 also	 require	 prednisolone	 to	 prevent	 glucocorticoid	 deficiency.	 	 COU-

AA-301,	a	phase	3	trial	of	797	men	with	mCRPC	previously	treated	with	docetaxel,	

randomised	men	 to	 receive	either	 abiraterone	with	prednisolone	or	prednisolone	

alone.	 They	 found	 an	 increase	 in	 4.2	months	 of	median	 overall	 survival	 for	men	

receiving	abiraterone	(15.8	vs.	11.2mths;HR	0.74,	95%	CI	0.64-0.86;	p<0.00011	85,86.	

Abiraterone	 in	 the	 pre-chemotherapy	 setting	 was	 assessed	 in	 the	 COU-AA-302	
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found	 to	 confer	a	4.3	month	 increase	 in	median	overall	 survival	 (HR	0.81;	95%	CI	

0.7-0.93;	p=0.0033)	85,87.		

	

Enzalutamide	(MVD3100)	is	a	next	generation	androgen	receptor	inhibitor,	chosen	

for	 development	 on	 the	 basis	 of	 increased	 activity	 in	 castrate	 resistant	 cell	 line	

models.	 	 It	has	been	shown	to	inhibit	nuclear	translocation	of	the	AR,	co-activator	

recruitment,	and	DNA	binding.	In	xenograft	models	enzalutamide	treatment	led	to	

tumour	 shrinkage,	which	was	novel	 as	biclutamide	and	other	anti-androgens	only	

retarded	 growth	 88,89.	 Similar	 to	 the	 trials	 in	 abiraterone,	 two	 large	 phase	 three	

trials	 have	 been	 carried	 out	 investigating	 enzalutamide	 compared	 to	 placebo	

(Figure	 1.3).	 Patients	 receiving	 enzalutamide	 in	 the	 post	 chemotherapy	 setting	

(AFFIRM)	exhibited	a	4.8	month	benefit	in	median	overall	survival	(HR0.63,	95%	CI	

0.53-0.75,P<0.001	 90.	 The	 pre-chemotherapy	 PREVAIL,	 also	 reported	 a	 4.2	month	

benefit	in	median	overall	survival	after	extended	analysis	91,92.	

	

On	 going	 clinical	 trials	 in	 this	 area	 are	 focusing	 on	 combining	 abiraterone	 and	

enzalutamide	93.	The	rationale	for	this	is	from	translational	studies	that,	have	shown	

patients	 treated	 with	 enzalutamide	 develop	 increased	 androgen	 synthesis,	

competing	with	enzalutamide	at	the	AR	94.	Conversely	it	is	recognised	that	patients	

treated	with	abiraterone	have	an	increased	frequency	of	point	mutations	in	the	AR	

(15-45%),	 that	allow	 the	AR	 to	be	activated	by	 residual	 circulating	androgens	and	

can	be	inhibited	by	the	addition	of	enzalutamide	95–97.	

1.3.5	Radioisotopes	and	Supportive	Therapies	

	

Pain	 and	 skeletal	 related	 events	 (SRE)	 (spinal	 cord	 compression	 and	 pathological	

fractures)	are	a	major	concern	when	treating	mCRPC.	Radiological	evidence	of	bony	

metastases	 is	 present	 in	 greater	 than	 90%	 of	men	 at	 the	 diagnosis	 of	metastatic	

disease.	 	 These	not	only	have	a	profound	effect	on	patient	quality	of	 life	but	 can	

lead	 to	 significant	disability	 and	death	 98,99.	 Traditionally	 these	have	been	 treated	

with	 opiates	 and	 bone	 targeted	 therapies	 like	 ZA	 and	 denosumab.	 While	 bone	

targeted	therapies	have	been	associated	with	pain	relief,	increased	time	to	first	SRE		
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Trial	 Regime	 Cohort	 ECOG	
PS	0-1	
%	

PSA	
Response	
Rate	%		

Reported	
Symptomatic	
benefit	

OS	
(mths)	

Taxanes	 	 	 	 	 	 	

TAX	327	 Docetaxel	75mg/m2	
3/52	or	30mg/m2	1/52	
+prednisolone	vs.	
Mitoxantrone	12mg/m2	
+prednisolone	

1006	 87	 D753/52	48%/	
D30	1/52	45%	
vs.			
M12	32%	

Yes;	D75	3/52	
35%.	D30	1/52		
31%.	
Vs.	M12	3/52	
22%	

2.4	

SWOG9916	 Docetaxel		60mg/m2	
+estramustine	vs.	
Mitoxantrone		

674	 89	 50%	vs.	27%	 No	 1.9	

CHAARTED	 Docetaxel	75mg/m2	
3/52	6	cycles+	ADT	vs.	
ADT	alone	
	

790	 98.5	 N/A	 N/A	 13.6	

GETUG	AFU	-15	 Docetaxel	75mg/m2	
3/52	9	cycles+	ADT	vs.	
ADT	alone	
	

398	 100	 	 N/A	 NS;	5.4	

STAMPEDE	 Docetaxel	75mg/m2	
3/52	6	cycles+	ADT	or			
Docetaxel	75mg/m2	
3/52	6	cycles+	ZA	+ADT	
or	
ADT+ZA,	vs.	
	ADT	alone	

2962	 100	 N/A	 N/A	 10	

TROPIC	 Cabazitaxel	25mg/m2	
3/52	vs.	Mitoxantrone	
12mg/m2	3/52	max	10	
cycles.	

755	 94	 39%	vs.	17.8%	 No;	CAB25	
9.2%vs.	m12	7.7%	

2.4	

FIRSTANA	 Cabazitaxel	25mg/m2	
3/52	,	or	Cabazitaxel	
20mg/m2	3/52	vs.			
Docetaxel	75mg/m2	
3/52		up	to	10	cycles	

1,168	 ND	 CAB25	
41.6%	VS	
D75	30.9%	

ND	 NS	

Hormonal	
agents	

	 	 	 	 	 	

COU-AA-301	 Post-	docetaxel	
Abiraterone	1g+	
prednisolone	5mg	BD	vs.	
Placebo	+	Prednisolone	
5mg	BD	

1195	 89.5	 29.5%	VS	5.5%	 Improved	survival	
in	patients	
symptomatic	pain	
by	Brief	pain	
inventory	
compared	to	
placebo	

4.2	

COU-AA-302	 Abiraterone	1g+	
prednisolone	5mg	BD	vs.	
Placebo	+	Prednisolone	
5mg	BD	

1088	 100	 N/A	 Time	to	increased	
pain/opiate	use	
and	functional	
decline	
significantly	
greater	
Abiraterone	
group	

4.3	

AFFIRM	 Post-	docetaxel	
Enzalutamide		160mg	
+ADT	vs.	
Placebo+	ADT	

1199	 91.5	 54%	VS.	2%	 FACT-	P	QOL	
Score	43%	vs	18%	
improvement	

4.8	

PREVAIL	 Enzalutamide		160mg	
+ADT	vs.	
Placebo+	ADT	

1717	 100	 N/A	 Reduction	in	1st	
SRE	37	vs	32%.		

4.2	

Radioisotopes	 	 	 	 	 	 	

ALSYMPICA	 Radium	223	50	kbq/kg	
4/52	6	cycles	vs.		
Placebo	

921	 87.2	 16%vs	3%,	ALP	
response	

	 3.6	

Figure	1.3	Summary	of	practice	changing	clinical	trials	32-35,43,45,47,49-52	
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and	fewer	SREs	100–102,	they	have	not	been	shown	to	influence	overall	survival	either	

as	a	single	agent	or	in	the	case	of	ZA	in	combination	with	docetaxel	75,76,	101,103.	

	

Multiple	trials	have	also	shown	that	β-emitting	radioisotopes	like	Strontium	189	and	

Samarium	153	are	of	benefit	for	palliation	of	bony	pain,	either	as	single	agents	or	in	

combination	 with	 EBRT	 104–111.	 The	 only	 radioisotope,	 however,	 that	 has	 been	

shown	to	 impact	on	overall	 survival	 in	mCRPC,	 is	Radium-223	(223	Ra).	 223Ra	is	a	α-

particle-emitting	radioisotope,	which	is	incorporated	into	bone	during	bone	mineral	

synthesis,	 which	 is	 elevated	 in	 skeletal	 metastases.	 Once	 in	 bone,	 223Ra	 decays	

emitting	α-particles,	which	cause	 less	damage	to	the	surrounding	tissue	than	beta	

particles	due	to	reduced	ability	to	travel	through	tissue	112,113.	The	ALSYMPCA	trial,	

which	compared	Ra	 223	 to	placebo	 in	mCRPC,	 found	 that	 it	 significantly	prolonged	

time	to	first	SRE	(15.6	vs.	9.8	mths;	HR0.66;	95%CI	0.52-0.83	P<0.001)	and	improved	

pain	control.	Ra223	also	increased	median	overall	by	3.6	months	(14.9	vs.11.3	mths;	

HR0.7;95%CI0.53-0.83	P<0.001)	114.	

	

1.3.6	Sequencing	of	Therapies	

	
Whilst	 there	 has	 been	 a	 rapid	 expansion	 in	 the	 number	 of	 therapies	 available	 to	

patients	 over	 the	 last	 decade,	 the	 benefit	 of	 these	 agents	 is	 modest	 with	

improvements	in	overall	survival	on	average	of	4.4	months	and	PSA	response	rates	

of	30–50%	(Figure	1.3).	Currently,	there	are	no	biomarkers	to	guide	sequencing	of	

agents.	 Rather	 treatment	 choices	 are	 determined	 by	 patient	 age,	 fitness	 for	

treatment,	symptoms,	drug	availability,	location	and	extent	of	disease.	While	most	

men	meet	the	fitness	criteria	to	receive	hormone	based	treatments,	taxanes	have	

significant	 toxicities	 including	 fatigue,	 risk	 of	 neutropenic	 sepsis	 and	 peripheral	

neuropathy	and	often	these	have	to	weighted	against	potential	benefits	70,	79,83.	

		

Detailed	comparison	of	the	phase	III	trials	of	abiraterone	and	enzalutamide	suggest	

in	 men	 with	 minimally	 symptomatic	 disease,	 both	 drugs	 are	 equally	 acceptable	

treatment	options	115.	Sub-analysis	of	the	PREVAIL	trial	which	incorporated	204	men	
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with	visceral	disease,	 found	 that	54%	 in	 the	enzalutamide	group	versus	5%	 in	 the	

placebo	exhibited	disease	response	by	response	evaluation	criteria	in	solid	tumours	

(RECIST)	criteria.	Although	this	study	failed	to	reach	significance,	likely	due	to	small	

sample	 size,	 the	 HR	 of	 0.64	 for	 overall	 survival	 was	 suggestive	 of	 benefit	 115.	

Therefore	enzalutamide	may	be	an	alternative	to	docetaxel	treatment	for	men	with	

visceral	disease.	Interestingly	a	retrospective	analysis	of	35	men	receiving	docetaxel	

post	progression	on	abiraterone	reported	a	decreased	PSA	response	(a	decrease	in	

PSA	>	50%	or	greater	by	week	12	on	treatment)	to	docetaxel	of	26%	compared	to	

48%	in	the	TAX327	trial,	suggestive	of	cross	resistance	between	agents	116115.	Similar	

decreases	in	and	lack	of	response	have	been	shown	in	other	post-hoc	analyses	117–

119.	Though	each	of	these	studies	incorporated	less	than	one	hundred	patients	and	

are	subject	to	retrospective	bias.		

	

It	 has	 also	 been	 recognised	 that	 response	 rates	 in	 patients	 receiving	 abiraterone	

after	enzalutamide	or	the	converse	are	 low	120–126.	Combination	trials	as	discussed	

previously,	may	 overcome	 this	 cross-resistance.	 No	 trials	 have	 yet	 addressed	 the	

utility	 of	 cabazitaxel	 in	 hormone	 sensitive	 treatment,	 but	 the	 TROPIC	 trial	 and	

retrospective	series	have	suggested	that	27-41%	of	patients	exhibit	a	PSA	response	

and	15%	a	 radiological	 response	 to	cabazitaxel	after	 combinations	of	abiraterone,	

enzalutamide	and	docetaxel	81,127–130.	

	

Clinical	 studies	 suggest,	 20-40%	 of	 patients	 exhibit	 primary	 resistance	 to	 current	

therapies.	 At	 present	 in	 the	 absence	 of	 clinical	 progression,	 patients	 must	 be	

maintained	 on	 treatment	 and	 suffer	 associated	 toxicities	 for	 a	 minimum	 of	 12	

weeks	before	PSA	and	radiological	response	can	be	accurately	assessed,	as	per	the	

prostate	 cancer	working	 group	 three	 (PCWG3)	 guidance	 40,131.	 To	 address	 this	we	

need	to	develop	a	greater	understanding	of	the	variations	in	biology	in	mCRPC	and	

develop	targeted	treatments	with	associated	predictive	biomarkers.	
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1.4	Current	and	emerging	Biomarkers	in	Metastatic	Prostate	Cancer	

1.4.1	Prognostic	Biomarkers	

	

To	date,	the	only	FDA	approved	biomarker	for	the	management	of	prostate	cancer	

is	 PSA,	where	 it	 is	 primarily	 used	 as	 an	 indicator	 of	 the	 presence	 of	 disease.	 PSA	

dynamics	 including	 doubling	 time	 have	 also	 been	 utilised	 to	 estimate	 the	 burden	

and	aggressiveness	of	disease	132.	In	mCRPC,	PSA	acts	as	an	indicator	of	response	to	

cytotoxic	and	hormonal	 therapies	with	a	decrease	of	>50%	after	 three	months	of	

treatment	accepted	as	response	40,	131,133.	While	PSA	progression	has	been	shown	to	

be	prognostic	there	 is	not	enough	evidence	to	support	 its	use	as	an	alternative	to	

overall	 survival	 in	 clinical	 studies	 134,135.	 Similar	 markers	 of	 response	 are	 Alkaline	

Phosphatase	 (ALP)	 and	 Lactate	 Dehydrogenase	 (LDH).	 ALP	 is	 a	 marker	 of	

osteoclastic	 activity	 in	 bone	 and	 is	 often	 raised	 in	men	with	 skeletal	metastases.	

Decreases	 in	 ALP	 have	 been	 associated	 with	 treatment	 response	 and	 increased	

overall	 survival	 in	 patients	 to	 docetaxel	 and	 radiopharmaceuticals	 (e.g.223	 Ra,	 as	

shown	in	ALSYMPCA	trial)	114,136,137.	LDH	is	a	metabolic	enzyme	involved	in	cellular	

glycolysis	and	gluconeogenesis	which	is	often	overexpressed	in	tumour	cells	as	part	

of	the	Warburg	effect	138.	Raised	serum	LDH	is	a	feature	of	many	tumour	types	and	

is	thought	to	reflect	tumour	burden	and	aggressiveness	139,140.	In	mCRPC	it	has	been	

recognised	 as	 a	 prognostic	 biomarker.	 For	 example,	Halabi	 et	 al.	 found	 increased	

levels	 of	 LDH	 and	 PSA	 after	 three	 months	 of	 treatment	 was	 associated	 with	

shortened	survival	141.		

	

Recently	 there	has	been	 increasing	 interest	 in	 the	presence	of	 circulating	 tumour	

cells	(CTC’s)	as	a	potential	prognostic	biomarker	in	mCRPC.	De	Bono	at	al.	(2008)	in	

a	study	of	231	men	receiving	treatment	for	mCRPC,	found	a	count	of	>	5	cells	per	

7.5mls	of	blood,	both	pre	and	post	 treatment	predicted	a	 shorter	overall	 survival	
142,143.	Numerous	trials	have	since	shown	that	a	decline	in	CTC	counts	to	<5	cells	per	

7.5mls	or	by	>30%	on	treatments	including	docetaxel,	abiraterone	and	lenalidomide	

is	predictive	of	 increased	survival	144–146.	The	CTC-STOP	trial	was	trying	to	assess	 if	

CTC	levels	can	be	used	to	guide	early	discontinuation	or	switching	of	treatment	 in	
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prostate	cancer	however	it	has	now	been	closed	due	to	a	failure	to	recruit	patients	
147.	Of	note	this	strategy	has	not	worked	in	breast	cancer	either.	The	SWOG	S0500		

metastatic	breast	cancer	trial	found	that	although	increased	CTC’s	after	21	days	was	

indicative	 of	 poorer	 overall	 survival,	 this	was	 unaffected	by	 an	 early	 switch	 to	 an	

alternative	chemotherapeutic	agent	147,148.		

1.4.2	Predictive	biomarkers.	

	

Androgen	 receptor	 splice	variant	7	 (ARV7)	encodes	 for	an	AR	 isoform	which	 lacks	

the	 ligand	 binding	 domain,	 the	 target	 for	 both	 abiraterone	 and	 enzalutamide143.	

ARV7	has	therefore	been	investigated	as	a	potential	negative	predictive	biomarker	

for	 hormone	 therapy	 in	 prostate	 cancer.	 Consistent	 with	 a	 role	 in	 treatment	

resistance	Hornberg	 at	 al	 (2011)	 reported	 that	 ARV7	 expression	was	 increased	 in	

bone	 metastases	 from	 men	 with	 CRPC	 compared	 to	 men	 with	 hormone	 naïve	

disease	149.	A	study	carried	out	by	John	Hopkins	university	comparing	levels	of	ARV7	

in	 CTC’s	 from	 62	men	 receiving	 either	 enzalutamide	 and	 abiraterone,	 found	 that	

ARV-7	positive	patients	had	lower	PSA	response	rates	(0%	vs.	53%),	progression	free	

and	overall	 survival	 than	ARV-7	negative	 150.	 This	was	maintained	 in	 an	 extended	

analysis	 of	 202	 patients,	 indicating	 that	 ARV7	may	 be	 a	marker	 for	 resistance	 to	

novel	hormonal	agents	151.				

	

A	few	studies	have	investigated	if	ARV7	positive	patients	would	benefit	from	taxane	

based	treatment.	The	results	of	studies	have	been	conflicting	with	some	suggesting	

that	ARV	variants	have	no	impact	on	taxane	response,	while	two	xenograft	studies	

have	suggested	that	in	ARV7	positive	LuCAP23.1	are	resistant	to	docetaxel.	Scher	et	

al.	 (2016)	 collected	 blood	 from	 161	 men	 with	 mCRPC,	 prior	 to	 starting	 either	 a	

hormonal	 agent	 or	 taxane	 based	 therapy.	 34	 samples	 had	 ARV7	 positive	 CTCs.	 A	

multivariate	 analysis	 of	 these	 patients	 revealed	 a	 superior	 overall	 survival	 with	

taxanes	 compared	 to	 hormonal	 agents	 152.	 However	 the	 overall	 survival	 of	 ARV7	

positive	 patients	 with	 taxane	 based	 treatments	 was	 significantly	 less	 than	 ARV7	

negative	patients	(8.9	vs	19.8mths,	p<0.001)	152.	This	study	suggests	that	ARV7	has	

potential	to	identify	men	with	aggressive	disease	who	will	not	respond	to	standard	
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hormonal	 agents,	 but	may	 get	 some	benefit	 from	 taxanes.	 It	 is	 clear	 that	 further	

investigation	 with	 larger	 prospectively	 designed	 trials	 that	 consider	 not	 only	

hormonal	 agents	but	 also	 look	 for	differences	 in	 response	 rates	between	 taxanes	

(docetaxel	 and	 cabazitaxel)	 are	 required	 before	 ARV7	 could	 be	 adopted	 as	 a	

biomarker	in	mCRPC.	

	

Preliminary	 experimental	 data	 has	 highlighted	 other	 potential	 predictive	

biomarkers,	 including	 loss	of	retinoblastoma	tumour	suppressor	protein	(RB1)	and	

TMPRSS2-ERG.	RB1	is	central	to	cell	cycle	control	and	mutation	with	loss	of	function	

is	 found	 in	 approximately	 20-45%	of	mCRPC	 153.	 	 Loss	 of	 RB1	 is	 reported	 to	 be	 a	

mechanism	 by	 which	 prostate	 cancer	 cells	 become	 castrate	 resistant.	 In-vitro	

studies	in	RB1	deficient	cell	lines	have	shown	increased	sensitivity	to	both	docetaxel	

and	cabazitaxel	and	interestingly	lack	of	response	to	cisplatin	82,154.	Therefore	it	has	

been	suggested	that	RB1	loss	on	immunohistochemistry	may	be	of	use	in	identifying	

CRPC	 likely	 to	 respond	 to	 taxane-based	 therapies,	 but	 evidently	 much	 further	

research	incorporating	samples	from	clinical	trials	is	required.		

	

There	 is	 similar	 limited	 evidence	 to	 support	 TMPRSS2-ERG	 fusion	 as	 a	marker	 of	

docetaxel	 resistance.	 TMPRSS2–ERG	 is	 a	 unique	 gene	 fusion,	 specific	 to	 prostate	

cancer.	 Preclinical	 studies	 have	 shown	 that	 that	 ERG	 can	 bind	 to	 soluble	 tubulin,	

decreasing	taxane-tubulin	interaction	and	impairing	taxane	response	155.	Reig	et	al	

(2016)	 determined	 TMPRSS2-ERG	 status	 by	 using	 quantitative	 polymerase	 chain	

reaction	(qPCR)	analysis	of	the	peripheral	blood	mononuclear	cells	fraction	of	blood	

from	72	patients	 receiving	either	docetaxel	 or	 cabazitaxel	 156.	 In	 total	 13	patients	

were	TMPRSS2-ERG	positive	at	the	beginning	of	treatment,	TMPRSS2-ERG	positivity	

was	associated	with,	a	significantly	reduced	PSA	response	rate	and	progression	free	

survival	in	patients	receiving	docetaxel	(3.7mths	vs.	8.2mths;	p<0.001)	156.		
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1.5	DNA	damage	repair	mutations	in	prostate	cancer	

1.5.1	Mechanisms	of	DNA	Repair		

	
DNA	repair	pathways	are	required	to	maintain	the	integrity	of	the	genome	and	are	

therefore	essential	for	life.	DNA	is	continuously	being	damaged	and	each	day	it	has	

been	 estimated	 a	 single	 cell	 can	 accumulate	 100,000	 lesions	 requiring	 repair	 157.	

Causes	of	DNA	damage	can	be	endogenous,	due	to	spontaneous	events	during	DNA	

repair,	products	of	metabolism	like	reactive	oxygen	species	or	due	to	fragmentation	

during	mitosis.	Exogenous	stresses	such	ultraviolet	(UV)	radiation,	radon,	cigarette	

smoke	and	asbestos	can	also	damage	DNA	158.	Damage	to	DNA	can	take	the	form	of	

a	range	of	lesions	including	single	or	double	stranded	breaks,	the	formation	of	bulky	

adducts,	base	mismatches	or	base	alkylation.	The	type	of	lesion	and	point	in	the	cell	

cycle	determines	which	repair	pathway	is	activated,	as	illustrated	in		(Figure	1.4).	A	

total	 of	 six	 different	 repair	 pathways	 have	 been	 identified	 including	 homologous	

recombination	 (HR),	 non-homologous	 end	 joining	 (NHEJ),	 base	 excision	 repair		

(BER),	mismatch	 repair	 (MMR)	and	nucleotide	excision	 repair	 (NER).	Distinct	 from	

these	 pathways	 translesion	 synthesis	 (TLS)	which	 allows	DNA	 replication	 to	 occur	

despite	the	presence	of	DNA	damage157.	Alterations	in	DNA	repair	pathways	results	

in	 an	 inability	 to	 repair	 lesions	 which	 in	 turn	 leads	 to	 tumourgenesis.	 Different	

tumour	types	are	typically	associated	with	aberrations	in	different	repair	pathways	

(Figure	 1.4).	 In	 prostate	 cancer	 loss	 of	 function	mutations	 are	 common	 in	 genes	

involved	in	HR	and	MMR.		
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Figure	1.	4	Illustrating	the	different	types	of	DNA	lesions	and	how	they	are	
associated	with	different	repair	pathways	and	tumour	types	(Adapted	from	250,251)	
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1.5.2.1	Homologous	Recombination	
	
Double	stranded	breaks	in	DNA	can	be	repaired	by	homologous	recombination	(HR)	

mediated	repair	during	late	S	and	G2	phases	of	the	cell	cycle	157.	HR	results	 in	the	

faithful	 restoration	of	 the	original	DNA	 sequence	 at	 the	 site	 of	 damage	using	 the	

sister	chromatid	as	a	template	for	repair159.	The	first	step	in	HR	is	the	resection	of	

the	DNA	by	the	MRN	complex	(MRE11-RAD50-NBS1),	in	combination	with	Ct-BP	to	

leave	 a	 3’	 single	 stranded	 DNA	 160.	 	 NBS1	 recruits	 ataxia-telangiectasia	 mutated	

(ATM)	which	activates	the	nucleolytic	activity	of	MRE11	and	CTIP161,162.	Resection	is	

then	 completed	 by	 the	 co-ordinated	 activity	 of	 exonuclease	 1	 (EXO1),	 DNA-

replication	ATP	dependent	helicase	(DNA2)	and	Bloom’s	syndrome	helicase	(BLM),	

generating	 a	 3’ssDNA	 overhang.	 Replication	 protein	 A	 (RPA)	 initially	 binds	 to	 the	

ssDNA	 and	 removes	 secondary	 structures	 of	 ssDNA,	 before	 being	 replaced	 by	

RAD51	163.	RAD51	 is	recruited	to	the	DSB	by	BRCA2	and	PALB2.	Once	 loaded	onto	

the	RPA	coated	ssDNA	 it	 co-ordinates	 the	assembly	of	nucleofilaments	which	 find	

and	 invade	 the	 corresponding	DNA	 sequence	 in	 the	 sister	 chromatid	 forming	 a	D	

Loop163.	 Many	 proteins	 are	 involved	 in	 the	 formation	 and	 maintenance	 of	 the	

nucleofilaments	including	BRCA1,	RAD52,	XRCC1,	RAD51B,	RAD51C	and	RAD51D	163.		

Formation	of	 the	D	Loop	enables	DNA	synthesis	 to	begin.	When	completed	 the	D	

loop	is	resolved,	either	by	disassociation	from	the	annealing	strand	or	resolution	of	

double	 Holliday	 junctions	 159.	 There	 are	 two	 mechanisms	 by	 which	 Holliday	

junctions	can	be	processed.	Resolution	where	resolvases	including	GEN1,	SLX1-SLX4	

break	down	the	junction	or	dissolution	where	the	junction	 is	decantenated	by	the	

BLM-TOPIIIα-RIM1-RIM2	 complex164.	 HR	 is	 an	 error	 free	 method	 of	 DNA	 repair	

because	the	sister	chromatid	is	used	as	a	template.	When	BRCA1/2	or	components	

of	the	HR	pathway	are	lost	cells	become	reliant	on	the	error	prone	NHEJ	pathway.		

1.5.2.3	Mismatch	Repair	
	
MMR	is	 involved	in	correcting	errors	 in	DNA	replication.	 In	particular	base	to	base	

mismatches	and	 insertion	deletion	 loops	 (IDL)	 157.	Genes	 involved	 in	MMR	include	

MLH1,	MSH2,	MSH3,	MSH6,	PMS1	and	PMS2.	Initiation	of	repair	is	either	by	Mutα	
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(a	 heterodimer	 of	 MSH2:MSH6)	 which	 recognises	 base	 to	 base	 mismatches	 and	

small	 IDL’s,	 or	Mutβ	 (a	 heterodimer	 of	MSH2:MSH3)	 which	 recognise	 larger	 IDLs	
165,166.	MLH1	and	PMS2	also	form	a	heterodimer	MutLα,	which	controls	interactions	

between	the	MutS	homologous	and	enzymes	required	for	excision	167.	Other	factors	

recruited	 for	 MMR	 are	 DNA	 polymerase	 δ,	 proliferating	 cellular	 nuclear	 antigen	

(PCNA),	RPA	and	EXO-1.	Involved	in	DNA	re-synthesis,	EXO-1	completes	both	3’	and	

5’	 repair	 while	 PCNA	 5’	 repair	 only165,166.	 Lynch	 syndrome	 is	 associated	 with	

germline	 mutations	 of	 MMR	 genes.	 It	 is	 characterised	 by	 increased	 risk	 of	

endometrial,	 ovarian	 and	 colorectal	 cancers.	 Characteristics	 of	 lynch	 syndrome	

related	 colon	 cancer	 include	 early	 onset,	 predominantly	 right	 sided	 tumours	with	

lymphocytic	 infiltration.	Microsatellite	 instability	 (MSI),	 is	pathognomonic	of	MMR	

loss	and	is	present	in	15%	of	colorectal	cancers	167.	

	

1.5.2	Mutations	in	DNA	repair	genes	in	prostate	cancer	

	
Over	the	last	decade	a	number	of	studies	have	focused	on	identifying	pathways	that	

contribute	to	the	progression	of	prostate	cancer	and	define	metastatic	disease.	The	

largest	 study	 in	 mCRPC	 sequenced	 150	 metastatic	 deposits	 from	 men	 who	 had	

received	multiple	lines	of	therapy.	They	reported	mutations	in	numerous	pathways	

(Figure	 1.5),	 as	 expected	 the	 genes	 in	 the	 AR	 pathway	 were	 most	 commonly	

mutated.	PI3K	and	cell	cycle	pathway	genes	were	also	altered	in	20-50%	of	patients	
168.	 Unexpectedly	 somatic	 mutations	 in	 DNA	 repair	 genes	 occurred	 in	 23%	 of	

patients	 and	 this	was	 higher	 than	 previously	 documented.	 These	 included	 known	

mutations	or	 loss	of	BRCA1/2,	ATM,	CDK12,	FANCA,	RAD51B,	RAD51C	CDK12,	and	

mismatch	repair	associated	genes	MLH1	and	MSH2	168.	

	

Further	evidence	supporting	the	significance	of	DNA	repair	pathways	in	metastatic	

prostate	cancer	came	from	Pritchard	et	al.	(2016),	who	isolated	germline	DNA	from	

buccal	 swabs	 and	blood	 samples	 of	 692	men	with	metastatic	 prostate	 cancer	 169.	

11.8%	of	this	cohort	exhibited	germline	mutations	in	repair	genes,	most	frequently	

BRCA2	(5.3%),	ATM	(1.6%),	CHEK2	(1.9%)	and	BRCA1	(0.9%)	169.		In	the	Cancer	
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Figure	1.	5	Integrative	Landscape	Analysis	of	Somatic	and	Germ	line	Aberrations	
in	Metastatic	CRPC	Obtained	through	DNA	and	RNA	Sequencing	of	Clinically	
Obtained	Biopsies1	
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Genome	 Atlas	 (TCGA)	 Study	 of	 men	 with	 localised	 and	 high	 risk	 disease	 the	

prevalence	 of	 germline	 mutations	 in	 DNA	 repair	 pathways	 was	 only	 4.6%	 170.	 A	

detailed	comparison	of	these	studies	indicated	a	significant	increase	in	the	odds	of	

having	alterations	 in	DNA	repair	genes	 in	men	with	metastatic	disease	(odds	ratio	

5.3,	 95%	 CI	 1.9-20.2;	 p<0.001)	 169.	 Together	 this	 data	 suggests	 that	 DNA	 repair	

pathways	 are	 significant	 in	 the	 genesis	 of	 metastatic	 prostate	 cancer,	 and	 may	

represent	a	targetable	pathway	in	prostate.	

1.5.3	DNA	repair	phenotype	in	prostate	cancer	

		

The	majority	of	 the	 research	surrounding	DNA	repair	genes	 in	cancer	has	 focused	

on	BRCA1	and	BRCA2.	Patients	with	germ-line	mutations	in	these	genes	are	known	

to	have	a	significantly	 increased	risk	of	developing	cancers,	particularly	breast	and	

ovarian	 cancers.	 The	 lifetime	 risk	 for	 BRCA1	 carriers	 of	 developing	 breast	 and	

ovarian	 cancer	 is	 65%	and	39%	 respectively	 171,	while	 BRCA2	 carriers	 have	 a	 45%	

lifetime	risk	of	developing	breast	cancer	and	11%	risk	of	ovarian	cancer171.	BRCA2	in	

particular	 has	 been	 associated	with	 increased	 risks	 also	 of	 developing	 pancreatic	

and	 prostate	 cancer.	 The	 exact	 risk	 for	 the	 development	 of	 prostate	 cancer	 is	

uncertain.	 The	 Breast	 Cancer	 Linkage	 Consortium	 (BCLC)	 reported	 on	 a	 increased	

risk	of	development	of	prostate	cancer	in	BRCA1	mutation	carriers	under	65	years,	

with	a	relative	risk	of	1.82	172.	However	in	this	study	no	increased	risk	was	seen	for	

men	65	years	or	over.	In	another	BCLC	study,	BRCA2	carriers	under	65	years	had	a	

relative	risk	of	7.33,	and	4.65	over	65	years	respectively	173.	Larger	studies	by	Eeles		

et	al.	have	estimated	that	BRCA1	mutations	confer	3.75	fold	and	BRCA2	mutations	

an	8.6	fold	increased	risk	of	developing	prostate	cancer	by	the	age	of	65	14,15.	

	

Research	 suggests	 that	 germline	 mutations	 in	 BRCA	 1/2	 predispose	 to	 a	 more	

aggressive	 phenotype	 of	 prostate	 cancer.	 Castro	 el	 al.	 (2013),	 analysed	 tumour	

features	 and	 outcomes	 from	 2019	 prostate	 cancer	 patients	 including	 61	 BRCA2	

carriers	 and	 19	 BRCA1	 carriers.	 Germline	 BRCA1/2	 mutations	 were	 significantly	

associated	with	 higher	 Gleason	 scoring	 (>	 8),	 locally	 advanced	 disease	 (T3/4)	 the	

presence	 of	 nodal	 involvement	 and	 distant	 metastases	 at	 presentation	 174.	 Men	
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with	BRCA1/2	mutations	have	also	been	noted	to	have	poorer	outcomes	from	both	

radical	prostatectomy	and	EBRT	when	presenting	with	localised	disease.	With	only	

50%	 of	 carriers	 having	 no	 evidence	 of	 metastases	 10	 years	 post	 treatment	

compared	with	 85%	 of	 non-carriers	 175.	 	 	 Targeted	 screening	 of	men	with	 known	

BRCA1	and	2	mutations	has	been	explored	by	the	IMPACT	study.		They	found	that	

utilizing	 PSA	 screening	 with	 a	 cut	 off	 of	 3ng/ml	 identified	 a	 high	 proportion	 of	

intermediate	 and	high	 grade	malignancies	 among	 carriers	 between	 the	 age	 of	 40	

and	69	years	176.		

	

Apart	 from	BRCA1/2,	alterations	 in	other	known	DNA	repair	genes	 including	ATM,	

CHEK2,	 PALB1	 and	 NBN	 have	 been	 linked	 with	 an	 increased	 risk	 of	 developing	

prostate	 cancer.	 To	 date,	 there	 has	 been	 only	 one	 study	 examining	 families	with	

multiple	cases	of	prostate	cancer	which	has	associated	germ	line	mutations	in	rarer	

DNA	repair	genes	including	BRIP1,	CHEK2	and	PALB2,	this	reported	an	increased	risk	

of	nodal	involvement,	locally	advanced	disease	and	metastases	at	presentation		177.	

1.5.4	Implications	of	DNA	repair	genes	for	current	therapies.	

	
As	 discussed,	 ADT,	 hormonal	 agents	 including	 enzalutamide	 and	 abiraterone	 and	

taxanes	 are	 currently	 standard	 of	 care	 for	 mCRPC.	 To	 date,	 no	 studies	 have	

considered	how	patients	with	DNA	repair	mutations	respond	to	the	new	hormonal	

agents.	Gallagher	et	al.	(2012)	studied	the	response	of	BRCA1/2	mutation	carriers	to	

taxanes	 in	 a	 cohort	 of	 Ashkenazi	 Jews.	 Of	 the	 88	 patients	 treated	 7	 in	 total	 had	

BRCA	1/2	mutations.	No	 significant	difference	 in	PSA	 response,	or	overall	 survival	

was	documented	178.	Limitations	of	 this	study	are	 that	 it	was	small	and	 in	a	niche	

ethnic	population.	The	survival	data	for	the	BRCA	carriers	was	also	skewed	by	one	

mutation	 carrier	 who	 received	 docetaxel	 in	 combination	 with	 carboplatin	 and	

survived	 37	months	 (survival	 in	 rest	 of	 the	 cohort	 ranged	 between	 2.1	 and	 17.4	

months)	178.		

	

In	 preclinical	 breast	 cancer	 models,	 an	 intact	 BRCA1	 has	 been	 reported	 to	 be	

necessary	for	response	to	spindle	toxins	including	paclitaxel.	Quinn	et	al.	found	that	
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BRCA1	was	specifically	required	for	paclitaxel	induced	apoptosis	179.	Loss	of	BRCA1	

has	also	been	shown	to	 increase	microtubule	dynamics,	 rendering	cells	A549	 lung	

cancer	 cells	 less	 sensitive	 to	paclitaxel	 180.	Clinical	 studies	have	been	 less	 clear	on	

the	 roll	 of	 BRCA	mutations	 and	 taxane	 sensitivity.	 Studies	 in	 breast	 cancer	 have	

suggested	that	BRCA1	mutant	patients	have	poorer	outcomes	when	given	taxanes	

in	combination	with	standard	therapy	181.	Other	similar	studies	however	in	patients	

with	breast	 and	ovarian	 cancer	 suggest	 that	 there	 is	no	difference	 in	 response	 to	

combinations	of	chemotherapy	containing	taxanes	137-139.			

1.6	Is	there	evidence	to	support	the	use	of	DNA	damaging	agents	in	

mCRPC	?	

1.6.1	Platinum	based	therapy	

	
As	 discussed	 there	 is	 evidence	 to	 suggest	 that	 DNA	 repair	 pathways	 are	 lost	 in	

mCRPC.	From	research	in	other	solid	tumours	including	breast	and	ovarian	cancers	

it	is	well	recognised	that	mutations	in	DNA	repair	genes	and	in	particular	BRCA1	/2,	

predispose	 to	 sensitivity	 to	 platinum	 based	 agents	 182,183.	 Platinum	 salts	 cause	

tumour	 cell	 death	 through	 interstrand	 and	 intrastrand	 DNA	 crosslinks	 and	

consequently	 increased	 levels	 of	 DSBs.	 These	 DSB’s	 overwhelm	 the	 DNA	 repair	

machinery	in	HR	repair	deficient	tumours	leading	to	catastrophic	DNA	damage	and	

cell	death.	

	

Historically	 in	mCRPC	there	were	a	number	of	trials	of	cisplatin	and	carboplatin	 in	

the	 pre	 PSA	 era	 as	 outlined	 in	 Figure	 1.6.	 Although	 these	 trials	 were	 small	 and	

varying	regimes	of	treatment	were	given,	they	suggested	that	up	to	30%	of	patients	

gained	 some	 benefit	 from	 platinum	 based	 therapy	 134-141.	 More	 recent	 research	

focused	 on	 an	 orally	 bio-available	 platinum	 compound	 satraplatin.	Unfortunately,	

the	phase	3	trial	of	950	patients	with	mCRPC	found	that	despite	a	PSA	response	of	

25%	 and	 a	 reduction	 in	 bony	 pain	 there	 was	 no	 significant	 difference	 in	median	

overall	 survival	 184.	 When	 targeted	 at	 patients	 with	 mutations	 in	 excision	 repair	

cross	 –	 complementing	 group	 1	 (ERCC1)	 and	 x-ray	 cross	 complementing	 group	 1		

(XRCC1)	 (which	are	 involved	 in	NER	and	BER	pathways),	 satraplatin	was	 tolerated	
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well	and	extended	progression	free	survival	185.	Studies	which	have	considered	the	

used	 of	 platinum	 agents	 in	 combination	 with	 other	 agents	 like	 paclitaxel,	

gemcitabine,	adriamycin	have	reported	variable	PSA	response	rates	between	6	and	

55%	186–191.	Responses	to	platinum	agents	have	been	noted	in	men	who	have	failed	

to	 respond	 to	 docetaxel	 190,191.	 Recently	 a	 retrospective	 case	 series	 of	 three	men	

with	mCRPC	and	bi-allelic	 loss	of	BRCA2	reported	increased	sensitivity	to	platinum	

agents	and	prolonged	survival	when	utilised	after	failure	of	standard	agents	192.	

	

Currently	the	role	of	platinum	agents	in	prostate	cancer	is	limited	to	the	treatment	

of	 anaplastic	 and	 neuroendocrine	 tumours.	 Aparicio	 and	 colleagues	 using	 the	

combination	 of	 docetaxel	 and	 carboplatin	 found	 a	 65.4%	 response	 rate	 and	 a	

median	 overall	 survival	 of	 16	 months	 in	 men	 with	 aggressive	 mCRPC	 193.	

Interestingly,	 the	 eligibility	 criteria	 for	 this	 trial,	 incorporated	 bulky	

lymphadenopathy	 and	 Gleason	 grade	 >8,	 features	 phenotypic	 of	 DNA	 repair	

mutations	 in	 prostate	 cancer.	 Speculatively	 we	 could	 suggest	 that	 it	 selected	 for	

men	with	DNA	 repair	defects,	which	contributed	 to	 the	high	 response	 rate.	More	

recently	 the	 same	 group	 presented	 evidence	 that	 men	 with	 aggressive	 variant	

prostate	cancer	benefited	from	the	addition	of	carboplatin	AUC	4	to	cabazitaxel	at	

25mg/m2	 194.	 With	 a	 median	 progression	 free	 survival	 of	 6.7	 months	 for	 the	

combination	vs.	4.4	months	with	cabazitaxel	alone.	

1.6.2	PARP	inhibitors.	

	
Poly	 (ADP-ribose)	 polymerase	 (PARP)	 inhibitors	 also	 target	 HR	 deficient	 tumours,	

exploiting	 the	 concept	 of	 synthetic	 lethality.	 This	 is	 defined	 as	 when	 a	 gene	

mutation	 (or	 compound)	 on	 its	 own	 is	 compatible	 with	 cell	 viability,	 but	 when	

combined	 with	 another	 gene	 mutation	 (or	 compound)	 critical	 pathways	 are	

inhibited	leading	to	cell	death	195.	The	PARPs	are	a	super	family	of	enzymes,	PARP-I	

in	particular	involved	in	repairing	DNA	single	stranded	break	by	BER.	It	does	this	by	

recruiting	 scaffolding	 proteins	 like	 DNA	 ligase	 III	 and	 XRCC1196–198.	 There	 is	

increasing	evidence	that	PARP-1	is	also	involved	in	DNA	repair	protein	recruitment		
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Author,	year	 Regime	 No.	
Patients		

PSA	
response	
Rate	%	

Measurable	
response	rates	
%	

Duration	of	
response	
months	

Cisplatin	
	

	 	 	 	 	

Merrin	1979	 1mg/kg	per	week	for	6/52	
then	every	3/52	

	

54	 -	 31.4	 7	

Yagoda	et	al	.1979	 50-70mg	m2	3/52	

	
25	 -	 12	 2.5	

Quazi	and	
Khandekar	1983	

50mg	m2	3weekly	 18	 -	 0	 -	

Moore	et	al	1983	 	 29	 -	 10	 8	

Carboplatin	
	

	 	 	 	 	

Trump	et	al	.1990	 400mg/m2,	28days	

	
29	 -	 20	 3	

Canobbio	et	al.	
1993	

150mg/m2	weekly	

	
25	 12	 17	 7	

Miglietta	et	al.	
1995	

	 40	 28	 17	 6.6	

Jungi	et	al.	1998	 400mg/m2,	28	days	

	
27	 8	 6	 N/R	

Satraplatin	
	

	 	 	 	 	

Sternberg	et	al	
.2009	

2;1	RCT	80mg/m2	D1-5	
35day	cycle	

	

950	 33	 	 No	impact	

Figg	et	al.	2013	 50mg/m2	D1-5	every	7	
weeks	

	

25	
ERCC/XRCC	

17	 	 15.7	

Figure	1.	6		–	Table	illustrating	early	trials	of	platinum	based	therapy	in	prostate	
cancer	134-143	
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and	NHEJ	199.	When	these	enzymes	are	inhibited	single	stranded	breaks	(SSB)	

develop	into	DSBs	200.	In	tumours,	which	have	lost	genes	involved	in	HR	like	

BRCA1/2,	they	cannot	repair	DSBs	and	this	leads	to	cell	death.	Figure	1.7,	illustrates	

the	concept	of	synthetic	lethality,	where	inhibition	of	PARP	in	BRCA1/2	mutant	

tumours	leads	to	cell	death.	

	

Early	 phase	 I/II	 trials	 demonstrated	 activity	 of	 the	 PARP	 inhibitor	 olaparib	 in	

BRCA1/2	mutation	related	ovarian,	breast	and	prostate	cancers	201–203.	The	activity	

of	olaparib	however	is	not	isolated	to	patients	with	BRCA1/2	mutations.	In	a	study	

of	 91	 patients	 with	 breast	 and	 ovarian	 cancer	 Gelmon	 and	 colleagues	 found	 an	

objective	response	in	24%	of	patients	with	no	BRCA	mutations	203.	Indications	that	

PARP	inhibitors	may	be	effective	in	prostate	cancer	came	from	a	phase	II	trial	of	298	

BRCA	 mutation	 carriers,	 incorporating	 8	 	 (1	 BRCA1	 and	 7	 BRCA	 2	 carriers)	 with	

mCRPC.	 Two	 of	 these	 patients	 had	 documented	 responses	 for	 over	 one	 year	 201.	

Expanding	on	 this	 the	TOPARP-A	 trial	enrolled	49	patients	with	mCRPC	 to	 receive	

olaparib	400mg	twice	daily,	33%	had	evidence	of	response	and	12	men	remained	on	

treatment	for	more	than	6	months.	Whole	genome	sequencing	found	that	patients	

who	had	responded	to	olaparib	had	mutations	not	only	in	BRCA1/2	but	also	in	other	

DNA	repair	genes	including;	ATM,	PALB2,	CHEK2	and	MRE11	204.	Expanding	on	this	

the	IIB	trial	(TOPARP-B)	used	the	targeted	sequencing	panel	developed	in	part	A	to	

prospectively	identify	men	with	aberrations	in	DNA	repair	genes	likely	to	respond	to	

olaparib.	 A	 total	 of	 771	 patients	 were	 screened	 of	 which	 161	 patients	 had	 DDR	

mutations.	 A	 total	 of	 98	 patients	 met	 the	 trial	 entry	 criteria	 and	 they	 were	

randomised	 to	 receive	 either	 400mg	 or	 300mg	 of	 olaparib.	 Response	 rates	 to	

olaparib	were	54%	(25/46	patients)	in	the	400mg	cohort	and	39%	(18/46	patients)	

in	 the	 300mg	 cohort	 respectively	 205.	 	 While	 PROfound	 a	 phase	 II	 trial	 which	

compared	 olaparib	 to	 physician’s	 choice	 of	 abiraterone	 or	 enzalutamide	 in	 the	

second	line	setting,	has	just	reported	a	significant	improvement	in	progression	free	

survival	for	men	with	HR	mutations	randomised	to	the	olaparib	arm	206.	

	

Other	 PARP	 inhibitors,	 which	 have	 been	 trialled	 in	 patients	 with	 mCRPC	 include	

niraparib,	rucaparib	and	veliparib.	Four	of	eighteen	patients	with	mCRPC	included	in		
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Figure	1.7	PARP	inhibitors	induce	synthetic	lethality	in	BRCA	deficient	cells	
adapted	157.	
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a	phase	II	trial	of	niraparib	showed	evidence	of	response,	characterised	by	either	a	

50%	reduction	in	PSA	or	a	significant	reduction	in	CTC’s	for	greater	than	six	months	
207.	 While	 veliparib	 (40mg	 twice	 a	 day	 D1-7)	 was	 assessed	 in	 combination	 with	

temzolomide	(150-200	mg2	D1-7)	in	a	single	arm	study	of	25	patients	with	mCRPC.	

Two	patients	had	a	confirmed	response	while	a	further	13	had	stable	disease	based	

on	a	30%	reduction	 in	PSA	 208.	Ongoing,	 trials	 in	mCRPC	are	diversifying	 to	assess	

the	benefit	of	PARP	inhibitors	 in	combination	with	other	agents	and	therapies	 like	

abiraterone		209.			

	

Although	 further	 trials	 are	 required,	 PARP	 inhibitors	 are	 emerging	 as	 a	 promising	

treatment	 for	 selected	men	with	mCRPC	 not	 only	 in	 terms	 of	 clinical	 activity	 but	

also	tolerability.	Reports	 from	various	trials	have	shown	PARP	 inhibitors	to	have	a	

manageable	 side	effect	profile	 including	nausea,	 fatigue	and	anaemia.	Of	 concern	

however	 is	 that	 they	have	been	associated	with	 a	 2%	 risk	of	 the	development	of	

myelodysplastic	syndrome	(MDS)	and	AML		210.	Whether	this	is	solely	due	to	the	use	

of	the	PARP	inhibitors	or	a	cumulative	effect	due	to	multiple	lines	of	cytotoxics	and	

DNA	 repair	 agents	 prior	 to	 receiving	 PARP	 inhibitors,	 is	 unclear.	 Trials	 of	 PARP	

inhibitors	have	preferentially	incorporated	patients	with	BRCA1/2	mutations	which	

are	 known	 independently	 to	 contribute	 to	 the	 development	 of	 AML/MDS	 211.	

Evidently	further	evidence	 is	required	and	the	FDA	has	mandated	that	all	cases	of	

MDS/	AML	are	reported	in	patients	receiving	olaparib	in	ovarian	cancer		212.	

	

1.7	Existing	and	potential	biomarkers	for	HR	Deficiency	and	response	

to	platinum	and	PARP	inhibitors.	

	

1.7.1		BRCAness		

The	challenge	facing	cancer	treatment	currently	is	finding	and	validating	biomarkers	

to	 accurately	 identify	 patients	 responsive	 to	 DNA	 damaging	 agents	 and	 PARP	

inhibitors.	Results	from	clinical	trials	with	platinum	agents	and	PARP	inhibitors	have	

shown	that	there	is	a	subset	of	patients	without	mutations	or	loss	of	BRCA1/2	who	

have	 sustained	 responses	 to	 these	 agents.	 The	 term	 BRCAness	 has	 emerged	 to	
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describe	tumours	with	the	molecular	features	of	BRCA	deficiency,	such	as	loss	of	HR	

which	make	them	susceptible	to	DNA	damaging	cytotoxics	and	PARP	inhibitors	213.	

At	 the	moment	 there	are	no	 robust	methods	of	 identifying	 these	patients	but	we	

shall	explore	current	approaches	to	biomarker	development.	

	

1.7.2	Targeted	Sequencing	

	

In	 recent	 years	 targeted	 sequencing	 of	 somatic	 and	 germline	 mutations	 in	 DNA	

repair	genes	has	been	the	most	commonly	used	method	of	determining	if	patients	

will	benefit	from	treatment.	Studies	are	using	clinical	trial	data	to	develop	panels	of	

genes	associated	with	response	to	treatment	214.	In	ovarian	cancer	Pennington	et	al.	

(2014)	 reported	 that	 mutations	 in	 13	 HR	 genes	 including	 ATM,	 BARD1,	 RAD51C,	

were	 strongly	 correlated	 with	 platinum	 sensitivity	 and	 overall	 survival	 16.	 	 While	

TOPARP-A	 in	mCRPC	utilised	whole	genome	sequencing	to	 identify	mutations	that	

corresponded	with	 response	 to	olaparib	 (Figure	1.8	 )	 204.	The	phase	B	 trial	 is	now	

evaluating	 if	 alterations	 in	 these	 genes	 can	 be	 used	 prospectively	 to	 predict	

response.	Limitations	of	this	approach	are	that	variations	may	occur	in	DNA	repair	

genes	for	which	the	functional	significance	is	uncertain	or	unknown	214.	Mutations	

in	 many	 DNA	 repair	 genes	 occur	 infrequently	 in	 cancer	 populations,	 therefore	

developing	 sequencing	 panels	 from	 small	 numbers	 of	 trial	 patients	 means	 that	

inevitably	 patients	with	 rarer	DNA	 repair	mutations	 and	 aberrations	 in	 genes	 not	

yet	known	to	be	involved	in	HR	may	be	excluded.	

	

1.7.3	Genomic	Scarring	

	

Genomic	Scarring	refers	to	patterns	of	genomic	aberrations	caused	by	DNA	damage	

and	repair	and	identifiable	by	genomic	profiling	214.	It	encapsulates	everything	from	

mutations	 (including	 insertions,	 deletions	 and	 substitutions)	 affecting	 only	 a	 few	

nucleotides	 to	 large	 scale	 structural	 alterations	 in	 chromosomes	 such	 as	 copy	

number	aberrations	(CNA)	and	structural	rearrangements	of	chromosomes	(ie.		
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Figure	1.8)	Mutations	in	DNA	repair	genes	associated	with	response	to	Olaparib	
in	TOPARP-A168.	
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Translocations,	 inversions	 and	 re-combinations),	 which	 can	 result	 in	 loss	 of	

heterozygosity	 (LOH)215–217.	 These	 large-scale	 changes	 to	 chromosomes	 are	 a	

common	feature	of	HR	repair	deficient	tumours,	which	in	the	absence	of	HR	rely	or	

error	prone	mechanisms	of	DNA	repair	including	NHEJ.	Emerging	techniques	trying	

to	 quantify	 genomic	 scarring	 and	 its	 relationship	 to	 treatment	 response	 include	

LOH,	telomeric	allelic	imbalance	(TAI)	and	large-scale	state	transitions	(LST)214.	LOH	

in	 tumours	 can	 be	 assessed	 using	 single	 nucleotide	 polymorphism	 (SNP)	 arrays.	

Wang	et	al	(2014)	used	this	to	investigate	chemotherapy	response	in	patients	with	

ovarian	 cancer.	 Higher	 levels	 of	 LOH	 were	 found	 to	 correlate	 with	 sensitivity	 to	

platinum	 based	 chemotherapy	 218.	 Recently	 combined	 LOH	 analysis	 using	 the	

Foundation	 Medicine	 T5	 next	 generation	 sequencing	 assay,	 and	 BRCA	 mutation	

status	was	used	in	the	ARIEL2	study	to	prospectively	assess	response	to	rucaparib	in	

relapsed	platinum	sensitive	ovarian	cancer.	Notably,	BRCA	mutant	and	BRCA	wild-

type	LOH	high	patients	had	a	significantly	longer	progression	free	survival	than	the	

BRCA	wild-type	 LOH	 low	 subgroup	 219.	 TAI	 scoring	was	 developed	by	Birbock	 and	

colleagues	 in	 breast	 cancer	 cell	 line	 models	 and	 then	 applied	 using	 SNP	 array	

analysis	to	a	cohort	of	patients	with	triple	negative	breast	cancer.	Increased	TAI	was	

associated	with	 a	 better	 response	 to	 platinum	based	 chemotherapy.	 220	 The	 final	

assay	 again	 based	 on	 SNP	 assay	 analysis	 LST,	 defined	 as	 a	 chromosomal	 break	

between	 adjacent	 regions	 of	 at	 least	 10	Mb,	 has	 been	 associated	 with	 BRCA1/2	

mutations	in	breast	cancer	221.		

	

Breast	and	ovarian	cancer	have	formed	the	focus	for	the	development	of	all	three	

assays.	 To	 assess	 their	 efficacy	 in	 other	 tumour	 sites	 an	 analysis	 5371	 tumours	

representing	 15	 cancer	 types	 from	 the	 TCGA	 database	 was	 carried	 out.	 Findings	

included	 a	 good	 correlation	 between	 assay	 scores,	 and	 subpopulations	 of	 high	

scoring	tumours	existed	in	all	cancer	types.	Median	scores	however	where	higher	in	

tumours	 routinely	 treated	 with	 platinum	 based	 therapies	 222	 .	 A	 homologous	

recombination	 deficiency	 (HRD)	 assay	 under	 development	 with	 Myraid	 genetics	

combining	LOH,	TAI	and	LST	scores,	was	recently	used	in	combination	with	germline	

BRCA	mutation	status	to	assess	the	efficacy	of	maintenance	niraparib	in	platinum-

sensitive	relapsed	ovarian	cancer.	Although	there	was	a	significant	improvement	in	
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progression	 free	 survival	 for	 all	 patients	 receiving	 niraparib	 vs.	 placebo,	 the	

magnitude	of	 response	was	greater	 in	patients	with	germline	BRCA	mutation	and	

wild-type	BRCA	with	high	HRD	 scores	 compared	 to	wild-type	BRCA	with	 low	HRD	

scores	 (21	 vs.	 12.9	 vs.	 9.3	mths)	 223.	 This	 however	was	 a	 single	 arm	 study	 and	 to	

accurately	 assess	 the	 utility	 of	 the	 HRD	 assay	 as	 a	 biomarker,	 would	 require	 a	

biomarker	 driven	 trial	 design	 allocating	patients	who	are	both	biomarker	 positive	

and	negative	to	receive	for	example	a	PARP	inhibitor	or	placebo.	

	

In	summary,	further	research	across	tumour	sites	in	larger	prospective	clinical	trials	

is	 required	 to	validate	 the	HRD	assay	and	 its	 respective	components	as	predictive	

biomarkers.	 A	 question	 which	 still	 needs	 to	 be	 answered	 however,	 is	 whether	

genomic	 scars	 identified	by	 these	assays	 remain	discernible	 if	 functional	HR	 is	 re-

established	 as	 a	 mechanism	 of	 drug	 resistance.	 If	 this	 is	 the	 case	 the	 utility	 of	

genomic	scarring	will	be	limited	to	treatment	decisions	in	early	disease	214.		

	

1.7.4	Gene	and	Protein	Expression	

	
Many	 attempts	 have	 been	 made	 to	 develop	 gene	 expression	 signatures,	 which	

identify	 patients	 likely	 to	 respond	 to	 platinum	 based	 therapies,	 particularly	 in	

ovarian	cancer.	Kang	et	al.	 (2012)	developed	a	23	gene	score	comprised	of	genes	

involved	in	platinum	–	induced	DNA	damage	repair	isolated	from	analysis	of	ovarian	

cancer	 samples	 available	 on	 the	 TCGA.	 They	 found	 that	 a	 high	 score	 on	 this	

signature	 correlated	with	 improved	 overall	 survival	with	 platinum	 based	 therapy,	

which	they	validated	in	two	independent	datasets	224.		Over	the	last	decade	many	of	

the	 gene	 signatures	 have	 been	 developed	 from	 cohorts	 of	 patients	 with	 ovarian	

cancer,	 as	 a	 high	 proportion	 of	 patients	 with	 ovarian	 cancer	 have	 mutations	 in	

BRCA1/2	 and	 platinum	 agents	 are	 central	 to	 treatment.	 A	 systematic	 review	 of	

these	 gene	 expression	 signatures	 recently	 found	 that	 they	 suffered	 from	 poor	

reproducibility	 when	 applied	 prospectively	 to	 different	 patient	 cohorts	 225.	

Immunohistochemistry	 (IHC)	 is	 the	 most	 common	 method	 of	 measuring	 protein	

expression	 and	 can	 be	 used	 to	 assess	 BRCA1/2	 expression,	 but	 next	 generation	
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technologies	 are	 preferred	 226,227.	 However,	 a	 role	 for	 IHC	 has	 been	 found	 in	

measuring	 BRCA1	 promoter	 methylation.	 Hyper	 methylation	 of	 the	 BRCA1	

promoter	has	been	associated	with	platinum	sensitivity,	and	reversal	of	methylation	

has	been	identified	as	a	mechanism	of	resistance	in	ovarian	cancer	219,228.	However	

outside	ovarian	and	breast	cancer,	where	a	higher	percentage	of	patients	 tend	to	

have	BRCA1	mutations,	 in	other	disease	 sites	 this	will	 be	of	utility	 in	a	 very	 small	

percentage	of	patients.	

	

In	prostate	cancer	Phosphate	and	Tensin	Homolog	(PTEN)	loss	and	Transmembrane	

Protease	Serine	2	TMPRSS-ERG	are	commonly	assessed	by	 IHC	and	antibodies	are	

well	 validated	 229.	 	 Both	 of	 these	 have	 been	 proposed	 as	 potential	 predictive	

biomarkers	 for	 response	 to	PARP	 inhibitors.	Evidence	 to	support	 this	 is	 that	PTEN	

deficient	 cells	 have	 increased	 levels	 of	 yH2aX	 foci	 at	 baseline.	 Also	 olaparib	 has	

been	reported	to	increase	apoptosis	in	cell	line	and	mouse	models	with	dual	loss	of	

TP53	and	PTEN	230,39.	Fusion	of	TMPRSS2	to	oncogenic	erythroblast	protein	specific	

(ETS)	 transcription	 factors,	 predominantly	 ERG,	 is	 a	 common	 event	 in	 prostate	

cancer.	Importantly	ERG	has	been	shown	to	interact	with	PARP	1.	Pharmacological	

inhibition	 of	 PARP1	 has	 been	 found	 to	 inhibit	 ETS	 -mediated	 invasion	 and	

transcription	 in	 cell	 lines	 and	 decreased	 growth	 in	 fusion	 positive	 xenografts	 231.	

Unfortunately,	 to	 date	 no	 associations	 have	 been	 detected	 between	 PTEN	 or	

TMPRSS-ERG	status	and	response	to	PARP	inhibitors	in	clinical	trials	207,209.			

	

1.7.5	Functional	Assays	

	

The	DNA	 repair	 ability	 of	 tumours	 can	 also	 be	 quantified	 using	 functional	 assays.	

Uniquely	these	provide	a	real	time	 look	at	the	capacity	of	tumours	to	repair	DNA.	

RAD51	foci	form	in	response	to	stalled	or	collapsed	DNA	replication	forks.	Genetic	

analysis	and	reporter	substrate	studies	have	established	that	they	are	an	indicator	

of	local	HR	activity.	Many	proteins	including	BRCA1/2,	ATM,	ATR,	PALB2	are	active	

in	 their	 formation,	 therefore	 loss	or	alteration	of	any	of	 these	proteins	 leads	 to	a	

decrease	or	even	absence	of	DNA	repair	foci	232–235.	Decreased	RAD51	foci	in	fresh	
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tissue	 biopsies	 from	 breast	 tumours	 after	 irradiation	 have	 been	 correlated	 with	

response	to	PARP	inhibitors	236.	This	association	between	decreased	RAD51	foci	and	

response	 to	 PARP	 inhibitors	 was	 also	 identified	 in	 ascites	 from	 ovarian	 cancer	

patients	237.	This	approach	is	technically	difficult,	as	it	requires	multiple	fresh	tissue	

biopsies	over	 the	 course	of	 the	disease	and	 treating	 tissue	with	 radiation	or	DNA	

damaging	 agents,	 before	 preparing	 samples	 for	 immunofluorescence	 214	 Other	

functional	markers	associated	with	HR	loss	in	tumour	tissue	include	γH2aX	foci	and	

53BP1	foci	 238,239.	Uniquely,	 it	has	been	found	that	γH2aX	foci	 in	particular	can	be	

isolated	 from	 buccal	 swabs	 and	 hair	 follicles	 and	 is	 not	 contingent	 on	 tumour	

biopsies,	but	correlations	with	clinical	response	have	not	been	proven	239.	Cell	lines	

studies	 have	 suggested	 that	 hyperactivation	 of	 PARP	 and	 increased	 levels	 of	 PAR	

polymers	are	associated	with	HRR	deficiency240.	In	clinical	trials	intra-tumoural	and	

plasma	 levels	 of	 PARP	 enzymes	 have	 been	 correlated	 with	 pharmacodynamic	

activity	 of	 inhibitors	 241,242.	 No	 correlation	 with	 treatment	 response	 however	 has	

been	found.	This	may	be	because	there	are	wide	inter-individual	variations	in	PARP	

activity	243.	

	

1.8	The	DNA	Damage	Repair	Assay	(DDRD)	

1.8.1	The	Discovery	of	DDRD	assay	

	
Fanconi	Anaemia	 (FA)	 is	 a	 predominantly	 autosomal	 recessive	disease,	 associated	

with	loss	of	any	of	the	19	FA	pathway	genes	and	characterised	by	an	increased	risk	

of	 developing	 cancer,	 particularly	 acute	myeloid	 leukaemia	 (AML)	 and	 squamous	

cell	 cancers	 244,245.	 Uniquely,	 these	 individuals	 are	 exquisitely	 sensitive	 to	 DNA	

damaging	agents	such	as	anthracyclines	and	platinum	salts,	which	form	the	basis	of	

many	 cancer	 treatment	 regimes	 246247.	 This	 is	 because	 the	 FA/BRCA	 pathway	 is	

required	for	the	identification	and	repair	of	intrastrand	crosslinks,	induced	by	these	

drugs.	The	FA/BRCA	pathway	can	also	be	lost	somatically	in	solid	tumours	through	

mechanisms	such	as	mutation	or	epigenetic	silencing.		
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To	 identify	 these	 tumours	 a	 DNA	 Damage	 Repair	 Deficiency	 (DDRD)	 assay	 was	

developed	by	Queens	University	and	Almac	Diagnostics	from	a	cohort	enriched	with	

samples	 from	 Fanconi	 Anaemia	 patients	 and	 BRCA1/2	 mutant	 breast	 cancers.	

Publically	 available	microarray	data	 from	 the	bone	marrow	of	21	FA	patients	was	

compared	with	that	from	11	healthy	control	subjects,	and	the	biological	processes	

altered	by	 loss	of	the	FA/BRCA	pathway	were	noted	to	be	predominantly	 immune	

related	248.	In	breast	cancer	approximately	25%	of	patients	have	deficiencies	in	the	

FA/BRCA	pathway.	 Therefore	RNA	was	extracted	 from	107	 formalin-fixed	paraffin	

embedded	 (FFPE)	 samples,	 incorporating	 60	 BRCA1/2	 mutant	 tumours.	 Samples	

were	matched	 based	 on	 age	 at	 diagnosis,	 oestrogen	 receptor	 (ER),	 progesterone	

receptor	 (PR)	 status	 and	 subtype	 with	 sporadic	 breast	 tumours	 248,249.	 Using	 an	

unsupervised	 hierarchical	 clustering	 approach,	 a	 subset	 of	 tumours	 in	 the	 breast	

cohort	was	found	to	have	the	same	underlying	biology	as	the	bone	marrow	samples	

from	patients	with	FA.	This	was	characterised	by	up-regulation	of	interferon-	driven	

genes	and	the	subgroup	was	labelled	as	DDRD	positive	and	the	remaining	samples	

were	labelled	as	DDRD	negative.		

	

Further	analysis	 identified	a	44-gene	signature,	which	could	be	used	prospectively	

to	distinguish	this	subgroup.	When	applied	to	the	discovery	set	the	assay	detected	

patients	with	BRCA1/2	mutations	with	 a	 specificity	 of	 0.79	 (95%CI	 0.64-0.86)	 and	

sensitivity	 of	 0.58	 (95%	CI	 0.48-	 0.65).	 	 Interestingly,	 32.5%	of	 the	DDRD	positive	

subgroup	was	BRCA	wild-type	248.	This	is	consistent	with	clinical	observations	as	not	

all	 BRCA1/2	 mutant	 tumours	 are	 sensitive	 to	 DNA	 damaging	 agents	 and	 the	

converse	is	also	true.	To	assess	the	utility	of	the	DDRD	assay	in	predicting	response	

to	 DNA	 damaging	 agents,	 it	 was	 applied	 to	 three	microarray	 data	 sets	 of	 breast	

cancer	 patients	 who	 had	 received	 neo-adjuvant	 and	 adjuvant	 regimes	 with	 5-

fluorouracil,	 anthracycline	 and	 cyclophosphamide.	 Analysis	 of	 the	 combined	

datasets	 revealed	 that	 the	 DDRD	 assay	 predicted	 response	 in	 the	 DDRD	 positive	

subgroup,	 relative	 to	 the	DDRD	negative	 subgroup	and	 independent	of	 ER	 status,	

tumour	grade	and	stage248.		
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Figure	 1.9.	 (A)	 DDRD	 is	 predictive	 of	 response	 to	 neo-adjuvant	 platinum	 based	
chemotherapy	in	breast	cancer.	(B)	DDRD	status	is	not	prognostic	in	patients	who	
have	not	received	anthracycline	based	adjuvant	chemotherapy	in	breast	cancer.	
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The	 evidence	 in	 breast	 cancer	 indicates	 that	 DDRD	 is	 a	 predictive	 biomarker	 for	

response	 to	DNA	damaging	agents.	However	 it	 is	 not	prognostic,	 as	patients	who	

had	not	received	chemotherapy	had	similar	survival,	as	illustrated	by	the	Kaplan		

Meier	 curves	 in	 Figure	 1.9.	 In	 other	 tumour	 sites	 preliminary	 results	 have	 shown	

that	the	DDRD	assay	predicts	response	to	platinum	based	therapy	in	ovarian	and		

oesophageal	 cancer,	 and	 the	 premise	 of	 this	 research	 is	 to	 explore	 its	 utility	 in	

prostate	cancer	250,251.		

1.8.2	What	is	known	about	DDRD	Biology?	

	
The	DDRD	 assay,	 has	 been	 shown	 to	 detect	 up-regulation	 in	 interferon	 regulated	

genes	 including	 T-cell	 specific	 ligands	 in	 epithelial	 tumours.	 Parkes	 et	 al.	 (2016)	

explored	this	further	in	a	cohort	of	165	breast	tumours	and	confirmed	that	tumour	

and	 stromal	 infiltration	 by	 both	 CD4+and	 CD8+	 T	 lymphocytes	 was	 significantly	

related	 to	 DDRD	 positivity	 (p	 <0.001)	 252.	 CXCL10	 and	 CCL5,	 the	 top	 two	

differentially	 weighted	 genes	 in	 the	 DDRD	 assay	 are	 both	 chemokines.	

Overexpression	 of	 both	 has	 been	 associated	 with	 the	 presence	 of	 CD8+	

lymphocytes	 in	 gastric,	melanoma	 and	 colon	 cancers	 253-181.	 	 CXCL10	 in	 particular	

has	 been	 associated	with	 poor	 prognosis	 in	 colon	 and	 breast	 cancer.	 It	 exerts	 its	

affect	 by	 binding	 to	 CXCR3	 through	 which	 it	 modulates	 a	 number	 of	 biological	

functions	including	chemostaxis	254,256,257.		

	

Parkes	et	al.	demonstrated	in	cell	line	models	that	loss	of	DNA	repair	genes	leads	to	

significant	 increases	 in	 CXCL10	 and	 CCL5.	 Exogenous	DNA	damage	 in	 the	 form	of	

hydroxyurea	and	cisplatin	also	up	regulated	these	chemokines,	while	paclitaxel	had	

no	effect.	They	concluded	that	the	observed	immune	up-regulation	was	caused	by	

S-phase	DNA	damage.	 So	how	does	DNA	damage	 lead	 to	 increased	expression	of	

CXCL10	 and	 CCL5?	 Research	 in	 autoimmune	 conditions	 such	 as	 systemic	 lupus	

erythematosus	(SLE)	has	shown	that	stimulator	of	interferon	genes	(STING)	can	up	

regulate	 innate	 immune	 genes	 including	 interferon	 related	 genes	 258,259.	 In	 these	

models	 STING	was	activated	by	 the	presence	of	 cytosolic	DNA	 through	 the	cyclic-

GMP-AMP	synthase	(cGAS)	258,260.	Parkes	and	colleagues	confirmed	cytosolic	DNA	in	
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both	 BRCA1	 deficient	 cell	 lines	 and	Hela	 cells	 damaged	 by	 both	 hydroxyurea	 and	

cisplatin.	Furthermore	siRNA	knockdown	of	both	cGAS	and	STING	down	regulated	

CCL5	and	CXCL10	in	BRCA1	deficient	and	cisplatin	treated	cells	252.	In-Silico	analysis		

Identified	 interferon	 regulatory	 factors	 (IRF)	 as	 the	 predominant	 transcription	

factors	 in	 DDRD	 positive	 tumours	 252.	 Prior	 research	 into	 the	 IRF	 family	 had	

indicated	that	IRF1	and	IRF3	could	both	be	induced	by	DNA	damage	in	the	form	of	

UV	 and	 doxorubicin	 261.	 IRF3	 is	 known	 to	 be	 downstream	 in	 the	 cGAS/	 STING	

pathway,	and	has	been	found	to	have	binding	domains	on	both	CXCL10	and	CCL5.	In	

BRCA1	deficient	cell	lines,	IRF3	was	also	found	to	be	constitutively	phosphorylated	
252.	Figure	1.10,	 Illustrates	how	endogenous	and	exogenous	DNA	damage	 leads	 to	

up-regulation	 of	 CXCL10	 and	 CCL5	 via	 the	 cGAS/STING/IRF3	 pathway	 and	

subsequent	 tumour	 infiltration	 by	 T	 lymphocytes.	 Unanswered	 questions	 still	

remain	 regarding	DDRD	activation,	 including	why	and	how	DNA	 is	being	exported	

into	the	cytoplasm	in	S-	phase	of	the	cell	cycle.	

	

Over	 the	 last	 few	 years	 there	 has	 been	 a	 rapid	 evolution	 in	 the	 use	 of	 immune	

checkpoint	 blockade	 using	 anti-cytotoxic	 T-lymphocyte-associated	 protein	 4	

(CTLA4),	programmed	cell	death	protein	1	(PD1)	and	programmed	cell	death	ligand	

1	 (PD-L1)	 inhibitors.	 They	 have	 revolutionised	 the	 treatment	 of	 melanoma,	 non-

small	cell	lung	cancer	and	renal	cell	carcinoma	262–264.	For	example,	it	was	reported	

in	 AACR	 that	 the	 5-year	 survival	 in	melanoma	 after	 treatment	with	 nivolumab	 (a	

PD1	 inhibitor)	 was	 34%,	 and	 initial	 results	 of	 the	 CheckMate	 067	 trial	 combining	

nivolumab	 with	 ipilimumab	 (anti-	 CTLA4)	 report	 a	 response	 rate	 of	 67%262.	

Interestingly,	 PD-L1	 is	 also	 one	of	 the	 genes	 associated	with	 the	DDRD	molecular	

subgroup.	Parkes	et	al	(2016),	found	that	similar	to	CCL5	and	CXCL10,	PD-L1	is	up-

regulated	 by	 exogenous	 and	 endogenous	 DNA	 damage.	When	 the	 breast	 cohort	

previously	scored	for	CD4+	and	CD8+	lymphocytic	invasion	was	rescored	for	PD-L1	

using	the	well	recognised	cut	offs	of	1	and	5%	to	define	positivity	265.	Both	epithelial	

and	infiltrating	immune	cell	PD-L1	expression	was	associated	with	DDRD	positivity.		

These	data	suggest	that	loss	of	the	FA/BRCA	pathway	may	represent	a	subgroup	of	

patients	who	will	respond	to	immune	checkpoint	inhibitors.		
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Supporting	 evidence	 for	 the	 relationship	 between	 alterations	 in	 DNA	 repair	

pathways	 and	 response	 to	 immune	 checkpoint	 inhibitors,	 includes	 a	 study	 of	

pembrolizumab	(a	PD1	inhibitor)	in	patients	with	chemo-refractory	colorectal	
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Figure	 1.10.	 	Outlines	 how	DNA	damage	 leads	 to	 activation	of	 the	 STING/cGAS	
pathway,	subsequent	up-	regulation	of	CXCL10/CCL5	and	T	cell	recruitment477.	
	
	



	 47	

	

	

cancer.	This	study	reported	that	tumours	with	mismatch	repair	defects	had	a	higher	

mutational	 load	 and	 exhibited	 an	 increased	 response	 rate	 266.	 Furthermore,	

mutations	in	BRCA2	in	a	cohort	of	37	patients	with	metastatic	melanoma	identified	

by	 whole	 genome	 sequencing,	 were	 found	 to	 enrich	 for	 response	 to	 the	 PD1	

inhibitors	 (pembrolizumab	and	nivolumab)	 267,268.	These	data	suggests	 that	 loss	of	

the	 FA/BRCA	 pathway	 as	 measured	 by	 the	 DDRD	 assay	 could	 be	 a	 potential	

predictive	biomarker	for	response	to	immunotherapy.	

	

	

1.9	Immunotherapy	in	Prostate	cancer	

1.9.1	The	immune	environment	in	prostate	cancer	

	
As	 we	 have	 discussed	 the	 DDRD	 assay	 is	 a	 44	 immune	 gene	 based	 expression	

signature,	 associated	with	 lymphocytic	 infiltration	 and	 PD-L1	 expression	 in	 breast	

cancer,	 suggesting	 that	 it	 may	 have	 a	 role	 as	 a	 predictive	 biomarker	 for	

immunotherapies.	 Over	 the	 last	 seventy	 years	 there	 has	 been	much	 controversy	

surrounding	 the	 role	 of	 the	 immune	 system	 in	 tumour	 genesis.	 Burnet	 in	 1970,	

postulated	 that	 tumour	 cells	 in	 the	 early	 stages	 of	 carcinogenesis	 could	 be	

eliminated	by	the	immune	system	alone	269.	Initial	clinical	trials	were	disappointing.	

Since	ipilimumab	was	FDA	approved	for	use	in	melanoma,	however,	there	has	been	

a	resurgence	of	 interest	 in	how	a	tumours	 immune	environment	can	be	exploited	

therapeutically	 270.There	 is	 evidence	 to	 support	 that	development	of	 cancers	may	

be	preceded	by	 inflammation,	 a	 classic	 example	of	 this	would	be	 the	progression	

from	 Barretts	 oesophagus	 to	 oesophageal	 cancer.	 In	 agreement	 with	 this	 is	 that	

prostate	cancer	biopsies	often	harbour	areas	of	acute	and	chronic	inflammation	271.	

Alongside	this,	regular	use	of	non	steroidals,	which	decrease	inflammation	has	been	

observed	to	be	associated	with	a	decreased	risk	of	developing	prostate	cancer	272–

274.		
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Tumour	 lymphocytic	 infiltration	 is	 of	 interest	 as	 it	 has	 been	 associated	 both	with	

DDRD	 positivity	 in	 breast	 and	 ovarian	 tumours.	 In	 breast	 and	 colon	 cancer	

intratumoural	 infiltration	 of	 CD8+	 lymphocytes	 is	 associated	 with	 better	 patient	

survival	 275,276.	 In	 prostate	 cancer	 the	 role	 of	 tumour	 infiltrating	 lymphocytes	 is	

uncertain.	An	early	 study	 in	1994	analysed	 their	presence	 in	325	patients	on	 long	

term	follow	up	for	prostate	adenocarcinoma	and	found	that	absence	or	low	levels	

of	infiltrating	lymphocytes	were	associated	with	high	risk	of	tumour	progression	277.	

Contrastingly,	 in	 prostatectomy	 samples	 high	 expression	 of	 both	 CD4+	 and	 CD8+	

intratumoural	 lymphocytes,	were	associated	with	 increased	risk	of	PSA	recurrence	
278.	In	agreement	with	this	Davidsson	and	colleagues	found	that	men	with	increased	

levels	of	CD4+	lymphocytes	present	at	transurethral	resection	where	more	likely	to	

develop	 lethal	 prostate	 cancer	 279.	 In	 prostate	 cancer	 patients	 are	 less	 likely	 to	

receive	 chemotherapy	 and	 all	 cytotoxic	 treatments	 are	 taxane	 based	 rather	 than	

platinum	 based	 which	 may	 explain	 the	 disparity	 with	 breast	 and	 colon	 cancer.	

Speculatively	we	could	suggest	that	if	tumour	lymphocytic	infiltration	is	associated	

with	DDRD	in	prostate	cancer	it	may	be	highlighting	an	aggressive	phenotype	with	

loss	of	the	FA/BRCA	pathway	and	potential	platinum	sensitivity.	Further	research	is	

obviously	required	to	address	this.	

	

1.9.2	Immunotherapies	in	Prostate	Cancer		

1.9.2.1	Vaccinations	
	

Currently	 the	only	 immunotherapy	recommended	for	use	 in	mCRPC	by	the	FDA	 is	

Sipleucel-T.	 This	 induces	an	 immune	 response	against	prostatic	 acid	phosphatase.	

Patients	 own	 immune	 cells	 are	 extracted	 cultured	 in-	 vitro	 and	 activated	 with	 a	

recombinant	fusion	protein	PA2024	prior	to	being	re-infused	280.	The	IMPACT	trial,	

which	compared	Sipleucel-T	to	placebo	 in	512	men	with	mCRPC,	 found	that	while	

time	to	progression	was	similar	in	both	groups	(3.6	vs3.7	months)	and	PSA	response	

was	only	seen	in	2.6%	of	patients,	there	was	a	significant	effect	on	median	overall	

survival	of	4.1	months.	There	were	no	differences	between	the	demographics	of	the	

two	groups	to	explain	this.	The	only	notable	difference	was	that	patients	who	had	
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an	antibody	titre	of	400	or	greater	to	PA2024	lived	significantly	longer	(p<0.001)	281.		

Despite	 this,	 it	 is	 difficult	 to	 ascertain	how	Sipleucel	 T	 impacts	on	overall	 survival	

while	 there	 is	 disease	progression.	One	explanation	maybe	 in	 common	with	 anti-

CTLA4	 inhibitors,	 it	 takes	 time	 for	 the	 immune	 response	 to	 be	 achieved	 and	 the	

initial	 imaging	at	12	weeks	was	 too	early	 to	assess	 response.	These	uncertainties,	

coupled	with	the	expense	of	Sipleucel	T,	have	led	to	it	only	being	adopted	by	a	few	

centres.	Other	vaccines	have	been	explored	in	mCRPC	include	PROSTVAC	and	GVAX.	

PROSTVAC	is	a	PSA	targeted	poxvirus	based	vaccine	and	initial	results	are	promising	

with	phase	 II	 trials	 showing	a	8.5	month	survival	advantage	compared	 to	controls	
282,283.	 On	 a	 cautionary	 note,	 clinical	 research	 into	 GVAX	 (a	 vaccine	 derived	 from	

granulocyte-macrophage	colony	stimulating	factor	secreted	by	genetically	modified	

prostate	 cell	 lines)	 after	 initially	 promising	 results	 as	 a	 monotherapy	 was	 halted	

when	 in	 combination	 with	 docetaxel	 it	 was	 associated	 with	 a	 42%	 increase	 in	

mortality	284285.	

1.9.2.2	Monoclonal	antibodies	to	CTLA-4	
	

Ipilimumab	 is	 a	 monoclonal	 antibody	 that	 blocks	 CTLA-4,	 leading	 to	 increased	

activation	 of	 CD4+	 and	 CD8+	 T	 lymphocytes.	 Initial	 phase	 I/II	 trials	 in	 mCRPC	

concentrated	 on	 assessing	 ipilimumab	 in	 combination	 with	 EBRT	 286,	 PROSTVAC	
282,287,	GVAX	285,	GM-CSF	288,	ADT	289	and	docetaxel	290.	PSA	response	rates	ranged	

between	 16-50%	 suggesting	 some	 increased	 activity	 with	 most	 agents,	 the	

exception	however	was	docetaxel,	which	showed	no	synergy	with	ipilimumab.	One	

large	 phase	 III	 trial	 has	 been	 completed	 in	 mCRPC	 randomising	 patients	 to	 have	

radiotherapy	 (an	 8Gy	 fraction	 to	 a	 bony	 metastasis)	 followed	 by	 ipilimumab	 or	

placebo	post	docetaxel.	Results	were	disappointing	with	only	13%	of	patients	in	the	

ipilimumab	arm	having	a	decrease	 in	PSA,	and	no	significant	difference	 in	median	

overall	survival	291.	Whether	ipilimumab	would	have	been	more	effective	combined	

with	a	cytotoxic	agent	rather	than	radiotherapy,	or	utilised	earlier	in	the	treatment	

of	metastatic	prostate	cancer	are	still	questions	 to	be	answered.	On	going	clinical	

trials	are	assessing	ipilimumab	in	the	hormone	naïve	setting.	
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1.9.2.3.PD1/PD-L1	Inhibtiors	

	
There	 is	also	evolving	 interest	 in	whether	PD1/PD-L1	 inhibitors	may	have	a	role	 in	

the	 treatment	 of	 prostate	 cancer.	 PD-1	 is	 expressed	 on	 the	 surface	 of	 activated	

CD4+	 and	 CD8+	 T	 cells,	 NK	 cells	 and	 B	 lymphocytes	 292.	 A	 transmembrane	

glycoprotein	 co-inhibitory	 receptor,	 it	 is	 expressed	 within	 24	 hours	 of	 immune	

system	activation	292.	The	role	of	the	PD1/PD-L1	pathway	in	chronic	 infection	is	to	

stop	T	cells	from	damaging	healthy	tissue.	PD-	L1	and	PD-L2	are	the	two	ligands		for	

PD1.	 They	 are	 expressed	 on	 the	 surface	 of	 tumour	 cells	 and	 bind	 to	 PD1	 on	 the	

surface	 of	 effector	 T	 cells	 down	 regulating	 their	 activity	 293,294.	 Through	

pharmacologically	 blocking	 PD1,	 effector	 T	 cells	 maintain	 their	 cytolytic	 activity	

against	 tumour	 cells.	 The	 mechanism	 by	 which	 the	 pathway	 is	 activated	 and	

inhibited	in	cancer	cells	in	summarised	in	Figure	1.11.	

	

The	effect	of	PD1	inhibitors	in	prostate	cancer	is	as	yet	uncertain.	The	initial	phase	1	

trial	for	nivolumab	incorporating	advanced	solid	tumour	contained	17	patients	with	

mCRPC.	Unfortunately	none	of	them	exhibited	a	response	to	treatment.	It	is	hard	to	

draw	conclusions	from	this	as	the	sample	size	was	too	small	and	only	two	patients	

had	 tissue	 available	 for	 PD-L1	 analysis	 by	 immunohistochemistry	 295,296.	 The	

rationale	 for	 continuing	 trials	 of	 PD1	 inhibitors	 in	mCRPC	 comes	 from	 preclinical	

research,	 where	 clusters	 of	 FOXP3+,	 PD1	 +	 PD-L1+	 lymphocytes	 have	 been	

associated	with	 clinical	 lesions	 in	prostate	 cancer	 tissue	 samples.	A	 large	 study	of	

873	radical	prostatectomy	specimens	found	elevated	PD-L1	expression	 in	a	cohort	

of	 samples	 that	 associated	 significantly	 with	 early	 biochemical	 recurrence	 297.	

Furthermore,	elevated	levels	of	PD	L1	positive	dendritic	cells	were	found	in	patients	

resistant	 to	 enzalutamide	 298.	 Encouragingly,	 a	 recent	 study	 investigating	

pembrolizumab	 in	 ARV-7	 positive	 patients	 post-enzalutamide,	 identified	 3	

responders	 out	 of	 10	 patients,	 consistent	with	 literature	 from	other	 cancer	 sites.	

These	responders	had	evidence	of	PD-L1	expression	and	CD8+	infiltration	in	tumour	

samples	299.		Together	these	data	suggests	that	there	may	be	a	subgroup	of	patients	

who	respond	to	PD1/PDL1	 inhibitors	 in	prostate	cancer,	and	that	 they	need	to	be	

assessed	in	biomarker	driven	trials.	
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Figure	 1.11.	 Outline	 of	 activation	 of	 PD1/PDL1	 pathway	 adapted	 from	
MacDermott	et	al.204	
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1.9.2.3	Emerging	immune	targets	in	prostate	cancer	
	

Other	 emerging	 potential	 immune	 targets	 from	 preclinical	 studies	 in	 prostate	

cancer	 are	 B7-H3,	 B7-H4	 and	 T	 cell	 immunoglobulin	 domain	 and	 mucin	 domain	

containing	 molecule	 3	 (TIM3).	 The	 B7-H3	 and	 B7-H4	 are	 members	 of	 the	 same	

family	 as	 PD1	 and	 PD-L1.	 Similar	 to	 PD1,	 B7-H3	 is	 a	 transmembrane	 protein	

expressed	on	activated	T	and	B	cells	300.	The	exact	mechanism	of	action	by	which	it	

promotes	 T	 cell	 proliferation	 and	 interferon	 gamma	 expression	 is	 unknown.	 In	

prostate	 cancer,	 high	 levels	 of	 B7-H3	 expression	 have	 been	 associated	 with	

aggressive	pathological	features,	increased	risk	of	progression,	recurrence	and	poor	

prognosis	301,302.	B7-H4	is	expressed	on	both	APC	cells	and	tumour	cells	and	has	an	

inhibitory	 effect	 on	 T-cells	 impairing	 their	 proliferation	 and	 the	 production	 of	

interleukin	 2	 303.	 Elevated	 levels	 of	 B7-H4	 have	 been	 associated	 with	 aggressive	

cancer	 phenotypes	 such	 as	 high	 tumour	 burden	 and	 advanced	 stage	 at	

presentation.	 Increased	expression	of	B7-H4	compared	 to	normal	 tissue	has	been	

noted	to	correlate	with	higher	Gleason	scores	in	prostate	cancer	304,305.		

	

In	preclinical	models	 joint	 inhibition	of	TIM3	and	PD1	has	had	encouraging	results	
306,307.	Expressed	specifically	on	T	helper	1	(Th1)	CD4+	and	CD8+	T	cells,	concurrent	

expression	has	been	observed	with	PD-1	296.	TIM3	is	believed	to	be	involved	in	CD8+	

T	cell	exhaustion,	and	modulating	the	activity	of	the	immune	system	in	response	to	

immunogenic	cell	death	by	binding	to	HMGB1	308.	In	clinical	studies	increased	TIM3	

expression	 on	 CD4+	 lymphocytes	 in	 lung	 cancer	 has	 been	 associated	 with	 the	

presence	of	nodal	metastases	and	advanced	stage	at	presentation	 309.	 In	prostate	

cancer,	Piao	and	colleagues	explored	TIM3	expression	in	116	radical	prostatectomy	

samples.	 They	 found	 that	 TIM3	 expression	 was	 entirely	 intratumoural	 and	 the	

presence	of	higher	levels	of	TIM3	expression	on	both	CD4+	and	CD8+	lymphocytes	

correlated	with	higher	Gleason	grade	and	poorer	overall	prognosis	310.	Currently	the	

combination	 of	 a	 TIM3	 inhibitor	 (MBG	 453)	 with	 PD1	 inhibitor	 PDR001	 is	 being	

investigated	in	a	phase	I	trials.	
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1.10	Conclusions	
	
Each	 year	 in	 the	 UK	 47,300	 men	 are	 diagnosed	 with	 prostate	 cancer.	 While	 the	

majority	will	have	 localised	disease	at	diagnosis,	21%	will	present	with	metastatic	

disease	 1.	 Treatment	 options	 are	 currently	 limited	 to	 ADT,	 radium-223,	 taxane	

based	 chemotherapy	 and	 new	 hormonal	 agents	 abiraterone	 and	 enzalutamide.	

Recent	research	has	shown	that	25-30%	of	men	with	mCRPC	have	mutations	in	DNA	

repair	genes	including	BRCA1/2	and	ATM	204.	 In	other	tumour	sites	like	breast	and	

ovarian	 cancer	 these	mutations	 have	 been	 shown	 to	 predispose	 to	 sensitivity	 to	

platinum	based	agents	and	PARP	inhibitors	183,203.	In	mCRPC	evidence	suggests	that	

there	 is	 some	activity	with	platinum	agents	and	 results	have	been	promising	with	

olaparib,	which	is	currently	under	investigation	in	the	TOPARP	trial.	Currently	there	

are	no	validated	predictive	biomarkers	in	mCRPC	to	guide	clinical	decision-making.	

	

The	DDRD	assay	is	a	potential	predictive	biomarker	for	loss	of	DNA	repair	pathways	

in	 prostate	 cancer.	 Developed	 using	 microarray	 based	 analysis	 of	 tissue	 samples	

from	patients	with	FA	and	breast	cancer	enriched	for	BRCA1/2	mutations,	DDRD	has	

been	shown	to	be	effective	in	identifying	breast	cancer	patients	who	will	respond	to	

anthracycline	and	platinum	based	chemotherapy.	The	DDRD	assay	is	characterised	

by	 up-regulation	 of	 the	 chemokines	 CXCL10	 and	 CCL5,	 and	 is	 associated	 with	

increased	 lymphocytic	 infiltration.	 	 Research	 into	 the	 biology	 behind	 DDRD	 has	

shown	 that	 cytosolic	 DNA	 is	 detected	 by	 cGAS,	 activating	 the	 STING/TBK1/IRF3	

pathway	 which	 in	 turn	 up	 regulates	 CXCL10	 and	 CCL5.	 These	 chemokine’s	 have	

shown	 to	 induce	 lymphocytic	 infiltration.	 Infiltration	 of	 CD4+	 and	 CD8+	 cells	

intratumourally	in	breast	cancer	has	been	associated	with	DDRD	positivity	252.	PD-L1	

also	 forms	part	of	 the	DDRD	 signature	and	has	 found	 to	be	upregulated	 in	DDRD	

positive	 breast	 tumours	 using	 IHC.	 	 This	 data	 suggests	 that	 DDRD	may	 also	 have	

utility	in	predicting	response	to	immunotherapy	based	treatment.		
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1.11	Hypothesis	and	Aims	
	

A	DDRD	subgroup	has	been	identified	in	prostate	cancer.		We	believe	that	it	may	be	

a	predictive	biomarker	for	sensitivity	to	DNA	repair	agents	in	prostate	cancer.	The	

aims	of	this	research	are:	

	

1. To	explore	if	commonly	observed	DNA	repair	mutations	in	prostate	activate	

the	DDRD	signature	in	prostate	cell	lines.	

2. To	investigate	the	implications	of	loss	of	the	FA/BRCA	pathway	on	choice	of	

chemotherapeutic	agents	in	mCRPC.	

3. To	assess	if	the	DDRD	subgroup	can	be	identified	from	analysis	of	RNA	

collected	from	diagnostic	core	biopsies	from	men	who	have	developed	

mCRPC		

4. To	identify	if	DDRD	status	has	implications	for	patient	response	to	androgen	

deprivation	therapy	and	docetaxel	in	men	with	de	novo	metastatic	disease.	

5. To	design	a	biomarker	driven	clinical	trial	to	validate	DDRD	as	a	predictive	

biomarker	in	prostate	cancer.	

6. To	explore	how	novel	genes,	activate	DDRD	and	investigate	if	they	have	a	

role	in	DNA	damage	repair.	
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Chapter	2:	Materials	and	Methods	
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2.1	Routine	Cell	Culture	
(The	details	of	reagents	used	cell	culture	are	listed	in	Appendix	A)	

	

All	 tissue	 culture	 was	 preformed	 in	 a	 class	 II	 unidirectional	 laminar	 down	 floor	

microbiological	 safety	 cabinet.	 Cells	 were	 cultured	 at	 37oC	 with	 5%	 CO2	 in	 a	

humidified	 incubator	 (Sanyo).	 Cell	 lines	 were	 maintained	 in	 a	 175cm3	 flask	

(Nunclon)	 as	monolayers	 in	 the	 appropriate	 growth	media.	When	 confluent	 cells	

were	 split	 in	 an	 appropriate	 ratio	 by	 washing	 in	 phosphate	 buffer	 saline	 (PBS)	

followed	by	incubation	in	trypsin	x1	(Invitrogen)	for	5	minutes.	Following	separation	

from	the	flask,	cells	were	divided,	and	25mls	of	fresh	growth	media	was	added.	

	

2.1.1	Maintenance	of	Cell	lines	

	

PC3:-	This	metastatic	prostate	adenocarcinoma	cell	line	was	derived	from	the	bone	

metastasis	 of	 a	 62yr	 Caucasian	 male	 and	 exhibit	 low	 acid	 phosphatase	 and	

testosterone	5	alpha	reductase	activity.	This	cell	 line	 is	maintained	in	F-12K	media	

(Gibco)	supplemented	with	10%	foetal	bovine	serum	(FBS)	(Gibco).	

	

DU145:-	derived	from	a	brain	metastasis	in	a	69	year	old	Caucasian	gentleman	with	

metastatic	 prostate	 adenocarcinoma,	 this	 cell	 line	 is	 not	 detectably	 hormone	

sensitive.	 This	 cell	 line	 is	 maintained	 in	 Minimum	 Essential	 Media	 Eagle	 (MEM)	

media	 (gibco)	 supplemented	with	 1%	 sodium	 pyruvate	 (Gibco),	 1%	Non	 Essential	

amino	acids	(Gibco)	and	10%	FBS	(Gibco).	

	

HeLa:	 -The	 oldest	 immortalised	 cell	 line	 HeLa’s	 were	 derived	 for	 the	 biopsy	 of	 a	

cervical	adenocarcinoma	in	1951	from	a	31-year-old	African	American.	This	cell	line	

is	 maintained	 in	 Dulbecco’s	 Modified	 Eagle	 Medium	 (DMEM)	 (Gibco)	 media	

supplemented	with	10%	FBS	(Gibco).	
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2.1.2	Freezing	Cells	

	

Confluent	 cells	 in	 a	 T175	 flask	 were	 washed	 once	 with	 sterile	 PBS	 and	 then	

separated	from	the	flask	surface	by	incubation	in	3mls	of	1x	Trypsin	at	37oC,	5%	CO2	

incubator	 for	 10	 minutes.	 Cells	 were	 added	 to	 5mls	 of	 fresh	 growth	 media	 and	

centrifuged	 at	 1300rpm	 for	 5	minutes.	 The	 supernatant	 is	 then	 removed	 and	 the	

cell	 pellet	 re-suspended	 in	 4mls	 of	 freezing	 media	 (1ml	 of	 DImethylsulfoxide	

(DMSO)	 (Sigma),	 1.5mls	 of	 FBS	 and	 7.5mls	 of	 growth	 media),	 before	 being	

aliquotted	into	4	x	1.8	ml	cryovials.	Cells	were	stored	overnight	in	a	Mr	Frosty	box	

before	 storage	 for	 a	 further	 24	 hours	 at	 -80oC.	 Cells	 were	 then	moved	 to	 liquid	

nitrogen	for	long-term	storage.	

	

2.1.3	Thawing	Cells	

	

A	1.8	ml	cryovial	contining	1ml	of	frozen	cells	was	removed	from	liquid	nitrogen	and	

rapidly	thawed	in	a	37oC	water	bath.	The	cells	were	then	added	to	10mls	of	normal	

growth	 media	 according	 to	 the	 each	 cell	 lines	 requirements,	 and	 centrifuged	 at	

1500rpm	for	5	minutes.	The	supernatant	was	removed	with	a	pipette	and	the	cells	

were	suspended	in	10mls	of	fresh	media.	The	suspension	was	then	added	to	a	T25	

culture	flask	for	incubation	and	the	media	was	changed	after	24hours.	

	

2.1.4	Trypsinising	Cells	

	

Media	 was	 removed	 from	 subconfluent	 cells	 and	 cells	 were	 then	 washed	 with	

sterile	PBS	and	separated	 from	the	 flask	 surface	adding	 incubation	1x	 trypsin	and	

incubation	at	37	 oC	 for	5-10	minutes.	Cells	were	observed	under	 light	microscope		

to	ensure	detachment	from	surface	of	flask.	
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2.2	siRNA	Transfections	
(All	siRNA	are	listed	in	Appendix	B)	
	

siRNA		oligonucleotides	(Qiagen)	were	resuspended	in	nuclease	free	water	(VWR)	to	

a	 concentration	 of	 10μM	 or	 100μM	 according	 to	 the	 manufacturers	 guidelines.		

Cells	were	counted	and	a	predetermined	cell	number	was	seeded	in	each	well	of	a	

six	well	plate,	and	were	reverse	transfected	with	either	10nM	or	20nM	(dependent	

on	 cell	 line)	 of	 each	 siRNA	 (Qiagen)	 using	 Lipofectamine	 RNAiMax	 transfection	

reagent	 (Invitrogen)	 and	 Optimen	 transfection	 media	 (Invitrogen).	 24	 hours	 post	

transfection	the	media	was	removed	and	replaced	with	fresh	growth	media.	Where	

appropriate	cells	were	trypsinized	and	counted,	and	reseeded	at	a	predetermined	

cell	density	 in	each	well	of	a	6	well	plate	 for	clonogenic	assay.	Elsewhere,	protein	

lysates	and	mRNA	were	collected	from	transfected	cells	at	relevant	time	points.	

	

2.3	Clonogenic	Assay	
	

2.3.1	2D	Clonogenic	Assay	

	

Cells	 were	 trypsinized	 and	 counted,	 and	 a	 predetermined	 number	 of	 cells	 were	

seeded	into	each	well	of	a	6	well	plate.	Cells	were	allowed	to	adhere	overnight,	and	

then	were	treated	with	a	variety	of	concentrations	of	the	relevant	drug.	When	using	

cisplatin	(Hospira),	olaparib	(Selleckchem)	and	KU60019	(Selleckchem)	the	drug	was	

replaced	every	3-4	days.	Using	docetaxel	(Hospira)	the	drug	was	incubated	with	the	

cells	for	3	hours,	then	the	growth	media	was	changed	and	this	was	repeated	every	

3-4	 days.	 After	 10	 days	 cell	 colonies	were	 stained	with	 crystal	 violet.	 Initially	 the	

media	was	removed	and	each	well	was	washed	with	cold	PBS.	Then	colonies	were	

fixed	 with	 100%	 methanol	 (Life	 Science)	 for	 10minutes,	 and	 then	 stained	 with	

crystal	 violet	 (Sigma)	 for	 30minutes.	 Excess	 crystal	 violet	 was	 removed	 and	 each	

well	was	washed	and	allowed	 to	dry	overnight.	Colonies	were	 counted	using	 ‘Gel	

Count	 ‘	software	(Oxford	Optronix).	To	determine	percentage	survival	 fraction	the	

number	 of	 colonies	 following	 treatment	 with	 each	 concentration	 of	 drug	 was	
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normalised	 to	 the	 number	 of	 colonies	 following	 treatment	 with	 drug	 vehicle,	

calculations	were	carried	out	on	Microsoft	Excel	and	Prism	Version	8.	

	

2.3.2		3D	Clonogenic	Assay	in	Soft	Agar	

	

Initially	agarose	(Sigma)	was	made	up	with	sterile	water	to	a	concentration	of	0.7%	

and	1%.	1%	agarose	was	then	melted	at	70OC	mixed	1:1	with	2X	DMEM	+10%FBS	+	

2xpenicillin	 -	 streptomycin	 (Gibco),	 in	order	 to	protect	 the	antibiotics	 the	agarose	

was	 allowed	 to	 cool	 slightly	 prior	 to	 mixing.	 For	 the	 base	 layer	 500μl	 (250μl	 of	

media	and	250μl	of	1%	agarose)	were	added	 to	each	well	of	a	24	well	plate.	The	

plate	was	then	allowed	to	solidify	for	a	minimum	of	30	minutes	at	4	OC.	

	

PC3	cells	were	transfected	using	the	protocol	outlined	in	section	2.2,	24	hrs	before	

they	were	required	for	clonogenics.	They	were	then	trypsinized	and	resuspended	in	

2X	 DMEM	 +10%	 FBS	 +	 2	 x	 penicillin	 -	 streptomycin	 and	 counted.	 5000	 PC3	 cells	

were	seeded	per	well.	Aliquots	of	0.7%	agarose	were	then	heated	to	a	temperature	

of	 70	 oC,	 again	 they	 were	 allowed	 to	 cool	 slightly	 before	 being	 added	 to	 the	 2x	

media	mix	containing	the	appropriate	number	of	PC3	cells	and	mixed	together	by	

pipetting.	Again	the	agarose	and	cells	solution	was	mixed	1:1	(250μl	of	agarose	to	

250μl	 of	 cell	 solution).	 500μl	 of	 the	mixture	was	 then	 added	 to	 each	well	 of	 the	

24well	plate	on	top	of	the	solidified	base	layer.	The	plates	were	allowed	to	solidify	

at	room	temperature	for	3-4	hours,	or	alternatively	at	4oC	for	no	more	than	2	hours.	

	

Once	 the	 plates	 had	 solidified	 selected	 concentrations	 of	 cisplatin	 (Hospira)	 and	

docetaxel	(Hospira)	were	added	to	1x	DMEM	media.	500μl	of	media	containing	the	

desired	drug	was	then	added	to	each	well	of	the	24	well	plate,	and	the	plates	were	

then	incubated	at	37oC	for	14-21	days.	For	plates	treated	with	cisplatin	the	drugged	

media	was	replaced	every	3-4	days.	For	those	treated	with	docetaxel	the	drugged	

media	was	 incubated	with	the	cells	 for	3	hours	and	then	replaced	with	normal	1X	

DMEM	which	was	changed	every	3	days.	

	



	 60	

After	 14-21	 days	 depending	 on	 the	 rate	 of	 colony	 formation,	 plates	 were	 then	

examined	under	a	microscope.	Three	images	were	taken	of	each	well	in	a	consistent	

pattern	 as	 illustrated	 in	 the	 figure	 below	 and	 colonies	 were	 counted	 using	 the	

‘Image	J	software.’	The	number	of	colonies	in	all	three	images	was	totalled	and	to	

determine	 the	 percentage	 survival	 fraction	 the	 number	 of	 colonies	 following	

treatment	 with	 each	 concentration	 of	 drug	 was	 normalised	 to	 the	 number	 of	

colonies	following	treatment	with	drug	vehicle.	

	

	

	

	

2.4	RNA	techniques	

2.4.1	RNA	extraction	

	

RNA	was	extracted	using	the	phenol-chloroform	extraction	method.	After	aspiration	

of	 media	 from	 plates	 with	 cells	 that	 are	 60-70%	 confluent	 with	 cells,	 they	 were	

covered	 in	 1ml	 of	 STAT60	 (Ambsio).	 The	 plates	 were	 then	 scraped	 and	 the	 cells	

suspended	 in	STAT	60	were	transferred	to	RNAse	free	1.5ml	eppendorfs.	200μl	of	

chloroform	 (VWR)	 was	 then	 added	 to	 each	 cell	 suspension	 and	 samples	 were	

shaken	vigorously	for	15	seconds	each.	Each	sample	was	then	allowed	to	stand	at	

room	temperature	for	3	minutes,	after	which	they	were	centrifuged	at	13,000	rpm	

for	 15minutes	 at	 4oC	 in	 a	 pre-cooled	 centrifuge.	 The	 top	 aqueous	 layer	 was	

removed	carefully	without	disturbing	the	lower	organic	phase	and	transferred	into	

a	fresh	sterile	RNAse	free	1.5ml	eppendorf.	500μl	of	isopropanol	(Sigma)	was	added	

to	each	sample	and	they	were	inverted	several	times.	Following	overnight	storage	

at	-80oC,	each	sample	was	centrifuged	in	a	pre-cooled	4oC	microcentrifuge	at	13,000	

Figure	2.1	Illustrating	pattern	of	image	acquisition	for	3D	agar	clonogenics	
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rpm	for	15	minutes.	The	supernatant	was	then	carefully	removed	to	leave	the	RNA	

precipitate.	The	RNA	pellet	was	then	washed	using	1ml	of	pre-chilled	75%	ethanol	

(VWR),	vortexed	and	centrifuged	at	7,600	rpm	for	10	minutes	at	4oC,	this	step	was	

repeated	twice.	The	ethanol	was	then	removed	and	the	RNA	pellets	were	left	to	air	

dry	at	room	temperature	for	5-10	minutes.	RNA	pellets	were	resuspended	in	20μl	of	

nuclease	free	water	and	stored	at	-80oC	for	later	use.	

	

2.4.2	RNA	quantification	

	

RNA	 was	 quantified	 using	 the	 Nanodrop	 2000	 Spectrophotometer	

(Thermoscientific).	 The	 analysis	 pedals	 were	 cleaned	 using	 a	 KIM	 wipe	 and	 the	

machine	was	 initialized	with	nuclease	 free	water	 (Invitrogen).	1.5μl	of	 the	sample	

was	 loaded	onto	 the	pedal	 and	analysed.	By	measuring	 the	optical	density	of	 the	

sample	 the	 spectrophotometer	 determined	 the	 concentration	 of	 RNA	 sample	 as	

well	as	the	purity	of	the	RNA.	The	concentration	of	a	RNA	sample	is	calculated	using	

the	following	formula:	

	

Concentration	(ng/μl)	=	(A260x40)/B	(A=absorbance,	B=path	length	in	cm)	

	

The	purity	of	a	RNA	sample	can	be	determined	by	calculating	the	260/280	ratio.	A	

ratio	 of	 2	 indicates	 a	 pure	 sample.	 Any	 samples	 with	 a	 260/280	 ratio	 <1.8	 were	

discarded.	

	

2.4.3	Quantitative	real	time	RT-PCR	(qPCR)	

(Details	of	all	primer	sequences	are	listed	in	appendix	C)	

2.4.3.1	Primer	Design	
	
Exon-spanning	 qPCR	 primers	 were	 designed	 using	 Roche	 Universal	 Probe	 Library	

Assay	Design	 Centre.	 Primer	 sets	 (Eurofins)	were	 resuspended	 in	 the	 appropriate	

volume	of	nuclease	 free	water	 to	yield	a	concentration	of	100μm.	Before	use	 the	
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primers	 were	 further	 diluted	 to	 a	 working	 concentration	 of	 5μm	 and	 stored	 at	 -

20oC.	

2.4.3.2	Reverse	Transcription	
	
Reverse	 transcription	 to	 synthesize	 cDNA	 samples	 was	 performed	 using	 the	 First	

Strand	 cDNA	 synthesis	 kit	 (Roche).	 First	 500ng	 of	 RNA	 was	 mixed	 with	 1μl	 of	

random	hexamer	primers	(supplied	at	a	concentration	of	600pmol/μl)	and	0.5μl	of	

oligo	 dT	 primer.	 The	 mixture	 was	 then	 incubated	 at	 65oC	 for	 10	 minutes	 in	 a	

thermocycler	 with	 a	 heated	 lid	 (Eppendorf	 Mastercycler	 thermal	 cycler).	 Tubes	

were	placed	onto	ice	and	a	master	mix	containing	the	elements	shown	in	Figure	2.2	

was	prepared	and	volume	adjusted	dependent	on	the	number	of	samples.		

	

Reagent		 Volume	

RT	reaction	buffer	5x	conc	 2	μl	

RNAase	inhibitor	40U/μl	 0.25μl	

dNTP	(10mM)	 1μl	

RT	(20U/μl)	 0.25μl	

	

	

Samples	 were	 then	 put	 back	 into	 the	 thermocycler	 and	 cycled	 at	 25oC	 for	 10	

minutes,	55oC	for	30	minutes	and	finally	85oC	for	5	minutes.	Samples	were	stored	at	

-20oC.	

2.4.3.3	Standard	Curves	
		

To	 preform	 absolute	 quantification	 from	 PCR,	 a	 standard	 curve	 method	 is	

employed.	 This	 allows	 for	 quantification	 of	 unknown	 samples	 based	 on	 a	 known	

quantity.	For	each	PCR	reaction	performed,	a	standard	curve	was	created.	A	serial	

dilution	 of	 one	 sample	 was	 performed	 via	 a	 series	 of	 1:5	 dilution	 steps.	 The	

standard	curve	was	then	used	to	determine	the	efficiency	of	each	primer	set	and	to	

extrapolate	an	unknown	value.	

Figure	2.2	Reagents	required	for	cDNA.	
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Primer	efficiency	was	determined	using	the	following	equation:	

	

	 E=10^(-1/slope)	

	

An	efficiency	of	2	indicates	exact	doubling	for	each	cycle	of	PCR.	Any	PCR	reactions	

with	a	primer	efficiency	<1.8	and	>2.2	were	discarded.	

2.4.3.5	qPCR	reaction	mix	
	

All	qPCR	reactions	were	carried	out	in	a	class	I	laminar	flow	cabinet	to	minimise	the	

possibility	of	contaminations.	All	reagents	were	gently	mixed	and	briefly	centrifuged	

before	 use.	 For	 each	 PCR	 reaction,	 a	master	mix	was	 prepared	 by	 scaling	 up	 the	

volumes	for	a	single	reaction	depending	on	the	number	of	samples.	

	

Reagent		 Volume	for	10μl	reaction	

Forward	primer	

(10μm	working	stock	solution)	

0.5μl	

Reverse	Primer	

(10μm	working	stock	solution)	

0.5μl	

Light	 cycler	 480	 SYBER	 Green	 1	

Master		

(Roche)	

5μl	

H20	 1.5μl	

Total	volume	 7.5μl	

		

	

7.5μl	of	prepared	master	mix	was	aliquoted	into	each	well	of	a	Lightcycler	96-well	

plate	(Roche)	and	2.5μl		of	cDNA	sample	was	added	to	each	well.	Each	96	well	plate	

was	 then	 sealed	using	 clear	 adhesive	 film	 (Roche)	 and	 then	briefly	 centrifuged	 to	

collect	the	contents	in	the	bottom	of	the	wells	before	beginning	the	PCR	reaction.	

	

Figure	2.3	Components	of	each	10μl	qPCR	reaction.	
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2.4.3.6	qPCR	run	protocol.	
	

Each	96	well	plate	was	placed	 into	 the	Lightcycler	480	 thermo	cycler	 (Roche)	and	

the	run	protocol	outlined	in	Figure	2.4	was	applied.		

	

	

Program	 Target	oC	 Acquistion	

Mode	

Hold	(s)	 Ramp	

Rate	

(oC/sec)	

Acquisitions		

(per	oC)		

Pre-

incubation	

95	 None		 600	 4.4	 	

Amplification		 55	cycles	

Denaturation	 95		 None	 15	 4.4	 	

Annealing		 57	 None		 30	 2.2	 	

Extension	 72	 Single	 30	 4.4	 	

Melting	Curve	

	 95	 None	 5	 4.4	 	

	 50	 None	 30	 2.2	 	

	 95	 Continuous	 	 	 	

Cooling	 40	 None	 10	 1.0	 2	

	

2.4.3.7	qPCR	analysis	
	

All	qPCR	data	was	analysed	using	the	Lightcycler	480	software	provided	by	Roche.	

The	crossing	point	(Cp)	value	describes	the	point	at	which	fluorescence	of	a	sample	

crosses	a	certain	threshold	and	enters	the	exponential	phase	of	the	reaction.	A	gene	

which	 is	 highly	 expressed	 within	 a	 sample	 will	 cross	 the	 threshold	 earlier	 and	

therefore	will	have	a	lower	Cp	value	than	a	gene	which	is	expressed	at	a	low	level	

within	a	sample.	For	analysis,	the	Cp	value	from	a	technical	duplicate	was	calculated	

Figure	2.4	Run	protocols	for	each	qPCR	reaction	on	Roche	LightCycler	480.	
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and	 the	 relative	amount	of	 a	 gene	was	 calculated	Cp	value	 to	an	 in	 run	 standard	

curve.	This	allowed	calculation	of	the	mean	concentration	of	each	gene	within	each	

sample.	 Each	mean	 value	was	 then	normalised	 to	 the	mean	 concentration	of	 the	

housekeeping	 gene	 PUM1	 within	 the	 corresponding	 sample,	 by	 dividing	 the	

concentration	of	 the	 target	gene	by	 the	concentration	of	 the	housekeeping	gene.	

From	 these	 normalised	 changes,	 the	 fold	 changes	 for	 each	 gene	were	 calculated	

and	the	average	of	3	individual	fold	changes	were	derived	from	these	independent	

experimental	 triplicates.	 If	 the	 triplicates	 from	each	 other	 by	more	 than	 0.5	 fold,	

this	sample	was	considered	not	reproducible	and	was	repeated.	The	unpaired,	two	

tailed	students	t	test	available	on	Graphpad	Prism	7.0	software	was	used	to	detect	

statistical	significance.	

	

2.5	Protein	Techniques	

2.5.1	Protein	Extraction	

	

Media	was	removed	from	cells	 in	a	well	and	they	were	washed	once	with	ice	cold	

PBS.	Then	a	cell	scraper	was	used	to	detach	cells	from	the	well.	Cells	were	collected	

by	pipette	in	500μl	of	PBS	and	placed	in	a	1.5ml	eppendorf.	The	solution	was	then	

spun	 in	 a	 pre-cooled	 4oC	 centrifuge	 at	 1300rpm	 for	 5mins.	 The	 Supernatant	was	

then	 removed	 and	 radioimmunoprecipitation	 assay	 (RIPA)	 buffer	 containing	

protease	and	phosphatase	inhibitors	(Roche)	was	added.	The	cell	mixture	was	then	

vortexed	and	left	to	lyse	on	ice	for	45	minutes,	after	which	lysates	were	centrifuged	

at	 4oC	 at	 13,000	 rpm	 for	 15	minutes.	 Supernatant	 containing	 protein	was	moved	

into	a	fresh	eppendorf	and	cell	debris	was	discarded.	Protein	lysates	were	stored	at	

-80oC.	

	

2.5.2	Protein	Quantification	

	

In	 order	 to	 determine	 protein	 quantification,	 the	 Pierce	 BCA	 Protein	 Assay	 kit	

(Thermoscientific)	was	used.	The	colorimetric	method	is	based	on	the	reduction	of	
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Cu2+	 to	 Cu	 1+	 by	 protein	 in	 an	 alkaline	 medium	 with	 the	 highly	 sensitive	 and	

selective	colormetric		detection	of	cuprous	ion	(Cu	1+)	by	bicinchoninic	acid	(BCA).	

The	 primary	 step	 in	 this	 reaction	 is	 the	 chelation	 of	 copper	 with	 protein	 in	 an	

alkaline	 environment	 to	 form	 a	 light	 blue	 complex.	 In	 the	 second	 step	 of	 colour	

development,	 bicinchoninic	 acid	 reacts	 with	 reduced	 (cuprous)	 cation	 that	 was	

formed	 in	 the	 primary	 step.	 This	 results	 in	 an	 intense	 purple	 coloured	 reaction	

product	 as	 a	 result	 of	 the	 two	 molecules	 of	 BCA	 with	 one	 cuprous	 ion.	 The	

BCA/copper	 complex	 is	 water-soluble	 and	 exhibits	 strong	 linear	 absorbance	 at	

562nm	with	 increasing	concentration	of	protein.	4μl	of	each	protein	sample	were	

added	to	a	well	of	a	96	well	plate	in	duplicate,	and	diluted	with	the	addition	of	21μl	

of	 RIPA	 buffer.	 A	 standard	 curve	 was	 prepared	 by	 diluting	 an	 initial	 sample	 of	

bovine	 serum	 albumin	 (BSA)	 of	 1000μg/ml	 to	 750μg/ml,	 500μg/ml,	 250μg/ml,	

125μg/ml	and	25μg/ml.	BCA	reagent	was	prepared	by	adding	200μl	of	BCA	reagent	

B	to	9.8mls	of	BCA	reagent	A.	200μl	of	the	BCA	reagent	mixture	was	added	to	each	

well	 in	 the	 96	 well	 plate	 on	 top	 of	 each	 standard	 concentration	 and	 unknown	

sample.	 The	 96	 well	 plates	 were	 then	 incubated	 at	 37	 oC	 for	 30	 minutes.	

Colorimetric	analysis	was	preformed	using	the	Biosciences	Biotek	plate	reader.	The	

use	of	a	dilution	range	of	protein	samples	of	known	concentrations	allows	for	the	

determination	 of	 protein	 concentration	 of	 each	 unknown	 sample	 by	 using	 the	

following	equation.	

	

	 	 Y=	mx+b	

	

(Y=	absorbance	of	sample,	m=slope,	x=x-intercept,	xx=protein	amount	μg).	

	

2.4.3	Western	blotting	Analysis	

	
30	 –	 50	 μg	 of	 protein	 lysates	 were	mixed	 with	 LDS	 loading	 dye	 (Invitrogen)	 and	

Reducing	Agent	 (Invitrogen)	and	denatured	 for	10	minutes	at	70oC.	Samples	were	

briefly	centrifuged	and	loaded	onto	a	Bolt	4-12%	Bis-Tris	gel	and	electrophoresed	at	

165V	for	1	hour	30	minutes	using	MES	running	buffer.	When	probing	large	proteins	
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including	ATM	and	BRCA1		(350kDA	and	220kDA	respectively)	protein	samples	were	

loaded	 onto	 a	 Nupage	 3-8%	 Tris	 acetate	 gel	 and	 electrophoresed	 at	 150	 V	 for	 2	

hours	 using	 tris-acetate	 running	 buffer.	 See	 Blue	 Pre	 Stained	 protein	 ladder	

(Invitrogen)	was	used	as	a	reference	for	protein	size.	After	electrophoresis	proteins	

were	transferred	onto	immobilon-P	PVDF	membrane	(Millipore)	at	30V	for	2	hours	

using	 the	 X-cell	 surelock	 mini-cell	 transfer	 system	 (Invitrogen).	 To	 ensure	 proper	

transferring	of	proteins	onto	membrane,	the	membrane	was	stained	with	Ponceau	

S	solution	(Sigma).	Membranes	were	then	incubated	in	blocking	solution	(5%	bovine	

serum	albumin	or	5%	milk	depending	on	antibody	recommendations)	for	1	hour	at	

room	temperature	on	a	rocking	platform	in	order	to	prevent	non-	specific	binding	of	

antibody	 to	 membrane.	 Membranes	 were	 then	 incubated	 in	 primary	 antibody	

overnight	(see	appendix	C	for	dilutions)	at	4oC.	The	following	day,	the	membranes	

were	washed	3	times	in	TBS-T	for	10	minutes	and	incubated	in	secondary	antibody	

at	 1:5000	 dilution	 for	 1	 hour	 at	 room	 temperature.	 Membranes	 were	 washed	 6	

times	for	5	minutes	in	TBS-T,	and	incubated	for	5	minutes	in	Luminata	Crescendo	or	

Forte	 (Milipore)	 detection	 reagent.	 Analysis	was	 preformed	 using	 Alpha	 Innotech	

Imager	Flurochem	Software.	

	

2.5	Immunofluorescence	

2.5.1	γH2AX	immunofluorescence	

	

Cells	 were	 siRNA	 transfected	 onto	 coverslips	 in	 a	 6	 well	 plate.	 24	 hours	 after	

transfection	 media	 was	 changed	 and	 then	 24	 hours	 later	 culture	 media	 was	

aspirated	and	coverslips	were	wash	gently	with	chilled	PBS.	Then	to	each	well	1ml	

of	 ice	 cold	 fixative	 (50%	methanol/50%	acetone)	was	 added	 and	 the	 6	well	 plate	

was	 incubated	 at	 4oC	 for	 8	 minutes.	 Then	 the	 fixative	 was	 aspirated	 and	 the	

coverslips	were	washed	3	times	in	chilled	PBS	and	stored	if	necessary	over	night	at	

4oC	.	

	

Then	add	2mls	of	permeabilisation	buffer	(0.5%	triton	(VWR)	x	100	in	PBS)	to	each	

well	and	incubate	for	5	minutes	at	4oC.	Then	aspirate	the	buffer	and	wash	3	times	in	
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PBS.	Then	add	2ml	of	blocking	buffer	(0.2%	milk,	5%	Horse	serum	(Gibco),	0.1X-100	

in	PBS)	to	each	well	and	incubate	at	4oC	overnight.	Drain	the	dishes	and	add	1ml	of	

primary	antibody	(y-H2AX	1:10000,	Millipore)	to	each	well	and	leave	for	1	hour	at	

room	temperature.	 	Then	wash	4	 times	with	washing	buffer	 (0.1%	triton	X-100	 in	

PBS).	 Add	 the	 secondary	 antibody	 AlexaFluro488	 conjugated	 anti	mouse	 (1:1000,	

Invitrogen)	in	blocking	buffer	and	leave	for	1	hour	in	the	dark.	Wash	the	coverslips	

in	 each	 well	 4	 times	 with	 washing	 buffer	 and	 drain	 and	 place	 in	 chilled	 PBS.	

Coverslips	were	mounted	on	slides	with	prolong	gold	containing	DAPI	 (Invitrogen)	

and	allowed	to	harden	in	the	dark	over	night	before	being	sealed	with	nail	varnish.	

Images	 were	 captured	 at	 X60	 magnification	 using	 Nikon	 Eclipse	 TiFluorescent	

Microscope.	Cells	were	considered	positive	if	they	contained	5	or	more	y-H2AX	foci,	

a	total	of	100	cells	were	counted	on	each	slide,	and	compared	to	the	non-targeting	

control.	Analysis	was	carried	out	on	Prism	Version	7	using	an	unpaired	two-tailed	t-

test.	

	

2.5.2	R	Loop	Immunofluorescence.	

	

Cells	 were	 siRNA	 transfected	 onto	 coverslips	 in	 a	 6well	 plate.	 24hrs	 after	

transfection	 the	media	was	 changed	 and	 at	 48hours	 post	 transfection	 the	media	

was	 aspirated	 and	 cells	 were	 fixed	with	 4%	 paraformaldehyde	 for	 10	minutes	 at	

room	 temperature.	 The	 paraformaldehyde	 was	 aspirated	 and	 the	 extraction	 was	

carried	 out	 with	 100%	 methanol	 at	 -20OC	 for	 5	 minutes.	 The	 methanol	 was	

aspirated	and	the	coverslips	were	blocked	in	5%	BSA	and	0.2%	Milk	in	PBS	for	1hr.	

Coverslips	 were	 then	 stained	 with	 S9.6	 (1:50,	 Kerafast)	 and	 nucleolin	 (1.1000,	

Abcam)	in	blocking	buffer	at	4oC	in	a	humidified	chamber.	They	were	then	taken	out	

of	 the	 fridge	and	 left	 in	 the	humidified	 chamber	 for	1	hour	at	 room	 temperature	

before	proceeding.	Washes	were	performed	with	cold	PBS	containing	0.1%	Tween-

20.	 Coverslips	 were	 washed	 3-5	 times	 prior	 to	 staining	 with	 secondary	 antibody	

Alexa488	conjugated	anti-mouse	(1:250,	Invitrogen)	and	Alexa594	conjugated	Anti-	

rabbit	 antibody	 (1:250,	 Invitrogen)	 in	 blocking	 buffer	 for	 1	 hour	 at	 room	

temperature	 in	 a	 humidified	 chamber	 in	 the	 dark.	 Coverslips	 were	 then	 washed	
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twice	 in	 PBS	 containing	 0.1%	 Tween-20	 and	 then	 twice	 in	 PBS.	 Coverslips	 were	

mounted	with	 Prolong	 gold	 containing	DAPI	 (Thermofisher).	 Slides	were	 then	 left	

for	24hours	to	harden	in	the	dark	before	being	sealed	with	nail	varnish	and	stored	

at	4oC	until	analysis.	

	

Images	 were	 captured	 at	 X60	 magnification	 using	 Nikon	 Eclipse	 TiFluorescent	

Microscope.	Quantification	of	 nuclear	 S9.6	 staining	was	 carried	out	 by	measuring	

mean	fluorescent	intensity	within	DAPI	stained	regions,	regions	of	nucleolin	staining	

were	 subtracted	 from	 final	 quantification.	 Experimental	 work	 was	 carried	 out	 in	

triplicate,	 with	 each	 experiment	 representing	 100	 cells	 per	 condition.	 Data	 was	

presented	as	scatter	plot	displaying	mean	nuclear	fluorescent	intensity/cell	nucleus	

with	 median	 value	 highlighted.	 Significance	 between	 conditions	 was	 determined	

using	one-way	ANOVA	with	Tukey-test. 

	

2.5.3	Live	imaging	of	Cells	

	

Cells	were	siRNA	transfected	and	seeded	at	a	pre-determined	density	on	to	cover	

slips	in	12-well	plates.		After	being	allowed	to	adhere	overnight,	media	was	replaced	

with	fresh	media.		After	a	further	24	hours,	each	well	was	washed	with	PBS-0.3	M	

glycine	 (Sigma)	 twice,	 and	 cells	 fixed	 using	 500	 μl	 4%	 paraformaldehyde	 (Fisher)	

added	to	each	well.	The	plate	was	incubated	at	room	temperature	for	15	minutes.		

Following	this,	paraformaldehyde	was	aspirated	and	each	well	washed	three	times	

with	 PBS-0.3	 M	 glycine.	 	 Cells	 were	 then	 permeabilised	 using	 0.5%	 Triton	 X-100	

(Sigma)	for	5	minutes	at	room	temperature.		Following	3	washes,	cells	were	stained	

with	 PicoGreen	 (Life	 Technologies)	 used	 at	 1:200	 for	 1	 hour	 at	 37	 °C.	 	 Coverslips	

were	 washed	 6	 times	 with	 PBS-0.3	 M	 glycine	 and	 4',6-diamidino-2-phenylindole	

(DAPI)	(Life	Technologies)	applied	for	10	minutes	as	a	nuclear	stain.		Coverslips	were	

mounted	using	Prolong	Gold	(Life	Technologies)	and	sealed.	Images	were	captured	

at	X60	magnification	using	Nikon	Eclipse	TiFluorescent	Microscope	and	processed	

with	Zeiss	micro	imaging	software.	
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2.6	Construction	of	the	Docetaxel	patient	database	and	analysis	of	
patient	data	

2.6.1	Construction	of	Patient	database	

	

A	 retrospective	 search	 was	 carried	 out	 of	 the	 Northern	 Ireland	 Cancer	 Centre	

database	 for	 patients	 who	 had	 received	 docetaxel	 chemotherapy	 and	 had	 a	

diagnosis	 of	 prostate	 cancer	 between	 2004	 and	 2013.	 As	 the	 analysis	 was	 to	 be	

completed	 on	 diagnostic	 biopsies,	 only	 patients	 with	 de	 novo	 metastatic	 disease	

were	 selected.	As	 these	patients	had	 the	 shortest	 interval	between	diagnosis	and	

the	requirement	for	docetaxel	for	the	development	of	mCRPC.	Apart	from	general	

demographic	data,	information	was	collected	including	Gleason	score	at	diagnosis,	

baseline	 PSA,	 ECOG	 performance	 status,	 location	 of	 metastases,	 and	 treatments	

received	 prior	 to	 and	 post	 docetaxel,	 both	 drug	 and	 radiation	 based.	 	 The	

development	 of	 Castration	 Resistance	 was	 determined	 in	 accordance	 with	 the	

Prostate	Cancer	Working	Group	3	 (PCWG3)	 criteria.	 	 Patients	were	excluded	who	

had	received	less	than	3	cycles	of	docetaxel,	or	had	received	docetaxel	as	part	of	a	

clinical	trial	or	in	combination	with	another	treatment.	As	ZA	is	so	commonly	used	

in	combination	with	docetaxel	chemotherapy	in	men	with	bony	metastases	this	was	

allowed.		

	

For	 the	 purposes	 of	 this	 study	 response	 was	 ascertained	 in	 accordance	 with	 the	

criteria	 of	 the	 TAX327	 study	 which	 established	 docetaxel	 as	 the	 primary	

chemotherapeutic	treatment	for	men	with	CRPC	70.	Including	a	50%	decrease	in	PSA	

from	baseline	by	12	weeks	of	treatment,	clinical	response	(ie.	reduction	in	pain	or	

lymphoedema	 etc.)	 progression	 free	 and	 overall	 survival.	 Data	 was	 collected	 on	

imaging	 used	 during	 treatment,	 however	 as	 Bone	 scans	 and	 CT	 are	 not	 used	

consistently	 in	 prostate	 cancer	 outside	 of	 trial	 settings,	 PSA	 was	 adopted	 as	 the	

main	measure	of	 response	to	treatment.	Response	to	treatment	was	defined	as	a	

50%	 or	 greater	 decrease	 in	 PSA	 at	 12	 weeks	 post	 the	 initiation	 of	 docetaxel.	 A	

request	was	submitted	to	the	Northern	Ireland	Biobank	(Appendix	D),	for	60	patient	

samples	incorporating	30	PSA	responders	and	30	PSA	non-	responders.		
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2.6.2	Analysis	of	Patient	Tumour	samples	

	

Following	identification	of	the	clinical	cases	and	corresponding	pathology	numbers,	

the	 FFPE	 sample	 blocks	 were	 retrieved	 by	 NIB.	 Of	 the	 total	 60	 diagnostic	 core	

biopsies	requested,	58	were	able	to	be	located	and	in	condition	to	be	used.	These	

underwent	complete	pathological	review	and	mark-up	by	a	consulting	pathologist.	

	

The	 tissue	 samples	 underwent	 processing	 at	 Almac	 Diagnostics	 (Craigavon,	

Northern	 Ireland).	 This	 work	 included	 extraction	 and	 array	 profiling	 of	 the	 52	

human	 prostate	 matched	 pairs.	 For	 FFPE	 prostate	 biopsy	 samples,	 RNA	 was	

extracted	from	the	submitted	tissue	material	and	used	for	amplification	and	array	

profiling	on	the	Almac	Prostate	DSA®.		

	

All	 patient	 FFPE	 tissue	 samples	 were	 extracted	 using	 the	 Roche	 High	 Pure	 FFPE	

extraction	kit.	Samples	were	first	de-paraffinized	with	a	xylene	followed	by	ethanol	

dehydration.	 Tissue	 samples	 were	 then	 disrupted	 during	 an	 overnight	 incubation	

with	a	Proteinase	K	lysis	buffer.	Nucleic	acids	were	bound	to	a	glass	fibre	filter	in	the	

presence	of	a	chaotropic	salt	under	conditions	that	were	optimized	specifically	for	

RNA	 recovery.	 Bound	 RNA	 was	 subjected	 to	 a	 series	 of	 wash	 steps	 to	 remove	

contaminating	 cellular	 components,	 and	 any	 residual	 DNA	 was	 digested	 by	

incubation	 with	 DNaseI.	 A	 second	 round	 of	 Proteinase	 K	 digestion	 followed	 by	

further	wash	steps	was	done	to	improve	the	final	purity	of	the	RNA,	which	was	then	

eluted	 from	 the	 glass	 fibres	 in	 a	 small	 volume	of	 low-salt	 elution	 buffer.	 All	 total	

RNA	 samples	 were	 analysed	 for	 concentration,	 purity	 and	 integrity	 using	 the	

Nanodrop1000	 or	 Nanodrop8000.	 Of	 the	 58	 samples	 that	 were	 extracted	 by	 the	

Roche	 High	 Pure	 method	 52	 samples	 passed	 QC	 metrics.	 The	 samples	 were	

vacufuged,	6	samples	did	not	meet	requirements	and	were	excluded	from	further	

analysis.		
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Total	 RNA	 from	 the	 clinical	 samples	 was	 amplified	 using	 the	 NuGEN™	 FFPE	WT-

Ovation™	 V3	 System	 Kit.	 First-strand	 synthesis	 of	 cDNA	 was	 performed	 using	 a	

unique	first-strand	DNA/RNA	chimeric	primer	mix,	resulting	 in	cDNA/mRNA	hybrid	

molecules.	 Following	 fragmentation	 of	 the	mRNA	 component	 of	 the	 cDNA/mRNA	

molecules,	second-strand	synthesis	was	performed	and	double-stranded	cDNA	was	

formed	with	a	unique	DNA/RNA	heteroduplex	at	one	end.	In	the	final	amplification	

step,	RNA	within	the	heteroduplex	was	degraded	using	RNaseH,	and	replication	of	

the	 resultant	 single-stranded	 cDNA	 was	 achieved	 through	 DNA/RNA	 chimeric	

primer	 binding	 and	 DNA	 polymerase	 enzymatic	 activity.	 The	 amplified	 single-

stranded	 cDNA	was	purified	 for	 accurate	quantitation	of	 the	 cDNA	and	 to	ensure	

optimal	 performance	 during	 the	 fragmentation	 and	 labelling	 process.	 The	 single	

stranded	 cDNA	 concentration	 and	 integrity	 was	 then	 assessed	 using	 the	

Nanodrop8000	 in	 combination	 with	 the	 Agilent	 Bioanalyzer.	 All	 samples	met	 the	

required	 concentration	 for	 downstream	 processing.	 All	 samples	 proceeded	 to	

fragmentation.	

	

3.5	 ug	 of	 amplified	 single-stranded	 cDNA	was	 fragmented	 and	 labelled	 using	 the	

Encore	Biotin	Module.	 The	enzymatically	 and	 chemically	 fragmented	product	 (50-

100nt)	was	labelled	via	the	attachment	of	biotinylated	nucleotides	onto	the	3'-end	

of	 the	 fragmented	 cDNA.	 Successful	 cDNA	 fragmentation	was	 assessed	 using	 the	

Agilent	bioanalyzer	to	ensure	that	a	minimum	of	80%	of	sample	cDNA	is	<200nt.	All	

samples	passed	QC.	The	resultant	fragmented	and	labelled	cDNA	was	added	to	the	

hybridization	cocktail	 in	accordance	with	 the	NuGEN™	guidelines	 for	hybridization	

onto	 Affymetrix	 GeneChip®	 Prostate	 arrays	 (Colorectal	 for	 the	 UHR	 control).	

Following	 the	 hybridization	 for	 18	 hours	 at	 45	 °C	 in	 an	 Affymetrix	 GeneChip®	

Hybridization	 Oven	 645,	 the	 array	 was	 washed	 and	 stained	 on	 the	 GeneChip®	

Fluidics	Station	450	using	the	FS450_0004	fluidics	script,	before	being	inserted	into	

the	Affymetrix	autoloader	carousel	and	scanned	using	the	GeneChip®	Scanner	3000.	

	
The	 DDRD	 assay	 was	 applied	 to	 the	 gene	 expression	 data	 and	 scored	 by	 Almac	

Diagnostics	 Craigavon.	 Raw	 scores	 for	 each	 of	 the	 52	 samples	 were	 provided	 to	

investigating	 team	 and	 these	 were	 paired	 with	 collected	 clinical	 data.	 	 The	
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previously	published	DDRD	score	was	applied	to	the	generated	scores.	Analysis	of	

data	 was	 carried	 out	 using	 a	 combination	 of	 descriptive	 statistics,	 unpaired	 two	

tailed	t	tests	and	Fishers	Exact	tests	using	Prism	version	7.	
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Chapter	3:	Association	of	Prostate	Cancer	DNA	
Repair	Genes	and	DDRD.	
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3.1	Introduction		

	
As	 discussed	 in	 chapter	 one	 that	 the	 DDRD	 assay	 is	 a	 44	 gene	 expression	 based	

immune	signature	that	represents	activation	of	the	cGAS/STING	pathway.	In	breast	

cancer	 it	has	been	found	to	predict	response	to	anthracycline	and	platinum	based	

chemotherapy248.	 Similar	 studies	 in	 ovarian	 and	 oesophageal	 cancer	 have	

demonstrated	that	DDRD	positive	tumours	have	better	response	to	platinum	based	

treatment	than	DDRD	negative	tumours	250,251.	

	

Recent	papers	 in	prostate	cancer	have	 indicated	that	25-30%	of	men	with	mCRPC	

have	mutations	 in	 genes	 involved	 in	DNA	damage	 repair	 204.	 The	most	 commonly	

documented	mutations	are	BRCA1,	BRCA2	and	ATM	169.	 	The	majority	of	 research	

focuses	on	mutational	silencing	of	BRCA1/2	and	indicates	that	these	patients	have	a	

more	 aggressive	 form	of	 prostate	 cancer,	 as	 they	 present	 at	 an	 earlier	 age,	 have	

higher	 Gleason	 scores	 and	 are	 more	 likely	 to	 present	 with	 locally	 advanced	 or	

metastatic	 disease	 15,174,175.	 Over	 the	 last	 decade	 the	 first	 line	 chemotherapeutic	

treatment	for	men	with	mCRPC	has	been	docetaxel.	This	is	based	on	the	results	of	

the	 TAX327	which	 showed	 a	 2.4mth	 increase	 in	 overall	 survival	 70.	 Historically,	 a	

number	of	small	trials	as	summarised	in	chapter	one	have	shown	some	evidence	of	

response	 to	 DNA	 damaging	 agents	 and	 in	 particular	 platinum	 salts	 in	 men	 with	

mCRPC.	These	data	have	been	difficult	to	interpret	as	much	of	it	predated	the	use	

of	imaging	and	PSA,	which	are	commonly	used	to	measure	response	to	treatment	in	

prostate	 cancer	 186.	 Until	 recently	 and	 research	 showed	 an	 association	 between	

response	to	PARP	 inhibitors	and	 loss	of	genes	 involved	 in	DNA	repair,	 few	studies	

had	 considered	 how	 loss	 of	 particularly	 BRCA1/BRCA2	 or	 ATM	 may	 impact	 on	

treatment	 responses	 178,	 192,311.	 Gallagher	 and	 colleagues,	 reported	 that	 patients	

with	 germline	 mutations	 of	 BRCA1/2	 had	 no	 impact	 on	 response	 to	 docetaxel,	

however	 this	was	based	on	a	cohort	of	 five	patients	and	notably	 the	patient	who	

had	 the	 longest	 progression	 free	 survival	 of	 17	 months	 interestingly	 received	

docetaxel	 in	 combination	 with	 carboplatin178.	 More	 recently	 Aparicio	 and	

colleagues	 have	 shown	 that	 combining	 either	 docetaxel	 or	 cabazitaxel	 with	

carboplatin	increased	progression	free	survival	in	men	with	what	they	described	as	
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‘aggressive	variant’	metastatic	prostate	cancer193,194.		This	led	to	the	hypothesis	that	

there	 is	 a	 DDRD	 positive	 subgroup	 of	men	with	 prostate	 cancer	 likely	 to	 benefit	

from	 treatment	 with	 platinum	 based	 treatment.	 The	 aim	 of	 this	 chapter	 is	 to	

explore	if	this	subgroup	can	be	identified	in	prostate	cancer	and	the	implications	of	

loss	of	DNA	repair	genes	on	response	to	chemotherapeutic	treatments	in	prostate	

cancer	cell	line	models.		
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3.2	Results	

3.2.1	Identifying	the	DDRD	positive	subgroup	in	prostate	cancer	

	
Initial	 research	 focused	 on	 determining	 whether	 a	 DDRD	 subgroup	 could	 be	

identified	 in	 prostate	 cancer.	 To	 achieve	 this	 RNA	 was	 extracted	 from	 108	 FFPE	

samples	 including	 primary	 prostate	 cancers,	 samples	 from	 localised	 prostate	

tumours	 that	 had	metastasized	 to	 lymphnodes	 and	 normal	 lymph	 node	 samples.	

The	 extracted	 RNA	 was	 analysed	 using	 the	 Almac	 prostate	 cancer	 DSA	 (Almac	

Diagnostic	 Services	 UK)	 and	 unsupervised	 hierarchical	 clustering	 was	 performed	

using	the	transcriptome	data.	This	revealed	the	presence	of	a	molecular	subgroup	

of	 primary	 prostate	 cancers	 with	 biology	 similar	 to	 that	 of	 metastatic	 disease,	

referred	 to	 as	 the	 metastatic	 biology	 group.	 	 A	 subgroup	 of	 patients	 within	 this	

metastatic	biology	group	were	 found	to	have	up	regulation	of	 immune	processes,	

and	when	the	DDRD	signature	was	applied,	these	patients	were	found	to	be	DDRD	

positive,	Figure	3.	1a312.	The	DDRD	score	was	then	applied	to	the	mRNA	expression	

data	 from	 an	 additional	 data	 set	 of	 218	 patients	 who	 had	 undergone	 radical	

prostatectomies	for	localised	prostate	cancer55.	Analysis	of	this	data	set	suggested,	

that	 DDRD	 was	 prognostic	 in	 this	 group	 of	 men,	 with	 DDRD	 positive	 patients	 at	

increased	 risk	of	biochemical	 recurrence	and	a	poorer	overall	 survival	 than	DDRD	

negative,	 Figure	 3.1b	 55.	 This	 differs	 from	 the	 breast	 cancer	 cohort	 described	 by	

Mulligan	 et	 al.	 (2016)	 in	 which	 DDRD	 status	 was	 only	 found	 be	 of	 prognostic	

significance	in	patients	receiving	chemotherapy313.		
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a.)	
	
	
	
	
	
	
	
	

	

	

b.)	

	

Metastatic	Biology		
Group	

	DDRD	Positive	
	Subgroup	

Figure	3.1.	A	DDRD	positive	subgroup	has	been	isolated	in	prostate	samples.	
	

a. Unsupervised	hierarchical	clustering	of	109	prostate	samples	including	primary	and	
metastatic	cancers	and	normal	tissue	identifies	a	metastatic	biology	group	and	within	
that	a	DDRD	positive	group,	Hazard	Ratio	2.4	p=0.01.	

b. When	DDRD	is	applied	to	an	external	dataset	by	Taylor	et	al	47,	Kaplan	Meier	indicates	
that	DDRD	is	predictive	of	overall	survival.	
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3.2.2	In-vitro	investigation	of	gene	expression	using	cell	line	and	siRNA	
approach.	

3.2.2.1	Depletion	of	BRCA1	leads	to	up	regulation	of	DDRD	associated	ligands	
	
As	discussed	the	DDRD	subgroup	is	associated	with	up	regulation	of	immune	related	

genes,	 all	 44	 of	 which	 and	 their	 associated	 weightings	 are	 shown	 in	 Figure	 3.2.		

From	research	 in	breast	 cancer	 the	chemokine	CXCL10	as	 the	most	discriminative	

gene	by	weight	in	the	DDRD	assay,	while	the	top	differentially	expressed	chemokine	

in	DDRD	positive	tumours	was	CCL5	252.	 	 In	breast	and	colon	cell	 lines	which	have	

lost	 BRCA1,	 BRCA2	 and	 FANCD2,	 up	 regulation	 of	 both	 CCL5	 and	 CXCL10	 was	

observed	 by	 Parkes	 and	 colleagues252.	 Therefore	 we	 hypothesized	 that	 loss	 of	

common	DNA	repair	genes	associated	with	metastatic	prostate	cancer	would	also	

result	in	up	regulation	of	CXCL10	and	CCL5	in	prostate	cancer	cell	lines.	The	decision	

was	 made	 to	 also	 investigate	 up	 regulation	 of	 CD274	 (PD-L1),	 which	 is	 also	

contained	 within	 the	 DDRD	 signature	 and	 of	 biological	 significance	 given	 the	

emergence	of	immunotherapies	targeting	PD1/PD-L1.	

	

It	 is	 well	 recognised	 in	 prostate	 cancer	 research	 that	 there	 are	 limited	 cell	 lines	

available.	DU145,	PC3	and	LnCAPs	are	the	three	best	characterized	and	studied	cell	

lines.	 All	 three	 were	 isolated	 from	 men	 with	 metastatic	 prostate	 cancer,	 DU145	

from	 a	 brain	 metastasis,	 PC3	 from	 a	 bone	 metastasis	 and	 LnCAP	 from	 a	

supraclavicular	lymphnode.	While	LnCAP’s	are	well	recognised	as	an	AR	positive	cell	

line,	for	a	long	time	DU145	and	PC3’s	were	characterised	as	AR	negative.	However	

Alimirah	 et	 al	 (2006)	 found	 that	 both	DU145	 and	 PC3’s	 expressed	 AR	mRNA	 and	

protein	but	at	much	lower	levels	than	LnCAP’s314.	As	this	study	aimed	to	investigate	

the	 effect	 of	 loss	 of	 DNA	 repair	 genes	 on	 expression	 of	 DDRD	 ligands	 and	 also	

response	 to	 taxane	based	 treatment	which	 is	given	 to	men	with	mCRPC.	PC3	and	

DU145	with	 their	 low	 expression	 AR	were	 chosen	 as	most	 representative	 of	 this	

population.				

	

BRCA1	 loss	 has	 been	 identified	 as	 a	 risk	 factor	 for	 the	 development	 of	 prostate	

cancer	 169,	 174,176.	 However,	 little	 is	 known	 regarding	 its	 implications	 regarding	
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standard	 treatment	 in	 prostate	 cancer	 and	 also	 its	 relationship	 to	 the	 DDRD	

subgroup	 in	 prostate	 cancer.	 To	 explore	 whether	 loss	 of	 BRCA1	 leads	 to	 up	

regulation	of	DDRD	associated	chemokines,	DU145	cells	were	transfected	with	two	

independent	 siRNAs	 targeting	 BRCA1.	 This	 was	 technically	 challenging	 as	 both	

BRCA1	siRNA	proved	to	be	quite	toxic	to	DU145	cells.	Increasing	the	number	of	cells	

transfected	 improved	 the	 quality	 and	 quantity	 of	 the	 protein	 lysate	 and	 RNA	

collected,	if	the	cells	at	72hr	were	greater	than	60%	confluent	it	was	noted	that	RNA	

results	were	unreliable.	 This	was	 felt	 to	 be	due	 to	 the	 fact	 that	DDRD	associated	

Ligands	are	expressed	in	S	phase.	To	combat	this	siRNA	transfections	were	carried	

out	on	P60	plates	and	if	at	48	hrs	post	transfection	cells	were	nearing	a	confluency	

of	60%	they	were	trypsinized	and	split	onto	two	plates.		To	validate	siRNA	silencing	

of	 BRCA1	 expression	 protein	 lysates	were	 collected	 72	 hours	 post	 transfection	 of	

DU145	 cells	 and	 depletion	 of	 protein	 expression	was	 confirmed	 by	Western	 blot	

analysis	(Figure	3.3a).	Following	BRCA1	depletion	real	time	qPCR	analysis	revealed	a	

significant	 increase	 in	expression	of	mRNA	CCL5,	CXCL10	and	CD274	compared	 to	

the	 All	 Stars	 non-	 targeting	 control	 (AS),	 (Figures	 3.3b-d).	 This	 supported	 the	

hypothesis	that	a	loss	of	BRCA1	in	prostate	cancer	cells	lead	to	activation	of	DDRD	

associated	chemokines.		
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Gene	Symbol	 Weights	
CXCL10	 0.0230	
MX1	 0.0226	
IDO1	 0.0221	
IFI44L	 0.0191	
CD2	 0.0190	
GBP5	 0.0181	
PRAME	 0.0177	
ITGAL	 0.0176	
LRP4	 -0.0159	
APOL3	 0.0151	
CDR1	 -0.0149	
FYB	 0.0149	
TSPAN7	 -0.0148	
RAC2	 0.0148	
KLHDC7B	 0.0140	
GRB14	 0.0137	
AC138128.1	 -0.0136	
KIF26A	 -0.0136	
CD274	 0.0133	
CD109	 -0.0129	
ETV7	 0.0124	
MFAP5	 -0.0121	
OLFM4	 -0.0117	
PI15	 -0.0115	
	

-0.0111	
FAM19A5	 -0.0110	
NLRC5	 0.0101	
PRICKLE1	 -0.0089	
EGR1	 -0.0086	
CLDN10	 -0.0086	
ADAMTS4	 -0.0085	
SP140L	 0.0084	
ANXA1	 -0.0082	
RSAD2	 0.0081	
ESR1	 0.0079	
IKZF3	 0.0073	
OR2I1P	 0.0070	
EGFR	 -0.0066	
NAT1	 0.0065	
LATS2	 -0.0063	
CYP2B6	 0.0061	
PTPRC	 0.0051	
PPP1R1A	 -0.0041	
AL137218.1	 -0.0017	

FOSB	
Figure	3.2.	Interferon	related	genes	are	
highlighted	in	bold.	The	weight	reflects	
the	relative	contribution	of	each	gene	
to	the	final	score.	A	positive	weight	
indicates	a	positive	contribution,	a	
negative	weight	a	negative	contribution	
(positive	weights	are	highlighted	in	red	
and	negative	in	blue).
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Figure	3.3	Depletion	of	BRCA1	in	DU145	cells	leads	to	up	regulation	of	
DDRD	associated	ligands. 
	A)	Western	blot	of	DU145	lysates	collected	72hrs	after	siRNA	transfection,	probing	for	
BRCA1	expression	with	two	independent	siRNAs	to	BRCA1	(a	&	b)	(panel	1);		A	non-targeting	
siRNA	control	is	included	(AS).		Β	actin	included	as	loading	control. 
B-D)	qPCR	measurement	of	DDRD	associated	Ligands	CCL5,	CXCL10	and	PDL1	(CD274)	mRNA	
expression	72hrs	post	transfection	BRCA1	siRNA’s,	siRNAs	(a	&	b)	compared	to	control	siRNA	
(AS).	Data	are	represented	as	mean	±	SEM.	n=3	 
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3.2.2.2	Transient	knockdown	of	BRCA2	in	DU145	cells	leads	to	up	regulation	of	
DDRD	associated	ligands	
	
	
Germline	 mutations	 in	 BRCA2	 are	 associated	 with	 a	 8.6	 fold	 increase	 in	 risk	 of	

developing	prostate	cancer	by	65	years	15,174.	However,	little	is	known	regarding	its	

implications	regarding	treatment	and	also	its	relationship	to	the	DDRD	subgroup	in	

prostate	cancer.	To	explore	if	loss	of	BRCA2	led	to	upregulation	of	DDRD	associated	

chemokines,	DU145	cells	were	transfected	with	siRNA	targeting	BRCA2.	To	confirm	

BRCA2	silencing	RNA	was	collected	72	hours	post	transfection	of	DU145,	real	time	

qPCR	analysis	was	completed	to	verify	decreased	BRCA2	expression	(Qiagen)	(Figure	

3.4a).		In	this	instance	BRCA2	expression	was	assessed	by	qPCR	as	this	was	found	to	

be	more	 consistent	 than	western	 blotting.	 Difficulties	 encountered	with	Western	

blot	were	felt	to	be	due	to	the	size	of	BRCA2	at	260	kDa	and	also	the	poor	selection	

of	 commercially	 available	 antibodies,	 techniques	 used	 to	 try	 and	 overcome	 this	

included	 increasing	 the	 quantity	 of	 protein	 lysate	 up	 to	 150μg,	 increasing	 the	

transfer	time	of	the	gel	and	varying	the	concentration	of	the	primary	antibody	from	

1:100	to	1:1000	and	blocking	for	longer	periods;	for	example	over	night.		Similarly,	

as	with	the	BRCA1	siRNA	transfections	in	DU145’s	cells	were	kept	at	a	confluency	of	

no	more	than	60%,	so	that	samples	were	collected	when	cells	were	in	S	phase.	

	

	Following	validation	the	effect	of	BRCA2	depletion	on	expression	of	CXCL10,	CCL5,	

and	CD274	was	 investigated.	 Induction	of	 these	genes	by	 loss	of	BRCA2	 in	breast	

cancer	 cell	 lines	 has	 already	 been	 validated	 by	 our	 group	 252.	 Real	 time	 qPCR	

analysis	 revealed	a	significant	 increase	CCL5	and	CD274	expression	 in	DU145	cells	

compared	to	the	non	targeting	control,	 (Figure	3.4c-d).	While	 for	 the	CCL5	primer	

set	there	was	a	significant	upregulation	in	the	BRCA2	(A)	siRNA	while	the	BRCA2	(B)	

siRNA	suggested	only	a	trend	towards	significance	p=0.051.	
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Figure	3.4	Depletion	of	BRCA2	in	DU145	cells	leads	to	up	regulation	of	DDRD	
associated	ligands. 
	A)	qPCR	measurement	of	BRCA2		mRNA	expression	72hrs	post	transfection	of	BRCA2,		siRNAs	
(a	&	b)	compared	to	control	siRNA	(AS). 
B-D)	qPCR	measurement	of	DDRD	associated	Ligands	CCL5,	CXCL10	and	PDL1	(CD274)	mRNA	
expression	at	72hrs	following	knockdown	of	BRCA1,	siRNAs	(a	&	b)	compared	to	control	siRNA	
(AS).	Data	are	represented	as	mean	±	SEM.	n=3	 
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3.2.2.3	Transient	knockdown	of	ATM	leads	to	upregulation	of	DDRD	associated	
Ligands.	
	
ATM	 loss	 and	 mutation	 is	 known	 to	 occur	 in	 prostate	 cancer	 and	 has	 been	

highlighted	 as	 a	 potential	 indicator	 of	 response	 to	 PARP	 inhibitors	 204.	 However,	

little	 is	 known	 regarding	 its	 implications	 regarding	 treatment	 and	 also	 its	

relationship	 to	 the	 DDRD	 subgroup	 in	 prostate	 cancer.	 To	 explore	 if	 loss	 of	 ATM	

leads	 to	 upregulation	 of	 DDRD	 associated	 chemokines,	 DU145	 cells	 were	

transfected	with	 two	 independent	 siRNA	 targeting	 ATM	 (A+B).	 Firstly,	 to	 confirm	

that	 the	 chosen	 siRNA	 successfully	 silenced	 expression	 protein	 lysates	 were	

collected	 72	 hours	 after	 transfection	 of	 DU145	 cells	 and	 western	 blot	 analysis	

confirmed	loss	of	both	phospho	and	total	ATM	protein	expression	in	comparison	to	

the	non-target	control	(Qiagen)	(Figure	3.5a).	Real	time	qPCR	analysis	showed	that	

there	 was	 significant	 upregulation	 of	 CXCL10	 using	 both	 siRNA	 and	 a	 significant	

upregulation	of	CCL5	with	ATM(B),	however	unfortunately	there	was	no	significant	

upregulation	 using	 ATM	 (A)	 P=0.0568	 transcripts	 in	 DU145	 compared	 to	 the	 non	

targeting	control	(Figure	3.5b-c).	While	there	was	upregulation	of	CD274	this	failed	

to	 reach	 significance	with	 both	 ATM	 siRNAs.	 This	 suggested	 that	 ATM	 loss	 is	 not	

associated	with	for	CD274	expression.	
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Figure	3.5	Depletion	of	ATM	in	DU145	cells	leads	to	up	regulation	of	DDRD	
associated	ligands. 
	A)	Western	blot	of	DU145	cell	lysates,	probing	for	ATM	and	phospho	ATM	expression	
72hours	post	transfection	with	two	independent	siRNAs	to	ATM	(a	&	b)	(panel	1);		A	non-
targeting	siRNA	control	is	included	(AS).		Vinculin	included	as	loading	control. 
B-D)	qPCR	measurement	of	DDRD	associated	Ligands	CCL5,	CXCL10	and	PDL1	(CD274)	mRNA	
expression,	samples	collected	72	hours	following	transfection	of	ATM,	siRNAs	(a	&	b)	
compared	to	control	siRNA	(AS).	Data	are	represented	as	mean	±	SEM.	n=3	 
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3.2.3	In-vitro	investigation	of	drug	sensitivity	using	siRNA/	selective	

inhibitor	approach	in	prostate	cell	lines.	

3.2.3.1	Depletion	of	BRCA1	in	prostate	cancer	cell	lines	increases	sensitivity	to	
Cisplatin	and	Olaparib	but	not	Docetaxel.	
	
To	 investigate	 the	 role	 of	 BRCA1	 loss	 in	 drug	 sensitivity	 in	 metastatic	 prostate	

cancer	cell	 lines,	BRCA1	was	knocked	down	 in	DU145	cells	 (confirmed	by	western	

blot	 analysis,	 Figure	 3.3a)	 and	 sensitivity	 to	 cisplatin,	 olaparib	 and	 docetaxel	was	

evaluated	 by	 colony	 formation	 assay.	 Colony	 formation	 assays	were	 chosen	 as	 it	

accepted	 that	 they	 are	 the	 gold	 standard	 for	 evaluating	 in-vitro	 chemosensitivity.		

They	are	more	complicated	than	MTT	assays	as	the	require	the	ability	to	obtains	a	

single	cell	solution	with	an	adequate	plating	efficiency	and	adequate	cell	numbers	

to	test	multiple	concentrations	of	drug	over	a	period	of	10-14	days.	They	enable	the	

accurate	assessment	of	chemosensitivity	through	the	generation	of	dose	response	

curves.	

	

	Exploiting	the	ability	of	a	single	cell	to	grow	into	a	colony,	DU145	cells	were	initially	

transfected	 with	 siRNA	 to	 BRCA1	 or	 the	 all	 stars	 control.	 48hrs	 after	 siRNA	

transfection	the	cells	were	trypsinized,	counted	and	seeded	into	6	well	plates.	After	

a	further	24	hours	different	doses	of	the	chosen	drug	were	added	to	each	well.	The	

media	 and	 drug	 was	 replaced	 every	 three	 days,	 after	 10	 days	 the	 colonies	 were	

fixed	stained	and	counted	and	the	survival	fraction	calculated.	Reductions	in	colony	

numbers	 in	 drug	 treated	 wells,	 reflects	 cytotoxicity	 of	 the	 agent	 toward	 tumour	

cells315.	

	

Following	 treatment	 with	 docetaxel	 there	 was	 no	 observed	 difference	 in	 colony	

formation	between	cells	transfected	with	the	all	stars	control	and	either	of	the	two	

BRCA1	 siRNAs	 (A+B),	 Figure	 3.6a.	 Interestingly,	 increasing	 doses	 of	 cisplatin	

demonstrated	a	decrease	in	colony	formation	with	BRCA1	depletion	in	comparison	

to	the	non	targeting	control.	This	resulted	in	a	decrease	in	the	IC50	from	0.628μm	in	

the	non-targeting	control	to	0.187μm	 and	0.193μm	 in	 cells	 transfected	with	 the	

BRCA1	(A)	and	BRCA	1	(B)	siRNA	respectively.	This	represented	a	3.36	and	3.53	fold	
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increase	in	sensitivity	for	each	respective	BRCA1	siRNA.	Similarly,	when	transfected	

cells	were	treated	with	 increasing	doses	of	olaparib	there	was	again	a	decrease	 in	

colony	 formation	 in	 cells	 transfected	with	 the	BRCA1	 siRNA	 in	 comparison	 to	 the	

non	targeting	control.	This	resulted	 in	a	decrease	 in	the	 IC50	from	4.265	μm	in	the	

non-targeting	control	to	1.217	μm	and	1.208	μm	in	cells	transfected	with	the	BRCA1	

(A)	 and	BRCA1	 (B).	 This	 represents	 a	3.52	and	3.53	 fold	 increase	 in	 sensitivity	 for	

each	respective	BRCA1	siRNA.		

	

In	order	to	further	support	these	observations,	PC3	cells	were	transfected	with	the	

BRCA1	 siRNA	and	 sensitivity	 to	each	drug	was	 tested	over	a	21	day	period	by	3D	

agar	colony	formation	assay.		3D	agar	colony	formation	assays	were	chosen	as	they	

recapitulate	the	cell-cell	and	cell	matrix	interactions	between	tumour	cells	and	the	

microenvironment	 that	 can	 affect	 chemosensitivity.	 Following	 treatment	 with	

docetaxel	there	was	significantly	 increased	colony	formation	at	the	2.5	and	1.5nm	

doses,	indicating	that	docetaxel	did	not	impact	on	the	growth	of	these	cells,	Figure	

3.7a).	By	comparison	when	cells	which	had	been	transfected	with	the	BRCA1	siRNA	

and	were	treated	with	cisplatin	there	was	significantly	decreased	colony	formation	

at	all	dose	ranges	when	compared	to	the	non-targeting	control,	(Figure	3.7b).	This	

suggests	that	cells	with	knockdown	of	BRCA1	were	more	sensitive	to	DNA	damaging	

agents	like	cisplatin	and	not	to	anti	microtubule	agents	such	as	taxanes.	
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Figure	3.6	Depletion	of	BRCA1	in	DU145	cells	increases	sensitivity	to	Cisplatin	and	
Olaparib	but	not	Docetaxel. 
	Survival	curves	for	DU145	cells	treated	with	2	independent	siRNA	BRCA1	A	and	B	
compared	to	non	targeting	control	(AS)	in	response	to	10	days	treatment	with	
docetaxel	(a),	cisplatin	(b)	and	olaparib	(c).		Table	of	IC50	values	is	shown	in	d.	Data	
are	represented	as	mean	±	SEM	of	n=3. 
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Figure	3.7	Depletion	of	BRCA1	in	PC3	cells	increases	sensitivity	to	Cisplatin	but	not	
Docetaxel. 
	PC3	cells	treated	with	2	independent	siRNA	BRCA1	A	and	B	compared	to	non-
targeting	control	(AS)	response	to	21days	treatment	with	docetaxel	(b),	cisplatin	(c).	
Values	with	increasing	dosages	of	treatment	compared	to	DMSO	control.	Unpaired	t	
tests	carried	out	to	compare	differences	between	each	BRCA1	siRNA	and	non-
targeting	control.		Data	are	represented	as	mean	±	SEM	of	n=2. 
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	3.2.3	BRCA2	depletion	increases	sensitivity	of	prostate	cancer	cells	to	Cisplatin	
and	Olaparib	but	not	Docetaxel.	
	
To	 investigate	 the	 role	 of	 BRCA2	 loss	 in	 drug	 sensitivity	 in	 metastatic	 prostate	

cancer	cells	DU145	were	transfected	with	the	BRCA2	siRNA	and	sensitivity	to	each	

drug	 was	 tested	 over	 a	 ten	 day	 period	 by	 colony	 formation	 assay.	 To	 confirm	

depletion	of	BRCA2	qPCR	was	carried	out,	 (Figure	3.4a).	Following	treatment	with	

docetaxel	 there	 was	 no	 observed	 difference	 in	 colony	 formation	 between	 cells	

transfected	with	 the	 non-targeting	 control	 and	 either	 BRCA2	 siRNA	 (Figure	 3.8a).	

Interestingly,	when	cells	were	treated	with	increasing	doses	of	cisplatin	there	was	a	

decrease	 in	 colony	 formation	 in	 cells	 transfected	 with	 both	 BRCA2	 siRNAs	 in	

comparison	to	the	non-targeting	control,	 (Figure	3.8b).	This	resulted	in	a	decrease	

in	the	IC50	from	0.628	μm	to	0.195μm	and	0.216μm	in	 cells	 transfected	with	 the	

BRCA2	(A)	and	BRCA	2	(B)	siRNA	respectively.	This	represented	a	3.22	and	2.91	fold	

increase	in	sensitivity	for	each	respective	BRCA2	siRNA.	Similarly,	when	transfected	

cells	were	treated	with	 increasing	doses	of	olaparib	there	was	again	a	decrease	 in	

colony	 formation	 in	 cells	 transfected	 with	 the	 BRCA2	 siRNA	 in	 comparison	 non-

targeting	control,	Figure	3.8c	.	This	resulted	in	a	decrease	in	the	IC50	from	4.265μm	

in	 the	 all	 stars	 control	 to	 2.663	 μm	 and	 1.290	 μm	 in	 cells	 transfected	 with	 the	

BRCA2	 (A)	 and	 BRCA2	 (B)	 siRNA.	 Representing	 a	 1.61	 and	 3.31	 fold	 increase	 in	

sensitivity	for	each	respective	BRCA2	siRNA.		

	

In	 order	 to	 verify	 these	 results	 PC3	 cells	 again	 were	 transfected	with	 the	 BRCA2	

siRNA	 and	 sensitivity	 to	 each	 drug	 was	 tested	 over	 a	 21	 day	 period	 by	 3D	 agar	

colony	formation	assay.	Following	treatment	with	docetaxel	there	was	significantly	

increased	 colony	 formation	 at	 the	 2.5	 and	 1.5nm	 doses	 for	 BRCA2	 siRNAs	 when	

compared	to	the	non	target	control	(Figure	3.9a).	By	comparison,	when	cells	were	

transfected	with	the	BRCA2	siRNAs	and	treated	with	cisplatin	there	was	significantly	

	decreased	 colony	 formation	 at	 all	 dose	 ranges	 when	 compared	 to	 the	 all	 non-

targeting	control,	(Figure	4.9b).	
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Figure	3.8	Depletion	of	BRCA2	in	DU145	cells	increases	sensitivity	to	Cisplatin	and	
Olaparib	but	not	Docetaxel. 
	Survival	curves	for	DU145	cells	treated	with	2	independent	siRNA	BRCA2	A	and	B	
compared	to	non	targeting	control	(AS)	in	response	to	10	days	of	treatment	with	
docetaxel	(a),	cisplatin	(b)	and		olaparib	(c).		Table	of	IC50	values	is	shown	in	d.	Data	are	
represented	as	mean	±	SEM	of	n=3. 
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Figure	3.9	Depletion	of	BRCA2	in	PC3	cells	increases	sensitivity	to	Cisplatin	
but	not	Docetaxel. 
	PC3	cells	treated	with	2	independent	siRNA	BRCA2	A	and	B	compared	to	
non-targeting	control	(AS)	knockdown	was	confirmed	by	western	blot	(a.).	
Response	to	21	days	of	treatment	with	docetaxel	(a),	cisplatin	(b).	Values	
with	increasing	dosages	of	treatment	compared	to	DMSO	control.	Unpaired	
t	tests	carried	out	to	compare	differences	between	each	BRCA2	siRNA	and	
non	targeting	control.		Data	are	represented	as	mean	±	SEM	of	n=2. 
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3.2.3.3	Depletion	of	ATM	in	prostate	cancer	cells	increases	sensitivity	to	Cisplatin	
and	Olaparib	but	not	Docetaxel.	
	

To	investigate	the	role	of	ATM	loss	in	drug	sensitivity	in	metastatic	prostate	cancer	

cells,	DU145	cells	were	transfected	with	the	siRNAs	targeting	ATM	and	sensitivity	to	

each	drug	was	tested	over	a	ten	day	period	by	colony	formation	assay.	Western	blot	

analysis	 was	 completed	 to	 verify	 loss	 of	 phospho	 and	 total	 ATM	 (Figure	 3.5a).	

Following	 treatment	 with	 docetaxel	 there	 was	 no	 observed	 difference	 in	 colony	

formation	between	cells	transfected	with	the	all	stars	control	and	either	ATM	siRNA	

(Figure	3.10a).	Increasing	doses	of	cisplatin	like	with	BRCA1/2	there	was	a	decrease	

in	colony	formation	in	cells	transfected	with	both	ATM	siRNA	in	comparison	to	the	

non	targeting	control	(Figure	3.10b).		However	unlike	with	BRCA1	and	2	siRNAs	the	

changes	 in	 sensitivity	were	modest,	 resulting	 in	a	decrease	 in	 the	 IC50	 from	0.629	

μm	to	0.475μm	and	0.482μm	 in	cells	transfected	with	the	ATM	(A)	and	ATM	(B)	

siRNA	 respectively.	This	 represented	a	1.324	and	1.304	 fold	 increase	 in	 sensitivity	

for	each	respective	ATM	siRNA.	A	larger	decrease	in	colony	formation	was	observed	

when		transfected	cells	were	treated	with	increasing	doses	of	olaparib.	Resulting	in	

a	decrease	in	the	IC50	from	4.265μm	in	the	non	targeting	control	to	2.386	μm	and	

2.240μm	in	cells	transfected	with	the	ATM	(A)	and	ATM	(B)	siRNA	respectively.	This	

represents	 a	 1.788	 and	 1.905	 fold	 increase	 in	 sensitivity	 for	 each	 respective	ATM	

siRNA.	 This	 suggests	 that	 loss	 of	 ATM	 leads	 to	 an	 increase	 in	 sensitivity	 to	 PARP	

inhibitors,	however	not	to	platinum	or	anti	microtubule	agents	like	Docetaxel.	

	

In	 order	 to	 verify	 these	 results	 further	 PC3	 cells	 were	 transfected	 with	 the	 ATM	

siRNA	 and	 sensitivity	 to	 docetaxel	 and	 cisplatin	 was	 tested	 by	 3D	 agar	 colony	

formation	 assay.	 Following	 treatment	 with	 docetaxel	 there	 was	 significantly	

increased	 colony	 formation	 at	 the	 2.5	 nm	 dose	 when	 compared	 to	 the	 non-

targeting	control,	Figure	3.11a.	By	comparison	cells	that	had	been	transfected	with	

the	ATM	siRNA	and	treated	with	cisplatin	there	was	significantly	decreased	colony	

formation	 at	 all	 dose	 ranges	when	 compared	 to	 the	non-targeting	 control,	 Figure	

4.11b.	
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Figure	4.10	Depletion	of	ATM	in	DU145	cells	increases	sensitivity	to	Cisplatin	and	
Olaparib	but	not	Docetaxel. 
	Survival	curves	for	DU145	cells	treated	with	2	independent	siRNA	ATM	A	and	B	
compared	to	non	targeting	control	(AS)	in	response	to	10	days	of	treatment	with	
docetaxel	(a),	cisplatin	(b)	and	olaparib	(c).		Table	of	IC50	values	is	shown	in	d.	Data	
are	represented	as	mean	±	SEM	of	n=3. 
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Figure	3.11	Depletion	of	ATM	in	PC3	cells	increases	sensitivity	to	Cisplatin	but	
not	Docetaxel. 
	PC3	cells	treated	with	2	independent	siRNA	ATM	A	and	B	compared	to	non	
targeting	control	(AS).	Knockdown	was	confirmed	by	Western	blot	in	
response	to	21	days	of	treatment	with	docetaxel	(a),	cisplatin	(b).	Values	with	
increasing	dosages	of	treatment	compared	to	DMSO	control.	Unpaired	t	tests	
carried	out	to	compare	differences	between	each	ATM	siRNA	and	non	
targeting	control.		Data	are	represented	as	mean	±	SEM	of	n=2. 
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3.2.3.4	ATM	inhibition	using	KU60019	leads	to	increased	sensitivity	to	Cisplatin	
and	Olaparib	but	not	Docetaxel	in	DU145.	
	
Following	 the	observation	made	with	 the	 siRNA	depletion	of	ATM	on	DDRD	gene	

expression	it	was	decided	to	investigate	the	effect	of	blocking	ATM	activity	using	a	

selective	 small	 molecule	 inhibitor.	 The	 small	 molecule	 ATM	 inhibitor	 KU60019	

(Selleckchem),	 was	 selected	 as	 it	 has	 been	 well	 characterised	 in	 the	 literature	
230,316,317.	 For	 our	 cell	 line	 a	 10	 day	 IC30	 	 and	 IC50	 	 values	were	 generated	 for	 the	

purpose	 of	 downstream	 evaluation.	 	 To	 establish	 that	 KU60019	 successfully	

inhibited	 ATM	 at	 the	 chosen	 doses	we	 treated	DU145	 cells	with	DMSO	 (vehicle),	

Ku60019	 and	 cisplatin,	 chosen	doses	 are	 illustrated	 in	 Figure	 4.12a.	 Subsequently	

after	 24hours	 treatment	 with	 cisplatin	 protein	 lysates	 were	 collected	 and	 we	

assessed	both	ATM	and	KAP-1	expression	using	Western	blotting.	KAP-1	is	known	to	

be	 phosphorylated	 by	 ATM	 upon	 DNA	 damage	 this	 leads	 to	 repression	 of	

sumoylation	and	leads	to	repression	of	expression	of	a	subset	of	genes	involved	in	

cell	 cycle	 control	 and	apoptosis	 in	 response	 to	genotoxic	 stress161,318	 .	When	cells	

were	 co	 treated	 with	 cisplatin	 (which	 acted	 as	 our	 source	 of	 DNA	 damage)	 and	

KU60019	there	was	decreased	expression	of	phosphorylated	KAP-1,	Figure	4.12a.	

	

To	 explore	 whether	 ATM	 inhibition	 lead	 to	 increased	 sensitivity	 to	 docetaxel,	

cisplatin	and	olaparib	DU145	cells	were	co-	 treated	cells	with	KU60019	at	 the	 IC50	

(1.25μm),	IC30	(1μm)	and	the	0.75	μm	doses	for	a	minimum	of	10	days	changing	the	

media	 and	 adding	 fresh	 drugs	 every	 three	 days.	 Figure	 4.12b.	 	 Illustrates	 that	

combining	ATM	 inhibition	with	 treatment	with	docetaxel	 there	was	no	 significant	

decrease	in	colony	formation.	Contrastingly	when	the	ATM	inhibitor	was	combined	

with	 cisplatin	 there	was	 a	 decrease	 in	 colony	 formation	 particularly	with	 the	 IC30	

and	IC50	dose	of	KU60019	Figure	4.12.c.	This	demonstrated	a	decrease	in	the	IC50	for	

cisplatin	from	0.5572μm	in	the	vehicle	to	0.21μm	with	 the	 IC30	dose	 (1μm)	and	

0.18	μm	with	the	IC50	(1.25μm)	of	KU60019.	This	represented	a	2.78	and	3.09	

fold	 increase	 in	 sensitivity	 respectively.	 	 Similarly	 with	 olaparib	 there	 was	 a	

significant	decrease	in	colony	formation	at	all	three	concentrations	of	KU60019	

when	 compared	 to	 the	 vehicle.	 This	 resulted	 in	 a	 decrease	 in	 the	 IC50	 from	

6.631μm	 in	 the	 vehicle	 to	 3.14μm	 in	 the	 0.75μm	 concentration	 of	 KU60019	 to	
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1.16μm	 with	 the	 IC30	 dose	 (1.μm)	 and	 0.66	 μm	 IC50	 (1.25μm)	 of	 KU60019	

(Figure	4.12e).	This	represented	a	2.11,	5.71	and	10	fold	increase	in	sensitivity	

respectively.	This	demonstrated	that	when	the	function	of	ATM	was	completely	

lost	 there	 was	 increased	 sensitivity	 to	 cisplatin	 and	 olaparib	 in	 DU145	 cells	

while	there	remained	no	response	to	docetaxel.	
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Figure	3.12.	ATM	inhibitor	(KU60019)	successfully	decreases	expression	of	
phosphor	KAP1,	but	does	not	affect	cell	death	when	combined	with	
Docetaxel. 
		A)	Western	blot	of	DU145	cells	probing	for	ATM	and	phospho	ATM	expression	
24	hours	after	treatment	with	KU60019	and	cisplatin.	Β	actin	included	as	
loading	control. 
B)	Survival	curves	for	DU145	cells	treated	with	increasing	doses	of	KU60019	
compared	to	vehicle	in	response	to	10	days	treatment	with	docetaxel.		Data	are	
represented	as	mean	±	SEM	of	n=3. 
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Figure	4.12.	ATM	inhibitor	(KU60019)	successfully	decreases	expression	of	
phosphor	KAP1,	but	does	not	affect	cell	death	when	combined	with	Docetaxel. 
	 
Survival	curves	for	DU145	cells	treated	with	increasing	doses	of	KU60019	compared	
to	vehicle	in	response	to	10	days	treatment	with	cisplatin	(c)	and	olaparib	(d).	(e)	
Table	of	IC50	values	for	docetaxel,	cisplatin	and	olaparib	Data	are	represented	as	
mean	±	SEM	of	n=3. 

(e.) 
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3.3	Discussion	

3.3.1	Loss	of	DNA	repair	genes	in	Du145	upregulates	CCL5	and	CXCL10	

	
The	DDRD	assay,	which	represents	activation	of	the	cGAS-STING	immune	pathway	

in	 response	 to	 abnormal	 cytosolic	 DNA	 has	 been	 shown	 to	 predict	 response	 to	

anthracycline	 and	 platinum	 based	 chemotherapy	 in	 breast	 cancer.	 Subsequent	

studies	 in	 both	 ovarian	 and	 oesophageal	 cancer	 have	 yielded	 similar	 results	

highlighting	that	patients	with	DDRD	positive	tumours	are	more	likely	to	respond	to	

platinum	based	treatment.	Given	that	recent	research	in	metastatic	prostate	cancer	

has	 suggested	 that	 25-30%	 may	 have	 mutations	 genes	 involved	 in	 DNA	 repair	

including	BRCA1/2	and	ATM,	the	premise	of	this	chapter	was	firstly	to	evaluate	if	a	

DDRD	 molecular	 subgroup	 could	 be	 identified	 in	 prostate	 cancer	 and	 if	 so	 to	

characterise	 it’s	 biological	 significance.	 As	 previously	 described	 the	 DDRD	 assay	

consists	 of	 upregulated	 interferon	 related	 genes,	 of	 which	 CXCL10	 is	 the	 top	

differentially	weighted	 gene	 and	CCL5	 is	 the	most	 highly	 expressed	 chemokine	 in	

DDRD	positive	 tumours.	 	Parkes	et	al.	 (2016)	 found	 that	 loss	of	BRCA1	breast	 cell	

lines	 (MDA436	and	HCC1937)	and	HeLa	cell	 lines	 led	 to	upregulation	of	CCL5	and	

CXCL10	 252	 .	 CCL5	 and	 CXCL10	 are	 also	 significantly	 upregulated	 by	 loss	 of	 DNA	

repair	genes	BRCA1/BRCA2	and	ATM	in	the	DU145	prostate	cell	 line.	This	suggests	

that	the	DDRD	assay	may	also	be	useful	in	identifying	loss	of	the	FA/BRCA	pathway	

in	prostate	cancer.	

	

In	solid	tumours	including	breast,	gastric,	colon	and	ovarian	cancers	increased	CCL5	

expression	has	been	associated	with	tumour	development,	infiltration,	invasion	and	

increased	 metastatic	 potential319–322,323.	 In	 prostate	 cancer	 cell	 line	 models	 CCL5	

was	found	to	be	expressed	in	both	mRNA	and	protein	forms.	Incubation	of	prostate	

cancer	cells	 in	media	containing	CCL5	 lead	 to	 increased	proliferation	and	 invasion	
324.	 In	patients	with	mCRPC	who	are	 resistant	 to	 taxanes	 there	 is	no	difference	 in	

serum	CCL5	levels	325.	Interestingly,	in	taxane	resistant	PC3	cells	Kayto	et	al.,	found	

that	 there	was	 increased	expression	of	chemokine	 (C-C	motif)	 receptor	1	 	 (CCR1).	

SiRNA	mediated	 knockdown	of	 CCR1	 in	 this	 cell	 line	was	 found	 to	 decrease	CCL5	

induced	expression	of	metallinoproteinases		(MMPS)	2	and	9,	which	are	recognised	
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as	 having	 important	 roles	 in	 invasion	 and	metastasis325.	 	 Along	with	 our	 research	

this	suggests	that	increased	expression	of	CCL5	is	associated	with	a	more	aggressive	

variant	 of	 prostate	 cancer.	We	 can	 therefore	 postulate	 that	 the	DDRD	assay	may	

have	the	potential	to	identify	more	aggressive	forms	of	prostate	cancer.	

	

While	 increased	 expression	 of	 CCL5	 is	 associated	 throughout	 the	 literature	 with	

increased	 metastatic	 potential,	 interestingly	 the	 evidence	 is	 more	 mixed	

surrounding	CXCL10.	Bronger	et	al.	found	that	increased	levels	of	IHC	expression	of	

CXCL10	 in	 a	 cohort	 of	 180	 patients	 with	 high	 grade	 serous	 ovarian	 cancer	 was	

associated	with	a	significant	increase	in	overall	survival	326.	 	While	in	a	study	of	58	

patients	 with	 oesophageal	 cancer	 lower	 levels	 of	 CXCL10	 in	 tumour	 tissue	 were	

associated	with	a	better	overall	prognosis327.		

	

Research	on	CXCL10	in	prostate	cancer	is	limited.	In	LnCAP	cells	increased	levels	of	

CXCL10	expression	was	associated	with	decreased	cell	proliferation	328.	In	a	study	of	

126	prostatectomy	specimens,	CXCL10	was	found	to	be	 increased	 in	the	glandular	

tissue	 from	men	who	 had	 received	 neo-adjuvant	 hormone	 treatment	 but	 had	 no	

impact	 on	 overall	 survival	 329.	 	 In	 the	 context	 of	 our	 research	 the	 association	

between	loss	of	DNA	repair	genes	and	up	regulation	of	CXCL10	would	suggest	that	it	

is	an	indicator	of	aggressive	disease.	In	line	with	this	the	literature	suggests	loss	of	

BRCA1/2	in	prostate	cancer	is	associated	with	an	earlier	age	at	presentation,	higher	

Gleason	 scores,	 and	 the	 presence	 of	 locally	 advanced	 or	 metastatic	 disease	 at	

presentation174.		

	

3.3.2	Upregulation	of	PDL-1	by	loss	of	DNA	repair	genes	

	
With	the	success	of	immune	checkpoint	inhibitors	in	malignant	melanoma,	RCC	and	

NSCLC	 there	 has	 been	 increasing	 interest	 in	 targeting	 the	 PD1/PD-L1	 axis	 using	

multiple	agents262,	264,330.	PD-L1	(CD274)	as	previously	mentioned	is	a	component	of	

the	DDRD	gene	signature.	In	this	study	we	have	demonstrated	that	siRNA	mediated	

knock	down	of	BRCA1	and	BRCA2	in	DU145	cells	leads	to	significant	upregulation	of	

CD274.	While	loss	of	ATM	also	elevated	mRNA	levels	of	CD274	this	failed	to	reach	
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significance.	Consistent	with	our	findings	the	association	between	loss	or	mutation	

of	 BRCA1/2	 and	 increased	 expression	 of	 PD-L1	 has	 been	 demonstrated	 in	 other	

solid	tumours	including	high	grade	serous	ovarian	cancers	and	triple	negative	breast	

cancer.	 In	 ovarian	 cancer	 Strickland	 and	 colleagues	 found	 that	 BRCA1/2	mutated	

tumours	 harboured	 greater	 expression	 of	 PD-1	 and	 PD-L1	 intraepithelial	 and	

peritumoural	 immune	 cells	 than	 HR	 proficient	 tumours	 331.	 Similarly	 in	 triple	

negative	 breast	 cancer	 BRCA1	 mutated	 tumours	 were	 found	 to	 have	 increased	

lymphocytic	infiltration	and	higher	levels	of	expression	as	measured	by	IHC	of	PD-1,	

PD-L1	and	CTLA4	than	non	mutated	tumours	332.	

	

	A	review	of	the	 literature	suggests	that	to	date	there	has	been	little	 investigation	

into	 the	association	between	ATM	 loss	and	 the	PD1/PDL1	expression.	An	abstract	

recently	 presented	 at	 NCRI	 exploring	 ATM	 expression	 as	 measured	 by	 IHC	 in	 a	

cohort	 of	 384	 Korean	 patients	 with	 gastric	 cancer	 found	 that	 ATM	 low	 tumours	

were	more	likely	to	have	increased	expression	of	PD-L1	and	CD8+	T	cells	and	have	

microsatellite	 instability333.	 But	 similar	 to	 the	 literature	 surrounding	 BRCA	 1/2	

mutation	 this	 was	 not	 universal	 with	 65%	 of	 ATM	 low	 tumours	 being	 PD-L1	

negative.	 Obviously	 further	 research	 is	 required	 to	 delineate	 the	 association	

between	 ATM	 loss	 and	 PD-L1.	 In	 the	 context	 of	 this	 research,	 this	would	 involve	

assessing	whether	CD274	is	up	regulated	when	cells	are	treated	with	ATM	inhibitors	

and	additionally	 the	creation	of	 the	of	 stable	ATM	 isogenic	cell	 lines	which	would	

hopefully	provide	more	consistent	information	regarding	changes	in	PD-L1	(CD274).	

	

Up	 regulation	 of	 PD-L1	 expression	with	 loss	 of	 DNA	 repair	 genes	 is	 of	 significant	

interest	 because	 in	 malignant	 melanoma	 and	 NSCLC	 measurement	 of	 PD-L1	

expression	by	IHC	has	been	used	as	a	marker	of	response	to	check	point	inhibitors	

like	 nivolumab	 and	 pembrolizumab	 334,335.	 In	 a	 meta-analysis	 of	 studies	 in	

melanoma	PD-L1	positivity	on	IHC	was	correlated	with	a	48%	response	rate	to	PD1	

inhibitors	 compared	 to	 15%	 amongst	 IHC	 negative	 tumours	 334,335.	 	 There	 is	 also	

evidence	 that	 PD-L1	 expression	 can	 also	 predict	 response	 to	 other	

chemotherapeutic	 agents.	 A	 recent	 study	 of	 patients	 being	 treated	 with	 neo-

adjuvant	 platinum	based	 chemotherapy	 for	 oesophageal	 cancer	 found	 not	 only	 a	
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close	 correlation	 between	 IHC	 and	 gene	 expression	 levels	 of	 PD-L1,	 but	 that	

elevated	 levels	of	PD-L1	correlated	with	a	pathological	 response	to	chemotherapy	

and	 improved	 relapse	 free	 survival	 336.	 Contrastingly,	 other	 studies	 in	 Small	 Cell	

Lung	 Cancer	 (SCLC),	 NSCLC,	 ovarian	 and	 head	 and	 neck	 tumours	 have	 associated	

increased	expression	of	PD-L1	in	cell	lines,	mouse	models	and	patient	samples	with	

resistance	to	cisplatin	337–340.	This	has	led	researchers	to	investigate	combining	DNA	

damaging	chemotherapies,	with	 immunotherapies.	To	date	there	have	been	some	

promising	 results	 in	 combining	 standard	DNA	damaging	 chemotherapeutic	 agents	

like	 platinums	 and	 anthracyclines	 with	 immunotherapies	 in	 cell	 line	 and	 mouse	

models.	For	example,	Nolan	et	al.,	found	that	cisplatin	combined	with	dual	anti	PD1	

and	anti	CTLA4	blockade	lead	to	attenuated	growth	and	improved	overall	survival	in	

mice	 with	 BRCA1	 deficient	 tumours	 332.	 Currently	 there	 are	 a	 number	 of	 clinical	

trials	 exploring	 different	 combinations	 of	 standard	 chemotherapy	 with	

immunotherapies,	across	 solid	 tumour	sites	 including	head	and	neck,	bladder	and	

lung	cancers	341.	To	date	the	most	successful	results	in	patients	have	been	in	NSCLC,	

were	combining	pembrolizumab	with	physician’s	choice	of	cisplatin	or	carboplatin	

and	 pemetrexed	 in	 patients	 with	 stage	 4	 adenocarcinoma	 irrespective	 of	 PDL1	

status.	 This	was	 shown	 to	 significantly	 improve	both	progression	 free	 and	overall	

survival	 with	 an	 increase	 of	 overall	 survival	 at	 12months	 of	 20%	 (69%	 vs.	 49.4%	

respectively)	342.	

	

In	prostate	cancer	 research	surrounding	 the	PD1/	PD-L1	axis	has	been	 limited.	To	

date	clinical	trial	results	have	also	been	disappointing,	with	an	early	Phase	1	trial	of	

nivolumab	 in	 solid	 tumours	 found	no	evidence	of	 response	 in	 any	of	 the	17	men	

with	CRPC	296.	Of	the	few	studies	that	have	explored	the	expression	of	PD-1	and	PD-

L1	 in	 prostate	 cancer,	 the	majority	 have	 suffered	 from	 low	 patient	 numbers	 and	

have	 produced	 conflicting	 results.	 To	 illustrate	 this,	Martin	 and	 colleagues	 found	

PD-L1	expression	was	up	regulated	across	a	number	of	prostate	cell	lines	(including	

androgen	 sensitive	 and	 castrate	 resistant	 cell	 lines)	 incubated	 with	 recombinant	

interferon	 gamma.	Upon	 investigating	 IHC	 expression	of	 PDL-1	 (using	 a	 cut	 off	 of	

>5%)	 in	 a	 small	 cohort	 of	 20	 radical	 prostatectomy	 samples	 they	 found	only	 3	 or	

15%	were	positive	 for	PD-L1343.	 	 Similarly,	 in	a	 study	of	25	high	 risk	Gleason	8-10	
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prostate	cancers	only	8%	were	found	to	exhibit	PD-1or	PD-L1	344.	Results	however	

have	been	more	promising	 in	 larger	studies	and	those	 incorporating	patients	who	

have	 already	 shown	 evidence	 of	metastatic	 spread.	 Gevensieben	 and	 colleagues,	

investigated	PD-L1	expression	 in	two	large	well	characterised	cohorts	of	men	with	

localised	prostate	cancer	incorporating	820	samples	in	total	and	found	that	in	each	

cohort	 over	 50%	 of	 tumour	 samples	 expressed	 PD-L1	 as	 assessed	 by	 IHC	 and	

significantly	this	was	prognostic	for	biochemical	recurrence	345.	While	a	more	recent	

study	has	 found	 that	 PD-L1	expression	>1%	by	 IHC	 in	node	positive	patients	post	

radical	prostatectomy	was	associated	with	a	shorter	metastasis	free	survival	346.	In	

line	 with	 other	 solid	 tumours	 PD-L1	 expression	 has	 also	 been	 associated	 with	

treatment	resistance,	with	increased	levels	of	PD-L1	expression	on	dendritic	cells	in	

blood	being	associated	with	 resistance	 to	enzalutamide	 in	a	 small	 cohort	of	eight	

patients	298.		

	

Interestingly	to	our	knowledge	no	studies	to	date	have	investigated	whether	there	

is	an	association	between	DNA	repair	mutations	and	PD-L1	expression	 in	prostate	

cancer.	 Despite	 the	 precedent	 set	 in	 breast	 and	 ovarian	 cancers	 where	 BRCA1/2	

mutations	 have	 been	 associated	 with	 an	 increased	 incidence	 of	 PD-L1	 and	 the	

recent	increased	focus	in	DNA	repair	in	CRPC	with	the	publication	of	the	results	of	

the	TOPARP	 trial.	 	 The	 results	presented	here	 in	 the	DU145	model	would	 suggest	

that	 findings	 would	 be	 similar.	 However,	 there	 is	 obviously	 a	 need	 for	 further	

exploration	in	this	area	replicating	results	 in	vitro	and	examining	IHC	expression	in	

men	with	 known	DNA	 damage	 repair	mutations.	 Before	 considering	 clinical	 trials	

and	assessing	if	DDRD	with	its	incorporation	of	PD-L1	may	be	a	potential	biomarker	

for	response	to	immunotherapy.	

	

3.3.3	Loss	of	DNA	repair	genes	leads	to	Sensitivity	to	Cisplatin	and	

Olaparib	but	not	Docetaxel.	

	
Currently	 docetaxel	 is	 the	 standard	 chemotherapeutic	 treatment	 for	 men	 with	

mCRPC	based	on	 the	 results	of	 the	TAX327	 trial	 347.	More	 recently	evidence	 from	
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STAMPEDE	and	CHAARTED	trials	have	lead	to	the	adoption	of	docetaxel	as	the	first	

line	 treatment	 for	men	with	metastatic	hormone	sensitive	prostate	cancer75,73.	As	

we	 have	 previously	 discussed	 there	 have	 been	 few	 studies	 evaluating	 whether	

patients	with	BRCA1/2	mutations	and	mCRPC	will	respond	to	docetaxel.	In	a	cohort	

of	88	Ashkenazi	Jews	treated	with	docetaxel	7	had	known	mutations	in	BRCA1/2,	no	

significant	 difference	 was	 found	 in	 terms	 of	 PSA	 response	 or	 overall	 survival178.	

However	the	limitations	of	this	study	were	not	only	its	small	cohort	of	BRCA	carriers	

and	niche	ethnic	population	but	also	that	 the	survival	data	was	skewed	by	one	of	

the	mutation	carriers	who	received	docetaxel	in	combination	with	carboplatin	and	

survived	 for	 37	 months178.	 Another	 small	 study	 of	 53	 patients	 including	 8	 with	

confirmed	decreased	expression	of	BRCA2	found	that	while	the	was	no	correlation	

between	BRCA1/2	mutation	and	response	to	docetaxel,	response	rates	were	lower	

in	 25%	 of	 patients	 with	 BRCA2	 loss	 compared	 to	 71%	 patients	 with	 normal	

expression,	and	overall	survival	was	shorter	348.	

	

To	evaluate	the	role	a	loss	of	BRCA1,	BRCA2	or	ATM	may	present	towards	docetaxel	

sensitivity,	we	 used	 siRNA	 transfection	was	 utilised	 to	 knock	 down	 each	 of	 these	

genes	in	DU145	and	PC3	cells	and	evaluated	response	to	treatment	using	2D	and	3D	

clonogenics	assays.	 In	both	the	DU145	and	PC3	cell	 lines	when	BRCA1/2	and	ATM	

expression	 was	 depleted,	 there	 was	 no	 response	 to	 docetaxel	 treatment.	 These	

findings	support	the	known	literature,	where	an	intact	BRCA1	in	particular	has	been	

found	in	cell	line	models	to	be	required	for	sensitivity	to	paclitaxel	349.	Expanding	on	

this	 Sung	 and	 colleagues,	 found	 that	 BRCA	 l	 loss	 lead	 to	 increased	 microtubule	

dynamicity,	 decreasing	 the	 ability	 of	 paclitaxel	 to	 bind	 to	 the	 microtubules	 and	

cause	mitotic	arrest	and	cell	death180.		

	

Consistent	with	the	body	of	literature	from	breast	and	ovarian	cancer	we	found	that	

when	 DU145	 and	 PC3	 cells	 were	 transfected	 with	 siRNA	 targeting	 BRCA1/2	 and	

ATM	there	was	an	increased	sensitivity	to	cisplatin.	Suggesting	that	platinum	based	

treatments	 should	 have	 a	 greater	 role	 in	 the	 treatment	 of	 the	 25	 -30%	 of	 men	

estimated	 to	 have	 DNA	 damage	 repair	 mutations	 in	 prostate	 cancer,	 and	

highlighting	the	need	for	biomarkers	that	 identify	this	cohort	at	diagnosis195.	With	
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the	 TOPARP	 trial	 in	 prostate	 cancer	 there	 has	 been	 recent	 interest	 the	 role	 of	

olaparib	as	a	treatment	for	men	with	CRPC	204.	Our	results	support	those	of	the	trial	

that	 loss	 of	 BRCA1/2	 or	 ATM	 increases	 sensitivity	 to	 olaparib.	 Further	 work	 and	

clinical	 trials	 are	 needed	 to	 assess	where	 olaparib	 and	 platinum	based	 treatment	

should	come	in	terms	of	sequencing	of	treatments	in	these	men.		

	

3.3.4	Inhibition	of	ATM	using	KU60019	increases	DU145	sensitivity	to	

cisplatin	and	olaparib,	however	not	to	docetaxel	

	
To	further	investigate	if	blocking	ATM	activity	increased	sensitivity	to	cisplatin	and	

olaparib	 	 DU145	 cells	 were	 treated	 with	 both	 selective	 ATM	 kinase	 inhibitor	

KU61009	in	combination	with	either	and	either	docetaxel,	cisplatin	or	olaparib.	The	

combination	 of	 KU60019	 with	 both	 cisplatin	 and	 olaparib	 lead	 to	 increased	 cell	

death,	whereas	there	was	no	response	to	the	treatment	with	docetaxel,	consistent	

with	the	siRNA	depletion	assays.		

	

To	 the	 best	 of	 our	 knowledge	 no	 one	 has	 reported	 the	 effect	 of	 depleting	 or	

inhibiting	ATM	on	 sensitivity	 to	 taxane	 therapy	 in	 isolation.	 Fedier	and	colleagues	

considered	 the	 effect	 of	 ATM	 loss	 in	 p53	 proficient	 and	 deficient	 cells	 to	

topoisomerase	 poisons	 (doxorubicin,	 epirubicin	 and	 etoposide),	 antimetabolites	

(gemcitabine	and	5-fluorouracil)	and	taxanes	in	mouse	embryonic	fibroblasts.	They	

found	that	while	loss	of	p53	in	combination	with	loss	of	ATM	increased	sensitivity	to	

topoisomerase	poisons	and	antimetabolites	 this	was	not	 the	case	with	 taxanes	or	

platinum	agents350.	With	regards	clinical	trials,	there	 is	one	phase	II	clinical	trial	 in	

gastric	 cancer,	which	was	enriched	 for	patients	with	 low	ATM	protein	expression.	

Patients	 with	 both	 low	 and	 normal	 ATM	 expression	 were	 randomised	 to	 receive	

either	 paclitaxel	 and	 placebo	 or	 paclitaxel	 and	 olaparib.	 They	 found	 that	 while	

olaparib	 in	 combination	with	paclitaxel	 improved	median	 survival	 in	patients	with	

ATM	 low	 patients	 compared	 to	 those	 with	 normal	 expression.	 There	 was	 no	

significant	difference	in	median	survival	between	patients	with	normal	ATM	or	low	

ATM	expression	receiving	single	agent	paclitaxel	(8.3	vs.	8.2	months)	351.	
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It	 is	well	established	that	 loss	or	 inhibition	of	ATM	can	sensitise	to	 	 	platinum	and	

PARP	 inhibitors.	 This	 has	 been	 particularly	 explored	 in	 ovarian	 cancer	 where	

mutations	homologous	repair	genes	associated	with	BRCAness	including	ATM	have	

been	 associated	 with	 platinum	 sensitivity	 16,352.	 To	 date	 much	 of	 the	 work	 on	

sensitivity	 to	 PARP	 inhibitors	 has	 focused	 on	 BRCA1/2	 loss.	 However	 preclinical	

studies	 of	 olaparib	 in	 chronic	 lymphocytic	 leukaemia,	 mantle	 cell	 lymphoma	 and	

colon	 cancer	have	 suggested	 that	ATM	 loss	 leads	 to	 increased	 sensitivity	 to	PARP	

inhibitors	 353,354.	 This	 is	 supported	 by	 the	 clinical	 trial	 discussed	 above	 in	 gastric	

cancer	where	the	addition	of	olaparib	to	paclitaxel	in	patients	with	ATM	low	gastric	

cancer	increased	median	survival	351.	In	prostate	cancer	loss	of	ATM	was	identified	

as	 one	 of	 the	 mutations	 associated	 with	 sensitivity	 to	 olaparib	 in	 the	 TOPARP	

trial204.	While	our	work	supports	the	use	of	platinum	and	PARP	inhibitors	in	patients	

with	 ATM	 deficiency,	 it	 also	 suggests	 that	 it	 may	 be	 possible	 to	 induce	 tumour	

response	 in	 patients	 who	 normally	 express	 ATM	 by	 combining	 an	 ATM	 inhibitor	

with	a	platinum	or	PARP	 inhibitor.	Difficulties	with	 this	approach	 in	 the	past	have	

been	 the	 poor	 bioavailability	 and	 specificity	 of	 the	 available	 ATM	 inhibitors.	

However	 currently	 the	AToM	 study	 is	 currently	 recruiting	 and	 is	 investigating	 the	

safety	 tolerability	 of	 AZD-0156	 a	 potent	 ATM	 inhibitor	 as	 a	 single	 agent	 and	 in	

combination	 with	 olaparib	 and	 other	 cytotoxic	 agents	 in	 patients	 with	 advanced	

cancer	(NCT02588105).	

	

3.3.5	Conclusions	and	future	work	

	
Previous	publications	 from	our	group	 in	breast	cancer	have	 illustrated	that	 loss	of	

BRCA1	 in	particular	activates	 the	DDRD	signature,	as	 identified	by	upregulation	of	

the	top	two	differentially	weighted	genes	CCL5	and	CXCL10.	This	study	continues	in	

the	 same	 vein,	 demonstrating	 that	 there	 is	 significant	 upregulation	 of	 both	 CCL5	

and	 CXCL10	 depletion	 and/or	 inhibitor	 of	 BRCA1,	 BRCA2	 or	 ATM	 in	 metastatic	

prostate	 cancer	 cell	 line	 DU145.	 Taken	 together,	 this	 indicates	 that	 the	 DDRD	

signature	may	 be	 of	 utility	 identifying	men	 with	metastatic	 prostate	 cancer	 who	
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may	 benefit	 from	 DNA	 damaging	 chemotherapeutics	 and/	 or	 selective	 small	

molecule	 inhibitors	 targeting	 PARP	 as	 a	 consequence	 of	 defective	 DNA	 damage	

repair	machinery.	Future	investigation	into	the	role	of	defective	DNA	damage	repair	

proteins	would	likely	benefit	from	further	analysis	in	alternative	prostate	cancer	cell	

lines.	Apart	from	this	it	would	be	interesting	to	investigate	in	vivo	models	if	CRISPR	

mediated	loss	of	these	proteins	leads	to	increased	expression	of	CCL5,	CXCL10	and	

CD8+	 T	 cell	 infiltration	 and	 if	 this	 is	 effected	 by	 administration	 of	 platinum	based	

chemotherapy,	olaparib	or	docetaxel.	The	next	steps	in	evaluating	the	utility	of	the	

DDRD	signature	is	to	assess	if	it	can	be	successfully	isolated	in	patient	samples	and	

from	core	biopsies,	this	shall	be	addressed	in	the	next	chapter.	

	

Implications	for	patient	treatment	our	preclinical	work	in	both	DU145	and	PC3	cells	

would	suggest	that	 loss	of	DNA	damage	repair	genes	in	prostate	cancer	 leads	to	a	

lack	of	response	to	docetaxel	and	consistent	with	the	known	literature	sensitivity	to	

platinum	and	PARP	inhibitors.	This	has	significant	consequences	for	the	treatment	

of	these	patients,	as	currently	the	only	chemotherapeutic	drugs	in	use	in	metastatic	

prostate	cancer	are	taxanes,	docetaxel	and	cabazitaxel.	Both	these	treatments	are	

associated	 with	 significant	 toxicity	 and	 impact	 on	 a	 patient’s	 quality	 of	 life,	 with	

recognised	side	effects	 including	 fatigue,	mucositis,	diarrhoea	and	 life	 threatening	

neutropenic	 sepsis.	 It	 is	 estimated	 that	 25-30%	 of	 patients	 with	 mCRPC	 have	

mutations	in	DNA	repair	genes	therefore	these	patients	may	be	experiencing	all	of	

the	 toxicity	 with	 out	 any	 of	 the	 benefit	 in	 terms	 of	 disease	 response	 and	 life	

extension.	To	explore	this	further	we	need	to	investigate	this	in	patient	populations	

to	see	if	the	DDRD	assay	may	be	of	utility	in	identifying	patients	who	would	benefit	

from	a	different	treatment	approach.	Initially,	we	would	need	to	assess	if	the	DDRD	

assay	 identifies	 patients	who	 fail	 to	 respond	 to	 taxane	based	 treatment	 and	 take	

this	forward	into	cohorts	of	patients	who	have	been	treated	with	platinum	or	PARP	

inhibitors.		

	

Apart	from	the	use	of	the	DDRD	assay	in	identifying	patients	who	may	response	to	

platinum	agents	and	PARP	 inhibitors,	our	 research	would	suggest	 that	 it	may	also	

highlight	patients	likely	to	respond	to	immunotherapy,	in	particular	PD-1	inhibitors.		
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PD-L1	or	CD274	 is	one	of	 the	genes	 included	 in	 the	DDRD	assay	and	 like	with	 the	

groups	previous	work	 in	breast	cancer	we	have	found	that	 loss	of	BRCA1	and	2	 in	

particular	 up	 regulated	 PD-L1	 in	 DU145	 cells.	 To	 explore	 this	 further	 we	 would	

initially	need	to	confirm	this	observation	in	other	prostate	cell	lines.	Ideally	then	we	

would	 like	 to	 gain	 tissue	 samples	 from	 cohorts	 of	 patients	 who	 have	 received	

treatment	 with	 immunotherapy	 and	 determine	 if	 a	 positive	 score	 on	 the	 DDRD	

assay	correlated	with	response	to	treatment.		
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Chapter	4:	Does	the	DDRD	assay	identify	patients	
unlikely	to	respond	to	taxane	based	

chemotherapy	in	mCRPC?	
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4.1	Introduction	
	
In	 Chapter	 3	 it	 was	 demonstrated	 that	 in	 metastatic	 prostate	 cancer	 cell	 lines	

depletion	of	the	common	DNA	damage	repair	genes	BRCA1,	BRCA2	or	ATM	leads	to	

increased	expression	of	key	signature	DDRD	genes	CXCL10	and	CCL5.	Unsurprisingly	

depletion	 of	 these	 genes	 also	 resulted	 in	 increased	 sensitivity	 to	 DNA	 damaging	

agents	 (platinum	 and	 PARP	 inhibitors)	 and	 lack	 of	 response	 to	 taxane	 based	

treatment.	 Recent	 research	 in	 prostate	 cancer	 suggests	 that	 25-30%	of	men	with	

advanced	 CRPC	 have	 germline	 or	 somatic	 mutations	 of	 DNA	 repair	 genes,	 like	

BRCA1,	BRCA2	and	ATM	204.	Currently	there	are	no	validated	biomarkers	available	

to	 identify	 patients	with	mutations	 in	 these	 DNA	 repair	 genes	 in	 prostate	 cancer	

and	as	previously	discussed	there	has	been	little	clinical	research	investigating	how	

these	men	respond	to	standard	DNA	damaging	agents	178,	186,192.	To	date,	the	only	

method	employed	 in	 identifying	these	patients	 in	prostate	cancer	has	been	whole	

genome	 sequencing.	 De	 Bono	 and	 colleagues	 (2016)	 have	 used	 this	 approach	 to	

develop	a	panel	of	mutations	in	DNA	repair	genes	which	correspond	with	response	

to	 olaparib,	 which	 they	 are	 currently	 attempting	 to	 validate	 using	 the	 phase	 B	

portion	of	the	TOPARP	trial	204.	A	major	limitation	of	this	approach	is	that	mutations	

in	 DNA	 repair	 genes	 may	 occur	 infrequently	 in	 cancer	 populations.	 Therefore	

developing	panels	from	small	numbers	of	trial	patients	leads	inevitably	to	patients	

with	rarer	DNA	repair	mutations	and	aberrations	in	genes	not	known	to	be	involved	

in	HR	 to	 be	 excluded.	 It	 is	 also	 dependent	 on	our	 ability	 to	 accurately	 assess	 the	

functionality	 of	 a	 mutation	 in	 a	 known	 gene	 and	 whether	 it	 has	 a	 significant	

downstream	effect	on	HR.	Methods	employed	to	try	and	identify	these	patients	in	

other	 tumour	 sites	 have	 included	 genomic	 profiling,	 gene	 and	 protein	 expression	

assays	 and	 functional	 assays	 as	 we	 have	 discussed	 previously.	 Examples	 of	

limitations	of	these	approaches	include	poor	reproducibility	across	tumour	sites	and	

patient	 cohorts,	 difficulty	 in	 interpreting	 how	 they	 associate	 with	 treatment	

response	 and	 again	 a	 limitation	 in	 the	 number	 of	 genes	which	 are	 assessable	 for	

example	by	IHC.			
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The	DDRD	assay	has	been	shown	to	identify	patients	who	respond	to	platinum	and	

anthracycline	 based	 chemotherapy	 in	 breast	 cancer.	 Reproducibility	 has	 been	

shown	across	tumour	sites	as	the	assay	has	also	been	found	to	distinguish	patients	

who	respond	to	platinum	based	chemotherapy	in	ovarian	and	oesophageal	cancer	
250,251.	 With	 respect	 to	 prostate	 cancer	 a	 DDRD	 subgroup	 has	 be	 identified	 in	 a	

cohort	of	FFPE	prostatectomy	and	lymphnode	samples	from	men	with	localised	and	

metastatic	disease.	 Interestingly,	within	this	group	DDRD	positivity	correlated	with	

metastatic	 biology.	 As	 previously	 shown	 in	 chapter	 3	 when	 the	 DDRD	 score	 was	

applied	 to	 an	 external	 dataset	 of	 218	 men	 who	 had	 undergone	 radical	

prostatectomies	for	localised	prostate	cancer	it	was	found	that	DDRD	positive	men	

were	 more	 likely	 to	 develop	 biochemical	 recurrence	 and	 had	 a	 poorer	 overall	

survival	55.	The	aim	of	this	chapter	is	to	take	this	a	step	further	and	assess	whether	

the	DDRD	assay	can	be	used	to	predict	 response	to	DNA	repair	agents	 in	patients	

with	metastatic	prostate	cancer.	

	

The	 current	 gold	 standard	 treatment	 for	men	with	metastatic	 hormone	 sensitive	

and	 castrate	 resistant	 disease	 is	 taxane	 based	 chemotherapy.	 Hence,	 it	 has	 been	

difficult	 to	 confirm	 that	 the	DDRD	assay	 is	 able	 to	 identify	 patients	with	prostate	

cancer	 who	 will	 respond	 to	 DNA	 damaging	 chemotherapy	 as	 has	 been	

demonstrated	 for	breast	 and	other	 cancers.	 Currently	platinum	and	anthracycline	

based	 treatment	 has	 no	 role	 in	 the	 routine	 treatment	 of	 these	 men,	 and	 PARP	

inhibitors	 are	 only	 being	 investigated	 in	 a	 clinical	 trial	 setting	 204,207.	 To	 try	 and	

address	 this	 initially	 attempts	 were	made	 to	 try	 and	 isolate	 tissue	 samples	 from	

clinical	 trial	 cohorts	 in	 the	 UK	 who	 had	 received	 treatment	 with	 carboplatin,	

cisplatin	or	satraplatin	over	the	last	three	decades.	Unfortunately	this	approach	was	

unsuccessful	as	it	was	impossible	to	identify	a	complete	clinically	annotated	cohort	

of	samples.	Given	the	pre-clinical	work	outlined	in	chapter	three	suggested	that	loss	

or	mutation	of	common	DNA	repair	genes	would	lead	to	a	positive	DDRD	score	and	

lack	 of	 response	 to	 docetaxel,	 it	 was	 hypothesized	 that	 DDRD	 positive	 patients	

would	be	less	likely	to	respond	to	docetaxel.	
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In	order	to	investigate	this	a	retrospective	pilot	study	was	designed	to	assess	if	the	

DDRD	signal	could	be	isolated	from	prostatic	biopsies.	The	aim	was	to	collect	clinical	

data	and	core	diagnostic	prostate	biopsies	 from	men	who	had	 received	docetaxel	

between	2004	and	2013	in	Northern	Ireland.	Response	to	docetaxel	was	measured	

by	the	criteria	encapsulated	in	the	TAX327	trial	as	shown	in	the	table	below	70.		

	

TAX327	Trial	Criteria	for	disease	response	

1.	Overall	Survival	

2.	PSA	decline	of	50%	or	greater	maintained	for	at	least	three	weeks	

3.	Improvement	in	quality	or	life	or	pain	control	

4.		Where	possible	object	response	by	RECIST	criteria	

	

	

As	PSA	was	the	most	accurately	recorded	clinical	parameter	available,	the	aim	was	

to	 divide	 patients	 PSA	 responders	 and	 PSA	 non-responders.	 All	 patients	 included	

must	have	received	a	minimum	of	three	cycles	of	docetaxel	outside	of	a	clinical	trial	

setting	 and	 not	 in	 conjunction	 with	 other	 trial	 drugs	 or	 radiotherapy	 the	 only	

exception	 being	 ZA.	 It	 is	 well	 documented	 that	 25-30%	 of	 men	 with	 mCRPC	 are	

thought	 to	have	 loss	of	DNA	 repair	 genes	 355	 	 Based	on	 this	when	 calculating	 the	

number	of	patients	required	to	power	the	study	adequately	we	assumed	that	25%	

of	 the	 PSA	 non	 responders	 would	 be	 DDRD	 positive	 compared	 to	 0%	 of	 PSA	

responders.	 Assuming	 a	 power	 level	 of	 80%	 and	 a	 two-sided	 significance	 level	 of	

0.05	 it	was	 calculated	 that	52	men	were	 required	 to	adequately	power	 the	 study	

(complete	calculation	is	shown	below).	
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The	difficulty	with	any	biopsy	based	study	is	intra	tumoural	heterogeneity	and		

evolution.	 Studies	 in	 both	 renal	 and	 prostate	 cancer	 have	 shown	 that	 over	 time	

tumours	evolve	and	that	the	mutations	driving	an	individual	tumour	are	not	present	

in	all	biopsies	and	change	over	time	and	with	exposure	to	different	treatments356–

358.	 	 As	 this	 was	 a	 retrospective	 study	 to	 try	 and	 limit	 the	 degree	 of	 tumour	

evolution,	only	men	with	de	novo	metastatic	disease	were	 included	 in	 the	trial	as	

they	 had	 the	 shortest	 time	 between	 diagnosis	 and	 development	 of	 mCRPC	 and	

treatment	with	docetaxel.		

	

Initially	 100	men	were	 identified	with	de	novo	metastatic	 prostate	 cancer	 all	 had	

received	docetaxel	for	mCRPC,	between	2004	and	2013.		When	patients	who	has	no	

tissue	available,	failed	to	complete	more	than	3	cycles	of	docetaxel,	had	incomplete	

PSA	 data	 or	 had	 received	 docetaxel	 in	 combination	 with	 an	 experimental	 agent	

were	 excluded	 only	 60	 patients	were	 eligible	 for	 trial	 entry.	 These	 patients	were	

then	divided	into	PSA	responders	(n=30)	and	PSA	non-responders	(n=30).	Archived	

tissue	FFPE	slides	of	their	diagnostic	core	biopsies	were	then	requested,	2	patients	
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were	excluded	as	there	material	had	degraded	due	to	issues	with	tissue	storage.	A	

pathology	 review	was	 completed	 and	 tumour	 within	 the	 slides	 identified	 for	 the	

remaining	 58	 patients.	 As	 we	 were	 conscious	 of	 the	 effects	 of	 intratumour	

heterogeneity,	where	 possible	when	 there	were	multiple	 cores	 available,	 tumour	

was	highlighted	for	dissection	from	a	selection	of	cores	and	the	RNA	from	different	

cores	was	pooled.	The	slides	were	then	sent	to	Almac	Diagnostics	(Craigavon)	and	

underwent	 processing	 which	 included	 RNA	 extraction,	 at	 this	 point	 a	 further	 6	

samples	were	discarded	as	they	either	failed	to	collect	sufficient	RNA	for	analysis	or	

failed	 the	 quality	 control	 measures.	 Therefore	 52	 samples	 (n=24	 PSA	 responders	

and	 n=28	 PSA	 non-	 responders	 )completed	 profiling	 on	 the	 Almac	 Prostate	 DSA	

array®.	 	A	 summary	of	 the	 clinical	 trial	 design	 is	 shown	 in	 the	 consort	diagram	 in	

Figure	4.1.	
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Assessed	for	eligibility	
(n=100)	men	with	de	novo	
metastatic	prostate	cancer	
who	received	docetaxel	

when	they	became	castrate	
resistant 

Exclusion	Criteria 
• Received	

docetaxel	with	a	
novel	agent	as	
part	of	a	clinical	
trial.	

• Received	less	
than	3	cycles	of	
docetaxel	

• No	tissue	
available	for	
analysis.	

• PSA	non	
secretors	

• Missing	PSA	
measurement	
either	at	baseline	
or	12	weeks/	
Cycle	4	after	
commencing	
docetaxel	

PSA	Responders	to	
docetaxel	n=30 

PSA	Non-	Responders	
to	docetaxel	n=30 

Men	meeting	criteria	
with	tissue	available	for	
assessment			(n=60) 

n=24	Patients	with	
complete	clinical	data	
and	adequate	RNA	in	

tissue	samples	of	which	
passed	quality	control	
procedures	for	analysis.	 

n=28	Patients	with	
complete	clinical	data	
and	adequate	RNA	in	

tissue	samples	of	which	
passed	quality	control	
procedures	for	analysis.	 

Figure	4.1	 
Consort	Diagram	outlining	retrospective	pilot	study	exploring	the	relationship	
between	DDRD	and	response	to	docetaxel. 
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4.2	Results	

4.2.1	Demographic	data	on	PSA	responders	and	non-responders.	

	

For	the	cohort	of	patients	examined	in	the	pilot	study	PSA	response	was	classified	

as	 a	 reduction	 in	 PSA	 by	 50%	 or	 more	 from	 baseline	 at	 12	 weeks	 post	 starting	

treatment.	 All	 patients	 had	 received	 a	 minimum	 3	 cycles	 of	 docetaxel,	 or	 nine	

weeks	of	treatment.	Other	parameters	including	clinical	response,	available	imaging	

and	data	surrounding	other	potential	biomarkers	 including	LDH	and	ALP	 response	

was	also	collected.	Of	the	60	patients	selected	(30	PSA	responders	and	30	PSA	non-

responders),	FFPE	based	samples	were	available	for	all	but	sufficient	RNA	for	DDRD	

analysis	was	only	obtainable	from	52	patients	(24	PSA	responders	and	28	PSA	non	

responders)	 who	 passed	 the	 quality	 control	 (QC),	 all	 samples	 were	 analysed	 by	

ALMAC	using	 their	 Prostate	DSA	microarray.	 The	waterfall	 diagram	 in	 Figure	 4.2a	

illustrates	 the	 difference	 in	 PSA	 dynamics	 in	 response	 to	 docetaxel	 between	 PSA	

responders	and	non-	responders,	as	expected	the	majority	of	PSA	non-	responders	

had	 continual	 increases	 in	 PSA	while	 the	 responders	 had	 significant	 reductions	 in	

their	PSA.	

	

Examination	 of	 demographic	 data	 for	 the	 two	 cohorts	 of	 patients	 Figure	 4.2b	

revealed	 that	 the	 average	 age	 for	 PSA	 responders	 was	 62.04	 years	 old	 vs.	 61.32	

years	old	for	non-responders.	Further	analysis	using	an	independent	t-test,	revealed	

no	significant	difference	in	age	between	our	two	cohorts	(p=0.73).	A	family	history	

of	BRCA1/2	associated	cancers,	was	similar	in	both	groups	reported	by	33%	of	the	

PSA	 responders	 and	 21%	 of	 PSA	 non-responders.	 The	 incidence	 of	 smokers	 and	

non-smokers	 was	 also	 comparatively	 similar	 between	 cohorts.	 As	 would	 be	

expected	 in	 a	 cohort	 of	men	with	metastatic	 disease	 at	 diagnosis	 the	majority	 of	

men	had	high	Gleason	grade	prostate	cancers	with	only	one	patient	in	each	group	

being	diagnosed	with	a	Gleason	7	tumour.		

	

Recent	research	by	Ang	and	colleagues	 (2016)	has	suggested	that	men	presenting	

with	a	PSA	level	greater	than	100	had	a	poorer	overall	survival	at	both	five	and	ten	
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years	359.	In	the	pilot	study	group	of	patients	37	(71%)	had	a	PSA	greater	than	100	at	

presentation,	unsurprising	given	that	all	men	had	metastatic	disease	at	diagnosis.	In	

these	patients	a	PSA	level	greater	than	100	was	found	to	have	no	impact	on	overall	

survival	 as	 illustrated	 in	 the	 Kaplan	 Meier	 (p=0.78,	 HR	 1.08,	 95%	 CI	 0.59-1.98),	

Figure	4.3	a.	The	distribution	of	metastases	at	diagnosis	in	both	PSA	groups	is	also	

broadly	 similar,	 Figure	 4.2b.	 Consistent	with	 the	 known	 literature	 the	majority	 of	

these	patients	presented	with	bone	only	metastases	 at	diagnosis.	Overall	 survival	

however	was	 longest	 in	 patients	 presenting	with	 lymphnode	 only	 disease	 at	 and	

average	of	55.24	mths	compared	to	those	with	bone	only	or	bone	and	other	sites	

(lymphnodes,	visceral	disease).	There	was	no	significant	difference	between	the	3	

groups	as	shown	in	the	Kaplan	Meier	curve	in	Figure	4.3b.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
	



	 120	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

PSA Non- R
esponders

PSA  R
esponders

-200

-100

0

100

200

Docetaxel Response

% 
PS

A 
su

pp
re

ss
ion

Figure	4.2	 
a)	Waterfall	diagrams	of	PSA	in	responders	and	non-responders. 
b)	Baseline	demographic	data	for	PSA	responders	and	non-responders. 
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(b) 



	 121	

	

	

	

	

	
	

Figure	4.3 
(a)	Kaplan	Meier	curves	stratified	by	PSA	level	at	presentation	to	oncology 
(b)	Kaplan	Meier	curves	stratified	by	position	of	metastases	at	diagnosis 
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4.2.2	The	Effect	and	number	of	agents	received	prior	to	Docetaxel	

	
With	 response	 rates	 of	 over	 90%	Androgen	Deprivation	 Therapy	 (ADT)	 forms	 the	

cornerstone	of	 treatment	 for	men	with	metastatic	 prostate	 cancer.	A	duration	of	

response	 to	 first	 line	 ADT	 of	 less	 than	 12	 months	 has	 been	 associated	 with	 a	

diminished	 response	 to	 second	 line	 hormonal	 treatment,	 poorer	 prognosis	 and	

overall	 survival	 360.	 	 The	 average	 time	 to	 CR	 in	 this	 patient	 population	was	 17.29	

months	 and	 ranged	 from	3-49.97	months	with	 a	median	of	 14.47	months,	 Figure	

4.4.	 To	 investigate	 this	 further	 the	 survival	 curves	 of	 men	 within	 this	 patient	

population	 who	 responded	 to	 ADT	 for	 less	 and	 more	 than	 12	 months	 were	

compared	by	Kaplan	Meier	analysis.	This	demonstrated	that	men	who	became	CR	

after	 less	 than	 12	months	 of	 ADT	 in	 this	 study	 had	 a	 significantly	 poorer	 overall	

survival	 (p	 <0.0001,HR	 0.26,	 95%CI,0.12	 -0.53),	 Figure	 4.5a,	 this	 is	 in	 line	 with	

current	 literature	 361.	 It	 was	 also	 important	 to	 consider	 if	 there	was	 a	 significant	

difference	in	time	to	CR	in	the	PSA	responders	and	non-responders.	From	figure	4.4	

it	 can	be	seen	 that	average	 time	 to	CR	was	18.27	and	16.45	months	 respectively.	

However	14	PSA	non-responders	vs.	9	PSA	responders	had	a	time	to	CR	of	less	than	

12	months.	To	investigate	this	a	Fishers	Exact	(p=0.41)	and	unpaired	t-test	(p=0.60)	

was	carried	out,	Figure	4.5	b,c	and	there	was	no	significant	difference	between	the	

two	groups.	

	
It	was	important	to	determine	if	PSA	responders	or	non-responders	had	been	more	

heavily	 pre-treated	 prior	 to	 receiving	 docetaxel.	 The	 average	 number	 of	 lines	 of	

treatment	 for	 PSA	 responders	 was	 0.88	 lines	 of	 treatment	 vs.	 1.39	 lines	 of	

treatment	 in	 non	 -	 responders,	 with	 37.5%	 and	 25%	 of	 patients	 respectively	

receiving	 docetaxel	 as	 their	 first	 line	 of	 treatment	 after	 ADT	 failure	 Figure	 4.4.	

Hence	these	groups	were	similar	with	treatment	and	number	of	lines	of	treatment.	

Unsurprisingly	 in	 both	 groups	 dexamethasone	 was	 the	 most	 common	 treatment	

used,	 followed	by	stilbesterol	 in	 the	PSA	non	-	 responders	and	ZA	 in	both	groups.	

The	use	of	both	radioisotopes	and	patient	involvement	in	clinical	trials	was	broadly	

similar	in	both	groups.		Today,	it	would	be	expected	that	more	patients	would	have	

received	abiraterone	prior	to	commencing	docetaxel,	however	the	majority	of	this	
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patient	 cohort	 received	 docetaxel	 prior	 to	 the	 licensing	 of	 abiraterone	 for	 use	 in	

Northern	Ireland,	which	occurred	in	2012.	

	

Currently	 patients	 who	 present	 with	 de	 novo	 metastatic	 prostate	 cancer	 do	 not	

routinely	 receive	EBRT	 to	 the	primary	 tumour	unless	 it	 is	 felt	 to	be	of	benefit	 for	

symptom	 control.	 Recently	 however	 a	 number	 of	 retrospective	 studies	 have	

suggested	that	local	treatment	in	the	form	of	surgery	or	radiotherapy	may	improve	

overall	 survival	 in	 men	 with	 metastatic	 disease	 362–365.	 As	 11	 of	 the	 pilot	 study	

patients	(5	PSA	responders	and	6	PSA	non	responders)	had	received	palliative	EBRT	

in	dosages	ranging	from	20-74	Gy	at	diagnosis	it	was	important	to	evaluate	whether	

this	had	any	impact	on	time	until	CR,	docetaxel	initiation	and	overall	survival.	There	

was	no	significant	difference	in	overall	survival	between	patients	who	had	received	

radiotherapy	 to	 their	pelvis	 incorporating	 the	primary	 tumour	 compared	 to	 those	

who	had	not	as	 illustrated	 in	 the	Kaplan	Meier	curve	 	 (p=0.58,HR1.24,95%CI,0.59-

2.62),	 Figure	 4.6a.	 Similarly	 there	 was	 no	 significant	 difference	 in	 time	 to	 CR	 or	

docetaxel	initiation	among	patients	who	had	received	pelvic	radiotherapy	and	those	

who	had	not,	Figures	4.5	b,c.	
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Figure	4.4. 
A	table	illustrating	the	variety	of	treatments	and	response	to	
treatment	by	PSA	responders	and	non-responders	prior	to	receiving	
docetaxel. 
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Fishers	Exact	p=0.41 

Figure	4.5 
(a)	Kaplan	Meier	of	the	effect	of	time	until	castrate	resistance	on	overall	
survival 
(b	+c)	Contingency	table	and	graph	examining	if	there	was	an	effect	of	time	
until	castrate	resistance	on	PSA	response 
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Figure	4.6 
(a)	Kaplan	Meier	curves	stratified	by	the	effect	of	Radiotherapy	to	the	primary	tumour	on	
overall	survival 
(b)Bar	graph	illustrating	the	results	of	the	unpaired	t	test	and	Fisher’s	exact	test	which	found	
that	radiotherapy	to	primary	tumour	had	no	significant	effect	on	time	until	CR 
(c.)	Scatter	plot	illustrating	results	of	the	unpaired	t	test	which	found	that	radiotherapy	to	
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4.2.3	Evaluating	response	to	Docetaxel	across	the	patient	population.		

	
To	 evaluate	 response	 to	 docetaxel,	 PSA	 decline	 of	 50%	 or	 greater	 from	 baseline	

after	 12	weeks	 or	 3	 cycles	 of	 treatment	was	 used.	 The	 reasons	 for	 choosing	 PSA	

response	 are;	 it	 was	 the	most	 reliably	 measured	 parameter	 in	 this	 retrospective	

population	and	is	also	one	of	the	measures	of	response	in	the	TAX	327	trial,	which	

established	docetaxel	as	the	standard	of	care	in	mCRPC	347.	When	PSA	responders	

and	non	–	responders	were	compared,	as	shown	in	figure	4.7	the	average	time	from	

diagnosis	to	commencement	of	docetaxel	was	31.24	and	33.0	months	respectively.	

The	difference	was	not	found	to	be	significant	(p=0.74).	Regards	to	the	position	of	

metastases	at	commencement	of	docetaxel,	there	were	fewer	men	now	with	bone	

only	 involvement	 and	 more	 patients	 had	 developed	 soft	 tissue	 disease	 in	 both	

cohorts.	In	terms	of	fitness	of	treatment	as	measured	by	ECOG	performance	status	

the	majority	of	patients	87.5%	of	PSA	responders	and	67.8%	of	PSA	non-responders	

were	 performance	 status	 0-1	 prior	 to	 receiving	 treatment	 (were	 information	was	

recorded).		

	

To	 establish	 whether	 PSA	 responders	 to	 docetaxel	 treatment	 had	 a	 significant	

increase	 in	overall	 survival	 and	progression	 free	 survival	 as	 compared	 to	PSA	non	

responders,	 Kaplan	Meier	 analysis	was	 used,	 Figure	 4.8a	 and	 b.	 As	 expected	 PSA	

responders	 not	 only	 had	 a	 significant	 increase	 in	 overall	 survival	 with	 a	 median	

overall	 survival	 of	 27.35	 months	 compared	 to	 14.05	 months	 for	 PSA	 non	 -	

responders	 (p=0.003,HR	 0.45;	 95%CI	 0.26-0.81),	 Figure	 4.7a.	 PSA	 responders	 also	

had	a	significantly	 increased	progression	free	survival	 (as	determined	by	time	to	a	

50%	 rise	 in	 PSA	 from	 the	 nadir	 during	 treatment	with	 docetaxel),	 with	 a	median	

progression	 free	 survival	 of	 8.97	 months	 vs.	 2.1months	 for	 non-responders	 (p	

<0.0001,HR0.027,95%	CI	0.19	–	0.37).	 	 ZA	 is	 commonly	given	 in	 combination	with	

docetaxel	 to	men	with	 bone	metastases	 to	 help	 alleviate	 bony	 pain	 and	 prevent	

SRE’s	99,102.	As	it	was	impossible	to	exclude	men	receiving	docetaxel	in	combination	

with	ZA	 it	was	 important	 to	assess	 if	 this	 impacted	on	response	to	 treatment	and	

overall	 survival.	 As	 illustrated	 in	 figure	 4.7,	 a	 total	 of	 24	 patients	 or	 46%	 of	 the	

patient	 cohort	 (11	 PSA	 responders	 and	 13	 PSA	 non-responders)	 received	 ZA	 in	
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combination	with	docetaxel.	Fisher’s	exact	test	revealed	no	significant	difference	in	

patients	 receiving	 docetaxel	 with	 or	 without	 ZA	 (P=1.00).	 Furthermore	 a	 Kaplan	

Meier	 comparing	 patients	 who	 received	 docetaxel	 as	 a	 single	 agent	 or	 in	

combination	 with	 ZA	 revealed	 no	 significant	 difference	 in	 overall	 survival	 post	

docetaxel	(p=0.75,	HR0.26,	95%CI	(0.26-0.69)).	Despite	the	small	size	of	this	patient	

cohort,	the	data	supports	the	results	of	the	STAMPEDE	trial,	which	concluded	that	

ZA	did	not	improve	overall	survival	when	given	in	combination	with	docetaxel75.	

	

When	delivery	 and	dose	 intensity	of	 docetaxel	 given	 to	PSA	 responders	 and	non-

responders,	were	considered,	 rates	were	broadly	similar	with	only	6	 (25%)	of	PSA	

responders	 and	 9	 (32%)	 of	 PSA	 non-responders	 experienced	 delays	 in	 treatment,	

Figure	4.6.	The	majority	of	delays	were	due	to	family	events	or	bank	holidays,	with	

the	 main	 clinical	 reasons	 for	 delays	 in	 treatment	 being	 fatigue	 and	 inter-current	

infection.	With	regards	to	the	number	of	cycles	of	docetaxel	given,	as	expected	23	

PSA	responders	completed	6	cycles	or	more	of	docetaxel	compared	to	13	PSA	non	–	

responders.		

	

In	 terms	 of	 toxicity	 docetaxel	 was	 generally	 well	 tolerated	 with	 fatigue	 affecting	

64%	of	patients	being	the	main	toxicity	reported	across	the	population,	followed	by	

diarrhoea,	nausea	and	mucositis.	A	total	of	6	or	11.5%	of	patients	had	an	admission	

with	 neutropenic	 sepsis,	 which	 is	 higher	 than	 the	 0.9%	 recorded	 in	 the	 original	

TAX327	 trial	 70.	 However	 it	 is	 comparable	 to	 the	 14.5%	 recorded	 in	 the	 recent	

STAMPEDE	 trial	 of	 docetaxel	 in	 hormone	 sensitive	men	 with	 locally	 advanced	 or	

metastatic	 prostate	 cancer	 76.The	 main	 difference	 between	 PSA	 responders	 and	

non-responders	in	terms	of	toxicity	was	that	a	greater	proportion	of	PSA	responders	

experienced	 peripheral	 neuropathy	 41.67%	 compared	 to	 3.6%	 of	 PSA	 non-

responders.	This	 is	unsurprising	as	 it	 is	well	 recognised	that	the	risk	of	developing	

peripheral	 neuropathy	 increases	 in	 a	 dose	 dependent	 manner,	 therefore	 as	 PSA	

responders	 received	 significantly	 more	 cycles	 of	 treatment	 than	 non-responders	

they	are	at	increased	risk	of	developing	this	toxicity.	
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Although	PSA	was	chosen	as	the	primary	measure	of	response,	the	documentation	

of	 clinical	 response	 and	 imaging	 carried	 out	 in	 our	 cohort	 of	 patients	 was	 also	

investigated	to	evaluate	if	this	was	the	most	appropriate	choice,	Figure	4.9a.	Clinical	

response	in	these	patients	was	evaluated	from	what	clinician’s	documentation	and	

therefore	was	limited	by	a	lack	of	detail	and	a	reliance	on	patient	recall.	From	the	

available	data	all	PSA	responders	 remained	stable	 throughout	 treatment,	while	as	

would	 be	 expected	 46.4%	of	 non-responders	were	noted	 to	 have	 signs	 of	 clinical	

deterioration.	 In	 terms	of	disease	 imaging	 in	mCRPC	 it	 is	only	 in	recent	years	 that	

imaging	 in	 the	 form	 of	 CT,	 bone	 scans	 and	MRI	 have	 been	 used	 to	 evaluate	 the	

response	 to	 treatment	 in	 men	 with	 mCRPC.	 Indeed	 imaging	 was	 not	 used	 to	

evaluate	response	in	the	TAX327	trial	the	results	of	which	were	published	in	2004	
70.	Particular	difficulties	with	imaging	in	mCRPC	occur	because	many	men	have	bone	

only	 metastases	 and	 while	 disease	 progression	 can	 be	 easily	 evaluated	 by	 the	

presence	of	new	metastases	on	bone	scan	or	CT	scan,	 it	 is	much	more	difficult	 to	

assess	disease	response	which	can	only	be	established	by	comparing	the	intensity	of	

lesions	on	bone	 scan	which	 is	highly	 inaccurate.	While	 imaging	has	become	more	

adopted	 practice	 in	 mCRPC	 over	 the	 last	 few	 years	 it	 is	 always	 measured	 in	

conjunction	 with	 PSA	 response	 and	 clinical	 evaluation	 of	 the	 patient.	 	 Given	 the	

above	it	is	unsurprising	therefore	that	30	or	58%	had	no	imaging	over	the	period	of	

treatment.	 There	was	 also	 no	 uniformity	 regarding	 the	 imaging	 used	 as	 clinicians	

used	a	selection	of	MRI’s,	bone	scans	and	CT	of	chest	abdomen	and	pelvis.	Among	

the	 PSA	 responders	 the	 majority	 (90.1%)	 as	 would	 be	 expected,	 had	 a	 partial	

response	on	imaging	or	stable	disease.	While	45%	of	PSA	non-responders	had	stable	

disease	by	RECIST	criteria	and	45%	exhibited	disease	progression.	Overall	the	above	

supports	the	decision	to	use	PSA	response	as	defining	measure	across	the	patient	

population.	
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Figure	4.7		
Table	contrasting	docetaxel	treatment	toxicities,	response	and	further	treatments	between	
PSA	responders	and	Non-	Responders 
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Figure	4.8 
(a) Kaplan	Meier	curves	stratified	by	PSA	response	to	Docetaxel.	
(b) Kaplan	Meier	of	Progression	free	survival	comparing	PSA	responders	and	

Non	Responders	treated	with	docetaxel.	
(c) Kaplan	Meier	curves	considering	effect	of	concurrent	Zolendronic	acid	on	

response	to	Docetaxel.	
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Fishers	Exact	p=0.02	 

Figure	4.9 
(a) Table	of	alternate	measures	of	response	to	treatment	in	patient	

population	and	baseline	biochemical	prognostic	markers.	
(b) Kaplan	Meier	curves	stratified	by	LDH	level	at	commencement	of	

docetaxel.	
(c) Fishers	Exact	test	comparing	LDH	levels	in	PSA	responders	and	non-	

responders	
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4.2.4	The	utility	of	LDH	and	ALP	as	prognostic	biomarkers	in	this	

patient	cohort	

	

Over	 the	 last	decade	much	of	 the	 research	 in	prostate	cancer	has	 focused	on	 the	

development	 of	 prognostic	 and	 predictive	 biomarkers.	 Prognostic	 biomarkers	 are	

used	 to	 identify	 the	 likelihood	 of	 a	 clinical	 event,	 disease	 recurrence,	 or	 disease	

progression	 in	 patients	 with	 a	 disease	 or	 medical	 condition	 of	 interest.	 While	 a	

predictive	 biomarker	 is	 used	 to	 identify	 individuals	 who	 are	 more	 likely	 to	

experience	a	favourable	or	unfavourable	effect	from	exposure	to	a	medical	product	

or	an	environmental	agent366,367.	Currently	PSA	is	the	only	FDA	approved	biomarker	

it	 has	 a	 number	 of	 different	 roles	 as	 at	 diagnosis	 PSA	 level	 in	 combination	 with	

tumour	stage	and	Gleason	score	is	prognostic	in	terms	of	risk	of	disease	recurrence	

and	 biochemical	 failure.	 While	 in	 the	 metastatic	 setting	 decreases	 in	 PSA	 on	

treatment	 is	 as	 predictive	 biomarker	 of	 disease	 response.	 As	 we	 have	 previously	

discussed	 in	 chapter	 one	 both	 ALP	 and	 LDH	 have	 been	 postulated	 as	 prognostic	

biomarkers.	 LDH	 is	 an	enzyme	 involved	 in	 cellular	 glycolysis	 and	gluconeogenesis,	

raised	 LDH	 has	 been	 associated	 with	 tumour	 burden	 and	 aggressiveness	 across	

tumour	sites	138–140.	In	prostate	cancer	persistently	raised	LDH	after	three	months	of	

treatment	has	been	associated	with	shortened	survival	by	Halabi	and	colleagues	141.	

Of	 our	 52	 patients	 37	 (71.2%)	 had	 a	 raised	 LDH	 prior	 to	 commencing	 docetaxel,	

significantly	more	PSA	non	 -responders	had	a	 raised	LDH	 (p=0.02),	Figure	4.9c.	Of	

the	 13	PSA	 responders	with	 a	 raised	 LDH	30.7%	 (4)	 had	 a	 decline	 in	 their	 LDH	 in	

response	to	docetaxel	compared	to	none	of	the	PSA	non-	responders,	Figure	4.9a.	

However,	 when	 Kaplan	Meier	 analysis	 was	 used	 to	 investigate	 the	 role	 of	 raised	

LDH	across	the	patient	cohort,	it	was	found	that	patients	with	a	raised	LDH	prior	to	

commencing	docetaxel	had	a	significantly	poorer	overall	survival	(p=0.037,HR1.898	

95%CI	1.07-3.36),	Figure	9b.	This	evidence	from	this	trial	cohort	would	suggest	that	

LDH	 may	 have	 a	 role	 as	 a	 prognostic	 biomarker,	 indicating	 patients	 with	 more	

aggressive	 disease.	 Though	 larger	 trials	 are	 required	 to	 investigate	 this	 more	

completely.		
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A	marker	 of	 osteoclastic	 activity	 in	 bone	ALP	 is	 often	 raised	 in	men	with	 skeletal	

metastases.	A	meta	analysis	of	63	studies	by	Hang	and	colleague	(2018),	suggested	

that	 a	high	 serum	baseline	ALP	 is	 of	 prognostic	 significance	as	 it	was	 significantly	

associated	with	poor	overall	and	progression	free	survival	on	treatment136,368,369.		In	

studies	of	patients	with	a	high	serum	baseline	ALP	at	diagnosis,	a	decrease	in	ALP	in	

response	 to	 docetaxel	 and	 radiopharmaceuticals	 has	 been	 associated	 with	

treatment	 response	 and	 increased	 overall	 survival	 114,136,137.	 	 Forty-eight	 of	 the	

patients	 in	 this	 cohort	 had	 bone	metastases	 of	 those	 31	 had	 a	 raised	 ALP	 at	 the	

commencement	of	docetaxel.	ALP	normalised	in	84.6%	of	PSA	responders	and	44.4	

%	 of	 PSA	 non-responders,	 figure	 4.9a.	 Across	 the	 patient	 population	 a	 raised	

baseline	 ALP	 on	 commencement	 of	 docetaxel	 was	 associated	 with	 a	 significantly	

poorer	overall	survival	(p=0.009,	HR2.57	95%CI1.45-4.57),	Figure	4.10a.	The	median	

survival	of	men	with	a	raised	ALP	at	baseline	was	14.91	months	compared	to	29.52	

months	in	those	with	an	ALP	in	the	normal	range.	Of	the	31	patients	with	a	raised	

baseline	ALP	there	was	no	significant	difference	in	overall	survival	between	patients	

who	experienced	ALP	normalisation	on	treatment	with	docetaxel	and	those	who	did	

not,	Figure	4.10b.	To	explore	whether	 the	ALP	response	while	 receiving	docetaxel	

was	 due	 to	 concurrent	 treatment	 with	 ZA	 a	 fisher’s	 exact	 test	 was	 used	 which	

showed	 a	 no	 significant	 relationship	 	 p=0.07,	 Figure	 4.10c.	 These	 findings	 are	

consistent	 with	 the	 known	 literature	 that	 a	 raised	 ALP	 at	 baseline	 acts	 as	 a	

prognostic	marker	for	poorer	overall	survival,	but	that	declines	in	ALP	do	not	impact	

necessarily	on	overall	disease	response.	
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Fishers	Exact	p=0.07 

Figure	4.10 
(a) Kaplan	Meier	curves	stratified	by	ALP	level	on	commencement	of	

docetaxel.	
(b) Scatter	graph	and	unpaired	t-test	exploring	if	ALP	response	to	treatment	

impacted	on	overall	survival.	
(c) Contingency	table	illustrating	Fishers	exact	test	comparing	the	effect	of	the	

addition	of	ZA	to	Docetaxel	on	ALP	response	
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4.2.5	Patients	who	fail	to	respond	to	docetaxel	can	respond	to	

hormone	treatments	

	
The	 introduction	 of	 the	 new	hormonal	 agents	 abiraterone	 and	 enzalutamide	 into	

clinical	practice,	has	 led	to	questions	regarding	treatment	sequencing	and	efficacy	

pre-	 and	 post-	 docetaxel.	 Across	 our	 patient	 population	 31	 patients	 received	

hormonal	 treatment	 post	 docetaxel,	 15	 PSA	 responders	 and	 16	 PSA	 non-

responders.	 Twenty	 nine	 received	 abiraterone	 and	 only	 two	 enzalutamide.	 This	

does	 not	 indicate	 physician	preference	 rather	 it	 reflects	 the	 fact	 that	 abiraterone	

initially	was	the	only	funded	hormonal	agent	in	Northern	Ireland.	PSA	response	was	

evaluable	in	a	total	of	26	patients	(13	PSA	responders	and	13	PSA	non-	responders)	

who	had	received	at	least	3	cycles	or	12	weeks	of	treatment.	Of	these	38.4%	(5)	PSA	

non	responders	had	a	response	to	hormone	treatment	compared	to	15.4%	(2)	PSA	

responders,	 (Figure	 4.11a).	 However	 when	 a	 Fishers	 exact	 test	 was	 used	 no	

significant	 relationship	was	 seen	between	 response	 to	docetaxel	 and	 response	 to	

hormone	treatment	(p=0.18)	(Figure	4.11b).		

	

It	is	acknowledged	in	the	PCWG3	guidelines	that	PSA	is	not	as	sensitive	a	marker	of	

response	to	hormone	treatments	as	with	cytotoxic	therapies131.	To	try	and	identify	

patients	who	did	not	have	a	50%	reduction	in	their	PSA	with	hormone	therapy	but	

achieved	 a	 significant	 period	 of	 clinical	 stability	 in	 the	 absence	 of	 imaging	 we	

considered	patients	who	received	more	than	5	cycles	of	treatment	as	having	had	a	

period	 of	 clinical	 stability	 on	 treatment.	 Taking	 this	 into	 account	 19	 (61%)	 of	

patients	 who	 received	 hormonal	 agents	 gained	 clinical	 benefit,	 however	 using	 a	

Fishers	 exact	 test	 again	 there	 was	 no	 significant	 association	 with	 response	 to	

docetaxel	was	observed	(p>0.99),	(Figure	4.11c).		

	

As	 previously	 discussed,	 ADT	 is	 the	 cornerstone	 of	 treatment	 for	 metastatic	

prostate	cancer	and	time	to	CR	has	a	significant	influence	on	overall	survival	as	we	

have	 seen	 in	 our	 patient	 population.	 A	 time	 to	 CR	 of	 <12months	 has	 been	

associated	 with	 a	 poorer	 response	 to	 hormone	 therapy360.	 In	 this	 small	 patient	
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cohort	however	 there	was	no	 relationship	was	observed	between	 time	 to	CR	and	

either	PSA	or	clinical	response	to	hormone	therapy,	(Figure	4.11	d	and	e).	

	

Interestingly	 a	 total	of	6	of	our	patient	population	were	 retreated	with	docetaxel	

after	hormone	treatment.	Cabazitaxel	is	now	accepted	as	the	second	line	cytotoxic	

treatment	 for	mCRPC	but	 this	has	only	occurred	 in	 the	 last	 year	prior	 to	which	 it	

was	 acceptable	 to	 retreat	 patients	 with	 docetaxel	 if	 they	 had	 had	 an	 initial	

favourable	 response	 based	 on	 results	 of	 small	 case	 series370.	 Therefore	 it	 is	

unsurprising	 that	 5	 of	 the	 patients	 retreated	 with	 docetaxel	 had	 an	 initial	 PSA	

response.	Of	the	6	retreated	only	2	had	a	further	PSA	response	to	treatment	with	

the	other	4	discontinuing	treatment	after	3	cycles.	
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Figure	4.11	
(a) Table	of	treatment	and	response	post	docetaxel.	
(b) Graph	and	Fishers	Exact	exploring	association	PSA	response	to	DT	and	PSA	

response	to	HT	
(c) Graph	and	Fishers	Exact	exploring	association	PSA	response	to	DT	and	Clinical	

response	to	HT	
(d) Graph	and	Fishers	Exact	exploring	association	Time	to	CR	and	PSA	response	to	HT	
(e) Graph	and	Fishers	Exact	exploring	association	Time	to	CR	and	Clinical	response	to	

HT	
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4.2.6.	DDRD	positive	patients	have	a	poorer	overall	survival	post	

Docetaxel.	

	
When	the	DDRD	assay	was	applied	to	the	microarray	data	using	the	cut	off	of	0.36	

previously	published	in	breast	cancer	248,	of	the	52	patients	10	(19.2%)	were	defined	

as	DDRD	positive	and	42	patients	as	DDRD	negative.	No	significant	difference	was	

found	 in	 the	 raw	 scores	 shown	 in	 figure	 4.12a.	 DDRD	 positive	 patients	 had	 a	

significantly	 poorer	 overall	 survival	 after	 receiving	 docetaxel	 (p=0.0085,HR	 3.72	

95%CI	 1.40-9.89),	 with	 a	 median	 overall	 survival	 of	 12.93	 months	 compared	 to	

22.99	 months	 in	 DDRD	 negative	 patients,	 Figure	 4.12b.	 Expanding	 on	 this	 a	

multivariate	analysis	was	performed	 to	 test	 the	association	between	DDRD	status	

and	 overall	 survival	 from	 docetaxel	 following	 adjustment	 for	 factors	 available	 at	

diagnosis,	and	showed	that	DDRD	status	had	a	significant	impact	on	overall	survival	

(p=0.006,	concordance	0.634).	This	suggests	that	the	DDRD	assay	maybe	predictive	

of	lack	of	response	to	docetaxel.		To	assess	if	DDRD	positivity	was	prognostic	Kaplan	

Meier	analysis	was	used	figure	4.12c,	and	demonstrated	that	while	DDRD	positive	

patients	 had	 a	 poorer	median	 overall	 survival	 from	 diagnosis	 compared	 to	 DDRD	

negative	 patients	 (33.78	 vs.	 52.27months),	 ultimately	 this	 was	 not	 significant	

(P=0.07,	HR2.25	95%CI	0.93-	5.24).		

	

As	regards	population	demographics	there	was	no	significant	difference	in	the	age	

of	DDRD	positive	patients	compared	to	DDRD	negative	(p=0.91),	both	groups	having	

an	 average	 age	 of	 61	 years	 at	 disease	 presentation,	 figure	 4.13.	 As	 all	 patients	

included	in	the	pilot	study	had	metastatic	disease	at	presentation	it	is	unsurprising	

that	 they	 all	 had	 Gleason	 scores	 of	 7	 or	 more,	 and	 90%	 of	 the	 DDRD	 positive	

patients	had	Gleason	scores	of	9	or	more.	When	the	positions	of	metastases	at	the	

commencement	 of	 docetaxel	 were	 investigated	 it	 was	 obvious	 that	 soft	 tissue	

involvement	 is	 more	 common	 in	 DDRD	 positive	 patients,	 with	 80%	 having	

lymphnode	 or	 visceral	 involvement	 at	 commencement	 of	 docetaxel	 compared	 to	

49.7%	of	DDRD	negative	patients,	figure	4.13.		
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Factors	associated	with	aggressive	disease	in	prostate	cancer	were	also	investigated	

to	assess	if	there	was	a	significant	difference	between	DDRD	positive	and	negative	

patients,	Figure	4.13.	 	Regards	PSA	level,	DDRD	positive	patients	on	average	had	a	

higher	 levels	 at	 presentation	 of	 743ng/uL	 compared	 to	 570.9ng/uL	 in	 DDRD	

negative,	 however	 no	 significant	 difference	was	 found	 on	 further	 analysis,	 figure	

4.13.	 Similarly	 there	 was	 no	 significant	 difference	 in	 time	 from	 diagnosis	 to	

commencing	treatment	with	docetaxel	with	the	average	in	both	DDRD	positive	and	

negative	patients	being	32	months	(p=0.97)	Regards	an	elevated	baseline	LDH	the	

rates	were	similar	70%	of	DDRD	positive	and	68%	of	DDRD	negative	patients	having	

a	raised	LDH.	

	

As	 previously	 discussed	 hormone	 sensitivity	 influences	 survival	 in	 metastatic	

prostate	 cancer,	when	we	 considered	 time	 to	 CR	 averages	were	 similar	 between	

DDRD	 positive	 and	 negative	 patients	 at	 15.31	 and	 17.76	months	 respectively,	 no	

significant	difference	was	found	using	a	Fishers	exact	test	(p>0.999)	and	unpaired	t	

test	 (p=0.58).	 Of	 the	 10	 DDRD	 positive	 patients,	 6	 received	 treatment	 with	

abiraterone	and	of	the	5	who	received	more	than	3	cycles	of	treatment	1	had	a	PSA	

response	and	4	a	clinical	response.	When	a	Fishers	exact	test	was	used	to	explore	

both	PSA	and	clinical	response	to	hormone	treatment	between	DDRD	positive	and	

negative	patients	there	was	no	significant	difference,	figure	4.13.	
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	Figure	4.12 
(a) Scatterplot	of	Raw	DDRD	scores	in	PSA	responders	and	non-responders.	

Un	paired	t	test	shows	no	significant	difference	in	scores.	
(b) Kaplan	Meier	comparing	overall	survival	from	commencing	Docetaxel	in	

DDRD	positive	vs.	negative	patients	
(c) Kaplan	Meier	comparing	overall	survival	from	diagnosis	in	DDRD	positive	

vs.	negative	patients.	
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	 DDRD	positive	 DDRD	negative	 Univariate	Analysis	
No.	of	Patients	 10	 42	 	
Age	
<60yrs	
>60yrs	

61.4	yrs	(44-73)	
4	(40%)	
6	(60%)	

61.82	(49-75)	
20	(47.62%)	
22	(52.38%)	

Unpaired	t	test	
P=0.96	

Gleason	
7	
8	
9	
10	

	
0	
1	(10%)	
8	(80%)	
1	(10%)	

	
2	(4.7%)	
7	(16.67%)	
30	(71.43%)	
3	(7.14%)	

Kaplan	Meier	
comparing	GLEASON	
7/8	VS.	9/10	
	

Presenting	PSA	
Average	
Range	
PSA	<100ng/uL	
PSA	>100ng/uL	

	
743.2	
(35-2772)	
2	(20%)	
8	(80%)	
	

	
570.9	
(5-5000)	
13	(30.95%)	
29	(69%)	

	
Unpaired		t-test	p=0.64	

Sites	of	Disease	
Bone	
Lymphnode	
Bone	and	Lymphnode	
Visceral	

	
2	(20%)	
1	(10%)	
4	(40%)	
3	(30%)	

	
20	(47.6%)	
3	(7.1%)	
17	(40.4%)	
1	(2.3%)	

	

Time	to	CR	months	Average	
Range	
CR<12months	
CR>12months	

15.31	
(3.94-31.39)	
5	(50%)	
5	(50%)	

17.76	
(3-49.97)	
19	(45.23%)	
23	(54.76%)	

Unpaired	t	test	
P=0.58	
	
Fishers	Exact	
p>0.99	

Time	to	Docetaxel		Months	
Average	
Range	

	
32	
(6.02-65.48)	

	
32.32	
(7.13	–	91.03)	

	
Unpaired	t	test	
P=0.97	

Rasied	LDH	at	Baseline	
LDH	reponse	to	Docetaxel	

7	(70%)	
0	

28	(66.67%)	
4	

	

Number	of	Cycles	Docetaxel	
<	6	cycles	
>6	cycles	

	
4	
6	

	
9	
33	

	

Hormone	Treatment	post	DT	
Patients	>	3	cycles	
Average	no.	of	cycles	
Range	
PSA	response	to	HT	
Patients	no	PSA	Response	>5	
cycles	

6	(60%)	
5	
11	
(1-23)	
1	(16.67%)	
4	

25	(59.52%)	
21	
10.08	
(0.5-27)	
6	(24%)	
8	
	

Fishers	Exact	PSA	
response	to	HT	
P>0.99	
	
Fishers	exact	Clinical	
response	to	HT	
P=	0.28	

Figure	4.13		
Table	comparing	demographic,	tumour	features	and	treatment	response	
In	DDRD	positive	and	negative	patients. 
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	 Hazard	Ratio		 95%	CI	 p-value	

DDRD	status	(1	vs	0)	
2.9681	

1.3635	-	6.461	
0.00612	

PSA	at	diagnosis	 1.0005	 1.0000	-	1.001	 0.05934	
Gleason	score	(9-10	vs		7-
8)	 1.2124	 0.5789		-	2.539	 0.60954	

Age	at	diagnosis	 0.9844	 0.9492	-	1.021	 0.39616	

Concordance=	0.634	 

Figure	4.14	
Multivariate	Cox	proportional	Hazards	Regression	analysis	of	overall	survival	from	
docetaxel.		
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4.2.7	Does	the	DDRD	assay	as	a	predictive	marker	 in	prostate	cancer	
meet	the	REMARK	guidelines	
	

4.2.7.1	Marker	Examined	

	

The	DNA	Damage	Response	Deficiency	 assay,	was	 previously	 developed	 in	 breast	

cancer	 using	 an	 unsupervised	 hierarchical	 clustering	 approach.	 Biologically	 DDRD	

assay	indicates	constitutive	activation	of	the	cGMP-AMP	synthase	STING	pathway	in	

response	to	endogenous	DNA	damage.	Deficiencies	in	DNA	repair	and	the	Fanconi	

Anaemia/	BRCA	pathway	in	particular,	have	been	reported	to	activate	this	pathway.	

The	DDRD	assay	is	a	44	immune	gene	signature	which	has	found	to	be	predictive	of	

response	to	anthracycline	based	chemotherapy	in	breast	cancer.		

	

The	 development	 of	 the	 DDRD	 assay	 is	 described	 in	 the	 following	 publication:	

Mulligan	JM,	Hill	L,	Deharo	S	et	al.	Identification	and	validation	of	an	anthracycline/	

cyclophosphamide	 	 based	 chemotherapy	 response	 assay	 in	 breast	 cancer.	 J	 Natl	

Cancer	Inst.	2014	Jan;106(1):djt335	

	

4.2.7.2	Study	objective	

	

To	assess	the	ability	of	the	DDRD	assay	to	predict	prognosis	following	taxane	based	

chemotherapy	in	mCRPC.	

	

4.2.7.3	Pre	specified	Hypothesis	

	

We	 hypothesized	 that	 DDRD	 positive	 patients	 would	 be	 less	 likely	 to	 respond	 to	

docetaxel	and	therefore	have	a	poorer	overall	survival.	
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4.2.7.4	 Describe	 the	 characteristics	 of	 the	 study	 patients	 and	 their	 source	 and	

exclusion/	inclusion	criteria.		

N=52	 patients	 with	 de	 novo	 metastatic	 prostate	 cancer	 who	 received	 docetaxel	

based	 chemotherapy	 when	 they	 became	 castrate	 resistant.	 All	 patients	 received	

docetaxel	 in	 the	 Northern	 Ireland	 Cancer	 centre	 between	 2004	 and	 2013.	 All	

patients	 had	 FFPE	 diagnostic	 core	 biopsies	 available	 for	 analysis,	 samples	 were	

chosen	 retrospectively	 from	 the	 clinical	database.	All	 patients	were	PSA	 secretors	

who	had	 received	at	 least	3	cycles	of	docetaxel.	PSA	 results	were	available	 for	all	

patients	at	baseline	and	12	weeks	post	treatment.	Samples	were	divided	 into	PSA	

responders	(n=24)	and	PSA	non-responders	(n=28)	to	taxane	based	treatment.	

	

4.2.7.5	Describe	the	biological	material	used	and	methods	of	analysis	

	

FFPE	 core	 diagnostic	 biopsies	 of	 prostate,	 from	 52	men	with	 de	 novo	metastatic	

prostate	cancer.	A	pathologist	 reviewed	all	biopsies,	and	suitable	areas	of	 tumour	

were	marked	 for	 dissection.	Were	 possible	 tissue	 samples	 included	 areas	 from	 a	

number	of	different	cores	and	sections	representative	of	overall	Gleason	stage	(i.e.	

If	Gleason	3+5	 areas	of	 both	Gleason	3	 and	5	were	 selected	dissected	 and	 tissue	

was	pooled	for	RNA	extraction).		

	

RNA	extraction	and	Quality	control	was	carried	out	by	Almac	Diagnostics	Craigavon.	

Samples	 were	 analysed	 using	 the	 Affymetrix	 Prostate	 DSA	 array	 (for	 detailed	

explanation	 of	 RNA	 extraction	 and	 microarray	 analysis	 see	 section	 2.6.2).	 	 Raw	

Scores	for	DDRD	were	also	generated	by	Almac	Diagnostics.	Patients	were	scored	as	

either	DDRD	positive	or	negative,	the	cut	off	applied	for	DDRD	positivity	was	0.36,	

which	had	been	previously	identified	in	breast	cancer	cohort	and	published		

by	Mulligan	et	al.	 (2014)248.	Scores	were	then	matched	to	clinical	data,	which	had	

already	been	collated,	
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4.2.7.6	Study	Design		
	
All	samples	were	identified	retrospectively	from	the	NI	Biobank.	All	patients	had	a	

diagnosis	 of	 de	 novo	 metastatic	 prostate	 cancer	 and	 subsequently	 had	 received	

docetaxel.	All	patients	included	were	PSA	secretors	who	had	a	diagnosis	of	prostate	

adenocarcinoma,	and	had	at	 	 least	3	cycles	of	docetaxel	with	enough	clinical	data	

available	 to	 determine	 if	 there	 was	 evidence	 of	 PSA	 response	 to	 treatment.	 All	

Demographic	and	clinical	characteristics	of	PSA	responders	and	non-responders	are	

highlighted	 in	 Figure	 5.1b.	 The	 cohort	 of	 cases	was	 selected	 from	2003-2014	 and	

had	 a	 minimum	 of	 three	 years	 follow	 up.	 End	 points,	 which	 were	 examined,	

included	 PSA	 response	 to	 docetaxel,	 overall	 survival	 defined	 from	 initiation	 of	

docetaxel	 based	 treatment	 (overall	 survival	 from	 diagnostic	 biopsy	 was	 also	

considered).		

	

Sample	 size	 was	 based	 on	 the	 assumption	 that	 25%	 of	 PSA	 non	 responders	 to	

docetaxel	would	be	DDRD	positive	compared	to	0%	of	PSA	responders.	Assuming	a	

power	level	of	80%	and	a	two-sided	significance	level	of	0.05	it	was	calculated	that	

52	 men	 (26	 PSA	 responders	 and	 26	 PSA	 non	 responders)	 were	 required	 to	

adequately	power	the	study.	Patient	flow	through	the	study	is	shown	in	the	consort	

diagram	in	figure	4.1.	All	patients	included	in	the	study	had	complete	clinical	data	as	

a	requirement	for	trial	entry.	All	baseline	demographic	data	and	clinical	data	for	PSA	

responders	and	non-responders	is	shown	in	Figures	4.4,	4.6,	4.7	and	4.9.	

	

4.2.7.7	Statistical	Analysis		
	

In	order	to	consider	the	relationship	between	DDRD	status	and	overall	survival	from	

receipt	 of	 docetaxel	 and	 also	 from	 diagnosis,	 Kaplan	 Meier	 plots	 for	 univariate	

survival	 are	presented	 in	 Figure	4.12	 along	with	 the	 associated	Hazard	 ratios	 and	

95%	confidence	intervals.	Demographic	data	comparing	DDRD	positive	and	negative	

patients	is	shown	in	Figure	4.13.	The	results	of	additional	univariate	analysis	in	the	

form	 of	 unpaired	 independent	 t	 tests	 and	 Fishers	 Exact	 tests	 are	 also	 shown	 in	

Figure	4.13.	Multivariable	analysis	was	preformed	to	test	the	association	between	
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DDRD	 status	 and	 overall	 survival	 from	docetaxel	 following	 adjustment	 for	 factors	

available	at	diagnosis,	Figure	4.14.		

	

4.2.7.8	Discussion	
	
We	have	demonstrated	that	the	DDRD	assay	 is	predictive	of	a	 lack	of	response	to	

docetaxel	in	men	with	mCRPC.	When	assessed	alongside	clinical	factors	available	at	

the	 time	 of	 diagnosis	 including	 age,	 Gleason	 stage	 and	 PSA	 level	 DDRD	 status	

demonstrated	superior	prognostic	ability	compared	to	standard	clinic	pathological	

factors.	Limitations	of	this	study	include	the	use	of	a	retrospective	clinical	cohort,	an	

despite	having	an	adequate	number	of	patients	In	the	study,	unfortunately	we	are	

only	able	to	include	24	PSA	responders	compared	to	the	26	required	to	conform	to	

the	 requirements	of	our	power	 calculation.	 Ideally	 future	 research	 should	 include	

validation	in	larger	cohorts	and	ultimately	a	randomised	control	trial.			
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4.3	Discussion	

4.3.1	The	DDRD	assay	is	predictive	of	poorer	response	to	docetaxel	

	
In	chapter	3	it	was	demonstrated	that	loss	of	common	DNA	repair	genes	(BRCA1/2	

and	ATM)	leads	to	up	regulation	of	top	weighted	genes	in	the	DDRD	signature	CCL5	

and	 CXCL10	 in	 metastatic	 prostate	 cancer	 cell	 line	models.	 To	 try	 and	 identify	 a	

DDRD	subgroup	 in	patients	with	prostate	cancer,	a	 retrospective	pilot	 study	using	

diagnostic	core	biopsies	from	52	men	with	de	novo	metastatic	disease	treated	with	

docetaxel	 was	 completed.	 Each	 sample	 was	 scored	 for	 DDRD	 and	 a	 previously	

published	breast	cancer	cut	off	score	was	applied,	20%	of	our	patients	were	DDRD	

positive,	which	complies	with	the	expected	rate	of	DNA	repair	mutations	in	prostate	

cancer	of	25-30%	313,169.	DDRD	positive	patients	had	a	poorer	overall	survival	post	

docetaxel	suggesting	that	the	DDRD	assay	is	potentially	a	new	predictive	biomarker	

for	taxane	resistance	in	prostate	cancer.	

	

In	 order	 to	 advance	 a	 personalised	 approach	 to	 cancer	 care	 clinically	 validated	

biomarkers	 need	 to	 be	 developed.	 Currently	 there	 are	 no	 confirmed	 biomarkers	

that	predict	a	response	to	taxane	based	treatment,	however	there	are	a	number	of	

candidate	biomarkers	under	investigation	apart	from	the	DDRD	assay.	For	example,	

AR	 nuclear	 localisation	 and	 subsequent	 downstream	 signalling	 was	 found	 by	

Darshan	et	al.	(2011)	to	be	inhibited	by	both	paclitaxel	and	docetaxel	in	metastatic	

prostate	 cell	 line	 models.	 Using	 CTCs	 from	 14	 patients	 receiving	 docetaxel	 they	

established	 that	 AR	 nuclear	 localisation	 was	 associated	 with	 response	 and	

cytoplasmic	localisation	of	AR	with	resistance	371.			This	was	explored	further	in	the	

TAXENERGY	 trial,	 which	 compared	 first	 line	 treatment	 with	 either	 docetaxel	 or	

cabazitaxel	 and	 an	 early	 switch	 in	 taxane	 treatment	 for	 patients	 without	 a	

satisfactory	 PSA	 decline	 372.	 	 In	 a	 cohort	 of	 40	 patients	 sufficient	 CTCs	 were	

successfully	 obtained	 from	 26,	 among	 which	 they	 found	 that	 a	 decrease	 in	

percentage	of	AR	nuclear	localisation	correlated	with	PSA	response	to	treatment372.	

E26	 transformation	 specific	 regulated	 gene	 (ERG)	 overexpression	 has	 also	 been	

linked	 to	 taxane	 resistance,	 overexpression	 of	 ERG	 is	 usually	 the	 result	 of	 fusion	

with	 androgen	 regulated	 gene	 TMPRSS2	 which	 is	 present	 in	 40-80%	 of	 prostate	
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cancers	231.	Using	cell	line	models	Galetti	et	al.	(2014)	found	that	overexpression	of	

ERG	inhibited	the	ability	of	cabazitaxel	to	bind	to	microtubules	155.		Then	in	a	small	

cohort	 of	 34	 patients	 who	 had	 received	 docetaxel	 for	 mCRPC	 they	 found	 that	

docetaxel	resistance	was	twice	as	likely	in	TMPRSS-ERG	positive	patients	155.		

	

MicroRNAs	 in	particular	the	mir200	family	have	also	been	highlighted	as	potential	

predictive	biomarkers	of	taxane	resistance	in	prostate	cancer.	MicroRNAs	are	short	

non	coding	lengths	of	RNA	which	can	be	secreted	by	cells	either	bound	to	proteins	

or	 in	 micro	 vesicles,	 they	 influence	 gene	 expression	 by	 binding	 to	 mRNA	 and	

abrogating	 transcription	 373.	 They	 have	 been	 associated	with	 drug	 resistance	 and	

tumour	progression	 in	a	number	of	 solid	 tumours	 373,374.	 In	a	 study	of	97	patients	

with	CRPC	receiving	docetaxel	microRNAs	were	measured	in	serum	samples	prior	to	

commencing	 treatment	and	 it	was	 found	 that	 the	mir200	 family	 in	particular	was	

associated	resistance	to	docetaxel	and	decreased	overall	survival	375.		

	

Comparing	the	practicalities	of	measuring	these	potential	biomarkers	to	the	DDRD	

assay,	 which	 can	 be	 measured	 from	 tissue	 harvested	 at	 diagnostic	 biopsy.	 AR	

nuclear	localisation	requires	CTCs	to	be	harvested	prior	to	and	during	treatment.	A	

drawback	of	 this	approach	as	exemplified	 in	 the	TAXENERGY	trial	 is	 that	CTCs	are	

not	measurable	 in	 all	 patients	 undergoing	 treatment.	 Furthermore	 as	 AR	 nuclear	

localisation	 as	 a	 biomarker	 requires	 multiple	 samples	 to	 be	 measured	 while	 a	

patient	 is	 receiving	taxane	based	treatment,	patients	are	exposed	to	the	toxicities	

and	 potential	 risks	 of	 an	 ineffective	 treatment.	 In	 contrast	 both	 ERG	 status	 and	

microRNAs	can	be	measured	easily	using	IHC	and	a	serum	samples	respectively	and	

decisions	made	before	implementing	treatment	making	them	less	 invasive	choices	

for	clinicians.	However	DDRD	assay	has	the	potential	to	be	multifunctional	not	only	

highlighting	 patients	who	will	 not	 respond	 to	 docetaxel	 but	 directing	 us	 to	which	

patients	 may	 benefit	 from	 platinums,	 anthracyclines	 and	 potentially	 PARP	

inhibitors.	To	date	sensitivity	to	platinum	based	agents	in	particular	has	been	shown	

in	breast	cancer,	oesophageal	and	ovarian	samples	and	sensitivity	to	both	platinums	

and	PARP	inhibitors	in	prostate	cancer	preclinical	cell	line	models,	though	this	needs	

to	be	explored	further	in	clinical	samples	250,251,313.	
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4.3.2	The	DDRD	assay	selects	for	patients	with	an	aggressive	form	of	

prostate	cancer.	

	
It	is	well	recognised	that	prostate	cancer	is	a	spectrum	of	disease,	indolent	in	some	

men	and	more	aggressive	 in	others.	 In	 this	pilot	 study	when	overall	 survival	 from	

diagnostic	 biopsy	 was	 investigated	 there	 was	 a	 trend	 towards	 significance	 DDRD	

positive	patients	had	a	poorer	overall	survival	(p=0.073).	This	should	be	investigated	

in	a	larger	cohort	of	patients	with	metastatic	and	localised	disease.	However	this	is	

in	line	with	what	is	known	about	mutations	in	DNA	repair	genes	in	prostate	cancer,	

for	 example	 loss	 of	 BRCA1/2	 is	 associated	with	more	 aggressive	disease;	 younger	

age	 at	 diagnosis,	 higher	 Gleason	 score	 and	metastatic	 disease	 at	 presentation174.	

Consistent	with	this,	men	who	were	scored	as	DDRD	positive	had	other	features	of	

aggressive	 prostate	 cancer	 including	 higher	 incidence	 of	 lymph	 node	 and	 visceral	

metastases	 compared	 to	 DDRD	 negative	 men.	 As	 this	 study	 considered	 only	

patients	with	de	novo	metastatic	disease	it	is	unsurprising	that	all	but	two	patients	

had	 a	Gleason	 score	 of	 8	 or	more	 so	 this	 is	 not	 a	 distinguishing	 factor	 for	 DDRD	

positivity.	However	 it	 is	something	that	should	be	 investigated	further	 if	using	the	

DDRD	assay	in	a	population	of	patients	with	localised	prostate	cancer.	

	

4.3.3	Exploring	Potential	prognostic	biomarkers	in	our	patient	cohort	

	
As	 the	 focus	 of	 this	 work	 was	 the	 discovery	 of	 biomarkers	 other	 prognostic	

biomarkers	 were	 explored	 within	 our	 patient	 cohort.	 ADT	 is	 the	 mainstay	 of	

treatment	for	metastatic	prostate	cancer	and	it	is	well	recognised	that	a	time	to	CR	

of	less	than	twelve	months	is	associated	with	poorer	prognosis,	overall	survival	and	

decreased	 sensitivity	 to	 second	 line	 hormone	 agents	 360.	 When	 time	 to	 CR	 was	

considered	within	the	pilot	study,	patients	with	a	time	to	CR	of	12months	or	less	as	

expected	had	a	significantly	poorer	survival	but	this	did	not	impact	on	response	to	

docetaxel.	 Consistent	 with	 this	 Angelergues	 et	 al.	 (2016)	 demonstrated	 that	 in	 a	

cohort	of	132	mCRPC	patients	treated	with	docetaxel	or	cabazitaxel	that	while	time	

to	 CR	 less	 than	 12months	 was	 associated	 with	 decreased	 overall	 survival	 no	
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association	was	found	with	response	to	taxane	based	therapy	360.	In	terms	of	DDRD	

there	was	no	significant	difference	between	time	to	CR	in	DDRD	positive,	compared	

to	 DDRD	 negative	 patients.	 This	 suggests	 that	 the	 ability	 of	 the	 DDRD	 assay	 to	

predict	response	to	treatment	is	limited	to	cytotoxic	therapies,	supporting	the	prior	

research	in	breast	cancer	248,252.	

	

LDH	 an	 enzyme	 involved	 the	 cellular	 glycolysis	 and	 gluconeogenesis	 has	 been	

associated	 with	 tumour	 burden	 and	 aggressive	 disease	 in	 many	 solid	 tumours.	

Halabi	and	colleagues	in	prostate	cancer	found	that	a	persistently	raised	LDH	after	

three	 months	 of	 treatment	 had	 a	 decreased	 overall	 survival	 139,141.	 Sixty	 Eight	

percent	of	our	patients	had	an	elevated	LDH	prior	 to	commencing	docetaxel,	and	

only	4	patients	had	reduction	of	LDH	with	treatment	with	docetaxel.	Patients	with	a	

raised	 baseline	 LDH	 before	 receiving	 docetaxel	 had	 a	 poorer	 overall	 survival,	

supporting	the	role	of	LDH	as	a	prognostic	marker	in	prostate	cancer.	Interestingly	

PSA	 non-responders	 were	 significantly	 more	 likely	 to	 have	 a	 raised	 LDH	 prior	 to	

commencing	docetaxel	 suggesting	 that	 it	may	be	an	 indicator	of	more	aggressive,	

treatment	resistant	disease.	

	

	ALP,	is	a	marker	of	osteoclastic	activity	often	raised	in	liver	and	skeletal	metastases	

and	 adopted	 as	 a	 marker	 of	 response	 in	 clinical	 trials	 exploring	 response	 to	

radiopharmaceuticals	 and	 docetaxel	 was	 also	 assessed	 114,136,137.	 While	 a	 raised	

baseline	 ALP	 prior	 to	 docetaxel	 treatment	 was	 associated	 with	 a	 poorer	 overall	

survival	across	 the	 study	cohort.	 Interestingly	among	 those	with	a	 raised	baseline	

ALP,	 normalisation	 on	 treatment	 had	 no	 significant	 effect	 on	 overall	 survival.	

Further	analysis	considered	if	receiving	ZA	concurrently	with	docetaxel	affected	ALP	

response,	and	there	was	a	trend	towards	significance	in	our	small	patient	cohort.	In	

the	 clinic	 ALP	 response	 to	 treatment	 is	 considered	 to	 be	 an	 indication	 of	 overall	

response,	however	this	data	suggests	that	it	should	be	interpreted	with	caution	as	it	

may	be	just	indicative	of	skeletal	disease	responding	to	the	addition	of	ZA	and	has	

no	 impact	 on	 overall	 survival.	 Ultimately	 this	 requires	 further	 investigation	 in	 a	

larger	patient	population.	
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4.3.4	Response	to	hormone	therapy	post	docetaxel	

	
With	the	 introduction	of	new	cytotoxic	and	second	 line	hormonal	 treatments	 into	

the	 clinic	 in	 the	 last	 five	 years	 there	has	been	much	debate	 regarding	how	 these	

treatments	 should	 be	 sequenced	 and	 if	 this	 impacts	 on	 their	 efficacy.	 Across	 our	

patient	 population	 60%	 received	 second	 line	 hormonal	 treatment	 predominantly	

with	 abiraterone	 post	 docetaxel.	 No	 association	was	 found	 between	 response	 to	

docetaxel	 and	 response	 to	 second	 line	 hormone	 therapy.	 This	mirrors	 the	 known	

literature	 and	 means	 that	 newer	 hormonal	 therapies	 are	 a	 realistic	 option	 for	

patients	who	have	failed	taxane	based	therapy.		

	

Little	 is	 currently	 known	 about	 the	 relationship	 between	hormone	 sensitivity	 and	

loss	or	mutation	of	common	DNA	repair	genes	in	prostate	cancer.	However	recently	

this	 was	 addressed	 in	 an	 international	 retrospective	 observational	 study	 of	 390	

patients	with	mCRPC	incorporating	60	men	with	germline	mutations	in	DNA	repair	

genes,	 no	 significant	 difference	 was	 found	 in	 response	 rates	 or	 progression	 free	

survival	to	abiraterone	and	enzalutamide	311.	This	supports	the	findings	of	this	pilot	

study	that	there	was	no	association	between	DDRD	status	and	response	to	second	

line	hormone	treatment.		

	

From	 retrospective	 analysis	 of	 patient	 cohorts	 receiving	 abiraterone	 or	

enzalutamide	 time	 to	 CR	 of	 less	 than	 12	 months	 with	 primary	 ADT	 has	 been	

associated	with	a	diminished	response	to	second	line	hormonal	agents	376377.	When	

this	was	explored	in	this	patient	cohort	there	was	no	association	between	time	to	

CR	 and	 response	 to	 hormone	 treatment	 post	 docetaxel.	 This	 maybe	 due	 to	 the	

small	 size	 of	 the	 patient	 cohort	 examined,	 however	 further	 exploration	 of	 the	

relevant	literature	revealed	other	studies	with	larger	numbers	of	patients	which	had	

not	made	 this	 association	 either	 378.	While	 the	 need	 for	 prospective	 validation	 is	

widely	acknowledged	by	other	investigators,	this	may	be	difficult	as	abiraterone	and	

enzalutamide	 are	 well	 established	 in	 mCRPC	 and	 current	 studies	 are	 exploring	

introducing	 them	 as	 first	 line	 therapy	 in	 conjunction	with	 standard	 ADT	 for	men	

with	high	risk	localised	and	metastatic	prostate	cancer.		
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4.3.5	Future	Work	and	Prospective	Clinical	Trial	Design	

	
From	this	study	it	is	evident	that	DDRD	assay	is	a	potential	predictive	biomarker	for	

lack	 of	 response	 to	 taxane	 based	 treatment	 in	 prostate	 cancer.	 It	 would	 be	

important	to	validate	these	results,	firstly	in	the	core	biopsy	samples	from	a	larger	

clinically	 annotated	 group	 of	 men	 treated	 with	 docetaxel	 and	 cabazitaxel	 before	

considering	a	prospective	study.	As	previously	discussed	the	DDRD	assay	has	been	

successfully	 found	 in	 breast	 and	 oesophageal	 cancer	 to	 predict	 response	 to	

platinum	and	anthracycline	based	treatment	251,313.	In	prostate	cancer	historically	a	

number	 of	 small	 studies	 were	 carried	 out	 investigating	 the	 benefit	 of	 platinum	

based	 agents,	 while	 many	 predated	 PSA	 response	 in	 those	 were	 response	 rates	

were	 available	 they	 ranged	 between	 12	 and	 30%	 186.	 Other	 studies	 did	 report	

clinical	stability	and	improvements	in	progression	free	survival	in	small	numbers	of	

patients.	 In	recent	years	clinical	 trials	 in	this	area	have	focused	on	the	addition	of	

carboplatin	to	taxane	based	treatment	in	patients	with	aggressive	variant	prostate	

cancer	 the	 features	 of	 which	 include	 bulky	 disease,	 time	 to	 CR	 of	 less	 than	 six	

months	and	neuroendocrine	differentiation	 193.	Aparicio	and	colleagues	have	now	

explored	the	utility	of	both	docetaxel	and	cabazitaxel	combined	with	carboplatin	in	

these	patients	 and	 found	 improvements	 in	progression	 free	 survival	 compared	 to	

taxanes	alone	193,194.	

	

The	association	between	mutations	 in	DNA	repair	genes	particularly	BRCA1/2	and	

response	 to	 platinum	 agents	 is	 well	 established	 in	 breast	 and	 ovarian	 cancer.	 In	

prostate	cancer	a	few	small	case	series	have	been	carried	out,	Cheng	et	al.	 (2016)	

found	that	biallelic	inactivation	of	BRCA2	in	three	patients	lead	to	both	exceptional	

PSA	 and	 radiographic	 response	 to	 carboplatin	 in	 addition	 to	 docetaxel192.	 An	

institutional	study	of	141	men	incorporating	8	with	germline	BRCA2	mutations	also	

found	 that	 they	 exhibited	 enhanced	 rates	 of	 PSA	 response	 compared	 to	 non-

carriers	 again	 to	 docetaxel	 and	 carboplatin	 379.	 Based	 on	 this	 evidence	 and	 the	

results	in	the	preclinical	cell	line	models,	which	also	suggested	that	loss	of	BRCA1/2	

and	 ATM	 were	 associated	 with	 increased	 response	 to	 cisplatin	 and	 olaparib,	 a	

proposed	clinical	 trial	which	was	developed,	as	outlined	below	 (Figure	4.14).	 	The	
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aim	of	which	is	to	validate	DDRD	as	a	predictive	biomarker	for	lack	of	response	to	

taxane	based	treatment	and	enhanced	response	to	platinum	treatment.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

This	will	be	a	randomised	control	trial	(RCT)	using	a	stratified	by	status	design	where	

patients	who	meet	the	eligibility	criteria	are	accepted	providing	they	have	sufficient	

harvestable	 tumour	 tissue	 available.	 So	 that	 initial	 recruitment	 is	 not	 slowed	 by	

issues	with	tissue	analysis	the	first	fifty	patients	will	be	randomised	on	a	one	to	one	

basis	 to	 receive	 either	 cabazitaxel	 single	 agent	 or	 in	 conjunction	with	 carboplatin	

and	when	 their	DDRD	status	 is	available	 retrospectively	allocated	 to	either	group.	

Eligible	for	trial	entry.	Screening	period	28	days:	
CTCAP	and	Bone	scan.	Baseline	PSA.	Consent	for	
retrieval	of	stored	biopsies	and	repeat	biopsy	

RNA	extracted	from	tissue	and	microarray	
profiled	for	DDRD	

DDRD	Positive	 DDRD	Negative	

Randomise	1:1	 Randomise	1:1	

Carboplatin	
AUC4	+	
Cabazitaxel	
20mg/m2	

Carboplatin	
AUC4	+	
Cabazitaxel	
20mg/m2	

	
Cabazitaxel	
20mg/m2	

	
Cabazitaxel	
20mg/m2	

Figure	4.14	Outline	of	prospective	clinical	trial	for	DDRD	in	prostate	cancer	
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All	patients	included	in	this	trial	will	have	a	diagnosis	of	metastatic	prostate	cancer	

and	have	 received	prior	docetaxel.	 The	decision	was	made	 to	make	 this	a	 second	

line	 therapy	 because	 currently	 there	 is	 compelling	 evidence	 from	 CHARRTED	 and	

STAMPEDE	showing	an	average	 increase	 in	overall	survival	of	10	and	13.6	months	

respectively	 for	 docetaxel	 in	 the	 first	 line	 setting	 74,75.	 The	 combination	 of	

cabazitaxel	 and	 carboplatin	 was	 chosen	 because,	 cabazitaxel	 has	 been	 shown	 to	

have	activity	in	mCRPC	in	both	the	TROPIC	and	FIRSTANA	TRIALS	and	at	the	time	of	

trial	 development	 was	 not	 funded	 for	 use	 in	 the	 UK	 83,380.	 The	 combination	 of	

cabazitaxel	 25mg/m2	 and	 carboplatin	 AUC4	 	 	 was	 explored	 in	 a	 phase	 II	 trial	 by	

Aparicio	 et	 al.	 (2016)	 and	 from	 the	 results	 this	 combination	 was	 identified	 as	 a	

tolerable	regime	with	activity	 in	mCRPC	194.	However,	this	trial	will	use	cabazitaxel	

at	20mg/m2	as	this	has	been	shown	in	the	PROSELICA	trial	to	have	the	same	efficacy	

but	 a	20%	 reduction	 in	 grade	3	and	4	 side	effects	 381.	 	 Like	with	many	biomarker	

lead	 trials	 one	 of	 the	 difficulties	which	 is	 likely	 to	 be	 encountered	 is	 that	 a	 large	

number	of	patients	may	need	to	be	recruited	to	try	and	obtain	a	sufficient	number	

of	DDRD	positive	patients.	From	initial	power	calculations	assuming	a	maximum	of	

30%	of	patients	to	be	DDRD	positive	and	assuming	a	0.05	significance	level	and	an	

80%	power,	178	DDRD	positive	patients	and	356	DDRD	negative	patients	will	have	

to	be	recruited	to	validate	the	biomarker.	Therefore	it	has	been	outlined	in	the	trial	

protocol	 that	 once	 a	 sufficient	 number	 of	 DDRD	 negative	 patients	 have	 been	

recruited,	patients	will	be	screened	until	we	recruit	the	required	number	of	DDRD	

positive	patients.	For	the	full	trial	protocol	see	Appendix	(E).	

	

Apart	from	sensitivity	to	DNA	damaging	agents	in	the	preclinical	work	discussed	in	

chapter	three	there	is	a	suggestion	that	the	DDRD	assay	could	also	be	utilised	as	a	

biomarker	 for	 both	 PARP	 inhibitors.	 As	 the	 TOPARP	 trial	 has	 recently	 reported	

responses	to	olaparib	in	patients	with	mCRPC	a	trial	similar	to	the	one	above	could	

be	developed	to	look	at	DDRD	in	this	regard	222.	

4.3.6	Conclusions	

This	data	indicates	that	the	DDRD	assay	has	potential	as	a	predictive	biomarker	for	

lack	 of	 response	 to	 taxane	 based	 therapy	 in	 prostate	 cancer.	 Unlike	 CTCs	 and	
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microRNA	based	assays	it	does	not	mandate	extra	clinical	procedures	for	patients	or	

require	patients	to	be	exposed	to	potentially	toxic	treatment,	as	it	can	successfully	

be	determined	from	diagnostic	core	biopsies.	Uniquely,	DDRD	also	has	the	potential	

to	 have	 dual	 functionality	 identifying	 patients	 unlikely	 respond	 to	 docetaxel	 but	

who	would	benefit	from	DNA	damaging	agents	like	platinums	and	PARP	inhibitors.	

The	utility	 of	DDRD	 is	 limited	 to	 cytotoxic	 therapies,	 as	 no	 association	was	 found	

with	time	to	CR	or	response	to	second	line	hormonal	treatment.	This	is	in	line	with	

other	 studies	 looking	a	DNA	 repair	 genes	 in	prostate	 cancer.	Raised	ALP	and	 LDH	

prior	 to	 commencement	 of	 docetaxel	 were	 also	 found	 to	 be	 poor	 prognostic	

markers	in	this	patient	cohort.		

	

In	 summary	 this	 supports	 the	 preclinical	work,	which	 suggested	 that	 loss	 of	 DNA	

repair	genes	leads	to	lack	of	response	to	docetaxel.	Further	work	however	in	larger	

patient	cohorts	 treated	with	docetaxel,	cabazitaxel	and	 if	possible	platinum	based	

therapy	 is	 required	 before	 a	 prospective	 trial	 can	 be	 preformed.	 A	 potential	

biomarker	 stratified	 trial	 is	 outlined	 which	 will	 assess	 if	 DDRD	 positive	 patients	

respond	to	taxanes	and	also	if	they	benefit	from	the	addition	of	platinum	to	taxane	

based	therapy.		
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Chapter	5:	Identification	of	novel	genes	involved	
in	DNA	Damage	repair	
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5.1	Introduction	
	
	
It	 is	 well	 recognised	 that	 loss	 of	 HR	 related	 genes	 and	 in	 particular	 BRCA1/2,	 is	

associated	 with	 increased	 sensitivity	 to	 PARP	 and	 platinum	 agents	 203,	 349,382,383.	

However,	 as	 clinical	 trials	 have	 become	 more	 biomarker	 focused	 it	 has	 become	

apparent	that	there	are	a	subset	of	patients	without	mutations	or	loss	of	BRCA1/2	

who	attain	sustained	responses	to	these	agents.	The	term	BRCAness	has	emerged	

to	describe	these	tumours,	with	the	molecular	features	of	BRCA	deficiency	without	

mutations	 or	 loss	 of	 BRCA1/2,	 which	 infer	 susceptibility	 to	 DNA	 damaging	

chemotherapeutic	 agents	 and	 PARP	 inhibitors	 213181,352.	 The	 significance	 of	

BRCAness	to	patients	with	prostate	cancer	has	been	under	reported,	as	most	of	the	

research	is	from	studies	in	breast	and	ovarian	cancer.	However	as	demonstrated	in	

chapter	3,	 loss	of	DDR	genes	 in	metastatic	prostate	cell	 line	models	enhances	 the	

expression	of	key	signature	DDRD	chemokines	increasing	sensitivity	to	platinum	and	

PARP	inhibitors	with	lack	of	response	to	docetaxel.	Furthermore,	a	pilot	study	using	

FFPE	 biopsies	 from	 men	 with	 de	 novo	 metastatic	 prostate	 cancer,	 found	 that	

patients	 with	 DDRD	 positive	 tumours	 had	 a	 poorer	 overall	 survival	 when	 post	

treatment	with	docetaxel	chemotherapy	(Figure	4.11a).	

	

Considering	 the	 link	 between	 loss	 of	 specific	 DNA	 repair	 mechanisms	 (HR)	 and	

increased	expression	of	the	DDRD	signature	chemokines,	 it	was	hypothesised	that	

the	 DDRD	 assay	 could	 be	 used	 to	 identify	 tumours	 with	 similar	 features	 of	

BRCAness.	 To	 do	 this	 a	 TCGA	 cohort	 was	 used	 to	 identify	 genes	 that	 were	

lost/mutated	 within	 the	 DDRD	 positive	 group	 in	 prostate	 cancer.	 Additionally	 in-

vitro	 cell	 line	models	were	 used	 to	 examine	 the	 significance	 of	 these	 genes	with	

regard	to	the	phenotypes	related	to	DDRD.	
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5.2	Results	

5.2.1	Screen	of	Candidate	genes	in	DU145	cells	

	
To	 investigate	 which	 DNA	 repair	 related	 genes	 were	 associated	 with	 the	 DDRD	

subgroup	in	prostate	cancer	publically	available	TCGA	data	from	Robinson	et	al.	was	

used.	At	the	time	this	was	the	largest	prospective	whole	exome	and	transcriptome	

sequencing	study	in	prostate	cancer,	 incorporating	150	tumour	samples	from	men	

with	mCRPC	 168.	TCGA	allows	 the	analysis	of	gene	expression	data	 in	combination	

with	other	genomic	data,	 such	as	DNA	mutation	analysis.	 This	was	 carried	out	by	

the	bio	infortmatics	team	at	Almac	diagnostics	used	2D	hierarchical	clustering	of	the	

microarray	 gene	 expression	 data	 to	 identify	 the	 DDRD	 subgroup	 in	 the	 TCGA	

prostate	 dataset,	 Figure	 5.1a	 Mutational	 data	 was	 then	 examined	 to	 investigate	

differences	in	gene	mutations	in	between	the	DDRD	positive	and	the	DDRD	negative	

groups.	From	this	 they	generated	a	 list	of	19	genes,	 including	as	expected	BRCA1,	

BRCA2	 and	 ATM	were	 significantly	 mutated	 in	 the	 DDRD	 positive	 group.	 A	 table	

listing	the	genes	with	a	brief	description	of	their	function	is	shown	in	Figure5.1b.		

	

To	 explore	 the	 list	 of	 candidate	 genes	 provided	 by	 ALmac	 Diagnostics	 an	 siRNA	

mediated	 screen	 was	 carried	 out	 to	 explore	 if	 knockdown	 of	 genes	 of	 interest	

upregulated	 the	 ligands	 associated	 with	 DDRD.	 While	 both	 DU145	 and	 PC3	 are	

representative	 of	 castrate	 resistant	 prostate	 cancer,	 cell	 line	 profiling	 provided	

again	by	ALMAC	diagnostics	showed	that	while	PC3	were	a	DDRD	positive	cell	 line	

DU145	 were	 DDRD	 negative	 Figure	 5.1c.	 Therefore	 DU145	 cells	 were	 reverse	

transfected	with	siRNA	targeting	each	of	these	novel	genes,	with	BRCA1,	BRCA2	and	

ATM	were	included	as	positive	controls	252.	Real	time	qPCR	was	used	to	investigate	

whether	 knockdown	of	 the	 candidate	 genes	 had	 any	 effect	 on	 CXCL10,	 CCL5	 and	

CD274	 gene	 expression.	 These	 demonstrated	 differential	 gene	 expression	 of	

CXCL10,	 CCL5	 and	 CD274,	 Figure	 5.2	 a-d	 compared	 to	 the	 non-targeting	 control	

(AS).	In	total	13	genes	were	selected	for	further	investigation	based	on	a	minimum	
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of	 a	 two	 fold	 increase	 in	 gene	 expression,	 for	 at	 least	 two	 of	 the	 three	 genes	

examined	(CXCL10,	CCL5	and	CD274)	Figure	5.3.		

	

In	order	to	try	and	assess	the	significance	of	the	13	remaining	candidate	genes,	an	

analysis	of	a	number	of,	publically	available	datasets	from	www.cbioportal.com	was	

performed.	 Studies	 in	 the	 analysis	 are	 shown	 in	 Figure5.4a	 55,	 168,	 170,384–389.	

Frequency	data	of	each	gene	mutation	and	their	concurrence	with	other	DDR	genes	

(in	 particular	 BRCA1,	 BRCA2	 and	 ATM)	 in	 prostate	 adenocarcinoma	was	 collated.	

Both	TUSC3	and	PCM1	were	found	to	be	mutated	in	only	0.1%	of	prostate	cancers	

and	 hence	 they	 were	 excluded	 from	 further	 analysis	 384,390.	 The	 prevalence	 of	

mutations	 in	 MUC16	 (10%),	 SPOP	 (10%),	 TTN	 (10%)	 and	 ERG3	 (6%)	 were	 much	

higher	across	the	prostate	studies.	However	mutations	in	these	genes	occurred	with	

mutations	 in	BRCA2,	 and	 in	 the	 case	of	 SPOP	BRCA2	and	ATM	 384,390.	 This	was	of	

concern	 because	 their	 association	 with	 DDRD	 positive	 group	 may	 have	 been	

attributable	 to	 the	 coexisting	 DNA	 repair	 mutation.	 	 Once	 this	 analysis	 was	

complete	only	MED12	and	NKX3-1	with	mutation	rates	of	2.5%	and	6%	respectively	

in	prostate	adenocarcinomas	were	 left.	NKX3.1,	had	already	been	associated	with	

DNA	 damage	 repair	 in	 prostate	 cancer	 as	 Bowen	 et	 al.	 (2013)	 established	 that	 it	

interacts	and	upregulates	ATM	function	 391.	 	 	 Therefore	MED12	was	 selected	as	a	

novel	gene	of	interest.	

	

A	 summary	 of	 the	 data	 available	 from	 cBioPortal	 (Figure	 5.4b	 and	 Figure	 5.5)	

demonstrates	 that	MED12	mutation	 is	 also	 common	 in	many	 other	 tumour	 sites	

including	 uterine	 leiomyomas,	 NSCLC	 and	 colon	 cancer	 Figure	 5.4b.	 Of	 the	 8	

prostate	 cancer	 studies	 available	 for	 analysis	 in	 cBioPortal	 mutations	 in	 MED12	

were	 found	 in	 6	with	 rates	 ranging	 from	 1.25-5%	 of	 samples,	 Figure	 5.5a	 and	 b.	

Mutations	in	MED12	were	found	only	in	prostatic	adenocarcinomas	Figure	5.5b	and	

there	 were	 no	 cancers	 where	 mutations	 in	 MED12	 were	 identified	 along	 with	

mutations	in		BRCA1,	BRCA2	or	ATM	Figure	5.5c	384,390.	
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	 DDRD	
Positive 

Figure	5.1a.	Analysis	of	TCGA	data	set	and	isolation	of	genes	mutated	in	the	DDRD	positive	
subgroup 
	a.) Heat map illustrating results of 2D hierarchical clustering of TCGA prostrate dataset. 
 

	



	 162	

	

	

	 	 	 	 	 	 	 	

	

Figure	5.1b.	Analysis	of	TCGA	data	set	and	isolation	of	genes	mutated	in	the	DDRD	positive	
subgroup 
	b.) Candidate genes provided by Almac Diagnostics’ analysis. Table shows gene name 
and function 
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Figure	5.1c.	Graph	illustrating	Almac	profiling	of	breast	and	prostate	cell	lines	for	DDRD	status. 
	 

DDRD	Negative	
	
DDRD	Positive	
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Figure	5.2	Screen	of	Candidate	genes	in	DU145	cells	looking	for	up	regulation	of	DDRD	
associated	ligands. 
	 

a) qPCR	showing	up	regulation	of	CCL5	72hours	post	siRNA	mediated	depletion	of	
candidate	genes	

b) qPCR	showing	up	regulation	of	CD274	72hours	post	siRNA	mediated	depletion	of	
candidate	genes	

c) qPCR	showing	up	regulation	of	CXCL10	72hrs	post	siRNA	mediated	depletion	of	
candidate	genes	

d) qPCR	showing	up	regulation	of	CXCL10	72hours	post	siRNA	mediated	depletion	
of	candidate	genes	minus	IRF8	n=1	
	 

a.) b.) 

c.) d.) 
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Figure	5.3	Table	illustrating	fold	change	in	mRNA	expression	for	candidate	genes	in	which	
siRNA	depletion	led	to	up	regulation	of	two	or	more	DDRD	associated	ligands.	With	a	2	
fold	increase	in	at	least	2	ligands	being	identified	as	genes	of	interest,	
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(a.) 

(b.) 

Figure	5.4	cBioPortal	data	MED12	mutation	across	cancer	types	
and	in	prostate	cancer	
 

a. Breakdown	of	papers	and	tumour	samples	included	in	
cbioportal	analysis.	

b. MED12	mutation	frequency	across	cancer	types	
		 
	

(a.) 
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Gene	A	 Gene	B	 Neither	 A	not	B	 B	not	A	 Both	 Log	odds	
Ratio	

p-value	 Tendency	

ATM	 BRCA2	 2501	 78	 53	 7	 1.443	 0.003	 Co-currence	
ATM	 BRCA1	 2544	 83	 10	 2	 1.813	 0.055	 Co-currence	
ATM	 MED12	 2500	 85	 54	 0	 <-3	 0.168	 Mutual	

Exclusivity	
BRCA2	 MED12	 2525	 60	 54	 0	 <-3	 0.285	 Mutual	

Exclusivity	
BRCA1	 BRCA2	 2567	 12	 60	 0	 <-3	 0.758	 Mutual	

Exclusivity	
BRCA1	 MED12	 2573	 12	 54	 0	 <-3	 0.780	 Mutual	

Exclusivity	

Figure	5.5	cBioPortal	data	MED12	mutation	across	cancer	types	and	in	prostate	cancer	
 

a. MED12	mutation	across	prostate	cancer	studies	
b. MED12	mutations	only	occurs	in	prostate	adenocarcinoma	
c. Table	illustrating	MED12	mutations	are	mutually	exclusive	

			 

(a.) (b.) 

(c.) 
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5.2.2	siRNA	mediated	depletion	of	MED12	leads	to	upregulation	of	

DDRD	associated	chemokines.	

	
To	 confirm	 if	 depletion	 of	 MED12	 led	 to	 upregulation	 of	 DDRD	 associated	

chemokines,	DU145	 cells	were	 transfected	with	 2	 siRNA	 targeting	MED12.	 Firstly,	

real	 time	 qPCR	was	 carried	 out	 to	 check	 that	 siRNA	 successfully	 silenced	MED12	

expression,	 Figure	 5.6a.	 The	 effect	 of	 MED12	 depletion	 on	 the	 expression	 of	

CXCL10,	CCL5	and	PDL1	(CD274)	was	examined	by	qPCR.	These	results	validated	the	

observations	 from	 the	 siRNA	 screen	 demonstrating	 a	 consistent	 upregulation	 of	

CCL5	 figure	 5.6b	 and	 PDL1	 (CD274)	 Figure	 5.6d	 expression	 in	 DU145	 cells.	

Interestingly	there	was	no	change	in	CXCL10	expression	following	MED12	depletion	

figure5.6c,	consistent	with	the	siRNA	screen.	
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(c.) (d.) 

Figure	5.5	Depletion	of	MED12	in	DU145	cells	leads	to	up	regulation	of	DDRD	
associated	ligands. 
	A)	qPCR	measurement	of		MED12		mRNA	expression	72	hours	following	knockdown	of	MED12,		
siRNAs	(a	&	b)	compared	to	control	siRNA	(AS). 
B-D)	qPCR	measurement	of	DDRD	associated	Ligands	CCL5,	CXCL10	and	PDL1	(CD274)	mRNA	
expression	following	knockdown	of	MED12,	siRNAs	(a	&	b)	compared	to	control	siRNA	(AS).	Data	
are	represented	as	mean	±	SEM.	n=3	 
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5.2.3	Depletion	of	MED12	does	not	affect	response	to	cisplatin,	
olaparib	and	docetaxel.	
	
	To	 evaluate	 the	 effect	 of	 MED12	 depletion	 on	 cell	 line	 sensitivity	 to	 olaparib,	

cisplatin	 and	 docetaxel,	 DU145	 cells	 were	 reverse	 transfected	 with	 the	 siRNA	

targeting	MED12	 and	 sensitivity	 to	 each	 drug	was	 evaluated	 by	 colony	 formation	

assay.	 Depletion	 of	 MED12	 was	 confirmed	 again	 by	 qPCR	 Figure	 5.6a.	 Following	

treatment	 there	 was	 no	 observed	 difference	 in	 colony	 formation	 between	 cells	

transfected	 with	 the	 all	 stars	 non	 targeting	 control	 and	 MED12	 depleted	 cells	

treated	with	 docetaxel,	 Figure	 5.7a,	 cisplatin,	 Figure	 5.7b	 or	 olaparib	 Figure	 5.7c.	

Taken	 together	 this	 suggests	 that	MED12	 depletion	 does	 not	 affect	 sensitivity	 to	

DNA	damaging	agents,	PARP	inhibitors	and	anti	microtubule	agents	like	taxanes.	

	

To	 confirm	 these	 observations	 PC3	 cells	 were	 reverse	 transfected	 with	 2	 siRNA	

targeting	MED12	and	sensitivity	towards	cisplatin	and	docetaxel	was	evaluated	by	

3D	 agar	 colony	 formation	 assay.	 Depletion	 of	MED12	was	 confirmed	 by	 western	

blot,	 Figure	 5.8a.	 Following	 treatment	 with	 docetaxel	 there	 was	 significantly	

increased	colony	formation	at	the	2.5nm	and	1.5nm	dose	for	the	MED12	(B)	siRNA	

and	a	trend	towards	significance	at	the	2.5nm	in	cells	which	had	been	transfected	

with	the	MED12	(A)	siRNA	when	compared	to	the	All	Stars	negative	non	targeting	

control,	 Figure	 5.8b.	When	 cells	 transfected	with	MED12	 (A)	 siRNA	were	 treated	

with	cisplatin	while	there	was	no	significant	decrease	in	colony	formation.	However	

cells	 transfected	 with	 MED12	 (B)	 was	 associated	 with	 a	 significant	 decrease	 in	

colony	 formations	 at	 all	 dose	 levels	 of	 cisplatin,	 Figure5.8c.	 This	 suggests	 that	

depletion	of	MED12	has	no	effect	on	response	to	docetaxel.	With	cisplatin	there	is	

some	 evidence	 of	 increased	 sensitivity	 with	 one	 of	 the	 siRNA	MED12	 (B),	 Figure	

5.8c.	Given	there	was	a	difference	between	the	two	siRNA	this	is	not	a	robust	result	

and	 needs	 investigated	 further	 in	 a	 PC3	 isogenic	 cell	 line	 model	 with	 stable	

knockdown	of	MED12.	
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Figure	5.7	Depletion	of	MED12	in	DU145	cells	does	not	sensitivity	to	Cisplatin,	
Olaparib	or	Docetaxel. 
	Survival	curves	for	DU145	cells	treated	with	2	independent	siRNA	BRCA1	A	and	B	
compared	to	non	targeting	control	(AS)	in	response	to	treatment	with	docetaxel	
(a),	cisplatin	(b)	and	olaparib	(c)	for	10	days.		Table	of	IC50	values	is	shown	in	d.	
Data	are	represented	as	mean	±	SEM	of	n=3. 
	 

(b.) (a.) 

(c.) (d.) 
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Figure	5.8	Depletion	of	MED12	in	PC3	cells	does	not	increase	sensitivity	to	
Cisplatin	or	Docetaxel. 
	PC3	cells	treated	with	2	independent	siRNA	MED12	A	and	B	compared	to	non-
targeting	control	(AS),	knockdown	was	confirmed	by	western	blot	72hrs	post	
transfection	(a.).	Response	to	21	days	treatment	with	docetaxel	(b),	cisplatin	
(c)	in	3D	clonogenics.	Values	with	increasing	dosages	of	treatment	compared	
to	DMSO	control.	Unpaired	t	tests	carried	out	to	compare	differences	
between	each	MED122	siRNA	and	non	targeting	control.		Data	are	
represented	as	mean	±	SEM	of	n=2. 
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5.2.4	Depletion	of	MED12	leads	to	increased	formation	of	γH2AX	foci	

in	DU145	and	PC3	cells.	

	
In	 order	 to	 maintain	 genomic	 stability	 and	 prolong	 tumour	 cell	 survival,	 it	 is	

essential	to	ensure	the	efficient	repair	of	DNA	double	stranded	breaks	(DSBs).	DNA	

DSBs,	 resulting	 from	 endogenous	 or	 exogenous	 damage,	 results	 in	 DNA	 histone	

H2AX	becoming	phosphorylated	by	P13-K	like	kinases	including	ATR,	ATM	and	DNA-

PKc’s.	 143.	 Phosphorylated-H2AX	 (γH2AX	 ser1981)	 molecules	 surround	 each	 DSB	

opening	 the	 chromatin	 and	 recruiting	 other	 proteins	 essential	 for	 DNA	 repair.	

γH2AX	foci	act	as	markers	of	DSB’s	and	are	stimulated	by	radiation,	chemotherapies	

and	loss	of	genes	involved	in	DNA	damage	repair	such	as	BRCA1	392–395	.	To	explore	

if	 depletion	 of	MED12	 increased	H2AX	 foci	 formation,	DU145	 and	 PC3	 cells	were	

seeded	 onto	 coverslips	 and	 reverse	 transfected	with	 siRNA	 targeting	MED12	 and	

BRCA1.	As	a	further	positive	control	for	DNA	DSBs,	γH2AX	foci	formation	cells	were	

also	evaluated	following	cisplatin	treatment.	Verification	of	depletion	of	MED12	by	

siRNA	was	determined	by	qPCR	 for	DU145	 cells	 Figure	5.6a	 and	Western	blot	 for	

PC3	cells,	Figure	5.8a	

	

As	 expected	 there	 was	 a	 significant	 increase	 in	 γH2AX	 foci	 formation	 following	

exogenous	 damage	with	 cisplatin	 and	 endogenous	 damage	 represented	 by	 siRNA	

depletion	 of	 BRCA1	 in	 DU145	 (p=0.0003)	 (Figure	 5.9)	 and	 in	 PC3	 cells	 (p=0.003)	

Figure	5.10.	Interestingly,	depletion	of	MED12	in	DU145	cells	also	led	to	a	significant	

increase	 in	 γH2AX	 formation,	 MED12	 (A)	 (p=0.0002)	 and	 MED12	 (B)	 (p=0.0003)	

(Figure	 5.9).	 This	 observation	 was	 also	 confirmed	 in	 PC3	 cells,	 with	 significant	

increases	 in	 γH2AX	 foci	 formation	with	 depletion	 of	MED12,	MED12(A)	 (p=0.008)	

and	MED12(B)	(p=0.0006),	Figure	5.10.	Taken	together,	this	suggests	that	depletion	

of	 MED12	 leads	 to	 an	 increased	 number	 of	 DSB’s,	 suggesting	 MED12	 may	 be	

important	in	DNA	repair.	

	



	 174	

	
	

DAPI γH2AX OVERLAY 

AS
 

AS
	+
0.
5	
um

	 
Ci
sp
la
tin

 
M
ED

12
	(A

) 
M
ED

12
	(B

) 
BR

CA
1	
(A
) 

siR
N
A 

AS

AS+ 
0.5

 µ
m

 C
isp

lat
in

MED12
 (A

)

MED12
 (B

)

BRCA1(
A)

0

20

40

60

80

100

siRNA

%
ce

lls
 >

5 
fo

ci
 in

 1
00

 c
el

ls AS

AS+ 0.5 µm Cisplatin

MED12 (A)

MED12 (B)

BRCA1(A)

**
*** *** ***

Figure	5.9	Loss	of	MED12	leads	to	increased	γH2AX	foci	in	DU145	cells	 
a) Panel	illustrating	increased	γH2AX	foci	formation	72hrs	post	siRNA	

mediated	loss	of	MED12	and	BRCA1	in	DU145	cells.	
b) Graph	illustrates	significant	increase	in	γH2AX	foci	with	loss	of	MED12	in	

DU145	cells.		
	 

(b.) 

(a.) 
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Figure	5.10	Loss	of	MED12	leads	to	increased	γH2AX	foci	in	PC3	cells	 
	 

A. This	panel	of	images	shows	increased	γH2AX	foci	formation	with	siRNA	mediated	
loss	of	MED12	and	BRCA1	in	PC3	cells	(images	taken	72	hours	post	transfection).	
In	each	slide	a	100	cells	were	counted.	Cells	were	considered	to	be	positive	if	they	
contained	5	or	more	γH2AX	foci.	

B. Graph	illustrates	significant	increase	in	γH2AX	foci	with	loss	of	MED12	when	
compared	to			the	non-targeting	control	(AS).	Data	presented	Mean	+	SEM,	n=3.	

	 
	 

(a.) 

(b.) 
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5.2.5	Depletion	of	MED12	leads	to	increased	formation	of	R	Loops	in	

HeLa’s	

	
R	 loops	 are	 short	 DNA:RNA	 hybrids	 which	 form	 during	 multiple	 cell	 processes	

including	 replication	 and	 transcription	 396.	 Recent	 research	 has	 shown	 that	 the	

accumulation	 of	 R	 Loops	 can	 lead	 to	 genomic	 instability	 and	 in	 yeast	 and	 human	

cells	R	 loops	have	been	 found	 to	 cause	 chromosome	 rearrangement,	DNA	breaks	

and	 recombination	 397,398.	 Depletion	 of	 DNA	 repair	 genes	 BRCA1,	 BRCA2	 and	

FANCD2	 have	 previously	 been	 shown	 to	 increase	 R	 loop	 formation	 in	 cell	 line	

models	399.	To	assess	whether	depletion	of	MED12	was	associated	with	increased	R	

Loop	 formation	 HeLa	 cells	 were	 seeded	 onto	 coverslips	 and	 reverse	 transfected	

with	 siRNA	 targeting	MED12	and	FANCD2.	Coverslips	were	 fixed	and	 stained	with	

the	RNA:DNA	targeting	antibody	S9.6	and	nucleolin.	Image	analysis	of	the	coverslips	

revealed	that	there	was	a	significant	increase	in	S9.6	nuclear	fluorescence	intensity	

with	depletion	of	FANCD2,	confirming	the	experiment	was	successful	400–403,	Figure	

5.11a.	 	 Further	 analysis	 of	 these	 images	 revealed	 a	 significant	 increase	 in	 the	

median	 fluorescence	 intensity	 with	 both	 FANCD2	 and	 both	 MED12	 siRNA	 Figure	

5.11b.	Indicating	that	depletion	of	MED12	leads	to	increased	formation	of	R	loops.	

In	this	 instance	HeLa	cells	were	chosen	to	gain	experience	with	the	assay	protocol	

mainly	because	these	were	the	cells	used	by	Garcia-	Rubio	et	al.	(2015)	in	his	initial	

paper	identifying	increased	R	Loops	formation	with	loss	of	FANCD2403.	Subsequently	

after	my	departure	from	the	lab	these	results	were	confirmed	in	DU145’s	as	shown	

in	Appendix	H.	

	
	
	
	
	
	
	
	
	
	
	
	



	 177	

	

	
	
	
	
	

	
	
	
	
	
	
	
	

	
	

S9
.6

 
S9
.6
+N

uc
le
ol
in

 
M
ER

G
E+

DA
PI

 
N
uc
le
ol
in

 
AS	NCT MED12	(A) MED12	(B) FANCD2 

AS NTC 
N=300 

MED12 (A) 
N=300 

MED12 (B) 
N=300 

FANCD2 
N=300 

si
R
N
A

 

Figure	5.11	Depletion	of	MED12	leads	to	increased	formation	of	R	Loops	in	HeLa	cells	
a) Panel	illustrating	nuclear	S9.6	fluorescence	with	depletion	of	FANCD2	and	

MED12	72hrs	post	siRNA	transfection.	
b) Graph	illustrating	differences	in	mean	fluorescence	intensity	of	S9.6	antibody,	

median	values	are	highlighted	by	the	red	bars.	N=3	
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5.2.6	Depletion	of	MED12	does	not	impact	the	expression	of	kinases	

involved	in	signalling	DNA	damage		

	

In	order	to	 investigate	 if	the	accumulation	of	DNA	damage	caused	by	depletion	of	

MED12	was	due	to	impeded	activation	of	cell	cycle	checkpoint	genes	known	to	be	

required	 to	 signal	 DNA	 damage	 to	 the	 DNA	 repair	 machinery.	 DU145	 cells	 were	

transfected	 with	 2	 and	 3	 siRNA	 targeting	MED12.	 Cells	 were	 treated	 either	 with	

Mitomycin	 C	 (MMC)	 or	 DMSO	 prior	 to	 lysate	 collection.	 Western	 blot	 analysis	

confirmed	 decreased	 expression	 of	 MED12	 post	 transfection.	 As	 expected	

treatment	 with	 MMC	 led	 to	 increased	 mono-ubiquitination	 of	 FANCD2	 and	

phosphorylation	 of	 ATM,	 CHK1	 Serine	 (Ser)	 345,	 Ser	 317,	 Ser	 296	 and	 CHK2	

threonine	(Th)68.	In	the	absence	of	exogenous	damage,	depletion	of	MED12	alone	

did	not	 lead	 to	mono-ubiquitination	of	FANCD2	or	phosphorylation	of	ATM,	CHK2	

Th68,	 or	 CHK1	 Ser345	 and	 Ser317.	 CHK1	 Ser296	 was	 phosphorylated	 by	 loss	 of	

MED12	 in	 two	 of	 three	MED12	 siRNA	 (Figure	 5.12).	 The	 depletion	MED12	 in	 the	

absence	of	exogenous	DNA	damage	also	does	not	affect	the	expression	of	CDCC25A	

or	lead	to	the	phosphorphylation	of	pCDC2	or	pRPA32,	Figure	5.12	and	Figure	5.13.	

Hence	 depletion	 of	 MED12	 itself	 did	 not	 affect	 the	 activation	 of	 DNA	 damage	

signalling	 kinases.	 This	would	 require	 further	 investigation	 in	 an	 isogenic	 cell	 line,	

which	models	MED12	loss/	mutation.	
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Figure	5.12	Depletion	of	MED12	does	not	affect	activation	of	ATM,	FANCD2,	CHK1,	RPA	
	
Panel	of	Western	blots	examining	effect	of	MED12	depletion	on	ATM,	FANCD2	and	CHK1	
with	and	without	MMC	IN	DU145	cells.	Lysates	collected	at	48hrs	post	siRNA	Transfection	
and	6hrs	post	treatment	with	MMC	1μM	or	DMSO.	N=3	
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	Figure	5.13	Depletion	of	MED12	in	DU145	cells	does	not	affect	activation	of	CHK2	
CDC2	or	CDCC25a.	
	
Western	blot	panel	examining	the	effect	of	MED12	depletion	on	CHK2,	CDC2,	
CDCC25a.	Lysates	collected	48hrs	after	siRNA	transfection	and	6hrs	post	treatment	
with	Mitomycin	C	1μM	or	DMSO.		(N=3)	
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5.2.6	Increased	cytoplasmic	DNA	in	DU145	cells	with	depletion	of	

MED12	

	
	Following	the	observation	that	mutation	of	Med12	was	associated	with	the	DDRD	

subgroup	 in	prostate	cancer,	 the	next	step	was	to	 identify	 the	underlying	biology.	

Previous	work	by	Parkes	and	colleagues	(2017)	revealed	that	the	increase	in	CXCL10	

and	CCL5	in	DDRD	cell	line	models	was	facilitated	by	the	CGas/STING	cytosolic	DNA	

sensor	pathway	404.	This	pathway	is	evolutionarily	conserved	to	combat	viral	attack	

of	healthy	cells,	by	sensing	DNA	released	by	viral	capsid,	it	is	promoted	by	tumour	

cells	to	promote	evasion	of	the	 immune	cell	mediated	destruction.	Recent	studies	

have	shown	that	DNA	damage	is	followed	by	translocation	of	nuclear	DNA	into	the	

cytosol	 252,405.	 This	 is	 detected	 by	 cGAS	 (Cylic	 GMP-	 AMP	 synthase)	 and	 triggers	

activation	of	the	STING	pathway	leading	to	an	immune	response	252.			

	

In	order	to	explore	this	DU145	cells	were	reverse	transfected	with	siRNA	targeting	

MED12,	 seeded	 onto	 coverslips	 and	 stained	with	 picogreen.	 Confocal	microscopy	

analysis	revealed	increased	DNA	in	the	cytosol	of	the	cells	with	depletion	of	MED12	

compared	 to	 the	 non	 targeting	 all	 stars	 control.	 	 This	 suggests	 that	MED12	 loss,	

leads	to	 increased	DNA	damage,	 induction	of	cytosolic	DNA	and	suggests	that	this	

may	be	dependent	 on	 activation	of	 an	 immune	 response	 via	 the	 STING	pathway.	

Initially	 to	confirm	this	 result	we	need	to	obtain	n=3	repeats,	while	 the	picogreen	

immunofluroresence	is	difficult	to	measure	quantitatively,	next	steps	to	confirm	the	

presence	of	cytosolic	DNA	would	be	to	immunoblot	for	Histone	H3	(a	DNA	marker)	

found	in	the	cytoplasmic	fraction	of	lysates	collected	72	hours	post	transfection.	
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Figure	5.14	Depletion	of	MED12	leads	to	an	increase	in	cytosolic	DNA		
	
Panel	showing	live	cell	imaging	and	staining	48	hrs	post	siRNA	transfection	of	MED12	
compared	to	AS	non-targeting	control.	N=1 
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5.3	Discussion		
	

5.3.1	Identifying	novel	genes	displaying	a	DDRD/BRCAness	phenotype	

in	prostate	cancer	

	
This	 chapter	 has	 focused	 on	 identifying	 novel	 DDR	 genes,	 which	 contribute	 to	 a	

BRCAness	 phenotype	 in	 prostate	 cancer.	 The	 initial	 analysis	 was	 carried	 out	 by	

Almac	Diagnostics	and	involved	the	use	of	the	publically	available	TCGA	data	from	

Robinson	at	al	 (2015)	 168.	This	was	a	prospective	whole	exome	and	 transcriptome	

sequencing	study,	which	collected	and	analysed	bone	and	soft	tissue	biopsies	from	

150	 men	 with	 mCRPC	 168.	 Using	 2D	 unsupervised	 hierarchical	 clustering	 of	 the	

microarray	gene	expression	data	the	DDRD	subgroup	was	identified.	Mutation	data	

was	 then	examined	 comparing	differences	between	 the	DDRD	positive	and	DDRD	

negative	tumours	and	16	genes	were	identified.		A	siRNA	mediated	screen	was	then	

completed	 assessing	 how	 each	 of	 these	 genes	 affected	 transcription	 of	 DDRD	

associated	chemokines	(CCL5,	CXCL10	and	PD-L1	(CD274)).	A	total	of	13	genes	were	

found	to	upregulate	at	least	two	of	the	DDRD	associated	chemokines,	therefore	in-

silico	 analysis	 using	 cBioPortal	 and	 a	 review	 of	 the	 relevant	 literature	 was	

completed.		From	this	MED12	was	selected	as	a	gene	of	interest	for	further	in-vitro	

evaluation.	 Using	 prostate	 cancer	 cell	 models,	 MED12	 depletion	 was	 shown	 to	

increase	 expression	 of	 key	 signature	 chemokine	 CCL5,	 as	 well	 as	 the	 immune	

checkpoint	 gene	 PD-L1.	 Depletion	 of	 MED12	 has	 also	 been	 associated	 with	 a	

significant	 increase	 in	 DNA	 DSB	 formation	 and	 also	 R-Loop	 formation	 and	 an	

immune	response.	

	

5.3.2	The	Mediator	Complex	and	MED12	

	

MED12	 forms	 part	 of	 the	 CDK8	 module	 of	 the	 mediator	 complex	 a	 large	

conformationally	 flexible	 protein	 complex	 252.	 In	 eukaryotes	 it	 consists	 of	 26	

subunits	 arranged	 into	 a	 head,	 middle,	 tail	 and	 kinase	 or	 CDK8	 module	 406.	 The	

mediator	complex	regulates	transcription	by	RNA	polymerase	II	(Pol	II)	the	enzyme	
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which	transcribes	most	RNA	coding	and	the	majority	of	RNA	non-coding	genes	407–

412.	DNA	bound	 transcription	 factors	bind	 to	 the	mediator	 complex,	which	 in	 turn	

directs	 the	 assembly	 of	 the	 pre	 initiation	 complex	 by	 enabling	 chromatin	

reconfiguration,	the	recruitment	of	proteins	and	Pol	II	to	which	it	binds	406,413.	The	

CDK8	module	is	comprised	of	MED12,	MED13,	Cyclin	C	(CYCC)	and	CDK8,	it	is	able	to	

separate	from	the	main	body	of	the	mediator	complex414.	While	much	is	unknown	

regarding	 its	 activity,	 the	 majority	 of	 evidence	 would	 suggest	 that	 it	 is	 able	 to	

modulate	 the	 relationship	 between	 the	 rest	 of	 the	mediator	 complex	 and	 Pol	 II,	

activating	and	repressing	transcription410,411.	Within	the	CDK8	module	MED12	has	a	

central	structural	role	linking	MED13	to	CYCC-	CDK8,	binding	directly	to	a	groove	in	

CYCC	and	through	this	activating	CDK8.	Mutations	in	MED12/	CC	that	disrupt	their	

binding	site	disrupt	CycC	dependent	kinase	activity	and	uncouple	the	CDK8	module	

from	the	mediator	complex	417.	In	addition	to	this	mechanistic	studies	have	shown	

that	 an	 expanding	 number	 of	 transcriptional	 activators	 target	 the	 individual	

subunits	within	the	mediator	complex	including	MED12.		For	example,	studies	have	

found	 that	 β-cantenin	 and	 Amyloid	 Precursor	 Protein	 (APP),	 Intracellular	 Domain	

(AICD)	 in	particular	require	MED12	mediator	 interface	for	binding	and	that	 loss	of	

MED12	leads	to	impaired	transcription	and	mediator	recruitment	to	DNA	promoter	
410,	412,418.	

	

5.3.3	MED12	and	Developmental	Disorders	

	

Murine	studies	have	reported	that	the	subunits	of	the	CDK8	module	are	critical	for	

development	 as	mutations	 of	MED12,	 CDK8	 and	 CYCC	 loss	 of	 function	mutations	

have	been	associated	with	embryonic	lethality.	Examination	of	MED12	null	embryos	

found	 that	 there	 were	 defects	 in	 heart	 formation,	 neural	 tube	 closure	 and	

somitogenesis	 412,419,420.	While	 in	 zebra	 fish	Wang	et	al.,	 found	 that	MED12	via	 its	

mediation	of	 SOX9	 transcription	and	activation	of	 zash1a	and	 lim1	 is	 required	 for	

the	development	of	monoaminergic	neurons	and	cranial	sensory	ganglia	412,421.		
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In	 humans	 loss	 of	 function	mutations	 in	MED12	 are	 associated	with	 a	 number	 of	

developmental	 syndromes	 characterised	 by	 intellectual	 disabilities	 and	 facial	

abnormalities,	 including	 Opitz-Kaveggia	 Syndrome,	 Lujan	 syndrome	 and	 Ohdo	

syndrome.	 The	 first	 to	 be	 described	 in	 1974	 was	 Opitz	 Kaveggia	 Syndrome,	

identified	 in	 two	 families	 it	 was	 found	 to	 be	 caused	 by	 a	 missense	 mutation	

(c.2881C>T,	p.R961W)	 in	MED12,	which	 is	recessively	X	 linked	and	does	not	affect	

female	carriers422.	Phenotypically	males	affected	have	macrocephaly,	abnormalities	

in	development	of	the	intestinal	tract	ranging	from	constipation	to	an	imperforate	

anus.	 Hypotonia,	 heart	 defects,	 an	 absent	 corpus	 callosum,	 short	 stature	 with	

skeletal	 abnormalities	 including	 broad	 flat	 thumbs	 and	 a	 distinctive	 appearance	

with	a	prominent	forehead,	ocular	hypertelorism	and	small	prominent	ears	are	also	

common.	For	some	the	combination	of	defects	proves	fatal	 in	early	childhood	423–

426
.	 By	 comparison	 Lujan	 syndrome	 which	 has	 been	 associated	 with	 missense	

mutations	 in	 exon	 22	 of	 MED12,	 is	 characterised	 by	 tall	 stature,	 asthenic	 build,	

hyperextensible	 joints	and	maxillary	hypoplasia	 427.	Overlapping	 features	between	

the	 two	 syndromes	 are	 macrocephaly,	 hypotonia,	 intellectual	 impairment	 and	

behavioural	 disturbances428,429.	 Ohdo	 syndrome	 is	 also	 X	 linked	 syndrome	

associated	with	missense	mutations	of	MED12	again	is	characterised	by	intellectual	

disability	 and	 distinctive	 but	 distinctively	 different	 facial	 abnormalities	 including	

blepharimosis427.	 Interestingly	 in	 the	 context	 of	 this	 research,	 Sifthout	 and	

colleagues	in	a	study	of	two	families	with	Ohdo	syndrome	reported	that	an	affected	

family	member	had	died	from	prostate	cancer	at	the	very	young	age	of	twenty	five	
430	.	

5.3.4	MED12	and	cancer		

	

In-silico	 exploration	 using	 cBioPortal	 demonstrated	 that	MED12	 is	mutated	many	

cancer	types	including	NSCLC,	gliomas	and	RCC	384,390.	The	research	first	implicating	

MED12	 as	 having	 a	 role	 in	 tumourgenesis,	 was	 in	 uterine	 leiomyomas	 more	

commonly	known	as	fibroids.	These	benign	tumours	are	present	in	70%	of	women	

over	 45	 years	 and	 cause	 symptoms	 including	 abdominal	 pain,	 menhorragia	 and	

infertility	431.	Makinen	et	al.	(2011)	were	the	first	to	find	that	MED12	was	mutated	
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in	70%	of	225	leiomyomas	using	exome	sequencing	432.	All	mutations	were	localised	

to	exon	2	a	 finding	validated	by	multiple	study	populations	433.	However,	a	recent	

study	of	611	uterine	leiomyomas	also	implicated	mutations	in	exon	1	as	leading	to	

tumourgenesis	 433–435.	 	 It	 is	 believed	 that	 these	 mutations	 contribute	 to	

leiomiogenesis	by	making	 it	 impossible	 for	MED12	to	bind	 to	CYCC-CDK8,	 thereby	

uncoupling	the	CDK8	module	from	the	Mediator	complex	436.	MED12	mutations	in	

exon	2	have	also	been	identified	in	approximately	20%	of	leiomyosarcomas	but	the	

consensus	 of	 opinion	 is	 that	 these	 have	 developed	 from	 a	 leiomyoma	 precursor	

rather	than	MED12	being	a	driver	mutation	437.	

	

Apart	 from	 uterine	 leiomyomas	 mutations	 MED12	 exon	 2	 	 mutations	 have	 also	

been	 identified	 in	 fibroepithelial	 tumours	 of	 the	 breast	 (fibroadenomas	 and	

phyllodes	tumours),	in	chronic	lymphoblastic	leukemia	(CLL)	and	to	a	lesser	degree	

in	0.5%	of	colorectal	tumours	438–441.	Fibroadenomas	though	associated	with	a	two	

fold	 increase	 in	 risk	 of	 development	 of	 breast	 adenocarcinoma	 are	 benign	 like	

uterine	 leiomyomas,	 while	 phyllodes	 tumours	 can	 be	 classified	 as	 benign,	

borderline	 or	 malignant	 438.	 In	 these	 tumours	 again	 the	MED12	mutation	 makes	

binding	 to	 the	CYCC-CDK8	complex	 impossible.	 Interestingly,	upregulation	of	both	

the	 estrogen	 receptor	 and	 TGF-β	 pathways	 have	 also	 been	described	 433,441,442.	 In	

CLL	mutations	in	MED12	occur	with	a	frequency	ranging	from	1.3	to	8.8%.	Limited	

to	 relapsed	 treatment	 refractory	 patients,	 these	mutations	 are	 confined	 to	 exons	

1+2,	and	associated	with	poor	prognostic	markers	ZAP-70	protein	and	unmutated	

IGHV	 412,443.	Again	 in	CLL	 the	evidence	 suggests	 that	MED12	binding	 to	 the	CYCC-

CDK8	is	inhibited,	and	therefore	CDK8	kinase	activity	is	lost.	In	support	of	this	Wu	et	

al.	 (2017)	 reported	 upregulation	 of	 NOTCH	 signalling	 and	 in	 particular	 NOTCH	

intracellular	domain	(NICD)	protein	which	is	degraded	by	the	activity	of	CDK8	440,442.	
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5.3.5	MED12	and	Prostate	Cancer	

	

Barbieri	and	colleagues	 in	2012	using	exome	sequencing	were	 the	 first	 to	 identify	

that	 MED12	 was	 significantly	 mutated	 in	 prostate	 cancer,	 using	 whole	 exome	

sequencing	 they	 identified	 mutations	 in	 4.6%	 (7/152)	 of	 radical	 prostatectomy	

samples	 387.	 All	 mutations	 were	 missense,	 five	 were	 found	 in	 exon	 26	 with	

substitution	 of	 the	 same	 amino	 acid	 L1224F	 444.	 Interestingly,	 the	 mutations	 in	

prostate	 cancer	 are	 located	 close	 to	 those	 for	 known	 developmental	 disorders	

associated	with	MED12.	These	findings	were	supported	by	analysis	of	the	TCGA	and	

Canadian	 Prostate	 Cancer	 Genome	 Network	 prostate	 cancer	 samples	 which	

identified	 four	 L1224F	 mutations	 and	 also	 new	 mutations	 in	 V1223L,	 V1220E,	

E1144Q	 and	 N1845T	 387.	 Contrastingly,	 Stoehr	 and	 colleagues	 failed	 to	 find	 any	

mutations	 of	 MED12	 in	 223	 prostatectomy	 samples	 216.	 However	 this	 may	 be	

explained	by	the	fact	that	they	failed	to	include	any	high	grade	tumours	with	71%	of	

the	samples	analysed	in	this	study	being	Gleason	6	or	7	445.			In	depth	analysis	of	the	

TCGA	 database	 reveals	 that	 MED12	 mutations	 occur	 exclusively	 in	 prostate	

adenocarcinomas.	The	mechanism	by	which	these	mutations	influence	the	function	

of	MED12	 is	currently	unknown,	but	 in-vitro	 studies	have	shown	that	 they	do	not	

inhibit	CDK8	kinase	activity	by	prohibiting	the	binding	of	MED12	to	CCYC-CDK8	445.	

	

5.3.6	Does	MED12	have	a	role	in	DNA	repair?	

	
MED12	was	 chosen	 for	 further	 investigation	 from	 a	 siRNA	 screen	 because	 it	was	

found	to	upregulate	the	top	weighted	and	key	differential	chemokines	 involved	 in	

the	DDRD	signature	like	BRCA1/2	and	ATM,	implying	that	it	maybe	involved	in	DNA	

repair.	To	date	literature	suggesting	that	components	of	the	mediator	complex	are	

involved	in	DNA	damage	repair	has	been	sparse.	A	single	article	has	been	published	

focused	on	MED17	a	subunit	in	the	head	of	the	mediator	complex,	which	has	been	

shown	 to	 interact	 with	 RAD2/XPG	 the	 3’	 endonuclease	 involved	 in	 nucleotide	

excision	 repair	 446.	 	 Initial	 investigations	 in	both	DU145	and	PC3	cells	 suggest	 that	

MED12	may	be	required	for	DNA	repair,	as	siRNA	mediated	depletion	of	MED12	in	
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these	cells	leads	to	a	significant	increase	in	γH2AX	foci	a	marker	of	DSBs.		γH2AX	foci	

are	 accepted	 as	 a	 marker	 of	 DNA	 damage,	 as	 they	 form	 when	 H2AX	 is	

phosphorylated	in	response	to	DSB	formation.	H2AX	is	known	to	be	the	substrate	of	

several	phosphoinositide	3-kinase	related	protein	kinases	(PIKK)	including	ATM,	ATR	

and	DNA-PK447.	As	MED12	and	the	mediator	complex	are	known	to	be	involved	in	

transcription	 via	 Pol	 II,	 firstly	 it	 was	 important	 to	 establish	 if	 loss	 of	 MED12	

impacted	 on	 the	 activation	 of	 common	 checkpoints	 involved	 in	 DNA	 repair.	 The	

effect	of	siRNA	mediated	depletion	of	MED12,	was	assessed	both	with	and	without	

exogenous	DNA	damage	using	MMC.	Depletion	of	Med12	had	no	significant	effect	

on	 activation	 of	 CHK1,	 CHK2,	 ATM,	 CdCC25a	 and	 CDC2,	 indicating	 an	 alternative	

mechanism.		

	
As	 loss	MED12	did	not	 impact	on	protein	activation	of	common	genes	 involved	 in	

DNA	repair,	it	was	postulated	that	as	MED12	is	known	to	interact	with	Pol	II	it	may	

lead	 to	 genomic	 instability	 through	 the	 formation	 of	 R	 Loops.	 R	 Loops	 are	 short	

RNA-DNA	 hybrids	 which	 form	 through	 a	 number	 of	 cellular	 processes	 including	

transcription	 and	 DNA	 replication	 392–395.	 The	 body	 of	 research	 suggests	 that	 R	

Loops	lead	to	genomic	instability	by	the	formation	of	DSBs.	In	support	of	this	recent	

papers	 have	 associated	 loss	 of	 common	DNA	 repair	 genes	 BRCA1/2	 and	 FANCD2	

with	 increased	 R	 Loop	 formation397.	 This	 chapter	 demonstrates	 that	 depletion	 of	

MED12	 significantly	 increases	 formation	 of	 R	 Loops	 in	 HeLa	 cells.	 This	 supports	

research	 in	 yeast	 by	 Wahba	 and	 colleagues	 (2011),	 which	 found	 that	 gross	

chromosomal	 arrangements	 in	 yeast	 artificial	 chromosomes	 occurred	 more	

frequently	 when	 mutants	 were	 defective	 in	 master	 repressors	 of	 transcription	

including	med12Δ,	 med13Δ	 and	 cdk8Δ	 400,402,403.	 Although	 they	 did	 not	 make	 a	

direct	link	between	MED12	and	R	Loop	formation	they	did	report	that	mutation	of	

MED13	led	to	increased	RNA:DNA	hybrid	formation	448.	However	a	follow	up	paper	

by	 the	 same	 author	 found	 that	 mutation	 of	 med12Δ	 did	 lead	 to	 increase	 in	

RNA:DNA	hybrids	 448.	 Interestingly,	 unlike	 the	 other	mutations	 analysed	 including	

leo1Δ,	sin3Δ	kem1Δ	and	rrp6Δ,	RNA:DNA	hybrid	formation	in	yeast	with	a	mutated	

med12Δ	was	not	completely	supressed	by	the	re-introduction	of	rad51Δ	449.	Further	

work	is	required	to	explore	the	relationship	between	MED12,	R	loops	and	genomic	
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instability,	 beginning	with	 creating	 an	 isogenic	metastatic	 prostate	 cell	 line	which	

can	 then	 be	 used	 to	 confirm	 if	 loss	 of	 MED12	 leads	 to	 R	 loop	 formation,	 using	

immunofluorescence	and	DRIP-seq	qPCR.	Then	it	will	be	possible	to	explore	possible	

mechanisms	 by	 which	 MED12	 may	 regulate	 R	 loop	 accumulation.	 Including	

assessing	if	there	is	a	relationship	between	RAD51	and	MED12	in	human	cell	lines,	if	

loss	 of	 MED12	 decreases	 the	 ability	 of	 the	 kinase	 module	 to	 regulate	 the	

transcription	via	Pol	II.	Exploring	also	if	it	is	required	for	the	transcription	of	proteins	

like	SENATAXIN	(SETX)	involved	in	the	resolution	of	R	Loops	449.		

	

5.3.7	How	does	MED12	lead	to	upregulation	of	PDL1	and	CCL5?	

	

As	previously	discussed	siRNA	mediated	depletion	of	MED12	leads	to	upregulation	

of	DDRD	associated	chemokine	CCL5.	Parkes	et	al	2016,	 in	breast	cancer	cell	 lines	

demonstrated	 that	 upregulation	 of	 CXCL10	 the	 top	 weighted	 chemokine	 in	 the	

DDRD	assay	and	CCL5	the	most	differentially	expressed	chemokine	in	DDRD	positive	

tumours,	was	through	activation	of	the	STING/TBK1/IRF3	innate	immune	response	

pathway	 450.	 They	 also	 established	 that	 activation	 of	 the	 pathway	occurs	 through	

the	cytosolic	DNA	sensor	CGas	a	known	potent	activator	of	the	STING	pathway	252.	

Given	 that	 it	 has	been	demonstrated	 that	depletion	of	MED12	 led	 to	 increased	R	

Loop	 formation.	 It	 was	 postulated	 that	 increased	 formation	 of	 RNA:DNA	 hybrids	

there	would	be	an	increase	in	ssDNA	and	therefore	an	increase	in	cytosolic	DNA.	To	

investigate	 this	 picogreen	 staining	 of	 DU145	 cells	 was	 carried	 out	 and	 there	was	

found	to	be	an	 increase	 in	cytosolic	DNA	suggesting	 that	MED12	 loss	may	 lead	to	

activation	of	 the	STING	pathway.	Attempts	were	made	to	establish	 if	 this	was	the	

case	by	using	dual	siRNA	knockdown	of	Sting	and	MED12,	however	the	results	are	

not	 shown	 here	 as	 this	 proved	 very	 toxic	 to	 the	 cells	 and	 the	 results	 were	

inconsistent.	Therefore,	 further	work	 is	 required	to	explore	and	confirm	 if	MED12	

loss	also	upregulates	CCL5	through	the	CGAS-	STING	pathway.	This	would	be	done	

by	 developing	 an	 isogenic	 cell	 line	 with	 loss	 of	 MED12,	 measuring	 CCL5	 and	

characterising	 the	 effect	 of	 siRNA	 depletion	 of	 CGAS	 and	 STING.	 Additionally	 an	
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assessment	of	Histone	(H3)	cytosolic	protein	and	activation	of	other	components	of	

the	pathway	including	IRF3	and	TBK1	may	also	be	preformed.	

	

	5.3.8	siRNA	mediated	knockdown	of	MED12	does	not	sensitise	cells	to	

Cisplatin,	Olaparib	or	Docetaxel	

	
Chapter	 3	 described	 the	 effect	 of	 depleting	 of	 BRCA1,	 BRAC2	 and	 ATM	 using	 an	

siRNA	 approach.	 Depletion	 of	 these	 genes	 increased	 the	 expression	 of	 DDRD	

signature	chemokines	CXCL10,	CCL5	and	CD274	and	sensitised	prostate	cancer	cell	

lines	to	cisplatin	and	olaparib	but	not	docetaxel.		Using	the	same	techniques	it	was	

observed	 that	 depletion	 of	 MED12	 also	 led	 to	 a	 lack	 of	 response	 to	 docetaxel.	

Contrastingly,	however	there	was	no	significant	evidence	of	increased	sensitivity	to	

either	cisplatin	or	olaparib.	While	 further	examination	 in	a	dedicated	 isogenic	cell	

line	model	with	loss	of	MED12	would	be	helpful	to	confirm	this	result.	A	review	of	

current	 literature	however,	 reveals	 there	 is	 evidence	 to	 support	 these	 findings	 as	

MED12	 is	documented	as	having	a	role	 in	chemoresistance.	Huang	and	colleagues	

(2012)	when	exploring	mechanisms	of	resistance	to	tyrosine	kinase	inhibitors	(TKI’s)	

in	NSCLC	in-vitro	found	that	depletion	of	MED12	leads	to	resistance	to	both	ALK	and	

EGFR	inhibitors252.	Additionally	they	found	a	similar	resistance	to	TKI’s	in	melanoma	

and	colo-rectal	cancer	cell	lines,	and	that	NSCLC	cells	with	loss	of	MED12	were	also	

resistant	to	cisplatin	and	5-fluorouracil	(5-FU)	451.	Exploring	the	mechanism	behind	

this	they	discovered	that	depletion	of	MED12	lead	to	upregulation	in	transforming	

growth	 factor	 beta	 (TGFβ)	 signalling	 promoting	 increased	 activation	 of	MEK	 /ERK	

and	consequently	resistance	to	EGFR	and	ALK	inhibitors451.	Similarly	another	study	

in	 breast	 cancer	 cell	 lines	 again	 associated	 loss	 of	 MED12	 with	 resistance	 to	

doxorubicin	and	5-FU.	They	also	found	that	in	264	breast	cancer	patients	receiving	

chemotherapy	 increased	 expression	 of	 MED12	 was	 associated	 with	 improved	

survival	451.			

	

These	results	suggest	that	loss	MED12	is	associated	with	multidrug	resistance,	this	

is	 incongruent	 with	 our	 research	 that	 activation	 of	 the	 DDRD	 signature	 leads	 to	
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increased	 sensitivity	 to	 anthracyclines	 and	 platinum	 based	 chemotherapy.	 Yet	 as	

described	 in	 this	 chapter	MED12	depletion	 led	 to	DNA	damage	with	 formation	of	

DSB’s.	A	review	of	the	literature	has	suggested	this	may	be	due	to	MED12’s	role	in	

TGFβ	signalling	452.	As	previously	discussed	loss	of	MED12	has	been	associated	with	

upregulation	of	TGFβR2.	TGFβ	has	been	found	to	regulate	the	transcription	of	genes	

involved	 in	 DNA	 damage	 repair	 including	 ATM,	 BRCA1,	 CHEK2	 and	 MSH2	 via	 its	

association	 with	 SMAD2/3	 and	 also	 its	 role	 in	 miRNA	 regulation	 451.	 While	 the	

results	shown	here	would	suggest	that	depletion	of	MED12	in	metastatic	prostate	

cell	 lines	does	not	decrease	phosphorylation	of	BRCA1	and	ATM,	 it	may	be	acting	

via	MSH2.	MSH2	is	known	to	be	required	for	the	recognition	of	DNA	adducts	caused	

by	 chemotherapeutic	 agents	 and	 initiates	 signalling	 through	 the	mismatch	 repair	

pathway	which	 results	 in	either	 cell	 cycle	arrest	or	apoptosis.	 For	example	 in	p53	

deficient	breast	cancer	cell	line	MCF10A	elevation	of	TGFβ	lead	to	down	regulation	

of	MSH2	and	resistance	to	DNA	damaging	chemotherapeutic	agents451,453.	

	

To	 investigate	 this	 further	 in	metastatic	prostate	cancer	after	 the	development	of	

an	 isogenic	cell	 line	model	with	 loss	of	MED12,	 it	would	be	 important	to	evaluate	

expression	of	TGFβR1	and	TGFβR2	in	comparison	to	MSH2.	If	there	was	evidence	of	

activation	of	 the	TGFβ	signalling	pathway	correlating	with	decreased	activation	of	

MSH2	expression,	it	would	be	worthwhile	investigating	how	the	addition	of	a	TGFβ	

inhibitor	 impacted	 on	 response	 to	 cisplatin	 using	 2D	 clonogenics.	 Alternatively	

another	 approach	 would	 be	 to	 investigate	 if	 MED12	 has	 a	 role	 in	 response	 to	

immunotherapy	 as	 we	 have	 demonstrated	 that	 depletion	 of	 MED12	 upregulates	

PDL1,	to	achieve	this	we	would	need	to	develop	a	xenograft	model	and	explore	this	

in	mice.	

	

5.3.9	Conclusions	and	future	work	

The	aim	of	this	chapter	was	to	use	a	PCR	based	screen	to	assess	if	upregulation	of	

the	top	chemokines	associated	with	the	DDRD	assay	could	be	used	to	identify	novel	

genes	 involved	 in	 DNA	 damage	 repair.	 	 MED12	 was	 selected	 for	 further	

investigation,	 forming	 part	 of	 the	 CDK8	module	 of	 the	mediator	 complex;	 its	 full	



	 192	

role	 is	unknown.	However	there	 is	evidence	to	suggest	that	 it	 interacts	with	Pol	 II	

activating	and	repressing	transcription.	Much	of	the	research	surrounding	MED12	in	

humans	involves	its	role	in	developmental	disorders,	and	mostly	benign	pathologies	

such	 as	 leiomyomas	 and	 phyllodes	 tumours.	 Recent	 research	 in	 prostate	 cancer	

found	that	MED12	was	mutated	in	5.4%	of	prostate	tumours	with	L1224F	being	the	

most	commonly	identified	mutation,	the	significance	of	which	is	uncertain.		

	

Exploring	depletion	of	MED12	in	prostate	cancer	cells	lines	we	have	established	that	

it	leads	to	increased	formation	of	γH2AX	foci	and	therefore	DSBs,	however	this	was	

not	 through	 inhibition	of	 transcription	of	 the	check	points	 involved	 in	HR.	 Instead	

depletion	of	MED12	leads	to	significantly	increased	formation	of	R	Loops,	RNA:DNA	

hybrids	 which	 can	 form	 during	 transcription.	 The	 mechanism	 by	 which	 MED12	

depletion	leads	to	increased	formation	of	R	Loops	have	yet	to	be	delineated.	Initial	

results	indicate	siRNA	mediated	depletion	of	MED12	leads	to	increased	cytoplasmic	

DNA.	 It	 is	 proposed	 that	 this	 is	 the	 mechanism	 via	 which	 it	 may	 activate	 the	

cytosolic	sensor	CGas	and	in	turn	the	STING/	TBK1/IRF3	pathway	and	the	 immune	

related	 genes	 associated	 with	 DDRD.	 Further	 work	 is	 required	 to	 explore	 this	

further,	firstly	developing	an	isogenic	cell	 line	with	stable	depletion	of	MED12	and	

also	 the	 L1224F	 mutations	 most	 frequently	 identified	 in	 prostate	 cancer.	 Initial	

experiments	in	these	cell	 lines	should	be	focused	confirming	the	results	so	far	and	

evaluating	 if	 the	 known	 mutations	 observed	 in	 prostate	 cancer	 elicit	 the	 same	

phenotype.	 Once	 this	 has	 been	 established	 the	 aim	 will	 be	 to	 establish	 if	 the	

upregulation	 of	 CCL5	 and	 CXCL10	 is	 Sting	 dependent	 as	 described	 previously	 in	

breast	cell	lines.	This	shall	be	achieved	by	using	siRNA	mediated	knock	down	of	the	

different	components	of	the	sting	pathway.	Other	avenues	of	research	will	include	

assessing	how	the	MED12	may	be	influencing	the	formation	of	R	Loops	whether	this	

is	through	its	interactions	with	POLII	or	if	it	is	required	for	proteins	such	as	THO	and	

SETX,	which	are	required	for	resolution	of	R	Loops.	

	

MED12	 in	comparison	 to	 the	other	genes	examined	which	up	 regulate	DDRD,	has	

not	been	associated	with	increased	sensitivity	to	platinum	and	PARP	inhibitors.		This	

is	supported	by	the	body	of	the	evidence,	which	suggests	that	loss	of	MED12	leads	
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to	multidrug	resistance	through	activation	of	the	TGFβ	signally	pathway.	This	needs	

further	 investigation	 in	 isogenic	cell	 lines	establishing	 if	 the	specific	mutations	 like	

L1224F	 associated	with	MED12	 in	 prostate	 cancer	 leads	 to	 a	 lack	 of	 response	 to	

olaparib	 and	platinum	and	 in	 turn	 if	 this	 leads	 to	 up	 regulation	of	 TGFβ	which	 in	

turn	affects	MSH2.	It	is	also	important	to	explore	if	MED12	may	be	activating	DDRD	

because	these	patients	are	more	likely	to	respond	to	drugs	targeting	the	PD1/PDL1-

1	axis.	This	however	will	require	the	development	of	mouse	xenograft	models	with	

depletion	of	MED12.	
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Chapter	6:	Final	Discussion	
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6.1.	Introduction	
	
Each	 year	 in	 the	 UK	 47,300	 men	 are	 diagnosed	 with	 prostate	 cancer	 453,454.	 It	

accounts	for	13%	of	cancer	related	deaths	in	men	and	is	the	second	leading	cause	of	

cancer	related	mortality.	Until	2004	and	the	publication	of	the	TAX327	trial,	which	

found	a	 significant	 improvement	 in	 overall	 survival	 of	 2.4	months	 in	men	 treated	

with	docetaxel,	ADT	was	the	mainstay	of	treatment	for	metastatic	prostate	cancer.		

Over	the	last	decade	there	has	been	a	rapid	expansion	in	the	treatments	available	

including	newer	hormonal	agents	enzalutamide	and	abiraterone,	the	emergence	of	

cabazitaxel	 and	 exploration	 of	 the	 role	 of	 PARP	 inhibitors	 in	 the	 treatment	 of	

mCRPC.	 	 Currently	 there	 are	 no	 predictive	 biomarkers	 available	 to	 help	 guide	

clinicians	 and	 this	 has	 led	 to	 difficulty	 sequencing	 treatments,	 and	 tailoring	

treatment	to	patient	and	tumour	characteristics.	Recent	research	has	indicated	that	

25%	of	men	with	mCRPC	have	mutations	 in	 common	DNA	 repair	 genes	 including	

BRCA1,	BRCA2	and	ATM	42,347.	This	aim	of	 this	 thesis	was	 to	explore	 the	potential	

role	of	the	DDRD	assay	in	guiding	the	treatment	of	advanced	prostate	cancer.		

	

6.2			Biomarkers	in	Cancer	Care	
	

Over	 the	 last	 two	 decades	 with	 the	 development	 of	 high	 throughput	 genomic	

profiling	techniques	and	 increase	 in	the	ability	to	molecularly	characterize	tumour	

tissue,	 there	 has	 been	 recognition	 of	 the	 need	 for	 reliable	 biomarkers	 168,355.	 A	

biomarker	 is	defined	by	 the	World	Health	Organisation	 (WHO)	as	“any	substance,	

structure	or	process	that	can	be	measured	in	the	body	or	it	products	and	influence	

or	 predict	 the	 incidence	 or	 outcome	 of	 disease”	 455.	 It	 has	 been	 recognised	 that	

biomarkers	 in	cancer	care	have	the	potential	 to	be	predictive;	 identifying	patients	

likely	 to	 respond	 therapeutic	 agents,	 or	 prognostic;	 stratifying	 patients	 based	 on	

their	 risk	 of	 disease	 relapse.	 Despite	 biomarkers	 being	 incorporated	 into	 many	

clinical	trials	surprisingly	few	to	date	few	have	made	it	into	routine	clinical	practice.	

Successful	predictive	biomarkers	 currently	 in	use	 include	HER2	 (Human	Epidermal	

Growth	 Factor	 Receptor	 2).	 Initially	 discovered	 in	 breast	 cell	 lines	 HER2	

overexpression	 is	 present	 in	 18-20%	 of	 breast	 cancers	 and	 confers	 sensitivity	 to	
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monoclonal	 antibodies	 trastuzumab	 and	 pertuzumab456.	 Likewise,	 in	 NSCLC,	

mutations	 in	 exons	 18-21	 of	 epidermal	 growth	 factor	 receptor	 (EGFR),	 present	 in	

10%	 of	 adenocarcinomas,	 correlate	 with	 response	 to	 EGFR	 inhibitors	 including	

gefitinib	 and	 afatinib	 456–460.	 Currently	 in	 prostate	 cancer	 the	 only	 FDA	 approved	

biomarker	is	PSA,	which	can	be	used	as	a	screening	tool	to	identify	patients	at	risk	

of	developing	cancer,	and	also	has	a	well	established	are	role	in	identifying	patients	

progressing	after	radical	surgery/radiotherapy	and	as	indicator	of	patient	response	

to	treatments	in	the	metastatic	setting	461–463.			

	

6.2.1	Establishing	the	DDRD	phenotype	in	prostate	cancer	

	

The	 DDRD	 assay	 was	 developed	 to	 identify	 tumours	 with	 loss	 of	 the	 FA/BRCA	

pathway,	 and	 has	 been	 shown	 to	 predict	 response	 to	 cyclophosphamide,	

anthracyclines	 and	 platinum	 salts	 in	 breast,	 ovarian	 and	 oesophageal	 cancer	 131–

133,135.	 It	 is	 comprised	 of	 interferon	 related	 genes,	 of	 which	 CXCL10	 is	 the	 most	

discriminative	gene	by	weight.		In	chapter	three	it	was	established	that	depletion	of	

common	DNA	repair	genes	(BRCA1,	BRCA2	and	ATM)	in	prostate	cancer	in	cell	line	

models	upregulated	 the	expression	of	CXCL10	and	also	CCL5	 the	 top	differentially	

expressed	 chemokine	 in	 DDRD	 positive	 tumours	 250–252,313.	 Furthermore	 it	 was	

demonstrated	 that	 depletion	 of	 BRCA1,	 BRCA2	 and	 to	 a	 lesser	 extent	 ATM,	

increased	sensitivity	to	cisplatin	and	led	to	a	lack	of	response	to	docetaxel.	Loss	of	

these	 DNA	 repair	 genes	 also	 led	 to	 increased	 sensitivity	 to	 the	 PARP	 inhibitor	

olaparib	in	the	in-vitro	models.	These	data	suggest	that	DDRD	positivity	may	have	a	

role	in	guiding	the	use	of	platinum	salts,	docetaxel	and	PARP	inhibitors	in	prostate	

cancer.		

6.2.2	Establishing	DDRD	as	a	potential	biomarker	in	mCRPC	

	
Expanding	 on	 the	 in-vitro	 findings	 a	 small	 retrospective	 feasibility	 study	 was	

designed	 to	 explore	 the	 role	 of	 DDRD	 in	 a	 cohort	 of	 patients	 presenting	with	de	

novo	metastatic	prostate	cancer.	Differing	from	the	prior	studies	in	breast,	ovarian	

and	 oesophageal	 cancer	 which	 demonstrated	 that	 the	 DDRD	 assay	 predicts	
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response	to	DNA	damaging	agents,	 this	study	sought	to	explore	 if	DDRD	positivity	

was	associated	with	a	decreased	response	 to	docetaxel.	 In	 line	with	 the	expected	

prevalence	of	DNA	repair	mutations,	20%	of	patients	were	DDRD	positive	and	these	

patients	 had	 significantly	 poorer	 progression	 free	 and	 overall	 survival	 post	

docetaxel.	 Interestingly,	 this	 work	 also	 indicated	 that	 there	 was	 no	 association	

between	 DDRD	 status	 and	 time	 to	 CR	 or	 response	 to	 newer	 hormonal	 agents	

abiraterone	and	enzalutamide.	

	

6.2.3	Association	between	loss	of	DNA	repair	genes	and	poorer	

response	to	taxane	based	treatment.	

	

The	 association	 between	 loss	 of	 DNA	 repair	 genes	 observed	 here	 and	 lack	 of	

response	 to	 taxanes	 is	 of	 particular	 importance	 in	metastatic	 prostate	 cancer,	 as	

taxane	monotherapy	(with	either	docetaxel	or	cabizitaxel)	 is	currently	the	primary	

chemotherapeutic	strategy	in	use.	This	data	is	supported	in	the	wider	literature,	as	

resistance	to	taxanes	has	been	demonstrated	with	 loss	of	BRCA1	 in-vitro	 in	breast	

cancer	 cell	 lines	 252.	 Sung	 and	 colleagues	 have	 proposed	 that	 loss	 of	 BRCA1	

interferes	with	microtubule	dynamics	making	it	more	difficult	for	paclitaxel	to	bind	

to	them	and	therefore	cause	mitotic	arrest	and	cell	death	179.	In	patient	cohorts	the	

evidence	 has	 been	mixed.	 The	 phase	 III	 triple	 negative	 breast	 cancer	 trial	 (TNT),	

reported	 that	 patients	 with	 advanced	 disease	 and	 germline	 line	 mutations	 of	

BRCA1/2	had	significantly	lower	response	rates	to	docetaxel	than	carboplatin	(33%	

vs.	68%)	180.		Kreige	and	colleagues	compared	the	response	rates	and	PFS	to	taxane	

based	 treatment	 of	 45	 BRCA1/2	mutants	 to	 95	matched	 controls	with	metastatic	

breast	cancer	and	found	that	sensitivity	to	taxanes	was	similar	to	matched	controls	

in	BRCA2	mutants	and	hormone	receptor	positive	BRCA1	tumours	464,465.	However	

triple	 negative	 BRCA1	 mutant	 cancers	 were	 less	 sensitive	 to	 taxane	 treatment,	

suggesting	 a	 possible	 interplay	 between	 hormone	 status	 and	 treatment	 response	
466.		
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Until	 recent	 publications	 highlighted	 that	 a	 significant	 proportion	 of	 men	 with	

mCRPC	 have	 mutations	 in	 genes	 involved	 in	 DNA	 repair	 pathways,	 the	 sparse	

evidence	 available	 suggested	 that	 BRCA	 mutation	 status	 had	 no	 influence	 on	

response	to	taxane	based	therapy	466.	With	increased	focus	on	DNA	repair	genes	in	

prostate	 cancer	 evidence	 has	 emerged	 to	 suggest	 that	 men	 with	 mutations	 in	

BRCA2	in	particular	have	a	poorer	response	to	docetaxel.	In	a	small	study	Nientiedt	

and	 colleagues	 found	 that	 response	 rates	 to	docetaxel	were	 lower	 in	men	with	 a	

BRCA2	mutation	at	 25%	vs.	 71%	 in	BRCA2	wildtype	 178,355.	 The	 recently	published	

PROREPAIR-B	trial	found	that	BRCA2	carriers	only	who	received	first	line	treatment	

with	 taxane	 based	 therapy	 had	 similar	 response	 rates	 but	 a	 significantly	 worse	

cause	specific	survival	(8.6	vs.	18.9	mths)	348.	Much	of	the	available	research	focuses	

solely	on	BRCA1	and	BRCA2,	to	our	knowledge	the	association	between	depletion	of	

ATM	and	lack	of	response	to	taxanes	Is	a	novel	finding.	More	research	is	required	

but	this	suggests	that	there	may	be	a	role	for	the	DDRD	assay	in	identifying	patients	

less	likely	to	respond	to	taxane	monotherapy.	

	

6.2.4	MED12	a	novel	gene	associated	with	DDRD	

	

Over	 the	 last	 two	decades,	 the	 term	BRCAness	has	emerged	 to	describe	 tumours	

which	 in	 the	 absence	 of	 germ	 line	 or	 somatic	 loss	 of	 BRCA1/2,	 display	 features	

typical	of	 loss	of	HR.	To	explore	the	concept	that	DDRD	assay	may	be	a	surrogate	

marker	 for	 BRCAness,	 a	 list	 of	 mutated	 genes	 associated	 with	 DDRD	 positive	

prostate	 adenocarcinomas	 was	 generated	 by	 2D	 hierarchical	 clustering.	 After	

carrying	out	a	screen	to	identify	which	genes	upregulated	key	chemokines	and	PDL1	

associated	with	DDRD,	MED12	was	chosen	for	further	investigation.		

	

Mutated	in	5.4%	of	prostate	cancers,	MED12	forms	part	of	the	kinase	module	of	the	

mediator	 complex,	 which	 is	 involved	 with	 transcription	 via	 Pol	 II.	 	 Depletion	 of	

MED12	in	prostate	cell	lines	leads	to	increased	formation	of	DSBs	and	increase	in	R	

loop	formation.		Early	results	also	show	that	depletion	of	MED12	leads	to	increases	
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in	 cytosolic	 DNA.	 	 Interestingly,	 unlike	 with	 HR	 associated	 genes	 depletion	 of	

MED12	lead	to	a	lack	of	response	to	cisplatin,	olaparib	and	docetaxel.	Further	work	

is	required	in	isogenic	cell	line	models	initially	to	assess	if	MED12	upregulates	CCL5	

and	 PDL1	 via	 the	 cGAS/STING/TBK1/IRF3	 pathway	 and	 explore	 alternate	

mechanisms	by	which	MED12	depletion	leads	to	accumulation	of	DSBs	and	R	Loops.		

		

6.3	Future	directions	and	final	conclusion		

6.3.1.	Expanding	the	role	of	DDRD	in	mCRPC	

	

In	 cancer	 care	 today	 there	 is	 an	 increasing	 focus	 on	 precision	medicine,	 tailoring	

treatment	choices	to	patients’	tumour	characteristics,	aiming	to	improve	response	

rates	 and	 decrease	 unnecessary	 toxicity.	 This	 can	 only	 happen	 if	 biomarkers	 are	

developed	to	guide	physician	choices.	Currently	there	are	no	commercially	available	

biomarkers	for	taxane	resistance.	To	date	a	number	of	small	trials	in	patients	with	

mCRPC	have	suggested	some	potential	candidates	including	AR	nuclear	localisation	

in	 CTCs	 measured	 during	 treatment	 with	 docetaxel,	 TMPRSS2-ERG	 status	 and	

microRNAs,	 in	particular	mir200	 467.	As	described	 in	 this	 thesis	 the	DDRD	assay	 is	

another	 potential	 biomarker	 for	 taxane	 resistance	 in	 mCRPC.	 DDRD	 positive	

tumours	 were	 associated	with	 a	 significantly	 poorer	 progression	 free	 and	 overall	

survival	post	docetaxel.	To	progress	this	work	these	findings	need	to	be	validated	in	

larger	 cohorts	 of	 clinically	 annotated	 tumour	 samples	 from	 patients	 who	 have	

received	docetaxel.		

	

Moving	 forward	 a	 prospective	 biomarker	 enriched	 randomised	 control	 trial	 has	

been	 proposed.	 Using	 DDRD	 status	 to	 stratify	 patients	 to	 receive	 cabazitaxel	

20mg/m2	every	21	days	either	as	a	single	agent	or	in	combination	with	carboplatin	

AUC	4	 (Appendix	E).	 	The	addition	of	carboplatin	 to	cabazitaxel	has	 recently	been	

shown	by	 a	MD	Anderson	based	 group	 in	 a	 phase	 II	 trial	 to	 increase	median	 PFS	

from	 4.5	 to	 7.3	 months	 respectively	 in	 mCRPC,	 however	 increases	 in	 toxicity	

including	fatigue,	anaemia,	neutropenia	were	considerable	156,	371,	375,468.	Given	this	

toxicity,	despite	lowering	the	dose	of	cabazitaxel	from	25	to	20mg/m2,	a	predictive	
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biomarker	such	as	the	DDRD	assay	would	be	useful.	Additionally,	a	prospective	trial	

offers	a	unique	opportunity	 for	 the	controlled	collection	of	both	 tissue	and	blood	

samples.	This	could	enable	us	to	determine	if	DDRD	status	changes	after	successive	

treatments	and	if	 it	 is	possible	to	identify	the	DDRD	biology	from	plasma	samples,	

which	would	 be	 less	 invasive	 for	 patients	 and	 enable	 repeat	 testing.	 If	 successful	

this	 trial	 will	 raise	 larger	 questions	 in	 the	 treatment	 of	 prostate	 cancer,	 such	 as	

should	carboplatin	be	added	to	docetaxel	for	DDRD	positive	patients	with	hormone	

sensitive	disease.	Also	given	that	many	men	with	mCRPC	are	older	is	there	a	cohort	

of	 patients	 who	 should	 receive	 carboplatin,	 instead	 of	 docetaxel,	 which	 is	 more	

toxic?	

	

6.3.2	PARP	inhibition	and	DNA	repair	in	prostate	cancer	

		

Exploiting	 the	 concept	 of	 synthetic	 lethality,	 PARP	 inhibitors	 are	 emerging	 as	 a	

treatment	strategy	in	HR	deficient	tumours	in	ovarian,	breast	and	prostate	cancer.	

Currently	olaparib,	niraparib,	 rucaparib	and	 talazoparib	have	 received	approval	as	

monotherapies	 for	 the	 treatment	 in	 BRCA-	 mutated	 HER2-	 negative	 metastatic	

breast	cancer	and	BRCA	mutated	or	platinum	sensitive	recurrent	ovarian	cancer.	In	

prostate	 cancer	 the	 TOPARP	 part	 A	 phase	 II	 trial	 of	 olaparib	 used	 retrospective	

genomic	 analysis	 to	 establish	 an	 association	 between	 treatment	 response	 and	

mutations	in	DNA	repair	genes	including	BRCA1,	BRCA2	and	ATM	469.	Expanding	on	

this	 TOPARP	B	used	 targeted	 sequencing	 to	 select	men	with	mutations	 in	 the	HR	

associated	genes	 identified	 in	part	A.	The	overall	 response	 rate	 in	 these	men	was	

only	 55%	with	 a	 5.4	month	 PFS.	 Interestingly	 the	 highest	 rates	 of	 response	were	

found	 in	 patients	 with	 BRCA1/BRCA2	 and	 PALB2	 mutations	 355.	 Similarly	 the	

PROfound	phase	 II	 trial,	which	 is	about	 to	be	published	has	 reported	a	 significant	

increase	in	PFS	in	men	with	known	HR	mutations	receiving	second	line	olaparib	vs.	

clinicians	choice	of	abiraterone	or	enzalutamide	206.			

	

As	 is	 evident	 from	 the	 trials	 in	prostate	 cancer	next	 generation	 sequencing	 (NGS)	

techniques	 alone	 cannot	 accurately	 identify	 patients	 likely	 to	 respond	 to	 PARP	
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inhibition.	 	 In	 ovarian	 and	 triple	 negative	 breast	 cancer	 a	 variety	 of	 different	

commercially	 available	 assays	 evaluating	 genomic	 scarring	 (including	 Foundations	

medicines	LOH	test	and	Myriad	genetics	HRD	assay)	have	been	used	alongside	NGS	

techniques	 205.	 The	 outcomes	 have	 been	 variable,	 as	 demonstrated	 in	 the	 NOVA	

trial.	This	evaluated	maintenance	niraparib	in	platinum	sensitive	ovarian	cancer	and	

found	 that	 BRCA1/2	 wild	 type	 patients	 who	 were	 also	 negative	 on	 the	 Myriad	

MyChoice	HR	deficiency	assay	still	had	a	significantly	improved	PFS	with	treatment,	

though	 to	 a	 lesser	 degree	 than	 BRCA	 mutants	 219,	 464,470.	 Another	 limitation	 of	

genomic	 scar	 assays	 is	 that	 the	 result	 does	 not	 change	with	 the	 development	 of	

treatment	resistance,	often	by	the	re-establishment	of	HR	223.		

	

Given	the	limitations	of	the	current	biomarkers	in	use	there	may	be	a	role	for	DDRD	

as	 a	 potential	 biomarker	 for	 PARP	 inhibition.	 This	 is	 supported	 both	 by	 the	

previously	 discussed	 observations	 in	 prostate	 cancer	 in-vitro	 models	 which	

demonstrated	 upregulation	 in	 DDRD	 associated	 chemokines	 alongside	 increased	

sensitivity	 to	 olaparib.	 Further	work	 is	 required	 in	 patient	 samples,	 before	 taking	

this	 observation	 forward	 into	 prospective	 clinical	 trials.	 	 Currently	 little	 is	 known	

regarding	 how	 the	 DDRD	 assay	 gene	 expression	 score	 is	 affected	 by	 acquired	

resistance	to	PARP	inhibitors	and	platinum	agents.	Initially	this	could	be	explored	in-

vitro	 by	 making	 platinum	 and	 PARP	 inhibitor	 resistant	 prostate	 cell	 lines	 and	

assessing	 if	 there	 is	a	decrease	 in	 the	expression	of	CXCL10	and	CCL5.	Ultimately,	

however	 it	would	be	 important	 to	obtain	 tumour	 samples	 from	patient’s	pre	and	

post	 the	 development	 of	 treatment	 resistance	 and	 assess	 if	 the	 DDRD	 status	

changes	to	reflect	the	changing	clinical	situation.	

	

6.3.3	Immunotherapy	and	Prostate	Cancer	

	
	
The	most	significant	development	in	cancer	treatment	in	the	last	ten	years	has	been	

the	emergence	of	immunotherapy	and	in	particular	drugs	targeting	the	PD1/PD-L1	

axis.	 In	 particular	 this	 has	 revolutionised	 the	 treatment	 of	 malignant	 melanoma,	
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RCC	 and	 NSCLC	 471.	 Although	 prostate	 cancers	 are	 inflammatory	 tumours,	 often	

arising	 from	 areas	 of	 acute	 and	 chronic	 inflammation	 262,	 270,	 295,472.	 Initial	 studies	

have	been	disappointing,	in	a	phase	1	trial	of	nivolumab	incorporating	17	men	with	

mCRPC	there	were	no	objective	responses	observed	compared	to	response	rates	of	

28%	in	melanoma	and	27%	in	RCC,	respectively	271.	More	recently	however	a	small	

phase	 II	 study	 of	 nivolumab	 and	 ipilimumab	 in	 mCRPC	 patients	 with	 ARV7	

mutations	 reported	 improved	 progression	 free	 survival	 in	 20%	 296.	 Of	 those	 who	

responded	 patients	 with	mutations	 in	 DNA	 repair	 genes	 had	 a	 significantly	more	

durable	responses.	Increased	response	rates	to	both	PD1	and	PD-L1	inhibitors	have	

also	been	observed	in	malignant	melanoma	and	colon	cancer	in	tumours	with	loss	

of	HR	and	MMR	genes	473.		

	

These	data	agree	with	the	observations	in	this	thesis	and	with	those	of	Parkes	et	al.	

who	demonstrated	that	depletion	of	BRCA1	and	BRCA2	leads	to	upregulation	of	PD-	

L1	 in	 breast	 cancer	 266,267	 .	 Parkes	 et	 al.	 also	 found	 that	 DDRD	 positive	 breast	

tumours	had	 increased	 lymphocytic	 infiltrates	and	 increased	PDL-1	expression	 252.		

Given	this	association,	future	work	should	build	on	the	preclinical	data	and	assess	if	

the	 DDRD	 assay	 is	 a	 potential	 biomarker	 for	 response	 to	 immunotherapy.	

Importantly,	 the	 DDRD	 assay	 has	 shown	 utility	 across	 different	 tumour	 types	 250,	

252,336,		and	it	may	therefore	help	expand	into	tumour	types	where	PD1	and	CTLA-4	

inhibitors	 are	widely	used	 such	as	NSCLC	and	malignant	melanoma.	Patients	with	

NSCLC	 currently	 receive	 adjuvant	 treatment	 with	 platinum	 based	 chemotherapy,	

and	 then	 proceed	 onto	 immunotherapy	 treatment	 on	 the	 development	 of	

metastatic	disease.	This	patient	population	offers	the	opportunity	to	assess	the	role	

of	 the	DDRD	assay	 	 in	both	settings	and	compare	results	 to	current	and	emerging	

predictive	biomarkers	such	as,	PD-L1	expression	and	tumour	mutational	burden.			

	

In	 an	 attempt	 to	 increase	 response	 rates	 to	 immunotherapy	 in	 prostate	 cancer	

some	trials	are	targeting	patients	with	tumour	characteristics	such	as	mutations	in	

DDR	 genes	 (NCT04104893)	 and	 CDX12	 mutations	 (NCT03570619).	 Alternatively	

other	 trials	 are	 focusing	 on	 attempting	 to	 make	 the	 tumour	 microenvironment	

more	 receptive	 to	 immunotherapy.	 For	 example,	 chemotherapy	 can	 suppress	
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regulatory	 T	 cells	 (TRegs)	 and	 increase	 numbers	 of	 effector	 T	 cells	 252,	 reduce	

numbers	 of	 myeloid	 derived	 tumour	 suppressor	 cells	 474	 and	 increasing	 antigen	

cross	presentation	by	dendritic	cells	after	tumour	cell	destruction	475.		The	phase	2	

trials	 Checkmate	 9-KD	 seeks	 to	 test	 these	 observations	 randomising	 men	 with	

mCRPC	 to	 receiving	nivolumab	 in	 combination	with	either	docetaxel,	 rucaparib	or	

enzalutamide	(NCT03338790).	 It	would	be	interesting	to	explore	if	upregulation	of	

CCL5	 and	 CXCL10	 part	 of	 the	DDRD	 signature	 is	 seen	 in	mouse	 xenograft	models	

both	with	and	without	loss	of	DNA	repair	genes	in	combination	with	anti	androgens,	

PARP	inhibitors	and	chemotherapy.	

	

6.4	Final	Conclusions	
	
Prostate	cancer	accounts	for	13%	of	all	cancer	related	deaths	in	men	in	the	UK	476.	

With	a	recent	rapid	expansion	in	treatment	options	for	men	with	metastatic	disease	

there	 is	 a	 need	 for	 biomarkers	 to	 guide	 effective	 sequencing	 of	 treatments.	 The	

DDRD	assay	initially,	identified	patients	more	likely	to	respond	to	anthracycline	and	

platinum	 based	 agents	 in	 breast	 cancer.	 Our	 work	 has	 established	 that	 a	 DDRD	

phenotype	can	be	observed	in	metastatic	prostate	cell	lines	with	loss	of	DNA	repair	

genes.	 Expanding	on	 this	we	have	demonstrated	 that	 the	DDRD	 signature	 can	be	

isolated	 in	 diagnostic	 core	 biopsies	 and	 DDRD	 assay	 positivity	 is	 associated	 with	

decreased	PFS	and	overall	survival	following	treatment	with	docetaxel.	From	in	vitro	

work	and	correlation	with	existing	literature	it	 is	evident	that	the	DDRD	assay,	has	

the	potential	to	be	a	predictive	biomarker	of	response	to	platinum	salts,	PARP	and	

immune	checkpoint	inhibitors.	
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Appendices	
Appendix	A-	Lab	Reagents	and	Antibodies	
	
Cell	Culture	Reagents	

	

DMEM	medium	(Gibco)	

A	 High	 glucose	 widely	 used	 basal	 medium	 for	 supporting	 the	 growth	 of	 many	

different	 mammalian	 cells.	 Cells	 successfully	 cultured	 in	 DMEM	 include	 primary	

fibroblasts,	neurons,	glial	cells,	HUVECs,	and	smooth	muscle	cells.	It	is	supplied	in	a	

500ml	bottle	and	stored	at	4oC.	

	

Minimal	Essential	Media	(MEM)	(Gibco)-		

	

Contains	 19	 amino	 acids.	 The	 essential	 amino	 acids	 and	 the	 non-essential	 amino	

acids;	L-ala;	L-asn;	L-asp;	L-glu;	L-gly;	L-pro	 and	L-ser.	May	 be	 preferred	 for	 growth	

of	adherent	cells	in	the	presence	of	reduced	serum	or	as	a	base	for	development	of	

a	serum	free	medium.	It	is	supplied	in	500ml	bottle	and	stored	at	4	oC.	

	

F12-K	Nut	Mix	Media	(Gibco)-	

DMEM:F12	is	a	50:50	mixture	of	DMEM	and	Ham’s	F12	media	that	has	proven	to	be	

useful	 in	 a	 wide	 range	 of	 cell	 culture	 applications,	 as	 it	 does	 not	 contain	 much	

protein.	It	is	supplied	in	a	500ml	bottle	and	stored	at	4oC.	

	

Optimem	–	reduced	serum	media,	no	phenol	red	(ThermoFisher)	

This	is	an	improved	Minimal	Essential	Medium	(MEM)	media	recommended	for	use	

with	 cationic	 lipid	 transfection	 reagents,	 invasion	 assays	 and	 growth	 factor	

stimulation	assays.	It	is	supplied	in	a	500ml	bottle	and	stored	at	4	oC	

	

Fetal	Calf	Serum	(Gibco)	

Fetal	calf	serum	(FCS)	is	supplied	in	a	500ml	bottle.	It	was	stored	in	50ml	aliquots	at	

-20	oC	until	use.		
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L-glutamine	(Gibco)	

This	was	supplied	as	100ml	of	200mM	solution,	stored	in	5ml	aliquots	at	-20	oC.		

	

Phosphate-buffered	saline	(PBS)	(Fisher	Scientific)	

One	tablet	of	PBS	was	dissolved	in	100ml	of	deionised	water	and	the	solution	was	

autoclaved	prior	to	use.	

	

5%	Trypsin-EDTA	(Gibco)	

Trypsin-EDTA	 (10x)	 was	 supplied	 as	 a	 100ml	 solution.	 This	 was	 diluted	 1:10	with	

sterile	PBS	and	stored	at	4	oC.	

	

Dimethyl	sulfoxide	(DMSO)	(ThermoFisher)	

A	polar	aprotic	colourless	organosulfur	solvent	((CH3)2SO).	Used	to	dissolve	inhibitor	

s	purchased	in	powder	form.	This	was	only	uses	under	sterile	conditions.	

	

Lipofectamine-RNAiMAX	(Life	Technologies)	

This	cationic	 lipid-based	reagent	was	designed	for	transfection	of	short-interfering	

RNAs.	This	reagent	is	used	for	both	forward	and	reverse	transfection.	It	is	supplied	

as	a	1.5mL	vial	and	stored	at	4	oC.	

	

Cisplatin	(Faulding	Pharmaceuticals)	

This	was	supplied	as	1mg/ml	solution.	In	order	to	make	a	10µM	solution,	30µl	was	

added	 to	10ml	of	media.	Cisplatin	was	 stored	at	 room	 temperature	with	minimal	

light	exposure.	

	

Docetaxel	(Hospira)		

This	was	 supplied	as	a	25mg/ml	 solution	and	diluted	 in	 sterile	water	 to	a	10	µM,	

before	being	added	to	media	at	the	desired	concentration	
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Olaparib	(Selleckchem)	

This	was	supplied	as	a	powder	and	diluted	to	a	50mM	solution	with	DMSO.	2µl	was	

added	to	98µl	distilled	water	and	sequentially	diluted	to	the	desired	concentration	

in	media.	

	

KU60019	(Sigma	Aldrich)	

ATM	inhibitor	provided	as	a	5MG	powder	and	dissolved	in	913	µl	DMSO	to	attain	a	

10mM	solution.	Aliquoted	and	stored	at	-20oC	

	
Western	blot	reagents	
	
	
RIPA	lysis	buffer	

RIPA	lysis	was	prepares	using	the	following	reagents	and	protocol:	

50	mM	Tris-HCL	(pH	8.0)	

150	mM	NaCl	

1%	(v/v)	IPEGAL	

0.1%	(v/v)	SDS	

0.5%	(v/v)	sodium	deoxycholate	

Deionised	water	was	then	added	up	to	the	required	volume.	RIPA	lysis	buffer	was	

then	 stored	 at	 4	 oC	 prior	 to	 use,	 1	 protease	 inhibitor	 tablet	 (Roche)	 and	 1	

phosphatase	 inhibitor	 tablet	 (Roche)	was	added	 to	10ml	of	RIPA	 lysis	buffer.	 This	

solution	was	stored	at	4	oC	for	up	to	2	weeks.		

	

NuPAGE®	MOPS	SDS	running	buffer	

50	mM	MOPS		

50	mMTris	base		

0.1%	SDS		

1	mM	EDTA		

pH	7.7	
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To	 prepare	 500	 ml	 of	 20	 X	NuPAGE®	 MOPS	 SDS	 Running	 Buffer,	 dissolve	 the	

following	reagents	to	400	ml	ultrapure	water:		

MOPS	104.6	g		

TrisBase	60.6	g		

SDS	10	g		

EDTA	3.0	g		

Mix	well	and	adjust	the	volume	to	500	ml	with	ultrapure	water.	Store	at	+4°C.		

	

NuPAGE®	MES	SDS	Running	Buffer		

50	mM	MES		

50	mMTris	base		

0.1%	SDS		

1	mM	EDTA		

pH	7.3		

To	 prepare	 500	 ml	 of	 20	 X	NuPAGE®	 MES	 SDS	 Running	 Buffer,	 dissolve	

the	following	reagents	to	400	ml	ultrapure	water:		

MES	97.6	g		

TrisBase	60.6	g		

SDS	10	g		

EDTA	3.0	g		

Mix	well	and	adjust	the	volume	to	500	ml	with	ultrapure	water.	Store	at	+4°C.	

	

NuPAGE®	Tris	Acetate	SDS	Running	Buffer	

50	mM	Tricine	

50	mM	Tris	base		

0.1%	SDS		

pH	8.24	

To	 prepare	 500	 ml	 of	 20	 X	NuPAGE®Tris-Acetate	 SDS	 Running	 Buffer,	 dissolve	

the	following	reagents	to	400	ml	ultrapure	water:		

Tricine	89.5	g		

TrisBase	60.6	g		

SDS	10	g		
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Mix	well	and	adjust	the	volume	to	500	ml	with	ultrapure	water.	Store	at	+4°C.	

	

NuPAGE®	Transfer	Buffer	

25	mM	Bicine	

25	mM	Bis-Tris	(free	base)		

1	mM	EDTA		

pH	7.2		

To	 prepare	 125	 ml	 of	 20	 X	NuPAGE®	 Transfer	 Buffer,	 dissolve	 the	 following	

reagents	to	100	ml	ultrapure	water:		

Bicine	10.2	g		

Bis-Tris	(free	base)	13.1	g		

EDTA	0.75	g		

Mix	well	and	adjust	the	volume	to	125	ml	with	ultrapure	water.	Store	at	+4°C.	

For	western	transfer,	dilute	this	buffer	to	1X	with	50ml	20x	transfer	buffer,	850ml	

deionised	water	and	100ml	100%	methanol	and	chilled	on	 ice	prior	to	performing	

western	blot.	The	pH	of	the	1X	solution	is	7.2.	Do	not	use	acid	or	base	to	adjust	the	

pH.	

	

TBS-T	

TBS	(10x)	was	prepared	using	the	following	reagent	and	protocol:	

20	mM	Tris	HCl	

150	mM	NaCl	

Deionised	 water	 was	 added	 to	 the	 required	 volume.	 Using	 concentrated	

hydrochloric	acid,	the	pH	was	adjusted	to	7.6.	To	prepare	TBS-T	(1x)	solution,	100ml	

of	10x	TBS	was	added	to	900ml	of	deionised	water.	1ml	of	Tween	20	(Sigma)	was	

added	and	stored	at	room	temperature.	
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Western	Blot	Primary	Antibodies	
	

Antibody	 Company	 kDa	weight	 Secondary	
Antibody	

Dilution	

Actin	(A2228)	 Sigma		 42	 Mouse	 1	in	5000	

Vinculin	 Santa	Cruz	 126	 Mouse	 1	in	2000	
MED12	 Abcam	 238	 Rabbit	 1	in	500	
ATM		 Santa	Cruz	 350	 Mouse	 1	in	1000	

Phospho	ATM	(s1981)	 Cell	
Signalling	

350	 Mouse	 1	in	500	

Phosphor	KAPI	 Abcam	 117	 Rabbit	 1	in	500	
Total	KAPI	 Abcam	 117	 Mouse	 1	in	1000	
BRCA1	 Santa	Cruz	 250	 Mouse	 1	in	100	
BRCA2	 Santa	Cruz	 384	 Rabbit	 1	in	1000	

Total	ChK1	 Cell	
Signalling	

56	 Mouse	 1	in	1000	

Phospho	Chk1	ser396	 Cell	
Signalling	

56	 Rabbit	 1	in	1000	

Phospho	Chk1		ser296	 Cell	
Signalling	

56	 Rabbit	 1	in	500	

Phospho	Chk1	ser317	 Cell	
Signalling	

56	 Rabbit	 1	in	1000	

Total	Chk2	 Cell	
Signalling	

62	 Rabbit		 1	in	1000	

	Phospho	Chk2	Th68	 Cell	
Signalling	

62	 Rabbit	 1	in	1000	

CDCC25a	 Abcam	 52	 Mouse	 1	in	500	
CDC2	 Cell	

Signalling	
34	 Rabbit	 1	in	1000	

Phospho-	CDC2	 Cell	
Signaling	

34	 Rabbit	 1	in500	

FANCD2	 Santa	Cruz	 155	 Mouse	 1	in	1000	
	
	
Secondary	Antibodies	
	
	

Antibody	 Company	 Dilutant	

Anti-Rabbit	IgG,	HRP-linked	antibody	
(7074)	

Cell	Signalling	 5%	milk	

Anti-mouse	IgG,	HROP-linked	antibody	
(7076)	

Cell	signalling	 5%	milk	
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Immunofluroescence	Primary	Antibodies	
	

Antibody	 Secondary	
Antibody	

Company	 Dilution	

Anti-Gamma	H2AX	
	

Rabbit	 Sigma	 1.1000	

Nucleolin	 Rabbit	 Sigma	 1.1000	

S9.6	 Mouse	 KeraFast	 1.50	

dsDNA	 Rabbit	 Santa	Cruz	 1.50	

	
	
	
Immunofluorescence	secondary	antibodies.	
	
	

Antibody	 Company	 Dilution	
Factor	

Goat	anti-Rabbit	IgG	(H+L)	
Highly	Cross-Adsorbed	

Secondary	Antibody,	Alexa	Fluor	
488	

ThermoFisher	 1	in	500	

Donkey	anti-Mouse	IgG	(H+L)	
Highly	Cross-Adsorbed	

Secondary	Antibody,	Alexa	Fluor	
Plus	594	

	

Thermo	Fisher	 1	in	500	
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Appendix	B-	siRNA	
	
	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
	
	
	

Gene	 Label	 Sequence	

MED12	 A	 CCCAAACCCUGGUUCUAUA	

	 B	 CAAAGAACGUGAUCGACAA		
	 C	 GGGCUAUACUCCUUAUGUU	

BRCA1	 A	 CCUAUCGGAAGAAGGCAAGU		

	 B	 				CAUACAGCUUCAUAAAUAAUU		
BRCA2	 A	 GCCACAGCACGCACAACUA		

	 B	 CAGAUACCACCAAACCAAA	
ATM	 A	 CGUUUGUCAGAAUGAAGUA	
	 B	 GCGACUAGUCAUUAACCGA	

PLK1	 	 CCGGATCAAGAATGAATA	
KIDDINS	200	 	 CCGCGTAATATCATTGGAGTA	

NKX3-1	 	 GGAGUACUAGCCAGCACAA	
TTN	 	 CGGACGCGAAGCCAAGGUA	

MUC17	 	 GAUUGUCUCAGUUAUACAA	
TUSC3	 	 GGAUUGAAAUAAAUGACAA	
PCM1	 	 GGCUUUAACUAAUUAUGGA	
MLL3	 	 CAGAGUUCACGACCAUUAA	
ERG3	 	 CGAUAUCACCAUGAUUUAA	
ERG	 	 GAGUGAGCGUGUAUUGUA	
ESCO1	 	 GGAUCAACCCAAUCGUCUCA	
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Appendix	C	–	Primer	sets	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	

	

	
	
	
	

Gene	 Sequence	
BRCA2_Forward	 CACAATTAGGAGAAGACATCA	
BRCA2_Reverse	 CCAAGTGGTCCACCCCAAC	
MED12_	Forward	 CACCCAAACCCTGGTTCTATA 

MED12_	Reverse	 CTCATCTTCTGGGGGCAGT	
PUM1_Forward	 CCAGAAAGCTCTTGAGTTTATTCC	
PUM1_Reverse	 CATCTAGTTCCCGAACCATCTC 
CCL5_Forward	 TGCCCACATCAAGGAGTATTT	
CCL5_Reverse	 CTTTCGGGTGACAAAGACG	
CD274_Forward	 GGCATCCAAGATACAAACTCAAAGA	
CD274_Reverse	 AGTTCCAATGCTGGATTACGTCT	
CXCL10_	Forward	 GACGGTCCGCTGCAACTG	
CXCL10_	Reverse	 CTTCCCTATGGCCCTCATTCT	
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Appendix	D-	Biobank	Request	
	
	
																																																											
	

Structured	Protocol	
	
Title:		A	pilot	study	for	DDRD	and	associated	Mutations	in	prostate	cancer	
	
Investigators:	
Prof	Richard	Kennedy		
	 Academic	lead		 	
Dr	Steven	Walker	 	 	

Project	Manager	 	 	
Dr	Catherine	Davidson	
	 Clinical	Research	Fellow	
Prof	Joe	O’Sullivan	
	 Clinical	Lead	
Dr	Suneil	Jain	
	 Clinical	Lead	
	
Background	

In	 the	UK	each	year	41	000	men	are	diagnosed	with	prostate	cancer1.	 It	 is	
well	recognized	that	there	are	different	patterns	of	disease,	while	for	some	men	it	is	
indolent	 and	 slowly	 progressive,	 there	 is	 a	 subset	 of	 particularly	 young	men	who	
develop	 an	 aggressive	 form	 of	 the	 disease,	 which	 fails	 to	 respond	 to	 standard	
treatments.	Recent	 results	 from	 the	RT01	 trial	 indicate	 that	as	many	as	40%	men	
receiving	 curative	 hormone	 treatment	 and	 radiotherapy	 develop	 metastatic	
disease2.	 Currently	 there	 is	 no	 method	 of	 identifying	 these	 men,	 to	 date	 all	
treatment	 decisions	 as	 founded	on	 a	 triad	 of	 Imaging	 using	MRI,	Gleason	 staging	
based	 on	 core	 biopsies	 and	 PSA	 levels.	 PSA	 in	 particular	 is	 known	 to	 be	 highly	
sensitive	but	nonspecific	as	it	may	be	raised	in	benign	conditions	such	as	prostatitis.	
It	is	widely	acknowledged	among	clinicians	and	scientists	alike	that	there	is	a	need	
in	 prostate	 cancer	 for	 molecular	 stratification	 and	 the	 development	 of	 both	
predictive	 and	 prognostic	 biomarkers.	 In	 order,	 to	 not	 only	 identify	 high-risk	
individuals	but	also	enable	us	to	personalize	their	treatment.	

	
In	 order	 to	 try	 and	 identify	 this	 high	 risk	 group	 of	 men	 we	 employed	

unsupervised	hierarchical	 clustering	 to	101	FFPE	prostate	 samples	 from	men	who	
had	 both	 localized	 and	 metastatic	 disease.	 The	 analysis	 revealed	 a	 metastatic	
biology	 group,	 which	 incorporated	 not	 only	 all	 the	 men	 with	 known	 metastatic	
disease	but	 also	many	of	 those	with	 localized	disease.	When	 further	analysis	was	
carried	out	on	the	metastatic	group	it	was	found	that	two	thirds	of	the	samples	met	
the	 criteria	 for	 the	 DDRD	 (DNA	 damage	 Response	 Deficient)	 assay,	 which	 was	
developed	 in	 breast	 cancer	 (Fig.1).	 DDRD	 is	 a	 44	 gene	 signature,	which	 identifies	
loss	 of	 the	 Fanconi	 Anemia/	 BRCA	 pathway,	 which	 is	 essential	 for	 DNA	 damage	
repair3.	 In	breast	cancer	 this	 is	used	to	predict	 response	 to	DNA	damaging	agents	
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such	 as	 anthracyclines	 and	 alkylating	 agents,	 which	 form	 the	 basis	 of	 standard	
chemotherapy3.		

	
	

	
	
Fig.	1	DDRD	subgroup	in	the	Metastatic	Biology	Subgroup	
	
From	the	work	completed	on	breast	cancer	it	is	known	that	DDRD	positive	patients	
do	 not	 respond	 to	 taxane	 based	 chemotherapy,	 which	 is	 the	 gold	 standard	 of	
treatment	 for	 castrate	 resistant	 prostate	 cancer.	 This	 is	 supported	 by	 the	 clinical	
data	for	DDRD	positive	patients	within	our	sample;	these	patients	had	a	significantly	
poorer	prognosis	(Fig.	2).		
	

	
	
	
Figure	2.	Overall	survival	DDRD	positive	vs.	DDRD	negative.	

DDRD	
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The	 aim	of	 our	 study	 is	 to	 assess	 if	 the	DDRD	 assay	will	 predict	 for	 resistance	 to	
standard	 chemotherapy.	 Using	 this	 information	 we	 then	 intend	 to	 explore	 what	
other	 mutations	 predispose	 patients	 to	 be	 DDRD	 deficient	 so	 we	 can	 find	 an	
alternative	more	effective	treatment	for	them	in	both	the	localized	and	metastatic	
setting.	
	
Aim	of	the	study	
To	identify	whether	the	DDRD	assay	can	successfully	be	applied	to	prostate	tumour	
samples	and	to	evaluate	if	when	paired	with	clinical	data	it	identifies	patients	who	
fail	to	respond	to	taxane	based	treatment.	
	
Objectives	of	the	Study	
To	 modify	 to	 DDRD	 44	 gene	 signature	 using	 microarray	 data	 to	 make	 it	 more	
applicable	to	prostate	cancer	and	to	apply	it	to	samples	gained	at	diagnostic	biopsy	
to	see	if	it	will	identify	men	who	fail	to	respond	to	treatment	with	Docetaxel.	Also	to	
look	at	these	samples	to	see	if	they	share	any	other	mutations	common	to	prostate	
cancer	 (i.e.	Pten	 loss,	TMPRSS	ERG	status	etc.)	or	 features	associated	with	 loss	of	
DNA	damage	repair	deficiency	such	as	lymphocytic	invasion.		
	
Study	design	and	methods	
	
This	study	will	have	2	phases.	Phase	1	will	be	a	proof	of	concept	study	will	 look	at	
tissue	from	40	patients	20	definite	responders	to	Docetaxel	and	20	non	responders’	
We	 hypothesize	 that	 patients	 responding	 to	 Docetaxel	 will	 be	 DDRD	 given	 the	
previous	work	by	our	group	into	breast	cancer	(Mulligan	et	al.	2014)	which	suggests	
that	 patients	 who	 are	 DDRD	 positive	 do	 not	 respond	 to	 taxane	 chemotherapy.	
Preliminary	work	on	cell	 lines	and	prostatectomy	samples	has	been	completed	 to	
establish	 a	 threshold	 of	 response	 for	 DDRD	 in	 prostate	 patients.	 Using	 initial	 40	
patients	we	 intend	to	see	 if	DDRD	score	can	be	successfully	repeatedly	 isolated	 in	
prostate	 core	 biopsies	 and	 whether	 this	 corresponds	 with	 our	 hypothesis.	 I	 our	
hypothesis	is	correct	we	will	require	the	extra	100	samples	to	reach	significance.	If	
DDRD	does	not	 stratify	 for	 response	we	would	utilize	 the	additional	one	hundred	
samples	for	mutational	analysis	to	develop	a	biomarker	for	response	to	Docetaxel.	
	
For	 the	purposes	of	 this	 study	 response	 to	Docetaxel	 shall	 be	 identified	primarily	
using	criteria		for	response	laid	out	in	the	TAX327	study	(Tannock	et	al.2004),	which	
established	Docetaxel	as	the	standard	of	care	for	castrate	resistant	prostate	cancer.	
These	 include	 a	 50%	 or	 more	 decline	 in	 PSA	 ,	 evidence	 of	 clinical	 response	 i.e.	
reduction	 in	 pain	 or	 swelling	 (	 e.g.	 Lymphedema,	 cervical	 nodes	 etc.)	 progression	
free	and	overall	survival.	At	the	time	of	the	TAX	327	study	radiological	imaging	was	
not	routinely	used	in	prostate	cancer	to	assess	response	to	treatment.	However	has	
it	 has	 become	 more	 established	 in	 the	 intervening	 years	 we	 shall	 also	 look	 for	
evidence	 of	 radiological	 response	 by	 RECIST	 criteria	 for	 those	 patients	 who	 had	
imaging	before	and	after	treatment.	
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The	analysis	of	DDRD	will	be	done	utilizing	the	experience	of	ALMAC	for	this	assay	a	
total	of	50ng	of	RNA	will	 be	extracted	and	profiled	 this	on	disease	 specific	 arrays	
and	 Concurrently	 we	 shall	 collect	 between	 10-50ng	 of	 DNA	 to	 look	 at	 the	
mutational	 status	 of	 the	 tumours	 including	 but	 not	 exclusive	 to	 using	mutational	
analysis	 for	 p53/BRCA1/2.	 Mutational	 analysis	 will	 be	 carried	 out	 using	 an	 Ion	
torrent	platform.	Pten	will	be	assessed	separately	using	 IHC	as	we	know	from	the	
TCGA	database	that	only	5%	of	primary	tumours	will	have	mutations	of	pten	while	it	
has	 been	 reported	 that	 up	 to	 40%	 of	 tumours	 have	 loss	 of	 expression	 of	 pten	 a	
known	poor	prognostic	marker	 in	prostate	cancer.	Neuroendocrine	differentiation	
will	 also	 be	 assessed	 using	 IHC.	 While	 ERG	 IHC	 will	 be	 used	 as	 a	 surrogate	 for	
TMPRSS	ERG	 fusion	 if	 possible	we	 shall	 try	 to	 validate	 the	 FISH	 test.	 Lymphocytic	
infiltration	 considered	 an	 important	 indicator	 of	 immune	 response	 will	 also	 be	
assed	with	guidance	 from	Prof	Salto	Tellez	and	will	mirror	 the	assessment	carried	
out	in	the	DDRD	breast	data	set	(Mulligan	et	al	2014).	
	
Even	 though	 the	majority	 of	men	 incorporated	 in	 this	 study	will	 have	metastatic	
disease	and	therefore	will	tend	to	have	a	higher	percentage	of	tumor	in	each	core	
and	 more	 cores	 involved	 than	 men	 with	 early	 stage	 localized	 disease.	 We	
appreciate	 to	 carry	 out	 all	 the	 investigations	 outlined	 above	will	 require	 a	 lot	 of	
tissue.	Therefore	we	shall	prioritize	them	as	–	H+E	slides/	RNA/	DNA/	TMPRSS	ERG	
and	Pten.	
	
Project	Management	
This	project	will	be	managed	using	 industrial	project	management	expertise	(Dr	S.	
Walker)	
	
Finance	
The	funding	to	perform	this	project	is	secured	from	CRUK.	
	
Risk	Assessment	
There	is	a	risk	that	given	that	prostate	cancer	 is	very	heterogeneous	that	prostate	
core	biopsies	may	not	provide	enough	affected	tissue	to	validate	DDRD.	That	there	
may	be	no	difference	in	DDRD	between	Docetaxel	responders	and	non-responders.	
If	 this	 is	 the	 case	 samples	 will	 be	 utilized	 to	 develop	 a	 biomarker	 for	 Docetaxel	
response.	
	
Publication	Policy	
The	results	of	this	study	will	be	presented	at	conferences	and	through	open	source	
publications.	 Raw	 data	 will	 be	 uploaded	 to	 Array	 Express	 and	 Geo,	 once	 a	
manuscript	has	been	accepted.	
	
Out	Sourcing	
We	wish	to	outsource	the	extraction	and	processing	of	material	to	gene	expression	
array	to	Almac	Diagnostics,	Almac	has	well	defined	Standard	Operating	Procedures	.	
We	will	utilise	the	Xcel	array	from	Almac,	this	platform	has	been	optimised	for	use	
with	paraffin	material	and	has	unique	content	relevant	to	the	cancer	transcriptome.	
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This	shall	be	covered	in	a	service	level	agreement,	by	Almac	and	Queens	University	
Belfast,	which	is	already	underway.	
	
Collaborators	
Dr	Declan	O’Rourke	
Prof	Manuel	Salto	Tellez	
	
Laboratory	Methods	for	profiling	DDRD	

RNA	Extraction	

RNA	will	be	isolated	from	the	biomaterial	received	using	the	following	
procedure:	Recover	All	(Life	Technologies).	

RNA	QC	

Following	DNAse-I	treatment,	the	quality	of	the	RNA	samples	will	be	
evaluated	using	a	spectrophotometer	to	assess	concentration	and	purity.	
If	the	concentration	is	found	in	to	be	low,	the	samples	can	be	
concentrated	using	a	speedivac.	

The	quality	of	the	RNA	samples	will	be	evaluated	using	an	Agilent	
Bioanalyzer	to	assess	RNA	integrity.	

Sample	Processing	

NuGEN	

The	RNA	samples	will	be	amplified	(incorporating	double	amplification)	
using	the	NuGEN	WT-Ovation™	FFPE	Amplification	Kit,	then	fragmented,	
labelled	and	hybridised	using	the	FL-Ovation™	cDNA	Biotin	Module	V2	in	
accordance	with	the	guidelines	detailed	in	the	corresponding	NuGEN	
technical	manuals.	The	arrays	will	be	washed,	stained	and	scanned,	in	
accordance	with	the	Affymetrix	GeneChip®	Expression	Analysis	technical	
manual.	
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Appendix	E-	Proposed	clinical	Trial	
	
A	Randomised	Phase	II	multicentre	DNA	Damage	Repair	

Deficiency	stratified	trial	of	cabazitaxel	vs.	the	combination	

of	Cabazitaxael	and	Carboplatin	in	men	with	mCRPC	
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Appendix	F	–		Paper	published	in	European	Urology	(2017)	
Contributing	Author	to	paper	surrounding	Metastatic	Biology	group	in	
prostate	cancer	
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Appendix	G-	Poster	presented	ESMO	2016	
An	Innate	Immune	Response	to	intrinsic	DNA	Damage	
predicts	resistance	to	Docetaxel	in	Prostate	cancer		
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Appendix	H	:-		Poster	presented	AACR	2017	
	
Loss	of	Med12	predicts	for	a	DDRD	phenotype	and	activates	

immune	signalling	via	the	STING	pathway	
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