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ABSTRACT	
Retroviruses	must	 integrate	 a	 DNA	 copy	 of	 their	 genome	 into	 host	 cell	 chromatin	 to	

establish	infection.	The	pre-integration	complex	of	the	retroviruses,	HIV-1	and	murine	

leukemia	 virus	 interact	 with	 a	 host	 co-factor	 through	 their	 integrase	 enzyme	 to	

preferentially	 integrate	 into	 particular	 sites	 of	 host	 cell	 chromatin.	 This	 results	 in	 a	

unique	 pattern	 of	 integration	 site	 distribution	 in	 the	 host	 genome	 for	 each	 retroviral	

genus.	 HTLV-1,	 a	 delta-retrovirus,	 has	 a	 well-defined	 preferential	 integration	 pattern	

that	is	important	for	supporting	viral	gene	expression	during	chronic	infection.	So	far,	a	

deltaretroviral	 integrase	 host	 co-factor	 has	 not	 yet	 been	 identified,	 however,	

biochemical	evidence	suggested	that	the	protein	phosphatase	2A	(PP2A)	complex	could	

fulfil	this	function.		

Here,	 I	 report	 the	results	of	a	Y2H	screen	which	 independently	confirms	 that	PP2A	B’	

regulatory	subunits	interact	directly	with	HTLV-1	IN.		

Second,	I	show,	using	three	different	experimental	approaches,	that	HTLV-1	integration	

is	redistributed	in	cells	that	lack	functional	PP2A.	This	is	the	first	evidence	that	a	loss	of	

PP2A	activity	 in	 live	 cells	 leads	 to	 an	 altered	 integration	 site	 preference	 and	 strongly	

suggests	 that	 PP2A	 acts	 as	 an	 HTLV-1	 IN	 co-factor.	 ShRNA-mediated	 knockdown	 of	

either	 of	 the	 two	 B’	 isoforms	 most	 highly	 expressed	 in	 Jurkat	 T	 cells,	 B’	 γ	 and	 B’	 δ,	

indicates	 that	B’	 γ	mediates	 the	majority	of	 IN	co-factor	 function,	 since	B’	 γ	depletion	

resulted	 in	 the	 most	 extensive	 redistribution	 of	 integration	 sites	 compared	 to	 cells	

treated	with	control	shRNA.	However,	it	is	likely	that	other	PP2A	holoenzymes	can	also	

act	as	co-factors	for	HTLV-1	IN.	

PP2A	is	ubiquitously	and	highly	expressed,	making	 it	an	attractive	target	 for	co-factor	

function.	 Future	 analysis	 of	 PP2A’s	 co-factor	 function	 should	 aim	 to	 use	 HTLV-1	 IN	

mutants	to	specifically	disrupt	the	interaction	between	PP2A	and	HTLV-1	IN.	
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HAM/TSP	 HTLV-1	associated	myelopathy/tropical	spastic	paraperesis	

HAT	 Histone	acetylase	

HCV	 Hepatitis	C	Virus	

HDAC	 Histone	deacetylase	

HEAT	 Huntingtin,	elongation	factor	3,	PP2A,	TOR1	

hg18	 Homo	sapiens	genome	build	18	

HIV	

HRP	

Human	Immunodeficiency	Virus	

Horse-radish	peroxidase	

HRP-2	 Hepatoma-derived	growth	factor	related	protein	2	

HTLV-1	

HTP	

Human	T-lymphotropic	Virus	Type-1	

High-throughput	

IBD	 Integrase	binding	domain	

IC50	 Half-maximal	inhibitory	concentration	

IN	 Integrase	

ING2	 Inhibitor	of	growth	family	member	2	

kb	 Kilobase,	1000	bp	

KD	 Knockdown	

LB	 Luria-Burtani	

LEDGF	

LM-PCR	

Lens	epithelium	derived	growth	factor/p75	

Ligation-mediated	polymerase	chain	reaction	
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LTR	 Long	Terminal	Repeat	

min	 minutes	

MLV	 Murine	Leukemia	Virus	

MMTV	 Mouse	mammary	tumour	virus	

MoMLV	 Moloney	murine	leukemia	virus	

MTOC	 Microtubule	organising	centre	

mTOR	 Mammalian	target	of	rapamycin	

MTT	 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl	tetrazolium	bromide		

NCBI	 National	Centre	for	Biotechnology	Information	

NEB	 New	England	Biolabs	

NTD	 N-terminal	domain	

OA	 Okadaic	Acid	

OR	 Odds	ratio	

PBMC	 Peripheral	blood	mononuclear	cells	

PBS	 Phosphate	Buffered	Saline	

PCR	

PCR1	

PCR2	

Polymerase	chain	reaction	

First	round	of	sequencing	amplicon	amplification	

Second	round	of	sequencing	amplicon	amplification	

PFA	 Paraformaldehyde	

PFV	 Prototype	Foamy	Virus	

PIC	 Pre-integration	complex	

PMSF	 Phenylmethylsulfonyl	fluoride	

PP1	 Protein	phosphatase	1	

PP2A	 Protein	Phosphatase	2A	

PP2A-B	 PP2A	holoenzyme	with	B	subunit	

PP2A-B'	 PP2A	holoenzyme	with	B'	subunit	

PPP	 Phosphoprotein	phosphatase		

PrBS	 Predicted	Biological	Score	

qPCR	 Quantitative	polymerase	chain	reaction	

R	 Purine	

rn4	 Rattus	norvegicus	genome	build	4	

RNAi	 RNA	interference	

RPMI	 Roswell	Park	Memorial	Institute	
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rRNA	 Ribosomal	RNA	

RT-qPCR	 Reverse	transcription	quantitative	polymerase	chain	reaction	

RubA	 Rubratoxin	A	

s	 seconds	

SDS	 Sodium	Dodecyl	Sulphate	

shRNA	 Short	hairpin	RNA	

siRNA	 Small	interfering	RNA	

SOC	 Super	optimal	broth	with	catabolite	repression	

ssDNA	 Single	stranded	DNA	

STAT1	 Signal	transducer	and	activator	of	transcription	1	

TBP	 TATA-binding	protein	

TGS	 Tris-Glycine-SDS	

TSS	 Transcription	Start	Site	

UCSC	 University	of	California,	Santa	Cruz	

UIS	 Unique	integration	sites	

vDNA	 viral	DNA	

Wt	 Wildtype	

Y	 Pyrimidine	

Y2H	 Yeast-two-hybrid	

ZM	 ZM	447439	
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1. CHAPTER	ONE	

INTRODUCTION	
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 Retroviruses	1.1

Retroviruses	are	a	family	of	enveloped	viruses	with	positive	sense,	single-stranded	RNA	

genomes,	 grouped	 into	 seven	 genera	 (α,	 β,	 γ,	 δ,	 ε,	 spuma	 and	 lenti)	 and	 include	 both	

endogenous	 and	 exogenous	 members.	 Their	 discovery	 heralded	 the	 arrival	 of	 many	

crucial	 advancements	 in	 scientific	 research	 and	 medicine.	 Examples	 include;	 the	

isolation	of	the	retroviral	enzyme,	reverse	transcriptase,	recognition	of	the	contribution	

of	human	endogenous	retroviruses	 to	mammalian	placental	evolution	(Mi	et	al.	2000)	

and	 the	 exploitation	 of	 retroviruses	 as	 gene	 therapy	 vectors.	 However,	 this	 family	 of	

viruses	 also	 includes	 many	 members	 that	 are	 the	 aetiological	 agents	 of	 a	 host	 of	

significant	human	and	animal	diseases.	

	

In	fact,	the	subject	of	this	thesis,	Human	T-lymphotropic	virus	type	1	(HTLV-1),	was	the	

first	human	retrovirus	to	be	discovered	(Poiesz	et	al.	1980;	Yoshida	et	al.	1982)	as	the	

aetiological	 agent	 of	 an	 aggressive	 T-cell	 malignancy.	 Soon	 after,	 the	 human	

immunodeficiency	 virus	 (HIV)	 was	 discovered	 as	 the	 aetiological	 agent	 of	 acquired	

immune	 deficiency	 syndrome,	 better	 known	 as	 AIDS.	 Rapid	 progress	 in	 retroviral	

research	has	 led	 to	key	developments	 in	 the	 treatment	and	management	of	 retroviral	

infections	 such	 as	 highly	 active	 antiretroviral	 therapy,	 or	HAART,	which	 has	 changed	

HIV	 infection	 from	 a	 progressive	 disease	 to	 a	 chronic	 infection	 for	many.	However,	 a	

major	 barrier	 to	 a	 cure	 for	 HIV,	 and	 other	 retroviruses	 such	 as	 HTLV-1,	 is	 the	

persistence	of	a	reservoir	of	retroviruses	that	remain	concealed	within	infected	cells	in	

the	form	of	transcriptionally	quiescent	proviruses	integrated	within	DNA.	This	is	a	key	

strategy	 of	 retroviruses,	 and	 ensures	 lifelong	 and	 incurable	 persistence.	 Therefore	

understanding	retroviral	integration	is	key	to	eradicating	retroviral	disease.	

	

1.1.1 Life	cycle	of	retroviruses	

Retroviruses	share	a	unique	replicative	strategy	involving	the	conversion	of	their	RNA	

genomes	 into	 DNA	 that	must	 be	 covalently	 integrated	 into	 the	 host	 cell’s	 genome	 to	

establish	infection.	This	is	a	particularly	advantageous	strategy,	as	it	allows	viral	genes	

to	be	expressed,	with	the	help	of	viral	transactivators,	using	host	cell	machinery.	In	this	

way	the	virus	will	persist	as	a	provirus	within	the	host’s	genome	as	long	as	the	host	cell	



	
	

23	

remains	 alive.	 After	 cell	 entry,	 the	 virally	 encoded	 enzyme,	 reverse	 transcriptase,	

converts	 the	 single-stranded	 RNA	 viral	 genome	 into	 a	 double-stranded	 DNA	 copy	

(vDNA).	Next,	vDNA	is	trafficked	to	the	nucleus	where	another	virally	encoded	enzyme,	

integrase	(IN),	will	catalyse	the	insertion	of	the	vDNA	into	host	DNA.	This	second	step,	

known	as	 integration,	 is	absolutely	central	 to	the	 formation	of	 the	retroviral	reservoir	

that	 poses	 such	 a	 challenge	 to	 the	 eradication	 of	 retroviral	 diseases.	 Integration	 is	 a	

“point	 of	 no	 return”	 in	 retroviral	 infection	 as	 (currently)	 the	 only	way	 to	 remove	 the	

integrated	 virus	 is	 by	 killing	 the	 host	 cell.	 The	 aim	 of	 integration	 is	 to	 ensure	 the	

expression	and	persistence	of	the	viral	genome,	therefore	the	selection	of	where	in	the	

genome	 to	 integrate	 is	 not	 a	 random	 process	 and	 retroviruses	 display	 preferential	

integration	 into	 areas	 of	 the	 genome	 that	 are	 presumed	 to	 be	 most	 conducive	 to	

successful	viral	persistence.	Retroviruses	display	genus-specific	patterns	of	preferential	

integration	with	respect	to	various	genomic	features;	such	as	genes,	transcription	start	

sites	 (TSS),	 epigenetic	modifications	 and	 the	 occupancy	 sites	 of	 chromatin	modifying	

proteins	and	transcription	factors.	To	date,	there	are	seven	genera	of	retroviruses	and	it	

is	 now	 established	 that	 the	 genus-specific	 IN	 enzyme	 is	 the	 principal	 determinant	 of	

these	distinct	patterns	of	preferential	integration	found	for	each	genus.	The	different	IN	

enzymes	mediate	 preferential	 integration	 through	 their	 association	with	 unique	 host	

co-factors	during	the	integration	process.		The	affinity	of	the	respective	host	co-factors	

for	 certain	 genomic	 features	 results	 in	 a	 virus-specific	 pattern	 of	 preference	 for	

integration.	The	best-studied	examples	of	the	IN/co-factor	association	are	the	host	co-

factors	shown	to	interact	with	the	IN	enzymes	of	murine	leukemia	virus	(MLV)	and	HIV-

1	which	each	belong	to	the	gamma-	and	lenti-	genus	respectively.			

	

 Human	T-lymphotropic	Virus	Type-1	(HTLV-1)	1.2

1.2.1 Clinical	significance	

A	recent	review	of	epidemiological	data	estimates	that	HTLV-1	 infects	over	10	million	

people	worldwide	and	that	population	prevalence	in	endemic	areas	ranges	from	1-5%	

(Gessain	&	Cassar,	2012).	 In	addition	 to	 its	worldwide	prevalence,	 this	pathogen	 is	of	

significant	medical	 interest	 due	 to	 the	 range	 of	 severe	 diseases	 it	 causes	 in	 5-10%	of	

infected	 individuals.	These	 include	a	highly	aggressive	CD4+	T-cell	malignancy	known	
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as	Adult	T-Cell	Leukaemia/Lymphoma	(ATLL),	a	 range	of	debilitating	and	progressive	

inflammatory	 diseases,	 the	 most	 notable	 of	 which	 is	 HTLV-1	 associated	

myelopathy/tropical	 spastic	 paraperesis	 (HAM/TSP)	 and	 more	 severe	 disease	

outcomes	 when	 co-infection	 with	 HIV,	Mycobacterium	 tuberculosis	 and	 the	 helminth	

Strongyloides	 stercoralis	 is	 present.	HTLV-1	 is	 transmitted	 via	 the	 transfer	 of	 infected	

lymphocytes	in	breast	milk,	blood	or	semen	(Matsuoka	&	Jeang	2007).	Despite	causing	

significant	morbidity	and	mortality,	treatment	for	HTLV-1	associated	diseases	remains	

unsatisfactory	and	 treatment	with	 current	antiretroviral	drugs	 is	not	effective	against	

these	 illnesses.	 Significant	 knowledge	 gaps	 about	 the	 lifecycle	 of	 this	 virus	 remain,	

including	how	HTLV-1	determines	its	integration	site	in	the	host	genome,	a	process	that	

in	other	 retroviruses	 is	mediated	by	 interaction	with	a	host	 co-factor.	 Integration	site	

location	is	a	crucial	step	in	the	retroviral	 lifecycle	as	 it	determines	the	genomic	milieu	

within	which	viral	gene	expression	will	be	regulated	and	therefore	influences	immune	

surveillance	of	 infected	cells	and	disease	progression.	This	is	particularly	important	to	

understand	 in	 the	 context	 of	 HTLV-1	 infection	 as	 HTLV-1	 in	 vivo	 appears	 to	 use	 a	

strategy	of	 tightly	 controlled	viral	 latency	 to	evade	 the	 immune	system	and	persist	 in	

the	host.	

	

1.2.2 Infection	and	persistence	in	vivo	

HTLV-1	was	the	first	human	retrovirus	to	be	discovered	(Poiesz	et	al.	1980;	Yoshida	et	

al.	1982)	and	belongs	 to	 the	deltaretroviral	genus	along	with	other	notable	members,		

HTLV-2,	 HTLV-3,	 HTLV-4	 and	 bovine	 leukaemia	 virus	 (BLV).	 As	 the	 name	 implies,	 T-

lymphocytes	are	the	preferred	hosts	of	HTLV-1,	with	a	greater	preference	for	CD4+	over	

CD8+	T-cells	 (Richardson	 et	 al.	 1990;	Nagai	 et	 al.	 2001).	 In	 vivo	and	 in	 vitro,	HTLV-1	

infection	primarily	occurs	through	cell-cell	spread	via	a	virological	synapse	(Igakura	et	

al.	 2003)	 using	 the	 GLUT-1,	 neuropillin-1	 and	 heparan	 sulphate	 proteoglycan	 cell	

surface	 receptors	 for	 viral	 entry	 (reviewed	 in	 Gross	 &	 Thoma-Kress	 2016).	 Like	 all	

retroviruses,	 HTLV-1’s	 replicative	 strategy	 relies	 on	 reverse	 transcription	 and	

integration,	with	HTLV-1	integration	occurring	only	once	in	an	infected	cell	(Cook	et	al.	

2012).	HTLV-1	is	a	complex	retrovirus,	meaning	that	in	addition	to	the	gag,	pro,	pol	and	

env	genes,	 it	also	encodes	a	variety	of	accessory	proteins	from	a	region	of	the	genome	

called	 the	 pX	 region.	 The	 pX	 region	 encodes,	 amongst	 others,	 the	 viral	 genes	 tax	
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(positive	strand)	and	hbz	 (negative	strand)	which	are	crucial	 for	viral	persistence	and	

are	 also	 implicated	 in	 HTLV-1	 mediated	 oncogenesis	 (Matsuoka	 &	 Jeang	 2011).	

Expression	of	both	 these	 transcripts	drives	mitotic	proliferation	of	 the	 infected	cell	 to	

create	 a	 clone	 of	 daughter	 cells	 sharing	 the	 same	 provirus	 integrated	 in	 a	 unique	

genomic	location.	In	vivo,	this	leads	to	a	diverse	landscape	of	infected	clones	ranging	in	

number	 from	 singletons	 (one	 cell)	 up	 to	 clones	 numbering	 in	 the	 thousands	 with	

infected	 individuals	 estimated	 to	 have	 anywhere	 between	 104	 and	 105	 unique	 clones	

(Niederer	et	al.	2014;	Laydon	et	al.	2014).	Having	an	HTLV-1	proviral	load	greater	than	

1%	(number	of	proviruses/100	peripheral	blood	mononuclear	cells	 (PBMC))	has	 long	

been	 recognised	 as	 being	 an	 important	 risk	 factor	 for	 developing	 HTLV-1	 associated	

disease	(Nagai	et	al.	1998).	However,	the	high	proviral	load	is	due	to	a	greater	number	

of	unique	integration	sites	(UIS),	rather	than	infected	cells	in	total.	Individuals	who	have	

more	 UIS	 are	 more	 likely	 to	 have	 the	 diseases	 HAM/TSP	 or	 ATLL,	 whereas	

asymptomatic	carriers	(AC)	have	fewer	overall	UIS.	This	is	likely	due	to	a	more	effective	

anti-HTLV-1	 immune	 response	mediated	 by	 cytotoxic	 T-lymphocytes	 (CTL)	 in	 people	

who	 remain	 asymptomatic	 (Gillet	 et	 al.	 2011).	 This	 clonal	 expansion	 along	 with	

evidence	that	the	primary	sequence	of	the	HTLV-1	genome	is	highly	conserved	(Gessain	

et	al.	1992)	indicates	that	the	primary	method	of	spread	in	vivo	during	chronic	infection	

is	mitotic	as	opposed	to	infectious.	This	conclusion	has	been	borne	out	by	mathematical	

modelling	 of	 HTLV-1	 clonality	 which	 has	 shown	 that,	 during	 the	 chronic	 phase	 of	

infection,	 for	 1	 newly-infected	 cell,	 107	 infected	 cells	 are	 generated	 by	 mitotic	

expansion.	 However,	 this	 still	 results	 in	 100	 newly	 infected	 cells/day	 in	 each	 host	

(Laydon	et	al.	2016,	manuscript	in	preparation).		

	

Acute	 infection	 is	 therefore	 the	 timeframe	 within	 which	 the	 majority	 of	 HTLV-1	

infectious	spread,	and	de	novo	integration,	occurs.	Acute	infection	is	also	believed	to	be	

the	timeframe	within	which	the	majority	of	UIS	will	be	formed	thanks	to	observations	

that	UIS	are	very	long	lived	(Gillet	et	al.	2011).	There	are	some	reports	in	the	literature	

about	 the	 dynamics	 of	 acute	 HTLV-1	 infection	 in	 humans,	 mainly	 from	 follow-up	 of	

patients	who	have	received	an	organ	transplant	from	a	donor	who	was	later	found	to	be	

HTLV-1	 positive.	 Such	 a	 report	 recently	 confirmed	 that	 acute	 HTLV-1	 infection	 is	

characterised	by	 rapid	viral	dissemination	 through	 infectious	 spread,	as	evidenced	by	

acutely	infected	patients	having	1-2	orders	of	magnitude	more	unique	clones	(1.3x105)	
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compared	 to	 HTLV-1	 ACs	 (9x103),	 HAM/TSP	 patients	 (2.8x104)	 and	 ATLL	 patients	

(1.7x103)	(Cook	et	al.	2016).	At	the	peak	stage	of	viral	spread	during	acute	infection,	the	

median	doubling	time	of	the	proviral	load	was	1.4	days.	Alongside	observations	of	rapid	

infectious	spread,	 the	authors	also	detected	a	greater	 than	expected	degree	of	mitotic	

spread	 suggesting	 that	 a	 subset	 of	 de	 novo	 UIS	 were	 able	 to	 rapidly	 drive	 clonal	

expansion.	We	know	from	previous	studies	that	the	ability	of	a	clone	to	expand	is	due	to	

the	genomic	environment	of	the	integration	site	(Gillet	et	al.	2011).	 	Therefore	we	can	

infer	that	de	novo	 integration	sites	are	generated	rapidly	during	 infectious	spread	and	

are	 located	 in	a	variety	of	genomic	environments	that	support	a	range	of	proliferative	

potential.	

	

1.2.3 Integration	site	preference	

This	 is	 consistent	with	HTLV-1’s	observed	 integration	site	preference	 (summarised	 in	

table	 1-1)	 that,	 in	 contrast	 to	 other	 retroviruses	 such	 as	 HIV	 and	 MLV,	 lacks	 an	

extremely	 strong	 preference	 for	 a	 single	 genomic	 feature.	 HTLV-1	 preference	

encompasses	 a	 preference	 for	 silent	 features,	 such	 as	 heterochromatin,	 and	 active	

features,	 such	 as	 TSS	 and	 genes	 (Meekings	 et	 al.	 2008;	 Gillet	 et	 al.	 2011).	 However,	

HTLV-1	does	have	a	uniquely	strong	 integration	site	preference	 for	 integration	within	

100-1000	bp	of	 the	chromatin	occupancy	sites	of	histone	deacetylase	6	(HDAC6),	p53	

and	signal	transducer	and	activator	of	transcription	1	(STAT1)	proteins	(Melamed	et	al.	

2013).	 It	 is	 currently	 unclear	 what	 the	 proliferative	 advantage	 of	 integration	 in	

proximity	 to	 these	 protein	 occupancy	 sites	may	 be,	 but	 given	 the	 in	 vivo	 functions	 of	

these	proteins,	it	is	likely	to	be	through	transcriptional	regulation.		

	

The	de	novo	distribution	of	HTLV-1	 integration	sites	 is	significantly	different	 from	the	

overall	distribution	observed	in	vivo	during	chronic	infection.	This	is	a	reflection	of	the	

balance	 between	 viral	 expression	 driven	 by	 integration	 site	 location	 and	 immune	

surveillance.	However,	the	integration	site	distribution	in	the	expanded	clones	found	in	

patients	 with	 HTLV-1	 associated	 disease,	 is	 not	 significantly	 different	 from	 de	 novo	

(Gillet	et	al.	2011).	This	suggests	that	the	de	novo	preferences	of	HTLV-1	integration	site	

selection	 drive	 more	 clonal	 expansion,	 through	 viral	 expression,	 which	 during	 acute	

infection	is	favourable	for	establishing	as	many	infected	cells	as	possible	through	both	
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infectious	 and	mitotic	 spread.	 Expanded	 clones	 can	 persist	 in	 vivo,	 despite	 high	 viral	

expression	 due	 to	 poor	 immune	 surveillance,	 a	 reflection	 of	 the	 infected	 individual’s	

genetic	 capability	 to	mount	 an	 effective	 immune	 response	 (reviewed:	 Bangham	 et	 al	

(2009).	 The	 integration	 site	 distribution	 seen	 in	ACs	 is	 significantly	 different	 from	de	

novo	and	favours	transcriptionally	silent	regions	of	the	genome	and	the	clonal	landscape	

is	characterised	by	fewer	and	less	expanded	clones.	However,	viral	expression	in	ACs	is	

not	entirely	latent	because	a	chronically	activated	anti-HTLV-1	immune	response	is	still	

detectable	in	these	patients.	This	indicates	that	the	immune	response	is	regularly	being	

exposed	 to	 viral	 antigen.	 Intriguingly,	 integration	 sites	 located	 on	 the	 q-arms	 of	 the	

acrocentric	chromosomes	(13,	14,	15,	21	and	22)	are	associated	with	persistence	in	vivo	

(Cook	 et	 al.	 2014).	 The	 acrocentric	 chromosomes	 are	 always	 associated	 with	 the	

periphery	 of	 the	 nucleolus,	 a	 transcriptionally	 silent	 region.	 However,	 the	 nucleolus	

regularly	dissociates	during	the	cell	cycle	and	 is	an	extremely	dynamic	structure.	This	

has	 led	 to	 the	 hypothesis	 that	 preferential	 survival	 of	 integration	 sites	 in	 vivo	 is	

associated	with	integration	into	genomic	locations	that	favour	viral	latency,	punctuated	

by	short	bursts	of	transcriptional	availability	(Cook	et	al.	2014).	Recently,	it	was	found	

that	 the	 HTLV-1	 provirus	 contains	 a	 functional	 CCCTC-Binding	 factor	 (CTCF)	 binding	

site	 (Satou	et	al.	2016).	The	 location	of	 the	CTCF	binding	site	 is	 thought	 to	act	 in	 two	

ways,	first	to	demarcate	the	epigenetic	regulation	of	the	two	viral	LTRs	and	second,	to	

mediate	the	formation	of	 long-range	chromatin	interactions	between	the	provirus	and	

host	genome.	A	conclusive	hypothesis	for	how	the	ectopic	CTCF	binding	site	contributes	

to	 viral	 persistence	 is	 in	 progress	 and	 it	 is	 not	 yet	 known	 if	 integration	 and	 CTCF	

recruitment	are	linked.	
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Table 1-1: HTLV-1 de novo integration site preferences 

HTLV-1 integration site location* Reference 

Within 1 kb of HDAC6, p53 and STAT1 

chromatin occupancy site 
Melamed et al (2013) 

Within 1 kb of TSS Melamed et al (2013) 

In gene-dense regions Meekings et al (2008) 

Within a gene Meekings et al (2008), Gillet et al. (2011) 

Within 1 kb of a CpG island Meekings et al (2008), Gillet et al. (2011) 

In proximity to epigenetic marks associated 

with euchromatin 
Gillet et al. (2011) 

In proximity to epigenetic marks associated 

with heterochromatin 
Gillet et al. (2011) 

*Darker red fill indicates stronger preference. 

 Mechanism	of	retroviral	integration	1.3

Integration	 occurs	 via	 a	 sequential	 choreography	 of	 multi-protein	 complexes	 of	 viral	

and	host	origin.	In	vivo,	integration	begins	with	the	association	of	the	linear	vDNA	with	a	

multimer	of	IN	enzymes	to	form	the	intasome.	Structural	studies	of	the	intasomes	from	

different	retroviruses	has	shown	that	the	exact	number	of	integrase	monomers	within	

the	intasome	varies.	The	minimum	requirement	for	integration	appears	to	be	a	tetramer	

of	IN,	but	intasomes	comprising	as	much	as	an	octamer	of	IN	have	now	been	reported.		

	

The	 catalytic	 mechanism	 of	 integration	 itself	 occurs	 in	 two	 stages	 known	 as	 3’	

processing	 and	 strand	 transfer,	 which	 IN	 is	 capable	 of	 catalysing	 in	 vitro.	 First,	 IN	

hydrolyses	 each	 end	 of	 the	 vDNA	 to	 remove	 2-3	 nucleotides	 that	 produces	 a	

nucleophilic	3’	hydroxyl	(3’-OH)	group	on	an	invariant	5’-CA-3’	dinucleotide.	Second,	IN	

positions	the	3’-OH	nucleophiles	within	the	active	site	so	that	they	can	attack	and	break	

open	the	host	DNA	backbone,	followed	by	the	covalent	joining	of	the	vDNA	3’-OH	groups	

to	the	5’-phosphates	of	the	host	DNA.	The	role	of	IN	is	now	complete	and	the	intasome	

complex	disassembles;	leaving	partially	integrated	vDNA	that	is	flanked	by	5’	overhangs	

and	 two	 4-6	 bp	 single	 stranded	 gaps	 that	 are	 repaired	 by	 host	 DNA	 repair	 enzymes.	

Once	 DNA	 repair	 is	 complete,	 the	 vDNA	 is	 fully	 integrated	 and	 now	 referred	 to	 as	 a	

provirus	(reviewed	in	Cherepanov	et	al.	2011).		As	a	result	of	the	staggered	nature	with	

which	 the	 host	 DNA	 is	 broken	 open	 across	 the	 major	 groove,	 after	 the	 DNA	 repair	
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process	the	provirus	is	flanked	by	a	4-6	bp	duplication	of	the	host	DNA,	the	size	of	which	

varies	 with	 viral	 species.	 This	 duplication	 is	 an	 important	 clue	 that	 hints	 at	 the	

conformation	of	the	intasome	that	orchestrated	the	reaction.		

	

 Integration	site	selection	1.4

The	integration	process	that	was	just	discussed	does	not	occur	randomly	in	the	genome,	

but	 for	 members	 of	 each	 retroviral	 genus	 occurs	 preferentially	 in	 association	 with	

various	genomic	features	such	as	genes	and	TSS.	Many	studies	have	demonstrated	that	

retroviruses	 from	distinct	genera	display	unique	 integration	site	preferences	(Mitchell	

et	al.	2004;	Derse	et	al.	2007;	Tobaly-Tapiero	et	al.	2008;	Melamed	et	al.	2013;	Meekings	

et	 al.	 2008).	 IN	 is	 firmly	 established	 as	 the	 principal	 determinant	 of	 integration	 site	

preference	 since	 the	 key	 observation	 that	 chimeric	 HIV	 viruses	 in	 which	 MLV	 IN	

replaced	 HIV	 IN,	 displayed	 an	 integration	 site	 preference	 that	 was	 indistinguishable	

from	wildtype	MLV	virus	(Lewinski	et	al.	2006).		

	

The	selection	of	the	integration	site	occurs	at	several	levels	that	mirror	the	hierarchical	

organisation	 of	 the	 genome	 itself	 (see	 figure	 1-1).	 Therefore,	 starting	 at	 the	 primary	

DNA	sequence,	 it	has	been	observed	that	the	viral	IN	preferentially	directs	integration	

into	certain	weak	consensus	sequences.	Next,	progressing	from	primary	DNA	to	higher	

order	chromatin	structure,	 it	has	been	observed	that	density	of	nucleosome	packaging	

can	 govern	 integration	 site	 selection	 based	 on	 the	 ability	 of	 different	 intasomes	 to	

spatially	 accommodate	 different	 chromatin	 conformations.	 In	 addition,	 the	method	 of	

access	 to	 the	 chromatin	 can	 add	 another	 dimension	 to	 integration	 site	 selection.	 For	

example,	 lentiviruses	can	integrate	into	non-dividing	cells	via	active	transport	into	the	

nucleus	 through	 the	 nuclear	 pore.	 This	 results	 in	 lentiviruses	 being	 preferentially	

targeted	to	the	chromatin	domains	that	are	spatially	associated	with	the	nuclear	pore.	

At	this	level	of	genome	organisation,	including	genomic	macrostructures	such	as	genes	

and	their	regulatory	units,	the	most	influence	on	integration	site	selection	takes	place.	

This	is	mediated	by	the	genus	specific	interactions	of	IN	with	host	co-factors	that	target	

integration	 into	 genomic	 domains	 that	 are	 natural	 targets	 of	 the	 co-factor’s	 cellular	

functions.	 Unsurprisingly,	 the	 host	 co-factors	 identified	 to	 date	 are	 either	 direct	

chromatin	binding	proteins	or	those	that	can	associate	with	chromatin	indirectly.			All	of	
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these	 integration	 site	 selection	 parameters	 share	 IN	 as	 their	 “common	 denominator”	

through	the	intrinsic	properties	of	the	genus	specific	IN	itself,	meaning	its	DNA	binding,	

multimerisation	and	protein	interaction	abilities.		

	

1.4.1 The	role	of	integrase	

IN	 enzymes	 from	 all	 retroviral	 genera	 are	 comprised	 of	 3	 conserved	 domains,	 the	N-

terminal	 domain	 (NTD),	 the	 catalytic	 core	 domain	 (CCD)	 and	 the	 C-terminal	 domain	

(CTD).	The	CCD	and	CTD	make	contacts	with	the	target	DNA	during	strand	transfer	to	

stabilise	the	complex.	In	addition	to	stabilising	strand	transfer,	the	individual	domains,	

depending	on	the	virus,	also	mediate	the	IN	interactions	with	host	co-factors	that	will	be	

discussed	later.	Most	importantly,	the	CCD	contains	the	active	site.	Structural	analysis	of	

the	 CCD	 domain	 showed	 that	 it	 exists	 as	 a	 dimer	 to	 form	 one	 active	 site.	 Integration	

requires	 the	 insertion	 of	 two	 vDNA	 ends,	 therefore	 a	 minimally	 functional	 intasome	

complex	 is	 believed	 to	 require	 at	 least	 a	 tetramer	of	 IN	or	 in	 other	words	 a	 dimer	of	

dimers,	so	that	each	dimer	can	contribute	one	active	site	for	each	vDNA	end	(Hare	et	al.	

2009).		

IN	 enzymes	 from	 different	 species	 mediate	 a	 degree	 of	 specificity	 in	 integration	 site	

selection	due	to	their	intrinsic	preference	for	certain	weak	consensus	sequences	in	the	

primary	 DNA	 sequence.	 These	 consensus	 sequences	 are	 widely	 believed	 to	 be	

palindromic	 (Wu	 et	 al.	 2005;	 Holman	 &	 Coffin	 2005;	 Serrao	 et	 al.	 2015)	 and	 this	 is	

thought	 to	be	as	a	result	of	 the	need	 for	 the	consensus	sequence	 to	accommodate	 the	

symmetry	 of	 the	 intasome	 when	 it	 is	 bound.	 Recently	 this	 assumption	 has	 been	

challenged	and	it	has	been	argued	that	the	palindrome	is	actually	a	statistical	artefact	of	

the	 true	 consensus	DNA	sequence	which	occurs	 in	 equal	proportions	on	 the	plus	 and	

minus	 strand	 (Kirk	 et	 al.	 2015).	 Importantly,	 regardless	 of	 the	 debate,	 both	 models	

agree	 that	 the	 unifying	 reason	 behind	 the	 selection	 of	 the	 various	 DNA	 consensus	

sequences	amongst	all	retroviruses	is	that	they	are	intrinsically	bendable.	This	is	due	to	

their	base	pair	composition,	most	notably	the	fact	that	they	are	always	centred	around	a	

pyrimidine	 (Y)	 /purine	 (R)	 dinucleotide.	 The	 base	 pair	 composition	 of	 the	 consensus	

site	 builds	 on	 a	 long-held	 observation	 that	 the	major	 groove	 of	 bent	 DNA,	 especially	

when	wrapped	around	a	nucleosome,	is	favoured	by	IN	for	integration	in	vitro	(Müller	&	

Varmus	1994).	A	recent	structural	study	of	 the	prototype	foamy	virus	(PFV)	 intasome	
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elaborated	greatly	on	the	mechanism	underlying	this	intrinsic	preference	for	bent	DNA	

by	 revealing	 that	 when	 the	 PFV	 intasome	 captures	 target	 DNA,	 it	 places	 the	 major	

groove	 containing	 the	 consensus	 site	 into	 a	 severely	 bent	 conformation	 within	 the	

active	 site.	 This	 forces	 the	 YR	 dinucleotide	 at	 the	 centre	 to	 unstack	 and	 reveal	 the	

scissile	phosphodiester	backbone	that	is	susceptible	to	nucleophilic	attack	by	the	3’OH	

groups	 at	 the	 vDNA	 ends	 (Maertens	 et	 al.	 2010).	 Therefore	 the	 flexibility	 of	 primary	

DNA	targeted	by	IN	is	crucial	to	the	thermodynamics	of	the	integration	process	and	is	

facilitated	by	the	recognition	of	an	inherently	bendable	consensus	sequence.	To	return	

to	the	observation	that	IN	inherently	prefers	DNA	wrapped	around	a	nucleosome	brings	

us	 to	 the	 second	 level	 of	 integration	 site	 selection	which	 is	 governed	by	higher	order	

chromatin	structure.	

	

1.4.2 The	role	of	local	chromatin	state	

DNA	wrapped	 around	nucleosomes	 is	 preferred	 to	 naked	DNA	 as	 a	 target	 of	 proviral	

integration	(Müller	&	Varmus	1994;	Roth	et	al.	2011).	A	study	by	Maskell	et	al	(2015)	

uncovered	 the	 mechanism	 by	 which	 the	 FV	 intasome	 is	 able	 to	 lift	 the	 DNA	 off	 the	

nucleosome	 during	 strand	 transfer.	 	 Whilst	 nucleosomal	 DNA	 is	 a	 requirement	 for	

integration,	 the	 density	 of	 nucleosomes	 surrounding	 the	 integration	 site	 strongly	

influences	which	genomic	domains	are	targeted	for	integration.	Benleulmi	et	al	(2015)	

found	that	viruses	such	as	HIV	and	Avian	Sarcoma	Leukosis	Virus	(ASLV)	preferentially	

integrated	 into	 regions	 of	 sparse	 nucleosome	 spacing,	whilst	MLV	 and	 PFV	 preferred	

integration	in	densely	packed	nucleosomes.	This	preference	was	found	to	be	due	to	the	

individual	 limitations,	or	 lack	thereof,	of	 the	viral	 intasomes	to	spatially	accommodate	

densely	 packed	 nucleosomes	 during	 integration.	 Interestingly,	 viruses	 from	 different	

genera	 (ie	 lenti	 (HIV)	 and	 alpha	 (ASLV)	 or	 gamma	 (MLV)	 and	 spuma	 (PFV)),	 shared	

these	 preferences	 for	 sparse/dense	 packed	 nucleosomes	 despite	 having	 very	 diverse	

signatures	 of	 integration	 preference	 at	 the	 next	 level	 of	 integration	 site	 selection	

control,	which	is	mediated	by	host	co-factors.		

	

Host	 chromatin	 at	 a	 much	 larger	 scale	 can	 also	 exert	 influences	 on	 integration	 site	

selection.	It	was	found	that	unselected	integration	sites	from	the	transposons,	piggyBac	

and	 Sleeping	 Beauty,	 as	 well	 as	 the	 betaretrovirus,	 mouse	 mammary	 tumour	 virus	
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(MMTV),	all	displayed	preferential	integration	into	the	boundary	regions,	or	interfaces,	

of	topologically	associated	domains	(de	Jong	et	al.	2014).	Such	macrogenomic	features	

associated	 with	 nuclear	 topography	 are	 not	 the	 first	 to	 be	 found	 to	 be	 targeted	 for	

integration.	HIV	and	lentiviral	integration	is	also	targeted	to	the	chromatin	domains	that	

are	 spatially	 associated	with	 the	nuclear	pores	 (Lelek	et	 al.	 2015;	Marini	 et	 al.	 2015).	

This	was	first	hinted	at	when	knockdown	of	nuclear	pore	associated	proteins	resulted	in	

reduced	integration	in	gene-dense	integrations	(Ocwieja	et	al.	2011).	The	chromatin	at	

the	 nuclear	 pore	 is	 enriched	 for	 the	 highly	 expressed	 genes	 that	 HIV	 integration	

preferentially	targets.	The	effect	of	knocking	down	nuclear	pore	associated	proteins	on	

integration	 targeting	 indicated	 that	 nuclear	 import	 and	 integration	 targeting	 are	

coupled	processes	during	lentiviral	infection.		

	

1.4.3 The	role	of	integrase	co-factors	

Analysis	of	the	genomic	distribution	of	retroviral	integration	sites	has	repeatedly	shown	

that	 integration	 is	 not	 random,	 but	 instead	 occurs	 in	 preferential	 patterns	 shared	 by	

retroviruses	in	the	same	genus.	

	

The	 best-characterised	 integration	 site	 preferences	 are	 those	 from	 the	 lenti-	 and	

gamma-	 retroviral	 genera,	 typified	by	HIV	 and	MLV,	 attributable	 to	 the	 association	of	

the	IN	enzymes	of	these	viruses	with	a	host	co-factor.		

	

1.4.3.1 LEDGF/p75	and	HIV-1	

Lens	 epithelium	 derived	 growth	 factor/p75	 (LEDGF)	 was	 identified	 as	 an	 HIV-1	 IN	

interaction	partner	when	it	was	shown	to	co-immunoprecipitate	with	Flag-tagged	HIV-1	

IN.	The	same	study	also	demonstrated	that	LEDGF	was	able	to	stimulate	in	vitro	strand	

transfer	activity	of	HIV-1	IN	in	a	dose-dependent	manner	(Cherepanov	et	al.	2003).	This	

interaction	was	then	further	characterised	to	show	that	HIV-1	and	LEDGF	co-localised	

in	the	nucleus	and	that	the	interaction	between	the	two	proteins	was	mediated	through	

the	 NTD	 and	 CCD	 of	 HIV-1	 IN.	 Significantly,	 when	 the	 NTD	 was	 mutated	 to	 abolish	

LEDGF	 interaction	 and	 when	 LEDGF	 was	 depleted	 from	 cells	 using	 siRNAs,	 nuclear	

localisation	 and	 chromatin	 association	 of	 HIV-1	 IN	 was	 lost	 (Maertens	 et	 al.	 2003).		
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These	 results	 were	 soon	 followed	 by	 an	 independent	 group	 showing	 that	 LEDGF	

mediated	 the	 nuclear	 accumulation	 of	 the	 integrase	 of	 HIV-1	 and	 another	 lentivirus,	

feline	immunodeficiency	virus	(FIV),	but	not	MLV,	for	the	first	time	demonstrating	that	

IN/host	co-factor	 interactions	were	genus	specific	(Llano	et	al.	2004).	The	same	study	

was	 not	 able	 to	 demonstrate	 an	 adverse	 impact	 on	 HIV-1	 replication	 or	 integration	

efficiency	 when	 LEDGF	 expression	 was	 ablated,	 likely	 because	 of	 residual	 LEDGF	

protein	 remaining	 present	 on	 chromatin.	 Using	 a	 yeast-two-hybrid	 (Y2H)	 screening	

method,	Emiliani	and	colleagues	 finely	mapped	the	LEDGF	interaction	residues	on	the	

HIV-1	 IN	NTD	 and	 used	 site	 directed	mutagenesis	 to	 create	 IN	mutants	 defective	 for	

LEDGF	binding	(Emiliani	et	al.	2005).	These	authors	were	the	first	to	demonstrate	that	

during	 cellular	 infection,	 lack	 of	 LEDGF	 binding	 reduced	 integration	 efficiency	 and	

replication.	 All	 authors	 speculated	 that	 their	 findings	 suggested	 a	 role	 for	 LEDGF	 in	

directing	 HIV-1	 integration,	 but	 it	 was	 not	 until	 more	 powerful	 lentiviral	 shRNA	

targeting	the	LEDGF	transcript	(Llano	et	al.	2006)	and	LEDGF-knockout	cells	(Shun	et	al,	

2007)	 were	 generated,	 that	 the	 role	 of	 LEDGF	 in	 supporting	 HIV-1	 integration	 was	

unambiguously	 demonstrated.	 Moreover,	 integration	 in	 LEDGF	 null	 cells	 also	 lost	 its	

characteristic	 preference	 for	 integration	 within	 genes	 and	 instead	 displayed	 a	

preference	 for	 promoters	 and	 CpG	 islands	 (Shun	 et	 al.	 2007).	 This	 evidence	 firmly	

established	 LEDGF	 as	 an	 HIV,	 and	 lentiviral,	 host	 co-factor	 that	 is	 able	 to	 guide	

integration	 to	 favourable	 sites	 and	 stimulate	 IN	 activity	 in	 vitro.	 Further	 work	 with	

LEDGF	knockout	cells	 led	to	the	realisation	that	the	residual	 integration	targeting	was	

due	 to	HIV-1	 IN	 recruitment	of	 a	 secondary	 co-factor,	 the	LEDGF	ortholog	hepatoma-

derived	 growth	 factor-related	 protein	 2	 (HRP-2,	 Cherepanov	 et	 al.	 2004),	 to	mediate	

integration	 targeting	 in	 the	 absence	 of	 LEDGF	 (Schrijvers	 et	 al.	 2012).	 HRP-2	

knockdown	 combined	 with	 LEDGF-knockout,	 significantly	 pushed	 HIV-1	 integration	

targeting	towards	a	random	profile,	but	did	not	result	 in	complete	 loss	of	preferential	

integration	 targeting.	 This	 suggested	 that	 yet	 more	 factors	 were	 involved	 in	 HIV	

integration	targeting	and	these	were	later	found	to	be	HIV-Gag	interacting	factors	(see	

section	1.4.5).	
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1.4.3.2 BET	proteins	and	MLV	

A	Y2H	screen	using	MLV	IN	as	bait	discovered	that	the	bromodomain	and	extraterminal	

(BET)	protein,	Brd2,	interacted	with	MLV	(Studamire	&	Goff	2008).	Remarkably,	5	years	

later	 and	within	 the	 space	 of	 6	months,	 3	 independent	 groups	 reported	 that	 the	BET	

proteins,	 including	 Brd2,	 Brd3	 and	 Brd4,	 were	 acting	 as	 MLV	 and	 Moloney	 MLV	

(MoMLV)	IN	co-factors	after	identifying	them	through	cellular	co-immunoprecipitation	

screens	 (Amit	 Sharma	 et	 al.	 2013;	 de	 Rijck	 et	 al.	 2013;	 Gupta	 et	 al.	 2013).	 The	

interaction	 of	 BET	proteins	 is	 specific	 to	 gammaretroviral	 IN	 and	BET	proteins	 could	

stimulate	gammaretroviral	strand	transfer	activity	in	vitro	(A.	Sharma	et	al.	2013;	Gupta	

et	al.	2013).	All	 authors	demonstrated	 that	 the	BET	 inhibitor,	 JQ-1,	 could	 reduce	MLV	

integration	and	expression,	but	additionally	Sharma	et	al	were	able	 to	show	that	both	

siRNA	and	shRNA	against	 individual	BET	proteins	had	 the	same	effect,	 indicating	 that	

individual	BET	proteins	 could	act	 redundantly	 as	MLV	 IN	 co-factors.	 In	 line	with	 this,	

MLV	integration	sites	were	found	to	be	enriched	in	proximity	to	all	BET	protein	binding	

sites	 (A.	 Sharma	 et	 al.	 2013;	 de	 Rijck	 et	 al.	 2013).	 Finally,	 siRNA	 treatment	 and	 JQ-1	

inhibitor	treatment	both	significantly	reduced	MLV	preferential	integration	in	proximity	

to	transcription	start	sites	with	this	effect	being	dose-dependent	for	JQ-1	treatment.	In	

contrast	to	the	strategies	of	the	two	previous	studies,	Gupta	et	al	demonstrated	BET	IN	

co-factor	function	by	overexpressing	the	ET	domain	of	Brd2,	which	they	had	elucidated	

was	 the	domain	mediating	 interaction	with	MLV	IN.	Cellular	overexpression	of	 the	ET	

domain	 led	 to	 a	 significant	 and	 specific	 increase	 in	 MLV	 integration,	 but	 not	 HIV	

integration	which	was	tested	under	the	same	circumstances	(Gupta	et	al.	2013).	

	

1.4.4 The	chromatin	tether	model	of	IN	co-factor	function	

Both	 LEDGF	 and	BET	proteins	 respectively	 contain	 the	 PWWP	or	 bromodomain	DNA	

binding	domains,	meaning	both	proteins	 can	directly	 bind	 to	 chromatin.	 	 Through	 its	

PWWP	domain,	LEDGF	recognises	the	H3K36me3	epigenetic	modification	(Eidahl	et	al.	

2013;	van	Nuland	et	al.	2013).	This	epigenetic	modification	is	strongly	associated	with	

marking	the	exonic	regions	of	highly	expressed	genes	(Huff	et	al.	2011)	the	preferential	

target	of	HIV	and	lentiviral	integration	(Schröder	et	al.	2002).	Additionally,	BET	proteins	

recognise	 a	 wide	 range	 of	 acetylated	 histone	 modifications	 through	 their	 bromo	
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domains	(Dey	et	al.	2003).	Acetylated	histones	are	strongly	associated	with	identifying	

the	genomic	features,	TSS	and	enhancers,	that	are	targeted	by	preferential	integration	of	

MLV	and	gamma	retroviruses	(Larue	et	al.	2014;	Roth	et	al.	2011).		A	pattern	therefore	

emerges	whereby	retroviral	genomes	are	 trafficked	 to	regions	of	 the	genome	that	are	

naturally	bound	by	host	co-factors	through	their	chromatin-binding	domains.	This	has	

led	 to	 a	 model	 of	 IN	 co-factor	 function	 termed	 the	 “chromatin	 tether”	 model.	 The	

integrase	binding	domains	(IBD)	of	the	BET	proteins	and	LEDGF	do	not	interfere	with	

their	chromatin	binding	domains,	therefore	the	IN	co-factors	act	in	a	bimodal	fashion	to	

physically	 tether	 the	PIC	 to	preferential	 chromatin	 regions	 (Kvaratskhelia	et	 al.	 2014;	

Meehan	&	Poeschla	2010).	

1.4.5 The	role	of	Gag	and	Gag	interacting	host	co-factors	

In	contrast	 to	 the	previous	 two	retroviruses,	 the	major	determinant	of	primate	 foamy	

virus	 (FV)	 integration	 site	 selection	 so-far	 identified	 is	 its	 own	 Gag	 protein.	 The	 C-

terminus	of	FV	Gag	protein	is	capable	of	binding	directly	to	the	H2A/H2B	histone	core	

dimer	 and	 tethering	 FV	 PIC	 to	 host	 chromatin	 (Tobaly-Tapiero	 et	 al.	 2008).	 Gag	 first	

traffics	the	FV	PIC	to	the	microtubule	organising	centre	(MTOC)	where	it	will	wait	until	

dissolution	 of	 the	 nuclear	 membrane	 upon	 mitosis	 as,	 like	 most	 retroviruses	 except	

lentiviruses	 (Lewis	 &	 Emerman	 1994)	 and	MMTV,	 (Konstantoulas	 &	 Indik	 2014),	 FV	

cannot	access	the	nucleus	of	non-dividing	cells.	The	tethering	function	therefore	allows	

FV	PICs	to	remain	associated	with	host	chromatin	throughout	mitosis	and	reformation	

of	 the	nuclear	envelope,	 in	preparation	for	 integration	 in	daughter	cells	(Mullers	et	al.	

2011).	However,	Gag	is	an	important	determinant	of	integration	site	selection	in	other	

retroviruses	by	mediating	chromatin-tethering	functions	similar	to	what	was	described	

for	FV	Gag	 and	 through	 interaction	with	Gag-specific	host	 co-factors.	 For	 example,	 an	

essential	component	of	the	MLV	PIC	is	the	Gag	p12	protein	which	tethers	MLV	PICs	to	

mitotic	chromatin	(Elis	et	al.	2012;	Schneider	et	al.	2013).	This	tethering	is	essential	for	

MLV	 integration	 as	 it	 ensures	 that	 the	 PIC	 remains	 associated	 with	 chromatin	 until	

reformation	 of	 the	 nuclear	 envelope	where	 it	will	 be	 in	 place	 to	 interact	with	 IN	 co-

factors	to	direct	integration	site	selection.	When	Lewinski	et	al	(2006)	created	chimeric	

HIV	 viruses	where	 the	 IN	 and	Gag	 genes	were	 replaced	with	MLV	 counterparts,	 they	

noted	 that	 only	 the	 HIV	 chimera	 with	 both	 MLV	 Gag	 and	 IN	 displayed	 preferential	

integration	 in	 a	 profile	 that	 was	 practically	 indistinguishable	 from	 natural	 MLV	
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integration.	 However,	 a	 chimera	 with	 just	 MLV	 Gag	 was	 also	 sufficient	 to	 alter	

integration	site	preference	of	the	chimera,	but	this	time	into	a	unique	integration	profile	

distinct	from	both	HIV	and	MLV.	Both	observations	demonstrated	that	MLV	Gag	played	

its	own	role	in	integration	targeting	although	it’s	influence	was	likely	secondary	to	that	

of	MLV	IN	when	working	together.		

	

However,	the	role	of	Gag	in	integration	site	selection	has	now	been	firmly	establish	by	

observations	made	 by	 Sowd	 et	 al	 (2016)	who	 demonstrated	 that	 HIV	 Gag	 interacted	

with	 its	own	host	co-factor,	cleavage	and	polyadenylation	specific	 factor	6	(CPSF6),	 to	

specifically	 target	 HIV	 PICs	 into	 transcriptionally	 active	 chromatin,	 a	 function	

previously	thought	to	be	due	to	LEDGF	activity	alone.	Surprisingly,	CPSF6	knockout	had	

a	 greater	 impact	 on	 decreasing	 HIV	 integration	 into	 gene-dense	 regions,	

transcriptionally	 active	 and	 intron-rich	 genes	 than	 did	 LEDGF	 knockout.	 Importantly,	

knockdown	 of	 both	 CPSF6	 and	 LEDGF	 simultaneously	 led	 to	 a	 reversion	 of	 HIV	

integration	site	selection	with	respect	to	genes	that	was	almost	random	in	profile.	The	

mechanism	proposed	 for	 this	 targeting	was	 that	CPSF6,	 through	 interaction	with	Gag,	

targeted	HIV	PICs	 to	 regions	 of	 highly	 expressed	 euchromatin	 and	high	 gene	 density.	

Through	LEDGF	 interaction	 the	 IN	was	 then	positioned	 to	 integrate	within	 regions	of	

the	 gene-unit	 most	 favourable	 for	 establishment	 of	 the	 viral	 lifecycle	 through	

transcriptional	 control.	 This	 is	 corroborated	 by	 two	 observations.	 First,	 the	 same	

authors	noted	that	dual	knockdown	of	both	co-factors	led	to	higher	initial	expression	of	

HIV	after	integration	that	gradually	became	silent	two	weeks	after	infection,	indicating	

that	a	normal	silencing	mechanism	was	lost.	Second,	Gérard	et	al	(2015)	reported	that	

LEDGF	 forms	 part	 of	 a	 transcriptional	 silencing	 complex,	 including	 Isw1	 and	 Spt6,	 to	

repress	HIV	expression.	The	authors	were	not	able	 to	show	that	LEDGF	recruited	 this	

repressive	complex	directly	to	the	integration	site,	but	they	speculated	that	there	could	

be	 a	 mechanism	 linking	 integration	 to	 transcriptional	 control.	 This	 would	 indeed	 be	

favourable	 for	 the	establishment	of	a	viral	 reservoir,	 as	opposed	 to	 rapid	unregulated	

transcription	that	would	attract	immune	surveillance.	
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1.4.6 Altering	integration	site	selection	

The	preference	of	MLV	integration	sites	to	target	promoters	and	transcription	start	sites	

is	 now	 known	 to	 be	 responsible	 for	 the	 genotoxicity	 associated	with	 early	MLV	 gene	

therapy	 vectors	 used	 to	 treat	 a	 range	 of	 congenital	 immune	 deficiencies.	 The	 best	

example	of	 this	was	when	MLV	vectors	were	 found	to	 integrate	 into	 the	promoters	of	

oncogenes,	mainly	 the	 LMO2	 gene,	 and	 subsequently	 cause	 deregulation	 of	 oncogene	

expression	leading	to	the	development	of	leukaemia	in	patients	who	had	received	gene	

therapy	treatment	for	X-linked	severe	combined	immunodeficiency	(Hacein-Bey-Abina	

et	 al,	 2003).	 This	 for	 the	 first	 time	 demonstrated	 the	 importance	 of	 understanding	

integration	 site	 preferences	 in	 order	 to	 exploit	 retroviruses	 for	 therapeutic	 benefit.	

Since	 the	discovery	of	how	BET	proteins	 function	as	 the	primary	determinant	of	MLV	

integration	 preference,	 efforts	 have	 been	 made	 to	 develop	 MLV	 vectors	 with	 a	 safer	

therapeutic	profile	by	blocking	 the	 IN-BET	protein	 interaction	(El	Ashkar	et	al.	2014).	

Additionally,	MLV	viruses	have	been	engineered	lacking	the	BET	interaction	peptides	in	

the	CTD	of	MLV	IN	(Aiyer	et	al.	2014).	Infections	with	these	viruses	showed	a	marked	

decreased	in	preference	for	integration	associated	with	characteristic	genomic	features	

of	MLV	integration,	but	did	not	suffer	a	reduction	in	viability.		

	

Fusion	 proteins	 formed	 between	 the	 BET	 integrase	 binding	 domain	 (IBD)	 and	 the	

chromatin	 binding	 domain	 (CBD)	 of	 LEDGF	 retargeted	 MLV	 integration	 towards	

genomic	 features	 characteristic	 of	 preferential	 HIV	 integration	 (de	 Rijck	 et	 al.	 2013).	

Such	fusion	proteins	have	been	used	before	to	demonstrate	that	HIV	integration	can	be	

retargeted	 by	 substituting	 the	 CBD	 of	 LEDGF	 for	 the	 CBD	 of	 other	 proteins	 such	 as,	

Inhibitor	 of	 Growth	 2	 (ING2),	 a	 protein	 which	 targets	 H3K4me3	 epigenetic	 marks	

(Ferris	et	al.	2010).	This	 resulted	 in	a	 retargeting	of	HIV	 integration	 towards	 features	

such	as	TSS	that	are	marked	with	H3K4me3.	 In	the	same	study,	swapping	the	LEDGF-

CBD	 for	 the	 CBD	 of	 the	 HP1α	 protein	 redirected	 integration	 into	 repetitive	

heterochromatin	 and	 yielded	 an	 integration	 site	 distribution	 profile	 that	 was	 very	

similar	to	the	profile	associated	with	random	in	silico	integration	sites.		

	

The	 ability	 to	 alter	 integration	 site	 selection	 and	 deliberately	 retarget	 it	 to	

predetermined	 sites	 in	 the	 genome	 is	 of	 obvious	 utility	 to	 the	 development	 of	 safer	
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gene-therapy	 vectors	 and	 for	 the	 silencing	 of	 proviral	 expression	 to	 avert	 disease	

progression.	 To	 do	 this,	 we	 must	 be	 able	 to	 understand	 the	 host	 determinants	 of	

integration	 site	 preference	 for	 retroviruses	 of	 significant	 therapeutic	 and	 medical	

interest.	

	

1.4.7 Deltaretroviral	IN	interaction	partners	

The	precedent	set	by	research	on	HIV	and	MLV	IN	and	their	respective	co-factors	set	the	

framework	within	which	an	investigation	into	what	could	be	acting	as	the	HTLV-1	IN	co-

factor.	The	 same	protein	 interaction	 screens,	Y2H	and	cellular	 co-immunoprecipation,	

identified	 members	 of	 the	 protein	 phosphatase	 2A	 (PP2A)	 complex	 as	 interaction	

partners	of	HTLV-1	 IN,	 specifically	subunits	 from	PP2A’s	B’	 regulatory	subunit	 family.	

Goedele	Maertens,	who	co-supervised	this	project,	reported	that	PP2A-B’	subunits	could	

stimulate	 strand	 transfer	 activity	 of	 deltaretroviral	 IN	 in	 vitro	 in	 a	 dose-dependent	

manner	 (Maertens	 et	 al.	 2016).	 The	 aim	 of	 this	 study	 was	 therefore	 to	 investigate	

whether	HTLV-1	de	novo	 integration	site	preference	 is	altered	 in	 the	absence	of	PP2A	

function,	 either	 by	 PP2A	 subunit	 knockdown	 or	 chemical	 inhibition.	 The	 LEDGF	 and	

BET	family	co-factors	appear	to	function	as	chromatin	tethers	by	targeting	integration	

to	chromatin	associated	with	certain	epigenetic	marks	that	they	can	recognise	and	bind	

through	chromatin	binding	domains.	In	contrast,	PP2A	does	not	have	any	capability	to	

bind	 chromatin	 directly,	 therefore	 it	must	mediate	 its	 IN	 co-factor	 function	 indirectly	

during	one	or	more	of	its	many	nucleus	specific	functions.	
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Figure 1-1: Determinants of retroviral integration site selection 

A summary of the major determinants of integration site selection so far characterised. 
Determinants are divided between viral (integrase) and cellular (host co-factors) as well as 
the influence of viral latency and in the preferential selection of integration sites which 
survive host immune surveillance. 
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 Protein	Phosphatase	2A	(PP2A)	1.5

Derse	 et	 al	 (2007)	 postulated	 that	 HTLV-1’s	 “absence	 of	 integration	 site	 specificity”	

could	be	due	to	“interactions	with	a	ubiquitous	chromosomal	protein”.	This	was	a	very	

astute	 observation	 as	 we	 now	 believe	 that	 the	 principal	 determinant	 of	 HTLV-1	

integration	 site	 selection	 is	 the	 PP2A	 complex,	 an	 extremely	 ubiquitous	 and	 highly	

expressed	 serine/threonine	 phosphatase,	 which	 evidence	 from	 this	 work	 suggests	 is	

acting	as	an	HTLV-1	IN	co-factor.		

Structural,	 catalytic	 and	 regulatory	 subunits	 of	 the	 PP2A	 complex	 were	 identified	 by	

Goedele	Maertens	 (2016)	 as	 interaction	 partners	 of	 flag-tagged	 deltaretroviral	 INs	 in	

cellular	co-immunoprecipitation	screens.	 	Later,	results	of	an	 independent	Y2H	screen	

(see	Chapter	3)	 identified	 the	 same	 family	of	PP2A	 regulatory	 subunits	 as	HTLV-1	 IN	

interaction	partners.	Goedele	Maertens	(2016)	further	elaborated	on	the	mechanism	of	

PP2A’s	interaction	with	deltaretroviral	INs	by	demonstrating	that	the	PP2A	regulatory	

subunit	B’	alone	could	stimulate	HTLV-1	and	-2	IN	strand	transfer	activity	in	vitro	in	a	

dose-dependent	 manner.	 In	 addition,	 the	 interaction	 domain	 between	 PP2A-B’	 and	

HTLV-1	IN	was	mapped	to	a	conserved	region	of	B’	and	site-directed	mutagenesis	of	this	

domain	abolished	strand	transfer	stimulation.	

	

1.5.1 PP2A	holoenzymes	

PP2A	is	a	serine/threonine	phosphatase	belonging	to	the	phosphoprotein	phosphatase	

(PPP)	 family	 which	 includes	 other	 notable	 members	 such	 as	 protein	 phosphatase	 1	

(PP1;	Shi	2009).	

	

PP2A	functions	as	a	trimeric	holoenzyme	made	up	of	a	structural	(A),	catalytic	(C)	and	

variable	regulatory	subunit	(B).	The	structural	and	catalytic	subunits,	which	each	have	

an	 alpha	 (α)	 and	 beta	 (β)	 isoform,	 combine	 to	 form	 a	 core	 dimer	 which	 can	 be	

catalytically	active	alone,	but	for	mammalian	cell	survival,	the	core	must	associate	with	

a	regulatory	subunit	 for	specific	 functions	(Strack	et	al.	2004).	The	regulatory	subunit	

can	be	any	member	of	four	distinct	families:	B,	B’,	B’’	and	B’’’,	each	member	of	which	can	

have	multiple	 isoforms	 and	 splice	 variants	 (summarised	 in	 table	 1-2).	 PP2A	 relies	 on	

the	identity	of	the	regulatory	subunit	within	the	holoenzyme	to	dictate	PP2A	substrate	
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specificity	and	intracellular	localisation	(Strack	et	al.	1998;	McCright	et	al.	1996;	Slupe	

et	 al.	 2011).	 In	 humans,	 there	 are	 15	 genes	 encoding	 up	 to	 26	 regulatory	 subunits	

identified	 so	 far,	 which	 in	 combination	 with	 up	 to	 four	 different	 core	 dimer	

configurations,	 theoretically	 enables	 up	 to	 104	 configurations	 of	 the	 trimeric	

holoenzyme.	 Therefore,	 when	 referring	 to	 the	 “PP2A-complex”,	 we	 are	 actually	

referring	to	a	large	family	of	complexes	each	of	which	can	have	separate	functions.	It	is	

this	 diversity	 of	 subunit	 combinations	 that	 allows	 a	 “single”	 complex	 to	 have	 such	 a	

broad	 range	 of	 functions	 counteracting	 the	numerous	 cellular	 kinases.	 PP2A	 is	 highly	

conserved	and	abundantly	expressed,	although	regulatory	subunits	can	be	expressed	in	

a	 tissue-specific	 manner.	 PP2A	 alone	 can	 constitute	 approximately	 1%	 of	 cellular	

protein	content	(Lin	et	al.	1998)	and	together	with	PP1	is	responsible	for	an	estimated	

90%	 of	 cellular	 serine/threonine	 phosphatase	 activity	 (Eichhorn	 et	 al.	 2009).	 PP2A	

function	 is	 attributed	 to	 the	 regulation	 of	 many	 key	 cellular	 processes	 such	 as	 cell	

growth,	migration,	apoptosis	and	mitosis	 (Janssens	&	Goris	2001)	and	unsurprisingly,	

PP2A	 is	 recognised	 as	 an	 important	 tumour	 suppressor	 that	 is	 often	 deregulated	 in	

many	 cancers.	 Consequently,	 restoration	 of	 PP2A	 activity	 has	 become	 an	 important	

target	for	the	development	of	novel	anti-cancer	therapies.		

	

Table 1-2: PP2A holoenzyme subunits 

Subunit Isoforms Gene name 

Structural (A) Aα, Aβ PPP2R1A, -R1B 

Catalytic (C) Cα, Cβ PPP2CA, -2CB 

B/B55/PR55 α, β, γ, δ PPP2R2A, -R2B, -R2C, -R2D 

B’/B56/PR61 α, β, γ1,2,3, δ and ε  
PPP2R5A, -R5B, , -R5C, -R5D, 

-R5E 

B’’ α1, α2, β, γ  PPP2R3A, -R3B, -R3C 

B’’’ 
Sriatin/PR110, SG2NA, 

STRN4 
STRN, STRN3, STRN4 
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1.5.2 PP2A-B’	regulatory	subunits	

The	B’	(also	known	as	B56	and	PR61)	family	of	regulatory	subunits	are	the	largest	and	

best	characterised	of	the	PP2A	regulatory	subunits	(Baek	&	Seeling	2007).	The	family	is	

divided	 into	 5	 isoforms	 with	 up	 to	 10	 reported	 splice	 variants	 and	 each	 isoform	 is	

associated	with	targeting	PP2A	to	distinct	intracellular	locations	(McCright	et	al.	1996).	

The	 α,	 β	 and	 ε	 isoforms	 are	 cytoplasmic	 in	 localisation,	 but	 β	 isoform	 expression	 is	

largely	 restricted	 to	 the	brain,	whilst	 the	γ	 and	δ	 isoforms	are	nuclear	 in	 localisation.	

The	 γ3	 isoform	 appears	 to	 be	 particularly	 important	 for	 nuclear	 localisation	 of	 PP2A	

and	knockdown	can	cause	cell	proliferation	(Lee	et	al.	2010),	highlighting	the	role	of	the	

γ3	isoform	as	a	tumour	suppressor.	Interestingly,	overexpression	of	all	γ	isoforms	was	

found	as	a	general	feature	of	many	types	of	leukaemia,	seemingly	at	odds	with	studies	in	

other	 cancer	 types	 (Zheng	 et	 al.	 2011).	 This	 could	 point	 to	 unique	 roles	 for	 the	 γ	

isoforms	in	lymphoid	cells.	

	

B’	 isoforms	 are	 highly	 conserved	 across	 all	 species,	 with	 yeast	 and	 human	 homologs	

sharing	60%	sequence	identity	(Sommer	et	al.	2015).	Within	the	B’	family,	the	isoforms	

share	 66-81%	 sequence	 identity,	 largely	 owing	 to	 their	 highly	 conserved	 central	

domain,	 which	 is	 made	 up	 of	 eight	 Huntingtin,	 elongation	 factor	 3,	 PP2A	 and	 TOR1	

(HEAT)-like	repeats	that	mediate	interaction	with	the	core	dimer.	However,	the	amino-	

and	 carboxy-terminal	 sequences	 diverge	 between	 isoforms	 and	 likely	 underlie	 the	

functional	specificity	of	each	isoform.		

	

B’	 proteins	 (excluding	 the	 γ1	 and	 γ2	 isoforms)	 are	 the	 only	 PP2A	 regulatory	 subunit	

family	 that	 are	 themselves	phosphoproteins,	 and	 require	phosphorylation	 in	 order	 to	

implement	their	functional	interaction	with	the	PP2A	core	dimer.	This	is	well	illustrated	

during	 their	 involvement	 in	 regulating	 mitotic	 progression	 where	 they	 require	

desphosphorylation	 by	 PP2A-B	 holoenzymes	 to	 recruit	 PP1,	 to	 become	 activated	

(Grallert	 et	 al.	 2015).	This	 study	draws	attention	 to	how	 intertwined	 the	 functions	of	

different	 PPP	 are,	 as	well	 as	 demonstrating	 how	different	 PP2A	 holoenzymes	 can	 act	

independently	 in	 the	 same	 signalling	 pathway.	 In	 fact,	 B’	 isoforms	 participate	 in	

numerous	cellular	signalling	pathways,	at	times	even	opposing	each	other’s	functions	as	

is	the	case	for	PP2A-B’	ε	which	promotes	Wnt	signalling	during	embryonic	development	
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whilst	 other	 PP2A-B’	 complexes	 inhibit	 it	 (Yang	 et	 al,	 2003;	 Li	 et	 al,	 2001).	 In	 this	

context	 B’	 subunits	 opposed	 each	 other’s	 functions	 contexts,	 but	 in	 other	 cellular	

pathways	they	can	often	function	redundantly	as	 in	the	case	of	regulating	kinetochore	

attachments	 during	 mitosis	 (Foley	 et	 al.	 2012).	 All	 these	 observations	 point	 to	 the	

necessity	 of	 defining	 which	 regulatory	 subunit	 is	 present	 in	 a	 given	 holoenzyme,	

unfortunately	this	information	is	not	always	available	in	reports	from	the	literature.		

B’	α,	ε	and	γ	subunits	are	highly	expressed	in	haematological	tissues,	particularly	in	the	

thymus,	the	δ	subunit	was	found	to	have	lower	expression	in	these	tissues	and	β	subunit	

expression	was	 negligible,	 consistent	with	 its	 brain	 specific	 expression	 (Haesen	 et	 al.	

2014).		

	

Very	recently,	the	basis	for	substrate	specificity	of	the	B’	subunits	has	been	attributed	to	

the	discovery	by	Hertz	et	al	(2016)	of	a	conserved	motif	in	target	proteins,	designated	

LxxIxE,	that	 is	thought	to	mediate	recognition	by	the	B’	subunit.	Of	significance	to	this	

work	was	the	finding	that	this	domain	has	been	found	in	several	viral	protein	families,	

including	 the	nucleoproteins	of	 filoviruses	 (Ebola-,	Marburg-	and	Cuevavirus)	and	 the	

IN	 proteins	 of	 all	 deltaretroviruses,	 further	 bolstering	 the	 evidence	 of	 a	 PP2A-B’	

interaction	with	HTLV-1	IN.	

	

1.5.3 PP2A	function	is	targeted	by	viruses	

The	discovery	of	a	B’-recognition	motif	in	several	viral	proteins	highlights	how	PP2A’s	

central	 role	 in	many	 cellular	 growth	 and	 survival	 pathways	has	made	 it	 an	 attractive	

target	for	deregulation	or	hijacking	by	many	viruses	(reviewed	in	Guergnon	et	al.	2011).	

The	 best	 known	 example	 of	 PP2A	 hijacking	 is	 by	 the	 Simian	 virus	 40	 small	 t-antigen	

(SV40t)	 where	 SV40t	 can	 actually	 bind	 the	 core	 enzyme	 in	 place	 of	 a	 B’	 regulatory	

subunit,	 thereby	modulating	PP2A	activity	and	 intracellular	 localisation	by	acting	as	a	

competitive	inhibitor	of	B’	subunits	(Chen	et	al.	2007).	This	leads	to	cell	transformation	

by	 activating	 numerous	 cellular	 signalling	 pathways	 normally	 supressed	 by	 PP2A,	

including	PI3K/Akt,	Wnt	and	c-Myc	(Sablina	et	al.	2010).		The	retroviral	transactivators	

of	 HIV	 and	 HTLV-1	 respectively,	 Tat	 and	 Tax,	 are	 also	 known	 to	 target	 PP2A	 for	

deregulation	in	host	cells.	However,	these	proteins	have	been	shown	to	cause	opposite	

outcomes	 for	cell	 survival	by	disrupting	PP2A	 function.	 In	 the	case	of	Tat,	 it	has	been	
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shown	 to	 upregulate	 the	 expression	 of	 several	 PP2A	 subunit	 genes,	 resulting	 in	

overexpression	of	PP2A	that	is	thought	to	have	pro-apoptotic	consequences	favourable	

for	HIV	dissemination	(Kim	et	al.	2010).	Tax,	on	the	other	hand,	appears	to	promote	cell	

survival	 by	 orchestrating	 the	 constitutive	 activation	 of	 the	 canonical	 NFκB	 pathway	

through	 inhibition	 of	 PP2A-mediated	 degradation	 of	 the	 IKK	 complex,	 an	 NFκB	

regulator	(Fu	et	al.	2003).	Adenovirus	E4orf4	protein	targets	PP2A-B	holoenymes	to	the	

ATP-dependent	 ACF	 chromatin	 remodelling	 complex	 in	 order	 to	 effect	 a	 change	 in	

chromatin	 state	 that	 is	 believed	 to	 promote	 cell	 death	 and	 virus	 dissemination	

(Brestovitsky	 et	 al.	 2011).	 This	 is	 particularly	 interesting	 from	 the	 perspective	 of	 the	

work	 presented	 in	 this	 thesis,	 where	 PP2A	 is	 hypothesised	 to	 act	 as	 a	 chromatin	

interacting	 factor	 that	 determines	 HTLV-1	 integration	 site	 selection	 in	 the	 genome.	

However,	the	authors	noted	that	E4orf4	interactions	with	PP2A-B’	do	not	play	a	role	in	

adenovirus-induced	apoptosis.	Nevertheless,	the	study	by	Brestovitsky	et	al	shows	both	

how	PP2A	can	be	exploited	by	viral	proteins	to	execute	key	steps	 in	the	viral	 lifecycle	

and	how	PP2A	can	modulate	chromatin	characteristics.	

1.5.4 Relevant	functions	of	PP2A	

To	 date,	 numerous	 chromatin-specific	 functions	 for	 PP2A	 holoenzymes	 have	 been	

identified.	In	particular,	the	PP2A-B	and	PP2A-B’	holoenzymes	have	been	implicated	in	

all	 stages	 (initiation,	execution	and	exit)	of	mitosis	 (Grallert	et	al.	2015).	The	PP2A-B’	

holoenzymes	in	particular,	play	an	essential	role	in	appropriate	chromosome	separation	

during	mitosis	and	meiosis.	This	is	achieved	through	recruitment	and	cooperation	with	

the	Shugoshin-1	complex	to	dephosphorylate	the	Cohesin	complex	in	order	to	retain	its	

association	with	centromeres	(Kitajima	et	al.	2006).	In	addition,	the	role	of	PP2A-B’	 in	

the	regulation	of	mitotic	progression	has	also	been	expanded	to	include	the	regulation	

of	microtubule	attachments	to	the	kinetochore	through	interaction	with	BubR1	in	order	

to	counteract	the	activity	of	Aurora	B	kinase	at	kinetochores	(Foley	et	al.	2012;	Kruse	et	

al.	2013;	Xu	et	al.	2013).		

	

The	PP2A	catalytic	subunit	has	been	shown	by	chromatin	immunoprecipitation	(ChIP)	

to	mediate	 transcriptional	 silencing	of	 promoters	by	dephosphorylation	of	 the	H3S10	

mark	 (Simboeck	 et	 al.	 2010)	 and	 has	 been	 implicated	 in	 the	 heat-shock	 response	 of	
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Drosophila,	 again	 through	 regulation	 of	 the	 H3S10	 mark	 at	 heat-shock	 promoters	

(Nowak	et	al.	2003).	

	

The	localisation	of	PP2A	to	heat-shock	gene	promoters	has	been	implicated	in	another	

chromatin	 regulatory	 function	 of	 PP2A:	 mitotic	 gene-bookmarking.	 Mitotic	 gene-

bookmarking	is	a	process	whereby	the	transcription-regulatory	regions	of	certain	genes	

remain	 in	 an	 open	 conformation	 during	 mitosis,	 when	 the	 majority	 of	 chromatin	

becomes	 compacted,	 to	 enable	 rapid	 resumption	 of	 transcription	 after	 completion	 of	

mitosis	 (Hsiung	 et	 al.	 2015).	 Xing	 et	 al	 (2005)	 reported	 that	 PP2A	 is	 recruited	 to	 the	

hsp70i	promoter	by	a	heatshock	specific	transcription	factor,	HSF2.	PP2A	is	required	to	

dephosphorylate,	 and	 thereby	 inhibit,	 the	 condensin-I	 complex	 in	 order	 to	 prevent	 it	

from	 compacting	 the	 promoter.	 In	 addition,	 Xing	 et	 al	 (2008)	 showed	 that	 the	much	

more	ubiquitous	transcription	factor,	TATA	binding	protein	(TBP),	also	recruits	PP2A	to	

promoters	 in	 order	 to	 inactivate	 condensin-I	 in	 preparation	 for	 bookmarking	of	TBP-

associated	 loci.	 Finally,	 Arampatzi	 et	 al.	 (2013)	 showed	 that	 the	 transcription	 factor,	

nuclear	transcription	factor	Y,	recruited	PP2A	to	distal	enhancer-regulatory	elements	of	

the	DRA	gene	to	bookmark	it	in	B-cells.	To	summarise,	all	these	studies	report	that	PP2A	

recruitment	 is	 necessary	 for	 the	 inactivation	 of	 condensin-I	 in	 order	 to	 bookmark	

genomic	 loci	during	mitosis.	This	highlights	PP2A’s	 role	as	a	 cornerstone	of	 the	gene-

bookmarking	 process,	 and	 PP2A	mediated	 bookmarking	may	 even	 be	 crucial	 for	 the	

passing	on	of	transcriptional	profiles	to	daughter	cells.		

In	all	gene	bookmarking	studies,	successful	ChIP	was	performed	using	antibodies	 that	

recognise	either	the	PP2A	A	or	C	subunits.	These	observations	demonstrate	that	PP2A	

holoenzyme	 makes	 an	 intimate	 interaction	 with	 chromatin,	 suggesting	 that	 it	 could	

mediate	 IN	 tethering.	 However,	 it	 is	 not	 yet	 clear	 which	 B-regulatory	 subunits	 are	

involved	in	such	close	chromatin	interactions.		

	

PP2A-B’	holoenzymes	have	been	implicated	in	the	chromatin	recruitment	of	Shugoshin-

1	for	centromere	protection	from	premature	separation	during	mitosis	(Kitajima	et	al.	

2006).	More	recently,	Takemoto	et	al.	identified	a	non-catalytic	function	of	PP2A	in	the	

direct	 recruitment	 of	 condensin-II	 and	 KIF4a	 to	 chromosomes	 during	 mitosis	

(Takemoto	et	al.	2009).	Okadaic	acid	and	fostriecin	two	PP2A	inhibitors	with	different	

mechanisms	 of	 action,	 affected	 chromatin	 recruitment	 of	 condensin-II	 and	 KIF4a	
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differently.	Whilst	 both	 inhibited	PP2A’s	 catalytic	 activity,	 only	 okadaic	 acid	 inhibited	

the	 non-catalytic	 chromatin	 recruitment	 function.	 Further,	 it	 was	 found	 that	 PP2A-B’	

holoenzymes	promoted	the	recruitment	 to	chromatin,	but	B-PP2A	did	not.	Kitajima	et	

al.	 observed	 that	 Shugoshin-2	 (a	 distinct,	 but	 related	 complex)	participated	 in	PP2A’s	

initial	 recruitment	 to	 chromatin.	 It	 is	 therefore	 intriguing	 to	 read	 in	Takemoto	 et	 al’s	

study	that	it	was	Shugoshin-2	that	appeared	to	participate	with	PP2A-B’	specifically	in	

recruiting	condensin-II	to	centromeres.	All	these	studies	highlight	an	interplay	between	

PP2A-B’	 and	 the	 Shugoshin	 factors	 in	 PP2A’s	 chromatin	 association	 and	 chromatin	

recruitment	functions.	

	

1.5.5 PP2A	inhibition	and	knockdown	

Small	 molecule	 inhibitors	 of	 PP2A	 catalytic	 activity	 are	 useful	 for	 studying	 PP2A	

function	 in	 cells.	 They	 are	 imperfect	 tools	 as	 they	 can	 have	 non-specific	 inhibitory	

effects	on	other	PPPs,	owing	to	the	similarity	of	the	catalytic	subunits	in	the	PPP	family	

(Shi	 2009).	But	usually,	 the	differences	 in	 inhibitory	 constant	 (IC50),	 for	 an	 individual	

PPP	means	 that	when	used	correctly	 the	drugs	can	be	specific.	For	example,	 the	most	

widely	used	PP2A	inhibitor,	okadaic	acid	(OA),	has	an	inhibitory	constant	for	PP2A	(IC50	
=	0.1	nM)	that	is	100-fold	weaker	than	PP1	(IC50	=	15-20	nM)	(Cohen	et	al.	1989).	Other	

classes	of	more	specific	PP2A	inhibitors	have	been	discovered,	one	of	the	most	specific	

being	the	drug	fostriecin	(Swingle	et	al.	2007)	which	has	the	added	benefit	of	mediating	

PP2A	inhibition	by	binding	to	a	different	location	in	the	PP2A	active	site	from	okadaic	

acid	(Walsh	et	al.	1997).	However,	fostriecin,	and	a	similar	class	of	inhibitors	called	the	

cytostatins,	also	have	their	own	limitations	owing	to	the	fact	that	they	are	difficult	to	use	

in	 a	 laboratory	 setting	due	 to	 compound	 instability	 (Swingle	 et	 al.	 2007)	 and	 the	 fact	

that	fostriecin	also	has	inhibitory	activity	against	topoisomerase	II	(Boritzki	et	al.	1988).	

More	 recently,	 a	 new	 class	 of	 PP2A	 inhibitors,	 the	 rubratoxins,	 was	 described.	

Rubratoxin	 A	 (RubA)	 especially,	 was	 found	 to	 be	 a	 specific	 inhibitor	 of	 PP2A	 (IC50	 =	

170nM)	and	is	believed	to	inhibit	PP2A	in	a	similar	fashion	to	the	cytostatins	(Wada	et	

al.	2010),	but	has	greater	structural	stability.		

Reports	 in	 the	 literature	 have	 indicated	 that	 different	 PP2A	 inhibitors	 can	 have	

differential	 effects	 on	 supressing	 certain	 PP2A	 functions	 suggesting	 that	 different	

classes	 of	 inhibitors	 may	 favour	 the	 inhibition	 of	 certain	 PP2A	 enzymes	 over	 others	
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(Ishida	et	al.	2015;	Takemoto	et	al.	2009).	Unfortunately,	no	inhibitor	has	to	date	been	

found	that	can	specifically	inhibit	PP2A	alone.	Even	the	most	“specific”	PP2A	inhibitors	

also	inhibit	the	very	closely	related	PPP,	PP4	(Swingle	et	al.	2007).	However,	PP4	is	not	

believed	to	be	as	highly	expressed	as	PP2A	(Kloeker	et	al.	2003).		The	major	advantage	

of	 PP2A	 inhibitors	 is	 there	 ease	 of	 use	 and	 their	 ability	 to	 transiently	 inhibit	 PP2A.	

Results	 of	 PP2A	 inhibitor	 treatment	 combined	 with	 HTLV-1	 infection	 are	 shown	 in	

Chapter	four.		

	

However,	inhibitors	cannot	yet	aid	in	distinguishing	the	contributions	of	different	PP2A	

holoenzymes.	 This	work	must	 be	 achieved	 through	 use	 of	 targeted	 RNA	 interference	

(RNAi)	against	specific	PP2A	subunits,	as	knockout	and	transgenic	animal	models	result	

in	 embryonic	 lethality	 or	 premature	 death	 (reviewed	 in	 Götz	 &	 Schild	 2003).	

Knockdown	experiments	of	the	alpha	isoform	of	the	scaffold	subunit	of	PP2A	(PP2A-Aα)	

have	shown	that	PP2A-Aα	knockdown	 leads	 to	degradation	of	other	PP2A	subunits	 in	

cells,	implicating	its	central	role	in	regulating	the	assembly	of	the	complex	(Strack	et	al.	

2004).	These	experiments	also	revealed	that	cells	can	tolerate	a	70%	reduction	in	PP2A-

Aα	expression	and	30-40%	loss	of	PP2A	catalytic	activity,	before	a	drop	in	cell	viability	

becomes	apparent.	The	PP2A-A	subunit	provides	the	interface	for	interaction	between	

the	PP2A	dimer	and	the	various	regulatory	subunits,	making	it	an	attractive	target	for	

disrupting	specific	PP2A	holoenzymes.	Indeed,	this	was	the	method	used	by	Strack	et	al.	

to	 demonstrate	 that	 all	 PP2A	 holoenzymes	 are	 essential	 for	 cell	 survival	 because	

disruption	 of	 dimer	 interaction	 with	 at	 least	 one	 of	 any	 of	 the	 regulatory	 subunit	

families	 eventually	 led	 to	 cell	 death.	 The	 authors	 disrupted	 dimer	 interactions	 with	

regulatory	 subunits	 by	 creating	 stable	 cell	 lines	 in	which	 the	 addition	 of	 doxycycline	

induced	 the	 simultaneous	 expression	 of	 an	 shRNA	 against	 the	 endogenous	 PP2A-Aα	

subunit	 and	 an	 shRNA-resistant	 exogenous	 PP2A-Aα	 subunits	 that	 were	 mutated	 at	

their	 regulatory	 subunit	 interaction	 interfaces.	 This	 created	 PP2A	 dimers	 that	 were	

unable	to	bind	specific	regulatory	subunit	families	and	dimers	that	were	unable	to	bind	

any	 of	 the	 regulatory	 subunit	 families.	 Experiments	 using	 these	 inducible	 cell	 lines	

(generously	gifted	by	Stefan	Strack,	University	of	Iowa)	and	HTLV-1	infection	are	later	

shown	in	Chapter	three.		
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A	specific	analysis	of	 the	contribution	of	 individual	B’	 isoforms	was	performed	 in	 this	

study	 using	 shRNA	 mediated	 knockdown.	 Knockdown	 of	 individual	 B’	 isoforms	 in	

Drosophila	does	not	result	in	cell	death,	however	knockdown	of	all	B’	isoforms	does	(Li	

et	al.	2002).	Consistent	with	this	report,	Strack	et	al	found	that	expression	of	exogenous	

PP2A-Aα	that	was	unable	to	bind	to	B’-regulatory	subunits,	eventually	led	to	cell	death,	

indicating	 that	 PP2A-B’	 holoenzymes	 are	 essential	 for	 cell	 survival.	 Reports	 in	 the	

literature	of	knockdown	experiments	on	individual	B’	regulatory	subunits	abound,	and	

do	 not	 report	 cell	 death	 as	 a	 result	 of	 the	 singular	 loss	 of	 one	 regulatory	 subunit’s	

expression,	at	least	in	the	short	term,	possibility	due	to	functional	redundancy	between	

isoforms.	 Results	 of	 experiments	 using	 shRNA	 against	 individual,	 nucleus	 specific,	

PP2A-B’	isoforms	and	HTLV-1	infection	are	shown	in	Chapter	five.	 	
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 Hypothesis	and	project	aims	1.6

My	hypothesis	is	that	PP2A-B’	holoenzymes	act	as	the	HTLV-1	IN	co-factor	to	determine	

HTLV-1’s	preferential	pattern	of	integration	in	the	host	genome.	The	aim	of	this	project	

was	 to	 simultaneously	 infect	 cells	 with	 HTLV-1	 whilst	 cells	 were	 being	 treated	 with	

PP2A	knockdown	or	inhibition	in	order	to	quantify	the	effect	of	these	treatments	on	the	

integration	site	preference	of	HTLV-1.	Integration	sites	harvested	from	the	infected	cells	

would	 then	 be	 analysed	 bioinformatically	 for	 evidence	 that	 the	 integration	 site	

distribution	 in	 the	 absence	 of	 PP2A	was	 significantly	 different	 from	HTLV-1’s	 natural	

integration	 site	 preference.	 A	 significantly	 altered	 integration	 site	 distribution	 as	 a	

result	of	PP2A	knockdown	or	inhibition	would	indicate	that	PP2A	acts	as	an	HTLV-1	IN	

targeting	factor.	
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2. CHAPTER	TWO	

MATERIALS	AND	METHODS	
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 Mammalian	Cell	Culture	conditions	and	techniques	2.1

2.1.1 PC6-3	cell	lines	

PC6-3	cells	(Pittman	et	al.	1993)	were	cultured	on	tissue	culture	plates	pre-coated	with	

rat	tail	collagen	type	I	at	a	density	of	4	x	104	cells/cm2	in	RPMI-1640	supplemented	with	

10%	Fetal	Calf	Serum	(FCS),	20%	Horse	Serum,	100	U	Penicillin-Streptomycin	(PS)	and	

2	mM	L-glutamine	 at	 37°C,	 5%	CO2.	 In	 addition,	 stable	 expression	 of	 the	 doxycycline	

inducible	 plasmids	 was	 maintained	 by	 addition	 of	 2	 μg/ml	 Blasticidin,	 200	 μg/ml	

Hygromycin	 B	 and	 200	 μg/ml	 G418	 to	 the	 growth	media.	 Every	 5-7	 days,	 cells	were	

detached	by	washing	and	re-seeded	at	appropriate	cell	density	after	counting	live	cells	

by	trypan	blue	staining.	

	

2.1.2 HEK293T	cell	culture	

HEK293T	(human	embryonic	kidney	293T;	DuBridge	et	al.	1987)	cells	were	maintained	

in	Dulbecco’s	Modified	Eagle’s	Medium	(DMEM)	supplemented	with	10%FCS,	1000U	PS,	

at	37°C,	5%	CO2.	Confluent	cells	were	sub-cultured	1:6	in	fresh	media	after	detachment	

by	trypsination.	

	

2.1.3 Jurkat	(Clone	E6-1)	

Jurkat	cells	(Weiss	et	al.	1984)	were	cultured	in	RPMI-1640	media	supplemented	with	

10%	FCS,	100	U	PS	and	2	mM	L-glutamine.	Cells	were	maintained	at	a	density	of	0.25-1	

x	106	cells/ml	at	37°C,	5%	CO2	and	media	was	refreshed	every	2-3	days.	

	

2.1.4 Jurkat	R5Cneo	and	CTRLneo	

These	 Jurkat	cell	 lines	collectively	known	as	 JKTneo	were	generated	 in	house	through	

transduction	 of	 parental	 Jurkat	 E6.1	 with	 lentivirus	 carrying	 shRNA	 targeting	 the	

PPP2R5C	 transcript	 (R5C3neo)	 and	GFP	 (CTRLneo)	 respectively	 (table	 8-3,	 Appendix	

II).	 They	 were	 grown	 under	 the	 same	 culture	 conditions	 as	 parental	 Jurkat	 with	 the	

addition	of	500μg/ml	of	G418	to	growth	media.	
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2.1.5 MT2	

MT2	 (Miyoshi	 et	 al.	 1981)	 are	 a	 T	 lymphocyte	 cell	 line	 stably	 infected	with	 HTLV-1.	

These	cells	were	grown	under	the	same	culture	conditions	as	Jurkat,	but	are	a	category	

3	cell	line	and	must	be	grown	under	category	3	conditions.	

	

2.1.6 Coating	tissue	culture	dishes	with	rat	tail	collagen	type	I	

For	 a	 10	 cm	 tissue	 culture	 dish,	 a	 solution	 of	 rat-tail	 collagen	 type	 I	 was	 made	 by	

diluting	 stock	 collagen	 to	 6	 μg/ml	 in	 1X	 Phosphate	 Buffered	 Saline	 (PBS).	 5	 ml	 of	

collagen	 solution	was	 added	 to	 a	 new	 dish	 and	 allowed	 to	 air	 dry	 in	 a	 sterile	 tissue	

culture	 hood	 (lid	 off)	 or	 covered	 with	 a	 lid	 and	 moved	 to	 4°C	 for	 collagen	 to	 bind	

overnight.	Plates	were	left	to	completely	dry	before	adding	cells.	

	

2.1.7 Trypsinisation		

Cell	culture	media	was	removed	and	discarded	before	rinsing	cells	with	1X	PBS.	1-2	ml	

of	0.25%	Trypsin-EDTA	(Sigma)	was	spread	evenly	over	the	cell	layer	and	incubated	at	

room	temperature	(RT)	until	the	cell	layer	detached	after	gentle	tapping.	Immediately	a	

volume	 of	 complete	 media	 with	 10%	 FCS	 that	 was	 10	 times	 the	 original	 volume	 of	

Trypsin-EDTA	was	added	in	order	to	prevent	over	trypsinising	cells.	

	

2.1.8 Cell	counting	by	trypan	blue	staining	

Cell	suspension	was	mixed	1:1	with	50%	trypan	blue	in	PBS.	10μl	of	solution	was	loaded	

into	 a	 haemocytometer	 and	 the	 number	 of	 non-dyed	 cells	 which	 covered	 two	 4x4	

quadrants	was	counted	in	order	to	calculate	104	cells/ml.	

	

2.1.9 Cryopreservation	and	thawing	of	cells	 	

Aliquots	 of	 5-10	 x	 106	 cells	 were	 frozen	 in	 1ml	 of	 FCS	 supplemented	 with	 10%	

Dimethylsulphoxide	 (DMSO).	 Aliquots	 were	 gradually	 frozen	 using	 a	 Mr.Frosty™	

(Thermo	 Scientific,	 -1°C/minute)	 to	 -80°C.	 After	 24hrs	 at	 -80°C,	 aliquots	 were	
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transferred	 to	 liquid	 nitrogen	 for	 long-term	 storage.	 To	 thaw,	 a	 frozen	 aliquot	 was	

transferred	 to	 a	 37°C	waterbath	 for	1	minute	or	 thawed	by	hand	until	 the	 cells	were	

almost	completely	thawed.	Thawed	cells	were	diluted	1:10	in	PBS,	10%	FCS	and	washed	

twice	by	centrifugation	at	200	g	for	10	min.	The	cell	pellet	was	resuspended	in	10	ml	of	

complete	media,	cells	were	counted	by	trypan	blue	staining	and	cells	were	seeded	at	a	

density	 appropriate	 to	 the	 cell	 type	 in	 the	 appropriate	 growth	 media.	 Media	 was	

exchanged	after	24hrs	in	culture	to	remove	any	residual	DMSO.	

	

 DNA	cloning	techniques	2.2

2.2.1 Polymerase	 chain	 reaction	 (PCR)	 for	 amplification	 of	 DNA	 fragments	 for	

plasmid	insertion	

DNA	fragments	were	amplified	by	PCR	using	the	following	mastermix:	50	ng	template,	

Phusion	polymerase	(in-house),	1X	reaction	buffer	(25	mM	Tris	pH9,	50	mM	KCl,	2	mM	

MgCl2,	10	mM	β-mercaptoethanol,	0.1%	TX-100),	0.5	mM	dNTPs	and	300	nM	forward	

and	reverse	primers.	The	reaction	was	run	on	a	Gene	Amp	PCR	system	9700	(Applied	

Biosystems)	using	the	following	thermal	cycling	protocol:	98°C	–	2	min,	(98°C	–	30	sec,	

56°C	–	30	sec,	72°C	for	1	min/kb	of	PCR	product)	x	25	cycles,	72°C	–	4	min.	

	

2.2.2 Restriction	enzyme	digestion	

In	preparation	for	plasmid	ligation,	digestion	by	(typically)	two	restriction	enzymes	was	

used	 to	 linearise	 plasmids	 and	 modify	 DNA	 fragment	 ends	 for	 ligation.	 DNA	 was	

incubated	 at	 37°C	 for	 3	 hours	 with	 3	 μl	 of	 each	 enzyme	 (NEB)	 in	 a	 50	 μl	 reaction	

containing	 the	 appropriate	1X	 reaction	buffer	 and	1X	BSA.	 Small-scale	digestions	 (for	

analytical	 purposes)	 used	 the	 same	 reaction	 conditions,	 but	 were	 limited	 to	 1	 hour	

incubation	and	0.5	μl	of	enzymes	in	a	20	μl	reaction.	

	

2.2.3 Digested	plasmid	purification	by	agarose	gel	separation	

After	digestion,	 the	reaction	was	separated	by	gel	electrophoresis	 in	a	1%	agarose	gel	

prepared	 with	 TAE	 (40	 mM	 Tris	 base,	 20	 mM	 acetic	 acid,	 50	 mM	
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ethylenediaminetetraacetic	acid	(EDTA))	buffer	containing	1X	Safeview	for	1	h	at	100V.	

Fragments	were	analysed	by	 size	and	 the	correct	one	was	excised	 for	gel	purification	

using	 an	 Illustra™GFX™	 PCR	 DNA	 purification	 kit	 (GE	 Healthcare)	 according	 to	 the	

manufacturer’s	 instructions.	 Purified	DNA	was	 eluted	 in	 30	μl	 of	 dH2O,	 quantified	 by	

nanodrop	and	stored	at	-20°C.	

	

2.2.4 Plasmid	ligation	

Purified	PCR	or	restriction	digestion	products	were	ligated	at	a	1:1	molar	ratio	in	a	10	μl	

reaction	containing	T4	DNA	ligase	and	1X	T4	DNA	ligase	buffer	at	room	temperature.	

	

 Molecular	 and	 cellular	 biology	 techniques	 for	 the	 production	 of	2.3

lentivirus	particles.	

2.3.1 MISSION®	shRNAs	(Sigma-Aldrich)	

MISSION®	shRNAs	targeting	PPP2R5C	(B’	γ	subunit)	and	PPP2R5D	(B’	δ	subunit)	were	

purchased	 from	 Sigma-Aldrich.	 The	 shRNA	 sequence	 is	 maintained	 within	 a	 TRC2-

pLKO-puro	plasmid	(Sigma)	containing	an	ampicillin	resistance	cassette	(for	expression	

in	 bacteria)	 and	 a	 puromycin	 resistance	 cassette	 (for	 expression	 in	 eukaryotes).	 To	

produce	the	JKTneo	cell	lines,	shRNAs	were	cloned	into	TRC1-pLKO	plasmids	containing	

a	neomycin	(G418)	resistance	cassette	for	eukaryotic	expression	(Goedele	Maertens).	

	

2.3.2 Bacterial	glycerol	stocks.	

MISSION®	shRNAs	were	delivered	as	a	bacterial	(E.coli)	15%	glycerol	stock	and	stored	

at	 -80°C.	Colonies	were	grown	using	 frozen	glycerol	 stocks	 to	 inoculate	Luria-Burtani	

(LB)	 agar	 plates	 supplemented	 with	 100	 μg/ml	 ampicillin,	 followed	 by	 overnight	

incubation	at	37°C.	
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2.3.3 Bacterial	cell	transformation	

Preparation	 of	 virus	 particles	 from	 custom	 shRNAs	 cloned	 in-house	 required	 the	

transformation	of	plasmids	into	Escherica	coli	(E.	coli)	strains	(NEB5α,	DH5α	or	Stbl3).	

E.	coli	were	incubated	with	50	ng	of	plasmid	DNA	or	1	μl	of	ligation	product	on	ice	for	30	

min.	 Cells	 were	 then	 heat-shocked	 at	 42°C	 for	 30	 s	 and	 returned	 to	 ice	 before	 the	

addition	 of	 100	 μl	 of	 super	 optimal	 broth	 media	 (SOC,	 20	 g/L	 casein	 enzymatic	

hydrolase,	 5	 g/L	 yeast	 extract,	 0.5	 g/L	NaCl,	 2.4	 g/L	MgSO4,	 0.186	 g/L	 KCl	 and	 0.4%	

glucose)	and	shaken	at	37°C	for	1	h.	Cells	were	then	plated	on	selective	LB	agar	plates	

and	incubated	overnight	for	16-18	h	at	37°C.	

	

2.3.4 Small	or	medium	scale	preparation	of	plasmid	DNA	(Mini-/Midi-prep)	

A	single	bacterial	colony	was	used	to	inoculate	either	5	ml	(Mini-prep)	or	100	ml	(Midi-

prep)	 of	 LB	 media	 followed	 by	 overnight	 incubation	 in	 a	 shaking	 incubator	 at	 37°C.	

Bacterial	cell	pellets	were	harvested	by	centrifugation	and,	depending	on	the	size	of	the	

plasmid	 preparation,	 plasmid	 DNA	 was	 extracted	 using	 the	 following	 commercially	

available	 kits	 GeneJET	 plasmid	 mini-prep	 kit	 (Thermo-Fisher)	 or	 Qiagen	 HiSpeed	

Plasmid	Midi	Kit	 (Qiagen)	 according	 to	 the	manufacturer’s	 instructions.	 Plasmid	DNA	

was	eluted	in	dH2O,	quantified	by	Nanodrop	and	stored	at	-20°C.	

	

2.3.5 Calcium	 phosphate	 transfection	 of	 HEK293T	 cells	 for	 lentivirus	 particle	

production	

The	method	described	here	is	based	on	the	method	previously	described	by	Sambrook	

et	 al	 (Sambrook	 et	 al.	 1989).	 To	 increase	 transfection	 efficiency,	 one	 day	 prior	 to	

transfection	a	 confluent	dish	of	HEK293T	was	 subcultured	1:6	 in	 fresh	growth	media	

and	plated	onto	a	fresh	tissue	culture	dish.	Quantities	shown	here	are	for	transfecting	a	

10	cm	dish,	quantities	for	a	15	cm	dish	will	be	shown	alongside	in	brackets.	Lentiviral	

envelope	 plasmid	 (pCG	 –	 VSVG;	 Ulm	 et	 al.	 2007),	 packaging	 plasmid	 (pCMV-Δ8.2;	

Naldini	et	al.	1996)	and	transfer	plasmid	(TRC-pLKO,	Sigma)	were	mixed	together	at	a	

ratio	of	1:4:5	respectively	to	a	final	concentration	of	20	μg	DNA	(50	μg)	in	450	μl	(1125	

μl)	dH2O.	To	this	DNA	mixture	was	added	50	μl	(125	μl)	of	2.5	M	CaCl2	and	the	solution	
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mixed	by	gentle	pipetting.	The	total	volume	was	added	drop-wise	to	500	μl	(1250	μl)	of	

2X	 HBS	 buffer	 (280	 mM	 NaCl,	 50mM	 HEPES	 pH	 7.1	 and	 1.5	 mM	 Na2HPO4	 with	 pH	

adjusted	to	a	final	range	of	7.05-7.12).	The	final	DNA/HBS	mixture	was	left	to	stand	at	

room	 temperature	 for	 30	 min	 before	 being	 evenly	 distributed	 drop-wise	 over	 the	

surface	of	the	HEK293T	culture.		

The	cells	were	returned	to	tissue	culture	for	16-18	h	after	which	the	volume	of	growth	

media	was	reduced	by	half	in	order	to	concentrate	the	virus	particles.	Finally,	42	h	post-

transfection	the	HEK293T	supernatant	was	harvested	(contains	virus	particles),	filtered	

through	a	0.45	μm	filter,	aliquoted	into	1	ml	(5	ml)	samples	and	stored	at	-80°C.	

	

2.3.6 Transduction	of	Jurkat	Cells	by	Spinoculation	

The	method	described	here	is	based	on	the	method	previously	described	by	O’Doherty	

et	 al	 (O’Doherty	 et	 al.	 2000).	 Jurkat	 T	 cells	 were	 subcultured	 to	 0.5x106/ml	 in	 fresh	

growth	 media	 18-24	 h	 prior	 to	 spinoculation	 in	 order	 to	 improve	 transduction	

efficiency.		Jurkat	cell	growth	media	was	replaced	with	serum	free	RPMI	and	2	ml	of	cell	

suspension	was	incubated	with	1	ml	of	lentivirus	particles	(HEK293T	supernatant)	in	a	

final	 concentration	 of	 8	 μg/ml	 polybrene	 for	 20	 min.	 Spinoculation	 involved	

transferring	3	ml	of	this	mixture	to	a	15	ml	falcon	tube	followed	by	centrifugation	at	800	

g	for	30	min	at	32°C.	After	spinoculation,	supernatant	was	discarded	and	the	cell	pellet	

was	resuspended	in	3	ml	of	fresh	growth	media	and	returned	to	culture	for	24	h.	After	

24	 h,	 specific	 selection	 for	 transduced	 cells	was	 begun	 by	 supplementing	 the	 growth	

media	 with	 either	 1	 μg/ml	 puromycin	 or	 1	 mg/ml	 G418	 (neomycin),	 depending	 on	

which	shRNA	the	cells	were	transduced	with.	

	

2.3.7 Optimising	transduction	efficiency	by	flow	cytometry	analysis	

Transduction	 efficiency	 was	 estimated	 by	 measuring	 the	 expression	 of	 green	

fluorescent	 protein	 (GFP)	 in	 cells	 transduced	 with	 virus	 particles	 encoding	 the	 GFP	

gene.	 24-30	 h	 post-transduction,	 Jurkat	 T	 cells	 were	 fixed	 in	 2%	 paraformaldehyde	

(PFA)	 for	20	min	 and	 then	acquired	on	a	Fortessa	 (BD)	 flow	assisted	 cell	 sorter.	GFP	

expressing	cells	were	detected	and	enumerated	by	passing	through	a	433	nm	laser.	The	
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proportion	of	GFP	expressing	cells	within	the	total	population	was	then	calculated	and	

used	to	select	the	most	optimal	spinoculation	protocol.	

	

 Preparation	of	cell	extract	from	whole	cells	2.4

Cell	 extract	 was	 harvested	 from	 fresh	 cells	 by	 washing	 twice	 in	 ice-cold	 PBS	 before	

resuspending	 the	 cell	 pellet	 in	 (5X	 the	 pellet	 volume)	 of	 immunoprecipitation	 (IP)	

buffer	(10	mM	Tris-HCl	pH	7.5,	150	mM	NaCl,	10%	glycerol,	1%	NP-40	and	2	mM	MgCl2)	

supplemented	freshly	with	2	mM	DTT,	1	mM	phenylmethylsulfonyl	fluoride	(PMSF)	and	

1X	EDTA	free	protease	inhibitor	cocktail	(Roche)	and	incubating	on	ice	for	10	min.	This	

was	followed	by	centrifugation	at	16	800	g,	25	min	at	4°C	whereupon	the	supernatant	

(cell	 extract)	 was	 transferred	 to	 a	 fresh	 Eppendorf	 and	 either	 stored	 on	 ice	 for	

immediate	use	or	stored	at	-20°C.		

	

 Western	Blotting	2.5

Protein	concentration	in	cell	extracts	was	quantified	using	a	BSA	standard	and	Bradford	

reagent.	10	or	20	μg	of	cell	extract	(depending	on	the	protein	being	detected)	was	mixed	

with	a	6X	SDS	loading	buffer	(250	μM	Tris	HCl	pH	6.8,	30%	glycerol,	10%	SDS,	25	mM	

DTT	 and	 0.015%	 bromophenol	 blue)	 and	 boiled	 at	 100°C	 for	 5	 min.	 Proteins	 were	

separated	by	SDS-PAGE	in	an	11%	polyacrylamide	gel	(180V,	400mA,	50	min)	in	Tris-

Glycine-SDS	(TGS)	buffer	(25	mM	Tris-base,	250	mM	glycine,	0.1%	SDS).	Proteins	were	

then	transferred	from	the	gel	to	a	Whatman	Protran®	Nitro	cellulose	membrane	(100	V,	

400	mA,	1	h)	using	wet	electrotransfer	in	“transfer	buffer”	(25	mM	Tris	base,	192	mM	

glycine,	0.005%	SDS).	To	prevent	non-specific	binding	during	antibody	incubation,	the	

membranes	were	blocked	by	incubation	in	PBS	with	5%	milk	for	a	minimum	of	30min	

at	 RT.	 Specific	 detection	 of	 proteins	 was	 achieved	 by	 2	 h	 incubation	 with	 a	 primary	

antibody	 specific	 for	 the	 protein	 of	 interest	 followed	 by	 a	 1	 h	 incubation	 with	 a	

horseradish-peroxidase	 (HRP)	 conjugated	 secondary	 antibody	 against	 the	 primary	

antibody.	 All	 antibody	 incubations	 took	 place	 at	 RT.	 All	 antibodies	 (Table	 2-1)	 were	

diluted	 in	 PBS,	 5%	milk	with	 0.1%	Tween®	20	 and	 after	 the	 primary	 and	 secondary	

antibody	incubations,	the	membrane	was	washed	twice	in	PBS	with		0.1%	Tween®	20	

(PBST)	for	15	min.	Detection	of	proteins	on	the	membrane	was	achieved	by	incubation	
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in	 Clarity™	 Western	 ECL	 reagent	 (Bio-rad)	 for	 1	 min	 followed	 by	 exposure	 to	 an	

Amersham	Hyperfilm	ECL	(GE	Healthcare).	

	

Table 2-1: Antibodies used for Western Blotting 

Antibody Target Antibody name Source Dilution 

PP2A Scaffold Subunit,  
α isoform α-PPP2R1A A300-963A 

Bethyl 1:10,000 

PP2A Catalytic Subunit, 
α isoform α-PPP2CA 610556 

BD 1:2000 

PP2A-B’γ subunit α-PPP2R5C HPA027553 
Sigma 1:1000 

PP2A-B’δ subunit α-PPP2R5D HPA029046 
Sigma 1:500 

Glu-Glu-tag α-EE 2448 
Cell signalling 1:1000 

β-tubulin α-β-tubulin T4026 
Sigma 1:2000 

β-actin α-β-actin-HRP Ab4990 
Abcam 1:20,000 

HRP-conjugated anti-
mouse secondary ab α-Mouse-HRP NA931-1ML 

GE Healthcare 1:2000 

HRP-conjugated anti-
rabbit secondary ab α-Rabbit-HRP NA934-1ML 

GE Healthcare 1:2000 

	

2.5.1 Stripping	membranes	

After	primary	and	secondary	antibody	incubation,	membranes	were	re-probed	for	other	

proteins	by	 stripping	 the	 existing	 antibodies	 off.	 This	was	 achieved	by	 incubating	 the	

membrane	with	stripping	buffer	(71.5	mM	β-mercaptoethanol,	62.5	mM	Tris-HCl	at	pH	

6.8	 and	 1%	 SDS)	 for	 10	 min	 at	 42°C	 followed	 by	 thorough	 rinsing	 with	 PBS.	 The	

membrane	was	then	re-probed	using	the	same	protocol	described	above,	starting	from	

the	membrane	blocking	step.		
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 Assaying	cell	viability	by	MTT	2.6

When	 incubated	 with	 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl	 tetrazolium	 bromide	

(MTT),	viable	cells	will	metabolise	MTT	into	purple	formazan	crystals.	The	quantity	of	

formazan	 crystals	produced	 can	 therefore	be	used	as	 a	proxy	 for	 the	viability	of	 cells	

following	 exposure	 to	 different	 treatments	 (inhibitors	 or	 shRNA).	 Jurkat	 T	 cells	were	

plated	at	50,000	cells/100	μl	in	a	v-bottom	96	well	plate	in	growth	media	containing	1X	

MTT	 and	 incubated	 for	 4	 h	 at	 37°C.	 After	 incubation,	 cells	 were	 pelleted	 by	

centrifugation	at	200	g	for	5	min	and	the	supernatant	discarded.	Cell	pellets	were	then	

resuspended	 in	50	μl	 of	DMSO	 to	dissolve	 the	 formazan	 crystals.	 The	 intensity	 of	 the	

colour	of	the	dissolved	crystals	is	in	direct	proportion	to	the	number	of	starting	crystals,	

therefore	 the	absorbance	of	 colour	was	 read	at	595	nm	and	620	nm	 (for	background	

signal	subtraction)	using	a	SpectraMax	M2	plate	reader.	After	background	subtraction,	

the	proportion	of	viable	cells	was	calculated	as	follows:	

% 𝑆𝑢𝑟𝑣𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠 =  
𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 OD595-620
𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 OD595-620

 × 100	

	

 Infection	of	target	cells	by	co-culture	with	MT2	2.7

2.7.1 Gamma-irradiation	of	MT2	cells	

Fatal	 irradiation	of	MT2	 is	 required	 to	 reduce	 the	 contribution	of	MT2	sites	 to	 the	de	

novo	integration	sites	collected	from	newly	infected	target	cells.	Exponentially	growing	

MT2	 are	 irradiated	 with	 40	 000	 rad	 of	 gamma-radiation	 in	 a	 Nordion	 gammacell	

irradiator.	Time	of	exposure	for	the	required	dose	is	specific	to	the	radiation	source	and	

age	within	the	available	irradiator,	but	can	be	calculated	using	the	following	equation.	

	

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑖𝑛 =  !"#$%&' !"#$ !"#  ×  !" !"#$
!"#$%&' !"#$ !"#$ !"#.!!!!  × !"#$% !"#$%&

		

	

After	irradiation,	cells	are	centrifuged	at	200	g	for	5	min	and	resuspended	in	serum	free	

media.	Live	cells	are	counted	and	the	cell	count	adjusted	to	2x106/ml.	
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2.7.2 Co-culture	conditions	

All	 target	 cells	 are	 co-cultured	 in	 serum	 free	 media	 with	 MT2	 at	 a	 ratio	 of	 1:1.	 All	

suspension	 cells,	 including	MT2,	 are	 co-cultured	 at	 a	 density	 of	 2x106/ml	 and	 5x106	

PC6-3	cells	are	plated	into	a	10	cm	dish.	Co-culture	was	for	16-18	h	overnight.	

Target	cells:	

1. PC6-3	 cell	 cultures	 are	 pre-treated	 3	 days	 prior	 to	 co-culture	 with	 1	 μg/ml	

doxycycline	 to	 stimulate	 the	 simultaneous	 knockdown	 of	 endogenous	 PP2A	

scaffold	 subunit	 and	 expression	 of	 the	 regulatory	 subunit	 binding	 deficient	

exogenous	 scaffold	 subunit.	 Genomic	 DNA	 is	 harvested	 from	 target	 cells	

immediately	after	depletion	of	MT2.	

2. Jurkat	 T	 cells	 are	 pre-treated	 with	 the	 PP2A	 inhibitors,	 Okadaic	 acid	 and	

Rubratoxin	A,	and	with	the	Aurora	B	kinase	inhibitor,	ZM	447439	(Table	2-2),	for	

3	 h	 prior	 to	 the	 start	 of	 co-culture	 and	 continued	 throughout	 co-culture	 with	

MT2.	 After	 MT2	 depletion,	 target	 cells	 are	 resuspended	 in	 complete	 growth	

media	with	10	μM	raltegravir	(to	inhibit	secondary	integration;	Cook	et	al.	2012)	

and	cultured	for	a	further	10	days	before	genomic	DNA	is	extracted.	

	
Table 2-2: PP2A and Aurora B kinase inhibitors 

Inhibitor Target Doses Source 

Okadaic acid PP2A 10 nM & 30 nM Calbiochem 

Rubratoxin A PP2A 600 nM & 2 µM Abcam 

ZM 447439 Aurora B kinase 500 nM & 2 µM Tocris 

All inhibitors stocks are prepared in DMSO at 1 mM. 

	

3. JKTneo	cell	lines,	CTRLneo	and	R5C.3neo,	were	transduced	with	shRNA	directed	

against	either	the	B’	δ	subunit	(R5D.3)	or	control	shRNA	and	B’	γ	subunit	(R5C.3	

and	R5C.4)	respectively,	3	days	prior	to	co-culture	(table	8-2,	Appendix	II).	After	

MT2	depletion,	genomic	DNA	was	immediately	harvested	from	target	cells.	
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2.7.3 MT2	depletion	

MT2	 were	 depleted	 from	 co-culture	 using	 magnetic	 beads	 coated	 with	 anti-CD25	

antibody	(Dynabeads™	CD25,	Thermo-Fisher).	CD25	is	highly	expressed	on	the	surface	

of	MT2	(Hamano	et	al.	2015)	so	ensured	a	highly	specific	depletion	of	MT2.	Briefly,	co-

cultured	 cells	were	washed	 and	 resuspended	 in	Dynabead	 depletion	 buffer	 (1%	PBS,	

0.1%	FCS,	2	mM	EDTA)	then	mixed	with	25	μl	of	Dynabeads	(pre-washed	according	to	

manufacturer’s	instructions)	in	a	total	volume	of	1	ml,	followed	by	constant	rotation	at	

4°C	 for	 30	 min.	 After	 incubation,	 the	 co-culture	 was	 twice	 applied	 to	 a	 DynaMag-2	

magnet	 (Thermo-Fisher)	 for	 1	 min	 before	 removing	 the	 supernatant	 to	 a	 fresh	 tube	

(target	cells).		

	

 DNA	extraction	2.8

Genomic	DNA	was	extracted	using	a	DNeasy	Blood	and	Tissue	kit	(Qiagen)	according	to	

the	manufacturer’s	 instructions.	DNA	was	eluted	 in	elution	buffer	 (EB)	and	quantified	

by	Nanodrop	(Thermo	Fisher)	before	storage	at	-20°C.	

	

 Reverse	transcription	qPCR	(RT-qPCR)	2.9

RNA	 was	 extracted	 from	 whole	 cells	 using	 the	 Ambion	 PARIS	 kit	 (Thermo-Fisher)	

according	to	the	manufacturer’s	instructions.	RNA	was	stored	at	-80°C	or	kept	on	ice	for	

immediate	use	to	prepare	cDNA	using	the	Transcriptor	First	strand	cDNA	synthesis	kit	

(Roche)	according	 to	 the	manufacturer’s	 instructions.	B’	 subunit	 cDNA	was	quantified	

by	SYBR	green	qPCR	using	600	nM	forward	and	reverse	primer	(Sigma,	KiQcStart,	table	

8-3,	 Appendix	 II)	 and	 1X	 SYBR	 green	 mastermix	 (Thermo-Fisher)	 and	 quantified	 as	

relative	expression	compared	to	18s	rRNA	from	the	same	sample	(forward	primer:	5’-	

GTAACCCGTTGAACCCCATT-3’,	reverse	primer:	5’-CCATCCAATCGGTAGTAGCG-3’).			
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 High-throughput	sequencing	of	de	novo	integration	sites	2.10

The	entire	method	outlined	below	is	based	on	the	method	previously	published	by	Gillet	

et	al	(2011).	This	method	is	outlined	in	figure	2-1	and	primer	sequences	can	be	found	in	

table	8-1	in	Appendix	I.	

2.10.1 Preparation	 of	 integration	 site	 libraries	 using	 linker-mediated	 PCR	

(LMPCR).	

Libraries	 were	 prepared	 using	 5	 to	 10	 μg	 of	 genomic	 DNA	 extracted	 as	 outlined	 in	

section	 2.8.	 All	 enzymes	 and	 matching	 buffers	 used	 in	 this	 protocol	 were	 from	 New	

England	 Biolabs	 (NEB)	 and	 DNA	 was	 “cleaned”	 using	 a	 QiaQuick	 PCR	 clean-up	 kit	

(Qiagen)	between	each	step.	

Step	1:	Whole	genomic	DNA	was	 first	 randomly	 sheared	using	a	Covaris	S2	 (1.	Quick	

burst	 at	 20%	 duty	 cycle,	 intensity	 5	 and	 200	 cycles/burst	 –	 5	 s.	 2.	 5%	 duty	 cycle,	

intensity	3	and	200	cycles/burst	–	90	s).		

Step	 2:	 Sheared	 fragments	were	 then	 end	 repaired	 to	 prepare	 blunt	 ends	 by	 30	min	

incubation	 at	 20°C	with	 the	 following	mastermix:	 15	U	T4	DNA	polymerase,	 50	U	T4	

polynucleotide	kinase	and	5	U	DNA	polymerase	1,	1	mM	dNTPs	(Sigma)	and	1X	T4	DNA	

polymerase	buffer.		

Step	3:	 Blunt	 ended	 fragments	were	 then	 incubated	 for	 30	min	 at	 37°C	with	30	U	of	

Klenow	fragment	(3’-5’	exominus),	1	mM	dATPs	(Sigma)	and	1X	NEB2	buffer	to	add	a	

single	A-base	to	the	3’	ends	of	the	fragments.	

Step	4:	Fragments	were	 then	 ligated	 to	partially	double	stranded	 linkers	containing	a	

unique	6	bp	barcode	that	allowed	the	samples	to	be	multiplexed	on	the	same	lane	of	the	

flowcell.	 This	was	 achieved	 by	 30	min	 incubation	 at	 room	 temperature	with	 1	 μM	 of	

linker	in	the	presence	of	DNA	ligase	using	the	NEB	Quick	Ligation	kit.	

Step	 5	 (PCR1):	 Samples	 were	 then	 split	 into	 10	 replicates	 (decuplicates),	 and	 each	

replicate	 was	 amplified	 by	 PCR	 in	 a	 50	 μl	 reaction	 containing	 Bio3	 forward	 primer	

(anneals	in	the	LTR),	Bio4	reverse	primer	(anneals	in	the	linker),	1	mM	dNTPs,	1	U/μl	

Phusion	 polymerase	 and	 1X	 Phusion	 buffer.	 Bio4	 does	 not	 have	 a	 complementary	

sequence	in	the	linker	in	order	to	increase	PCR	specificity	by	only	amplifying	products	

that	contain	the	viral	LTR.	Decuplicates	were	then	recombined	in	the	PCR	clean-up	step	

and	eluted	in	50	μl	of	EB	buffer	(Qiagen).		
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Step	6	(PCR2):	2	μl	of	the	clean	PCR1	product	was	amplified	by	nested	PCR	in	a	50	μl	

reaction	 containing	 P5Bio5	 forward	 primer	 (Bio5	 anneals	 in	 the	 LTR),	 P7	 reverse	

primer	(anneals	 in	the	linker)	using	an	identical	mastermix	to	PCR1.	This	PCR	has	the	

additional	benefit	of	adding	 the	P5	and	P7	 Illumina	adaptors	 to	either	end	of	 the	PCR	

product.	PCR2	product	was	then	cleaned	using	Qiaquick	PCR	purification	kit,	eluted	in	

50	μl	EB	buffer	and	quantified	by	Nanodrop.		

Thermal	cycling	conditions	for	both	PCR	reactions	were	as	follows:	96°C,	30	s;	94°C,	5	s,	

x7	cycles;	72°C,	60	s,	x23	cycles;	68°C,	60	s;	68°C,	9	min;	hold	at	10°C.	
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Figure 2-1: The LMPCR protocol and resulting amplicon structure for high-throughput 
sequencing on the Illumina platform 

A) Step by step representation of the LMPCR protocol described in section 2.10.1. B) 
Representation of the final amplicon structure that is required for high-throughput 
sequencing on the Illumina platform, including the P5 and P7 adaptor sequences that are 
added during PCR2 and are necessary for bridge amplification. In addition, the locations of 
reads 1-3 are highlighted. 
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2.10.2 Quantification	of	libraries	by	qPCR	prior	to	high-throughput	sequencing	

Mixed	 libraries	 of	 30-40	 PCR2	 products	were	 combined	 according	 to	 their	 nanodrop	

concentration	and	quantified	by	qPCR	to	specifically	quantify	products	with	the	correct	

amplicon	 structure	 for	 high-throughput	 sequencing.	 Quantification	 was	 by	 standard	

curve,	 using	 previous	 high-throughput	 sequencing	 libraries	 of	 known	 concentration.	

Libraries	were	diluted	to	0.5	nM	in	100	μl	of	EB	buffer	(Qiagen)	with	0.1%	Tween.	

	

2.10.3 High-throughput	sequencing	using	the	Illumina	HiSeq	2000	system.	

Libraries	were	submitted	to	the	MRC	Clinical	Sciences	Centre,	Genomics	core	facility	at	

Hammersmith	hospital	for	sequencing	on	an	Illumina	HiSeq	2000	(by	Laurence	Game)	

using	 the	 sequencing-by-synthesis	 method.	 The	 machine’s	 performance	 and	 quality	

control	of	 the	 individual	 run	was	achieved	by	 sequencing	 in	parallel	 a	 library	of	PhiX	

DNA	 in	a	 separate	 lane.	Each	amplicon	was	 sequenced	using	3	 separate	 reads,	 read	1	

(50	bp	paired-end)	that	identifies	the	LTR-host	genome	junction,	read	2	(50	bp	paired-

end)	that	identifies	the	shear-site	of	the	genomic	sequence	and	read	3	(6	bp	single-end)	

that	identifies	the	unique	barcode	of	the	sample.		

	

2.10.4 Data	extraction	after	high-throughput	sequencing	

Data	 extraction	 occurs	 in	 two	 stages.	 First,	 after	 completion	 of	 the	 high-throughput	

sequencing	 run,	 the	 raw	 reads	 are	processed	 through	 Illumina’s	CASAVA	pipeline	 (by	

MRC	CSC	bioinformaticians	Marian	Dore	and	Harshal	Inamdar),	which	maps	the	reads	

using	the	ELAND	(efficient	large-scale	alignment	of	nucleotide	databases)	algorithm	to	

the	 reference	 genomes	 (HTLV-1,	 Homo	 sapiens	 (build	 hg18)	 and	 Rattus	 norvegicus	

(build	 rn4))	 as	well	 as	 further	quality	 control	 checks	 to	prepare	 the	 finished	 Illumina	

export	 files.	 Second,	 the	 Illumina	 export	 files	 are	 further	 processed	 in	 house	 using	 a	

custom	Microsoft	ACCESS	system	developed	and	curated	by	Anat	Melamed	called	DEISA	

(Data	Extraction	for	Integration	Site	Analysis).	DEISA	subjects	the	export	files	to	several	

further	quality	control	steps,	including:	

1. Both	read	1	and	read	2	must	be	uniquely	mapped	to	the	reference	genome.	
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2. Filtering	read	1	reads	to	ensure	that	they	begin	with	the	sequence	“-ACACA”	(the	

5	terminal	bases	at	the	end	of	HTLV-1	LTRs)	to	ensure	they	come	from	genuine	

proviral-host	genome	junctions.		

3. Assigning	 unique	 integration	 sites	 (UIS)	 by	 identifying	 unique	 read	 1	 genomic	

coordinates.	

4. Calculation	 of	 the	 number	 of	 shear	 sites	 associated	 with	 each	 UIS	 using	

associated	read	2s.	

5. Assigning	 UIS	 to	 its	 experimental	 source	 by	 identification	 using	 the	 barcode	

sequenced	by	read	3.	

6. Removing	artefact	UIS	manually.		

Mismapping	 of	 reads	 can	 be	 caused	 by	 slippage	 or	 small	 errors	 in	 the	 sequencing	

process,	 resulting	 in	 PCR	 duplicates	 being	 incorrectly	 labelled	 as	 a	 UIS.	 In	 addition,	

HTLV-1	 is	 known	 to	 have	 no	 integration	 hot-spots,	 therefore	 the	 probability	 that	

identical	UIS	are	 identified	 in	 the	 same	sample	 is	 very	 small	 and	 these	 sites	 are	most	

likely	a	result	of	sequencing	the	barcode	incorrectly.	UIS	fitting	these	criteria	are	usually	

discarded,	but	can	be	reassigned	to	a	sample	from	the	same	lane,	if	 it	 is	clear	that	it	 is	

mis-assigned	throw-off	of	a	very	abundant	UIS	from	the	same	lane.	

After	 each	 of	 these	quality	 control	 stages,	 the	DEISA	output	 is	 a	 list	 of	UIS	with	 their	

genomic	 coordinates,	 orientation	 and	 chromosome	 location	 which	 can	 be	 used	 for	

integration	site	analysis.	

	

 Integration	site	analysis	2.11

The	purpose	of	this	research	is	to	ascertain	if	PP2A	knockdown	results	in	an	alteration	

of	 the	 preferential	 pattern	 of	 HTLV-1	 integration	 in	 proximity	 to	 various	 genomic	

features.	In	order	to	perform	this	analysis,	the	surrounding	genome	of	each	integration	

site	was	“annotated”	with	various	genomic	features	previously	shown	to	be	associated	

with	de	novo	HTLV-1	integration.	These	included	RefSeq	transcription	units	(5’	end	of	a	

gene,	 whole	 gene	 and	 3’	 end	 of	 a	 gene),	 CpG	 islands,	 epigenetic	 marks	 (H3K4me3,	

H3K4me1,	 H3K27Ac,	 H3K36me3,	 H3K9me3	 and	 H3K27me3),	 chromatin	 occupancy	

sites	(HDAC	1,	2,	3	and	6,	CBP,	p300,	STAT1,	STAT1	+	IFNγ	treatment	and	p53)	and	are	

all	publicly	available	through	platforms	such	as	UCSC	and	NCBI	GEO	datasets	(see	tables	

8-4	 and	 8-5,	 Appendix	 III).	 The	 annotation	 was	 performed	 using	 the	 R	 package	
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hiAnnotator	 (Malani	 2015)	 to	 query	 the	 integration	 site	 coordinates	 using	 three	

criteria:	

1. Is	the	integration	site	in	the	feature?	

2. How	close	is	the	nearest	feature?		

3. How	many	features	are	in	x	window	(bp)	around	the	integration	site?	

 Statistical	analysis	2.12

Statistical	 analysis	 was	 performed	 in	 R	 (version	 3.0.2;	 R	 Core	 Team,	 2013)	 and	

GraphPad	Prism	5.	Where	necessary,	non-parametric	tests	were	performed	and	results	

were	considered	statistically	significant	if	p	=	<0.05.	Mann	Whitney	U	tests,	Chi-square	

and	 Two-way	 ANOVA	 were	 performed	 using	 GraphPad	 Prism	 5.	 Odds	 ratios	 and	

Fisher’s	 tests	 were	 calculated	 using	 the	 R	 package epitools	 (Aragon	 2012)	 and	

where	it	is	stated	in	the	text	that	statistical	parameters	were	combined;	odds	ratio	were	

reported	as	the	mean	odds	ratio	of	all	biological	replicates	and	p-values	are	combined	

from	each	biological	replicate	using	Fisher’s	method	for	combined	p-values	(Mosteller	&	

Fisher	 1948).	 Graphs	were	made	 using	 GraphPad	 Prism	 5	 and	 heatmaps	were	made	

using	 the	 following	 R	 packages;	 ggplot2	 (Wickham	 2009),	 gplots	 (Warnes	 et	 al.	

2015);	RColorBrewer	(Neuwirth	2014),	and	reshape2	(Wickham	2007).	
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3. CHAPTER	THREE	

VALIDATION	OF	PP2A	AS	AN	HTLV-1	
INTEGRASE	HOST	FACTOR	
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 Chapter	summary	3.1

This	chapter	summarises	work	using	a	system	of	inducible	PP2A	knockdown	in	a	rat	cell	

line.	 This	 system	 enabled	 the	 testing	 of	 two	 levels	 of	 PP2A	 knockdown,	 a)	 complete	

knockdown	of	all	functional	PP2A	holoenzymes	(full)	and,	b)	knockdown	of	specifically	

the	PP2A-B’	holoenzymes	(partial).	

De	novo	infection	of	these	rat	cells	was	performed	whilst	PP2A	knockdown	was	present.	

The	 integration	 sites	 from	 these	 experiments	 were	 analysed	 bioinformatically	 and	

revealed	a	significant	loss	of	preference	for	integration	within	10	kb	of	genomic	features	

associated	with	transcriptional	activity,	such	as	genes,	CpG	islands	and	epigenetic	marks	

for	both	full	and	partial	knockdown.		

This	 was	 the	 first	 experimental	 evidence	 showing	 that	 loss	 of	 PP2A	 function	 in	 cells	

during	infection	resulted	in	an	altered	HTLV-1	integration	site	pattern.	 	
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 Introduction	3.2

3.2.1 Rationale	for	a	role	for	PP2A	as	an	HTLV-1	integrase	co-factor.	

Retroviral	 integrase	 (IN)	 co-factors	 such	 as	 LEDGF	 and	 the	 BET	 proteins	 have	 direct	

chromatin	 interaction	domains	 that	 recognise	 specific	 histone	modifications.	 This	 has	

led	 to	 the	 idea	 that	 IN	 co-factors	 may	mediate	 their	 co-factor	 functions	 by	 acting	 as	

“chromatin	 tethers”	 that	 anchor	 the	 pre-integration	 complex	 (PIC)	 to	 the	 genome.	 In	

contrast,	 the	PP2A	complex	does	not	have	a	 chromatin	binding	domain	and	 therefore	

does	not	conform	to	the	chromatin	tether	model,	so	it	was	important	to	establish	a	body	

of	evidence	supporting	PP2A	as	a	candidate	IN	co-factor.	

	

Subunits	of	the	PP2A	complex	were	first	identified	as	binding	partners	of	deltaretroviral	

IN	 by	 a	 cellular	 co-immunoprecipitation	 screen	 using	 Flag-tagged	HTLV-1	 IN	 to	 pull-

down	 unknown	 interaction	 partners	 and	 identify	 them	 by	 mass	 spectrometry.	 This	

protein-protein	 interaction	 was	 then	 validated	 and	 shown	 to	 be	 specific	 to	

deltaretroviral	 IN,	with	 INs	 from	other	 retroviruses	being	 tested	and	 found	not	 to	 co-

immunoprecipitate	with	PP2A	subunits.	PP2A-B’	subunits	were	then	shown	to	stimulate	

HTLV-1	IN	strand	transfer	reactions	 in	a	dose-dependent	manner	(Maertens	2016).	 In	

addition	to	the	cellular	co-immunoprecipitation	screen,	a	Hybrigenics	yeast-two-hybrid	

(Y2H)	 screen	 commissioned	 at	 the	 same	 time	 also	 identified	 an	 interaction	 between	

HTLV-1	 IN	 and	 three	 PP2A-B’	 regulatory	 subunits	 (not	 published,	 figure	 3-2A).	

Therefore,	 at	 the	 start	 of	 this	 study	 two	 protein	 interaction	 screens	 in	 a	 eukaryotic	

system	 had	 independently	 verified	 PP2A	 complex	 subunits	 as	 HTLV-1	 IN	 binding	

partners.	Alongside	these	observations	are	reports	from	the	literature	that	demonstrate	

several	of	PP2A’s	 chromatin	 interaction	 functions,	despite	having	no	direct	 chromatin	

binding	domain.	They	 include;	mitotic	progression	 (Xu	et	al.	2013;	Kruse	et	al.	2013),	

chromosome	 segregation	 (Kitajima	 et	 al.	 2006),	 chromatin	 recruitment	 of	 chromatin	

modifying	proteins	 (Takemoto	et	 al.	 2009)	and	mitotic	 gene	bookmarking	 (Xing	et	 al.	

2008;	Arampatzi	et	al.	2013).		

	

These	 observations	 offer	 a	 biological	 basis	 by	 which	 PP2A-mediated	 chromatin	

interactions	could	facilitate	HTLV-1	integration	by	acting	as	an	IN	co-factor.		
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3.2.2 An	inducible	PP2A	knockdown	system	in	rat	PC6-3	cells.	

Due	 to	 the	 essential	 functions	 of	 the	 PP2A	 complex	 within	 the	 cell,	 knockdown	 or	

inhibition	of	 the	complex	results	 in	serious	cytotoxicity.	This	presented	a	challenge	 to	

studying	 integration	 sites	 within	 the	 context	 of	 PP2A	 knockdown,	 because	 cells	

suffering	serious	toxicity	may	not	be	able	to	integrate	de	novo	proviruses	or,	if	they	did,	

cell	 death	may	 degrade	 the	 genomic	DNA	before	 the	 provirus	 can	 be	 recovered.	 This	

then	lead	us	to	overcome	the	initial	challenge	of	cytotoxicity	through	collaboration	with	

Prof.	 Stefan	 Strack	 at	 the	 University	 of	 Iowa.	We	were	 able	 to	 obtain	 three	 cell	 lines	

generated	 from	 rat	 PC6-3	 cells	 that	 contained	 a	 stable	 and	 inducible	 system	 of	 PP2A	

knockdown	which	was	under	the	control	of	a	tetracycline	operator	system	(Strack	et	al.	

2004).		This	meant	that	in	the	absence	of	doxycycline	the	cells	could	grow	under	normal	

conditions,	 but	 when	 doxycycline	 was	 added	 to	 the	 growth	 media,	 the	 cells	 would	

undergo	differing	levels	of	functional	PP2A	knockdown	within	a	timeframe	that	would	

allow	 de	 novo	 infection	 before	 complete	 cell	 death.	 The	 inducible	 knockdown	 was	

achieved	 by	 the	 simultaneous	 expression	 of	 a)	 an	 shRNA	 targeting	 the	 endogenous	

PP2A	scaffold	subunit	and	b)	an	shRNA-resistant	exogenous	scaffold	subunit	 that	was	

mutated	to	affect	its	regulatory	subunit	binding	capabilities	(figure	3-1B).	The	trimeric	

PP2A	holoenzyme	 relies	on	 the	 identity	of	 the	 regulatory	 subunit	 to	dictate	 substrate	

specificity	 and	 intracellular	 localisation	 (Janssens	 &	 Goris	 2001;	 figure	 3-1A),	 so	 the	

effects	of	PP2A	knockdown	could	be	probed	more	specifically	by	altering	the	ability	of	

the	exogenous	scaffold	subunit	to	bind	to	regulatory	subunits	(figure	3-1C).			
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Figure 3-1:	Tailoring functional PP2A knockdown by controlling interaction with the 
regulatory subunit 

A) The PP2A complex is composed of a trimeric holoenzyme. The intracellular localisation 
and substrate specificity of the holoenzyme is dictated by the identity of the regulatory 
subunit. Interfering with the core enzyme’s ability to bind a regulatory subunit has different 
functional consequences for PP2A activity. B) During normal cell culture, a repressor protein 
is expressed from the TetR gene that binds and blocks susceptible promoter sequences. 
This inhibits the expression of a) shRNAs against the endogenous PP2A A subunit and b) 
the expression of an shRNA-resistant, exogenous PP2A A subunit, mutated to alter its 
regulatory subunit binding abilities (Strack et al. 2004). Addition of doxycycline to growth 
media inhibits repressor protein rendering it incapable of binding the appropriate promoters 
and restoring their expression C) Reference table summarising the differential regulatory 
subunit binding abilities of the exogenous PP2A A subunits: PP2A (+) = full regulatory 
subunit binding ability, PP2A (-) = zero regulatory subunit binding ability, PP2A-B’ (-) = no B’ 
binding ability (binding to other regulatory subunits was unaffected). 
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 Results	3.3

3.3.1 PP2A-B’	subunits	were	identified	as	HTLV-1	integrase	interaction	partners	

using	a	Hybrigenics	Ultimate	Y2H™	screen.	

The	 yeast-two-hybrid	 (Y2H)	 system	 is	 a	 technique	 for	 identifying	 protein-protein	

interactions	 and	 has	 been	 previously	 used	 to	 identify	 host	 co-factors	 for	 other	

retroviruses	 (Emiliani	 et	 al.	 2005).	 The	 screen	 used	 in	 this	 study	 is	 a	 Hybrigenics	

Ultimate	 Y2H™	 screen.	 Interactions	were	 identified	 by	 fusing	HTLV-1	 IN	 to	 the	 yeast	

Gal4	DNA	binding	domain	(“bait”)	and	expressing	it	within	an	a-sex	type	yeast	strain.	A	

library	of	proteins	from	human	T	cells	(“prey”)	was	then	fused	to	the	activation	domain	

of	the	same	transcription	factor	and	expressed	in	an	α-sex	type	yeast	strain.	When	the	a-	

and	α-yeast	strains	were	mated,	the	progeny	contained	both	the	“bait”	and	“prey”	fusion	

proteins	 and	 upon	 interaction	 reconstituted	 a	 functional	 transcription	 factor	 which	

allowed	 the	 expression	 of	 a	 gene	 essential	 for	 cell	 growth	 (eg	HIS3	 gene).	 Surviving	

progeny	were	therefore	sequenced	to	identify	the	prey	interaction	partner	resulting	in	

the	identification	of	several	interaction	partners	of	HTLV-1	IN	summarised	in	figure	3-

2A.		

	

Based	 on	 the	 number	 of	 unique	 prey	 fragments	 interacting	with	 the	 bait	 fragment,	 a	

predicted	 biological	 score	 (PrBS,	 A	 (highest)	 –	 D	 (lowest))	 was	 assigned	 to	 each	

interaction	to	reflect	the	confidence	of	the	interaction.	Four	proteins	were	found	to	have	

the	highest	PrBS	score	of	A.	These	were	Fibulin-2,	Lectin	Galactoside-Binding	Soluble	3	

Binding	 Protein,	 Mitochondrial	 ribosomal	 protein	 L53	 and	 Wrap53.	 The	 first	 three	

proteins	are	either	membrane-	or	mitochondrion-associated	and	therefore	despite	their	

high	interaction	score,	they	were	deemed	unlikely	to	be	involved	with	HTLV-1	IN	at	the	

stage	 of	 integration	 site	 selection	 in	 the	 nucleus.	 In	 contrast,	 Wrap53	 is	 nuclear	

localised,	and	has	been	implicated	in	a	variety	of	roles	regulating	splicing	and	formation	

of	 Cajal	 bodies,	 as	well	 as	 acting	 as	 a	 natural	 antisense	 transcript	 of	 p53	 in	 order	 to	

control	p53	expression	(Mahmoudi	et	al.	2009;	Mahmoudi	et	al.	2010).	Wrap53	was	not	

identified	 in	 the	 cellular	 co-immunoprecipitation	 screen	 as	 an	 interaction	 partner	 of	

flag-tagged	 HTLV-1	 IN.	 In	 addition,	 three	 PP2A-B’	 isoforms	 were	 identified	 as	

interaction	partners	by	the	Y2H	screen.	These	were	B’	γ,	α	and	ε	and	received	a	PrBS	of	

B,	D	and	D	respectively.	It	is	encouraging	that	these	B’	subunits,	particularly	B’	γ,	were	
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identified	in	the	Y2H	screen	as	they	were	previously	identified	as	HTLV-1	IN	interaction	

partners	 by	 IN	 co-immunoprecipitation	 (Maertens	 2016)	 and	 because	 these	 isoforms	

are	 highly	 expressed	 in	 haematological	 tissue	 (Haesen	 et	 al.	 2014).	 Additionally,	 B’	 γ,	

which	 is	 thought	 to	 be	 exclusively	 expressed	 in	 the	 nucleus	 (McCright	 et	 al.	 1996),	

received	 the	 highest	 PrBS	 score.	 The	 B’	 α	 and	 B’	 ε	 isoforms	 are	 cytoplasmic	 in	

localisation	and	a	PrBS	of	D	 indicates	 that	 their	mRNAs	are	poorly	represented	 in	 the	

prey	library.	Therefore,	whilst	the	interaction	is	probably	genuine	it	cannot	be	reported	

with	any	great	confidence.	This	was	later	corroborated	when	RT-qPCR	experiments	as	

part	 of	 this	 thesis	 found	 that	 B’	 α	 and	 B’	 ε	 had	 low	 expression	 in	 T-cells	 (Chapter	 5,	

figure	5-1),	 the	preferred	host	of	HTLV-1	 infection.	However,	 the	 interaction	between	

each	 B’	 isoform	 prey	 fragment	 and	 the	 HTLV-1	 IN	 bait	 fragment	 appeared	 to	 be	

mediated	through	the	same	region	of	the	B’	protein.	This	is	represented	by	the	orange	

bar	in	figure	3-2C	and	is	called	the	shared	interaction	domain	(SID).	It	is	calculated	for	

each	prey	protein,	and	represents	the	common	amino	acid	sequence	that	is	shared	by	all	

the	prey	fragments.	The	section	of	the	B’	isoform	amino	acid	sequence	identified	as	the	

SID,	includes	the	same	region	of	the	B’	γ	isoform	shown	by	Goedele	Maertens	(2016)	to	

mediate	 the	 strand	 transfer	 stimulating	 activity	 of	B’	 γ	 on	deltaretroviral	 INs	 in	 vitro.	

Therefore,	 not	only	were	 the	B’	 isoforms	 identified	 as	HTLV-1	 interaction	partners	 in	

both	 the	 co-immunoprecipitation	 and	 Y2H	 screens,	 but	 both	 screens	 also	 appear	 to	

verify	that	the	interaction	is	through	the	same	conserved	domain	of	the	B’	isoforms.	
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Figure 3-2: Results of a Hybrigenics Ultimate Y2H™ screen of HTLV-1 Integrase vs a 
library of proteins expressed in human T-lymphocytes. 

A) Summary of the strongest “prey” proteins found to associate with HTLV-1 IN in a Y2H 
screen. Predicted biological score (PrBS) of A (highest) to D (lowest) reflect the confidence 
of the interaction. B) Fragment of HTLV-1 IN used as “bait” in the Y2H (pink bar), 
encompassing the NTD, CCD and CTD domains. C) The shared interaction domain (SID, 
orange bar) of the B’ isoforms shows that the same domains in each isoform mediate the 
interaction between the B’ prey fragments and HTLV-1 IN bait. This region also includes the 
integrase binding domain (IBD) previously identified as stimulating deltaretroviral strand 
transfer in vitro (Maertens 2016). 
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3.3.2 	HTLV-1	infection	occurs	in	the	presence	of	PP2A	knockdown.	

PC6-3	cell	 lines	that	were	cultured	with	and	without	doxycycline	treatment	for	3	days	

were	infected	with	HTLV-1	by	co-culture	with	MT2.	 	MTT	growth	assays	were	used	to	

quantify	 the	 toxicity	 of	 PP2A	 knockdown	 on	 PC6-3	 cells.	 After	 3	 days	 culture	 in	 the	

presence	of	doxycycline	(figure	3-3A);	PP2A	(+)	cells	showed	no	decrease	in	cell	growth	

compared	 to	 untreated	 cells	 (mean	 survival:	 106.8%).	 Of	 PP2A	 (-)	 cells	 treated	with	

doxycycline,	mean	survival	of	cells	was	43.4%	compared	to	PP2A	(+).	This	reduction	in	

cell	viability	was	significantly	reduced	compared	to	PP2A	(+)	at	day	2	and	3	(two-way	

ANOVA,	 p	 =	 <0.001	 and	 p	 =	 <0.001	 respectively)	 of	 doxycycline	 treatment.	 Likewise,	

PP2A-B’	 (-)	 showed	 a	 mean	 survival	 of	 77.2%	 compared	 to	 PP2A	 (+)	 that	 was	

significantly	reduced	compared	to	PP2A	(+)	at	day	2	(two-way	ANOVA,	p	=	<0.001)	of	

doxycycline	 treatment.	This	survival	data,	 including	 the	 timing	of	 the	reduction	 in	cell	

viability,	is	consistent	with	that	reported	by	Strack	et	al	(2004),	the	creators	of	the	cell	

lines,	indicating	that	the	cell	lines	behaved	as	expected.		

	

Cell	extracts	were	prepared	from	each	cell	 line	cultured	with	and	without	doxycycline	

for	 3	 days,	 separated	 by	 SDS-PAGE,	 then	 probed	 by	 western	 blot	 to	 assess	 the	

expression	of	the	Glu-Glu	tagged	exogenous	PP2A-A	subunit	(figure	3-3B).	After	3	days,	

expression	 of	 the	 Glu-Glu	 tag	 is	 present,	 indicating	 that	 the	 exogenous	 subunit	 is	

expressed.	It	was	not	possible	to	simultaneously	probe	the	concomitant	knockdown	of	

the	endogenous	PP2A-A	subunit	as	antibodies	cannot	differentiate	the	two	subunits,	but	

the	survival	data	showing	the	suppression	of	cell	growth	suggest	that	knockdown	was	

achieved.		In	addition	to	whole	cell	extracts,	genomic	DNA	was	collected	from	the	same	

two	biological	replicates	after	co-culture	with	MT2.		

	

Genomic	 DNA	 was	 used	 to	 prepare	 high-throughput	 sequencing	 libraries	 by	 LMPCR.	

Reads	were	 aligned	 to	 the	Rattus	 norvegicus	genome	 (build	 rn4).	No	MT2	 integration	

sites	were	 found	 to	 align	 to	 rn4,	 so	 these	 sites	did	not	 contaminate	 the	bioinformatic	

analysis.	A	summary	of	all	unique	integration	sites	(UIS)	recovered	from	the	biological	

replicates	 is	 shown	 in	 figure	 3-3C.	 Biological	 replicates	were	 independently	 analysed	

and	 then	 reported	 as	 a	 mean	 statistical	 parameter	 with	 p-values	 combined	 using	

Fisher’s	 method	 to	 yield	 a	 single	 p-value	 for	 each	 treatment.	 A	 change	 was	 deemed	



	
	

78	

significant	 if	p	<	0.05.	As	expected,	no	significant	differences	 in	 integration	preference	

were	 observed	 between	 the	 doxycycline	 treated	 and	 untreated	 datasets	 for	 the	 PP2A	

(+)	cell	line.	Therefore	odds	ratios	for	the	other	cell	lines	were	calculated	compared	to	

the	doxycycline	treated	PP2A	(+)	dataset.	
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Figure 3-3: PC6-3 cells can be successfully infected with HTLV-1 in the presence of 
functional PP2A knockdown 

A) Doxycycline treatment results in a drop in cell viability in the PP2A (-) and PP2A-B’ (-) cell 
lines (as measured by MTT assay) due to alteration of PP2A-A regulatory subunit binding 
ability. As expected, reduction in cell viability was greater for PP2A (-) (purple line) than for 
PP2A-B’ (-) (blue line) due to prevention of all regulatory subunit binding capability in this cell 
line. The time period at which infection with HTLV-1 by co-culture with MT2 cells occurs is 
highlighted in grey B) Expression of the Glu-Glu tag (indicative of exogenous scaffold 
subunit expression) is clearly visible by western blot after 3 days of doxycycline treatment. 
C) After 3 days of doxycycline treatment, PC6-3 cells co-cultured with MT2 are successfully 
infected with HTLV-1. Sufficient unique integration sites are recovered after high-throughput 
sequencing for statistical analysis. 
	 	



	
	

80	

3.3.3 	Full	and	partial	 functional	knockdown	of	PP2A	alters	 the	 integration	site	

preference	with	regards	to	genomic	features.	

Integration	within	10	kb	of	 several	 genomic	 features	 (Genes,	Transcription	 start	 sites	

(TSS)	and	CpG	 islands)	 that	are	associated	with	HTLV-1	de	novo	 integration	 targeting	

was	 significantly	 reduced	by	PP2A	 full	 and	partial	 functional	knockdown	 (figure	3-4).	

Complete	 functional	 knockdown	 resulted	 in	 the	 strongest	 decrease	 in	 integration	 in	

proximity	to	these	genomic	features,	but	it	was	found	that	B’	functional	knockdown	was	

also	sufficient	to	significantly	reduce	preference	for	integration	in	proximity	to	TSS	and	

CpG	 islands,	 but	 there	was	 a	 non-significant	 reduction	 near	 genes.	 The	magnitude	 of	

reduction	 in	 integration	 preference	 in	 proximity	 to	 these	 features	 is	 reported	 as	 the	

mean	 odds	 ratio	 (OR)	 from	 two	 biological	 replicates	 of	 integration	 within	 a	 10kb	

window	 of	 the	 specific	 genomic	 feature	 compared	 to	 control.	 An	 OR	 <1	 implies	 a	

reduction	in	preference	and	OR	>	1	implies	an	increase	in	preference	for	a	feature.	

	

PP2A	full	and	partial	knockdown	resulted	in	a	slight	decrease	in	odds	ratio	(preference)	

of	integration	within	a	gene,	2%	and	1%	respectively,	but	this	effect	was	not	significant	

(figure	 3-4A).	 However,	 in	 the	 case	 of	 full	 PP2A	 knockdown	 (PP2A	 (-),	 figure	 3-4B),	

there	was	 a	 20.4%	 reduction	 of	 integration	 sites	 (mean	OR	 =	 0.80,	 p	 <	 0.05)	 located	

within	 10kb	 of	 the	 nearest	 gene.	 Partial	 PP2A	 knockdown	 (PP2A-B’	 (-),	 figure	 4B)	

resulted	 in	 a	 7.8%	 reduction	 in	 integration	 sites	 being	 located	 within	 10	 kb	 of	 the	

nearest	gene,	but	this	effect	was	not	significant	(mean	OR	=	0.92,	p	>	0.1).		

	

The	 effects	 of	 full	 and	 partial	 knockdown	 of	 PP2A	 were	 greatest	 with	 regards	 to	

integration	 in	 proximity	 to	 transcription	 start	 sites	 and	 CpG	 islands.	 Full	 knockdown	

(PP2A	(-),	figure	3-4B)	resulted	in	a	22.8%	reduction	in	the	number	of	integration	sites	

within	 10	 kb	 of	 a	 transcription	 start	 site	 (mean	OR	 =	 0.77,	 p	 <	 0.0001)	 and	 a	 23.2%	

reduction	in	integration	sites	within	10	kb	of	a	CpG	island	(mean	OR	=	0.77,	p	<	0.0001).	

The	same	effect	was	observed	with	partial	knockdown,	albeit	weaker,	but	in	contrast	to	

the	 effect	 seen	 for	 proximity	 to	 genes,	 the	 reductions	 were	 significant.	 Partial	

knockdown	resulted	in	an	11%	decrease	in	the	number	of	integration	sites	within	10	kb	

of	 a	 transcription	 start	 site	 (mean	OR	=	0.89,	 p	<	0.01)	 and	an	8.2%	reduction	 in	 the	

number	of	integration	sites	within	10kb	of	a	CpG	island	(mean	OR	=	0.92,	p	<	0.05).	
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Figure 3-4: Full and partial PP2A knockdown reduced preferential integration in 
proximity to genes, TSS and CpG islands. 

A) The percentage of all unique integration sites (UIS) that occur within a gene is reduced by 
full and partial PP2A knockdown, but not to a significant extent. B) The odds ratio of 
integration within 10kb of several genomic features is reduced by full (PP2A (-)) and partial 
PP2A (PP2A-B’ (-)) knockdown compared to integration in PP2A competent cells (PP2A 
(+)). Only integration sites that are not in a gene are used for analysis of proximity to a gene. 
All values plotted are the mean of two biological replicates and error bars represent the 
standard error of the mean (SEM). P-values are calculated by Chi-square test and are 
considered significant when p = <0.05. ns = >0.05, * = <0.05, ** = <0.01, *** = <0.001, **** = 
<0.0001. 
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3.3.4 Full	 and	partial	 functional	knockdown	of	PP2A	alters	 the	 integration	 site	

preference	with	regards	to	epigenetic	marks.	

Analysis	of	integration	preference	with	respect	to	epigenetic	marks	is	useful	in	order	to	

understand	the	transcriptional	state	of	the	chromatin	environment	in	which	integration	

has	occurred.	Using	publicly	available	datasets	of	 epigenetic	modifications	 from	other	

Rattus	norvegicus	cell	 lines,	we	analysed	 the	proximity	of	 integration	 sites	 from	PP2A	

knockdown	treatments	to	these	epigenetic	marks	(see	table	8-5,	Appendix	III).	

	

Full	and	partial	PP2A	knockdown	treatments	resulted	 in	a	significant	reduction	 in	 the	

preference	 for	 integration	 within	 10kb	 of	 several	 epigenetic	 marks	 associated	 with	

promoters	and	enhancers,	which	might	reflect	a	reduction	in	integration	within	actively	

transcribed	 chromatin.	 Full	 knockdown	 of	 PP2A	 (PP2A	 (-),	 figure	 5A)	 resulted	 in	

significant	 decreases	 in	 integration	 within	 10kb	 of	 the	 H3K27	 acetylation	 (ac)	 mark	

(14.5%	 decrease,	 mean	 OR	 =	 0.85,	 p	 <	 0.05),	 H3K4	 mono-methylation	 (me1)	 mark	

(29.4%	decrease,	mean	OR	=	0.71,	p	<	0.0001)	and	H3K4	tri-methylation	(me3)	mark	

(27.1%	decrease,	mean	OR	=	0.73,	p	<	0.0001).	 In	contrast,	preference	 for	 integration	

within	 10kb	 of	 the	 H3K9me3	 mark,	 a	 mark	 of	 constitutive	 heterochromatin,	 was	

increased	 (26.6%	 increase,	mean	OR	=	1.266,	p	=	ns)	 suggesting	 that	 the	preferential	

HTLV-1	integration	in	proximity	to	heterochromatin	(Gillet	et	al.	2011)		is	enhanced	by	

PP2A	knockdown.	Although	 the	 increase	 in	 integration	 in	proximity	 to	H3K9me3	was	

not	significant,	it	did	approach	significance	at	p=0.07	(figure	3-5).	

	

Partial	 PP2A	 knockdown	 (PP2A-B’	 (-),	 figure	 5A)	 again	 showed	 similar,	 but	 weaker	

effects	 of	 reduced	 integration	 proximity	 to	 these	 epigenetic	 marks.	 Integration	 in	

proximity	 to	 the	 H3K27ac	 mark	 was	 only	 very	 slightly	 reduced	 by	 partial	 PP2A	

inhibition	(1.3%	reduction,	mean	OR	=	0.99,	p	=	ns),	but	integration	in	proximity	to	the	

H3K4me1	 (8%	 reduction,	mean	 OR	 =	 0.92,	 p	 <	 0.01)	 and	H3K4me3	 (11%	 reduction,	

mean	 OR	 =	 0.89,	 p	 <	 0.01)	marks	 was	 significantly	 reduced.	 Likewise,	 integration	 in	

proximity	 to	 the	 inhibitory	 H3K9me3	 mark	 was	 increased,	 this	 time	 to	 a	 significant	

extent	(30%	increase,	mean	OR	=	1.3,	p-value	<	0.01).	 	 Integration	 in	proximity	to	the	

H3K27me3	mark	was	also	tested	for	both	PP2A	knockdown	conditions,	but	integration	

in	proximity	to	this	mark	was	not	found	to	be	significantly	affected	by	PP2A	knockdown.	
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Figure 3-5: Full and partial knockdown alter the integration site preference with 
regards to epigenetic marks 

The odds of integration within 10kb of activatory epigenetic marks (H3K27ac, H3K4me1, 
H3K4me3 – red bars) is reduced by full (PP2A (-)) and partial PP2A (PP2A-B’ (-)) 
knockdown compared to integration in PP2A competent cells (PP2A (+)). In contrast, the 
odds of integration within 10kb of an inhibitory epigenetic mark (H3K9me3 - purple bar) is 
increased by full and partial PP2A knockdown. All values plotted are the mean of two 
biological replicates and error bars represent the standard error of the mean (SEM). P-
values are calculated by Chi-square test and are considered significant when p = <0.05. Ns 
= >0.05, * = <0.05, ** = <0.01, *** = <0.001, **** = <0.0001. 
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3.3.5 PP2A	 knockdown	 does	 not	 revert	 the	 integration	 site	 preference	 to	 a	

random	profile.	

Both	 figure	 3-4	 and	 figure	 3-5	 show	 the	 reduction	 of	 integration	 preference	 with	

regards	to	several	genomic	features	associated	with	preferential	HTLV-1	integration.	In	

both	 figures,	 it	 is	 clear	 that	 despite	 full	 and	 partial	 PP2A	 knockdown,	 the	 integration	

preference	remains	significantly	different	from	random	integration.	Random	integration	

is	estimated	using	an	in	silico	approach	to	generate	a	dataset	of	random	integration	site	

locations	 along	 the	 rat	 genome	 sequence	 (build	 rn4)	 and	 represents	 an	 entirely	

stochastic	profile	of	integration	that	assumes	no	inherent	biases,	for	example	chromatin	

accessibility.	 However,	 what	 is	 clear	 is	 that	 partial	 and	 then	 full	 PP2A	 knockdown	

increasingly	 bias	 the	 de	 novo	 integration	 pattern	 towards	 a	 random	 profile.	 This	

progression	 towards	 random	 is	 consistent	with	what	 is	 seen	 in	 similar	 studies	where	

HIV	 IN	 co-factor	 depletion	 through	 knockdown	 or	 knockout	 pushes	 integration	 sites	

towards	 a	 more	 stochastic	 profile	 of	 integration.	 However,	 IN	 co-factor	 knockdown	

alone	cannot	revert	the	integration	site	profile	to	random.	 	
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 Discussion	3.4

In	 this	 chapter,	 several	 lines	 of	 evidence	 have	 been	 put	 forward	 to	 strengthen	 the	

hypothesis	 that	 PP2A	 is	 acting	 as	 an	HTLV-1	 IN	 co-factor.	 First,	 evidence	 from	a	Y2H	

screen	 independently	 demonstrated	 the	 possibility	 of	 direct	 interaction	 between	 the	

PP2A	complex	and	HTLV-1	IN.	Amongst	other	candidates,	 the	Y2H	screen	reported	an	

interaction	between	HTLV-1	IN	and	the	same	protein	domain	of	three	PP2A-B’	subunits.	

Since	this	screen	was	performed,	amino	acids	within	the	same	region	of	the	B’	proteins	

have	 been	 shown	 to	 be	 essential	 for	 the	 stimulation	 of	 deltaretroviral	 IN	 catalytic	

activity	during	in	vitro	strand	transfer	assays	(Maertens	2016).		

	

Future	 work	 should	 address	 the	 role	 of	 Wrap53	 in	 integration	 site	 selection	 as	 this	

protein	was	found	to	interact	with	HTLV-1	IN	in	the	Y2H	screen	and	was	given	a	high	

PrBS	 score	 to	 indicate	 confidence	 in	 a	 biological	 interaction.	 It	 is	 known	 that	

retroviruses	 can	 have	 more	 than	 one	 IN	 co-factor	 (Schrijvers	 et	 al.	 2012)	 and	 that	

integration	 occurs	 within	 the	 context	 of	 a	 multi-protein	 complex	 called	 the	 pre-

integration	complex	(Bukrinsky	et	al.	1992).	It	is	therefore	possible	that	Wrap53	acts	as	

a	 secondary	 co-factor,	 as	 a	 member	 of	 the	 pre-integration	 complex	 or	 as	 a	 PP2A	

interaction	 partner	 that	 can	 mediate	 chromatin	 interaction.	 Wrap53	 is	 known	 to	 be	

rapidly	 recruited	 to	 the	 site	 of	DNA	double	 strand	 breaks	 (Henriksson	 et	 al.	 2014),	 a	

hallmark	of	retroviral	 integration.	Efficient	repair	of	double	stranded	breaks	 is	crucial	

for	successful	integration	(Sakurai	et	al.	2009),	therefore	Wrap53	could	be	recruited	to	

the	PIC	during	the	“hand-over”	step	when	the	intasome	has	completed	strand	transfer	

and	dissociates	to	make	way	for	DNA	repair	by	host	enzymes.	Future	work	should	aim	

to	establish	if	Wrap53	can	co-immunoprecipitate	with	HTLV-1	IN	in	vivo.	

	

At	the	start	of	this	study	two	major	challenges	presented	themselves:	first,	to	investigate	

if	PP2A	could	act	as	an	IN	co-factor	despite	not	binding	directly	to	chromatin;	second,	

how	 to	knock	down	 this	 complex	during	de	novo	 infection	without	 causing	cell	death.	

Both	 of	 those	 challenges	 have	 been	 overcome	 by	 using	 the	 PC6-3	 cell	 lines	 and	 their	

inducible	 system	 of	 PP2A	 knockdown	 to	 limit	 toxicity	 and	 enable	 the	 recovery	 of	

integration	 sites.	 PP2A	 subunits	 are	 highly	 conserved	 across	 eukaryotes	 with	 the	

scaffold	subunit	shown	to	have	44%	identity	between	the	human	and	yeast	homologs.	
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Within	mammals,	PP2A	subunits	 are	 even	more	highly	 conserved	with	96.4	 to	99.8%	

identity	 seen	 between	 the	 human	 and	 Rattus	 norvegicus	 B’	 subunits	 (Sommer	 et	 al.	

2015),	therefore	it	 is	reasonable	to	assume	that	core	functions	of	PP2A	complexes	are	

shared	 between	 rats	 and	 humans.	 It	 is	 therefore	 promising	 to	 see,	 that	 bioinformatic	

analysis	 of	 integration	 sites	 from	 these	 rat	 cells	 has	 revealed	 an	 altered	 pattern	 of	

HTLV-1	integration	in	the	absence	of	functional	PP2A	complex.		

	

Some	limitations	of	this	dataset	did	become	apparent	during	analysis.	The	first	is	that	it	

is	not	possible	to	directly	estimate,	 through	western	blot,	 the	knockdown	efficiency	of	

the	endogenous	scaffold	subunit	and	therefore	the	extent	of	knockdown	could	only	be	

estimated	 through	 observations	 of	 impact	 on	 cell	 growth.	 In	 addition,	 the	 inducible	

system	used	 in	 these	 rat	 cells	only	 targets	 the	PP2A-Aα	 isoform,	not	 the	beta	 isoform	

(PP2A-Aβ).	PP2A-Aα	expression	in	normal	cells	is	much	more	abundant	than	PP2A-Aβ,	

but	 the	 two	 isoforms	share	86%	identity	 therefore	 there	 is	a	possibility	 that	PP2A-Aβ	

could	 act	 redundantly	 to	 compensate	 for	 some	 loss	 of	 PP2A-Aα	 function.	 However,	

transfection	 of	 PP2A-Aβ	 in	 PP2A-Aα	 depleted	 cells	 does	 not	 rescue	 from	 cell	 death,	

suggesting	 that	 the	 β-isoform	 alone	 cannot	 compensate	 for	 all	 of	 the	 α-isoform’s	

functions	(Strack	et	al.	2004).	The	second	limitation	is	that	the	rat	cell	line	used	here	is	

very	 different	 from	 the	 natural	HTLV-1	 host	 cell	 (human	T-lymphocytes)	 and,	 finally,	

the	 Rattus	 norvegicus	 genome	 is	 not	 as	 well	 annotated	 as	 the	 human	 genome.	 This	

resulted	in	some	limitations	to	the	scope	of	the	bioinformatic	analysis.		

	

Nevertheless,	 analysis	 of	 this	 dataset	 did	 yield	 several	 significant	 observations.	 First,	

during	 de	 novo	 infection	 in	 the	 absence	 of	 PP2A,	 integration	 within	 genes	 and	 in	

proximity	 to	 them	 was	 reduced,	 to	 a	 significant	 extent	 in	 the	 latter	 case.	 Second,	

integration	 in	 proximity	 to	 TSS	 and	 CpG	 islands	 was	 significantly	 reduced.	 Finally,	

integration	 in	 proximity	 to	 epigenetic	marks	 associated	with	 active	 transcription	was	

also	 significantly	 reduced.	 Reductions	 in	 integration	 in	 proximity	 to	 these	 features,	

which	have	previously	been	shown	to	be	associated	with	HTLV-1	integration	targeting,	

suggest	 that	 the	 absence	 of	 PP2A	 function	 impairs	 normal	 integration	 site	 selection.	

Unexpectedly,	 depletion	 of	 PP2A	 led	 to	 an	 increase	 in	 integration	 in	 proximity	 to	 the	

H3K9me3	 mark	 of	 heterochromatin.	 It	 is	 unclear	 if	 this	 increase	 in	 preference	 was	
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reciprocal	 to	 the	decrease	 in	 targeting	of	euchromatin	or	 if	 it	 is	potentially	a	 result	of	

secondary	integration	targeting.		

Importantly,	 PP2A	 partial	 knockdown	 through	 the	 loss	 of	 B’	 subunit	 interaction,	was	

sufficient	 to	 cause	 an	 overall	 reduction	 in	 preferential	 HTLV-1	 integration.	 It	 is	

hypothesised	 that	 it	 is	 specifically	 the	 B’	 containing	 PP2A	 holoenzymes	which	 act	 as	

HTLV-1	 IN	 co-factors	 and	 the	 observations	 reported	 here	 appear	 to	 support	 this	

hypothesis.	However,	 the	 reduction	 in	preferential	 integration	was	weaker	 than	what	

was	seen	 for	 full	PP2A	knockdown.	There	are	 two	possibilities	 that	could	explain	 this	

observation;	first,	that	B’	subunits	can	act	independently	of	the	holoenzyme	and	second,	

that	 residual	 expression	 of	 the	 endogenous	 Aα	 subunit	 was	 present	 and	was	 able	 to	

compensate,	bearing	in	mind	that	direct	monitoring	of	endogenous	subunit	knockdown	

by	western	blot	was	not	possible.	

	

To	 summarise,	 this	 chapter	 has	 presented	 the	 first	 evidence	 that	 removal	 of	 PP2A	

during	de	novo	HTLV-1	infection	results	in	a	significant	change	in	the	natural	integration	

site	preference	of	HTLV-1,	 suggesting	 that	PP2A	does	play	a	 role	 in	 targeting	HTLV-1	

integration	to	these	preferred	sites.	
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4. CHAPTER	FOUR	

HTLV-1	INFECTION	OF	JURKAT	T-CELLS	IN	
THE	PRESENCE	OF	PP2A	INHIBITORS
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 Chapter	summary	4.1

This	 chapter	 presents	 findings	 from	de	 novo	 infection	 of	 the	 human	 Jurkat	 T-cell	 line	

performed	whilst	 cells	were	being	 treated	with	 the	PP2A	 inhibitors,	 okadaic	 acid	 and	

rubratoxin	A,	and	the	Aurora	B	kinase	inhibitor,	ZM447439.		Integration	sites	from	cells	

treated	with	PP2A	inhibitors	were	significantly	less	likely	to	be	integrated	within:	

A) a	gene		

B) a	highly	expressed	gene	

C) 1	kb	of	a	gene	

D) 1	kb	of	a	transcription	start	site	

E) 1	kb	of	a	CpG	island	

F) 200	–	1000	bp	of	epigenetic	marks	associated	with	transcription	

Some	 of	 these	 changes	 in	 integration	 were	 also	 dose-dependent	 for	 okadaic	 acid	

treatment.	

	

In	contrast,	integration	sites	from	the	same	dataset	were	significantly	more	likely	to	be	

integrated	within;	

A) 200	 bp	 of	 the	 chromatin	 occupancy	 site	 for	 the	 following	 proteins:	 HDAC1,	

HDAC2,	HDAC3,	HDAC6,	p53	and	STAT1.	

B) 200	bp	of	a	H3K9me3	epigenetic	mark	

C) 1	kb	of	a	H3K27me3	epigenetic	mark.	

These	 chromatin	 occupancy	 sites	 have	 been	 previously	 associated	 with	 preferential	

HTLV-1	integration,	therefore	an	enhancement	of	integration	in	association	with	these	

chromatin	associated	factors	was	unexpected	and	suggests	that	these	factors	might	act	

as	secondary	co-factors.	In	addition,	the	observed	increase	in	integration	in	proximity	to	

inhibitory	 epigenetic	 marks	 is	 consistent	 with	 what	 was	 observed	 in	 the	 previous	

chapter,	using	rat	cells.	
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 Introduction	4.2

As	shown	in	the	previous	chapter,	it	is	possible	to	infect	cells	without	PP2A	function	and	

see	a	 significant	 change	 in	 the	 integration	site	 selection	profile.	The	next	 stage	of	 this	

project	was	to	replicate	these	findings	in	a	more	physiological	setting	using	the	human	

Jurkat	T	cell	line.		Knockdown	of	PP2A	causes	rapid	cell	death,	and	in	the	absence	of	an	

inducible	 system	of	 PP2A	 knockdown	 in	 Jurkat	 cells,	 PP2A	 inhibitors	were	 a	 suitable	

alternative.		

	

In	order	to	study	integration	in	the	absence	of	PP2A,	two	PP2A	inhibitors,	okadaic	acid	

(OA)	 and	 rubratoxin	 A	 (RubA),	 were	 chosen	 to	 transiently	 inhibit	 all	 PP2A	 catalytic	

activity	during	the	timeframe	in	which	de	novo	HTLV-1	 infection	occurred.	Aliquots	of	

Jurkat	 T	 cells	were	 incubated	 separately	with	 the	 following	 treatments:	 two	 doses	 of	

each	 inhibitor,	 DMSO	 control,	 or	 no	 treatment	 (nil)	 for	 3	 hours	 before	 and	 during	

overnight	 co-culture	 with	 MT2	 cells	 (figure	 4-1A).	 After	 co-culture,	 MT2	 cells	 were	

depleted	and	the	Jurkat	cells	were	returned	to	culture	with	10	μM	raltegravir	(to	inhibit	

further	integration;	Seegulam	&	Ratner	2011;	Cook	et	al.	2012)	for	a	further	10	days	to	

allow	the	complete	die-off	of	irradiated	MT2.	This	procedure	resulted	in	extremely	low	

contamination	 of	 the	de	 novo	 sites	with	MT2	 sites,	 detected	 bioinformatically.	 It	 also	

allowed	the	recovery	of	a	very	large	number	of	integration	sites	for	statistical	analysis	of	

integration	site	preference.	This	dataset	is	possibly	the	largest	single	dataset	of	de	novo	

HTLV-1	integration	sites	generated	through	co-culture	with	HTLV-1	infected	cells.		

	

There	were	several	advantages	of	using	PP2A	inhibitors	instead	of	shRNAs	against	the	

PP2A	 complex.	 First,	 the	 transient	 nature	 of	 PP2A	 inhibition	 meant	 that	 cells	 could	

recover	 PP2A	 function	 after	 removal	 of	 inhibitors	 and	 therefore	 toxicity	was	 limited.	

Second,	using	 two	doses	of	 each	 inhibitor	 allowed	us	 to	 examine	 if	 there	was	a	dose-

dependent	change	in	integration	site	preference.	Finally,	the	two	inhibitors	chosen	had	

different	 mechanisms	 of	 action	 (Walsh	 et	 al.	 1997)	 and	 therefore	 this	 offered	 the	

potential	 for	 exploring	 which	 of	 PP2A’s	 functional	 pathways	 were	 potentially	 being	

exploited	 by	 the	 HTLV-1	 integration	 process.	 This	 final	 aim	 was	 based	 on	 the	

observation	that	in	addition	to	PP2A’s	catalytic	functions	as	a	phosphatase,	it	also	has	a	

non-catalytic	 function	 in	 the	 chromatin	 recruitment	 of	 Condensin-II	 and	 KIF4a	
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(Takemoto	 et	 al.	 2009).	 The	 catalytic	 and	 chromatin	 recruitment	 functions	 are	 both	

inhibited	by	OA,	but	the	recruitment	 function	 is	reportedly	not	 inhibited	by	fostriecin.	

Fostriecin	was	not	used	in	this	study	because	it	is	extremely	unstable,	so	it	is	difficult	to	

reliably	 administer	 the	 same	 dose	 to	 different	 biological	 replicates.	 However,	 it	 is	

structurally	 related	 to	 the	 cytostatin	 family	of	PP2A	 inhibitors	which	are	proposed	 to	

share	the	same	mechanism	of	action	as	RubA	(Wada	et	al.	2010).	RubA	is	an	extremely	

reliable	PP2A	inhibitor	having	both	good	stability	and	PP2A	specificity.	

	

To	 further	 expand	 this	 investigation	 into	 which	 pathways	 of	 PP2A	 function	 were	

participating	in	the	integration	process,	Jurkat	cells	were	also	infected	during	treatment	

with	an	Aurora	B	kinase	inhibitor	(ZM447439	-	ZM).	Aurora	B	kinase	and	PP2A	often	act	

antagonistically;	 therefore	 it	 may	 be	 possible	 that	 the	 use	 of	 an	 Aurora	 B	 inhibitor	

would	enhance	any	integration	site	targeting	associated	with	PP2A,	but	conversely,	it	is	

also	 reported	 in	 the	 literature	 that	 Aurora	 B	 kinase	 is	 involved	 in	 recruiting	 PP2A	

function,	 and	 therefore	Aurora	B	 inhibition	may	also	weaken	 integration	 targeting	by	

reducing	 the	 recruitment	 of	 PP2A	 to	 the	 genome.	 	 Therefore,	 the	 effects	 of	 Aurora	 B	

inhibition	may	reveal	a	subset	of	PP2A	functions	involved	in	integration	targeting.		
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 Results	4.3

4.3.1 Jurkat	T	cells	are	successfully	infected	with	HTLV-1	in	the	presence	of	PP2A	

inhibitors.	

The	doses	of	PP2A	inhibitor	used	in	this	study	were	selected	two	ways.	First,	a	review	of	

the	literature	revealed	a	physiological	range	of	doses	that	would	sufficiently	inhibit	the	

PP2A	complex	without	extensive	cell	death	and,	particularly	 in	 the	case	of	OA,	 should	

avoid	 the	 inhibition	 of	 other	 complexes,	 eg	 Protein	 Phosphatase	 1	 (PP1).	 The	

experimental	 protocol	 used	 is	 summarised	 in	 figure	 4-1A.	 Figure	 4-1B	 shows	 that	

overnight	treatment	for	19	h	(0h	on	graph)	of	Jurkat	cells	with	inhibitors	resulted	in	a	

50%	 to	30%	decrease	 in	 the	 survival	 of	 cells	 compared	 to	 cells	 cultured	without	 any	

treatment.	After	removal	of	the	inhibitors	it	was	established	that	the	cells	could	recover	

and	 continue	 growing	 in	 culture	 until	 the	 end	 of	 the	 MT2	 die-off	 phase.	 This	 was	

observed	in	culture	and	the	survival	of	inhibitor	treated	cells	compared	to	nil	treatment	

for	the	first	72	hours	of	this	phase	is	shown	in	figure	4-1B	(recovery	phase).	At	the	end	

of	 the	MT2	 die-off	 phase,	 genomic	 DNA	was	 extracted	 from	 infected	 Jurkat	 cells	 and	

used	for	LMPCR	to	produce	high-throughput	sequencing	libraries.	The	table	in	figure	4-

1C	 summarises	 the	 integration	 sites	 recovered	 for	 each	 treatment	 within	 4	 separate	

biological	experiments.	Data	for	some	of	the	treatments	were	not	available	for	the	2309	

biological	 replicate	 because	 this	 experiment	 used	 a	 different	 dose	 of	 the	 high	 OA	

treatment	and	both	RubA	treatments.	The	high	number	of	integration	sites	recovered	in	

each	dataset	 is	 likely	attributable	 to	some	modifications	made	to	 the	LMPCR	protocol.	

Namely,	at	the	PCR1	stage	of	the	LMPCR	process,	the	DNA	was	split	into	decuplicate	PCR	

reactions	instead	of	the	original	triplicate	PCR1	reactions	in	order	to	boost	the	efficiency	

of	 the	 PCR.	 Second,	 there	 were	 many	 more	 reads	 in	 this	 dataset	 because	 it	 was	

sequenced	using	 the	 full	Hi-Seq	protocol	rather	 than	a	Rapid-Hi-Seq	protocol	used	 for	

the	datasets	in	Chapter	3	and	Chapter	5.	
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Figure 4-1: Recovery of unique integration sites from Jurkat T cells infected with 
HTLV-1 in the presence of PP2A inhibitors 

A) Schematic overview of the experimental procedure of inhibitor treatment, infection by co-
culture and recovery of integration sites. B) The survival (compared to nil treatment) of 
Jurkat T cells treated with two doses of PP2A inhibitors (OA = Okadaic acid, RubA = 
Rubratoxin A) and 0.1% DMSO for 19 h (0h) was measured by MTT assay. Cells were 
further cultured up to 72hrs after wash-out of inhibitors or DMSO and samples were taken at 
24h and 72h to assess the recovery of cells following removal of inhibitors. C) Summary of 
all integration sites recovered for each biological replicate (BioRep). 
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4.3.2 Integration	preference	with	 respect	 to	genes	 is	altered	by	PP2A	 inhibitor	

treatment	

There	are	two	hallmarks	of	natural	HTLV-1	integration	site	preference	associated	with	

genes.	First,	 there	 is	a	preference	 for	 integration	within	a	gene	(Meekings	et	al.	2008;	

Gillet	 et	 al.	 2011)	 and	 second,	 a	preference	 for	 integration	within	 gene-dense	 regions	

(Meekings	 et	 al.	 2008).	 For	 this	 dataset,	 two	 further	 analyses	 of	 gene-associated	

integration	 were	 performed.	 For	 the	 first	 analysis,	 the	 FPKM	 score	 (Fragments	 Per	

Kilobase	of	 transcript	per	Million	mapped	 reads)	 from	ENCODE	RNAseq	datasets	was	

used	 to	 indicate	 if	 the	 expression	 state	 of	 a	 gene	 that	 was	 targeted	 for	 integration	

(intragenic	 integration)	 changed	 in	 the	 presence	 of	 PP2A	 inhibition.	 A	 greater	 FPKM	

score	 is	 interpreted	 to	 mean	 that	 more	 reads	 were	 generated	 from	 a	 transcript,	

implying	that	the	transcript	is	more	abundantly	expressed.	An	FPKM	score	of	zero	was	

taken	 to	 imply	 an	 unexpressed	 gene	 (figure	 4-2C,	 “zero”),	 all	 scores	 above	 zero	were	

ranked	 by	 value	 and	 then	 divided	 equally	 into	 3	 further	 bins	 (figure	 4-2C,	 “low”,	

“medium”,	 “high”).	 The	 second	 analysis	 utilised	 integration	 sites	 that	 did	 not	 occur	

within	a	gene	(intergenic)	to	determine	if	their	preference	for	integration	within	1	kb	of	

a	gene	had	changed	upon	PP2A	inhibitor	treatment.		

	

All	 inhibitors	 were	 dissolved	 in	 DMSO,	 therefore	 0.1%	 DMSO	 was	 used	 as	 a	 vehicle	

control	 and	 all	 statistical	 tests	 on	 the	 nil	 treated	 and	 inhibitor	 treated	 datasets	were	

calculated	using	DMSO	treated	integration	sites	as	control.	Statistical	parameters	shown	

are	the	mean	of	all	biological	replicates	(3	or	4	replicates	depending	on	treatment	–	see	

figure	 4-1B)	 and	 all	 p-values	 shown	 are	 the	 Fisher’s	 combined	 p-value,	 except	 in	 the	

case	 of	 figure	 4-2A	 in	which	p-values	were	 calculated	by	 a	 single	 Fisher’s	 test	 on	 the	

combined	contingencies	of	each	biological	replicate.	In	all	experiments,	integration	sites	

from	nil	 treatment	were	 not	 significantly	 different	 from	 integrations	 occurring	 in	 the	

presence	 of	 0.1%	 DMSO,	 suggesting	 that	 the	 changes	 in	 integration	 site	 preferences	

seen	with	 this	 data	 are	 specific	 to	 the	 effects	 of	 the	 inhibitors	 and	 not	 an	 artefact	 of	

DMSO	treatment.	

	

Figure	4-2	 summarises	 the	 impact	of	PP2A	 inhibition	on	gene-associated	preferences,	

including	the	hallmarks	outlined	above.	The	characteristics	of	integration	within	a	gene	
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are	 altered	 by	 PP2A	 inhibitor	 treatment.	 First,	 figure	 4-2A	 shows	 that	 preference	 for	

integration	 within	 a	 gene	 is	 modestly,	 but	 significantly	 reduced	 (1-2%	 reduction,	

p<0.0001)	by	PP2A	inhibitor	treatment,	in	a	dose-dependent	manner	for	OA	treatment.			

However,	 despite	 a	 limited	 reduction	 in	 integration	 within	 genes,	 PP2A	 inhibitor	

treatment	 appears	 to	 lead	 to	 a	 significant	 increase	 (OR	 =	 1.09-1.1,	 p	 <	 0.0001)	 in	

intragenic	 integration	 in	 genes	 that	 are	 transcriptionally	 silent	 (figure	 4-2C.	 “Zero”	

expression	 state)	 as	 evidenced	 by	 a	 significant	 increase	 in	 odds	 ratio	 for	 integration	

within	this	category.	Simultaneously,	PP2A	inhibitor	treatment	also	led	to	a	significant	

loss	 of	 intragenic	 integration	 sites	 from	 the	 higher	 gene	 expression	 states	 (“medium”	

and	“high”)	as	evidenced	by	a	reduction	(OR	=	0.92-0.94,	p	<	0.001	–	0.0001)	in	the	odds	

ratio	of	integration	sites	occurring	in	this	gene	expression	state.	The	concomitant	loss	of	

integration	from	highly	expressed	genes	and	enrichment	in	unexpressed	genes	is	dose-

dependent	 for	 OA	 treatment.	 These	 two	 observations	 suggest	 that	 whilst	 integration	

within	 genes	 persists	 in	 the	 presence	 of	 PP2A	 inhibitors,	 there	 is	 a	 redistribution	 of	

integration	from	expressed	genes	into	unexpressed	genes.	As	a	consequence,	proviruses	

may	 be	 less	 likely	 to	 be	 reactivated	 because	 they	 are	 more	 frequently	 integrated	 in	

unexpressed	genes.	

	

As	well	as	integration	within	a	gene,	integration	in	proximity	to	a	gene	is	also	impacted	

by	PP2A	inhibitor	treatment.	For	example,	the	gene	density	around	integration	sites	is	

shown	 in	 figure	 4-2B.	 This	 plot	 shows	 that	 the	 gene	 density	within	 a	 20	 kb	window	

surrounding	the	integration	sites,	expressed	as	the	number	of	genes	within	the	window	

normalised	by	the	total	integration	sites	from	that	dataset,	is	reduced	by	PP2A	inhibitor	

treatment,	 again	 in	 a	 dose-dependent	manner	 for	 OA.	 	 Reduced	 gene	 density	 around	

integration	 sites	 as	 a	 result	 of	 PP2A	 inhibitor	 treatment	 was	 found	 to	 be	 significant	

(Mann	Whitney	U	test)	for	all	doses	of	OA	and	RubA	used.		

Consistent	 with	 a	 loss	 of	 preference	 for	 integration	 within	 gene-dense	 regions,	

integration	 in	 proximity	 (<1	 kb)	 to	 a	 gene,	 if	 integration	 sites	 are	 not	 within	 a	 gene	

(intergenic),	 is	 reduced	 by	 PP2A	 inhibitor	 treatment.	 Figure	 4-2D	 shows	 that	 PP2A	

inhibitor	treatment	reduces	the	odds	ratio	of	intergenic	integration	sites	being	located	

within	1	kb	and	within	1-10	kb	of	a	gene.	For	example,	 the	odds	of	 integration	within	

1kb	 of	 a	 gene	 are	 significantly	 reduced	 by	 OA	 treatment	 (OR	 10	 nM	 OA	 =	 0.92,	 p	

<0.0001).	In	addition,	it	appears	that	the	depletion	of	integration	sites	from	these	gene-
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proximal	windows	 is	met	with	 a	 simultaneous	 enrichment	 of	 integration	 sites	within	

gene-distal	windows	(1	Mb).	For	example,	10	nM	OA	treatment	led	to	an	increased	odds	

of	integration	(OR	10nM	OA	=	1.08,	p	<0.0001)	up	to	1	Mb	away	from	the	nearest	gene.		

	

The	altered	integration	site	preference	of	integrations	occurring	in	the	presence	of	OA	

appears	to	be	dose-dependent.	For	example,	 the	reduction	of	 integration	within	genes		

(figure	4-2A)	and	reduction	of	integration	within	highly	expressed	genes	(figure	4-2C)	is	

dose-dependent	 for	OA	 treatment.	However,	 in	general,	 the	effects	of	RubA	 treatment	

do	not	appear	to	be	dose-dependent.	For	RubA	treatment,	either	the	effect	is	the	same	

across	both	doses	or,	 as	 in	 the	 case	of	 gene	density,	 the	higher	dose	 shows	 a	weaker	

reduction	 in	 preference	whilst	 remaining	 reduced	 compared	 to	 DMSO.	 This	 could	 be	

explained	 by	 a	 selection	 bias	 resulting	 from	 the	 co-culture	 protocol.	 Whilst	 the	 cells	

were	 returned	 to	 culture	 for	 10	 days	 during	 the	 MT2	 die-off	 phase,	 cells	 that	 were	

resistant	to	higher	doses	of	RubA	could	have	had	a	selective	advantage	over	those	that	

were	more	 sensitive	 to	 RubA	 treatment	 and	 therefore	 the	 data	may	 reflect	 a	 bias	 in	

recovery	of	these	more	refractory	cells.	Nevertheless,	both	doses	of	RubA,	especially	the	

600	nM	dose,	consistently	reduce	preference	for	integration	within	a	gene,	in	proximity	

to	a	gene,	within	a	highly	expressed	gene	and	within	gene	dense	regions.	Therefore,	 it	

can	be	inferred	that	treatment	with	both	PP2A	inhibitors	results	in	reduction	of	HTLV-

1’s	preferential	integration	in	association	with	genes.	

	

With	 regards	 to	 integration	 in	 proximity	 to	 genes,	 ZM	 treatment	 appears	 to	 have	 the	

same	direction	of	 effect	 as	PP2A	 inhibition;	but	 the	 changes	 in	odds	 ratio	 are	 smaller	

and	most	are	not	statistically	significant.	However,	ZM	treatment	does	have	a	significant	

effect	 on	 reducing	 integration	within	 10	 kb	 of	 the	 nearest	 gene,	 as	 opposed	 to	 PP2A	

inhibitors	 which	 cause	 a	 reduction	 of	 integration	 in	 proximities	 as	 close	 as	 1kb.	

Therefore,	 it	would	appear	 that	 the	consequences	of	ZM	treatment	on	 integration	site	

distribution	occur	across	a	larger	genomic	window.	 	
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Figure 4-2: Integration preference with respect to genes is altered by okadaic acid 
(OA) and rubratoxin A (RubA) treatment. 

A) The average % of integration sites occurring within a gene is significantly reduced by 
PP2A inhibitor treatment in a dose-dependent manner for OA. B) The average gene density 
within a 20 kb window around integration sites is reduced by PP2A inhibitors in a dose-
dependent for OA. Error bars for plots (A) and (B) represent the standard error of the mean 
and statistical significance was measured by Chi-square test (A) or Mann-Whitney test (B). 
C) Intragenic integration sites are more likely to be located in an unexpressed gene if 
integration occurs with PP2A inhibitor treatment. The depletion of integration sites from 
highly expressed genes appears to be dose-dependent for OA and RubA. D) The odds of 
integration within (non-overlapping) genomic distances to the nearest gene. If an integration 
site is intergenic the distance to the nearest gene is increased if integration occurs during 
PP2A inhibitor treatment. Integration sites within a 10 kb window of the nearest gene are 
depleted and appear to be redistributed to a 1 Mb window. For each cell of the heatmap, 
blue fill indicates a reduced odds ratio, red fill an increased odds ratio, and white fill indicates 
no change in odds ratio. Additionally, within each cell of the heatmap is shown the mean 
odds ratios and Fisher’s combined p-value from each biological replicate. All statistical tests 
are calculated using DMSO treated integration sites as control. (� = <0.1, * = <0.05, ** = 
<0.01, *** = <0.001, **** = <0.0001). 



	
	

99	

4.3.3 Preferential	integration	in	proximity	to	transcription	start	sites	(TSS)	and	

CpG	islands	is	reduced	by	PP2A	inhibitor	treatment	

Integration	within	1	kb	of	TSS	(Melamed	et	al.	2013)	and	CpG	islands	(Meekings	et	al.	

2008;	Gillet	et	al.	2011)	are	two	hallmarks	of	preferential	HTLV-1	integration.	Figure	4-

3A	 shows	 that	 treatment	 with	 PP2A	 inhibitors,	 particularly	 10	 nM	 OA,	 significantly	

reduced	 the	odds	of	 integration	within	1kb	of	TSS,	however,	 this	effect	was	not	dose-

dependent	 for	OA,	but	 it	was	dose-dependent	 for	RubA	and	ZM.	Like	 the	 reduction	 in	

integration	 in	 proximity	 to	 genes,	 the	 reduction	 of	 integration	 caused	 by	 PP2A	

inhibitors	extended	to	between	1	and	10	kb	of	the	nearest	TSS	and	was	paired	with	an	

increase	 in	 integrations	 located	 in	 windows	 distant	 (1	 Mb)	 from	 the	 nearest	 TSS.	

Intriguingly,	 RubA	 and	 ZM	 treatment	 exerted	 their	 strongest	 effects	 on	 reducing	 the	

odds	of	integration	within	10	kb	of	a	TSS	(OR	2	μM	RubA	=	0.92,	p<0.0001),	not	1	kb,	as	

was	seen	for	OA.	Further	unexpected	results	include	the	observation	that	the	reduction	

of	integration	at	10	kb	from	TSS	was	not	dose-dependent	for	either	RubA	or	ZM	despite	

there	being	a	dose-dependent	but	weaker	reduction	of	integration	within	1	kb.		

	

The	 change	 in	 integration	 preference	 for	 proximity	 to	 CpG	 islands	 shared	 the	 same	

profile	as	the	changes	seen	for	TSS	integration	preference.	Again,	10	nM	OA	caused	the	

strongest	decrease	 in	 integration	within	1	kb	of	a	CpG	 island	(OR	10	nM	OA	=	0.88,	p	

<0.0001),	 but	 the	 effect	 was	 not	 dose-dependent.	 Likewise,	 all	 treatments	 caused	 a	

reduction	in	integration	in	proximity	to	CpG	islands	up	to	10	kb	from	the	nearest	CpG	

island	 and	 a	 simultaneous	 increase	 in	 integration	 sites	 located	 up	 to	 1	 Mb	 from	 the	

nearest	CpG	island.	Both	RubA	treatments	significantly	reduced	integration	within	1	kb	

of	 CpG	 islands,	 whereas	 only	 the	 higher	 dose	 of	 RubA	 reduced	 the	 frequency	 of	

integration	within	1	kb	of	TSS.	This	effect	is	again	dose-dependent	for	RubA.	CpG	islands	

often	co-localise	 in	 the	genome	with	 the	promoter	 regions	of	genes	and	 therefore	 the	

effects	of	PP2A	 inhibitors	on	 integration	preference	 for	CpG	 islands	 is	consistent	with	

that	seen	for	genes	and	TSS	(figure	4-3B).	
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Figure 4-3: Integration in proximity to TSS and CpG islands is reduced by PP2A 
inhibitor treatment 

A) Heatmap depicting the odds ratios of integration within 1, 10 and 100 kb and 1 Mb (non-
overlapping windows) of the nearest TSS for each treatment. B) Heat map showing the odds 
ratio of integration within 1, 10 and 100 kb and 1MB (non-overlapping windows) of the 
nearest CpG island for each treatment. For each cell of the heatmap, blue fill indicates a 
reduced odds ratio, red fill an increased odds ratio, and white fill indicates no change in odds 
ratio. Additionally, within each cell of the heatmaps is shown the mean odds ratios and 
Fisher’s combined p-value for each biological replicate. All statistical tests are calculated 
using DMSO treated integration sites as control. P-values are considered significant when p 
= <0.05. (� = <0.1, * = <0.05, ** = <0.01, *** = <0.001, **** = <0.0001). 
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4.3.4 Integration	 in	 proximity	 to	 inhibitory	 and	 activatory	 epigenetic	marks	 is	

altered	by	PP2A	inhibitors	

As	 mentioned	 in	 the	 previous	 chapter,	 analysing	 integration	 sites	 in	 proximity	 to	

epigenetic	marks	 is	 helpful	 in	 understanding	 the	 local	 chromatin	 environment	within	

which	 integration	 can	 occur.	 In	 the	 case	 of	 IN	 co-factors	 for	 MLV	 and	 HIV,	 it	 is	 the	

epigenetic	marks	themselves	that	are	targeted	to	direct	integration	under	the	chromatin	

tether	model.	Publicly	available	ChIP-seq	datasets	of	both	inhibitory	(I)	and	activatory	

(A)	epigenetic	marks	were	used	to	obtain	the	genomic	locations	of	these	marks	in	CD4+	

primary	T	cells.	To	simplify	the	analysis,	 the	datasets	were	restricted	to	six	epigenetic	

modifications	which	were	recently	found	to	be	the	most	robust	indicators	of	chromatin	

state	 (Roadmap	 Epigenomics	 Consortium	 et	 al.	 2015).	 According	 to	 this	 publication’s	

criteria,	 the	 following	 activatory	 epigenetic	 marks	 are	 associated	 with	 these	 key	

chromatin	states;	H3K4me1	 is	associated	with	enhancers,	H3K27ac	 is	associated	with	

increased	 activation	 of	 enhancers,	 H3K4me3	 is	 associated	 with	 promoters,	 and	

H3K36me3	 is	associated	with	 transcription	elongation.	 Integration	 in	association	with	

any	 of	 these	 activatory	 epigenetic	 marks	 could	 offer	 a	 favourable	 transcriptional	

environment	for	viral	expression.	Indeed,	Gillet	et	al	(2011)	found	that	integration	sites	

from	 expanded	 clones	 in	 HTLV-1	 infected	 individuals	 were	 significantly	 enriched	 for	

integration	in	proximity	to	activatory	epigenetic	marks.		

	

The	 following	 inhibitory	epigenetic	marks	are	also	 characteristic	of	 certain	 chromatin	

states.	The	H3K27me3	mark	is	deposited	by	the	polycomb	proteins	at	the	promoters	of	

transcriptionally	 repressed	 genes,	 typically	 involved	 in	 cell	 development	 and	

differentiation	(Hansen	et	al.	2008).	The	H3K9me3	mark	is	associated	with	constitutive	

heterochromatin	 and	 could	 be	 indicative	 of	 integration	 into	 silenced	 areas	 of	 the	

genome.	Gillet	et	al	 (2011)	 found	that	 inhibitory	epigenetic	marks	were	also	 favoured	

for	de	novo	integration,	and	that	integration	sites	from	long-lived,	but	small	clones	were	

enriched	 in	 proximity	 to	 inhibitory	 epigenetic	 marks.	 Both	 activatory	 and	 inhibitory	

epigenetic	marks	are	targeted	during	de	novo	HTLV-1	integration,	 therefore	we	would	

expect	 to	 see	 the	 effect	 of	 PP2A	 inhibition	 on	 targeting	 these	marks	 to	 be	 the	 same.		

However,	observations	from	rat	data	suggest	that	whilst	targeting	of	activatory	marks	is	

reduced,	targeting	of	inhibitory	marks	is	increased.	
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The	 heatmaps	 in	 figure	 4-4	 depict	 the	 odd	 ratios	 of	 integration	 within	 overlapping	

windows	of	0-200	bp	(A),	0-500	bp	(B)	and	0-1	kb	(C)	of	 the	mid-point	of	a	ChIP-seq	

peak	 of	 the	 epigenetic	marks	 listed.	 Odds	 ratios	were	 calculated	 for	 integration	 sites	

from	Jurkat	cells	with	nil,	PP2A	 inhibitor	and	ZM	treatment	using	DMSO	treatment	as	

control.		

	

Integration	within	200	bp,	500	bp	and	1	kb	of	the	H3K4me1	and	H3K27ac	marks,	both	

enhancer	 associated,	 is	 most	 strongly	 reduced	 by	 PP2A	 inhibitor	 treatment	 (OA	 and	

RubA)	 and	 this	 reduction	 is	 significant	 at	 all	 windows	 (OR	 for	 all	 OA	 and	 RubA	

treatments	=	0.92-0.93,	p	<0.001).		

	

In	 contrast,	 integration	 in	 proximity	 to	 the	 promoter-associated	 mark,	 H3K4me3,	 is	

significantly	reduced	within	200	bp	of	 the	mark	and	this	reduction	 is	dose-dependent	

for	both	PP2A	inhibitors	(eg	OR	for	10	nM	OA	=	0.98,	p	<0.01	vs	OR	for	20	nM	OA	=	0.97,	

p	<	0.0001).	Beyond	200	bp,	the	reduction	in	integration	within	500	bp	and	1	kb	of	the	

H3K4me3	mark	appears	to	become	stronger	as	 indicated	by	the	odds	ratios	becoming	

smaller	 as	 the	 window	 gets	 bigger.	 However,	 these	 reductions	 in	 odds	 ratio	 are	 not	

consistently	 supported	 by	 statistical	 significance	 and	 the	 reductions	 lack	 an	 obvious	

dose-dependent	effect	of	the	drugs.	Therefore,	the	inclusion	of	more	integration	sites	as	

window	 size	 increases	 does	 not	 increase	 the	 statistical	 significance	 that	 is	 already	

present	at	the	200	bp	window.		

	

Integration	in	proximity	to	the	mark	of	active	transcription,	H3K36me3,	is	significantly	

reduced	at	 the	200	bp	window,	but	 the	effect	 is	not	dose-dependent,	although	 it	does	

appear	that	reduction	is	more	pronounced	for	OA	treatment	(OR	of	10	nM	&	20	nM	OA	=	

0.96	vs	OR	of	600	nM	&	2	μM	=	0.97).	When	 the	window	size	around	 the	 integration	

sites	increased	to	500	bp	the	odds	ratio	continued	to	decrease	(only	for	the	lower	doses	

of	 either	 PP2A	 inhibitor).	 However	 reductions	 in	 odds	 ratios	 for	 all	 treatments	

remained	statistically	significant.	At	1	kb	around	integration	sites,	the	reduction	in	odds	

ratio	appears	to	have	stabilised,	but	has	 lost	statistical	significance.	This	again	 implies	

that	 the	 effects	 of	 PP2A	 inhibitor	 treatment	most	 strongly	 reduces	 integration	within	

200	bp	of	the	H3K36me3	peak.		
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Integration	 in	 proximity	 to	 the	 H3K9me3	 mark	 of	 constitutive	 heterochromatin	 is	

consistently	 and	 significantly	 increased	 by	 PP2A	 inhibitor	 treatment	 across	 all	

windows,	 consistent	 with	 what	 was	 observed	 in	 the	 previous	 chapter	 and	 with	 the	

reported	preference	of	HTLV-1	de	novo	 integration.	Increased	integration	in	proximity	

to	the	H3K9me3	mark	appears	to	be	stronger	for	OA	treatment	(eg	OR	at	200	bp	for	10	

nM	 OA	 =	 1.07,	 p	 <	 0.0001	 vs	 600	 nM	 RubA	 =	 1.05,	 p	 <	 0.0001).	 However,	 at	 larger	

genomic	 windows	 the	 effects	 of	 RubA	 and	 OA	 on	 increasing	 integration	 near	 to	

H3K9me3	become	more	similar	and	the	 largest	 increase	 in	OR	is	seen	at	this	genomic	

window.	A	higher	OR	is	suggestive	of	increased	integration	which,	in	combination	with	

the	role	of	H3K9me3	 in	marking	heterochromatin,	suggests	 that	 increased	 integration	

in	 proximity	 to	 this	 mark	 is	 associated	 with	 larger	 domains	 of	 heterochromatin.	

However,	 it	 is	 unclear	why	PP2A	 inhibitor	 treatment	 appears	 to	 increase	preferential	

integration	 for	 a	 heterochromatin	 associated	 mark.	 It	 could	 simply	 be	 reciprocal	 to	

reduced	 preferential	 integration	 into	 euchromatin,	 or	 it	 could	 be	 a	 sign	 of	 increased	

stochasticity	 of	 integration	 as	 a	 result	 of	 the	 loss	 of	 primary	 targeting	 mediated	 by	

PP2A.		

	

Integration	 in	 proximity	 to	 the	 H3K27me3	mark	 of	 transcriptional	 repression	 is	 also	

enriched,	but	only	becomes	apparent	beyond	the	500	bp	window,	again	suggesting	an	

enrichment	 for	 chromatin	 domains	 associated	 with	 this	 mark,	 rather	 than	 a	 more	

localised	 enrichment.	 	 The	 observed	 enrichment	 for	 integration	 in	 proximity	 to	 both	

inhibitory	epigenetic	marks	 is	not	dose-dependent	 for	either	PP2A	 inhibitor,	although	

OA	does	appear	to	mediate	a	stronger	effect.	This	is	especially	evident	in	the	increased	

OR	for	integration	within	1	kb	of	H3K27me3	where	OR	for	the	lower	dose	of	OA	(10	nM)	

treatment	 (OR	 =	 1.06,	 p<0.01)	 is	 greater	 than	 the	 OR	 for	 the	 higher	 dose	 of	 RubA	

(600nM)	treatment	(OR	=	1.05,	p	<0.05).		

	

Treatment	 with	 the	 Aurora	 B	 inhibitor,	 ZM,	 also	 significantly	 reduces	 integration	 in	

proximity	 to	 the	 H3K4me1	 and	 H3K27ac	 marks,	 albeit	 to	 a	 lesser	 extent	 than	 the	

reduction	 seen	due	 to	PP2A	 inhibitor	 treatment.	However,	 this	 effect	does	highlight	 a	

potential	element	of	non-specificity	of	this	effect.	Likewise,	ZM	treatment	also	caused	a	
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significant,	 but	 smaller	 enrichment	 of	 integration	 in	 proximity	 to	 the	 inhibitory	

epigenetic	marks,	particularly	H3K9me3.	

	

Certain	 statistically	 significant	 effects	 were	 observed	 in	 conjunction	 with	 very	 small	

changes	in	odds	ratios.	In	these	circumstances,	the	colour	of	the	heatmap’s	cell	remains	

white,	 which	 shows	 that	 the	 change	 in	 odds	 ratio	 is	 so	 small	 as	 to	 be	 biologically	

irrelevant.	However,	the	statistical	power	of	the	dataset	makes	it	sensitive	to	even	very	

small	 changes	 in	 odds	 ratios.	 Therefore,	 changes	 in	 odds	 ratio	 and	 statistical	

significance	must	 also	be	 interpreted	 in	 conjunction	with	 the	 colour	of	 the	heatmap’s	

cell	as	obvious	red	and	blue	changes	to	reflect	a	biologically	relevant	change	in	OR.	
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Figure 4-4: Integration in proximity to activatory and inhibitory epigenetic marks 

These heatmaps summarise the odds of integration within overlapping 200 bp (A), 500 bp 
(B) and 1 kb (C) windows of genomic distance to the nearest activatory [A] and inhibitory [I] 
epigenetic marks. PP2A inhibitors reduce preference for integration in proximity to activatory 
epigenetic marks, particularly enhancer associated ones (H3K4me1 and H3K27ac) and 
increase preference for integration in proximity to inhibitory epigenetic marks, particularly 
constitutive heterochromatin (H3K9me3). Within each cell of the heatmaps is shown the 
mean odds ratios and Fisher’s combined p-value for each biological replicate. All statistical 
tests are calculated using DMSO treated integration sites as control. P-values are 
considered significant when p = <0.05. (� = <0.1, * = <0.05, ** = <0.01, *** = <0.001, **** = 
<0.0001). 
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4.3.5 Integration	 in	 proximity	 to	 the	 chromatin	 occupancy	 sites	 of	 several	

chromatin-associated	factors	is	altered	by	PP2A	inhibitor	treatment.	

Preferential	 integration	 within	 100-1000	 bp	 of	 HDAC6,	 STAT1	 and	 p53	 chromatin	

occupancy	 sites,	 or	 ChIP-seq	 cross-linking	 site,	 was	 found	 to	 be	 independently	

associated	with	 integration	targeting	of	HTLV-1	(Melamed	et	al.	2013).	 	 Integration	 in	

proximity	to	these	factors	represents	a	minority	of	integration	sites,	but	the	extremely	

strong	preference	for	integration	near	these	factors	suggest	that	they	may	play	a	role	in	

increasing	the	integration	efficiency	of	HTLV-1.	

	

The	heatmaps	displayed	 in	 figure	4-5	show	 that,	 in	 contrast	 to	 the	previous	 trend	 for	

PP2A	inhibitor	treatment	to	cause	a	reduction	in	integration	associated	with	features	of	

transcriptional	 activity,	 PP2A	 inhibitors	 actually	 strongly	 and	 significantly	 increase	

preference	for	integration	in	proximity	to	several	chromatin	occupancy	sites	of	several	

factors,	including	those	previously	shown	to	be	associated	with	integration	targeting.		

	

Both	OA	and	RubA	treatment	cause	significant	enrichment	for	integration	within	200	bp	

of	chromatin	occupancy	sites,	particularly	RubA,	but	this	effect	 is	not	dose-dependent.	

The	 enrichment	 becomes	weaker	 as	 the	 distance	 between	 chromatin	 occupancy	 sites	

and	 integration	 sites	 increases	 beyond	 200	 bp,	 suggesting	 that	 the	 biological	 effect	

mediating	 this	 enrichment	 is	 highly	 localised	 to	 the	 chromatin	 occupancy	 site	 itself.	

Importantly,	enrichment	of	integration	in	association	with	chromatin	occupancy	sites	is	

specific	to	PP2A	inhibitor	treatment.	ZM	treatment	causes	no	significant	enrichment	of	

integration	 in	 proximity	 to	 any	 mark	 but	 does	 in	 fact	 lead	 to	 some	 significant,	 but	

modest	reductions	in	proximity	of	integration	to	these	chromatin	occupancy	sites.			

	

Integration	 within	 1	 kb	 of	 the	 binding	 sites	 of	 the	 transcription	 factor,	 STAT1,	 was	

previously	shown	by	Melamed	et	al	(2013)	to	be	strongly	associated	with	preferential	

integration	 of	 HTLV-1.	 Here,	 we	 see	 that	 treatment	 with	 PP2A	 inhibitors	 leads	 to	

significantly	 increased	 integration	up	 to	1kb	 in	proximity	 to	 STAT1	binding	 sites.	 For	

both	inhibitors,	the	lowest	dose	of	each	inhibitor	causes	the	strongest	enrichment	(eg	at	

200	 bp,	 OR	 for	 600	 nM	 RubA	 =	 1.3,	 p<0.01	 vs	 OR	 for	 2	 μM	 RubA	 =	 1.19,	 p<0.01),	

implying	 that	 this	 effect	 is	 not	 dose-dependent.	 RubA	 treatment,	 at	 all	 genomic	
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windows,	 leads	 to	 a	 stronger	 enrichment	 of	 integration	 than	 OA,	 but	 the	 separation	

between	the	strength	of	the	effect	gets	smaller	as	the	window	size	increases.	The	largest	

difference	in	enrichment	is	seen	at	the	200	bp	window	(OR	600	nM	RubA	=	1.3,	p	<	0.01	

vs	OR	10	nM	OA	=	1.17,	p	<	0.05),	but	at	the	1	kb	window	the	separation	in	OR	between	

the	 two	 treatments	 is	negligible	 (OR	600	nM	RubA	=	1.2,	p	<	0.05	vs	OR	10	nM	OA	=	

1.19,	p	<	0.001).	

	

Another	transcription	factor	identified	by	Melamed	et	al	(2013)	whose	binding	sites	are	

preferentially	 targeted	 by	 HTLV-1	 integration	 is	 p53.	 Enrichment	 of	 integration	 in	

proximity	 to	 the	 binding	 sites	 of	 this	 factor	 is	 only	 seen	 after	 RubA	 treatment	 and	 is	

strongest	at	200	bp	(OR	for	600	nM	RubA	at	200	bp,	500	bp	and	1	kb	=	1.3	(p<0.05),	

1.27	 (p<0.01),	 1.19	 (p<0.05)).	 OA	 treatment	 does	 appear	 to	 enhance	 integration,	

indicated	by	the	red	coloration	of	the	OA	cells	in	the	heatmaps,	however,	the	effect	is	not	

significant.	It	is	difficult	to	interpret	this	enrichment	for	p53	binding	sites	due	to	the	fact	

that	Jurkat	cells	do	not	express	p53	(Karpinich	et	al.	2006).	This	ChIP-seq	dataset	comes	

from	 a	 non-lymphoid	 cell	 line	 (IMR90,	 see	 table	 8-4,	 Appendix	 III)	 therefore	 this	

targeting	 of	 p53	 binding	 sites	 must	 reflect	 a	 subset	 of	 p53	 binding	 sites	 that	 are	 a)	

shared	across	cell	 lines	and	b)	are	 involved	in	a	 functional	pathway	that	persists	even	

when	p53	is	not	present.	

	

The	next	 factors	 found	by	Melamed	et	al	 (2013)	to	be	targeted	by	HTLV-1	 integration	

are	 the	 histone	 acetyltransferases	 (HATs)	 p300	 and	 CBP.	 HATs	 are	 not	 able	 to	 bind	

chromatin	 directly,	 but	 ChIP-seq	 datasets	 were	 generated	 for	 these	 factors	 by	 pre-

treating	 cells	 with	 disuccinimidyl	 glutarate	 to	 stabilise	 the	 interaction	 between	 the	

HATs	and	chromatin	before	cross-linking	(Wang	et	al.	2010).	In	order	to	reflect	the	lack	

of	direct	binding,	HAT	cross-linking	sites	will	be	referred	to	as	occupancy	sites.	

	

Similar	 to	 the	 effect	 observed	 for	 p53,	 only	 RubA	 treatment	 led	 to	 a	 significant	

enrichment	 for	 integration	 in	proximity	 to	p300	occupancy	sites.	The	enrichment	was	

greatest	 at	 the	 200	 bp	 window	 (OR	 600	 nM	 RubA	 =	 1.28,	 p	 <	 0.001)	 and	 strong	

enrichment	 remains	 into	 the	 500	 bp	 window,	 but	 at	 the	 1	 kb	 window,	 whilst	 the	

enrichment	 is	 significant	 it	 is	 very	 slight	 (OR	 600	 nM	 RubA	 =	 1.04,	 p	 <	 0.01).	 OA	

treatment	may	cause	some	enrichment	in	integration	within	200	bp	of	p300	occupancy	
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sites,	but	this	effect	is	not	significant	(OR	10	nM	OA	=	1.11,	p	=	ns).	Interestingly,	there	is	

a	 large	 intersection	 of	 p300	 and	 CBP	 functions	 that	 are	 reported	 to	 be	 redundant,	

however,	this	is	not	reflected	in	this	dataset.		In	contrast	to	what	was	observed	for	p300	

occupancy	 sites,	 RubA	 treatment	 does	 not	 lead	 to	 enrichment	 of	 integration	 in	

proximity	to	CBP	sites	at	any	genomic	window	tested.	In	fact,	PP2A	inhibitor	treatment,	

particularly	OA	treatment,	leads	to	a	significant	decrease	in	integration	in	proximity	to	

CBP	 binding	 sites,	 starting	 within	 500	 bp	 (OR	 10	 nM	 OA	 =	 0.94,	 p	 <	 0.0001).	 RubA	

treatment	also	causes	a	decrease	in	integration	within	1kb	of	CBP	occupancy	sites	(OR	

600	nM	RubA	=	0.96,	p	<	0.01).	

	

The	 final	 factors	 implicated	 in	 HTLV-1	 targeting	 by	 Melamed	 et	 al	 (2013)	 are	 the	

histone	 deacetylases	 (HDACs),	 particularly	HDAC6	 and	HDAC3.	 Like	HATs,	 HDACs	 do	

not	 directly	 bind	 to	 chromatin	 and	 the	 datasets	 used	 in	 the	 analysis	were	 generated	

from	 the	 same	 study	 as	 the	 HAT	 datasets	 using	 the	 same	 ChIP-seq	 technique.	

Integration	in	proximity	to	the	chromatin	occupancy	sites	of	HDAC3,	-6	and	-2,	in	order	

of	 strongest	 enrichment,	 were	 most	 strongly	 enriched	 by	 PP2A	 inhibitor	 treatment.	

Again,	RubA	treatment	led	to	the	strongest	enrichment	over	OA	treatment	(for	HDAC3	

at	200bp,	OR	for	600	nM	RubA	=	1.34,	p	<0.0001	vs	OR	for	10	nM	OA	=	1.16,	p	<	0.01).	In	

addition,	RubA	treatment	also	 led	to	an	increase	in	 integration	in	proximity	to	HDAC1	

chromatin	occupancy	sites,	but	only	within	200	bp	and	500	bp,	whereas	OA	treatment	

caused	no	enrichment	for	this	factor.	In	contrast,	OA	treatment	actually	appears	to	lead	

to	an	overall	decrease	in	integration	within	1	kb	of	HDAC1	binding	sites	(OR	10	nM	OA	=	

0.94,	p	<	0.0001).	

	

Melamed	 et	 al	 (2013)	 also	 identified	 that	 integration	 in	 proximity	 to	 the	 chromatin	

occupancy	sites	of	other	factors	influenced	proviral	expression.	Analysis	of	the	effects	of	

PP2A	 inhibitor	 treatment	 on	 integration	 in	 proximity	 to	 these	 factors	 revealed	 that	

PP2A	inhibitors	led	to	either	a	reduction	in	integration	preference	within	1	kb	of	these	

factors	 (e.g	 BAF155,	 Rad21,	 BRG1	 and	 TBP)	 or	 no	 change	 in	 preference	 (e.g	 NRSF,	

SUZ12	 and	 GATA1).	 Therefore	 the	 PP2A	 inhibitor	 mediated	 effect	 of	 enhancing	

integration	in	proximity	to	chromatin	occupancy	sites	appears	to	be	restricted	to	factors	

associated	with	HTLV-1	integration	targeting,	not	proviral	expression.	

	 	



	
	

109	

	

	
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5: Integration in proximity to the chromatin occupancy sites of transcription 
and chromatin-modifying factors. 

These heatmaps summarise the odds of integration within 200 bp (A), 500 bp (B) and 1 kb 
(C) of the chromatin occupancy sites of several protein factors. PP2A inhibitors increase 
preference for integration in proximity to many factors, particularly the HDACs, p53 and 
STAT1. Within each cell of the heatmaps is shown the mean odds ratios and Fisher’s 
combined p-value for each biological replicate. All statistical tests are calculated using 
DMSO treated integration sites as control. P-values are considered significant when p = 
<0.05. (� = <0.1, * = <0.05, ** = <0.01, *** = <0.001, **** = <0.0001). 
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 Discussion	4.4

The	aim	of	using	PP2A	 inhibitors	was	 to	 test	whether	 inhibition	of	 the	enzyme	would	

replicate	 the	 observed	 changes	 in	 integration	 site	 preference	 seen	 in	 PC6-3	 cells	 in	

Jurkat	 T	 cells,	 a	more	 physiological	HTLV-1	 host	 cell.	 The	 advantage	 of	 using	 a	 PP2A	

inhibitor	 system	over	 shRNAs	was	due	 to	 inhibitors	 exerting	 a	 transient	 inhibition	of	

function	and	also	greater	ease	of	 testing	 for	dose-dependent	effects.	 In	addition,	using	

two	PP2A	inhibitors	with	different	mechanism	of	action	as	well	as	an	inhibitor	of	Aurora	

B	 kinase	 permitted	 some	 exploration	 of	 which	 of	 PP2A’s	 functional	 pathways	 are	

involved	in	HTLV-1	targeting.	

	

The	 transient	 inhibition	 of	 PP2A	 meant	 that	 newly	 infected	 Jurkat	 cells	 could	 be	

cultured	for	a	further	10	days.	This	allowed	the	complete	die-off	of	irradiated	MT2	cells,	

resulting	 in	very	 low	contamination	of	de	novo	 integration	sites	with	MT2	 integration	

sites,	making	the	analysis	much	more	robust.	In	addition,	this	method	also	allowed	for	

much	 greater	 recovery	 of	 integration	 sites	 and	 as	 a	 result,	 this	 dataset	 is	 one	 of	 the	

largest	datasets	of	HTLV-1	integration	sites	produced	from	cell-cell	infection.	However,	

the	extended	 time	 in	culture	might	have	resulted	 in	selection	against	 integration	sites	

from	 the	 higher	 inhibitor	 doses.	 Some	 alterations	 in	 integration	 site	 preference	 as	 a	

result	 of	 inhibitor	 treatment	 lack	 a	 clear	dose-dependent	pattern,	 especially	 for	RubA	

treatments.	 This	 lack	 of	 dose-dependency	 could	 be	 due	 to	 a	 preferential	 survival	 of	

integration	sites	from	more	inhibitor-resistant	cells,	consequently	these	sites	may	have	

“diluted”	 a	 signature	 of	 a	 stronger	 alteration	 of	 integration	 site	 selection	 at	 higher	

inhibitor	doses.		

	

Nevertheless,	 both	 PP2A	 inhibitors	 reduced	 integration	 in	 proximity	 to	 several	 key	

genomic	 features	 including	 those	 previously	 shown	 to	 be	 hallmarks	 of	 HTLV-1	

integration	 targeting.	 These	 features	 included	 a	 significant	 reduction	 in	 intragenic	

integrations,	and	in	addition	any	intragenic	 integrations	were	significantly	more	likely	

to	 be	 integrated	 within	 transcriptionally	 silent	 genes	 as	 a	 result	 of	 PP2A	 inhibitor	

treatment.	 A	 redistribution	 of	 integration	 sites	 from	 medium-	 and	 highly-expressed	

genes	into	unexpressed	genes	would	be	likely	to	impair	the	transcriptional	fitness	of	the	

provirus.		
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Intergenic	integrations	were	found	to	be	less	likely	to	be	within	1	kb	of	the	nearest	gene	

and	 instead	 appear	 to	 be	 redistributed	 up	 to	 1	Mb	 away	 from	 the	 nearest	 gene.	 This	

pattern	extends	 to	TSS	and	CpG	 islands	as	well,	with	 integration	within	1	kb	of	 these	

features	being	significantly	reduced	and	redistributed	up	to	1	Mb	away.	These	latter	two	

observations	 are	 important	 as	 integration	 within	 1	 kb	 of	 a	 TSS	 and	 CpG	 island	 are	

recognised	 as	 hallmarks	 of	 HTLV-1	 preferential	 integration.	 PP2A	 inhibitors,	 in	

particular	 OA,	 also	 reduce	 integration	 within	 200	 bp	 of	 epigenetic	 marks	 associated	

with	 enhancers	 and	 promoters.	 The	 suppression	 of	 integration	 in	 proximity	 to	

enhancer-associated	 epigenetic	 marks	 was	 present	 across	 all	 genomic	 windows,	

suggesting	 that	 PP2A-mediated	 targeting	 may	 be	 associated	 with	 broader	 genomic	

domains	 annotated	 with	 these	 epigenetic	 marks,	 for	 example,	 a	 typical	 enhancer	 is	

between	200-500	bp	in	width	(Calo	&	Wysocka	2013).	

In	 contrast,	 depletion	 of	 integration	 in	 proximity	 to	 promoter-	 and	 transcription-

associated	marks	is	strongest	within	the	200	bp	window	and	weakens	as	the	genomic	

distance	 increases.	 This	 suggests	 that	 the	 mechanism	 mediating	 selection	 of	 sites	

associated	 with	 these	 epigenetic	 marks	 is	 very	 localised	 to	 the	 mark	 itself.	 This	 is	

unsurprising	 for	 H3K4me3	 as	 this	 mark	 can	 be	 very	 localised	 to	 TSS	 (Song	 &	 Smith	

2011)	and	this	is	corroborated	by	the	earlier	observation	that	PP2A	inhibitor	treatment	

reduced	 integration	near	to	TSS.	However,	 it	 is	unusual	 in	 the	case	of	H3K36me3	that	

integration	 in	 such	 close	 proximity	 to	 this	 mark	 is	 most	 strongly	 reduced,	 as	 this	

epigenetic	mark	is	associated	with	marking	very	large	domains	of	chromatin	(Barski	et	

al.	 2007).	 Therefore,	 we	 would	 have	 expected	 to	 see	 a	 depletion	 across	 all	 genomic	

windows	for	integration	in	proximity	to	this	mark.		

Integration	in	proximity	to	the	inhibitory	epigenetic	marks,	H3K9me3	and	H3K27me3,	

was	increased	by	PP2A	inhibitor	treatment	in	contrast	to	a	decrease	in	integration	near	

to	activatory	epigenetic	marks.	Integration	in	proximity	to	these	epigenetic	marks	was	

increased	 across	 all	 genomic	 windows,	 consistent	 with	 the	 fact	 that	 these	 epigenetic	

marks	 cover	 very	 broad	 domains	 of	 heterochromatin.	 It	 is	 unclear	 if	 integration	 is	

reciprocally	 increased	 in	 proximity	 to	 these	 marks	 due	 to	 a	 decreased	 targeting	 of	

euchromatin	or	if	it	is	actively	targeted	to	heterochromatin.	

	

	Overall,	 these	reductions	 in	 integration	 in	association	with	genomic	 features	of	active	

transcription	 and	 features	 known	 to	 be	 hallmarks	 of	 HTLV-1	 integration	 targeting	
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suggest	 that	 when	 PP2A	 function	 is	 inhibited	 during	 de	 novo	 infection,	 preferential	

integration	targeting	is	weakened,	supporting	the	hypothesis	that	PP2A	is	acting	as	an	

HTLV-1	IN	co-factor.			

	

An	 unexpected	 finding	 was	 that	 PP2A	 inhibitor	 treatment	 increased	 integration	 in	

proximity	 to	 the	 chromatin	 occupancy	 sites	 of	 several	HATs,	HDACs,	 STAT1	 and	p53,	

which	 are	 independently	 associated	with	HTLV-1	 integration	 targeting.	 The	 strongest	

enhancement	of	 integration	 in	proximity	 to	 these	 sites	occurred	within	200	bp	of	 the	

integration	site,	again	suggesting	that	this	effect	is	extremely	localised.	

	

Whilst	both	PP2A	inhibitors	were	able	to	effect	a	change	in	integration	preference,	OA	

treatment	 most	 consistently	 caused	 a	 dose-dependent	 reduction	 in	 integration	

preference	 and	 usually	 caused	 the	 greatest	 reduction	 in	 integration	 preference	

compared	 to	 RubA.	 	 In	 contrast,	 RubA	 treatment	 led	 to	 the	 greatest	 enhancement	 of	

integration	in	proximity	to	chromatin	occupancy	sites	over	OA	treatment.		

A	 closer	 look	at	 the	 recovery	of	 Jurkat	 cells	 following	 treatment	with	 these	 inhibitors	

may	 offer	 some	 explanation.	 In	 figure	 4-1B,	we	 see	 that	 at	 24	 h	 recovery,	 both	RubA	

doses	have	caused	a	greater	decrease	in	cell	viability	than	the	OA	doses.	However,	by	72	

h	recovery,	the	viability	of	RubA-treated	cells	has	recovered	more	than	OA-treated	cells.	

The	 lower	 viability	 at	 24	 h	 suggests	 that	 RubA	mediated	 PP2A	 inhibition	 is	 stronger,	

evidenced	by	greater	cell	toxicity.	Greater	toxicity	followed	by	a	rebound	in	cell	viability	

suggests	that	in	the	intervening	time	there	may	have	been	a	loss	of	cells	most	sensitive	

to	 the	 RubA	 inhibition.	 These	 cells	 by	 extension	 would	 be	 the	 cells	 in	 which	 the	

strongest	phenotype	of	integration	site	alteration	would	be	seen	and	their	absence	may	

help	 explain	 why	 the	 dose-dependent	 effect	 is	 usually	 absent	 for	 the	 RubA	 treated	

integration	sites	and	also	why	the	reductions	in	integration	preference	are	weaker	than	

for	 OA	 treatment.	 However,	 it	 is	 difficult	 to	 reconcile	 this	 theory	 with	 the	 stronger	

observed	effect	of	RubA	treatment	on	enhancing	integration	in	proximity	to	chromatin	

occupancy	 sites	 of	 several	 proteins,	 unless	 this	 effect	 is	 mediated	 by	 residual	 PP2A	

activity.	

	

A	potential	explanation	lies	 in	the	differing	mechanism	of	action	of	the	two	drugs.	For	

example,	RubA	treatment	may	be	more	favourable	 for	allowing	the	 function	of	PP2A’s	
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non-catalytic	activities	to	continue	due	to	its	closer	structural	similarity	to	the	fostriecin	

PP2A	inhibitor	than	OA.	However,	this	explanation	is	based	only	on	a	single	report	from	

the	 literature	 and	 so	would	 require	 further	 testing.	 For	 example,	 inhibitor	 treatment	

combined	with	ChIP-seq	using	antibodies	against	PP2A	scaffold	and	catalytic	subunits	

may	 give	 insight	 into	 PP2A’s	 chromatin	 recruitment	 abilities	 under	 each	 drug	

treatment.	 	 The	 fact	 that	 differences	 in	 integration	 targeting	 arise	 from	 using	 two	

different	inhibitors	suggests	that	multiple	pathways	of	PP2A	function	may	be	involved	

during	integration	site	selection.	Indeed,	the	inclusion	of	an	Aurora	B	kinase	inhibitor	in	

the	analysis	has	been	quite	revealing.	The	Aurora	B	inhibitor,	ZM,	caused	very	modest	

reductions	 in	 integration	 in	 proximity	 to	 genomic	 features	 that	 were	 often	 not	

significant,	 but	 did	 mimic	 the	 phenotype	 of	 integration	 site	 redistribution	 caused	 by	

PP2A	 inhibitors.	 This	 weaker	 effect	 could	 simply	 reflect	 background	 changes	 in	

integration	targeting	due	to	disruption	of	mitosis,	a	cellular	process	during	which	PP2A	

and	 Aurora	 B	 act	 in	 partnership	 (Kruse	 et	 al.	 2013;	 Xu	 et	 al.	 2013;	 Meppelink	 et	 al.	

2015).	Or	the	effects	of	ZM	inhibition	could	imply	that	the	same	functional	pathways	in	

which	Aurora	B	and	PP2A	act	 together	are	 involved	 in	HTLV-1	 targeting.	Notably,	ZM	

treatment	did	not	mimic	the	effect	of	enhancing	integration	in	proximity	to	chromatin	

occupancy	sites,	suggesting	that	if	this	supposition	is	correct	then	a	different	pathway	of	

PP2A	function	is	involved	in	mediating	this	effect.		

	

These	observations	imply	that	multiple	distinct	pathways	of	PP2A	function	participate	

in	 HTLV-1	 targeting.	 However,	 an	 interesting	 alternative	 hypothesis	 is	 that	 greater	

integration	 in	 proximity	 to	 the	 chromatin	 occupancy	 sites	 of	 these	 factors,	which	 are	

already	implicated	in	HTLV-1	targeting,	is	explained	by	the	recruitment	of	these	factors	

as	 secondary	 IN	 co-factors.	 A	 secondary	 IN	 co-factor	 has	 been	 characterised	 for	 HIV	

integration	as	the	HRP-2	protein	which	can	mediate	preferential	HIV	targeting	in	LEDGF	

knockout	cells	(Schrijvers	et	al.	2012).	In	fact,	HDAC3	and	HDAC6	were	independently	

identified	 as	 a	 deltaretroviral	 IN	 interaction	 partners	 by	 cellular	 co-

immunoprecipitation	 (Supplementary	 information,	 Goedele	 Maertens,	 2016),	

reinforcing	this	hypothesis.	
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5. CHAPTER	FIVE		

HTLV-1	INFECTION	OF	JURKAT	T-CELLS	IN	
THE	PRESENCE	OF	PP2A-B’	SUBUNIT	

KNOCKDOWN	
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 Chapter	Summary	5.1

This	 chapter	 presents	 findings	 from	 de	 novo	 infection	 of	 Jurkat	 T-cells	 treated	 with	

shRNAs	 targeting	 the	 nuclear	 PP2A-B’	 γ	 and	 δ	 subunits.	 Integration	 sites	 from	 cells	

treated	with	 these	 shRNAs	 showed	 significant	 changes	 in	 integration	 site	 preference,	

that	 appear	 to	 be	 dose-dependent	with	 protein	 depletion.	 Changes	 in	 integration	 site	

selection	were	 not	 identical	 for	 both	 shRNA	 treatments,	 indicating	 that	 B’	 γ	 and	 B’	 δ	

holoenzymes	can	function	redundantly	as	HTLV-1	IN	co-factors.		The	following	changes	

were	observed	for	the	different	knockdown	treatments;	

A) B’	 γ	 and	 B’	 δ	 knockdown	 resulted	 in	 reduced	 integration	 into	 genes,	 in	 gene	

dense	regions	and	within	1	kb	of	a	TSS	and	a	CpG	island.	

B) For	B’	γ	knockdown,	 the	biological	replicate	 in	which	the	strongest	knockdown	

was	 present	 showed	 a	 significant	 reduction	 in	 integration	 within	 highly	

expressed	genes	and	a	significant	reduction	in	integration	within	1	kb	of	a	gene.	

B’	 γ	 also	 led	 to	 significant	 decreases	 in	 integration	 in	 proximity	 to	 activatory	

epigenetic	marks	and	the	chromatin	occupancy	sites	of	the	HAT,	CBP	and	HDAC1.	

B’	 γ	 knockdown	 led	 to	 an	 increased	 integration	 in	 proximity	 to	 the	 H3K9me3	

epigenetic	mark.	

C) For	 B’	 δ	 knockdown,	 no	 significant	 changes	 in	 integration	 in	 proximity	 to	

epigenetic	marks	were	observed,	except	 for	a	significant	 increase	 in	preference	

for	integration	near	to	the	H3K27me3	epigenetic	mark.	B’	δ	knockdown	also	led	

to	 significant	 increases	 in	 integration	 in	proximity	 to	 the	 chromatin	occupancy	

sites	of	STAT1,	p53	and	all	HDACs,	except	HDAC1.	
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 Introduction	5.2

Jurkat	de	novo	infection	with	HTLV-1	in	the	presence	of	PP2A	inhibitors	demonstrated	

two	 things.	 First,	 the	 results	 confirmed	 that	 PP2A	 inhibition	 alters	 integration	 site	

selection	and	second,	that	several	pathways	of	PP2A	functions	are	likely	to	be	involved	

in	integration	site	selection.		

	

In	this	chapter,	de	novo	infection	of	Jurkat	cells	is	combined	with	shRNA	knockdown	of	

the	 nucleus-specific	 B’	 γ	 and	 B’	 δ	 subunits.	 The	 objective	 of	 this	 experiment	 was	 to	

determine	if	knockdown	of	single	B’	subunits	could	result	in	an	altered	integration	site	

pattern,	similar	to	what	was	observed	in	Jurkat	cells	treated	with	PP2A	inhibitors.	We	

hypothesised	 that	 it	 is	 specifically	B’	 containing	PP2A	holoenzymes	 that	mediate	 that	

HTLV-1	 integrase	co-factor	 function	because	B’	subunits	alone	were	 identified	 in	both	

HTLV-1	 integrase	 interaction	 screens	 and	 B’	 subunits	 can	 stimulate	 concerted	

integration	 by	 HTLV-1	 integrase	 in	 vitro.	 PP2A	 inhibitors	 broadly	 affect	 all	 PP2A	

holoenzymes	and	therefore	cannot	reveal	if	specific	B	regulatory	families	were	involved	

in	integration	targeting.	

	

The	B’	γ	and	B’	δ	subunits	were	tested	first,	because	they	are	the	most	likely	candidates	

for	 interaction	 with	 HTLV-1	 integrase	 since	 they	 are	 nucleus-specific	 subunits	

(McCright	et	al.	1996).	The	B’	γ	subunit	is	also	highly	expressed	in	haematological	tissue	

(Haesen	 et	 al.	 2014)	 and	 its	 deregulation	 is	 implicated	 in	 the	 development	 of	 many	

lymphoid	 cancers	 (Zheng	 et	 al.	 2011).	 Finally,	 experiments	 in	 this	 project	 using	 RT-

qPCR	showed	 that	B’	γ	and	B’	δ	were	 the	most	highly	expressed	B’	 subunits	 in	 Jurkat	

cells	and	primary	T	cells	(figure	5-1).	Knockdown	of	these	subunits	was	achieved	using	

commercially	 available	MISSION®	 shRNAs	 (Sigma)	 but	 B’	 γ	 knockdown	 requires	 two	

shRNAs	in	order	to	deplete	all	3	splice	variants.	Dual	transduction	was	toxic	to	cells	and	

was	inefficient	as	both	singly	and	doubly	transduced	cells	survived	puromycin	selection,	

thereby	 creating	 a	 mixed	 population	 of	 cells	 with	 varying	 levels	 of	 B’	 γ	 knockdown.	

Single	 B’	 γ	 knockdown	 is	 well	 tolerated	 by	 Jurkat	 cells,	 likely	 because	 of	 functional	

redundancy	between	B’	γ	splice	variants.	Therefore,	the	solution	was	to	clone	the	R5C.3	

B’	γ	shRNA	(see	table	8-2,	Appendix	II)	and	a	control	shRNA	into	a	TRC1	construct	that	

provided	 neomycin	 resistance	 (Goedele	 Maertens).	 These	 newly	 cloned	 constructs,	
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along	with	an	equivalent	construct	containing	a	control	shRNA,	were	used	to	transduce	

Jurkat	 cells	 and	 create	 stable	 cell	 lines,	 called	 JKTneo,	 expressing	 these	 shRNAs.	 A	

second	 round	 of	 transduction	 using	 these	 cell	 lines	 then	 delivered	 the	 second	 R5C.4	

shRNA	against	the	B’	γ	and	a	second	control	shRNA	and	were	selected	using	puromycin.	

B’	 δ	 knockdown	 required	 only	 one	 shRNA,	 but	 was	 very	 toxic	 to	 cells,	 therefore	 the	

same	 strategy	was	 not	 used.	Knockdown	of	B’	 γ	 and	B’	 δ	 subunits	was	monitored	by	

western	blot	and	was	deemed	adequate	when	comparison	to	a	dilution	series	of	control	

shRNA-treated	 extract	 showed	 that	 shRNA-treated	 extracts	 had	 a	 protein	 loss	

equivalent	to	a	5	to	10-fold	dilution	of	control-treated	extract.	

	 	



	
	

119	

 Results	5.3

5.3.1 The	relative	expression	profile	of	PP2A-B’	subunits	in	T	cells	as	measured	

by	RT-qPCR			

The	 PP2A	 complex	 is	 ubiquitously	 expressed,	 but	 the	 expression	 states	 of	 the	 B’	

subunits	 vary	 between	 cell	 types.	 Therefore,	 RT-qPCR	 using	 commercially	 available		

primer	pairs	(see	table	8-3,	Appendix	II)	was	used	to	characterise	the	expression	profile	

of	the	B’	subunits	 in	Jurkat	cells	and	primary	T	cells.	Figure	5-1A	shows	two	technical	

replicate	measurements	of	B’	subunit	expression	in	fresh	primary	CD4+	T-cells	isolated	

from	 the	 PBMC	 of	 a	 healthy	 volunteer.	 Encouragingly,	 the	 results	 show	 that	 B’	 γ	

expression	is	highest	in	this	cell	type,	followed	by	expression	of	the	scaffold	subunit	and	

B’	 δ	 subunit.	 In	 addition,	 the	 expression	 of	 B’	 subunit	 expression	was	 also	measured	

using	two	technical	replicates	 in	a	T-cell	clone	generated	by	 limiting	dilution	from	the	

PBMC	of	an	HTLV-1	 infected	patient,	but	 this	clone	 is	uninfected	(figure	5-1B).	The	B’	

expression	profile	in	this	T-cell	clone	mirrors	the	profile	seen	in	primary	CD4+	T-cells,	

with	B’	γ	expression	highest,	followed	by	scaffold	and	B’	δ	expression.		

	

However,	 assaying	 the	B’	 expression	profile	 in	 Jurkat	 cells	was	most	pertinent	 to	 this	

research,	 as	 Jurkat	 cells	 were	 used	 as	 targets	 for	 de	 novo	 HTLV-1	 infection.	 The	 B’	

expression	 profile	 from	5	 biological	 replicates	 of	 Jurkat	 cells	 is	 shown	 in	 figure	 5-1C.	

Again,	PP2A	scaffold,	B’	γ	and	B’	δ	subunits	were	found	to	be	the	most	highly	expressed	

B’	subunits	in	Jurkat	T	cells.	However,	the	position	of	each	biological	replicate’s	reading	

on	the	plot	shows	the	expression	 levels	within	each	subunit	can	vary	greatly	between	

cell	 population,	 in	 this	 case,	 different	 passage	 of	 Jurkat	 cells.	 This	 is	 also	 reflected	 in	

western	 blots	 (data	 not	 shown)	 of	 B’	 γ	 and	 B’	 δ	 protein	 from	 Jurkat	 cell	 extracts,	

showing	 that	untreated	 Jurkat	cells	have	varying	protein	 levels	of	 these	subunits.	The	

variation	 in	expression	 is	 likely	 to	be	a	reflection	of	how	B’	γ	and	B’	δ	 levels	can	vary	

according	 to	 cellular	needs	and	are	 influenced	by	cell-cycle	 stage,	 cell	 stress	etc.	 	 It	 is	

also	 worth	 drawing	 attention	 to	 the	 expression	 of	 B’	 α	 and	 B’	 ε,	 both	 of	 which	 are	

expressed	 in	 all	 the	 cells	 tested	 and	 were	 reported	 by	 Haesen	 et	 al	 (2014)	 in	 their	

review	to	be	highly-expressed	in	haematological	tissues.	Despite	the	fact	that	B’	α	and	B’	

ε	are	characterised	as	cytoplasmic	subunits,	both	have	reports	in	the	literature	detailing	

functions	 in	 the	nucleus	(Flegg	et	al.	2010)	suggesting	that	 they	can	shuttle	back-and-
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forth.	Both	of	these	B’	subunits	were	identified	as	IN	interaction	partners	in	the	Y2H	and	

co-immunoprecipitation	 screens,	 suggesting	 that	 they	 may	 also	 participate	 in	 IN	

targeting,	which	would	be	unsurprising,	 given	 that	 there	 is	 a	precedent	 for	 functional	

redundancy	between	B’	isoforms	(Foley	et	al.	2012).		
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Figure 5-1: Relative expression of PP2A subunits in primary CD4+ T cells and two T 
cell lines. 

A) Expression of PP2A-A and B’ subunits in fresh, primary CD4+ T cells isolated from the 
peripheral blood of a healthy volunteer (n = 2 technical replicates). B) Expression of PP2A-A 
and B’ subunits in an uninfected T-cell clone derived from the peripheral blood of an HTLV-1 
carrier (n = 2 technical replicates). C) Expression of PP2A-A and B’ subunits in Jurkat T-cells 
(n = 4 (A subunit expression) or 5 (B’ subunit expression) biological replicates). Expression 
is calculated as relative expression compared to 18S rRNA. Error bars represent standard 
error of the mean. 
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5.3.2 Optimisation	of	shRNA	mediated	knockdown	of	B’	γ	and		B’	δ	in	Jurkat	cells	

prior	to	de	novo	infection	with	HTLV-1	by	co-culture	with	MT2.	

After	using	RT-qPCR	to	confirm	that	B’	γ	and	B’	δ	are	highly	expressed	in	Jurkat	cells,	a	

panel	of	MISSION®	shRNAs	were	tested	for	knockdown	(KD)	efficiency	against	B’	γ	and	

B’	δ	subunits	(see	table	8-2,	Appendix	II).	Two	shRNAs	were	found	to	be	necessary	for	

knockdown	of	the	B’	γ	(R5C.3	and	R5C.4)	one	shRNA	was	sufficient	knockdown	of	B’	δ	

(R5D.3)	 (see	 table	 8-2,	 Appendix	 II).	 Transduction	 of	 Jurkat	 T	 cells	 with	 shRNA	was	

achieved	by	spinoculation,	but	due	to	the	fact	that	B’	γ	required	the	use	of	two	shRNAs,	

two	 stable	 Jurkat	 cell	 lines,	 JKTneo,	 were	 developed	 to	 facilitate	 this	 process.	 After	

optimisation	of	the	transduction	protocol,	transduced	Jurkat	were	used	as	targets	for	de	

novo	HTLV-1	infection	by	co-culture	with	MT2	(figure	5-2A).		

	

Singly	 transduced	 cell	 lines	 grew	 well	 in	 cell	 culture,	 however,	 the	 second	 round	 of	

transduction	 and	puromycin	 selection	was	observed	 to	be	 very	 toxic.	A	 “snapshot”	 of	

the	viability	of	doubly	transduced	cells	was	measured	by	MTT	assay	at	two	timepoints	

(figure	5-2B);	 immediately	prior	 to	 co-culture	 (“PRE”:	 72	hours	post-transduction,	 48	

hours	+	selection)	and	immediately	after	co-culture	with	MT2	(“POST”).	As	figure	5-2B	

demonstrates,	 the	 proportion	 of	 doubly	 transduced	 cells	 that	 are	 viable	 before	 co-

culture,	 regardless	 of	 shRNA	 treatment,	 is	 80%	 compared	 to	 non-transduced	 (“nil”)	

cells.	 However,	 by	 the	 second	 timepoint,	 which	 represents	 the	 end	 of	 the	 co-culture	

period,	 the	proportion	of	 surviving	 cells	 transduced	with	 control	 and	B’	 δ	 shRNA	has	

dropped	 to	 below	 10%.	 This	 is	 not	 the	 case	 for	 cells	 transduced	with	 B’	 γ	 shRNA	 of	

which	 60—70%	 of	 cells	 survive.	 This	 result	 was	 unexpected,	 but	 a	 review	 of	 the	

literature	revealed	that	down-regulation	of	B’	γ	has	been	previously	associated	with	cell	

proliferation	 and	 in	 this	 circumstance	 it	 would	 appear	 that	 B’	 γ	 knockdown	 has	

protected	against	the	toxicity	of	double	transduction.		

	

The	timepoints	shown	in	figure	5-2B	were	chosen	based	on	a	combination	of	evidence	

that	 B’	 subunit	 knockdown	 is	 evident	 at	 72	 h	 and	 enough	 time	 had	 elapsed	 to	 allow	

puromycin-mediated	selection	of	transduced	cells	(puromycin	selection	was	begun	24	h	

post-transduction).	 The	 degree	 of	 knockdown	 was	 measured	 for	 each	 biological	

replicate	 by	probing	 for	B’	 subunit	 expression	using	western	blot.	 Figure	5-2C	 shows	
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scans	 of	 the	 western	 blot	 films	 revealing	 the	 intensity	 of	 B’	 subunit	 (and	 loading	

control)	antibody	staining	on	western	blots	for	each	of	the	biological	replicates	whose	

genomic	DNA	was	used	to	generate	the	high-throughput	sequencing	libraries	reported	

below.	 Knockdown	was	 deemed	 sufficient	 if	 the	 intensity	 of	 the	 B’	 subunit	 band	was	

equivalent	in	intensity	to	a	B’	subunit	band	from	control	shRNA	treated	cell	extracts	that	

were	 diluted	 5-10	 fold	 (see	 figure	 5-2C).	 The	 extracts	 used	 to	 prepare	 these	western	

blots	were	 taken	 from	cells	 at	 the	 “PRE”	 timepoint	 and	demonstrate	 that	 sufficient	B’	

subunit	 knockdown	was	 present	 in	 cells	 immediately	 prior	 to	 co-culture.	 In	 addition,	

the	 toxicity	 associated	 with	 double	 shRNA	 knockdown	 cannot	 be	 explained	 by	

experimental	 error	 because	 western	 blots	 in	 figure	 5-2C	 show	 that	 despite	 toxicity,	

extracts	from	control	shRNA	treated	Jurkat	cells	retain	expression	of	the	B’	subunits.	
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Figure 5-2: Protocol for infection of Jurkat cells after transduction with shRNAs 
against PP2A-B’ subunits 

A) Schematic overview of the experimental protocol, including transduction of Jurkat cells, 
puromycin selection of transduced cells and HTLV-1 infection by co-culture with MT2. B) 
Viability of Jurkat populations after shRNA transduction in three biological replicates. The 
“PRE” timepoint corresponds to 72 h post-transduction, (including 48 h of puromycin 
selection) and was chosen to reflect the cell viability directly before co-culture with MT2. The 
“POST” timepoint is 19 h after the “PRE” timepoint, and reflects the viability of cells at the 
timepoint when co-culture is complete and integration sites are harvested. C) The 
expression of B’ γ and B’ δ protein assayed by western blot. The extracts used to prepare 
these western blots were taken at the same time as the “PRE” timepoint shown in section B. 
Solid black arrows indicate the position of the B’ δ subunit. 
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The	 table	 in	 figure	 5-3A	 summarises	 the	 quantitative	 estimation	 of	 the	 protein	

knockdown	seen	by	western	blot	(figure	5-2C)	using	ImageJ	(Schneider	et	al.	2012).	For	

all	lanes,	the	intensity	of	the	B’	subunit	bands	were	first	normalised	using	the	intensity	

of	the	corresponding	loading	control	band	(β-actin).	The	reduction	in	intensity	of	the	B’	

subunit	 bands	 from	 extracts	 of	 cells	 treated	 with	 B’	 γ	 and	 B’	 δ	 shRNAs	 was	 then	

expressed	as	a	proportion	of	the	intensity	of	the	band	from	the	20	μg	lane	loaded	with	

extract	from	control	shRNA	treated	cells.	The	data	from	ImageJ	corroborates	the	visual	

evidence	 of	 knockdown	 from	 the	 western	 blots	 and	 both	 figures	 demonstrate	 that	

adequate	 knockdown	 was	 present	 in	 the	 Jurkat	 cells	 during	 co-culture	 and	 de	 novo	

infection	with	MT2.	However,	from	examination	of	the	western	blots,	it	is	apparent	that	

B’	γ	shRNA	treatment	leads	to	some	non-specific	knockdown	of	the	B’	δ	subunit.	Whilst	

the	 following	 results	 indicate	 clear	 differences	 in	 the	 effects	 of	 B’	 γ	 and	 B’	 δ	 shRNA	

treatment,	interpretation	of	the	effects	of	B’	γ	shRNA	treatment	must	include	the	caveat	

that	 both	 B’	 γ	 and	 B’	 δ	 knockdown	 are	 present	 simultaneously.	 The	 degree	 of	

knockdown	was	also	not	seen	to	be	equivalent	across	all	biological	replicates,	probably	

because	of	variation	in	transduction	efficiency	and	in	the	background	level	of	B’	isoform	

expression.	However,	a	non-uniform	knockdown	level	had	the	unanticipated	benefit	of	

allowing	 the	 biological	 replicates	 to	 be	 ranked	 in	 the	 subsequent	 analysis	 in	 order	 to	

test	for	a	dose-dependent	effect	of	B’	subunit	knockdown	on	integration	preference.	

	

Although,	 the	 non-specific	 toxicity	 of	 shRNA	 transduction	 on	 Jurkat	 cells	 complicated	

the	collection	of	genomic	DNA	for	the	assembly	of	high-throughput	sequencing	libraries,	

adequate	 numbers	 of	 integration	 sites	 were	 generated	 for	 statistical	 analysis	 of	

integration	site	targeting	(figure	5-3B).			
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Figure 5-3: Quantification of cell growth and B’ subunit knockdown in de novo 
infected Jurkat cells from which genomic DNA was harvested for preparation of high-
throughput integration site libraries. 

A) Efficiency of knockdown (% lost compared to control shRNA treated cells) of B’ γ and B’ δ 
protein as a result of shRNA treatment. Knockdown was estimated using the ImageJ 
software to measure the intensities of B’ protein bands from western blots of B’ isoform 
shRNA treated cells and control shRNA treated cells. All band intensities were first 
normalised against their β-actin loading control. B) Table summarising the total UIS 
recovered for integration site analysis from three replicate experiments of Jurkat cell de novo 
infection.  
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5.3.3 B’	 subunit	 knockdown	 has	 a	 dose-dependent	 effect	 on	 reducing	 de	 novo	

integration	preferences	for	gene-associated	features.	

Figure	5-2C	and	5-3A	demonstrate	that	each	biological	replicate	has	its	own	degree	of	B’	

γ	 and	 B’	 δ	 knockdown	 leading	 to	 the	 possibility	 that	 the	 effects	 of	 knockdown	 on	

integration	 site	 preference	 may	 depend	 on	 the	 efficiency	 of	 knockdown	 in	 the	

respective	 biological	 replicate.	 Figure	 5-4	 summarises	 the	 effects	 of	 B’	 subunit	

knockdown	in	each	biological	replicate	on	de	novo	 integration	preference	with	respect	

to	gene-associated	features.	Figure	5-4A	shows	that	B’	subunit	knockdown	significantly	

reduces	preferential	 intragenic	integrations	(B’	γ,	p	<	0.05	and	B’	δ,	p	<	0.01)	and	that	

for	 some	 biological	 replicates	 this	 effect	 was	 stronger	 than	 others	 (eg	 Biological	

replicate	0912	>	1712).	

	

In	addition,	in	figure	5-4B	we	see	that	B’	γ	and	B’	δ	shRNA	treatment	leads	to	reduced	

integration	within	gene-dense	regions,	although	this	effect	is	only	significant	for	B’	δ	(p	

<	 0.05)	 with	 B’	 γ	 shRNA	 treatment	 almost	 reaching	 statistical	 significance.	 However,	

interpretation	 of	 this	 result	 is	 difficult	 as	 control	 shRNA	 treatment	 also	 causes	

significantly	 less	 integration	within	 gene-dense	 regions	 (p	 <	 0.05).	 Both	 panels	 show	

that	 there	 is	 a	 clear	 separation	 of	 the	 biological	 replicates	 and	 the	 direction	 of	 the	

knockdown	phenotype,	which	appears	stronger	in	some	replicates	over	others.		

	

Figure	 5-4C	 and	 D	 are	 heatmaps	 which	 are	 colour-coordinated	 to	 show	 a	 reduction	

(blue)	 or	 increase	 (red)	 in	 the	 odds	 ratio	 of	 integration	 in	 association	 with	 either,	

integration	 in	 a	 gene	 according	 to	 expression	 state	 (figure	 5-4C),	 or	 distance	 to	 the	

nearest	gene	if	an	integration	site	is	not	in	a	gene	(figure	5-4D).	Like	the	data	shown	in	

the	 previous	 chapter,	 in	 figure	 5-4C	 the	 gene	 expression	 state	 of	 genes	 containing	 an	

integration	 site	 are	 binned	 and	 show	 that	 during	 B’	 subunit	 knockdown,	 integration	

within	high	 and	medium	expressed	 genes	 appears	 to	 be	 reduced	 and	 is	 redistributed	

into	 genes	which	 have	 no	 expression.	 However,	 only	 integration	 sites	 from	 the	 0912	

biological	replicate	of	B’	γ	shRNA	treatment	show	a	significant	reduction	in	integration	

within	highly	expressed	genes	 (OR	=	0.61,	p	<	0.05)	and	 this	 is	matched	with	a	 (non-

significant)	 enrichment	of	 integrations	within	unexpressed	genes	 (OR	=	1.24,	 p	=	ns).	

Integration	 sites	 from	 Jurkat	 cells	 that	 are	 non-transduced	 (“Nil”	 shRNA	 treatment)	
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appear	to	show	some	enrichment	in	integration	targeting	to	highly	expressed	genes	(OR	

0912	=	1.22,	p	=	ns	(<0.1)	and	OR	1712	=	1.27,	p	=	ns	(<0.1)),	although	these	changes	

only	 approach	 statistical	 significance.	 There	 is	 a	 statistically	 significant	 reduction	 in	

integration	 within	 unexpressed	 genes	 for	 integration	 sites	 from	 the	 nil-treated	 1712	

replicate	 (OR	 =	 0.76,	 p	 <	 0.001).	 In	 figure	 5-4A	 we	 see	 that	 there	 is	 no	 difference	

between	 nil-treated	 and	 control	 shRNA-treated	 in	 preferential	 intragenic	 integration.	

Therefore,	 differences	 between	 nil-	 and	 control	 shRNA-treated	 cells	 could	 be	 due	 to	

down-regulation	 of	 gene	 expression	 due	 to	 the	 toxicity	 observed	 for	 control	 shRNA	

transduction.		

	

Figure	5-4D	 shows	 that	 for	 integration	 sites	 from	B’	 isoform	 shRNA	 treated	 cells,	 the	

odds	 of	 integration	 within	 1	 kb	 of	 a	 gene	 (when	 not	 in	 a	 gene)	 are	 reduced.	 This	

reduction	is	significant	for	B’	γ	shRNA	treated	cells	from	the	0912	replicate	(OR	=	0.37,	p	

<	0.05),	but	not	for	other	replicates.	B’	δ	shRNA	treatment	does	not	cause	any	significant	

reductions	in	integration	within	1	kb	of	the	nearest	gene,	but	integration	sites	from	the	

2112	replicate	 show	a	 reduced	preference	 for	 integration	within	10	kb	of	 the	nearest	

gene	that	approaches	significance	(OR	=	0.71,	p	=	ns	(<0.1)).		

	

ImageJ	analysis	indicates	that	the	level	of	B’	γ	and	B’	δ	knockdown	in	0912	and	2112	is	

roughly	 equal,	 with	 the	 efficiency	 of	 knockdown	 in	 the	 2112	 replicate	 being	 slightly	

better.	However,	closer	inspection	of	the	western	blots	(see	figure	5-2C)	shows	that	the	

knockdown	in	0912	replicate	is	stronger,	especially	for	the	B’	γ	subunit.	In	addition,	the	

western	blot	of	0912	extracts	shows	evidence	of	some	non-specific	signal	that	I	believe	

has	skewed	the	densitometry	analysis	by	ImageJ	of	this	blot,	making	it	appear	that	there	

is	 more	 protein	 present	 when	 it	 is	 actually	 background.	 This	 conclusion	 is	 further	

corroborated	 by	 the	 observation	 that	 the	 phenotypic	 effect	 of	 altered	 integration	 site	

distribution	 is	 most	 strongly	 seen	 in	 the	 0912	 replicate	 when	 analysed	

bioinformatically.	 Therefore,	 in	 the	 heatmaps	 shown	 in	 figure	 5-4,	 the	 biological	

replicates	of	each	treatment	are	arranged	displayed	in	columns	from	left	to	right	in	the	

order	 of	 greatest	 to	 lowest	 degree	 of	 knockdown	 as	 estimated	 by	 a	 combination	 of	

ImageJ	analysis,	 interpretation	of	the	original	western	blots	and	the	observed	changes	

in	 integration	 site	 distribution	 after	 bioinformatic	 analysis.	 This	 arrangement	

demonstrates	 support	 for	 a	 dose-dependent	 effect	 on	 integration	 site	 preference.	 For	
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example,	in	figure	5-4D	there	is	clearly	a	dose-dependent	effect	on	reducing	integration	

within	1	kb	of	a	gene	with	the	difference	in	odds	ratio	between	the	0912	replicate	(most	

knockdown)	and	1712	replicate	(least	knockdown)	ranging	from	0.37	(p	<	0.05,	2.7-fold	

reduction)	 to	 1.49	 (p	 =	 ns,	 1.5-fold	 enrichment)	 in	 integration	within	 1	 kb	 of	 a	 gene,	

although	the	latter	observation	is	not	statistically	significant.			 	
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Figure 5-4: Integration in association with genes is reduced by B’ subunit knockdown 
in a dose-dependent manner. 

A) The proportion of UIS integrated within a gene is significantly reduced by B’ γ and B’ δ 
knockdown. B) The gene density surrounding intergenic UIS is reduced by B’ γ (p = ns) and 
B’ δ knockdown (p = <0.05). C) Intragenic UIS from Jurkat cells treated with B’ γ and B’ δ 
shRNAs are more likely to be located in “zero” expression state genes and less likely to be 
integrated in medium and highly expressed genes. D) Intergenic UIS from Jurkat cells 
treated with B’ γ and B’ γ shRNAs are less likely to be integrated within 1kb of the nearest 
gene. The odds ratio and statistical significance for each observation are reported within the 
cells of the heatmap alongside the measure of statistical significance. All statistical tests 
were calculated by Fisher’s exact test (• = p < 0.1, * = p<0.05, ** = p<0.01, *** = p<0.001, 
**** = p<0.0001). The colour change of the heatmap’s cell corresponds to a decrease (blue), 
no change (white) or increase (red) in the odds ratio.  
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This	 dataset	 lacks	 the	 statistical	 power	 of	 the	 inhibitor	 treatment	 dataset,	 because	

toxicity	 made	 adequate	 cell	 recovery	 difficult.	 Many	 of	 the	 observed	 changes	 in	

integration	 preference,	 as	 evidenced	 by	 changes	 in	 odds	 ratio,	 must	 be	 treated	 with	

caution	as	they	are	often	not	supported	by	statistical	significance	even	though	they	do	

present	 the	 changes	 we	 expected	 to	 see	 based	 on	 the	 inhibitor	 treatment	 data.	 In	

addition,	 statistical	 power	 is	 lacking	 because	 it	 was	 not	 justified	 to	 combine	 the	

biological	 replicates	 due	 to	 the	 inconsistency	 between	 each	 replicate	 in	 the	degree	of	

knockdown	between	each	replicate.		

	

In	 the	 interests	 of	 clarity,	 and	 since	 there	 was	 evidence	 of	 a	 dependency	 on	 the	

efficiency	 of	 knockdown	 (i.e.	 a	 ‘dose-dependent’	 effect)	 subsequent	 figures	 will	 only	

show	 data	 from	 the	 0912	 replicate	where	 the	 strongest	 knockdown	 is	 deemed	 to	 be	

present.	

5.3.4 B’	subunit	knockdown	alone	is	sufficient	to	reduce	integration	in	proximity	

to	CpG	islands	and	transcription	start	sites.	

Data	presented	in	this	section	are	from	the	0912	replicate	in	which	B’	γ	and	δ	subunit	

proteins	were	knocked	down	by	96%	and	57%	respectively	compared	to	the	expression	

of	the	corresponding	B’	subunits	in	control	shRNA	treated	cells	(western	blot	in	5-2C).		

Figure	 5-5A	 shows	 that	 both	 B’	 γ	 and	 B’	 δ	 shRNA	 treatment	 led	 to	 a	 significant	

reduction,	 OR	 =	 0.27	 (3.7-fold,	 p	 <	 0.0001)	 and	 OR	 =	 0.44	 (2.3-fold,	 p	 <0.001)	

respectively,	 in	 the	 odds	 of	 integration	 within	 1	 kb	 of	 TSS.	 As	 expected	 from	 the	

observations	 seen	 with	 the	 inhibitor	 treated	 data,	 integration	 sites	 appear	 to	 be	

redistributed	to	sites	in	the	genome	at	much	greater	distances	from	TSS,	as	evidenced	

by	an	enrichment	of	integration	sites	within	1	Mb	of	TSS.	This	latter	effect	is	significant	

for	B’	γ	shRNA	treatment	 (OR	=	1.22,	p	<	0.05),	but	 just	misses	statistical	significance	

with	B’	δ	shRNA	treatment	(OR	=	1.19,	p	=	ns	(<	0.1)).	

	

Consistent	with	 the	 reduction	 in	preference	 for	 integration	near	 to	TSS,	B’	 γ	 and	B’	 δ	

shRNA	treatment	significantly	reduce,	OR	=	0.55	(1.8-fold,	p	<	0.01)	and	OR	=	0.51	(2-

fold,	p	<	0.01)	respectively,	 the	odds	of	 integration	within	1	kb	of	a	CpG	island.	Again,	

the	 pattern	 of	 this	 effect	 is	 consistent	 with	 what	 was	 observed	 for	 inhibitor-treated	

datasets	and	the	integration	sites	appear	to	be	redistributed	up	to	1	Mb	away	from	the	
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nearest	 CpG	 island,	 however,	 this	 is	 only	 significant	 for	 B’	 γ	 shRNA	 treatment	 (OR	 =	

1.21,	p	<	0.05).		

Importantly,	 for	 this	 dataset,	 there	 are	 no	 significant	 or	 obvious	 differences	 in	

integration	preference	with	 respect	 to	TSS	 and	CpG	 islands	 between	 integration	 sites	

from	nil-treated	and	control	shRNA-treated	cells.	
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Figure 5-5: B’ subunit knockdown significantly reduces integration in proximity to 
transcription start sites (TSS) and CpG islands. 

Heatmaps summarising A) The odds of integration within 1, 10 and 100 kb and 1 Mb of the 
nearest TSS, and B) The odds of integration within 1, 10 and 100 kb and 1 Mb of the nearest 
CpG Island. Data shown is from the 0912 biological replicate. The odds ratio and statistical 
significance for each observation are reported within the cells of the heatmap alongside the 
measure of statistical significance. All statistical tests were calculated by Fisher’s exact test 
(• = p < 0.1, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). The colour change of 
the heatmap’s cell corresponds to a decrease (blue), no change (white) or increase (red) in 
the odds ratio.  
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5.3.5 B’	 gamma	 knockdown	 causes	 a	 significant	 reduction	 in	 integration	 in	

proximity	to	activatory	epigenetic	marks.	

B’	 γ	 shRNA	 treatment	 broadly	 reproduces	 the	 profile	 of	 reduced	 integration	 in	

proximity	 to	 activatory	 epigenetic	 marks	 (figure	 5-6)	 that	 was	 seen	 in	 the	 previous	

chapter,	 as	 a	 result	 of	 PP2A	 inhibitor	 treatment.	 In	 addition,	 B’	 γ	 shRNA	 treatment	

results	 in	 an	 enrichment	 of	 integration	 in	 proximity	 to	 the	 H3K9me3	 mark	 of	

constitutive	 heterochromatin,	 starting	 at	 500	 bp	 (OR	 =	 1.19,	 but	 p	 =	 ns	 (<0.1))	 and	

becoming	stronger	within	1kb	(OR	=	1.32,	p	<	0.05).	In	contrast	to	the	PP2A	inhibitor-

treated	 integration	 sites,	 B’	 γ	 shRNA	 treatment	 does	 not	 result	 in	 an	 enrichment	 of	

integration	 sites	 in	 proximity	 to	 the	 H3K27me3	 mark	 of	 repressed	 chromatin.	 B’	 δ	

shRNA	 treatment	 does	 not	 result	 in	 any	 significant	 reductions	 in	 integration	 in	

proximity	 to	 activatory	 epigenetic	 marks,	 although	 the	 changes	 in	 odds	 ratio	 are	

consistently	 negative,	 suggesting	 that	 greater	 statistical	 power	 may	 yield	 significant	

changes.	 Interestingly,	 B’	 δ	 shRNA	 treatment	 does	 cause	 a	 significant	 enrichment	 in	

integration	within	500	bp	of	the	H3K27me3	mark	(OR	=	1.32,	p	<	0.05),	which	continues	

into	the	1	kb	window,	but	loses	statistical	significance	(OR	=	1.52,	p	=	ns).	However,	B’	δ	

shRNA	treatment	causes	no	increase	in	integration	preference	for	the	H3K9me3	mark.	

Therefore,	 the	 influences	of	B’	γ	and	B’	δ	shRNA	treatment	 in	enriching	 integration	 in	

proximity	 to	 inhibitory	 epigenetic	 marks	 are	 non-overlapping,	 despite	 evidence	 of	

equivalent	B’	δ	knockdown	being	present	in	both	cases.	

	

To	return	to	the	effects	of	B’	γ	shRNA	treatmend	on	reducing	integration	in	proximity	to	

activatory	epigenetic	marks,	we	can	see	from	the	heatmaps	in	figure	5-6	that	integration	

in	proximity	to	the	H3K27ac	mark	(enhancer-associated)	is	most	strongly	reduced	by	B’	

γ	shRNA	treatment.	The	strongest	reduction	in	preference	begins	at	200	bp	(OR	=	0.66,	

p	<	0.0001),	 and	 the	size	of	 the	 reduction	gets	 smaller	and	statistically	weaker	as	 the	

genomic	window	 increases	 (OR	at	500bp	=	0.73,	p	<	0.001	and	OR	at	1kb	=	0.81,	p	<	

0.05),	suggesting	that	the	effect	is	most	strongly	localised	to	the	epigenetic	mark	itself.	

This	pattern	of	reduction	is	in	contrast	to	what	was	observed	for	integration	sites	from	

cells	 treated	with	PP2A	 inhibitors	 in	which	 integration	 in	proximity	 to	 this	mark	was	

equally	supressed	across	all	genomic	windows.	
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PP2A	 inhibitor	 treatment	 resulted	 in	 a	 similar	 profile	 of	 reduction	 between	H3K27ac	

and	 H3K4me1	 (also	 enhancer-associated)	 and	 this	 is	 replicated	 by	 B’	 γ	 shRNA	

treatment,	 but	with	 the	 same	 B’	 γ	 pattern	 just	 discussed.	 Integration	 in	 proximity	 to	

H3K4me1	is	also	reduced	by	B’	γ	shRNA	treatment,	and	is	most	strongly	reduced	within	

200	bp	(OR	=	0.79,	p	<	0.05)	and	the	reduction	in	odds	ratio	becomes	smaller	and	loses	

statistical	 significance	 as	 the	 genomic	 window	 increases,	 again	 suggesting	 a	 more	

localised	effect	(OR	at	500	bp	=	0.82,	p	=	ns	(<	0.1)	and	OR	at	1	kb	=	0.89,	p	=	ns)	like	

that	seen	for	H3K27ac.	

	

In	the	case	of	the	H3K4me3	mark	(promoter-associated),	B’	γ	shRNA	treatment	causes	a	

significant	 reduction	only	within	200	bp	of	 this	mark	 (OR	=	0.73,	p	<	0.01)	and	at	no	

other	window.	This	is	in	line	with	what	was	seen	as	a	result	of	PP2A	inhibitor	treatment	

where	integration	in	proximity	to	this	mark	was	most	strongly	reduced	within	200	bp.		

Finally,	 and	 again	 in	 line	 with	 effects	 observed	 as	 a	 result	 of	 PP2A	 inhibitors,	 the	

strongest	 reduction	 in	 integration	 near	 to	 the	 H3K36me3	 (transcription-associated)	

caused	by	B’	γ	shRNA	treatment	occurs	within	500	bp	this	mark	(OR	=	0.64,	p	<	0.01)	

and	is	not	significant	at	any	other	window.		
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Figure 5-6: B’ subunit knockdown reduces integration in proximity to activatory 
epigenetic marks and increases integration in proximity to inhibitory epigenetic 
marks. 

Odds ratios of integration within 200 bp (A), 500 bp (B) and 1 kb (C) of activatory [ A ] and 
inhibitory [ I ] epigenetic marks for integration sites from non-transduced cells (nil treatment) 
and cells treated with B’ γ and B’ δ shRNA treatment. The odds ratio and statistical 
significance for each observation are reported within the cells of the heatmap alongside the 
measure of statistical significance. All statistical tests were calculated by Fisher’s exact test 
(• = p < 0.1, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). The colour change of 
the heatmap’s cell corresponds to a decrease (blue), no change (white) or increase (red) in 
the odds ratio. 
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5.3.6 Integration	in	proximity	to	the	chromatin	occupancy	sites	of	HDACs,	HATs	

and	transcription	factors	is	altered	by	B’	subunit	knockdown.	

Data	from	the	inhibitor-treated	integration	sites	 led	to	the	surprising	observation	that	

PP2A	 inhibition	 results	 in	 enrichment	 of	 integration	 sites	 within	 200	 bp	 of	 the	

chromatin	 occupancy	 sites	 of	 several	 factors,	 including	 those	 previously	 shown	 to	 be	

involved	in	integration	targeting.	

	

Figure	5-7	summarises	evidence	that	this	effect	 is	reproduced	in	 integration	sites	that	

have	 occurred	 during	 B’	 δ	 shRNA	 treatment	 (figure	 5-7A-C),	 however,	 B’	 γ	 shRNA	

treatment	 does	 not	 have	 the	 same	 effect.	 B’	 γ	 shRNA	 treatment	 treatment	 led	 to	 no	

significant	 enrichment	 in	 integration	 in	 proximity	 to	 any	 of	 the	 chromatin	 occupancy	

sites	 that	 were	 previously	 shown	 to	 be	 preferentially	 targeted	 by	 de	 novo	 HTLV-1	

integration.	In	fact,	integration	in	proximity	to	the	HATs,	p300	and	CBP,	was	reduced,	to	

a	significant	extent	for	CBP	where	B’	γ	shRNA	treatment	led	to	a	significant	reduction	in	

integration	 within	 200	 bp	 (OR	 =	 0.42,	 p	 <	 0.01).	 This	 reduction	 in	 integration	 then	

continued	 into	 the	500	bp	window	(OR	=	0.52,	p	<	0.01)	and	 the	1	kb	window	(OR	=	

0.53,	p	<	0.001),	but	the	magnitude	of	the	reduction	became	smaller,	despite	being	more	

statistically	 significant.	 Another	 significant	 effect	 of	 B’	 γ	 shRNA	 treatment	 was	 a	

significant	reduction	in	integration	within	500	bp	(OR	=	0.53,	p	<	0.05)	and	1	kb	(OR	=	

0.59,	p	<	0.05)	of	HDAC1	chromatin	occupancy	sites.		

	

In	 contrast	 to	 effects	 seen	 for	 B’	 γ	 shRNA	 treatment,	 B’	 δ	 shRNA	 treatment	 led	 to	 a	

consistent	 enrichment	 in	 integration	 in	 proximity	 to	 the	 same	 chromatin	 occupancy	

sites	 that	 were	 enriched	 following	 PP2A	 inhibitor	 treatment.	 Again,	 this	 is	 observed	

despite	 the	 fact	 that	 B’	 δ	 knockdown	 is	 present	 in	 both	 datasets,	 suggesting	 that	 the	

diverging	observations	are	due		to	the	effects	of	B’	γ	knockdown.	

	

B’	δ	shRNA	treatment	led	to	an	enrichment	in	integration	within	200	bp	of	STAT1	sites	

(OR	 =	 2.71,	 p	 =	 ns	 (<0.1)),	 but	 this	 observation	 just	 missed	 statistical	 significance.	

However,	at	the	larger	genomic	windows,	integration	was	significantly	enriched	within	

500	bp	(OR	=	2.82,	p	<	0.05)	and	1	kb	(OR	=	2.82,	p	<	0.05)	of	STAT1	sites.		
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Integration	in	close	proximity	to	p53	sites	was	also	significantly	enriched	by	B’	δ	shRNA	

treatment.	This	enrichment	began	at	200	bp	(OR	=	3.1,	p	<	0.05)	and	continued	into	the	

500	bp	window	(OR	=	2.91,	p	<	0.05),	but	at	the	1	kb	window,	the	degree	of	enrichment	

had	 decreased	 (OR	 =	 2.19,	 p	 =	 ns	 (<0.1))	 and	 the	 effect	 was	 no	 longer	 statistically	

significant.	 However,	 these	 observations	 suggest	 that	 the	 strongest	 enrichment	 for	

integration	near	to	p53	sites	was	at	very	close	proximity,	i.e.	within	200-500	bp.	

	

B’	δ	shRNA	treatment	caused	no	significant	changes	in	 integration	preference	for	HAT	

occupancy	sites,	however	there	was	a	trend	for	reduced	integration	in	proximity	to	CBP	

occupancy	 sites,	 similar	 (but	 weaker)	 to	 what	 was	 seen	 for	 B’	 γ	 shRNA	 treatment.	

Another	 observation	 seen	 following	 B’	 δ	 shRNA	 treatment	 that	 was	 similar	 to	 B’	 γ	

shRNA	treatment,	was	a	reduction	in	integration	near	HDAC1	binding	sites	which	was	

significant	at	500	bp	(OR	=	0.54,	p	<	0.05).	

	

However,	integration	preference	in	proximity	to	the	chromatin	occupancy	sites	of	other	

HDACs	was	very	different	between	B’	δ	and	B’	γ	shRNA	treatment.	B’	δ	shRNA	treatment	

led	to	a	significant	enrichment	for	integration	within	200	bp	of	HDAC6	occupancy	sites	

(OR	=	2.99,	p	<	0.05)	and	HDAC2	occupancy	sites	(OR	=	2.69,	p	<	0.05),	but	there	was	no	

significant	 increase	 in	 integration	 in	 proximity	 to	 HDAC3	 occupancy	 sites	 at	 any	

genomic	window,	despite	a	trend	that	was	evident	at	the	200	bp	window	(OR	=	2.69,	p	=	

ns	 (<0.1))	 and	 1	 kb	 window	 (OR	 =	 1.88,	 p	 =	 ns	 (<0.1)).	 Significant	 enrichment	 for	

integration	near	HDAC6	and	HDAC2	occupancy	sites	continued	into	the	500	bp	window,	

but	at	the	1	kb	window,	only	integration	in	proximity	to	HDAC2	binding	sites	remained	

significant	(OR	=	2.02,	p	<	0.05).	The	level	of	increased	preference	for	integration	near	

all	HDAC	occupancy	sites	(evidence	by	higher	ORs),	declined	as	the	size	of	the	genomic	

window	 increased,	 indicating	 that	 this	 enrichment	 is	 most	 strongly	 mediated	 at	 the	

nucleosomal	 level.	 B’	 γ	 shRNA	 treatment	 did	 not	 lead	 to	 any	 significant	 increases	 in	

integration	near	to	HDAC	chromatin	occupancy	sites.	Whilst	not	statistically	significant,	

the	 integration	 preference	 for	HDAC	 occupancy	 sites	 following	 B’	 γ	 shRNA	 treatment	

appears	to	be	weaker	than	both	nil	shRNA-treated	and	B’	δ	shRNA-treated	integration	

sites,	suggesting	that	the	targeting	effect	to	these	sites	has	been	lost.		
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Integration	sites	from	nil	shRNA-treated	cells	also	seem	to	be	enriched	for	integration	in	

proximity	 to	 the	 occupancy	 sites	 just	 discussed,	 but	 this	 is	 only	 significant	 for	

integration	within	200	bp	of	HDAC6	occupancy	sites	(OR	=	2.55,	p	<	0.01).	However,	this	

indicates	 that	 control	 shRNA	 treatment	 alone	 can	 suppress	 normal	 preferential	

targeting	 to	 chromatin	 occupancy	 sites.	 This	 is	 potentially	 a	 side-effect	 of	 the	 toxicity	

associated	with	control	shRNA	treatment.	It	is	therefore	interesting	to	observe	that	B’	δ	

shRNA	treatment,	which	caused	comparable	cell	toxicity,	should	so	dramatically	enrich	

integration	in	proximity	to	these	chromatin	occupancy	sites.		

	

	

	 	



	
	

140	

	
Figure 5-7: The effect of B’ subunit knockdown on integration in proximity to the 
chromatin occupancy sites of transcription and chromatin-modifying factors. 

Heatmaps depicting the odds ratios of integration sites from non-transduced (nil), B’ γ and B’ 
δ shRNA treated cells to be located within 200 bp (A), 500 bp (B) and 1 kb (C) of the 
chromatin occupancy sites (from published ChIP-seq datasets) of several proteins previously 
identified as being targeted by de novo HTLV-1 integration. The odds ratio and statistical 
significance for each observation is reported within each cell of the heatmap below the 
measure of statistical significance. All statistical tests were calculated by Fisher’s exact test 
(• = p < 0.1, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001). The colour change of 
the heatmap’s cell corresponds to a decrease (blue), no change (white) or increase (red) in 
the odds ratio. 
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 Discussion	5.4

The	 analysis	 presented	 in	 this	 chapter	 on	 the	 effects	 of	 B’	 γ	 and	 B’	 δ	 knockdown	 by	

shRNA	 treatment	 on	 integration	 site	 selection	 have	 shown	 that	 knockdown	 of	 these	

subunits	alone	leads	to	significant	changes	in	the	natural	integration	site	preference	of	

de	novo	HTLV-1	integration.	B’	γ	and	B’	δ	shRNA	treatments	each	resulted	in	a	reduction	

in	 integration	 within	 genes	 and	 within	 gene	 dense	 regions,	 both	 recognised	 as	

hallmarks	of	preferential	HTLV-1	 integration.	 In	addition,	when	 integration	sites	were	

intragenic,	B’	subunit	knockdown	led	to	a	significant	depletion	of	integration	in	highly-

expressed	genes,	although	this	effect	was	only	significant	for	the	0912	replicate	of	B’	γ	

shRNA	 treatment.	 Likewise,	 B’	 γ	 shRNA	 treatment	 significantly	 reduced	 integration	

within	1kb	of	a	gene	for	the	same	biological	replicate.		

	

Further	 effects	 of	 B’	 γ	 and	 B’	 δ	 shRNA	 treatment	 include	 a	 significant	 reduction	 in	

integration	in	proximity	(<1	kb)	to	TSS	and	CpG	islands,	two	more	hallmarks	of	natural	

HTLV-1	integration	preference.	B’	γ	knockdown	also	 led	to	a	significant	enrichment	of	

integration	sites	 that	were	1	Mb	away	 from	the	nearest	CpG	 island	or	TSS,	suggesting	

that	 B’	 subunit	 knockdown	 leads	 to	 a	 redistribution	 of	 integration	 sites	 away	 from	

features	associated	with	preferential	integration.		

	

Despite	the	fact	that	B’	γ	shRNA	treatment	also	causes	knockdown	of	the	B’	δ	subunit,	

there	were	differences	 in	 the	 effects	 of	 the	 two	 shRNA	 treatments	 on	 integration	 site	

selection,	 suggesting	 that	 B’	 γ	 knockdown	 has	 specific	 effects.	 For	 example,	 evidence	

that	B’	γ	shRNA	knockdown	can	specifically	alter	preferential	HTLV-1	integration	comes	

from	 observations	 of	 the	 effects	 on	 integration	 in	 proximity	 to	 activatory	 epigenetic	

marks.	B’	γ,	but	not	B’	δ,	shRNA	treatment	led	to	significant	reduction	in	integration	in	

proximity	 to	 several	 activatory	 epigenetic	 marks,	 particularly	 the	 H3K27ac	 mark.	

Interestingly,	B’	subunit	knockdown	did	cause	a	general	enrichment	 for	 integration	 in	

proximity	 to	 inhibitory	 epigenetic	 marks,	 like	 what	 was	 seen	 as	 a	 result	 of	 PP2A	

inhibitor	treatments,	however,	the	individual	B’	subunit	knockdowns	caused	differential	

effects	 to	this	end.	B’	γ	shRNA	treatment,	but	not	B’	δ,	caused	a	significant	 increase	 in	

integration	in	proximity	to	the	H3K9me3	mark,	whereas	B’	δ	shRNA	treatment,	not	B’	γ,	

caused	a	significant	increase	in	integration	in	proximity	to	the	H3K27me3	mark.	
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Finally,	 whilst	 the	 majority	 of	 observations	 from	 this	 dataset	 corroborate	 the	

observations	made	using	integration	sites	from	cells	treated	with	PP2A	inhibitors,	there	

is	 a	 notable	 exception.	 B’	 γ	 shRNA	 treatment	 does	 not	 seem	 to	 lead	 to	 the	 same	

enrichment	of	integration	sites	in	proximity	to	chromatin	occupancy	sites	like	what	was	

observed	 for	 PP2A	 inhibitor	 treatment	 although	 B’	 δ	 knockdown	 did	 replicate	 those	

observations.	Again,	these	observations	are	seen,	despite	B’	δ	knockdown	being	present	

after	 both	 shRNA	 treatments.	 The	 fact	 that	 B’	 γ	 shRNA	 treatment	 did	 not	 result	 in	

increased	integration	in	proximity	to	chromatin	occupancy	sites,	whilst	integration	sites	

from	non-transduced	(nil	shRNA)	and	B’	δ	shRNA	transduced	cells	did	indicates	that	B’	

γ	 isoforms	are	more	 likely	 to	be	 involved	 in	 this	 targeting	mechanism.	As	B’	γ	 shRNA	

treatment	 resulted	 in	 a	 loss	 of	 increased	 integration	 near	 chromatin	 occupancy	 sites,	

especially	in	comparison	to	the	effects	seen	in	nil	shRNA	treatment,	this	would	suggest	

that	B’	γ	shRNA	treatment	actually	led	to	a	reduction	in	integration	near	these	sites	as	a	

result	of	B’	γ	subunit	knockdown.	This	is	not	surprising	given	that	the	B’	γ	isoforms	are	

the	most	abundantly	expressed	 in	T-cells	and	have	been	 the	best	 characterised	 in	 the	

literature	as	being	implicated	in	a	diverse	number	of	PP2A’s	nuclear	functions.	So	far,	B’	

γ	shRNA	treatment	 is	 the	only	 treatment	 to	negatively	 impact	de	novo	targeting	to	all	

the	hallmarks	of	HTLV-1	integration	targeting	currently	identified.		

	

If	 individual	 B’	 subunit	 knockdown	 can	 cause	 non-identical	 effects	 on	 altering	

integration	targeting	then	PP2A-B’	subunits	are	not	acting	completely	redundantly	as	IN	

co-factors.	Indeed,	future	work	should	aim	to	address	if	the	B’	α	and	B’	ε	 isoforms	can	

also	contribute	to	HTLV-1	IN	targeting	as	both	of	these	subunits	were	identified	in	the	

earlier	 Y2H	 and	 co-immunoprecipitation	 screens	 as	 HTLV-1	 IN	 interaction	 partners.	

Both	 the	 α	 and	 ε	 subunits,	 whilst	 classified	 as	 cytoplasmic	 in	 localisation,	 have	 been	

reported	in	the	literature	to	function	in	both	the	nucleus	and	cytoplasm.	B’	ε	has	been	

implicated	in	facilitating	the	repair	of	dsDNA	breaks	by	dephosphorylating	the	histone	

mark	γ-H2A.X	 (Li	et	al.	2015)	and	both	B’	α	and	B’	 ε	 function	redundantly	along	with	

other	 B’	 isoforms	 in	 regulating	microtubule	 attachments	 to	 kinetochores	 (Foley	 et	 al.	

2012).	 	 These	 conclusions	 could	 be	 tested	 further	 by	 using	 a	 similar	 doxycycline	

inducible	 system	 of	 PP2A-B’	 specific	 knockdown	 (seen	 in	 rat	 cells	 in	 Chapter	 3)	 in	 T	

cells.	
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Studying	 integration	 sites	 in	 the	 context	 of	 B’	 subunit	 knockdown	 posed	 many	

challenges	due	to	the	toxicity	of	knocking	down	these	essential	proteins.	For	example,	

collecting	enough	unique	integration	sites	for	robust	statistical	analysis	was	a	challenge.	

Many	of	the	odds	ratios	reported	in	this	chapter	were	much	stronger	in	either	direction	

(<	 1	 or	 >	 1)	 than	 the	 ones	 reported	 in	 the	 previous	 chapter	 where	 PP2A	 inhibitor	

treatment	effects	were	discussed.	This	suggests	that	protein	knockdown	has	a	stronger	

magnitude	of	effect	than	inhibitor	treatment,	but	often	the	changes	in	odds	ratio	are	not	

supported	by	statistical	 significance.	Regardless,	despite	 lacking	statistical	power,	 this	

dataset	was	able	to	reveal	important	and	statistically	significant	changes	in	preferential	

integration	 when	 individual	 B’	 subunits	 were	 knocked	 down	 that	 in	 turn	 outlines	

mechanistic	insight	into	the	interplay	between	specific	B’	subunits	and	integration	site	

selection.	Most	 importantly,	 the	 results	 of	 this	 analysis	 along	with	 the	 results	 of	 two	

other	 experimental	 methods	 of	 removing	 PP2A	 function	 during	 de	 novo	 HTLV-1	

infection	of	cells	have	all	resulted	in	qualitatively	similar	observations	of	altered	HTLV-

1	 integration	 site	 preference.	 This	 strongly	 indicates	 that	 the	 PP2A	 complex,	 and	

especially	the	PP2A-B’	complex,	is	an	important	determinant	of	HTLV-1	integration	site	

preference.	
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6. CHAPTER	SIX	

DISCUSSION	AND	SUMMARY	OF	WORK	
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 Chapter	summary	6.1

In	 this	 thesis	 I	 have	 presented	 the	 results	 of	 three	 independent	 experimental	

approaches	 in	which	 simultaneous	 infection	of	 cells	with	HTLV-1	was	 combined	with	

PP2A	 knockdown	 or	 inhibition.	 All	 three	 approaches	 show	 qualitatively	 similar	

outcomes	of	PP2A	knockdown	and	inhibition	on	altering	the	HTLV-1	de	novo	integration	

site	 selection.	 PP2A	 knockdown	 and	 inhibition	 led	 to	 a	 reduced	 preference	 for	

integration	in	proximity	to	the	following	genomic	features;	genes,	TSS	and	CpG	islands	

as	 well	 as	 in	 proximity	 to	 activatory	 epigenetic	 marks	 associated	 with	 enhancers,	

promoters	and	active	transcription.	PP2A	knockdown	and	inhibition	led	to	an	increased	

preference	 for	 integration	 in	 proximity	 to	 inhibitory	 epigenetic	marks	 of	 constitutive	

and	facultative	heterochromatin	as	well	as	to	the	chromatin	occupancy	sites	of	several	

protein	factors.		

In	 this	 chapter	 I	 present	 a	 more	 detailed	 interpretation	 of	 these	 alterations	 of	

integration	 site	 preference	 and	 show	 how	 the	 evidence	 from	 these	 experiments	

supports	 the	 conclusion	 that	 PP2A-B’	 acts	 as	 an	 HTLV-1	 IN	 co-factor.	 I	 also	 discuss	

future	work	that	should	be	done	to	test	this	conclusion	further.	
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 Reduced	integration	near	genes	and	within	highly	expressed	genes	6.2

Integration	within	a	gene	is	a	hallmark	of	HTLV-1	integration.	Typically,	45-50%	of	de	

novo	 HTLV-1	 integration	 sites	 from	 in	 vitro	 infection	 are	 intragenic	 compared	 to	 34-

36%	 of	 in	 silico	 generated	 random	 control	 sites	 (Meekings	 et	 al.	 2008).	 Results	

presented	 in	 this	 thesis	 revealed	 that	 preference	 for	 intragenic	 integration	 is	 slightly	

reduced	 by	 PP2A	 knockdown	 and	 inhibition.	 The	 first	 results	 from	 rat	 cells	 with	

inducible	 PP2A	knockdown	 showed	 that	 the	 proportion	 of	 integration	 sites	 in	 a	 gene	

was	modestly	reduced	by	1-2%	compared	to	integration	sites	from	cells	in	which	PP2A	

holoenzymes	were	fully	 functional,	but	this	effect	was	not	significant.	The	proportions	

of	integration	sites	in	a	gene	from	Jurkat	cells	treated	with	PP2A	inhibitors	and	shRNAs	

against	the	PP2A-B’	γ	and	–B’	δ	subunits	were	significantly	reduced,	but	again	by	only	1-

2%.	However,	analysis	of	the	expression	state	of	the	gene	that	contained	the	integration	

site	 revealed	 that	 intragenic	 integration	 sites	 from	 PP2A	 inhibitor-treated	 cells	 were	

significantly	 less	 likely	 to	 be	 located	 in	medium-	 and	 highly-expressed	 genes.	 In	 fact,	

intragenic	 integration	 sites	 appeared	 to	 be	 redistributed	 into	 unexpressed	 genes.	 A	

similar	effect	was	observed	for	B’	γ	shRNA	treatment	where	integration	sites	in	highly	

expressed	 genes	 were	 significantly	 reduced,	 but	 this	 was	 not	 observed	 with	 a	

simultaneous	 increase	 in	 integrations	 in	 unexpressed	 genes,	 suggesting	 that	 these	

integration	sites	were	lost.		

	

In	 addition	 to	 reduced	 integration	 within	 a	 gene	 and	 within	 expressed	 genes,	

integration	 sites	 that	 were	 not	 in	 a	 gene	 were	 significantly	 further	 away	 from	 the	

nearest	gene	in	cells	treated	with	PP2A	knockdown	or	inhibitors.	Integration	sites	from	

rat	cells	in	which	the	PP2A	dimer	did	not	associate	with	any	regulatory	subunit	showed	

a	significantly	reduced	preference	for	integration	within	10	kb	of	the	nearest	gene	that	

was	equivalent	to	a	20%	reduction	in	integration	sites	near	to	genes	compared	to	PP2A-

competent	cells.	Integration	sites	from	rat	cells	in	which	the	PP2A	dimer	could	not	bind	

specifically	 to	 the	 B’	 regulatory	 subunit	 family	 showed	 no	 significant	 reduction	 in	

integration	 within	 10	 kb	 of	 the	 nearest	 gene.	 PP2A	 inhibitor	 treatment	 led	 to	 a	

significant	reduction	in	integration	within	1	kb	and	within	1-10	kb	of	the	nearest	gene,	

with	the	depletion	being	strongest	within	1-10	kb	of	the	nearest	gene.	These	integration	

sites	appeared	to	be	redistributed	into	a	genomic	window	that	was	100–1000	kb	from	
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the	 nearest	 gene.	 In	 other	 words,	 PP2A	 inhibitor	 treatment	 resulted	 in	 an	 increased	

frequency	of	integration	in	locations	that	were	very	distant	from	genes.	B’	γ	knockdown	

also	resulted	in	a	significant	reduction	in	integration	within	1	kb	of	the	nearest	gene,	but	

there	 was	 no	 increase	 in	 integration	 in	 more	 distal	 genomic	 windows.	 A	 loss	 of	

integration	 sites	within	 10	 kb	 of	 the	 nearest	 gene	 as	 a	 result	 of	 PP2A	 inhibition	 and	

knockdown	is	consistent	with	another	observed	effect	of	these	treatments:	a	significant	

reduction	in	the	average	gene	density	within	a	20kb	window	around	integration	sites.	B’	

δ	knockdown	did	not	lead	to	any	significant	changes	in	integration	within	10	kb	of	the	

nearest	gene,	although	there	was	a	trend	that	pointed	towards	a	reduction	in	preference	

for	integration	within	this	window.	Like	B’	γ	knockdown,	B’	δ	knockdown	did,	however,	

lead	 to	 a	 significantly	 reduced	 integration	 within	 gene	 dense	 regions.	 Finally,	 B’	 δ	

knockdown	 had	 no	 significant	 effects	 on	 influencing	 the	 gene	 expression	 state	 for	

intragenic	integrations.	These	changes	suggest	that	B’	γ	containing	holoenzymes	may	be	

more	 involved	 in	 integration	 targeting	 to	 gene-associated	 features	 and	 that	 other	 B’	

subunits	 do	 not	 act	 redundantly	 to	 restore	 natural	 gene-associated	 integration	

preferences.		

	

These	 results	 indicate	 that	 whilst	 targeting	 of	 integration	 into	 genes	 is	 only	 slightly	

reduced	by	PP2A	inhibition	and	knockdown,	the	mechanism	by	which	highly	expressed	

genes	 are	 chosen	 for	 integration	 has	 been	 disrupted	 by	 a	 loss	 of	 PP2A	 function.	 In	

addition,	integration	sites	which	are	not	targeted	into	genes	are	significantly	less	likely	

to	be	integrated	within	10	kb	of	the	nearest	gene	and	instead	appear	to	be	distributed	

into	 genomic	 locations	 that	 are	 extremely	 distant	 from	genes.	 Integration	 into	 such	 a	

region	 is	 likely	 to	 be	 associated	with	 fewer	 opportunities	 for	 the	 provirus	 to	 benefit	

from	the	transcriptional	regulation	that	controls	nearby	gene	expression.	

	

 Reduced	integration	near	TSS	and	CpG	islands	6.3

HTLV-1	was	previously	shown	to	preferentially	integrate	within	1	kb	of	a	TSS	or	a	CpG	

island	 (Melamed	 et	 al.	 2013;	 Meekings	 et	 al.	 2008;	 Gillet	 et	 al.	 2011).	 Integration	 in	

proximity	 to	 both	 of	 these	 genomic	 features	 is	 significantly	 reduced	 by	 all	 PP2A	

knockdown	and	inhibitor	treatments,	to	a	greater	extent	than	integration	in	proximity	

to	genes.	Integration	within	10	kb	of	TSS	and	CpG	islands	from	rat	cells	in	which	PP2A	
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was	 dimer-only,	was	 reduced	 by	 approximately	 20%;	 and	 in	 rat	 cells	 in	which	 PP2A	

could	not	bind	B’	subunits,	integration	was	reduced	by	approximately	10%	within	10	kb	

of	TSS	and	CpG	islands.	Integration	sites	from	Jurkat	cells	treated	with	PP2A	inhibitors	

showed	 a	 reduced	 preference	 for	 integration	 within	 10	 kb	 of	 the	 nearest	 TSS.	 This	

preference	was	most	strongly	reduced	by	OA	treatment	within	1	kb,	but	between	1	and	

10	 kb,	 both	 inhibitors	 had	 equal	 effects.	 A	 similar	 effect	 was	 seen	 for	 reducing	

integration	 in	 proximity	 to	 CpG	 islands.	 Inhibitor	 treatment	 reduced	 preferential	

integration	within	10	kb	of	the	nearest	CpG	island.	Again,	the	effect	was	strongest	for	OA	

treatment.	 It	 is	not	unusual	 for	PP2A	 inhibitors	 to	have	differential	effects	on	altering	

PP2A	function,	such	reports	are	present	in	the	literature	(Takemoto	et	al.	2009;	Ishida	

et	 al.	 2015).	 In	 this	 case	 the	 altered	 effects	 are	 visible	 as	 non-identical	 alterations	 in	

integration	preference.	It	is	unclear	why	different	inhibitors	have	different	effects,	but	it	

has	been	suggested	that	it	may	be	due	to	the	different	specificities	of	the	inhibitors.	In	

addition,	 the	 inhibitors	bind	 to	 the	active	site	of	 the	complex	 in	different	ways,	which	

could	 result	 in	 differences	 in	 the	 ability	 of	 the	 holoenzymes	 to	 bind	 to	 substrates	 or	

regulatory	subunits.	

	

Inhibition	of	Aurora	B	kinase	by	ZM	treatment	also	led	to	a	weaker,	but	still	significant,	

reduction	in	preference	for	integration	near	these	features.	Aurora	B	kinase	and	PP2A	

often	 act	 antagonistically	 to	 each	 other,	 but	 observations	 here	 indicate	 that	Aurora	B	

kinase	 inhibition	 can	 decrease	 integration	 preference,	 rather	 than	 enhancing	 it.	 This	

would	 suggest	 that	 the	 functional	 pathways	 involved	 in	 targeting	 integration	 to	 CpG	

islands	 and	 TSS	 involve	 Aurora	 B	 kinase	 and	 PP2A	 interaction.	 Aurora	 B	 kinase	

phosphorylation	 of	 Shugoshin-2	 during	 mitosis	 does,	 in	 fact,	 recruit	 PP2A	 to	

centromeres	 (Tanno	 et	 al.	 2010).	 Interestingly,	 Shugoshin-2	 has	 been	 previously	

implicated	 in	 PP2A’s	 chromatin	 recruitment	 functions	 (Takemoto	 et	 al.	 2009)	 so	 it	 is	

certainly	possible	that	Aurora	B	kinase	inhibition	affects	both	the	recruitment	of	PP2A	

to	 chromatin	 and	 the	 recruitment	 by	 PP2A	 of	 other	 factors.	 These	 reports	 from	 the	

literature	combined	with	evidence	presented	in	this	thesis,	identify	potential	pathways	

of	PP2A	function	that	may	be	involved	in	targeting	HTLV-1	integration.	PP2A	has	been	

implicated	in	the	activation	of	chromatin	remodelling	complexes	and	in	transcriptional	

control	 of	 promoters	 marked	 with	 a	 combination	 of	 the	 histone	 H3	 serine	 10	

phosphorylation	and	lysine	14	acetylation	marks	(Brestovitsky	et	al.	2011;	Simboeck	et	
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al.	2010).	Further,	PP2A	was	recently	identified	as	the	primary	phosphatase	of	the	BET	

protein,	BRD4	(Shu	et	al.	2016)	and	was	implicated	in	the	control	of	BRD4’s	chromatin-

binding	affinity	through	dephosphorylation.	Amongst	other	BET	proteins,	BRD4	acts	as	

a	 primary	 IN	 co-factor	 of	 gamma-retroviruses	 and	 is	 responsible	 for	 preferential	

targeting	of	integration	into	TSS	(A.	Sharma	et	al.	2013;	de	Rijck	et	al.	2013;	Gupta	et	al.	

2013).	This	transcriptional	regulatory	activity	of	PP2A	may	underlie	its	ability	to	target	

HTLV-1	integration	in	proximity	to	TSS	and	CpG	islands.		

	

Furthermore,	 experiments	where	 PP2A-B’	 subunits	were	 knocked	 down	 revealed	 the	

composition	of	the	holoenzymes	that	are	likely	to	mediate	HTLV-1	integration	targeting.	

Knockdown	of	B’	γ	or	B’	δ	subunits	resulted	in	each	case	in	a	decrease	in	preference	for	

integration	within	1	kb	of	TSS	and	CpG	islands,	but	integration	within	1	to	10	kb	of	these	

features	was	not	affected.	A	closer	analysis	revealed	that	B’	γ	knockdown	more	strongly	

reduced	preferential	integration	near	to	TSS,	compared	to	B’	δ	knockdown.	However,	B’	

γ	 and	 B’	 δ	 knockdown	 had	 an	 equal	 impact	 on	 decreasing	 preference	 for	 integration	

near	 to	 CpG	 islands.	 These	 observations	 imply	 that	 B’	 γ	 holoenzymes	 specifically	

mediate	targeting	to	TSS,	and	that	this	function	is	non-redundant.	In	contrast,	an	equal	

impact	 on	 reducing	 integration	 near	 to	 CpG	 islands	 implies	 that	 both	 B’	 γ	 and	 B’	 δ	

holoenzymes	target	integration	to	CpG	islands	and	that	in	this	context,	the	subunits	can	

act	 redundantly.	 These	 observations	 lead	 to	 the	 conclusion	 that	 it	 is	 not	 a	 single	

holoenzyme	 that	 mediates	 integration	 targeting,	 but	 more	 likely	 a	 variety	 of	 B’	

holoenzymes	 with	 distinct	 but	 overlapping	 functions	 that	 are	 not	 always	 redundant	

between	B’	subunits.	 	It	is	likely	that	each	different	holoenzymes	targets	integration	to	

different	 respective	 genomic	 features,	 rather	 than	 one	 complex	 being	 responsible	 for	

targeting	to	all	features.	This	might	explain	the	more	diffuse	nature	of	HTLV-1	targeting	

compared	to	other	retroviruses,	such	as	HIV-1	and	MLV,	which	specifically	target	genes	

or	TSS.		

	

 Reduced	integration	near	activatory	epigenetic	marks	6.4

Experiments	 from	the	PP2A	(-)	and	PP2A-B’	 (-)	rat	cell	 lines	revealed	 that	 integration	

within	10	kb	of	a	ChIP-seq	peak	of	the	H3K4me1	and	H3K4me3	epigenetic	marks	was	

significantly	 reduced.	 The	 largest	 reduction	 was	 in	 proximity	 to	 the	 H3K4me1	 and	
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H3K4me3	 marks,	 but	 in	 PP2A	 (-)	 cells,	 integration	 was	 also	 significantly	 reduced	 in	

proximity	 to	 the	 H3K27ac	 mark.	 PP2A	 inhibitor	 treatment	 resulted	 in	 a	 reduced	

preference	 for	 integration	 in	 very	 close	 proximity	 to	 a	 variety	 of	 epigenetic	 marks.	

Integration	was	most	strongly	reduced	 in	proximity	to	the	enhancer-associated	marks	

of	 H3K4me1	 and	H3K27ac.	 The	 reduction	 in	 integration	 in	 proximity	 to	 these	marks	

began	within	200	bp	of	the	mark	and	continued	until	1	kb,	suggesting	that	there	was	a	

chromatin	domain,	such	as	an	enhancer,	associated	with	these	epigenetic	marks.		

There	was	also	a	weaker	but	significant	depletion	of	integration	sites	within	200	bp	of	

the	 H3K36me3	mark	 of	 actively	 transcribed	 genes	 as	 well	 as	 the	 H3K4me3	mark	 of	

promoters.	 Interestingly,	 the	 reduction	 of	 integration	was	 strongest	within	 200	 bp	 of	

the	H3K36me3	mark,	and	became	less	pronounced	as	the	genomic	window	increased	to	

1	kb.	We	would	have	expected	 to	see	a	depletion	 in	 integration	across	all	windows	 in	

proximity	 to	 this	 mark	 given	 that	 H3K36me3	 typically	 marks	 very	 broad	 chromatin	

domains.		

These	 observations	 were	 mirrored	 by	 knockdown	 of	 the	 B’	 subunits,	 where	 B’	 γ	

knockdown	resulted	in	a	similar	pattern	of	reduced	integration	in	proximity	to	the	same	

epigenetic	marks.	Integration	was	most	strongly	reduced	within	200bp	of	the	H3K27ac	

mark,	although	a	significant	reduction	in	preference	for	integration	near	this	mark	was	

present	up	to	1	kb.		

The	distinct	effects	of	B’	γ	and	B’	δ	knockdown	are	more	obvious	 for	 integration	sites	

near	these	histone	marks	than	for	integration	sites	near	TSS	and	CpG	islands;	however,	

the	observations	are	consistent	with	one	another.	It	would	appear	the	B’	γ	holoenzymes	

are	 implicated	 in	 targeting	 HTLV-1	 integration	 to	 epigenetic	 marks,	 and	 that	 this	

function	 is	 non-redundant	 between	 B’	 isoforms.	 Further,	 a	 decrease	 in	 integration	 to	

these	 marks	 is	 consistent	 with	 previously	 observed	 decreases	 in	 integration	 to	 the	

associated	 genomic	 features,	 i.e.	 genes,	 TSS	 and	 CpG	 islands.	 An	 initial	 concern	

regarding	analysis	of	integration	preference	with	respect	to	epigenetic	marks	was	that	

genotoxic	 stress	 as	 a	 result	 of	 loss	 of	 PP2A	 function	 might	 alter	 the	 epigenetic	

landscape.	This	does	not	appear	to	have	been	the	case	for	either	PP2A	inhibition	or	B’	

subunit	knockdown.	In	both	contexts,	there	is	no	difference	in	the	profile	of	preferential	

integration	for	epigenetic	marks	between	“nil”	treated	cells	and	either	DMSO-treated	or	

control	 shRNA-treated	cells.	 In	 the	 latter	case	 this	 is	particularly	 important	as	control	

shRNA-treatment	was	very	toxic	to	cells	over	the	timeframe	of	de	novo	infection.		
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 Increased	integration	near	to	inhibitory	epigenetic	marks	6.5

Integration	 in	 proximity	 to	 the	 H3K9me3	 epigenetic	 mark	 of	 constitutive	

heterochromatin	 was	 consistently	 increased	 by	 PP2A	 knockdown	 and	 inhibition.	 	 A	

weak	 preference	 for	 integration	 in	 proximity	 to	 inhibitory	 epigenetic	 marks	 is	 a	

hallmark	 of	 HTLV-1	 integration	 (Gillet	 et	 al.	 2011),	 therefore	 it	 was	 unexpected	 to	

observe	 that	 this	 preference	 is	 enhanced	 in	 the	 presence	 of	 PP2A	 inhibitors	 and	

knockdown.	Random	sites	generated	 in	 silico	represent	 stochastic	 integration	and	are	

enriched	 in	 proximity	 to	 the	 H3K9me3	 mark.	 Therefore,	 enhanced	 integration	 in	

proximity	 to	 inhibitory	 epigenetic	marks	 could	 be	 a	 sign	 of	 increased	 stochasticity	 of	

integration	or	 the	 increase	could	simply	reflect	 the	decrease	 in	 integration	preference	

near	activatory	epigenetic	marks.	An	increase	in	integration	targeting	to	H3K9me3	as	a	

result	of	PP2A	 inhibition	and	knockdown	 is	consistent	with	 the	observed	 increases	 in	

integration	within	genomic	windows	that	are	extremely	distant	from	genomic	features	

such	as	genes,	TSS	and	CpG	islands.	Integration	within	1	kb	of	the	H3K27me3	mark	of	

transcriptional	 repression	 was	 also	 observed	 after	 of	 PP2A	 inhibitor	 treatment.	 This	

mark	 is	 deposited	 by	 the	 polycomb	 repression	 complex,	 PRC2,	 to	 maintain	

transcriptional	repression	(Blackledge	et	al.	2015)	and	therefore	 is	consistent	with	an	

increase	in	integration	within	silent	genes	seen	in	the	same	dataset.	A	strong	increase	in	

integration	 in	 proximity	 to	 H3K9me3	 and	 H3K27me3	 marks	 was	 not	 observed	

following	 B’	 subunit	 knockdown	 to	 the	 same	 extent	 as	what	was	 observed	 following	

PP2A	 inhibition.	 This	may	be	 consistent	with	 redundant	 targeting	 of	 integration	near	

these	epigenetic	marks	by	other	B’	isoforms.	This	does	not,	however,	explain	the	more	

extensive	 increase	 in	 integration	 near	 inhibitory	marks	 as	 a	 result	 of	 PP2A	 inhibitor	

treatment.	All	 PP2A	 complexes	 should	have	been	equally	 affected	by	PP2A	 inhibitors,	

therefore	increased	targeting	to	inhibitory	epigenetic	marks	could	have	been	mediated	

by	residual	PP2A	activity	and	was	reciprocal	to	decreased	targeting	of	euchromatin.		

	

 Increased	integration	near	to	chromatin	occupancy	sites		6.6

Integration	within	100–1000	bp	of	the	chromatin	occupancy	sites	of	several	chromatin-

binding	 and	 modifying	 proteins,	 such	 as	 p53,	 STAT1	 and	 HDAC6	 was	 found	 to	 be	

preferentially	targeted	by	HTLV-1	in	vitro	(Melamed	et	al.	2013).	These	datasets	are	not	
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available	 for	 rat	 cells,	 therefore	 this	 analysis	 could	 not	 be	 completed	 for	 integration	

sites	from	PP2A	(-)	and	PP2A-B’	(-)	cells.		

	

However,	 the	 same	 ChIP-seq	 datasets	 used	 initially	 by	 Melamed	 et	 al.	 were	 used	 to	

annotate	the	genome	surrounding	integration	sites	from	PP2A	inhibitor-treated	and	B’	

subunit	 knockdown-treated	 Jurkat	 cells.	 Surprisingly,	 this	 analysis	 revealed	 that	 the	

lower	doses	of	PP2A	 inhibitor	 treatment	 led	 to	a	 significant	 increase	 in	 integration	 in	

proximity	 to	 these	 same	 chromatin	 occupancy	 sites.	 This	 increase	 in	 integration	was	

stimulated	 in	particular	by	RubA	 treatment,	 and	was	very	 specific	 to	PP2A	 inhibitors,	

with	no	changes	in	integration	preference	seen	following	ZM	treatment.	This	increase	in	

integration	was	most	evident	within	200bp	of	integration	sites,	and	became	weaker	as	

the	 size	 of	 the	 genomic	 window	 increased.	 This	 observation	 indicates	 that	 the	

interaction	 that	 mediated	 this	 increase	 occurs	 at	 the	 nucleosomal	 level	 and	 points	

towards	 a	 physical	 interaction	 between	 the	 integration	 machinery	 and	 the	 proteins	

occupying	 these	sites.	 Initially,	 it	was	assumed	that	 the	proteins	occupying	 these	sites	

could	be	secondary	co-factors	recruited	in	the	absence	of	PP2A.		

	

However,	 the	 observed	 increase	 in	 integration	 near	 chromatin	 occupancy	 sites	

following	B’	subunit	knockdown	was	not	entirely	consistent	with	 this	hypothesis.	B’	γ	

knockdown	did	not	lead	to	an	increase	in	integration	preference	near	these	sites.	In	fact,	

integration	was	either	reduced	or	not	significantly	different	compared	to	control	shRNA	

treatment.	B’	 δ	 knockdown,	 in	 contrast,	 resulted	 in	 an	 increase	 in	 integration	near	 to	

chromatin	 occupancy	 sites	 that	 was	 comparable	 to	 what	 was	 seen	 following	 PP2A	

inhibitor	 treatment,	but	 stronger.	The	 increase	was	again	stronger	within	200	bp	and	

became	weaker	as	the	genomic	window	increased.	I	 interpret	these	results	to	indicate	

that	 the	observed	 increases	 in	 integration	near	 these	sites	were	mediated	by	 residual	

PP2A	activity	 for	several	reasons.	First,	 the	 increased	 integration	was	strongest	at	 the	

lower	dose	 of	 PP2A	 inhibitor,	 and	was	much	 reduced	 at	 higher	 doses,	 indicating	 that	

this	effect	diminished	as	inhibition	became	stronger.	Second,	increased	integration	was	

only	 observed	 following	 B’	 δ	 knockdown	 and	 was	 notably	 reduced	 following	 B’	 γ	

knockdown.	This	suggests	that	B’	γ	holoenzymes	mediate	this	effect	as	it	is	absent	when	

they	are	knocked	down,	but	present	during	B’	δ	knockdown.	In	addition,	B’	γ	containing	

PP2A	holoenzymes,	have	been	reported	to	mediate	many	of	PP2A’s	protein	interactions	
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with	 various	 substrates,	 therefore	 it	 represents	 a	 plausible	 candidate	 for	 targeting	 of	

HTLV-1	integration	to	the	chromatin	occupancy	sites	of	PP2A-interacting	complexes.	

	

Further	inferences	can	be	gleaned	from	observations	that	ZM	treatment	did	not	result	in	

increased	integration	near	to	chromatin	occupancy	sites.	This	suggests	that	the	function	

may	 be	 specific	 to	 PP2A	 protein	 rather	 than	 PP2A	 catalytic	 activity.	 In	 this	 study,	

analyses	 of	 integration	 preferences	 near	 genomic	 features	 showed	 that	 ZM	 inhibition	

could	 act	 as	 a	 “barometer”	 for	 PP2A	 catalytic	 activity,	 because	 normal	 functional	

interactions	 between	 PP2A	 and	 Aurora	 B	 kinase	 determine	 the	 phosphatase/kinase	

equilibrium.	However,	 this	 interpretation	 is	made	with	 caution,	 because	 there	 is	 only	

one	report	in	the	literature,	so	far,	of	PP2A’s	non-catalytic	activity.	

	

There	are	many	reports	in	the	literature	of	PP2A’s	interactions	with	the	factors	whose	

binding	 sites	 are	 targeted	 by	 HTLV-1	 integration.	 For	 example,	 PP2A’s	 phosphatase	

activity	 is	a	requirement	 for	 the	 translocation	of	several	HDACs	to	 the	nucleus	 for	 the	

recruitment	 of	 their	 chromatin-remodelling	 functions;	 however,	 PP2A	 interactions	 at	

the	chromatin	destinations	of	these	HDACs	are	unclear	(Sucharov	et	al.	2006;	Martin	et	

al.	 2008;	Paroni	 et	 al.	 2007).	PP2A	was	 shown	 to	be	 targeted	 to	 the	p21	promoter	 in	

order	 to	 mediate	 transcriptional	 repression	 that	 was	 released	 by	 HDAC	 inhibitor	

treatment	 (Simboeck	 et	 al.	 2010).	 These	 observations	 suggest	 that	 a	 PP2A-HDAC	

complex	can	interact	on	chromatin	to	mediate	transcriptional	regulation.		

	

Increased	 integration	 near	 p53	 binding	 sites	 was	 a	 surprising	 observation	 following	

PP2A	 inhibition	 and	 knockdown,	 because	 Jurkat	 cells	 are	 p53-null	 (Karpinich	 et	 al.	

2006).	However,	these	sites	may	be	downstream	of	conserved	pathways	that	persist	in	

the	 absence	 of	 p53	 or	 they	 may	 be	 examples	 of	 p53	 binding	 sites	 that	 can	 also	 be	

redundantly	bound	by	related	proteins	such	as	p73	which	 is	expressed	 in	 Jurkat	 cells	

(Smeenk	 et	 al.	 2008).	 PP2A	 is	 an	 important	 regulator	 of	 p53	 activity.	 At	 least	 three	

different	 serine/threonine	 residues	 of	 p53	 have	 been	 reported	 to	 be	 targets	 of	

dephosphorylation	by	PP2A	and	result	in	modulation	of	p53’s	transcriptional	activation	

and	DNA	damage	response	functions	(Dohoney	et	al.	2004;	Li	et	al.	2007;	Mi	et	al.	2009).	

PP2A	phosphatase	activity	also	regulates	p53’s	chromatin	binding	abilities	(Takanaka	et	
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al.	1995)	and	B’	γ	and	B’	ε	have	been	specifically	implicated	in	several	PP2A	interactions	

with	p53	(Li	et	al.	2007;	Shouse	et	al.	2010;	Jin	et	al.	2010).		

	

PP2A	has	also	been	shown	to	control	the	activity	of	STAT1.	PP2A	is	recruited	to	STAT1,	

by	mammalian	 target	 of	 rapamycin	 (mTOR),	 and	 inhibition	 of	 either	mTOR	 or	 PP2A	

resulted	in	increased	translocation	of	STAT1	to	the	nucleus	and	transcription	of	STAT1	

constitutive	and	interferon-stimulated	genes	(Fielhaber	et	al.	2009).	PP2A	expression	is	

also	 important	 for	 hepatitis	 C	 virus	 (HCV)	 pathogenesis.	 	 HCV	 up-regulates	 PP2A	

expression	in	order	to	down-regulate	STAT1-mediated	activation	of	interferon	response	

genes	 (Shanker	 et	 al.	 2013).	 In	 this	 study,	 integration	 in	 proximity	 to	 constitutive	

binding	 sites	 of	 STAT1	 was	 increased	 by	 PP2A	 inhibition,	 but	 not	 integration	 in	

proximity	to	IFN-stimulated	STAT1	binding	sites.		

	

Finally,	integration	in	proximity	to	the	occupancy	sites	of	the	HAT	p300	was	increased	

by	 PP2A	 inhibition.	 PP2A	 has	 been	 implicated	 as	 a	 negative	 regulator	 of	 p300.	

Overexpression	of	the	B’	γ3	isoform	following	HDAC	inhibitor	treatment	resulted	in	B’	

γ3	mediated	reduction	of	p300	by	targeting	it	for	proteasomal	degradation	(Chen	et	al.	

2005).	As	reported	by	Melamed	et	al.	(2013)	the	proportion	of	UIS	in	the	entire	dataset	

that	 lie	 near	 to	 the	 specified	 chromatin	 occupancy	 sites	 is	 a	minority.	Melamed	 et	 al.	

(2013)	proposed	that	this	was	due	to	the	fact	that	these	factors	do	not	directly	recruit	

the	integration	machinery,	but	that	they	may	enhance	the	efficiency	of	integration.	This	

hypothesis	could	help	explain	why	integration	near	the	HAT	chromatin	occupancy	sites	

has	 increased	 during	 PP2A	 knockdown,	 because	 any	 boost	 to	 the	 efficiency	 of	

integration	in	the	absence	of	normal	PP2A	functions	would	lend	an	advantage	to	these	

sites.		
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 Directions	for	future	research	6.7

Certain	important	functions	of	PP2A	have	been	reported	at	centromeric	and	telomeric	

regions	of	the	genome	through	interactions	with	Aurora	B	and	the	Shugoshin	complexes	

(Tashiro	et	al.	2016;	Meppelink	et	al.	2015;	Kitajima	et	al.	2006;	Tanno	et	al.	2010).	In	

addition,	integration	near	to	inhibitory	epigenetic	marks	is	slightly	favoured	for	de	novo	

integration,	and	these	integration	sites	increase	when	PP2A	knockdown	or	inhibition	is	

present.	H3K9me3	in	particular	 is	associated	with	the	marking	of	centromeric	regions	

(Martins	et	al.	2016).	These	regions	are	difficult	to	study	because	they	contain	repetitive	

sequences	which	are	difficult	 to	 reliably	 sequence	and	map	 (reviewed	by	Treangen	&	

Salzberg	 2013).	 This	 has	 led	 to	 gaps	 in	 the	 reference	 genomes	 representing	 these	

regions.	 In	 addition,	 post-sequencing	 quality	 control	 procedures	 filter-out	 integration	

sites	 from	 repetitive	 regions	 due	 to	 ambiguous	 mapping	 to	 the	 reference	 genome.	

Therefore,	a	missing	entity	in	HTLV-1	preferential	integration	could	be	integration	into	

or	near	these	regions.	As	methods	for	the	sequencing	and	mapping	of	centromeric	and	

telomeric	 regions	 improve,	 this	 should	 be	 an	 avenue	 of	 HTLV-1	 integration	 research	

that	is	revisited.		

	

Many	 of	 the	 studies	 discussed	 earlier	 used	 ChIP	 at	 specific	 promoters	 or	 genomic	

regions	 to	 demonstrate	 that	 PP2A	 can	 associate	 in	 close	 proximity	with	 chromatin.	 I	

believe	that	a	future	avenue	of	research	should	aim	to	use	ChIP-seq	to	establish	PP2A’s	

global	 chromatin	 occupancy	 profile,	 specifically	 the	 occupancy	 profile	 of	 PP2A-B’	 γ.	

Further,	ChIP-seq	experiments	could	also	aim	to	provide	a	genome-wide	profile	of	the	

histone	3,	serine	10	phosphorylation	mark	which	is	targeted	by	PP2A,	especially	when	

present	 in	 combination	with	 lysine	 14	 acetylation.	 The	 distribution	 of	 this	 epigenetic	

mark	 along	 with	 PP2A’s	 chromatin	 occupancy	 could	 then	 be	 compared	 to	 the	

distribution	of	de	novo	HTLV-1	integration	sites.	

	

In	 this	 study,	B’	 subunit	 knockdown	down	appears	 to	 result	 in	 the	 recovery	 of	 fewer	

integration	sites	compared	 to	control	shRNA	treated	and	nil	 shRNA	treated	cells.	This	

may	reflect	a	reduced	efficiency	of	integration	in	the	absence	of	PP2A	function.	Future	

work	using	techniques	such	as	Alu-PCR	to	measure	integrated	proviruses,	and	qPCR	to	
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quantify	the	formation	of	2-LTR	circles	will	be	useful	in	determining	if	the	efficiency	of	

HTLV-1	integration	is	indeed	reduced	in	the	presence	of	PP2A	knockdown.	

	

Over	 the	 course	 of	 this	 research,	 experiments	 with	 PP2A	 inhibitors	 and	 shRNAs	

targeting	 PP2A	 subunits	 have	 yielded	 results	 supporting	 the	 conclusion	 that	 PP2A	

influences	HTLV-1	 integration	 site	 selection.	 Treatment	 of	 cells	with	 PP2A	 inhibitors,	

which	 broadly	 affect	 the	 enzymatic	 activity	 of	 PP2A	 complexes,	 lead	 to	 robust	 but	

modest	reductions	 in	the	 integration	site	preference	of	HTLV-1	that	are	broadly	dose-

dependent.	 Experiments	 using	 shRNAs	 targeting	 specific	 PP2A	 subunits,	 especially	

shRNAs	 targeting	 the	 nuclear	 B’	 subunits,	 revealed	 that	 the	 same	 effect	 of	 reducing	

preferential	HTLV-1	integration	could	be	achieved	through	targeted	disruption	of	PP2A-

B’	holoenzymes.	Therefore,	the	PP2A	inhibitor-treated	dataset	offered	the	most	robust	

evidence	 that	 reducing	PP2A	 function,	 through	enzymatic	 inhibition,	 leads	 to	 reduced	

preferential	integration,	but	results	from	the	B’	shRNA-treated	dataset	yielded	the	most	

mechanistic	 insight	 into	 which	 PP2A	 complexes,	 ie	 the	 PP2A-B’	 complexes,	 are	

mediating	integration	site	selection.		

	

However,	the	ubiquitous	nature	of	PP2A’s	functions	has	led	to	concerns	that	the	altered	

integration	profile	seen	as	a	result	of	PP2A	inhibition	or	knockdown	is	as	a	result	of	off-

target	 effects	 or	 the	 disruption	 of	 functions	 downstream	 of	 PP2A.	 To	 overcome	 any	

lingering	 uncertainties	 in	 the	 interpretation	 of	 results	 from	 PP2A	 inhibition	 and	

knockdown,	 future	 work	 should	 aim	 to	 specifically	 disrupt	 the	 interaction	 between	

HTLV-1	IN	and	PP2A-B’	at	the	protein	interaction	level.	To	this	effect,	work	has	already	

been	published	that	has	established	the	interface	on	PP2A-B’	γ	that	mediates	interaction	

with	HTLV-1	IN	and	on-going	work	is	aiming	to	establish	the	interface	of	HTLV-1	IN	that	

mediates	interaction	with	B’.	This	could	lead	to	the	development	of	HTLV-1	viruses	that	

are	mutated	to	alter	their	B’-binding	ability.	Because	it	is	not	possible	to	generate	PP2A-

null	cells,	experiments	with	HTLV-1	IN	mutants	could	provide	the	most	specific	analysis	

of	altered	integration	site	selection.		
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 Conclusions	6.8

As	a	review	of	the	literature	on	PP2A	can	attest,	PP2A	is	an	extremely	attractive	target	

for	HTLV-1,	and	deltaretroviruses,	as	an	 IN	co-factor.	PP2A	 is	ubiquitously	and	highly	

expressed	 in	 all	 cell	 types;	 including	 T-lymphocytes,	 and	 therefore	 would	 be	 rapidly	

encountered	by	 incoming	HTLV-1	virus	during	 infectious	 spread.	 PP2A	 functions	 also	

span	the	cytoplasm	and	nucleus	and	within	the	nucleus,	B’	γ	and	B’	δ	subunits	are	highly	

expressed.	 PP2A	 is	 involved	 in	 the	 regulation	 of	 a	myriad	 of	 functions	 in	 the	 nucleus	

ranging	 from	 transcriptional	 regulation,	 mitosis	 and	 chromosome	 segregation,	

chromatin	recruitment	of	 chromatin-modifying	proteins,	mitotic	gene	bookmarking	 to	

DNA	 damage	 repair.	 Specifically,	 PP2A-B’	 holoenzymes	 have	 been	 reported	 to	 be	

involved	 in	most	 of	 these	 functions.	 In	 addition,	 PP2A’s	 diverse	 chromatin-associated	

functions	 may	 underlie	 the	 diffuse	 pattern	 of	 preferential	 integration	 that	 is	

characteristic	of	HTLV-1.		

	

Targeting	of	HTLV-1	 to	 transcriptionally	active	regions	of	 the	genome,	 i.e.	near	genes,	

TSS,	CpG	islands	and	activatory	epigenetic	marks	associated	with	enhancers,	promoters	

and	 transcription	 elongation,	 could	 allow	HTLV-1	 to	 expand	 and	 disseminate	 rapidly	

during	 early	 infection.	 In	 addition,	 depending	 on	 individual	 host	 genetics,	

transcriptionally	active	regions	also	permit	the	establishment	of	expanded	clones,	with	

evidence	 that	 the	 integration	 profile	 of	 these	 clones	 in	 vivo	 is	 indistinguishable	 from	

HTLV-1’s	 de	 novo	 integration	 profile	 (Gillet	 et	 al.	 2011)	 attesting	 to	 this	 hypothesis.	

Therefore,	these	sites	obviously	favour	proviral	expression.	Conversely,	targeting	HTLV-

1	 integration	 to	 transcriptionally	quiescent	regions	associated	with	 the	H3K9me3	and	

H3K27me3	marks	 of	 heterochromatin	 permits	 the	 establishment	 of	 long-lived	 clones	

and	is	favourable	for	viral	persistence	through	latency.		

	

In	this	way,	the	integration	site	selection	of	HTLV-1,	through	PP2A	association,	ensures	

a	 range	of	 integration	 sites	 that	 favour	 viral	 persistence	 and	dissemination	 through	a	

variety	of	mechanisms.	

	

This	work	represents	the	first	evidence	from	a	physiological	setting	that	knockdown	or	

inhibition	of	PP2A	activity	in	live	cells,	results	in	an	altered	integration	site	preference	
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of	 de	 novo	 HTLV-1	 proviral	 integration	 sites.	 This	 work	 is	 complementary	 to	

independent	 research	 that	 has	 reported	 a	 functional	 interaction	 between	 PP2A-B’	

subunits	 and	 deltaretroviral	 INs	 (Maertens	 2016)	 as	 well	 as	 the	 discovery	 of	 a	 B’	

recognition	 motif	 in	 all	 deltaretroviral	 IN	 proteins	 (Hertz	 et	 al.	 2016).	 These	 results	

support	 the	 firm	 conclusion	 that	 PP2A-B’	 holoenzymes	 act	 as	 a	 co-factor	 of	

deltaretroviral	INs.	
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 Appendix	I	–	LMPCR	and	high-throughput	(HTP)	sequencing	primers		8.1

Table 8-1: LMPCR and HTP-sequencing primers 

Primer 
name PCR 

Forward or 
Reverse 

(5’-3’) 
Primer sequence 

Bio3 LMPCR PCR1 Forward CCTTTCATTCACGACTGACTGCCG 

Bio4 LMPCR PCR1 Reverse TCATGATCAATGGGACGATCA 

(P5)Bio5 LMPCR PCR2 Forward AATGATACGGCGACCACCGAGATCTACA
CTGGCTCGGAGCCAGCGACAGCCCAT 

P7 LMPCR PCR2 Reverse CAAGCAGAAGACGGCATACGA 

H1.MT2 
HTP 

sequencing 
Read1 

Forward CAGCCCATCCTATAGCACTCTCCAGGAG
AGAAACTTAGT 

SBS8+T 
HTP 

sequencing 
Read2 

Reverse CGGTCTCGGCATTCCTGCTGAACCGCTC
TTCCGATCT 

SBS8rev 
HTP 

sequencing 
Read3 

Forward GATCGGAAGAGCGGTTCAGCAGGAATGC
CGAGACCG 
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 Appendix	II	–	Commercially	available	primers	and	shRNAs.	8.2

Table 8-2: MISSION® shRNAs 

Catalogue Supplier Target (protein) Name in text 

TRCN0000293413 Sigma PPP2R5C (B’ γ) R5C.3 

TRCN0000293424 Sigma PPP2R5C (B’ γ) R5C.4 

TRCN0000356029 Sigma PPP2R5D (B’δ) R5D.3 

SHC202 Sigma GFP Control 

	
Table 8-3: KiCqStart® SYBR® green primer pairs 

Primer name Supplier 
Forward or 

Reverse 
Gene (protein) 

FH2_ PPP2R1A Sigma Forward ppp2r1a (PP2A-A) 

RH2_ PPP2R1A Sigma Reverse ppp2r1a (PP2A-A) 

FH2_ PPP2R5A Sigma Forward ppp2r5a (B’ α) 

RH2_ PPP2R5A Sigma Reverse ppp2r5a (B’ α) 

FH2_ PPP2R5B Sigma Forward ppp2r5b (B’ β) 

RH2_ PPP2R5B Sigma Reverse ppp2r5b (B’ β) 

FH3_ PPP2R5C Sigma Forward ppp2r5c (B’ γ) 

RH3_ PPP2R5C Sigma Reverse ppp2r5c (B’ γ) 

FH2_ PPP2R5D Sigma Forward ppp2r5d (B’ δ) 

RH2_ PPP2R5D Sigma Reverse ppp2r5d (B’ δ) 

FH3_ PPP2R5E Sigma Forward ppp2r5e (B’ ε) 

RH3_ PPP2R5E Sigma Reverse ppp2r5e (B’ ε) 

Sigma catalogue number for KiCqStart® = KSPQ12012 

*Primers in bold cannot amplify product due to low expression in Jurkat cells 
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 Appendix	III	–	Annotation	datasets	8.3

  

Table 8-4: Homo sapiens (hg18) genome annotations 

Annotation Source Cell type Reference 

RefSeq Genes 
NCBI Genome 

Browser 
NA 

(Fujita et al. 2011; Pruitt et 

al. 2007) 

CpG Islands 
NCBI Genome 

Browser 
NA 

(Fujita et al. 2011; 

Gardiner-Garden & 

Frommer 1987) 

Epigenetic Marks (ChIP-seq) 

H3K4me3 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

H3K4me1 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

H3K36me3 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

H3K27Ac GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

H3K9me3 GEO datasets Primary CD4+ T-cell (Barski et al. 2007) 

H3K27me3 GEO datasets Primary CD4+ T-cell (Barski et al. 2007) 

Chromatin occupancy sites (ChIP-seq) 

BAF155 GEO datasets HeLa 
(cervical adenocarcinoma) 

(Euskirchen et al. 2011) 

BRG1 GEO datasets HeLa 
(cervical adenocarcinoma) 

(Euskirchen et al. 2011) 

CBP GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

GATA1 GEO datasets 
K562 

(erythroleukemia 

lymphoblast) 
(Fujiwara et al. 2009) 

HDAC1 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

HDAC2 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

HDAC3 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 
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HDAC6 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

NRSF GEO datasets Jurkat 
(T-lymphoblastic) 

(Johnson et al. 2007; 

Jothi et al. 2008) 

p300 GEO datasets Primary CD4+ T-cell (Wang et al. 2010) 

p53 GEO datasets IMR90 
(fetal lung fibroblast) 

(Botcheva et al. 2011) 

Rad21 GEO datasets GM12878 
(B-lymphoblastic) 

Myers lab (2011) for 

ENCODE project 

STAT1 GEO datasets Primary CD4+ T-cell (Liao et al. 2011) 

STAT1 IFN GEO datasets 
IFN stimulated 

Primary CD4+ T-cell 
(Liao et al. 2011) 

SUZ12 GEO datasets 
K562 

(erythroleukemia 

lymphoblast) 
(Ram et al. 2011) 

TBP GEO datasets GM12878 
(B-lymphoblastic) 

Snyder lab (2012) for 

ENCODE project 

Genome expression 

RNA-seq* GEO datasets 
Jurkat 

(T-lymphoblastic) 

Myers lab (2012) for 

ENCODE project 
*hg19 annotation converted to hg18 using the LiftOver tool from UCSC Genome browser 

(http://genome.ucsc.edu/cgi-bin/hgLiftOver) 
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Table 8-5: Rattus norvegicus (rn4) annotation datasets 

Annotation Source Cell type Reference 

RefSeq Genes 
NCBI Genome 

Browser 
NA 

(Fujita et al. 2011; 

Pruitt et al. 2007) 

CpG Islands 
NCBI Genome 

Browser 
NA 

(Fujita et al. 2011; 

Gardiner-Garden & 

Frommer 1987) 

Epigenetic Marks (ChIP-seq) 

H3K4me3 GEO datasets 
Rat trophoblast 

stem cell 

(Chuong et al. 

2013) 

H3K4me1 GEO datasets 
Rat trophoblast 

stem cell 

(Chuong et al. 

2013) 

H3K27Ac GEO datasets 
Rat trophoblast 

stem cell 

(Chuong et al. 

2013) 

H3K9me3 GEO datasets 
Rat trophoblast 

stem cell 

(Chuong et al. 

2013) 

H3K27me3 GEO datasets 
Rat trophoblast 

stem cell 

(Chuong et al. 

2013) 

	


