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ABSTRACT	
Chromatin	Association	of	UHRF1	during	The	Cell	Cycle	

Bothayna	Al-Gashgari	
	

Ubiquitin-like	with	 PHD	 and	RING	Finger	 domains	 1	 (UHRF1)	 is	 a	 nuclear	 protein	

that	associates	with	chromatin.	Regardless	of	the	various	functions	of	UHRF1	in	the	

cell,	 one	 of	 its	 more	 important	 functions	 is	 its	 role	 in	 the	 maintenance	 of	 DNA	

methylation	patterns	by	the	recruitment	of	DNMT1.	Studies	on	UHRF1	based	on	this	

function	 have	 revealed	 the	 importance	 of	 UHRF1	 during	 the	 cell	 cycle.	 Moreover,	

based	 on	 different	 studies	 various	 factors	 were	 described	 to	 be	 involved	 in	 the	

regulation	of	UHRF1	with	different	functionalities	that	can	control	its	binding	affinity	

to	 different	 targets	 on	 chromatin.	 These	 factors	 are	 regulated	 differently	 in	 a	 cell	

cycle	specific	manner.	In	light	of	this,	we	propose	that	UHRF1	has	different	binding	

behaviors	 during	 the	 cell	 cycle	 in	 regard	 to	 its	 association	with	 chromatin.	 In	 this	

project,	we	first	analyzed	the	binding	behavior	of	endogenous	UHRF1	from	different	

unsynchronized	 cell	 systems	 in	 pull-down	 assays	 with	 peptides	 and	 oligo-

nucleotides.	Moreover,	to	analyze	UHRF1	binding	behavior	during	the	cell	cycle,	we	

used	 two	 different	 approaches.	 First	we	 sorted	 Jurkat	 and	HT1080	 cells	 based	 on	

their	cell	cycle	stage	using	FACS	analysis.	Additionally,	we	synchronized	HeLa	cells	to	

different	stages	of	the	cell	cycle	by	chemical	treatments,	and	used	extracts	from	cell-

sorting	and	cell	synchronization	experiments	for	pull-down	assays.	We	observed	that	

UHRF1	in	different	cell	systems	has	different	preferences	in	regard	to	its	binding	to	

H3	 unmodified	 and	 H3K9me3.	 Moreover,	 we	 detected	 that	 UHRF1,	 in	 general,	

displays	different	patterns	between	different	stages	of	cell	cycle;	however,	we	cannot	

draw	a	final	model	for	UHRF1	binding	pattern	during	cell	cycle.			
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1 Chapter	1			

1.1 Introduction		

1.1.1 Chromatin	regulation		

Chromatin	 is	 a	 complex	 of	 protein	 and	DNA	 inside	 the	 nucleus	 of	 eukaryotic	 cells.	

The	basic	core	structure	of	chromatin	is	the	nucleosome.	Nucleosome	core	particles	

are	 composed	 of	 an	 octamer	 of	 histone	 proteins,	 two	 of	 each	 of	 four	 different	

histones:	H2A,	H2B,	H3	and	H4.	147	base	pairs	of	DNA	are	wrapped	around	 these	

proteins	to	form	nucleosome	core	particle.	Nucleosome	core	particles	are	compacted	

by	 linker	 DNA	 and	 linker	 histone	 (H1)	 to	 form	 a	 higher	 order	 structure	 of	

chromatin1.	Moreover,	 the	crystal	structure	of	 the	nucleosome	revealed	that	 the	N-

terminal	 tail	 of	 histones	 could	 also	 extend	 to	 adjacent	 nucleosomes.	 This	 finding	

suggested	 that	 histone	 tails	may	 alter	 the	 overall	 structure	 of	 chromatin	 based	 on	

their	 posttranslational	 modifications	 (PTM)2.	 PTMs	 of	 histone	 tails,	 which	 include	

methylation,	 acetylation,	phosphorylation	and	ubiquitination	act	 also	as	a	platform	

for	other	proteins	that	associate	with	chromatin3.	These	proteins	can	be	involved	in	

gene	 regulation,	 DNA	 replication,	 and	 other	 functions	 that	 control	 chromatin	

structure	 3.	One	of	 the	 important	 functions	of	 chromatin	associated	proteins	 is	 the	

maintenance	of	DNA	methylation	patterns	during	DNA	replication	 for	 cell	division;	

various	proteins	are	known	to	recognize	DNA	methylation	and	histone	modifications	

4.	 However,	 the	 complete	 mechanism	 of	 the	 recruitment	 and	 regulation	 of	 these	

proteins	is	still	to	be	understood.		
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1.1.2 Ubiquitin-like	with	PHD	and	RING	Finger	domains	1	(UHRF1)	

1.1.2.1 UHRF1	domains	and	binding	targets		

Ubiquitin-like	with	 PHD	 and	RING	Finger	 domains	 1	 (UHRF1)	 is	 a	 nuclear	 protein	

that	associates	with	chromatin.	This	protein	 is	unique	 in	 that	 it	can	recognize	both	

histone	 posttranslational	 modification	 and	 hemi-methylated	 DNA.	 UHRF1	 is	

composed	of	five	main	domains	(Figure	1)	that	bind	differently	to	chromatin.	First	is	

an	N-terminal	ubiquitin-like	domain	(UBL),	which	might	be	linked	to	the	regulation	

of	the	protein.	The	second	domain	is	the	tandem	tudor	domain	(TTD)	that	displays	

specific	 binding	 affinity	 to	 modified	 H3K9me2/3.	 The	 third	 domain	 is	 the	 plant	

homeo-domain	 (PHD),	 which	 can	 recognize	 the	 unmodified	 N-terminus	 of	 the	

histone	 H3	 to	 bind	 to	 H3R25.	 	 The	 fourth	 domain	 is	 the	 SET	 and	 RING-associated	

(SRA)	 domain,	 which	 shows	 specific	 preference	 for	 hemi-methylated	 CpG	 during	

semiconservative	 replication6.	 The	 last	 domain	 is	 the	 C-terminal	 really	 interesting	

new	 gene	 (RING)	 domain,	which	 represents	 the	 ubiquitin	 ligase	 activity	 of	 UHRF1	

and	 can	 monoubiquitinate	 H3K23	 as	 well	 as	 H3K18,	 these	 modifications	 were	

identified	 as	marks	 for	 the	 DNA	methyltransferase	 1	 (DNMT1)	 recruitment	 to	 the	

replication	fork	7,8.	All	domains	are	linked	by	linker	regions	that	have	a	proposed	role	

in	the	regulation	of	the	conformational	status	of	UHRF1.	For	example,	the	binding	of	

the	 linker	 2	 region	 to	 the	 TTD	 domain	 can	 enhance	 the	 binding	 of	 UHRF1	 to	

H3K9me3.	On	the	other	hand,	binding	of	the	linker	between	SRA	and	RING	domain,	

polybasic	 region	 (PBR),	 to	 TTD	 can	 block	 the	 binding	 of	 TTD	 to	 H3K9me39.	

Moreover,	other	studies	demonstrated	the	importance	of	the	linker	2	region	on	the	

stability	of	UHRF1	to	prevent	its	degradation10,11.					
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Figure	1:	Representative	scheme	of	UHRF1	domains.	The	first	domain	is	ubiquitin-like	(UBL).	The	
second	 domain	 is	 the	 Tandem	 Tudor	 domain	 (TTD),	 which	 binds	 to	 H3K9me2/3,	 followed	 by	 the	
linker	2	region.	The	third	domain	is	a	plant	homeodomain	(PHD)	that	binds	to	unmodified	H3R2.	The	
fourth	domain	is	the	SET	and	RING	associated	domain	(SRA),	which	recognizes	hemi-methylated	DNA,	
followed	 by	 the	 polybasic	 region	 (PBR).	 The	 last	 domain	 is	 the	 really	 interesting	 new	 gene	 (RING)	
domain,	which	mono-ubiquitinates	H3K18	as	well	as	H3K23.	
	

1.1.2.2 UHRF1	function	and	regulation	by	different	factors		

Regardless	of	the	various	functions	of	UHRF1	in	the	cell,	one	of	 its	more	important	

functions	 is	 its	 role	 in	 the	 maintenance	 of	 DNA	 methylation	 patterns	 by	 the	

recruitment	 of	 DNMT1.	 The	 presence	 of	 this	 protein	 is	 fundamental	 for	 cellular	

regulation,	as	studies	have	shown	that	deletion	of	Uhrf1	in	mouse	embryonic	cells	is	

lethal	12.	Moreover,	global	de-methylation	in	embryonic	stem	cells	(ESCs)	is	linked	to	

the	reduction	of	UHRF1,	which	impairs	the	guiding	of	DNMT1	to	specific	sites	in	the	

genome	 13.	 Various	 studies	 have	 proposed	 different	 factors	 that	 might	 play	 an	

important	 role	 in	 the	 regulation	 and	 activity	 of	 UHRF1.	 These	 factors	 included	

protein	 de-ubiquitinases,	 kinases,	 phosphatidylinositol,	 lncRNA,	 PTMs,	 and	

ubiquitination	11,14–18.	

	

1.1.2.3 Posttranslational	modifications	PTMs	

PTMs	 on	 the	 H3	 tail	 and	 UHRF1	 were	 also	 associated	 with	 UHRF1	 binding	 to	

chromatin.	Methylation	of	H3K9	mediates	the	binding	of	the	UHRF1	TTD	domain	to	

histones,	which	was	shown	to	contribute	 to	UHRF1	activity	 for	 the	maintenance	of	
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DNA	methylation	 19.	Moreover,	phosphorylation	of	UHRF1	at	 S298	destabilizes	 the	

binding	of	the	TTD-PHD	domains	to	the	H3	tail	10.	Also,	phosphorylation	of	UHRF1	at	

S652	and	S644	reduces	the	interaction	between	UHRF1	and	USP7;	this	reduction	in	

interaction	between	both	proteins	destabilizes	 the	binding	of	UHRF1	 to	 chromatin	

14,20.			

1.1.2.4 Phosphatidylinositol	5-phosphate	(PI(5)P)	

A	 study	 that	was	 performed	 using	 recombinant	UHRF1	 incubated	 in	HeLa	 nuclear	

extracts	 dissected	 the	 role	 of	 PI5P	 in	modulating	 the	binding	behavior	 of	UHRF1’s	

peptide	interacting	domains.	PI5P	can	shift	the	multivalent	binding	of	TTD	and	PHD	

domains	to	specific	binding	of	the	TTD	domain	to	H3K9me3	15.		Furthermore,	a	study	

performed	on	MEL	cells	revealed	that	regulation	of	PIPs	is	controlled	based	on	a	cell	

cycle	 specific	 manner.	 In	 this	 study	 they	 interpreted	 that	 levels	 of	 PI5P	 synthesis	

increased	by	G1	phase	and	decreased	by	the	end	of	S	phase	21.	This	regulation	of	PI5P	

might	correlate	with	UHRF1	associating	to	chromatin	in	a	cell	cycle	specific	manner.				

1.1.2.5 Ubiquitin	Specific	Processing	protease	7	(USP7)	

The	de-ubiquitinase	activity	of	USP7	were	proposed	in	different	studies	to	stabilize	

the	 binding	 of	 UHRF1	 to	 chromatin	 by	 an	 interaction	 between	 both	 proteins	 14,20.	

This	 stable	 interaction	was	 shown	 to	 be	 regulated	 in	 a	 cell	 cycle	 specific	manner,	

where	the	interaction	starts	by	the	beginning	of	S	phase	and	begins	to	decrease	by	M	

phase	as	explained	in	(0)	Furthermore,	another	study	suggested	that	this	interaction	

occurs	by	the	dimerization	of	DNMT1	and	USP7	during	DNA	methylation	processes	

22.	Other	studies	indicated	a	role	of	USP7	during	replication23,24.	(Jagannathan,	M.	et	
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al)	 showed	 that	 USP7	 KD	 cells	 tend	 to	 arrest	 in	 S	 phase	 due	 to	 the	 lack	 of	 USP7	

deubiquitination	 activity	 on	 H3	 tails,	 to	 unload	 proteins	 from	 chromatin	 that	

associate	with	DNA	replication	24.		

1.1.2.6 UPAT	and	PIM1	

Two	 recent	 studies	 introduced	 two	 novel	 regulators	 for	 UHRF1	 stability.	 The	 first	

study	 presented	 the	 impact	 of	 the	 lncRNA	 UPAT	 (UHRF1	 Protein	 Associated	

Transcript)	on	the	protein	level	of	UHRF1	expression	in	colon	cancer	cells.	(Taniue,	

K.	 et.	 al)	 proposed	 that	 binding	 of	 UPAT	 to	 UHRF1	 PBR	 region	 prevents	

ubiquitination	of	UHRF1	by	β-TrCP1	and	β-TrCP2	for	degradation	and	thus	increases	

its	 stability	 16.	 	 On	 the	 other	 hand,	 a	 second	 study	 identified	 PIM1	 kinase	 as	 a	

regulator	of	UHRF1.	PIM1	induces	cell	senescence	by	phosphorylating	UHRF1	S311	

to	 lead	 to	UHRF1	degradation	 in	2BS	cells	HEK293	cells.	The	 target	of	MIP1	 for	 its	

phosphorylation	activity	is	located	within	the	linker	2	region	of	UHRF1	and	has	been	

shown	to	play	a	role	in	the	stability	of	UHRF1	binding	to	the	H3	tail	11.		

	

1.1.3 UHRF1	and	cell	cycle		

1.1.3.1 UHRF1	and	DNA	replication		

As	UHRF1	has	an	 important	 role	 in	 recruiting	DNMT1	 for	 the	maintenance	of	DNA	

methylation,	different	 studies	have	 speculated	on	 the	possible	 interaction	between	

UHRF1-PCNA-DNMT1	 25,26.	 The	 interaction	 between	 UHRF1-PCNA-DNMT1	 that	

occurs	during	DNA	replication	of	 the	 cell	 cycle	 starts	when	PCNA	gets	 recruited	 to	
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the	 replication	 fork,	 hence	 synthesis	 of	 hemi-methylated	 DNA	 starts.	 Accordingly,	

UHRF1	 gets	 recruited	 and	 with	 the	 presence	 of	 hemi-methylated	 DNA	 UHRF1	

monoubiquitinates	the	H3	tail	to	recruit	DNMT1	therefore	DNA	methylation	occur	7.	

In	 light	of	 this,	 studies	have	shown	 that	 the	presence	of	hemi-methylated	DNA	can	

mediate	 the	regulation	of	UHRF1.	 In	 the	presence	and	absence	of	hemi-methylated	

DNA,	UHRF1	 can	 adopt	 two	different	 conformational	 states	 17.	 The	 conformational	

change	 of	 UHRF1	 caused	 by	 binding	 to	 hemi-methylated	 DNA	 to	 its	 SRA	 domain	

suggests	 the	 possibility	 that	 this	 specific	 conformation	 mediates	 UHRF1	

ubiquitination	 activity	 on	 the	 H3	 tail	 for	 the	 recruitment	 of	 DNMT1	 27.	 Based	 on	

unpublished	work	done	in	our	lab,	the	ubiquitination	activity	of	recombinant	UHRF1	

in	vitro	assay	can	be	detected	only	 in	the	presence	of	hemi-methylated	DNA	(Dulat	

Azhibek,	unpublished	observation).	Moreover,	one	study	analyzed	the	localization	of	

NP95	 (homolog	 for	 human	 UHRF1)	 in	 the	 nucleus	 in	 respect	 to	 PCNA	 during	

different	stages	of	cell	cycle.	(Miura,	M.	et.	al)	study	showed	that	the	co-localization	

of	 NP95	 and	 PCNA	 was	 only	 detected	 starting	 from	mid	 S	 phase	 to	 late	 S	 phase;	

however,	 in	 the	 analysis	 of	 NP95	 and	 PCNA	 localization	 for	 cells	 arrested	 in	 G1/S	

phase	 both	 proteins	 displayed	 different	 patterns	 during	 imaging	 28.	 In	 addition,	

another	 study	 demonstrated	 the	 presence	 of	 both	 UHRF1	 and	 PCNA	 in	 the	

immunoprecipitation	of	DNMT1	29.	Further	study	analyzed	the	association	of	UHRF1	

and	 DNMT1	 with	 chromatin	 in	 HeLa	 cells.	 Based	 on	 immunoblotting	 results,	

(Bostick,	M.	et.	al)	revealed	that	in	chromatin	fractions	from	DNMT1	KD	cells,	UHRF1	

was	 still	 associated	with	 chromatin.	 However,	 in	 the	 case	 of	 UHRF1	KD	 cells	 both	

UHRF1	and	DNMT1	were	not	associated	with	chromatin	26.	These	data	support	the	
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hypothesis	 of	 the	 recruitment	mechanism	 of	 UHRF1	 to	 the	 replication	 fork	 during	

DNA	replication	in	S	phase,	recruiting	DNMT1.		Regardless	of	studies	that	emphasize	

the	 role	 of	 UHRF1	 during	 only	 S	 phase	 only	 in	 DNA	 replication,	 a	 study	 were	

performed	using	HCT116	cells	demonstrated	that	depletion	of	UHRF1	can	cause	cell	

arrest	in	G2/M	phase.	This	proposes	a	role	of	UHRF1	throughout	the	cell	cycle	in	all	

stages	30.	

	

1.1.3.2 Association	of	UHRF1	with	chromatin	during	cell	cycle		

Studies	 of	 UHRF1	 in	 regard	 to	 cell	 cycle	 showed	 its	 fundamental	 role	 by	 its	

association	 with	 chromatin	 through	 its	 binding	 to	 both	 DNA	 and	 histones.	 Thus	

studies	 analyzed	 its	 interaction	 with	 chromatin	 during	 cell	 cycle.	 One	 study	 with	

HeLa	cells	stated	the	importance	of	UHRF1s	interaction	with	chromatin	through	all	

cell	 cycle	 stages,	 especially	 during	 M	 phase	 where	 it	 stabilizes	 the	 interaction	 of	

DNMT1	 to	 chromatin	 12.	 In	 contrast,	 other	 studies	 demonstrated	 that	 as	 the	 cell	

enters	 M	 phase,	 UHRF1	 degrades	 after	 it	 dissociates	 from	 chromatin.	 One	 study	

suggested	that	the	reduced	physical	interaction	between	USP7	and	UHRF1	during	M	

phase	by	phosphorylation	of	UHRF1	 lead	 to	UHRF1	degradation	by	ubiquitination.	

This	study	were	performed	using	HeLa,	HCT116	and	HEK293	cells	20.	A	further	study	

was	 preformed	 using	 recombinant	 human	 UHRF1	 in	 Xenopus	 egg	 extract	 showed	

that	as	chromatin	progresses	through	cell	cycle	UHRF1	association	starts	to	decrease	

by	M	phase	due	to	the	ubiquitination	of	UHRF1	31.		
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Figure	2:	Representative	scheme	of	UHRF1	association	with	chromatin	during	DNA	replication.	
As	 DNA	 replication	 gets	 initiated	 during	 S	 phase	 ,	 PCNA	 gets	 recruited	 to	 the	 replication	 fork	 .	
Followed	by	recruitment	of	UHRF1	to	bind	to	H3K9me3	by	its	TTD	domain,	H3R2	unmodified	by	PHD	
domain	 and	hemi-methylated	DNA	by	 SRA	domain.	 Subsequently,	UHRF1	monoubiquitinate	H3K18	
or/and	 H3K23	 to	 recruit	 DNMT1	 to	 process	 with	 DNA	 methylation.	 This	 mechanism	 of	 UHRF1	
recruitment	and	stability	to	chromatin	can	be	regulated	by	different	proposed	factors	as	PI5P,	USP7,	
UPAT	and	MIP1.					
	

	

	

	

	

	



	

	

19	

1.2 Current	project	of	UHRF1	and	the	cell	cycle	

1.2.1 Hypothesis	of	presented	thesis		

Since	UHRF1	 is	 involved	 in	 the	maintenance	 of	DNA	methylation	 patterns,	we	 can	

assume	 that	 its	 role	 during	 the	 cell	 cycle	 is	 fundamental.	 Moreover,	 based	 on	

different	studies	various	 factors	were	described	 to	be	 involved	 in	 the	regulation	of	

UHRF1	with	different	functionalities	that	can	control	its	binding	affinity	to	different	

targets	 in	 the	 chromatin.	 These	 factors	 are	 regulated	 differently	 in	 a	 cell	 cycle	

specific	manner.	Thus	we	can	propose	 that	UHRF1	has	different	binding	behaviors	

during	the	cell	cycle	in	regard	to	its	association	with	chromatin.		

1.2.2 Objective		

The	purpose	of	this	project	is	to	analyze	the	binding	behaviors	of	UHRF1	to	different	

modified	 peptides	 and	 differently	 methylated	 oligo-nucleotides	 during	 different	

stages	of	cell	cycle	in	order	to	grasp	a	better	understanding	of	the	action	of	UHRF1	in	

the	cell.		
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2 Chapter	2	

2.1 Materials		
Generally	 used	 chemicals,	 equipment,	 media	 and	 cells	 are	 listed	 in	 (Table	 1).	

Chemicals	 were	 purchased	 from	 Sigma	 Aldrich	 unless	 otherwise	 stated,	 and	 cells	

were	purchased	from	ATCC.	Primers,	peptides	and	antibodies	are	listed	in	(Table	2)	

and	(Table	3),	respectively.	

Table	1 :	Generally	used	materials		

Laboratory	Equipment		 Supplier	
Balances		 Sartorius	
ChemiDoc™MP	imaging	system		 BIO-RAD	
Quintix	balance		 Sartorius		
Q-stat	High	Voltage	Ionizer	balance		 Sartorius	
BD	Influx	Sorter		 Becton	Dickinson	
BEKEL	Mini-tube	rotator		 BEKEL	
Bioruptor®	Pico	sonicater	 Diagenode	
Centrifuge	5810R	 Eppendorf		
Centrifuge	5424R	 Eppendorf	
Corning®	LSE™	Digital	Dry	Bath	Heater		 CORNING		
Freezer	-80°C	 Thermo	scientific	
Freezer	-20°C	 Thermo	scientific	
FACS	analyzer	BD	LSR	Fortessa		 Becton	Dickinson	
HERACELL	240i	CO2	Incubator		 Thermo	scientific	
IKA	vortex	4	digital		 IKA	
Julabo	TW	12	Water	bath		 JULABO	
LABGARD	class	II	Fume	hood	 LABGARD	
Micropipette		 Eppendorf	
Mini-PROTEAN®	Electrophoresis	System	 BIO-RAD	
Mini	Trans-Blot®	Electrophoretic	Transfer	Cell	 BIO-RAD	
MagneSphere®	Technology	Magnetic	Separation	Stands	 Promega	
Olympus	Microscope	1X53	 Olympus	
SI	analytic	I	ProLab	1000	PH	meter		 SI	analytic	
Sorvall	LYNX	6000		 Thermo	scientific		
Thermo	Mixer	C	 Eppendorf		
Chemicals		 	
Acrylamide	40%	 	
Ammonium	persulfate	(APS)	 	
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β-Mercaptoethanol	 	
Bromophenol	blue	 	
Bovine	Serum	Albumin	(BSA)	 	
Calcium	Chloride	(CaCl)	 	
DMSO	 	
Dithiothreitol	(DTT)	 	
Ethanol		 VWR	chemicals	
Ethylenediamine	tetraacetate	(EDTA)	 	
Ethylene	glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic	
acid	(EGTA)	 	

Fetal	Bovine	Serum	(FBS)	 Gibco		
Glycerol	 	
HEPES		 	
Isopropanol	100%	 	
Low	fat	dry	milk		 Regilait		
Methanol		 Fisher	scientific		
Magnesium	Chloride	(MgCl)	 	
NP40	(Igepal	CA-630)	 	
Nocodazole	 	
Protease	Inhibitor	cOmplete	ULTRA	Tablets	EDTA-free	 	
Propidium	iodide	 	
Potassium	Chloride	(KCl)	 	
Phosphate	Buffered	Saline	(PBS)	 	
Ribonuclease	A	from	Bovine	pancreas		 	
Sodium	dodecyl	sulfate	(SDS)	 	
Triton™X-100	 	
Tris	base	 	
Tetramethylethylenediamine	(TEMED)	 	
Thymidine	 	
Tween-20	 	
Media	for	tissue	culture	 	
Dulbecco’s	Modified	Eagle	Medium	(DMEM)	1g/L	glucose	 Gibco		
Dulbecco’s	phosphate	buffered	saline	 Gibco	
Eagle’s	Minimum	Essential	Medium	(EMEM)	 Gibco	
Minimum	Essential	Medium,	None	essential	Amino	Acids	
(MEM-NEAA)	 Gibco	

RPMI-1640	Medium		 Gibco		
Consumables/	others		 	
75	cm2	250	ml	tissue	culture	flask		 Falcon		
10	cm	tissue	culture	plate		 Falcon	
15	cm	tissue	culture	plate	 Falcon	
Amicon®	Ultra-15	centrifugal	filter	ultracel-3K	 Amicon		
ECLTM	western	blotting	detection	reagent		 GE	Healthcare	
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ECLTM	prime	western	blotting	detection	reagent		 GE	Healthcare	
Nitrocellulose	membrane		 GE	Healthcare		
See	Blue	Plus2	pre-stained	standard		 Invitrogen		
Streptavidin	MagneSphere®	Paramagnetic	Particles	 Promega	
Vybrant®	dye	cycle	orange	stain	 Fisher	scientific	
Vybrant®	dye	cycle	violet	stain	 Fisher	scientific	
Vybrant®	dye	cycle	green	stain	 Fisher	scientific	
Water	molecular	biology	grade		 Fisher	bio-reagent		
Cells		 Origin	
HeLa	(epithelial)	 Human		
HT1080	(epithelial)	 Human		
Jurkat	(lymphocyte)		 Human	
	

Table	2 :	Primers	and	peptides		

Primers/	peptide		 Sequence	
DNA	top	biotin		 [btn]CCATGCGCTGAC	

	
DNA	bottom		 GTCAGCGCATGG	

	
DNA	methylated	top	biotin		 [btn]CCATG[5MedC]GCTGAC	

	
DNA	methylated	bottom	 GTCAG[5MedC]GCATGG	

	
H3	1-20	unmodified	biotin		 ARTKQTARKSTGGKAPRKQL[btn]	
H3	1-20	biotin	K9me3		 ARTKQTARKSTGGKAPRKQL[btn]	
	

Table	3 :		Antibodies		

Name	 Supplier	 Catalog	number	 Host	 Dilution	
for	W.B.	

Primary	antibody	
UHRF1	Antibody	(H-8)	 Santa	Cruz	

Biotechnology	
Sc-373750	 Mouse	 1:1000		

HP1	 EMD	Milipore	 MAB3448	 Mouse	 1:1000	
USP7	 Bethyl	

Laboratories	
A300-033A	 Rabbit	 1:1000	

Cyclin	B1	 Santa	Cruz	
Biotechnology	

Sc-245	 Mouse	 1:5000	

Cyclin	A1	 Santa	Cruz	
Biotechnology	

Sc-271682	 Mouse	 1:500	

Secondary	antibody		
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2.2 Methods	

2.2.1 Cell	culture		

Cells	 were	 passaged	 and	 maintained	 at	 37°C	 incubator	 with	 5%	 CO2	 in	 a	 tissue	

culture	flask.	All	media	were	supplemented	with	10%	FBS	and	1%	MEM-NEAA.	HeLa,	

HT1080	 and	 Jurkat	 cells	 were	 cultured	 with	 DMEM,	 EMEM	 or	 RPMI-1640	 media,	

respectively.	HT1080	cells	were	split	1:5	three	times	per	week	and	HeLa	cells	1:10	

twice	a	week.	Both	cell	types	were	washed	with	5	mL	DPBS	and	trypsinized	with	2	

mL	 of	 0.05%	Trypsin-EDTA,	 and	 then	 spun	down	 for	 5	minutes	 at	 300	 x	 g.	 Jurkat	

cells	were	split	1:4	three	times	per	week	and	washed	once	a	week	by	centrifugation	

for	10	minutes	at	200	x	g,	followed	by	re-suspension	with	fresh	media.			

2.2.2 Preparing	cells	for	sorting			

HT1080	 cells	 were	 split	 1:3	 into	 a	 15	 cm	 cell	 culture	 plate	 with	 OptiMEM	media	

supplemented	with	 1%	 FBS	 for	 two	 days	 prior	 to	 sorting.	 Based	 on	 optimizations	

cells	were	 stained	with	Vybrant®	dye	 cycle	orange	 stain	 in	order	 to	 sort	 live	 cells	

according	to	their	DNA	content	and	thus	cell-cycle	stage.	Cells	were	scraped	from	the	

plate	 and	 diluted	 if	 needed,	 and	 then	 counted	 using	 a	 hemocytometer.	 Next,	 cells	

were	centrifuged	for	5	minutes	at	300	x	g	and	then	suspended	with	OptiMEM	media	

at	a	concentration	of	1X106	cells/	mL.	For	each	1	mL	of	cell	suspension,	2.5	µL	of	dye	

Anti-Mouse	
Immunoglobulins/HRP	

Dako	 P0447	 Goat	 1:10000		

Anti-Rabbit	
Immunoglobulins/HRP	

Dako	 P0399	 Swine	 1:10000		
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were	 added	 (15	µM)	 in	 a	 15	mL	 falcon	 tube.	 Next	 cells	 were	 incubated	 in	 a	 37°C	

incubator	for	20	minutes;	cells	were	kept	in	the	dark	until	sorting.	Jurkat	cells	were	

diluted	 1:4	 and	 seeded	 into	 a	 75	cm2	tissue	 culture	 flask	 two	 days	 before	 sorting.	

Based	 on	 optimizations	 cells	 were	 stained	 with	 Vybrant®	 dye	 cycle	 orange	 stain	

following	 protocol	 provided	 by	 the	 manufacturer	 5	mL	 of	 cell	 suspension	 were	

centrifuged	 for	 10	minutes	 at	 200	x	 g	 and	 then	 suspended	with	 5	mL	RPMI	media	

supplemented	 with	 1%	 FBS	 and	 1%	 MEM-NEAA.	 Cells	 were	 counted	 using	 a	

hemocytometer	and	diluted	to	1X106	cells/	mL	of	RPMI	media.	For	each	1	mL	of	cell	

suspension,	 2	µL	of	dye	were	 added	 for	 a	 final	 concentration	of	10	µM	 in	 a	15	mL	

falcon	tube.	Next	cells	were	incubated	in	a	37°C	incubator	for	30	minutes;	cells	were	

kept	in	the	dark	until	sorting.	Fresh	sets	of	stained	cells	were	prepared	every	3	hours	

to	prevent	cells	from	dying	due	to	being	at	un-favorable	conditions.		

2.2.3 Cell	sorting	by	flow-cytometry		

Cells	stained	with	Vybrant®	dye	orange	were	sorted	at	our	in-house	facility	using	a	

BD	influx	sorter	to	sort	cells	based	on	their	cell	cycle	stage:	G1	phase,	early	S	phase,	

late	S	phase	and	G2/M	phase.	The	dye	was	excited	with	a	laser	light	of	488	nm	and	

emission	was	measured	 using	 a	 530/40	 band-pass	 filter.	 Gating	 for	 live	 cells	 was	

performed	 based	 on	 forward	 scatter	 (FSC,	 Size)	 versus	 side	 scatter	 (SSC,	 internal	

complexity)	 plot.	 Gating	 for	 single	 cells	 from	 doublets	 and	 aggregates	 was	

accomplished	 using	 a	 fluorescence-W	 (W:	 pulse	 width)	 versus	 fluorescence-A	 (A:	

integral	 of	 the	 height	 and	 the	 width	 of	 the	 pulse	 area	 which	 is	 typically	 used	 to	

measure	and	report	fluorescence	plot).	The	FSC	versus	fluorescence-A	plot	was	used	
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to	 gate	 singlet	 cells	 for	 sorting	 based	 on	 their	 fluorescence	 intensity,	 which	

corresponds	 to	 DNA	 content.	 Additionally,	 a	 histogram	 for	 cell	 counts	 versus	

fluorescence	intensity	was	displayed	to	easily	assess	the	cell	cycle	stage	(Figure	3:	).	

As	two-way	sorting	results	in	the	best	accuracy,	two	stages	of	cell	cycle	were	sorted	

at	 the	 same	 time.	 HT1080	 cells	 were	 sorted	 directly	 to	 2x	 PD150	 buffer	 (40	mM	

HEPES	 7.9	pH,	 300	mM	 KCl,	 0.4%	 triton,	 40%	 glycerol,	 2x	 Protease	 Inhibitor	

cOmplete	ULTRA	Tablets	EDTA-free)	at	room	temperature.	Jurkat	cells	were	sorted	

directly	 to	2xPD	300-0.5%T	buffer	 (40	mM	HEPES	7.9	pH,	600	mM	KCl,	 1%	 triton,	

40%	 glycerol,	 2x	Protease	 Inhibitor	 cOmplete	 ULTRA	 Tablets	 EDTA-free)	 at	 room	

temperature;	 sorted	cells	were	kept	on	 ice	until	protein	extraction	was	performed.	

Cells	were	sorted	into	2x	buffer	because	sorting	is	performed	on	cells	in	tiny	liquid	

droplets.	Therefore,	culture	medium	is	also	collected	in	this	process,	diluting	the	lysis	

buffer.	
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Figure	3:		Representative	plots	used	during	the	FACS	analysis	for	sorting.		
(I)	 First	 live	 cells	were	 gated	 based	 on	 the	 FSC	 vs.	 SSC.	 Then	 (II)	 single	 cells	were	 gated	 using	 the	
fluorescence	-A	vs.	fluorescence	W	plot.	On	the	basis	of	those	two	plots,	cell’s	counts	vs.	fluorescence	
intensity	were	used	to	display	a	histogram	plot	(III)	to	display	the	cell	cycle	profile	for	each	sample.	
Finally,	based	on	the	fluorescence	intensity	was	vs.	FCS	plot,	cells	were	gated	for	sorting	according	to	
their	cell	cycle	stage.				

2.2.4 Cell	cycle	synchronization	

In	parallel	 to	 the	sorting	approach	 for	cells	 in	different	cell	cycle	stages,	HeLa	cells	

were	blocked	and	released	in	order	to	obtain	whole	cell	extracts	from	various	phases	

of	 the	 cell	 cycle.	 HeLa	 cells	were	 arrested	 in	 early	 S	 phase	 by	 a	 double	 thymidine	

block	and	arrested	in	mitotic	phase	by	a	thymidine-nocodazole	block	as	described	in	

Whitfield	 et	 al.,	 (2002).	 For	 the	 thymidine-nocodazole	 block,	 HeLa	 cells	were	 sub-

cultured	 at	 a	 ratio	 of	 1:3	 in	 10	cm	cell	 culture	 plates.	 Cells	were	 treated	 first	with	

I.	 II.	

III.	 IV.	
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2	mM	of	 thymidine	 (stock:	100	mM	diluted	 in	PBS)	 for	24	hours	 then	washed	with	

PBS	 twice	 and	 supplemented	 with	 fresh	 medium	 for	 3	hours.	 Cells	 were	

subsequently	 treated	with	15	ng/	mL	of	 nocodazole	 (stock:	 5	mg	diluted	 in	DMSO)	

for	12	hours.	For	the	double	thymidine	block,	HeLa	cells	were	diluted	at	a	ratio	of	1:6	

in	10	cm	cell	culture	plates.	First,	cells	were	treated	with	2	mM	of	thymidine	for	18	

hours,	 then	washed	 twice	with	 PBS	 and	 supplemented	with	 fresh	medium	 for	 9	h.	

Next,	 cells	 were	 treated	 again	 with	 2	mM	 of	 thymidine	 for	 17	 hours.	 For	 cell	

synchronization	and	release,	cells	were	first	arrested	by	double	thymidine	block	as	

described	 above.	 Then,	 cells	 were	 released	 from	 thymidine	 treatment	 by	 washing	

twice	with	PBS	and	adding	fresh	medium.	Cells	were	collected	at	specific	times	that	

had	previously	been	assigned	 to	certain	phases	of	 the	cell	 cycle	 32.	Time	points	 for	

collection	were	chosen	at	30	minutes	after	release	to	make	sure	that	cells	regained	

their	normal	activity	after	thymidine	treatment,	at	three	hours,	four	hours,	six	hours,	

eight	hours,	and	twelve	hours.	These	time	points	are	expected	to	correspond	to	early	

S	 phase,	 mid	 S	 phase,	 late	 S	 phase,	 G2	 phase,	 mitotic	 phase	 and,	 G1	 phase	

respectively.	 Images	of	 cells	were	 taken	on	an	Olympus	Microscope	1X53	 to	 check	

the	morphology	of	cells.	Cells	were	harvested	by	scraping,	 then	washed	 twice	with	

PBS	 and	 centrifuged	 at	 4°C	 for	 5	minutes	 at	 300	x	g.	 Cells	 were	 counted	 using	 a	

hemocytometer	 and	 1X106	 cells	 suspended	 with	 PBS	 were	 used	 to	 continue	 with	

whole	cell	protein	extraction.	The	rest	of	the	cell	suspension	was	fixed	with	70%	cold	

ethanol	(v/v)	for	flow-cytometry	analysis;	fixed	cells	were	kept	in	the	dark	at	4°C	for	

a	maximum	of	5	days.			
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2.2.5 Cell	extraction	and	preparation	

2.2.5.1 Unsynchronized	cells		

Cells	were	cultured	in	10	cm	cell	culture	plate	for	2	days	with	required	media	based	

on	 cell	 type.	 Cells	 were	 collected	 by	 trypsinization,	 and	 then	 counted	 with	 a	

hemocytometer.	 Based	 on	 optimizations	 for	 minimum	 cell	 number	 for	 oligo-

nucleotide	and	peptide	pull-down,	1X106	cells	were	used	to	continue	for	whole	cell	

protein	 extraction.	Cells	were	washed	 twice	with	 cold	PBS,	 then	 lysed	with	PD150	

buffer	 (20	mM	HEPES	 7.9	pH,	 150	mM	KCl,	 20%	 glycerol,	 0.2%	 triton,	 1x	 Protease	

Inhibitor	cOmplete	ULTRA	Tablets	EDTA-free)	 for	15	minutes	on	 ice.	Extracts	were	

collected	after	centrifugation	for	30	seconds	at	13100	x	g	at	4°C,	then	PD300	(20	mM	

HEPES	 7.9	pH,	 150	mM	 KCl,	 20%	 glycerol,	 0.2%	 triton,	 1x	 Protease	 Inhibitor	

cOmplete	 ULTRA	 Tablets	 EDTA-free)	 was	 added	 to	 the	 remaining	 pellets	 for	 20	

minutes	on	 ice.	Extracts	were	 collected	as	before	 and	pooled	with	PD150	extracts,	

then	an	equal	amount	of	PD0	(20	mM	HEPES	7.9	pH,	20%	glycerol,	0.2%	triton,	1x	

Protease	Inhibitor	cOmplete	ULTRA	Tablets	EDTA-free)	to	PD300	was	added	to	the	

extracts	in	order	to	normalize	the	amount	of	salt	by	reducing	the	concentration	from	

300	mM	to	150	mM.	Extracts	were	snap-frozen	in	liquid	nitrogen	and	stored	at	-80˚C	

until	use.		

2.2.5.2 Sorted	cells		

Sorted	HT1080	cells	in	PD150	buffer	were	centrifuged	at	3214	x	g	at	4°C	for	10	min,	

the	 supernatants	were	 collected	and	PD300	buffer	was	added	 to	 the	pellets	 for	30	

minutes	on	ice.	Extracts	were	collected	after	centrifugation	at	3214	x	g	at	4°C	for	5	
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minutes,	and	pooled	with	previously	collected	supernatants.	As	described	in	section	

2.2.3,	cells	are	sorted	together	with	culture	medium	and	therefore	the	final	volume	of	

extract	is	around	10-15	mL.	This	amount	of	extract	from	low	cell	number	cannot	be	

used	 for	 a	 pull-down	 experiments	 or	 western	 blot.	 For	 this	 reason	 extracts	 are	

concentrated	by	 centrifugation	at	3214	x	g	 at	4°C	 in	Amicon®	Ultra-15	 centrifugal	

filter	 ultracel-3K	 until	 the	 amount	 of	 extract	 reaches	 about	 0.5	mL.	 Next,	 extracts	

were	snap-frozen	with	liquid	nitrogen	and	stored	at	-20°C	freezer	until	use.	Based	on	

optimizations	 done	 after	 the	 first	 sorting,	 Jurkat	 cells	 were	 collected	 directly	 to	 a	

high	 salt	 and	 detergent	 buffer	 (PD300-0.5T)	 in	 order	 to	 make	 sure	 that	 cells	 are	

lysed	properly	during	sorting.	Sorted	cells	were	kept	on	ice	for	one	hour	before	the	

amounts	of	salt	and	detergent	were	normalized	by	adding	an	equal	amount	of	PD0	

detergent-free	(20	mM	HEPES	7.9	pH,	20%	glycerol,	1x	Protease	Inhibitor	cOmplete	

ULTRA	 Tablets	 EDTA-free)	 to	 the	 used	 volume	 of	 lysing	 buffer.	 By	 adding	 PD0	

detergent-free	buffer	to	extracts	the	concentration	of	salt	and	detergent	will	reduce	

from	300	mM	 to	150	mM,	 and	 from	05%	 to	0.25%	 respectively.	 Sorted	 cells	were	

centrifuged	 at	 3214	 x	g	 at	 4°C	 for	 10	 minutes,	 extracts	 were	 collected,	 and	 then	

MNase	 digestion	 was	 applied	 for	 the	 remaining	 pellets.	 For	 digestion	 200	 µL	 of	

MNase	 buffer	 (20	mM	 HEPES	 pH	7.9,	 100	mM	 CaCl2,	 1.5	mM	 MgCl2,	 1x	 protease	

Inhibitor	 cOmplete	 ULTRA	 Tablets	 EDTA-free,	 10	mM	 DTT)	 was	 added	 with	 200	

units	 of	 MNase.	 The	 reaction	 was	 incubated	 at	 37°C	 for	 20	 minutes,	 followed	 by	

centrifugation	at	13000	x	g	 at	4°C	 for	5	minutes.	The	 supernatant	was	pooled	with	

the	previous	extract.	The	pellets	were	suspended	with	50	µL	of	MNase	buffer	and	10	

µL	of	6X	SDS	loading	buffer	(375	mM	Tris-HCl	pH	6.8,	0.516	M	β-	Mercaptoethanol,	
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123	mg/mL	 SDS,	 0.6	mg/mL	 bromophenol	 blue,	 and	 25.8%	 glycerol),	 incubated	 at	

96°C	for	5	minutes	then	snap-frozen	in	liquid	nitrogen	and	stored	at	-	20°C	until	use.	

The	pooled	extracts	were	concentrated	to	1.5	mL	by	centrifugation	at	3214	x	g	at	4°C	

in	Amicon®	Ultra-15	centrifugal	 filter	ultracel-3K.	Later	10	mM	EDTA,	2	mM	EGTA	

and	 1X	 Protease	 Inhibitor	 cOmplete	 ULTRA	 Tablets	 EDTA-free	were	 added	 to	 the	

concentrated	 extracts.	 150	µL	 of	 these	 extracts	 were	mixed	 with	 30	µL	 of	 6X	 SDS	

loading	buffer,	and	then	incubated	at	96°C	for	5	minutes	followed	by	snap	freezing	in	

liquid	nitrogen	and	stored	as	input	samples	at	-20°C.				

2.2.5.3 Synchronized	cells		

Collected	cells	in	PBS	were	transferred	to	1.5	mL	tube,	then	spun	down	at	13100	x	g	

for	1	minute	at	4°C.	The	supernatant	was	discarded	and	cells	were	suspended	with	

PD300-0.5%	T	buffer.	Cells	were	 incubated	on	 ice	 for	30	minutes,	 then	 the	extract	

was	 collected	 after	 centrifugation	 for	 30	seconds	 at	 13100	x	g	 at	 4°C.	 MNase	

digestion	 was	 also	 applied	 for	 remaining	 pellets	 as	 described	 above	 (2.2.5.2).	

Extracts	 from	 MNase	 digestion	 were	 pooled	 with	 previous	 extract	 and	 an	 equal	

amount	 of	 PD0	 detergent-free	 to	 PD300-0.5%	 T	 was	 added.	 Extracts	 were	 snap-

frozen	with	liquid	nitrogen	and	stored	at	-80°	freezer	until	use.		

	

2.2.6 Preparing	oligonucleotide		

In	 order	 to	 prepare	 differently	 methylated	 dsDNA	 oligonucleotide	 for	 pull	 down	

experiments,	 four	 ssDNA	 oligonucleotides	 were	 used	 (Table	 2).	 The	 ssDNA	

oligonucleotides	 were	 diluted	 with	 molecular	 biology	 grade	 water	 to	 a	 final	
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concentration	of	100	µM.		Oligonucleotides	were	mixed	as	indicated	in	(Table	4)	with	

final	 concentration	 of	 50	 µM.	 Oligonucleotides	were	 then	 denatured	 at	 96°C	 for	 5	

minutes	and	 left	 to	anneal	over-night	at	room	temperature.	For	 the	purpose	of	our	

experiments,	 three	 differently	 methylated	 DNA	 oligo-nucleotides	 were	 prepared:	

fully-methylated	DNA,	hemi-methylated	DNA	and	non-methylated	DNA.	 In	order	 to	

validate	the	annealing	of	the	prepared	oligonucleotides,	samples	were	run	on	a	15	%	

acrylamide	gel	 (15%	acrylamide,	0.1%	APS,	0.0027	mM	TEMED,	diluted	 in	1X	TBE	

buffer).	Gel	was	run	using	Mini-PROTEAN®	electrophoresis	system.	Afterwards,	the	

gel	was	 stained	with	 ethidium	bromide	 (0.5x104	µg/µL)	 for	 20	minutes	 in	 1X	 TBE	

buffer	 (10.8	g/L	Trisbase,	5.56	g/L	boric	acid	and	0.5	M	EDTA	pH	8),	 and	 the	DNA	

was	detected	using	the	ChemiDoc™MP	imaging	system	(Figure	5)	

	

Table	4 :	Prepared	oligonucleotides	
Name	 Used	ssDNA	oligonucleotides	
Full-methylated		 DNA	methylated	top	biotin	+	DNA	methylated	bottom	
Hemi-methylated	 DNA	top	Biotin	+	DNA	methylated	bottom	
Non-methylated		 DNA	top	Biotin	+	DNA	bottom	

	

2.2.7 Peptide	and	oligo-nucleotide	pull-down	assay	

For	 pull-down	 experiments	 40	 µL	 Streptavidin	 MagneSphere®	 Paramagnetic	

Particle	suspension	were	used	per	sample.	The	beads	were	washed	three	times	with	

PD150	buffer,	 and	buffer	was	 collected	 after	placing	 tubes	 in	magnetic	 rack.	Then,	

peptides	or	oligonucleotides	were	added	to	the	beads.	For	each	pull-down	10	µg	of	

peptides	 and	 7.5	 µM	 of	 oligonucleotides	 were	 suspended	 with	 PD150	 buffer.	 In	

addition,	a	mock	tube	was	prepared	containing	only	water	with	PD150	buffer.	Beads	
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were	incubated	on	a	rotator	at	room	temperature	for	1	hour,	and	then	washed	three	

times	with	PD150	buffer.	Cell	extracts	were	added	to	the	beads	and	pull-downs	were	

performed	at	4°C	on	a	rotator	for	4	hours	or	over-night,	in	the	case	of	extracts	from	

sorted	cells.	Afterwards,	supernatants	were	discarded	and	beads	were	washed	three	

or	four	times	(for	sorted	cells)	with	PD150	buffer	for	5	minutes	on	a	rotator	at	4°C.	

Afterwards,	beads	were	spun	down	at	13100	x	g	for	3	seconds	in	order	to	collect	all	

excess	 buffer.	 35	 µL	 of	 1X	 SDS	 loading	 buffer	were	 added	 to	 each	 tube	 (6X	 buffer	

diluted	 in	 PBS)	 and	 beads	 were	 incubated	 at	 96°C	 in	 order	 to	 elute	 all	 proteins;	

samples	were	either	collected	and	stored	at	-20°C	or	loaded	directly	to	gels	for	SDS-

PAGE.			

2.2.8 Western	blot		

12%	 polyacrylamide	 gels	 (12%	 acrylamide,	 0.39	 M	 Tris	 p/SDS	 pH	 8.8,	 10%	 SDS,	

0.1%	APS	and	0.0027	mM	0.27x10-5M	TEMED)	were	prepared	to	separate	proteins.	

30	µL	of	eluate	from	pull	downs	and	8	µL	of	ladder	were	loaded.	Gels	were	run	first	

at	 35	mA	 per	 gel	 for	 15	 minutes	 then	 at	 50	mA	 using	 Mini-PROTEAN®	

electrophoresis	system.	Then	proteins	were	blotted	onto	a	nitrocellulose	membrane	

using	the	Mini	Trans-Blot	cell	 for	1.5	hour	with	transfer	buffer	(3.02	g/L	Tris-base,	

14.4	g/L	glycine	and	1	g/L	SDS,	20%	(v/v)	methanol)	in	the	cold	room.	Depending	on	

the	 primary	 antibody	 used,	 the	 membranes	 were	 blocked	 for	 at	 least	 30	minutes	

with	5%	(w/v)	milk	or	2%	(w/v)	BSA	in	PBS-T	(0.05%	(v/v)	Tween-20/	PBS).	10	mL	

of	antibody	solution	was	added	to	each	membrane	(dilution	of	antibodies	according	

to	 (Table	 3)	 for	 both	 primary	 and	 secondary	 antibodies.	 Incubation	with	 primary	
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antibodies	was	done	overnight,	while	 the	secondary	antibodies	were	 incubated	 for	

one	hour	 at	 room	 temperature.	After	 incubation	with	 antibodies	membranes	were	

washed	 three	 times	 10	 minutes	 each	 with	 PBS-T.	 For	 visualization,	 ECLTM	 prime	

western	 blotting	 detection	 reagent	 was	 used	 according	 to	 the	 manufacturer’s	

instructions	 (500	 µL	 from	 each	 solution	 per	 membrane);	 the	 signal	 was	 detected	

using	the	ChemiDoc™MP	imaging	system.	

2.2.9 Antibody	testing		

Samples	 were	 prepared	 from	 cell	 lysates	 of	 different	 cell	 types.	 Cells	 cultured	 in	

10	cm	plates	were	washed	twice	with	DPBS	and	collected	by	scraping	in	1	mL	of	1x	

SDS	 loading	 buffer.	 Lysate	 were	 transferred	 to	 1.5	 ml	 tubes.	 Afterwards,	 samples	

were	 sonicated	 with	 Bioruptor®	 Pico	 sonicater	 for	 10	 min	 (30	 seconds	 off,	 30	

seconds	on	for	10	cycles).	Finally,	samples	were	incubated	for	5	min	at	96°C.		These	

samples	were	prepared	to	test	the	cell	cycle	marker	antibodies	(cyclin	A1	and	cyclin	

B1).	Western	blotting	was	performed	as	described	in	(2.2.8)	and	different	dilutions	

(1:500,	1:1000	and	1:5000)	of	 the	antibodies	were	 tested	 in	either	PBS-T	with	5%	

(w/v)	milk	or	2%	(w/v)	BSA.	

2.2.10 Analysis	of	cell	cycle	by	flowcytometry		

Cells	fixed	in	70%	ethanol	were	used	for	flowcytometry	analysis	in	order	to	validate	

the	efficiency	of	cell	synchronization.	Prior	to	analysis,	cells	were	washed	twice	with	

cold	PBS	and	centrifuged	at	500	x	g	for	10	minutes	at	4°C.	Then	50	µL	of	PI	staining	

solution	(100	µg	Propidium	iodide/	mL	in	PBS,	0.6%	NP40,	1	mg/mL	RNase	A)	was	

added	and	cell	suspensions	were	incubated	on	ice	in	the	dark	for	45	minutes.	Next,	
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400	µL	of	PBS	were	added	to	cell	suspensions,	and	cells	were	analyzed	on	a	BD	FACS	

LSR	Fortessa.	Minimally	11,000	events	were	analyzed	during	the	process.	Cells	were	

gated	 as	 described	 in	 (Figure	 3)	 in	 order	 to	 display	 a	 histogram	 plot	 of	 the	

fluorescence	 intensity,	 which	 correlates	 with	 DNA	 content	 and	 cell	 number	 and	

therefore	cell	cycle	stage.	Gating	was	based	on	a	control	sample	(unblocked	cells)	in	

order	 to	 correlate	 the	 displayed	 peak	 to	 the	 current	 stage	 of	 cell	 cycle	 for	 each	

sample.	

	

	

	

	

	

	

	

	

	

	



	

	

35	

3 Chapter	3	

3.1 Results		

3.1.1 Optimizations	for	cell	sorting	procedure		

The	main	purpose	of	this	project	is	to	analyze	the	binding	behavior	of	UHRF1	during	

different	 stages	 of	 the	 cell	 cycle	 with	 peptides	 and	 differently	 methylated	 oligo-

nucleotides	using	a	pull-down	assay.	In	order	to	obtain	cells	in	different	stages	of	the	

cell	cycle,	we	decided	to	use	a	cell-sorting	approach.	Therefore,	some	optimizations	

for	 procedure	 were	 needed.	 First	 of	 all,	 choice	 of	 dye	 and	 conditions	 needed	 for	

sorting	 live	 cells	 were	 addressed.	 Second,	 some	 limitations	 of	 cell-sorting	method	

need	 to	 be	 addressed	 in	 regard	 to	 cell	 extract	 preparations.	 During	 sorting	 the	

number	of	cells	that	can	be	sorted	with	good	accuracy	is	limited.	Moreover,	extracts	

need	 to	 be	 made	 directly	 to	 prevent	 cells	 from	 progressing	 through	 cell	 cycle;	

however,	protein	concentration	can	not	be	measured	due	to	the	presence	of	culture	

medium	 in	 the	 extracts,	 as	 explained	 in	 section	 2.2.3.	 Therefore,	 protein	

concentration	cannot	be	used	as	a	measure	of	the	amount	of	sample	per	pull-down	

experiment.	However,	after	sorting	 the	exact	number	of	cells	per	sample	 is	known,	

hence	we	decided	to	use	number	of	cells	as	the	basis	for	normalization	of	pull-down	

experiments.	

Another	 issue	caused	by	the	collection	of	culture	medium	during	sorting	process	 is	

the	dilution	of	lysis	buffer	in	the	collection	tube.	Therefore,	cells	were	directly	sorted	

into	2x	lysis	buffer;	moreover,	the	volume	of	collected	culture	medium	was	adjusted	

to	 the	 amount	 of	 lysis	 buffer,	 which	was	 controlled	 during	 the	 process	 of	 sorting.	
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Nonetheless,	 during	 standard	 whole	 cell	 extraction	 experiments,	 cells	 usually	 are	

discarded	from	medium	for	proper	extraction	before	initiating	the	process.	Since	cell	

sorting	 takes	 several	 hours	 to	 obtain	 the	 required	 cell	 number,	 discarding	 the	

collected	 medium	 from	 sorted	 cells	 cannot	 be	 applied.	 Hence	 it	 was	 decided	 to	

change	the	conditions	of	used	lysis	buffer	during	sorting.		

3.1.1.1 Dye	optimization	

The	Vybrant®	dye	we	used	in	our	experiments	works	by	staining	the	DNA	inside	the	

cell	 in	 order	 to	 differentiate	 between	 cells	 based	 on	 their	 DNA	 content.	 The	

advantages	of	using	this	dye	are	that,	unlike	PI,	it	penetrates	the	membranes	of	live	

cells	 and	 displays	 lower	 toxicity	 on	 stained	 cells	 than	 other	 dyes.	 Thus,	 we	 can	

analyze	the	behavior	of	our	target	protein	(UHRF1)	under	conditions	of	low	cellular	

toxicity.	 Further,	 pull-down	 experiments	 would	 not	 be	 possible	 from	 fixed	 cells.	

Three	different	dyes	were	tested	and	optimized	for	the	concentration	and	incubation	

time	using	the	BD	FACS	LSR	Fortessa.	For	Jurkat	cells,	the	orange	dye	resulted	in	the	

best	histogram	plot	with	the	best	separation	for	the	three	different	cell	cycle	stages	

(Figure	 4).	 However,	 due	 to	 the	 setup	 of	 the	 BD	 influx	 sorter,	 the	 recommended	

laser-filter	 combination	 (excitation	 at	 488	 nm,	 emission	 at	 585/42	 nm)	 for	 the	

orange	dye	is	not	available.	However,	for	Jurkat	cells	good	results	were	also	obtained	

with	 the	 530/30	 filter.	 For	HT1080	 cells	 violet	 and	 orange	 dye	 resulted	 in	 similar	

histogram	plots	when	cells	were	analyzed	using	 the	BD	FACS	LSR	Fortessa	(Figure	

4).	Yet,	using	the	530/30	filter	available	in	the	BD	influx	sorter,	the	results	were	not	
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reproducible.	Hence,	we	decided	 to	 continue	 in	 future	 experiments	with	 the	 violet	

dye.		

		

	

	

	

	

	

	

	

	

	

	

Figure	4:	Histogram	plots	for	tested	Vybrant®	dye.		
(A)	HT1080	cells	were	stained	with	green	dye,	orange	dye	and	violet	dye.	Resulting	histogram	plots	
are	presented	in	(I),	(II)	and	(III)	respectively.		
(B)	Histogram	plots	 for	stained	 Jurkat	cells	with	green	dye	and	violet	dye	 in	 (I)	and	(II).	Histogram	
plots	for	Jurkat	cells	stained	with	orange	dye	using	585/42	filter	for	emission	(IV)	and	530/30	filter	
(III).	
(C)	 Scheme	 for	 staining	 procedure:	 cultured	 cells	 were	 collected	 and	 counted.	 Then	 based	 on	 cell	
number	cells	were	stained	with	dye	and	incubated.		Stained	cells	sent	for	analysis.				
	

I.	

II.	

II.	 III.	

I.	

III.	 IV.	

A.	

B.	
C.	
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3.1.1.2 Number	of	cells	needed	for	pull-down		

In	order	to	normalize	the	amount	of	extracts	added	to	the	pull-downs	from	different	

samples,	 we	 optimized	 for	 the	 minimum	 number	 of	 cells	 needed	 per	 pull-down	

assay.	 Several	 pull-down	 experiments	 were	 done	 using	 extracts	 prepared	 from	

different	 cell	 numbers	 in	 various	 cell	 lines	 and,	 based	 on	 the	western	 blot	 results	

after	pull-down	it	was	decided	that	extracts	prepared	from	cell	number	of	0.5x106	up	

to	1x106			cells	are	efficient	for	pull-down	experiments	(Figure	5).		

	

	

	

	

	

	
	

Figure	5:	Number	of	cells	needed	per	pull-down.			
Western	blot	images	for	pull-downs	with	H3	unmodified	peptide	and	H3K9me3	preformed	with	low	
cell	 number	 extracts.	Upper	blots	 show	 results	 for	 0.5x106	cells	 extracts,	 and	 lower	blots	 represent	
results	of	1x106	 cells	 extracts.	On	 the	 left,	 images	 show	results	 for	pull-down	performed	with	HeLa	
cells	 extracts,	 and	 on	 the	 right	 images	 show	 results	 for	 pull-downs	 performed	 with	 HT1080	 cells	
extracts.	
(B)	 Image	 shows	 detected	 prepared	 oligo-nucleotide	 for	 pull-down	 experiment	 after	 staining	 with	
ethidium	bromide.						
	

3.1.1.3 Conditions	needed	for	whole	cell	extraction	

The	 concentration	of	 salt	 and	detergent	 in	 lysis	 buffers	 from	protocol	 used	during	

cell	sorting	was	standardized	based	on	standard	methods	where	cells	are	discarded	

from	culture	medium;	however,	sorted	cells	cannot	be	discarded	from	media.	Thus,	

A.	 B.	
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we	verified	whether	using	higher	concentrations	of	salt	and	detergent	during	whole	

cell	 extraction	 can	 affect	 the	 normal	 behavior	 of	 UHRF1	 during	 pull-down	

experiment.	In	order	to	do	so,	we	prepared	extracts	of	1x106	cells	from	HT1080	cell	

line	lysed	with	2x	lysis	buffer	(300	mM	of	salt,	and	0.5	%	of	detergent),	diluted	with	

an	 equal	 amount	 of	medium	 at	 room	 temperature.	 Based	 on	western	 blot	 images	

after	 pull-down	 with	 peptides	 and	 oligonucleotides,	 it	 was	 concluded	 that	 the	

amount	of	salt	does	not	affect	the	normal	binding	behavior	of	UHRF1	if	adjusted	to	a	

lower	 salt	 concentration	 after	 extraction	 (from	 300	 mM	 to	 150	 mM)	 (Figure	 6).	

However,	 using	 a	 higher	 percentage	 of	 detergent	 resulted	 in	 unspecific	 binding	 of	

UHRF1	to	the	mock	beads.	Accordingly,	 it	was	decided	to	adjust	also	the	amount	of	

detergent	after	extraction	 in	 future	experiments	(Figure	6).	Furthermore,	since	our	

target	 protein	 UHRF1	 interacts	 with	 chromatin	 2,	 it	 was	 decided	 to	 apply	 MNase	

digestion	to	the	remaining	pellets	after	cell	extraction	as	described	in	method	section		

(2.2.5.2)	in	order	to	completely	extract	UHRF1	from	obtained	cells.		
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Figure	 6:	 Analyzing	 UHRF1	 behavior	 in	 pull-down	 assay	 with	 different	 cell	 extaction	
conditions.		
Images	show	the	binding	of	UHRF1	and	HP1	(control)	with	peptides	and	oligonucleotides	that	were	
analyzed	by	western	blotting	after	pull-down	experiments.	On	 the	 left	blots	were	probed	with	anti-
UHRF1	and	on	the	right	blots	 that	were	probed	with	anti-HP1	β.	All	extracts	were	treated	with	300	
mM	salt	and	0.2%	or	0.5%	detergent	as	indicated	beside	each	image.	Salt	concentration	in	extracts	in	
upper	two	blots	was	normalized	to	150	mM	after	extraction.		During	pull-down	washes	of	beads	were	
applied	with	PD150	buffer	(150	mM	salt).		
	

3.1.2 UHRF1	binding	patterns	to	peptides	and	oligonucleotides		

Based	 on	 available	 data	 different	 behavior	 of	 UHRF1	 was	 observed	 based	 on	

different	 systems	and	cell	 lines	used	 to	study	UHRF1,	which	can	relate	 to	different	

regulation	 of	 factors	 that	 control	 UHRF1	 behavior	 in	 different	 systems.	 Thus,	 we	

decided	 to	 analyze	 UHRF1	 binding	 behavior	 in	 regard	 to	 peptides	 and	

oligonucleotides	 in	 different	 cell	 lines.	 Further,	 for	 the	 purpose	 of	 this	 project	 we	

analyzed	 the	 behavior	 of	 UHRF1	 during	 different	 stages	 of	 cell	 cycle	 using	 cell-

sorting	 approach	 (using	HT1080	and	 Jurkat	 cells).	Moreover,	 due	 to	 complications	

and	 limitations	of	 the	 sorting	approach,	we	decided	 to	use	 in	parallel	 cell	blocking	

and	releasing	technique	(using	HeLa	cells).		



	

	

41	

	

3.1.2.1 Variations	in	UHRF1	binding	in	different	cell	lines				

UHRF1	has	been	 shown	 to	be	 regulated	by	different	 factors	 14,15	 that	 can	 affect	 its	

binding	 behavior	 to	 chromatin.	 These	 regulators	 can	 be	 expressed	 or	 synthesized	

differently	in	different	cell	lines.	Because	we	are	using	different	cell	lines,	we	wanted	

to	analyze	the	binding	behavior	of	UHRF1	in	cell	 lines	with	extracts	prepared	from	

unsynchronized	cells.	Extracts	were	prepared	from	HeLa,	U2OS,	HT1080	and	Jurkat	

cell	lines	and	used	for	pull-downs	with	peptides	and	oligo-nucleotides.	Subsequently,	

western	 blotting	 analysis	 was	 applied	 to	 analyze	 UHRF1	 as	 main	 target,	 HP1	 as	

control	 for	 peptide	 binding	 specifically	 to	 H3K9me3	 2,33	 and	 USP7	 as	 one	 of	 the	

possible	 interactors	of	UHRF1	during	DNA	maintenance	methylation	14,22.	Based	on	

resulting	images,	UHRF1	from	HeLa	and	HT1080	extracts	showed	specific	binding	to	

H3K9me3	compared	 to	unmodified	H3	(Figure	7B).	 In	contrast,	UHRF1	 from	U2OS	

and	Jurkat	extracts	displayed	similar	binding	to	both	H3K9me3	and	unmodified	H3	

(Figure	7B).	Moreover,	in	pull-downs	of	oligonucleotides,	it	can	be	seen	that	UHRF1	

displays	 similar	 binding	 to	 both	 fully-methylated	 and	 hemi-methylated	

oligonucleotides.	Furthermore,	both	HP1	and	USP7	exhibited	similar	behavior	in	all	

cell	lines	regarding	binding	to	H3K9me3	and	unmodified	H3.	Hence	we	can	conclude	

that	 the	 resulting	pattern	of	UHRF1	binding	 in	peptide	pull-down	 is	 specific	 to	 the	

cell	line	system	we	are	using.	
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Figure	7:	Binding	profile	of	UHRF1	in	different	cell	lines.		
(A)	Experimental	scheme:	cultured	cells	were	collected	and	counted.	1x106	cells	were	used	for	whole	
cell	 extraction.	 Then	 extracts	 were	 used	 for	 pull-down	 with	 modified	 H3	 peptides	 and	 differently	
methylated	oligo-nucleotides.	Eluted	captured	proteins	were	analyzed	by	western	blotting.		
(B)	 Images	 show	 binding	 profile	 of	 UHRF1,	 HP1	 (control)	 and	USP7	 in	 different	 cell	 lines.	 Starting	
from	the	top	as	stated	in	text	UHRF1	from	HeLa	display	preference	to	H3K9me3	peptide	binding		over	
H3	unmodified;	UHRF1	in	both	Jurkat	and	U2OS	display	similar	binding	to	both	peptides.	In	HT1080,	
UHRF1	show	specific	binding	to	H3K9me3	over	H3	unmodified.	Binding	of	UHRF1	to	oligonucleotides	
displayed	similar	pattern	in	all	cell	lines.		
*Results	from	HeLa	and	HT1080	cells	are	representative	of	five	replicates,	Jurkat	cells	representative	
of	two	replicates,	and	U2OS	preformed	only	once.	
*Displayed	images	were	taken	from	same	experiment	of	all	cell	 lines	expect	for	HT1080	cells,	which	
were	prepared	separately.			
			

3.1.2.2 UHRF1	 binding	 patterns	 to	 peptides	 and	 oligonucleotides	 from	

different	stages	of	cell	cycle		

3.1.2.2.1 Efficiency	of	cell	sorting		

As	we	decided	to	use	the	cell-sorting	approach	to	obtain	cells	 in	different	stages	of	

the	 cell	 cycle,	 Jurkat	 and	HT1080	 cells	were	 stained	with	Vybrant	 orange	 dye	 and	

sent	 for	 sorting.	 Based	 on	 the	 obtained	 histogram	 plots	 for	 each	 sample	 from	

B.	

A.	
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different	 cell	 lines,	 cells	 were	 sorted	 and	 collected	 (Figure	 8).	 The	 number	 of	

collected	cells	varied	on	the	basis	of	density	of	cells	that	were	sent	for	sorting,	and	

the	 flow-rate	 that	can	be	used	during	sorting	process	 (Table	5).	Afterwards,	whole	

cell	 extracts	 from	sorted	 cells	were	prepared.	Out	of	 several	 sorting	 attempts	only	

lysates	of	three	experiments	were	prepared	and	used	for	pull-down:	two	for	Jurkat	

cells	and	one	for	HT1080	cells.	

	

	Although	 cells	 were	 sorted	 depending	 on	 the	 staining	 for	 their	 DNA	 content,	 we	

confirmed	 that	 cells	 were	 sorted	 correctly	 into	 different	 cell	 cycle	 stages	 using	

western	blotting	analysis	for	cell	cycle	markers	(applied	only	for	extracts	from	Jurkat	

cells).	 Blots	 were	 probed	 with	 anti-cyclin	 A	 and	 anti-cyclin	 B1	 to	 analyze	 their	

expression	 pattern	 in	 different	 samples.	 During	 the	 cell	 cycle	 levels	 of	 cyclin	 A	

increase	 as	 cells	 enter	 S	 phase	 to	 play	 a	 role	 in	 initiating	 DNA	 replication	 34.	

Moreover,	 cyclin	B1	 levels	 start	with	 low	expression	during	G1	 to	high	 expression	

level	during	G2	in	order	to	form	a	complex	that	acts	as	a	mitotic	promoting	factor	34.	

Based	 on	 the	 resulting	 images	 from	western	 blotting	 analysis,	 patterns	 of	 cyclin	A	

showed	 an	 increase	 of	 expression	 starting	 from	 early	 S	 phase	 to	 G2/M	 phase.	

Likewise,	patterns	of	cyclin	B1	displayed	an	increase	of	expression	starting	from	late	

S	phase	to	G2/M	phase	(Figure	9).		

	

Furthermore,	 to	 test	 the	 efficiency	 of	 total	 UHRF1	 extraction	 from	 sorted	 cells,	

remaining	 pellets	 from	 cell	 extracts	 after	 MNase	 digestion	 were	 analyzed	 using	

western	blotting	 to	 check	 for	 the	presence	of	UHRF1	and	USP7	 (applied	only	with	
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Jurkat	extracts).	Bands	 for	UHRF1	were	detected	 from	remaining	pellets	of	G1	and	

early	S	sorted	cells	 in	one	out	of	 two	experiments	 (Figure	9).	Since	no	bands	were	

detected	for	USP7,	we	can	conclude	that	the	resulting	bands	of	UHRF1	in	the	pellets	

fraction	are	not	background.	

Table	5 :	Number	of	cells	collected	during	sorting		

Cell	line	 G1	phase	 Early	S	phase	 Late	S	phase	 G2/M	phase	
HT1080	 95,287	cells	 273,086	cells	 282,576	cells	 34,379	cells	
Jurkat	(1)	 1,100,384	cells	 912,261	cells	 876,912	cells	 493,147	cells	
Jurkat	(2)	 420,127	cells	 971,298	cells	 953,249	cells	 132,176	cells	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	

45	

	

	

	

	

	

	

	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	8:	Analysis	plotes	used	for	gating	stained	Jurkat	and	HT1080	cells	for	sorting.		
Histogram	plots	on	the	left	show	cell	cycle	profile	for	one	experiment	of	stained	HT1080	cells	and	two	
independent	experiments	of	stained	 Jurkat	cells	 in	(I)	 ,(II)	and	(III)	respectivly.	On	the	right	FSC	vs.	
flourescent	intesity	plots	that	were	used	to	gate	sorted	events	of	stained	Jurkat	and	HT1080	cells.			
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Figure	9:	Confirming	efficiency	of	cell	sorting	to	different	stages	and	total	UHRF1	extraction.		
(A)	Images	of	western	blotting	analysis	of	cyclin	A	and	cyclin	B1	expression	in	sorted	Jurkat	cells	from	
two	 independent	 experiments.	 Expression	 of	 cyclin	 A	 starts	 from	 early	 S	 phase	 to	 G2/M	 phase.	
Expression	of	Cyclin	B1	starts	by	late	S	phase	to	increase	by	G2/M	phase	(III)	&	(I).		
(II)	&	 (IV)	 images	 for	western	blotting	of	pellets	 fraction	 that	 remained	after	extraction	and	MNase	
digestion	of	sorted	cells	probed	with	anti-UHRF1	and	anti-USP7.	UHRF1	can	be	detected	in	remaining	
pellets	fraction	of	G1	and	early	S	in	(II)			
(B)	 Experimental	 scheme:	 Jurkat	 cells	were	 stained	with	 Vybrant	 orange	 dye	 and	 sent	 for	 sorting.	
Sorted	 cells	 were	 extracted	 and	 digested	 with	 MNase.	 Extracts	 were	 concentrated	 and	 used	 for	
western	blotting	analysis.		
*Red	labeling	refer	to	different	used	cell	number	during	extraction	(Table	5)	
*Anti-cyclin	A	and	anti-cyclin	B1	in	(I)	were	used	with	dilution	of	1:5000	in	2%	BSA/	PBS-T	
*	Anti-cyclin	A	and	anti-cyclin	B1	in	(III)	were	used	with	dilution	of	1:500	in	5%	milk/	PBS-T	
	

3.1.2.2.2 UHRF1	binding	behavior	in	sorted	Jurkat	and	HT1080	cells	

Pull-down	assay	using	extracts	 from	sorted	cells	was	applied	on	both	peptides	and	

oligonucleotides.	However,	since	the	number	of	cells	obtained	from	HT1080	sorting	

was	 low	 	 (Table	5),	 pull-down	was	applied	only	on	peptides.	 Following	pull-down,	

western	 blotting	 was	 applied	 to	 analyze	 UHRF1,	 HP1	 and	 USP7	 (only	 applied	 on	

Jurkat	 cells	 extracts).	 Resulting	 images	 from	 sorted	 HT1080	 cells	 pull-down	

A.	

III.	

B.	
I.	 II.	

IV.	
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displayed	 different	 patterns	 of	 UHRF1	 binding	 to	 peptides	 in	 different	 stages;	

starting	 with	 early	 S	 phase	 UHRF1	 showed	 preference	 to	 H3K9me3	 peptide	 over	

unmodified	H3.	 In	contrast,	 for	 late	S	phase	UHRF1	displayed	unspecific	binding	to	

both	 peptides.	 For	 both	 G1	 and	 G2/M	 phase	 UHRF1	 bands	 could	 not	 be	 detected,	

which	might	 be	 due	 to	 low	 cell	 number	 used	 for	 pull-down	 assay	 (Table	 5).	 Two	

independent	experiments	were	performed	using	sorted	Jurakt	cells	extracts.	Starting	

with	 the	 first	 experiment	 for	 Jurkat	 cells,	 number	 of	 cells	 used	 for	 all	 stages	were	

normalized	 to	about	1x106	 cells;	however,	only	0.5x106	 cells	 for	G2/M	phase	were	

used	 due	 to	 obtained	 number	 of	 cells	 after	 sorting	 (Table	 5).	 Following	 western	

blotting	 analysis,	 it	 can	 be	 seen	 that	UHRF1	 starts	with	 unspecific	 binding	 pattern	

during	G1	phase	 in	 regard	 to	binding	 to	both	peptides,	 fully	methylated	and	hemi-

methylated	 oligo	 nucleotides.	 Then,	 during	 early	 S	 phase	 and	 late	 S	 phase	 UHRF1	

showed	 specific	 preference	 to	 H3K9me3	 over	 unmodified	 H3,	 and	 preference	 to	

hemi-methylated	 oligonucleotides	 over	 fully-methylated	 oligo	 nucleotides.	 Finally,	

by	 G2/M	 phase	 UHRF1	 showed	 also	 unspecific	 pattern	 in	 regard	 to	 binding	 to	

peptides	 or	 oligonucleotide;	 however,	 the	 recovery	 of	 UHRF1	 from	 peptides	 pull-

down	for	G2/M	extracts	were	too	low	compared	to	control	proteins	(HP1	and	USP7)	

(Figure	 11)	Moreover,	 patterns	 of	 USP7	 binding	 during	 all	 stages	 did	 not	 display	

similar	patterns	 to	UHRF1	binding	 to	peptides.	Based	on	 the	 images	 it	 can	be	seen	

that	USP7	has	unspecific	binding	to	both	peptides	in	all	stages	except	for	the	G2/M	

phase,	where	it	showed	preference	for	unmodified	H3	peptides.		
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Furthermore,	in	the	second	experiment	for	Jurkat	cells	the	number	of	cells	used	for	

pull-down	was	normalized	to	about	1x106	for	both	early	S	and	late	S	phase.	However,	

the	number	of	 cells	 collected	 for	both	G1	and	G2/M	phase	was	below	0.5x106	cells	

(minimum	 number	 of	 cells	 needed	 for	 pull-down	 assay	 based	 on	 optimizations	

(3.1.1.2)).	 Hence,	 extracts	 from	 previous	 experiments	 were	 added	 in	 order	 to	

normalize	 the	 number	 of	 cells	 to	 0.5x106	 cells.	 However,	 the	 number	 of	 cells	 for	

G2/M	extracts	were	still	below	0.5x106	cells;	consequently,	extracts	from	G2/M	were	

used	only	with	H3K9me3	peptide	and	hemi-methylated	oligonucleotides	pull-down.	

Following	 western	 blotting	 analysis,	 resulting	 images	 for	 UHRF1	 showed	 similar	

patterns	regarding	binding	to	peptides	and	methylated	oligonucleotides	in	all	stages,	

except	for	G1	phase,	which	showed	preference	for	hemi-methylated	oligonucleotide	

over	fully-methylated	oligonucleotides.	Moreover,	images	for	USP7	displayed	similar	

binding	to	both	peptides	 in	all	stages;	surprisingly,	no	bands	were	detected	 in	HP1	

inputs	for	all	stages	(Figure	11).		
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Figure	10:	Western	blotting	analysis	for	HT1080	sorted	cells.		
(A)	Experimental	scheme:	cultured	HT1080	cells	were	stained	with	Vybrant	orange	dye,	and	sent	for	
sorting.	 Sorted	 cells	 were	 extracted	with	 salt	 and	 detergent.	 Then	 extracts	 were	 concentrated	 and	
used	for	pull-down	with	peptides.	Finally,	captured	proteins	were	analyzed	by	western	blotting.		
(B)	Images	of	western	blotting	analysis	 for	captured	UHRF1	and	HP1	(control)	 from	sorted	HT1080	
cells.	No	bands	of	UHRF1	were	detected	in	G1	and	G2/M	images.	In	early	S	UHRF1	showed	preference	
for	H3K9me3	peptide.	In	contrast,	UHRF1	in	late	S	showed	unspecific	binding	to	both	peptides.			
*Red	labeling	refer	to	different	used	cell	number	during	extraction	for	pull-down	(Table	5)	
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Figure	11:	Western	blotting	analysis	for	sorted	Jurkat	cells.		
(A)	Experimental	 scheme:	 cultured	 Jurkat	 cells	were	 stained	with	Vybrant	orange	dye,	 and	 sent	 for	
sorting.	 Sorted	 cells	 were	 extracted	 with	 salt	 and	 detergent	 followed	 by	 MNase	 digestion.	 Then	
extracts	 were	 concentrated	 and	 used	 for	 pull-down	 with	 peptides	 and	 oligo-nucleotides.	 Finally,	
captured	proteins	were	analyzed	by	western	blotting.		
(B)	 Images	of	western	blotting	analysis	 for	 captured	UHRF1,	USP7	and	HP1	(control)	 from	the	 first	
experiment	 of	 Jurkat	 cells.	 UHRF1	 displayed	 preference	 to	 H3K9m3	 peptide	 and	 hemimethylated	
oligonucleotides	 in	 both	 early	 S	 and	 late	 S	 phase.	 For	 both	 G1	 and	 G2/M	 UHRF1	 displayed	 no	
preference	for	peptides	and	oligonucleotides.	
(C)	Images	of	western	blotting	analysis	for	captured	UHRF1,	USP7	and	HP1	(control)	from	the	second	
experiment	 of	 Jurkat	 cells.	 In	 all	 stages	 UHRF1	 displayed	 no	 preference	 for	 either	 peptides	 or	
methylated	 oligonucleotides	 in	 all	 stages,	 expect	 for	 G1	 where	 it	 showed	 preference	 for	 hemi-
methylated	oligonucleotides.		
*Red	labeling	refer	to	different	used	cell	number	during	extraction	for	pull-down	(Table	5)	
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3.1.2.3 UHRF1	binding	in	synchronized	HeLa	cells		

3.1.2.3.1 Validation	of	cells	blocking	and	releasing		

In	 this	 approach,	 we	 initially	 started	 with	 cell	 blocking	 by	 double	 thymidine	

treatment	and	thymidine-nocodazole	treatment	for	HeLa	cells	in	order	to	obtain	cells	

arrested	 in	 early	 S	 phase	 and	mitotic	 phase,	 respectively	 35	 .	 Thymidine	 treatment	

blocks	DNA	replication	by	inhibiting	the	generation	of	deoxycitidine	diphosphate	36,	

and	 nocodazole	 blocks	 cells	 by	 inhibiting	 the	 polymerization	 of	 microtubules	 37.	

Since	 treated	 cells	 with	 nocodazole	 can	 not	 recover	 their	 activity	 properly	 37,	 we	

decided	 to	continue	with	 the	double	 thymidine	 treatment	and	 then	release	cells	 to	

continue	with	cell	cycle.	By	using	this	method,	we	can	collect	cells	in	different	stages	

after	they	recover	their	normal	activity	from	thymidine	treatment.	

	

	Before	applying	pull-down	assays	for	blocked	and	released	cells	extracts,	we	verified	

the	efficiency	of	blocking	and	releasing	by	using	flowcytometry	analysis	and	western	

blotting.	Because	cells	need	to	be	harvested	at	different	times,	using	Vybrant	dye	to	

stain	live	cells	will	no	be	efficient	for	flowcytometry	analysis.	Thus,	we	decided	to	use	

propidium	iodide	to	stain	cells	after	fixing	them	during	collection.	This	will	not	allow	

the	cells	 to	progress	 through	 the	cell	 cycle.	This	dye	works	by	staining	DNA	 in	 the	

cell,	so	during	analysis	we	can	demonstrate	the	cell	cycle	stage	of	each	sample	based	

on	the	DNA	content	inside	the	cell.		

	

Based	on	histogram	plots	after	flowcytometry	analysis	for	blocked	HeLa	cells,	it	can	

be	seen	 that	cells	 that	were	blocked	by	double	 thymidine	 treatment	showed	peaks	
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that	correspond	to	the	G1/S	stage	based	on	the	profile	for	the	control	sample	(Figure	

12).	Moreover,	 blocked	 cells	 by	 thymidine-nocodazole	 treatment	 displayed	 a	 peak	

that	corresponds	to	the	G2/M	phase	according	to	control	sample	(Figure	12).	 	Also	

microscope	images	of	 treated	cell’s	morphology	 illustrated	the	differences	between	

different	treatments.	Based	on	the	obtained	images	it	can	be	seen	that	cells	blocked	

by	double	 thymidine	 treatment	are	adherent	 to	 the	plate.	 In	contrast,	cells	blocked	

by	thymidine-nocodazole	treatment	displayed	a	rounded	shape	(Figure	12).	Theses	

results	confirm	the	efficiency	of	cell	blocking.				

	

Furthermore,	based	on	histogram	plots	for	blocked	and	released	HeLa	cells,	it	can	be	

seen	 that	 the	resulting	peak	 for	each	sample	starts	 to	shift	 from	the	G1/S	phase	 to	

the	G2/M	phase	and	back	 to	G1,	according	 to	 time	point	of	harvesting	 (Figure	13).	

Cells	that	were	collected	from	0	hour	and	30	minutes	time	points	displayed	a	peak	

that	correlates	to	G1/S,	according	to	control	sample.	Further	cells	that	were	collected	

at	the	4	hour	time	point	displayed	a	peak	that	correspond	to	S/G2	phase	according	to	

control	sample.	Cells	that	were	collected	at	6	and	8	hours	time	points	showed	a	peak	

that	correlate	to	G2/M	based	on	control	sample.	Finally,	cells	that	were	collect	at	12	

hours	time	point	exhibited	a	peak	that	correspond	to	G1	phase	according	to	control	

sample.	Surprisingly,	cells	that	were	collected	at	3	hours	time	point	displayed	a	peak	

that	correlate	to	G2/M	phase,	where	in	4	hours	the	resulting	peak	correlate	with	late	

S	phase.	Thus	we	believe	that	the	resulting	peak	for	3	hours	sample	is	the	due	to	an	

artifact	 of	 staining.	 Moreover,	 based	 on	microscopic	 images	 during	 harvesting,	 all	

cells	 that	were	 collected	 from	0	 hour	 to	 6	 hours	were	 adherent	 to	 the	 plate.	 Cells	
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collected	 at	 8	 hours	 showed	 rounded	 shape;	 finally	 cells	 that	were	 collected	 at	 12	

hours	were	adherent	again	to	the	plate	(Figure	13).	

	

In	addition	 to	using	 flowcytometry	analysis	 to	verify	 the	efficiency	of	blocking	and	

releasing	 of	 HeLa	 cells,	 western	 blotting	 analysis	 for	 cell	 cycle	 markers	 from	 cell	

extracts	were	used	too	(applied	only	on	released	cells).	Blots	were	probed	with	anti-

cyclin	 A	 and	 anti-cyclin	 B1	 to	 analyze	 their	 expression	 pattern	 in	 released	 cells.	

Expression	 of	 cyclin	 B1	 started	 from	 cells	 arrested	 in	 early	 S	 to	 increase	 by	 cells	

collected	during	G2/M	phase.	Likewise,	cyclin	A	displayed	a	similar	behavior	in	term	

of	 expression	 pattern	 (Figure	 14).	 Results	 of	 flowcytometry	 analysis	 and	 western	

blotting	 for	 cell	markers	demonstrate	 that	different	 samples	of	 released	HeLa	cells	

indeed	belong	to	different	populations	of	cells	in	different	stages	of	the	cell	cycle.	
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Figure	12:	Validation	for	blocked	HeLa	cells	in	different	stages	of	the	cell	cycle.		
A)	 Histogram	 plots	 for	 stained	 cells	 with	 propidium	 iodide	 after	 treatment	with	 double	 thymidine	
block	or	thymidine-nocodazole	block,	gating	was	applied	according	to	control	sample	profile.				
(B)	Microscope	 images	of	 treated	cells	with	double	 thymidine	block	or	 thymidine-nocodazole	block	
prior	to	harvesting.		
(C)	 Experimental	 scheme:	HeLa	 cells	were	 cultured	 and	 treated	with	 thymidine.	 Then	 treated	 cells	
were	 washed,	 and	 followed	 by	 second	 treatment	 with	 thymidine/	 nocodazole.	 Next	 cells	 were	
collected	were	collected	and	fixed	with	70%	ethanol.	Finally	cell	were	stained	with	propidium	iodide,	
and	sent	for	analysis.						
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Figure	13:	Validation	for	blocked	HeLa	cells	in	different	stages	of	cell	cycle.	
(A)	Histogram	plots	 for	stained	cells	with	propidium	iodide	treated	by	double	thymidine	block	then	
collected	at	different	 time	points	 after	 release	 from	chemical	 treatment	 as	 indicated	on	 top	of	 each	
plot;	gating	was	applied	according	to	control	sample	profile.	Microscope	images	of	each	sample	before	
harvesting	are	shown	next	to	each	plot.		
(C)	 Experimental	 scheme:	 cells	were	 cultured	 and	 treated	with	 thymidine.	 Then	 treated	 cells	were	
washed,	 and	 followed	by	 second	 treatment	 of	 thymidine.	Next	 cells	were	washed	with	 fresh	media	
and	 released	 to	 progress	 through	 cell	 cycle.	 Cells	were	 collected	 at	 indicated	 time	 points	 and	 fixed	
with	70%	ethanol.	Finally	cells	were	stained	with	propidium	iodide,	and	sent	for	analysis.						
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Figure	14:	Verifying	efficiency	of	cell	blocking	and	releasing	by	analyzing	expression	of	cyclins.	
(A)	Images	of	western	blotting	analysis	show	the	expression	of	cyclin	A	and	cyclin	B1	in	cells	released	
after	double	thymidine	block.	
	(B)	Experimental	 scheme:	HeLa	 cells	were	 cultured	and	 treated	with	 thymidine.	Then	 treated	 cells	
were	 washed,	 and	 followed	 by	 second	 treatment	 of	 thymidine.	 Next	 cells	 were	 washed	with	 fresh	
media	and	released	to	progress	through	cell	cycle.	Cells	were	collected	at	 indicated	time	points,	and	
counted;	 1x106	 cells	 were	 used	 for	 whole	 cells	 extraction.	 Finally	 extracts	 were	 used	 for	 western	
blotting.		
*Anti-cyclin	A	were	used	with	dilution	of	1:500	in	5%	milk/	PBS-T		
*Anti-cyclin	B1	were	used	with	dilution	of	1:5000	in	2%	BSA/	PBS-T						
	

3.1.2.3.2 Pull-down	for	blocked	and	released	cells		

As	a	second	approach	to	analyze	binding	behavior	of	UHRF1	during	different	stages	

of	the	cell	cycle	with	peptides	and	oligo-nucleotides,	extracts	from	blocked	cells	and	

synchronized	 cells	 were	 used	 in	 a	 pull-down	 assay.	 Following	 pull-down,	 western	

blotting	analysis	was	applied	and	blots	were	probed	with	anti-UHRF1	and	anti-HP1.	

Starting	with	blocked	HeLa	cells	blots;	UHRF1	 from	double	 thymidine	 treated	cells	

(early	S	phase	arrest)	displayed	unspecific	binding	to	peptides	and	methylated	oligo	

nucleotides.	 Similarly,	 UHRF1	 from	 thymidine-nocodazole	 treated	 cells	 (mitotic	

A.	 B.	
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phase	arrest)	showed	unspecific	binding	to	the	peptides.	However,	we	can	observe	a	

trend	 in	 preference	 of	 UHRF1	 toward	 hemimethylated	 oligonucleotides	 over	 fully-

methylated	 oligonucleotides	 (Figure	 15).	 Surprisingly,	 blots	 from	 control	 cells	 (no	

chemical	 treatment	 was	 applied)	 also	 displayed	 an	 unspecific	 binding	 pattern	 for	

UHRF1,	in	regard	to	peptide	binding.	

	

As	 for	 synchronized	 HeLa	 cells,	 surprisingly	 all	 resulting	 images	 from	 western	

blotting	analysis	displayed	unspecific	binding	pattern	for	UHRF1	and	HP1	(control)	

in	all	pull-downs,	including	mock	beads	(Figure	16).	We	believe	that	these	results	are	

due	 protein	 unfolding	 during	 cell	 extract	 preparation	 or	 during	 pull-down	

experiments.	In	addition,	experiments	for	cell	blocking	and	cell	synchronization	need	

to	be	repeated,	as	results	were	obtained	from	only	one	experiment.				
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Figure	15:	Western	blotting	analysis	for	blocked	HeLa	cells		
(A)	 Experimental	 scheme:	HeLa	 cells	were	 cultured	 and	 treated	with	 thymidine.	 Then	 treated	 cells	
were	 washed,	 and	 followed	 by	 a	 second	 treatment	 with	 thymidine/	 nocodazole.	 Next	 cells	 were	
collected	and	counted.	1x106	were	used	for	whole	cell	extraction	and	for	pull-down	with	peptides	and	
oligo	nucleotides.	Finally,	captured	proteins	were	analyzed	by	western	blotting.	
(B)	Images	of	western	blotting	analysis	for	UHRF1	and	HP1	(control)	from	blocked	HeLa	cells.	UHRF1	
from	treated	cells	displayed	similar	binding	pattern	to	un-synchronized	cells	 in	regard	to	binding	to	
peptides	and	methylated	oligonucleotides.				
	
	

	

	

	

	

	

	

	

	

A.	 B.	



	

	

60	

	

	

	

	

	

	

	

	

	

	
Figure	16:	Western	blotting	analysis	for	synchronized	HeLa	cells	
(A)	 Experimental	 scheme:	HeLa	 cells	were	 cultured	 and	 treated	with	 thymidine.	 Then	 treated	 cells	
were	 washed,	 and	 followed	 by	 second	 treatment	 of	 thymidine.	 Next	 cells	 were	 washed	with	 fresh	
media	and	released	to	progress	 through	the	cell	cycle.	Cells	were	collected	at	 indicated	 time	points,	
and	counted;	1x106	cells	were	used	for	whole	cells	extraction.	Extracts	were	used	for	pull-down	assay	
with	peptides	and	oligonucleotides,	followed	by	western	blotting	analysis.		
	(B)	One	of	 the	resulting	 images	of	western	blotting	analysis	 for	captured	UHRF1	and	HP1	(control)	
from	synchronized	HeLa	cells;	image	show	the	unspecific	behavior	for	both	proteins.		
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4 Chapter	4	

4.1 Discussion		
The	 purpose	 of	 this	 project	 is	 to	 address	 the	 question	 of	whether	 the	 patterns	 of	

UHRF1	binding	in	vivo	are	regulated	during	the	cell	cycle.	Since	UHRF1	is	involved	in	

the	maintenance	of	DNA	methylation,	 its	 role	during	cell	 cycle	 is	essential.	Various	

models	 have	 been	 introduced	 to	 define	 the	 binding	 behavior	 of	 UHRF1	 in	

maintaining	 DNA	 methylation	 from	 one	 cell	 to	 the	 other.	 However,	 none	 has	

introduced	the	complete	sequence	of	events	that	occur	during	the	cell	cycle.		

	

In	 this	project,	we	 first	 analyzed	 the	binding	behavior	of	 endogenous	UHRF1	 from	

different	unsynchronized	cell	 systems	 in	pull-down	experiments	with	peptides	and	

oligo-nucleotides.	 Moreover,	 to	 analyze	 UHRF1	 binding	 behavior	 during	 the	 cell	

cycle,	we	 used	 two	 different	 approaches.	 First	we	 sorted	 Jurkat	 and	HT1080	 cells	

based	 on	 their	 cell	 cycle	 stage	 using	 FACS	 analysis.	 Additionally,	we	 synchronized	

HeLa	 cells	 at	 different	 stages	 of	 cell	 cycle	 by	 first	 arresting	 them	 in	 early	 S	 phase	

using	a	double	thymidine	treatment	and	then	releasing	them	to	go	through	the	 full	

cycle.	In	both	cases,	whole	cell	extract	was	used	for	pull-down	experiments.	

	

	As	PI5P	was	 introduced	as	a	regulatory	element	 for	UHRF1	binding	to	peptides	15,	

we	chose	to	work	with	HT1080	cells	since	they	have	been	used	in	different	studies	

that	aim	to	analyze	PIPs	38,39.	Moreover,	the	study	that	introduced	PI5P	as	a	factor	in	

UHRF1	 binding	 used	 HeLa	 extracts	 in	 their	 experiments	 15,	 thus	 we	 decided	 to	
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continue	 with	 this	 system.	 In	 addition,	 based	 on	 the	 obtained	 results	 of	 binding	

patterns	 for	 unsynchronized	 cells	 (Figure	 7)	 Jurkat	 cells	 displayed	 unspecific	

preference	to	peptide	binding	unlike	HT1080	and	HeLa	cells;	therefore,	we	decided	

to	use	these	cells	too.			

4.1.1 UHRF1	binding	behavior	in	different	cell	types		

Pull-downs	with	different	peptides	and	methylated	oligo-nucleotides	 for	whole	cell	

extracts	 (Figure	 7)	 displayed	 different	 behavior	 in	 regard	 to	 UHRF1	 preference	

between	 H3K9me3	 and	 unmodified	 H3	 between	 different	 cell	 lines.	 Many	 studies	

implicated	 the	 importance	 of	 the	 binding	 of	 UHRF1	 to	 H3K9me3	 through	 its	 TTD	

domain	 as	 one	 of	 the	 regulators	 for	 UHRF1	 function	 in	 recruiting	 DNMT1	 to	 the	

replication	fork	12,18.		

	

The	 differences	 we	 see	 in	 our	 results	 could	 be	 due	 to	 the	 different	 regulation	 of	

nuclear	PIPs	within	different	cell	systems	that	regulate	the	conformation	of	UHRF1	

to	control	its	binding	behavior.	Moreover,	other	recently	introduced	regulators	such	

UPAT	16	and	PIM1	11,	can	be	expressed	in	different	levels	within	different	cells,	which	

can	affect	the	binding	behavior	of	UHRF1	in	regard	to	H3	peptide	binding.			

	

Additionally,	our	experiments	were	performed	using	whole	cell	extracts,	which	can	

alter	the	results.	By	using	whole	cell	extract	combines	both	soluble	and	chromatin-

associated	UHRF1;	both	pools	of	protein	can	behave	differently	due	to	specific	PTMs	

based	on	the	stage	of	cells.	Furthermore,	based	on	unpublished	data	obtained	in	our	
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lab,	 recombinant	 UHRF1	 expressed	 in	 different	 conditions	 and	 bacterial	 systems	

displayed	different	binding	patterns	 in	 regard	 to	 the	modified	peptides.	 In	 support	

for	 this	 argument,	 some	 of	 the	 pull-down	 experiments	 for	 HeLa	 cell	 extracts	

exhibited	 unspecific	 binding	 to	 both	 peptides,	 but	 with	 a	 slight	 preference	 to	

H3K9me3.	Therefore,	experiments	ought	 to	be	repeated	using	nuclear	extracts	and	

chromatin	 fraction	 extracts	 to	 assure	 the	 absence	 of	 factors	 that	 can	 alter	 the	

behavior	of	UHRF1	inside	the	nucleus.		

4.1.2 UHRF1	and	cell	cycle		

UHRF1	 has	 been	 shown	 to	 be	 associated	 differently	 with	 chromatin	 during	 the	

mitotic	 stage	 of	 the	 cell	 cycle	 20,31.	 First,	 a	 study	 revealed	 that	 UHRF1	 becomes	

dissociated	from	chromatin	as	cells	enter	M	phase	using	HCT116	cells	(colon	cancer	

cells)20.	 This	 association	 has	 been	 linked	 to	 the	 interaction	 of	 UHRF1	 with	 USP7	

during	S	phase	to	stabilize	UHRF1	from	degradation	until	the	cell	enters	the	mitotic	

phase	22.	In	contrast,	another	study	in	HeLa	cells	indicated	the	importance	of	UHRF1	

binding	 to	 chromatin	 during	 M	 phase12.	 This	 strong	 association	 was	 linked	 to	

maintaining	 DNMT1	 stability	 and	 DNA	 methylation.	 Moreover,	 localization	 of	

endogenous	UHRF1	in	respect	to	H3K9me2	in	U2OS	cells	during	M	phase	displayed	

different	patterns	compared	 to	H3K9me2	and	DAPI	staining	 for	DNA.	 Images	were	

taken	 for	 unsynchronized	 cells	 during	 prophase	 and	 anaphase;	 from	 the	 merged	

images	 it	 can	 be	 seen	 that	 during	 prophase	UHRF1	 (in	 red)	 localizes	 between	 the	

DNA	(blue)	and	H3K9me2	(green)	signals	(Figure	17).	Furthermore	during	anaphase	

due	 to	 the	 absence	 of	 nuclear	 envelop,	 UHRF1	 displays	 a	 diffused	 pattern	 unlike	
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H3K9me2	 (green)	 and	 chromosomal	 DNA	 (blue,	 DAPI)	 (Sarah	 Kreuz,	 unpublished	

observation).		

	

In	addition,	some	studies	performed	using	lymphocytes	revealed	different	regulation	

of	 PIPs	 during	 the	 cell	 cycle	 40,	 where	 these	 factors	 start	 to	 accumulate	 by	 the	

transition	 of	 G1	 to	 S	 phase.	 Also,	 further	 studies	 showed	 that	 PI5P	 levels	 tend	 to	

increase	 by	 G1	 and	 start	 to	 deplete	 by	 the	 end	 of	 S	 phase	 (used	 MEL	 cells)	 21.	

Moreover,	 a	 study	 that	 was	 done	 in	 HeLa	 cells	 showed	 that	 levels	 of	 5-

methylcytosine	 increases	 in	 the	 transition	 between	 G1/S	 phase	 during	 cell	 cycle.	

These	 results	 were	 based	 on	 normalization	 of	 the	 level	 of	 methylcytosine	 to	 the	

amount	of	cytosine	in	DNA,	thus	the	results	are	not	affected	by	changes	in	DNA	level	

during	 replication	 41.	 All	 of	 these	 factors	 suggest	 different	 binding	 behaviors	 of	

UHRF1	throughout	the	cell	cycle	in	regard	to	chromatin	associations.		

	

So	 far,	 our	 current	 results	 cannot	 suggest	 a	 possible	model	 to	 explain	 the	 certain	

events	 that	 occur	 between	 UHRF1	 and	 chromatin	 during	 the	 cell	 cycle,	 due	 to	

variations	 from	 obtained	 results.	 Based	 on	 our	 results,	 UHRF1	 from	HT1080	 cells	

displayed	 different	 pattern	 in	 regard	 to	 peptide	 binding	 during	 early	 and	 late	 S	

phase.	 In	 contrast,	 UHRF1	 from	 Jurkat	 cells	 showed	 similar	 behavior	 during	 both	

early	and	late	S	phase;	however,	in	G1	and	G2/M	UHRF1	displayed	unspecific	binding	

behavior	 in	 regard	 to	 both	 peptides	 and	 methylated	 oligonucleotides.	 Moreover,	

UHRF1	from	blocked	HeLa	cells	exhibited	similar	binding	behavior	for	early	S	phase	

and	 G2/M	 phase	 arrested	 cells	 in	 regard	 to	 binding	 to	 peptides	 and	 methylated	
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oligonucleotides.	 	The	differences	in	results	we	observe	can	be	related	to	the	use	of	

three	different	cell	systems	(HT1080	cells,	Jurkat	cells	and	HeLa	cells).	In	support	of	

this	 argument,	 results	 of	 pull-down	 assays	 for	 unsynchronized	 cells	 also	 showed	

different	 binding	 behavior	 for	 UHRF1	 between	 H3	 unmodified	 and	 H3K9me3		

(Figure	7).		

	

Additionally,	 some	 variations	 during	 experimental	 set-up	 can	 interfere	 with	 the	

resulting	pattern	of	UHRF1	binding	behavior.	 In	the	case	of	blocked	HeLa	cells	and	

HT1080	 sorted	 cells,	MNase	 digestion	was	 not	 applied	 to	 the	 pellets	 fraction	 after	

lysis	buffer	treatment.	Thus,	we	can	speculate	that	the	result	we	see	might	reflect	a	

population	 of	 UHRF1	 that	 does	 not	 associate	 with	 chromatin	 during	 that	 stage.	

Moreover,	during	the	concentration	of	Jurkat	cells	and	HT1080	cells	samples,	some	

factors	that	might	affect	the	behavior	of	UHRF1	can	go	to	the	through-flow.	Also,	the	

unspecific	 binding	 behavior	 of	 UHRF1	 in	 released	 HeLa	 cells	 might	 occur	 due	 to	

unfolding	 of	 the	 protein	 that	 caused	 the	 unspecific	 pattern.	 This	 speculation	 is	

related	 to	 the	 amount	 of	 detergent	 that	was	 used	 during	 extraction	 (0.5%	 triton);	

this	 amount	 was	 previously	 applied	 only	 to	 cells	 suspended	 with	 media	 for	

extraction,	 in	order	to	assure	proper	extraction	in	presence	of	media.	Furthermore,	

the	 different	 binding	 behavior	 of	 UHRF1	 for	 same	 stages	 from	 two	 independent	

experiments	 in	 Jurkat	 cells	 (Figure	 11)	 can	 be	 related	 to	 changes	 during	

experimental	set-up	for	cell	extraction;	during	sorting	in	the	second	experiment	the	

amount	 of	 collected	medium	was	not	 adjusted	 to	 the	 amount	 of	 lysis	 buffer	 in	 the	

collection	 tube.	 Moreover,	 previously	 prepared	 extracts	 that	 were	 added	 to	 new	
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extracts	 during	 a	 second	 experiment	 might	 affect	 the	 final	 results	 as	 well.	

Nonetheless,	 the	general	pattern	 in	both	experiments	 is	 the	 same;	we	 can	 see	 that	

UHRF1	displays	similar	binding	behavior	in	both	early	and	late	S	phase	in	regard	to	

both	peptides	and	methylated	oligonucleotides,	and	different	binding	behavior	in	G1	

and	G2/M	phase	(Figure	11).					

	
Regardless	 of	 technical	 differences	 during	 the	 process,	 other	 factors	 can	 alter	 the	

detected	 binding	 behavior	 of	 UHRF1	 in	 pull-downs.	 One	 of	 these	 factors	 is	 post	

translational	 modifications	 (PTMs)	 that	 can	 occur	 in	 a	 regulatory	 manner,	 which	

might	prevent	UHRF1	binding	to	peptide	or	DNA.	In	light	of	this,	the	de-localization	

of	 the	endogenous	UHRF1	 from	the	mitotic	 chromosomes	 (Figure	17)	 suggests	 the	

possibility	that	UHRF1	might	not	bind	to	DNA	and	peptides	in	the	M	phase.	Yet	our	

results	 displayed	 the	 opposite	 pattern.	 In	 support	 for	 this	 argument,	 studies	 have	

shown	 that	 the	 HP1	 protein	 disassociates	 from	 its	 strong	 binding	 to	 H3K9me3	

during	 the	 G2/M	 phase	 due	 to	 the	 phosphorylation	 of	 H3S10,	 yet	 studies	 showed	

that	H3S10ph	does	not	affect	UHRF1	binding	to	chromatin	2,33	 .	However,	since	the	

peptides	 used	 in	 pull-downs	 do	 not	 have	H3S10ph,	HP1	 displayed	 similar	 binding	

behavior	 for	 H3K9me3	 affinity	 during	 all	 stages	 for	 sorted	 and	 blocked	 cells	 pull-

downs	(Figure	11	and	Figure	15).	Furthermore,	analysis	of	UHRF1	binding	should	be	

performed	on	the	basis	of	nuclear	extracts	and	chromatin	fraction,	rather	than	whole	

cell	 extract.	 Because	 by	 using	 whole	 cell	 extract,	 we	 are	 analyzing	 both	 soluble	

protein	 and	 chromatin-associated	 protein	 both	 can	 have	 different	 PTMs	 that	 can	

affect	 the	 behavior	 of	 the	 protein.	 In	 order	 to	 perform	 pull-down	 with	 nuclear	

extracts,	 only	 by	 using	 cell	 synchronization	 approach	 nuclear	 extracts	 can	 be	
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obtained.	 Unfortunately,	 the	 conditions	 that	 cells	 go	 through	 during	 the	 sorting	

process	 do	 not	 comply	with	 the	 available	 protocols	 for	 nuclear	 extraction.	 Sorting	

experiments	should	be	repeated	with	both	cell	 lines	(Jurkat	and	HT1080)	based	on	

optimizations	 done	 for	 the	 protocol	 used	 during	 the	 process.	 Having	 said	 this,	

treatment	of	cells	with	inhibitory	chemicals	to	progress	with	cell	cycle	can	affect	the	

activity	 of	 cells	 on	 a	 transcriptional	 level	 34.	 These	 effects	 can	 be	 seen	 within	 the	

expression	pattern	of	 cyclin	B1	 in	 (Figure	14	and	Figure	9)	where	we	can	see	 that	

expression	 of	 cyclin	 B1	 in	 sorted	 cells	 starts	 by	 late	 S	 phase	 and	 increase	 during	

G2/M	phase;	however,	within	 treated	cells	we	can	see	 that	expression	of	cyclin	B1	

starts	within	early	S.	The	results	of	cyclin	B1	expression	in	arrested	cells	correlates	

to	 the	 expected	 results	 in	 literature	 34	 ,	 where	 it	 is	 explained	 that	 arrested	 cell	 in	

G1/S	 tend	 to	express	cyclins	 from	 later	 stages	 in	earlier	phases	 from	the	cell	 cycle		

due	 to	 their	 arrest.	 Nonetheless,	 washing	 and	 releasing	 cells	 from	 chemical	

treatment	allows	cells	to	recover	and	regain	their	normal	activity.			

	

Even	though	we	cannot	draw	a	 final	conclusion	 from	our	current	results	regarding	

UHRF1	behavior	during	the	cell	cycle,	we	can	still	observe	differences	in	the	patterns	

of	different	stages,	which	support	the	proposed	hypothesis			
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Figure	17:	Localization	of	endogenous	UHRF1	in	mitotic	cells	in	respect	to	H3K9me2.	U2OS	cells	
labeled	with	DAPI	(blue),	H3K9me2	(green),	endogenous	UHRF1	(red).	Upper	part	shows	cells	going	
through	anaphase,	where	UHRF1	does	not	show	similar	patterns	to	H3K9me2	and	chromosomal	DNA.	
Lower	 images	show	cells	going	 through	prophase,	where	UHRF1	 localizes	 in	between	 the	signals	of	
H3K9me2	and	chromosomal	DNA	(DAPI)	
	

4.2 Future	perspective		
Following	the	results	we	will	obtain	from	the	approaches	we	are	using,	we	can	first	

analyze	 the	 fluctuation	 of	 UHRF1	 during	 the	 cell	 cycle	 in	 a	 soluble	 and	 chromatin	

fraction	 manner	 in	 different	 cell	 lines.	 Consequently,	 we	 will	 grasp	 the	 general	

association	 of	 UHRF1	 with	 chromatin	 throughout	 the	 cell	 cycle,	 and	 verify	 if	 the	

association	with	chromatin	 is	conserved	between	different	cell	 lines.	Moreover,	we	

will	study	the	behavior	of	UHRF1	in	a	more	physiological	setting	by	using	ChIP-seq	

for	 cells	 synchronized	 at	 different	 stages	 of	 the	 cell	 cycle	 42.	 Moreover,	 we	 will	

identify	associated	proteins	and	histone	modifications	by	using	immunoprecipitation	

followed	 by	mass-spectrometry	 43,44.	 By	 using	 both	 approaches,	 we	 will	 define	 all	

factors	 that	 interact	 directly	 to	 UHRF1	 through	 different	 stages	 of	 the	 cell	 cycle.	
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Furthermore,	we	will	define	key	players	that	regulate	UHRF1	function	in	maintaining	

DNA	methylation	through	an	 induced	knockdown	system	of	proposed	regulators	45	

based	 on	mass	 spectrometry	 analysis.	 Also	we	will	 analyze	 the	 role	 of	 the	 lncRNA	

UPAT	that	has	been	proposed	to	stabilize	the	protein	level	of	UHRF1	inside	the	cell	in	

order	to	demonstrate	whether	their	interaction	stabilize	UHRF1	during	cell	cycle	for	

the	maintenance	of	DNA	methylation	 16.	 In	 conclusion,	 this	 project	 aims	 to	draw	a	

final	model	for	UHRF1	regarding	its	function	to	maintain	DNA	methylation	patterns	

during	cell	division.	We	optimized	 for	approaches	that	will	provide	key	answers	to	

further	our	study	into	a	deeper	analysis	for	the	action	of	UHRF1	in	the	cell.						

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	

70	

References		

1.	 Luger,	K.,	Mäder,		a	W.,	Richmond,	R.	K.,	Sargent,	D.	F.	&	Richmond,	T.	J.	Crystal	

structure	of	the	nucleosome	core	particle	at	2.8	A	resolution.	Nature	389,	251–

260	(1997).	

2.	 Bannister,	 A.	 J.	 &	 Kouzarides,	 T.	 Regulation	 of	 chromatin	 by	 histone	

modifications.	Cell	Res.	21,	381–395	(2011).	

3.	 Patel,	D.	J.	&	Wang,	Z.	Readout	of	epigenetic	modifications.	Annu.	Rev.	Biochem.	

82,	81–118	(2013).	

4.	 Bogdanović,	O.	&	Veenstra,	G.	 J.	C.	DNA	methylation	and	methyl-CpG	binding	

proteins:	Developmental	 requirements	 and	 function.	Chromosoma	118,	 549–

565	(2009).	

5.	 Rothbart,	 S.	 B.	 et	 al.	 Multivalent	 histone	 engagement	 by	 the	 linked	 tandem	

tudor	and	PHD	domains	of	UHRF1	is	required	for	the	epigenetic	inheritance	of	

DNA	methylation.	Genes	Dev.	27,	1288–1298	(2013).	

6.	 Avvakumov,	 G.	 V	 et	 al.	 Structural	 basis	 for	 recognition	 of	 hemi-methylated	

DNA	by	the	SRA	domain	of	human	UHRF1.	Nature	455,	822–825	(2008).	

7.	 Rose,	 N.	 R.	 &	 Klose,	 R.	 J.	 Understanding	 the	 relationship	 between	 DNA	

methylation	 and	 histone	 lysine	 methylation.	 Biochim.	 Biophys.	 Acta	 -	 Gene	

Regul.	Mech.	1839,	1362–1372	(2014).	



	

	

71	

8.	 Qin,	W.	et	al.	DNA	methylation	requires	a	DNMT1	ubiquitin	 interacting	motif	

(UIM)	and	histone	ubiquitination.	Cell	Res.	25,	1–19	(2015).	

9.	 Tauber,	 M.	 &	 Fischle,	 W.	 Conserved	 linker	 regions	 and	 their	 regulation	

determine	 multiple	 chromatin-binding	 modes	 of	 UHRF1.	Nucleus	 6,	 123–32	

(2015).	

10.	 Nady,	 N.	 et	 al.	 Recognition	 of	 multivalent	 histone	 states	 associated	 with	

heterochromatin	by	UHRF1	protein.	J.	Biol.	Chem.	286,	24300–24311	(2011).	

11.	 Yang,	 J.	 et	 al.	 PIM1	 induces	 cellular	 senescence	 through	 phosphorylation	 of	

UHRF1	at	Ser311.	Oncogene	1–15	(2017).	doi:10.1038/onc.2017.96	

12.	 Scott	 B.	 Rothbart1,	 2,	 Krzysztof	 Krajewski1,	 Nataliya	 Nady3,	 4,	 5,	 Wolfram	

Tempel6,	 Sheng	 Xue6,	 Aimee	 I.	 Badeaux7,	 Dalia	 Barsyte-Lovejoy6,	 Jorge	 Y.	

Martinez1,	Mark	T.	Bedford7,	Stephen	M.	Fuchs8,	Cheryl	H.	Arrowsmith3,	4,	5,	

6,	and	Brian	D.	Strahl1,	2.	Association	of	UHRF1	with	H3K9	methylation	directs	

the	maintenance	of	DNA	methylation.	1,	1–21	(2013).	

13.	 Meyenn,	F.	Von	et	al.	Impairment	of	DNA	Methylation	Maintenance	Is	the	Main	

Cause	 of	 Global	 Demethylation	 in	 Naive	 Embryonic	 Stem	 Cells	 Article	

Impairment	 of	 DNA	 Methylation	 Maintenance	 Is	 the	 Main	 Cause	 of	 Global	

Demethylation	 in	 Naive	 Embryonic	 Stem	 Cells.	 1–14	 (2016).	

doi:10.1016/j.molcel.2016.04.025	

14.	 Zhang,	Z.	M.	et	al.	An	Allosteric	Interaction	Links	USP7	to	Deubiquitination	and	



	

	

72	

Chromatin	Targeting	of	UHRF1.	Cell	Rep.	12,	1400–1406	(2015).	

15.	 Gelato,	 K.	 A.	 et	 al.	 Accessibility	 of	 different	 histone	 H3-binding	 domains	 of	

UHRF1	 is	 allosterically	 regulated	 by	 phosphatidylinositol	 5-phosphate.	Mol.	

Cell	54,	905–919	(2014).	

16.	 Taniue,	K.	et	al.	Long	noncoding	RNA	UPAT	promotes	colon	tumorigenesis	by	

inhibiting	degradation	of	UHRF1.	Pnas	113,	1500992113-	(2016).	

17.	 Fang,	J.	et	al.	Hemi-methylated	DNA	opens	a	closed	conformation	of	UHRF1	to	

facilitate	its	histone	recognition.	Nat.	Commun.	7,	11197	(2016).	

18.	 Liu,	X.	et	al.	UHRF1	targets	DNMT1	for	DNA	methylation	through	cooperative	

binding	of	hemi-methylated	DNA	and	methylated	H3K9.	Nat.	Commun.	4,	1563	

(2013).	

19.	 Zhao,	Q.	et	al.	Dissecting	the	precise	role	of	H3K9	methylation	in	crosstalk	with	

DNA	maintenance	methylation	in	mammals.	Nat.	Commun.	7,	12464	(2016).	

20.	 Ma,	 H.	 et	 al.	 M	 phase	 phosphorylation	 of	 the	 epigenetic	 regulator	 UHRF1	

regulates	 its	physical	 association	with	 the	deubiquitylase	USP7	and	 stability.	

Proc.	Natl.	Acad.	Sci.	U.	S.	A.	109,	4828–33	(2012).	

21.	 Clarke,	J.	H.	et	al.	 Inositol	 lipids	are	regulated	during	cell	cycle	progression	in	

the	nuclei	of	murine	erythroleukaemia	cells.	Biochem.	J.	357,	905–10	(2001).	

22.	 Felle,	 M.	 et	 al.	 The	 USP7/Dnmt1	 complex	 stimulates	 the	 DNA	 methylation	

activity	of	Dnmt1	and	regulates	 the	stability	of	UHRF1.	Nucleic	Acids	Res.	39,	



	

	

73	

8355–8365	(2011).	

23.	 Lecona,	E.	et	al.	USP7	is	a	SUMO	deubiquitinase	essential	for	DNA	replication.	

Nat.	Struct.	Mol.	Biol.	23,	270–7	(2016).	

24.	 Jagannathan,	M.	et	al.	A	role	for	USP7	in	DNA	replication.	Mol	Cell	Biol	34,	132–

145	(2014).	

25.	 Vertino,	P.	M.	et	al.	DNMT1	is	a	component	of	a	multiprotein	DNA	replication	

complex.	Cell	Cycle	1,	416–423	(2002).	

26.	 Magnolia	 Bostick,	 Jong	 Kyong	 Kim,	 Pierre-Olivier	 Estève,	 A.	 C.	 &	 Sriharsa	

Pradhan,	 S.	 E.	 J.	 UHRF1	 Plays	 a	 Role	 in	 Maintaining	 DNA	 Methylation	 in	

Mammalian	Cells.	Science	(80-.	).	317,	1760–1764	(2007).	

27.	 Harrison,	 J.	 S.	 et	 al.	 Hemi-methylated	 DNA	 regulates	 DNA	 methylation	

inheritance	through	allosteric	activation	of	H3	ubiquitylation	by	UHRF1.	Elife	

5,	1–24	(2016).	

28.	 Miura,	M.,	Watanabe,	H.,	Sasaki,	T.,	Tatsumi,	K.	&	Muto,	M.	Dynamic	changes	in	

subnuclear	NP95	location	during	the	cell	cycle	and	its	spatial	relationship	with	

DNA	replication	foci.	Exp.	Cell	Res.	263,	202–208	(2001).	

29.	 Hervouet,	 E.	et	al.	Disruption	of	Dnmt1/PCNA/UHRF1	 interactions	promotes	

tumorigenesis	from	human	and	mice	glial	cells.	PLoS	One	5,	(2010).	

30.	 Tien,	 A.	 L.	 et	 al.	 UHRF1	 depletion	 causes	 a	 G2/M	 arrest,	 activation	 of	 DNA	

damage	response	and	apoptosis.	Biochem.	J.	435,	175–85	(2011).	



	

	

74	

31.	 Taylor,	 E.	 M.,	 Bonsu,	 N.	 M.,	 Price,	 R.	 J.	 &	 Lindsay,	 H.	 D.	 Depletion	 of	 Uhrf1	

inhibits	 chromosomal	DNA	replication	 in	Xenopus	egg	extracts.	Nucleic	Acids	

Res.	41,	7725–7737	(2013).	

32.	 Whitfield,	 M.	 L.	 et	 al.	 Identification	 of	 Genes	 Periodically	 Expressed	 in	 the	

Human	 Cell	 Cycle	 and	 Their	 Expression	 in	 Tumors.	Mol	 Biol	 Cell	 13,	 1977–

2000	(2002).	

33.	 Hiragami-Hamada,	K.	et	al.	Dynamic	and	flexible	H3K9me3	bridging	via	HP1β	

dimerization	establishes	a	plastic	state	of	condensed	chromatin.	Nat.	Commun.	

7,	11310	(2016).	

34.	 Żuryń,	A.	et	al.	Expression	of	cyclin	A,	B1	and	D1	after	 induction	of	cell	cycle	

arrest	 in	 the	 Jurkat	 cell	 line	 exposed	 to	doxorubicin.	Cell	Biol.	 Int.	36,	 1129–

1135	(2012).	

35.	 Jackman,	J.	&	O’Connor,	P.	M.	Methods	for	synchronizing	cells	at	specific	stages	

of	the	cell	cycle.	Curr.	Protoc.	Cell	Biol.	Chapter	8,	Unit	8.3	(2001).	

36.	 Jianping,	 G.,	 Frank.,	 T.	 &	 Zbigniew,	 D.	 Growth	 Imbalance	 and	 Altered	

Expression	of	Cyclins	 ,	A,	E,	and	D3	in	MOLT-4	Cells	Synchronized	in	the	Cell	

Cycle	by	Inhibitors	of	DNA	Replication’.	Vol.	6,	1485–1493	(1995).	

37.	 Blajeski,	A.	L.,	Phan,	V.	a,	Kottke,	T.	J.	&	Kaufmann,	S.	H.	G	1	and	G	2	cell-cycle	

arrest	following	microtubule	depolymerization	in	human	breast	cancer	cells.	J.	

Clin.	Invest.	110,	91–99	(2002).	



	

	

75	

38.	 Bua,	D.	J.,	Martin,	G.	M.,	Binda,	O.	&	Gozani,	O.	Nuclear	phosphatidylinositol-5-

phosphate	regulates	ING2	stability	at	discrete	chromatin	targets	in	response	to	

DNA	damage.	Sci.	Rep.	3,	2137	(2013).	

39.	 Jones,	D.	R.	et	al.	Nuclear	PtdIns5P	as	a	Transducer	of	Stress	Signaling:	An	In	

Vivo	Role	for	PIP4Kbeta.	Mol.	Cell	23,	685–695	(2006).	

40.	 Fraschini,	 A.,	 Biggiogera,	 M.,	 Bottone,	 M.	 G.	 &	 Martin,	 T.	 E.	 Nuclear	

phospholipids	 in	human	 lymphocytes	activated	by	phytohemagglutinin.	Eur	J	

Cell	Biol	78,	416–423	(1999).	

41.	 Brown,	S.	E.,	Fraga,	M.	F.,	Weaver,	I.	C.	G.,	Berdasco,	M.	&	Szyf,	M.	Variations	in	

DNA	methylation	patterns	during	the	cell	cycle	of	HeLa	cells.	Epigenetics	2,	54–

65	(2007).	

42.	 Grant,	 G.	 D.	 et	 al.	 Identification	 of	 cell	 cycle-regulated	 genes	 periodically	

expressed	in	U2OS	cells	and	their	regulation	by	FOXM1	and	E2F	transcription	

factors.	Mol.	Biol.	Cell	24,	3634–50	(2013).	

43.	 Mohammed,	 H.	 et	 al.	 Rapid	 immunoprecipitation	 mass	 spectrometry	 of	

endogenous	proteins	(RIME)	for	analysis	of	chromatin	complexes.	Nat.	Protoc.	

11,	316–326	(2016).	

44.	 Ji,	 X.	 et	 al.	 Chromatin	 proteomic	 profiling	 reveals	 novel	 proteins	 associated	

with	histone-marked	genomic	regions.	Proc.	Natl.	Acad.	Sci.	U.	S.	A.	112,	3841–

6	(2015).	



	

	

76	

45.	 Chen,	 Y.	 et	 al.	 Engineering	 Human	 Stem	 Cell	 Lines	 with	 Inducible	 Gene	

Knockout	using	CRISPR/Cas9.	Stem	Cell	17,	233–244	(2015).	

		

	

	


