
	 	

	

UNIVERSIDAD	DE	CANTABRIA	

FACULTAD	DE	MEDICINA	

DEPARTAMENTO	DE	BIOLOGÍA	MOLECULAR	

INSTITUTO	DE	BIOMEDICINA	Y	BIOTECNOLOGÍA	DE	CANTABRIA	

(IBBTEC)	

	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

Regulación	epigenética	de	BCL6	en	linfoma	agresivo	de	
células	B:	papel	del	regulador	de	la	cromatina	CTCF	y	efectos	

de	un	inhibidor	de	histona	deacetilasa.	
	
	
	
	
	
	
	

Tesis	Doctoral	presentada	por	

María	Gabriela	Cortiguera	Ruiz	para	optar	

al	Grado	de	Doctor	por	la	Universidad	de	Cantabria	

2017	

	



	 	 	

	



	

	 	 iii	

La	Dra.	M.	Dolores	Delgado	Villar,	Catedrática	de	Bioquímica	y	Biología	Molecular	de	la	Facultad	de	
Medicina	 de	 la	 Universidad	 de	 Cantabria	 y	 la	 Dra.	 Ana	 Batlle	 López,	 MD	 Phd,	 Facultativo	
especialista	 de	 Área	 en	 Hematología	 y	 Hemoterapia,	 responsable	 del	 Área	 de	 Genética	
Oncohematológica	del	Hospital	Universitario	Marqués	de	Valdecilla.	
	
	
	
	

CERTIFICAN:	
	
Que	la	Licenciada	María	Gabriela	Cortiguera	Ruiz,	ha	realizado	bajo	su	dirección	el	presente	trabajo	
de	Tesis	Doctoral	titulado	REGULACIÓN	EPIGENÉTICA	DE	BCL6	EN	LINFOMA	AGRESIVO	DE	CÉLULAS	
B:	 PAPEL	 DEL	 REGULADOR	 DE	 LA	 CROMATINA	 CTCF	 Y	 EFECTOS	 DE	 UN	 INHIBIDOR	 DE	 HISTONA	
DEACETILASA.	
	
	
Considero	que	este	trabajo	reúne	los	requisitos	de	originalidad	y	calidad	científica	necesarios	para	
su	presentación	como	Memoria	de	Doctorado	por	la	interesada,	al	objeto	de	poder	optar	al	grado	
de	Doctor	por	la	Universidad	de	Cantabria.		
	
	
	
	
	
	
	
	
Y	para	que	conste	y	surta	los	efectos	oportunos,	firmo	el	presente	certificado.	
	
	
Santander,	6	de	abril	de	2017	

	
	

	
	

	
	

Fdo.	M.	Dolores	Delgado	Villar	 	 	 													 Fdo.	Ana	Batlle	López	
	
	
	
	
	
	
	
	
	
	
	



	 	 	

	
	
	
	
	



	

	 	 v	

	
	
	
	
	
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Esta	 Tesis	 ha	 sido	 realizada	 en	 el	 Departamento	 de	 Biología	 Molecular	 de	 la	
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“Around	here,	however,	we	don’t	look	backwards	for	very	long.	
	

We	keep	moving	forward,	opening	new	doors	and	doing	new	things,	because	
we’re	curious…	An	curiosity	keeps	leading	us	down	new	paths”.		

	
Walt	Disney	
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Epigenetic	regulation	of	BCL6	in	aggressive	B-cell	lymphoma:	
role	of	CTCF	chromatin	regulator	and	effects	of	a	histone	

deacetylase	inhibitor.	
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ABBREVIATIONS	
	
3C	 	 	 	 Chromosome	Conformation	Capture	
4C	 	 	 	 Circularesed	Chromosome	Conformation	Capture	
5C	 	 	 	 Carbon	Copy	Chromosome	Conformation	Capture	
a.u.		 	 	 	 arbitrary	units	
ABC	 	 	 	 Activated	B-cell	subtype	
AID	 	 	 	 Activation-induced	deaminase	
Ag	 	 	 	 Antigen	
ALL		 	 	 	 Acute	Lymphoblastic	Leukemia		
AML		 	 	 	 Acute	Myeloid	Leukemia	
5-Aza-dC		 	 	 5-Aza-2’-deoxycytidine	
BCL6		 	 	 	 B-cell	Lymphoma	6	
BCoR		 	 	 	 BCL6	Corepressor	
BCR	 	 	 	 B-cell	receptor	
BET	 	 	 	 Bromodomain	and	Extra	Terminal	
BL	 	 	 	 Burkitt	lymphoma	
bp	 	 	 	 base	pairs	
BRD	 	 	 	 Bromodomain	
BRDis	 	 	 	 Bromodomain	inhibitors	
BSA		 	 	 	 Bovine	Serum	Albumin	
BSAP	 	 	 	 B-cell	lineage	specific	activator	
BTB	 	 	 	 domain	for	BR-C,	ttk	and	bab	
BTB/POZ		 	 	 domain	for	BR-C,	ttk	and	bab)/for	Pox	virus	and	Zinc	Finger	
CDK		 	 	 	 Cyclin-dependent	kinase	
CDKN1A		 	 	 Cyclin-dependent	kinase	inhibitor	1A	
cDNA		 	 	 	 complementary	DNA	
ChIA-PET	 	 	 Chromatin	Interaction	Analysis	by	Paired-End	Tag	sequencing	
ChIP		 	 	 	 Chromatin	Immunoprecipitation	
ChIP-chip	 	 	 Chromatin	Immunoprecipitation	followed	by	microarrays	
ChIP-sep	 	 	 Chromatin	Immunoprecipitation	followed	by	deep	sequencing	
CK	II	 	 	 	 Casein	kinase	II	
CML		 	 	 	 Chronic	Myeloid	Leukemia	
CMV		 	 	 	 Cytomegalovirus	
CpG	 	 	 	 Cytosine-phosphate-guanine	
CSR	 	 	 	 Class	switch	recombination	
Ct		 	 	 	 Cycle	thereshold	
CTCF		 	 	 	 CCCTC	binding	factor	
CTCL	 	 	 	 Cutaneous	T-cell	lymphoma	
CTS		 	 	 	 CTCF	Target	Site	
DAPI		 	 	 	 4’-6’-diamo-2phenylindole	dihydrochloride	
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DLBCL		 	 	 	 Diffuse	Large	B-cell	Lymphoma	
DMEM			 	 	 Dubelcco’s	Modified	Eagle	Medium	
DMSO		 	 	 	 Dimethyl	Sulphoxide	
DNA	 	 	 	 Deoxyribonucleic	Acid	
DNMT		 	 	 	 DNA-methyl	transferase	
DNMTis	 	 	 DNA-methyl	transferase	inhibitors	
dNTP		 	 	 	 Deoxyribonucleoside	Triphosphate	
dsDNA	 	 	 	 double-stranded	DNA	
DTT		 	 	 	 Dithiothreitol	
dw		 	 	 	 distilled	water	
DZ	 	 	 	 Dark	zone	
EBV		 	 	 	 Epstein-Barr	Virus	
EDTA		 	 	 	 Ethylenediaminetetracetic	acid	
EMSA		 	 	 	 Electrophoretic	Mobility	Shift	Assay	
ENCODE	 	 	 Encyclopedia	of	DNA	Elements		
EZH2	 	 	 	 Enhancer	of	Zeste	Homolog	2	
FBS		 	 	 	 Fetal	Bovine	Serum	
FC		 	 	 	 Follicular	center	
FDA	 	 	 	 Food	and	Drug	Administration	
FDC	 	 	 	 Follicular	dentritic	cell	
FISH		 	 	 	 Fluorescence	In	Situ	Hybridization	
FICT		 	 	 	 Fluorescein	isothiocyanate	
FL	 	 	 	 Follicular	lymphoma	
GC		 	 	 	 Germinal	Center	
GCB	 	 	 	 Germinal	center	subtype	
GEP	 	 	 	 Genome	expression	profile	
GFP		 	 	 	 Green	Fluorescent	Protein	
HAT		 	 	 	 Histone	Acetyltransferase	
HDAC		 	 	 	 Histone	deacetylase	
HDACis		 	 	 Histone	deacetylase	inhibitors	
HGBL	 	 	 	 High	grade	B-cell	lymphomas	
Hi-C	 	 	 	 High-throughput	detection	of	chromosomal	interactions	
HSC	 	 	 	 Hematopoietic	Stem	Cell	
hTERT		 	 	 	 Human	Telomerase	Reverse	Transcriptase	
Ig		 	 	 	 Immunoglobulin	
IRF4		 	 	 	 Interferon	Regulatory	Factor	4	
INS	 	 	 	 Insulator	
kb		 	 	 	 Kilobase	
kDa		 	 	 	 kilodalton	
LB		 	 	 	 Luria	Broth	
LZ	 	 	 	 Light	zone	
M		 	 	 	 Molar	
MAPK		 	 	 	 Mitogen-Activated	Protein	Kinases	
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1.	INTRODUCTION	
	

1.1.	Germinal	centers	and	B-cell	differentiation	
	

The	immune	system	comprises	a	number	of	structures	and	processes	used	by	our	organism	to	
protect	itself	against	different	types	of	threats	such	as	pathogens,	neoplasias	or	physical	agents	like	
radiation.	 There	 are	 two	main	 types	 of	 immune	 response:	 de	 innate	 and	 the	 adaptive,	 which	 is	
highly	 specific	 and	 has	 two	 main	 effectors:	 B-cells	 and	 some	 subtypes	 of	 T-cells.	 The	 adaptive	
immune	 response	 can	 be	 divided	 into	 two	 main	 processes:	 the	 antigen	 independent	 and	 the	
antigen	dependent	phases.	The	first	one	takes	place	in	the	bone	marrow	in	newborns	and	persists	
through	adult	 life	and	 is	where	 lymphocytes	start	their	maturation	from	hematopoietic	stem	cells	
(HSC).	 Immature	B-cells	are	characterized	by	 the	expression	of	a	 repertoire	of	primary	antibodies	
with	 low	 affinity	 for	 the	 antigen	 (innate	 response).	 Once	 the	 immunoglobulin	 M	 (IgM)	 or	
immunoglobulin	D	(IgD)	is	 in	their	surface,	they	become	naïve	cells	and	either	a	foreign	substance	
called	antigen	or	a	T-cell	 can	activate	 them.	At	 this	point	 is	where	 the	second	phase,	 the	antigen	
dependent,	 starts	 and	 the	 maturation	 will	 continue	 in	 the	 peripheral	 lymphoid	 tissues	 (Chaplin,	
2010).		

	
The	activated	B-cells	move	to	 the	secondary	 lymphoid	tissues	 (spleen	and	 lymph	nodes)	and	

begin	to	proliferate	actively	generating	the	germinal	center	(GC)	(McHeyzer-Williams	et	al.,	2001).	
The	germinal	center	(Figure	1.1)	can	be	histologically	divided	in	two	zones,	the	dark	zone	(DZ)	and	
the	light	zone	(LZ).	The	activated	B-cell	that	enters	to	the	germinal	center	through	the	DZ	and	starts	
to	proliferate	is	named	as	centroblasts.	Once	in	the	DZ,	centroblasts	suffer	a	process	called	somatic	
hypermutation	 (SHM)	 (Figure	 1.1)	 that	 will	 increase	 both	 the	 affinity	 and	 the	 specificity	 of	 the	
immunoglobulin.	 In	 this	 process,	 different	 genes	 that	 encode	 for	 the	 immunoglobulin,	 randomly	
recombine	 to	 produce	 a	 B-cell	 population	 expressing	 surface	 B-cell	 receptors	 (BCR)	 with	 a	 large	
range	 of	 specificities	 required	 for	 normal	 immunity	 (Bonilla	 and	 Oettgen,	 2010).	 The	 essential	
enzyme	in	charge	of	this	process	is	the	activation-induced	deaminase	(AID).	Like	any	other	process	
that	includes	recombination,	the	SHM	has	high	level	of	risk	of	introducing	mutations	in	a	non-desire	
target	gene	such	as	oncogenes,	potencially	resulting	in	GC	derived	lymphomas,	described	later.		

	
Later	on	in	the	process,	B-cells	move	to	the	LZ,	referred	now	as	centrocytes,	and	exit	the	cell	

cycle.	 In	 the	LZ	of	 the	germinal	center,	other	cells	 types	 that	co-exist	with	 the	centrocyte	such	as	
follicular	dendritic	 cells	 (FDCs)	 (Cyster,	2000;	Cyster	et	al.,	2000),	a	 small	number	of	 conventional	
dendritic	cells	(Grouard	et	al.,	1996;	Liu	et	al.,	1996),	macrophages	(Allen	et	al.,	2004)	and	a	small	
fraction	 of	 T-cells,	 act	 presenting	 the	 antigen	 to	 the	 activated	 B-cell	 (Figure	 1.1).	 Particularly,	 a	
subpopulation	of	T-cells,	called	T-follicular	helper	(Tfh),	plays	a	fundamental	role	in	the	selection	of	
non-autoreactive	mature	B-cells	by	antigen	binding	of	those	B-cells	that	have	completed	the	SHM	
maturation	process	(Arnold	et	al.,	2007).	Once	in	the	LZ,	germinal	center	B-cells	undergo	one	of	the	
three	following	routes:	i)	the	centrocytes	can	have	a	disadvantage	mutation	not	being	able	to	make	
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contact	with	the	antigen-presenting	cell	and	will	dye	by	apoptosis.	ii)	Alternatively,	if	a	particular	B-
cell	clone	suffers	a	positive	selection	mutation	in	its	antibody,	then	it	will	undergo	a	process	called	
class	 switch	 recombination	 (CSR)	 (Figure	 1.1).	 This	 process	 is	 orchestrated	 by	 enzyme	 AID	 and	
consists	 in	 the	 modification	 of	 the	 effector	 functions	 of	 the	 antibody.	 This	 is	 followed	 by	 cell	
differentiation,	 where	 the	 B-cell	 will	 exit	 the	 germinal	 center	 as	 an	 antibody-secreting	 cell	
(plasmablast/plasma	cell).	iii)	Finally,	it	can	become	a	long-lived	memory	cell	with	a	different	type	of	
antibody	 class,	 such	 as	 IgA,	 IgE	 or	 IgG.	 It	 has	 lately	 been	 proposed	 that	 those	 B-cells,	 with	 low	
affinity	 for	 the	 antigen,	 will	 re-enter	 the	 DZ	 for	 further	 rounds	 of	 SHM	 in	 order	 to	 increase	 the	
affinity	for	the	antigen	(Dominguez-Sola	et	al.,	2012).	

	

	
	

Figure	1.1.	Germinal	 center	 reaction.	This	 figure	represents	the	biological	process	of	germinal	centers.	GCs	are	
formed	in	the	secondary	 lymphoid	tissues	after	the	immunization	process.	The	Tfh	cell	 interacts	with	a	naïve	B-
cell	 in	 the	 interfollicular	 regions,	 activating	 B-cells.	 BCL6	 expression	 is	 upregulated	 as	 cells	 enter	 the	 follicles	
where	rapidly	proliferate	while	suffering	SHM.	The	centroblasts	that	are	in	the	DZ	will	later	migrate	to	the	LZ	and	
differentiate	becoming	centrocytes.	The	affinity	of	their	Ig	receptor	is	analyzed	with	the	help	of	other	cells	from	
the	 GC	 such	 as	 Tfh	 cells	 or	 FDCs.	 Cells	 selected	 with	 high	 affinity	 BCR,	 differentiate	 to	 either	 plasma	 cell	 or	
memory	 B-cell.	 Those	 cells	 with	 low	 affinity	 will	 undergo	 apoptosis.	 Abbreviations:	 GC,	 germinal	 center;	 Tfh,	
follicular	 helper	 T-cell;	 SHM,	 somatic	 hypermutation;	 CSR:	 class	 switch	 recombination;	 DZ,	 dark	 zone;	 LZ,	 light	
zone;	 Ig,	 immunoglobulin;	FDC,	 follicular	dendritic	 cell;	BCR,	B-cell	 receptor	 (Figure	based	on	Hatzi	and	Melnick	
2014).		

	
	

Germinal	center	B-cells	are	among	the	fastest	dividing	mammalian	cells	 (Allen,	2007).	Added	
to	this	characteristic,	these	cells	allow	their	machinery	to	introduce	mutations	in	their	genomic	DNA	
as	part	of	their	“normal”	biology	maturation	process	(Jung	et	al.,	2006).	Occassionally,	introduction	
of	mutations	 in	 non-desired	 target	 genes	will	 result	 in	 the	 tumoral	 transformation	 of	 these	 cells	
giving	rise	to	different	hematological	malignancies,	such	as	leukemias	and	lymphomas	(Cattoretti	et	
al.,	2005;	Wang	et	al.,	2002).	For	this	reasons,	it	is	critical	that	all	the	events	described	above	have	
to	be	tightly	regulated.		
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1.1.1.	Master	regulators	of	the	germinal	center	
	

A	 complicated	 network	 composed	 of	 several	 transcription	 factors,	 also	 referred	 as	 “master	
regulators”,	 is	 the	 responsible	 of	 maintaining	 the	 GC	 reaction	 by	 activating	 or	 repressing	 the	
expression	of	multiple	 transcriptional	programs	 in	a	 time-event	dependent	manner,	ensuring	that	
the	maturation	process	takes	place	(Figure	1.2).	

	

	
	

Figure	1.2.	Model	illustrating	the	central	role	of	BCL6	in	plasma	cell	differentiation.	In	germinal	center,	BCL6	
maintains	functional	B-cells	by	activating	B-cell-specific	genes	and	repressing	the	lineage	inappropriate	genes.	
At	the	same	time,	BCL6	represses	the	expression	of	plasmacytic	transcription	factors	BLIMP1	and	XBP1.	The	
combined	action	of	BCL6	and	PAX5	prevents	premature	BLIMP1	induction	and	allows	proliferation	and	affinity	
maturation.	On	the	contrary,	in	plasma	cells,	BCL6	and	PAX5	downregulation	mediated	by	BLIMP1	expression	
leads	 to	 irreversible	 terminal	 differentiation.	 Finally,	 B-cell	 identity	 is	 lost	 and	 the	 upregulation	 of	 XBP1	
promotes	the	increase	immunoglobulin	secretion	(Figure	based	on	Nera	et	al	2006).	

	
	
BCL6	

B-cell	 lymphoma	 6	 protein	 (BCL6)	 is	 a	 well-conserved	 protein	 that	 belongs	 to	 the	 family	 of	
BTB/POZ	 proteins.	 It	 is	 considered	 the	 “master	 regulator”	 and	 the	 main	 responsible	 for	 the	
acquisition	 of	 a	 GC	 phenotype	 (Basso	 and	 Dalla-Favera,	 2012;	 Kitano	 et	 al.,	 2011).	 BCL6	 acts	
predominantly	as	a	transcriptional	repressor	of	the	plasmatic	program	by	directly	inhibiting	BLIMP1	
(Tunyaplin	 et	 al.,	 2004)	 (Figure	 1.2).	 Characteristics	 of	 BCL6	will	 be	 explained	 to	 a	 greater	 extent	
further	in	this	work	(Section	1.2).	
	
PAX5	

Paired	box	protein	5	 (PAX5)	belongs	 to	a	 family	of	proteins	 that	contains	a	highly	conserved	
DNA-binding	 domain	 named	 paired	 box.	 The	 deregulation	 in	 the	 expression	 of	 their	 genes	 is	
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thought	to	be	involved	in	neoplastic	transformation.	PAX5	 in	particular,	encodes	the	B-cell	 lineage	
specific	 activator	 protein	 (BSAP)	 that	 is	 expressed	 in	 early,	 but	 not	 in	 late	 stages	 of	 B-cell	
differentiation.	It	can	act	both	as	a	repressor	and	as	an	activator	(Revilla	et	al.,	2012).	It	preserves	
the	expression	of	genes	critical	to	maintain	B-cell	identity	while	PAX5	down-regulation	is	necessary	
for	 differentiation	 towards	 Ig-secreting	 plasma	 cells	 (Nera	 et	 al.,	 2006),	 since	 PAX5	 directly	
represses	the	master	regulators	of	the	plasma	cell	program	(Lin	et	al.,	2002).	
	
BLIMP1	and	XBP1	

B-lymphocyte-	induced	maturation	protein	1	(BLIMP1)	in	human	is	encoded	by	the	PR	domain	
zinc	finger	gene	1	(PRDM1).	Its	expression	is	only	detected	in	antibody-secreting	cells,	at	low	levels	
in	 plasmablats	 and	 high	 levels	 in	mature	 plasma	 cells	 (Angelin-Duclos	 et	 al.,	 2000;	 Kallies	 et	 al.,	
2004).	It	acts	as	a	transcriptional	repressor	of	many	specific	genes	representative	of	the	GC	B-cells	
such	as	BCL6	and	PAX5	(Lin	et	al.,	2002;	Shaffer	et	al.,	2000).	While	considered	a	master	regulator	of	
the	plasmatic	differentiation	program	however,	BLIMP1	is	yet	not	necessary	to	initiate	it	(Kallies	et	
al.,	2007).	

	
X-box	 binding	 protein	 (XBP1)	 expression	 is	 tightly	 related	with	 BLIMP1	 expression,	 however	

XBP1	 is	 not	 required	 for	 the	 formation	 of	 antibody-secreting	 cells	 (Todd	 et	 al.,	 2009)	 but	
coordinates	several	pathways	required	for	the	phenotype	of	committed	immunoglobulin	secretory	
cells	(Shaffer	et	al.,	2004).		

	
	
1.1.2.	Other	regulatory	factors		
	

The	balance	between	the	GC	reaction	and	the	plasmatic	differentiation	program	is	regulated	
by	additional	factors	described	bellow.	A	scheme	of	the	regulatory	network	is	represented	in	figure	
1.3.	

	

	
	

Figure	 1.3.	 Schematic	 diagram	 of	 the	 regulatory	 network	 controlling	 the	 balance	
between	 the	 germinal	 center	 reaction	 and	 the	 plasmatic	 program.	 This	 figure	
recapitulates	the	relation	between	the	different	transcription	factors	and	is	represented	as	
follows:	activation	is	indicated	with	arrowheads	and	repression	is	indicated	with	stop	lines.		
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IRF4	
Different	 levels	 of	 expression	 of	 the	 interferon	 regulatory	 factor	 4	 (IRF4)	 are	 detected	

depending	on	 the	 stage	of	 the	B-cell	differentiation.	 IRF4	 is	necessary	at	 the	beginning	of	 the	GC	
reaction	inducing	AID	and	BCL6	expression	but	it	is	not	required	to	maintain	the	GC	integrity	(Klein	
et	al.,	2006).	As	reaction	continues,	high	levels	of	 IRF4	favor	the	expression	of	BLIMP1	and,	at	the	
same	 time	 repress	 BCL6	 expression	 (Ochiai	 et	 al.,	 2013).	 As	 a	 consequence,	 the	 GC	 reaction	 is	
finished	and	the	plasmatic	differentiation	program	is	established	(Saito	et	al.,	2007;	Sciammas	et	al.,	
2011).		
	
cMYC	

MYC	 is	 a	 multifunctional	 transcription	 factor	 that	 plays	 an	 important	 role	 in	 cell	 cycle	
progression,	 apoptosis	 and	 cellular	 transformation.	 Its	 translocation	 is	 characteristic	 although	not	
specific	of	Burkitt	lymphoma	and	it	has	been	described	to	be	involved	in	the	pathogenesis	of	many	
other	 cancers	 (Reviewed	 in	 (Cortiguera	 et	 al.,	 2015)).	 In	 the	 case	 of	 GC	 B-cells,	 its	 expression	 is	
tightly	regulated	and	detected	in	some	populations	of	B-cells	from	the	LZ,	probably	regulating	the	
cyclic	 re-entry	 into	 the	 DZ	 for	 further	 rounds	 of	 SHM	 (Dominguez-Sola	 et	 al.,	 2012).	 MYC	 is	
repressed	by	BCL6	during	SHM	in	the	DZ.	Then	cells	migrate	to	the	LZ	to	undergo	selection	and	at	
this	 time	 point,	 MYC	 re-expression	 is	 allowed	 so	 the	 cells	 that	 have	 not	 been	 selected	 to	
differentiate	can	return	to	the	DZ	and	suffer	further	rounds	of	affinity	maturation	(Dominguez-Sola	
et	al.,	2012).	Chromosomal	translocations	in	different	type	of	lymphomas	avoid	the	repressor	effect	
of	BCL6	on	BCL2	and	MYC	locus	(Ci	et	al.,	2009).		
	
BACH2	

The	 transcriptional	 repressor	 BACH2	 belongs	 to	 the	 BTB	 and	 CNC	 homology	 (Bach)	 family	
(Oyake	 et	 al.,	 1996).	 BACH2	 participates	 in	 several	 cellular	 processes	 including	 adaptive	 immune	
response	 being	 expressed	 in	 B-cells,	mainly	 in	 early	 stages	 of	 B-cell	 development.	 As	mentioned	
above,	the	level	of	IRF4	is	one	of	the	factors	that	modulate	the	B-cell	program.	With	low	levels	of	
IRF4,	BACH2	represses	BLIMP1	and	prevents	further	increase	of	IRF4	thus	delaying	the	entry	in	the	
plasma	 cell	 differentiation	 program	 and	 supporting	 the	 somatic	 hypermutation	 and	 class	 switch	
recombination	 regulating	 the	expression	of	AID	 (Igarashi	et	al.,	2014).	However,	when	 IRF4	 levels	
increase	 accompanied	 by	 the	 presence	 of	 BLIMP1,	 the	 plasmatic	 program	 is	 released	 as	 BACH2	
levels	are	downregulated	and	AID	is	switched	off.		
	
BCL2	family	members		

Apoptosis	is	one	of	the	fates	that	a	mature	B-cell	can	go	through.	It	is	required	to	eliminate	the	
self-reactive	 cells,	 preventing	 autoimmunity,	 and	 to	 finish	 the	 reaction	 once	 the	 response	 is	
finished.	All	of	 them	are	critical	activities	 required	 for	 the	 regulation	of	plasma	cells.	Apoptosis	 is	
characterized	by	caspase	activation	through	two	main	pathways:	 i)	the	extrinsic	pathway,	 induced	
by	 TNF-family	 of	 cytokine	 receptors,	 which	 provokes	 the	 induction	 of	 caspase-8	 (Lavrik	 and	
Krammer,	 2012)	 and	 ii)	 the	 intrinsic	 pathway,	 initiated	 by	 the	 release	 of	 cytochrome	 C	 from	 the	
mitochondria	 as	 a	 consequence	 of	 different	 stimuli	 including	 oxidative	 stress,	 DNA	 damage	 and	
many	others.	This	 is	accompanied	by	the	 increase	 levels	of	some	BCL2	family	members	with	pore	
forming	 ability	 that	 leads	 to	 the	 activation	 of	 caspase-9	 (Yivgi-Ohana	 et	 al.,	 2011).	 The	 two	
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pathways	converge	at	the	level	of	caspase-3	activation,	resulting	in	cell	death.		
	
BCL2	gene	was	first	identified	from	the	chromosomal	translocation	t(14;18)(q32;q21)	in	B-cell	

follicular	lymphoma	(Hua	et	al.,	1988),	and	has	also	been	detected	in	a	other	lymphoid	neoplasms.	
This	gene	gave	the	name	to	the	BCL2	family,	which	includes	around	20	proteins	that	are	regulators	
of	 apoptosis,	 and	 they	 all	 share	 at	 least	 one	 BCL2	 homology	 (BH)	 domain	 (Figure	 1.4).	 Classified	
from	a	functional	point	of	view:	i)	the	anti-apoptotic	members	containing	three	or	four	BH	domains	
(BCL2,	 BCL-XL	 and	MCL1)	 (Peperzak	 et	 al.,	 2012)	 and	 ii)	 the	 pro-apoptotic	members	with	 two	 or	
three	BH	domains	(BAX	and	BAK)	or	with	just	one	(BAD,	BIK,	BID,	BIM).	The	balance	in	the	levels	of	
these	proteins	determines	the	cell	fate	(Antonsson	and	Martinou,	2000;	Yip	and	Reed,	2008).	
	

	
	

Figure	1.4.	BCL2	family	members.	Schematic	representation	of	the	three	functional	groups	of	BCL2	family	of	
proteins.	 The	 BH	 domains	 and	 TM	 domains	 are	 indicated.	 The	 main	 pro-apoptotic	 and	 the	 anti-apoptotic	
proteins	are	shown.	Abbreviations:	BH,	BCL-2	homology;	TM,	transmembrane	(Figure	based	on	(Hengartner,	
2000).	

	
	

During	 immune	 response,	BCL2	over-expression	 increases	plasma	cells	number	 (Smith	et	 al.,	
2000)	 and	 enhances	 the	 B-cell	 potential	 toward	 plasma	 cell	 differentiation	 (Taylor	 et	 al.,	 2015).	
Antibody-affinity	is	low	in	these	cells.	B-cells	in	the	GC	express	low	levels	of	BCL2	and	high	levels	of	
BAX	 and	 FAS	 (Klein	 et	 al.,	 2003).	 More	 recently,	 it	 has	 been	 described	 MCL1	 as	 the	 main	 anti-
apoptotic	 regulator	 of	 GC	 B-cells	 and	 memory	 cells,	 being	 indispensable	 for	 the	 formation	 and	
persistence	of	germinal	centers	(Vikstrom	et	al.,	2010).	Additionally,	 in	vivo	studies	have	classified	
MCL1	role	as	critical	in	the	maintenance	of	plasma	cells	(Peperzak	et	al.,	2013).	
	

Disbalance	 in	the	 levels	of	this	 family	members	have	an	 importat	role	 in	the	development	of	
lymphomas	derived	from	the	GC,	such	as	in	DLBCL	(Peperzak	et	al.,	2017;	Schuetz	et	al.,	2012).	
	
	
1.1.3.	Surface	markers	expression	during	B-cell	differentiation	
	

Along	 the	differentiation	process	 from	B-cell	 to	plasma	cell,	 the	 lymphocytes	pass	 through	a	
number	 of	 developmental	 stages.	 As	 they	mature	 and	 differentiate,	 they	 pass	 through	 different	
stages	 that	 can	 be	 distinguish	 due	 to	 the	 differential	 expression	 of	 cell	 surface	 and	 intracellular	
markers.	 The	 analysis	 of	 these	 profiles	 helps	 to	 classify	 the	 diverse	 nature	 and	 function	 of	 the	
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different	B-cell	subsets.	Among	all	 the	surface	markers	susceptible	of	analysis,	the	ones	that	have	
been	matter	of	study	in	this	Thesis	work	are	detailed	below.		

	
The	 surface	 marker	 CD45	 is	 expressed	 in	 all	 nucleated	 hematopoietic	 cells.	 It	 is	 crucial	 in	

lymphocyte	 development	 and	 antigen	 signaling	 (Mali	 et	 al.,	 1990).	 CD20	 surface	 marker	 is	
expressed	in	most	stages	of	B-cell	development	except	in	the	first	and	in	the	last	stages	(Figure	1.5).	
It	 is	 present	 from	 late	 pro	 B-cells	 through	memory	 B-cells	 but	 not	 in	 either	 early	 pro	 B-cells	 or	
plasmablasts	 and	plasma	 cells.	 CD38	 is	 tightly	 regulated	during	B-cell	 ontogeny.	 It	 appears	 in	 the	
bone	marrow	precursor	cells	but	it	is	lost	on	mature	lymphocytes.	When	B-cells	leave	the	germinal	
center,	CD38	 is	present	on	 terminally	differentiated	plasma	cells	 (Jackson	and	Bell,	1990).	Finally,	
the	surface	marker	CD138	is	highly	expressed	in	the	late	stages	of	B-cell	differentiation,	acquired	as	
they	differentiate	towards	plasma	cells	(Mali	et	al.,	1990)	(Figure	1.5).	
	

	
	

Figure	 1.5.	 Surface	markers	 expression	 pattern	 during	 B-cell	 differentiation.	 	The	expression	pattern	of	 the	
CD45,	 CD20,	 CD38,	 and	 CD138	 surface	 markers	 is	 represented.	 On	 top,	 representative	 steps	 during	 B-cell	
differentiation	towards	plasma	cell	are	depicted.	The	length	of	the	grey	bars	corresponds	to	the	expression	of	
the	given	surface	marker	in	a	certain	stage.		
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1.2.	BCL6:	master	regulator	of	the	germinal	center	reaction	
	
1.2.1.	BCL6	structure	
	

In	patients	suffering	non-Hodgkin	lymphoma,	especially	in	DLBCL,	it	was	often	observed	a	non-
random	translocation	involving	the	3q27	region	(Lo	Coco	et	al.,	1994;	Ye	et	al.,	1993).	Cloning	and	
sequencing	analysis	of	this	region	led	to	the	identification	of	the	BCL6	gene	that	spans	24	Kb	(Baron	
et	al.,	 1993;	Kawamata	et	al.,	 1994b;	 Lo	Coco	et	al.,	 1994;	Ye	et	al.,	 1995a),	 later	 referred	as	 the	
master	 regulator	of	 the	GCs	 reaction	 (Figure	1.6)	 (Dent	et	al.,	1997).	Further	 studies	defined	 that	
translocation	 breakpoints	 preferentially	 occur	 within	 approximately	 2	 Kb	 of	 the	 transcription	
initiation	start	site	(MTC)	(Pasqualucci	et	al.,	1998;	Peng	et	al.,	1999).	A	number	of	genes,	including	
the	 immunoglobulin	 (Ig)	 genes,	 have	 been	 described	 as	 translocation	 partners	 of	 the	 BCL6	 and	
these	translocations	are	known	to	replace	the	promoter	region	and	the	first	non-coding	exon	region	
of	BCL6	 disrupting	 the	mechanism	of	negative	autoregulation,	normally	 involved	 in	 controlling	 its	
expression.	 The	 loss	 of	 proper	 autoregulation	 is	 very	 relevant	 considering	 that	 this	 protein	 can	
repress	the	transcription	of	genes	involved	in	cell	cycle	arrest,	apoptosis	and	differentiation	(Baron	
et	 al.,	 2002;	 Shaffer	 et	 al.,	 2000),	 thus	 resulting	 in	 lymphomagenesis	 (Kikuchi	 et	 al.,	 2000;	
Pasqualucci	 et	 al.,	 2003a).	 Indeed,	 overexpression	 of	 BCL6	 has	 been	 shown	 to	 be	 sufficient	 to	
induce	lymphomas	(Pasqualucci	et	al.,	2003a).	
	

	
	

Figura	1.6.	Schematic	representation	of	BCL6	gene	and	protein.	Genomic	organization	of	BCL6	(top).	
Transcription	 start	 site	 is	 represented	 with	 a	 blue	 arrow.	 The	 major	 translocation	 cluster	 (MTC)	 is	
indicated.	Protein	coding	exons	are	 represented	 in	blue	and	non-coding	exons	 in	grey.	Human	BCL6	
protein	(bottom)	domains	are:	i)	the	BTB/POZ	domain	(aminoacids	1	to	130)	at	the	N-terminal	region,	
ii)	 in	 the	 middle	 region	 the	 central	 domain	 (aminoacids	 191	 to	 386)	 and	 the	 PEST	 sequence	
(aminoacids	300	to	417)	and	iii)	the	zinc	finger	motifs	(aminoacids	518	to	681)	within	the	C-terminus	
domain.	

	
	

1.2.2.	BCL6	expression	
	

The	 expression	 of	 BCL6	 is	 detected	 in	 several	 human	 tissues	 (Miki	 et	 al.,	 1994).	 BCL6	 is	
predominantly	 induced	 and	 highly	 expressed	 in	 centroblats	 and	 its	 expression	 is	 maintained	 in	
centrocytes,	 with	 BCL6	 protein	 expression	 restricted	 to	 the	 GC	 stage	 of	 differentiation.	 On	 the	
contrary,	 BCL6	 expression	 is	 undetectable	 in	 plasma	 cells	 (Cattoretti	 et	 al.,	 1995;	 Onizuka	 et	 al.,	
1995).	 It	 is	also	expressed	 in	 lymphomas	with	germinal	center	origin	 (BL	and	DLBCL)	 (Basso	et	al.,	
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2012;	Hatzi	and	Melnick,	2014)	and	has	been	detected	in	other	tissues	such	as	in	keratinocytes	and	
sperm	at	 their	 terminal	 stages	 (Yoshida	et	al.,	1996).	BCL6	 is	also	expressed	 in	 follicular	helper	T-
cells	(Tfh)	(Kerfoot	et	al.,	2011;	Kitano	et	al.,	2011;	Liu	et	al.,	2012)	and	macrophages	(Barish	et	al.,	
2010;	Barish	et	al.,	2012;	Hatzi	et	al.,	2013;	Ichii	et	al.,	2007;	Liao	et	al.,	2014).	
	
	
1.2.3.	BCL6	transcriptional	repression	function	
	

The	 product	 encoded	 by	BCL6	 gene	 is	 a	 706	 aminoacid	 protein	 with	 a	molecular	 weight	 of	
95kDa	 (Figure	 1.6	 and	 1.7)	 (Cattoretti	 et	 al.,	 1995;	 Onizuka	 et	 al.,	 1995).	 Described	 as	 a	
transcriptional	repressor	(Chang	et	al.,	1996),	BCL6	belongs	to	the	family	of	BTB/POZ	transcription	
factors,	 sharing	 a	 common	 structural	 N-terminal	 domain	 and	 the	 ability	 of	 mediating	 the	
transcriptional	repression	of	several	genes	(Ahmad	et	al.,	2003;	Huynh	and	Bardwell,	1998;	Huynh	
et	al.,	2000).	BCL6	not	only	forms	co-repressor	complexes	through	the	BTB	domain	but	also	through	
a	middle	unstructured	region	also	known	as	RD2	(Figure	1.7).	BTB	domain	 is	required	to	maintain	
the	 cell	 proliferation	 and	 survival	 (Parekh	 et	 al.,	 2007).	 It	 is	 also	 required	 for	 both	 BCL6	
transcriptional	repression	and	physical	and	functional	interaction	with	co-repressors	(Ahmad	et	al.,	
2003;	 Parekh	 et	 al.,	 2007).	 On	 the	 other	 hand,	 a	 BCL6	 mutant	 that	 loss	 the	 RD2	 domain	
demonstrates	that	this	region	is	necessary	to	retain	extra	follicular	responses	(Huang	et	al.,	2014b)	
(Figure	1.7).		
	

BCL6	domains	recruit	different	sets	of	co-repressors.	BTB	domain	is	the	docking	site	for	BCL6	
to	form	homodimers	as	well	as	for	SMRT,	NCOR	and	BCOR	interactions	(Figure	1.7)	(Ahmad	et	al.,	
2003;	Dhordain	et	al.,	1997;	Huynh	and	Bardwell,	1998;	Huynh	et	al.,	2000).	NCOR	and	SMRT	are	
scaffold	 proteins	 that	 bind	 to	 BCL6	 through	 a	 17	 aminoacids	 conserved	 domain	 and	 can	 bind	
different	proteins	such	as	PLZF	(Wong	and	Privalsky,	1998)	and	HDAC3	(Lemercier	et	al.,	2002).	On	
the	other	hand,	BCOR	associates	with	RING1	and	FBLX10	among	others	(Sanchez	et	al.,	2007).	It	has	
been	described	that	the	repression	complexes	bind	differently	at	promoters	and	at	enhancers.	The	
BCOR-SMRT/NCOR	complex	binds	to	the	promoters	with	a	close	chromatin	conformation.	However,	
a	 complex	 containing	 HDAC3-SMRT/NCOR	 is	 found	 at	 enhancers	 promoting	 the	 deacetylation	 of	
histone	H3	 in	 lysine	27	 (H3K27)	 (Hatzi	et	al.,	2013).	Although	the	 three	proteins	bind	 to	 the	BCL6	
BTB	domain	lateral	groove,	the	BCL6	binding	site	of	NCOR	and	SMRT	are	identical	while	the	binding	
site	of	BCOR	is	different	(Stogios	et	al.,	2005).		

	
RD2	domain	also	binds	proteins	such	as	HDAC2	(Huang	et	al.,	2014b)	or	MTA3-NuRD	complex	

(Fujita	et	al.,	2004;	Parekh	et	al.,	2007).	The	co-repressor	CtBP	can	interact	with	both	the	BTB	and	
the	RD2	domain	of	BCL6	(Mendez	et	al.,	2008)	(Figure	1.7).	
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Figure	 1.7.	 Scheme	 of	 BCL6	 protein	 domains	 and	 protein	 interacting	 partners.	 The	 BTB/POZ	 domain	 is	
essential	for	protein-protein	interactions,	including	several	co-repressors	such	as	SMRT,	BCOR	and	NCOR	(in	
blue).	 RD2	 domain	 and	 its	 partners	 are	 indicated	 in	 red.	 RD2	 is	 also	 important	 for	 repression	 activity	 by	
binding	to	MTA3-NuRD	and	mSIN3A.	Within	the	PEST	sequence	(in	green),	the	lysine	379	contained	in	the	
KKYK	motif	 (aminoacids	376	 to	379),	 is	necessary	 for	BCL6	acetylation	by	EP300	 lysine	acetyl	 transferase.	
The	six	zinc	fingers	bind	to	the	indicated	consensus	DNA	sequence	(white	box)	present	in	BCL6	target	genes.	
The	C-terminal	domain	interacts	with	different	partners	(in	yellow)	(Figure	based	on	Albagli-Curiel	2003).	

	
	

BCL6	acts	as	a	transcriptional	repressor	by	binding	to	DNA	via	its	C-terminal	zinc-finger	domain	
(Figure	1.7)	(Fukuda	et	al.,	1995)	that	specifically	binds	to	the	DNA	consensus	motif	TTCCT(A/C)GAA	
in	 the	 promoter	 region	 of	 target	 genes	 (Baron	 et	 al.,	 1995;	 Chang	 et	 al.,	 1996;	 Kawamata	 et	 al.,	
1994b).	Using	the	mechanisms	described	above,	BCL6	is	able	to	directly	regulate	the	transcription	
of	 genes	 involved	 in	 many	 different	 pathways	 as	 demonstrated	 by	 studies	 based	 on	 combined	
integrated	biochemical	and	computational	approaches	 (Basso	et	al.,	2010;	Ci	et	al.,	2009;	Hatzi	et	
al.,	 2013;	 Polo	 et	 al.,	 2007;	 Shaffer	 et	 al.,	 2000).	 BCL6	 binding	 sites	 are	 significantly	 localized	 in	
proximity	with	other	genes	that	are	also	important	regulators	of	the	GC	B-cell	development,	such	as	
MYB,	 IRF8	or	BACH2	(Ci	et	al.,	2009).	BCL6	regulates	signaling	pathways	known	to	control	 its	own	
repression	such	as	the	B-cell	receptor	(BCR)	that	induces	MAPK	family	(Niu	et	al.,	1998);	or	the	CD40	
T-cell	 ligand	 that	 induces	 the	 downregulation	 of	 BCL6	 expression	 through	 the	NF-kB	 pathway	 by	
activating	the	interferon	regulatory	factor	4	(IRF4)	(Basso	et	al.,	2004;	Klaus	et	al.,	1997;	Niu	et	al.,	
1998;	Saito	et	al.,	2007).	

	
Additional	 mechanisms	 are	 based	 in	 the	 recruitment	 of	 BCL6	 by	 other	 co-repressors	 to	

indirectly	repress	some	other	genes.	That	is	the	case	of	the	cell	cycle	inhibitor	CDKN1A	(Phan	et	al.,	
2005)	 or	 the	 pro-apoptotic	 BCL2	 gene	 (Saito	 et	 al.,	 2009),	 which	 repression	 is	 mediated	 by	 the	
complex	BCL6	and	MIZ1	(MYC	interacting	zinc	finger	protein	1).	BCL6	also	helps	BACH2	to	repress	
the	plasmatic	differentiation	gene	PRDM1	(Huang	et	al.,	2014a).		

	
In	order	to	tolerate	the	DNA	damage	during	clonal	expansion	and	SHM,	BCL6	represses	DNA	

damage	sensing	genes	like	ATR	(Ranuncolo	et	al.,	2007)	or	CHEK1	(Ranuncolo	et	al.,	2008),	as	well	as	
the	 tumor	 suppressor	TP53	 (Phan	and	Dalla-Favera,	 2004).	BCL6	binds	and	 represses	many	other	
tumor	 suppressors	 including	CDKN1B,	 CDKN2A,	 CDKN2B,	 PTEN	 and	others	 (Ci	 et	 al.,	 2009).	 These	
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evidences	 confirm	 BCL6	 as	 a	 key	 player	 in	 the	modulation	 of	 the	 DNA	 damage	 response.	 At	 the	
same	 time,	 BCL6	 share	 binding	 sites	 of	 target	 genes	 with	 STAT	 family	 transcriptional	 activators	
(Walker	et	al.,	2007).	These	 findings	demonstrate	 that	BCL6	cooperates	with	 the	activity	of	 some	
genes	but	competes	with	others.		

	
Chromatin	 immunoprecipitation	 studies	 followed	 by	 deep	 sequencing	 analysis	 (ChIP-Seq)	

(Basso	 and	Dalla-Favera,	 2010;	 Ci	 et	 al.,	 2009;	 Polo	 et	 al.,	 2007)	 have	 identified	 a	wide	 range	 of	
target	 genes	 and	 pathways	 in	which	 BCL6	 is	 involved	 in	 normal	 germinal	 center	 reaction	 (Figure	
1.8).	
	

			
	

Figure	1.8.	Pathways	and	genes	 regulated	by	BCL6.	BCL6	modulates	several	pathways.	 In	this	figure	
the	more	representative	signaling	pathways	(dotted	arrow)	and	genes	(arrow)	are	depicted.		

	
	
1.2.4.	BCL6	regulation	
	

Despite	the	essential	role	that	BCL6	has	in	the	GC	reaction,	its	regulatory	mechanisms	are	not	
fully	understood.	BCL6	is	expanded	in	26	Kb	of	genomic	DNA	organized	in	10	exons	(Figure	1.6).	Two	
splicing	variants	have	been	reported	that	differ	in	the	inclusion	or	not	of	the	exon	2,	corresponding	
to	the	5’	untraslated	region	(5’UTR).	The	translation	start	site	(ATG)	has	been	located	in	exon	3	and	
the	zinc	finger	motif	spreads	between	exons	6	and	9	(Kawamata	et	al.,	1994a).	Two	autoregulatory	
regions	have	been	identified	in	the	boundaries	between	exon	1	and	intron	1	where	the	break	points	
are	 clustered	 in	 (Pasqualucci	 et	 al.,	 2003b;	 Saito	 et	 al.,	 2007;	 Wang	 et	 al.,	 2002).	 The	 region	
including	the	intron	1	is	frequently	deleted	in	B-cell	lymphomas	(Kikuchi	et	al.,	2000).	Proteins	that	
bind	to	those	regions	have	been	reported	such	as	PARP1	that	inhibits	BCL6	expression	by	binding	to	
the	intron	1	(Ambrose	et	al.,	2007).		
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Consistent	 with	 the	 importance	 of	 BCL6	 in	 the	 germinal	 center	 B-cells	 development,	 it	 is	
understandable	that	its	expression	is	regulated	by	a	number	of	pathways	that	can	either	induce	or	
inhibit	BCL6	expression.	Regarding	the	beginning	of	the	GC	stage,	one	transcription	factor	described	
to	induce	BCL6	expression	is	IRF8	(Lee	et	al.,	2006).		

	
Once	 expressed	 in	 the	 GC,	 BCL6	 binds	 to	 the	 5’	 regulatory	 region	 of	 its	 own	 promoter	

decreasing	 the	 levels	of	expression.	This	mechanism	 is	 frequently	disrupted	 in	diffuse	 large	B-cell	
lymphomas	(Pasqualucci	et	al.,	2003b).		
	

Different	 members	 of	 the	 STAT	 family	 (silent	 transcription	 factors	 that	 are	 activated	 upon	
phosphorylation)	 have	 been	 reported	 to	modulate	 BCL6	 expression	 by	 either	 inducing	 it	 (STAT1,	
STAT3	and	STAT4)	 (Choi	et	al.,	2013;	Nakayamada	et	al.,	2014)	or	 inhibiting	 it	 (STAT5)	(Nurieva	et	
al.,	 2012;	 Scheeren	 et	 al.,	 2005).	 Moreover,	 different	 members	 of	 the	 family	 compete	 in	 their	
activity	over	BCL6.	That	 is	 the	 case	of	 STAT3	and	STAT5	 (Walker	et	 al.,	 2013).	 Furthermore,	BCL6	
inhibition	 by	 STAT5	 is	 mediated	 by	 BLIMP1,	 a	 transcriptional	 repressor	 essential	 for	 plasma	 cell	
differentiation	that	directly	represses	BCL6	transcription	(Cimmino	et	al.,	2008).	Recently,	MEF2B	(a	
transcriptional	 repressor	 that	 cooperates	with	 co-repressors	 and	histone-modifying	 enzymes)	 has	
been	 described	 as	 a	 transcriptional	 regulator	 of	 BCL6	 (Ding	 et	 al.,	 2015)	 and	 MEF2B	 mutations	
deregulates	 BCL6	 expression	 in	 DLBCL	 (Ying	 et	 al.,	 2013).	 The	 CCCTC-binding	 factor	 (CTCF)	
negatively	 regulates	BCL6	by	binding	 to	 its	 intron	1	 in	plasmatic	 cells.	 This	 regulation	 is	 hindered	
when	the	binding	site	is	methylated	(Lai	et	al.,	2010).	This	mechanism	will	be	discussed	deeply	later	
in	this	study.	
	

BCL6	 expression	 can	 also	 be	 post-transcriptionally	 regulated	 by	microRNAs	 such	 us	miR-127	
(Saito	et	al.,	2006)	and,	recently	described,	miR-155	(Basso	et	al.,	2012)	and	miR-144,	which	targets	
BCL6	for	inhibition	in	DLBCL	(Wang	et	al.,	2016).		
	

Regarding	post-translational	mechanisms,	it	has	been	described	a	sequence	(KKYK)	included	in	
the	 PEST	 domain	 (Figure	 1.7)	 that	 can	 be	 acetylated,	 impairing	 BCL6	 repressor	 activity	 by	
destabilizing	 the	 co-repressor	 complex.	 It	 has	 been	 demonstrated	 that	 BCL6	 behaves	 as	 a	 non-
histone	target	in	the	presence	of	histone	deacetylase	inhibitors.	When	acetylated	by	EP300,	BCL6	is	
not	able	to	form	co-repressor	complex	with	HDAC2	(Bereshchenko	et	al.,	2002).		

	
Finally,	 in	 the	 late	 stages	 of	 GC	 reaction,	 protein	 kinases	 involved	 in	 different	 pathways	

phosphorylate	 BCL6	 leading	 to	 its	 degradation	 by	 the	 ubiquitin-proteasome	pathway.	 That	 is	 the	
case	 of	 ATM,	 induced	 by	 DNA	 damage	 during	 somatic	 hypermutation	 and	 class	 switch	
recombination	 (Phan	 et	 al.,	 2007)	 and	mitogen-activated	 protein	 kinase	 (MAPK)	 induced	by	BCR-
antigen	 high	 affinity	 interaction	 (Niu	 et	 al.,	 1998).	 It	 has	 been	 reported	 that	 FBXO11	 specifically	
binds	and	target	BCL6	for	ubiquitilation	and	proteosomal	degradation	(Duan	et	al.,	2012).		
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1.2.5.	BCL6	deregulation	and	lymphomas	
	

The	 oncogenic	 function	 of	 BCL6	 was	 demonstrated	 in	 mouse	 models	 engineered	 to	
recapitulate	the	translocation	present	in	DLBCL,	developing	features	resembling	the	human	disease	
(Cattoretti	et	al.,	2005).	One	of	the	mechanisms	by	which	lymphomas	emerge	is	the	deregulation	of	
BCL6	 expression	 that	 frequently	 arises	 as	 consequence	 of	 chromosomal	 translocations,	 somatic	
mutations	and	some	others	genetic	lesions.			

	
Lymphoma-associated	 chromosomal	 translocations	 results	 from	 the	 reciprocal	 and	 balanced	

recombination	 of	 BCL6	 with	 many	 partners	 located	 in	 different	 chromosomes,	 being	 the	
immunoglobulin	(Ig)	heavy	chain	the	most	frequent.	The	result	of	this	translocation	is	an	intact	BCL6	
coding	 sequence	 regulated	 by	 the	 heterologous	 regulatory	 region	 deriving	 from	 the	 partner	
chromosome	(Akasaka	et	al.,	2000;	Basso	and	Dalla-Favera,	2010;	Chen	et	al.,	1998;	Ichinohasama	
et	al.,	1998;	Ye	et	al.,	1995a).	The	promoter	substitution	often	clusters	in	a	region	known	as	major	
breakpoint	region	(MBR)	or	major	translocation	cluster	(MTC)	spanning	the	promoter,	the	first	non-
coding	exon	and	the	5’	part	of	the	first	intron	(Figure	1.6)	(Albagli-Curiel,	2003).	In	around	25	%	of	
the	cases	of	DLBCL,	BCL6	translocations	have	Ig	heavy	chain	locus	as	partner	(Offit	et	al.,	1994).	The	
proportion	of	this	type	of	translocation	differ	among	the	different	subtypes	of	cell	of	origen	DLBCL,	
being	 detected	more	 frequently	 in	 the	 activated	 B-cell	 (ABC)	 subtype	 compared	 to	 the	 germinal	
center	B-cell	 (GCB)	subtype	(Iqbal	et	al.,	2007).	BCL6	translocations	have	also	been	found	in	other	
lymphoid	neoplasms	such	as	follicular	lymphoma,	being	detected	in	5-15	%	of	the	patients,	mainly	
in	grade	3B	cases	(Keller	et	al.,	2008).	Chromosomal	translocations	are	a	consequence	of	mistakes	
during	somatic	hypermutation	(SHM)	and	class	switch	recombination	(CSR)	processes.	In	particular,	
SHM	 and	 CSR	 have	 been	 demonstrated	 to	 alter	 BCL6	 regulation	 causing	 the	 disruption	 of	 the	
binding	transcription	factors	that	regulate	BCL6	such	as	MEF2B	(Ying	et	al.,	2013).		
	

High	 proportion	 of	 somatic	 mutations	 are	 present	 in	 B-cell	 tumors	 that,	 from	
immunohistochemical	analysis,	display	a	germinal	center	phenotype	(Capello	et	al.,	2000;	Migliazza	
et	al.,	1995;	Pasqualucci	et	al.,	2000;	Ye	et	al.,	1995b).		

	
In	approximately	15	%	of	DLBCL	cases,	the	mutations	cluster	exon	1,	coinciding	with	two	BCL6	

binding	 sites	 and	 disrupting	 its	 negative	 autoregulation	 (Pasqualucci	 et	 al.,	 2003b;	 Wang	 et	 al.,	
2002).	 In	 this	 same	 lymphoma	 type,	 monoallelic	 mutations	 and	 deletions	 of	 the	 BCL6	 inhibitor	
FBXO11	have	been	described	in	9	%	of	the	cases	(Duan	et	al.,	2012).	In	DLBCL	and	FL,	mutations	are	
also	present	in	the	5’UTR	region	of	BCL6	(Capello	et	al.,	2000;	Migliazza	et	al.,	1995).		
	

More	 recently,	 genome-wide	 approaches	 have	 allowed	 to	 determine	 that	 BCL6	 is	 not	 only	
deregulated	 in	 lymphomas	due	 to	promoter	 substitution	or	 somatic	mutations,	but	also	 it	 can	be	
deregulated	 due	 to	 alterations	 in	 genes	 and	 pathways	 involved	 in	 epigenetic	 mechanisms.	
Approximately	 32	 %	 of	 the	 DLBCL	 cases	 present	 missense	 mutations	 in	 the	 histone	
methyltransferase	MLL2,	 and	 around	 30	 %	 of	 the	 patients	 present	 inactivating	mutations	 of	 the	
acetyltransferase	CREBBP	and	EP300	 (Morin	et	al.,	2011;	Pasqualucci	et	al.,	2011a;	Pasqualucci	et	
al.,	2011b).	
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Most	 of	 the	 work	 mentioned	 above,	 regarding	 the	 role	 of	 BCL6	 in	 lymphomas,	 has	 been	
carried	 out	 in	 diffuse	 large	 B-cell	 lymphoma	 (DLCBL)	 and	 Burkitt	 lymphoma	 (BL),	 and	 the	 main	
features	of	these	lymphoma	types	are	described	bellow	(Figure	1.9).	

	
Unlikely	to	be	a	single	identity,	genome	expression	profile	(GEP)	studies	have	led	to	the	“cell-

of-origin”	classification	of	diffuse	large	B-cell	lymphoma	(DLBCL)	that	differentiates	three	molecular	
subtypes	(Alizadeh	et	al.,	2000):	i)	the	germinal	center	B-cell	subtype	(GCB-DLBCL),	characterized	by	
the	presence	of	high	 levels	of	BCL6	mRNA	and	GC	markers,	 ii)	 the	activated	B-cell	 subtype	 (ABC-
DLBCL)	 featured	 with	 low	 levels	 of	 BCL6	 and	 characteristic	 of	 the	 latter	 stages	 of	 B-cell	
differentiation,	 and	 iii)	 not	 otherwise	 specified	 (NOS).	 Next	 generation	 sequencing	 (NGS)	 studies	
have	 identified	 somatic	 mutations	 that	 are	 common	 in	 all	 the	 subtypes	 (TP53,	 mutations	
inactivating	 CREBBP/EP300,	MLL2/3	 and	MEF2B,	 and	 oncogenic	 alteration	 of	 BCL6).	 At	 the	 same	
time,	it	has	allowed	the	identification	of	alterations	that	are	characteristic	of	GCB	or	ABC	subtypes.	
Several	 of	 these	mutations	 affect	 NF-kB	 signaling	 pathway,	 including	mutations	 in	MYD88,	being	
more	frequent	in	ABC	phenotype	(~60	%)	than	in	GCB	(~	30%)	(Costa	et	al.,	2008).	The	GCB	profile	
has	a	better	outcome	compared	to	the	ABC	ones	with	conventional	chemotherapy	regimens	such	as	
CHOP	regime	(Alizadeh	et	al.,	2000;	Rosenwald	et	al.,	2002),	or	even	R-CHOP.			

	
In	 the	 recently	 updated	 version	 of	 the	World	 Health	Organization	 classification	 of	 lymphoid	

neoplasms	 (Swerdlow	 et	 al.,	 2016),	 rearrangements	 in	MYC	 and	 BCL2	 and/or	 BCL6	 have	 been	
provisionally	designated	as	new	category	named	“double/triple	hit	lymphomas”	which	constitute	a	
particular	 subtype	 of	 aggressive	 lymphomas	 with	 a	 very	 poor	 prognosis	 with	 conventional	
treatments.	The	term	“double-expressor”	has	been	also	used	to	describe	those	lymphomas	with	co-
expression	of	MYC	together	with	BCL2	protein	which	outcome	is	apparently	worse	than	DLBCL	but	
many	reports	suggest	that	are	not	as	aggressive	as	DHL	lymphomas	(Karube	and	Campo,	2015).		

	
Burkitt	lymphoma	(BL)	is	the	most	frequent	subtype	of	lymphoma	in	children,	but	in	terms	of	

total	 number	 of	 cases	 is	 more	 commonly	 detected	 in	 adults.	 Classified	 by	 clinical	 and	 biological	
features,	 three	 types	 are	 differentiated:	 the	 endemic,	 the	 sporadic	 and	 the	 immunodeficiency-
associated.	 The	 Epstein	 Barr	 Virus	 (EBV)	 is	 considered	 a	 transforming	mechanism	 in	 the	 patients	
that	 suffer	 endemic	 BL,	 cooperating	with	MYC	 gene	 in	 the	 pathogenesis	 (Shiramizu	 et	 al.,	 1991).	
Typically,	BL	harbors	the	MYC-IGH	translocation	t(8;14)(q24;q32).	However,	not	all	the	cases	show	
the	cited	translocation.	BL	is	characterized	by	a	strong	immunoglobulin	expression,	the	expression	
of	B-cell	antigens	and	GC	markers,	and	the	absence	of	BCL2	expression	(although	less	then	20	%	of	
the	cases	show	very	weak	expression	of	BCL2).			
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Figure	1.9.	Schematic	representation	of	the	different	B-cell	 lymphomas	and	its	origin	site.	A	germinal	center	is	
represented.	The	name	of	the	different	structures	of	the	GC	 is	noted	 in	bold.	Orange	arrows	show	the	cell	 that	
originates	the	different	B-cell	lymphomas,	listed	in	grey	boxes.	Abbreviations:	GCB-DLBCL,	germinal	center	B-cell-
diffuse	large	B-cell	lymphoma;	ABC-DLCBL,	activated	B-cell-diffuse	large	B-cell	lymphoma;	DZ,	dark	zone;	LZ,	light	
zone;	FDC,	follicular	dendritic	cell;	Tfh,	follicular	helper	T-cell;	Ag,	antigen.		
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1.3.	CTCF	chromatin	regulator	
	

The	CCCTC-binding	 factor	 (CTCF)	 is	a	 zinc	 finger	protein	highly	conserved	 from	Drosophila	 to	
humans.	 It	was	originally	described	as	a	“multivalent	factor”	because	diverse	functions	have	been	
assigned	 to	 CTCF	 depending	 on	 the	 context,	 including	 transcriptional	 activation	 or	 repression	
(Burcin	et	al.,	1997;	Burton	et	al.,	2002;	Filippova	et	al.,	1996;	Klenova	et	al.,	2001;	Klenova	et	al.,	
1993)	 enhancer	 blocking	 and/or	 barrier	 insulation	 (Bell	 and	 Felsenfeld,	 2000;	 Bell	 et	 al.,	 1999;	
Burton	et	al.,	2002;	Cuddapah	et	al.,	2009;	Hark	et	al.,	2000),	genomic	 imprinting	(Filippova	et	al.,	
1996;	 Franco	 et	 al.,	 2014;	 Ohlsson	 et	 al.,	 2001),	 X-chromosome	 inactivation	 (Chao	 et	 al.,	 2002;	
Pugacheva	et	al.,	2005;	Yang	et	al.,	2015)	and	genome	folding	by	long-range	chromatin	interactions	
(Merkenschlager	and	Nora,	2016;	Ong	and	Corces,	2014;	Sanyal	et	al.,	2012;	Splinter	et	al.,	2006).	
CTCF	 involvement	 in	 the	 epigenetic	 regulation	 of	 target	 genes	 is	 relevant	 both	 in	 normal	 and	
tumoral	cells	(Filippova,	2008;	Klenova	et	al.,	2002;	Ohlsson	et	al.,	2001).		
	
	
1.3.1.	CTCF	structural	and	functional	domains	
	

CTCF	belongs	to	the	zinc	finger	family	of	proteins	and	is	located	in	the	nucleus.	The	full-length	
human	protein	contains	727	aminoacids	distributed	in	three	domains:	a	N-terminal	region,	a	central	
domain,	and	a	C-terminal	region	(Ohlsson	et	al.,	2001).	The	central	region	corresponds	to	the	DNA	
binding	domain	and	contains	11	zinc	fingers	(Figure	1.10).		

	
	

	
	

Figure	1.10.	CTCF	structure	and	protein	interacting	partners.	The	figure	shows	the	N-terminal	domain	spanning	
from	 aminoacid	 1	 to	 265,	 the	 central	 domain	 with	 the	 11	 zinc	 fingers	 in	 yellow,	 and	 the	 C-terminal	 domain	
spanning	 from	 aminoacid	 580	 to	 727.	 The	 main	 post	 translational	 modifications	 are	 also	 depicted	 including	
SUMOylation	(SUMO),	poly(ADP-rybosil)ation	(blue	circles)	and	phosphorylation	(P).	Some	of	the	recognized	CTCF	
protein	 partners	 are	 shown	 broadly	 grouped	 according	 to	 function	 as	 follows:	 proteins	 related	 to	 chromatin	
(green);	DNA	binding	proteins	(red);	miscellaneous	proteins	(orange);	multifunctional	proteins	(purple).	Proteins	
that	interact	with	CTCF	domains	are	in	dark	color	while	proteins,	which	their	interacting	domain	is	not	mapped	on	
the	CTCF	protein,	are	in	light	color.	(Figure	adapted	from	Ohlsson	et	al.,	2010	and	Zlatanova	and	Caifa,	2009).	
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Due	 to	 different	 subsets	 or	 combination	 of	 individual	 zinc	 fingers,	 CTCF	 has	 the	 ability	 to	
recognize	and	bind	to	multiple	DNA	target	sites	and	nuclear	proteins	(Filippova	et	al.,	1996;	Ohlsson	
et	al.,	2001)	(see	below).	Due	to	this	feature,	CTCF	target	genes	are	distributed	all	along	the	genome	
and	 involved	 in	 many	 different	 cellular	 processes	 such	 as	 cell	 proliferation,	 differentiation	 or	
apoptosis	(Ohlsson	et	al.,	2010b).	Contrary	to	the	central	region,	The	N-	and	C-terminal	domains	are	
natively	 unstructured	 and	 show	 no	 similarity	 to	 other	 protein	 domains	 (Martinez	 and	 Miranda,	
2010).	
	
	
1.3.2.	CTCF	posttranslational	modifications	and	interacting	partners	
	

All	 the	functions	mentioned	above	 in	which	CTCF	 is	 involved,	are	known	to	be	modulated	by	
posttranslational	modifications	 (PTMs)	and	through	the	 interaction	with	different	proteins	 (Figure	
1.10).	So	far,	three	PTM	have	been	described	for	CTCF:	phosphorylation,	poly(ADP-ribosyl)ation	and	
SUMOylation.	

	
Phosphorylation	 was	 the	 first	 PTM	 described	 for	 CTCF	 (Klenova	 et	 al.,	 2001).	 The	 Serines	

residues	 susceptible	 of	 suffering	 phosphorylation	 are	 contained	 in	 the	motif	 SKKEDSSDSE	 (S604,	
S609,	S610	and	S612)	located	in	the	C-terminal	domain	of	CTCF	(Figure	1.10).	This	modification	has	
been	 related	 with	 the	 abrogation	 of	 CTCF	 repression	 activity	 at	 the	 c-myc	 P2	 promoter	 without	
altering	the	nuclear	localization	of	the	protein	(El-Kady	and	Klenova,	2005;	Klenova	et	al.,	2001).	In	
vitro	studies	with	casein	kinase	II	(CK	II)	reproduce	the	in	vivo	CTCF	phosphorylation.	In	this	case,	co-
expression	of	CTCF	and	CK	 II	changes	the	CTCF	 function	 from	repression	to	activation	 (Klenova	et	
al.,	2001).	In	human	myeloid	leukemia	cells,	CTCF	phosphorylation	profile	may	differ	depending	on	
the	differentiation	pathway	involved	(Delgado	et	al.,	1999).		

	
Poly(ADP-ribosyl)ation	o	PARylation	by	poly(ADP-ribose)	polymerase	1	(PARP1),	takes	place	in	

the	glutamate	and	aspartate	of	nuclear/acceptor	proteins	 (Guastafierro	et	 al.,	 2013;	Klenova	and	
Ohlsson,	2005;	Yu	et	al.,	2004).	PARylation	has	been	demonstrated	to	be	necessary	for	CTCF	to	act	
as	an	insulator	protein	and	to	modulate	chromatin	barrier	functions	(Klenova	and	Ohlsson,	2005;	Yu	
et	 al.,	 2004).	 Furthermore,	 CTCF	 interacts	 with	 PARP1	 (Figure	 1.10)	 (Farrar	 et	 al.,	 2010)	 and	
activates	it	(Zampieri	et	al.,	2012)	promoting	PARP1	PARylation.	CTCF-PARP1	complex	bind	to	DNA	
methyl	 transferase	 1,	 also	 a	 CTCF	 protein	 partner	 (Figure	 1.10)	 and	 inhibits	 methylation,	 thus	
preserving	the	epigenetic	 landscape	at	promoters	(Zampieri	et	al.,	2012).	CTCF	PARylation	 inhibits	
nucleolar	transcription	(Torrano	et	al.,	2006).	More	recently,	it	has	been	described	that	PARylation	
modification	in	CTCF	regulates	apoptosis	in	breast	cancer	cells	(Venkatraman	and	Klenova,	2015).	

	
Finally,	 SUMOylation	 is	 associated	with	gene	 repression	and	genomic	 imprinting	or	 insulator	

function	of	CTCF.	SUMO	1,	2	and	3	can	modify	CTCF,	and	two	major	sites	have	been	identified:	one	
at	 the	 C-terminal	 domain	 and	 other	 at	 the	 N-terminal	 domain	 (MacPherson	 et	 al.,	 2009).	 In	
particular,	SUMO	conjugates	with	a	107	amino-acid	domain	in	the	CTCF’s	N-terminal	region	and	as	a	
result	 the	chromatin	open	activity	 is	 reduced	 (Kitchen	and	Schoenherr,	2010).	 It	 is	also	described	
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that	 SUMOylation	 of	 CTCF	 leads	 to	 the	 repressor	 activity	 of	 CTCF	 in	 the	 c-myc	 P2	 promoter	
(MacPherson	et	al.,	2009).			

	
CTCF	 interacts	 with	 numerous	 protein	 partners	 that	 regulate	 CTCF	 functions	 (reviewed	 in	

(Zlatanova	 and	Caiafa,	 2009).	 Some	of	 them	are	 involved	 in	 its	 insulator	 function	 including	 Sin3A	
(Lutz	 et	 al.,	 2000),	 thyroid	 hormone	 receptor	 (Lutz	 et	 al.,	 2003),	 nucleophosmin	 (Yusufzai	 and	
Felsenfeld,	2004),	Kaiso	(Defossez	et	al.,	2005),	or	the	DEAD-box	RNA	helicase	p68	(Yao	et	al.,	2010).	
Others	 are	 transcriptional	 regulatory	 factors	 (Oct4)	 (Donohoe	 et	 al.,	 2009)	 or	 chromatin	 proteins	
(Sin3A,	Suz12,	and	the	variant	histone	H2A.Z).	Our	group	identified	UBF	(upstream	binding	factor)	
as	 a	 CTCF	 interacting	 partner;	 CTCF	 binding	 to	 ribosomal	 DNA	 stimulated	 the	 binding	 of	 UBF,	 a	
transcription	factor	involved	in	rRNA	transcription	(van	de	Nobelen	et	al.,	2010).	PARP1,	mentioned	
above,	helps	to	establish	 inter-chromosomal	contacts	 (Zhao	et	al.,	2015)	and	to	maintain	genome	
integrity.	 Smad	 proteins	 are	 also	 associated	 with	 CTCF	 (Bergstrom	 et	 al.,	 2010)	 as	 well	 as	 the	
general	 transcription	factor	 II-I	 (TF	 II-I)	 (Marques	et	al.,	2015;	Pena-Hernandez	et	al.,	2015)	or	the	
core	promoter	factor	TAF3	that	implicates	CTCF	in	loop	formation	(Liu	et	al.,	2011).	CTCF	interacts	
with	RNA	polymerase	II	recruiting	it	to	specific	CTCF	binding	sites	genome	wide	(Chernukhin	et	al.,	
2007).	Recently	identified,	the	CTCF-vigilin	complex	regulates	Igf2/H19	expression	(Liu	et	al.,	2014).	

	
It	 is	 note	worthy	 the	 co-localization	 of	 CTCF	 and	 cohesin	 (Parelho	 et	 al.,	 2008;	 Rubio	 et	 al.,	

2008;	 Stedman	 et	 al.,	 2008).	 Cohesin	 is	 a	 protein	 complex	 involved	 in	 maintaining	 the	 sister	
chromatids	 together	 during	 cell	 mitosis	 or	 in	 facilitating	 the	 repair	 of	 damaged	 DNA	 by	
recombination,	among	other	mechanisms	(Mehta	et	al.,	2013).	The	co-localization	in	many	of	these	
situations	implies	a	well-established	functional	connection	between	CTCF	and	cohesin	(Vietri	Rudan	
and	 Hadjur,	 2015).	 Cohesins	 has	 been	 shown	 to	 be	 required	 to	 stabilized	 CTCF-mediated	
chromosomal	 interactions	and	to	be	essential	for	CTCF	function	at	most	sites	 in	the	genome	(Ong	
and	Corces,	2014).		

	
Finally,	 it	has	been	described	that	CTCF	does	not	only	 interact	with	DNA	but	also	with	RNAs,	

some	of	them	important	for	gene	expression	(Saldana-Meyer	et	al.,	2014;	Xiang	et	al.,	2014)	or	X-
chromosome	 inactivation	 (Kung	et	al.,	2015;	Sun	et	al.,	2013).	Further	complexity	 is	added	by	the	
ability	of	CTCF	to	form	homodimers	to	influence	higher-order	chromatin	structure	(see	below).	
	
	

1.3.3.	CTCF	localization,	expression	and	cellular	regulation	
	

CTCF	 is	 located	 in	 the	nucleus	 (Klenova	et	al.,	1993)	and	 its	 function	may	vary	depending	on	
the	 localization	 inside	 the	nucleus.	 It	 can	 translocate	 to	 the	nucleolus	upon	 cell	 differentiation	 in	
myeloid	 cells,	 correlated	with	 cell	 growth	 inhibition	 (Torrano	 et	 al.,	 2006).	 CTCF	 has	 been	 found	
associated	with	the	nuclear	matrix	and	the	nuclear	membrane	(Dunn	and	Davie,	2003;	Fiorito	et	al.,	
2016;	 Guelen	 et	 al.,	 2008;	 Yusufzai	 and	 Felsenfeld,	 2004).	 Finally,	 CTCF	 localizes	 in	 metaphase	
centrosomes	and	midbodies	in	the	cytokinesis	(Rosa-Garrido	et	al.,	2012;	Zhang	et	al.,	2004).		
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CTCF	expression	is	critical	to	early	embryogenesis	and	loss	of	its	expression	leads	to	apoptosis	
at	early	developmental	stage.	Therefore,	CTCF	knockout	in	mice	results	in	early	embryonic	lethality	
(Heath	 et	 al.,	 2008;	Moore	 et	 al.,	 2012;	 Splinter	 et	 al.,	 2006).	 In	 adult	 cells,	 CTCF	 is	 ubiquitously	
expressed	in	various	tissues	and	cells,	except	primary	spermatocytes	(Ohlsson	et	al.,	2010b).		

	
The	importance	of	CTCF	in	the	regulation	of	cell	proliferation,	differentiation	and	apoptosis	has	

been	well	documented.	CTCF	has	been	demonstrated	to	regulate	genes	involved	in	cell	cycle	thus	in	
proliferation	 (Rasko	 et	 al.,	 2001).	 The	 function	 of	 CTCF	 in	 proliferation	 has	 been	 linked	 to	 the	
phosphorylation	 of	 its	 C-terminal	 domain	 (El-Kady	 and	 Klenova,	 2005;	 Klenova	 et	 al.,	 2001).	 In	
several	cellular	models,	including	K562,	Raji	or	WEHI-231	cells,	enforced	expression	of	CTCF	resulted	
in	the	decrease	of	the	cell	proliferation	rate	(Qi	et	al.,	2003;	Rasko	et	al.,	2001;	Torrano	et	al.,	2005).	
In	 the	 case	of	 T-cells,	 the	effect	was	 the	opposite	and	CTCF	positively	 regulated	 cell	 proliferation	
(Heath	 et	 al.,	 2008).	 This	 reinforces	 the	 idea	 that	 CTCF	 regulates	 proliferation	 in	 a	 context-
dependent	manner.	Our	group	investigated	the	effect	of	CTCF	expression	and	its	posttranslational	
modifications	 (PTMs)	during	 the	differentiation	process	 in	human	myeloid	 cells	 towards	different	
lineages	(Delgado	et	al.,	1999;	Torrano	et	al.,	2005;	Torrano	et	al.,	2006).	Both	the	expression	and	
the	 PTMs	 were	 variable	 depending	 on	 the	 specific	 differentiation	 pathway.	 In	 particular,	 CTCF	
overexpression	significantly	induced	the	differentiation	towards	the	erythroid	lineage	in	K562	cells,	
a	model	of	human	myeloid	leukemia.	However,	the	opposite	mechanism	has	been	found	in	T-cells	
during	 differentiation	 to	 dendritic	 cells:	 CTCF	 enforced	 expression	 impairs	 the	 differentiation	
process	 (Koesters	 et	 al.,	 2007).	 Nonetheless,	 CTCF	 is	 essential	 for	 T-cells	 to	 differentiate	 in	 the	
thymus	(Heath	et	al.,	2008).	Regarding	the	effect	of	CTCF	on	apoptosis,	 in	WEHI-231	mouse	B-cell	
line	and	 in	a	 subset	of	dendritic	 cells,	 the	presence	CTCF	causes	apoptosis	 (Docquier	et	al.,	2005;	
Koesters	 et	 al.,	 2007;	Qi	 et	 al.,	 2003),	while	 in	 breast	 cancer,	 down-regulation	 of	 CTCF	 results	 in	
apoptosis.	 In	 summary,	 CTCF	 levels	 markedly	 impact	 cellular	 functions	 in	 a	 context	 dependent	
manner.		
	
	
1.3.4.	CTCF	binding	to	DNA		
	

Diverse	 techniques	 based	on	 genome-wide	 studies	 have	been	developed	 and	 are	 utilized	 to	
study	CTCF	target	sites	(CTS).	A	consensus	motif	(CCGCGNGGNGGCAG),	conserved	through	species,	
was	 first	 described	 as	 CTCF	 binding	 site	 (Kim	 et	 al.,	 2007).	 Nonetheless,	 variability	 of	 this	 core	
binding	site	exists	along	the	genome	and	even	a	proportion	of	CTS	lack	the	whole	consensus	motif	
(Schmidt	 et	 al.,	 2012).	 Approximately	 30	%	 to	 60	%	 of	 CTCF	 binding	 sites	 show	 cell-type	 specific	
distribution	(Ong	and	Corces,	2014).	

	
As	described	above	(section	1.3.1)	 the	central	 region	of	 the	CTCF	protein	corresponds	to	the	

zinc	 fingers	DNA	binding	domain.	The	exons	that	encode	for	the	eleven	zinc	 fingers	 (ZFs)	expanse	
from	exon	2	to	exon	8	of	CTCF	gene.	Since	it	is	well	described	that	CTCF	exerts	its	ability	to	bind	to	
the	different	CTS	by	combination	of	 its	ZFs	 (Ohlsson	et	al.,	2001),	 systematic	mutations	of	all	 the	
eleven	 ZFs	 have	 been	 performed	 and	 revealed	 that	 ZFs	 4-7	 bind	 to	 around	 80	%	 of	 the	 core	 (C)	
sequence.	The	ZFs	from	1-2	and	9-11	also	bind	to	consensus	motives,	located	downstream	(D)	and	
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upstream	(U)	respectively	of	C	(Nakahashi	et	al.,	2013).	Different	combinations	of	the	three	motives	
(C,	UC,	CD	or	UCD)	can	bind	to	target	sites	and	in	the	absence	of	U	and/or	D,	the	rest	of	the	ZFs	not	
involved	 in	 the	 core	 sequence	binding,	help	 to	 stabilize	CTCF	occupancy	at	CTS	 (Nakahashi	et	 al.,	
2013).	
	

Studies	 performed	 in	 human	 fibroblasts	 using	 ChIP-chip	 (chromatin	 immunoprecipitation	
followed	 by	 microarrays)	 allowed	 to	 identify	 13,804	 CTS,	 75	 %	 of	 them	 containing	 the	 CTCF	
consensus	motif	(Bell	and	Felsenfeld,	2000).	Another	study	using	CD4+	T-cells	revealed	20,262	CTS	
(Barski	 et	 al.,	 2007).	 In	 those	 same	 cells	 plus	 HeLa	 and	 Jurkat,	 some	 CTS	were	 invariable	 among	
those	cell	types	while	others	were	cell	type	specific	(Cuddapah	et	al.,	2009).	In	mouse	ES	cells	ChIP-
seq	(chromatin	immunoprecipitation	followed	by	deep	sequencing)	analysis	revealed	almost	38,000	
CTS	 (Sleutels	et	al.,	2012).	 In	more	 than	20	different	cell	 types	of	human	and	mice	cells	 including	
primary	 lymphocytes,	 ChIP-seq	 analysis	 showed	 that	 CTCF	 recognizes	 more	 than	 50,000	 DNA	
sequences	 (Nakahashi	 et	 al.,	 2013;	 Wang	 et	 al.,	 2012b).	 The	 Encyclopedia	 of	 DNA	 Elements	
(ENCODE)	 Project	 Consortium	gathers	 tens	of	 thousands	of	 CTS	 in	 a	 number	of	 human	 cell	 lines,	
which	confirms	that	CTCF	is	associated	with	both	gene	repression	and	activation	(Lee	et	al.,	2012;	
Wang	et	al.,	2012a).	Analysis	of	 the	 information	contained	 in	the	ENCODE	Project	shows	that	CTS	
are	 distributed	 along	 the	 genome	 associated	 with	 different	 genetic	 elements:	 a	 peak	 of	 CTCF	
occupancy	is	found	around	the	transcription	start	site	(TSS)	of	genes;	CTCF	binds	in	distal	regions	as	
well	as	in	the	gene	bodies	of	some	genes;	about	15	%	of	CTS	are	located	in	promoters;	more	than	
60	%	of	CTS	are	in	distal	upstream	and	intergenic	sites;	and	around	40	%	in	intragenic	regions	(exons	
and	introns)	(Chen	et	al.,	2012;	Ong	and	Corces,	2014).	

	
It	 also	 exists	 a	 database	 of	 CTCF-binding	 sites	 (CTCFBSDB)	 (http://insulatordb.uthsc.edu/)	

made	by	consortium	data	(Bao	et	al.,	2008)	and	later	updated	(Ziebarth	et	al.,	2013),	which	contains	
15	million	of	CTCF	binding	sequences	in	several	species.	This	database	integrates	CTCF	binding	sites	
with	genomic	 topological	domains	after	Hi-C	data.	Hi-C	experiments	have	also	allowed	 increasing	
the	information	regarding	the	intra-	and	inter-chromosomal	interactions	(Ziebarth	et	al.,	2013).	

	
	

1.3.5.	CTCF	molecular	functions	
	

The	 development	 of	 new	 techniques	 has	 allowed	 demonstrating	 that	 CTCF	 involvement	 in	
gene	regulation	and	chromatin	organization	is	not	as	simple	as	it	seemed	in	the	beginning.	CTCF	has	
been	classically	classified	as	a	chromatin	barrier	and	as	an	enhancer	blocker.	However,	an	updated	
view	 of	 CTCF,	 point	 it	 also	 as	 an	 enhancer	 facilitator	 (Sanyal	 et	 al.,	 2012).	 Some	 of	 the	 CTCF	
functions	are	described	below.	

	
Transcriptional	repression	or	activation	

CTCF	was	classically	classified	as	a	transcription	factor	because	of	its	role	in	the	regulation	of	c-
myc	gene	 in	chicken	embryonic	 fibroblasts	 (Klenova	et	al.,	1993).	That	 function	was	corroborated	
for	 the	 chicken	 lysozyme	 gene	 (Baniahmad	 et	 al.,	 1990)	 and	 for	 the	 human/mouse	 c-myc	 gene	
(Filippova	 et	 al.,	 1996).	 In	 all	 the	 studies,	 CTCF	 was	 described	 as	 a	 transcriptional	 repressor.	
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However,	in	HeLa	cells	was	found	that	CTCF	binds	upstream	of	the	amyloid	β-Protein	precursor	TSS,	
this	time	acting	as	a	transcriptional	activator	(Vostrov	and	Quitschke,	1997).	

	
Furthermore,	CTCF	has	been	 found	to	regulate	 the	transcription	of	several	genes	 involved	 in	

the	cell	 cycle	control	 including	p19ARF,	Rb,	 the	polo-kinase,	p16INK4a,	p27KIP1,	PIM-1,	PLK,	BRCA1,	E-
cadherine,	E2F1,	TERT	and	PAX6	among	others	(De	La	Rosa-Velazquez	et	al.,	2007;	Filippova,	2008;	
Klenova	et	al.,	2002;	Lutz	et	al.,	2000;	Recillas-Targa	et	al.,	2006).	
	
Chromatin	insulation	

The	most	 studied	 CTCF	 property	 is	 its	 ability	 to	 bind	 to	 insulator	 sequences.	 Insulators	 are	
genetic	 boundary	 elements	 that	 avoid	 i)	 the	 interaction	 between	 an	 enhancer	 and	 a	 specific	
promoter,	limiting	their	contact	(Gerasimova	et	al.,	2000;	Phillips	and	Corces,	2009)	or	ii)	the	spread	
of	heterochromatin	 from	a	 silenced	gene	 to	an	active	 transcribed	gene	 in	 the	same	chromosome	
(Burgess-Beusse	et	al.,	2002)	(Figure	1.11).	

	
CTCF	is	the	only	insulator-binding	factor	described	in	vertebrates	(Bell	et	al.,	1999).	The	CTCF	

insulator	 function	was	 first	 described	 because	 of	 its	 enhancer	 blocking	 activity	 in	 the	 chicken	 β-
globin	cluster	(Bell	et	al.,	1999)	and	later	in	the	Igf2/H19	locus.	Studies	in	this	same	locus,	allowed	
linking	 CTCF	 to	 the	 genomic	 imprinting	mechanism	 (Bell	 and	 Felsenfeld,	 2000;	 Hark	 et	 al.,	 2000;	
Kanduri	 et	 al.,	 2000).	 Moreover,	 when	 CTCF	 is	 covalently	 modified	 by	 PARylation,	 its	 insulator	
activity	is	affected	and	therefore	the	intra-chromosomal	interactions	mediated	by	CTCF	(Ong	et	al.,	
2013).		

	
CTCF	 is	 also	present	at	 chromatin	barrier	 regions	as	demonstrated	 in	 the	β-globin	 locus	and	

others,	regulating	the	balance	between	active	and	repressive	histone	marks	(Splinter	et	al.,	2006).	
Further	 genome-wide	 mapping	 study	 shows	 that,	 the	 boundaries	 between	 active	 and	 inactive	
chromatin	domains,	with	its	specific	histone	marks,	coincide	with	CTCF	binding	sites	(Cuddapah	et	
al.,	 2009).	 The	 regions	 that	 contain	 CTCF	 binding	 sites	 differ	 depending	 on	 the	 cell	 type,	 which	
indicates	that	CTCF	regulation	is	lineage-specific	(Cuddapah	et	al.,	2009)	(Figure	1.11).		

	

	
	
Figure	1.11.	Model	illustrating	CTCF	chromatin	barrier	function.	Representative	histone	marks	of	either	heterochromatin	
(H3K27me3)	or	euchromatin	(H3Ac,	H3K4me2)	states	are	represented.	DNA	Methylation	is	represented	by	red	dots.	CTCF	
binds	to	insulator	(INS)	sequences	in	the	boundaries	between	heterochromatin	and	euchromatin.		
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Genome	folding	and	transcriptional	gene	regulation	
A	 large	 body	 of	 evidence	 supports	 the	 idea	 that	 the	 effect	 of	 CTCF	 on	 gene	 expression	 is	 a	

result	of	its	ability	to	bring	sequences	that	are	distant	in	the	genome	into	close	proximity	(Ong	and	
Corces,	2014).	

	
Within	the	nucleus,	chromosomes	are	dynamic	structures	especially	during	cell	division.	As	a	

result,	 long	 distances	 appear	 between	 regulatory	 elements	 and	 their	 targets	 that	 need	 to	 be	
bridged	 while	 maintaining	 the	 specificity.	 To	 reach	 that	 goal,	 chromatin	 is	 well	 organized	 in	
compartments.	How	these	compartments	are	 formed	 is	not	well	understood	yet,	but	presumably	
transcription	 plays	 a	 role	 (Dixon	 et	 al.,	 2012).	 A	 compartment	 itself	 is	 formed	 by	 self-associating	
chromosome	 segments	 denominated	 TADs	 or	 topologically	 associated	 domains,	 where	 the	
frequency	of	interaction	is	high.	TADs	are	considered	the	primary	units	of	chromosome	folding,	are	
highly	 conserved	 through	 species	 and	 its	 organization	 is	 stable	 between	 cell	 types	 (Dixon	 et	 al.,	
2012).	However,	 the	regions	 inside	the	TAD	may	be	dynamic,	which	may	explain	the	specificity	 in	
the	 regulatory	 events	 in	 the	 different	 cell	 types	 (Dixon	 et	 al.,	 2012).	 	 The	main	 structure	 found	
inside	a	TAD	is	a	loop.	All	these	structures	are	represented	in	Figure	1.12.		

	
	

		
	
	

The	surroundings	of	compartments,	TADs	and	loops	are	rich	in	CTCF	binding	sites	(Dixon	et	al.,	
2012;	 Matharu	 and	 Ahanger,	 2015).	 Emerging	 evidences	 support	 the	 fact	 that	 CTCF	 acts	 as	 an	
architectural	protein	involve	in	genome	topology	(Ong	and	Corces,	2014).	The	interactions	between	
CTCF	 and	 other	 architectural	 proteins	 result	 in	 the	 formation	 of	 TADs.	 Moreover,	 CTCF	 is	

Figure	 1.12.	 Chromatin	 nuclear	 organization.	 a)	 Different	
compartments	 as	 association	 of	 topologically	 associated	
domains	 are	 indicated	 in	 colors.	 b)	 Two	 types	 of	 TADs	 are	
represented:	 active	 (green)	 and	 repressed	 (pink).	 CTCF	 is	
depicted	 (green	ball).	c)	Schematic	 representation	of	b)	CTCF	
can	 be	 located	 inside	 a	 TAD	 (TAD-1)	 and	 in	 a	 TAD	 border.	
Bottom	 figure	 shows	 CTCF	 positioning	 in	 the	 case	 of	 a	 loop	
within	the	TAD	(left)	or	a	 loop	 in	a	TAD	border	 (right).	 In	 the	
first	 case,	 CTCF	 facilitates	 enhancer-promoter	 interaction.	 In	
the	second	case,	CTCF	acts	as	an	enhancer	blocker,	recruiting	
other	 factors	 such	 as	 cohesins	 (red	 oval).	 Enhancers	 (E)	 are	
depicted	in	blue	and	the	promoter	of	genes	in	orange.	Purple	
ball	represents	any	other	factor	present	at	TAD	border	such	as	
TFIIIC.	 (Figure	 adapted	 from	 (Denker	 and	 de	 Laat,	 2016);	
(Merkenschlager	and	Nora,	2016).	
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responsible	for	the	boundaries	that	exist	between	TADs,	and	when	CTCF	is	located	within	a	TAD,	it	
facilitates	the	interactions	between	regulatory	sequences	(Figure	1.12	b).	In	fact,	depletion	of	CTCF	
disrupts	 the	 insulation	 between	 neighboring	 TADs	 (Zuin	 et	 al.,	 2014),	 and	 when	 the	 loops	 are	
formed	 due	 to	 interactions	 of	 two	 DNA	 sites	 bound	 by	 the	 CTCF	 protein	 (Barutcu	 et	 al.,	 2017;	
Narendra	et	al.,	2016),	CTCF	knockdown	affects	the	looping	between	CTCF	binding	sites	(Zuin	et	al.,	
2014).		In	order	to	study	all	these	interactions,	many	techniques	have	been	developed	including	3C	
(chromosome	 conformation	 capture),	 4C	 (circular	 chromosome	 conformation	 capture),	 5C	
(chromosome	 conformation	 capture	 by	 carbon	 copy),	 Hi-C	 (high-throughput	 detection	 of	
chromosomal	interactions),	i3C	(intrinsic	3C)	or	ChIA-PET	(chromatin	interaction	analysis	by	paired-
end	tag	sequencing)	(Denker	and	de	Laat,	2016).	Despite	of	classically	classifying	CTCF	as	a	enhancer	
blocker	(Bell	et	al.,	1999),	recent	experiments	based	 in	5C	have	shown	that	CTCF	can	also	help	to	
bring	closer	distant	enhancers	to	promoters,	being	this	interaction	specific	(Hughes	et	al.,	2014;	Jin	
et	al.,	2013;	Mifsud	et	al.,	2015;	Ong	and	Corces,	2014;	Sanyal	et	al.,	2012).	Studies	based	on	these	
techniques	have	demonstrated	 that	 the	enhancer-gene	 interactions	are	essential	both	 for	normal	
gene	activation	and	repression	and	are	preserved	through	development	(Hughes	et	al.,	2014;	Jin	et	
al.,	 2013;	 Mifsud	 et	 al.,	 2015).	 The	 interaction	 between	 enhancers	 and	 promoters	 is	 cell-type	
specific	as	is	shown	in	the	case	of	the	MHC	II	locus,	which	is	active	in	B-cells	where	CTCF	is	bound	in	
15	 sites,	 compared	 to	MHC	 II	 non-expressing	 plasmablasts,	 where	 CTCF	 is	 only	 bound	 in	 5	 sites	
(Majumder	et	al.,	2014).	Hi-C,	combined	with	proximity	ligation	assay	(PLA),	has	demonstrated	that	
CTCF	is	essential	for	this	genomic	organization,	facilitating	long	distance	interactions	not	only	intra-	
but	 also	 inter-chromosomic	 (Botta	 et	 al.,	 2010;	 Handoko	 et	 al.,	 2011;	Merkenschlager	 and	Nora,	
2016;	Phillips	and	Corces,	2009).	
	
	
1.3.6.	CTCF	in	human	cancer	
	

CTCF	is	often	associated	with	regulatory	elements	of	diverse	types	of	genes	and	some	of	these	
genes	are	associated	with	 cancer	development.	This	 implies	 that	CTCF	can	be	 involved	 in	distinct	
mechanisms,	including	epigenetics	or	mutations,	also	related	to	disease.		
	
CTCF	and	epigenetic	regulation	of	its	target	genes	

Epigenetics	play	an	 important	role	 in	gene	regulation	and	 in	cancer	(see	section	1.4).	CTCF	 is	
known	to	be	implicated	in	different	aspects	of	epigenetic	regulation	(Filippova,	2008)	and	regulates	
genes	 involved	 in	 cancer	 such	 as	 MYC,	 p53,	 p16	 or	 hTERT	 frequently	 through	 epigenetic	
mechanisms	 (Klenova	 et	 al.,	 1993;	 Renaud	 et	 al.,	 2005;	 Soto-Reyes	 and	 Recillas-Targa,	 2010;	
Witcher	and	Emerson,	2009).		

	
Epigenetic	 marks,	 mainly	 DNA	 methylation	 at	 CpGs	 and	 histone	 modifications	 at	 a	 certain	

promoters	 are,	 in	 many	 cases,	 related	 with	 the	 presence	 or	 the	 absence	 of	 CTCF,	 and	 hence	
influencing	 gene	 expression.	 Aberrant	 epigenetic	 changes	 are	 frequently	 associated	 with	 tumor	
development.			
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In	the	case	of	Rb	(De	La	Rosa-Velazquez	et	al.,	2007),	p16	(Filippova,	2008;	Rayess	et	al.,	2012),	
XAF1	(Victoria-Acosta	et	al.,	2015),	DUSP2	(Haag	et	al.,	2016),	miR-181c	(Ayala-Ortega	et	al.,	2016)	
among	 others,	 CTCF	 induces	 a	 particular	 local	 conformation	 at	 the	 genes	 promoter	 through	
chromatin	remodeling.	 In	many	cases,	CTCF	binding	to	DNA	is	methylation-sensitive	(Fitzpatrick	et	
al.,	2007;	Lai	et	al.,	2010;	Renaud	et	al.,	2007;	van	de	Nobelen	et	al.,	2010;	Yoon	et	al.,	2005).	For	
instance,	CTCF	binds	unmethylated	DNA	and	blocks	the	spreading	of	the	CpG	methylation	front	on	
the	Rb	promoter	(De	La	Rosa-Velazquez	et	al.,	2007).	However,	insensitivity	from	DNA	methylation	
has	also	been	reported	(Hong	et	al.,	2005;	Renaud	et	al.,	2007;	Vatolin	et	al.,	2005).	Although	CTCF	
helps	maintaining	an	open	chromatin	configuration	 in	the	p53	gene	promoter,	 in	this	example	no	
correlation	 exists	 between	 repression	 and	DNA	hypermethylation	 (Soto-Reyes	 and	 Recillas-Targa,	
2010).	 CTCF	 not	 only	 regulates	 p53	 gene	 through	 its	 promoter	 but	 also	 through	 the	 binding	 to	
Wrap53,	 an	 antisense	 transcript	 of	 p53	 (Saldana-Meyer	 et	 al.,	 2014).	 CTCF	mutation	 in	 the	 RNA	
binding	 region,	 show	a	defective	p53	 response	 to	DNA	damage	 (Saldana-Meyer	et	al.,	2014).	The	
opposite	mechanism	was	 found	 in	PUMA,	 a	 p53	 direct	 target	 gene	 (Gomes	 and	 Espinosa,	 2010).	
CTCF	 helps	 to	 repress	 the	 transcription	 of	 this	 apoptotic	 gene	 and	 is	 associated	 with	 repressive	
histone	marks	since	CTCF	knockdown	leads	to	the	loss	of	repressive	mark	H3K9me3	and	increases	
PUMA	 mRNA	 levels	 (Gomes	 and	 Espinosa,	 2010).	 CTCF	 regulates	 BAX	 expression	 specifically	 in	
breast	cancer	cells	 (Mendez-Catala	et	al.,	2013).	 In	normal	and	tumor	cells,	CTCF	 is	bound	to	BAX	
together	with	active	histone	marks	and	unmethylated	DNA.	However,	only	in	tumor	cells,	depletion	
of	CTCF	results	in	an	increase	BAX	levels,	favoring	apoptosis.	Therefore	in	this	study,	CTCF	is	acting	
as	 a	 transcriptional	 repressor	 (Mendez-Catala	 et	 al.,	 2013).	 In	 the	 same	 tumor	 model	 of	 breast	
cancer,	HOXA10	gene	is	usually	found	silenced.	In	the	promoter	of	this	gene,	the	presence	of	CTCF	
is	 accompanied	 by	 repressive	 histone	 marks	 (H3K27me3)	 and	 may	 be	 contributing	 to	
tumorogenesis	(Mustafa	et	al.,	2015).	

	
In	 summary,	 CTCF	 is	 able	 to	modulate	 the	 histone	 posttranslational	modification	 status	 and	

CpG	 methylation	 from	 several	 cancer-related	 genes.	 Therefore,	 CTCF	 deregulation	 may	 play	 an	
important	role	in	the	epigenetic	imbalance	frequently	observed	in	cancer	(Filippova,	2008).	
	
CTCF	deregulation	in	cancer	

CTCF	not	only	plays	a	role	regarding	chromatin	organization	and	regulation	of	gene	expression,	
but	 also	 it	 has	 been	 demonstrated	 that,	 in	 some	 models,	 it	 represses	 cancer	 cell	 growth	 and	
clonogenicity	 (Rasko	et	al.,	2001;	Tiffen	et	al.,	2013),	main	 reason	why	 it	has	been	proposed	as	a	
tumor	 suppressor	 (Kemp	 et	 al.,	 2014).	 Abrogation	 of	 these	 mechanisms	 due	 to	 deletions	 or	
mutations	 in	CTCF,	may	explain	 the	participation	of	CTCF	 in	 cancer	development	 and	 lead	 to	 the	
deregulation	of	cancer	associated	genes	(Fiorito	et	al.,	2016;	Landan	et	al.,	2012;	Mendez-Catala	et	
al.,	2013;	Moseley	et	al.,	2012;	Peng	et	al.,	2012).		

	
CTCF	has	been	demonstrated	to	be	mutated	(Aulmann	et	al.,	2003;	Tiffen	et	al.,	2013)	and	to	

be	 a	 target	 for	 16q22.1	 deletions	 in	 some	 cases	 of	 breast	 and	 prostate	 cancer	 (Filippova	 et	 al.,	
1998).	 Heterozygous	 deletion	 or	mutation	 of	 CTCF	 has	 been	 identified	 in	 patients	 of	 early	 T-cell	
precursor	acute	 lymphoblastic	 leukemia	(Zhang	et	al.,	2012)	and	 in	Down	syndrome	related	acute	
megakaryoblastic	 leukemia	 (Yoshida	et	al.,	2013).	CTCF	 is	 sporadically	mutated	 in	cases	of	Wilm’s	
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tumor,	 leukemia	 and	uterine	 cancers.	 Some	of	 the	mutations	 identified	 are	 present	 in	 the	 exons	
encoding	 the	11	ZFs	 (in	particular	 in	 ZFs	4-7),	 impairing	CTCF	binding	 to	 specific	DNA	 target	 sites	
(Filippova	et	al.,	2002;	Nakahashi	et	al.,	2013;	Tiffen	et	al.,	2013).	 In	pediatric	acute	lymphoblastic	
leukemia	 (ALL)	patient’s	 samples,	deletions	of	CTCF	 locus	have	been	recently	 identify	 (Ding	et	al.,	
2017).	In	addition,	low	levels	of	CTCF	mRNA	correlated	with	inferior	survival	outcome.	Hemizygous	
CTCF	mice	have	enhanced	both	tumor	formation	and	malignant	progression,	present	variability	 in	
the	 DNA	 methylation	 patterns	 and	 succumb	 to	 different	 types	 of	 cancers	 (Kemp	 et	 al.,	 2014).	
Altogether	these	results	corroborate	CTCF	as	a	major	tumor	suppressor	gene	in	human	cancer.		
	
CTCF	binding	sites	mutation	in	cancer	

Further	 research	has	demonstrated	 that,	not	only	CTCF	gene	 is	mutated	as	explained	above,	
but	also	that	CTCF	binding	sites	are	frequently	mutated	in	a	variety	of	tumors	(Katainen	et	al.,	2015;	
Poulos	 et	 al.,	 2016;	 Umer	 et	 al.,	 2016).	 In	 patients	 suffering	 Beckwith-Wiedemann	 syndrome,	
mutation	 of	 CTCF	 target	 sites	 in	 the	 IGF2/H19	 locus	 have	 been	 detected	 (Prawitt	 et	 al.,	 2005;	
Sparago	 et	 al.,	 2007).	 CTCF	 often	 co-localizes	 with	 cohesins	 and	 cohesins	 subunits	 are	 also	
frequently	 mutated	 in	 cancer	 (Leiserson	 et	 al.,	 2015).	 This	 information	 has	 led	 to	 examine	 the	
CTCF/cohesin	 binding	 sites	 to	 DNA	 for	 mutations	 present	 in	 cancer	 (Katainen	 et	 al.,	 2015).	 For	
instance,	 point	 mutations	 in	 these	 sites	 have	 been	 described	 in	 colorectal	 cancer	 using	 whole	
genome	sequencing	(Katainen	et	al.,	2015).	CTCF	binding	sites	are	highly	mutated	due	to	ultraviolet	
irradiation	 and	differential	 nucleotide	 excision	 repair	 in	melanoma	 samples.	 These	mutations	 are	
functional,	 since	 CTCF	 binding	 is	 decreased	 in	 mutant	 alleles	 (Poulos	 et	 al.,	 2016).	 Others	 have	
studied	mutations	at	a	base	pair	 level	 in	regulatory	elements	(enhancers,	silencers	and	insulators)	
of	 the	hepatocellular	carcinoma	cell	 line	HepG2,	 that	have	a	consequence	 for	 transcription	 factor	
binding	and,	 in	particular,	 for	CTCF	binding.	 The	 same	pattern	of	CTCF	motif	mutations	has	been	
associated	 with	 other	 cancers	 such	 as,	 esophageal	 and	 gastric	 cancers,	 pancreatic,	 and	 B-cell	
lymphoma	(Alexandrov	et	al.,	2013).	Altogether	these	studies	shed	 light	on	the	 importance	of	the	
disruption	of	CTCF	binding	to	its	sites	on	the	DNA	in	cancer	due	to	mutations.		
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1.4.	Epigenetics:	mechanisms	and	cancer	therapy	
	
1.4.1.	Epigenetic	mechanisms	
	

Epigenetics	 was	 first	 defined	 in	 the	 early	 1940s	 by	 Conrad	 Waddington	 as	 “the	 branch	 of	
biology	which	 studies	 the	 causal	 interactions	 between	 genes	 and	 their	 products	which	 bring	 the	
phenotype	into	being”	(Waddington,	2012).	This	definition	has	changed	with	the	time	together	with	
the	 increased	 knowledge	 of	 the	 genetic	 regulation,	 being	 nowadays	 defined	 as	 “the	 study	 of	
changes	 in	 gene	 expression	 (active	 versus	 inactive	 genes)	 that	 can	 be	 inherited	 by	 one	 cell	
generation	 to	 the	next	 to	maintain	 lineage	 specific	 transcription	profiles	 and	 that	do	not	entail	 a	
change	in	DNA	sequence”	(Dupont	et	al.,	2009).	

	
Epigenetic	 is	based	in	changes	that	occur	in	the	chromatin	as	a	natural	process,	but	they	can	

be	also	influenced	by	external	factors	such	as	age,	the	environment	or	disease.	Epigenetics	is	based	
in	the	study	of	the	chromatin,	a	complex	formed	by	DNA	and	proteins	(mainly	histones)	in	the	cell	
nucleus	 (Figure	1.13).	 	Nucleosomes	 are	 the	 structures	 that	 package	 the	DNA	around	histones	 in	
eukaryotes.	 Approximately	 147	 bp	 of	 DNA	 are	wrapped	 around	 a	 core	 composed	 of	 a	 total	 of	 8	
histones,	2	subunits	of	each	(H2A,	H2B,	H3	and	H4).	The	C-terminal	domain	of	histones	is	critical	for	
nucleosome	 formation	while	 the	N-terminal	 domain	 named	 as	 “histone	 tail”,	 remains	 out	 of	 the	
core	 (Kouzarides,	2007).	Nucleosome	positioning	 is	what	determines	 the	 two	 states	of	 chromatin	
that	can	be	 found	 in	 the	cell	 in	order	 to	modulate	gene	expression:	heterochromatin	 (compacted	
nucleosome	occupancy)	and	euchromatin	(low	nucleosome	occupancy).	The	first	is	associated	with	
gene	 repression	while	 the	 second	 is	 related	 to	 gene	 expression.	 The	 transition	 between	 the	 two	
states	 is	dynamic	and	 is	accomplished	 thanks	 to	proteins	 that	act	as	 “writers”	which	catalyze	 the	
addition	 of	 chemical	 groups	 onto	 the	 histone	 tails	 or	 the	 DNA,	 “erasers”	 which	 remove	 the	
modifications	already	existent	and	“readers”	or	effector	proteins	that	are	recruited	and	recognize	
the	specific	marks	on	histones	and/or	nucleotides	(Ahuja	et	al.,	2016).	

	

	
Figure	 1.13.	 Schematic	 representation	 of	 the	 organization	 and	 packaging	 of	 genetic	 material.	 Nucleosomes	 are	
represented	by	DNA	(in	grey)	wrapped	around	a	core	of	eight	histone	proteins	H2A,	H2B,	H3	and	H4	(colored	circles).	N-
terminal	histone	tails	are	depicted	 in	 the	same	color	code	as	histone	proteins.	Abbreviations:	ds-DNA,	double	stranded	
DNA.		
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The	 most	 studied	 epigenetic	 changes	 that	 allow	 the	 cell	 to	 modify	 in	 a	 temporal/special	
manner	 the	 chromatin	 organization	 includes:	 i)	 DNA	 methylation,	 ii)	 histone	 posttranslational	
modifications	 (PTMs)	 and	 iii)	 ATP-dependent	 chromatin	 remodeling	 factors.	 	 These	 changes	 are	
dynamic	and	act	coordinately	on	a	given	locus.	

	
DNA	methylation	

Methylation	on	DNA	primarily	occurs	in	the	cytosines	of	CpG	dinucleotides	(Baylin	and	Jones,	
2011;	 Ramsahoye	 et	 al.,	 2000).	 The	 stretch	 of	 DNA	 in	 which	 the	 frequency	 of	 finding	 a	 CpG	
dinucleotide	 is	 higher	 than	 in	 other	 regions	 is	what	 is	 called	 “CpG	 islands”	 (Gardiner-Garden	 and	
Frommer,	1987).		In	mammals,	the	CpG	islands	are	often	located	in	the	promoters	of	genes	that	are	
transcribed	 usually	 associated	 with	 hypomethylation	 or	 low	 levels	 of	 methylation.	 On	 the	 other	
hand,	the	CpG	sequences	in	inactive	genes	are	related	with	high	levels	of	DNA	methylation	(Figure	
1.14).	CpG	hypermethylation	in	promoters	is	usually	associated	with	gene	silencing	(Kazanets	et	al.,	
2016).	

	

	
Figura	1.14.	Structure	of	the	chromatin	in	normal	cells.	The	diagram	shows	the	state	of	chromatin,	nucleosome	
positioning	and	DNA	methylation.	On	the	left,	the	active	transcription	state	of	a	gene	is	represented.	There	is	no	
DNA	methylation	 within	 the	 gene	 promoter	 CpG	 island	 (showed	 with	 white	 circles).	 The	 TSS	 (indicated	 by	 an	
arrow),	it	is	not	occupied	with	nucleosomes	and	retains	the	active	H3K4me2	mark	and	the	acetylation	of	histone	
H3.	On	the	right,	the	gene	transcriptionally	repressed	configuration	is	depicted	with	compacted	nucleosomes,	the	
presence	of	the	repressive	histone	marks,	H3K9me3	and	H3K27me3,	and	extensive	DNA	methylation	(red	circles).	
Abbreviations:	TSS,	transcription	start	site.	

	
	

DNA	methylation	 is	 necessary	 for	 the	 correct	 functioning	 of	 key	 cellular	 processes	 including	
genomic	imprinting	or	X-chromosome	inactivation	(Jaenisch	and	Bird,	2003).	The	methyl	group	can	
be	added	and	removed	as	cells	divide	and	differentiate	into	a	specific	tissue,	preventing	a	cell	from	
reverting	to	a	stem	cell	or	converting	into	a	different	cell	type.	A	good	example	is	the	B-cell	lineage	
differentiation	process,	which	initiates	from	a	hematopoietic	stem	cell	and	become	either	a	plasma	
cell	or	memory	cell,	process	with	multiple	stages	and	that	entails	a	variety	of	cell	types	that	suffer	
dynamic	changes	 in	the	DNA	methylation	pattern	during	normal	B-cell	differentiation	 (Kulis	et	al.,	
2015).	
	

The	 enzymes	 in	 charge	 of	 the	 methylation,	 also	 known	 as	 “writers”,	 are	 the	 DNA	 methyl	
transferases	(DNMTs).	The	members	that	form	this	family	of	proteins	have	different	roles	regarding	
methylation,	 however	 it	 has	 been	demonstrated	 that	mutations	 in	 any	 of	 the	 enzymes	 results	 in	
mice	embryonic	lethally	(Li	et	al.,	1992).	DNMT1	was	the	first	discovered	(Bestor	et	al.,	1988)	and,	
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since	it	has	preference	for	hemimethylated	DNA	(Jurkowska	et	al.,	2011a),	it	was	classically	thought	
to	be	the	only	responsible	 for	maintaining	the	existing	methylation	pattern,	making	sure	that	 it	 is	
conserved	 in	 the	 daughter	 cell	 after	DNA	 replication.	On	 the	 other	 hand,	DNMT3A	 and	DNMT3B	
were	pointed	as	the	responsible	for	de	novo	methylation,	found	preferentially	 in	heterochromatin	
regions	(Jurkowska	et	al.,	2011b).	

	
The	DNA	methylation	will	hamper	the	binding	of	transcription	factors	to	the	target	sites	(Choy	

et	al.,	2010;	Prendergast	and	Ziff,	1991).	That	does	not	imply	that	other	modifications,	such	as	those	
on	 histones	 and/or	 changes	 in	 chromatin	 organization,	may	 influence	 on	 how	 the	methylation	 is	
interpreted.	The	“readers”	that	are	the	responsible	for	coordinating	the	crosstalk	between	all	these	
modifications	 present	 in	 the	 locus	 include	 the	methyl	 CpG-binding	 domain	 proteins	 (MBDs).	 This	
family	 of	 proteins	 shares	 a	 common	domain	 called	MBD	 that	 confers	 them	 the	 ability	 to	 bind	 to	
symmetrically	methylated	CpG	dinucleotides	(Ng	et	al.,	2000).	Finally,	the	ten-eleven	translocation	
proteins	(TETs)	“erase”	or	remove	the	DNA	methylation	(Pastor	et	al.,	2013).	
	
Histone	posttranslational	modifications	

Several	 histone	 posttranslational	 modifications	 (PTMs)	 have	 been	 described	 and	 include	
among	 others:	 acetylation,	methylation,	 phosphorylation,	 ubiquitination	 and	 SUMOylation,	 being	
the	acetylation	and	methylation	the	most	studied	ones	(Kouzarides,	2007;	Roth	et	al.,	2001).	These	
changes	mainly	occur	in	residues	contained	in	the	histone	tails	and	the	most	common	modifications	
are	the	acetylation,	methylation	and	ubiquitination	on	Lysines	(K);	the	methylation	on	Arginines	(R);	
and	 phosphorylation	 on	 Serines	 (S),	 Threonines	 (T)	 and	 Tyrosines	 (Y).	 These	 modifications	 are	
responsible	 for	 dynamic	 changes	 in	 the	 chromatin	 architecture	 and,	 as	 a	 result,	 will	 dictate	 the	
order	 in	 which	 other	 factors	 (enzymes	 and	 non-histone	 proteins)	 are	 recruited.	 Several	 histone	
PTMs	and	their	combinations	are	referred	as	a	“histone	code”	for	directing	distinct	structural	and	
functional	states	of	chromatin	(Figure	1.15).	

	

	
Figure	1.15.	Histone	modifications.	A	nucleosome	is	represented:	core	of	histones	with	the	different	
subunits	H2A	(red),	H2B	(blue),	H3	(green)	and	H4	(orange)	wrapped	by	DNA	(grey).	The	histone	tails	
are	also	represented	 in	the	same	color-code	with	some	of	the	PTMs.	Ac	 is	represented	 in	green	and	
Me	in	red.	Abbreviations:	PTMs,	post-translational	modifications;	Ac,	acetylation;	Me,	methylation.		
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Two	mechanisms	are	described	for	the	histone	PTMs	to	carry	out	their	function:	i)	to	increase	
the	distance	between	nucleosomes	in	order	to	unwind	the	chromatin	and	make	it	more	accessible	
for	the	factors	to	be	recruited	and	ii)	the	recruitment	of	non-histone	proteins.	In	this	case,	the	PTMs	
present	in	the	histone	at	a	given	place	will	dictate	the	factor	that	is	going	to	be	bound	or	blocked	
depending	 on	 the	 process	 that	 is	 taking	 place	 at	 a	 precise	 moment	 (transcription,	 replication,	
repair…).	 The	 latter	 is	 the	more	 characterized	 of	 the	 two	mechanisms	 by	 the	methods	 regularly	
used	for	the	study	of	the	PTMs	which	are	the	ChIP-chip,	based	on	DNA	microarrays,	and	ChIP-Seq	
based	 on	 next	 generation	 sequencing	 (NGS).	 Bellow,	 there	 is	 a	more	 detailed	 description	 of	 the	
modifications	that	have	been	matter	of	study	in	this	work.	
	
Histone	lysine	acetylation	

Acetylation	on	the	lysine	residue	is	a	reversible	process	that	can	occur	on	the	four	nucleosomal	
histones	 (Figure	1.15).	The	enzymes	that	catalyze	this	reaction	are	the	histone	acetyl	 transferases	
(HATs)	and	can	be	divided	in	several	families	such	as	GNAT,	CREBBP/EP300	or	MYST.	The	first	two	
share	a	bromodomain	being	the	latter	a	more	global	regulator	of	transcription.	The	third	one	has	a	
chromodomain	 instead.	 Through	 these	 domains	 they	 bind	 to	 different	 acetyl-lysine	 residues	
(Taverna	et	al.,	2007).	

	
Through	HAT	domains	the	enzymes	act	over	different	substrates	being	the	CREBBP/EP300	the	

most	promiscuous	with	regard	of	substrate	binding:	they	can	acetylate	all	four	nucleosome	histones	
equally.	Having	so	many	different	substrates	susceptible	of	being	acetylated,	the	specificity	will	be	
achieved	depending	on	the	histone	and	the	lysine	that	is	being	acetylated	that	will	unleash	specific	
responses.	 Besides	 the	 HAT	 activity	 domain,	 these	 enzymes	 have	 other	 domains	 (such	 as	
cysteine/histidine-rich	domain)	believed	to	mediate	interaction	with	other	proteins	that	will	further	
regulate	 the	 HAT	 activity	 in	 turn	 (Yuan	 and	 Marmorstein,	 2013).	 The	 same	 effector	 can	 have	
different	outcomes	depending	on	the	context.		

	
The	presence	of	HATs	at	a	given	promoter	is	usually	associated	with	transcriptional	activation	

since	they	are	recruited	through	specific	interaction	with	other	transcription	factors.	Moreover,	the	
acetylation	 neutralizes	 the	 charge	 of	 the	 lysine	 and	 favors	 the	 unfolding	 of	 the	 chromatin,	
facilitating	the	incorporation	of	the	transcription	machinery.		
	
Histone	lysine	deacetylation	

As	mentioned	above,	the	acetylation	is	a	reversible	process.	When	the	acetylation	is	removed,	
the	euchromatin	 is	 compacted,	diminishing	 the	distance	between	nucleosomes	and	 impairing	 the	
accessibility	of	transcription	factors,	resulting	in	a	heterochromatic	state.	A	family	of	proteins	called	
histone	deacetylases	 (HDACs)	 catalyzes	 this	 reaction.	 This	 family	 is	 divided	 in	 three	major	 groups	
based	on	their	yeast	homology	proteins	and	their	domain	organization:	Class	I	(HDAC	1,	2,	3	and	8)	
are	nuclear	proteins	expressed	 in	a	wide	variety	of	 tissues.	They	contain	a	 zinc	atom	at	 its	active	
site,	characteristic	that	shares	with	Class	II	(HDAC	4,	5,	6,	7,	9	and	10)	and	Class	IV	(11).	However,	
the	former	has	a	more	selective	tissue	distribution	and	can	be	transported	between	the	nucleus	and	
the	cytoplasm	for	 its	activity	 (de	Ruijter	et	al.,	2003;	Longworth	and	Laimins,	2006).	Class	 III	 (also	
known	as	sirtuins	family)	is	different	from	the	others,	not	only	regarding	the	structure	but	also	on	
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the	catalytic	mechanism:	this	group	requires	the	presence	of	the	cofactor	NAD+	in	order	to	execute	
its	 activity.	 All	 of	 them	 are	 related	 to	 gene	 repression	 since	 they	 usually	 form	 co-repressor	
complexes	with	other	proteins	such	as	NCOR,	SMRT,	Sin3A,	etc.	(Alland	et	al.,	1997).	
	
Histone	methylation		

In	 contrast	 to	 acetylation,	 histone	 methylation	 is	 not	 preferentially	 associated	 with	 gene	
activation	 or	 repression.	 The	most	 heavily	methylated	 is	 histone	H3	 followed	 by	H4	 (Grewal	 and	
Rice,	2004).	Lysine	and	arginine	residues	in	the	histone	tails	are	targets	of	methylation	(Figure	1.15).	
Lysines	can	be	mono-,	di-	or	tri-	methylated	while	Arginines	can	be	found	mono-	or	di-	methylated	
(Shilatifard,	2006).	These	differences	 in	 the	 level	of	methylation	dictate	which	 type	of	effectors	 is	
recruited	and	 resulting	 in	differential	biological	outcomes	 (Grewal	and	Rice,	2004;	Santos-Rosa	et	
al.,	2002).	Lysine	methylation	is	associated	with	transcription	and	repair,	while	Arginine	methylation	
is	 only	 related	 with	 transcription	 (Kouzarides,	 2007).	 Not	 only	 these	 factors	 but	 also	 the	 other	
modifications	already	present	in	the	histone	will	affect	in	either	inducing	transcription	activation	or	
repression.		

	
The	enzymes	that	catalyze	the	reaction	are	the	histone	lysine	methyl	transferases.	They	can	be	

classified	in	two	types:	the	ones	that	share	the	strong	conserved	catalytic	domain	known	as	the	SET	
domain	 (responsible	 for	 the	 methylation	 of	 H3	 in	 residues	 K4,	 K9,	 K27	 and	 K36;	 and	 H4	 in	 the	
residue	 K20)	 and	 the	 ones	 that	 lack	 the	 SET	 catalytic	 domain	 (responsible	 for	 methylation	 of	
H3K79).	

	
As	 mentioned	 above,	 methylated	 histones	 can	 either	 mediate	 activation	 or	 repression	 of	

genes.	For	instance,	while	H3K4me2/3	(Guenther	et	al.,	2007),	H3K36me	y	H3K79me	are	generally	
associated	with	 transcriptional	 activity,	methylation	of	H3K9me2/3,	H3K27me2/3,	and	H3K20me3	
are	associated	with	repression	(Figure	1.14)	(Kouzarides,	2007;	Rice	et	al.,	2003).	

	
There	is	a	“crosstalk”	between	modifications	that	co-exist	in	the	same	nucleosome,	acting	in	a	

cooperative	 manner.	 Indeed,	 in	 some	 cases	 an	 enzyme	 could	 recognize	 more	 effectively	 its	
substrate	 in	 the	 presence	 of	 another	 covalent	 mark	 (Cheung	 et	 al.,	 2000),	 while	 others	 are	
incompatible	 with	 modifications	 already	 present	 in	 the	 same	 nucleosome	 (Rea	 et	 al.,	 2000).	
However,	two	modifications	in	the	same	residue	are	mutually	exclusive.	Nucleosome	modifications	
can	 affect	 the	 binding	 of	 other	 proteins,	 even	 when	 they	 are	 located	 in	 adjacent	 nucleosomes	
(Briggs	et	al.,	2002).	DNA	methylation	seems	to	precede	histone	modifications	in	the	establishment	
of	heterochromatin	(Bird	and	Wolffe,	1999).	
	
	
1.4.2.	Epigenetic	alterations	in	hematological	malignancies	
	

Epigenetic	alterations	in	cancer	can	lead	to	the	activation	of	oncogenes,	the	silencing	of	tumor	
suppressor	genes	or	result	in	uncontrolled	cell	proliferation.	It	has	been	established	the	existence	of	
cancer-associated	epigenetic	patterns	also	called	the	“cancer	epigenome”	(Esteller,	2007).	The	first	
epigenetic	change	described	in	human	cancer	was	the	global	DNA	hypomethylation	(Feinberg	and	
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Vogelstein,	 1983).	 Later	 on,	 it	 was	 described	 the	 inactivation	 of	 tumor	 suppressor	 genes	 due	 to	
hypermethylation	of	 the	 associated	promoters	 (Esteller,	 2008;	 Jones	 et	 al.,	 2007;	 Kazanets	 et	 al.,	
2016;	Lin	et	al.,	2007).	Two	facts	have	emerged	from	the	increasing	knowledge	in	the	field	of	cancer	
epigenetic.	 First,	 tumor	 cells	 show	 genome-wide	 CpG	 island	 hypermethylation	 and	 second,	 that	
hypermethylation	is	site-	as	well	as	tumor-type	specific,	contributing	to	the	origin	and	development	
of	human	cancer.	

	
Based	 on	 these	 concepts,	 researchers	 have	 been	 focusing	 their	 efforts	 in	 to	 elucidate	 the	

mechanisms	by	which	a	specific	gene	is	epigenetically	deregulated	in	a	given	tumor.	Most	of	these	
mechanisms	 have	 been	 described	 in	 hematological	 malignancies,	 frequently	 characterized	 by	
chromosomal	 translocations	 which	 resulting	 products	 can	 interfere	 with	 epigenetic	mechanisms.	
Some	examples	of	 the	mentioned	mutations	 involving	genes	 related	 to	epigenetic	mechanisms	 in	
hematological	malignancies	are	summarized	bellow	(reviewed	in	(Dawson	and	Kouzarides,	2012)).	
	

DNA	methylation	is	one	of	the	major	epigenetic	changes	found	altered	in	cancer	cells.	General	
DNA	hypomethylation	and	gaining	of	CpG	islands	around	gene	promoters	emerge	during	malignant	
transformation	and	as	a	result	tumor	suppressor	genes	are	silenced	(Ahuja	et	al.,	2016;	Rodriguez-
Paredes	 and	 Esteller,	 2011).	 In	 acute	 myeloid	 leukemia	 (AML)	 patients,	 mutations	 involving	 the	
DNMT3A	 gene	 that	 results	 in	 nonsense	 or	 frame	 shift	 alteration	 or	missense	mutation	 are	 often	
found	(Dawson	and	Kouzarides,	2012;	Ley	et	al.,	2010).	Two	members	of	the	TET	family	are	involved	
in	hematopoietic	malignancies.	TET1	is	often	found	translocated	with	MLL1	in	AML	while	mutations	
in	TET2	are	present	in	several	myeloid	malignancies	(Abdel-Wahab	et	al.,	2009;	Tefferi	et	al.,	2009).	
Other	 mutations	 affect	 both	 the	 DNA	 and	 histone	 demethylation	 processes.	 This	 is	 the	 case	 of	
isocitrate	deshydrogenase	1	and	2	(IDH1/2),	found	mutated	in	AML	(Green	and	Beer,	2010;	Mardis	
et	al.,	2009).		
	

DNA	methylation	is	related	to	histone	methylation	in	the	regulation	of	chromatin	architecture.	
Abnormal	expression	or	activity	of	histone	methyltransferases	or	demethylases	due	to	mutations,	
translocations	 or	 deletion	 has	 been	 reported	 in	 hematological	 malignancies	 (Dawson	 and	
Kouzarides,	2012).	Furthermore,	several	alterations	or	mutations	exist	 in	enzymes	that	add,	erase	
or	recognize	specific	epigenetic	marks	many	types	of	cancer	(Rodriguez-Paredes	and	Esteller,	2011).	
A	good	example	of	 tumor-specific	mutation	 is	EZH2.	This	 transcriptional	 repressor	belongs	 to	 the	
Polycomb	Repressive	Complex	2	(PCR2)	and	is	the	responsible	for	the	methylation	of	histone	H3K27	
(Margueron	and	Reinberg,	2011).	The	output	of	the	mutations	in	this	gene	varies	depending	on	the	
tumor.	 In	follicular	 lymphoma	(FL)	and	diffuse	 large	B-cell	 lymphomas	(DLBCL),	exome	sequencing	
has	allowed	 the	 identifications	of	mutations	 involving	 the	SET	domain	of	 the	protein,	 resulting	 in	
gain	of	function	(Morin	et	al.,	2010).	On	the	contrary,	in	T-cell	acute	lymphoblastic	leukemia	(T-ALL),	
somatic	missense,	nonsense	and	frame	shift	mutations	result	in	EZH2	loss	of	function	(Simon	et	al.,	
2012).	The	MLL2	member	of	the	mixed	lineage	leukemia	(MLL)	family	of	histone	methyltransferase	
proteins	 is	 frequently	mutated,	with	 its	 consequent	 loss	of	 expression	 in	 the	majority	of	patients	
with	FL	as	well	as	in	almost	one	third	of	DLBCL	(Morin	et	al.,	2011;	Okosun	et	al.,	2014).		
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Deacetylated	 state	 is	associated,	either	alone	or	 in	 combination	with	DNA	methylation,	with	
genes	normally	silenced	in	cancer.	To	revert	this	modification	using	histone	deacetylase	inhibitors	is	
a	 therapeutic	 strategy	 that	 we	 will	 discuss	 further	 in	 this	 work.	 Mutations	 in	 histone	 acetylase	
regulators	 have	 been	 found	 in	 AML,	 ALL	 and	 DLBCL	 (Dawson	 and	 Kouzarides,	 2012).	 In	 these	
diseases,	 CREBBP	 and	 EP300	histone	 acetyl	 transferases	 are	 affected	 by	 somatic	 point	mutations	
and/or	by	 recurrent	 translocations,	 resulting	 in	 the	 inactivation	of	 the	HAT	domain	 (Morin	 et	 al.,	
2011;	Pasqualucci	et	al.,	2011a).	These	two	homologous	transcriptional	co-activators	have	several	
functions	 in	 hematopoiesis	 such	 as	 interaction	 with	 other	 transcription	 factors,	 acetylation	 of	
histones	 and	 other	 proteins	 and	 acetylation-mediated	 inactivation	 of	 transcriptional	 repressors	
such	as	the	DLBCL-associated	oncogene	BCL6	(Bereshchenko	et	al.,	2002).		
	
	

1.4.3.	Epigenetic	therapy	of	cancer	
	

Therapy	with	chromatin-modifying	drugs	has	enormous	potential	for	the	treatment	of	cancer.	
Alterations	 in	 epigenetic	 information	 lead	 to	 deregulation	 of	 expression,	 resulting	 in	 the	
development	of	cancer.	These	abnormalities	may	result	in	the	silencing	of	genes	important	for	the	
regulation	of	normal	cell	proliferation	(Ahuja	et	al.,	2016).	Whereas	genetic	mutations	are	difficult	
to	 revert,	 epigenetic	mutations	 are	 easily	 reversible.	 DNA	methylation	 and	 histone	modifications	
are	attractive	targets	for	the	development	of	new	therapeutic	agents,	as	treatment	with	drugs	that	
inhibit	 cytosine	 methylation	 and	 histone	 deacetylation	 or	 methylation	 may	 re-establish	 gene	
transcription	 (Mwenifumbo	 and	 Marra,	 2013).	 It	 is	 worth	 mentioning	 that	 the	 efficacy	 of	 this	
therapy	is	high,	especially	in	hematological	malignancies	(Baylin,	2011;	Hassler	et	al.,	2013)	
	
DNA	methyltransferase	inhibitors	

The	 first	 epigenetic	 drug	was	 a	 compound	which	 effect	was	 to	 revert	 the	 DNA	methylation	
primarily	 in	 treating	 some	 types	of	 hematological	malignancies	 (Jones	 and	Taylor,	 1980).	DNMTis	
are	 modified	 forms	 of	 the	 nucleoside	 cytidine	 that	 are	 incorporated	 into	 the	 RNA	 and	 DNA	 in	
replicating	cells	by	a	covalent	binding	to	the	catalytic	pocket	of	the	three	biologically	active	DNMTs	
(DNMT1,	 DNMT3A	 and	 DNMT3B)	 thus	 inhibiting	 their	 enzymatic	 activity	 and	 targeting	 them	 for	
proteasomal	degradation	(Ghoshal	et	al.,	2005).		
	

Two	 DNMTis	 are	 currently	 approved	 by	 the	 Food	 and	 Drug	 Administration	 (FDA)	 for	 the	
treatment	of	hematological	malignancies,	5-aza-cytidine	 (DAC,	Vidaza®)	and	5-aza-2’deoxycytidine	
(DAC,	Dacogen®	or	decitabine).	Both	of	them	share	DNMT1	as	target	protein	and	are	prescribed	for	
patients	 that	 suffer	myelodysplastic	 syndrome	 (MDS)	 (Ahuja	et	al.,	2016).	Another	molecule,	 SGI-
110,	that	combines	5-aza-2’deoxycytidine	and	guanosine	is	currently	under	study	in	phase	III	trials	
for	the	treatment	of	MDS	and	AML	(Griffiths	et	al.,	2013;	Issa	et	al.,	2015;	Srivastava	et	al.,	2014).	
Initially,	 the	toxicity	of	 these	compounds	was	high	but	 in	vitro	and	 in	vivo	assays	show	that	when	
used	at	 low	doses,	the	three	of	them	behave	as	true	epigenetic	therapy,	being	able	to	reestablish	
the	expression	of	methylated	tumor-suppressor	genes	in	hematological	malignancies,	such	as	MDS,	
DLBCL	or	BL	(Agrelo	et	al.,	2005;	Issa,	2005;	Ogama	et	al.,	2004;	Silverman	and	Mufti,	2005).	
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Histone	deacetylase	inhibitors		
The	 aberrant	 over-expression	 of	 several	 histone	 deaceytlases	 (HDACs)	 has	 been	 related	 to	

numerous	 cancer	 types	 (Fraga	 and	 Esteller,	 2005);	 (Ozdag	 et	 al.,	 2006).	 This	 fact	 has	 led	 to	 the	
development	of	new	compounds	which	mechanism	of	action	 is	based	on	 inhibiting	HDAC	activity	
thus	leading	to	a	hypoacetylation	state.	However,	histone	deacetylase	inhibitors	(HDACis)	not	only	
target	histones	but	non-histone	proteins	(Glozak	et	al.,	2005).	While	normal	cells	are	relatively	more	
resistant	to	HDAC	inhibitor-induced	cell	effect	(Qiu	et	al.,	2000),	 in	cancer	cells	HDACis	 induce	cell	
differentiation	 and	 apoptosis	 by	 blocking	 the	 modification	 of	 terminal	 tail	 histones,	 causing	
hyperacetylation,	thereby	controlling	gene	expression	(Konstantinopoulos	et	al.,	2014;	Zhang	et	al.,	
2013).		
	

Studies	based	in	the	acetylation	pattern	of	cancer	cells	have	allowed	the	detection	of	a	global	
loss	 of	 monoacetylation	 of	 Lysine	 16	 on	 histone	 H4	 (Fraga	 et	 al.,	 2005).	 HDAC	 are	 present	 in	
numerous	co-repressor	complexes	 that	cancer	cells	need	to	survive	 (Schrump,	2009).	Particularly,	
histone	deacetylase	Class	I-containing	transcription	factor	complexes	are	recruited	to	leukemogenic	
fusion	 proteins	 indicating	 that	 it	might	 be	 rationale	 to	 target	 this	 class	 of	 histones	 (Zhang	 et	 al.,	
2013).		

	
Four	HDACs	inhibitors	have	been	already	approved	by	the	FDA	for	the	treatment	of	few	types	

of	hematological	malignancies.	Suberoylanilide	hydroxamic	acid,	also	known	as	SAHA	or	vorinostat,	
was	approved	in	2006	for	the	treatment	of	cutaneous	T-cell	lymphoma	(CTCL).	Three	years	later,	in	
2009,	 despipeptide	 or	 romidepsin	was	 approved	 for	 the	 treatment	 of	 the	 same	disease	 and	 also	
was	approved	in	2011	for	patients	suffering	peripheral	T-cell	lymphoma	(PTCL)	(Watanabe,	2010).	In	
2014,	 PXD011	 or	 belinostat	 has	 been	 approved	 for	 its	 clinical	 use	 in	 patients	 with	 refractory	 or	
relapsed	 PTCL.	 More	 recently,	 in	 2015,	 Panobinostat	 has	 been	 approved	 for	 the	 treatment	 of	
multiple	 myeloma	 (MM).	 Many	 others	 compounds	 are	 currently	 under	 clinical	 trials	 mainly	 in	
hematological	malignancies.	However,	 in	the	case	of	solid	tumors	the	results	are	not	so	promising	
(Luu	et	al.,	2008;	Modesitt	et	al.,	2008).		
	

The	histone	deacetylase	inhibitors	can	be	obtained	from	natural	sources	or	be	synthesized	and	
for	 this	 they	are	 classified	 in	at	 least	5	 groups:	hydroxamates	 (vorinostat,	 givinostat,	 abexinostat,	
panobinostat,	 belinostat	 and	 trichostatin	 A),	 carboxilates	 (sodium	 butyrate),	 benzamides	
(entinostat	 and	 mocetinostat),	 cyclic	 peptides	 (desipeptide	 and	 apicidin)	 and	 epoxyketones	
(trapoxin).	 From	a	 functional	point	of	 view,	 two	general	 types	of	HDACis	exist:	 the	pan-inhibitors	
(vorinostat)	or	the	inhibitors	that	act	over	specific	HDAC	(romidepsin).	Nonetheless,	all	the	HDACis	
lack	of	total	specificity	(Ahuja	et	al.,	2016).		

	
Depsipeptide,	from	now	on	referred	as	romidepsin	and	also	known	as	Istodax®,	is	a	recognized	

anti	cancer	agent.	 It	 is	a	natural	product	obtained	from	the	bacteria	Chromobacterium	violaceum.	
Romidepsin	is	a	pro-drug	that	is	transformed	within	the	cell	into	its	reduce	form,	which	in	turn	have	
a	sulfhydryl	group	that	is	able	to	interact	with	the	zinc	atom	in	the	active	pocket	of	the	class	I	HDAC,	
in	particular	HDAC	1	 and	HDAC	2,	 blocking	 its	 activity	 (Furumai	 et	 al.,	 2002).	 It	 is	 known	 to	have	
cytotoxic	activity	in	vivo	in	mice	harboring	human	breast	cancer	and	lung	cancer	(Ueda	et	al.,	1994)	
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and	 in	 vitro	 studies	 have	 demonstrated	 that	 romidepsin	 is	 cytotoxic	 against	 human	 cancer	 cells	
showing	no	effect	 in	normal	cells	 (Shin	et	al.,	2015).	 It	 is	currently	approved	 for	 the	 treatment	of	
cutaneous	T-cell	 lymphoma	(CTCL)	and	other	peripheral	T-cell	 lymphomas	(PTCLs)	(Barbarotta	and	
Hurley,	2015;	Bates	et	al.,	 2015;	Piekarz	et	al.,	 2009;	Whittaker	et	al.,	 2010)	Romidepsin	has	also	
several	regulatory	effects	including	induction	of	apoptosis,	cell-cycle	arrest	or	cell	differentiation	in	
different	tumors	(Newbold	et	al.,	2008).		
	
Combination	of	therapies	

Epigenetic	changes	rarely	occur	as	single	events.	Except	the	uses	already	approved	by	the	FDA	
for	DNMTis	and	HDACis	as	single	agents,	their	most	promising	use,	especially	in	solid	tumors,	is	as	a	
combination	between	them	or	in	combination	with	other	drugs	(Juergens	et	al.,	2011;	Ramalingam	
et	al.,	2010)	reviewed	in	(Ahuja	et	al.,	2016)).	Supporting	this	fact,	studies	have	demonstrated	that	
the	administration	of	HDAC	inhibitors	after	low	doses	of	DNMT	inhibitors	increase	the	latter’s	effect	
of	re-expressing	tumor	suppressor	genes	in	different	cancers	(Ahrens	et	al.,	2015;	Ahuja	et	al.,	2016;	
Kalac	et	al.,	2011;	Momparler	et	al.,	2014;	Prebet	et	al.,	2014).		

	
As	it	is	well	reported,	epigenetic	changes	not	only	promote	the	cancer	cell	status	but	also	are	

involved	in	the	resistance	of	tumor	cells	to	regular	chemotherapy.	The	approach	in	this	case	will	be	
to	reprogram	the	cancer	stem-like	cells	with	epigenetic	therapies	to	make	those	cells	more	sensitive	
for	subsequent	therapies.	The	FDA	has	already	approved	this	type	of	strategy	for	MM	patients:	the	
combination	 of	 the	 HDACi	 panobinostat	 with	 a	 proteasomal	 inhibitor,	 bortezomib,	 and	
dexamethasone,	an	immunomodulatory	drug	(San-Miguel	et	al.,	2014).		

	
However,	there	are	some	disadvantages	associated	with	the	use	of	epigenetic	drugs,	such	as	

lack	 of	 consistent	 clinical	 efficacy,	 off-target	 effects	 or	 toxicity.	 Cancer	 genome	 sequencing	 has	
demonstrated	 that	 genes	 encoding	 chromatin	 regulatory	 proteins	 are	 among	 the	most	 common	
mutated	genes	 in	 cancer	 (Cai	et	al.,	 2015).	New	small	molecules	are	being	developed	 in	order	 to	
target	 those	 proteins	 for	 control	 of	 the	 epigenome	 that	 will	 overcome	 the	 problems	mentioned	
above.	Although	several	epigenetic	inhibitors	are	being	introduced	in	clinical	trials	for	the	treatment	
of	hematological	tumors,	such	as	IDH1/2	or	EZH2	inhibitors	(Dang	et	al.,	2016;	Herviou	et	al.,	2016),	
the	 most	 well	 characterized	 molecules	 are	 the	 bromodomain	 inhibitors	 (BRDis).	 The	 BRDis	 are	
capable	of	blocking	the	lysine-binding	pocket	of	their	target	proteins	although	differences	between	
them	exist	(Filippakopoulos	and	Knapp,	2012).	BRD	is	contained	in	many	different	proteins	among	
which	 chromatin-remodelers	 are,	 i.e.	CREBBP	and	EP300,	both	HATs;	MLL2,	 a	HMT;	and	SMARC4	
that	belongs	to	the	SWI/SNF	complex	(Filippakopoulos	and	Knapp,	2012;	FitzGerald	and	Diaz,	1999;	
Mujtaba	et	al.,	2004;	Shen	et	al.,	2007),	but	the	best	characterized	are	the	bromodomain	and	extra	
terminal	(BET)	family.	BET	family	is	comprised	of	4	members,	BRD2,	BRD3,	BRD4	and	BRDT.	BRD2-4	
has	ubiquitous	expression	while	BRDT	is	only	expressed	in	the	germ	line.	All	the	members	have	two	
conserved	 N-terminal	 BRD	 modules	 named	 BD1	 and	 BD2	 with	 two	 main	 functions:	 to	 bind	 to	
acetylated	 lysines	on	histones	H3	and	H4	and	to	serve	as	scaffold	 for	other	molecules	 involved	 in	
transcription	 (Filippakopoulos	 and	 Knapp,	 2012).	 In	 particular,	 BRD2	 overexpression	 is	 associated	
with	DLBCL	 and	BRD4	 inhibition	 has	 antileukemic	 potential	 in	AML	 (Greenwald	 et	 al.,	 2004).	 The	
advantage	of	 these	new	compounds	 is	 that	 its	selectivity	regarding	 its	 target	genes	 is	higher	than	
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that	in	other	molecules.	This	fact	has	being	reinforced	by	the	demonstration	that	the	inhibition	of	
BRD4,	which	 is	 a	 global	 transcription	 regulator,	 only	 affects	 a	 few	 hundreds	 genes	 in	 a	 cell-	 and	
context-	 dependent	 manner	 (Delmore	 et	 al.,	 2011).	 Furthermore,	 studies	 in	 myeloma	 and	
lymphoma	 cell	 lines	 have	 demonstrated	 that	 BRD4	 presence	 in	 particular	 is	 much	 higher	 at	
enhancers	and	super	enhancers	than	at	promoters	of	active	genes	(Chapuy	et	al.,	2013;	Loven	et	al.,	
2013).	

	
Most	 of	 the	 new	 BET	 inhibitors	 developed	 are	 benzodiazepine	 derivatives.	 All	 of	 them	 are	

being	 tested	 in	 hematological	malignancies	with	 promising	 results.	 The	 first	 in	 being	 synthetized	
was	JQ1.	 It	 is	a	 thieno-triazolo-1,4-diazepine	which	mechanism	of	action	 is	 to	displace	BRD4	from	
nuclear	 chromatin	 (Filippakopoulos	 et	 al.,	 2010).	 Although	 it	 is	 widely	 used	 in	 research	 with	
responses	in	AML	and	MM,	JQ1	is	not	being	used	in	clinical	trials	because	of	its	short	half-life.	JQ1	is	
also	being	tested	in	lymphoma	since	it	 is	able	to	inhibit	genes	related	with	the	disease	(Chapuy	et	
al.,	2013;	Dawson	et	al.,	2011;	Delmore	et	al.,	2011;	Mertz	et	al.,	2011).	JQ1	derivatives,	such	as	I-
BET151,	I-BET762	and	OTX015,	are	showing	promising	results	in	hematological	malignancies	and	in	
particular	in	DLBCL	and	BL	cell	lines	and	xenograft	models.	All	of	them	caused	cell	cycle	arrest	in	G1	
phase	and	reduce	MYC	transcriptional	levels	(reviewed	in	(Cortiguera	et	al.,	2015))	as	well	as	other	
genes	associated	with	lymphomagenesis	such	as	BCL6,	PAX5	and	IRF8	(Chapuy	et	al.,	2013;	Zhao	et	
al.,	2013).	A	similar	compound	to	JQ1	but	with	improved	bioabailability,	CPI-203,	has	shown	clinical	
evidence	 in	 mice	 against	 lymphomas	 (Ceribelli	 et	 al.,	 2014;	 Moros	 et	 al.,	 2014).	 The	 pan-BET	
inhibitor,	 RVX-2135,	 has	 antitumor	 activity	 in	 lymphoma	mice	 (Bhadury	 et	 al.,	 2014).	 Finally,	 the	
CPI-0610	 BET	 inhibitor	 is	 currently	 in	 phase	 I	 clinical	 trials	 for	 the	 treatment	 of	 DLBCL	 and	 FL	
(Albrecht	et	al.,	2016).	The	combination	of	these	compounds	with	other	inhibitors	is	being	tested	as	
well	but	the	most	interesting	synergy	so	far	has	been	seeing	with	DZNep,	the	EZH2	inhibitor,	since	
EZH2	is	target	of	somatic	mutations	in	FL	and	DLBCL	(Yap	et	al.,	2011;	Zhao	et	al.,	2013).	

	
Romidepsin	 is	 being	 evaluated	 in	 multiple	 clinical	 trials	 in	 non-Hodgkin	 lymphomas	 (T-cell	

lymphomas,	MM,	CLL,	DLBCL,	MCL,	and	BL)	in	combination	with	other	epigenetic	therapies	such	as	
lenalidomide,	bortezomib,	ifosfamide,	carboplatin	and	etoposide	(ICE),	aurora	kinase	inhibitor	or	in	
patients	with	CHOP	 regime	 (https://clinicaltrials.gov).	Based	on	 these	 facts,	we	have	 initiated	 the	
study	of	the	effect	of	romidepsin	combined	with	BET	inhibitors	in	B-cell	lymphoma	cells.	

	
In	 summary,	 in	 the	 last	 few	years	much	knowledge	has	been	gained	about	 the	 regulation	of	

expression	by	epigenetic	mechanisms,	and	many	potential	targets	for	the	epigenetic	treatment	of	
cancer	have	emerged.		
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2.	AIMS	
	

As	 it	 has	 been	 highlighted	 in	 the	 Introduction,	 BCL6	 has	 important	 roles	 in	 normal	 and	
abnormal	 germinal	 center	 B-cells	 but	 its	 regulation	 is	 not	 fully	 understood.	 CTCF	 is	 a	 well-
established	chromatin	regulator	and	it	is	known	to	be	involved	in	the	epigenetic	regulation	of	many	
genes.	Our	group	has	previously	found	a	putative	CTCF	binding	site	in	the	regulatory	region	of	BCL6	
gene	located	on	its	exon1.	These	finding	suggested	a	CTCF	involvement	in	the	epigenetic	regulation	
of	BCL6.	On	the	other	hand,	histone	deacetylase	inhibitors	have	been	approved	for	the	treatment	of	
some	hematological	malignancies	but	 its	effect	on	B-cell	 lymphomas	and	on	BCL6	regulation	have	
not	 been	 throuroughly	 investigated.	 Several	 lines	 of	 evidence	 suggest	 that	 epigenetics	 may	 be	
involved	 in	 the	 regulation	of	BCL6	 gene	 at	 different	 levels,	making	 epigenetic	 drugs	 an	 attractive	
therapeutic	approach	for	patients	suffering	from	germinal	center	lymphomas.		

	
The	 main	 goal	 of	 the	 present	 study	 was	 to	 gain	 further	 insights	 in	 BCL6	 gene	 epigenetic	

regulation	in	B-cell	lymphomas	by	exporing	i)	the	involvement	of	the	chromatin	regulator	CTCF	and	
ii)	 the	effects	of	 romidepsin,	 a	histone	deacetylase	 inhibitor.	 For	 this	purpose	we	established	 the	
following	aims:	

	
1. Investigate	the	binding	of	CTCF	to	BCL6	exon1A	in	B-cell	lymphoma	cells.	
2. Study	the	correlation	between	the	CTCF	occupancy	and	BCL6	expression.	
3. Analyze	 the	 effect	 of	 CTCF	 modulation	 on	 BCL6	 regulation	 and	 local	 chromatin	

conformation.	
4. Explore	the	global	effects	of	romidepsin	on	B-cell	lymphomas	and	the	possible	induction	of	

B-cell	differentiation.	
5. Investigate	the	effect	of	romidepsin	on	BCL6	regulation.	
6. Analyze	 the	 consequence	 of	 romidepsin	 treatment	 on	 CTCF	 binding	 to	 BCL6	 and	 local	

chromatin	conformation.	
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3.	MATERIALS	AND	METHODS	
	

3.1.	Cell	culture	methods	
	
3.1.1.	Cell	lines	and	primary	lymphoma	cells	
	

Cells	were	grown	in	either	RPMI-1640	or	DMEM	(Lonza)	supplemented	with	10	%	or	20	%	fetal	
bovine	serum	(FBS,	Lonza),	150	µg/ml	of	gentamycin	(Lab.	Normon)	and	2	µg/ml	of	ciprofloxacin	at	
37oC	in	a	humidified	5	%	CO2	atmosphere.	Table	3.1	provides	a	list	of	the	human	cell	 lines	used	in	
this	study.		

	
Lymph	 nodes	 biopsies	 of	 patients	 with	 lymphomas	 were	 provided	 by	 the	 Hematology	

Department	 of	Hospital	Universitario	Marqués	 de	Valdecilla	with	 informed	 consent	 and	 approval	
from	 the	 local	 ethics	 committee	 (CEIC,	 13/2011)	 granted	 by	 the	 Ethics	 Committee	 on	 Clinical	
Research	 of	 Cantabria,	 Spain.	 Single-cell	 suspensions	 from	 the	 lymph	node	were	 separated	 using	
one	 to	 three	 specific	 monoclonal	 antibodies	 against	 surface	 markers	 specific	 of	 each	 type	 of	
lymphoid	neoplasm	using	standard	protocols	by	the	FCS/SSC	parameters.		
 
	
Table	3.1.	Cell	lines	used	in	this	work.	
	

	
*According	to	the	updated	WHO	classification	of	hematological	malignancies	(Swerdlow	et	al.,	2016).		

	
	
3.1.2.	Fluorescence	in	situ	hybridization	
	

Cultured	 cell	 lines	 were	washed	with	 PBS.	 The	 pellet	 was	 resuspended	 by	 vortexing	 adding	
drop	by	drop	up	to	8	ml	of	pre-warmed	0.075	M	KCl.	Samples	were	incubated	for	30	min	at	37oC,	
centrifuged	 and	 carefully	 resuspended	 by	 vortexing	 and	 adding	 drop	 by	 drop	 up	 to	 8	ml	 of	 cold	
Carnoy´s	 solution	 (75	%	methanol	 and	 25	%	 of	 glacial	 acetic	 acid	 (45	%)).	 Between	 two	 and	 five	
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additional	washes	with	 Carnoy´s	were	 performed	 in	 order	 to	 clear	 all	 debris.	 Samples	were	 then	
incubated	on	ice	for	10	min	and	a	drop	of	the	sample	was	placed	on	a	slide	and	allowed	to	air	dry.	
Five	μl	of	prediluted	LSI	BCL6	(3q27)	Dual	color	Break-apart	probe	(Vysis-Abbott,	Downers	Gorve,	IL,	
ref	 32-191016)	 were	 added	 directly	 on	 the	 slide	 and	 covered	 with	 a	 cover-slide.	 The	 slide	 was	
placed	 in	a	block	at	85oC	 for	3	min,	covered	with	parafilm	and	 inserted	on	a	humid	box	 that	was	
placed	on	an	incubator	at	37oC	for	18	hours.	The	day	after,	the	parafilm	was	removed;	the	cover	slip	
was	 carefully	 removed	 by	 incubating	 it	 for	 4	 min	 in	 a	 Coplin	 Jar	 containing	 pre-warmed	 (72oC)	
hybridization	solution	(2X	SSC	(NaCl	3M	y	NaHC03	0.3M)/0.3	%	NP-40).	The	slide	was	then	placed	in	
another	Coplin	Jar	containing	hybridization	solution	and	washed	for	4	min.	Slides	were	then	allowed	
to	air	dry	completely.	Ten	μl	of	Vectashield	(Vector	Laboratories)	were	added	and	a	cover	slip	was	
placed	on	top.	Fluorescence	signal	was	analyzed	using	a	Fluorescent	Microscope	(Nikon	Eclipse	50i).	
At	 least	100	 intact,	non-overlapping	nuclei	were	analyzed.	Nuclei	were	 scored	as	 rearranged	 if	 at	
least	one	split	orange-green	signal	was	observed.	Gains	were	reported	when	three	or	more	fusion	
signals	were	observed.	Control	values	were	previously	established	based	on	samples	of	10	controls	
X±3	 S.D.	 =	 mean	 plus	 three	 standard	 deviations.	 The	 cut-offs	 value	 for	 chromosome	 gain	 or	
rearrangement	was	2%	in	both	cases.	
	
	
3.1.3.	Drug	treatment	
	

In	order	to	study	the	effects	of	epigenetic	drugs	in	lymphoma	B-cells,	the	histone	deacetylase	
inhibitor	 romidepsin	 (provided	by	Celgene®),	was	 used.	 Stock	was	 diluted	 in	 dimethyl	 sulphoxide	
(DMSO)	and	stored	al	-20oC.		

	
Exponentially	growing	cells	were	treated	with	romidepsin	at	different	concentrations	 (0,	1,	5	

and	 10	 nM)	 and	 several	 time	 points	 (24,	 48,	 72,	 and	 96	 h)	 depending	 on	 the	 cell	 line	 and	 the	
experiment.	 Proliferation	 assays	 were	 performed	 to	 set	 the	 optimal	 concentration	 for	 further	
experiments.	 Upon	 treatment,	 cells	 were	 collected	 for	 RNA	 isolation,	 Western	 Blot,	
Immunoprecipitation	or	ChIP	assays.	
	
	
3.1.4.	Cell	proliferation	assay	
	

A	 very	 accurate	measure	was	 required	 in	order	 to	obtain	 reproducible	 results.	We	used	 the	
NucleoCounter	system	(Chemometec),	which	 is	based	on	the	method	of	fluorescence	microscopy.	
This	method	 identifies	 and	 counts	 individual	 cell	 containing	 DNA	 stained	 with	 propidium	 iodide.		
The	technique	was	carried	out	as	follows:	100	µl	o	the	sample	were	diluted	in	100	µl	of	Lysis	buffer	
(Reagent	A100)	used	for	disruption	of	plasma	membranes,	and	100	µl	of	Stabilizing	buffer	(Reagent	
B)	in	order	to	raise	the	pH	of	the	sample	mixture.	After	10	min	of	incubation,	cells	were	loaded	in	
the	 NucleoCassetteTM,	 which	 actually	 contains	 the	 propidium	 iodide,	 and	 introduced	 in	 the	
NucleoCounter®	apparatus.	The	lysis	of	the	viable	cell	membrane	takes	place.	The	non-viable	cells	
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are	permeable	without	treatment	therefore	they	are	directly	stained.	This	 fact	results	 in	total	cell	
count.	

	
Cell	viability	was	analyzed	using	the	Guava	PCA	apparatus	(Guava	Technologies,	Millipore).	A	

10-20	dilution	of	the	original	sample	was	done	 in	a	 final	volume	of	200	µl	with	Guava	Via	Count®	
reagent	which	contains	two	DNA	binding	dyes,	a	membrane-permeant	dye	stains	all	nucleated	cells	
and	a	membrane-impermeant	dye	stains	only	damage	cells.		

	
Metabolic	 activity	 upon	 romidepsin	 treatment	 was	 measured	 using	 the	 Cell	 Proliferation	

reagent	WST-1	(Roche)	which	allows	the	quantification	of	the	number	of	viable	cells	by	the	cleavage	
of	 tetrazolium	 salt	 WST-1	 (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H5-tetrazolio]-1,3-benzene	
disulfonate)	 to	 formazan	dye.	Cells	were	seeded	at	2.5x105	cells/ml	 in	a	 final	volume	of	100	μl	 in	
each	well	of	a	96-well	plate.	Four	concentrations	of	romidepsin	were	tested	(0,	1,	5,	and	10	nM)	and	
cells	were	 incubated	 for	 24,	 48	 and	72	h	 at	 37oC	 in	 a	 humidified	 5	%	CO2	 atmosphere.	After	 the	
incubation	 period,	 10	 μl	 of	 the	 Cell	 Proliferation	 Reagent	 WST-1	 were	 added	 to	 each	 well	 and	
incubated	 for	 additional	 3	 h	 at	 37oC.	 Absorbance	 of	 the	 samples	was	measure	 in	 the	microplate	
(ELISA)	reader	Multiskan™	FC	Microplate	Photometer	(Thermo	Scientific)	in	a	wavelength	range	of	
420-480	nm	using	the	Skanit	Software	2.5.1.	(Thermo	Scientific).	Metabolic	activity	was	expressed	
as	percentages	(%)	relative	to	the	activity	of	the	control	sample	(0	nM)	(value=100	%).	

	
For	 the	 experiments	 using	 higher	 concentrations	 of	 romidepsin,	 the	 CellTiter-Glo®	

Luminescent	Cell	Viability	Assay	 (Promega)	was	used.	2.5x105	 cells/ml	 in	a	 final	 volume	of	100	μl	
were	 seeded	 in	each	well	of	 an	opaque-walled	96-well	plates.	 Four	 concentrations	of	 romidepsin	
were	tested	(0,	10,	50,	and	100	nM)	and	cells	were	incubated	for	72	h	at	37oC	in	a	humidified	5	%	
CO2	atmosphere.	After	the	 incubation	period,	100	μl	of	the	CellTiter-Glo	Reagent	were	added	and	
mixed	with	the	cells	for	2	min	on	an	orbital	shaker	to	induce	cell	lysis.	The	plate	was	incubated	at	RT	
for	10	additional	min.	Luminescent	signal	was	measured	Mithras	LB	940	(Berthold	Technologies).	
	
	
3.1.5.	Apoptosis	analysis	
	

In	 this	 study,	 apoptotic	 cells	 population	 was	 quantified	 using	 the	 Annexin-V	 apoptosis	
detection	 kit	 (Immunostep).	 The	 human	 vascular	 anticoagulant,	 annexin-V,	 is	 a	 35-36	 kDa	 Ca2+	
dependent	 phospholipids	 binding	 protein	 that	 has	 high	 affinity	 for	 phosphatidylserine	 (PS).	 PS	 is	
predominantly	observed	 in	 the	 inner	 surface	of	 the	 cell	 facing	 the	 cytosol.	 In	 cells	 suffering	early	
apoptosis,	 the	 distribution	 of	 the	 PS	 changes	 and	 it	 appears	 in	 the	 external	 surface	 of	 the	 cell	
membrane.	 Staining	 of	 cells	 with	 Annexin-V	 allows	 the	 discrimination	 of	 intact	 cells	 (Annexin-V	
negative)	and	early	apoptotic	cells	(Annexin-V	positive).		

	
After	 incubation	with	romidepsin,	1x106	cells	were	counted,	harvested	at	the	indicated	times	

and	 washed	 twice	 with	 PBS.	 Cells	 were	 resuspended	 in	 1X	 Annexin	 binding	 buffer	 (10	 nM	
Hepes/NaOH	pH	7.4,	140	mM	NaCl,	2.5	mM	CaCl2).	Five	μl	of	the	Annexin-V	were	added	to	each	100	
μl	 of	 cell	 suspension	 and	 incubated	 at	 room	 temperature	 for	 15	 min	 in	 the	 dark.	 After	 the	
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incubation	period,	400	μl	of	Annexin	binding	buffer	was	added	to	a	final	volume	of	500	μl.	Within	
one	 hour	 the	 sample	was	 analyze	 by	 flow	 cytometry.	 At	 least	 1.5x104	 events	were	 counted.	 The	
percentage	 of	 apoptotic	 cells	 in	 each	 quadrant	 was	 calculated	 using	 FACSDIVA™	 software	 (BD	
Biosciences).	Number	of	apoptotic	cells	was	expressed	as	percentages	(%)	relative	to	the	apoptosis	
of	the	control	sample	(0	nM)	(value=100	%).	

	
	

3.1.6.	Cell	cycle	analysis	
	
Cell	cycle	measurement	was	carried	out	using	propidium	iodide	staining.	Propidium	iodide	is	a	

nucleic	acid	 intercalating	agent	and	fluorescent	molecule	used	to	stain	DNA.	This	dye	was	used	to	
quantify	by	flow	cytometry	the	number	of	cells	in	each	cell	cycle	phase	including	sub	G0/G1	phase,	
which	corresponds	to	apoptotic	cells.	Cells	were	cultured	either	alone	or	with	romidepsin.	After	the	
treatment	period,	cells	were	harvested	and	counted.	1	x	106	cells	were	washed	with	PBS,	centrifuge	
3	min	at	1,500	rpm	and	resuspended	in	1.5	ml	of	PBS.	To	fix	the	cells,	3.5	ml	of	pure	cold	ethanol	
was	added	in	a	drop-wise	manner	to	the	PBS	cell	suspension	to	a	final	concentration	of	70	%	on	a	
top	of	a	vortex	device	at	low	velocity.	Cells	were	fixed	from	at	least	30	min	up	to	3	days	in	ice.	Cells	
were	 centrifuge	 again	 and	 resuspended	 in	 5	ml	 of	 PBS	 1	%	 BSA	 and	 50	mM	 sodium-citrate.	 200	
μg/ml	RNase	A	and	DNase-free	and	10	μg/ml	propidium	iodide	was	added	and	incubated	for	30	min	
at	37oC	in	dark	conditions.	After	incubation,	cell’s	distribution	in	the	cell	cycle	was	analyzed	by	flow	
cytometry	in	the	FACScan	cytometer	(BD	Biosciences).	

	
	
3.1.7.	Cell	surface	markers	analysis	by	flow	cytometry	
	

Cell	 surface	markers	were	 analyzed	 in	 the	 Hematology	 Department	 of	 Hospital	Marqués	 de	
Valdecilla	to	assess	cells	differentiation.	After	72	h	of	culture	in	the	presence	of	5	nM	romidepsin,	
cell	surface	markers	were	analyzed	by	flow	cytometry.	For	that,	1x105	cells	were	harvested,	washed	
in	PBS	twice,	resuspended	in	50	μl	of	PBS,	incubated	with	10	μl	of	each	antibody	for	10	min	at	room	
temperature	 and	 analyzed	 using	 the	 FACSDiva	 flow-cytometre.	 The	 conjugated	 antibodies	 used	
were	 the	 following:	 anti-CD20	 PE	 (BD;	 Ref.	 345793),	 anti-CD38	 APC	 (BD;	 ref.	 345807),	 anti-CD45	
(BD;	Ref.	332784)	and	anti-CD138	FITC	(Rafer;	Ref.	IQP	153F).	

	

	
3.2.	Viral	infections	and	transfections	
	
3.2.1.	Retrovirus	production	and	infection	
	

For	silencing	CTCF	expression	in	lymphoma	cells	retroviral	particles	containing	a	shCTCF	were	
produced.	Retroviral	particles	from	pRS	and	pRS-CTCF	vectors	(Figure	3.1)	were	obtained	using	the	
Phoenix-A	amphotropic	packaging	 cells.	 Phoenix-A	 cells	 derived	 from	HEK-293T	 cell	 line	 and	 they	
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constitutively	 express	 both	 the	 gag-pol	 and	 the	 envelope	 proteins	 necessary	 to	 produce	
amphotropic	(A)	retrovirus.		

	
Prior	to	transfection	Phoenix-A	cells	were	plated	at	2.5x106	cells	per	100	mm	plate.	After	24	h	

at	40-50	%	of	confluence,	cells	were	transfected	using	calcium-phosphate	technique.	For	each	two	
100	mm	plates:	in	one	tube	1	ml	of	HepesNa/PhosphateNa	(5:1)	and	in	another	tube	25	µg	of	each	
retroviral	 vector	 (pRS	 and	 pRS-CTCF)	 and	 1µg	 of	 pEGFP	 (in	 order	 to	 assess	 the	 transfection	
efficiency)	were	mixed	with	125	µl	CaCl2	and	fill	up	to	1	ml	with	H2O.	The	content	of	the	two	tubes	
were	mixed	by	bubbling	with	an	automatic	pipettor.	Five	minutes	prior	to	add	dropwise	onto	each	
100	mm	dish	media	1	ml	of	the	solution,	25	µM	chloroquine	was	added	in	order	to	inhibit	lysosomal	
DNases	by	neutralizing	vesicle	pH.	After	24	h	cells	were	washed	twice	with	PBS	to	detoxify	media	
since	chloroquine	is	toxic.	The	supernatant	that	contains	the	retroviral	particles	was	collected	48	h,	
60	h	and	72	h	postransfection.	It	was	filtered	through	0.45	µM	filter	to	remove	cells	and	0.5	µg/ml	
polybrene	was	added.	

	
Four	million	of	exponentially	growing	Ramos	cells	were	resuspended	in	8	ml	of	the	retroviral	

suspension	after	1	h	centrifugation	at	450	g.	Cells	were	harvested	48-96	h	after	infection.		
	

	
	
Figure	 3.1.	 Scheme	 depicting	 the	 pRS-CTCF	 vector	 used	 for	 silencing	 CTCF	 expression.	 CTCF	 target	 sequence	 was	
described	in	(Ishihara	et	al.,	2006)	and	inserted	into	the	pRS	vector	(Batlle-Lopez	et	al.,	2015b).	

	
	
3.2.2.	Lentivirus	production	and	infection	
	

Lentiviral	particles	of	four	different	short-hairpin	vectors	for	CTCF	(GeneCopoeiaTM	OS222693-
OS222696)	were	obtained	by	transfecting	the	HEK-293T	cells.	Five	millions	of	cells	were	seeded	per	
100	mm	plate	and	 transfected	using	calcium-phosphate	 technique.	Cell	density	 should	be	around	
50-80	%	before	transfection	and	the	cell	medium	should	be	fresh.	All	reagents	should	be	at	room	
temperature	 prior	 to	 use.	 For	 each	 transfection,	 32	 µg	 of	 the	 vector	 (sh-CTCF),	 24	 µg	 of	 the	
packaging	vector	(PAX2)	and	8	µg	of	the	envelope	vector	(VsVg)	(4:3:1	ratio)	were	mixed	in	1	ml	of	
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distilled	 water.	 Then,	 250	 mM	 CaCl2	 was	 added	 to	 the	 mixture	 and	 left	 for	 5	 min	 at	 room	
temperature	and	1	ml	of	2X	HBS	(8.1	g	NaCl;	0.98	g	KCl;	0.1	g	Na2	HPO4;	5.1	g	HEPES;	1	g	glucose	in	
400	ml	of	distilled	water)	was	added.	The	solution	was	left	at	room	temperature	not	more	than	30	
min.	Nine	 to	 14	 hours	 after	 the	 transfection	 the	medium	was	 changed	 to	 avoid	 the	 precipitated	
particles.		Two	days	after	the	transfection,	the	supernatant	that	contains	the	lentiviral	particles	was	
collected	 and	 filtered	 through	 a	 0.45	 µm	 filter	 to	 eliminate	 cell	 debris	 and	 freeze	 at	 -80oC.	 The	
supernatant	was	ultracentrifuged	at	26,000	rpm	at	4oC	for	2	h.	

		
For	the	titration	of	the	lentiviral	vectors	ten	fold	serial	dilutions	of	the	concentrated	viral	stock	

were	made.	GFP	positive	cells	were	determined	by	microscopy.	The	Biological	Titer	was	calculated	
using	the	following	formula:	
	

TU/ml=	((PxN)/100xV)	x	1/DF	
	

TU:	transducing	units	
P:	%	GFP	positive	cells	
N:	initial	number	of	cells	
V:	volume	of	dilution	added	
DF:	dilution	factor	
	

	
	
Figure	3.2.	Scheme	depicting	the	CTCF-shRNA	vector	used	for	silencing	CTCF	expression.	CTCF	target	corresponds	to	the	
clone	OS222694.	
	
	
3.2.3.	Transfection	assays	
	
Polyethilenimine	(PEI)	transfection	reagent	(poly	Plus)	

Cationic	lipids-based	methods	were	used	for	adherent	cells	transient	transfections.	PEI	reagent	
(Polyplus	 transfection)	 was	 used	 for	 HEK-293T	 cells	 transfection	 for	 luciferase	 assays.	 One	 day	
before	transfection,	8x105	cells	were	plated	on	a	60	mm	dish.	Ten	µl	of	PEI	were	resuspended	in	100	
µl	of	150	mM	NaCl	on	a	tube	and	5	µg	of	each	plasmid	were	resuspended	in	250	µl	of	150	mM	NaCl.	
Both	tubes	were	vortex	and	incubated	for	5	min	at	room	temperature.	Then	diluted	PEI	was	added	
onto	the	diluted	DNA,	they	were	mixed	and	incubated	for	30	min	at	room	temperature.	Meanwhile	



	 MATERIALS	AND	METHODS	
	
	 	 	 	 	

	 51	

new	media	was	added	to	the	plate.	The	resultant	mixture	was	added	drop	wise	to	the	dish	and	cells	
were	incubated	for	12-48	h	after	transfection.		
	
	
Table	3.2.	Plasmids	used	in	this	work.	
	

	
	
	

3.3.	DNA	and	RNA	analysis	
	
3.3.1.	DNA	purification	
	

Plasmid	 DNA	was	 transformed	 into	 E.coli	 DH5α	 competent	 cells	 (life	 Technologies)	 for	 DNA	
amplification	using	the	heat	shock	method.	Thirty	µl	of	E.coli	DH5α	cells	were	mixed	with	100-200	
ng	of	plasmid	DNA	and	 incubated	on	 ice	 for	30	min.	After	 that,	a	heat	 shock	of	20	s	at	37oC	was	
done	 followed	 by	 2	 min	 incubation	 on	 ice.	 One	 ml	 of	 LB	 growth	 media	 was	 added	 to	 the	
transformed	cells	and	incubated	on	an	orbital	shaker	at	37oC	at	160	rpm	for	1	h.	E.coli	were	seeded	
on	LB-agar	growth	media	plates	containing	the	corresponding	antibiotic	for	selection	and	incubated	
at	 37oC	 overnight.	 The	 following	 day,	 some	 single	 colonies	were	 seeded	 both	 on	 LB-agar	 growth	
media	plates	containing	the	corresponding	antibiotic	selection	and	inoculated	and	grown	separately	
in	5	ml	LB	growth	media	in	an	orbital	shaking	incubator	at	37oC	at	160	rpm.	Cells	grown	in	LB	media	
were	centrifuge	at	3,000	rpm	for	10	min	and	plasmid	DNA	was	purified	using	NucleoSpin	Plasmid	
Miniprep	Kit	(Macherey-Nagel)	following	the	manufacturer’s	instructions.		

	
Purified	 DNA	 plasmids	 were	 checked	 by	 enzymatic	 restriction	 digestion.	 Plasmid	 digestions	

were	carried	out	with	specific	 restriction	endonucleases	 following	the	manufacturer’s	 instructions	
(Fermentas).	The	restriction	fragments	were	separated	by	electrophoresis	in	agarose	gels.	Agarose	
gel	electrophoresis	was	carried	out	 first	by	melting	 low	melting	point	agarose	 (Pronadisa)	 in	0.5X	
TAE	 buffer	 (Bio-Rad)	 to	 make	 a	 0.8-1	 %	 (w:v)	 agarose	 gels	 and	 stained	 with	 Real	 Safe	 reagent	
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(Durvitz,	 S.L.)	 diluted	1:20000	before	 gel	 solidification.	 Loading	buffer	 (30	%	 (v:v)	 glycerol	 100	%)	
was	 added	 to	 the	 samples,	 loaded	 and	 subjected	 to	 electrophoresis	 using	 iMupid	 Mini	 gel	
Electrophoresis	 system	 in	agarose	gel	 for	20-30	min	at	50-100	V	 in	0.5X	TAE	buffer.	As	molecular	
weight	markers,	“1	Kb	DNA	ladder”	and	“100	bp	DNA	ladder”	(Fermentas)	were	used.		Finally,	gels	
were	visualized	using	a	Gel	DocTM	EZ	System	(Bio-Rad).	

	
Once	 plasmids	 DNA	 were	 checked,	 positive	 single	 colonies	 that	 were	 seeded	 on	 LB-agar	

growth	media	plates	were	inoculated	and	growth	overnight	in	5	ml	LB	growth	media	containing	the	
corresponding	 antibiotic	 selection	 in	 an	 orbital	 shaking	 incubator	 at	 37oC	 at	 160	 rpm.	 LB	media	
grown	 cells	were	 centrifuge	 at	 3,000	 rpm	 for	 10	min	 and	 transformed	 cells	 stocks	were	done	by	
resuspending	 cell	 pellets	 in	 LB-glycerol	 1:1	 and	 stored	 at	 -80oC.	 To	 prepare	 higher	 amounts	 of	
plasmid	 DNA,	 a	 little	 amount	 of	 glycerol	 stock	 was	 inoculated	 into	 5	 ml	 of	 LB	 growth	 media	
containing	 the	 antibiotic	 and	 incubated	 in	 an	 orbital	 shaker	 at	 37oC	 at	 160	 rpm.	 After	 6-8	 h	
incubating,	 cell	 culture	was	 added	 to	 200	ml	 of	 LB	 growth	medium	 containing	 the	 antibiotic	 for	
selection	 and	 let	 grown	 overnight	 in	 the	 same	 culture	 conditions.	 The	 following	 day,	 bacterial	
culture	was	 centrifuge	 at	 6,000	 rpm	 for	 10	min	 and	plasmid	DNA	was	purified	using	 the	Plasmid	
Midi	 Kit	 (Qiagen)	 following	 manufacturer’s	 instructions.	 Plasmid	 DNA	 concentration	 was	
determined	 by	 measuring	 A260nm	 using	 a	 microvolume	 spectrophotometer	 (Thermo	 ScientificTM	
Nanodrop	2000).	

	
Genomic	 DNA	 was	 isolated	 with	 DNeasy®	 Blood	 &	 Tissue	 Kit	 (Qiagen).	 The	 optimal	

concentration	 for	a	proper	extraction	was	5x106	cells.	Cells	were	 collected	by	 centrifugation	 from	
frozen	samples	and	the	manufacturer’s	protocol	was	followed.	The	DNA	was	resuspended	in	50	µl	
of	 Nuclease	 free	 water	 and	 measured	 using	 a	 NanoDrop	 Spectophotometer	 (nanoDrop	
Technologies,	Inc.	Wilmington,	DE,	USA).		
	
	
3.3.2.	RNA	purification	
	

Total	RNA	purification	from	cell	cultures	was	performed	using	Trizol	reagent	(Invitrogen).	Five	
million	cells	were	collected	by	centrifugation	and	 lysed	with	1	ml	of	Trizol	reagent.	After	5	min	at	
RT,	200	µl	of	chloroform	was	added,	gently	mixed	for	20	s	and	centrifuged	at	12,000	rpm	for	15	min	
at	4oC.	The	supernatant	was	mixed	with	0.5	ml	of	isopropanol	and	incubated	for	10	min	at	RT.	Upon	
centrifugation	at	12,000	rpm	for	20	min	at	4oC,	 the	RNA	pellet	was	washed	with	75	%	ethanol	at	
7,500	rpm	for	5	min	at	4oC.	Finally,	the	RNA	pellet	was	dried	at	RT,	resuspended	in	20	µl	of	Dw-Dep	
(Diethylpyrocarbonate)	and	measured	using	a	NanoDrop	Spectrophotometer.	RNA	was	stored	al	 -
70oC	until	used.		
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3.3.3.	Reverse	transcription	(RT)	and	polymerase	chain	reaction	(PCR)	
	

In	 order	 to	 analyze	 the	 mRNA	 expression	 levels,	 RT-PCR	 was	 performed	 from	 total	 RNA	
extracted	from	human	cell	lines.	One	µg	of	RNA	was	used	for	the	reverse	transcription	reaction	with	
the	iScript	cDNA	Synthesis	Kit	(Bio-Rad)	in	a	total	volume	of	20	µl	following	the	next	steps:	5	min	at	
25oC,	30	min	at	42oC	and	5	min	at	85oC.	Complementary	DNA	(cDNA)	samples	were	stored	at	-20oC	
until	used.	cDNA	was	amplified	using	specific	primers	 for	each	gene	to	be	analyzed	(Table	3.3)	by	
real	time	quantitative	PCR	(RT-qPCR)	using	an	iQ5	Real-Time	PCR	Detection	System	(Bio-Rad).		
	

Primers	were	designed	using	the	Primer	3	software	tool	 (http://bioinfo.ut.ee/primer3-0.4.0/)	
according	to	PCR	standard	guidelines	(length	18	bp	to	25	bp;	GC	content	40	%	to	65	%;	no	G	at	the	
5’	 end;	 avoiding	 secondary	 structures;	 Tm:	 50oC	 to	 65oC).	 The	 PCR	 conditions	 were	 determined	
depending	 on	 the	 nature	 and	 complexity	 of	 the	 primers.	 A	 PCR	 mix	 was	 prepared	 (22	 µl	 final	
volume,	used	for	the	two	duplicate	reactions)	containing	11	µl	SyBR®	Green	PCR	Reaction	Mix	(Bio-
Rad);	0.3	µM	specific	primers;	1	µl	of	cDNA;	8.7	µl	of	distilled	water.	Ten	µl	per	well	were	loaded	on	
a	96-well	plate.	PCR	was	performed	as	follows:	95oC	10	min;	(95oC	5	min;	55-65oC	30	s)	40	cycles;	
95oC	1	min;	55oC	1	min;	for	the	real	time	melting	curve	(55oC	10	s	decreasing	by	half	a	degree	each	
cycle)	80	cycles.	

	
	

Table	3.3.	Primers	used	for	RT-PCR	analysis.	
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The	 results	were	 normalized	 to	 S14	 for	 human	 samples	 using	 the	 comparative	DeltaDeltaCt	
(ΔΔCt)	method:	
	
	 deltaCt1	=	Ct	(target	condition	1)	–	Ct	(S14	condition	1)	
	 deltaCt2	=	Ct	(target	condition	2	)	–	Ct	(S14	condition	2)	
	 delta	delta	Ct:	delta	Ct1-deltaCt2	
	 comparative	expression	level	=	2-	ΔΔCt	
	 standard	deviation	=	√(SD1	2	+	SD2	2)	
	

Reactions	 with	 distilled	 water	 instead	 of	 cDNA	 were	 used	 as	 negative	 controls	 to	 detect	
possible	amplification	from	contaminating	DNA	or	primer	dimers.	The	identities	of	the	PCR	products	
were	confirmed	by	agarose	gel	analysis.	
	
	

3.4.	Promoter	analysis	 	
	

3.4.1.	Luciferase	analysis	
	

These	assays	were	performed	with	the	Dual-Luciferase	reporter	(DLR)	System	(Promega)	which	
uses	the	firefly	luciferase	as	experimental	reporte	(pGL3	derived	vectors)	to	evaluate	the	promoter	
activity	 and	 the	 renilla	 luciferase	 (provided	 by	 pRL	 derived	 vectors	 such	 as	 pRL-TK)	 as	 “control”	
reporter	for	experimental	data	normalization.	 In	this	manner,	the	variability	caused	by	differences	
in	 the	 transfection	 efficiency	 or	 cell	 viability	 is	minimized.	 Both	 luciferase	 (firefly	 and	 renilla)	 use	
different	 substrates	 in	 their	 luminescent	 reaction	 allowing	 independent	 luminescence	
measurements.	

	
The	BCL6(-4.9/+0.5)-pGL3	and	BCL6(exon1)-pGL3	constructs	were	used	as	a	reporter	vectors.	

For	luciferase	assays,	HEK-293T	cells	were	transiently	transfected	using	PEI.	0.3	µg	of	the	pGL3-basic	
vector	(Promega)	or	0.6	µg	of	the	BCL6(-4.9/+0.5)-pGL3	reporter	vector	and	0.1	µg	of	the	pRL-null	
vector	 (Promega)	 were	 cotransfected	 with	 different	 concentrations	 of	 the	 BCL6	 and/or	 CTCF	
expression	vectors.	The	amounts	transfected	of	pcDNA-BCL6	alone	were	(0.01,	0.05,	0.1,	0.5	pmol)	
and	 0.05	 pmol	 of	 pcDNA-BLC6	 was	 chosen	 as	 the	 concentration	 to	 be	 cotransfected	 with	 the	
increasing	amounts	of	pcDNA-CTCF	(0.12,	0.24,	0.48,	0.96	pmol).		

	
For	 reporter	 experiments	 of	 the	 second	 part	 of	 this	 thesis,	 HEK-293T	 cells	 were	 transiently	

transfected	using	PEI.	0.3	µg	of	the	pGL3-basic	vector	(Promega)	or	0.35µg	of	the	BCL6(exon1)-pGL3	
reporter	vector	and	0.1	µg	of	the	pRL-null	vector	(Promega)	were	transfected.	Cells	were	treated	for	
12h	with	different	concentrations	of	romidepsin.		

	
Cells	were	harvested	48	h	post-transfection	and	lysed	in	100	µl	of	the	1X	passive	lysis	buffer.	

Twenty	µl	of	the	lysates	were	used	to	measure	the	luciferase	activity	48	h	after	transfection	using	
Dual-Glo	 Luciferase	 Reporter	 System	 (Promega)	 in	 a	 Luminometer	 TD	 20/20	 Turner	 Designs.	 For	
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each	 determination,	 luciferase	 activity	 was	 calculated	 as	 the	 Firefly	 activity	 normalized	 by	 the	
Renilla	 activity.	 Luciferase	 activity	 was	 expressed	 as	 arbitrary	 units	 (a.u.)	 as	 the	 increase	 in	 the	
activation	relative	to	the	activity	of	the	pGL3	vector	alone	(value=1). 
	
	
3.4.2.	Electrophoretic	Mobility	Shift	Assay	(EMSA)	
	
Nuclear	extracts		

Nuclear	 extracts	 were	 obtained	 either	 from	 mock-transfected	 HEK-293T	 cells	 or	 HEK-293T	
transfected	with	pEGFP,	pEGFP-CTCF-FL,	pCDNA	and	pCDNA-CTCF.	After	36h,	cells	were	harvested,	
washed	with	cold	PBS,	resuspended	in	buffer	1	(10	mM	HEPES;	10	mM	KCl;	0.25	mM	EDTA	pH	8.0;	
0.125	M	EGTA-K	pH	8;	0.5	mM	Spermidin;	0.1	%	NP40;	1	mM	DTT;	protease	inhibitor	cocktail	Set	I	
(Calbiochem)	and	incubated	for	10	min	on	ice.	Cells	were	then	centrifuged	5	min	at	1,500	rpm.	The	
supernatant	was	removed	and	the	pellet	was	resuspended	in	50	µl	of	buffer	2	(20	mM	HEPES;	0.4	M	
NaCl;	0.25	mM	EDTA;	1.5	mM	MgCl2;	0.5	mM	DTT;	protease	inhibitor	cocktail	Set	I	(Calbiochem)	and	
incubated	 1	 h	 rolling	 at	 4oC.	 Samples	 were	 centrifuged	 for	 30	 min	 at	 15,000	 rpm	 and	 the	
supernatant	(nuclear	extract)	was	frozen	at	-80oC	until	used.	
	
Labelled	probe	

A	80	mer	IRDye-labelled	double	stranded	oligonucleotide	was	used	as	a	probe	(purchased	on	
Biolegio).	One	of	 the	oligonucleotides	of	 the	probe	was	 labeled	with	an	 IRDye700	on	5’	end.	The	
single	stranded	oligonucleotides	were	taken	to	a	final	concentration	of	10	µM	each	with	annealing	
buffer	(50	mM	Tris	pH	7.6;	10	mM	MgCl2)	and	boiled	5	min.	Then	the	probe	was	cooled	down	over	
night	at	room	temperature	to	obatain	a	double	stranded	oligo	that	contains	the	CTCF	binding	site	

	
The	sequences	of	the	oligonucleotides	are	the	following:	
 

5’-CGGAGCAGGCCATACCATCGTCTTGGGCCCGGGGAGGGAGAGCCACCTTCAGGCCCCTCGAGCCTCG	
AACCGGAACCTCCAAATC-3’	

	
5’-GATTTGGAGGTTCCGGTTCGAGGCTCGAGGGGCCTGAAGGTGGCTCTCCCTCCCCGGGCCCAAGACG	
ATGGTATGGCCTGCTCCG-3’	

	
EMSA	reaction	

EMSA	reaction	was	performed	by	mixing	10	µg	of	the	nuclear	extract	with	6	µl	of	EMSA	buffer	
(1.5	 µg	 of	 poli-dIdC;	 100	mM	 HEPES	 pH	 7.5;	 250	mM	 KCl;	 0.875	mM	 EDTA;	 25	 %	 glycerol)	 in	 a	
volume	of	19	µl.	Mixtures	were	pre-incubated	at	25oC	for	10	min.	One	µl	of	the	labeled	probe	was	
added	to	each	condition	and	the	resulting	mixture	was	incubated	for	30	additional	min	at	25oC.	For	
supershifts	 experiments,	 a	 final	 volume	 of	 1	 µl	 of	 a	 mixture	 of	 three	 different	 CTCF	 antibodies	
(Santa	 Cruz	 (N-17)	 sc-5916,	 BD	 612149	 and	 Upstate-Millipore	 07-729)	 was	 added	 to	 the	 binding	
reaction	 prior	 to	 the	 labeled	 probe.	 Complexes	 were	 analyzed	 by	 electrophoresis	 on	 a	 4	 %	
polyacrilamide	 gel	 at	 160	 V	 for	 2h	 and	 15	 min	 with	 0.25X	 Tris-Borate-EDTA	 buffer.	 Gels	 were	
visualized	using	an	Odyssey	infrared-imaging	system	(Li-Cor	Biosciences).		
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3.4.3.	Chromatin	Immunoprecipitation	assay	(ChIP)	
	

ChIP	assays	corresponding	to	the	first	part	of	this	Thesis	(section	4.1),	were	performed	using	a	
modified	version	of	the	Upstate	Biotechnology	protocol.	Briefly,	5x106	cells	pellets	were	harvested	
and	 resuspended	 in	 1	 %	 formaldehyde	 (Thermo	 Scientific	 #28906	 16	 %	 Formaldehyde	 solution	
Methanol-free)	diluted	in	PBS	and	incubated	at	room	temperature	for	5	min	by	shaking.	Glycine	was	
added	at	a	final	concentration	of	125	mM	and	incubated	for	10	min	to	stop	the	fixation.	Cells	were	
collected	by	centrifugation,	washed	twice	with	cold	PBS	and	resuspended	in	1.200	µl	of	lysis	buffer	
(50	mM	Tris	HCl	pH	8.0;	10	mM	EDTA;	1	%	SDS;	protease	inhibitors	cocktail	Set	I	(Calbiochem))	and	
the	suspension	was	lysate	by	using	a	20G	1”	needle	and	left	on	ice	for	10	min.	Two	hundred	µl	of	
the	 lysate	 were	 taken	 to	 a	 final	 volume	 of	 300	 µl	 with	 lysis	 buffer	 and	 shared	 in	 Bioruptor	
(Diagenode)	for	10	to	15	min	(30	s	on,	30	s	off)	on	4oC	water	leading	to	fragments	between	250	bp	
and	1,000	bp.	Lysates	were	then	centrifuged	for	10	min	at	10,000	rpm	and	supernatant	was	diluted	
10	times	with	dilution	buffer	(0.01	%	SDS,	1	%	Triton	X-100;	1.2	mM	EDTA;	16.7	mM	Tris	HCl	pH	8;	
167	mM	NaCl).	Ten	%	of	the	solution	was	used	as	an	 INPUT	control.	Five	to	10	µl	of	the	different	
antibodies	(Table	3.4)	were	added	to	the	diluted	lysates	and	incubated	over	night	rolling	at	4oC.	For	
each	experiment,	one	sample	with	no	antibody	was	incorporated	as	a	negative	control	(beads).			
	
	
Table	3.4.	Primary	antibodies	used	for	ChIP	experiments.	
	

	
	

	
For	 each	 immunoprecipitation,	 75	 µl	 of	 Dynabeads	 Portein	 G	 (Invitrogen)	 were	 previously	

blocked	with	35	µl	of	salmon	sperm	DNA	(Invitrogen),	rolling	at	4oC	for	1h	and	then	added	to	the	
chromatin-antibody	mix	solution.	The	mixture	was	then	incubated	for	6	additional	hours	rolling	at	
4oC.	Afterwards,	beads	were	sequentially	washed,	for	5	min	each,	using	1	ml	of	low	salt	wash	buffer	
(0.1	%	SDS;	1	%	Triton	X-100,	2	mM	EDTA;	20	mM	Tris	HCl	pH	8;	150	mM	NaCl),	high	salt	buffer	(0.1	
%	SDS;	1	%	Triton	X-100,	2	mM	EDTA;	20mM	Tris	HCl	pH	8;	500	mM	NaCl),	LiCl	wash	buffer	(0.25	M	
LiCl;	1	%	NP-40;	1	%	Na-DOC;	1	mM	EDTA;	10	mM	Tris	HCl	pH	8)	and	two	washes	with	1X	TE	buffer	
(10	mM	 Tris	 HCl	 pH	 7.5;	 1	 mM	 EDTA).	 Protein-DNA	 complexes	 were	 eluted	 in	 200	 µl	 of	 freshly	
prepared	 elution	 buffer	 (1	%	 SDS;	 0.1	M	NaHCO3)	 for	 30	min	 at	 65oC.	 Cross-linking	 reaction	was	
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reversed	by	 the	addition	of	5	M	NaCl	 and	3	mg/ml	RNase	and	 incubated	at	65oC	over	night.	 The	
following	day,	beads	were	removed	using	a	magnet	and	lysates	were	treated	with	proteinase	K	(20	
µg/µl)	 for	3	h	at	45oC.	DNA	was	then	purified	with	the	Quiaquik	PCR	Purification	Kit	 (Qiagen)	and	
eluted	in	60	µl.		

	
ChIP	experiments	in	the	second	part	of	this	Thesis	work	(section	4.2)	were	performed	using	the	

Pierce™	Magnetic	ChIP	Kit	(Thermo	Scientific).	All	the	solutions	are	contained	in	the	kit.	Four	million	
cells	 pellets	were	 used	 for	 each	 immunoprecipitation.	 Pellets	were	 fixed	with	 1	%	 formaldehyde	
(Thermo	 Scientific	 #28906	 16	 %	 Formaldehyde	 solution	 Methanol-free)	 diluted	 in	 PBS	 and	
incubated	at	room	temperature	for	5	min	by	shaking.	Glycine	was	added	at	a	final	concentration	of	
1X	and	incubated	for	5	min	to	stop	the	fixation.	Cells	were	collected	by	centrifugation	and	washed	
twice	 with	 cold	 PBS	 supplemented	 with	 Halt	 Cocktail	 and	 resuspended	 in	 200	 µl	 of	 Membrane	
Extraction	buffer	to	break	the	cells.	The	nuclei	were	collected	by	centrifugation	and	resuspended	in	
200	µl	of	MNase	Digestion	Buffer	Working	Solution.	In	this	protocol,	prior	to	sonication,	the	sample	
is	digested	with	a	Micrococcal	nuclease	 (MNase	10	U/µl)	 for	15	min	at	37oC.	Both	 the	amount	of	
cells	and	the	amount	of	MNase	used	were	previously	optimized	(Figure	3.3).	Based	on	this	result	we	
chose	to	use	1	µl	of	MNase	for	4x106	cells	to	obtain	fragments	below	500	bp.		

	

	
	

Figure	 3.3.	 Optimization	 of	 the	 amount	 of	 MNase	 for	 digestion.	 Chromatin	
corresponding	 to	 4x106	 Ramos	 cells	 was	 digested	 with	 0,	 1,	 2,	 4	 or	 6	 µl	 of	 MNase	
enzyme.	First	lane	corresponds	to	the	molecular	weight	marker	(MWM).		

	
	

After	centrifugation,	supernatant	was	removed	and	nuclei	were	resupended	in	100	µl	of	1X	IP	
Dilution	Buffer	containing	protease/phosphatase	inhibitors	and	shared	in	Bioruptor	(Diagenode)	for	
5	min	 (30	 s	 on,	 30	 s	 off)	 on	 4oC	water.	 The	 supernant	 containing	 the	 chromatin	was	 recover	 by	
centrifugation	at	900	g	for	5	min.	Ten	µl	of	the	sample	was	used	as	an	input	control	and	90	µl	were	
taken	to	a	final	volume	of	500	µl	with	1X	IP	Dilution	buffer.	Five	µl	of	the	different	antibodies	(Table	
3.4)	were	added	to	the	diluted	lysates	and	incubated	over	night	rolling	at	4oC.	For	each	experiment,	
one	sample	with	no	antibody	was	incorporated	as	a	negative	control	(beads).			
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For	 each	 immunoprecipitation,	 20	 µl	 of	 the	magnetic	 beads	 were	 added	 to	 the	 chromatin-
antibody	mix	and	 left	 rolling	at	4oC	 for	2h.	Afterwards,	beads	were	three	times	washed	for	5	min	
each,	using	1	ml	of	 IP	Washing	buffer	1	and	washed	once	with	 IP	Washing	buffer	2.	Protein-DNA	
complexes	where	 eluted	 in	 150	µl	 of	 prepared	1X	 IP	 Elution	Buffer	 for	 30	min	 at	 65oC.	After	 the	
incubation,	the	beads	were	collect	with	a	magnetic	stand	and	the	supernatant	containing	the	eluted	
protein-chromatin	 was	 treated	 with	 6	 μl	 of	 5	 M	 NaCl	 and	 2	 μl	 of	 20	 mg/mg	 Proteinase	 K	 and	
incubate	for	1.5h	at	65oC.	DNA	was	then	purified	using	750	μl	of	DNA	Binding	Buffer,	followed	by	a	
centrifugation.	 The	 column	was	 washed	 with	 750	 μl	 of	 DNA	 Column	Wash	 Buffer	 and	 DNA	was	
finally	eluted	in	60	μl	of	DNA	Column	Elution	Buffer.		

	
In	both	 cases,	 5	μl	of	 eluted	DNA	was	analyzed	by	quantitative	 real	 time	PCR	using	 iQ	SYBR	

Green	Supermix	(Bio-Rad)	and	CFX	Real	Time	PCR	Detection	System	(Bio-Rad).	PCR	was	performed	
in	 duplicate	 with	 equal	 amounts	 of	 specific	 antibody	 immunoprecipitated	 sample,	 control	 (no	
antibody)	and	input.	The	oligonucleotides	used	were	either	described	in	the	literature	or	designed	
with	the	Primer	3	software	tool	(http://bioinfo.ut.ee/primer3-0.4.0/)	(Table	3.5).	The	PCR	conditions	
were	determined	depending	on	the	nature	and	complexity	of	primers.		

	
The	 non-antibody	 sample	 was	 used	 as	 a	 negative	 control	 for	 non-especific	 binding.	

Fluorescence	levels	obtained	by	amplification	of	the	non-antibody	sample	were	used	to	normalize	
the	 fluorescence	 levels	of	 the	 rest	of	 the	samples.	The	values	are	 the	mean	±	 s.e.m	of	 two	 to	six	
independent	experiments.	The	comparative	cycle	threshold	approach	was	used	for	the	data	analysis	
as	described	before	(Fitzpatrick	et	al.,	2007).	The	relative	enrichment	of	a	particular	sequence	was	
obtained	using	the	following	formula:	2(Ct	INPUT-Ct	immunoprecipitated	sample)	where	Ct	is	the	number	of	cycles	
needed	to	reach	the	threshold.		
	
	
Table	3.5.	Primers	used	for	PCR	after	chromatin	immunoprecipitation	assay.	
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3.5.	Protein	analysis	
	

3.5.1.	Western	Blot	
	

Cells	were	collected	by	centrifugation	at	1,500	rpm	for	5	min.	The	cellular	pellet	was	washed	
with	cold	PBS	and	resuspended	 in	RIPA	 lysis	buffer	 (150	mM	NaCl;	50	mM	Tris	HCl	pH	6.8;	0.05	g	
NaDOC;	1	%	NP-40;	1	%	SDS;	protease	inhibitors	cocktail	Set	I	(Calbiochem)).	After	incubation	on	ice	
for	10	min,	the	lysate	was	centrifuged	for	20	min	at	14,000	rpm.	The	supernatant	was	collected,	the	
protein	concentration	was	measured	by	Bradford	method	and	Laemli	buffer	(100	mM	Tris	pH	6,8;	8	
%	2-mercaptoethanol;	4	%	SDS;	0.1	%	bromo	phenol	blue;	20	%	glycerol)	was	added	to	the	lysates.		

	
The	protein	samples	were	heated	for	5	min	at	95oC	and	fractionated	by	vertical	eletrophoresis	

using	a	MiniProtean	cubette	(Bio-Rad)	in	the	proper	percentage	of	polyacrilamide-SDS	(SDS-PAGE)	
gels.	A	 solution	consisting	of	25	mM	Trizma	base,	192	mM	glycine	pH	8.3	and	1	%	 (w:v)	SDS	was	
used	as	electrophoresis	buffer.	Proteins	were	 transferred	 to	nitrocellulose	System	(Bio-Rad)	using	
the	transfer	buffer	containing	25	mM	Trizma	base	and	192	mM	glycine	and	10	%	methanol.		

	
The	membranes	were	incubated	while	shaking	for	45	min	at	RT	using	TBS	solution	(20	mM	Tris	

pH	7.5;	 150	mM	NaCl)	with	 10	%	nonfat	 dry	milk	 for	 blocking	 unspecific	 binding	 sites.	 Then,	 the	
membranes	were	incubated	over	night	at	4oC	on	a	shaker	with	primary	antibody	(Table	3.6)	diluted	
in	TBST	solution	(20	mM	Tris	pH	7.5;	150	mM	NaCl;	0.05	%	Tween	20)	1-5	%	BSA.	Membranes	were	
washed	 three	 times	 for	 5	min	 each	with	 TBST	 at	 RT	 on	 a	 shaker	 and	 incubated	with	 fluorescent	
secondary	 antibodies	 (IRDye	Antibodies,	 Li-COR,	Biosciences)	 (Table	 3.7)	 1:10000	dilution	 in	 TBST	
with	 1	 %	 BSA.	 Finally,	 the	 immunocomplexes	 were	 detected	 with	 an	 Odyssey	 Infrared	 Imaging	
System	(Li-COR,	Biosciences).	For	protein	 loading	control,	 the	blots	were	restained	with	anti-Actin	
or	anti-GAPDH	antibodies.	
	
	
3.5.2.	Protein	immunoprecipitation	
	

For	 detection	 of	 the	 endogenous	 acetylated	 BCL6,	 10x106	 Ramos	 cells	 for	 each	 protein	
immunoprecipitation	 assay	were	 used.	 Cells	were	washed	with	 PBS,	 containing	 1	 μM	 romidepsin	
(Celgene®)	and	lysed	in	500	μl	of	RIPA	buffer	(50	mM	Tris-HCl,	250	mM	NaCl,	1	%	Nonidet	P-40,	0.5	
%	 deoxycholic	 acid,	 0.1	%	 SDS)	 containing	 1	 μM	 romidepsin	 and	 the	 protease	 inhibitors	 cocktail	
(Calbiochem).	 Cell	 lysates	were	 incubated	 rotating	 at	 4oC	 for	 30	min.	After	 incubation,	 cell	 lysate	
was	 centrifuge	 at	maximum	speed	 for	 20	min.	 Supernatant	 containing	proteins	was	 collected	 for	
protein	 immunoprecipitation.	Of	 the	 total	 lysate,	10	μl	was	kept	as	 input	at	 -80oC	until	used	as	a	
loading	 control.	 Prior	 to	 immunoprecipitations,	 cell	 extracts	 were	 diluted	 1:2	 with	 co-
immunoprecipitation	buffer	containing	fresh	romidepsin.		

	
One	 ml	 of	 cell	 lysate	 was	 used	 for	 a	 single	 immunoprecipitation	 and	 3	 μg	 of	 a	 mouse	

monoclonal	 antibody	 against	 BCL6	 (Santa	 Cruz	 BT-PG-B6P)	 or	 unspecific	 immunoglobulins	 (IgGs;	
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Santa	Cruz,	sc-2025)	used	as	a	control	were	added	and	left	rotating	overnight	at	4oC.	The	following	
day,	 15	 μl	 of	 protein	 G-bound	 magnetic	 beads	 “Dynabeads®-protein	 G”	 (Invitrogen)	 previously	
washed	 with	 lysis	 buffer	 were	 used	 to	 capture	 protein-antibody	 immunocomplexes.	 The	
immunocomplexes-beads	mix	was	incubated	for	2-3	h	at	4oC.	After	incubation,	3	washing	steps	of	
10	min	at	4oC	were	performed	with	cold	RIPA	buffer	containing	romidepsin	using	 the	DynaMagTM	
magnet	(Invitrogen)	to	recollect	immunocomplexes-beads.	Finally,	proteins	were	eluted	from	beads	
with	30	μl	of	2X	Laemli	buffer	(5X	stock:	100	mM	Tris-HCl	pH	6.8,	8	%	2-mercaptoethanol,	4	%	SDS,	
0.1	 %	 bromo	 phenol	 blue,	 20	 %	 glycerol).	 At	 this	 point,	 non-immunoprecipitated	 total	 lysate	 or	
input,	was	also	mixed	with	5X	Laemli	buffer	to	a	2X	final	concentration.	Samples	were	heated	10-15	
min	at	95oC,	beads	were	removed	with	the	magnet	and	supernatant	was	collected	and	resolved	by	
SDS-PAGE	 (7.5	 %	 gel)	 and	 analyzed	 by	 western	 blotting	 with	 antibody	 against	 acetyl	 lysine	 (Cell	
Signaling).	The	same	filter	was	then	incubated	with	an	antibody	against	BCL6	(N3).	
	
	
Table	3.6.	Primary	antibodies	used	for	Western	Blot	and	Protein	Immunoprecipitation.	
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Table	3.7.	Secondary	antibodies	used	for	Western	Blot	and	protein	Immunoprecipitation.	
	

	
	
	

3.6.	Genomic	DNA	Sequencing	
	

Sequencing	and	coverage	data	was	analyzed	by	the	Genomic	analysis	of	tumour	development	
group	(PI	Dr.	Ignacio	Varela)	from	the	IBBTEC.	Genomic	DNA	(gDNA)	was	obtained	from	lymphoma	
cell	 lines	and	samples	from	lymphoma	patients	using	the	DNeasy	Blood	&	Tissue	Kit	(Qiagen).	The	
study	was	reviewed	and	approved	by	the	Institutional	Review	Board.	Histopathological	criteria	used	
for	 their	 diagnosis	 and	 classification	 of	 the	 lymphoma	 patients	 were	 those	 of	 the	 WHO	
classification.	 The	 specific	 oligonucleotides	 and	 the	 amount	 of	 gDNA	 loaded	 in	 the	 PCR	 were	
previously	optimized	using	gDNA	extracted	from	Ramos	cell	 line	(Figure	3.4).	Based	on	this	result,	
we	chose	to	use	250	ng	of	gDNA	in	the	case	of	exon	4	and	exon	5	primers	sets.	For	the	rest	of	the	
primers	pairs	we	 chose	100	ng	of	 gDNA.	 The	PCR	 conditions	were	determined	depending	on	 the	
nature	and	complexity	of	primers.		
	

	
	

Figure	3.4.	Optimization	of	oligonucleotides	used	for	gDNA	sequencing.	Agarose	gel	showing	PCR	products.	
Two	amounts	of	gDNA	were	 loaded	 in	the	PCR,	100	ng	and	250	ng.	The	oligonucleotides	exon	2-exon	8	are	
represented.	The	500	bp	band	of	the	molecular	weight	marker	is	indicated.	

	
	

The	 coding	 exons	 were	 enriched	 by	 PCR.	 Prior	 to	 sequencing,	 the	 same	 tag-sequence	 was	
added	 in	 the	 5’	 end	 of	 all	 the	 forward	 oligonucleotides	 and	 another	 to	 the	 5’	 end	 of	 all	 reverse	
oligonucleotides	 in	 order	 to	 be	 able	 to	 identify	 the	 samples	 (Table	 3.8).	 PCR	 products	were	 next	
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sent	 to	 the	 Genomic	 analysis	 of	 tumour	 development	 Group	 from	 IBBTEC	 for	 direct	 sequencing	
using	next	generation	technologies	(Roche	454	GS-FLX).	
	
	
Table	3.8.	Primers	and	tag-oligonucleotides	used	for	gDNA	sequencing.	
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4.	RESULTS	
	

4.1.	CTCF	epigenetic	regulation	of	BCL6	gene		
	

The	CCCTC-binding	factor	(CTCF)	is	a	multifunctional	transcription	factor	and	a	well	established	
chromatin	regulator.	Among	its	regulatory	mechanisms,	CTCF	epigenetically	regulates	a	number	of	
genes	by	favoring	chromatin	interactions.	It	is	involved	in	the	regulation	of	genes	that	play	a	role	in	
normal	cell	development	but	also	in	genes	implicated	in	cancer.		

	
On	the	other	hand,	BCL6	is	an	important	transcriptional	repressor	highly	expressed	in	germinal	

center	B-cells,	 and	 its	expression	needs	 to	be	downregulated	 in	order	 for	B-cells	 to	complete	 the	
differentiation	 process	 (Fearon	 et	 al.,	 2002;	 Reljic	 et	 al.,	 2000).	 Several	 transcriptional	 and	
posttranslational	 mechanisms	 that	 regulate	 BCL6	 expression	 have	 been	 described	 (see	
Introduction),	but	there	are	many	aspects	that	remain	unknown.	BCL6	is	deregulated	in	a	variety	of	
human	 non-Hodking	 lymphomas	 therefore	 it	 is	 of	 critical	 importance	 to	 understand	 how	 BCL6	
expression	is	regulated.			

	
CTCF	has	been	shown	to	bind	unmethylated	CpG	islands	within	BCL6	intron	1	in	a	plasma	cell	

line	that	do	not	express	BCL6	(Lai	et	al.,	2010).	Furthermore,	in	a	BCL6-expressing	Burkitt	lymphoma	
cell	line,	CTCF	binding	was	low	at	these	intronic	sites	that	were	highly	methylated	(Lai	et	al.,	2010).	
These	 results	 suggested	 the	 CTCF	 involvement	 in	 the	 epigenetic	 regulation	 of	BCL6.	 Additionally,	
previous	 studies	 in	 our	 laboratory,	 described	 a	 methylation	 insensitive	 CTCF	 binding	 site	 on	 the	
BCL6	 exon1A	promoter	 region	 that	allow	CTCF	 to	positively	 regulate	BCL6	expression	 (Ana	Batlle,	
Doctoral	Thesis).	Thus,	we	decided	to	extend	these	studies	and	analyze	the	effect	of	CTCF	binding	
on	BCL6	exon1A	regarding	the	chromatin	modification	in	several	B-cell	lymphomas	cell	lines.		
	
	

4.1.1.	BCL6	locus	status	in	lymphoma	cell	lines		
	

It	 is	well	 known	that	BCL6	 is	 frequently	 involved	 in	chromosomal	 translocations	with	 several	
different	 partners	 (Chaganti	 et	 al.,	 1998;	 Keller	 et	 al.,	 2008;	 Ohno,	 2006;	 Ye	 et	 al.,	 1995a).	 The	
translocations	may	affect	the	promoter,	the	first	non-coding	exon	and	the	5’	part	of	the	first	intron	
and,	as	a	result,	the	expression	of	BCL6	is	deregulated	and	controlled	by	the	regulatory	sequences	
of	 the	 partner	 gene	 (promoter	 substitution).	 Since	we	 are	 investigating	 the	 involvement	 of	 CTCF	
occupancy	at	exon1A	on	BCL6	regulation	and	how	expression	of	BCL6	is	regulated,	we	considered	
essential	 to	 use	 cell	 lines	 lacking	 BCL6	 rearrangements.	 We	 used	 the	 Fluorescence	 In	 Situ	
Hybridization	 (FISH)	 technique	 with	 a	 probe	 against	 BCL6	 locus.	 None	 of	 the	 cell	 lines	 analyzed	
showed	rearrangements	of	BCL6	gene	(Figure	4.1).	However,	Ramos,	Mutu	III	and	Ly03	cells	showed	
gains	of	the	BCL6	locus.	Interestingly,	Mutu	III	cells	with	undetectable	protein	expression,	presented	
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more	 than	 two	 signals	 corresponding	 to	 BCL6	 suggesting	 that	 additional	 mechanisms	 might	 be	
involved	on	the	regulation	of	BCL6	expression	(Figure	4.1)	
	
	

	
	

Figure	 4.1.	 Fluorescence	 in	 situ	 hybridization	 of	BCL6.	 Scheme	of	 the	 LSI	BCL6	break-apart	probe	used	 for	
FISH	 (top	 left).	Hybridizing	with	 the	LSI	BCL6	 in	a	normal	nucleus	 results	 in	 two	 fusion	signals	 (red-green	or	
yellow).	The	same	probe	hybridized	on	a	nucleus	with	BCL6	locus	rearrangement	results	in	one	fusion	signal	
(representing	normal	allele),	one	green	signal	and	one	red	signal	(top	right).	 	FISH	using	the	LSI	BCL6	break-
apart	probe	of	Raji,	DG75,	Ramos,	Mutu	III,	Ly03	and	Toledo	(bottom).	Nuclei	were	scored	as	rearranged	if	at	
least	 one	 split	 orange-green	 signal	 was	 observed.	 Gains	were	 reported	when	 three	 or	more	 fusion	 signals	
were	observed.		

	
	
4.1.2.	CTCF	binds	in	vitro	to	BCL6	exon1A	
	

A	short	region	located	on	the	BCL6	exon1A,	spanning	from	+1	to	+533,	has	been	described	as	
an	 important	 BCL6	 regulatory	 region	 (Batlle	 et	 al.,	 2009;	 Papadopoulou	 et	 al.,	 2010).	 Previous	
results	 in	 our	 laboratory	 predicted	 a	 putative	 CTCF	 binding	 site	 at	 the	BCL6	 exon1A	 (Figure	 4.2)	
based	 on	 the	 bioinformatic	 tool	 “CTCF	 binding	 site	 database”	 (http://insulatrodb.utmem.edu),	
constructed	 using	 genome-wide	 experimental	 methods	 (Bao	 et	 al.,	 2008;	 Ziebarth	 et	 al.,	 2013).	
Furthermore,	 to	 study	 whether	 CTCF	 was	 able	 to	 bind	 to	 that	 sequence	 in	 vitro,	 additional	
experiments	based	on	Electrophoretic	mobility	shift	assay	(EMSA)	were	performed	using	a	198	bp	
radio-labeled	probe	containing	the	CTCF	binding	site,	generated	by	PCR	amplification	(Batlle-Lopez	
et	al.,	2015b).	
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Figure	4.2.	Schematic	representation	BCL6	exon1A	regulatory	region.	Scheme	of	a	BCL6	gene	region	spanning	from	
the	 -2398	 bp	 to	 +4970	 bp	 (top).	 Seven	 amplicons	 used	 for	 ChIP	 experiments	 are	 indicated	 (orange).	 Amplicon	 (5)	
corresponds	 to	a	novel	CTCF	binding	site	on	BCL6	exon1A	predicted	by	 the	“CTCF	binding	site	database”	 (red	box).	
BCL6	binding	sites	for	negative	autoregulation	are	indicated	(green	box).	The	BCL6	exon1A	sequence	(bottom)	shows	
the	oligonucleotide	sequence	used	for	the	EMSA	(underlined),	the	CTCF	binding	site	(red	box)	and	the	BCL6	binding	
sites	(green	box).	The	transcription	start	site	+1	is	indicated.	

	
	

To	further	delimitate	the	CTCF	binding	site	on	the	predicted	region,	we	performed	EMSA	assay	
with	 a	 85	 bp	 double-stranded	 oligonucleotide	 probe	 containing	 the	 predicted	 “core”	 of	 20	 nt	
(Figure	4.2).	The	labeled	probe	was	incubated	with	nuclear	extracts	from	HEK293T	cells	transfected	
with	 two	 different	 CTCF	 full-length	 expressing	 vectors	 (pEGFP-CTCF	 or	 pCDNA-CTCF)	 or	 the	
corresponding	 empty	 vectors.	 Binding	 to	 the	 BCL6	 probe	 of	 the	 nuclear	 extracts	 from	 CTCF	
transfected	 cells	 was	 detected	 (Figure	 4.3a),	 while	 no	 binding	 was	 detected	when	 extracts	 from	
mock-transfected	were	used.	It	is	to	note	that	a	more	retarded	complex	corresponding	to	the	fusion	
protein	EGFP-CTCF	(blue	arrow)	is	observed	when	compared	with	the	pCDNA-CTCF	(red	arrow).	The	
supershifted	bands	 that	appear	upon	 incubation	with	an	anti-CTCF	antibody	 (Figure	4.3b,	 lanes	4	
and	6)	demonstrated	the	specificity	of	the	CTCF-DNA	complexes.	Therefore,	CTCF	interacts	 in	vitro	
with	the	predicted	binding	site	at	the	BCL6	exon1A.		
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Figure	 4.3.	 EMSA	 to	 delimitate	 the	 CTCF	 binding	 site	 at	 the	BCL6	 exon1A.	A	85	nt	 double-stranded	
oligonucleotide	 (sequence	 indicated	 above)	 containing	 the	 predicted	 “core”	 20	 nt	 CTCF	 binding	 site	
(sequence	in	red)	was	used	as	a	probe.	Probe	was	labelled	5’	with	IRDye700	and	image	was	visualized	
with	 an	 Odyssey	 infrared-imaging	 system.	 a)	 Nuclear	 extracts	 were	 obtained	 from	mock	 transfected	
293T	 cells	 or	 from	 293T	 transfected	 with	 pEGFP-CTCF	 or	 with	 pCDNA-CTCF	 expression	 vectors	 as	
indicated.	CTCF	binding	to	the	probe	is	shown	(blue	and	red	arrows).	b)	Nuclear	extracts	were	obtained	
as	in	a).	For	supershift	experiments,	an	anti-CTCF	antibody	was	added	(green	star,	supershifted	bands).		

	
	
4.1.3.	CTCF	binds	in	vivo	to	BCL6	exon1A	
	

To	 investigate	whether	 CTCF	 binds	 in	 vivo	 to	BCL6	 exon1A,	we	 performed	 chromatin	 cross-
linking	and	 immunoprecipitation	 (ChIP)	assays	 in	Ramos	cell	 line,	a	Burkitt	 lymphoma	derived	cell	
line,	extensively	used	as	cell	model	system	to	study	germinal	center	derived	lymphomas.	CTCF	was	
immunoprecipitated	with	two	antibodies,	designated	as	Ab1	(polyclonal	antibody)	and	Ab2	(a	mix	
of	nine	monoclonal	antibodies	(Pugacheva	et	al.,	2006))	and	chromatin	enrichment	was	detected	by	
real-time	quantitative	PCR	using	different	sets	of	primer	pairs.	

	
In	 all	 the	 experiments	 a	 CTCF	 binding	 site	 at	 the	 H42.1	 site	 in	 the	 rDNA	 repeats	 (van	 de	

Nobelen	et	al.,	2010)	was	used	as	a	positive	control	while	the	well-established	negative	binding	site,	
Myc-H1	site	located	-5.9Kb	upstream	on	the	MYC,	was	utilized	as	a	negative	control	(Gombert	et	al.,	
2003).		

	
Results	 revealed	 in	 vivo	 occupancy	 of	 the	 BCL6	 exon1A	 site	 by	 CTCF	 (Figure	 4.4).	 Although	

significant	enrichment	was	found	with	both	anti-CTCF	antibodies,	we	observed	higher	enrichment	
with	Ab2.		
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Figure	4.4.	CTCF	in	vivo	binding	to	BCL6	exon1A.	ChIP	analysis	with	two	anti-CTCF	antibodies,	Ab1	and	Ab2,	
showing	 the	 CTCF	 binding	 to	 the	 exon1A	 of	 BCL6.	 Chromatin	 was	 prepared	 from	 Ramos	 cells.	 Relative	
enrichment	was	quantified	by	 real-time	PCR	with	 the	 indicated	primer	sets.	Well	known	CTCF	 target	sites	
were	 used	 as	 positive	 and	 negative	 controls	 for	 ChIP	 (H42.1	 rDNA	 and	MYC	 H.1,	 respectively).	 The	 fold	
enrichment	of	a	particular	 target	 sequence	was	determined	by	calculating	 the	 ratio	of	 the	amount	of	 the	
target	sequence	in	the	immunoprecipitation	over	the	amount	of	the	target	sequence	in	the	input	DNA,	using	
the	following	formula:	2(CTINPUT	–	CTimmunoprecipitated	sample),	where	CT	is	the	number	of	cycles	needed	to	raise	
the	threshold.	Each	value	was	normalized	with	respect	to	the	control	(no-antibody).	Right	panels	show	the	
PCR	products	after	the	ChIP	assays.	

	
	

The	variant	histone	H2A.Z	has	been	described	to	be	a	CTCF	partner	and	to	colocalize	at	CTCF	
binding	sites	 in	genome	wide	studies	(Barski	et	al.,	2007;	Boyle	et	al.,	2008;	Yusufzai	et	al.,	2004).	
Therefore,	we	asked	whether	the	presence	of	H2A.Z	would	also	be	detected	in	the	BCL6	regulatory	
region.	A	clear	accumulation	of	variant	histone	H2A.Z	was	 found	 in	 the	CTCF	binding	site	at	BCL6	
exon1A,	as	shown	in	Figure	4.5.	
	
	

Figure	4.5.	Presence	of	H2A.Z	variant	histone	at	BCL6	exon1A.	ChIP	to	analyze	the	
enrichment	of	H2A.Z	at	BCL6	exon1A.	Chromatin	was	prepared	from	Ramos	cells.	The	
fold	enrichment	of	the	target	sequence	was	determined	as	indicated	in	Materials	and	
Methods	 section.	 Each	 value	 was	 normalized	 with	 respect	 to	 the	 control	 (no-
antibody).		

	
	
	
	

We	next	compared	the	CTCF	binding	to	the	predicted	site	at	BCL6	exon1A	with	the	binding	to	
different	regions	 located	both	downstream	and	upstream	of	 the	 former.	Sets	of	different	primers	
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were	used	 to	amplify	 the	 immunoprecipitated	DNA	 in	Ramos	cell	 line.	The	analysis	 revealed	high	
CTCF	 enrichment	 in	 the	 amplicon	 corresponding	 to	 the	 predicted	 site	 compared	 to	 the	 others	
(Figure	 4.6).	 Altogether	 these	 results	 demonstrated	 CTCF	 in	 vivo	 binding	 to	 the	 BCL6	 exon1A	
regulatory	region.		
	

	
	

Figure	4.6.	CTCF	in	vivo	binding	to	regulatory	sites	on	BCL6	gene.	a)	Schematic	representation	of	BCL6	
regulatory	 regions	 spanning	 from	 the	 -2398	bp	 to	 +4970	bp.	 The	 location	 of	 amplicons	 (1)	 to	 (7)	 is	
shown	 (orange).	 b)	 ChIP	 analysis	 with	 anti-CTCF	 antibody	 (Ab1)	 showing	 the	 binding	 to	 the	 BCL6	
regions	 (1)	 to	 (7).	 Chromatin	 was	 prepared	 from	 Ramos	 cells.	 The	 fold	 enrichment	 of	 the	 target	
sequence	was	determined	as	indicated	in	Materials	and	Methods	section.	Each	value	was	normalized	
with	respect	to	the	control	(no-antibody).		

	
	

4.1.4.	CTCF	preferentially	binds	to	BCL6	exon1A	when	BCL6	is	highly	expressed	
	

We	next	wondered	if	CTCF	binding	was	variable	depending	on	the	level	of	expression	of	BCL6.	
In	 order	 to	 address	 that	 question,	 several	 cell	 lines	 that	 differ	 on	 their	 BCL6	 expression	 were	
chosen.	 We	 explored	 the	 CTCF	 binding	 in	 five	 human	 B-cell	 lymphoma	 cell	 lines	 with	 different	
origins,	 including	 low	 and	 high	 BCL6	 expressing	 cell	 lines	 (Figure	 4.7a).	 Interestingly,	 CTCF	
occupancy	in	ChIP	experiments	was	barely	detectable	in	low	BCL6	expressing	cell	lines	(Figure	4.7b),	
suggesting	that	CTCF	preferentially	is	bound	to	the	BCL6	regulatory	region	when	BCL6	is	expressed	
which	suggests	an	important	role	to	CTCF	in	the	germinal	center	reaction	process	(Figure	4.7b).		
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Figure	 4.7.	 BCL6	 expression	 and	 CTCF	 occupancy	 in	 lymphoma	 cell	 lines.	 a)	Western	 blot	 showing	 BCL6	
protein	expression	in	several	lymphoma	cell	lines.	293T	cells	were	used	as	negative	control.	Actin	was	used	as	
loading	 control.	b)	 ChIP	 assay	 showing	 the	 CTCF	 binding	 to	BCL6	 exon1A.	 Chromatin	 prepared	 from	DG75,	
Ramos,	 Raji,	 Mutu	 III	 and	 Toledo	 cell	 lines	 and	 incubated	 with	 the	 anti-CTCF	 antibody	 Ab1.	 The	 fold	
enrichment	of	the	target	sequence	was	determined	as	indicated	in	Materials	and	Methods	section.	Each	value	
was	normalized	with	respect	to	the	control	(no-antibody).		

	
	

These	results	 lead	us	to	analyze	the	CTCF	occupancy	of	the	different	BCL6	regulatory	regions	
previously	studied	(see	scheme	in	Figure	4.6)	using	Ramos	(germinal	center	origin	expressing	high	
levels	 of	 BCL6),	 Mutu	 III	 (germinal	 center	 origin	 non-expressing	 BCL6)	 and	 K562	 (BCL6-negative	
myeloid	cell	line).		
	

	
	

Figure	4.8.	CTCF	in	vivo	binding	to	regulatory	regions	of	BCL6.	ChIP	assay	showing	the	binding	on	
BCL6	regulatory	regions	amplicons	(1),	(5),	(6)	and	(7).	Chromatin	prepared	from	Ramos	(high	BCL6	
expression),	Mutu	 III	and	K562	cell	 (undetectable	BCL6	expression)	and	 incubated	with	 the	anti-
CTCF	 polyclonal	 antibody	 Ab1.	 The	 fold	 enrichment	 of	 the	 target	 sequence	 was	 determined	 as	
indicated	in	Materials	and	Methods	section.	Each	value	was	normalized	with	respect	to	the	control	
(no-antibody).	
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ChIP	analysis	revealed	CTCF	occupancy	of	the	BCL6	exon1A	site	in	Ramos	but	not	in	Mutu	III	or	
K562	cells	 (Figure	4.8).	High	occupancy	was	observed	 in	myeloid	K562	cells	at	BCL6	 intronic	CTCF-
binding	 sites	 (amplicons	 6	 and	7),	 already	described	 (Lai	 et	 al.,	 2010).	 These	 results	 indicate	 that	
CTCF	 is	 preferentially	 bound	 to	 exon1A	when	BCL6	 is	 highly	 expressed,	 suggesting	 that	 the	 CTCF	
binding	at	this	site	and	not	to	the	intronic	sites	is	functionally	important	in	germinal	center	cells.		

	
To	 further	assess	this	 result,	we	used	the	bioinformatics	 tool	Encyclopledia	of	DNA	elements	

(ENCODE)	 to	 compare	 the	 ChIP-seq	 profiles	 of	 CTCF	within	 the	BCL6	 gene	 in	 chromosome	 3.	 No	
data	were	available	regarding	the	cell	lines	that	were	matter	of	study	in	this	work.	However,	CTCF	
binding	 to	 exon1A	 was	 confirmed	 in	 a	 lymphoblastoid	 cell	 line,	 such	 as	 GM12878,	 while	 no	
enrichment	was	found	in	non	BCL6	expressing	cell	lines	such	as	the	myeloid	cell	line,	K562.	Binding	
of	H2A.Z	and	the	cohesin	subunit	Rad21	were	also	found	 in	BCL6	exon	1A,	confirming	our	data	 in	
lymphoma	cell	lines	(Figure	4.9).		
	

	
	
Figure	4.9.	ENCODE	ChIP-seq	data.	ChIP-seq	profiles	of	CTCF,	H2A.Z	and	Rad21	(a	cohesin	subunit)	for	BCL6	gene	in	
chromosome	3	from	GM12878	and	K562	cell	lines.	BCL6	exon1A	CTCF	binding	site	are	shown	(red	square)	and	CTCF	
binding	sites	in	BCL6	intron	1,	described	by	Lai	et	al.	are	also	shown	(black	squares).	

	
	

In	 summary,	 we	 demonstrated	 that	 CTCF	 binding	 to	 a	 site	 located	 in	 the	 BCL6	 exon1A	
associated	with	high	level	of	BCL6	expression,	which	suggests	its	functional	importance	in	germinal	
center	cells.		
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4.1.5.	CTCF	ZF	are	not	mutated	in	primary	samples	of	different	B-cell	lymphomas	
	

Genetic	alterations	in	the	CTCF	gene,	such	as	missense	mutations,	and	in	the	exons	encoding	
the	 ZF	 domain,	 have	 been	 identified	 in	 cancers	 including	 breast,	 prostate,	 and	 Wilm’s	 tumors	
(Filippova	et	al.,	2002).	We	hypothesized	that	the	variation	on	BCL6	protein	levels	detected	among	
the	evaluated	cell	lines,	which	was	correlated	to	the	CTCF	occupancy	at	the	BCL6	exon1A,	could	be	a	
consequence	 of	 mutations	 occurring	 in	 the	 CTCF	 ZFs	 region.	 To	 address	 that	 question,	 we	
sequenced	the	exons	encoding	for	the	eleven	zinc	fingers	of	CTCF	(exon	2	to	exon	8)	in	the	studied	
B-cell	 lymphoma	 cell	 lines	 and	 in	 patient’s	 samples	 suffering	 from	 different	 types	 of	 lymphomas	
(Figure	 4.10).	 Figure	 4.10	 shows	 the	 coverage	 data	 obtained	 after	 sequencing	 the	 samples	 from	
follicular	 lymphoma	 patients	 (15	 samples),	 diffuse	 large	 B-cell	 lymphoma	 (9	 samples),	 mantle	
lymphoma	 (6	 samples),	 marginal	 lymphoma	 (1	 sample),	 Burkitt	 lymphoma	 (1	 sample)	 as	 we	 as	
several	lymphoma	cell	lines	(6	samples).	Negative	controls	were	node	with	reactive	hyperplasia.	No	
mutations	were	detected	in	any	of	the	exons	of	the	samples	analyzed.		

	

	
	

Figure	 4.10.	 Representation	 of	 CTCF	 gene	 and	 the	 coverage	 of	 the	 exons	 after	 sequencing.	 Top	 panel	
represents	 a	 scheme	 of	 CTCF	 gene.	 Coding	 exons	 are	 represented	 in	 blue	while	 non-coding	 exons	 are	 in	
white.		The	ZFs	encode	in	each	exon,	from	exon	2	to	exon	8,	are	indicated.	Bottom	panel	shows	the	primary	
samples	and	the	cell	lines	used	for	sequencing.	Each	box	corresponds	to	the	coverage	of	each	exon	in	all	the	
sequenced	samples.	(These	data	were	obtained	with	the	help	of	Dr.	Ignacio	Varela	group,	IBBTEC).	
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PCR	 products	 were	 detected	 in	 all	 cases	 but	 for	 the	 sample	 198A,	 a	 case	 with	 a	 follicular	
lymphoma,	 that	 showed	 no	 amplification	 of	 the	 exon	 8	 region,	maybe	 due	 to	 a	 deletion	 at	 that	
region.	No	sample	was	available	to	confirm	this	theory	(Figure	4.11)	

	

	
	

Figure	4.11.	PCR	products	of	patient’s	samples.	Panel	showing	the	products	of	different	patient’s	
samples	 amplified	 by	 PCR	 and	 run	 on	 an	 agarose	 gel	 as	 indicated	 in	 Materials	 and	 Methods	
section.	Sample	number	198	A	is	indicated	(red).		

	
	

These	results	suggest	that	other	mechanisms,	but	not	mutations	in	the	ZF	of	CTCF,	should	be	
responsible	for	the	differential	binding	of	CTCF	to	BCL6	exon1A	associated	with	the	varing	levels	of	
BCL6	expression.		
	
	
4.1.6.	CTCF	knockdown	is	correlated	with	a	reduction	of	BCL6	expression	
	

Since	CTCF	acts	as	a	transcriptional	regulator	that	modulates	the	expression	of	many	genes,	we	
wondered	 if	 this	was	 the	 case	 for	BCL6.	We	 chose	 the	 germinal	 center	 cell	 line	 Ramos	 as	 BCL6-
expressing	cells	and	the	myeloid	cell	line	K562	as	BCL6-negative	cells.	

	
To	 determine	 the	 CTCF	 regulatory	 effect	 on	 BCL6	 expression	 we	 used	 a	 short	 hairpin	 RNA	

vector	 for	 CTCF	 pRetroSuper-CTCF	 (pRS-CTCF)	 and	 the	 empty	 vector	 pRetroSuper	 (pRS).	 We	
knockdown	CTCF	by	viral	infection	of	Ramos	cells	with	retroviral	particles	generated	from	pRS	and	
pRS-CTCF.	K562	cells	were	nucleofected	with	the	same	vectors.	Reduced	levels	of	CTCF	mRNA	were	
achieved	48	h	and	72	h	after	infection	in	both	cell	lines	(Figure	4.12a	and	figure	4.12c).	The	silencing	
of	CTCF	in	Ramos	cells	was	accompanied	with	a	downregulation	of	both	BCL6	mRNA	(Figure	4.12.a)	
and	 protein	 levels	 (Figure	 4.12b).	 Similar	 results	were	 also	 observed	 in	 DG75,	 a	 BCL6	 expressing	
lymphoma	cell	 line	(Batlle-Lopez	et	al.,	2015b).	Although,	BCL6	expression	has	been	induced	upon	
CTCF	 silencing	 in	 BCL6-negative	 plasma	 cells	 (Lai	 et	 al.,	 2010),	 no	 induction	 of	 this	 protein	 was	
observed	in	BCL6-negative	K562	myeloid	cells	(Figure	4.12c).	
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Figure	4.12.	Effect	of	CTCF	silencing	on	BCL6	mRNA	and	protein	levels.	a)	RT-PCR	showing	silencing	of	
CTCF	 and	 decreased	 BCL6	mRNA	 expression	 in	 Ramos	 cells.	 CTCF	 (left	 panel)	 and	 BCL6	 (right	 panel)	
relative	mRNA	expression	were	analyzed	at	the	indicated	times.	b)	Western	blot	showing	CTCF	and	BCL6	
protein	expression	in	Ramos	cells	72	h	after	CTCF	silencing.	Actin	was	used	as	loading	control.	c)	RT-PCR	
showing	 silencing	 of	 CTCF	 and	 undetectable	 BCL6	 mRNA	 expression	 in	 myeloid	 K562	 cells.	 Positive	
control,	Ramos	cells.	

 

	
BCL6	is	a	transcriptional	repressor	that	is	expressed	in	germinal	center	cells.	Some	of	the	well-

known	 BCL6	 target	 genes	 are	 cyclin	 D2	 (CCND2),	 the	 main	 transcription	 factor	 of	 the	 plasmatic	
program,	 PRDM1,	 and	 the	marker	 of	 plasma	 cell	 differentiation,	 IRF4.	 In	 our	 model,	 upon	 CTCF	
silencing	 and	 BCL6	 downregulation,	 the	 mRNA	 levels	 of	 these	 three	 genes,	 were	 significantly	
increased	(Figure	4.13).			
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Figure	 4.13.	 Effect	 of	 CTCF	 silencing	 on	 plasmatic	 markers.	 RT-PCR	 showing	 the	 upregulation	 of	 CCND2	 (left	
panel),	 PRDM1	 (middle	 panel)	 and	 IRF4	 (right	 panel)	 mRNA	 expression	 after	 CTCF	 silencing.	 DG75	 cells	 were	
nucleofected	 with	 a	 short	 hairpin	 RNA	 vector	 for	 CTCF	 (pRS-CTCF)	 or	 the	 empty	 vector	 (pRS).	 Relative	mRNA	
expression	 was	 analyzed	 at	 the	 indicated	 times	 after	 transfection.	 Error	 bars	 represent	 mean	 ±	 s.e.m	 of	 2	
independent	experiments.	

	
	
For	 a	 B-cell	 to	 exit	 the	 GC,	 BCL6	 is	 downregulated	 leading	 to	 changes	 in	 BCL6	 target	 gene	

expression.	Thus,	our	results	indicate	that	CTCF	is	required	to	maintain	BCL6	expression	in	germinal	
center	cells	and	its	downregulation	is	sufficient	to	trigger	the	B-cell	differentiation	program	towards	
plasma	cell.		
	
	
4.1.7.	CTCF	counteracts	the	BCL6	negative	autoregulation	
	

BCL6	 is	known	to	repress	 its	own	transcription	by	high-affinity	binding	to	a	 region	 located	 in	
exon1	 (Kikuchi	et	al.,	2000;	Pasqualucci	et	al.,	2003b).	The	 finding	 that	CTCF	directly	binds	 to	 the	
BCL6	regulatory	region	located	on	exon1A	proximal	to	the	BCL6	autoregulatory	site	and	that	CTCF	
silencing	has	an	effect	on	BCL6	expression,	 lead	us	 to	hypothesize	 that	CTCF	might	be	protecting	
BCL6	 against	 its	 own	 negative	 autoregulation.	 Furthermore,	 previous	 results	 in	 our	 laboratory	
derived	from	luciferase	reporter	assays	performed	in	the	lymphoid	BCL6-expressing	cell	line	DG75,	
demonstrated	 that	 enforced	 expression	 of	 CTCF	 led	 to	 a	 reproducible	 increase	 in	 BCL6	 reporter	
activity	(Batlle-Lopez	et	al.,	2015b).	

	
To	address	this	hypothesis,	we	use	luciferase	reporter	assay	in	HEK-293T	cell	 line	that	do	not	

express	 BCL6.	 The	 pGL3	 reporter	 construct	 containing	 both	 the	 BCL6	 and	 CTCF	 binding	 sites	 in	
exon1A	 designated	 as	 BCL6(-4.9/+0.5)pGL3,	 was	 co-transfected	 with	 the	 BCL6-expression	 vector,	
pCDNA-BCL6,	 alone	 or	 together	 with	 the	 CTCF	 full	 length	 expression	 vector,	 pCDNA-CTCF.	 BCL6	
regulatory	region	showed	high	luciferase	activity	that	was	progressively	reduced	as	the	doses	of	the	
BCL6	 expressing	 vector	 increased	 (Figure	 4.13b).	 However,	 the	 negative	 regulation	 of	 BCL6	 was	
counteracted	when	cotransfected	with	CTCF	in	a	dose-dependent	manner	(Figure	4.14b).		
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Figure	4.14.	CTCF	effect	on	the	negative	autoregulation	of	BCL6	gene.	a)	Schematic	representation	of	
the	BCL6	regulatory	region	indicating	the	CTCF	binding	site	(CTCFBS)	and	BCL6	binding	sites	(BCL6BS).	b)	
Luciferase	 assay	 showing	 the	 effects	 of	 pCDNA-BCL6	 (black	 bars)	 or	 pCDNA-BCL6	 and	 pCDNA-CTCF	
together	 (grey	bars)	over	BCL6	 exon1A	 regulatory	 region.	 The	data	 show	 the	means	±	 s.e.m.	of	 three	
measurements	in	two	independent	experiments.	a.u.,	arbitrary	units.	

	
	

This	 data	 suggests	 that	 CTCF	 binding	 is	 required	 to	 maintain	 BCL6	 expression	 in	 germinal	
center	cells	by	avoiding	the	BCL6	negative	autoregulation	mechanism.			
	
	

4.1.8.	CTCF	binding	is	associated	with	active	histone	marks		
	

Changes	in	the	conformation	of	the	chromatin	and	therefore	the	accessibility	of	transcription	
factors	 are	 achieved,	 among	 others,	 thanks	 to	 post-translational	 modifications	 of	 histones	
(Kouzarides,	2007).	CTCF	binding	to	a	specific	site	and	the	related	gene	expression	supports	the	fact	
that	CTCF	has	a	role	in	the	regulation	of	the	given	gene.	It	has	been	demonstrated	that	CTCF	exerts	
its	 activity	 in	 relation	 with	 epigenetic	 mechanisms	 such	 as	 DNA	 methylation	 and	 histone	 post-
translational	 modifications	 (Soto-Reyes	 and	 Recillas-Targa,	 2010;	 van	 de	 Nobelen	 et	 al.,	 2010).	
Previous	 results	 in	 our	 laboratory	 indicated	 that	 CTCF	 binding	 to	 BCL6	 exon1A	 was	 methylation	
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insensitive	(Batlle-Lopez	et	al.,	2015b)	therefore	we	analyzed	the	presence	of	histone	modifications	
at	exon1A	of	BCL6.		

	
We	 chose	 two	 Burkitt	 lymphoma	 cell	 lines	 that	 differ	 in	 their	 expression	 of	 BCL6,	 Ramos	 a	

BCL6-positive	 cell	 line	 and	 Mutu	 III,	 a	 BCL6	 non-expressing	 cell	 line.	 Ramos	 cells	 showed	 high	
enrichment	 in	 two	 representative	 chromatin	 marks,	 histone	 H3Ac	 and	 histone	 H3K4me2,	 both	
associated	with	active	chromatin.	On	the	contrary,	Mutu	III	cells	showed	less	enrichment	of	active	
histone	marks.	ChIP	experiments	for	repressive	histone	marks	revealed	lower	enrichment	especially	
on	H3K9me3	but	also	in	H3K27me3	in	Ramos	compared	to	Mutu	III	cells	as	shown	in	figure	4.15.		

	
These	results	demonstrate	that	CTCF	binding	on	BCL6	exon1A	is	associated	with	active	histone	

marks	thus	with	a	transcriptionally	active	locus	in	BCL6	expressing	cell	lines.	
	

 
 

Figure	 4.15.	 Presence	 of	 histone	 marks	 at	 the	 BCL6	 exon1A	 regulatory	 region.	 ChIP	 assay	 showing	 the	
histone	marks	at	BCL6	exon1A	regulatory	region.	Chromatin	extracted	from	Ramos	and	Mutu	III	cell	lines	and	
incubated	 with	 specific	 antibodies	 for	 the	 indicated	 histone	 marks.	 The	 fold	 enrichment	 of	 the	 target	
sequence	was	 determined	 as	 indicated	 in	Materials	 and	Methods	 section.	 Each	 value	was	 normalized	with	
respect	to	the	control	(no-antibody).	Bottom	panel	shows	the	PCR	products	after	the	ChIP	assays.	

 
 
4.1.9.	CTCF	binding	protects	BCL6	exon1A	against	repressive	histone	marks	
	

To	determine	the	role	of	CTCF	binding	on	the	 local	chromatin	structure	at	 the	BCL6	exon1A,	
we	silenced	CTCF	in	Ramos	cells.	The	cells	were	infected	with	retrovirus	from	pRS	and	pRS-CTCF	and	
ChIP	assays	for	CTCF	and	different	negative	histone	marks	were	performed.		

	
As	expected,	a	strong	decrease	of	CTCF	binding	to	BCL6	exon1A	was	found	upon	CTCF	silencing	

(Figure	 4.16a,	 left	 panel).	 In	 Ramos	 cells	 lacking	 CTCF,	 a	 strong	 enrichment	 of	 H3K9me3	 and	
K3K27me3	 repressive	 histones	 (Figure	 4.16a,	middle	 and	 right	 panels)	was	 observed	 at	 the	BCL6	
exon1A	regulatory	region.		

Altogether,	 these	 results	 indicate	 that	 CTCF	 binding	 at	 BCL6	 exon1A	 is	 associated	 with	 a	



RESULTS	
	
	 	 	

	 	 79	

transcriptionally	 active	 locus	 and	 protects	 the	 BCL6	 regulatory	 region	 against	 repressive	 histone	
marks.		

	

 
 

Figure	 4.16.	 Effect	 of	 CTCF	 silencing	 on	 the	 local	 chromatin	 structure	 at	 BCL6	 exon1A.	 a)	 ChIP	 assay	
showing	the	binding	on	BCL6	exon1A	regulatory	region.	Chromatin	extracted	from	Ramos	cells	infected	with	
pRS	 and	 pRS-CTCF	 retrovirus	 and	 incubated	with	 antibodies	 against	 CTCF,	H3K9me3	 and	H3K27me3.	 The	
fold	 enrichment	 of	 the	 target	 sequence	was	 determined	 as	 indicated	 in	Materials	 and	Methods	 section.	
Each	value	was	normalized	with	respect	to	the	control	(plasmid	pRS).	b)	Typical	PCR	products	after	the	ChIP	
assays.	
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4.2.	 Romidepsin	 effect	 on	 B-cells	 lymphoma	 cells	 and	 BCL6	 epigenetic	
regulation	

	
Several	 histone	 deacetylase	 inhibitors	 (HDACis)	 are	 being	 used	 for	 the	 treatment	 of	

hematological	malignancies,	showing	promising	results	(Hassler	et	al.,	2013;	Tambaro	et	al.,	2010).	
Taking	 into	 account	 that	 romidepsin	 has	 shown	 efficacy	 in	 certain	 subtypes	 of	 refractory	 T-
lymphomas	 (Coiffier	 et	 al.,	 2012;	 Piekarz	 et	 al.,	 2009;	 Whittaker	 et	 al.,	 2010),	 we	 wanted	 to	
characterize	HDACi	response	in	different	types	of	aggressive	B-cell	lymphoma	cells	(see	Table	4.1),	
using	 different	 approaches	 (Figure	 4.17).	 Furthermore	 we	 aimed	 to	 analyze	 the	 possible	
involvement	of	the	HDAC	inhibitor	on	BCL6	gene	regulation.	We	performed	a	systematic	study	in	six	
B-cell	lymphoma	cell	lines	with	different	origins	(Table	4.1)	treated	with	romidepsin.	
	
	

Table	4.1.	B-cell	lymphoma	cell	lines	used	in	this	study		
	

	
*	 According	 to	 the	 updated	 WHO	 classification	 of	 hematological	 malignancies.	 ND,	 no	
determined.	

	
	

BCL2	 and	MYC	 loci	 status	were	analyzed	by	FISH	 (not	 shown).	BCL6	 locus	 status	 (Figure	4.1)	
and	BCL6	expression	(Figure	4.7a)	has	been	shown	in	section	4.1.	These	results	are	summarized	in	
Table	4.1.	

	
	

Figure	4.17.	Schematic	representation	of	the	approaches	and	time-points	used	in	this	work.	Cells	from	
different	B-cell	lymphoma	cell	lines	were	seeded	(2,5	x	105	cells/ml).	The	control	condition	was	taken	at	
0	 h	 before	 adding	 romidepsin.	 White	 arrows	 indicate	 time	 points	 at	 which	 samples	 were	 taken.	
Techniques	used	at	each	time	point	are	detailed.		
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4.2.1.	Romidepsin	induces	differential	growth	inhibition	on	B-cell	lymphoma	cells	
	

As	 a	 first	 approach,	 we	 measured	 cells	 metabolic	 activity	 upon	 romidepsin	 treatment	 to	
establish	 a	 dose-response	 assessment	 and	 to	 analyze	 the	 effect	 of	 the	HDACi	 on	 proliferation	 at	
different	time	points	(Figure	4.18).	

	
Romidepsin	effect	was	tested	in	four	Burkitt	lymphoma	cell	lines	(Raji,	DG75,	Ramos	and	Mutu	

III),	 one	 ABC-DLBCL	 (Ly03)	 and	 one	 GCB-DLBCL	 (Toledo).	 1	 nM	 concentration	 did	 not	 show	 any	
significant	effect	 in	any	of	 the	tested	cell	 lines.	However,	5	nM	and	10	nM	had	variable	effects	 in	
proliferation	in	the	different	cell	lines	studied,	being	the	maximum	effect	observed	at	72	h.	Burkitt	
lymphoma	 cell	 lines,	 Raji	 and	 DG75,	 showed	modest	 10-20	 %	 reduction	 of	 its	metabolic	 activity	
(Figure	4.18),	even	with	10	nM	dose.	Ramos	and	Mutu	III	cells	were	the	most	sensitive,	showing	a	
metabolic	activity	of	40	%	and	50	%	respectively	after	treatment	with	5	nM	romidepsin.	Both	DLBCL	
cells,	Ly03	and	Toledo,	showed	a	60	%	of	metabolic	activity.	
	

	
	

Figure	4.18.	Romidepsin	effect	on	B-cell	 lymphoma	cells	proliferation.	The	indicated	cell	 lines	were	treated	with	
different	 concentrations	 of	 romidepsin	 and	 metabolic	 activity	 was	 determined	 using	 WST-1	 method	 at	 the	
designated	 times.	Untreated	cells	 represented	100	%	of	metabolic	activity.	 The	data	 show	 the	means	±	 s.e.m.	of	
four	measurements	in	two	independent	experiments.	
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Very	 high	 doses	 of	 romidepsin	 inhibited	 almost	 completely	 the	 proliferation	 of	 all	 the	
lymphoma	cell	lines	(Figure	4.19).	

	

	
	

Figure	4.19.	Effect	of	high	doses	romidepsin	on	cell	proliferation.	Cells	were	treated	for	72	h	with	the	
indicated	dose	of	romidepsin	and	the	metabolic	activity	was	determined.	The	data	show	the	means	
±	s.e.m.	of	two	independent	experiments.		

	
	

All	together	these	results	allowed	us	to	classify	the	lymphoma	cell	lines	as	sensitive	in	the	case	
of	Ramos,	Raji,	Mutu	III,	Ly03	and	Toledo	and	less-sensitive	in	the	case	of	Raji	and	DG75.	

	
Given	that	with	1	nM	concentration	did	not	show	any	significant	effect	and	10	nM	treatment	

resulted	 in	 a	massive	 cell	 death	 for	 the	 sensitive	 cell	 lines,	we	 chose	 2	 nM	and	 5	 nM	as	 optimal	
concentrations	for	further	experiments.		
	
	
4.2.2.	Romidepsin	promotes	apoptosis	in	B-cell	lymphoma	cells	
	

Among	 the	primary	effects	of	chemotherapeutic	drugs	 is	non-discriminatory	cell	death	 (Cory	
and	Adams,	2002).	One	of	the	most	valuable	features	of	histone	deacetylase	inhibitors	(HDACis)	is	
their	capacity	of	selectively	induce	tumor	cell	death	through	apoptosis	(Bolden	et	al.,	2013).		
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Figure	4.20.	Effect	of	 romidepsin	on	apoptosis	 in	B-cell	 lymphoma	cells.	Annexin-V	staining	to	assess	early	
apoptosis	of	Raji,	DG75,	Ramos,	Mutu	 III	 and	Toledo	cells	 in	untreated	 (control)	or	 cells	 treated	with	5	nM	
romidepsin	 for	 48	 h.	 One	 representative	 experiment	 is	 shown	 for	 each	 cell	 line.	 The	 graphs	 on	 the	 right	
represent	 percentages	 of	 Annexin	 V	 positive	 cells.	 The	 data	 show	 the	means	 ±	 s.e.m.	 of	 two	 independent	
experiments.	
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To	 evaluate	 if	 romidepsin	 treatment	 was	 causing	 cell	 death,	 we	 first	 performed	 Annexin	 V	
staining	assay,	which	measures	early	apoptosis	 (Figure	4.20).	As	expected	from	previously	results,	
we	found	that	Ramos,	Mutu	III	and	Toledo,	classified	as	sensitive	cell	lines,	were	Annexin	V	positive	
after	 treatment	 with	 5	 nM	 romidepsin,	 increasing	 the	 percentage	 of	 apoptotic	 cells	 up	 to	 50	 %	
compared	with	the	untreated	condition.	However,	no	significant	cell	death	was	observed	for	 less-
sensitive	cell	lines	Raji	and	DG75,	under	the	same	conditions	(Figure	4.20).		
	

To	further	verify	the	induction	of	apoptosis	we	performed	additional	assays.	PARP	is	a	116	kDa	
nuclear	 poly	 (ADP-ribose)	 polymerase,	 and	 its	 cleaved	 fragment	 (89	 kDa)	 serves	 as	 a	marker	 for	
detecting	 cells	 undergoing	 apoptosis.	 Cleaved	 PARP	was	 found	 in	 the	 sensitive	 cell	 lines	 (Ramos,	
Mutu	III,	Ly03	and	Toledo)	in	which	apoptosis	was	detected	by	Annexin	V	staining,	while	no	cleaved	
fragment	 was	 detected	 in	 Raji	 nor	 DG75	 cells,	 in	 which	 apoptosis	 did	 not	 occur	 (Figure	 4.21).	
Therefore,	 apoptosis	 induced	 by	 romidepsin	 treatment	 is	 correlated	with	 the	 sensitivity	 of	 B-cell	
lymphoma	cells	to	the	epigenetic	drug.		
	

	
	
Figure	 4.21.	 Apoptosis	 assessed	 by	 the	 proteolytic	 cleavage	 of	 PARP.	Western	 blot	 showing	 PARP	 and	 cleaved-PARP	
(indicated	 with	 an	 asterisk)	 in	 Raji,	 DG75,	 Ramos,	 Mutu	 III	 and	 Ly03	 lymphoma	 cells	 treated	 with	 romidepsin	 at	 the	
indicated	times	and	concentrations.	Actin	was	used	as	loading	control.	

 
	
4.2.3.	BCL2	family	genes	expression	upon	romidepsin	treatment	
	

The	 intrinsic	 apoptotic	pathway	 can	be	primarily	 activated	by	 chemotherapeutic	drugs	 (Cory	
and	Adams,	2002)	and	different	studies	support	its	role	in	HDACis	mediated	cell	death	(Peart	et	al.,	
2003).	 Furthermore,	 BCL2	 family	members	 are	 known	 to	 have	 a	 role	 in	 the	 resistance	 to	HDACis	
(Duan	et	al.,	2005;	Tula-Sanchez	et	al.,	2013;	Vrana	et	al.,	1999).	This	piece	of	information	led	us	to	
examine	 the	 expression	 of	 some	 of	 the	 BCL2	 family	 proteins	 members,	 known	 to	 regulate	 the	
intrinsic	apoptotic	pathway,	in	the	different	cell	lines	in	the	presence	of	romidepsin.		
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We	 evaluated	whether	 the	 overall	 levels	 of	 BCL2,	 in	 the	 cell	 lines	 that	 express	 the	 protein,	
were	correlated	with	the	grade	of	sensitivity	to	romidepsin.	In	the	less	sensitive	Raji	cells,	a	modest	
increase	 of	 BCL2	 portein	 levels	 was	 found	 after	 24	 h	 of	 exposure	 to	 the	 drug.	 Interestingly,	 we	
found	 that	 in	 the	 sensitive	 Ly03	 cells	 BCL2	 protein	 levels	 were	 downregulated	 after	 24	 hours	 of	
treatment,	while	 in	the	sensitive	Toledo	cells	BCL2	protein	 levels	did	not	differ	throughout	the	72	
hours	of	exposure	(Figure	4.22).		
	

	
	

Figure	4.22.	BCL2	expression	in	B-cell	 lymphoma	cells	upon	romidepsin	treatment.	Western	blot	showing	BCL2	protein	
expression	in	Raji,	Ly03	and	Toledo	cell	lines,	at	the	indicated	times	and	concentrations.	Actin	was	used	as	loading	control.	

	
	

The	presence	of	HDACi	can	alter	the	balance	of	expression	of	several	pro-	and	anti-apoptotic	
genes	 favoring	a	pro-apoptotic	biological	 response.	Furthermore,	as	we	detected	that	BCL2	 is	not	
expressed	 in	all	 the	cell	 lines	matter	of	 study,	we	decided	to	analyze	 the	expression	of	additional	
BCL2	family	members	that	could	be	altered,	such	as	BCL-xL.	
	

The	 isoform	 BCL-xL	 encoded	 by	 the	 BCL2-like	 1	 gene	 (BCL2-L1)	 has	 anti-apoptotic	 functions	
(Boise	 et	 al.,	 1993).	 BCL-xL	 protein	 levels	 were	 analyzed	 by	 western	 blot	 (Figure	 4.23).	 After	
quantification	and	normalization	with	controls	(not	shown),	BCL-xL	levels	were	maintained	in	DG75,	
Ly03,	and	Toledo	cells	treated	with	romidepsin.	Interestingly,	in	the	sensitive	Ramos	cell	line,	BCL-xL	
levels	were	high	in	basal	condition	and	were	reduced	upon	romidepsin	exposure	(Figure	4.23).		
	
	

	
	

Figure	 4.23.	 BCL-xL	 expression	 in	 B-cell	 lymphoma	 cells	 upon	 romidepsin	 treatment.	 Western	 blot	 showing	 BCL-xL	
protein	 expression	 in	DG75,	 Ramos,	 Ly03	 and	 Toledo	 cell	 lines,	 at	 the	 indicated	 times	 and	 concentrations	 (top	 panel).	
Actin	and	GAPDH	were	used	as	loading	controls.		

	
	

The	 expression	 of	 the	 pro-apoptotic	 BCL-2-like	 protein	 11,	 commonly	 called	 BIM,	 has	 been	
directly	implicated	in	HDACi-induced	apoptosis	(Hong	et	al.,	2005;	Zhao	et	al.,	2005).	Analyzing	BIM	
protein	 levels,	we	observed	no	major	changes	 in	 the	 levels	of	 this	protein	neither	 in	DG75	nor	 in	
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Ramos	cells	in	the	presence	of	romidepsin	(Figure	4.24).	However,	in	the	two	Ly03	and	Toledo	cell	
lines,	we	 found	 enrichment	 of	 BIM	protein	 after	 48	 hours	 and	 72	 hours	with	 romidepsin	 (Figure	
4.24).		
	

	
	
Figure	 4.24.	BIM	expression	 in	B-cell	 lymphoma	 cells	 upon	 romidepsin	 treatment.	Western	blot	showing	BIM	protein	
expression	 in	 DG75,	 Ramos,	 Ly03	 and	 Toledo	 cell	 lines,	 at	 the	 indicated	 time-points	 and	 concentrations	 (top	 panel).	
GAPDH	was	used	as	loading	control.		

	
	

It	is	noteworthy	that	the	member	of	the	BCL2	family	MCL1,	has	been	described	to	be	essential	
for	both	germinal	center	formation	and	the	survival	of	plasma	cells	(Peperzak	et	al.,	2013;	Vikstrom	
et	al.,	2010).	

	
We	 analyzed	MCL-1	 protein	 levels	 after	 romidepsin	 treatment	 in	 two	Burkitt	 lymphoma	 cell	

lines,	Ramos	and	DG75,	and	 in	two	DLBCL	cell	 lines,	Ly03	and	Toledo.	 In	DG75	 low	basal	 levels	of	
MCL1	increase	modestly,	peaking	48	h	after	the	treatment	and	decreasing	up	to	basal	 levels	after	
72	 h.	 In	 Ramos,	 we	 found	 a	 strong	 increase	 in	 MCL1	 protein	 after	 24	 h	 with	 romidepsin	 that	
progressively	decreases	over	time.	However,	in	the	DLBCL	cell	lines	no	changes	were	detected	upon	
treatment	 with	 romidepsin,	 even	 with	 Ly03	 showing	 high	 levels	 compared	 with	 Toledo	 cell	 line	
(Figure	 4.25).	 These	 results	 are	 in	 agreement	 with	 the	 involvement	 of	 MCL1	 in	 the	 B-cell	
differentiation	program	(Peperzak	et	al.,	2013).		
	

	
	

Figure	4.25.	MCL1	expression	in	B-cell	lymphoma	cells	upon	romidepsin	treatment.	Western	blot	showing	MCL1	protein	
expression	 in	 DG75,	 Ramos,	 Ly03	 and	 Toledo	 lymphoma	 cell	 lines,	 at	 the	 indicated	 time-points	 and	 concentrations.	
GAPDH	was	used	as	loading	control.		
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A	summary	of	these	results	is	shown	in	Table	4.2.		
	
	

Table	4.2.	BCL2	family	members	expression	upon	romidepsin	treatment		
	

	
ND,	not	determined.	
	
	

Altogether	 these	 results	 demonstrate	 that	 romidepsin	 induces	 apoptosis	 in	 sensitive	
lymphoma	 B-cells	 that	 is	 associated	 with	 a	 variation	 on	 the	 expression	 levels	 of	 different	 BCL2	
family	proteins.		

	
	

4.2.4.	Romidepsin	induces	cell	cycle	arrest	
	

The	 B-cells	 located	 in	 the	 germinal	 center	 (centrocytes	 and	 centroblasts)	 divide	 rapidly	 as	 a	
consequence	of	clonal	expansion	during	the	adaptive	 immune	response.	As	cells	move	forward	 in	
the	 differentiation	 process,	 the	 high	 rate	 of	 proliferation	 diminishes	 until	 they	 finally	 stop	
proliferation	in	order	to	be	able	to	differentiate	into	plasma	cells	(Oracki	et	al.,	2010).		

	
Romidepsin	 has	 previously	 shown	 to	 induce	 cell	 cycle	 arrest	 in	 cells	 from	 different	 tissues	

(Karthik	et	al.,	2014;	Li	et	al.,	2016;	Sun	et	al.,	2017).	Based	in	this	information,	we	aimed	to	analyze	
the	 cell	 cycle	 distribution	 in	 several	 cell	 lines	 with	 different	 features	 in	 the	 presence	 of	 5	 nM	
concentration	 of	 the	 HDAC	 inhibitor.	 We	 chose	 Raji	 (BL,	 less-sensitive,	 BCL6	 expressing,	 EBV	
positive),	 DG75	 (BL,	 less-sensitive,	 BCL6	 expressing,	 EBV	 negative),	 Ramos	 (BL,	 sensitive,	 BCL6	
expressing,	EBV	negative)	and	Toledo	(sensitive,	BCL6	non-expressing,	EBV	negative)	to	perform	the	
experiments	 (Figure	4.26).	 In	Raji	 cells	we	 found	a	notable	accumulation	of	 the	cell	population	 in	
G0/G1	phase,	 increasing	 from	50	%	 to	80	%,	with	 the	 corresponding	 reduction	of	 the	 amount	of	
cells	 in	S	and	G2/M	phases	of	the	cell	cycle.	 In	DG75	a	slightly	accumulation	of	the	cells	 in	G0/G1	
phase	exists	with	the	same	distribution	than	in	Raji.	Clear	reduction	of	the	cell	number	in	S	phase	
and	G2/M	phase	occurs	in	Ramos	cell	line	with	increase	of	the	cell	number	in	G0/G1	phase.	The	cell	
population	distribution	in	Toledo	cell	line	is	not	affected	by	romidepsin	since	the	increase	in	G0/G1	
phase	is	almost	undetectable	(Figure	4.26).		

	
Therefore,	 romidepsin	 induces	 cell	 cycle	 arrest	 in	 G0/G1	 phase	 independently	 of	 the	 cell	 of	

origin,	the	expression	of	BCL6,	or	the	EBV	infection.		
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Figure	4.26.	Cell	cycle	distribution	in	B-cell	lymphoma	cells	in	the	presence	of	romidepsin.	Graphs	showing	
the	cell	cycle	distribution	at	the	indicated	romidepsin	concentration	and	the	corresponding	time-points	in	Raji,	
DG75,	 Ramos	 and	 Toledo	 lymphoma	 cell	 lines.	 The	 number	 of	 cells	 in	 each	 phase	 of	 the	 cell	 cycle	 was	
determined	by	flow	cytometry	and	calculated	as	a	percentage	from	the	total	population.	The	data	show	the	
means	±	s.e.m.	of	at	least	two	independent	experiments.	

	
	
4.2.5.	Romidepsin	induces	p21	and	p27	expression	
	

Given	the	effects	of	HDACi	on	cell	cycle	arrest,	we	wonder	whether	the	cell	cycle	inhibitors	p21	
and	p27	were	 involved	 in	such	effect	as	 it	has	been	reported	for	others	HDACis	 (Kim	et	al.,	2000;	
Richon	et	al.,	2000;	Zain	and	O'Connor,	2010).	

	
Both	 proteins	 belong	 to	 the	 same	 Cip/Kip	 family	 of	 cyclin	 dependent	 kinase	 (Cdk)	 inhibitor	

proteins.	 They	 function	 as	 regulators	 of	 cell	 cycle	 progression	 at	 G1	 and	 S	 phase.	CDKN1B	 gene	
encodes	the	protein	p27Kip1	and	CDKN1A	gene	encodes	the	protein	p21Cip1	(reviewed	in	(Abbas	and	
Dutta,	 2009)).	 p21	 and	 p27	 induction	 in	 myeloid	 cells	 promote	 cellular	 differentiation	 (Munoz-
Alonso	et	al.,	2005).	The	protein	p21	has	been	described	to	have	a	role	in	resting	and	cycling	B-cells	
(Mullins	et	al.,	1998).		
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Both	proteins	showed	variable	expression	upon	romidepsin	treatment	in	the	different	cell	lines	
studied	(Figure	4.27).	Levels	of	p27	were	dramatically	increased	in	Raji,	DG75,	Ramos,	and	Mutu	III	
in	the	presence	of	romidepsin.	In	Toledo	cells,	levels	of	p27	were	high	even	in	the	untreated	cells.	
Ly03	showed	no	apparent	changes	in	p27	expression.	The	sensitive	cell	 lines,	Ramos	and	Mutu	III,	
showed	romidepsin	effect	with	2	nM	concentration	after	48	h	of	treatment,	whereas	the	effect	in	
less-sensitive	cells,	Raji	and	DG75,	was	detected	with	5	nM	and	72	h.	Additionally,	an	 increase	of	
p21	protein	levels	in	Mutu	III	and	DG75	cells	treated	with	romidepsin	was	observed	(Figure	4.27).		
	

	
	

Figure	4.27.	p21	and	p27	expression	in	lymphoma	cells	upon	romidepsin	treatment.	Western	blot	showing	
p21	and	p27	protein	expression	in	Raji,	DG75,	Ramos,	Mutu	III,	Ly03	and	Toledo	lymphoma	cell	lines,	at	the	
indicated	times	and	concentrations.	Actin	was	used	as	loading	control.	Positive	control	(C+)	are	lysates	from	
K562	cells	overexpressing	p21	or	p27.	Unspecific	band	is	indicated	(*).		

	
	

4.2.6.	Romidepsin	induces	BCL6	downregulation	
	
BCL6	downregulation	 is	essential	 for	B-cells	 to	 leave	the	germinal	center	and	to	differentiate	

towards	 plasma	 cell.	 When	 this	 process	 is	 lost,	 germinal	 center	 cells	 accumulate	 giving	 rise	 to	
lymphoma	(Cattoretti	et	al.,	2005;	Hatzi	and	Melnick,	2014;	Wang	et	al.,	2002).			
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To	 determine	 the	 effect	 of	 romidepsin	 on	 BCL6	 expression,	 we	 analyze	 the	 effect	 of	 this	
histone	 deacetylase	 inhibitor	 in	 several	 B-cell	 lymphoma	 cell	 lines	 with	 different	 origins	 and	
different	BCL6	expression	 levels	 (see	Table	4.1).	Romidepsin	 reduces	BCL6	protein	 in	all	 the	BCL6	
expressing	cell	lines.	In	DG75,	BCL6	downregulation	takes	place	after	24	h	of	romidepsin	treatment	
either	 with	 2	 nM	 or	 5	 nM	 concentrations.	 In	 Raji,	 Ramos,	 and	 Ly03	 reduced	 BCL6	 levels	 were	
observed	upon	48-72	h	of	treatment.	On	the	other	hand,	in	Mutu	III	or	Toledo	cells,	which	do	not	
express	BCL6,	no	changes	were	detected	upon	romidepsin	exposure	(Figure	4.28).		
	

	
	
Figure	 4.28.	 BCL6	 expression	 in	 B-cell	 lymphoma	 cell	 lines	 upon	 romidepsin	 treatment.	Western	 blot	 showing	 BCL6	
protein	 expression	 in	 Raji,	 DG75,	 Ramos,	 Mutu	 III,	 Ly03	 and	 Toledo	 lymphoma	 cell	 lines,	 at	 the	 indicated	 times	 and	
concentrations.	Actin	was	used	as	loading	control.	Positive	control	(C+)	are	lysates	from	Ramos	cells.		

	
	

We	analyzed	the	behavior	of	a	well-recognized	BCL6	target	gene,	CCND2	 (Basso	et	al.,	2010;	
Shaffer	et	al.,	2000)	upon	romidepsin	treatment.	We	chose	three	of	the	cell	lines	that	express	BCL6.	
Higher	 time	points	 (up	to	96	h)	were	chosen	 for	 the	 less-sensitive	cell	 lines,	Raji	and	DG75,	while	
Ramos	cell	 line	was	analyzed	up	 to	72	h	of	 treatment.	We	 found	a	 strong	 increase	 in	 the	CCND2	
mRNA	levels	in	Raji	and	DG75	in	a	time-dependent	manner,	compared	to	a	modest	upregulation	in	
Ramos	 cells	 (Figure	 4.29).	 These	 data	 are	 in	 full	 agreement	 with	 the	 downregulation	 of	 the	
transcriptional	repressor	BCL6	mediated	by	romidepsin.		
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Figure	4.29.	Effect	of	romidepsin	in	CCND2	mRNA	levels.	RT-PCR	showing	upregulated	CCND2	mRNA	expression	in	Raji,	
DG75	and	Ramos	upon	drug	treatment.	Relative	mRNA	expression	levels	were	analyzed	at	the	indicated	times.	The	data	
show	the	means	±	s.e.m.	of	at	least	two	independent	experiments.	

	
	

4.2.7.	Romidepsin	induces	markers	of	the	plasma	cell	differentiation	program	
	

As	mentioned	above,	BCL6	 is	one	of	 the	 “master	 regulators”	 that	 controls	 the	exit	of	 the	B-
cells	from	the	germinal	centers	in	order	to	differentiate	toward	plasma	cells.	As	a	consequence	of	
BCL6	 downregulation,	 induction	 of	 target	 genes	 essential	 for	 B-cells	 to	 differentiate	 into	 plasma	
cells,	such	as	PRDM1	(BLIMP1),	takes	place	(see	Introduction).	

	
We	analyzed	the	mRNA	levels	of	PRDM1	gene	in	five	B-cell	lymphoma	cell	lines.	The	gene	was	

upregulated	 in	Raji,	DG75	and	Ramos	cells	 (Figure	4.30	and	Figure	4.31a),	 finding	 in	Raji	 cells	 the	
higher	increase.	No	significant	changes	were	detected	in	Ly03	or	in	Toledo	cells	(Figure	4.31).	

	

	
	
Figure	4.30.	Effect	of	romidepsin	 in	PRDM1	mRNA	levels.	RT-PCR	showing	changes	in	PRDM1	mRNA	expression	in	Raji,	
DG75,	Ly03	and	Toledo	upon	drug	treatment.	Relative	mRNA	expression	levels	were	analyzed	at	the	indicated	times.	The	
data	show	the	means	±	s.e.m.	of	two	independent	experiments.	
	
	

B-cells	 exit	 from	 germinal	 centers	 and	 plasma	 cell	 differentiation	 program	 not	 only	 require	
changes	in	BCL6	and	PRDM1	expression	but	also	changes	in	other	regulators	such	as	PAX5	and	XBP1	
(see	Introduction).	We	chose	the	extensively	used	cell	line	model	Ramos	to	study	the	modifications	
in	the	expression	of	these	other	genes.	A	clear	increase	in	PRDM1/BLIMP1	mRNA	and	protein	levels	
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was	 detected	 in	 Ramos	 cells	 upon	 romidepsin	 treatment,	 accompanied	with	 a	 decrease	 on	PAX5	
and	XBP1	mRNA	 expression	 (Figure	 4.31).	 All	 these	 changes	 indicate	 that	 romidepsin	 is	 inducing	
plasma	cell	differentiation	program	in	B-cell	lymphoma	cells.	
	

	
	
Figure	 4.31.	 Effect	 of	 romidepsin	 in	 plasma	 cell	 differentiation	markers.	 a)	 RT-PCR	 showing	 changes	 in	
PRDM1,	 PAX5	 and	 XBP1	 mRNA	 expression	 levels	 in	 Ramos	 cells	 upon	 drug	 treatment.	 Relative	 mRNA	
expression	analyzed	at	the	indicated	times.	The	data	show	the	means	±	s.e.m.	of	at	least	two	independent	
experiments	b)	Western	 blot	 showing	 BLIMP1	 protein	 expression	 in	 Ramos	 cells,	 at	 the	 indicated	 times.	
GAPDH	was	used	as	loading	control.	

	

	
Surface	 markers	 were	 analyzed	 by	 flow	 cytometry	 in	 Ramos	 cells.	 The	 induction	 of	

differentiation	was	corroborated	by	the	decrease	of	CD20	(B-cell	marker)	and	the	increase	of	CD138	
(plasma	cell	marker)	(Figure	4.32).		

	

	
	

Figure	 4.32.	 Surface	 markers	 upon	 romidepsin	 treatment.	 Flow	 cytometry	 graphs	
showing	Ramos	cells	untreated	(black)	and	treated	with	5	nm	romidepsin	(grey)	for	72	
h.		

In	summary	our	results	desmonstrate	that	the	treatment	with	the	HDACi	romidepsin	induces	
B-cell	differentiation	towards	plasma	cells.	However,	cells	might	not	be	reaching	the	final	stages	of	
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the	 differentiation	 process	 because	 XBP1	 is	 required	 to	 be	 upregulated	 for	 the	 cells	 to	 be	
committed	to	immunoglobulin	secretory	cells	(see	Introduction).		
	
	

4.2.8.	Romidepsin	induces	BCL6	acetylation	
	

BCL6	 regulation	 is	 critical	 for	 germinal	 center	 development.	 While	 it	 remains	 active	 in	 an	
important	fraction	of	B-cell	lymphomas,	BCL6	downregulation	is	necessary	for	normal	B-cells	to	exit	
the	 germinal	 center.	 A	 number	 of	 mechanisms	 have	 been	 described	 until	 now,	 such	 as	 BCL6	
phosphorylation	mediated	 by	MAP	 kinase	 that	 targets	 it	 for	 proteasome	 degradation	 (Niu	 et	 al.,	
1998).	 Acetylation	 has	 also	 been	described	 to	 regulate	 the	 function	 of	 BCL6	 by	 directly	 targeting	
and	 inactivating	 it,	 either	 under	 physiological	 conditions	 or	 induced	 by	 the	 histone	 deacetylase	
inhibitor	 trichostatin	 A	 (TSA)	 (Bereshchenko	 et	 al.,	 2002).	 Although	 the	 main	 targets	 of	 histone	
deacetylase	 inhibitors	 are	 histones,	 they	 can	 also	 induce	 the	 acetylation	 of	 non-histone	 proteins	
(Glozak	et	al.,	2005).		

	
We	wondered	if	romidepsin	was	able	to	induce	BCL6	acetylation	by	using	Ramos	cells,	a	Burkitt	

lymphoma	 cell	 line	 as	 model.	 We	 compared	 BCL6	 acetylation	 at	 basal	 levels	 (0	 h)	 against	 cells	
treated	with	romidepsin	for	the	indicated	time	points	(Figure	4.33).	We	analyzed	the	acetylation	by	
immunoprecipitating	 the	 protein	 using	 an	 antibody	 against	 BCL6,	 followed	 by	 western	 blot	
employing	 either	 an	 antibody	 widely	 demonstrated	 to	 recognize	 acetylated	 lysines	 in	 several	
transcription	factors	(Martinez-Balbas	et	al.,	2000)	or	an	antibody	against	BCL6	(Figure	4.33).	

	
BCL6	 acetylation	was	 detected	 at	 3	 h	 and	 6	 h	 after	 romidepsin	 addition,	while	 in	 the	 basal	

condition	the	acetylation	was	barely	detected	(Figure	4.33	top	panel).	We	also	evaluate	the	amount	
of	BCL6	 in	each	 immunoprecipitate	by	western	blot	 (Figure	4.33	bottom	panel).	These	results	are	
similar	to	those	previously	reported	using	a	different	HDACi	(Bereshchenko	et	al.,	2002).	
	

	
	

Figure	 4.33.	 Immunoprecipitation	 showing	 BCL6	 acetylation.	 Immunoprecipitation	 of	
BCL6	protein	in	Ramos	cells	treated	for	3	h	and	6	h	with	10	nM	romidepsin.	Total	 lysates	
were	immunoprecipitated	with	anti-BCL6	antibodies,	and	the	presence	of	acetylated	BCL6	
and	 total	 amount	 of	 BCL6	 immunoprecipitated	 was	 detected	 by	 western	 blot.	
Immunoprecipitation	of	IgG	was	used	as	negative	control.		
	



RESULTS	
	
	 	 	

	 	 	94	

4.2.9.	BCL6-mediated	repression	is	inhibited	by	romidepsin	
	

The	 acetylation	 of	 non-histone	 proteins	 has	 been	 demonstrated	 to	 have	 functional	
consequences.	Well-characterized	targets	include	the	tumor	suppressor	gene	TP53	or	MYC,	among	
others	(Faiola	et	al.,	2005;	Tang	et	al.,	2008).		

	
As	 previously	 described,	 BCL6	 bound	 to	 exon1A	 represses	 its	 own	 transcription	 (see	 section	

1.2.4).	To	investigate	if	the	acetylation	of	BCL6	induced	by	romidepsin	had	any	consequence	on	this	
mechanism,	we	used	luciferase	reporter	assay	in	HEK-293T,	a	cell	 line	that	does	not	express	BCL6.	
The	reporter	construct	containing	the	BCL6	binding	site	in	exon1,	designated	as	BCL6(exon1A)pGL3,	
was	cotransfected	with	a	BCL6	expression	vector	(pCDNA-BCL6).	Two	concentrations	of	romidepsin	
were	 used.	 Low	 luciferase	 activity	 was	 detected	 in	 cells	 transfected	 with	 pCDNA-BCL6	 in	 the	
absence	 of	 romidepsin	 due	 to	 BCL6	 negative	 autoregulation.	 Luciferase	 activity	 progressively	
increased	with	romidepsin	in	a	dose-dependent	manner.	Therefore,	the	negative	regulation	of	BCL6	
was	counteracted	in	the	presence	of	romidepsin	(Figure	4.34b).	
 

	
	

Figure	4.34.	Romidepsin	effect	on	the	negative	autoregulation	of	BCL6	gene.	a)	Schematic	representation	
of	the	BCL6	gene	regulatory	region	indicating	the	BCL6	binding	site	(BCL6BS)	in	orange.	b)	Luciferase	assay	
showing	 the	effects	of	1	nM	and	2	nM	romidepsin	over	BCL6	exon1A	regulatory	 region.	pRL-null	vector	
was	 used	 to	 normalize	 the	 transfection	 efficiency.	 The	 data	 show	 the	 means	 ±	 s.e.m.	 of	 three	
measurements	in	three	independent	experiments.	a.u.,	arbitrary	units.		
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4.2.10.	Romidepsin	reduces	CTCF	binding	on	BCL6	exon1A	
	

We	have	previously	demonstrated	that	CTCF	epigenetically	regulates	BCL6	(this	Thesis,	section	
4.1).	 In	 addition,	 we	 have	 observed	 that	 romidepsin	 reduces	 BCL6	 expression	 (Figure	 4.28).	
Therefore	we	aimed	to	analyze	the	status	of	CTCF	binding	to	BCL6	exon1A	in	that	context.		

	
For	that	purpose	we	used	ChIP	assay	in	Ramos	cell	line.	The	cells	were	treated	for	48	h	with	5	

nM	romidepsin	followed	by	CTCF	immunoprecipitation,	and	chromatin	enrichment	was	detected	by	
real-time	 PCR	 using	 different	 set	 of	 primer	 pairs.	 Results	 revealed	 CTCF	 occupancy	 of	 the	 BCL6	
exon1A	 in	 the	 untreated	 cells.	 This	 binding	 strongly	 diminishes	 upon	 treatment	with	 romidepsin	
(Figure	4.35).		

	

	
	

Figure	4.35.	Romidepsin	effect	on	CTCF	 in	vivo	binding	to	BCL6	exon1A.	ChIP	analysis	with	a	mix	of	
three	anit-CTCF	antibodies,	showing	the	binding	of	this	protein	to	the	exon1A	of	BCL6.	Chromatin	was	
prepared	from	Ramos	cells.	Relative	enrichment	was	quantified	by	real-time	PCR.	The	fold	enrichment	
was	determined	as	indicated	in	Materials	and	Methods	section.		

	
	

Histone	modifications	are	involved	and	play	an	important	role	 in	the	epigenetic	regulation	of	
genes.	They	are	able	to	modify	the	local	chromatin	conformation,	influencing	in	the	accessibility	of	
different	protein	complexes	that	 regulate	transcription	 (see	 Introduction).	We	analyzed	the	effect	
of	romidepsin	on	the	 local	chromatin	structure	at	exon1A	(Figure	4.36).	Ramos	cells	were	treated	
with	 5	 nM	 romidepsin	 for	 48	 h	 and	 ChIP	 assays	 using	 antibodies	 against	modified	 histones	were	
performed.	A	reduction	in	the	binding	of	the	active	histone	mark	H3Ac	together	with	an	enrichment	
of	the	H3K9me3	repressive	histone	was	observed,	in	the	BCL6	exon1A	when	cells	were	treated	with	
romidepsin.		
	

Altogether	these	results	 indicate	that	romidepsin	protects	the	BCL6	regulatory	region	against	
CTCF	binding	thus	favoring	the	incorporation	of	repressive	histone	marks	on	BCL6	exon1A.		
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Figure	4.36.	Presence	of	histone	marks	 at	 the	BCL6	 exon1A	upon	 treatment	with	 romidepsin.	ChIP	analysis	
with	 CTCF,	 H3Ac	 and	 H3K9me3	 antibodies,	 showing	 the	 presence	 of	 these	 proteins	 at	 the	 exon1A	 of	 BCL6.	
Chromatin	was	prepared	from	Ramos	cells	treated	with	romidepsin.	Relative	enrichment	was	quantified	by	real-
time	PCR.	The	 fold	enrichment	of	 a	particular	 target	 sequence	was	determined	as	 indicated	 in	Materials	 and	
Methods	section.	Bottom	panel	shows	the	PCR	products	after	the	ChIP	assays.	
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5.	DISCUSSION	
	
5.1.	CTCF	epigenetic	regulation	of	BCL6	gene	
	

BCL6	 is	 an	 important	 transcriptional	 repressor	 known	 to	 be	 the	 master	 regulator	 of	 the	
germinal	center	reaction.	It	is	well	known	that	BCL6	regulation	during	B-cell	differentiation	towards	
plasma	cell	is	essential	for	the	process	(Basso	and	Dalla-Favera,	2012).	BCL6	is	not	detected	in	naïve	
B-cells	or	plasmablasts,	while	it	is	present	in	B-cells	that	belong	to	the	germinal	center	(Cattoretti	et	
al.,	 1995).	 In	 these	 cells,	 BCL6	 needs	 to	 be	 downregulated	 in	 order	 to	 allow	 them	 to	 exit	 the	
germinal	center	as	differentiated	cells,	mechanism	which	is	lost	in	the	process	of	lymphomagenesis	
(Basso	and	Dalla-Favera,	2010).	Therefore,	it	is	important	to	undestrand	how	the	expression	of	BCL6	
is	 regulated.	However,	many	 aspects	 related	 to	 the	mechanisms	 that	 regulate	 BCL6	 in	 normal	 B-
cells	and	lymphomas	still	remain	unclear.	

	
Epigenetic	 mechanisms	 have	 been	 demonstrated	 to	 play	 a	 critical	 role	 in	 gene	 regulation.	

Following	 the	 work	 in	 our	 lab	 (Batlle-Lopez	 et	 al.,	 2015b;	 van	 de	 Nobelen	 et	 al.,	 2010)	 and	 by	
analogy	 with	 other	 loci	 described,	 we	 thought	 that	 this	 type	 of	 epigenetic	 regulation	 and	 in	
particular	histone	marks	modifications,	could	be	required	prior	to	the	recruitment	of	transcription	
factors	in	the	process	of	opening	BCL6	locus	for	transcription	(Bottardi	et	al.,	2003;	Szutorisz	et	al.,	
2005).		

	
The	first	part	of	this	Thesis	work	sheds	light	on	the	epigenetic	regulation	of	BCL6	expression	by	

the	CTCF	chromatin	regulator	in	B-cell	lymphoma	cell	lines.	Previous	work	in	our	laboratory	allowed	
to	predict	a	CTCF	binding	site	using	bioinformatics	tools	such	 is	the	“CTCF-binding	sites	database”	
constructed	 from	CTCF	binding	 sites	 identified	by	 genome-wide	 screens,	widely	 used	 to	 estimate	
the	probability	of	CTCF	binding	to	putative	sites	(Ziebarth	et	al.,	2013).	Based	on	these	findings,	we	
were	able	to	corroborate	the	in	vitro	binding	of	CTCF	to	the	BCL6	exon1A	site.	We	next	wanted	to	
know	 if	CTCF	was	also	bound	 in	vivo.	We	found	that	 in	 fact	CTCF	binds	to	BCL6	exon1A	 in	Ramos	
cells,	suitable	cellular	model	that	express	high	amounts	of	BCL6.	In	addition,	in	the	rest	of	the	B-cell	
lines	examined	which	differ	in	the	levels	of	BCL6	expression,	CTCF	binding	to	the	exon1A	correlated	
with	the	levels	of	BCL6.		

	
We	performed	a	 scanning	ChIP	of	 several	 CTCF	binding	 sites	 in	BCL6	 locus	 in	Ramos	 cells,	 a	

germinal	center	cell	line	expressing	BCL6.	The	sites	analyzed	range	from	-2,4	Kb	to	+4,9	Kb	from	the	
TSS.	In	this	cells	line,	CTCF	binding	on	exon1A	is	higher	when	compared	to	the	other	sites,	including	
the	 intronic	sites.	CTCF	binding	to	sequences	within	BCL6	 intron	1	has	been	described	by	Lai	et	al	
(Lai	et	al.,	2010)	in	NCI-H929,	a	plasma	cell	model.	We	found	the	same	result	in	myeloid	K562	cells.	
On	the	other	hand,	in	agreement	with	our	data	in	Ramos	cells,	the	CTCF	binding	to	the	intronic	sites	
is	 almost	 undetectable	 in	 Raji	 cells,	 also	 a	 germinal	 center	 cell	 line	 (Lai	 et	 al.,	 2010).	 Our	 results	
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suggest	 that	 the	 BCL6	 exon1A	 CTCF	 site	 regulates	 BCL6	 expression	 through	 a	mechanism	 that	 is	
different	from	that	mediated	by	the	intronic	sites.	

	
Based	 on	 this	 information,	 our	 next	 question	 was	 if	 CTCF	 binding	 was	 related	 to	 BCL6	

expression	 levels.	 To	 address	 that	 question,	 we	 analyzed	 the	 CTCF	 binding	 to	 BCL6	 exon1A	 in	
several	germinal	center	cell	lines	that	differ	in	the	amount	of	BCL6	as	well	as	in	K562	cells,	a	myeloid	
cell	 line	negative	 for	BCL6.	 This	 approach	allowed	us	 to	 affirm	 that	CTCF	binding	 is	 preferentially	
detected	 on	 exon1A	 when	 BCL6	 is	 highly	 expressed.	 ENCODE	 ChIP-seq	 data	 confirmed	 the	
occupancy	 of	 CTCF	 at	 its	 specific	 binding	 site	 within	 BCL6	 exon1A,	 together	 with	 H2A.Z	 and	 the	
cohesins	subunit	Rad21,	in	lymphoblastoid	cells	but	not	in	myeloid	K562	cells.	Having	in	mind	these	
results,	it	is	tempting	to	speculate	that	CTCF	recruitment	to	the	different	BCL6	binding	sites	during	B	
lymphocyte	development	is	dependent	on	the	stage	of	differentiation.		

	
The	zinc	fingers	of	CTCF	are	sometimes	mutated	in	cancer	(Filippova	et	al.,	2002;	Nakahashi	et	

al.,	 2013;	 Tiffen	 et	 al.,	 2013).	 In	 order	 to	 examine	possible	 causes	 that	may	 explain	 the	different	
levels	of	BCL6	expression	on	B-cells	at	the	same	stage	of	differentiation,	we	sequenced	the	exons	
corresponding	to	CTCF	ZFs	in	patient’s	samples	of	different	B-cell	lymphomas	and	in	lymphoma	cell	
lines	 for	 possible	mutations.	 No	mutations	 were	 detected	 in	 either	 of	 the	 exons	 in	 the	 samples	
analyzed.	Recent	studies	have	demonstrated	that	mutations	are	also	present	in	CTCF	binding	sites,	
affecting	the	CTCF	binding	to	that	specific	site	(Katainen	et	al.,	2015;	Poulos	et	al.,	2016;	Umer	et	al.,	
2016).	 The	 fact	 that	 CTCF	 binds	 differentially	 to	 BCL6	 exon1A	 in	 the	 cell	 lines	 may	 be	 due	 to	
mutations	in	the	CTS.	We	aimed	to	sequenced	the	sites	ranging	from	-2,4	Kb	to	+	4,9	Kb	from	the	
TSS	 of	 BCL6	 gene	 in	 the	 same	 patient’s	 samples	 and	 cell	 lines,	 but	 no	 conclusive	 results	 were	
obtained	from	this	approach.	Altogether	these	results	indicate	that	the	differential	binding	of	CTCF	
to	BCL6	exon1A,	associated	with	different	levels	of	BCL6,	was	not	related	with	CTCF	mutations.		

	
CTCF	 is	 known	 to	 be	 involved	 in	 the	 regulation	 of	 the	 expression	 of	many	 genes	 (Filippova,	

2008).	To	study	the	role	of	CTCF	regulatory	effect	on	BCL6	expression,	we	silenced	CTCF	in	the	BCL6	
expressing	 Ramos	 cell	 line.	 The	 result	 showed	 that	 the	 presence	 of	 CTCF	 is	 required	 to	maintain	
BCL6	expression,	since	CTCF	silencing	resulted	in	downregulation	of	both	mRNA	and	protein	levels.	
Supporting	this	fact,	a	well-known	BCL6	target	gene	(CCND2)	and	genes	related	with	the	plasma	cell	
differentiation	program	were	upregulated.	On	the	other	hand	Lai	et	al.	(Lai	et	al.,	2010)	found	that	
silencing	 of	 CTCF	 in	 the	 BCL6	 non-expressing	 plasma	 cell	 line	NCI-H929	 induced	 BCL6	 expression	
together	with	specific	markers	of	germinal	center	cells.	However,	this	was	not	the	case	in	myeloid	
K562	cells	where	BCL6	remained	undetectable	upon	CTCF	knockdown.		

	
So	far,	our	results	demonstrate	that	CTCF	binding	to	BCL6	exon1A	is	required	to	maintain	BCL6	

expression	in	B-cell	lymphoma	cell	lines	with	germinal	center	origin.	Furthermore,	in	contrast	with	
the	CTCF	binding	to	 intronic	sites	 in	non-germinal	center	cells,	CTCF	 is	preferentially	bound	at	the	
BCL6	 exon1A	 in	 germinal	 center	 cells	when	BCL6	 is	 highly	 expressed.	Giving	 the	 essential	 role	 of	
BCL6	regulation	in	lymphomagenesis,	we	next	explored	possible	mechanisms	that	might	be	involved	
in	regulating	BCL6,	paying	specific	attention	to	those	that	include	CTCF	implication.		
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Based	 on	 our	 results,	 and	 having	 in	 mind	 that	 the	 BCL6	 exon1A	 CTCF	 site	 is	 250	 bp	
downstream	 of	 the	 major	 transcription	 start	 site	 in	 a	 region	 that	 contains	 a	 BCL6-negative	
autoregulatory	 region	 (Kikuchi	 et	 al.,	 2000),	we	hypothesized	 that	 CTCF	might	 be	 involved	 in	 the	
transcriptional	 regulation	 of	 BCL6	 by	 preventing	 BCL6-negative	 autoregulation,	 thus	 maintaining	
BCL6	 expression	 activated.	 Supporting	 this	 concept,	 luciferase	 assays	 showed	 that	 increasing	
amounts	 of	 CTCF	were	 able	 to	 counteract	 the	 negative	 autoregulation	 of	 BCL6.	 Importantly,	 this	
demonstrate	 that	CTCF	binding	was	 required	 to	maintain	BCL6	expression	 in	GC	cells	by	avoiding	
BCL6	negative	autoregulation.			

	
We	analyzed	the	presence	of	active	and	repressive	histone	marks	at	the	BCL6	exon1A	region	in	

different	 lymphoma	cells.	Our	ChIP	assays	 showed	 that	 the	enrichment	of	H3K4me2	and	of	H3Ac	
observed	 in	 the	 BCL6-expressing	 germinal	 center	 cell	 lines	was	 higher	 than	 in	 cells	which	 do	 not	
express	BCL6.	Along	with	these	active	chromatin	marks,	we	found	a	notable	enrichment	of	CTCF	in	
Ramos,	 together	with	 the	 variant	 histone	H2A.Z.	We	 therefore	 hypothesized	 that	 CTCF	might	 be	
responsible	 for	 protecting	 the	 BCL6	 exon1A	 regulatory	 region	 against	 repressive	 histone	
modifications.	 Indeed,	 ChIP	 assays	 performed	 in	 Ramos	 germinal	 center	 BCL6-expressing	 cell	 line	
after	 silencing	CTCF	 showed	a	 reduction	of	active	histone	marks	 together	with	 strong	 increase	of	
repressive	 histone	marks.	 A	 similar	mechanism	has	 also	 been	 proposed	 for	 the	 regulation	 of	 the	
TP53	promoter	(Soto-Reyes	and	Recillas-Targa,	2010),	the	cancer-promoting	gene	CLDN3	(Kwon	et	
al.,	2010)	and	the	XAF1	promoter	(Victoria-Acosta	et	al.,	2015)	by	CTCF.	In	addition,	CTCF	has	been	
implicated	 in	 favoring	 an	 open	 chromatin	 state	 related	 to	 the	 loss	 of	 repressive	 histone	
modifications	(Weth	et	al.,	2014).	
	

Speculatively,	dismissal	of	CTCF	 from	 its	exon1A	binding	site	may	be	one	of	 the	early	events	
switching	 off	 the	 BCL6	 locus	 and	 allowing	 assembly	 of	 the	 repressive	 complex.	 In	 turn,	 BCL6	
downregulation	 induces	 the	 expression	 of	 genes	 required	 for	 plasma	 cell	 differentiation	 (see	
proposed	model	in	Figure	5.1)	

	
Our	 data	 are	 in	 agreement	 with	 the	 model	 proposed	 by	 Ramachandrareddy	 et	 al.	

(Ramachandrareddy	 et	 al.,	 2010)	 which	 has	 shown	 a	 significant	 enrichment	 of	 H3K4me2	 and	 of	
H3Ac	in	germinal	center	B-cells	at	the	BCL6	promoter	region	but	not	in	non-germinal	center	B-cells	
and	 has	 suggested	 that	 regulation	 of	 BCL6	 might	 depend	 on	 long-distance	 interactions	 of	 the	
promoter	 with	 upstream	 regions,	 and	 that	 these	 interactions	 might	 depend	 on	 CTCF	 binding	
(Ramachandrareddy	 et	 al.,	 2010).	 Collectively	 our	 results	 and	 those	 of	 Lai	 et	 al	 (Lai	 et	 al.,	 2010)	
suggest	 that	 CTCF	 binding	 to	 intron	 1	 is	 associated	with	 a	 close	 conformation	 locus	 in	 non-BCL6	
expressing	 plasma	 cells,	whereas	 at	 the	 exon1A	binding	 site	 that	we	describe,	 CTCF	 binding	 is	 in	
association	with	open	chromatin	in	expressing	germinal	center-derived	cell	lines.		

	
BCL6	 is	 an	 attractive	 target	 for	 therapy	 and	 indeed	 different	 specific	 BCL6	 inhibitors	 are	

currently	 under	 investigation.	 Treatments	 with	 drugs	 that	modify	 the	 chromatin	 have	 enormous	
potential	 for	 cancer	 therapy	 (Dawson	 and	 Kouzarides,	 2012).	 Epigenetic	 modulation	 of	 BCL6	
expression	might	be	effective	in	germinal	center	derived	lymphomas.	The	results	presented	in	the	
second	part	of	this	Thesis	work	shows	that	treatment	of	germinal	center	derived	B-cell	lines	with	a	
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histone	 deacetylase	 inhibitor	 downregulates	 BCL6	 expression	 and	 acetylation,	 causes	 plasma	 cell	
differentiation	and	induces	cell	death.	It	also	suggests	a	possible	role	for	CTCF	in	this	process.	
	
	

	
	
Figure	5.1.	Proposed	model	for	BCL6	epigenetic	regulation	by	CTCF.	BCL6	is	required	for	follicular	B-cells	to	differentiate	
into	germinal	center	B-cells.	In	order	to	allow	sustained	BCL6	expression	in	those	cells,	inhibition	of	BCL6	exon1	negative	
autoregulatory	 circuit	 is	 accomplish	 by	 CTCF	 binding	 to	 exon1A.	 CTCF	 binding	 associates	 with	 active	 histone	 marks	
including	 histone	 H3Ac	 and	 histone	 H3K4me2.	 Once	 B-cells	 have	 completed	 the	 high	 affinity	 maturation	 process	 can	
differentiate	 into	 plasmatic	 cells.	 For	 this	 to	 happen,	 CTCF	 is	 released	 from	 exon1A	 site	 allowing	 BCL6	 negative	
autoregulatory	circuit	to	function.	Binding	of	BCL6	to	its	negative	autoregulatory	sites	and	absence	of	CTCF	occupancy	at	
exon1A,	 leads	 to	 the	 recruitment	 of	 repressive	 histone	 marks	 like	 H3K9me3	 or	 H3K27me3.	 This	 leads	 to	 chromatin	
condensation	and	inhibition	of	BCL6	expression.		In	turn,	BCL6	downregulation	induces	upregulation	of	PRDM1	and	IRF4,	
both	required	for	plasma	cell	differentiation	(Batlle-Lopez	et	al.,	2015a).	
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5.2.	Romidepsin	effect	on	BCL6	gene	epigenetic	regulation	
	

The	 success	 of	 HDAC	 inhibitors	 in	 certain	 subtypes	 of	 T-derived	 lymphoprolypherative	
neoplasms	has	led	to	increased	interest	in	the	potential	of	these	drugs	in	other	malignancies	such	
as	lymphomas	that	arise	from	B-cells.	Several	mechanisms	have	been	proposed	to	describe	the	anti-
proliferative	 effects	 of	 HDAC	 inhibitors	 on	 lymphoid	 malignancies	 (Frew	 et	 al.,	 2009;	 Zain	 and	
O'Connor,	 2010)	 but	 the	 exact	 effects	 and	 mechanisms	 remain	 unclear.	 Part	 of	 this	 work	 was	
focused	in	determining	the	type	of	response	of	B-cells	lymphoma	cells	with	different	origins,	to	the	
HDAC	inhibitor	romidepsin.		

	
We	 found	 that	 two	 of	 the	 six	 cell	 lines	 analyzed,	 Raji	 and	 DG75,	 were	 less	 sensitive	 to	

romidepsin	than	the	Ramos	or	Mutu	III,	which	showed	a	significantly	reduced	metabolic	activity	in	a	
time-	and	dose-dependent	manner.	This	is	in	agreement	with	previous	studies	that	have	shown	that	
romidepsin	 induces	 apoptosis	 in	 some	 BL	 cell	 lines	 but	 not	 in	 others	 (Ierano	 et	 al.,	 2013).	 In	
addition,	 in	 this	 work	 we	 demonstrate	 that,	 not	 only	 romidepsin	 induces	 apoptosis	 but	 also	
produces	 a	 proteolytic	 cleavage	 of	 PARP,	 which	 correlates	 with	 the	 reduction	 in	 the	 metabolic	
activity	of	Ramos	and	Mutu	 III.	Accordingly,	no	apoptosis	or	 cleavage	PARP	were	detected	 in	 the	
less-sensitive	cell	 lines	Raji	and	DG75	cells.	Regarding	DLBCL	cells,	both	the	non	GCB	Ly03	and	the	
GCB	cell	line	Toledo,	were	also	sensitive	to	the	treatment	and	showed	cleavage	of	PARP.		

	
The	differential	effect	over	cell	proliferation	 in	cells	of	 the	same	origin	 in	 response	to	HDACi	

treatment	 has	 been	previously	 described	 in	 other	 types	 of	DLBCL	 (Cai	 et	 al.,	 2013),	 although	 the	
reasons	 explaining	 this	 variation	 have	 not	 yet	 been	 clarified.	 One	 plausible	 explanation	 is	 that	
chemotherapeutic	drugs	can	activate	the	 intrinsic	apoptotic	pathway	(Cory	and	Adams,	2002)	and	
several	studies	demonstrate	the	role	of	HDAC	inhibitors	in	cell	death	(Bolden	et	al.,	2013).		

	
It	 might	 be	 therefore	 possible	 that	 romidepsin	 differentially	 regulated	 the	 protein	 levels	 of	

pro-apoptotic	 BCL2	 family	 members	 in	 the	 different	 cell	 lines.	 Moreover,	 a	 differential	 basal	
expression	 of	 the	 pro-apoptotic	 and	 the	 anti-apoptotic	 BCL2	 family	 members	 might	 explain	 the	
varying	response	to	romidepsin.	In	healthy	B-cells,	BCL2	expression	is	reduced	when	B-cells	enters	
the	GC	reaction	(Peperzak	et	al.,	2017).	Interstingly,	in	two	of	the	B-cell	lymphoma	cell	lines	with	GC	
origin	 used	 in	 this	 study	 (Raji	 and	 Toledo),	 a	 certain	 level	 of	 basal	 BCL2	 protein	 expression	 was	
detected.	 The	 different	 responses	 in	 the	 two	 cell	 lines	 regarding	 BCL2	 protein	 levels	 after	
romidepsin	treatment,	may	be	due	to	their	opposite	sensitivity	to	the	drug.	It	is	to	note	that	in	Ly03,	
with	no	GC	origin,	the	basal	levels	of	BCL2	protein	were	reduced	resembling	the	expression	pattern	
of	BCL2	of	the	cells	that	participate	in	the	GC	reaction.		

	
In	 agreement	with	previous	 studies,	 normal	GC	 cells	 showed	expression	of	BCL-xL.	Although	

downregulation	of	BCL-xL	does	not	imply	an	immediate	death	(Peperzak	et	al.,	2017),	the	reduction	
in	the	anti-apoptotic	BCL-xL	observed	in	Ramos	cells	might	correspond	to	the	fraction	of	cells	that	
are	undergoing	apoptosis.	In	healthy	B-cells	BIM	and	MCL1	levels	are	related:	the	induction	of	BIM	
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is	 abolished	 by	 the	 induction	 of	 MCL1	 (Peperzak	 et	 al.,	 2017).	 Although	 this	 mechanism	 is	
susceptible	of	being	altered	in	cancer	cells,	we	observed	a	correlation	between	these	two	proteins.	
In	DG75	and	Ramos	cells,	BIM	levels	are	maintained	while	MCL1	protein	increases	upon	romidepsin	
treatment.	In	contrast,	in	Ly03	and	Toledo	we	find	the	opposite	pattern,	which	in	fact	might	explain	
the	 apoptosis	 observed	 in	 those	 two	 cell	 lines	 in	 the	 presence	 of	 romidepsin.	 Although	 MCL1	
overexpression	has	been	frequently	found	in	some	types	of	B-cell	malignancies	including	DLBCL	and	
FL	(Schwickart	et	al.,	2010),	we	did	not	observed	an	overexpression	of	MCL1	in	the	BL	cell	 lines	in	
basal	conditions.	However,	in	both	BL	cell	lines,	DG75	and	Ramos,	romidepsin	treatment	provoques	
an	 increase	 on	 MCL1	 protein	 over	 basal	 levels,	 which	 progressively	 decrease	 over	 time.	 This	
transient	expression	of	MCL1	detected	in	response	to	romidepsin,	might	be	providing	a	short-term	
window	 to	 allow	 cells	 to	differentiate	 into	plasma	 cells	 and/or	dye	by	 apoptosis	 (Peperzak	et	 al.,	
2013).	

	
The	maintenance	of	cancer	cells	depends	to	a	large	extent	on	the	intrinsic	apoptotic	pathway	

and	the	overexpression	of	the	genes	involved	on	it	facilitates	cancer	development	(Peperzak	et	al.,	
2012).	 Undoubtly,	 reversion	 of	 the	 expression	 of	 the	 altered	 BCL2	 family	members	 in	 the	 tumor	
cells	constitute	an	attractive	therapeutic	strategy	to	improve	cancer	treatment.		

	
The	 effect	 of	 romidepsin	 on	 differentiation	 was	 also	 analyzed	 on	 this	 study.	 B-cells	 stop	

proliferating	 in	 order	 to	 be	 able	 to	 differentiate	 into	 plasma	 cells	 (Zhang	 et	 al.,	 2016).	 Cell	 cycle	
arrest	 in	 G0/G1	 phase	 accompanied	 by	 the	 accumulation	 of	 cells	 in	 S	 and	 G2/M	 phases	 was	
observed	 in	 Raji,	 DG75	 and	 Ramos	 cells.	 Romidepsin	 might	 therefore	 be	 fovouring	 B-cells	
differentiation	 by	 inducing	 cell	 cycle	 arrest.	 Interestingly,	 the	 three	 Burkitt	 lymphoma	 cell	 lines	
studied	 shared	 this	 feature	 but	 not	 the	GC	 Toledo	 cell	 line,	 a	 DLBCL	 cell	 line.	 This	 indicates	 that	
different	mechanisms	apply	to	different	lymphoma	types.		

	
Generally,	cyclin-dependent	kinase	(CDK)	inhibitors	act	on	various	cyclin-CDK	complexes	during	

different	stages	of	the	cell	cycle.	The	accumulation	of	these	proteins	causing	cell	cycle	arrest	is	one	
of	the	main	consequences	of	drug	treatments	(Besson	et	al.,	2008).	In	particular,	the	accumulation	
of	cycling	dependent	kinase	inhibitors	such	as	p21	and	p27	is	a	general	effect	shared	by	most	of	all	
the	histone	deacetylase	 inhibitors,	 romidepsin	 included,	 in	 the	context	of	different	 tumors	and	 in	
lymphoid	 malignancies	 (Copeland	 et	 al.,	 2010;	 Gui	 et	 al.,	 2004;	 Mercurio	 et	 al.,	 2010;	 Zain	 and	
O'Connor,	 2010).	 In	 our	 study,	 we	 found	 accumulation	 of	 p21	 in	 DG75	 and	 Mutu	 III,	 but	 no	
significant	 changes	 in	 the	 rest	 of	 the	 studied	 cell	 lines.	However,	 romidepsin	 caused	 a	 significant	
upregulation	of	 p27	protein	 levels	 in	Raji,	DG75,	 Ramos	 and	Mutu	 III,	 all	 of	 them	BL	 cells.	 In	 the	
DLBCL	cell	 lines,	Ly03	and	Toledo,	we	found	variable	expression	of	p27	between	the	two	cell	 lines	
probably	because	they	differ	in	their	origin.	

	
BCL6	plays	key	roles	on	the	B-cell	terminal	differentiation	by	inhibiting	the	expression	of	genes	

involved	in	cell	cycle,	apoptosis	and/or	differentiation	(Reljic	et	al.,	2000;	Shaffer	et	al.,	2000).	B-cell	
lymphomas	 are	 often	 characterized	 by	 deregulated	 expression	 of	 BCL6	 (Cattoretti	 et	 al.,	 2005;	
Chaganti	 et	 al.,	 1998;	 Hatzi	 and	 Melnick,	 2014;	 Zhang	 et	 al.,	 2015).	 We	 examined	 the	 effect	 of	
romidepsin	 on	 BCL6	 expression.	 In	 BCL6-expressing	 cell	 lines	 (Raji,	 DG75,	 Ramos	 and	 Ly03)	 we	
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detected	a	clear	downregulation	of	 the	protein	 levels	upon	treatment	with	romidepsin.	However,	
no	 changes	 were	 seen	 in	 the	 Mutu	 III	 or	 Toledo	 cell	 lines	 that	 do	 not	 express	 BCL6	 on	 basal	
conditions.	HDAC	inhibitors	are	usually	related	to	gene	upregulation	as	a	result	of	the	modification	
in	the	chromatin	structure	due	to	acetylation	of	the	histone’s	tails	(Kouzarides,	2007).	However,	it	
has	also	been	described	that	they	can	be	involved	in	other	modifications,	that	lead	to	repression	of	
gene	 expression	 (Hazzalin	 and	 Mahadevan,	 2005).	 Indeed	 one	 of	 the	 consequences	 of	 BCL6	
downregulation,	was	 the	 induction	 of	 a	well-described	 BCL6	 target	 gene,	 cyclin	 D2	 (Basso	 et	 al.,	
2010).		

	
It	 is	well	described	that	BCL6	downregulation	is	necessary	for	B-cells	to	exit	germinal	centers	

and	 complete	 terminal	 differentiation	 (Allman	et	 al.,	 1996;	Huang	and	Melnick,	 2015).	As	well	 as	
BCL6	 is	 a	 transcriptional	 repressor	 considered	 the	 “master	 regulator”	 of	 the	 germinal	 center	
reaction	 (Dent	 et	 al.,	 1997;	 Ye	 et	 al.,	 1997),	PRDM1	 is	 considered	 the	 “master	 regulator”	 of	 the	
plasma-cell	differentiation	process.	These	 two	genes	show	mutually	exclusive	expression	patterns	
(Basso	et	 al.,	 2010;	 Shaffer	et	 al.,	 2000;	 Tunyaplin	et	 al.,	 2004).	According	 to	our	 results	on	BCL6	
expression,	PRDM1	mRNA	levels	were	upregulated	 in	all	 the	studied	BL	BCL6-expressing	cell	 lines,	
Raji,	 DG75	 and	Ramos	when	 exposed	 to	 romidepsin.	However,	 no	 changes	were	 detected	 in	 the	
DLBCL	cell	 lines	despite	Ly03	showing	a	certain	 level	of	BCL6	expression.	This	could	be	due	to	the	
non-germinal	centre	origin	of	this	cell	line.		

	
In	treated	Ramos	cells,	we	also	found	changes	in	the	expression	of	PAX5,	necessary	for	B-cells	

to	maintain	 the	 germinal	 center	 identity	 (Allen,	 2007;	 Nera	 et	 al.,	 2006;	 Nera	 and	 Lassila,	 2006;	
Revilla	et	al.,	2012).	 It	has	been	demonstrated	that	PAX5	 can	be	epigenetically	 regulated	 in	other	
types	 of	 hematological	 neoplasms	 (Hutter	 et	 al.,	 2011).	 The	 mRNA	 levels	 of	 PAX5	 were	
downregulated	in	the	presence	of	romidepsin.	However,	when	we	analyzed	the	expression	of	XBP1,	
a	 gene	 that	 acts	 downstream	 of	 PRDM1,	 we	 found	 no	 mRNA	 upregulation,	 suggesting	 that	
romidepsin	might	 be	 triggering	 or	 activating	 the	 plasma	 cell	 differentiation	 program	but	 it	 is	 not	
enough	to	reach	the	final	state	of	a	plasma	cell	differentiation.		

	
Epigenetic	regulation	of	gene	expression	via	acetylation	of	histone	and	non-histone	targets	is	

an	exciting	strategy	for	therapy.	BCL6	acetylation	on	germinal	centre	cells	has	been	demonstrated	
to	upregulate	BLIMP1	followed	by	induction	plasma	cell	differentiation	(Fujita	et	al.,	2004)	(Huang	
and	Melnick,	2015).	Accordingly,	 in	germinal	 centre	 cells	 it	has	been	observed	 that	 trichostatin	A	
(TSA),	 a	HDAC	 inhibitor,	 induces	BCL6	 acetylation.	Although	 in	 this	 study	 addition	of	 niacinamide	
(NIA)	 was	 required	 to	 induce	 BCL6	 acetylation	 (Bereshchenko	 et	 al.,	 2002),	 we	 found	 that	
romidepsin	 alone	was	 sufficient	 to	 induce	 the	 acetylation	of	 BCL6,	 indicating	 a	 stronger	 effect	 of	
this	compound.	

	
We	demonstrate	that	the	presence	of	romidepsin	impairs	BCL6	binding	to	its	regulatory	region	

located	on	exon1A,	avoiding	its	negative	autoregulation.	It	is	known	that	when	BCL6	acetylation	is	
induced,	 the	binding	 to	other	 co-repressors,	 such	 as	HDAC2	or	 Sin3A,	 and	 therefore	 its	 ability	 to	
form	repressor	complexes,	is	lost	(Bereshchenko	et	al.,	2002).	Thus,	acetylated	BCL6,	is	not	able	to	
exert	 its	 activity	 as	 a	 transcriptional	 repressor.	 Classically,	 acetylation	 is	 associated	 with	 active	
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chromatin	structure	that	allows	the	expression	of	genes	(Sterner	and	Berger,	2000).	In	this	work,	we	
confirm	 that	 acetylation	 can	 also	 facilitate	 the	 expression	 of	 genes	 through	 the	 inactivation	 of	
transcriptional	 repressors.	 When	 looking	 at	 the	 epigenetic	 landscape	 on	 BCL6	 exon1A	 in	 the	
presence	of	romidepsin	in	Ramos	cells,	we	found	that	the	CTCF	binding	previously	described	in	this	
work	 as	 being	 required	 for	 BCL6	 expression	 diminishes	 considerably	 upon	 treatment	 with	
romidepsin,	thus	favoring	BCL6	repression.	We	therefore	hypothesize	that	other	mechanisms,	but	
not	BCL6	autorepression,	are	 regulating	BCL6	expression	 in	 the	presence	of	 romidepsin.	CTCF	has	
been	described	as	a	protector	against	the	incorporation	of	repressive	histone	marks	(Batlle-Lopez	et	
al.,	2015b;	Kwon	et	al.,	2010;	Soto-Reyes	and	Recillas-Targa,	2010).	Accordingly,	in	our	study,	after	
the	 loss	 of	 the	 CTCF	 binding	 on	 BCL6	 exon1A	 due	 to	 romidepsin,	we	 found	 incorporation	 of	 the	
repressive	histone	mark	H3K9me3.	

	
Taken	altogether	our	results,	a	proposed	model	for	romidepsin	effect	on	B-cell	lymphoma	cells	

and	BCL6	epigenetic	regulation	is	shown	in	Figure	5.2.		
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Figure	 5.2.	 Proposed	 model	 for	 romidepsin	 effect	 on	 B-cell	 lymphoma	 cells	 and	 BCL6	 epigenetic	 regulation.	 a)	
Differential	 effect	 of	 romidepsin	 on	 B-cell	 lymphoma	 cells.	 Romidepsin	 induces	 cell	 cycle	 arrest	 accompanied	 with	
increased	levels	of	p27	and/or	p21	in	most	lymphoma	cells.	The	sensitive	lymphoma	B-cells	(red	circle)	undergo	apoptosis	
as	 shown	 by	 cleavage	 of	 PARP	 and	 positive	 AnnexinV	 staining.	 In	 both	 situations,	 downregulation	 of	 BCL6	 and	 PAX5	
together	with	 increase	on	PRDM1/BLIMP1	 is	observed,	and	plasma	cell	differentiation	program	 is	 initiated.	b)	Effect	of	
romidepsin	on	BCL6	epigenetic	regulation.	In	B-cell	lymphoma	cells,	CTCF	is	bound	to	BCL6	exon1A	impairing	BCL6	binding	
to	 its	 negative	 autoregulation	 site	 and	 is	 associated	 with	 marks	 representative	 of	 an	 open	 chromatin	 state	 (H3Ac).	
However,	 in	 the	 presence	 of	 romidepsin	 BCL6	 is	 acetylated,	 CTCF	 is	 not	 longer	 bound	 to	 BCL6	 exon1A	 and	 repressive	
histone	 marks	 (H3K9me3)	 are	 incorporated.	 The	 consequent	 downregulation	 of	 BCL6	 correlates	 with	 plasmatic	
differentiation	as	shown	above.		
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6.	CONCLUSIONS	
	
1. CTCF	 binds	 in	 vitro	 and	 in	 vivo	 to	 the	 predicted	 binding	 site	 at	 the	BCL6	 exon1A	 regulatory	

region.	CTCF	binding	is	associated	with	high	levels	of	BCL6.	
2. Mutations	 in	 the	 CTCF	 ZFs	 do	 not	 constitute	 the	mechanism	 responsible	 for	 the	 differential	

binding	of	CTCF	to	the	BCL6	exon1A	site.	
3. CTCF	 downregulation	 reduces	 BCL6	 expression	 and	 triggers	 B-cell	 differentiation	 program	

towards	plasma	cell.		
4. CTCF	binding	is	required	to	maintain	BCL6	expression	in	GC	cells	by	avoiding	the	BCL6	negative	

autoregulation	mechanism.		
5. CTCF	 binding	 on	 BCL6	 exon1A	 is	 associated	 with	 the	 presence	 of	 active	 histone	 marks	 and	

protection	against	repressive	histone	marks.	
6. Differential	 sensitivity	 of	 B-cell	 lymphoma	 cells	 to	 romidepsin	 treatment	 correlates	with	 the	

induction	of	apoptosis	and	the	expression	levels	of	BCL2	family	proteins.	
7. Romidepsin	induces	cell	cycle	arrest	together	with	p21	and/or	p27	expression	independently	of	

the	origin	of	the	cell	line	or	the	expression	of	BCL6.		
8. BCL6	downregulation	 by	 romidepsin	 is	 accompained	with	 the	 increase	 of	PRDM1	 expression	

and	markers	of	plasma	cell	differentiation	program.		
9. Romidepsin	 induces	BCL6	protein	acetylation	and	counteracts	 the	negative	autoregulation	of	

BCL6.	
10. CTCF	 binding	 to	 BCL6	 exon1A	 diminishes	 in	 the	 presence	 of	 romidepsin,	 favoring	 the	

incorporation	of	repressive	histone	marks.		
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8.	RESUMEN	EN	CASTELLANO	
	
8.1.	Introducción	
	

Durante	 la	 respuesta	 inmune,	 las	 células	 B	 activadas	 proliferan	 activamente	 en	 los	 tejidos	
linfoides	 secundarios	 como	 los	 ganglios	 linfáticos,	 en	donde	 surgen	 las	estructuras	de	 los	 centros	
germinales	 (CG).	 Una	 vez	 dentro	 del	 CG,	 las	 células	 B	 sufren	 procesos	 como	 la	 hipermutación	
somática	 y	 el	 cambio	 de	 clase	 de	 inmunoglobulina,	 para	 luego	 abandonar	 el	 CG,	 entre	 otras	
opciones,	como	células	plasmática	(Chaplin,	2010).	Una	compleja	red	compuesta	por	varios	factores	
de	 transcripción	 regula	 el	 equilibrio	 entre	 los	 procesos	 que	 tienen	 lugar	 durante	 el	 proceso	 de	
diferenciación	de	 las	 células	B.	Uno	de	 los	 factores	 clave	o	 “regulador	máster”	de	 la	 reacción	del	
centro	germinal	es	BCL6	(Basso	and	Dalla-Favera,	2010).		

	
BCL6	es	un	represor	transcripcional	cuya	expresión	se	detecta	en	varios	tejidos	humanos	pero	

es	principalmente	inducida	y	altamente	expresada	en	las	células	del	CG.	La	expresión	de	la	proteína	
en	 cambio,	 pertenece	 estrictamente	 a	 la	 reacción	 del	 centro	 germinal	 dentro	 del	 proceso	 de	
diferenciación,	 siendo	 así	 indetectable	 en	 células	 plasmáticas.	 Por	 tanto,	 un	 hecho	 que	 debe	 de	
ocurrir	para	que	las	células	B	abandonen	el	CG	es	la	disminución	de	la	expresión	de	BCL6	(Cattoretti	
et	al.,	1995;	Klein	et	al.,	2003).	El	patrón	de	expresión	de	BCL6	está	altamente	 regulado	y	 se	han	
descrito	 varios	 mecanismos,	 pero	 es	 un	 campo	 en	 constante	 exploración,	 ya	 que	 BCL6	 se	 ve	
alterado	en	algunos	linfomas	en	los	que	como	resultado,	se	detecta	expresión	desregulada	de	BCL6.	
Algunos	de	las	mutaciones	somáticas	de	BCL6	están	presentes	en	tumores	de	células	B	con	fenotipo	
CG	o	post-CG	incluyendo	el	linfoma	de	Burkitt,	linfoma	folicular	y	linfoma	difuso	de	célula	B	grande	
(Capello	et	al.,	2000;	Hua	et	al.,	1988;	Ye	et	al.,	1995b).		
	

CTCF	es	un	regulador	multivalente	que	se	expresa	ubícuamente	y	está	altamente	conservado	a	
lo	largo	de	la	evolución.	CTCF	posee	un	dominio	central	con	once	dedos	de	zinc,	mediante	los	cuales	
interacciona	tanto	con	DNA	como	con	otras	proteínas.	Entre	las	funciones	atribuídas	a	CTCF	están	la	
de	 represor	 y	 activador	 transcripcional	 de	 numerosos	 genes;	 la	 de	 aislante	 de	 la	 cromatina,	 bien	
impidiendo	 el	 avance	 de	 la	 heterocromatina,	 o	 bien	 como	 “bloqueador	 de	 enhancers”;	 y	 la	 de	
regulador	 de	 la	 arquitectura	 del	 genoma,	 facilitando	 la	 formación	 de	 “loops”	 controlando	 así	 la	
transcripcional	de	algunos	genes.	Además	está	implicado	en	otros	procesos	como	en	la	regulación	
de	 la	 expansión	 de	 tripletes,	 en	 la	 activación	 del	 cromosoma	 X	 y	 en	 el	 desarrollo	 de	 diversos	
tumores	(Ohlsson	et	al.,	2010a).	Mutaciones	en	algunos	de	los	dedos	de	zinc	de	CTCF,	deleciones	en	
el	 locus	humano	en	el	que	mapea	y	mutaciones	en	sus	sitios	diana	de	unión,	ha	sido	relacionado	
con	el	desarrollo	del	 cáncer	 (Aulmann	et	al.,	2003;	Filippova	et	al.,	2002;	Poulos	et	al.,	2016).	Así	
mismo,	 CTCF	 está	 implicado	 en	 diferentes	 aspectos	 de	 la	 regulación	 epigenética	 de	 numerosos	
genes	involucrados	en	cáncer	como	p53,	RB,	MYC,	etc.	

	
Los	 mecanismos	 epigenéticos	 juegan	 un	 papel	 importante	 en	 la	 regulación	 de	 genes	 y	

aparecen	desregulados	en	el	desarrollo	tumoral.	Estos	mecanismos	incluyen	la	metilación	del	DNA	y	
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las	 modificaciones	 posttraduccionales	 de	 las	 histonas,	 como	 la	 acetilación	 o	 la	 metilación	
(Kouzarides,	2007).	Alteraciones	en	estos	mecanismos	pueden	dar	lugar	a	silenciamiento	de	genes	
supresores	 de	 tumores	 o	 por	 el	 contrario,	 la	 activación	 de	 oncogenes.	 Estos	 mecanismos	 se	
encuentran	frecuentemente	alterados	en	enfermedades	hematológicas	caracterizados	en	ocasiones	
por	 translocaciones	 cromosómicas	 (Aumann	 and	 Abdel-Wahab,	 2014).	 A	 diferencia	 de	 las	
mutaciones	 genómicas,	 las	 alteraciones	 epigenéticas	 son	 potencialmente	 reversibles	mediante	 el	
uso	de	fármacos	(Ahuja	et	al.,	2016).	Algunos	son	usados	para	el	tratamiento	de	enfermedades	de	
origen	hematológico	y	entre	ellos	se	encuentra	la	romidepsina,	un	inhibidor	de	la	deacetilación	de	
las	histonas,	que	ya	está	siendo	usado	con	éxito	para	el	tratamiento	de	algunos	tipos	de	linfomas	de	
células	T.		

8.2.	Objetivos	

Resultados	previos	en	nuestro	grupo	de	investigación	predijeron	un	sitio	de	union	de	CTCF	en	
la	 region	 reguladora	 del	 gen	 BCL6	 situada	 en	 el	 exón	 1.	 La	 expression	 desregulada	 de	BCL6	está	
relacionada	con	la	patogenésis	de	linfoma	de	células	B.	Este	resultado	sugiere	un	papel	de	CTCF	en	
la	 regulación	del	 gen	BCL6	ya	que	CTCF	es	un	 regulador	de	 la	 cromatina	y	está	 involucrado	en	 la	
regulación	 epigenética	 de	 otros	 genes.	 Además,	 los	 inhibidores	 de	 histona	 deacetilasa	 están	
aprobados	 para	 el	 tratamiento	 de	 algunas	 enfermedades	 hematológicas	 y	 varias	 líneas	 de	
investigación	sugieren	que	la	epigenética	puede	estar	involucrada	en	la	regulación	de	BCL6.		

En	base	a	estas	evidencias,	los	dos	objetivos	principales	de	esta	Tesis	han	sido	los	siguientes:	
1. Investigar	la	regulación	epigenética	de	BCL6		por	CTCF	en	linfomas	de	células	B
2. Estudiar	los	efectos	del	inhibidor	de	histona	deacetilasa	romidepsina	en	linfomas	B	agresivos

y	en	la	regulación	de	BCL6.

8.3.	Resultados	y	discusión	

Uno	 de	 los	 objetivos	 del	 presente	 estudio	 fue	 analizar	 el	 papel	 que	 desempeña	 CTCF	 en	 la	
regulación	 del	 gen	 BCL6	mediante	 su	 unión	 al	 exon1A	 en	 linfomas	 de	 céluas	 B.	 Para	 ello,	 y	 tras	
comprobar	 mediante	 hibridación	 fluorescente	 in	 situ	 (FISH)	 que	 en	 todas	 las	 líneas	 celulares	
utilizadas	 BCL6	 no	 estaba	 reordenado,	 determinamos	 a	 través	 de	 ensayos	 de	 movilidad	
electroforética	 (EMSA)	 el	 sitio	 de	 unión	 in	 vitro	 de	 CTCF	 en	 el	 exon1A	 de	 BCL6.	 Experimentos	
adicionales	de	inmunoprecipitación	de	la	cromatina	(ChIP)	confirmaron	la	unión	in	vivo	de	CTCF	en	
células	con	alta	expresión	de	BCL6	en	el	sitio	localizado	a	257	bp	downstream	del	sitio	de	inicio	de	la	
transcripción	de	BCL6,	acompañado	por	la	variante	de	histona	H2A.Z	que	con	frecuencia	co-localiza	
con	CTCF.	Analizamos	la	unión	en	varios	sitios	 localizados	desde	2398	bp	upstream	hasta	4970	bp	
downstream	del	sitio	de	inicio	de	transcripción	del	gen	BCL6.	Estos	incluyen	dos	sitios	localizados	en	
intrones	 y	 previamente	descritos	 como	 sitios	 de	unión	de	CTCF	en	 células	 plasmáticas	 (Lai	 et	 al.,	
2010).	En	comparación,	la	unión	de	CTCF	en	estos	sitios	intrónicos,	es	menor	que	en	el	identificado	
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en	el	exón1A	en	las	células	B	de	linfoma.	Con	el	fin	de	analizar	la	presencia	de	CTCF	con	el	grado	de	
expresión	de	BCL6,	estudiamos	la	unión	de	CTCF	en	varias	líneas	de	linfoma	con	diferentes	niveles	
de	 expresión	 de	 BCL6.	 Comprobamos	 que	 la	 unión	 tenía	 lugar	 preferentemente	 en	 células	 con	
mayor	 expresión	 de	 BCL6.	 Curiosamente,	 al	 analizar	 la	 unión	 de	 CTCF	 en	 los	 sitios	 intrónicos	 en	
líneas	que	no	expresan	BCL6,	obtuvimos	el	patrón	contrario:	el	enriquecimiento	en	la	unión	de	CTCF	
era	 mayor	 en	 las	 regiones	 intrónicas	 en	 líneas	 que	 no	 expresan	 BCL6.	 Una	 de	 las	 razones	
responsables	de	este	resultado,	podía	ser	la	presencia	de	mutaciones	en	los	dedos	de	zinc	de	CTCF.	
Por	ello,	secuenciamos	los	exones	correspondientes	a	los	dedos	de	zinc	y	analizamos	la	presencia	de	
mutaciones	en	muestras	de	pacientes	con	diferentes	tipos	de	linfomas	pero	no	se	encontró	ninguna	
mutación	tras	el	análisis.		

	
Con	el	objetivo	de	determinar	el	papel	de	la	unión	de	CTCF	en	el	exon1A	de	BCL6,	silenciamos	

CTCF	mediante	un	vector	 retroviral	que	codifica	un	shRNA.	Como	resultado	del	 silenciamiento	de	
CTCF	 observamos	 una	 disminución	 de	 expresión	 de	 BCL6	 en	 células	 de	 linfoma	 que	 lo	 expresan	
acompañado	de	un	aumento	de	su	gen	diana,	la	ciclina	D2.	Tras	observar	la	reducción	en	los	niveles	
de	 BCL6,	 analizamos	 la	 posibilidad	 de	 que	 se	 estuviera	 induciendo	 la	 diferenciación	 a	 célula	
plasmática	 y	 encontramos	 aumentados	 los	 niveles	 de	 expresión	 de	 marcadores	 como	
PRDM1/BLIMP1	o	IRF4.	Estos	resultados	demuestran	que	la	falta	de	unión	de	CTCF	se	correlaciona	
con	la	reducción	de	la	expresión	de	BCL6	en	células	B	de	centro	germinal		así	como	con	la	inducción	
de	marcadores	de	célula	plasmática.		

	
BCL6	 reprime	 su	 propia	 transcripción	 mediante	 su	 unión	 de	 alta	 afinidad	 a	 una	 región	

localizada	en	el	exón1A	(Kikuchi	et	al.,	2000).	El	hecho	de	que	CTCF	se	una	directamente	al	exón1A	
en	un	 sitio	 cercano	al	 sitio	de	auto-regulación	de	BCL6	y	que	el	 silenciamiento	de	CTCF	 tenga	un	
efecto	en	la	expresión	de	BCL6,	nos	hizo	pensar	que	quizás	CTCF	estuviera	protegiendo	a	BCL6	de	
una	 auto-regulación	 negativa.	 Experimentos	 de	 luciferasa	 corroboraron	 esta	 hipótesis	 ya	 que	 el	
aumento	 en	 las	 cantidades	 de	 CTCF	 contrarrestaban	 la	 inhibición	 provocada	 por	 la	 presencia	 de	
BCL6.	Finalmente,	y	para	intentar	describir	el	papel	de	CTCF	en	estado	de	la	cromatina,	analizamos	
mediante	 ChIP	 el	 patrón	 de	 histonas	 presente	 en	 el	 exon1A	de	BCL6	 en	 presencia	 y	 ausencia	 de	
CTCF.	 En	 el	 primer	 caso,	 encontramos	marcas	 de	 cromatina	 activa	 como	 la	 H3Ac	 o	 la	 H3K4me2	
mientras	que,	 tras	 silenciar	CTCF,	 detectamos	 la	 incorporación	de	marcas	de	 cromatina	 represiva	
como	 la	H3K9me3	o	a	 la	H3K27me3,	 lo	que	sugiere	que	 la	presencia	de	CTCF	está	protegiendo	al	
locus	 de	 BCL6	 ante	 la	 incorporación	 de	 marcas	 de	 histonas	 represivas	 y	 manteniendo	 un	 locus	
abierto.		

	
El	segundo	de	los	objetivos	desarrollados	en	esta	Tesis	ha	sido	determinar	el	efecto	que	ejerce	

la	 romidepsina,	 un	 inhibidor	 de	 histona	 deacetilasa,	 en	 linfoma	 de	 células	 B,	 así	 como	 en	 la	
regulación	epigenética	del	gen	BCL6.	Varios	efectos	han	sido	atribuídos	a	los	inhibidores	de	histona	
deacetilasa	 como	 la	 apoptosis,	 la	 parada	 de	 ciclo	 celular	 o	 la	 diferenciación	 en	 diferentes	 tipos	
celulares	(Kim	and	Bae,	2011).	Comenzamos	estudiando	el	efecto	de	la	romidepsina	en	la	actividad	
metabólica	asociada	a	la	proliferación.	Este	experimento	nos	permitió	dividir	las	seis	líneas	celulares	
objetivo	de	estudio	en	dos	grupos,	 las	sensibles	y	 las	menos	sensibles	al	 fármaco.	El	análisis	de	 la	
apoptosis	 lo	 realizamos	mediante	el	ensayo	de	unión	de	 la	Anexina	V	y	mediante	 la	aparición	del	
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fragmento	que	surge	tras	la	ruptura	de	la	proteína	PARP,	asociado	a	la	apoptosis.	Ambos	resultados	
se	correlacionaron	con	las	diferencias	observadas	en	cuanto	a	la	sensibilidad	a	la	romidepsina.		

	
Los	miembros	de	 la	 familia	BCL2	están	directamente	 ligados	a	 la	apoptosis.	Por	este	motivo,	

analizamos	las	variaciones	en	los	niveles	de	proteína	de	varios	miembros	de	la	familia	tras	la	adición	
de	 la	romidepsina.	Los	cambios	detectados	en	 los	niveles	de	proteína	de	 los	miembros	analizados	
(BCL2,	BCL-xL,	BIM	y	MCL1)	están	de	acuerdo	con	los	cambios	detectados	en	relación	a	la	apoptosis.	
Inesperadamente,	observamos	el	aumento	del	pro-apoptótico	MCL1	en	células	que	eran	positivas	
para	 Anexina	 V.	 La	 expresión	 transitoria	 de	 MCL1	 durante	 la	 diferenciación	 de	 células	 B	 se	 ha	
propuesto	 como	 indispensable	 para	 la	 supervivencia	 de	 las	 células	 plasmáticas	 emergentes	
(Peperzak	et	al.,	2013).	Este	hecho	observado	en	MCL1	nos	hizo	pensar	que	quizás	la	romidepsina	
estuviera	desencadenando	el	programa	de	diferenciación	a	célula	plasmática.	Para	profundizar	en	
este	 efecto	 y	 basándonos	 en	 que	 la	 parada	 de	 ciclo	 celular	 está	 asociada	 a	 la	 diferenciación,	
estudiamos	 la	 distribución	 de	 las	 células	 en	 el	 ciclo	 celular	 en	 presencia	 de	 romidepsina	 y	
observamos	 que	 en	 todas	 las	 líneas	 celulares	 analizadas	 se	 producía	 parada	 de	 ciclo,	
independientemente	de	la	sensibilidad	observada,	del	origen	del	linfoma	o	de	la	expresión	de	BCL6.	
En	algunos	de	los	casos,	la	parada	de	clico	estaba	acompañada	por	el	aumento	de	las	proteínas	p27	
y/o	 p21,	 ambos	 inhibidores	 de	 kinasa	 dependiente	 de	 ciclina,	 efecto	 también	 descrito	 de	 la	
romidepsina	 en	 otras	 células.	 Otro	 hecho	 que	 tiene	 que	 darse	 para	 que	 se	 produzca	 la	
diferenciación	a	célula	plasmática	es	la	reducción	en	la	expresión	de	BCL6,	cosa	que	observamos	en	
todas	 las	 líneas	de	 linfoma	que	 lo	expresan	 tras	 la	adición	de	 la	 romidepsina,	acompañada	de	un	
aumento	en	los	niveles	de	ciclina	D2,	gen	diana	del	represor	BCL6.	Analizamos	la	expresión	de	otros	
genes	asociados	a	 la	diferenciación	de	 las	 células	B,	 cuyo	patrón	de	expresión	varía	dependiendo	
del	 estadío	 de	 diferenciación	 en	 el	 que	 se	 encuentre	 la	 célula.	 Encontramos	 que	 aumenta	 la	
expresión	 de	 PRDM1/BLIMP1,	 marcador	 de	 célula	 plasmática,	 al	 mismo	 tiempo	 que	 PAX5	
disminuye,	gen	que	se	expresa	en	estadíos	 tempranos	de	 la	célula	B	pero	no	es	detectado	en	 los	
tardíos.	Por	el	 contrario	XBP1,	expresados	en	estados	 tardíos	de	 la	diferenciación	no	aumenta	 su	
expresión.	 Paralelamente,	 se	 estudió	 la	 presencia	 de	 dos	 marcadores	 de	 superficie,	 uno	
representativo	de	célula	B	(CD20)	y	otro	de	célula	plasmática	(CD138)	y	se	observó	que	el	primero	
disminuye	 mientras	 que,	 el	 segundo	 aumenta	 cuando	 las	 células	 son	 tratadas	 con	 romidepsina.	
Estos	resultados	sugieren	que	la	diferenciación	a	célula	plasmática	se	ha	desencadenado	pero	no	se	
ha	 completado,	 aunque	 serán	 necesarios	más	 experimentos	 en	 el	 futuo	 para	 intentar	 demostrar	
esta	hipótesis.		

	
Está	descrito	que	no	solo	las	histonas	son	diana	de	los	inhibidores	de	histona	deacetilasa,	sino	

que	también	lo	son	algunas	proteínas	no-histonas	(Glozak	et	al.,	2005).	Este	es	el	caso	de	BCL6	que	
es	susceptible	de	ser	acetilado	en	presencia	de	otros	 inhibidores	de	histona	deacetilasa,	como	ha	
sido	descrito	anteriormente	(Bereshchenko	et	al.,	2002).	Por	tanto,	tras	tratar	las	células	analizamos	
la	 posibilidad	 de	 que	 la	 romidepsina	 estuviera	 induciendo	 la	 acetilación	 de	 BCL6.	 Experimentos	
basados	 en	 la	 inmunoprecipitación	de	 proteína	 confirmaron	que	 en	presencia	 de	 romidepsina	 se	
induce	la	acetilación	de	BCL6.	Una	de	las	consecuencias	de	la	acetilación	de	BCL6	es	que	éste	pierde	
su	capacidad	de	actuar	como	represor	 transcripcional	y	por	 tanto,	pierde	 la	capacidad	de	 llevar	a	
cabo	 el	 mecanismo	 de	 auto-regulación	 negativa,	 citado	 anteriormente.	 Ensayos	 luciferasas	
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revelaron	que	la	presencia	de	romidepsina	inhibe	la	represión	mediada	por	BCL6.	Por	último,	dado	
que	previamente	habíamos	descubierto	que	la	unión	de	CTCF	está	relacionada	con	la	expresión	de	
BCL6,	quisimos	saber	si	la	romidepsina	influye	en	esta	unión.	Experimentos	de	ChIP	revelan	que	la	
romidepsina	 protege	 a	 la	 región	 reguladora	 de	 BCL6	 contra	 la	 unión	 de	 CTCF	 y	 en	 consecuencia	
favorece	la	incorporación	de	marcas	de	histona	represiva	en	el	exon1A	de	BCL6.		

	
En	 resumen,	 este	 trabajo	 aporta	 nuevos	 conocimientos	 sobre	 la	 regulación	 epigenética	 de	

BCL6,	 oncogen	 presente	 en	 linfomas	 de	 células	 B.	 Los	modelos	 sobre	 la	 regulación	 de	BCL6	 	 en	
linfomas	se	resumen	en	las	Figuras	5.1	y	5.2.		
	
	
8.4.	Conclusiones	
	

1. CTCF	se	une	 in	vitro	e	 in	vivo	al	sitio	de	unión	predicho	en	 la	region	reguladora	del	exon1A	de	
BCL6.	La	unión	de	CTCF	se	asocial	con	altos	niveles	de	BCL6.	

2. Mutaciones	en	los	ZFs	de	CTCF	no	son	responsables	de	la	unión	diferencial	de	CTCF	a	el	sitio	en	
el	exon1A	de	BCL6.		

3. La	reducción	de	CTCF	reduce	la	expresión	de	BCL6	y	desencadena	el	programa	de	diferenciación	
de	célula	B	hacia	célula	plasmática.		

4. La	 unión	 de	 CTCF	 es	 necesaria	 para	 mantener	 la	 expresión	 de	 BCL6	 en	 células	 del	 centro	
germinal	bloqueando	el	mecanismo	de	autoregulación	negativa	de	BCL6.	

5. La	 unión	 de	 CTCF	 al	 exon1A	 de	 BCL6	 está	 asociada	 a	 la	 presencia	 de	 histonas	 marcas	 de	
cromatina	 activa	 y	 con	 la	 protección	 frente	 a	 la	 incorporación	 de	 marcas	 de	 histona	 de	
cromatina	represiva.		

6. La	diferencia	en	 la	 sensibilidad	de	 las	células	de	 linfoma	B	en	presencia	de	 romidepsina	 tiene	
correlación	 con	 la	 inducción	 de	 apoptosis	 y	 los	 niveles	 de	 expresión	 de	 las	 proteínas	 de	 la	
familia	BCL2.	

7. La	 romidepsina	 induce	 para	 en	 el	 ciclo	 celular	 junto	 con	 la	 expresión	 de	 p21	 y/	 p27	 con	
independencia	del	origen	de	la	línea	celular	o	la	expresión	de	BCL6.		

8. La	bajada	de	BCL6	debido	a	la	romidepsina	se	produce	junto	con	el	incremento	de	la	expresión	
de	PRDM1	y	marcadores	del	programa	de	célula	plasmática.		

9. La	 romidepsina	 induce	 la	 acetilación	 de	 la	 proteína	 BCL6	 e	 interfiere	 en	 el	 mecanismo	 de	
autoregulación	negativa	de	BCL6.		

10. La	unión	de	CTCF	al	exon1A	de	BCL6	disminuye	en	presencia	de	romidepsina,	 favoreciendo	 la	
incorporación	histonas	marcas	de	cromatina	represiva.		
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ORIGINAL ARTICLE

Novel CTCF binding at a site in exon1A of BCL6 is associated
with active histone marks and a transcriptionally active locus
A Batlle-López1,2, MG Cortiguera1,2, M Rosa-Garrido1,4, R Blanco1, E del Cerro2, V Torrano1,5, SD Wagner3 and MD Delgado1

BCL6 is a zinc-finger transcriptional repressor, which is highly expressed in germinal centre B-cells and is essential for germinal
centre formation and T-dependent antibody responses. Constitutive BCL6 expression is sufficient to produce lymphomas in mice.
Deregulated expression of BCL6 due to chromosomal rearrangements, mutations of a negative autoregulatory site in the BCL6
promoter region and aberrant post-translational modifications have been detected in a number of human lymphomas. Tight
lineage and temporal regulation of BCL6 is, therefore, required for normal immunity, and abnormal regulation occurs in
lymphomas. CCCTC-binding factor (CTCF) is a multi-functional chromatin regulator, which has recently been shown to bind in a
methylation-sensitive manner to sites within the BCL6 first intron. We demonstrate a novel CTCF-binding site in BCL6 exon1A within
a potential CpG island, which is unmethylated both in cell lines and in primary lymphoma samples. CTCF binding, which was found
in BCL6-expressing cell lines, correlated with the presence of histone variant H2A.Z and active histone marks, suggesting that CTCF
induces chromatin modification at a transcriptionally active BCL6 locus. CTCF binding to exon1A was required to maintain BCL6
expression in germinal centre cells by avoiding BCL6-negative autoregulation. Silencing of CTCF in BCL6-expressing cells reduced
BCL6 mRNA and protein expression, which is sufficient to induce B-cell terminal differentiation toward plasma cells. Moreover, lack
of CTCF binding to exon1A shifts the BCL6 local chromatin from an active to a repressive state. This work demonstrates that, in
contexts in which BCL6 is expressed, CTCF binding to BCL6 exon1A associates with epigenetic modifications indicative of
transcriptionally open chromatin.

Oncogene (2015) 34, 246–256; doi:10.1038/onc.2013.535; published online 23 December 2013
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INTRODUCTION
BCL6 is a transcriptional repressor, which has important roles in
normal B-cell development and in lymphomas. BCL6 is required
for germinal centre formation and T-dependent antibody
responses1 (reviewed in Basso and Dalla-Favera2) and must be
downregulated for terminal differentiation to plasma cells to
occur.3,4 BCL6, widely considered as a master regulator of the
germinal centre reaction, inhibits genes involved in DNA damage
(TP53 and ATR), cell cycle (CCND2, CDKN1B and CDKN1A), B-cell
activation (NFKB1, CD80 and CD69) and plasma cell differentiation
(BLIMP1).5 BCL6 deregulation due to translocations occurs in a
variety of B-cell lymphomas (reviewed in Wagner et al.6) and BCL6
overexpression induces lymphomas, similar to human diffuse
large B-cell lymphoma, in mice.7 Normal BCL6 expression is tightly
controlled through well-described transcriptional8–11 and post-
translational12–14 mechanisms. In our previous studies, a short
region on the BCL6 first non-coding exon1A was associated
with high-level transcriptional activity in reporter assays.15,16

Bioinformatic analysis of that region showed high transcription
factor-binding site density, including a putative binding site for
the CCCTC-binding factor (CTCF). CTCF was recently shown to
bind unmethylated CpG islands within BCL6 intron 1 in a plasma

cell line that does not express BCL6.17 However, in a BCL6-
expressing Burkitt’s lymphoma cell line there was less CTCF
binding at these intronic sites associated with increased
methylation.17 The aim of the present study was to analyse the
novel CTCF-binding site found in a CpG island in BCL6 exon1A and
its possible biologic and mechanistic roles in BCL6 regulation in
either BCL6-expressing or non-expressing cell lines and in primary
cells from patients with different lymphoid neoplasms.

CTCF is a multifunctional regulator that has key roles in
inducing and supporting chromatin interactions. CTCF activities
include transcriptional repression or activation, chromatin insula-
tion, regulation of genomic imprinting and epigenetic regulation
of a number of target genes (for reviews, see Ohlsson et al.18 and
Phillips and Corces19). CTCF contains a DNA-binding domain
composed of 11 zinc-fingers able to bind many different
sequences. Genome-wide analysis identifies about 40 000 CTCF-
binding sites depending on the cell type analysed20,21 and
additional studies reveal consensus motifs for CTCF-binding sites
in different organisms.18 In the ENCODE project, the genome-wide
binding location and occupancy of CTCF has recently been refined
by several groups.22,23 The most studied CTCF property is its ability
to bind insulator sequences,24 controlling the boundaries between

1Instituto de Biomedicina y Biotecnologı́a de Cantabria (IBBTEC) and Departamento de Biologı́a Molecular, Universidad de Cantabria, CSIC, SODERCAN, Santander, Spain; 2Servicio
de Hematologı́a, Hospital U. Marqués de Valdecilla, and IFIMAV-FMV, Santander, Spain and 3Department of Cancer Studies and Molecular Medicine and MRC Toxicology Unit,
University of Leicester, Leicester, UK. Correspondence: Dr SD Wagner, Department of Cancer Studies and Molecular Medicine and MRC Toxicology Unit, University of Leicester,
Lancaster Road, Leicester LE19HN, UK or Professor MD Delgado, Instituto de Biomedicina y Biotecnologı́a de Cantabria (IBBTEC) and Department of Molecular Biology, University
of Cantabria, C/Albert Einstein 22, PCTCAN, 39011 Santander, Cantabria, Spain.
E-mail: sw227@leicester.ac.uk or delgadmd@unican.es
4Current address: Department of Anesthesiology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA.
5Current address: Proteomics Unit, CIC bioGUNE, Bizkaia Technology Park, 801 Building, 48160 Derio, Spain.
Received 8 April 2013; revised 1 October 2013; accepted 1 November 2013; published online 23 December 2013

Oncogene (2015) 34, 246–256
& 2015 Macmillan Publishers Limited All rights reserved 0950-9232/15

www.nature.com/onc

http://www.nature.com/onc/journal/v34/n2/abs/onc2013535a.html

http://dx.doi.org/10.1038/onc.2013.535
mailto:sw227@leicester.ac.uk
mailto:delgadmd@unican.es
http://www.nature.com/onc


silent heterochromatin and active euchromatin.25,26 CTCF has an
essential role in the global chromatin structure organization
through the facilitation of long-range interactions and chromatin
looping.19,24 More than 20 CTCF partners have been identified so
far, including cohesin proteins,27,28 chromatin constituents as the
histone variant H2A.Z,29 transcription factors such as UBF30 and
others (reviewed in Ohlsson et al.18). CTCF is involved in different
aspects of epigenetic regulation31 and regulates genes involved in
cancer, such as MYC,32 RB,33 p53,34 p1635 or hTERT,36 frequently
through epigenetic mechanisms.31 For instance, CTCF binds
unmethylated DNA and blocks the spreading of the CpG
methylation front on the RB promoter.33

Here, we report a novel CTCF-binding site occurring in a CpG
island in BCL6 exon1A that is methylated neither in BCL6-
expressing or non-expressing cell lines nor in primary cells from
patients with different lymphoid neoplasms. In vivo binding of
CTCF at BCL6 exon1A occurs in association with active histone
marks and CTCF protects against repressive marks in a tran-
scriptionally active locus. Moreover, our results suggest that CTCF
binding to exon1A is required to maintain BCL6 expression in

germinal centre cells by avoiding BCL6-negative autoregulation.
Indeed, CTCF silencing on those cells leads to BCL6 down-
regulation that is sufficient to induce markers of plasma cell
differentiation.

RESULTS
CTCF binds in vitro and in vivo to BCL6 exon1A
A relatively short region on the BCL6 first non-coding exon1A,
from þ 1 to þ 533 (relative to the transcription start site37), was
associated with high-level transcriptional activity in reporter
assays.15,16 In order to determine potential CTCF-binding sites
we utilised a database that was constructed using genome-wide
experimental methods.38 A CTCF-binding site at BCL6 exon1A was
predicted with high scores (Figure 1a) and this was confirmed by
the recently updated database (http://insulatordb.uthsc.edu/).39

In order to investigate CTCF binding at BCL6 exon1A,
electrophoretic mobility shift assays (EMSA) were carried out. A
198-bp probe containing the CTCF-binding site at BCL6 exon1A

Figure 1. CTCF binds in vitro to a predicted site at the BCL6 exon1A regulatory region. (a) Scheme of a BCL6 gene region spanning from the
� 2960 toþ 4970 bp. The transcription start site is indicted as þ 1.37 Seven amplicons used for ChIP analysis are indicated. Amplicons (6) and
(7) correspond to the intronic CTCF-binding sites previously identified.17 Amplicon (5) corresponds to a novel CTCF-binding site on BCL6
exon1A predicted by the four motifs of the ‘CTCF-binding site database’38 with high score (average: 12.75). The BCL6 exon1A sequence shows
the CTCF-binding site, BCL6 autoregulatory-binding sites (BCL6-BSE1A and BCL6-BSE1B)8 and the primers used for the EMSA (underlined).
CpG di-nucleotides are indicated in bold. (b) EMSA to analyze in vitro binding of CTCF to BCL6 exon1A. Probes were 32P labelled PCR
fragments of MYC-N, a known CTCF-binding site used as positive control (left panel) and of BCL6 exon1A (right panel) (primer sequences
shown in Supplementary Table S2). Nuclear extracts were obtained from mock transfected 293T cells or from 293T transfected either with
pEGFP-CTCF full length (293T-CTCF) or pEGFP-CTCF-N-terminal (293T-CTCF-Nt) expression vectors. CTCF was overexpressed to increase the
levels of the protein in the extracts to better distinguish between the CTCF-DNA complexes and the unspecific bands. The CTCF shifted bands
are shown by an arrow. For supershift experiments, an anti-CTCF monoclonal antibody was added (asterisk, supershifted band). The specificity
of the supershift was assessed with an anti-actin antibody.
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was generated by PCR amplification and incubated with nuclear
extracts from HEK293T cells transfected with CTCF expression
vectors. Extracts from CTCF-transfected cells showed stronger
binding to the BCL6 probe compared with extracts from mock-
transfected cells or cells transfected with a CTCF N-terminal
domain expression vector (Figure 1b, lanes 1–3). The binding
specificity was demonstrated by incubating the nuclear extracts
with a specific anti-CTCF antibody. A supershifted band was
observed (asterisk in Figure 1b, lane 4), while no supershift was
found with an anti-actin antibody (Figure 1b, lane 5). The known
MYC-N site was used as positive control for CTCF binding
(Figure 1b, left panel). To further delimitate the CTCF-binding
site, an EMSA using a double-stranded oligonucleotide of 80 nt
containing the ‘core’ 20 nt sequence predicted by the CTCFBS
database was performed, showing specific CTCF binding
(Supplementary Figure S1). Therefore, CTCF interacts in vitro with
the predicted binding site at the BCL6 exon1A.

Chromatin immunoprecipitation (ChIP) experiments were
employed to investigate the in vivo occupancy of the BCL6
exon1A site by CTCF. In all the experiments, CTCF binding to the
H42.1 site in the rDNA repeats30 was used as positive control,
while the MYC-H.1 site was used as negative control (Figure 2a).
ChIP assays using two different anti-CTCF antibodies showed CTCF
occupancy of the BCL6 exon1A site in Ramos, a Burkitt’s
lymphoma-derived cell line, extensively used as a cell model
system for the germinal centre (see details of the cell lines in
Supplementary Table S1). The variant histone H2A.Z has been
reported to be a CTCF partner29 and to colocalize with CTCF in
genome-wide studies.25 We therefore asked whether H2A.Z was
detected in the BCL6 regulatory region. ChIP analysis revealed
specific accumulation of H2A.Z at the CTCF-binding site of BCL6
exon1A (Figure 2b). The analysis of different regions of the BCL6
gene (amplicons indicated in Figure 1a) demonstrated high CTCF
enrichment, with the primers covering the predicted CTCF binding
in exon1A in Ramos cells (Figure 2c).

We next studied whether CTCF occupancy was modified in
lymphoma cell lines with different levels of BCL6 expression (see
the western blot in Supplementary Figure S2a). We compared CTCF
in vivo binding in Ramos (a germinal centre cell line expressing
high levels of BCL6), MutuIII (also a germinal centre cell line but
that does not express BCL6) and K562 (a BCL6-negative myeloid
cell line). ChIP analysis revealed CTCF occupancy of the BCL6
exon1A site in Ramos but not in MutuIII or K562 cells (Figure 2d).
High CTCF occupancy was observed in myeloid K562 cells at BCL6
intronic CTCF-binding sites (amplicons 6 and 7), already described
by Lai et al.17 Interestingly, CTCF binding to exon1A was not
detected in BCL6 non-expressing cell lines (Supplementary Figures
S1a and b), indicating that CTCF is preferentially bound to exon1A
when BCL6 is highly expressed. This finding suggests that CTCF
binding at the exon1A site and not to the intronic sites is
functionally important in germinal centre cells.

CTCF knockdown reduces BCL6 expression in germinal centre
B cells and induces markers of plasma cell differentiation
To determine the CTCF regulatory effect on BCL6 expression, we
knocked down CTCF in two different BCL6-expressing germinal
centre lymphoma cells. Silencing of CTCF mRNA in DG75 was
achieved 48 h after transfection with the pRetroSuper vector
(pRS)-CTCF vector and this effect was maintained until, at least,
96 h (Figure 3a). CTCF knockdown caused downregulation of both
BCL6 mRNA (Figure 3a) and protein (Figure 3b) expression. Similar
results were obtained upon viral infection of Ramos cells, that is,
CTCF silencing was accompanied by reduced BCL6 mRNA and
protein expression (Figures 3c and d). BCL6 expression has been
induced by silencing of CTCF in BCL6-negative plasma cells,17 but
no induction was observed in BCL6-negative K562 myeloid cells
(Figures 3e and f).

For a B-cell to exit the germinal centre, BCL6 expression is
downregulated, leading to changes in BCL6 target gene expres-
sion. In our model, when BCL6 expression was downregulated
through CTCF inhibition, expression of two BCL6 target genes,
CCND2 and BLIMP1, was significantly increased (Figure 3g). IRF4, a
marker for plasma cell differentiation, was also upregulated
(Figure 3g). Thus, our results indicate that CTCF is required to
maintain BCL6 expression in germinal centre cells and its
downregulation is sufficient to induce B-cell terminal differentia-
tion toward plasma cells.

CTCF counteracted the negative autoregulation of BCL6 at exon1A
To determine whether CTCF had any effect on transcriptional
activity at the BCL6 promoter, luciferase assays were carried out.
A pGL3 reporter construct containing a BCL6 proximal promoter
fragment including the exon1A region was co-transfected with
two different CTCF expression vectors in DG75 lymphoma cells.
Enforced expression of CTCF led to a reproducible increase in
BCL6 reporter activity (Figure 4a). This effect required the full-
length CTCF protein, as co-transfections with individual CTCF
domains (zinc-finger or C-terminal domains) had no significant
effect on the reporter gene activity (Figure 4a). Altogether, our
results suggest that, in BCL6-expressing germinal centre cells,
CTCF binding to the exon1A might be involved in the transcrip-
tional upregulation of BCL6.

BCL6 bound to high-affinity sites in exon1A (see Figure 1a) is
known to repress its own transcription.8,9,40 The location of the
exon1A CTCF site suggests that it may be important in regulating
BCL6, and speculatively CTCF binding might be required to
prevent BCL6 negative autoregulation. To address this hypothesis
we performed luciferase reporter assays in the BCL6-non-
expressing HEK293T cell line, examining a BCL6 promoter region
that contains both the CTCF and the BCL6 autoregulatory sites
(Figure 4b). That region showed a high transcriptional activity in
basal conditions, and this activity was progressively reduced upon
transfection with increasing doses of a BCL6-expressing vector.
Notably, the negative effect by BCL6 was significantly counter-
acted by cotransfection with CTCF in a dose-dependent manner
(Figure 4b). Taken together, these data suggest that CTCF binding
to its exon1A site may be essential for protecting BCL6 from its
own autorepression in germinal centre cells.

CTCF binding to BCL6 exon1A is methylation-insensitive
CTCF regulation of its target genes frequently involves epigenetic
mechanisms, including DNA methylation.31 To address whether
CTCF binding to BCL6 exon1A was methylation-sensitive,
EMSAs were performed using probes that were unmethylated or
fully methylated (Figure 5a). Band-shift results using either control
or methylated probes were very similar, indicating that probe
methylation does not alter CTCF binding (Figure 5b, lanes 2 and 8).
Therefore, CTCF showed in vitro methylation-insensitive binding to
the BCL6 exon1A site.

We speculated that CTCF might be regulating methylation at
the BCL6 locus by controlling and impeding methylation
progression, as it has been previously shown for other
genes.33,34,36 We therefore determined possible CpG islands in
20 kb of the BCL6 regulatory region using Methyl Primer Express
software. The BCL6 exon1A region containing the CTCF-binding
site was located within a predicted CpG island (see the sequence
in Figure 1a). In order to find out if there was variation in
methylation of this CpG island correlating with BCL6 expression in
different cell lines and primary cells, we used bisulfite genomic
sequencing to investigate the methylation status of the CpG
dinucleotides located near the ‘core’ CTCF-binding site (see the
scheme in Figure 5c). Control for the bisulfite transformation assay
and the ability to detect methylated DNA was performed
(Supplementary Figure S4). In all the cell lines evaluated, the
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CpG dinucleotides were unmethylated (Figure 5c). To further
investigate the methylation status of that region, bisulfite-treated
genomic DNA from seven patients with a variety of B neoplasms
were PCR amplified, cloned and sequenced. Neither of them
showed methylation of any of the CpG dinucleotides (Figure 5c).
Finally, no cytosine methylation was observed around the
CTCF-binding site after effectively silencing CTCF in DG75 cells
(data not shown). Collectively, these results indicate that

differential methylation of the BCL6 exon1 regulatory region,
including the CTCF-binding site, is not associated with the BCL6
expression regulation.

CTCF binding associates with active histone marks and protects
BCL6 exon1A against repressive marks
Post-translational modifications of histones modify the access-
ibility of chromatin, contributing to the recruitment of different

Figure 2. CTCF interacts in vivo with BCL6 exon1A regulatory region. (a) ChIP assays to analyse CTCF in vivo binding to BCL6 exon1A. Chromatin
from Ramos lymphoma cells was immunoprecipitated with two different anti-CTCF antibodies, a rabbit polyclonal antibody (aCTCF-Ab1) and a
mixture of nine monoclonal antibodies (aCTCF-Ab2),59 and subjected to quantitative PCR for the CTCF-binding site within BCL6 exon1A.
The H42.1 rDNA CTCF-binding site and the MYC-H.1 were used as positive and negative controls, respectively.30 The fold enrichment
for a particular target sequence was determined by calculating the ratio of the amount of the target sequence in the immunoprecipitation over
the amount of the target sequence in the input DNA, using the following formula: 2(CT Input�CT immunoprecipitated sample), where CT is the number
of cycles needed to raise the threshold. Each value was normalized with respect to the control (no-antibody). Right panels show typical PCR
products after the ChIP analysis. (b) ChIP to analyse enrichment of histone variant H2A.Z at BCL6 exon1A in Ramos cells. (c) ChIP assays
performed in Ramos cells as indicated in (a), to analyze in vivo binding of CTCF to the BCL6 regulatory region spanning from the � 2960 to
þ 4970bp. The location of amplicons (1)� (7) is shown in the scheme of Figure 1a. (d) ChIP examining the relative CTCF fold enrichment at the
indicated amplicons. Chromatin from Ramos (high BCL6 expression), MutuIII and K562 cells (undetectable BCL6 expression) was
immunoprecipitated with anti CTCF-Ab1 polyclonal antibody.
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protein complexes regulating transcription.41,42 Given that CTCF
may regulate the local epigenetic state of chromatin through
mechanisms involving histone modifications,30,34 we analyzed
the presence of modified histones at exon1A in the BCL6-positive
cell line, Ramos, and in the BCL6 non-expressing cell line,
MutuIII (Figure 6a). Ramos cells showed a high enrichment of
active chromatin marks, including histone H3 acetylation (H3Ac)
and histone H3 lysine 4 dimethylation (H3K4me2). On the
contrary, MutuIII cells showed less enrichment of active histone
marks. ChIP experiments for repressive histone marks revealed
lower H3K27me3 and especially H3K9me3 relative enrichment
in Ramos compared to MutuIII cells (Figure 6a) (Histone

marks normalization is shown in Supplementary Figure S5).
CTCF binding, therefore, appears to associate with active marks
in BCL6-expressing cells.

Finally, we investigated the effect of CTCF silencing on the local
chromatin structure at the BCL6 exon1A. Ramos cells were
infected with retrovirus prepared from pRS (control) and pRS-
CTCF and ChIP assays for CTCF and modified histones were
performed. As expected, a strong decrease of CTCF binding to
BCL6 exon1A was found upon CTCF silencing (Figure 6b, left
panel). A modest reduction in active marks (not shown) together
with a strong enrichment of H3K9me3 and H3K27me3 repressive
histones (Figure 6b, middle and right panels) was observed at the

Figure 3. Silencing of CTCF decreased BCL6 expression and induced plasma cell markers. (a) RT–qPCR showing silencing of CTCF and
decreased BCL6 mRNA expression. DG75 cells were nucleofected with a short hairpin RNA vector for CTCF (pRS-CTCF) or the empty vector
(pRS). CTCF (left panel) and BCL6 (right panel) relative mRNA expression were analyzed at the indicated times after transfection. (b) Western
blot showing CTCF and BCL6 protein expression in DG75 cells nucleofected as above. Actin was used as loading control. (c, d) Similar results
were obtained in Ramos cells infected with pRS or pRS-CTCF retroviruses. CTCF and BCL6 expression were analysed by RT–qPCR (c) and
western blot (d). (e) RT–qPCR showing silencing of CTCF and undetectable BCL6 mRNA expression in myeloid K562 cells. Positive control,
Ramos cells. (f ) Western blot showing CTCF and BCL6 protein expression on K562 cells nucleofected as in (a). Arrow indicates BCL6 protein as
shown by the BCL6-positive control (Ramos cell lysate). The upper band (asterisk) in the K562 panel is a non-specific band. Actin was used as
loading control. (g) RT–qPCR showing silencing of CTCF and upregulation of CCND2 (left panel), BLIMP1 (middle panel) and IRF4 (right panel)
mRNA expression. DG75 cells were nucleofected with a short hairpin RNA vector for CTCF (pRS-CTCF) or the empty vector (pRS) and relative
mRNA expression was analysed as in (a).
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BCL6 exon1A regulatory region in Ramos cells lacking CTCF.
Altogether, these results indicate that CTCF binding at BCL6
exon1A is associated with a transcriptionally active locus and
protects the BCL6 regulatory region against repressive histone
marks.

DISCUSSION
BCL6 is highly regulated during B-cell differentiation such
that naive B-cells and terminally differentiated plasma cells
do not express the protein while germinal centre B-cells express
large amounts.43 Repression of BCL6 is required for germinal
centre exit once a high-affinity antibody has been created and is
essential for normal immunity. However, the mechanism by which
the BCL6 locus is opened for transcription is not known but, by
analogy with other loci, it may be that epigenetic marks are
required prior to the recruitment of transcription factor
complexes.44,45

In this report, we analyse the BCL6 regulation by CTCF. We
describe four novel findings: (i) CTCF binds to a previously

undescribed site in BCL6 exon1A, associated with high level of
BCL6 expression, (ii) silencing of CTCF is correlated with reduction
of BCL6 expression in germinal centre B-cells and induction of
BLIMP1 and other plasma cell markers, (iii) CTCF counteracted the
negative autoregulation of BCL6 at exon1A, (iv) CTCF binding to
BCL6 exon1A is not DNA methylation-sensitive, but is associated
with presence of active histone marks and protection against
repressive marks.

The ‘CTCF-binding sites database’ constructed from CTCF-
binding sites identified by genome-wide screens has been widely
used to estimate the probability of CTCF binding to putative
sites.38,39 Using this tool we identified a new CTCF-binding site in
BCL6 exon1A. ENCODE ChIP-seq data confirmed the CTCF-binding
site within BCL6 exon1A, together with H2A.Z and the cohesin
subunit Rad21, in lymphoblastoid cells but not in myeloid K562
cells (Supplementary Figure S6).

The BCL6 exon1A CTCF site is close (250 bp) downstream of
the major transcription start site in a region that contains a
BCL6-negative autoregulatory region. CTCF binding to BCL6
exon1A was demonstrated in vitro and in vivo. CTCF binding to

Figure 4. Luciferase assays showing the effects of CTCF ectopic expression on BCL6 promoter activity. (a) DG75 cells were transiently
co-transfected with either pGL3 vector or with the BCL6(� 4.9/þ 0.5)-pGL3 reporter vector, together with the indicated CTCF expression
vectors. pRL-null vector was used to normalize for transfection efficiency. The data show the means±s.d. of three measurements in two
independent experiments. (b) HEK293T cells were transiently co-transfected with either pGL3 vector or with the BCL6(� 4.9/þ 0.5)-pGL3
reporter vector together with the indicated amounts of BCL6 and CTCF expression vectors. pRL-null vector was used to normalize for
transfection efficiency. The data show the means±s.d. of three measurements in two independent experiments. a.u., arbitrary units.

Epigenetic regulation of BCL6 by CTCF
A Batlle-López et al
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sequences within BCL6 intron 1 has been recently described in
plasma cells17 and the same was found in myeloid cells (this work).
In contrast with the CTCF binding to intronic sites in non-germinal
centre cells, CTCF is preferentially bound to exon1A in germinal

centre cells when BCL6 is highly expressed. This suggests that
CTCF might be involved in the transcriptional upregulation of
BCL6 by preventing BCL6-negative autoregulation. Supporting this
concept, CTCF silencing in two germinal centre BCL6-expressing
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cell lines led to a reproducible reduction in BCL6 mRNA and
protein expression. In addition, reporter assays performed in BCL6-
expressing cells and using the CTCF-binding site in exon1A
showed a consistent increase in transcriptional activity upon
transfection with CTCF expression vectors and counteracted the
negative autoregulation of BCL6. Lai et al.17 found that silencing of
CTCF in the BCL6 non-expressing plasma cell line NCI-H929
induced BCL6 expression together with specific markers of
germinal centre cells. However, this was not the case in myeloid
K562 cells, where BCL6 expression was not detected upon CTCF
silencing (this work). Moreover, a significant enrichment of CTCF at
the BCL6 first intron was observed in K562 cells, while MutuIII, a
BCL6 non-expressing germinal centre cell line, showed no
enrichment of CTCF at that region. Collectively our results and
those of Lai et al.17 suggest that CTCF binding to BCL6 intron 1 is
associated with repressed chromatin in non-BCL6-expressing
plasma cells, whereas at the CTCF exon1A-binding site that we
describe here there is association with open chromatin in BCL6-
expressing germinal centre-derived cell lines (Figure 7).

CTCF has been shown to be essential for the epigenetic
regulation of several genes.31 In many cases, CTCF binding to the
DNA was methylation sensitive.17,30,46–48 However, insensitivity
from DNA methylation has also been demonstrated.47,49,50 Recent
genome-wide occupancy studies indicate that 41% of variable
CTCF binding was correlated with differential DNA methylation.22

Our EMSA analysis using in vitro methylated probes clearly
showed that CTCF binding to the BCL6 exon1A is not sensitive
to methylation, despite being at a CpG island. Moreover, no
methylation was observed at that region in lymphoma cell lines
from different origin and in patient samples having different levels
of BCL6 expression, in agreement with previous studies in other
cells and tissues (see Ramachandrareddy et al.51 and references
therein). This result was not completely unexpected, as islands
found in the control regions of tissue-specific genes are not
usually regulated through DNA methylation but by covalent
histone modifications.52

We analysed the presence of active and repressive histone
marks at the BCL6 exon1A region in different lymphoma cells. Our
ChIP assays showed that the enrichment of H3K4me2 and of H3Ac
observed in the BCL6-expressing germinal centre cell lines was
higher than in cells which do not express BCL6. Along with these
active chromatin marks, we found a notable enrichment of CTCF
in Ramos, together with the variant histone H2A.Z. We therefore
hypothesized that CTCF might be responsible for protecting the
BCL6 exon1A regulatory region against repressive histone
modifications. Such a mechanism has been recently described
for the CTCF regulation of the p53 promoter.34 In addition, a
similar mechanism related to the loss of repressive histone
modifications has also been proposed for the activation of the
cancer-promoting gene CLDN3 in ovarian cancer.53 Indeed, ChIP
assays performed in a germinal centre BCL6-expressing cell line
after silencing CTCF showed a reduction of active histone marks
together with strong increase of repressive histone marks.
Speculatively, dismissal of CTCF from its exon1A-binding site

may be one of the early events switching off the BCL6 locus and
allowing assembly of the repressive complex. Our data are in
agreement with the model proposed by Ramachandrareddy
et al.,51 which has shown a significant enrichment of H3K4me2
and of H3Ac in germinal centre B-cells at the BCL6 promoter

Figure 6. Presence of histone marks at BCL6 exon1A and effects of
CTCF silencing on the local chromatin structure. (a) ChIP assay to
analyse the relative enrichment of active (H3Ac, H3K4me2) and
repressive (H3K9me3 and H3K27me3) histone marks at the BCL6
exon1A. Chromatin was prepared from Ramos and MutuIII
lymphoma cells. Bottom panel shows typical PCR products after
the ChIP analysis. Histone open chromatin marks were normalized
against genomic sites enriched in repressive histone marks and vice
versa (see Supplementary Figure S5). (b) CTCF knockdown induced
incorporation of repressive histone marks within BCL6 exon1A
region. ChIP assays were performed in Ramos cells infected with pRS
or pRS-CTCF retrovirus. Chromatin was immunoprecipitated with
the indicated antibodies. Bottom panel shows typical PCR products
after the ChIP analysis.

Figure 5. CTCF binds BCL6 exon1A in a methylation-insensitive manner. (a) Assessment of complete methylation of the SssI-treated probe.
Probes were 32P-labelled PCR fragments of BCL6 exon1A. Control and SssI-treated methylated probes were uncut or digested with the
indicated restriction enzymes and run on an 8% polyacrilamide gel. (b) EMSA experiment using control and methylated BCL6 exon1A probes
as indicated. Nuclear extracts were obtained from 293T cells mock transfected or transfected with the expression vector pEGFP-CTCF (293T-
CTCF). The CTCF shifted bands are shown by an arrow. Unlabelled (cold) probe was used as a competitor. For supershift experiments (asterisk,
supershifted band) an anti-CTCF monoclonal antibody was added. The specificity of the supershift was assessed with an anti-actin antibody.
(c) Methylation status of BCL6 exon1A regulatory region. A scheme of BCL6 gene including the CTCF-binding site on the exon1A is shown.
DNA methylation status was investigated by sequencing of bisulfite-modified genomic DNA of three cell lines with undetectable expression of
BCL6 protein (K562, MutuIII and Toledo), of three BCL6-expressing cell lines (Ly03, Ramos and DG75) and of several patients with different
types of lymphomas: two diffuse large B-cell lymphoma patients (DLBCL), two follicular lymphoma (FL), one mantle lymphoma (ML), one
Burkitt lymphoma (BL) and one acute lymphoblastic leukemia (ALL). Unmethylated CpG dinucleotides are indicated as open circles. Between
five to ten independent clones were sequenced. Positive control for the bisulfite transformation assay and the ability to detect methylation
was carried out (Supplementary Figure S4).
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region but not in non-germinal centre B-cells and has suggested
that regulation of BCL6 might depend on long-distance
interactions of the promoter with upstream regions, and that
these interactions might depend on CTCF binding.51

Our results suggest that the BCL6 exon1A CTCF site regulates
BCL6 expression through a mechanism that is different from that
mediated by the intronic sites. It is therefore tempting to
speculate that BCL6 expression might depend on the stage-
specific CTCF recruitment to the different BCL6-binding sites
during B lymphocyte development (Figure 7). CTCF binding to
exon1A appears to be required to maintain BCL6 expression by
protecting BCL6 exon1A from BCL6 auto-repression in germinal
centre cells. On the contrary, CTCF binding to the intronic region is
more likely to be necessary to prevent BCL6 expression in non-
germinal centre cells. Future research will be directed to clarify
such mechanisms, given the essential role of BCL6 regulation in
lymphomagenesis.

MATERIALS AND METHODS
Cell culture, transfections and viral infections
Ramos, DG75, MutuIII and Raji cells (from Burkitt’s lymphoma), Toledo and
Ly03 cells (from diffuse large B-cell lymphoma), Bjab (B- lymphoblastoid

cell line) and K562 cells (from chronic myeloid leukemia) were grown
under standard conditions (see Supplementary Table S1). FISH analysis
ruled out BCL6 rearrangements in the studied cell lines (Supplementary
Figure S3).

DG75 and K562 cells were transfected using a nucleofector (Amaxa,
Cologne, Germany) with 2–10mg of expression vectors and 0.5mg of a
green fluorescent protein vector (pmaxGFP, Amaxa) to assess transfection
efficiency. HEK293T cells were transfected with 5 mg of pEGFP-CTCF-full
length, pEGFP-CTCF-Nt or pCDNA-CTCF expression vectors using jetPEI
(Genycell Biotech, Granada, Spain). Cells were harvested 48 h after
transfection and nuclear extracts were used for EMSA analysis. For CTCF
silencing, pRS-CTCF retroviral vector was constructed by inserting the
siRNA sequence described in Ishihara et al.54 into the pRS.55 Viral stocks
were generated essentially as described.55 Lymphoma-derived cells were
either nucleofected or transduced with pRS and pRS-CTCF and harvested
48–96 h after infection. CTCF expression was analyzed by RT-qPCR and
western blot.

Purification of primary lymphoma cells
Lymph nodes biopsies of patients with lymphomas were provided by the
Haematology Department of the Hospital Universitario Marqués de
Valdecilla with informed consent and approval from the local ethics
committee (CEIC, 13/2011) granted by the Ethics Committee on Clinical
Research of Cantabria, Spain. Single-cell suspensions from the lymph node

Figure 7. Model for BCL6 regulation by CTCF. BCL6 is required to differentiate follicular B cells into germinal centre B cells and to maintain
these cells in this state. In order to allow sustained BCL6 expression in those cells, inhibition of BCL6 exon 1 negative autoregulatory circuit is
accomplished by CTCF binding to exon1A (this work). In contrast, methylation of BCL6 intron 1 avoids CTCF occupancy at that region in
germinal centre cells, allowing BCL6 transcription.17 Once B-cells have completed the high affinity maturation process, they can differentiate
into plasmatic cells. For this to happen, CTCF is released from exon1A site, allowing BCL6 negative autoregulatory circuit to function. Also,
demethylation of BCL6 intron 1 leads to CTCF binding to intron 1, which has been shown to repress BCL6 transcription. Binding of BCL6 to its
negative autoregulatory sites and absence of CTCF occupancy at exon1A lead to the recruitment of repressive histone marks like H3K9me3 or
H3K27me3 (this work), giving rise to chromatin condensation and inhibition of BCL6 expression. BCL6 downregulation induces upregulation
of BLIMP1 and IRF4, which are both required for plasma cell differentiation.
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were separated by the FACSAria (BD Biosciences, Bedford, MD, USA) using
the FCS/SSC parameters and one to three specific monoclonal antibodies
against surface markers specific of each type of lymphoid neoplasm using
standard protocols.

RNA analysis by reverse transcription and PCR (RTqPCR)
Total RNA was isolated by using the RNeasy kit (Qiagen, Dusseldorf,
Germany). For reverse transcription, first-strand cDNA was synthesized
from 2mg of total RNA by using SuperScript II RNase reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) with random primers. Quantitative PCR was
performed with a QuantiTect Sybr green PCR kit (Qiagen). The data of BCL6
and CTCF mRNA expression were normalized to ribosomal protein S14
mRNA levels (primers shown in Supplementary Table S2). Results were
analyzed by the comparative DDCt method and expressed as mean±-
s.e.m. of duplicate PCRs from at least two independent experiments.

Western blot analysis
Cells were lysed in RIPA lysis buffer and immunoblots were performed as
previously described.16 Antibodies used were: anti-CTCF monoclonal
antibody (612149) from BD Biosciences, and anti-BCL6 polyclonal
antibody (N-3; sc-858) and anti-actin (I-19; sc-1616) from Santa Cruz
Biotech (Santa Cruz, CA, USA). Blots were developed with secondary
antibodies conjugated to IRDye680 or IRDye800 (Li-Cor Biosciences, LiCor,
Lincoln, NE, USA) and visualized with an Odyssey infrared-imaging system
(Li-Cor Biosciences).

Luciferase reporter assays
The BCL6(� 4.9/þ 0.5)-pGL3 construct was generated by inserting a BCL6
regulatory region including the CTCF site into pGL3 basic, as previously
described.15 The pCDNA-BCL6 expression vector was generated by
subcloning the full-length BCL6 cDNA into the pcDNA3.1þ vector
(Invitrogen). Appropriate sequences and expression were verified by
sequencing and western blot. CTCF expression vectors used were: pCDNA-
CTCF56 and three different pEGFP-CTCF constructs (pEGFP-CTCF-full length,
pEGFP-CTCF-zinc finger, pEGFP-CTCF-C terminal).57

For luciferase assays in DG75 lymphoma cells, 4 mg of the pGL3 basic
vector (Promega) or equimolar concentrations of the BCL6(� 4.9/þ 0.5)-
pGL3 reporter vector were cotransfected together with 7 mg of the CTCF
expression vectors and 0.6mg of the pRL null vector (Promega) into
ten million DG75 cells by nucleofection. Luciferase assays in HEK293T were
performed essentially as described.8 Cells were transfected with jetPEI
using 0.1 pmol of reporter vectors (pGL3 basic or BCL6(� 4.9/þ 0.5)-pGL3)
and 0.1 pmol of pRL null, together with increasing amounts (0.01, 0.05, 0.1
and 0.5 pmol) of the pCDNA-BCL6 vector or were cotransfected with
0.05 pmol of pCDNA-BCL6 and increasing amounts (0.12, 0.24, 0.48 and
0.96 pmol) of the pCDNA-CTCF vector. The total amount of transfected
DNA was kept constant in each experiment by adding pCDNA vector.
Luciferase activities were measured 48 h after transfection using the Dual-
Glo Luciferase Reporter System (Promega, Madison, WI, USA) in a
Luminometer TD 20/20 Turner Designs. For each determination, luciferase
activity was calculated as the Firefly activity normalized by the Renilla
activity. Luciferase activity in arbitrary units was shown as the increase in
activation relative to the activity of the pGL3 vector alone (value one).

Electrophoretic mobility shift assay (EMSA)
A 198-bp radioactive labelled probe, including the CTCF-binding site at
BCL6 exon1A, was obtained by PCR from genomic DNA (primers shown in
Supplementary Table S2). In addition, a IRDye-labelled double-stranded
oligonucleotide of 80 nt (sequence shown in Supplementary Figure S1)
was used as a probe. Nuclear extracts were obtained from transfected
HEK293T cells and EMSAs were performed essentially as previously
described.30 For supershift experiments, 1 ml of anti-CTCF mouse
monoclonal (BD Biosciences) or anti-actin (used as non-specific antibody)
was added to the binding reaction before the labeled probe. For EMSA
with methylated probes, purified BCL6 fragments were methylated in vitro
using SssI CpG methyltransferase (New England Biolabs, Ipswich, WI, USA)
and S-adenosyl-L-methionine.30 Control and methylated probes were
digested with CpG methylation-sensitive enzymes to assess the level of
methylation.

Bisulfite genomic sequencing
DNA was obtained from lymphoma cell lines and samples from lymphoma
patients using the DNeasy Blood & Tissue Kit (Qiagen). Bisulfite conversion
was performed using the commercial kit EZ DNA Methylation-Gold Kit
(Zymo Research Corp, Irivine, CA, USA). BSP primers were designed using
the Methyl Primer Express software (Applied Biosystems, Carlsbad, CA,
USA) (Supplementary Table S2). Five microliters of the bisulfite modified
DNA was amplified using the Expand High Fidelity PCR System (Roche,
Basel, Switzerland). The PCR products were cloned into the pGEM-T easy
vector (Promega) and independent clones for each sample were
sequenced. For control of DNA methylation, Universal Methylated Human
DNA Standard was used (Zymo Research Corp).

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed using a modified version of the Upstate
Biotechnology protocol as described previously.58 Cells were fixed in
formaldehyde, lysed and sonicated using a Bioruptor UCD-200TM
(Diagenode, Liege, Belgium). ChIP was performed using Dynabeads-
protein G (Invitrogen) coupled to different antibodies: polyclonal anti-
CTCF-Ab-1 (07-729) from Millipore; anti-CTCF-Ab2, a mixture of nine
different monoclonal antibodies;59 anti-H3K9me3 (ab8898), anti-H3K4me2
(ab32356) and anti-H2A.Z (ab4174) from Abcam, Cambridge, UK; anti-
H3acetylated (06-599) and H3K27me3 (07-449) from Millipore, Billerica, MA,
USA. Real-time PCR of immunoprecipitated DNA was performed in
duplicate with equal amounts of specific antibody-immunoprecipitated
sample, control (beads) and input. Primers used for ChIP assays are shown
in Supplementary Table S2. The comparative cycle threshold approach was
used for the data analysis as described.48 The signals were normalized to
the inputs and the fold enrichment was calculated relative to the control
sample (no-antibody). The values are the mean±s.e.m. of two to
six independent experiments. Normalization of histone marks was based
on the ChIP-IT qPCR analysis kit (Active motif North America, Carlsbad, CA,
USA).
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The epigenetic regulator CTCF modulates BCL6 in lymphoma

Ana Batlle-López, María G. Cortiguera and M. Dolores Delgado

Despite the improvements in the diagnosis and in 
the approaches to treatment, aggressive lymphomas are 
still an important cause of morbidity and mortality. There 
is, therefore, considerable interest in understanding the 
mechanisms involved in the process of lymphomagenesis. 
Germinal centers are dynamic structures within the 
lymph nodes containing highly proliferating B-cells 
that are undergoing mutations, in order to produce high 
affinity maturation antibodies, and for these reasons are 
predisposed to the formation of malignancies. Indeed, a 
number of mature lymphoid neoplasms are generated in 
these structures. 

BCL6 is an important transcriptional repressor 
known to be the master regulator of the germinal center, 
required to differentiate follicular B cells into germinal 
center B cells and to maintain these cells in this state [1]. 
BCL6 is highly regulated during B cell differentiation 
such that naïve B-cells and terminally differentiated 
plasma cells do not express the protein whilst germinal 
centre B-cells expresses large amounts. BCL6 deregulated 
expression is sufficient to induce a lymphoproliferative 
disease similar to the human Diffuse large B-cell 

lymphoma in mice. Therefore, is of critical importance 
to understand how the expression of BCL6 is regulated. 
However, many aspects related to the mechanisms 
involved in the regulation of the gene in normal B-cells 
and in lymphomas derived from germinal center B-cell 
still remain unclear. Our recent study sheds light on the 
epigenetic regulation of BCL6 expression by the CTCF 
chromatin regulator [2].

CTCF is a highly conserved, ubiquitously expressed 
zinc finger protein. The functions described for CTCF 
include transcriptional activation or repression, insulator 
binding protein and global organization of chromatin, 
through the facilitation of long-range interactions and 
chromatin looping [3]. CTCF is involved in the regulation 
of various genes implicated in cancer, frequently through 
epigenetic mechanisms. Chromatin structure and 
modifications are considered nowadays critical aspects 
of gene expression regulation. The main epigenetic 
mechanisms are histone modifications as acetylation or 
methylation, and DNA methylation in CpG dinucleotides. 
Gene activation is related with unmethylated DNA near 
the gene promoters and with marks of active chromatin 

Editorial

Figure 1: Model for BCL6 regulation by CTCF. CTCF binding to exon1A, associated with active histone marks, impairs BCL6 
negative autoregulation allowing BCL6 expression in germinal center B cells. For differentiation into plasmatic cells, CTCF is released 
from exon1A site allowing BCL6 negative autoregulatory circuit to function. This leads to recruitment of repressive marks, chromatin 
condensation and inhibition of BCL6 expression. In turn, BCL6 downregulation allows BLIMP1 and IRF4 expression, both required for 
plasma cell differentiation. 
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such as histone acetylation or histone methylation in 
specific residues. These modifications confer an open 
chromatin structure at that locus. On the contrary, gene 
repression is related with specific repressive histone marks 
that recruit repressive complexes, giving rise to a close 
conformation of the chromatin and silencing of gene 
expression [4]. 

In our work we show that CTCF binds to a 
previously undescribed site in BCL6 exon1A [2]. Features 
that make CTCF binding to exon 1A a likely mechanism 
to induce BCL6 expression in germinal center cells are: 
i) CTCF binding to this site was associated with high
levels of BCL6 expression, while lack of CTCF binding
was correlated with reduction of BCL6 expression in
germinal center B-cells and induction of plasma cell
markers; ii) CTCF binding was required to maintain BCL6
expression in germinal center cells by avoiding the well-
known BCL6 negative autoregulation; iii) CTCF binding
to BCL6 exon1A was associated with presence of active
histone marks and protection against repressive marks.
These findings are summarized in the Figure 1. Notably,
CTCF has also been associated to negative regulation
of BCL6 expression upon binding to an unmethylated
intron 1 in plasma cells [5]. It is, therefore, tempting to
speculate that BCL6 expression might depend on the
stage-specific CTCF recruitment to the different BCL6
binding sites during B lymphocyte development. CTCF
binding to exon1A appears to be required to maintain
BCL6 expression by protecting BCL6 exon1A from BCL6
auto-repression in germinal center cells. On the contrary,
CTCF binding to the intronic region is more likely to be
necessary to prevent BCL6 expression in non-germinal
center cells and allow differentiation.

BCL6 is an attractive target for therapy and indeed 
different specific BCL6 inhibitors are currently under 

investigation. Treatments with drugs that modify the 
chromatin have enormous potential for cancer therapy 
[4]. Epigenetic modulation of BCL6 expression might 
be effective in germinal center derived lymphomas. 
Preliminary results performed in our laboratory showed 
that treatment of germinal center derived B cell lines 
with histone deacetylase inhibitors downregulated BCL6 
expression, caused plasma cell differentiation and induced 
cell death. The possible role of CTCF in this process is 
currently under study. 
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Abstract: MYC is a transcription factor that is involved in the expression of many genes. 

Deregulated MYC is found in about half of human tumors, being more prevalent in hematologi-

cal neoplasms. Deregulation mechanisms include chromosomal translocation (particularly in 

lymphoma), amplification, and hyperactivation of MYC transcription. Here we review MYC 

involvement in the major types of leukemia and lymphoma. MYC rearrangements appear in all 

Burkitt lymphomas and are common in other lymphoma types, whereas in acute lymphoblastic 

leukemia, acute myeloid leukemia, lymphoproliferative, and myeloproferative diseases, they are 

less frequent. However, MYC overexpression is present in all types of hematological malignancies 

and often correlates with a worse prognosis. Data in leukemia-derived cells and in animal models 

of lymphomagenesis and leukemogenesis suggest that MYC would be a good therapeutic target. 

Several MYC-directed therapies have been assayed in preclinical settings and even in clinical 

trials. First, peptides and small molecules that interrupt the MYC–MAX interaction impair MYC-

mediated tumorogenesis in several mouse models of solid tumors, although not yet in lymphoma 

and leukemia models. Second, there are a number of small molecules inhibiting the interaction of 

MYC–MAX heterodimers with DNA, still in the preclinical research phase. Third, inhibitors of 

MYC expression via the inhibition of BRD4 (a reader of acetylated histones) have been shown 

to control the growth of MYC-transformed leukemia and lymphoma cells and are being used in 

clinic trials. Finally, we review a number of promising MYC-mediated synthetic lethal approaches 

that are under study and have been tested in hematopoietic neoplasms.

Keywords: MYC, targeted therapy, leukemia, lymphoma

Introduction
Hematological neoplasms are the result of the malignant transformation of a hematopoi-

etic cell at a specific stage of differentiation. Morphologic characterization has tradi-

tionally been the gold standard technique for the identification of the different types, 

but improvement on the molecular methodologies revealed that those subtypes are 

composed of many different molecular subtypes. In fact, many malignancies are nowa-

days classified based on a specific genetic abnormality or a transcriptional signature.1 

There are, however, other nonspecific genetic aberrations, associated with particular 

biological and clinical implications. Such is the case of MYC, which is deregulated 

in many different subtypes of lymphoma and leukemia, sometimes as a primary event 

(eg, Burkitt lymphoma [BL]) or as a secondary event that usually implies aggressive-

ness and poor prognosis.

MYC (also called c-Myc) is an oncogenic transcription factor of the helix-loop-

helix-leucine zipper family. MYC is deregulated in half of the human tumors, including 
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leukemia and lymphoma.2–5 MYC forms dimers with MAX 

through the leucine zipper (LZ) domain. The MYC–MAX 

heterodimer is the active form which binds to specific DNA 

sequences (E-boxes, canonical sequence CACGTG) in the 

regulatory regions of target genes. The number of MYC-

binding sites revealed by genome-wide technologies ranks 

between 7,000 and 15,000 in different models. Indeed, MYC 

is bound at one or more sites of the regulatory regions of 

10%–15% of human genes and, as expected, there is a large 

number of MYC-regulated genes, reaching the staggering 

number of 1,000 genes in most models.6–8

The mechanism for MYC-mediated transactivation 

depends on the recruitment of complexes containing 

histone acetyltransferases.7,9 Recent work has shown that 

MYC is present at the promoter of nearly all active genes 

acting as an “amplifier” of the transcription intensity of 

genes already engaged in transcription.10 The mechanism 

is not well known, but the activating interaction of MYC 

with P-TEFb (positive transcription elongation factor b) 

likely plays an important role.11,12 However, the extent of 

MYC binding to chromatin depends on the level of MYC in 

the cell, and MYC overexpression provokes an “invasion” 

of new E-boxes, either in proximal promoters or at distal 

enhancers, so that a new set of genes are overexpressed. 

It is still unclear to what extent MYC contributes to the 

overexpression of these new “invaded” genes,13,14 but it is 

established that upon MYC induction or activation, the 

expression of a series of “MYC target genes” become 

overexpressed with respect to most other genes of the 

cell, whereas others (eg, the genes of cell cycle inhibitors 

CDKN1A and CDKN2B) are downregulated.14,15

In agreement with the large number of regulated genes, 

overexpression of MYC impinges on a series of functions 

that confer ample competitive advantages to the cell, such as 

cell cycle stimulation, nucleotide biosynthesis, differentia-

tion impairment, energy production, protein synthesis and 

ribosome genesis, genomic instability, immortalization, and 

telomere maintenance or block of differentiation.3,7,8,15,16 All 

these combined functions contribute to – or trigger – the 

development of hematological neoplasia (Figure 1). Indeed, 

MYC oncogene was originally discovered as the oncogene 

carried by retroviruses that induced a myeloid neoplasm in 

chicken, ie, myelocytomatosis, and MYC was named after 

this tumor.17 Moreover, BL was the first human tumor where 

MYC deregulation was identified, due to a chromosomal 

translocation as described in “Neoplasms of mature B 
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Lymphoma
and leukemia

Differentiation
block

Cell cycle,
progression,
nucleotide

biosynthesis

Protein synthesis,
ribosome biogenesis
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Genomic
instability,
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Figure 1 Major biological activities elicited by deregulated MYC that contribute to the development and progression of leukemia and lymphoma.
Note: Data from multiple sources.3,7,8,15,16
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cells” section. In this review, we will first summarize MYC 

involvement in the major lymphoid and myeloid neoplasms 

and then the different approaches using MYC as a target in 

these neoplasms.

MYC and lymphoid neoplasms
The first animal model generated for MYC-driven cancer was 

the Eµ-Myc transgenic mouse, in which MYC expression 

is targeted to the lymphoid compartment by the immuno-

globulin (Ig) heavy chain gene promoter and enhancer.18,19 

The model demonstrated the ability of MYC to transform B 

cells in mice, although, as discussed in “Burkitt lymphoma” 

section, the tumors do not faithfully reproduce BL.

MYC plays key roles in different stages of the antigen- 

dependent B-cell differentiation process. On encounter with 

the antigen-dependent T-cell, the naïve B-cell moves to a fol-

licle where it intensely proliferates to form a germinal center. 

MYC upregulation is essential to induce this migration, and 

indeed, MYC-deficient mice lack the ability to induce these 

germinal center reactions. Those lymphocytes that enter the 

dark zone of the germinal center start expressing BCL6, 

which in turn represses MYC expression. Once the somatic 

hypermutation (SHM) process is complete, those cells move 

to the light zone and are selected for the production of high 

affinity antibodies. Those B-cells that fail selection die by 

apoptosis, whereas those producing high affinity antibod-

ies, will either return to the dark zone for a further round of 

SHM, which requires MYC expression, or exit the germinal 

center, either as an antibody producing cell (plasma cell) or 

as a memory B-cell (schematized in Figure 2). Germinal 

centers, therefore, contain highly proliferating B-cells that 

are undergoing mutations mediated by activation-induced 

deaminase (AID), and thus they might be predisposed to 

malignant transformation. In fact, a significant number of 

B-cell aggressive lymphomas emerge from these areas,20

and a considerable proportion of those will show MYC

translocation. Interestingly, mice lacking AID do not develop

IGH–MYC translocations.21 MYC involvement in lymphoid

neoplasms is summarized in Table 1.

Neoplasms of lymphoid precursors
Neoplasms of T-cell precursors
Adult T-cell acute lymphoblastic leukemia (T-ALL) is asso-

ciated with poor prognosis with standard chemotherapy-

based regimens. MYC translocations are detected in 6% of 

T-ALLs, usually as secondary events, and associated with

induction failure and relapse.22 Notch signaling pathway,

which is deregulated in more than 50% of T-ALL, has been

shown to directly upregulate MYC. Also, MYC binding 

to a NOTCH1-enhancer is required for NOTCH1-induced 

T-ALL.23 In vitro treatment of T-cell lines with valproic acid

(a histone deacetylase inhibitor) led to downregulation of

MYC in a dose-dependent manner and, specific inhibition

of MYC function was shown to further increase cell death in

those cell lines.24 Xenograft models have also demonstrated

that MYC inhibition eliminates the leukemia-initiating cells

(LICs) and inhibits growth of pediatric T-ALL cells.25 This

effect might be more efficient when MYC inhibitors are

used in combination with either chemotherapy regimens26

and/or with inhibitors of other pathways such as PI3K.27

Nevertheless, those combinations are yet to be assayed in

specific subtypes.

Neoplasms of B-cell precursors
Pediatric B precursor acute lymphoblastic leukemia (ALL) is 

in most cases a curable disease with intensive  chemotherapy. 

Still, 20%–30% of patients will undergo induction failure 

or relapse. Also, adult ALLs, usually associated with mixed 

lineage leukaemia (MLL) or BCR–ABL rearrangements, 

have a poor expectancy even with allogenic bone marrow 

transplantation. Approximately 2%–5% of ALLs show 

MYC rearrangements,28 and a number of B-cell acute lym-

phoblastic leukemia (B-ALL), while not having MYC gene 

abnormalities show high MYC expression.29 Cell cycle arrest 

is achieved using bromodomain and extra-terminal (BET) 

inhibitors in variety of MYC-expressing ALLs in vitro (see 

“Epigenetic-based MYC therapy: anti BRD4 drugs” section). 

Also, in vivo responses were observed in ALL xenograft 

models when BET inhibitors were used alone or in combina-

tion with dexamethasone.29

Neoplasms of mature B-cells
MYC deregulation may be observed in any type of mature 

lymphoid neoplasm, although it is more frequently observed 

in the aggressive lymphoma types. It may act as a driver 

abnormality such as in BL, but in many cases, appears as a 

secondary event, indicating clonal evolution and/progression. 

MYC is a frequent target of chromosomal translocations in 

lymphomas with different partners, the immunoglobulin 

heavy chain locus being the most common. As a result of 

these rearrangements, transcription of the unaltered MYC 

coding region is controlled by the regulatory sequences of 

the partner gene (promoter substitution), leading to deregu-

lated MYC expression. Other mechanisms involved in MYC 

deregulated expression in neoplasms include amplification, 

insertional mutagenesis, and upregulation of certain signaling 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Blood and Lymphatic Cancer: Targets and Therapy 2015:5submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

78

Cortiguera et al

pathways that impinge in the hyperactivation of MYC pro-

moter. Although MYC amplification has been described in 

many tumors and is often related to tumor progression, it must 

be noted that recent reports show that the coamplification of 

the adjacent gene PVT1, coding for a lncRNA, cooperates 

with MYC-driven tumorigenesis.30

Burkitt lymphoma
Animal models have shown us the relevance of MYC deregu-

lation in B-cell malignancies. The lymphomas generated in the 

original Eµ-Myc transgenic mice (the first model for MYC-

induced cancer) do not reproduce BL well,18,19 but additional 

transgenic mouse cell lines have been generated that better 

reproduce BL. These models for BL include models of mice 

carrying a single copy of the 240-kb IgH/c-Myc translocation 

region,31 mice carrying the murine Myc cDNA inserted in 

the IgH locus in a site that correspond to the human t(8;14) 

translocation break,32 mice with MYC linked to the 3′ IgH 

locus control region (3′ LCR),33 or mice with combined MYC 

overexpression and constitutive activation of the PI3K.34
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Figure 2 MYC roles in lymphoid differentiation and in lymphoid neoplasms.
Notes: (A) MYC is required for correct self-renewal/differentiation balance of LT-HSC. (B) MYC is required for the expansion of pro-B cells to pre-B cells. (C) MYC is 
expressed in B cells after interaction with antigens, being essential for GC formation. BCL6 upregulation on germinal center cells will inhibit MYC expression. (D) MYC is 
re-expressed in a subset of cells of the light zone, due to NFκB-iRF4 upregulation, that will reenter into the dark zone to undergo a second round of somatic hypermutation. 
(E) MYC is also required for DN expansion to DP lymphocytes. The cellular origin of the main lymphoid neoplasms is indicated.
Abbreviations: ALL-B, B-acute lymphocytic leukemia; T-ALL, T-cell acute lymphoblastic leukemia; ALCL, anaplastic large cell lymphoma; BCLU, B-cell lymphoma 
unclassifiable; BL, Burkitt lymphoma; GC, germinal center; GCB,  germinal center B-cell; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; BCLU, 
B-cell lymphoma unclassifiable with features intermediate between DLBCL and BL; DZ, dark zone; LZ, light zone; LT-HSC, long-term hematopoietic stem cells; MCL, mantle 
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Although BL is the most frequent subtype of lymphoma in 

children, in terms of total number of cases is more common 

in adults. IG–MYC rearrangements, while not being specific, 

constitute the hallmark of this lymphoma, being detected in 

more than 90% of cases, frequently as a single anomaly. More 

than 80% of cases will show a t(8;14)(q24;q32) (IGH-MYC), 

and the remaining cases will present either a t(8;22)(q24;q11) 

(IGL-MYC) or a t(2;8)(p12;q24) (IGK-MYC).35,36 Cases with 

no detectable translocation might represent failure to detect 

small rearrangements, but it is still a matter of debate whether 

true BL without MYC translocation exists. A non-rearranged-

MYC-endemic BL type has been proposed to be the result of 

downregulation of a microRNA (hsa-mir-34b) that silences 

MYC expression.37 Recently, some atypical BL cases lacking 

MYC-rearrangement have been shown to present a peculiar 

pattern of chromosome 11q aberrations.38

Three subtypes of BL showing different clinical and 

biological features have been described: endemic, sporadic, 

and immunodeficiency-associated. The endemic is the most 

frequent type of lymphoma in children in Africa, and IGH–

MYC in this subtype arise from either aberrant hypermutation 

process or might occur during the VDJ (variable, diverse, and 

joining gene segments) recombination process. In contrast, 

in sporadic and immunodeficiency-associated types, gene 

breakpoints generally affect the IGH switch regions.39

MYC deregulation is known to be necessary but not suf-

ficient to induce the complete BL phenotype. While inducing 

proliferation, MYC also promotes apoptosis mainly through 

activation of both the p53 pathway and by inducing the 

expression of the proapoptotic gene BIM. BL cells have 

been shown to develop different mechanisms to counteract 

these MYC proapoptotic stimuli, such as the impairment 

of BIM function through direct and indirect mechanisms 

including p53 mutations, upregulation of MDM2, or p14ARF 

loss. Another mechanism to elude MYC-induced apoptosis 

is downregulation of the p27Kip mediated by LMP2A, an 

Epstein–Barr virus (EBV) protein.40 Sequencing analysis of 

BL patients have shown a low rate of mutations, but MYC 

is the most frequently mutated gene (up to 70% of cases).41 

Approximately 60% of these mutations result in increased 

stability of the protein via reduced ubiquitin-mediated 

proteolysis.41–43

Additional transforming mechanisms have been described 

to contribute to the pathogenesis of the different subtypes of 

BL. EBV genome is detected in all endemic patients and has 

been shown to cooperate with MYC in the pathogenesis of 

this subtype.44 However, viral infection is only detected in 10% 

and 30% of sporadic and immunodeficiency-associated cases, 

respectively. In contrast, sequencing analysis have encoun-

tered mutations of the PI3K pathway (more frequently ID3/

Table 1 MYC in lymphoid neoplasms

Neoplasm MYC involvement References

Precursor lymphoblastic leukemia
 B-ALL MYC levels predict response to BeT inhibitors (5% and 2%–5% in adults and children, respectively) 24,25,28,29
 T-ALL MYC amplification in 6% of cases 

MYC essential for NOTCH1-mediated leukemogenesis
25,156,157

Mature B neoplasms
 BL MYC translocations in .90% cases and mutations in 60%–70% of cases, targeting amino-terminal  

transactivation domains
35,36,41,42,43

 DLBCL MYC translocations in 5%–14% 
MYC amplification in 2% usually as secondary event. Frequently associated to BCL2 and or BCL6  
rearrangements (“double hit” lymphomas)

43,45,46,47

 BCLU MYC translocations, 32%–78% cases, frequently associated to BCL2 and or BCL6 rearrangements 43,46,47
 PBL MYC translocations in 40%–50% cases 

MYC counteracts the antiproliferative BLiMP1 effect
42,158

 FL increased MYC expression, commonly observed in transformed FL to DLBCL (occurring in  
30%–40% of FL)

42,159

 MCL Rare MYC translocations and as secondary events 49
 CLL MYC downregulation in peripheral blood CLL 

MYC translocation and amplifications in ,3% cases 
MYC frequently upregulated in Richter syndrome

52 
53–55 
54,56

 MM Translocated in 15%–50% of cases. in many cases involved in complex rearrangements 64,160,161
Mature T neoplasms
 ALCL High levels of MYC, not due to translocations but due to stimulation of the STAT3 pathway 65

Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; BeT, bromodomain and extra-terminal; T-ALL, T-cell acute lymphoblastic leukemia; BL, Burkitt lymphoma; 
DLBCL, diffuse large B-cell lymphoma; BCLU, B-cell lymphoma unclassifiable with features intermediate  between DLBCL and BL; PBL, plasmablastic lymphoma; FL, follicular 
lymphoma; MCL, mantle cell lymphoma; CLL, chronic lymphocytic leukemia; MM, multiple myeloma; ALCL, anaplastic large cell lymphoma.
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TCF3 mutations) in 70% of sporadic and immunodeficiency-

associated BL, suggesting that this pathway plays key roles 

in those subtypes of BL. Interestingly, mice models, with 

constitutive activation of both MYC and PI3K, develop a 

lymphoma which morphologically and clinically resembles 

human BL.34

MYC in other aggressive mature B-cell lymphomas
Classification of aggressive lymphomas is becoming very 

complex, since many entities that in the past were thought to 

be single diseases are in reality composed of different types. 

We will now review MYC involvement in the major types 

of aggressive lymphomas.

Diffuse large B-cell lymphoma (DLBCL) is the most fre-

quent subtype of mature B-cell lymphoma in western countries. 

MYC expression is detected in virtually all DLBCLs, but the 

number of positive cells vary from one case to another. Cells 

carrying rearrangements or amplifications of MYC frequently 

show a high fraction of MYC-expressing cells (∼70%), whereas 

only 30% of the lymphomas with less positive cells (30%–40%) 

present MYC gene alterations. Overall, MYC gene rearrange-

ments constitute the third most common aberrancy in this type 

of lymphoma (6%–15% of cases) and confer a bad prognosis.42,45 

They are usually secondary events that appear in the context 

of complex karyotypes and are more frequently detected in 

DLBCL with a germinal center B-cell (GCB) phenotype.45,46

B-cell lymphoma unclassifiable (BCLU) with features

intermediate between DLBCL and BL is a provisional entity 

described in the latest version of the WHO classification to 

designate those cases that share both clinical and biological 

characteristics between DLBCL and the BL, but that can-

not be clearly assigned to any of those categories.1 Those 

lymphomas frequently resemble BL, have been proven to 

be very aggressive, and show poor response to conventional 

treatments. MYC rearrangements have been reported in 

30%–70% of BCLU cases.47,48

Double hit/triple hit lymphomas refers to those aggres-

sive lymphomas which have simultaneous MYC with BCL2 

and/or BCL6 rearrangements. The phenotype of these 

lymphomas is heterogeneous, sometimes having a DLBCL 

appearance (2%–12%) while others have a BCLU pheno-

type (32%–78%),47 but they all show an aggressive course 

and appear to be resistant to conventional chemotherapy 

regimens. New therapeutic approaches using small molecule 

inhibitors that target MYC and BCL2 are currently under 

investigation.46 MYC rearrangement predicted an inferior 

outcome in aggressive lymphomas in most studies, but it is 

not yet entirely clear if this is due to the MYC rearrangement 

itself or because 50%–80% of MYC-translocated DLBCL 

cases harbor dual or even triple translocations also targeting 

BCL2 and/or BCL6.45–47 The prognostic implication of MYC 

in those patients is difficult to establish since the diagnostic, 

phenotypic, and cytogenetic criteria, together with thera-

peutic approaches are very heterogeneous in the different 

published series.47

An increasing interest on the “double-expressor” (DE) 

large B-cell lymphomas, defined by most groups to have 

approximately 40% MYC and 50%–70% BCL2 cells by 

immunohistochemistry has been recently described. These 

lymphomas have more frequently a non-GCB phenotype and 

whether the identification of these lymphomas helps to prog-

nostically stratify aggressive lymphomas is not clear yet.47

Lymphomas with plasmablastic differentiation include a 

variety of lymphomas which show a plasmatic gene expression 

profiling (with upregulation of PRMD1/BLIMP1 and XBP1). 

All of these together constitute aggressive lymphomas with very 

poor response to conventional treatments. Among these cases, 

plasmablastic lymphoma shows MYC rearrangement in up to 

50% of cases, frequently with the IGH and in context of com-

plex karyotypes. MYC rearrangements have been shown to be 

involved in the pathogenesis of the disease maybe by repressing 

the antiproliferative effect of BLIMP1.42 Plasmablastic lympho-

mas have been proven to respond poorly to conventional CHOP 

(rituximab–cyclophosphamide, doxorubicin, vincristine, and 

prednisone). Whether these types of lymphomas might benefit 

by adding MYC inhibitors requires to be investigated.

MYC in low-grade mature B-cell neoplasms
Mantle cell lymphoma (MCL) is a lymphoproliferative 

disease characterized by a monoclonal proliferation of lym-

phocytes that usually bears an IGH–CCND1 translocation. 

Deregulation of CCND1 (cyclin D1) has been shown not to 

be sufficient to induce lymphomas, and cooperation with 

other oncogenes as MYC is linked to the pathogenesis of 

MCL. MCL blastoid variants frequently show p16INK4a dele-

tion and overexpression of CDK4 and MYC. Consistently, an

animal model expressing MYC and a mutant CDK4, which

is resistant to p16 inhibition, develops a lymphoproliferative

disease with overexpression of CCND1 that resemble MCL,

including CCND1 overexpression.49

Transformation of follicular lymphoma (FL) to a higher 

grade DLBCL occurs in 10%–60% of the cases. One of 

the genetic abnormalities involved in this process is MYC 

deregulation.50

Regarding MYC expression, chronic lymphocytic leukemia 

(CLL) is an exception in human cancer. Although there are
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conflicting reports as to the mRNA expression,51,52 our labora-

tory showed that MYC protein expressions in peripheral blood 

of CLL are clearly below that of healthy lymphocytes from 

blood or tonsils, and the small fraction of cases with detectable 

MYC (less than 20%) do not show a difference in the course 

of the disease.52 Amplification and rearrangements of MYC are 

rare in CLL (less than 3%), but when they occur, they correlate 

with a poor prognosis and aggressive disease.53–55 Also, in CLL 

transformation to high-grade lymphoma, known as Richter 

syndrome, MYC upregulation is frequent, similar to other 

aggressive lymphomas.54,56 Thus, MYC gene abnormalities 

in low-grade lymphomas are usually secondary events that 

frequently appear in an event of progression or transformation, 

and thus are associated with an adverse prognosis.

Multiple myeloma
Rearrangements of the MYC oncogene are present in 

15%–50% of primary human multiple myelomas (MMs), 

in many cases involved in complex rearrangements,57,58 

and its activation seems to play a role in the progression 

of plasma cell neoplasms, particularly from monoclonal 

gammopathy of undetermined signif icance (MGUS) 

to plasma cell myeloma. Indeed, MYC rearrangements 

and overexpression are more frequent in MM than in 

MGUS57,59,60 and mark a more aggressive disease.57,61 Fre-

quent upregulation of MYC is also observed in plasma cell 

leukemia, a monoclonal gammopathy which can evolve 

from MM.62 The involvement of MYC in MM is supported 

by the Vk*MYC transgenic mouse, that recapitulate the 

biological and clinical features of human MM. In these 

mice, MYC is under the control of the κ light chain gene.63 

Moreover, MM is one of the neoplasms that respond to 

treatment with BRD4 inhibitors (see “MYC as a target 

in leukemia and lymphoma” section), leading to MYC 

downregulation.64

Neoplasms of mature T-cells
Anaplastic large cell lymphoma (ALCL) is a T-cell neoplasm 

that can be classified into two groups based on the presence 

or absence of ALK gene rearrangements. Both subtypes are 

known to express high levels of MYC, not due to transloca-

tions but due to stimulation of the STAT3 pathway. Moreover, 

pharmacologic inhibition of MYC induced ALCL cell apop-

tosis, and therefore, MYC inhibitors might be an effective 

treatment for ALCL.65

MYC and myeloid neoplasms
As compared to lymphoid neoplasms, MYC involvement in 

myeloid leukemia has been less studied. However, a myeloid 

tumor (myelocytomatosis) was the original tumor caused by 

MYC retroviruses in chicken, and the inhibition of myeloid 

cell differentiation was one of the first biological effects 

described for MYC.16 Moreover, MYC transgenic mice 

models reveal that MYC is an efficient oncogene inducing 

Table 2 MYC in myeloid neoplasms

Neoplasm MYC involvement Reference

AML
MYC amplification (in dmin) 
MYC mRNA overexpression by microarrays analysis 
MYC mRNA overexpression by microarrays (20%) in AML without translocations 
MYCN overexpression (24%–40%) in pediatric AML 
MYC mRNA overexpression (therapy-related AML) 
MYC protein elevated in AML cells cocultured with stroma 
MYC mRNA overexpression induced resistance to chemotherapeutic drugs

162–164 
165 
166 
167,168 
169 
126 
72

MPN
 CML MYC mRNA overexpression over healthy cells 

High MYC mRNA and protein at diagnosis correlated with poor response to imatinib 
MYC protein elevated at diagnosis associated to progression. Altered MYC phosphorylation 
MYC ubiquitination in CML LiCs homeostasis

82,83 
81 
84 
85

 essential thrombocythemia MYC mRNA overexpression 170
 MPNs progression Trisomy 8 or amplification of 8q24 (MYC) detected in JAK2v617F(–) cases with MPN-blast phase 171
MDS

MYC mRNA upregulation by microarrays or RT-PCR 
MYC amplification (in dmin and hsr) 
Highest MYC expression in AML and in higher-MDS (prognosis marker) 
MYC overexpression associated with adverse outcome and poor response to azacitidine

88 
71,162,163 
172 
173

Abbreviations: dmin, double minute; hsr, homogeneous staining regions; AML, acute myeloid leukemia; MPN, myeloproliferative neoplasm; CML, chronic myeloid leukemia; 
LiCs, leukemia-initiating cells; MDS, myelodisplastic syndrome; RT-PCR, real-time polymerase chain reaction.
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acute myeloid leukemia (AML),66,67 and mice with bone 

marrow repopulated with Myc overexpressing cells develop 

an AML-like disease.67 MYC deregulation has been found in 

most types of human myeloid neoplasms, and is reviewed in 

the following section and summarized in Table 2.

Acute myeloid leukemia
AML is a heterogeneous group of neoplasms affecting the 

myeloid lineage. MYC amplification and overexpression 

have been reported in AML. MYC rearrangements are rare 

in AML, and the mechanisms of MYC overexpression are 

not well known. Some leukemogenic transcription factors 

such as RUNX1-RUNX1T1 and PML-RARα induce MYC 

expression.68,69 MYC amplification in AML is infrequent, 

although double minute (dmin) chromosomes and homo-

geneous staining regions (hsr) including the region 8q24, 

where MYC maps, have been described in AML.70,71 MYC 

overexpression in AML induced resistance to chemothera-

peutic drugs.72 Increased MYC levels were correlated with 

decreased microRNA-29 family expression in AML.73

Chronic myeloid leukemia
Chronic myeloid leukemia (CML) is a proliferative clonal 

disorder of hematopoietic stem cells that results in the 

expansion of mature myeloid cells that retain a capacity for 

differentiation. CML, in the absence of treatment, will prog-

ress from the initial chronic phase, to a blastic crisis phase, 

which is a secondary acute leukemia. BCR–ABL kinase has 

a central role in CML etiology.74,75 BCR–ABL upregulates 

MYC expression, which cooperates with BCR–ABL in 

transformation. Consistently, imatinib and other BCR–ABL 

inhibitors provoke downregulation of MYC.76–79 MYC mRNA 

levels are elevated in CML–blastic crisis80,81 and in chronic 

phase CML compared to healthy bone marrow samples.81–83 

Our laboratory showed that MYC is upregulated during CML 

progression.81 High MYC expression correlates with poorer 

response to imatinib and progression to blastic crisis.81,84 

MYC also induces genetic instability and blocks erythroid 

differentiation mediated by imatinib in CML-derived cells77,81 

suggesting that MYC contributes to CML by acting at least 

at those two levels.

In the hematopoietic stem cells population, MYC controls 

the balance between hematopoietic stem cell self-renewal 

and differentiation.5 MYC also plays an important role in 

the establishment and maintenance of LICs. The interaction 

between the ubiquitin ligase Fbw7 and its substrate MYC 

controls the CML LIC homeostasis and has a role in CML 

initiation and progression.85,86

Myelodysplastic syndrome
The myelodysplastic syndromes (MDSs) are characterized 

by both an aberrant differentiation process with morphologic 

evidence of marrow dysplasia and an increased ineffective 

proliferation of the myeloid precursors in bone marrow, with 

enhanced risk of transformation to an AML. Gene expression 

profiles of CD34+ cells from MDS patients showed MYC 

as one of the most upregulated genes in these patients.87 In 

agreement, CD34+ cells from patients with trisomy 8 MDS 

showed upregulation of MYC mRNA.88 MYC amplification 

has also been found in MDS, but with low frequencies.

MYC as a target in leukemia and 
lymphoma
Given its pervasive involvement in leukemogenesis and lym-

phomagenesis, MYC would be an ideal oncoprotein target for 

therapy. The “oncogene addiction” is defined as the phenom-

enon by which some tumors exhibit a dependence on a single 

oncogenic protein or pathway for sustaining growth and 

proliferation.89 MYC addiction was demonstrated in animal 

models for lymphoma and myeloid leukemia, showing that 

inactivation of MYC results in sustained tumor regression.90 

This fact and the overexpression found in many hematologi-

cal neoplasms suggest that silencing or inactivation of MYC 

may be a sensible therapeutic strategy. Indeed, early studies 

established that genetically targeting MYC could control 

leukemogenesis. These studies showed that antisense-MYC 

oligonucleotides reduced the leukemia induced in vivo by 

cell lines derived from BL, CML, and AML.91,92 This was 

confirmed in different reports. In a recent report, MYC sup-

pression by siRNA or pharmacologic approaches was shown 

to prevent leukemia initiation in mice by eliminating LICs of 

human T-cell ALL.25 Importantly, despite widespread expres-

sion of MYC in normal cells and its involvement in many 

biological processes, recent studies have demonstrated that 

long-term, whole-body inactivation of MYC in mouse models 

by expression of a dominant negative MYC form (Omomyc, 

see “MYC as a target in leukemia and lymphoma” section)93,94 

or by treatment with a compound that repress MYC expres-

sion (JQ1)95 only provokes mild side effects.

Altogether, the data suggest that MYC inhibition could 

be a clinically feasible strategy for leukemia and lymphoma 

therapy. However, there also are some drawbacks when target-

ing MYC. First, no adverse effects of MYC inactivation have 

been detected in mouse models studied so far. Second, MYC 

being a transcriptional factor and not an enzyme, it lacks a 

pocket where small molecules can fit. Thus, like many other 

transcription factors, MYC has the reputation of being a 
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“nondruggable” target. Despite that, several approaches have 

targeted MYC, either as a direct target or as an indirect target 

via synthetic lethal approaches. We will briefly review these 

approaches, which are also summarized in Table 3.

epigenetic-based MYC therapy: anti 
BRD4 drugs
Epigenetic mechanisms include histone postranslational 

modifications. Histone N-ter tails are rich in lysine residues 

which can be acetylated by histone lysine acetyltransferases. 

Acetylation neutralizes the positive charge of lysines and 

decreases the interaction between histones and DNA giv-

ing rise to a more open chromatin conformation, which is 

often associated to transcription factor accessibility and 

transcriptional activation. Acetyltransferases are forming 

part of large multiprotein complexes, and most of them have 

been implicated in cancer.96,97 Lysine acetylation is read by 

proteins containing specific interacting domains termed 

bromodomains (BRDs). BRD is a motif of 110 amino acids 

that binds the ε-aminoacetyl groups of nucleosomal histone 

lysines.98,99 The BRD and extraterminal (BET) proteins 

(BRD2, BRD3, BRD4, and BRDT) contain a double BRD 

in the N-terminal region and an extraterminal (ET) protein–

protein interaction domain in the C-terminal region. BRD4 

interacts and recruits P-TEFb to the core promoter of the 

active genes. P-TEFb is composed of cyclin T1 and CDK9, a 

kinase that phosphorylates the C-terminal domain (CTD) of 

the RNA polymerase II to allow transcription elongation11,100 

(Figure 3). BRD4 aberrant expression or translocation has 

been found in different tumor types including AML.97 BRD2 

Table 3 Myc synthetic lethal interactions

MYC-SL SMIs Hematological disease Reference

Aurora kinase panAKi AS703569 eµ-Myc lymphoma cells 134
Aurora kinase vX-680 Mouse models of T-cell and B-cell lymphoma 136
CHK1 Chekin B-cell lymphoma cell lines

eµ-Myc lymphoma cells
λ-Myc lymphoma cells

137

CDK1 Purvalanol eµ-Myc lymphoma cells
BL and MM cell lines

141

PiM1 SGi-1776 CLL primary patients lymphocyte 151
PiM1 SMi-4a Human pre-T-LBL cell lines 150
PiM1 Pimi Mouse B-cell lymphomas 147
Pi3K/mTORC1 BEZ235 eµ-Myc lymphoma cells 152
ATR No SMi (ATR hypomorphic × eµ-Myc) eµ-Myc lymphoma cells

Human Burkitt lymphoma
142

wRN No SMI (WRN-deficient × eµ-Myc) eµ-Myc lymphoma cells
Xenograft and autochthonous tumor models

145

MAPK1 No SMI (KSR1-deficient × eµ-Myc) eµ-Myc lymphoma cells 155
BeTa JQ1 AML mouse model

AML primary patients samples
AML cell lines
BL and AML cells xenografted

111,112

BeTa JQ1 MM mouse model
Patient-derived MM cells
MM human cell line

95,109

BeTa JQ1 DLBCL and BL cell lines
DLBCL xenografted into mouse
ALL cell lines

114

BeTa JQ1 ALL bone marrow xenografted into mouse 43 
29

BeTa JQ1/RvX2135 eµ-Myc lymphoma cells 
λ-Myc lymphoma cells

105,106

BeTa JQ1 Primary mouse and T-ALL cell lines 25
BeTa OTX015 DLBCL cell lines 

DLBCL xenografted into mouse
103,104

Notes: aBeT proteins act upstream of MYC and thus BeT inhibition is not a canonical MYC synthetic lethal approach. They are included in the table for comprehensiveness.
Abbreviations: SMis, small molecule inhibitors; BeT, bromodomain and extra-terminal; BL, Burkitt lymphoma; MM, multiple myeloma; CLL, chronic lymphocytic 
leukemia; pre T-LBL, precursor T-cell lymphoblastic leukemia/lymphoma; AML, acute myeloid leukemia; DLBCL, diffuse large B-cell lymphoma; ALL, acute lymphocytic 
leukemia; T-ALL, T-cell acute lymphoblastic leukemia.
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and BRD4 have crucial roles in the control of cell cycle 

control in mammalian cells;101 thus, they have a promising 

potential as anticancer agents.

It has been demonstrated that MYC expression can be selec-

tively regulated with BET inhibitors. The first one was JQ1, 

which shows strong affinity for the BRD4 family member thus 

inhibiting its activity.102 Other BET inhibitors such as OTX015 

have shown their antiproliferative effects on lymphoma cells103 

and have entered clinical trials.104 Lucas et al105 have described 

the inhibitor XD14, which shows a potent antiproliferative 

effect in leukemia cells. Another BET inhibitor RVX2135 

inhibits proliferation of lymphoma cells from Eµ-Myc mice in 

vitro and in vivo.106 There are other BET inhibitors in preclini-

cal studies, such as I-BET151, active against JAK2-dependent 

myeloproliferative neoplasms,107 but that those drugs truly target 

MYC has not been demonstrated.108

Recent studies in MM indicate that BET inhibitors are 

able to cause MYC downregulation in the context of trans-

located, amplified, or wild-type (WT) MYC alleles.109,110 

Other reports show that the expression of MYC decreases in 

AML-derived cell lines with WT MYC, whereas cells with 

MYC amplification display relative resistance to the effect 

of BET inhibitors.111 Several studies have been performed 

on inhibiting BRD4, and hence MYC, in a range of hema-

tological malignancies as AML,112 MLL-fusion leukemia;113 

MM,95,109 ALL,43 B-cell lymphomas,106 BL,111 DLCBCL,114 

and T-ALL.25 The most common biological effects of MYC 

downregulation upon BET inhibition is cell cycle arrest in G
1
 

phase and apoptosis or senescence, but other effects such as 

terminal myeloid differentiation and elimination of leukemic 

stem cells have also been reported.95,109,114

One of the challenges is to understand how the inhibition 

of the activity of a general regulator such as BRD4 results in a 

selective effect on the expression of a small number of genes 

in specific cells.42,43,111 Several groups have demonstrated 

that in the case of MYC and other transcription factors, the 

specific effect is achieved because the BET inhibitor causes 

a depletion of BRD4 at the enhancers and superenhancers 

that drive the oncogene expression.95,109,114

inhibition of MYC–MAX dimerization
In parallel to the repression of MYC expression with the 

BET inhibitors, other approaches specifically targeting MYC 

transactivation activities are under study (summarized in 

Figure 4). As noted earlier, MYC is only active when forming 

a dimer with MAX, suggesting that blocking the dimeriza-

tion between MYC and MAX would be a good approach 

for inhibiting MYC function. Soucek et al115 constructed a 

MYC mutant, known as Omomyc, after identification of the 

molecular recognition site and induction of mutation of four 

amino acids at the LZ. Omomyc was able to sequester MYC 

and formed complexes with low binding efficiency to DNA, 

preventing the binding with MAX and inhibiting the function 

of MYC as a transcription factor (Figure 4B). Thus, Omomyc 

impairs MYC binding to E-boxes and changes MYC-depen-

dent expression profile toward gene repression.116 Moreover, 

studies carried out in mouse models for some solid tumors 

(pancreas, skin, lung, and glioblastoma) reveal that MYC 

is required for full tumor development, even when tumor is 

triggered by other oncogenes.93,94,117,118 No data on Omomyc in 

lymphoma or leukemia model are available yet. As Omomyc 

is a peptide, its application in clinic might be difficult due 

to low biodisponibility and penetrance into the target cells. 

These problems will more likely be overcome with small 

molecules. However, the design of small molecules targeting 

the MYC–MAX interaction site is difficult due to the large 

interface between both proteins and because of the lack of 

structural “pockets” where small molecules could bind.

Despite these difficulties, attempts have been made to 

design small molecules which would inhibit MYC–MAX 

heterodimers (Figure 4C). In a screen of approximately 7,000 

small organic molecules using FRET, two compounds were 

discovered to specifically inhibit MYC–MAX dimeriza-

tion. These compounds Mycmycin-1 and Mycmycin-2 did 

not inhibit Jun dimerization and were a proof of concept 

to develop other molecules that specifically inhibit MYC-

induced oncogenic transformation.119

A new series of compounds, 10058-F4 and 10074-G5, were 

discovered using a two-hybrid system.120 These compounds 

P-TEFb
Cyc.T

CDK9
JQ1

OTX-015

RVX2135

XD14
AcAc

K K

P Ser2

Ser2P

RNA
Po lII

MYC

BRD4

Figure 3 Scheme of the mechanism of action of BRD4 inhibitors as anti-MYC 
drugs. BRD4 is a reader of acetylated histones and promotes the activity of P-TeFb 
complex, composed by CDK9 and cyclin T1 (“Cyc.T” in the Figure).
Notes: P-TeFb phosphorylates the C-terminal domain (CTD) of RNA polymerase ii 
to trigger elongation. This process is impaired by BeT inhibitors. MYC would be one of 
the genes which transcription is more dependent on BRD4 and P-TeFb activity. Some 
BeT inhibitors that inhibit leukemia or lymphoma cell growth are shown at the left.
Abbreviation: BeT, bromodomain and extra-terminal.
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were able to inhibit both the growth of fibroblasts in vitro and 

growth of tumors in mice. The clinical applicability is still 

limited due to its low potency and its rapid degradation.121 The 

specificity of 10058-F4 and 10074-G5 was further corrobo-

rated by using a series of deletion and point mutations within 

the MYC bHLH-ZIP domain that resulted in the disruption of 

the heterodimer.122 Moreover, these compounds do not inhibit 

MAX  homodimerization. Improvements of these drugs were 

achieved by adding chemical modifications and, as a result, 

they have enhanced growth inhibition of MYC-expressing 

cells in a manner that generally correlates with the compound 

ability to disrupt MYC–MAX association and DNA bind-

ing.123 Another study in nontransformed embryonal stem cells 

showed that these latter compounds results in loss of expres-

sion of MYC target genes but not of non-MYC target genes.124 

The effect of 10054-F4 has been tested in AML cells, inhibit-

ing leukemic proliferation, and inducing apoptosis through 

the mitochondrial pathway. Importantly, these effects were 

reproduced in primary AML cells.125 However, AML cells are 

partially resistant to 10054-F4 when they are in contact with 

bone marrow stroma.126 Another good model to test the effect 

of 10054-F4 is MM, which shows high deregulation of MYC 

as shown earlier. The MYC–MAX inhibitor 10054-F4 was 

effective on human MM cell lines and samples from patients 

and, although there was not a good correlation between sen-

sitivity and MYC levels, cells expressing the highest levels of 

MYC tended to be more resistant to the treatment.64 All these 

results support the idea that targeting MYC dimerization is 

feasible. However, it may have the drawback that not all MYC 

functions depend on MAX.127–129

inhibitors of the binding of MYC–MAX 
to DNA
Mo et al130 performed a cellular screening to identify sub-

stances that could be used to interfere with the MYC pathway 

(Figure 4D). Using cells with inducible MYC expression and 

MAX
LZ

MYC
LZ

TAD

LZ

OmomycMAX

LZ
MYC

LZ

TAD

LZ

MAX

LZ

10058-F4

MYC
LZ

TAD

MAX

MYRA

MYC

LZ
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Figure 4 MYC inhibition strategies based on the interruption of the MYC–MAX dimerization.
Notes: (A) MYC–MAX heterodimer in gene transactivation. (B) Blocking MYC–MAX interaction with Omomyc. (C) Blocking MYC–MAX interaction with small molecules 
as 10058-F4. (D) Blocking the binding of MYC–MAX to DNA with small molecules as MYRA.
Abbreviations: LZ, leucine zipper of MAX and MYC; TAD, N-ter transactivation domain of MYC.
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WT expression, they found two compounds that selectively 

affected cell viability in MYC-overexpressing cells. They 

called the two compounds MYRA-A and MYRA-B (for 

MYC pathway response agents). MYRAs were more effective 

in human BL cells compared with other lymphoblastoid cell 

lines. Using three human cell lines with different levels of 

MYC (WT, null, or overexpressed), they found that MYRAs 

induced a high apoptotic state in cells overexpressing MYC, 

indicating that the effects of the compounds on cell viability 

is MYC-dependent.

MYRA-A interfered with the DNA binding of MYC–

MAX (by electrophoretic mobility shift assays) but not 

with another E-box binding factor, USF, demonstrating that 

the inhibition was specific. Furthermore, they showed by 

coimmunoprecipitation that the MYC–MAX heterodimer 

remained intact after the treatment with MYRA-A. Recently, 

a new series of molecules interrupting the binding of MYC–

MAX to DNA have been reported.131 These compounds 

inhibit MYC-dependent transactivation (by luciferase 

assays) in the µM range although MYC–MAX heterodimers 

remained intact.

MYC-mediated synthetic lethality
An alternative approach to target MYC is based on “synthetic 

lethality”. Synthetic lethal screens have been used to identify 

genes and pathways that are selectively activated by MYC in 

tumors, but not in nontumorigenic cells. Thus these molecules 

can be targeted with inhibitors to control MYC-driven malig-

nancies. As expected from the multiplicity of the pathways 

in which MYC is involved, large series of putative synthetic 

lethal genes have been identified.132,133 We will review some 

of the MYC synthetic lethal interactions assayed in leukemia 

and lymphoma, which are also summarized in Table 3.

Aurora kinase inhibitors
MYC regulates aurora kinase A (AURKA) and B (AURKB) 

in the Eµ-Myc mouse model.134 Both kinases play a pivotal 

role in mitosis. Expression of MYC, but not other oncogenes, 

made the cells much more sensitive to Aurora kinase inhibi-

tors (eg, AS703569), AURKB being the central target in this 

model. Another aurora kinase inhibitor, VX-680, was demon-

strated to selectively kill the cells that overexpress MYC.135 

Indeed, MYC expression levels may provide a biomarker 

to identify tumors that may be respond to aurora kinase B 

inhibitors. Moreover, the drug inhibited AURKB in vivo in 

mouse models that develop either B-cell or T-cell lymphomas 

in response to MYC overexpression.136 Furthermore, the lethal 

response is independent of p53-p21 pathway.136 This fact is 

relevant since TP53 is frequently mutated in different tumors 

and usually confers an adverse prognosis.

Chk1 inhibitors
One of the effects of MYC overexpression is to induce DNA 

replicative stress, which in turn activates CHK1 (checkpoint 

kinase 1). In cells from human and murine B-cell lympho-

mas, there is a correlation between MYC and CHK1 levels, 

although CHK1 seems to be an indirect target of MYC.137 

Silencing of CHK1 with siRNA technology or inactivation 

with a small molecule (Chekin) results in selective death of 

MYC-overexpressing cells. These evidences turned CHK1 

into an attractive therapeutic target. When tested in the 

λ-Myc mouse model, Chekin was able to induce a signifi-

cantly slower disease progression followed by death in this 

lymphoma model.137

CDK1 inhibitors
The CDKs together with the cyclins form complexes that 

regulate cell cycle, both in neoplastic and normal cells. CDK1 

is essential for mammalian cell division,138 and, as a matter 

of fact, is the only CDK required for cell cycling.139 Small 

molecule inhibitors have been developed against CDKs which 

induce cell cycle arrest in G
2
 phase.140 However, in MYC over-

expressing cells, these drugs induce apoptosis,141 indicating 

that CDK1 inhibition is synthetically lethal on MYC express-

ing cells. Accordingly, a CDK1 inhibitor induces cell death in 

BL and MM cell lines depending on MYC levels, and CDK1 

inhibition in Eµ-Myc mice results in extended survival.141

ATR inhibitors
Like CHK1, ATR kinase plays a pivotal role in replicative 

stress response. Myc-induced lymphomas in the Eµ-myc 

mice show a high level of replicative stress. The synthetic 

lethality between ATR and MYC has been demonstrated in 

a model of Eµ-myc mice crossed with mice with low ATR 

expression. In these mice, MYC-driven lymphomagenesis 

was suppressed.142 Preclinical data with highly specific ATR 

inhibitors have opened up the possibility of using them in 

synthetic lethality approaches.143

wRN inhibitors
WRN is a gene encoding a RecQ DNA helicase that is a direct 

transcriptional target of MYC. Even though WRN mutations 

have not been found in tumors, it has been reported that WRN 

is overexpressed in cancer cell lines from BL.144 Also, in BL 

cells, knock down of WRN impairs cell proliferation and 

increases apoptosis.144 In the same line of evidence, muta-
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tion of WRN in Eµ-Myc mouse models results in an increase 

in tumor-free survival and a delay in emergence of lethal 

lymphomas.145 These results demonstrate that using WRN 

as a target could result in an effective strategy not only to 

treat MYC-associated hematological diseases but also other 

MYC-associated cancers.

PiM kinases inhibitors
PIM kinases (1, 2, and 3) are involved in B-cell development 

and in hematologic malignancies.146,147 The PIM kinases, 

when coexpressed with MYC, provoke an acceleration of 

tumorigenesis.147 Given the fact that PIM1148 and MYC are 

overexpressed in lymphomas and that PIM1 is a coactivator 

of MYC,149 there has been an interest in developing PIM 

kinase inhibitors. A PIM kinase inhibitor (SMI-4a) kills sev-

eral myeloid and lymphoid cell lines, with higher activity on 

T-cell lymphoblastic leukemia/lymphoma.150 Another inhibi-

tor (SGI-1776) induces cytotoxicity in primary lymphocytes 

from CLL patients.151 Finally, a pan-Pim kinase inhibitor 

(Pimi) causes a reduction in mouse BL cell lines proliferation 

and a reduction in MYC-regulated transcripts.147

Pi3K/TORC1 inhibitors
MYC-driven lymphomas demonstrate activation of mTORC1 

and an endogenous DNA damage response. The small mol-

ecule BEZ235 inhibits both the PI3K-related DNA damage 

response kinases and mTORC1. This inhibitor shows a 

potent cytotoxic activity against Myc-driven B-cell lym-

phomas and BL-derived human cell lines bearing IG-cMYC 

translocations.152

MAPK inhibitors
The activation of the RAS-MEK-MAPK pathway results in 

MYC protein stabilization, which is mediated by the MAPK-

dependent phosphorylation of a Ser residue in the MYC 

N-terminal region.153 Some reports suggest that MAPK inhi-

bition may induce a synthetic lethal interaction with MYC. 

Indeed, the first example of oncogenic cooperation reported was 

that of MYC and RAS in the transformation of primary mouse 

fibroblasts.154 More recently, it has been shown that the impair-

ment of RAS–MAPK pathway in mice deficient for KSR1 gene 

(encoding a scaffold protein of MAPK) results in a decrease in 

Myc-induced lymphomagenesis in a murine model.155

Conclusion
Deregulation of MYC oncogene is a pervasive finding in 

leukemia and lymphoma, in many cases inducing tumor 

progression and conferring poor prognosis. Cell culture 

studies and mouse transgenic models have shown that MYC 

plays a pivotal role in initiation and development of many 

types of hematological neoplasms. Thus, MYC would be a 

good therapeutic target in leukemia and lymphoma. As is 

the case for other transcription factors, the development of 

small molecules inhibiting MYC activity has been difficult. 

However, in recent years, different approaches targeting MYC 

have been described. These are based on the impairment of 

MYC expression (BET inhibitors), small molecules blocking 

MYC transactivation function, or synthetic lethal approaches. 

Altogether, the data suggest that MYC inhibition could be 

a clinically feasible strategy for leukemia and lymphoma 

therapy and that therapies targeting MYC are in sight.
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