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XI�

4EBP1� 4E�Binding�Protein�1�

AKT� � v�akt�murine�thymoma�viral�oncogene�homolog�1�

AMP� � Adenosine�Monophospate�

AMPK� Adenosine�Monophosphate�activated�Protein�Kinase�

ATG� � Autophagy�related�

ATM� � Ataxia�Telangiectasia�Mutated� �

ATP� � Adenosine�Triphosphate� �

BAK� � BCL2�antagonist�

BAX� � BCL2�Associated�X�protein�

BCL2� � B�Cell�Leukemia/lymphoma�2�

BCR� � B�Cell�Receptor�

BIM� � BCL2�like�11�

BIRC3�� Baculoviral�IAP�Repeat�Containing�3�

BMSC� Bone�Marrow�Stromal�Cells�

BTK� � Bruton�Tyrosine�Kinase�

CCL� � Chemokine�(C�C�motif)�Ligand�

CCND1� Cyclin�D1�

CD� � Cluster�of�Differentiation�

CLL� � Chronic�Lymphocytic�Leukemia�

CXCR4/5� �Chemokine�C�X�C�motif�Receptor�4/5�

DEPTOR�� DEP�domain�containing�mTOR�interacting�protein�

DNA� � Deoxyribonucleic�acid�

EIF4B�� Eukaryotic�translation�Initiation�Factor�4B�

EIF4E�� Eukaryotic�translation�Initiation�Factor�4E�

ERK� � Extracellular�Regulated�Kinase�

FDA� � American�Food�and�Drug�Administration�

FL� � Follicular�Lymphoma��

FOXO�� Forkhead�box�O�

GSK3�� Glycogen�Synthase�Kinase�3�

GTP� � Guanosine�5'�triphosphate�

HUVEC� Human�Umbilical�Vein�Endothelial�Cells�

Ig� � Immunoglobulin�
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IGHV�� Immunoglobulin�Heavy�chain�Variable�region�

IKK� � I�B�kinase�

IRS1/2�� Insulin�Receptor�Substrate�1/2�

I�B�� � Inhibitor�of��B�

JAK� � Janus�Kinase�

KDa� � Kilodaltons�

MAPK� Mitogen�Activated�Protein�Kinase�

MBL� � Monoclonal�B�cell�Lymphocytosis�

MCL� � Mantle�Cell�Lymphoma��

MCL1�� Myeloid�Cell�Leukemia�1�

M�CLL� Mutated�CLL�

mLST8� mammalian�Lethal�with�SEC13�protein�8�

mTOR� mammalian�Target�Of�Rapamycin�

MYD88� Myeloid�Differentiation�primary�response�gene�88�

NF�B�� Nuclear�Factor��appa�B�

NHL� � Non�Hodgkin�Lymphoma�

ORR� � Overall�Response�Rate�

PDK1�� Pyruvate�Dehydrogenase�Kinase,�isozyme�1�

PI3K� � Phosphatidylinositol�3�Kinase�

PIP2� � Phosphatidylinositol�4,5�biphosphate�

PIP3� � Phosphatidylinositol�3,4,5�triphosphate�

PLC�� � Phospholipase�C��

POT1�� Protection�Of�Telomeres�1�

PRAS40�� Proline�Rich�AKT�Substrate�of�40kDa�

PRR5�� Proline�Rich�5�

PTEN�� Phosphatase�and�Tensin�Homolog�

RAPTOR� Regulatory�Associated�Protein�of�mTOR�

R�FC� � Rituximab,�Fludarabine,�Cyclophosphamide�

RICTOR� Rapamycin�Insensitive�Companion�of�mTOR�

RNA� � Ribonucleic�acid�

ROS� � Reactive�Oxygen�Species�

RPS6� � Ribosomal�Protein�S6�
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XIII�

S6K� � ribosomal�protein�S6�Kinase,�70kDa,�polypeptide�1�

SF3B1� Splicing�Factor�3B�subunit�1�

SIN1� � mitogen�activated�protein�kinase�associated�protein�1�

siRNA� small�interfering�RNA�

SOX11� Sex�determining�region�Y�box�11�

STAT� � Signal�Transducers�and�Activators�of�Transription�

SYK� � Spleen�tyrosine�kinase�

TLR�� � Toll�Like�Receptor��

TSC1/2� Tuberous�Sclerosis�protein�1/2�

U�CLL�� Unmutated�CLL�

ULK�� � UNC51�Like�autophagy�activating�Kinase�

VDJ� � Variable,�Diversity,�Join�

VEGFA� Vascular�Endothelial�Growth�Factor�A�

VPS34�� Vacuolar�Protein�Sorting�34�

ZAP70� Zeta�Associated�Protein�of�70�KDa�

�	m�� Pèrdua�de�potencial�de�membrana�mitocondrial�
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�finals� del� 1800,� el� científic� alemany� Paul� Ehrlich� va� començar� la�

recerca� de� la� “bala� màgica”,� un� fàrmac� selectiu� amb� afinitat� pels�

microorganismes� patogènics� sense� afectació� de� la� cèl�lula� hoste.� El�

desenvolupament�d’aquesta�idea�el�va�portar�a�la�síntesi�del�primer�fàrmac�

efectiu�contra�la�sífilis,�el�Salvarsan,�i�al�que�es�considera�el�naixement�de�la�

quimioteràpia.1� Més� de� 100� anys� després,� la� idea� de� trobar� un� fàrmac�

específic�i�dirigit�contra�una�diana�concreta�segueix�inspirant�la�investigació�

científica�de�nous�fàrmacs.��

En� l’àmbit� de� l’oncologia,� el� concepte� de� la� bala� màgica� és� aplicable� a�

aquella�teràpia�dirigida�contra� les�cèl�lules�tumorals�que�deixa� intactes� les�

cèl�lules� normals� de� l’organisme.� Imatinib� (Gleevec),� un� fàrmac� dirigit�

contra� la� cinasa� BCR/ABL� (Breakpoint� Cluster� Region/c�abl� oncogene� 1,�

non�receptor� tyrosine� kinase)� de� la� leucèmia� mieloide� crònica,� n’és�

l’exemple�més�paradigmàtic.2�Malgrat�tot,�bona�part�de�les�aproximacions�

terapèutiques� contra� el� càncer� no� són� bales� màgiques� sinó� que� afecten�

tant�a�les�cèl�lules�malignes�com�a�les�normals.��

Amb� els� grans� avenços� tecnològics� i� la� gran� quantitat� d’informació�

obtinguda�dels�estudis�genòmics�però,�s’està�accelerant�la�convergència�del�

descobriment� científic� a� l’aplicació� clínica.� El� gran� potencial� d’aquestes�

noves� eines� requereix� també� d’un� bon� coneixement� de� la� rellevància�

biològica� de� les� alteracions� genòmiques,� amb� estudis� funcionals� i�

mecanístics.�Amb� l’ajut�de� les�noves�tècniques�de� la�biologia,�però�també�

amb�la�intuïció,�la�serendipitat�i� les�proves�empíriques,�que�probablement�

sempre� tindran� un� paper� en� la� ciència,� es� continua� treballant� en� el�

desenvolupament�de�noves�teràpies�dirigides�contra�el�càncer.��

�

A
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ÒRGANS�LIMFOIDES�SECUNDARIS�
Zones�on�es�produeix�la�diferenciació�
dels�limfòcits�B�induïda�per�l’antigen.�
Inclou�els�ganglis�limfàtics,�la�melsa�i�
els�teixits�limfoides�associats�a�
mucoses.��
�

TEIXITS�EXTRANODALS�
Teixits�no�limfoides�on�pot�haver�
afectació�dels�limfòcits�B,�com�ara�la�
pell,�el�cervell�o�els�pulmons.�

1.� Neoplàsies�limfoides�de�cèl�lula�B�
�

Les� neoplàsies� limfoides� de� cèl�lula� B� són� un� grup� molt� heterogeni� de� tumors,�

amb�afectació�dels� limfòcits�B�madurs� i�manifestació�en�ÒRGANS� LIMFOIDES� SECUNDARIS�o�

TEIXITS� EXTRANODALS.� Aquest� terme� engloba� a� més� de� 30� entitats� clíniques� diferents,3�

entre� elles� el� limfoma� de� cèl�lules� del� mantell� (MCL;� Mantle� Cell� Lymphoma)� i� la�

leucèmia� limfàtica� crònica� (CLL;� Chronic� Lymphocytic� Leukemia).� La� diversitat� de�

limfomes� es� correspon� als� diferents� estadis� de� desenvolupament� i� diferenciació� dels�

limfòcits� B,� a� la� particular� estructura� del� seu� receptor� (BCR;� B�Cell� Receptor)� i� a� la�

presència� de� translocacions� cromosòmiques� específiques.� Aquesta� heterogeneïtat�

inherent�de�les�neoplàsies�limfoides�repercuteix�en�comportaments�clínics�molt�variats�

i� per� tant,� es� requereixen� estratègies� terapèutiques� molt� diverses,� cada� vegada� més�

flexibles�i�adaptades�a�les�característiques�dels�diferents�grups�de�pacients.4��

�

1.1.� El�limfoma�de�cèl�lules�del�mantell�

�

Introducció�

El� MCL,� definit� com� a� entitat� pròpia� a� principis� dels� 90s,5;6� es� caracteritza� per� una�

proliferació� anòmala� de� limfòcits� B� madurs� amb� tendència� a� la� disseminació.� Els�

pacients� presenten� limfadenopatia� –augment� de� mida� dels� ganglis–� generalitzada�

(90%),� infiltració� del� moll� de� l’os� (60�75%),� esplenomegàlia� (55%),� hepatomegàlia�

(35%),�afectació�gastrointestinal�(25%)�i�patró�leucemitzat,�és�a�dir,�presència�tumoral�

en�sang�perifèrica.7;8�La�incidència�anual�a�Europa�és�de�0.45�casos�/100.000�persones9�

i� la� mitjana� d’edat� al� diagnòstic� és� de� 60� anys�

aproximadament.10�Encara�que� la�quimioteràpia�

convencional� indueix� alts� índexs�de� remissió�en�

pacients� no� tractats� prèviament,� la� majoria�

acaben� recaient,� contribuint� a� la� curta� mitjana�

de� supervivència� de� 5�7� anys.11;12� Avui� dia,� el�

MCL�és�considera�una�malaltia�incurable.�

�
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Diagnòstic�

El�diagnòstic�de�la�malaltia�es�basa�en�l’immunofenotip�i�la�morfologia�de�la�malaltia.�El�

fenotip� del� MCL� consisteix� en� l’expressió� de� les� immunoglobulines� de� superfície�

IgM/IgD,�els�antígens�associats�al�limfòcit�B�(CD20,�CD22,�CD79),�l’antigen�associat�a�la�

cèl�lula�T�CD5�i�FMC7.�En�canvi,�no�expressen�el�marcador�d’activació�i�creixement�dels�

limfòcits� B� CD23.� Morfològicament,� s’han� descrit� variants� clàssiques� i� blastoids� del�

tumor,�aquesta�última�associada�amb�un�pitjor�pronòstic�(Figura�1).�

�

�

�

�

�

�
Figura� 1� |� Variants� morfològiques� del�

MCL.� Classificació� del� MCL� en� les� seves�

variants� clàssica� i� blastoid� a� partir� de� la�

histologia� d’una� biòpsia� de� gangli�

limfàtic.13
�

�

El� MCL� està� genèticament� caracteritzat� per� la� translocació� cromosòmica�

t(11;14)(q13;q32),� que� juxtaposa� el� protooncògen�CCND1� (ciclina� D1)� sota� el� control�

del� promotor� del� gen� de� la� cadena� pesada� de� les� immunoglobulines.� Com� a�

conseqüència,� la� ciclina� D1,� no� expressada� en� limfòcits� normals,� es� troba�

constitutivament� sobreexpressada� i� provoca� una� alteració� del� cicle� cel�lular� en� fase�

G1/S.� La� detecció� de� la� translocació� per� la� tècnica� citogenètica� FISH� (Fluorescence� In�

Situ�Hybridization)�o�bé�la�sobreexpressió�de�ciclina�D1�per� immunohistoquímica,�són�

complements�útils�per�al�diagnòstic�de�la�malaltia.10;13�

�

Origen�del�MCL�

La� translocació� inicial� t(11;14)(q13;q32)� del� MCL� succeeix� a� l’estadi� de� diferenciació�

dels� precursors� de� cèl�lula� B� al� moll� de� l’os.� En� aquest� estadi,� es� produeix� la�

recombinació�dels�segments�V(D)J� (Variable,�Diversity,� Join)�de� la� regió�variable�de� la�

cadena�pesada�del�gen�de� les� immunoglobulines� (IGHV;� Immunoglobulin�Heavy�chain�

Variable�region).��

10
00

�X
40

0�
X

MCL�clàssic MCL�blastoid
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�

LIMFÒCITS�B�NAÏVE

Limfòcits�que�no�han�estat�
exposats�a�cap�antigen.��
�

FOL�LICLE�LIMFOIDE�
Agregats�limfoides�en�els�teixits�on�
els�limfòcits�B�són�estimulats�pels�
antígens�i�el�microambient�per�
generar�anticossos�d’elevada�
afinitat.�
�

SOX11�
Factor�de�transcripció�que�
contribueix�a�la�diferenciació�dels�
limfòcits�B�madurs,�modulació�del�
cicle�cel�lular�i�l’apoptosi.�
Marcador�de�diagnòstic�pel�MCL�
convencional.��

En� canvi,� el� MCL� està� format� per� una� població� específica� de� limfòcits� B� madurs,�

indicant� que� el� fenotip� neoplàstic� complet� és� adquirit� en� fases� més� tardanes� en� el�

procés�de�diferenciació�dels�limfòcits�B,�una�vegada�ja�han�deixat�el�moll�de�l’os�i�han�

migrat�als�teixits� limfoides�perifèrics.�Mentre�que�la�majoria�de�casos�de�MCL�es�creu�

que�deriven�de�cèl�lules�B�CD5+�NAÏVE� localitzades�a� la�zona�del�mantell�dels� FOL�LICLES�

LIMFOIDES,� un� 15�40%� de� casos� contenen� mutacions� en� el� gen� de� les�

immunoglobulines.14;15� El� procés� d’hipermutació� somàtica� succeeix� en� els� centres�

germinals� dels� fol�licles� en� resposta� a� l’estimulació� per� un� antigen� extern� i� permet�

generar� anticossos� amb� una� elevada� afinitat� per� l’antigen.� Per� tant,� en� absència� de�

mutacions� (IGHV� no� mutat),� el� MCL� podria� derivar� de� limfòcits� B� madurs� i� naïve,�

mentre� que� els� casos� amb� mutacions� somàtiques� (IGHV� mutat)� podrien� derivar� del�

centre�germinal�com�a�conseqüència�d’una�resposta�a�l’antigen�(Figura�2).�

�

Curs�clínic:�MCL�no�nodal�

Clàssicament,� el� MCL� s’ha� considerat� un� limfoma� molt� agressiu.� En� canvi,� diferents�

estudis� han� identificat� un� conjunt� de� pacients� amb� una� evolució� més� indolent� de� la�

malaltia,�amb�una�major�supervivència,�fins�i�tot�en�

absència�de�quimioteràpia.�A�diferència�dels�casos�

convencionals�de�MCL,�aquest�subgrup�de�pacients�

estan� caracteritzats� per� un� patró�

predominantment� leucemitzat,� mínima� afectació�

ganglionar,� baix� índex� de� proliferació,� poques�

alteracions�cromosòmiques,�IGHV�mutat�i�absència�

de� l’expressió�de� SOX11� (Sex�determining� region�Y�

box�11).16�18�Alguns�d’aquests�pacients�però,�poden�

acabar�progressant�cap�a�una�forma�més�agressiva�

de� la� malaltia,� amb� adquisició� d’alteracions�

cromosòmiques� com� la� deleció� de� 17p� i� extensa�

afectació�nodal�(Figura�2).17;19��

7



In
tr
od

uc
ci
ó�

�

�

Figura� 2� |�Hipotètic�model� de� l’origen� del�MCL� i� dels� seus� subtipus�moleculars.�Els� limfòcits� B�

naïve� amb� la� t(11;14)� s’originen� al� moll� de� l’os� i� colonitzen� la� zona� del� mantell� dels� fol�licles�

limfoides.�Expressen�SOX11,� IGHV�no�mutat�o�mínimament�mutat,� són�genèticament� inestables� i�

tendeixen�a�acumular�alteracions�genètiques�addicionals�amb�les�quals�augmenta�l’agressivitat�de�

la�malaltia.�Alternativament,�alguns�limfòcits�amb�la�t(11;14)�entren�al�centre�germinal�i�presenten�

hipermutacions�somàtiques�en� IGHV.�Aquestes�cèl�lules�són�genèticament�estables,�no�presenten�

SOX11� i� tendeixen�a�disseminar�se�per� la� sang�perifèrica�més�que�no�pas�als� ganglis� limfàtics.� La�

malaltia�pot�mantenir�se�estable�per�llargs�períodes�de�temps,�però�l’adquisició�de�mutacions�com�

la�del17p�comporta�la�progressió�de�la�malaltia.�Alguns�tumors�amb�les�característiques�del�MCL�no�

tenen�la�translocació.20��

�

El�rol�de�la�ciclina�D1�en�MCL�

La�translocació�t(11;14)(q13;q32)�és�considerada�el�primer�esdeveniment�oncogènic�en�

el� desenvolupament� del� MCL.� Addicionalment� a� aquesta� translocació� però,� s’han�

observat�altres�mecanismes�que�augmenten�l’expressió�de�ciclina�D1�en�MCL,�com�ara�

alteracions� en� el� transcrit� de� la� ciclina� D1� que� augmenten� la� seva� estabilitat21� o�

amplificacions�de�l’al�lel�translocat.22�A�part�de�la�seva�implicació�en�el�control�del�cicle�

cel�lular,�la�ciclina�D1�podria�tenir�efectes�oncogènics�addicionals,�tot�i�que�el�seu�paper�

en�el�MCL�encara�no�es�coneix�bé.23�26��

�

� MCL�ciclina�D1�negatiu.�L’existència�de�casos�de�MCL�amb�absència�de�ciclina�D1�

però� amb� la� típica� morfologia� i� perfil� d’expressió� gènica,� suggereix� que� la�

Moll de�l’os

Cèl�lulapre�B
t(11;14)

Limfòcit B�
naïve

Limfòcit B�
IGHV�mutat

SOX11�

Limfòcit B�
IGHV�no�mutat

SOX11+

Cèl�lulapre�B
Ciclina D1�

MCL�clàssic MCL�blastoid

MCL��no�nodal
MCL��en�

progressió
del17p

Mantell fol�licular

Centre�germinal

Fol�licle limfoide
Teixits limfoides secundaris
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sobreexpressió� de� ciclina� D1� no� és� la� única� mutació� que� podria� iniciar� el�

desenvolupament�del�MCL.�Aquests�casos�sovint�sobreexpressen�ciclina�D2.27;28�La�

detecció�de�SOX11� tant�en�MCL�ciclina�D1�positius� com�en�ciclina�D1�negatius,29�

fan� d’aquesta� proteïna�un� marcador� útil� per� al� diagnòstic,� a� part� de� suggerir� un�

possible�rol�en�la�patogènesi�de�la�malaltia.��

�

Vies�de�senyalització�alterades�en�MCL�

La�sobreexpressió�de�la�ciclina�D1�sembla�no�ser�suficient�per�causar�la�transformació�

cel�lular�ni�per�explicar�el�comportament�habitualment�agressiu�del�MCL.�Moltes�altres�

alteracions� secundàries� que� involucren� gens� de� vies� de� senyalització� com� el� cicle�

cel�lular,�resposta�al�dany�del�DNA�i�vies�de�supervivència,�es�troben�freqüentment�en�

els�casos�més�agressius�de�MCL�(Taula�1).��

�

� Cicle�cel�lular.�Les�dues�principals�vies�de�senyalització�implicades�en�el�control�del�

cicle�cel�lular,�p16INK4a/CDK4�(Cyclin�Dependent�Kinase�4)/RB1�(Retinoblastoma�1)�i�

p14ARF/MDM2� (Mouse� Double�Minute� 2� homolog)/p53,� es� troben� freqüentment�

alterades.�Delecions�del� locus�de�CDKN2A� (Cyclin�Dependent�Kinase� inhibitor�2A,�

que�codifica�per�p16INK4a� i�p14ARF),�mutacions� inactivadores�o�delecions�de�TP53� i�

RB1,�o�amplificacions�de�CDK4�i�MDM2,�són�habituals�en�el�MCL.30�32�

�

� Vies� de� resposta� al� dany� del� DNA.� Mutacions� i� delecions�en� el� gen�ATM� (Ataxia�

Telangiectasia�Mutated)� són� habituals� en� pacients� amb� elevada� inestabilitat�

genòmica.33�Ocasionalment,�també�s’han�observat�alteracions�en�dues�cinases�que�

actuen� per� sota� d’ATM� en� la� mateixa� via� de� senyalització� cel�lular,� CHK1� i� CHK2�

(Checkpoint�Kinase�1�2),�i�que�prevenen�l’activació�del�cicle�cel�lular�en�resposta�al�

dany�del�DNA.34�També�s’han�descrit�mutacions�en�gens�que�regulen�la�modificació�

de�la�cromatina,�com�és�el�cas�de�WHSC1�(Wolf�Hirschhorn�syndrome�candidate�1),�

MLL2� (Lysine� (K)�specific� methyltransferase)� i�MEF2B� (Myocyte� Enhancer� Factor�

2B),�la�implicació�funcional�de�les�quals�encara�no�és�coneguda.35�

�

�

�
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Taula�1�|�Selecció�d’alteracions�genòmiques�recurrents�en�el�MCL�

Gen� Classe/Producte� Funció Lesió

Cicle�cel�lular�

CCND1� Ciclina�D1� Forma�un�complex�amb�CDK4/CDK6�per�regular�la�
transició� G1/S� a� través� de� la� fosforilació� de�
retinoblastoma�

+

CDK4� Cinasa� dependent� de�
ciclina�

Forma�un�complex�amb�la�ciclina�D1�per�regular�la�
fase�més�primerenca�de�G1

+

MDM2� Regulador� negatiu� de�
p53�

Indueix�la�degradació�de�p53�pel�proteasoma� +

RB1� Supressor�de�tumors� S’uneix� al� factor� de� transcripció� E2F� evitant� la�
seva� translocació�al�nucli� i� la�progressió�del� cicle�
cel�lular�

_

CDKN2A� p14�i�p16��� Inhibeixen� l’activitat� dels� complexes� CDK/Ciclina�
D�a�la�fase�G1

_

Resposta�al�dany�del�DNA/moduladors�de�la�cromatina�

TP53� Supressor�de�tumors� Indueix� parada� del� cicle� cel�lular,� apoptosi� i�
senescència�

_

ATM� Cinasa� reguladora� dels�
punts�de�control�del�cicle�
cel�lular�

Com�a�resposta�al�dany�del�DNA,�ATM�regula�els�
punts�de�control�de�les�fases�G1/S�i�G2/M�del�cicle�
cel�lular,�mitjançant�la�fosforilació�de�p53,�MDM2�
i�CHK2.�

_

WHSC1�
MLL2�
MEF2B�

Modificadors� de� la�
cromatina�

Histones� metiltransferases,� reguladors� de�
l’expressió�gènica.��

_

Vies�de�supervivència�cel�lular�

SYK� Tirosina�cinasa�del�BCR� Propaga� la� senyalització� del� BCR� mitjançant�
l’activació�de�les�vies�NF�B,�PI3K,�MAPK�i�PLC���

+

PIK3CA� Subunitat� catalítica� de�
PI3K�(p110
)�

Implicada� en� la� senyalització� tònica� del� BCR,�
produeix� fosfatidilinositol�3,4,5�trifosfats� i� facilita�
l’activació�d’AKT�

+

PTEN� Fosfatasa� reguladora� de�
PI3K�

Antagonitza� l’activitat� de� PI3K� catalitzant� la�
reacció�contrària�per�formar�fosfatidilinositol�4,5�
bifosfats�

_

BIRC3� Regulador� negatiu� de� la�
via�de�NF�B�

Inhibeix� l’activitat� de� MAP3K14,� un� cinasa�
activadora�de�la�via�de�NF�B�

_

NOTCH1/2� Membres� de� la� família�
NOTCH�

Regulació�del�desenvolupament�i�la�supervivència�
cel�lular.��

_

Apoptosi�

BCL2� Regulador�antiapoptòtic Promou� la� supervivència� cel�lular� mitjançant� la�
seva�unió�als�membres�proapoptòtics�BAX�i�BAK�

+

BCL2L11� BIM� S’uneix�als�membres�antiapoptòtics�BCL2,�BCLXL�i�
MCL1�i�facilita�l’activació�de�l’apoptosi�

_

Interacció�amb�el�microambient�

TLR2� Membre�de�la�familia�TLR Rol�en�el�reconeixement�de�patògens�i�producció�
de�citocines�per�a�la�immunitat�innata�

_

+�indica�amplificació;���deleció/mutació.�
Abreviacions:� CHK2,� Checkpoint� Kinase� 2;� BCR,� B�Cell� Receptor;� NF�B,� Nuclear� Factor� kappa� B;� PI3K,�
Phosphatidylinositol�3�Kinase;�MAPK,�Mitogen�Activated�Protein�Kinase;�PLC�,�Phospholipase�C�gamma;�AKT,�v�akt�
murine�thymoma�viral�oncogene�homolog�1;�MAP3K14,�Mitogen�Activated�Protein�kinase�kinase�kinase�14;�BAX,�
BCL2�Associated�X�protein;�BAK,�BCL2�Antagonist/Killer�1;�BCLXL,�BCL2�like�1;�MCL1,�Myeloid�Cell�Leukemia�1;�TLR,�
Toll�Like�Receptor.��
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� Vies� de� supervivència� cel�lular.� Amplificacions� i� sobreexpressions� de� gens�

antiapoptòtics�com�ara�BCL2�(B�cell�CLL/lymphoma�2)22�i�delecions�homozigotes�de�

gens� proapoptòtics� com� ara� BCL2L11� (BCL2�like� 11,� gen� que� codifica� per� la�

proteïna�BIM)�han�estat�descrits�en�tumors�primaris.36�El�rol�de�la�deleció�de�BIM�

en�la�patogènesi�del�MCL�ha�estat�recentment�avaluat�en�un�model�murí.37�També�

s’han�descrit�mutacions�de�BIRC3�(Baculoviral�IAP�Repeat�Containing�3),�NOTCH1�i�

NOTCH2,35;38�activacions�constitutives�de� les�vies�de�PI3K� (Phosphatidylinositol�3�

Kinase)/AKT/mTOR�(mammalian�Target�Of�Rapamycin)�i�via�canònica�de�WNT39.��

�

� Vies� implicades� en� la� interacció� amb� el� microambient.� Les� cèl�lules� canceroses�

únicament� no� són� capaces� de� generar� la� malaltia,� sinó� que� requereixen� de� la�

interacció� amb� altres� cèl�lules� que� contribueixen� al� suport� i� a� la� progressió� del�

tumor.� Les� cèl�lules� de� MCL� entren� en� apoptosi� espontània� in� vitro,� el� que�

exemplifica� que� hi� ha� factors� essencials� per� la� proliferació� i� supervivència�

d’aquestes� cèl�lules�que�no� són� intrínsics�de� la� cèl�lula�de�MCL.�A�més� a�més,� la�

majoria�de�pacients�de�MCL�presenten�manifestacions�extranodals,�de�manera�que�

els� factors� microambientals� podrien� promoure� la� disseminació� del� tumor.�

Finalment,� el� fet� que� alguns� MCLs� tinguin� mutacions� en� IGHV,� contribueix� a� la�

hipòtesi�que�el�centre�germinal�fol�licular�pot�representar�un�nínxol�on�les�cèl�lules�

tumorals� entrin� en� contacte� amb� cèl�lules� accessòries,� com� ara� MSCs�

(Mesenchymal� Stromal� Cells),40� FDCs� (Follicular� Dendritic� Cells),41;42� macròfags� i�

limfòcits�T.43��

�

Tot�i�que�la�influència�del�microambient�en�la�patogènesi�del�MCL�encara�no�és�del�

tot�coneguda,�s’han�descrit�activacions�de�vies�de�supervivència�interrelacionades�

amb�l’estroma�tumoral,�com�ara�la�senyalització�del�BCR44�i�la�via�JAK/STAT�(Janus�

Kinase/Signal� Transducers� and� Activators� of� Transcription)45,� i� la� participació� de�

diverses�citocines�com�ara�BAFF�(B�cell�Activating�Factor),40�IL646�o�CD40L47�(lligand�

expressat�en�els�limfòcits�T,�la�seva�unió�al�receptor�CD40�permet�la�interacció�amb�

les� cèl�lules� de� MCL).� Recentment,� s’han� trobat� mutacions� de� TLR2� (Toll�Like�

Receptor�2),�associades�a�una�major�producció�d’interleucines,�el�que�promou� la�

supervivència�i�expansió�de�les�cèl�lules�tumorals.35�A�més�a�més,�s’ha�descrit�que�
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CHOP

Règim�de�quimioteràpia�estàndard�basat�
en�l’ús�de�ciclofosfamida,�doxorubicina,�
vincristina�i�prednisona.�
�

RITUXIMAB�
Anticòs�monoclonal�dirigit�contra�
l’antigen�CD20,�present�en�limfòcits�B�
normals�i�en�la�majoria�de�neoplàsies�de�
cèl�lula�B.�
�

HYPER�CVAD�
Règim�intensiu�de�quimioteràpia�basat�en�
R�CHOP�però�incloent�elevades�dosis�de�
metotrexat�i�citarabina.�

les� cèl�lules� de� MCL� expressen� alts� nivells� de� CXCR4� (chemokine� C�X�C� motif�

Receptor�4),�CXCR5�(chemokine�C�X�C�motif�Receptor�5)�i�VLA�4�(CD49d)�(Very�Late�

Antigen�4),� molècules� implicades� en� els� processos� de� migració� i� adhesió�

cel�lulars,48� el� que� exemplifica� la� importància� de� les� interaccions� amb� el�

microambient�per�a�la�progressió�tumoral�i�la�resistència�a�fàrmacs.��

�

Pronòstic�

El�millor�predictor�de�la�supervivència�és�la�proliferació�del�tumor,�de�manera�que�una�

proliferació�tumoral�elevada�s’associa�amb�una�pitjor�supervivència.�L’expressió�de�Ki�

6749�o�l’ús�d’una�signatura�gènica�de�proliferació50�han�esdevingut�bons�marcadors�de�

proliferació� per� preveure� la� supervivència� dels� pacients� de� MCL.� Això� remarca� la�

importància� de� l’alteració� del� cicle� cel�lular� en� el� comportament� del� MCL.� El� valor�

pronòstic� d’altres� factors� biològics� com� l’estat� mutacional� de� IGHV� no� ha� estat�

confirmat.��

�

Tractaments�actuals�

Els�règims�de�quimioteràpia�en�el�MCL�són�els�mateixos�utilitzats�per�a�d’altres�tipus�de�

limfomes�i�principalment�es�basen�en�CHOP,�normalment�en�combinació�amb�RITUXIMAB.�

Règims�de�quimioteràpia�més�intensius�com�ara�HYPER�CVAD�o�bé�el�transplantament�de�

progenitors�hematopoètics�en�pacients�candidats�(depenent�de�l’edat�i�l’estat�general�

del� pacient)� són� altres� aproximacions� que� es� realitzen� en� primera� línia.� El� major�

coneixement� en� els� mecanismes� biològics�

implicats�en�la�patogènesi�del�MCL�ha�permès�

la� introducció� de� nous� tractaments,�

especialment� per� a� pacients� refractaris� o� en�

recaiguda.� Dels� acceptats� per� a� ús� clínic,� els�

que� han� obtingut� respostes� més� consistents�

són� ibrutinib� (inhibidor� de� BTK;� Bruton�

Tyrosine� Kinase),� amb� un� índex� de� resposta�

global� (ORR;�Overall� Response� Rate)� del� 65�

68%,51� bortezomib� (inhibidor� del�
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PROTEASOMA

Complex�proteic�responsable�de�la�
degradació�de�proteïnes�solubles.�
�

PSEUDOFOL�LICLES�
Estructures�específiques�
localitzades�als�nòduls�limfàtics�i�al�
moll�de�l’os�que�contenen�cèl�lules�
de�CLL�amb�activitat�proliferativa,�
limfòcits�T�i�cèl�lules�estromals.��

PROTEASOMA),� 30�50%,52� temsirolimus� (un� inhibidor� de� mTORC1),� 22�41%,53;54� i�

lenalidomida�(un�agent�immunomodulador),�35�63%.55;56�

�

1.2.� La�leucèmia�limfàtica�crònica�

�

Introducció�

La� CLL� és� el� tipus� de� leucèmia� més� comú� en� adults,57� afectant� aproximadament� a� 4�

persones� de� cada� 100.000� als� Estats� Units.58� Està� caracteritzada� per� l’acumulació� de�

limfòcits� B� madurs,� de� llarga� vida� mitja� i� baixa� capacitat� proliferativa,� en� sang�

perifèrica,�moll�de�l’os,�nòduls�limfàtics�o�altres�teixits�limfoides.59�Tot�i�això,�una�petita�

fracció� de� cèl�lules� situada� als� centres� proliferatius� o� PSEUDOFOL�LICLES� té� activitat�

proliferativa� i�genera�aproximadament�un�2%�de�cèl�lules�noves�de�CLL�cada�dia.60�La�

mitjana� d’edat� al� diagnòstic� és� d’aproximadament� 72� anys.61� És� una� malaltia� molt�

heterogènia�amb�un�curs�clínic�molt�variable.��

�

�

�

�

�

�
�

�

�

Figura�3�|�Sang�perifèrica�d’un�pacient�amb�CLL�

(1000�X�d’augment).62�
�

Diagnòstic�

El� diagnòstic� es� basa� en� el� recompte� en� sang� de�

l’expansió� clonal� de� limfòcits� B� (�5000/�l� durant�

almenys� 3� mesos)� i� en� la� caracterització� del� seu�

immunofenotip�aberrant�(Figura�3).�El�fenotip�de�la�

CLL� es� defineix� per� la� coexpressió� de� CD5,� els�

antígens�de�superfície�de� limfòcits�B�CD19,�CD20� i�

CD23� i� una� baixa� expressió� de� les�

immunoglobulines�de�superfície.63;64��
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�

HIPERMUTACIÓ�SOMÀTICA�
Procés�que�succeeix�al�centre�
germinal�i�que�permet�
modificar�l’afinitat�del�BCR�per�
l’antigen�mitjançant�mutacions�
als�gens�de��les�
immunoglobulines.�
�

CÈL�LULA�B�MEMÒRIA�
Cèl�lula�B�que�ha�tingut�
contacte�amb�l’antigen�i�que�
expressa�anticossos�d’elevada�
afinitat.�Respon�ràpidament�
davant�d’una�segona�exposició�
a�l’antigen.

Origen�de�la�CLL�

El� 60�65%� de� casos� de� CLL� són� IGHV� mutades� (M�CLL;�Mutated�CLL),� amb� evidència�

d’HIPERMUTACIONS� SOMÀTIQUES,�mentre�que�el� 35�40%� restant,� no�presenten�mutacions�

(U�CLL;� Unmutated�CLL).65� En� canvi,� estudis� d’expressió� gènica� entre� M�CLL� i� U�CLL�

revelen�que�aquestes�dues�categories�de�CLL�comparteixen�un�patró�molt�similar,�amb�

excepció� de� gens� com� ZAP70� (Zeta�Associated� Protein� of� 70� KDa),� suggerint� que�

ambdues�derivarien�de�progenitors�de�cèl�lules�B�que�han�tingut�algun�contacte�amb�

l’antigen.66�El�paper�de�l’estimulació�antigènica�queda�corroborat�amb�l’observació�que�

certs�gens�de�IGHV�s’utilitzen�amb�una�freqüència�més�elevada�de�l’esperada,65;67�amb�

un� 30%� de� les� CLL� compartint� elevats� graus� d’homologia� dels� seus� BCR� (BCR�

estereotipats).68� Tot�això� indica�que�certs� tipus�de� reordenaments�del�BCR�han�estat�

positivament�seleccionats�per�les�seves�interaccions�amb�antígens�específics�i�que�per�

tant,� aquesta� experiència� antigènica� contribueix� a� la� patogènesi� de� la� CLL.� L’origen�

cel�lular� de� la� CLL� però,� és� encara� molt� controvertit.� Recentment,� en� un� estudi�

epigenòmic,�s’ha�identificat�que�les�diferències�en�el�perfil�de�metilació�de�U�CLL�i�M�

CLL�poden�ser�atribuïdes�als�diferents�tipus�de�subpoblacions�de�cèl�lula�B.�Així,�U�CLL�

tindria�un�perfil�més�similar�a�les�cèl�lules�naïve� i� les�cèl�lules�CD5+�que�no�han�passat�

pel� centre� germinal,� mentre� que� M�CLL� seria� més� similar� a� les� CÈL�LULES� B� MEMÒRIA�

(Figura�4).69��

�

Curs�clínic�

La� majoria� de� casos� de� CLL� estan� precedits� per� una�

limfocitosi�monoclonal�de�cèl�lula�B�(MBL;�Monoclonal�

B� cell� Lymphocytosis),� una� expansió� indolent� de�

limfòcits�B�monoclonals�(<5000/�l)�en�sang�perifèrica,�

sense� limfadenopaties.70� Clínicament,� la� CLL� està�

marcada� per� un� elevat� grau� d’heterogeneïtat,� amb�

pacients� assimptomàtics,� elevada� estabilitat� de� la�

malaltia� i� una� supervivència� mitja� pràcticament�

normal�i�d’altres�que�progressen�ràpidament,�amb�una�

supervivència�de�pocs�mesos�després�del�diagnòstic.71�
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�

Moll de�l’os

Limfòcit B�
naïve

Limfòcit B�
IGHV�mutat

Limfòcit B�
IGHV�no�mutat

CLL�no�
mutada

Limfòcit B�
memòria

CLL��
mutada

Mantell fol�licular

Centre�germinal

Fol�licle limfoide
Teixits limfoides secundaris

Hipermutació
somàtica

Maduració
independentdel�
centre�germinal

Hipometilació
Lesions genètiques
Interacció amb el�

microambient

Una�fracció�de�casos�de�CLL�(un�15%�als�10�anys�del�diagnòstic�de�CLL)�pot�transformar�

se�en�una�forma�molt�més�agressiva�anomenada�Síndrome�de�Richter.72�

�

�

�

�

�

�

�

�

�

�

�

Figura�4�|�Hipotètic�model�de�l’origen�de�la�CLL�i�dels�seus�subtipus�moleculars.�La�trobada�entre�

l’antigen�i�el�limfòcit�B�naïve�pot�succeïr�de�forma�depenent�de�limfòcit�T�en�el�centre�germinal,�on�

es�produeix�la�hipermutació�somàtica�en�els�gens�de�IGHV,�o�de�forma�independent�del�limfòcit�T.�

Les�CLL�IGHV�no�mutades�semblen�derivar�dels�limfòcits�B�que�no�han�passat�pel�centre�germinal,�

mentre� que� les� CLL� IGHV� mutades,� podrien� derivar� dels� limfòcits� B� memòria.� En� tots� dos� casos,�

l’acumulació�de�lesions�genètiques,�reprogramació�epigenètica�i�interaccions�amb�el�microambient�

afavoririen�la�transformació�tumoral.�

�

El�genoma�de�la�CLL�

Alteracions�citogenètiques.�La�deleció�del13q14�és� l’alteració�més�freqüent� i�succeeix�

en� el� 50�60%� dels� casos.73� Podria� ser� una� de� les� lesions� més� primerenques� de� la�

malaltia,� ja�que�s’ha�trobat�en�una�freqüència�similar�en� la�MBL� i�perquè�sovint�és� la�

única� lesió� detectada.74� Aquesta� alteració� comporta� la� deleció� dels� gens� DLEU1� i�

DLEU275�que�codifiquen�pels�microRNAs�MIR15A� i�MIR16A.�Aquesta�deleció�afavoreix�

l’expressió�de�MCL1�(Myeloid�Cell�Leukemia�1)�i�BCL2,�contribuïnt�al�desenvolupament�

de�la�malaltia.76;77��

Altres� alteracions� genètiques� en� la�CLL� inclouen� la� trisomia� 12� (15%� dels� casos),73� la�

deleció� del11q22�q23,� que� majoritàriament� afecta� el� gen� ATM� (15%� dels� casos)�
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causant� inestabilitat�genòmica,� i� la�deleció�del17p13� (5�10%)�que�altera� la� funció�del�

gen� supressor� de� tumors� TP53.73� Sovint,� les� delecions� del11q22�q23� i� del17p13� van�

acompanyades� d’inactivació� del� segon� al�lel� d’ATM� i� de� TP53,� respectivament,� per�

mutacions�puntuals�(Taula�2).78;79�

�

Taula�2�|�Selecció�d’alteracions�genètiques�recurrents�en�CLL�

Alteració� Freqüència�(%)� Efecte�

Alteracions�citogenètiques�

Deleció�de�13q14� 50�60� Supressió�de�MIR15A�i�MIR16A�

Trisomia��12� 15� Desconegut�

Deleció�11q22�q23� 15� Inactivació�d’ATM�

Deleció�17p13� 5�10� Inactivació�de�p53�

Alteracions�genòmiques�

Mutació�de�NOTCH1� 10� Activació�de�la�via�de�NOTCH1�

Mutació�de�SF3B1� 5�10� Regulació�del�splicing�alternatiu�

Inactivació�de�BIRC3� 4� Activació�de�la�via�de�NF�B�

Mutació�de�MYD88� 3�5� Activació�de�la�via�de�TLR�

Mutació�de�POT1� 3.5�
Alteració�de�la�integritat�dels�
telòmers�i�inestabilitat�
cromosòmica�

Abreviacions:� ATM,� Ataxia� Telangiectasia�Mutated;� SF3B1,� Splicing� Factor� 3B�
subunit�1;�BIRC3,�Baculoviral�IAP�Repeat�Containing�3;�NF�B,�Nuclear�Factor��appa�
B;� MYD88,� Myeloid� Differentiation� primary� response� gene� 88,� TLR;� Toll�Like�
Receptor;�POT1,�Protection�Of�Telomeres�1.�

�

Alteracions� genòmiques.� La� recent� seqüenciació� del� genoma� de� la� CLL� ha� permès�

identificar�altres�lesions�genètiques�recurrents,�entre�les�quals�s’inclou�NOTCH1,�SF3B1�

(Splicing� Factor� 3B� subunit� 1),� BIRC3� i� MYD88� (Myeloid� Differentiation� primary�

response�gene�88).�La�mutació�activadora�de�NOTCH1�(10%�en�el�diagnòstic)�succeeix�

preferentment�en�U�CLL�i�sovint�es�troba�associada�a�la�trisomia�12,�essent�un�subgrup�

de�pacients�d’alt�risc�i�amb�poca�supervivència,�comparable�al�subgrup�amb�alteracions�

de�TP53� i� amb�una�elevada�probabilitat�de�desenvolupar�Síndrome�de�Richter.80;81�El�

gen� SF3B1� (5�10%)� és� un� regulador� del� splicing� alternatiu82� i� la� inactivació� de�BIRC3�

(4%)� causa� l’activació� constitutiva� de� la� via� de� NFB� (Nuclear� Factor� �appa� B).83�

Finalment,�s’han�descrit�mutacions�en�altres�gens�però�que�es� troben�en� freqüències�
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molt�baixes,�com�ara�MYD88�(3�5%),�una�molècula�adaptadora�del�complex�TLR�(Toll�

Like� Receptor),80;84� o� POT1� (Protection� Of� Telomeres� 1)� (3.5%),� que� codifica� per� un�

component� del� complex� de� les� shelterines,� reguladors� crítics� de� la� integritat� dels�

telòmers�(Taula�2).85��

�

Alteracions�epigenètiques.�A�diferència�del�baix�nombre�de�mutacions�recurrents�amb�

elevada� freqüència� que� s’han� descrit� en� la� CLL,� un� gran� nombre� de� gens� es� troba�

epigenèticament� alterat,� predominantment� en� forma� d’hipometilació.� Aquestes�

alteracions�afecten�majoritàriament�les�regions�potenciadores�dels�gens�i�només�un�5�

10%� dels� gens� mostra� correlació� entre� la� metilació� del� DNA� i� l’expressió� gènica.69�

Aparentment,�això�suggereix�que�la�regulació�gènica�podria�no�ser�el�paper�principal�de�

la� metilació� del� DNA.� Recentment,� s’ha� hipotetitzat� que� la� metilació� podria� tenir� un�

procés� essencial� en� el� procés� leucemogènic� abans� de� la� detecció� clínica� de� la� CLL�

(Figura�4).86��

�

Pronòstic�

Estadiatge� de� la� CLL.� Els� sistemes� de� estadiatge� de� Rai� i� Binet� són� importants� pel�

pronòstic�i�per�les�decisions�del�tractament.�La�classificació�de�Rai�es�basa�en�el�grau�de�

manifestació�de� la�malaltia,87�mentre�que�el�sistema�de�Binet�té�en�compte� les�àrees�

afectades� per� la� malaltia.88� Un� estadiatge� avançat� en� el� moment� del� diagnòstic� és�

indicatiu�de�mal�pronòstic.�

�

Marcadors� sèrics.� Nivells� elevats� en� sèrum� de� la� microglobulina��2,� timidina� cinasa,�

CD23�soluble�i�TNF�(Tumor�Necrosis�Factor),�són�indicatius�de�mal�pronòstic.89�

�

�

�

�
�

�

Figura�5�|�Pronòstic�de� la�CLL� segons� l’estat�

mutacional� del� gen� de� les�

immunoglobulines.90�

�Temps (mesos)

Su
pe

rv
iv

èn
ci

a
(%

)

IGHVmutat

IGHV no mutat

17



In
tr
od

uc
ci
ó�

�

ZAP70
És�una�tirosina�cinasa�clau�per�la�
senyalització�del�receptor�dels�
limfòcits�T,�tot�i�que�també�juga�
un�paper�en�la�transducció�de�
senyals�del�BCR.�La�seva�expressió�
sembla�estable�amb�el�temps.�
�

CD38�
És�un�marcador�de�superfície�
associat�amb�la�proliferació�de�les�
CLL.�La�seva�expressió�no�és�
estable�amb�el�temps.�

Alteracions�genètiques.�A�diferència�del�MCL,�la�distinció�entre�els�casos�M�CLL�i�U�CLL�

és�clínicament�rellevant�ja�que�IGHV�no�mutat�és�un�predictor�de�mal�pronòstic�(Figura�

5).91�La�separació�entre�aquests�dos�subgrups�s’ha�establert�de�forma�arbitrària�al�98%�

d’homologia�de�seqüència�de�les�IGHV�de�la�CLL�amb�les�còpies�germinals.92�

A�més�a�més,�els�casos�U�CLL�sovint�van�acompanyats�d’altres�alteracions�genètiques�

que�confereixen�major�agressivitat�al�curs�de�la�malaltia,�com�ara�elevada�expressió�de�

ZAP70� (>20%)93� i� CD38� (>30%).94� També� són� predictores� d’un� pitjor� pronòstic� les�

alteracions� de� TP5379� i� ATM,73� mutacions� de� NOTCH181;95� i� SF3B182� i� inactivació� de�

BIRC3�(Figura�6).83��

�

�

�

�

�

�
�

Figura� 6� |� Pronòstic� de� la� CLL�

segons� la� integració� del� model�

mutacional�i�citogenètic.96�

�

La� progressió� de� la� CLL� cap� a� Síndrome� de� Richter� està� associada� a� l’adquisició� de�

certes�alteracions�que�contribuirien�a�la�transformació�tumoral,�com�són�alteracions�de�

TP53�(50�60%),�activació�de�NOTCH1�(30%)�i�MYC�(20%).97�

�

Impacte�del�microambient�en�la�CLL�

La� CLL� té� una� particular� dependència� del�

microambient� (Figura� 7).� Entre� les� diferents�

neoplàsies� de� tipus� B,� la� CLL� és� la� malaltia� que�

respon� millor� als� inhibidors� de� la� senyalització� del�

BCR,�el�qual�té�un�paper�central�en�el�diàleg�amb�les�

cèl�lules� estromals,� el� que� ressalta� la� importància�

del�microambient�en�aquesta�malaltia.98��
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�

�

Figura�7�|�El�microambient�de�la�CLL.�Les�cèl�lules�de�CLL�interactuen�amb�cèl�lules�estromals�com�

les�BMSC� (Bone�Marrow�Stromal�Cells)� i� les�NLCs� (Monocyte�derived�Nurse�Like�cells)�a� través�de�

receptors� de� quimiocines� i� molècules� d’adhesió.� NLCs� expressen� BAFF,� APRIL,� CXCL12� i� CXCL13,�

mentre�que�BMSC�principalment�secreta�CXCL12.�L’activació�del�BCR�en�les�cèl�lules�de�CLL�causa�la�

secreció�de� les�quimiocines�CCL3� i�CCL4�que�són�potents�atraients�dels� limfòcits�T.�Els� limfòcits�T�

interactuen� amb� les� cèl�lules� de� CLL� a� través� de� l’expressió� de� CD40L� i� contribueixen� a� la�

proliferació�i�supervivència�de�les�cèl�lules�de�CLL.�

�

Les� interaccions� entre� cèl�lules� tumorals� i� cèl�lules� estromals,� mitjançant� les�

quimiocines� i� les�molècules�d’adhesió,� són� crítiques�per� la�migració� i� retenció�de� les�

cèl�lules� de� CLL� en� el� moll� de� l’os� i� en� els� teixits� limfoides� secundaris.99� En� aquests�

compartiments,�el�microambient�activa�les�vies�del�BCR�i�NF�B�en�les�cèl�lules�de�CLL,�

facilitant� la� proliferació� de� les� cèl�lules� tumorals� i� contribuint� a� la� progressió� de� la�

malaltia.100� Però� les� cèl�lules� de� la� CLL� no� són� les� úniques� que� es� beneficien� del�

contacte� amb� l’estroma,� ja� que� les� cèl�lules� estromals� també� són� activades� per� les�

cèl�lules� de� CLL,� mitjançant� la� via� de� NF�B.101� Les� cèl�lules� estromals� secreten�

molècules� estimuladores� com� BAFF� i� APRIL� (A� Proliferation�Inducing� Ligand),102�

mitjançant� les� quals� protegeixen� les� cèl�lules� de� la� CLL� de� l’apoptosi,� o� CXCL12� i�

CXCL13,� que� interaccionen� amb� els� receptors� de� quimiocines� CXCR4� i� CXCR5,�

respectivament,� expressats� en� les� cèl�lules� de� CLL.� Les� integrines� VLA�4103� cooperen�

amb� els� receptors� de� quimiocines� en� els� processos� de� quimiotaxis,� adhesió,�

PI3K
BTK

SYK
BCR

Antigen

CXCR4
CXCR5
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CXCL13
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MALALTIA�MÍNIMA�RESIDUAL�
Cèl�lules�tumorals�no�detectables�
que�resten�en�el�pacient�quan�
aquest�està�en�remissió�després�
del�tractament.�Implicades�en�la�
recaiguda.�

polimerització� d’actina� i� migració� de� les� cèl�lules� de� CLL� a� través� de� l’endoteli�

vascular.104�Les�cèl�lules�de�CLL,�al�seu�torn,�secreten�quimiocines�com�CCL3�i�CCL4,�que�

actuen�com�a�quimioatraients�de�les�cèl�lules�T.105�En�els�ganglis�limfàtics,�la�interacció�

entre� CD40� expressat� en� la� CLL� i� el� seu� lligand� CD40L,� normalment� expressat� en� els�

limfòcits� T,� proporciona� senyals� antiapoptòtics� i� de� proliferació,� resultant� en� la�

formació� dels� pseudofol�licles.105� Per� tant,� la� CLL� no� només� es� beneficia� del�

microambient� com� un� suport� per� al� seu� creixement,� sinó� que� a� més,� participa�

activament�en�la�complexa�intercomunicació�amb�l’estroma.��

�

Tractaments�actuals�

La�CLL�no�és�necessàriament�tractada�des�del�moment�del�diagnòstic,�sinó�que�depèn�

de� l’estadi� clínic� o� de� la� presència� de� malaltia� activa� i� simptomàtica.106� Durant� les�

últimes� dècades,� s’ha� produït� una� transició� des� de� les� teràpies� basades� en� agents�

alquilants�com�el�clorambucil�o�la�ciclofosfamida,�a�les�teràpies�basades�en�anàlegs�de�

nucleòsids,� com� la� fludarabina,� o� a� combinacions� d’ambdues� teràpies.� Més�

recentment,� s’ha� introduït� la� immunoquimioteràpia,� amb� la� combinació� de� règims�

quimioterapèutics� amb� anticossos� monoclonals� com� el� rituximab� o� l’ofatumumab�

(anticossos� anti�CD20).� La� bendamustina,� un� agent� que� combina� les� propietats� d’un�

anàleg� de� purines� i� d’un� agent� alquilant,107� va� ser� utilitzada� a� l’antiga� República�

Democràtica�Alemanya,�però�no�va�ser� fins� la�reunificació�del�país�que�es�va�donar�a�

conèixer�àmpliament�la�seva�significativa�activitat�clínica�i�va�ser�aprovada�per�la�FDA�

(American� Food� and� Drug� Administration)� l’any� 2008.108� Els� tractaments� actuals� van�

dirigits� a� aconseguir� remissions�de� llarga�durada,�que� són�definides�per�una� MALALTIA�

MÍNIMA� RESIDUAL� negativa.� S’han� obtingut� bons� resultats� amb� el� règim� fludarabina�

ciclofosfamida�rituximab,109� considerat� el� tractament� estàndard,� amb� l’anticòs�

monoclonal� alemtuzumab� (anticòs� anti�CD52,� antigen� present� en� limfòcits� B� i� T),110�

amb� les� combinacions� fludarabina�ciclofosfamida�

mitoxantrona� amb� o� sense� rituximab111� i�

bendamustina�rituximab,� que� al� ser� molt� ben�

tolerada� és� un� tractament� especialment� adequat�

per�a�pacients�grans�o�amb�comorbiditat.112�

�
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Expansió

Trisomia 12

SF3B1

Tractament

SF3B1

Deleció 13q14

TP53

TP53

ATM

ATM

Quimioresistència�

Amb� les� teràpies� convencionals� però,� hi� ha� un� percentatge� de� pacients� que� acaben�

recaient.� La� predisposició� a� la� quimioresistència� està� influenciada� per� la� presència�

d’alteracions�genètiques.�El�cas�més�dramàtic�és�el�de�TP53,� ja�que�al�voltant�del�30�

40%� dels� pacients� refractaris� a� fludarabina� tenen� delecions� o� mutacions� d’aquest�

gen.57� Precisament� els� casos� amb� del17p� o� TP53� mutat� són� candidats� per� al�

transplantament�al�logènic�de�cèl�lules�mare�hematopoètiques.113�També�s’han�trobat�

alteracions� en� NOTCH1,� SF3B1� i� BIRC3� en� freqüències� més� elevades� en� pacients�

refractaris�a�la�fludarabina.81;83;114;115��

Recentment,�s’ha�proposat�un�model�en�què�la�quimioteràpia�exerceix�una�pressió�que�

causa� la� modificació� de� la� freqüència� de� les� diferents� mutacions� en� els� diferents�

subclons� de� CLL.116� El� pacient� experimenta� una� evolució� clonal,� amb� expansió� dels�

clons�millor�adaptats�a�la�nova�situació�post�tractament,�com�podrien�ser�aquells�que�

presenten�mutacions�en�TP53,�SF3B1�i�ATM�(Figura�8).��

�

�

�

�

�

�

�

�

Figura� 8� |� Efecte� del� tractament� en�

l’evolució� clonal� de� la� CLL.� Amb� la�

transformació� dels� limfòcits� B� normals� a�

CLL,� es� produeix� una� acumulació� de�

mutacions.� Com� a� conseqüència� de� la�

pressió� exercida� pel� tractament,�

determinats� clons� de� CLL� s’expandeixen� i�

poden� ser� responsables� de� la� recaiguda�

del�pacient.�

�

La� detecció� anticipada� d’aquelles� mutacions� avantatjoses� i� capaces� de� provocar� la�

recaiguda� dels� pacients,� i� l’aplicació� de� teràpies� personalitzades� contra� aquestes�

alteracions� específiques,� juntament� amb� la� quimioteràpia� convencional,� minimitzaria�

el�risc�de�recaigudes.117��
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Nous�fàrmacs�en�desenvolupament�clínic

Queda�palesa�la�necessitat�de�desenvolupar�nous�fàrmacs�dirigits�contra� les�diferents�

alteracions� específiques� de� la� CLL.� Els� inhibidors� de� les� cinases� del� BCR,� com� ara�

fostamatinib� (inhibidor� de� SYK;� Spleen� tyrosine� kinase),118� ibrutinib� (inhibidor� de�

BTK)119� i� idelalisib� (abans� anomenat� GS�1101� o� CAL�101,� inhibidor� de� PI3K�)120� han�

demostrat�ser�particularment�efectius.�Aquests�compostos�bloquegen�directament�els�

senyals�de�supervivència�i�proliferació�del�BCR.�Clínicament,�aquests�compostos�estan�

caracteritzats�per�una�ràpida�redistribució�de�les�cèl�lules�tumorals�des�dels�teixits�cap�

a� la�sang�perifèrica,�resolent�ràpidament� la� limfadenopatia� i� l’esplenomegàlia,� la�qual�

és� acompanyada� d’una� limfocitosi� transitòria.118;119� Degut� a� la� limfocitosi,� aquests�

compostos�s’estan�combinant�actualment�amb�anticossos�com�rituximab�o�amb�règims�

de� quimioteràpia� convencional� per� aconseguir� millors� índex� de� remissions�

completes.103;121�125��
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2.� Inhibidors� de� cinases� com� a� estratègia� terapèutica�

en�les�neoplàsies�limfoides�de�cèl�lula�B�

�

L’alteració� de� l’activitat� cinasa� ha� emergit� com� un� dels� principals� mecanismes�

pels� quals� les� cèl�lules� canceroses� evadeixen� les� restriccions� de� proliferació� i�

supervivència� que� es� produeixen� en� condicions� normals.� El� genoma� humà� codifica�

aproximadament� per� 518� cinases,� de� manera� que� pràcticament� en� qualsevol� via� de�

transducció� de� senyals� hi� participen� cascades� de� fosforilació.� Avui� dia,� inhibidors�

d’alguna� d’aquestes� cinases� estan� aprovats� per� al� tractament� de� diferents� tipus� de�

neoplàsies,�el�que�evidencia�la�implicació�de�les�cinases�en�el�procés�oncogènic.126�

�

2.1.� Inhibidors�de�la�senyalització�del�BCR�

�

La� senyalització� a� través� del� BCR� és� bàsica� i� central� per� al� desenvolupament� i� la�

supervivència�dels� limfòcits�B,�motiu�pel�qual�no�és�d’estranyar�que� la�majoria�de� les�

neoplàsies� limfoides� preservin� l’expressió� del� BCR� per� tal� de� promoure� el� seu� propi�

creixement� tumoral.� L’estimulació� antigènica� del� BCR� es� tradueix� en� una� complexa�

xarxa�de�transducció�de�senyals�en�la�qual�hi�participen�un�gran�nombre�de�cinases.�El�

desenvolupament� d’inhibidors� específics� contra� cada� una� d’aquestes� cinases� obre�

diferents�possibilitats�per�tal�d’inhibir�la�senyalització�del�BCR�(Figura�9).4��

�

Senyalització�del�BCR�

Tota�cèl�lula�B�normal,� i�conseqüentment,�cada�cèl�lula�B�neoplàstica,� té�un�únic�BCR�

que� consisteix� en� una� immunoglobulina� formada� per� un� parell� de� cadenes� pesades�

(IgH)�i�un�parell�de�cadenes�lleugeres�(IgL).�Cada�una�d’aquestes�cadenes�té�una�regió�

variable�(V)�única�que�permet�la�unió�al�BCR�dels�diferents�antígens�del�microambient.�

Aquesta� immunoglobulina� està� acoblada� a� un� heterodímer� de� CD79A� i� CD79B� que�

participa� en� la� transducció� de� senyals.� La� unió� de� l’antigen� al� BCR� desencadena� la�

fosforilació� de� CD79A/B� per� la� família� de� cinases� SRC,� entre� les� quals� s’inclouen� les�

cinases�LYN,�FYN�i�BLK�(B�Lymphoid�tyrosine�Kinase).�La�tirosina�cinasa�SYK�és�reclutada�

a�les�regions�fosforilades�de�CD79A/B,�que�li�serveixen�d’ancoratge,�on�és�activada�per�
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la� fosforilació� de� la� família� de� cinases� SRC� i� per� autofosforilació.� La� proteïna�

transmembrana� CD19� és� fosforilada� per� LYN� durant� la� senyalització� del� BCR,� el� que�

permet�el�reclutament�de�PI3K�i�de�les�proteïnes�efectores�AKT�i�BTK�a�la�cara�interna�

de� la�membrana.�SYK�és�capaç�de�propagar�el� senyal�d’activació�del�BCR�a� través�de�

proteïnes�adaptadores� com�BLNK� (B�cell� linker�protein),�que�coordina� la� fosforilació� i�

activació� de� BTK� i� la� fosfolipasa� C�� (PLC�).� L’activació� del� BCR� finalment� resulta� en�

l’activació� de� les� vies� de� senyalització� de� PI3K/AKT/mTOR,� NF�B� i� MAPK� (Mitogen�

Activated� Protein� Kinase),� les� quals� promouen� la� proliferació� i� supervivència� dels�

limfòcits�B,�ja�siguin�normals�o�malignes�(Figura�9).4�

L’activació�del�BCR�pot�ser�causada�de�forma�activa�depenent�d’antigen,�la�qual�activa�

la�resposta�del�centre�germinal,�que�és�el�mecanisme�predominant�en�la�CLL�o�el�MCL,�

o� bé� de� forma� tònica,� probablement� independent� d’antigen,� un� procés� que� sembla�

estar�relacionat�amb�la�supervivència�de�les�cèl�lules�B�i�que�participa�en�la�patogènesi�

de�diferents�neoplàsies,�com�ara�el�limfoma�de�Burkitt.127��
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Inhibidors�de�SYK�

La� fosforilació� constitutiva� de� SYK� com� a� conseqüència� de� l’activació� del� BCR� s’ha�

observat�tant�en�la�CLL128�com�en�el�MCL.129��

SYK
CD79A/B

LYN BTK

MAPK��

BCR
IgL
IgH CD19

PI3KPLC�

NF�B AKT/mTOR

Ibrutinib

Fostamatinib

PIP3 PIP2 LYN

Figura�9�|�Senyalització�del�BCR�i� inhibidors�utilitzats�per�interferir� la�via.�

Amb�la�unió�d’un�antigen�al�BCR,�s’estimula�una�cascada�de�senyalització�i�el�

reclutament� de� diferents� intermediaris� que� permetran� propagar� la�

senyalització� a� través� diferents� vies� de� supervivència� com� MAPK,� NF�B� i�

AKT/mTOR.� Diferents� inhibidors� dirigits� contra� aquestes� cinases� són�

utilitzats�per�inhibir�la�via�de�senyalització.��
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INHIBIDOR�ATP�COMPETITIU�
Anàleg�d’ATP.�Inhibeix�l’activitat�
enzimàtica,�com�per�exemple�
cinasa,�competint�amb�l’ATP�per�
la�unió�al�centre�actiu�de�l’enzim.

Fostamatinib�(R788)�és�el�primer�inhibidor�de�SYK�que�va�entrar�en�assaigs�clínics�per�al�

tractament�de�les�neoplàsies�limfoides�i�d’altres�alteracions�inflamatòries�i�de�caràcter�

autoimmune.�Fostamatinib�és�un�profàrmac�del�seu�component�actiu�anomenat�R406,�

un� INHIBIDOR� ATP�COMPETITIU� l’efecte� citotòxic� del� qual� s’ha� descrit� prèviament� in�

vitro.130;131� En� la� CLL,� fostamatinib� és� capaç� d’inhibir� els� senyals� protectors� del�

microambient�in�vitro132�i�de�reduir�la�proliferació�tumoral�en�el�model�murí�mitjançant�

la� inhibició�de� la�senyalització�del�BCR�depenent�d’antigen.133�Resultats�similars�s’han�

obtingut�en�mostres�de�pacients�de�CLL�tractats�amb�fostamatinib.134�A�nivell�clínic,�en�

un� estudi� de� fase� I/II,� fostamatinib� va� induir� activitat� clínica� significativa� en� pacients�

refractaris�o�amb�recaiguda�de�diferents� tipus�de�neoplàsies� limfoides,�amb�un� índex�

de�resposta�del�55%�en�la�CLL�i�un�11%�en�el�MCL.118��

�

Inhibidors�de�BTK�

BTK�és�una�altra�cinasa�del�BCR�que�mostra�activitat�constitutiva�tant�en�MCL135�com�

en�CLL.136�

Ibrutinib� (PCI�32765)� és�un�potent� inhibidor� irreversible�de�BTK�que� forma�una�unió�

covalent�amb�un�residu�de�cisteïna�situat�a�prop�del�centre�actiu�de�la�cinasa.�Només�

nou� altres� cinases� en� el� genoma� humà� tenen� un� residu� de� cisteïna� situat� de� forma�

similar,�el�que�permet�una�elevada�especificitat�del�fàrmac.137��

En� la� CLL,� ibrutinib� és� capaç� de� disminuir� la� síntesi� de� DNA� i� la� viabilitat� de� cèl�lules�

primàries� en� cultiu,� malgrat� la� presència� de� citocines� o� cocultiu� amb� cèl�lules�

estromals.138;139�També�va�prevenir�la�progressió�de�la�malaltia�en�un�model�animal�de�

CLL.139� Ibrutinib�ha�mostrat�disminuir� l’expressió�en�plasma�de� les�quimiocines�CLL3� i�

CLL4,139� la� secreció� de� les� quals� és� conseqüència� de� la� senyalització� del� BCR� en� el�

microambient� del� nòdul� limfàtic.100� La� inhibició� de� BTK� amb� ibrutinib� també� sembla�

bloquejar� el� procés� d’adhesió� de� les� cèl�lules� tumorals,� on� intervenen� les� integrines,�

així�com�també�el�procés�de�migració�i�retenció�de�les�cèl�lules�en�els�teixits�limfoides�

dirigida� pels� gradients� de� quimiocines,140� el� que�

podria� explicar� per� què� els� pacients� tractats� amb�

ibrutinib� experimenten� un� increment� transitori� de�

les�cèl�lules�de�CLL�en�sang�perifèrica.119�
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En� el� MCL,� el� tractament� amb� ibrutinib� inhibeix� l’estimulació� de� BTK,� PLC�,� ERK�

(Extracellular� Regulated� Kinase)� i� AKT� induïda� pel� cocultiu� amb� cèl�lules� estromals� i�

l’estimulació�del�BCR,�així� com� l’adhesió� i� la�quimiotaxis�de� les� cèl�lules� tumorals,�de�

forma�similar�a�l’observada�en�cèl�lules�de�CLL.141�

A� nivell� clínic,� els� resultats� dels� primers� assaigs� amb� ibrutinib� van� ser� encoratjadors,�

especialment� en� pacients� amb� MCL� i� CLL� on� es� va� observar� una� significant� activitat�

clínica,�mínima�toxicitat�i�bona�tolerabilitat�pels�pacients.142�En�assaigs�de�fase�I/II�es�va�

observar�una�resposta�del�71%�en�pacients�de�CLL�refractaris�a�d’altres�tractaments�o�

amb� recaiguda,� independentment� de� factors� de� risc� com� la� deleció� de� 17p,� l’estat�

mutacional� de� IGHV,� el� nombre� de� teràpies� prèvies� o� un� estadi� avançat� de� la�

malaltia.119�Ibrutinib�també�ha�demostrat�ser�efectiu�en�pacients�de�CLL�majors�de�65�

anys,� un� sector� susceptible� a� patir� infeccions� amb� els� règims�

d’immunoquimioteràpia.143 Tot�i�que�la�implicació�del�BCR�en�la�patogènesi�del�MCL�té�

menys�evidències�que�en�la�CLL,15�un�assaig�clínic�de�fase�II�amb�ibrutinib�en�pacients�

refractaris�o�en�recaiguda�de�MCL�va�demostrar�que� ibrutinib�aconseguia�un�ORR�del�

68%,�21%�de�respostes�completes�i�47%�de�respostes�parcials.51�En�ambdues�malalties�

s’ha�observat� limfocitosi� com�a�conseqüència�del� tractament.142;144� Ibrutinib�ha�estat�

aprovat�recentment�per�la�FDA�per�al�tractament�de�MCL.145��

�

2.2.� Inhibidors�de�la�via�de�senyalització�PI3K/AKT/mTOR�

�

La�senyalització�per�PI3K/AKT/mTOR�proporciona�una�via�de�transducció�de�diferents�

estímuls,� incloent� receptors� de� la� superfície� cel�lulars� i� canvis� metabòlics� dins� la�

cèl�lula,� cap� a� les� diferents� vies� efectores� que� afectaran� el� creixement� cel�lular,� el�

metabolisme,� la� supervivència,� la�migració� i� l’angiogènesi,� entre� d’altres.� Per� la� seva�

implicació� vital,� no� és� d’estranyar� que� diferents� membres� d’aquesta� via� es� trobin�

freqüentment� alterats� en� càncer,146� tot� promovent� la� progressió� tumoral� i� la�

resistència�a�la�quimioteràpia.147�El�desenvolupament�d’inhibidors�de�PI3K/AKT/mTOR�

ha� incrementat� molt� durant� els� últims� anys,� tal� i� com� ho� indica� l’elevat� nombre�

d’estudis� preclínics� o� d’assaigs� clínics� que� avaluen� els� nombrosos� compostos� dirigits�

contra�elements�d’aquesta�via�de�senyalització�cel�lular�(Figura�10).148��

�
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GAP

Proteïna�que�inactiva�proteïnes�
d’unió�a�GTP,�com�els�membres�
de�la�família�Ras,�mitjançant�la�
hidròlisi�de�GTP.�

�

Figura�10�|�Selecció�d’inhibidors�de�la�via�PI3K/AKT/mTOR.�

�

Via�de�senyalització�PI3K/AKT/mTOR�

Factors� de� creixement� activen� principalment� els� receptors� tirosina� cinasa� (Receptor�

Tyrosine� Kinases;� RTKs)� que� promouen� la� translocació� i� activació� de� PI3K.� PI3K� és�

efectora� d’altres� receptors,� i� a� part� del� BCR,� també� ho� és� dels� receptors� acoblats� a�

proteïnes� G,� GTPases� (Ras,� Rac,� Rho� entre� d’altres),� CD40,� TNFRs� (Tumour� Necrosis�

Factor� Receptors)� i� els� receptors� de� BAFF� (B� cell� Activating� Factor).� Quan� PI3K� és�

funcional,� catalitza� la� fosforilació� de� fosfatidilinositol�4,5�bifosfat� (PIP2)� a�

fosfatidilinositol�3,4,5�trifosfat� (PIP3)� a� la� cara� interna� de� la� membrana.� Diferents�

proteïnes� amb� dominis� d’unió� als� PIP3� són� reclutades� a� la� membrana� plasmàtica� i�

participen� en� la� propagació� del� senyal� d’activació� del� BCR,� com� ara� PDK1� (Pyruvate�

Dehydrogenase�Kinase,� isozyme�1),�AKT�o�BTK.� L’activitat�de�PI3K�està�antagonitzada�

per� la� fosfatasa� PTEN� (Phosphatase� and� Tensin� Homolog),� que� catalitza� la� reacció�

contrària�per�formar�PIP2.�

Una� vegada� la� proteïna� AKT� és� localitzada� a� la�

membrana� plasmàtica,� fosforilada� i� activada� en�

resposta�a�la�senyalització�del�BCR,�interacciona�amb�

un� gran� nombre� d’efectors� que� afectaran� el�

creixement,� la� proliferació� i� la� supervivència.� Entre�
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ells,�cal�destacar�mTOR.�AKT�és�capaç�d’activar�mTOR�per�dos�mecanismes.�El�primer,�

indirectament,�a�través�de�la�fosforilació�i�inactivació�del�complex�TSC2/TSC1�(Tuberous�

Sclerosis� protein),� amb� activitat� GAP� (GTPase�activating� protein),� que� resulta� en�

l’acumulació�de�la�proteïna�RHEB�en�la�seva�forma�activa�d’unió�a�GTP�i�la�subseqüent�

activació� de� mTOR.� El� segon� mecanisme,� a� través� de� la� fosforilació� i� atenuació� de�

l’efecte�inhibitori�que�exerceix�PRAS40�(Proline�Rich�AKT�Substrate�of�40kDa)�en�mTOR.��

La�proteïna� cinasa�mTOR�es� troba�associada�a�diferents�proteïnes� en�dos� complexes�

diferents�tant�a�nivell� funcional�com�estructural.�El�complex�mTORC1�està�format�per�

mTOR,� RAPTOR� (Regulatory�Associated�Protein� of�mTOR),� mLST8� (mammalian� Lethal�

with� SEC13� protein� 8),� DEPTOR� (DEP� domain� containing�mTOR�interacting� protein)� i�

PRAS40.� Quan� aquest� complex� és� fosforilat� i� activat� per� AKT,� activa� S6K� –i� el� seu�

substrat� RPS6� (ribosomal� protein� S6)–� i� inhibeix� 4EBP1� (4E�Binding� Protein� 1)� –

alliberant� el� factor� EIF4E� (Eukaryotic� translation� Initiation� Factor� 4E)–� per�

desencadenar�el�creixement�de�la�cèl�lula�i�la�traducció�proteica.��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Figura� 11�|�Via�de� senyalització�PI3K/AKT/mTOR.�Amb� l’activació� de� la� via,� PI3K�

catalitza� la� producció� de� PIP3� que� permet� reclutar� altres� proteïnes� efectores� que�

desencadenen� una� cascada� de� fosforilacions.� AKT,� mitjançant� la� inhibició� de�

TSC1/2,� activa� mTORC1� i� activa� el� creixement,� la� proliferació� i� la� síntesi� proteica,�

entre�d’altres.�PTEN�actua�com�un�repressor�de�la�via.�
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AUTOFÀGIA

Procés�catabòlic�cel�lular�
mitjançant�el�qual�es�degraden�i�
es�reciclen�components�
cel�lulars�via�lisosomal.�

El�complex�mTORC2�està�format�per�mTOR,�RICTOR�(Rapamycin�Insensitive�Companion�

of�mTOR),�SIN1�(mitogen�activated�protein�kinase�associated�protein�1),�DEPTOR,�PRR5�

(Proline�Rich�5)�i�mLST8.�El�seu�rol�tant�en�la�cèl�lula�normal�com�en�oncogènesi�no�està�

del�tot�descrit,�tot�i�que�principalment�participaria�en�la�organització�del�citoesquelet,�

una�funció�implicada�en�la�motilitat�i�la�capacitat�d’invasió�de�les�cèl�lules�tumorals.�A�

més� a� més,� mTORC2� activa� AKT,� i� per� tant,� promou� la� proliferació� cel�lular� i� la�

supervivència�(Figura�11).149��

�

PI3K�com�a�diana�terapèutica�

Existeixen�tres�classes�de�PI3K�en�funció�de�les�seves�característiques�estructurals� i� la�

preferència�pel�substrats�lipídics.�Només�la�classe�I�de�PI3K�pot�generar�PIP3,�els�quals�

es� podrien� considerar� el� tipus� de� fosfoinositols� més� importants� produïts� durant� la�

senyalització�pel�BCR.�Els�PIP3�actuen�com�a�missatgers�secundaris�i�s’han�vist�implicats�

en� càncer.150� El� rol� de� la� classe� II� de� PI3K� està� mal� definit� i� sembla� que� no� estaria�

involucrat� en� processos� oncogènics.� Finalment,� la� classe� III� formada� per� la� subunitat�

catalítica�VPS34�(Vacuolar�Protein�Sorting�34),�està�implicada�en�la�regulació�del�trànsit�

vesicular,� incloent� la� fagocitosis� i� l’AUTOFÀGIA.� Podria� estar� implicada� en� la�

tumorogènesi,�tot�i�que�el�seu�rol�és�incert.151;152��

La� classe� I� de�PI3K�està� formada�per�una� subunitat� reguladora� (p85)� i� una� subunitat�

catalítica�(p110).�Existeixen�quatre�tipus�de�subunitats�catalítiques�diferents�que�donen�

lloc�a�les�diferents�isoformes�de�PI3K:�p110
�(codificada�per�PIK3CA),�p110��(PIK3CB),�

p110��(PIK3CD)�i�p110��(PIK3CG).�D’aquestes�isoformes,�p110
�i�p110��s’expressen�de�

forma� ubiqua,� mentre� que� p110�� i� p110�� es� troben� principalment� en� leucòcits.153�

Aquestes� isoformes� tant� tenen� algunes� funcions� úniques� com� comparteixen� algunes�

funcions� redundants.� Així,� ambdues� isoformes� p110
� i� p110�� participen� en� el�

desenvolupament�normal�de� la� cèl�lula�B,154� tot� i� que�p110
� sembla�que� contribueix�

majoritàriament�en� la�senyalització� tònica�del�BCR,155�mentre�que�p110��exerceix�un�

rol� específic� en� la� senyalització� del� BCR� depenent�

d’antigen.156� En� cèl�lules� neoplàstiques,� però,� el� rol�

dominant�d’una�isoforma�específica�podria�perdre’s�i�

diferents� isoformes� assumir� funcions� redundants.152�
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El� paper� de� les� diferents� isoformes� en� la� proliferació� del� MCL� ha� estat� analitzat�

recentment.� S’ha� observat� un� increment� de� l’expressió� de� la� isoforma� p110
� en�

pacients�de�MCL�en�recaiguda,�el�que�suggereix�un�rol�de�p110
�en�la�progressió�de�la�

malaltia� i� limita� l’eficàcia� dels� inhibidors� específics� de� la� isoforma� p110�.157� D’altra�

banda,�p110��sembla�tenir�un�rol�essencial�en�la�proliferació�de�tumors�que�no�tenen�

PTEN�funcional,�com�s’ha�descrit�en�tumors�sòlids.158��

�

Tot�i�que�l’activació�constitutiva�de�la�via�PI3K/AKT/mTOR�pot�ser�deguda�a�mutacions�

de� diferents� components,� l’alteració� més� freqüent� en� càncer� són� les� mutacions�

somàtiques� activadores� de� la� subunitat� p110
� de� PI3K� (PIK3CA).159� L’activació�

constitutiva�de�PI3K�s’ha�observat�en�pacients�amb�CLL160� i�en�MCL,�on�s’han�descrit�

aproximadament�un�15%�de�casos�amb�pèrdua�de� l’expressió�de�PTEN�i�un�68%�amb�

amplificació�del�gen�PIK3CA.161�

�

Inhibidors�de�PI3K�

Els� diferents� fàrmacs� dirigits� contra� PI3K� es� poden� dividir� bàsicament� en� dues�

categories:� inhibidors� ATP� competitius� de� totes� les� isoformes� de� PI3K� o� inhibidors�

selectius�d’alguna�de�les�isoformes.�En�la�primera�categoria,�s’inclouen,�entre�d’altres,�

els� inhibidors� reversibles� NVP�BKM120� (buparlisib),� XL147,162� S14161163� i� BAY�

806946,164�que�està�actualment�en�un�assaig�clínic�de� fase� II�en� limfoma�no�Hodgkin�

(NCT01660451).� També� l’inhibidor� pan�PI3K� irreversible� PX�866,� que� es� troba�

actualment�en�desenvolupament�pel�tractament�dels�tumors�sòlids.165��

En�la�segona�categoria,�s’inclouen�els�inhibidors�específics�d’alguna�de�les�isoformes�de�

PI3K,� com� ara� els� inhibidors� selectius� de� p110
� AS702630,166� MLN1117167� i� NVP�

BYL719,168�l’inhibidor�de�p110��idelalisib�o�l’inhibidor�de�p110��KIN�193.169�

És� interessant� l’inhibidor� dual� PI3K� p110
/�,� GDC�0941,170� capaç� de� reduir� la�

proliferació�de�cèl�lules�de�MCL,�amb�un�efecte�antitumoral�major�que�els�causats�per�

un� inhibidor� de� p110
� o� p110�.171� Aquest� fet� suggereix� que� els� efectes� de�

prosupervivència�de� l’activació�de�PI3K�en�pacients�de�MCL�refractaris�estan�mediats�

per�l’activació�combinada�de�les�isoformes�p110
�i�p110�,�i�que�la�inhibició�simultània�

permet�tenir�efectes�antitumorals�més�pronunciats.�També�cal�destacar�l’inhibidor�dual�

30



In
tr
od

uc
ci
ó�

�

p110
/��IPI�145,�actualment�en�assaig�clínic�de�fase�I�en�neoplàsies�hematològiques�en�

fase�avançada,�entre�les�quals�la�CLL�(NCT01476657).172�

D’entre� tots� els� inhibidors� de� PI3K� desenvolupats,� destacaré� l’activitat� d’idelalisib� i�

NVP�BKM120.� Ambdós� compostos� estan� essent� avaluats� actualment� en� un� gran�

nombre�d’assaigs�clínics�i�ja�han�mostrat�tenir�una�significativa�activitat�antitumoral.�

��

� Idelalisib�(GS�1101,�CAL�101)�és�un�inhibidor�específic�de�PI3K��(IC50�de�2.5nM�vs�

500�900nM�per�PI3K�� i� PI3K
,� respectivament).173;174� En� la�CLL,� l’efecte� citotòxic�

d’idelalisib�és�indepenent�de�l’estat�mutacional�de�IGHV� i�de�la�deleció�de�17p.175�

En� el� context� d’un� microambient� protector,� amb� factors� solubles� com� CD40L� i�

BAFF�o�cocultiu�amb�cèl�lules�estromals,�el�tractament�amb�idelalisib�va�demostrar�

que� bloquejava� la� senyalització� del� BCR� i� revertia� l’efecte� dels� senyals� de�

prosupervivència.175� La� modulació� de� la� protecció� exercida� pel� microambient� va�

ser� confirmada� en� estudis� posteriors� en� els� quals� idelalisib� era� també� capaç� de�

interferir�amb�la�migració� i� l’adhesió�de� les�cèl�lules�de�CLL,�així�com�disminuir� la�

producció�de�quimiocines�secretades�per�les�cèl�lules�de�CLL.176�Resultats�similars�

s’han� observat� en� el� MCL.174� En� un� assaig� clínic� de� fase� I� en� pacients� amb� CLL�

refractaris� o� en� recaiguda,� idelalisib� va� demostrar� ser� ben� tolerat� i� reduir� la�

limfadenopatia� en� �50%� en� el� 81%� dels� pacients.� També� es� va� observar� un�

increment�transitori�del�nombre�de�limfòcits�en�sang�perifèrica�(>50%),�consistent�

amb�altres�inhibidors�del�BCR.�El�percentatge�de�resposta�global�aconseguit�va�ser�

del�72%,�incloent�un�33%�de�casos�amb�resposta�parcial�amb�limfocitosi�persistent�

induïda�pel�tractament.120 En�el�MCL,�en�un�estudi�de�fase�I�es�van�obtenir�efectes�

similars� i� una� resposta� del� 40%� en� pacients� de� MCL.177 Per� tant,� idelalisib�

bloquejaria� l’adhesió� a� les� cèl�lules� estromals178� i� la� senyalització� de� les�

quimiocines�que�permeten�mantenir�els�limfòcits�en�els�nòduls�limfàtics,�un�entorn�

crucial� per� la� senyalització� del� BCR� i� la� supervivència� de� les� cèl�lules� tumorals,�

promovent� l’alliberament� de� les� cèl�lules� canceroses� del� seu� microambient�

protector�i�contribuint�a�l’eficàcia�del�fàrmac.100��

�

� NVP�BKM120�(buparlisib)�és�un�inhibidor�oral�de�totes�les�isoformes�de�PI3K179;180�

que�ha�demostrat�ser�eficaç�tant�en�models�in�vitro�com�in�vivo�en�tumors�sòlids181�

31



In
tr
od

uc
ci
ó�

�

183� i� en� neoplàsies� hematològiques.184�186� S’ha� descrit� que� NVP�BKM120� és� 3.6�

vegades�més�potent�que� idelalisib�en�cèl�lules�primàries�de�CLL� in�vitro,187�el�que�

confirmaria�el�rol�crucial�de�les�diferents�isoformes�de�PI3K�–no�només�de�p110�–�

en� processos� essencials� com� la� supervivència,� la� migració� i� la� resistència� als�

fàrmacs.188� NVP�BKM120� va� disminuir� els� nivells� de� fosforilació� de� diferents�

biomarcadors� moleculars� utilitzats� com� a� indicadors� d’inhibició� de� la� via� de�

senyalització�de�PI3K,�com�ara�AKT,�4EBP1�i�S6K.�A�més�a�més,�el�compost�també�

era�capaç�d’inhibir�la�protecció�del�microambient,�ja�que�en�cèl�lules�primàries�de�

CLL� en� cocultiu� amb� cèl�lules� estromals,� NVP�BKM120� induïa� apoptosi.187�

Recentment,�en�un�assaig�clínic�de�fase�I�en�tumors�sòlids�en�fase�avançada,�NVP�

BKM120�ha�mostrat�ser�segur�a�la�màxima�dosi�tolerada,�amb�un�favorable�perfil�

farmacocinètic�i�activitat�antitumoral�preliminar.189�Actualment,�NVP�BKM120�està�

sent� avaluat� en� un� assaig� clínic� de� fase� I� en� pacients� amb� leucèmia� en� fase�

avançada�(NCT01396499)�i�en�un�assaig�clínic�de�fase�II�en�pacients�amb�limfoma�

no�Hodgkin�refractaris�o�en�recaiguda�(NCT01693614,�NCT01719250).��

�

AKT�com�a�diana�terapèutica�

Amb�l’activació�de�la�via�de�senyalització�de�PI3K,�AKT�és�translocat�cap�a�la�membrana�

cel�lular�on�els�residus�de�PIP3�generats�per�PI3K�li�serveixen�com�ancoratge.�L’activació�

d’AKT�requereix�tant�de�la�fosforilació�per�PDK1�(en�el�residu�Thr308)�com�pel�complex�

mTORC2� (Ser473).� AKT� és� l’efector� principal� de� PI3K.� S’han� identificat� múltiples�

substrats�d’AKT,�incloent�TSC2,�a�través�del�qual�activa�mTORC1,�o�els�membres�de�la�

subfamília� FOXO.� Els� factors� de� transcripció� FOXO,� que� són� inhibits� mitjançant� la�

fosforilació�d’AKT,�participen�en�la�regulació�de�la�proliferació�i�supervivència�de�varis�

tipus�cel�lulars.�D’entre�tots�els�seus�membres,�FOXO3A�(Forkhead�box�O3)�s’ha�descrit�

com�un�important�regulador�de�l’expressió�de�BIM.190�AKT�també�té�substrats�que�no�

són� pròpiament� de� la� via� de� senyalització� de� PI3K,� com� GSK3� (Glycogen� Synthase�

Kinase� 3),� p27,� p21,� MDM2� o� membres� proapoptòtics� de� la� família� de� BCL2,� entre�

d’altres�(Figura�12).191��

AKT� és� una� família� de� cinases� formada� per� tres� isoformes:� AKT1,� AKT2� i� AKT3.�

Mutacions�amplificadores�de�les�diferents� isoformes�s’han�descrit�en�diversos�tumors�

sòlids,191� tot� i� que� la� prevalença� en� neoplàsies� limfoides� és� molt� baixa.� (COSMIC,�

32



In
tr
od

uc
ci
ó�

�

Catalogue� of� somatic� mutations� in� cancer,� 2013)192;193� En� una� significant� fracció� de�

casos�de�CLL�s’ha�demostrat�l’activació�constitutiva�d’AKT,�el�que�augmenta�els�senyals�

de� supervivència.194� En� MCL,� les� mostres� primàries� de� casos� molt� proliferatius�

(blastoids)�semblen�estar�associades�a�la�presència�d’AKT�activat.195�

�

�

�

�

�

�

�

�

�

�

�

�

�

Inhibidors�d’AKT�

El�desenvolupament�d’inhibidors�específics�d’AKT�es�preveia�una� tasca�difícil�degut�a�

l’elevat� grau� d’homologia� de� la� butxaca� d’unió� de� l’ATP� de� les� proteïnes� AKT,� la�

proteïna� cinasa�A� (PKA)� i� la� proteïna� cinasa�C� (PKC).�GSK690693196;197� i�GDC�0068,198�

per�exemple,�són�inhibidors�ATP�competitius�que�inhibeixen�les�tres�isoformes�d’AKT.�

La� inhibició� d’AKT� en� biòpsies� de� tumors� de� pacients� tractats� amb� GDC�0068� va�

correlacionar�amb�la�inhibició�del�creixement�tumoral�en�models�preclínics.199��

D’altra�banda,�també�estan�en�desenvolupament�els�INHIBIDORS�AL�LOSTÈRICS�d’AKT,�com�

ara�MK�2206200�en�assaig�clínic�en�tumors�sòlids�en�fase�avançada,201�i�la�perifosina.202�

204� Ambdós� compostos� estan� actualment� en� assaig� clínic� per� diferents� neoplàsies�

Figura� 12� |� Principals� dianes� d’AKT.� AKT� exerceix� un� rol� de� prosupervivència�

cel�lular� a� través� dels� seus� múltiples� substrats.� Promou� la� síntesi� proteica�

mitjançant� l’activació� de� mTORC1,� interfereix� amb� proteïnes� proapoptòtiques,�

afavoreix�l’activació�d’altres�vies�de�supervivència�com�ara�NF�B�i�inhibeix�proteïnes�

inhibidores�del�cicle�cel�lular,�afavorint�la�proliferació.��
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INHIBIDORS�AL�LOSTÈRICS�
Molècules�que�s’uneixen�a�una�
part�que�no�és�el�centre�actiu�
d’una�altra�proteïna�de�manera�
que�aquesta�interacció�en�
disminueix�l’activitat�enzimàtica.�

hematològiques.�Pel�que� fa�a� la�CLL,� es� va�observar�

que�MK�2206�era�capaç�de�mobilitzar�les�cèl�lules�de�

CLL� cap� a� la� sang� perifèrica� i� disminuir� la� secreció�

mediada� pel� BCR� de� les� citocines� CCL2,� CCL3� i�

CCL4.200�D’altra�banda,�els�resultats�d’un�assaig�clínic�

de� fase� II�amb� la�perifosina�en�CLL�van�ser�modestos,�aconseguint�principalment�una�

estabilització�de� la�malaltia.�A�més,�no�es�va�observar� correlació�entre� la� resposta�al�

fàrmac�i�la�fosforilació�d’AKT.205��

El� rol�potencial�d’aquests� inhibidors�encara�s’està�estudiant.�Sembla�ser�que,�malgrat�

algunes�neoplàsies�amb�la�mutació�PIK3CA�s’esperaria�que�responguessin�bé�a�aquests�

inhibidors,�estudis�amb�línies�cel�lulars�amb�aquesta�mutació�demostren�que�només�hi�

ha�una�mínima�activació�d’AKT.�Això�suggereix�que�l’activació�de�la�via�també�pot�ser�a�

través� de� processos� independents� d’AKT,� a� través� de� PDK1� i� el� seu� substrat� SGK3�

(Serum/Glucocorticoid�regulated�Kinase�family�3).206��

�

mTOR�com�a�diana�terapèutica�

Com� el� mateix� nom� implica,� el� descobriment� de� mTOR� (mammalian� Target� Of�

Rapamycin)� està� íntimament� lligat� al� descobriment� de� la� rapamicina� (sirolimus).� La�

rapamicina�és�un�metabòlit�secundari�produït�pel�bacteri�Streptomyces�hygroscopicus,�

aïllat�d’una�mostra�recol�lectada�del�sòl�de�la�illa�de�Pasqua�(en�polinesi�Rapa�Nui).207�

La� rapamicina� posseeix� propietats� antifúngiques,� antitumorals� i� immunosupressores.�

Estudis� amb� llevats� van� permetre� entendre� el� mecanisme� d’acció� de� la� rapamicina� i�

van� dur� a� la� identificació� de� mTOR,208� una� proteïna� altament� conservada� des� dels�

llevats�fins�als�humans.��

El�complex�mTORC1�respon�a�diversos�estímuls,�entre�els�quals,�els�que�estan�més�ben�

caracteritzats� són� els� factors� de� creixement� i� els� nutrients.� Una� vegada� activat,�

mTORC1�promou�la�biogènesi�lipídica,�la�síntesi�proteica�i�el�metabolisme,�mentre�que�

inhibeix� l’autofàgia.� A� més� a� més,� a� part� d’estar� íntimament� lligat� al� control� de� la�

traducció�de�mRNA,�mTORC1�està�emergint�com�un�regulador�clau�de� la� transcripció�

gènica.� STAT3,� SREBPs� (Sterol�Regulatory�Element�Binding� Proteins),� PPAR
/��

(Peroxisome�Proliferator�Activated�Receptor),�HIF1
�(Hypoxia�Inducible�Factor�1,�alpha�

subunit),�PGC1
�(PPAR��coactivator�1)�o�TFEB�(Transcription�Factor�EB)�són�factors�de�
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transcripció�modulats�per�mTORC1,�la�majoria�dels�quals�estan�principalment�implicats�

en�vies�metabòliques.209�

A� diferència� de� mTORC1,� el� complex� mTORC2� és� més� desconegut.� Tot� i� que�

originalment�es�va�descriure�que�la�seva�activitat�era�insensible�al�tractament�agut�amb�

rapamicina,� l’exposició� crònica� amb� rapamicina� és� capaç� d’interrompre� l’activitat� de�

mTORC2� en� alguns� tipus� cel�lulars.210� mTORC2� regula� la� supervivència� cel�lular,� el�

metabolisme�i�la�organització�del�citoesquelet.209�

Tot� i� que� les� mutacions� de� mTOR� en� neoplàsies� hematològiques� són� molt� poc�

habituals,�(COSMIC,�Catalogue�of�somatic�mutations�in�cancer,�2013)�s’han�identificat�

diferents�mutacions�de�mTOR�en�tumors�sòlids.211;212�

�

Rapamicina�i�Rapalogs�

� Rapamicina.�La�rapamicina�suprimeix�la�proliferació�dels�limfòcits�T�estimulada�per�

la� IL2,� conferint� un� potent� efecte� immunosupressor.� Per� aquest� motiu� es� va�

aprovar�per�la�prevenció�del�rebuig�en�el�transplantament�de�ronyó.�La�rapamicina�

també� té� una� altra� aplicació� clínica� per� la� prevenció� de� la� reestenosi.� Com� a�

conseqüència� de� les� seves� propietats� antiproliferatives,� es� van� desenvolupar� els�

anàlegs� semi�sintètics� de� la� rapamicina� coneguts� amb� el� nom� de� rapalogs�

(temsirolimus,� everolimus� i� ridaforolimus),� inhibidors� al�lostèrics� de� mTOR� amb�

millorades� propietats� farmacocinètiques.� Els� rapalogs� van� ser� els� primers�

inhibidors�de�la�via�PI3K/AKT/mTOR�d’entrar�a�la�clínica�i�fins�al�moment,�els�únics�

aprovats�clínicament.213��

�

� Temsirolimus.�El�seu�ús�és�aprovat�com�a�monoteràpia�en�algunes�neoplàsies,�com�

el�carcinoma�renal214� i�el�MCL.53�Temsirolimus�ha�mostrat�resultats�encoratjadors�

en�assaigs�clínics�de�fase�II54� i� III53�en�pacients�refractaris�o�en�recaiguda�de�MCL,�

aconseguint�fins�a�un�41%�de�resposta�global.�En�un�estudi�clínic�recent,�malgrat�el�

reduït�tamany�mostral,� l’eficàcia�de�temsirolimus�administrat�com�a�monoteràpia�

ha�resultat�ser�major�que�en�estudis�previs,�amb�un�60%�de�resposta�global.215�

�

� Everolimus.�També�és�aprovat�com�a�monoteràpia�en�el�tractament�del�carcinoma�

renal,216� en� el� càncer� de� mama� avançat217� i� en� tumors� neuroendocrins� d’origen�
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pancreàtic.218� Everolimus� també� ha� mostrat� resultats� prometedors� en� diferents�

assaigs� clínics�de� fase� II� en� limfoma,�on� s’ha�aconseguit�una�ORR�del�20�32%�en�

MCL,219;220�amb�un�49%�de�pacients�amb�malaltia�estabilitzada.220�En�canvi,�en�un�

assaig�clínic�de� fase� II� realitzat�en�una�població�de�pacients�de�MCL�refractaris�o�

intolerants�al�bortezomib,�altament�pretractats,�l’activitat�d’everolimus�ha�resultat�

ser� inferior,�amb�una�ORR� inferior�al�10%.221�En� la�CLL�s’han�aconseguit�resultats�

modestos�(ORR�del�18%),�però�s’ha�observat�que�everolimus�també�mobilitza� les�

cèl�lules� de� CLL� de� les� masses� nodals� cap� a� la� sang� perifèrica,� aconseguint� una�

reducció� de� la� limfadenopatia� en� el� 36%� dels� pacients.� Aquesta� mobilització� de�

cèl�lules�tumorals�cap�a�la�circulació�sanguínia�les�pot�fer�més�sensibles�a�la�teràpia�

i�per�tant,�obre�la�porta�a�possibles�estratègies�de�combinació�de�fàrmacs.222�

�

� Ridaforolimus.�La�seva�eficàcia�a�nivell�clínic�està�sent�avaluada�en�diferents�tipus�

de�càncer,223�entre�els�quals,�diferents�neoplàsies�hematològiques�com�la�CLL�i�el�

MCL.�De�fet,�en�un�assaig�clínic�de�fase�II,�els�pacients�de�MCL�van�ser�els�que�van�

tenir�una� resposta�més� favorable,�amb�un� índex�de� resposta�del�33%.�També�va�

aconseguir�estabilitzar�la�malaltia�en�un�75%�de�casos�de�CLL.224��

�

Limitacions�dels�rapalogs�

Malgrat�l’aprovació�clínica�dels�rapalogs�com�a�estratègia�antitumoral�en�monoteràpia,�

la� resposta�a�aquests� anàlegs�és�més�aviat�modesta� i� generalment,�poc�mantinguda.�

Diferents� limitacions� semblen� ser� la� causa� (Figura� 13).� Primerament,� la� inhibició�

sostinguda� de� mTORC1� dóna� lloc� a� la� pèrdua� d’un� bucle� retroactiu� inhibitori� que�

paradoxalment�comporta�l’activació�de�la�senyalització�dels�receptors�tirosina�cinases�i,�

per� tant,� de� PI3K.� Aquesta� regulació� negativa� que� es� perd� amb� el� tractament� amb�

rapalogs� està� amplificada� per� diferents� components� de� la� via� de� senyalització� de�

PI3K/AKT/mTOR,� com� ara� el� substrat� de� mTORC1� GRB10� (growth� factor� receptor�

bound�protein�10),225;226�S6K227�229�i�el�mateix�complex�mTORC1,�a�través�de�RAPTOR.230�

Segon,� els� rapalogs� inhibeixen� mTORC1� de� forma� incompleta,� ja� que� el� seu� substrat�

4EBP1�és�refosforilat�i�és�refractari�a�un�tractament�prolongat�amb�la�rapamicina�o�els�

seus� derivats,� fins� i� tot� quan� l’altre� substrat� de� mTORC1,� S6K,� es� manté�

permanentment�inhibit.231�Aquesta�incapacitat�de�mantenir�la�defosforilació�de�4EBP1��
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pot�donar�lloc�a�la�persistència�de�la�síntesi�proteica�a�un�nivell�suficient�per�permetre�

la� proliferació,� mantenir� la� senyalització� de� mTORC1� activa� i� evadir� la� inhibició�

farmacològica.� Finalment,� els� rapalogs� són� més� efectius� en� inhibir� mTORC1� que�

mTORC2,� de� manera� que� l’eix� PI3K/mTORC2/AKT� podria� mantenir�se� actiu� en� els�

tumors.213��

�

Figura�13�|�Bucles�compensatoris�en�la�via�de�mTOR.�Quan�la�via�es�troba�activada�es�promou�la�

traducció� proteica� entre� d’altres� funcions,� mentre� que� mTORC1� i� els� substrats� S6K� i� GRB10�

inhibeixen� la� senyalització� del� receptor� tirosina� cinasa� per� regular� l’activació� de� la� via.� En� canvi,�

amb�l’ús�dels� inhibidors�de�mTORC1,�com�els�rapalogs,�es�perd�aquesta� inhibició�retroactiva� i�per�

tant,�s’activen�les�proteïnes�que�es�troben�per�sobre�de�mTOR�en�la�cascada�de�senyalització,�com�

IRS1/2� (Insulin�Receptor� Substrate�1/2),� PI3K� i�AKT.�A� més,� els� rapalogs� són� ineficients� en� inhibir�

mTORC2�i�4EBP1�de�forma�completa,�mantenint�certs�nivells�de�síntesi�proteica.��

�

Inhibidors�de�mTOR�ATP�competitius�

A�diferència�de�la�rapamicina�i�els�seus�derivats,�que�són�inhibidors�al�lostèrics,�la�nova�

generació�d’inhibidors�de�mTOR�són�anàlegs�d’ATP� i�bloquegen� l’activitat� cinasa�dels�

dos� complexes� de� mTOR,� mTORC1� i� mTORC2.� En� comparació� amb� els� rapalogs,� els�

nous�inhibidors�haurien�de�ser�efectius�en�bloquejar�la�reactivació�d’AKT�i�mostrar�una�

major�eficàcia.213�A�nivell�preclínic,�l’inhibidor�PP242�va�mostrar�una�marcada�resposta�

terapèutica� en� tumors� resistents� a� la� rapamicina,� ja� que� va� aconseguir� una� inhibició�

efectiva�del�complex�insensible�a�la�rapamicina�mTORC2,232�a�part�d’una�inhibició�més�

37



In
tr
od

uc
ci
ó�

�

sostinguda�de�mTORC1,�amb�una�major�inhibició�de�l’eix�4EBP1�eIF4E�que�controla�la�

traducció.233�MLN�0128�(INK128),�un�derivat�de�PP242,�ha�mostrat�activitat�preclínica�

en�leucèmia�aguda232;234�i�es�troba�actualment�en�diferents�assaigs�clínics�de�fase�I�en�

tumors�sòlids�en�fase�avançada�i�mieloma�múltiple,�entre�d’altres.�OSI�027�ha�mostrat�

bloquejar� eficientment� la� proliferació� i� induir� l’apoptosi� a� través� de� la� proteïna�

proapoptòtica� PUMA� en� línies� cel�lulars� i� mostres� primàries� de� diferents� tipus� de�

neoplàsies� limfoides,� entre� les� quals� el� MCL� i� la� CLL.235� Actualment� es� troba� en� un�

assaig�clínic�de�fase�I�per�a�tumors�sòlids�i�limfomes�(NCT00698243).�

�

Inhibidors�duals�PI3K/mTOR�

L’activitat�dual�es�basa�en�les�similaritats�estructurals�dels�dominis�catalítics�de�mTOR�i�

de� la� subunitat� p110� de� PI3K,� proporcionant� l’avantatge� potencial� d’inhibir� la� via� de�

senyalització�a�dos�nivells�(inhibició�dels�dos�complexes�de�mTOR,�mTORC1�i�mTORC2,�i�

PI3K).�Entre�els�múltiples� inhibidors�duals�desenvolupats,�XL765� i�GDC�0980�estan�en�

assaigs�clínics�en�tumors�sòlids�en�fase�avançada.236�GDC�0980�a�més,�també�es�troba�

en� assaig� clínic� en� limfoma� no�Hodgkin.� PI�103� és� un� altre� inhibidor� dual� que� ha�

demostrat� reduir� la� proliferació� i� la� supervivència� de� les� cèl�lules� en� diferents�

neoplàsies�hematològiques,237;238�entre�les�quals,�la�CLL.188��

NVP�BEZ235�(dactolisib)179�es�troba�actualment�en�un�elevat�nombre�d’assaigs�clínics,�

principalment�en�tumors�sòlids�en�fase�avançada,�com�el�càncer�de�mama�metastàtic�o�

el� carcinoma� renal.� També� ha� mostrat� activitat� preclínica� en� diferents� neoplàsies�

limfoides186;239�242� i� és� actualment� en� un� assaig� clínic� de� fase� I� de� leucèmia� aguda�

(NCT01756118).243�

NVP�BEZ235� exerceix� un� efecte� citotòxic� en� línies� cel�lulars� de� MCL� mitjançant� la�

disminució� de� MCL1244� i� s’han� observat� sinergismes� amb� agents� convencionals,� com�

ara�el�bortezomib,�la�vincristina�o�la�doxorubicina.245�S’ha�descrit�la�capacitat�de�NVP�

BEZ235�de�superar�els�senyals�del�microambient�in�vitro�en�línies�cel�lulars�de�MCL,246�i�

la�inhibició�de�la�secreció�de�múltiples�factors�de�creixement�i�citocines�com�ara�la�IL6,�

IL10� i� VEGFA� (Vascular� Endothelial� Growth� Factor� A)� en� limfomes� especialment�

depenents� de� la� via� de� senyalització� de� PI3K/AKT/mTOR,� com� és� el� cas� del� limfoma�

d’efusió�primari.239��

�
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2.3.� Inhibidors�de�la�via�de�NF�B�

�

NF�B�és�una�família�de�factors�de�transcripció�(p50�i�el�seu�precursor�p105,�p52�i�el�seu�

precursor� p100,� p65/RELA,� RELB� i� c�REL)� que� participa� en� la� transcripció� de� gens�

involucrats�en�processos�com�la�proliferació,�la�inflamació�o�la�supressió�de�l’apoptosi.�

L’activació� d’aquesta� via� depèn� de� la� fosforilació� de� les� proteïnes� inhibitòries� I�B�

(Inhibitor� of� �B)� portada�a� terme�pel� complex� IKK� (I�B� kinase).247�Aquest� complex�és�

activat�per�la�senyalització�del�BCR�i�és�una�via�requerida�per�la�supervivència�en�molts�

tipus� de� limfoma.� AKT,� d’entre� els� múltiples� substrats,� també� activa� el� complex� IKK,�

convertint�se�en�un�regulador�positiu�de�NF�B.191�Al�seu�torn,�IKK�activa�mTOR�a�través�

de�TSC1.248��

La� via� de� NF�B� està� constitutivament� activada� en� el� MCL249� i� en� la� CLL.250� A� més,� la�

inhibició�d’IKK�mitjançant� l’inhibidor�BMS�345541� ha�mostrat� activitat�antitumoral� in�

vitro�en�ambdues�neoplàsies�limfoides.251;252�Malgrat�s’han�utilitzat�diferents�inhibidors�

de� IKK,� cap� d’ells� ha� rebut� l’aprovació� clínica,� probablement� per� problemes� de�

toxicitat.253� Actualment,� entre� els� nous� inhibidors� de� la� via� de� NF�B� destaquen� el�

possible�paper�dels�inhibidors�de�NIK,�proteïna�que�fosforila�i�activa�IKK,�especialment�

en�els�casos�de�MCL�refractaris�al� tractament�amb� inhibidors�del�BCR�on�s’ha�descrit�

una�possible�dependència�de�NIK.254�D’altra�banda,�el�nou� inhibidor�d’IKK�13�197,�ha�

mostrat�interferir�amb�les�vies�de�senyalització�NF�B�i�mTOR�en�cèl�lules�de�MCL.255�

�

2.4.� Inhibidors�de�la�via�de�MAPK�

�����������������

En� els� limfòcits� B,� la� via� de� les� MAPK� és� principalment� activada� pel� BCR� que�

desencadena�una�cascada�de�senyalització� jeràrquica� incloent�Ras/Raf/MEK/ERK,�que�

transmeten�el�senyal�des�dels�receptors�de�membrana�al�nucli�per�controlar�l’expressió�

gènica,� com� ara� MYC,256� regular� l’apoptosi� (membres� de� la� família� de� BCL2),257� la�

proliferació,258� la� motilitat� cel�lular� (com� FAK,� Focal� Adhesion� Kinase)259;260� i� la�

traducció� proteica.� Entre� els� seus� múltiples� substrats,� ERK1/2� regula� la� traducció� a�

través� de� MNK1/2,� que� fosforila� eIF4E,� i� RSK1� (Ribosomal� protein� S6� Kinase,� 90kDa,�

polypeptide� 1),� que� regula� el� substrat� de� mTOR� S6K,� entre� d’altres.� Per� tant,� S6K� és�
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regulada�tant�per�PI3K/AKT/mTOR�com�per�la�via�de�les�MAPK.261�A�més�a�més,�RSK1�i�

ERK1/2�fosforilen�TSC2,�afavorint�l’activació�de�mTORC1.262�Finalment,�Ras�també�pot�

activar�la�via�de�PI3K/AKT/mTOR.��

L’activació� constitutiva� d’ERK� s’ha� descrit� en� la� CLL,263� mentre� que� nivells� elevats� de�

RAF�s’han�observat�en�pacients�de�MCL.264�D’entre�els�diferents� inhibidors�d’aquesta�

via,� en� destaquen� l’inhibidor� de� RAF� vemurafenib265� i� l’inhibidor� de� MEK1/2�

selumetinib266�actualment�en�assaig�clínic�en�diferents�neoplàsies�hematològiques.��

L’administració� combinada� d’aquests� inhibidors� amb� inhibidors� de� la� via�

PI3K/AKT/mTOR� s’ha� proposat� com� a� estratègia� terapèutica� per� a� sobrepassar� les�

diferents� connexions� entre� ambdues� vies� de� senyalització.� En� tumors� sòlids,� s’ha�

descrit�que�la�inhibició�de�mTORC1�amb�everolimus�resulta�en�l’activació�de�ERK1/2�a�

través� de� la� via� S6K/PI3K/RAS/RAF/MEK.267� En� una� cohort� de� pacients� amb� tumors�

sòlids� en� fase� avançada,� la� presència� de� mutacions� KRAS,� que� activa� la� via� MAPK,�

estava� associada� amb� una� manca� de� benefici� de� la� teràpia� amb� everolimus.268� Tot�

plegat,� això� ressalta� la� importància� de� tenir� en� compte� les� possibles� alteracions� i/o�

mutacions�en�la�via�de�les�MAPK�per�tal�d’optimitzar�el�tractament�amb�inhibidors�de�

mTOR.��

�

�

�

�

�

�

�

�

�

�

�
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CASPASES�
Enzims� proteolítics� que� condueixen� el�
procés� de� destrucció� cel�lular.� Hi� ha�
caspases�iniciadores�(caspases�2,�8,�9�i�10)�i�
d’altres� d’efectores� (caspases� 3,6� i� 7)�
responsables� de� proteolitzar� centenars� de�
proteïnes.��

3.� Inhibidors� de� proteïnes� reguladores� de� la� mort�

cel�lular� com� a� estratègia� terapèutica� en� les�

neoplàsies�limfoides�de�cèl�lula�B�

�

L’evasió�de�la�mort�cel�lular�és�una�característica�distintiva�gairebé�sistemàtica�de�

les� cèl�lules� neoplàstiques.269� Aquest� tret� afavoreix� la� progressió� tumoral� i� la�

resistència� a� la� teràpia.� Entre� els� diferents� tipus� de� mort� cel�lular,� el� paper� de�

l’apoptosi� en� el� càncer� ha� estat� àmpliament� estudiat,273� mentre� que� el� rol� dual� de�

l’autofàgia,� amb� propietats� tant� promotores� com� supressores� tumorals,� i� la� seva�

implicació�en�l’execució�de�la�mort�cel�lular,�segueix�sent�controvertit.270;271�

�

3.1.� La�família�BCL2�com�a�diana�terapèutica�

�

La�família�de�proteïnes�BCL2�

La� família� de� proteïnes� BCL2� juga� un� paper� primordial� en� la� regulació� de� la�

permeabilització�de�la�membrana�mitocondrial�externa�i�en�l’apoptosi.�Els�membres�de�

d’aquesta� família� estan� subdividits� en� tres� grups� en� funció� de� la� seva� estructura� i�

funció.� BAX� i� BAK� són� els� elements� crítics� que� desencadenen� la� fase� efectora� de�

l’apoptosi.� Mitjançant� un� canvi� conformacional,� formen� porus� a� la� membrana�

mitocondrial,� n’augmenten� la� permeabilitat� –pèrdua� del� potencial� de� membrana�

mitocondrial�(�	m)–�i�permeten�l’alliberament�al�citosol�de�factors�apoptogènics,�com�

el� citocrom� C,� que� finalment� activaran� les� CASPASES.� En� condicions� favorables� a� la�

supervivència�cel�lular,�BAX�i�BAK�estan�controlats�pels�membres�antiapoptòtics�de� la�

família� BCL2� (BCL2,� BCLXL,� BCLW,� MCL1,� BCL�B� i� Bfl�1/A1).� Condicions� d’estrès,� en�

canvi,� mobilitzen� els� membres� del� tercer� grup� de� la� família,� les� proteïnes� BH3�only.�

Aquestes� proteïnes� (BIM,� BMF,� NOXA,�

PUMA,�BAD,�HRK�i�BIK)�són�essencials�per�a�

activar�els�mediadors�BAX�i�BAK,�ja�sigui�per�

unió�directe�o�bé�indirectament,�per�unió�als�

membres�antiapoptòtics�de�la�família�BCL2,�i�
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alliberant�BAX�i�BAK�que�desencadenaran�el�procés�apoptòtic�(Figura�14).270�

S’han�detectat�nivells�elevats�de�BCL2�tant�en�CLL272;273�com�en�MCL,�on�són�freqüents�

els�guanys�del�número�de�còpies�de�BCL2.22�L’elevada�expressió�de�la�proteïna�MCL1,�la�

traducció�de�la�qual�pot�ser�augmentada�per�la�via�de�senyalització�PI3K/AKT/mTOR,274�

és�comú�en�els�tumors�més�agressius,�com�el�MCL.275�En�la�CLL,�s’ha�descrit�que�MCL1�

proporciona� informació� sobre� la� progressió� de� la� malaltia.276;277� També� s’ha�

documentat�pèrdua�de�BIM�per�deleció�homozigòtica�en�un�percentatge�considerable�

de� casos� de� MCL.278;279� BIM� actua� com� un� supressor� de� tumors� en� neoplàsies� de�

cèl�lula�B�i�l’elevada�expressió�de�MCL1,�conjuntament�amb�una�ràtio�BIM/MCL1�baixa,�

és�un�predictor�de�poca�resposta�als�agents�quimioterapèutics.276�

�

�

Figura�14�|�Les�BH3�only�i�els�BH3�mimètics.�Un�estímul�citotòxic�indueix�l’activació�transcripcional�

de� les�BH3�only� que� faciliten�el� canvi� conformacional� de�BAX� i� BAK� i� la� formació�d’un�porus� a� la�

membrana� mitocondrial� externa.� L’alliberació� de� factors� apoptogènics� com� el� citocrom� C� acaba�

activant�les�caspases�responsables�de�la�proteòlisi.�L’apoptosi�es�desencadena�quan�el�balanç�entre�

proteïnes�proapoptòtiques�i�antiapoptòtiques�és�favorable.�En�cèl�lules�canceroses,�la�teràpia�amb�

BH3�mimètics�afavoreix�l’activació�de�les�BH3�only�i�el�procés�apoptòtic.�

�

�

�
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Inhibidors�dels�membres�antiapoptòtics�de�la�família�BCL2�

S’han�desenvolupat�compostos�que�imiten�l’acció�de�les�proteïnes�BH3�only�i�per�tant,�

promouen�l’apoptosi.�Els�compostos�BH3�mimètics�difereixen�en�la�seva�especificitat�i�

afinitat�pels�diferents�membres�de�la�família�BCL2�(Figura�14).�ABT�737�i�el�seu�anàleg�

oral�navitoclax� (ABT�263)� s’uneixen�amb�elevada�afinitat�a�BCL2,�BCLXL� i�BCLW,�però�

amb�molt�poca�afinitat�a�MCL1�i�a�Bfl�1/A1,280�l’elevada�expressió�dels�quals�pot�causar�

resistència�a� la� teràpia.281� En� assaigs� clínics�de� fase� I/II,� navitoclax� va�demostrar�una�

bona�activitat�antitumoral,�particularment�en� la�CLL,�aconseguint�una�resposta� (ORR)�

del� 35%.282;283� Malauradament,� s’ha� observat� que� navitoclax� causa� trombocitopènia�

com�a�conseqüència�de�la�inhibició�de�BCLXL�en�plaquetes.284�

El� compost�ABT�199�és�un� inhibidor� selectiu�de�BCL2,�amb�una�marcada� reducció�de�

l’efecte�tòxic�de�les�plaquetes.285;286�In�vitro,�s’ha�observat�que�causa�apoptosi�a�través�

de�BAX,�tot�i�que�aquest�efecte�citotòxic�no�és�selectiu�de�les�cèl�lules�tumorals�ja�que�

també�afecta�als� limfòcits�B�normals.287�En�un�assaig�clínic�de� fase� I�en�pacients�amb�

desordres� limfoproliferatius� es� va� obtenir� una� bona� resposta,� inclosos� els� casos� de�

MCL.288�Actualment,�es�troba�en�diferents�assaigs�de�fase�I/II�en�CLL�i�en�limfoma�no�

Hodgkin� (NCT01969695,� NCT01889186,� NCT01328626).� En� la� CLL� s’han� aconseguit�

notables�resultats,�amb�un�13%�(7�casos)�de�respostes�completes�i�un�72%�(39�casos)�

de�respostes�parcials.289��

�

3.2.� L’autofàgia�com�a�diana�terapèutica�

�

L’autofàgia�és�el�procés�de�degradació� intracel�lular�essencial�pel�manteniment�de� la�

homeostàsia� i� la� supervivència� cel�lular.� És� considerat� principalment� un� procés�

citoprotector� i� un� mecanisme� de� control� cel�lular� que� permet� eliminar� agregats�

proteics�i�orgànuls�malmesos.�Alteracions�de�l’autofàgia�es�poden�produïr�en�diferents�

tipus�de�malalties,�com�desordres�neurodegeneratius,�malalties�infeccioses,�desordres�

metabòlics�o�en�el�càncer.290��

�

�

�
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Figura�15�|�El�procés�autofàgic�i�fàrmacs�moduladors�de�l’autofàgia.�mTORC1�regula�negativament�

l’autofàgia�mitjançant�la�inhibició�del�complex�ULK.�En�canvi,�l’activació�d’AMPK�indueix�l’autofàgia.�

El�complex�ULK�i�el�complex�PI3K�de�classe�III�són�responsables�de�la�inducció�i�la�fase�inicial�de�la�

formació� del� fagòfor.� La� proteïna� antiapoptòtica� BCL2� regula� negativament� el� complex� PI3K� de�

classe�III.�L’expansió�del�fagòfor�requereix�de�múltiples�proteïnes�com�ATG3,�ATG5,�ATG7�i�LC3�que�

faciliten� la� formació� de� l’autofagosoma.� La� seva� fusió� amb� un� lisosoma� dóna� lloc� a�

l’autofagolisosoma,�de�manera�que�el�contingut�de� la�vesícula�serà� lisat� i�degradat.� Inhibidors�de�

mTORC1�(rapalogs),�activadors�d’AMPK�(metformina),�inhibidors�de�membres�antiapoptòtics�de�la�

família� BCL2� (BH3�mimètics)� són� inductors� de� l’autofàgia,� mentre� que� els� inhibidors� de� la� fusió� i�

funció� lisosomal� (bafilomicina� A1,� cloroquina� i� hidroxicloroquina)� interfereixen� en� el� procés�

autofàgic.�

�

La�maquinària�de�l’autofàgia�

La�macroautofàgia�(habitualment�referida�com�a�autofàgia)�succeeix�quan�vesícules�de�

doble� membrana� anomenades� autofagosomes,� engloben� en� el� seu� interior� material�

citoplasmàtic.� Els� autofagosomes� es� fusionen� amb� els� lisosomes,� els� quals� alliberen�

proteases� lisosomals,� convertint� l’autofagosoma� en� un� autofagolisosoma� amb�

capacitat� degradativa.� Els� aminoàcids� i� les� macromolècules� resultants� són� finalment�

reciclades� per� cobrir� necessitats� metabòliques,� com� podria� ser� la� síntesi� de� noves�

proteïnes,�o�bé,�per�la�formació�de�membranes�i�mantenir�així�les�funcions�lisosomals�

(Figura� 15).291� L’autofàgia� és� un� procés� no� selectiu,� tot� i� que� hi� ha� d’altres� tipus�

d’autofàgia�que�preferencialment�recol�lecten�un�substrat�específic.292�295�

44



In
tr
od

uc
ci
ó�

�

Per� la� formació� dels� autofagosomes� es� requereix� la� mobilització� d’una� quantitat�

substancial�de�membrana,�principalment�provinent�del�reticle�endoplasmàtic,296;297�i�la�

participació�d’un�elevat�nombre�de�proteïnes�ATG�(autophagy�related)�i�PI3K�de�classe�

III�(Taula�3).298�

�

Taula�3�|�Selecció�de�proteïnes�implicades�en�l’autofàgia�

Proteïna� Posició�en�la�via�autofàgica� Funció�

ULK1�i�ULK2� Complex�ULK� Cinases�que�participen�en�la�senyalització�de�mTOR�i�
permeten� el� reclutament� d’altres� proteïnes� per� a� la�
formació�de�l’autofagosoma�

Beclin�1� Complex�PI3K�de�classe�III Involucrada�en�l’activació�de�l’autofàgia�
VPS34� Complex�PI3K�de�classe�III Subunitat�catalítica�del�complex�PI3K�de�clase�III�
ATG3� Conjugació�de�LC3�PE� Conjuga�LC3�a�PE�
ATG5� Conjugació�d’ATG5�ATG12 Participa�en�l’activació�d’ATG3
ATG7� Conjugació�de�LC3�PE�i�ATG12 Activa�ATG12�i�LC3
LC3� Conjugació�de�LC3�PE� Involucrada� en� el� reclutament� del� contingut� dels�

autofagosomes�i�en�la�fusió�de�la�membrana�
ATG9� Proteïna�integral�de�membrana Involucrada�en�la�formació�de�l’autofagosoma�
ATG12� Conjugació�d’ATG5�ATG12 Participa�en�l’activació�d’ATG3

Abreviacions:�ULK,�UNC51�Like�autophagy�activating�Kinase;�PI3K,�Phosphatidylinositol�3�Kinase;�VPS34,�Vacuolar�
Protein�Sorting�34;��ATG,�Autophagy�related�Gene;�PE,�Phosphatidylethanolamine.�

�

Els� autofagosomes�es�produeixen� com�a� conseqüència�de� la�deprivació�de�nutrients,�

energia�o� factors�de�creixement,�bàsicament�a� través�de�dos�mecanismes.�El�primer,�

mitjançant�la�inhibició�de�mTORC1,�de�manera�que�augmenta�l’estabilitat�del�complex�

ULK�(UNC51�Like�autophagy�activating�Kinase).299�El�segon,�a�través�de�la�fosforilació�i�

activació�de�ULK1�per�AMPK�(Adenosine�Monophosphate�activated�Protein�Kinase),�un�

sensor� intracel�lular�de� la�ràtio�AMP/ATP.300�El�complex�ULK�promou�la� formació�dels�

autofagosomes� mitjançant� la� regulació� del� complex� de� proteïnes� PI3K� de� classe� III�

(també�anomenat�complex�Beclin�1).�Aquest�complex�és�també�fonamental�per�iniciar�

el� procés� de� formació� d’autofagosomes� (o� fagòfors)� i� està� composat,� entre� d’altres�

proteïnes,� per� VPS34� i� Beclin� 1.� ULK1� fosforila� Beclin� 1� i� activa� VPS34,� que� produirà�

fosfoinositols�3�fosfats�necessaris�per�a�reclutar�altres�proteïnes�efectores�en�el�procés�

autofàgic�(Figura�15).301��

En� el� procés� de� formació� dels� autofagosomes� també� destaca� la� proteïna� LC3� que,�

gràcies�a�la�conversió�de�la�seva�forma�soluble�LC3�I�a�LC3�II,�s’associa�a�la�membrana�

de�l’autofagosoma�de�forma�estable.�Per�aquest�motiu,�LC3�s’utilitza�habitualment�com�

a�marcador�per�monitoritzar�el�procés�d’autofàgia.302��
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Autofàgia�i�càncer�

El�càncer�és�la�primera�malaltia�que�va�estar�lligada�a�la�deficiència�de�l’autofàgia303�i�a�

la� vegada,�paradoxalment,� la�primera�malaltia�en� la�qual� s’han�utilitzat� inhibidors�de�

l’autofàgia� en� assaigs� clínics.304� Aquesta� paradoxa� pot� comprendre’s� pels� efectes�

diferencials� de� l’autofàgia� en� els� diferents� estadis� de� la� tumorigènesi.� Tot� i� la�

controvèrsia,� la� visió� més� prevalent� és� que� l’autofàgia� actua� com� un� mecanisme�

supressor�de�tumors�que�evita�la�iniciació�del�tumor�i�una�via�de�prosupervivència�que,�

en�els�estadis�més�avançats,�ajuda�a�les�cèl�lules�tumorals�a�superar�l’efecte�dels�agents�

quimioterapèutics.271��

�

Autofàgia�com�un�mecanisme�supressor�de�tumors�

Molts�gens�supressors�de�tumors�promouen�l’autofàgia,�com�ara�PTEN,�TSC1,�TSC2�que�

ho�fan�a�través�dels�seus�efectes� inhibitoris�en� la�via�de�mTOR,� i�molts�oncogens�són�

responsables� de� la� inhibició� de� l’autofàgia.� Els� oncogens� PI3K� i� AKT,� per� exemple,�

inhibeixen� l’autofàgia�a� través�de� l’activació�de�mTORC1.�A�més,�AKT� també� inhibeix�

l’autofàgia�directament�fosforilant�Beclin�1,�retenint�la�al�citoesquelet�i�evitant�la�seva�

interacció�amb�VPS34.305�L’oncogèn�BCL2�regula�negativament�l’autofàgia�mitjançant�la�

seva�unió�a�Beclin�1,�evitant�que�formi�part�del�complex�de�PI3K�de�classe�III.306;307�

�

S’han�proposat�diferents�mecanismes�per�tal�d’explicar�com�l’autofàgia�contribueix�a�la�

supressió�tumoral:�

� Estabilitat� genòmica.� L’autofàgia� elimina� orgànuls� malmesos,� especialment�

mitocòndries,� que� generen� espècies� reactives� d’oxigen� (ROS;� Reactive� Oxygen�

Species)� i� promouen� estrès� genotòxic,� així� com� senyalització� inflamatòria� i�

tumorigènica.308;309� A� més� a� més,� s’ha� observat� que� la� reducció� dels� nivells� de�

Beclin�1�contribueixen�a�la�degradació�del�gen�supressor�de�tumors�p53.305��

�

� Inducció� de� la� mort� cel�lular.� Una� modalitat� diferent� a� l’apoptosi,� anomenada�

mort� cel�lular� per� autofàgia,� permetria� eliminar� cèl�lules� malignes� en� moments�

d’estrès�oncogènic.�En�aquest�procés,�la�supressió�específica�de�l’autofàgia�evita�la�

mort� cel�lular� i� el� procés� final� que� condueix� a� la� mort� cel�lular� és� mitjançant�

l’increment�del�flux�autofàgic.310;311�N’és�un�exemple�l’estímul�oncogènic�RAS,�que�
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es�va�observar�que�induïa�l’expressió�de�NOXA�i�Beclin�1�causant�mort�cel�lular�per�

autofàgia.� La� supressió� d’ATG5,� ATG7� o� Beclin� 1,� en� canvi,� prevenia� la� mort�

cel�lular�i�reestablia�la�capacitat�d’expansió�de�les�cèl�lules�transformades.312�Tot�i�

que� s’han� descrit� connexions� entre� l’aparell� autofàgic� i� les� cascades� de�

senyalització� apoptòtiques,313;314� aquest� és� un� tema� molt� controvertit� i,� en� la�

majoria� dels� casos,� sembla� que� l’apoptosi� i� l’autofàgia� són� dos� processos�

mútuament� inhibitoris.� L’autofàgia� i� l’apoptosi� sovint� succeeixen� en� la� mateixa�

cèl�lula� en� una� seqüència� en� la� qual� l’autofàgia� precedeix� l’apoptosi.� Un� estrès�

estimula�una�resposta�autofàgica,�i�quan�aquest�estrès�excedeix�una�durada�crítica�

o�un�nivell�determinat�d’intensitat,�s’activa�aleshores�l’apoptosi�(Figura�16).315���

�

� Activació� del� sistema� immunològic.� Finalment,� l’autofàgia� podria� afavorir� la�

rejecció�del�tumor�pel�sistema�immunològic.�El�rol�de�l’autofàgia�en�la�presentació�

antigènica� i� la� funció� immune� està� ben� establert,316� i� sembla� que� podria�

incrementar�la�resposta�a�la�quimioteràpia.317��

�

�

L’autofàgia�com�un�mecanisme�de�progressió�tumoral�

El� fet�que� l’autofàgia�afavoreixi� la�supervivència�cel�lular�durant�una�situació�d’estrès�

metabòlic,318� planteja� la� qüestió� de� si� també� actuaria� com� un� mecanisme� de�

quimioresistència,� cobrint� les� necessitats� metabòliques� del� tumor.� La� primera�

evidència�que�afirmava�aquest� concepte�va� ser�en�un�model�murí�de� limfoma� induït�

per� MYC,� en� el� qual� el� tractament� amb� un� inhibidor� de� l’autofàgia� augmentava�

Intensitat�de�l’estrès

Autofàgia
citoprotectoraCi

to
to
xi
ci
ta
t

Apoptosi

Figura� 16 |� Relació� funcional� entre�

l’autofàgia� i� l’apoptosi.� L’autofàgia�

constitueix� una� barrera� inicial� contra�

l’apoptosi� quan� el� nivell� d’intensitat� de�

l’estrès�és�baix.�A�mesura�que�la�intensitat�

creix,� s’indueix� l’apoptosi� i� s’inactiva�

l’autofàgia.��
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l’activitat� de� p53� i� la� regressió� tumoral� induïda� pels� agents� citotòxics.319� Diversos�

estudis�han�corroborat�aquesta�hipòtesi.271;320�

Una� altra� de� les� aplicacions� dels� inhibidors� de� l’autofàgia� està� lligada� a� la� capacitat�

d’incrementar�l’exposició�d’antígens�diana�a�la�superfície�de�les�cèl�lules�tumorals.�Per�

exemple,� s’ha� descrit� que� prevenir� la� degradació� lisosòmica� de� CD74� mitjançant� la�

inhibició� de� l’autofàgia,� millora� l’eficàcia� antitumoral� de� l’anticòs� monoclonal� anti�

CD74� milatuzumab� en� MCL.321� Resta� per� veure� si� aquesta� aproximació� podria�

incrementar� l’eficàcia� d’altres� anticossos� monoclonals� com� rituximab� en� altres�

limfomes�no�Hodgkin�i�en�la�CLL.�

�

Fàrmacs�moduladors�de�l’autofàgia�

Certs�agents�que�s’utilitzen�com�a�teràpia�anticancerosa� indueixen� l’autofàgia� (Figura�

15).�Un�exemple�és�tamoxifèn,�administrat�de�forma�preventiva�en�persones�amb�risc�

de� desenvolupar� càncer� de� mama� familiar.322� Els� inhibidors� de� mTORC1� també� s’ha�

observat� que� activen� l’autofàgia� en� diferents� neoplàsies� hematològiques323;324� o� els�

BH3�mimètics� com� ABT�737.325;326� La� metformina,� un� fàrmac� antidiabètic� que� activa�

AMPK� i� indueix� l’autofàgia,327� s’ha� observat� que� disminueix� el� risc� de� càncer� en�

pacients�diabètics.328��

D’altra�banda,�l’ús�dels�inhibidors�de�l’autofàgia�s’ha�focalitzat�principalment�en�línies�

cel�lulars� tumorals� amb� elevats� nivells� d’autofàgia� basal� o� en� conjunció� amb� agents�

que�directament�estimulen� les�vies�de�senyalització�de� l’autofàgia,�com�els� inhibidors�

de�mTOR�o�els�inhibidors�duals�PI3K/mTOR.�La�cloroquina�i�la�hidroxicloroquina�són�els�

compostos� més� àmpliament� utilitzats� per� inhibir� l’autofàgia� i� actualment� estan� sent�

avaluats� clínicament� en� molts� tipus� de� càncer,� entre� els� quals,� les� neoplàsies�

hematològiques.320;329� Ambdós� compostos� són� fàrmacs� antimalàrics� i� actuen�

principalment�inhibint�l’acidificació�lisosomal,�el�que�bloqueja�la�digestió�del�contingut�

de� la� vesícula� i� resulta� en� l’acumulació� al� citoplasma� d’autofagolisosomes� que� no�

poden�ser�degradats.�La�bafilomicina�A1,�un�inhibidor�específic�de�la�bomba�de�protons�

lisosomal�(V�ATPasa),�que�neutralitza�el�pH�lisosomal�i�bloqueja�la�fusió�dels�lisosomes�

amb� els� autofagosomes,� també� s’utilitza� per� interferir� en�el� procés� autofàgic� (Figura�

15).302�

�
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Objectius�generals�

�

La� via� de� supervivència� PI3K/AKT/mTOR� es� troba� constitutivament� activada� en�

molts� tumors,� fet� que� ha� afavorit� el� desenvolupament� de� nombrosos� inhibidors� al�

considerar�se�una�possible�opció� terapèutica.148;192� Tant�el�MCL� com� la�CLL� són�dues�

neoplàsies�limfoides�per�les�quals�encara�no�hi�ha�cap�teràpia�completament�efectiva�i�

en�les�que�la�via�de�PI3K/AKT/mTOR�està�constitutivament�activada.��

En�la�CLL�s’han�descrit�resultats�esperançadors�amb�l’inhibidor�específic�de�la�isoforma�

p110�� de� PI3K,� idelalisib.120� Ara� bé,� s’han� descrit� possibles� redundàncies� entre� les�

diferents�isoformes�de�PI3K�i�el�rol�de�la�isoforma�p110
�en�la�progressió�tumoral,�fets�

que�han�suggerit� la� importància�d’inhibir� totes� les� isoformes�de�PI3K.157;330�En�aquest�

context,�el�primer�objectiu�d’aquesta�tesi�es�centra�en�estudiar�l’efecte�antitumoral�de�

NVP�BKM120,�un�inhibidor�de�PI3K,�en�la�CLL.�

D’altra�banda,�s’ha�aprovat�la�utilització�de�temsirolimus,�un�inhibidor�de�mTORC1,�en�

el� tractament�del�MCL.53� La� estratègia�d’inhibir� la� via�de� PI3K/AKT/mTOR�a�un�nivell�

inferior� de� la� cascada� de� senyalització� ha� demostrat� una� bona� tolerabilitat� i� certa�

activitat� antitumoral� com� a� monoteràpia,� especialment� en� el� MCL.215;220;330;331�

L’efectivitat� d’aquests� agents,� però,� ha� quedat� reduïda� en� part� per� la� presència� de�

bucles� retroactius� que� paradoxalment,� promouen� la� supervivència� de� les� cèl�lules�

tumorals.228;229� Per� aquest� motiu,� aquests� compostos� són� bons� candidats� en�

combinació� amb� altres� fàrmacs� que� permetin� superar� aquests� mecanismes� de�

resistència.� El� segon� objectiu� d’aquesta� tesi� es� basa� en� analitzar� els� mecanismes�

relacionats�amb�la�sensibilitat�i�la�resistència�a�everolimus,�un�inhibidor�de�mTORC1,�en�

el�MCL.�

Amb� el� desenvolupament� d’inhibidors� de� segona� generació,� com� els� inhibidors�

catalítics�duals�PI3K/mTOR,�es�pretén�suprimir�la�reactivació�compensatòria�de�la�via�i�

solucionar� els� possibles� mecanismes� de� resistència.213� Per� aquest� motiu,� el� tercer�

objectiu� d’aquesta� tesi� pretén� determinar� la� millor� estratègia� terapèutica� en� el� MCL�

mitjançant�l’estudi�comparatiu�dels�inhibidors�everolimus�(inhibidor�de�mTORC1),�NVP�

BKM120�(inhibidor�de�PI3K)�i�NVP�BEZ235�(inhibidor�dual�PI3K/mTOR).�
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Objectius�concrets�

�

1.� Estudiar�l’efecte�antitumoral�de�NVP�BKM120,�un�inhibidor�de�PI3K,�en�la�CLL.�

� Determinar�l’efecte�citotòxic�de�NVP�BKM120�en�mostres�primàries�de�CLL.�

� Caracteritzar� els� mecanismes� moleculars� pels� quals� NVP�BKM120� és� capaç�

d’induir�l’apoptosi.�

� Estudiar�l’activitat�de�NVP�BKM120�en�presència�de�senyals�de�supervivència�

del�microambient.�

� Potenciar�l’efecte�citotòxic�d’aquest�compost�combinant�lo�de�forma�racional�

amb�altres�fàrmacs.�

2.� Analitzar� els� mecanismes� relacionats� amb� la� sensibilitat� i� la� resistència� a�

everolimus,�un�inhibidor�de�mTORC1,�en�el�MCL.�

� Determinar� l’efecte� antitumoral� d’everolimus� en� línies� cel�lulars� i� cèl�lules�

primàries�de�MCL.�

� Descriure� els� mecanismes� moleculars� implicats� en� l’efecte� antitumoral�

d’everolimus�en�el�MCL.�

� Validar� noves� combinacions� terapèutiques� que� millorin� l’activitat�

d’everolimus,�especialment�en�els�casos�resistents.��

3.� Determinar� la� millor� estratègia� terapèutica� en� el� MCL� mitjançant� l’estudi�

comparatiu� dels� inhibidors� everolimus� (inhibidor� de� mTORC1),� NVP�BKM120�

(inhibidor�de�PI3K)�i�NVP�BEZ235�(inhibidor�dual�PI3K/mTOR).�

� Determinar� la� sensibilitat� a� cada� un� d’aquests� compostos� en� mostres�

primàries�de�MCL.�

� Analitzar�el�perfil�d’expressió�gènica�de�mostres�primàries�de�MCL�tractades�

amb�everolimus,�NVP�BKM120�o�NVP�BEZ235.��

� Validar� funcionalment� la� implicació� de� noves� vies� de� senyalització� en� la�

resposta�a�aquests�compostos.�

�
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Primer�Article�

L’inhibidor�de�fosfatidilinositol�3�cinasa�NVP�BKM120�supera�la�resistència�a�senyals�

derivats� del� microambient� mitjançant� la� regulació� de� l’axis� AKT/FOXO3A/BIM� en�

cèl�lules�de�leucèmia�limfàtica�crònica�

�
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�

�

Resum�

Objectiu:� La� via� de� fosfadilinositol�3�cinasa� està� constitutivament� activada� en� la�

leucèmia� limfàtica� crònica� principalment� com� a� conseqüència� de� senyals�

microambientals,�incloent�la�interacció�amb�cèl�lules�estromals�i�CXCR4,�i�l’activació�del�

receptor�dels�limfòcits�B.�Degut�a�la�importància�de�la�senyalització�de�PI3K�en�la�CLL,�el�

nostre� propòsit� ha� estat� investigar� l’activitat� de� NVP�BKM120,� un� inhibidor� oral� de�

totes�les�isoformes�de�PI3K�de�classe�I.��

�

Disseny� experimental:� La� sensibilitat� a� NVP�BKM120� es� va� analitzar� en� 37� mostres�

primàries�de�CLL�i�4�donants�sans.�L’apoptosi�es�va�quantificar�i�caracteritzar�mitjançant�

tècniques� de� citometria� de� flux,� com� ara� el� doble� marcatge� d’anexina� V� i� iodur� de�

propidi� per� determinar� l’exposició� dels� residus� de� fosfatidilserina.� Es� va� avaluar� la�

resposta�a�NVP�BKM120�en�el�context�de� l’estimulació�del�BCR�(amb�anticossos�anti�

IgM)� i� del� contacte� directe� amb� cèl�lules� estromals� derivades� del� moll� de� l’os� humà�

(línia�cel�lular�HS�5)�per�simular�el�microambient� tumoral� in�vitro.� La�senyalització�de�

NVP�BKM120� es� va� caracteritzar� mitjançant� PCR� quantitativa,� Western� blot� i�

silenciament� gènic� amb� siRNA.� En� l’anàlisi� de� la� migració� es� va� incloure� l’assaig� de�
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polimerització� d’actina,� en� el� qual� s’avalua� el� grau� de� polimerització� dels� filaments�

d’actina�mitjançant�el�marcatge�amb� fal�loïdina,� i� el� comptatge�de� cèl�lules�migrades�

envers�la�quimiocina�CXCL12�per�citometria�de�flux.��

�

Resultats:�NVP�BKM120�va�induir�apoptosi�en�la�majoria�de�mostres�primàries�de�CLL�

independentment� dels� marcadors� pronòstics� habituals.� El� compost� va� bloquejar� la�

senyalització� de� PI3K,� va� disminuir� la� fosforilació� d’AKT� i� FOXO3A� donant� lloc� a� la�

disminució�traduccional�de�MCL1� i�a� la� inducció�transcripcional�de�BIM.�D’acord�amb�

aquests� resultats,� el� silenciament� selectiu� de� BIM� va� revertir� l’apoptosi� induïda� per�

NVP�BKM120�i,�a�més,�l’inhibidor�de�PI3K�va�augmentar�l’apoptosi�causada�per�l’agent�

BH3�mimètic�ABT�263.�Addicionalment,�NVP�BKM120�va�ser�capaç�d’inhibir�l’activació�

d’AKT� deguda� tant� a� l’estimulació� del� BCR� com� a� l’efecte� protector� del� cocultiu�

estromal,� i� sensibilitzar� les� cèl�lules� de� CLL� a� la� bendamustina� i� la� fludarabina.� NVP�

BKM120� també� va� disminuir� la� secreció� de� quimiocines� de� les� cèl�lules� de� CLL� en�

resposta�a�l’estimulació�del�BCR,�així�com�la�quimiotaxis� i� la�polimerització�de�l’actina�

induïda�per�CXCL12.�

�

Conclusions:�Aquests� resultats�demostren�que�NVP�BKM120�efectivament� inhibeix� la�

senyalització�de�PI3K�i�interfereix�en�l’efecte�protector�del�microambient�tumoral,�amb�

la�subseqüent�inducció�de�l’apoptosi�a�través�de�l’axis�AKT/FOXO3A/BIM.�L’ús�de�NVP�

BKM120,� per� tant,� podria� representar� una� bona� estratègia� terapèutica� com� a�

monoteràpia�o�en�combinació�per�al�tractament�de�la�CLL.�
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Molecular & Cellular Basis of Lymphoid Malignancy

Introduction

Chronic lymphocytic leukemia (CLL), the most common
form of adult leukemia in Western countries, is a heteroge-
neous disease with variable clinical presentation and evolution.
The status of somatic hypermutations in the variable region of
immunoglobulin genes (IGHV), high expression of ZAP-70 or
CD38, and the presence of certain cytogenetic abnormalities
have all been associated with poor prognosis. CLL is character-
ized by the progressive accumulation of mature, monoclonal
CD5+ B lymphocytes in the peripheral blood and tissue com-
partments (bone marrow and lymph nodes). These specialized
compartments constitute the tumor microenvironment, where
malignant cells encounter supporting cells and receive signals
to proliferate, progress and acquire drug resistance.1 In vivo, sig-
naling pathways activated by tumor microenvironment inter-
actions include the B-cell receptor (BCR) and NF-κB pathways.
In the last years, new approaches for molecular targeting of the
microenvironment have been developed, including CXCR4
antagonists2 and specific inhibitors of kinases essential for BCR
signal transduction, such as LYN, SYK, BTK, and phos-
phatidylinositol-3-kinase (PI3K). All of them disrupt regulatory
loops between CLL cells and the microenvironment and have
shown encouraging results both at pre-clinical and clinical tri-

als.3 PI3K pathway is at the central core of the signaling net-
work engaged by microenvironment crosstalk and constitutes
a key component of cell survival, growth and homing. Of note,
PI3K axis is among the most commonly activated signaling
pathways in human cancers. Particularly in CLL, PI3K pathway
has been found to be constitutive activated in freshly isolated
CLL cells.4

The PI3K family of lipid kinases consists of 3 classes of
which, to date, only class I has been implicated in regulation
of hematopoietic cells. Class I includes 4 catalytic isoforms
divided into class IA (p110α, p110β, p110δ) and class IB
(p110γ). The PI3K isoforms α and β are ubiquitously
expressed, whereas PI3Kδ is primary expressed in leukocytes.
In transformed cells, however, the dominant role of a specific
isoform may be lost and different isoforms can assume redun-
dant functions.5 PI3K phosphorylates phosphatidylinositol
lipids, catalyzing the production of phosphatidylinositol-
3,4,5-trisphosphate (PIP3) in the cell membrane. This lipid
product is the docking site for cytoplasmic kinases that
include PDK1 and Akt, which triggers a co-ordinated set of
events leading to cell survival.6 Thus, as a result of PI3K activ-
ity, Akt is activated, this protein being a major downstream
effector of PI3K.7 Multiple Akt substrates have been identi-
fied, including members of the FoxO subfamily of Forkhead
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tion. Accordingly, selective knockdown of BIM rescued cells from NVP-BKM120-induced apoptosis, while the kinase
inhibitor synergistically enhanced the apoptosis induced by the BH3-mimetic ABT-263. We also found NVP-BKM120
to inhibit B-cell receptor- and stroma-dependent Akt pathway activation, thus sensitizing chronic lymphocytic
leukemia cells to bendamustine and fludarabine. Furthermore, NVP-BKM120 down-regulated secretion of
chemokines after B-cell receptor stimulation and inhibited cell chemotaxis and actin polymerization upon CXCR4
triggering by CXCL12.  Our findings establish that NVP-BKM120 effectively inhibits the phosphatidylinositol-3-
kinase signaling pathway and disturbs the protective effect of the tumor microenvironment with the subsequent
apoptosis induction through the Akt/FoxO3a/Bim axis. We provide here a strong rationale for undertaking clinical
trials of NVP-BKM120 in chronic lymphocytic leukemia patients alone or in combination therapies.
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transcription factors and the serine/threonine kinase
mammalian target of rapamycin (mTOR).8 In CLL, the
selective p110δ PI3K inhibitor GS-1101 (CAL-101) has
shown efficacy both in pre-clinical9 and clinical studies.10

However, there is some evidence to suggest possible
redundancies between the different PI3K isoforms,
appointing for additional therapeutic implications in B-cell
malignancies.11 In this way, NVP-BKM120, a 2,6-dimor-
pholino pyrimidine derivative, is a potent, orally available,
pan-class I PI3K inhibitor.12,13 It has shown efficacy both in
in vitro and in vivo models.14-18 In addition, in a recently
completed phase I trial in advanced solid tumors, NVP-
BKM120 has been shown to be safe at its maximum-toler-
ated dose showing a favorable pharmacokinetic profile
and preliminary antitumor activity.19 Moreover, NVP-
BKM120 is currently being tested in a phase I trial in
patients with advanced leukemias (NCT01396499). 

In this context, because of the importance of the PI3K
pathway in transducing a variety of external, microenvi-
ronment-derived migratory, growth, and survival signals,
here we investigated the activity of the pan-class I PI3K
inhibitor NVP-BKM120 under microenvironment cross-
talk conditions. 

Methods

Isolation and culture of primary cells
Peripheral blood mononuclear cells (PBMCs) were obtained

from 37 CLL patients who had not received treatment for the pre-
vious three months and 4 healthy donors. Written informed con-
sent was obtained from all patients in accordance with the Ethics
Committee of the Hospital Clínic, University of Barcelona and the
Declaration of Helsinki. This study has been approved by the local
Institutional Review Board (2009/4206). The characteristics of the
patients are listed in the Online Supplementary Table S1. Primary
CLL cells were isolated and cultured as described in the Online
Supplementary Methods. 

The percentage of tumoral cells (CD19+, CD5+) as well as the
expression levels of ZAP-70 and CD38 was analyzed by flow
cytometry. The IGHV gene mutational status was verified accord-
ing to the European Research Initiative on CLL guidelines.20

Cytogenetic alterations were assessed by fluorescence in situ
hybridization (FISH). In cases with 17p deletions, the mutational
analysis of the second allele was carried out by direct sequencing,
according to the International Agency for Research on Cancer
TP53 consortium (http://p53.iar.fr). SF3B1, NOTCH1 and MYD88
mutations have been previously reported.21,22

Drugs and assessment of apoptotic features by flow
cytometry

CLL cells were incubated as indicated with different concentra-
tions of NVP-BKM120 (kindly provided by Novartis). For drug
combination studies, cells were simultaneously treated with ABT-
263 (Selleck Chemicals), bendamustine (Mundipharma) or fludara-
bine (Teva) for 48 h. Cell viability was quantified by flow cytom-
etry analysis by double labeling of phosphatidylserine (PS) expo-
sure with Annexin V-fluorescein isothiocyanate (FITC), and cell
permeabilization with propidium iodide (PI; Bender Medsystems).
Cytotoxicity against PBMCs was evaluated by staining with anti-
CD3-FITC (Becton Dickinson), anti-CD19-phycoerythrin (Becton
Dickinson) antibodies and Annexin V-Pacific Blue (Life technolo-
gies). Labeled cells were analyzed on a FACScan (Becton
Dickinson) or Attune (Life Technologies) cytometers.
Mitochondrial hallmarks of apoptosis were evaluated as previous-

ly described.23 Combination index (CI) values were calculated
with the CalcuSyn software version 2.0 (Biosoft) by using the
Chou and Talalay algorithm. The interaction between 2 drugs was
considered synergistic when CI was less than 0.8.

Protein isolation and Western blot analysis
Whole protein extraction and Western blot analysis were car-

ried out as described previously.24 Membranes were probed with
the antibodies specified in the Online Supplementary Methods. 

BCR stimulation by anti-immunoglobulin M antibodies
crosslinking 

To determine the efficacy of the inhibitor to antagonize BCR-
derived prosurvival signals, BCR triggering was performed by
adding anti-human immunoglobulin M (anti-IgM; 25 μg/mL) for
30 min, as described in the Online Supplementary Methods. When
indicated, cells were treated with NVP-BKM120 simultaneously to
the addition of anti-IgM. . 

Migration and actin polymerization assays
Chronic lymphocytic leukemia cells were treated with NVP-

BKM120 for 1 h before CXCL12-induced migration and actin
polymerization assay with phalloidin-tetramethyl rhodamine
isothiocyanate staining were determined. Detailed methods for
these assays are provided in Online Supplementary Methods. 

Statistical analysis
Data are represented as mean ± standard error of the mean

(SEM) of the indicated experiments. Non-parametric Mann-
Whitney test or paired t-tests were used to assess differences
between 2 groups. Two-way ANOVA was used to determine how
response was affected by two factors. P<0.05 was considered sta-
tistically significant. 

Detailed methods for PIP3 ELISA assay, RT-PCR, RNA interfer-
ence assay and stromal cell co-culture are provided in the Online
Supplementary Methods.

Results

NVP-BKM120 induces apoptosis in CLL cells 
independent of prognostic markers

To explore the antitumoral effect of the PI3K inhibitor
NVP-BKM120, cells from 6 CLL cases were exposed to
increasing concentrations of the drug for 48 h. NVP-
BKM120 induced a dose-dependent cytotoxic effect, rang-
ing from 27.12%±18.09 (at 1 uM) to 60.70%±13.30 at the
higher dose tested (10 μM). At 2 μM the cytotoxic effect
was 31.63%±15.34 (Figure 1A) and was confirmed in 37
CLL cases where the compound induced a mean cytotox-
icity of 31.41%±15.69 (Figure 1B). It is important to note
that no cytotoxic effect was observed in PBMCs isolated
from healthy donors (**, P<0.01) (Figure 1B). A phase I
clinical study reported that the maximum tolerated dose
of the drug was around 5 μM19 and in view of this we per-
formed most of the studies at doses of 1 and 2 μM in order
to avoid off-target effects and toxicities. In addition, NVP-
BKM120 also induced cytotoxicity in bone marrow-
derived (n=3, 45.9%±14.30) and lymph node-derived
(n=3, 39.35%±5.74) CLL cells at the dose of 2 μM (data not
shown).

As shown in the Online Supplementary Table S1, there
were no significant differences in NVP-BKM120 cytotoxi-
city in cells from patients with IGHV-mutated versus
IGHV-unmutated status or expression of ZAP-70 and
CD38. Moreover, we did not find any association
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between NVP-BKM120 sensitivity and the most frequent
cytogenetic (17p, 11q and 13q deletions and trisomy 12)
and genomic (SF3B1, NOTCH1 and MYD88 mutations)
alterations encountered in CLL cells, despite the low num-
ber of cases in each group (Online Supplementary Table S1). 

Importantly, NVP-BKM120 activated the typical mito-
chondrial hallmarks of apoptosis, including PS exposure,
mitochondrial depolarization (Δψm), reactive oxygen
species (ROS) production, caspase-3/7 activity and
Bax/Bak conformational changes (Figure 1C).

These results indicated that NVP-BKM120 selectively
induced mitochondrial apoptosis in the majority of CLL
cases, including those bearing adverse cytogenetic and/or
genomic alterations. 

NVP-BKM120 blocks PI3K/Akt/FoxO3a signaling 
pathway while inducing Bim and down-regulating Mcl-1

As NVP-BKM120 is considered a pan-PI3K inhibitor, we
then sought to determine its potential on inhibiting PI3K
activity. As shown in Figure 2A, by measuring the amount
of PIP3 extracted from control and treated CLL cells, we
confirmed that NVP-BKM120 significantly decreased PI3K
activity in CLL cells after 30 min (81.69%±19.41 of inhibi-
tion, *, P<0.05). 

To further evaluate the effect of this compound in the
PI3K-mediated signaling, we analyzed the phosphoryla-
tion status of its main downstream effector Akt. We found
that short time exposure (6 h) to NVP-BKM120 (1 and 2
μM) induced a decrease in the phosphorylation levels of
Akt at Ser473 in CLL cells (Figure 2B). As FoxOs proteins
are important targets of the PI3K/Akt pathway and the
phosphorylation by Akt is one of the major regulatory
mechanisms by which FoxO-mediated transcription is
repressed,25 we next addressed if FoxO3a was a target for
NVP-BKM120-mediated apoptosis in CLL cells. Indeed,

we found a downregulation of FoxO3a phosphorylation
that led to the induction of the proapoptotic BH3-only
protein Bim in NVP-BKM120-treated CLL cells, according
to the role of FoxO3 as a transcription factor of Bim
(Figure 2B). We then analyzed the antiapoptotic members
of the Bcl-2 family (Bcl-2, Bcl-XL and Mcl-1) and we found
a downregulation of Mcl-1 after exposure to NVP-
BKM120 (Figure 2B). 

In order to determine whether NVP-BKM120 modula-
tion of Bim and Mcl-1 was transcriptional, we monitored
BIM and MCL-1 mRNA levels by qRT-PCR. Exposure to 2
μM NVP-BKM120 for 6 h resulted in no significant
changes in MCL-1 transcripts whereas a significant
increase in BIM mRNA levels was observed (**, P<0.01)
(Figure 3A). As NVP-BKM120 was not interfering with
MCL-1 transcription, we then determined whether its
downregulation was due to inhibition of the translation,
as it has been described that mTOR regulates translation
of mRNAs containing long 5’-UTRs, including Mcl-1.26

Accordingly, it has recently been reported that the multik-
inase inhibitor sorafenib is able to block Mcl-1 at transla-
tional level.27,28 As shown in Figure 3B, treatment of pri-
mary CLL cells with 2 μM NVP-BKM120 decreased the
phosphorylation levels of several kinases implicated in the
translational machinery such as mTOR, S6 ribosomal pro-
tein, the eIF4E-binding protein 1 (4E-BP1) and the transla-
tion initiator factor eIF4E, thus arguing in favor of a trans-
lational-dependent regulation of Mcl-1 levels. 

Bim contributes to NVP-BKM120-induced 
mitochondrial apoptosis in CLL cells

To ascertain if the increase in the BH3-only protein Bim
was functionally important for NVP-BKM120-induced
apoptosis in CLL cells, we used a siRNA-mediated
approach to knock-down BIM. Figure 3C shows that

NVP-BKM120 in CLL 
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Figure 1. NVP-BKM120 cytotoxicity in pri-
mary CLL cells. (A) CLL cells (n=6) were
treated with increasing doses of NVP-
BKM120 (range 1-10 μM) for 48 h and
cytotoxicity was measured by Annexin V.
Mean ± SEM of all the samples analyzed.
(B) Primary CLL cells (n=37) and PBMCs
from healthy donors (n=4) were incubat-
ed with 2 µM NVP-BKM120 for 48 h
before cytotoxicity was assessed by
Annexin V labeling. **, P<0.01. (C) CLL
cells were treated with NVP-BKM120 (1
and 2 μM) for 48 h and apoptosis hall-
marks were determined by flow cytome-
try. A representative case was shown
(CLL n. 5). Percentages inside each chart
refer to the population in black. 
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transfection with siRNA oligonucleotides directed toward
this gene significantly reduced mRNA levels (*, P<0.05)
providing significant protection against NVP-BKM120-
induced cell death when compared to scramble siRNA
(***, P<0.001). 

To provide further evidence of the role of Bcl-2 family of
proteins in NVP-BKM120 antitumoral activity in CLL cells,
we examined the effect of combining NVP-BKM120 with
the BH3-mimetic ABT-263. Simultaneous exposure of CLL
cells to NVP-BKM120 (1 μM) and ABT-263 (2.5 and 5 nM)
for 48 h led to a notable reduction in cell viability that was
more effective than single drug treatment (Figure 3D).
Interestingly, combination of NVP-BKM120 1 μM and
ABT-263 2.5 and 5 nM was found to induce significant
cytotoxic effect (***, P<0.001), with CI values of 0.528 and
0.607, respectively. 

Taken together, these findings support the contribution
of Bim to the mitochondrial apoptosis induced by NVP-
BKM120.

NVP-BKM120 abrogates BCR-derived signaling
To determine the effects of NVP-BKM120 on CLL cell

signaling mediated via the BCR, we stimulated cells with

anti-IgM in the presence of NVP-BKM120. As shown in
Figure 4A, NVP-BKM120 2 μM induced apoptosis with
similar efficiency in IgM-stimulated than in non-stimulat-
ed CLL cells (**, P<0.01, ***, P<0.001). In response to BCR
engagement, CLL cells increased the expression of phos-
pho-Akt, phospho-FoxO3a and Mcl-1. NVP-BKM120 was
able to completely block both basal and IgM-induced
phospho-Akt, phospho-FoxO3a and Mcl-1 expression
(Figure 4B). Additionally, NVP-BKM120 was also able to
induce Bim, at both transcriptional (*, P<0.05) and transla-
tional levels, even in the presence of anti-IgM (Figure 4C).

We next evaluated whether NVP-BKM120 could block
T-cell chemokines CCL3 and CCL4 that are secreted by
CLL cells in response to BCR stimulation. Figure 4D
shows that BCR stimulation increased CCL3 and CCL4
mRNA levels (CCL3: 12.09±5.28; CCL4: 10.00±5.05),
whereas NVP-BKM120 incubation significantly blocked
this induction (CCL3: 5.43±3.32, **P<0.01; CCL4:
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Figure 2. Modulation of PI3K/Akt/FoxO3a pathway and Bcl-2 anti-
apoptotic family in CLL cells exposed to NVP-BKM120. (A) Primary
CLL cells (n=3) were treated with 2 μM NVP-BKM120 for 30 min and
PI3K activity was assessed. Data represent the mean ± SEM of the
3 cases analyzed. *, P<0.05. (B) CLL cells were incubated with NVP-
BKM120 (1 and 2 μM) for 6 h before Western blot analysis was per-
formed. Two representative cases out of 9 were showed.

Figure 3. Role of Bim and Mcl-1 in NVP-BKM120-induced apoptosis
in CLL cells. (A) Analysis of mRNA expression by quantitative RT-PCR
in primary CLL cells (n=8) incubated with 2 μM NVP-BKM120 for 6 h.
Mean ± SEM of the cases analyzed. **, P<0.01; ns=not significant.
(B) Western blot analysis of several kinases implicated in the trans-
lational machinery in CLL primary cells exposed to NVP-BKM120 (1
and 2 μM) for 6 hours. A representative case was showed (CLL n. 32).
(C) Primary CLL cells were transfected by electroporation with BIM
siRNA and non-silencing siRNA in 3 independent experiments.
Transfected cells were then incubated with 2 μM NVP-BKM120 for
24 h. Viability was assessed by flow cytometry labeling of AnnexinV
and knockdown of Bim protein was quantified by RT-PCR. Mean ±
SEM of the cases analyzed. *, P<0.05, **, P<0.01, ***, P<0.001;
ns=not significant. (D) Primary CLL cells (n=5) were simultaneously
exposed to NVP-BKM120 (1 μM) and ABT-263 (2.5 and 5 nM) for 48
h. Bars represent the mean ± SEM of cell viability referred to untreat-
ed control cells. ***, P<0.001.
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3.70±1.83, *P<0.05). These findings highlight NVP-
BKM120 ability to inhibit BCR-derived responses in CLL
cells. 

NVP-BKM120 induces cytotoxicity in the presence of
microenvironment survival signals on CLL cells

It is well documented that stromal microenvironment
contributes to CLL cell proliferation, survival and drug
resistance.2 Consistent with previous results,29 we
observed that co-culture with the stromal cell line HS-5
protected CLL cells from spontaneous apoptosis, thus cell
viability in control samples was 67.80%±9.86 and
increased up to 81.93%±6.0 after HS-5 co-culture (***,
P<0.001, Figure 5A). NVP-BKM120 treatment (2 μM, 24 h)
of CLL cells induced cytotoxicity both with and without
HS-5 co-culture (Figure 5A; **, P<0.01). At the molecular
level, NVP-BKM120 efficiently down-regulated stroma-
induced phospho-Akt, phospho-FoxO3a and Mcl-1
expression (Figure 5B), and still induced Bim at both
mRNA (**, P<0.01) and protein levels (Figure 5C).

From this observation, we further evaluated whether
NVP-BKM120 could enhance CLL cell killing when these
cells were co-cultured with HS-5 in the presence of flu-
darabine and bendamustine, both drugs currently used in
CLL treatment. Figure 5D depicts the mean relative viabil-
ities of CLL cells co-treated with NVP-BKM120 1 μM, a
dose that did not affect HS-5 cells viability (data not shown),
and fludarabine (0.5 μg/mL) or bendamustine (10 μM) for
48 h. Interestingly, the combination of both agents was
significantly more effective than single drug alone, both in

the presence and absence of HS-5 (***, P<0.001). Thus, a
synergistic effect was observed both in combination with
fludarabine (CI: 0.598) and bendamustine (CI: 0.675) with-
out stroma, and also in co-culture with stromal cells (CI:
0.471 for fludarabine and CI: 0.462 for bendamustine). 

NVP-BKM120 inhibits CXCL12-induced CLL migration
and actin polymerization

CXCL12 is a chemokine secreted by different types of
stromal cells that has a direct prosurvival effect on CLL
cells and may guide migration of CLL cells to the stroma
microenvironment.30 Thus, we sought to analyze the
effect of NVP-BKM120 in the presence of CXCL12. Figure
6A indicates that NVP-BKM120 2 μM overcame CXCL12
(200 ng/mL) stimulation and induced apoptosis with the
same efficiency in CXCL12-stimulated cells (***, P<0.001)
as in non-stimulated CLL cells (***, P<0.001).

To assess the effect of NVP-BKM120 on the migratory
capacity of CLL cells induced by CXCL12, CLL cells were
assayed for chemotaxis toward CXCL12 (200 ng/mL) after
1 h of pre-incubation with NVP-BKM120 2 μM. Figure 6B
shows that NVP-BKM120 significantly reduced the num-
ber of migrating CLL cells from peripheral blood in the
presence of the chemokine (43.77%±21.93 of inhibition, *,
P<0.05). Significant inhibition of migration cells (*, P<0.05)
were also observed in the presence of CXCL12 in CLL
cells derived from bone marrow (26.04%±14.32 of inhibi-
tion, Figure 6C) and lymph node (27.61%±19.67 of inhibi-
tion, Figure 6D).

As cell migration in response to chemokines requires
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Figure 4. NVP-BKM120 abrogates BCR-
derived signals. (A) Primary CLL cells
(n=8) were incubated simultaneously
with 2 μM NVP-BKM120 and anti-IgM and
cell viability was assessed at 24 h by
Annexin V/PI flow cytometry. Horizontal
lines represent the mean. **, P<0.01,
***, P<0.001. (B) Western blot analysis
after stimulation of CLL cells for 30 min-
utes with anti-IgM in the presence of 2 μM
NVP-BKM120. A representative case was
showed (CLL n. 4). (C) Primary CLL cells
(n=6) were incubated with 2 μM NVP-
BKM120 in presence or absence of anti-
IgM for 6 h. Analysis of BIM was then
determined by RT-PCR and Western blot
analysis. Mean ± SEM of the cases ana-
lyzed. *, P<0.05. A representative case
was shown (CLL n. 4). (D) Analysis of
mRNA expression by RT-PCR of CCL3 and
CCL4 chemokines in 4 CLL cases incubat-
ed simultaneously with NVP-BKM120 and
anti-IgM for 6 h. Mean ± SEM of the cases
analyzed. *, P<0.05, **, P<0.01.
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actin polymerization, we therefore analyzed the effects of
NVP-BKM120 on this cellular response. As shown in
Figure 6E, CXCL12 induced a notable increase in actin
polymerization at 15 seconds (s) of stimulation that was
significantly decreased with NVP-BKM120 2 μM after
only 60 s (*, P<0.05; **, P<0.01). These data suggest that
NVP-BKM120 could block CXCL12-induced CLL chemo-
taxis and actin polymerization. 

Discussion 

BCR signaling plays an important role in the CLL patho-
genesis and disease progression, as promotes maintenance
and expansion of tumoral cells.31 Besides from BCR sig-
nalling, many other factors have been identified to
enhance CLL cell survival, such as Toll-like receptors,
cytokines, chemokines, CD40, BAFF, integrins and com-
ponents of extracellular matrix.3 Many of these factors
activate similar intracellular signalling pathways, being
one of the most prominent the PI3K/Akt/mTOR pathway.
In our study, we have examined the response of primary
CLL cells to the PI3K inhibitor NVP-BKM120. Our data
indicate that NVP-BKM120 selectively activates the intrin-
sic apoptotic pathway in B cells and that its cytotoxic
activity in CLL occurs independently of the most common
prognostic markers such as mutational status of IGHV,
ZAP-70 and CD38 expression, the adverse cytogenetic

alterations and the new recurrent mutations described in
CLL cells.21,22 Furthermore, this study suggests that NVP-
BKM120 mediates cytotoxicity both by directly inhibiting
PI3K signalling in CLL cells and by disabling the support-
ive effect of many microenvironmental factors including
co-culture with stromal cells, activation of the BCR and of
CXCL12. More specifically, NVP-BKM120 is able to
induce cytotoxicity despite IgM-mediated stimulation of
BCR and to inhibit BCR-dependent induction of the T-cell
attracting chemokines CCL3 and CCL4. In addition, we
show that NVP-BKM120 sensitizes CLL cells to cytotoxic
drugs such as fludarabine and bendamustine even in the
presence of protective bone marrow-derived stromal cells.
Several PI3K inhibitors are in pre-clinical studies and only
few results have been reported in clinical trials. Among
them, a phase I study of the PI3Kδ inhibitor GS-1101
showed an overall response (OR) of 26%. However, 80%
of patients had a reduction in lymphadenopathy by
≥50%.10 Interestingly, it has recently been reported that
combination of GS-1101 with rituximab and/or ben-
damustine induces an OR higher than 78%.32 In line with
this, clinical responses to SYK33 and BTK34 inhibitors in
CLL are also characterized by a rapid mobilization of
tumoral cells from nodal masses to peripheral circulation,
with a significant decrease in lymphadenopathies and
splenomegaly and an increase in the number of lympho-
cytes in peripheral blood. Consistently, we observed that
NVP-BKM120 might also be effective in cells from lymph
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Figure 5. NVP-BKM120 induces cytotoxicity in the presence of microenvironment survival signals on CLL cells. (A) Primary CLL cells (n=8) were
co-cultured with or without HS-5 and incubated with 2 μM NVP-BKM120. Cell viability was assessed at 24 h by Annexin V/PI flow cytometry.
Horizontal lines represent the mean. **, P<0.01. (B) Western blot analysis after co-culture of CLL cells with HS-5 in the presence of 2 μM NVP-
BKM120 for 6 h. A representative case was showed (CLL n. 4). (C) Primary CLL cells (n=8) co-cultured with or without HS-5 were incubated
with 2 μM NVP-BKM120 for 6 h. Analysis of Bim was then determined by RT-PCR and Western blot analysis. A representative case was shown
(CLL n.4). Mean ± SEM of the cases analyzed. **, P<0.01. (D) CLL cells (n=6) were simultaneously incubated with 1 μM NVP-BKM120 and flu-
darabine (0.5 μg/mL) or bendamustine (10 μM) with or without stroma. Viability at 48 h was calculated relative to the respective untreated
control, with or without stroma. Mean ± SEM of the cases analyzed. ***, P<0.001.
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nodes and bone marrow, indicating that this compound
could induce cytotoxicity to CLL cells from these com-
partments by deprivation from their supportive tissue
microenvironment. We also found that NVP-BKM120
could inhibit CLL cell migration and signaling responses to
CXCL12. These effects of NVP-BKM120 on cell migration
and actin polymerization could cause interference with
the cell trafficking and homing of CLL cells. 

Importantly, it has recently been reported that NVP-
BKM120 was 3.6 fold more toxic than GS-1101 in primary
CLL cells in vitro,16 thus confirming a crucial role for the
non-delta PI3K isoforms in CLL to antagonize stromal cell-
derived migration, survival, and drug-resistance signals35

and pointing out the importance to target different iso-
forms to overcome possible redundant functions. In this
sense, it has been reported that expression of p110  iso-
form can maintain constitutive PI3K signaling despite
p110  inhibition.36

The inhibition of PI3K by NVP-BKM120 results in
dephosphorylation of Akt and subsequent regulation of a
number of proteins including FoxO3a. The tumor suppres-
sor genes of the FoxO subfamily of Forkhead transcription
factors that includes FoxO3a (or FKHRL1), FoxO1a (or
FKHR), and FoxO4a (or AFX) are critical effectors down-

stream of Akt.37 Activation of FoxO3a by decreasing its
phosphorylation and increasing its nuclear content can up-
regulate the expression of genes that are involved in either
apoptosis or cell cycle arrest in different types of cells.25,38

Thus, increasing FoxO activity appears as a promising
therapeutic strategy.39 FoxO3a is an important regulator of
Bim expression40-42 and alterations in the Akt-FoxO3a axis
have been described to affect Bim expression in several
models.43,44 Recently, it has been reported that plasmid-
based overexpression of constitutively active FoxO3a in
CLL cells reduced their survival and induced expression of
Bim and p27.45 According to this finding, we found that
NVP-BKM120 is able to induce Bim in CLL cells, even in
the presence of anti-IgM or co-culture with stromal cells.
Moreover, Bim induction is functionally important for
NVP-BKM120-mediated apoptosis in CLL cells, as an
siRNA-mediated approach to knockdown BIM demon-
strates that Bim effectively contributes to cell death after
NVP-BKM120 treatment. 

Bim functions as a tumor suppressor in B-cell malignan-
cies and is a key determinant of BCR-induced apoptosis in
normal B cells, where it is required for the deletion of
autoreactive cells in vivo.46 Moreover, Bim is the preferred
dimerization partner of Mcl-1, a key target for survival sig-
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Figure 6. NVP-BKM120 inhibits CXCL12-induced CLL migration and actin poly-
merization. (A) Primary CLL cells (n=6) were pre-incubated with 2 μM NVP-
BKM120 for 1 h before CXCL12 addition. Cell viability was assessed by Annexin
V/PI flow cytometry at 24 h. Horizontal lines represent the mean. ***, P<0.001.
(B-D) Primary CLL cells derived from peripheral blood (PB, n=9), bone marrow
(BM, n=5) and lymph node (LN, n=4) were assayed for migration in the presence
of CXCL12 after NVP-BKM120 treatment as above. Total number of migrating
cells is represented. Bars correspond to the mean ± SEM. *, P<0.05. (E) CLL cells
(n=9) were exposed to 2 μM NVP-BKM120 for 1 h and F-actin content was deter-
mined at the indicated time points after CXCL12 addition. Results are displayed
relative to samples before chemokine stimulation (100%). *, P<0.05, **,
P<0.01.
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nals in CLL cells. High Mcl-1 expression and a low
Bim/Mcl-1 ratio is a predictive of inferior response to
chemotherapeutic agents.47,48

Our results show that Mcl-1 is induced both in cells
stimulated with anti-IgM and co-cultured with stromal
cells, thereby playing an important role in microenviron-
ment-derived signaling. In this context, it has been report-
ed that disease in the bone marrow is less responsive to
the BH3-mimetic ABT-263, which may be due to upregu-
lation of Mcl-1 in CLL cells in contact with stroma and a
decrease in Bim expression.46,49 In our study, NVP-BKM120
induction of Bim may be able to neutralize high Mcl-1
expression and, as NVP-BKM120 also inhibits Mcl-1 trans-
lation, it accentuates even more the Bim/Mcl-1 ratio, lead-
ing to the activation of the mitochondrial apoptotic path-
way. Recently, it has been reported that the combination
of PI3K/Akt/mTOR inhibitors and BH3 mimetics
enhances PI3K inhibition-induced apoptosis through a
Bim-dependent mechanism in acute myeloid leukemia.50

Consistently, we also found that NVP-BKM120 exerts a
synergistic effect with the BH3-mimetic ABT-263, sup-
porting the role of the Bcl-2 family of proteins in the NVP-
BKM120 induced apoptosis.

Overall, our present findings establish that NVP-
BKM120 effectively inhibits the PI3K signaling pathway
and disturbs the protective effect of the tumor microenvi-
ronment with the subsequent apoptosis induction of CLL
cells. Our data provide mechanistic insight into the cyto-
toxic activity of this PI3K inhibitor in CLL cells, indicating
that induction of Bim is one of the key points in NVP-
BKM120-mediated cytotoxicity. In addition, NVP-
BKM120 inhibits CLL cell migration and actin polymeriza-
tion, which may be particularly important in mobilizing

CLL cells from sanctuary sites. We provide here a strong
rationale for undertaking clinical trials of NVP-BKM120 in
CLL patients alone or in combination therapies. 
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SUPPLEMENTARY�DATA�

�

SUPPLEMENTARY�METHODS�
�

Isolation�and�culture�of�primary�cells�

Peripheral�blood�mononuclear�cells�or�bone�marrow�aspirates�from�CLL�patients�were�

isolated�by�Ficoll�paque�sedimentation�(GE�healthcare).�Tumor�cells�from�lymph�nodes�

were�obtained�after�squirting�with�RPMI�1640�(Life�technologies)�culture�medium�using�

a� fine� needle.� Cells� were� either� used� directly� or� cryopreserved� in� liquid� nitrogen� in�

RPMI�1640�containing�10%�DMSO�(Sigma)�and�60%�heat�inactivated�fetal�bovine�serum�

(FBS;� Life� technologies).� Manipulation� due� to� freezing/thawing� did� not� influence� cell�

response.� After� thawing,� cells� were� cultured� in� RPMI� 1640,� supplemented� with� 10%�

FBS,� 2mM� glutamine� (Life� technologies)� and� 50μg/mL� penicillin�streptomycin� (Life�

technologies),�in�a�humidified�atmosphere�at�37ºC�containing�5%�carbon�dioxide.��
�

Antibodies�

Membranes� were� probed� with� the� following� primary� antibodies:� phospho�mTOR�

(Ser2448),� mTOR,� phospho�Akt� (Ser473),� phospho�S6� ribosomal� protein� (S6RP;�

Ser235/236),� S6RP� (clone� 54D2),� phospho�4E�BP1� (Thr37/46),� 4E�BP1� (clone� 53H11),�

phospho�eIF4E�(Ser209),�eIF4E,�phospho�FoxO3a�(Thr32)�(clone�4G6)�and�Akt�from�Cell�

Signaling�Technology,�FoxO3a�(Upstate,�Millipore),�Mcl�1�(clone�S�19),�Bcl�X�L�(clone�S�

18)� and� Bcl�2� (clone� 100)� from� Santa� Cruz� Biotechnology� Inc.� (Santa� Cruz),� and� Bim�

(extra�large� isoform)� from� Calbiochem� (Darmstadt).� HRP�labeled� anti�mouse� IgG�

(Sigma)� and� anti�rabbit� IgG� (Sigma� and� Cell� Signaling� Technologies)� were� used� as�

secondary� antibodies.� Equal� protein� loading� was� confirmed� by� probing� membranes�

with�anti���actin�or�anti�
�tubulin�antibodies�(Sigma).��
�

PIP3�ELISA�assay�

PI3K� activity� was� determined� by� measuring� the� amount� of� PIP3� extracted� from� CLL�

cells,�according�to�manufacturer’s�instructions�(Echelon�Biosciences).�Briefly,�PIP3�were�

extracted�from�cell�samples�and� incubated�with�a�PIP3�detector�protein�for�1�hour�at�

room� temperature.� After� this� time,� the� mixture� was� transferred� to� the� PIP3�coated�

microplate� for� competitive� binding� and� allowed� to� incubate� 1� hour� at� room�



temperature.� Plates� were� washed� and� then� incubated� with� a� peroxidase�linked�

secondary� detector� for� 45� minutes.� 3,3’,5,5’�tetramethylbenzidine� colorimetric�

substrate� was� added� for� 5�10� minutes� at� which� time� reactions� were� stopped� upon�

H2SO4� addition.� The� PIP3� detector� protein� binding� was� analyzed� at� 450� nM.� The�

colorimetric�signal�is�inversely�proportional�to�the�amount�of�PIP3�extracted�from�cells�

and�cellular�PIP3�products�were�estimated�using�a�standard�curve.�Results�are�displayed�

relative�to�untreated�controls.��
�

mRNA�quantification�by�real�time�PCR�

Total� RNA� was� extracted� using� TRIZOL� method� (Life� technologies)� according� to�

manufacturer’s� instructions.� One� microgram� of� RNA� was� retrotranscribed� to� cDNA�

using� random�primers�and�the�M�MLV�reverse� transcriptase� (Life� technologies).�BIM,�

MCL�1,� CCL3� and� CCL4� mRNA� expression� levels� were� analyzed� in� duplicate� with�

predesigned�Assay�On�Demand�probes� (Life�Technologies)�on�a�Step�One�PlusTM�Real�

Time� PCR� System� (Applied� Biosystems)� by� quantitative� real�time� PCR� (qRT�PCR).� The�

relative�expression�of�each�gene�was�quantified�by�the�comparative�cycle�threshold�(Ct)�

method�(��Ct)�using���actin�as�endogenous�control.�mRNA�expression�levels�are�given�

in�arbitrary�units,�taking�as�a�reference�the�control�sample�(untreated�cells).��
�

RNA�interference�assay�

CLL�cells�(2�x�106�cells/mL)�were�cultured�without�antibiotics�and�washed�with�FBS�free�

RPMI� medium.� 5� x� 106� cells� were� then� electroporated� with� a� Nucleofector� II� device�

(Lonza)� in�100�μL�of�Solution�V�(Lonza)�containing�either�5�μM�of�BIM�Silencer�Select�

Predesigned�siRNA�or�5�μM�of�a�nonsilencing�negative�control� (Life� technologies).�U�

015� Nucleofector� program� was� used.� After� transfection,� cells� were� transferred� to�

culture�plates�for�6�hours�before�experiments�were�set�up.��
�

BCR�stimulation�by�anti�immunoglobulin�M�antibodies�cross�linking��

After� 1.5� hours� of� starving� in� FBS�free� RPMI� 1640� culture� medium,� CLL� cells� (107�

cells/mL)�were�reacted�at�4ºC�for�30�minutes�with�25�μg/mL�anti�IgM�biotin� (Jackson�

Immunoresearch� Laboratories)� followed� by� the� addition� of� 10� μg/mL� streptavidin�

(Jackson�Immunoresearch�Laboratories)�for�20�minutes.�Cells�were�then�transferred�to�



37ºC�and� collected�after� 30�minutes� for� further� analysis.�When� indicated,� cells�were�

treated�with�NVP�BKM120�simultaneously�to�the�addition�of�anti�IgM.��
�

Stromal�cell�coculture�

The�human�bone�marrow�derived�stromal�cell�line�HS�5�(ATCC)�was�cultured�in�DMEM�

medium� (Life� technologies)� supplemented� with� 10� %� heat�inactivated� FBS,� 2� mM�

glutamine,� 50� μg/mL� penicillin�streptomycin� (Life� technologies).� HS�5� cells� were�

seeded�in�24�well�plates�at�2�x�105�cells/mL�the�day�before�the�experiment.�The�next�

day,� medium� was� removed� and� CLL� cells� (2� x� 106� cells,� ratio� 1:10)� were� added� and�

cultured�for�the�indicated�times�in�the�presence�or�absence�of�NVP�BKM120.�CLL�cells�

were�collected�by�carefully�rinsing�the�well�without�disturbing�the�HS�5�monolayer�and�

then�analyzed�for�cell�viability.��
�

Migration�assays�

CXCL12�induced� migration� was� evaluated� in� 24�well� chemotaxis� plates� containing�

transwell�polycarbonate� inserts�of�6.5�mm�diameter�and�5�μM�pore�size� (Corning).�A�

total�of�100�μL�cell�suspensions�at�5�x�106�cells/mL�pretreated�or�not�with�NVP�BKM120�

for�1�hour�were�added�to�the�top�chamber�of�the�transwells�and�600�μL�of�RPMI�1640�

with� or� without� human� recombinant� CXCL12� (200� ng/mL;� Peprotech)� to� the� lower�

chamber.�After�4�hours,�100�μL�were�collected�in�triplicate�from�each�lower�chamber�

and�counted�in�a�FACScan�flow�cytometer�for�1�minute�at�constant�flow�rate.��
�

Actin�polymerization�assays�

CLL�cells�were�serum�starved�for�1.5�hours�in�FBS�free�RPMI�at�107�cells/mL.�Then,�cells�

were�diluted�to�2�x�106�cells/mL�in�RPMI�with�0.5%�BSA�and�treated�with�NVP�BKM120�

for�1�additional�hour.�Samples�were�stimulated�with�200�ng/mL�of�CXCL12�and�at�the�

indicated�time�points,�400�μL�of�the�cell�suspension�were�collected�and�added�to�100�

μL� of� the� staining� solution� (2.5� ng/mL� phalloidin�tetramethyl� rhodamine�

isothiocyanate,� 2.5� mg/mL� of� L�
�lysophosphatidylcoline� (Sigma)� and� 5%�

paraformaldehyde�(Aname)�for�20�minutes�at�37ºC.�Samples�were�analyzed�by�acoustic�

cytometry� (Attune;� Life� Technologies)� and� results� were� plotted� relative� to� the� mean�

fluorescence�of�the�sample�before�the�addition�of�CXCL12.��

�
�
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Resum�

Objectiu:�El�limfoma�de�cèl�lules�del�mantell�és�una�agressiva�neoplàsia�de�limfòcits�B�

que�respon�poc�a�la�quimioteràpia�convencional�i�té�una�curta�supervivència.�La�via�de�

PI3K/AKT/mTOR�es�troba�constitutivament�activada�en�les�cèl�lules�de�MCL,�de�manera�

que� la� inhibició�de�mTOR�és�una�estratègia� terapèutica�atractiva.�Els�primers�estudis�

clínics�d’everolimus,�un� inhibidor�de�mTORC1,�han�mostrat�una� resposta� significativa�

en� pacients� de� MCL� en� recaiguda.� El� nostre� objectiu� s’ha� centrat� en� analitzar� el�

mecanisme�relacionat�amb�la�resistència/sensibilitat�a�everolimus�en�cèl�lules�de�MCL.��

�

Disseny�experimental:�La�sensibilitat�a�everolimus�es�va�analitzar�en�8�línies�cel�lulars�i�

en�11�mostres�primàries�de�MCL�mitjançant�l’avaluació�de�l’apoptosi�per�citometria�de�

flux,� assaigs� de� proliferació� cel�lular� i� anàlisi� del� cicle� cel�lular.� El� mecanisme� d’acció�

d’everolimus�es�va�determinar�per�tècniques�de�citometria�de�flux�i�per�Western�blot.�

En� particular,� l’estudi� de� l’autofàgia� es� va� dur� a� terme� mitjançant� l’expressió� de�

LC3BI/II,� la� detecció� dels� autofagolisosomes� per� citometria� de� flux� i� microscòpia� de�

fluorescència,�i�silenciament�gènic�amb�siRNA.��

�
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Resultats:� Everolimus� exercia� un� efecte� antitumoral� en� les� cèl�lules� de� MCL� mentre�

que� preservava� les� cèl�lules� normals.� En� línies� cel�lulars,� aquest� fenomen� estava�

associat� a� una� parada� del� cicle� cel�lular� en� fase� G1,� desfosforilació� dels� substrats� de�

mTOR,�4EBP1�i�S6RP,�i�refosforilació�d’AKT.�Es�va�observar�un�efecte�citotòxic�sinèrgic�

entre� everolimus� i� un� inhibidor� d’AKT,� que� va� contrarestar� la� reactivació�

compensatòria�de�la�via�de�senyalització�de�mTOR.�Les�cèl�lules�de�MCL�amb�una�baixa�

resposta�a� la�combinació�van�mostrar�elevats�nivells�d’autofàgia.�En�conseqüència,�el�

silenciament� triple�dels� gens�d’autofàgia�ATG3,�ATG5� i�ATG7� i� el� pretractament� amb�

l’inhibidor� de� l’autofàgia� hidroxicloroquina,� van� superar� la� resistència� als� inhibidors�

d’AKT/mTOR,�conduint�a�l’activació�de�la�via�apoptòtica�mitocondrial.���

�

Conclusions:�Aquests�resultats�suggereixen�que�la�inducció�de�l’autofàgia�protegeix�les�

cèl�lules� de� MCL� de� la� inhibició� d’AKT/mTOR� i� que� contrarestar� l’autofàgia� pot�

representar�una�bona�estratègia�terapèutica�per�sensibilitzar� les�cèl�lules�de�MCL�a� la�

teràpia�basada�en�everolimus.��

�

�
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Cancer Therapy: Preclinical

Counteracting Autophagy Overcomes Resistance to
Everolimus in Mantle Cell Lymphoma

Laia Rosich, Sílvia Xargay-Torrent, M�onica L�opez-Guerra, Elías Campo, Dolors Colomer, and Ga€el Rou�e

Abstract
Purpose: Mantle cell lymphoma (MCL) is an aggressive B-lymphoid neoplasm with poor response to

conventional chemotherapy and short survival. The phosphatidylinositol 3-kinase/Akt/mTOR survival

pathway is constitutively activated in MCL cells, thereby making the mTOR inhibition an attractive

therapeutic strategy. The first clinical studies of everolimus (RAD001), an mTOR inhibitor, in relapsed

MCL patients have reported a significant response. Our aim was to analyze the mechanism related to

everolimus resistance/sensitivity in MCL cells.

Experimental Design: Sensitivity to everolimus was analyzed in MCL cell lines and primary MCL cells.

Everolimus mechanism of action was determined by flow cytometry and Western blot. Particularly,

autophagy was studied by LC3BI/II expression, autophagolysosomes detection by flow cytometry and

fluorescence microscopy, and siRNA-mediated gene silencing.

Results: Everolimus exerted antitumoral effect onMCL cellswhile sparing normal cells. InMCL cell lines,

this phenomenon was associated to G1 cell-cycle arrest, dephosphorylation of the mTOR downstream

targets, 4E-BP1 and S6RP, and rephosphorylation of Akt. A synergistic cytotoxic effect was observed between

everolimus andanAkt inhibitor, whichovercame the compensatory reactivationwithin themTOR signaling

pathway. Interestingly, MCL cells with low response to this combination showed high levels of autophagy.

Accordingly, selective triple knockdown of the autophagy genes ATG7, ATG5 and ATG3, and pretreatment

with the autophagy inhibitor hydroxychloroquine, efficiently overcame the resistance to Akt/mTOR

inhibitors, leading to the activation of the mitochondrial apoptotic pathway.

Conclusions: These results suggest that autophagy induction protects MCL cells from Akt/mTOR

targeting and counteracting autophagy may represent an attractive strategy for sensitizing MCL cells to

everolimus-based therapy. Clin Cancer Res; 18(19); 5278–89. �2012 AACR.

Introduction
Mantle cell lymphoma (MCL) is an aggressive lymphoid

neoplasm that accounts for 5% to 10% of all B-cell non-
Hodgkin’s lymphomas. It is genetically characterized by the
chromosomal translocation t(11;14)(q13;q32) resulting in
overexpression of cyclin D1. Moreover, high levels of chro-
mosomal instability related to the disruption of the DNA
damage response pathway and activation of cell survival
mechanisms may confer an aggressive clinical course to the
disease (1). Standard chemotherapy approaches are fre-

quently used, but long-term remissions are rare. After failure
of first- or second-line treatments, various single agents are
used despite limited response rates (2). Thus, there is still a
strong unmet medical need for new treatment options in
MCL.

The constitutive activation of the phosphatidylinositol 3-
kinase (PI3K) and the serine/threonine kinases Akt and
mTOR are known to confer drug resistance tomany types of
cancer, includingMCL (2). Thus, this pathway has emerged
as apromising therapeutic target.mTOR is an evolutionarily
conserved kinase that integrates signals fromgrowth factors,
nutrients, and stresses to regulate multiple processes,
including mRNA translation, cell-cycle progression, autop-
hagy, and cell survival. mTOR resides in 2 distinct multi-
protein complexes referred to as mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2). By phos-
phorylating S6 kinase 1 and the eIF4E-binding protein 1
(4E-BP1), mTORC1 controls the translation of key regula-
tory proteins involved in cell proliferation (3). mTORC2
modulates cell survival in response to growth factors by
phosphorylation of its downstream effectors Akt and
serum/glucocorticoid regulated kinase 1 (4). In addition
to directly activate Akt as part ofmTORC2,mTOR, as part of
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Note: Supplementary data for this article are available at Clinical Cancer
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mTORC1, also negatively regulates Akt by suppressing
growth factor–driven pathways (5).
The macrocyclic lactone antibiotic rapamycin (siroli-

mus), an allosteric mTORC1 inhibitor isolated from Strep-
tomyces hygroscopicus, was found to possess immunosup-
pressive and antiproliferative properties. More recently, 3
rapamycin derivatives (termed rapalogs)—temsirolimus
(CCI-779), ridaforolimus (AP23573, MK-8669), and ever-
olimus (RAD001)—with improved properties were devel-
oped (6). Temsirolimus was approved by the European
Medicines Agency for the treatment of relapsed and refrac-
tory MCL, while ridaforolimus and everolimus have been
studied in various clinical trials (7). These rapalogs have
reported a moderate success as monotherapy with mild
toxic effects, with an observed half-life of about 30 hours
(8, 9). A recent phase II study of everolimus reported a
32% overall response rate in MCL patients (10), which is
similar to that found in other trials using temsirolimus
(11–13). However, the effectiveness of these agents as
single agent therapies is stifled in part by strong
mTORC1-dependent negative feedback loops that become
inactive on mTORC1 inhibition, paradoxically leading to
survival promoting events such as the activation of Akt
(5, 14). Thus, these compounds may represent good can-
didates in combination with chemotherapy and targeted
agents capable of counteracting these mechanisms of resis-
tance (15).
In this context, our purposewas to describe themolecular

bases of MCL cell response to everolimus, with the aim to
validate new possible combination strategies. Herein, we
show that everolimus induces the rephosphorylationofAkt,
mediated by a feedback loop within the PI3K/Akt/mTOR
axis that can be blocked by the Akt inhibitor VIII isozyme-
selective Akti-1/2. We also show the protective effect of

autophagy to actively counteract everolimus and Akti-1/2
activity in MCL cell lines and primary samples. Thus, we
propose the triple targeting ofmTOR, Akt, and autophagy as
a requisite for effective antitumoral therapy in MCL.

Materials and Methods
Cell lines

TheMCL cell lines REC-1, JEKO-1,GRANTA-519,UPN-1,
HBL-2, JVM-2, MAVER-1, and Z-138 (Table 1) used in this
study were cultured in RPMI 1640 or Dulbecco’s Modified
Eagle’s Medium, supplemented with 10% to 20% heat-
inactivated FBS, 2 mmol/L glutamine and 50 mg/mL pen-
icillin-streptomycin (Life Technologies). All cultures were
routinely tested forMycoplasma contamination by PCR and
the identity of all cell lines was verified by using AmpFISTR
identifier kit (Life Technologies).

Isolation and culture of primary cells
Cells from 11 patients diagnosed with MCL according to

the World Health Organization classification criteria (16),
who had not received treatment for the 3 previous months,
were used. The clinical characteristics of these patients are
listed in Table 1. Informed consent was obtained from each
patient in accordance with the guidelines of the Ethical
Committee of the Hospital Clinic in Barcelona, Spain, and
the Declaration of Helsinki. For all samples, cyclin D1
overexpression was determined by immunohistochemistry
or real-time PCR. P53 mutational status was assessed by
FISH and direct sequencing. Mononuclear cells from
peripheral blood samples (PBMC) were isolated by
Ficoll/hypaque sedimentation (GE Healthcare), and con-
served within the Hematopathology Biobank of our insti-
tution (CDB Biobank/IDIBAPS-Hospital Clínic Biobank).
Cells were either used directly or cryopreserved in liquid
nitrogen in the presence of 10% dimethyl sulfoxide, 60%
FBS, and30%RPMI1640. Freezing/thawingmanipulations
did not influence cell response (17).

Treatments and assessment of apoptosis by flow
cytometry

Cells received as indicated a single treatment of ever-
olimus (kindly provided by Novartis), Akt inhibitor VIII
isozyme-selective Akti-1/2 (Calbiochem), hydroxychloro-
quine sulfate (Sigma), bafilomycin A1 (Sigma), and tamox-
ifen (Enzo Life Sciences). Cell viability was quantified by
staining of external exposure of phosphatidylserine (PS)
residues with Annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide (PI; Bender Medsystems). For the
analysis of apoptosis in CD3þ and CD19þ subpopulations,
PBMCs were labeled simultaneously with anti-CD3-FITC,
anti-CD19-Phycoerythrin (PE; Becton Dickinson) antibo-
dies, and Annexin V-allophycocyanin (APC; Bender Med-
systems). Changes in mitochondrial transmembrane
potential (Dym) and reactive oxygen species (ROS) pro-
duction were evaluated by staining cells with 20 nmol/L
3,30-diexyloxacarbocyanine iodide (DiOC6[3]; Life Tech-
nologies) and 2 mmol/L dihydroethidine (DHE; Life Tech-
nologies), respectively. For the quantification of caspase-3/
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7 activity, cells were labeled with 2 mmol/L CellEvent
caspase-3/7 green detection reagent (Life Technologies) for
30 minutes at 37�C. A total of 10,000 stained cells per
sample were acquired and analyzed in a FACScan or FACS-
Calibur flow cytometer by usingCellquest and Paint-A-Gate
softwares (Becton Dickinson). Lethal dose 50 (LD50) was
defined as the concentration of drug required to reduce cell
viability by 50%. In drug combination studies, combina-
tion index (CI) values were calculated according to the
Chou–Talalay method by means of the Calcusyn software
version 2.0 (Biosoft), where CI < 1 indicated synergistic
effect between 2 drugs.

Cell proliferation assay
MCL cell lines (5� 104)were incubated for 72 hourswith

everolimus. MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide] reagent (Sigma) was added for
2 to 5 additional hours before spectrophotometric mea-
surement. Each measurement was made in triplicate, and
the mean value was calculated. For each cell line, values
were representedusinguntreated control cells as a reference.
The growth inhibitory activity 50 (GI50) was calculated as
the dose that produced 50% growth inhibition.

Cell-cycle analysis
Cells were incubated for 72 hours with everolimus,

washed inPBS andfixedwith70%ethanol. After incubation
with PI for 30 minutes at 37�C, cell-cycle fractions were
determined by flow cytometry (FACScan). The analysis was
conducted by applying the ModFit LT software (Verity
Software House).

Western blot analysis
Whole-cell protein extracts were obtained by lysing cells

in Triton buffer (20 mmol/L Tris-HCL pH 7.6, 150 mmol/L
NaCl, 1 mmol/L EDTA, and 1% Triton X-100) supplemen-
ted with protease and phosphatase inhibitors (10 mg/mL
leupeptin, 10 mg/mL aprotinin, 1 mmol/L phenylmethane-
sulfonyl fluoride, 5 mmol/L NaF, and 2 mmol/L Na3VO4).
Solubilized proteins were quantified by Bradford protein
assay and 50 mg of cell lysates were loaded onto 12% to 15%
SDS-PAGE and transferred to an Immobilon-P membrane
(Millipore). Membranes were blocked in TBS-Tween 20
containing 5% phosphoBlocker Blocking Reagent (Cell
Biolabs) and probed with antibodies against: phospho-
mTOR (Ser2448), phospho-Akt (Ser473), phospho-S6
ribosomal protein (S6RP; Ser235/236), phospho-4E-BP1

Table 1. Characteristics of MCL cell lines and primary samples

Genetic alterations
MCL
cell line

% cytostatic effect
24 h, 5 mmol/L

% cytostatic effect
72 h, 5 mmol/L

GI50 72 h,
nmol/L

% cytotoxicity
72 h, 5 mmol/L P53a ATM P16

Z-138 16.82 16.88 NR 6.08 wt del/b del
MAVER-1 18.85 31.89 NR 5.12 del/mut del/b del
JVM-2 16.09 34.41 NR 4.71 wt wt wt
HBL-2 8 45.10 NR 1.23 del/mut upd del
UPN-1 22.28 62.73 125.7 4.25 del/mut wt del/b

GRANTA-519 19.94 63.30 62.88 10.54 del/wt del/mut del
JEKO-1 21.16 68.52 25.5 8.61 del/mut ampl/b del/b

REC-1 23.38 69.38 4.35 10.69 wt wt/b del

Patient no. LD50 48 h,
mmol/L

% cytotoxicity
48 h, 5 mmol/L

Disease
status

Morphologic
variant

% of tumor
cellsc

P53a status

1 NR 8.64 Diagnosis Classical 77 wt
2 NR 10.4 Diagnosis Blastoid 94 wt
3 NR 20.2 Diagnosis Classical 97 wt
4 NR 25.4 Diagnosis Classical 85 wt
5 NR 28.9 Diagnosis Classical 79 del/wt
6 NR 31.2 Diagnosis Classical 96 del/wt
7 3.89 38.7 Diagnosis Classical 89 wt
8 3.81 63.2 Diagnosis Blastoid 80 wt
9 3.62 67.6 Diagnosis Classical 83 wt
10 3.84 69.6 Diagnosis Classical 86 wt
11 4.03 73.5 Diagnosis Classical 91 del/mut

Abbreviations: NR, not reached; wt, wild type; del, deletion; mut, mutation; ampl, amplification; upd, uniparental disomy.
aP53 mutational status assessed by FISH and direct sequencing.
bMutations not analyzed.
cCD19þ tumor cells quantified by flow cytometry.
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(Thr37/46), mTOR, Akt, S6RP, 4E-BP1, cleaved caspase-3
(Asp175, clone 5A1E), LC3B, ATG5 (D1G9) and ATG3
(Cell Signaling Technology), PARP (Roche), and ATG7
(clone EP1759Y; Abcam). Membranes were then incubated
with horseradish peroxidase-labeled anti-mouse or anti-
rabbit (Sigma and Cell Signaling Technologies) secondary
antibodies. Chemiluminiscence detection was done by
using ECL system (Pierce) in a mini-LAS4000 Fujifilm
device, and relative protein quantification of LC3B was
conducted with Image Gauge software (Fujifilm). Equal
protein loading was confirmed by analyzing a-tubulin
expression (Sigma).

Autophagolysosome detection
Samples containing 5� 105 to 1� 106 cells were stained

for autophagolysosome contents with Cyto-ID Green
Detection Reagent (Enzo Life Sciences) as described (18)
for 30 minutes at 37�C, and the intensity of the green
fluorescence was measured by flow cytometry (FACScan).
Results were represented as histogram overlays. Hoechst
33342 Nuclear Stain was added to the Cyto-ID Green
Detection Reagent stained cell suspension and applied to
a glass microscope slide, covered with a cover slip and
visualized on aOlympus BX41microscopy (�40 objective)
with the use of Cell /̂ ID Imagine Software (Olympus).

RNA interference assay
Z-138 cells (5� 106) were cultured for 24 hours without

antibiotics and washed with FBS-free RPMI medium. Cells
were then electroporated with a Nucleofector II device
(Lonza) in 100 mL of Ingenio Electroporation Solution
(Mirus) containing 10 mmol/L of a mix of 6 different
Silencer Select Predesigned siRNAs targeting ATG7, ATG5,
and ATG3, and a nonsilencing negative control (Ambion).
C-005 Nucleofector program was used. After transfection,
cells were transferred to culture plates for 6 hours before
experiments were set up.

Statistical analysis
Data are represented as mean � SD or SEM of 3

independent experiments. Statistical analysis was con-
ducted with the use of GraphPad Prism 4.0 software
(GraphPad Software). Two-way ANOVA was used to
determine how response is affected by 2 factors. Results
were considered statistically significant when P value <
0.05 (�, P < 0.05, ��, P < 0.01, ���, P < 0.001).

Results
Everolimus exerts selective antitumoral effect in MCL
cells
To explore the antitumoral effect of everolimus, a panel of

8MCL cell lines and 11MCL primary samples were exposed
for 48 hours (primary cells) or 72 hours (cell lines) to
increasing doses of the drug (0.05, 0.5, and 5 mmol/L).
Apoptosis induction and drug cytostatic effect were deter-
mined simultaneously by flow cytometry and MTT prolif-
eration assay, respectively. As shown on Fig. 1A, everolimus

mainly induced a cytostatic effect inMCL cell lines in a dose-
dependent manner with minor (< 11%) cytotoxic activity
(Table 1). In the high-sensitive MCL cell lines (UPN-1,
GRANTA-519, JEKO-1, and REC-1), most of this effect
(>50% antiproliferative activity) was reached at the lowest
dose tested (0.05 mmol/L), with a GI50 < 130 nmol/L. In
contrast, the low-sensitive cell lines (Z-138,MAVER-1, JVM-
2, and HBL-2) did not undergo a marked proliferation
decrease after everolimus treatment at doses below 5
mmol/L. In these cell lines, the GI50 at 72 hours could not
be reached (Table 1). Consistently, cell-cycle analysis of 3
representative cell lines revealed a blockade in G0–G1 phase
in the sensitive cells REC-1 and GRANTA-519, whereas the
low sensitive Z-138 cells showed only a slight increase in the
S phase cell fraction (Fig. 1B).

MCL primary cells showed a high sensitivity to the
compound as a cytotoxic effect was detected in the majority
of the samples as soon as 48 hours of treatment, contrasting
with the low cell death rates observed in the cell lines, even
after a 72-hour exposure to everolimus (Fig. 1C and Table
1). Five cases (MCL no. 7, 8, 9, 10, and 11) were sensitive to
everolimus, with a mean LD50 of 3.84 � 0.15 mmol/L,
whereas 6 cases (MCL no. 1, 2, 3, 4, 5, and 6) showed a
lower response to the drug (LD50 > 5 mmol/L; Table 1). This
cytotoxic effect was shown to be selective as neither normal
B (CD19þ) nor normal T lymphocytes (CD3þ) from
healthy donors were notably affected by 5 mmol/L ever-
olimus (Fig. 1C).

Of note, there was no association between MCL sensi-
tivity to everolimus and common cytogenetic alterations
such as deletions of P53, ATM, or P16, either in MCL cell
lines or primary cells (Table 1).

Thus, these results show that everolimus induces apo-
ptosis in the majority of MCL primary samples, at physio-
logically achievable doses, sparing normal B and T cells.

Everolimus modulates mTOR signaling pathway in
MCL cells

To ensure that everolimus activity in MCL cell lines and
primaryMCL cells was linked tomTORpathway inhibition,
REC-1,GRANTA-519, Z-138 cells, and a representativeMCL
primary sample were treated with everolimus (doses rang-
ing from 0.05 to 5 mmol/L) for up to 72 hours. Fig. 2A and B
shows that short time incubation (24 hours) with ever-
olimus in REC-1 and GRANTA-519 cells caused a dose-
dependent decrease in the phosphorylation levels of Akt,
mTOR, and its downstream targets, S6RP and 4E-BP1.
About 4E-BP1, while the hyperphosphorylated isoforms
decreased, thehypophosphorylated formaccumulated after
everolimus treatment. Interestingly, part of these effects was
not sustained and after prolonged exposure to everolimus
(48–72hours),weobserved a rephosphorylation ofAkt and
mTOR. In contrast, in the low-sensitive Z-138 cell line,
everolimus only induced a transient downregulation of
p-S6RP and p-4E-BP1 proteins, with no substantial changes
in the levels of phospho-mTOR and a slight decrease in Akt
phosphorylation at the higher dose and time of exposure
(Fig. 2C). Importantly, everolimus efficiently inhibited
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mTOR activity in a representative sensitive MCL primary
sample (Fig. 2D), as established by lower levels of phos-
phorylated mTOR, Akt, S6RP, and 4E-BP1, without observ-
ing compensatory reactivation of Akt after 48 hours of
incubation.

Altogether, these data indicate that although everolimus
inhibits mTOR pathway at short time treatment, Akt repho-
sphorylation after prolonged exposure could limit its effi-
cacy, consistent with the existence of feedback loops within
the mTOR signaling pathway, as described previously
(14, 19).

Akt targeting increases everolimus activity in MCL cells
To investigate the impact of the Akt rephosphorylation in

MCL cells exposed to everolimus, REC-1, GRANTA-519,

and Z-138 cell lines were pretreated with or without 2 or
5 mmol/L of the Akt inhibitor Akti-1/2 for 3 hours and
incubated with everolimus at 0.5 and 5 mmol/L for 24
additional hours. As shown on Fig. 3A, MCL cell viability
was almost unaffected by Akti-1/2, whereas its addition to
everolimus allowed to reduce cell viability more efficiently
than single drug treatment. We found the combination of
everolimus 5 mmol/L with Akti-1/2 5 mmol/L to be syner-
gistic in REC-1 and GRANTA-519 cells, with respective CI
values of 0.691 and 0.602. In contrast, this combination
failed to induce cytotoxicity in the everolimus-low sensitive
cell line Z-138 (Fig. 3A), although it allowed a synergistic
cytostatic effect, as monitored by MTT assay (Supplemen-
tary Fig. S1). Of note, the combination of both agents was
synergistic in all the MCL primary cells tested (n ¼ 8),
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Figure 1. Everolimus
antiproliferative effect in mantle
cell lymphoma (MCL) cells. A, MCL
cell lines were incubated for 72
hours with increasing doses of
everolimus (0.05–5 mmol/L) before
drug cytostatic effect was
analyzed by MTT proliferation
assay. B, REC-1, GRANTA-519,
and Z-138 cells were treated for
72 hours with everolimus
(0.05–5 mmol/L) and cell-cycle
fractions were determined by flow
cytometry of propidium iodide-
labeled nuclei. C, MCL primary
cells and peripheral blood
mononuclear cells from healthy
donors were incubated with
everolimus (0.1, 1, and 5 mmol/L)
and cytotoxicity was assessed
by cytofluorimetric analysis of
Annexin V labeling at
48 hours as described in
Materials and Methods.
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although a significant increase (P < 0.001) in cell death
induction was only observed in the subset of MCL cases
sensitive to everolimus single agent, with ameanCI value of
0.229 (Fig. 3B).
In an attempt to analyze the mechanisms underlying the

combinatory effect of Akti-1/2 and everolimus, both REC-1
and Z-138 cells were treated for 24 and 48 hours with
everolimus and/or Akti-1/2, followed by Western blot of
Akt/mTOR pathway status. Figure 3C shows that Akti-1/2
efficiently blocked Akt phosphorylation in both cell lines,
including when added to everolimus. This effect, combined
with everolimus inhibitor activity against the mTOR targets
p-S6RP and p-4E-BP1, led to the activating processing of the
effector caspase-3 and degradation of the caspase substrate
PARP in REC-1, but not in Z-138 cells, indicating a defect
in apoptosis induction after Akt inhibition in Z-138 cells
(Fig. 3C).

These results show a synergistic interaction between ever-
olimus and the Akt inhibitor Akti-1/2 inMCL cells, suggest-
ing a role for Akt signaling in MCL resistance to mTOR
targeting.

Everolimus/Akti-1/2 low-responsive MCL cells have
increased levels of autophagy

The Akt/mTOR pathway has been implicated in the
regulation of autophagy in several models of cancer (20,
21). To explain the heterogeneous efficacy of everolimus/
Akti-1/2 combination in MCL cells, we assessed the degree
of autophagy induction in Z-138 and REC-1 cells. Western
blot analysis of the autophagy-initiating protein LC3B
showed that everolimus/Akti-1/2 treatment led to the pro-
cessing of LC3B-I to LC3B-II, indicative of an increase in
the autophagic activity (Fig. 4A). Importantly, this phenom-
enon was mainly observed in the everolimus/Akti-1/2

Figure 2. Modulation of mTOR
pathway in mantle cell lymphoma
(MCL) cells exposed to everolimus.
REC-1 (A), GRANTA-519 (B), Z-138
(C), and a representative MCL
primary sample (patient no. 11; D)
were incubated with everolimus at
the indicated doses and times. The
levels of phosphorylated and total
mTOR pathway proteins (mTOR,
Akt, S6RP, and 4E-BP1) were
determined by Western blot. The
different isoforms of 4E-BP1
represent the phosphorylation
status of the protein, with the
highest and the lowest bands
corresponding to the
hyperphosphorylated and the
hypophosphorylated forms,
respectively. a-tubulin was probed
as an equal loading control.
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low-responsive Z-138 cells (ratio LC3B-II/a-tubulin of 5.8),
compared with the sensitive cells REC-1 (ratio LC3B-II/
a-tubulin of 2.4). As LC3B-II is known to specifically
associate with the autophagosome membrane, we then
studied the production of autophagic vacuoles in REC-1
andZ-138 cells. Both cell lineswere pretreatedwithAkti-1/2
(5 mmol/L, 3 hours) and incubated with everolimus. After
24hours of treatment, cells were stainedwith the autophagy
Cyto-ID Green dye, and then analyzed by flow cytometry.
Tamoxifen (22) and bafilomycin A1-treated cells (23, 24)
were used as a positive and negative control for autopha-

golysosome detection, respectively (Fig. 4B). In REC-1 cells,
everolimus/Akti-1/2 treatment provoked a slight green fluo-
rescence increase, indicative of some levels of autophagy
induction. In contrast, in Z-138 cells, everolimus and Akti-
1/2 alone, but especially the combination of both drugs,
caused a 5-fold increase in mean fluorescence intensity,
revealing an enhanced autophagolysosome formation by
dual Akt/mTOR targeting.

To provide further evidence of the autophagy stimulation
after everolimus/Akti-1/2 treatment, we studied the accu-
mulation of Cyto-ID Green stained autophagolysosomes
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Figure 3. Synergistic effect of
everolimus and the Akt inhibitor
Akti-1/2. A, REC-1, GRANTA-519,
and Z-138 cells were pretreated
with Akti-1/2 for 3 hours and
incubated with everolimus for 24
hours at the indicated doses. Cell
viability was analyzed by flow
cytometry labeling of AnnexinV/PI.
Combination index (CI) value is
indicated for each combination. B,
primary MCL cells were pretreated
for 3 hours with 5 mmol/L Akti-1/2,
followed by an additional 24-hour
exposure to 5 mmol/L everolimus.
Bars represent themean� SEM of
cell death referred to untreated
control for everolimus low-
responsive (n ¼ 4) and high-
responsive (n ¼ 4) cells. Statistical
significance was assessed by 2-
way ANOVA test (��, P < 0.01;
���,P < 0.001). CI value is indicated
for each combination. C, REC-1
and Z-138 cells were preincubated
with 5 mmol/L Akti-1/2 for 3 hours
and treated with 5 mmol/L
everolimus for 24 or 48 hours
before Western blot analysis.
a-tubulin was probed as an equal
loading control.
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by fluorescence microscopy (Fig. 4C). Untreated control
cells harbored a diffuse distribution of green fluorescence
throughout the cytoplasm, whereas treated cells presented
punctuate structures corresponding to the autophagic

vacuoles. As shown in Fig. 4C, we observed a substantial
autophagy induction after Akti-1/2 treatment in both REC-1
and Z-138 cells (arrows), but the addition of everolimus
notably increased the autophagic flux (arrows).Consistently,

Figure 4. Increased levels of
autophagy in everolimus/Akti-1/2
low-responsive cells. A, PARP and
LC3B expression were analyzed by
Western blot in REC-1 and
Z-138 cells after a 3-hour
preincubation with 5 mmol/L
Akti-1/2, followed by a 24-hour
treatment with 5 mmol/L everolimus.
a-tubulin was probed as an equal
loading control. Ratio between
a-tubulin and LC3B-II levels was
calculated and relative protein
quantification in treated versus
control extracts was conducted with
Image Gauge software (Fujifilm). B
and C, autophagy was determined
by detection of Cyto-ID Green
stained autophagolysosomes by
flow cytometry or fluorescence
microscopy in REC-1 and Z-138
cells treated as above with
everolimus, Akti-1/2, or both agents
(combo). A 24-hour treatment with
bafilomycin A1 (5 nmol/L for REC-1
and 50 nmol/L for Z-138 cells) or
tamoxifen (24 hours, 10 mmol/L) was
used as negative and positive
controls of autophagy, respectively.
High fluorescence intensity
punctuate pattern corresponds
to the production of
autophagolysosomes (arrows).
D, Z-138 cells were transfected by
electroporation with ATG7/ATG5/
ATG3 siRNA mix and nonsilencing
siRNA. Transfected cells were then
preincubated with 5 mmol/L Akti-1/2
for 3 hours previously to everolimus
treatment for 20 additional hours.
Viability was assessed by flow
cytometry labeling of AnnexinV/PI
and knockdown of ATG proteins, as
well as LC3B processing, were
checked by Western blot. a-tubulin
was probed as a loading control.
LC3B-II/a-tubulin ratio was
calculated as previously. Statistical
significance was assessed by 2-way
ANOVA test (���, P < 0.001).
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this effect was more pronounced in the everolimus/Akti-1/2
low-responsive Z-138 cells than in the sensitive cells REC-1.

To ascertain if this increase in autophagy could promote
MCL cell survival and drug resistance, we used a siRNA-
mediated approach to simultaneously knockdown the ubi-
quitin-like activating enzymehomolog ATG7, the ubiquitin
folds-containing protein ATG5, and the ubiquitin-conju-
gating enzyme analog ATG3, all involved in LC3 activation.
ATG7/ATG5/ATG3 triple silencing reduced the basal pro-
tein levels of these 3 factors, thereby decreasing LC3B-II
expression and significantly enhancing cell death after ever-
olimus/Akti-1/2 treatment in Z-138 cell line (P < 0.001, Fig.
4D). A sensitizing effect, albeit reduced, was also observed
in REC-1 cells (data not shown), emphasizing the role of
autophagy in Z-138 resistance to everolimus/Akti-1/2
combination.

These findings highlight the contribution of autophagy to
the resistance to everolimus/Akti-1/2 treatment in MCL
cells.

Inhibition of autophagic vacuoles sensitizes MCL cells
to everolimus/Akti-induced apoptosis

In an attempt to counteract the protective effect of autop-
hagy toward everolimus/Akti-1/2 treatment,we assessed the
effect of adding an autophagy inhibitor to increase the
antitumoral effect of the combination. We used hydroxy-
chloroquine, an antimalarial drug that blocks lysosome
acidification and degradation of autophagosomes, causing
an accumulation of autophagic vacuoles (25). REC-1 and Z-
138 cells were preincubated with hydroxychloroquine 10
mmol/L for 1 hour, then pretreated with 5 mmol/L Akti-1/2
for 3 hours and finally incubated with 5 mmol/L everolimus
for 24 hours. Although this triple combination led to a
significant induction of apoptosis in both MCL cell lines,
this effect was highly significant (P < 0.001) in the ever-
olimus/Akti-1/2 low sensitive Z-138 cells (Fig. 5A). As
expected, hydroxychloroquine addition to the everoli-
mus/Akti-1/2 treatment provoked an increase of LC3B-II
expression in both cell lines (Fig. 5B). Moreover, the triple
combination increased PARP cleavage in REC-1 cells and
also in Z-138 cells, where the everolimus/Akti-1/2 treat-
ment did not exert any cytotoxic effect (Fig. 5B). Similar
results were obtained with bafilomycin A1, another autop-
hagy inhibitor (data not shown).

We then tested the effect of combining hydroxychloro-
quine with the Akt/mTOR inhibitors inMCL primary cases.
Although hydroxychloroquine addition synergized with
Akti-1/2 and everolimus in all MCL cases tested, only those
cases with poor response to the everolimus/Akti-1/2 com-
bination had a significant increase in cell death (P <
0.01; Fig. 5C).

Accordingly, while combination of everolimus and Akti-
1/2 slightly activated the mitochondrial apoptotic pathway
in low responsive MCL cells (Z-138 and a representative
MCL primary sample), the addition of hydroxychloroquine
enhanced the typicalmitochondrial hallmarks of apoptosis,
including mitochondrial depolarization, ROS production,
caspase-3/7 activity, and PS exposure (Fig. 5D).

Taken together, these results show that the addition of an
autophagy inhibitor overcomes the resistance of MCL cells
to Akt/mTOR inhibitors, leading to efficient apoptosis
induction and suggesting a prosurvival role of autophagy.

Discussion
The PI3K/Akt/mTOR axis is known to be constitutively

activated in the majority of B-cell lymphomas. In these
cancers, mTOR-activating events may include loss of PTEN
function, leading to constitutive activation of Akt, consti-
tutional or growth factor–induced stimulation of receptor
tyrosine kinases, or overexpression of eIF4E (26). Specifi-
cally, in the blastoid variant of MCL, high levels of phos-
phorylation on Akt at Ser473 are frequently observed (27).

To target this pathway, several rapamycin analogs have
shown activity against lymphoma cells both in vitro and in
vivo (28). Here, using an extended panel of MCL cell lines,
we confirm previous reports showing that the rapalog ever-
olimus exerts an antiproliferative effect in MCL cell lines,
mediated by cell-cycle blockade at G1 phase (29). We also
show for the first time that this agent induces a tumor-
selective, dose-dependent cytotoxicity in the majority of
primary MCL cases, in the range of doses achievable in vivo.
As expected, we show that everolimus efficiently inhibits
mTOR activity in sensitive cell lines and primary samples, as
attested by a decrease in the phosphorylation levels of the
mTOR downstream targets S6RP and 4E-BP1 at short-time
treatment, and a transient dephosphorylation of Akt at
Ser473. Importantly, we observe that prolonged mTORC1
inactivation leads toAkt rephosphorylation at this residue, a
phenomenon described as a crucial determinant of malig-
nant cell response to rapamycin-like drugs (14, 19). Sug-
gesting that this late reactivation of Akt may counteract
everolimus activity, we report that the combination of the
rapalog to an isoselective Akt inhibitor exerts synergistic
antitumoral activity in all the samples tested, especially in
those cases with high sensitivity to everolimus single agent.
In these cells, we show the effect of the combination to be
mediated by activation of the intrinsic apoptotic program,
whereas everolimus alone appears to be a weak apoptosis
inducer, as previously reported for rapamycin (30).

Several evidences suggest that the synergism between Akt
and mTOR dual targeting may rely on the blockade of the
mTORC1-dependent response loop aftermTOR inhibition,
which has been shown to involve reactivation of upstream
receptor kinase signaling within the IGFR pathway, as well
as Akt itself, in both in vitro and in vivo models of human
cancers (5, 31, 32). Emerging from this observation, the use
of dual PI3K/mTOR inhibitors has shown to be useful not
only to downregulate themTOR targets 4E-BP1or S6RP, but
also to prevent Akt rephosphorylation at Ser473, indepen-
dent of PI3K mutation status (33). In line with our results,
the complete abolition of Akt/mTOR signaling bymeans of
these dual inhibitors has been shown to exert increased
cytostatic effect and to lead to apoptotic cell death in PI3K/
Akt/mTOR-addicted lymphomas (34, 35), thus highlight-
ing the requirement of a full inhibition of the pathway for
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improved antitumoral activity. However, we observed that
those MCL samples that are weak responders to everolimus
single agent still harbor a high viability rate despite the
complete Akt/mTOR axis inhibition, similar to a previous

observation in follicular lymphoma (35). Among the resis-
tance mechanisms that may account for this defective
apoptosis initiation, accumulating evidences suggest that
autophagy is one of themajor process functionally involved

Figure 5. The autophagy inhibitor
hydroxychloroquine overcomes the
resistance to everolimus/Akti-1/2
inhibitors. A, REC-1 and Z-138 cells
were pretreated with 50 mmol/L
hydroxychloroquine (HCQ) for 1 hour,
followed by 3-hour incubation with 5
mmol/L Akti-1/2 and exposure to 5
mmol/L everolimus for 24 hours.
Cytotoxicity was determined by flow
cytometry labeling of AnnexinV/PI.
Bars represent the mean � SEM of
cell death referred to control cells.
Statistical significancewas assessed
by 2-way ANOVA test (��, P < 0.01;
���, P < 0.001). B, REC-1 and Z-138
cells were treated as above for 24
hours. PARP and LC3B expression
was analyzed by Western blot.
a-tubulin was probed as an equal
loading control. C, primary MCL
samples from the high-responsive
(n¼ 3) and the low-responsive (n¼ 3)
everolimus/Akti-1/2 group were
preincubatedwith 10 mmol/LHCQ for
1 hour before treatmentwith 5mmol/L
Akti-1/2 for 3 hours and an additional
24-hour exposure to 5 mmol/L
everolimus. Statistical significance
was assessed by 2-way ANOVA test
(��,P <0.01; n¼3). D, Z-138 cells and
a representative everolimus/Akti-1/2
low-responsive MCL sample were
treated with HCQ (50 mmol/L for Z-
138, 10 mmol/L for MCL primary
cells), Akti-1/2, and everolimus as
above for 48 hours and typical
apoptosis hallmarks were
determined by flow cytometry as
described in Materials and Methods.
Percentages inside each chart refer
to the population in black.
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in cancer cell survival after Akt and mTOR inhibitor expo-
sure (36).

Autophagy is an evolutionarily conserved intracellular
self-defense mechanism, which serves to maintain cellular
metabolism through recyclingof cellular componentswhen
the availability of external nutrient sources is limited (36).
Although constitutive autophagy is a homeostatic mecha-
nism for metabolic regulation, it is also stress responsive,
and through the removal of damaged proteins and orga-
nelles, it confers stress tolerance and sustains viability under
adverse conditions (37). mTOR kinase inhibition has been
shown to induce a prosurvival autophagy that can coun-
teract the effect of common chemotherapeutics in colon
carcinoma (38). InMCL cells, the rapalog temsirolimus has
also been shown to activate autophagic processing,
although the contribution of this phenomenon to the
activity of the mTOR inhibitor was not clearly discussed
(39). Our results show that 2 hallmarks of autophagy, LC3B
processing and autophagic vacuoles formation, are
enhanced in MCL cells resistant to everolimus/Akti-1/2
combination, when compared with sensitive cells. More
important, we show that autophagy controls MCL response
to mTOR/Akt inhibitors, as knockdown of ATG7, ATG5,
and ATG3, all 3 proteins required for the progression of
autophagy, allows MCL cells to undergo apoptosis upon
exposure to the combination. Accordingly, it has been
described that dual inhibitors of PI3K/mTOR kinases may
induce autophagy as a central survival signal (40), pointing
out that effective cell death in malignant cells with consti-
tutive Akt activation would require the blockade of the 3
targets we describe herein: mTOR, Akt, and autophagy.

As autophagy is generally a survival pathway used by
tumor cells to tolerate metabolic stress (22, 41), autophagy
inhibitors, in combination with other agents, are expected
to efficiently target therapy-resistant tumor cells in hypoxic
tumor regions (37). Compounds such as hydroxychloro-
quine or chloroquine that block lysosome acidification and
consequent autophagosome fusion, have been entered in a
number of clinical trials in combination with standard or
experimental agents (42). In hematologic malignancies,
these agents are being tested in combination with the
proteasome inhibitor bortezomib in multiple myeloma
(NCT00568880; ref. 36) or with the histone deacetylase
inhibitor vorinostat in chronic myeloid leukemia (43).
These latest studies sustain the concept that autophagy is
a mechanism of therapeutic resistance, and that hydroxy-

chloroquine can increase cytoxicity by abrogation of autop-
hagy. In accordance with this, we found that the addition of
this agent to everolimus/Akti-1/2 combination fully acti-
vates the intrinsic apoptotic program inMCL cells primarily
resistant to Akt/mTOR dual targeting.

In summary, we show for the first time that the use of an
autophagy inhibitor may overcome resistance to the com-
bination of everolimus and an isoselective Akt inhibitor in
MCL cell lines and primary samples. The proposed prosur-
vival role of autophagy in Akt/mTOR compromised cells
points out some potential opportunities and warrant fur-
ther clinical activity of this triple combinational strategy in
MCL patients.
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Figure S1. Synergistic effect of everolimus and the Akt inhibitor Akti-1/2. REC-1,
GRANTA-519 and Z-138 cells were pretreated with Akti-1/2 for 3 h and incubated with
everolimus for 24 h at the indicated doses. Drug cytostatic effect was analyzed by MTT
proliferation assay. CI value is indicated for each combination.
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Resum�

Objectiu:� L’activació� de� la� via� de� PI3K/AKT/mTOR� contribueix� a� la� patogènesi� del�

limfoma� de� cèl�lules� del� mantell� i� a� la� resistència� als� fàrmacs.� Malgrat� tot,� l’ús� dels�

inhibidors�de�mTOR�com�a�monoteràpia�ha�obtingut�una�limitada�eficàcia�clínica�degut�

a� la�reactivació�compensatòria�de�la�via�després�del�tractament.�La� inhibició�selectiva�

de� PI3K� o� la� inhibició� catalítica� dual� PI3K/mTOR� són� diferents� aproximacions�

desenvolupades� per� aconseguir� un� bloqueig� de� la� via� més� efectiu.� Nosaltres� hem�

investigat�el�potencial�terapèutic�de� l’inhibidor�de�mTORC1�everolimus,� l’inhibidor�de�

totes�les�isoformes�de�PI3K�NVP�BKM120�i�l’inhibidor�dual�PI3K/mTOR�NVP�BEZ235.��

�

Disseny�experimental:�Es�va�realitzar�un�estudi�comparatiu�d’everolimus,�NVP�BKM120�

i� NVP�BEZ235� mitjançant� l’anàlisi� del� perfil� d’expressió� gènica� en� dues� mostres�

primàries�de�MCL.�La�sensibilitat�a�aquests�agents�es�va�avaluar�en�11�casos�primaris�de�

MCL� mitjançant� citometria� de� flux� i� cocultiu� amb� cèl�lules� estromals.� L’activitat�

d’aquests� compostos� in� vitro� es� va� determinar� mitjançant� Western� blot,� PCR�

quantitativa,� assaigs� de� quimiotaxis,� polimerització� d’actina� i� invasió� envers� la�
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quimiocina� CXCL12,� i� finalment,� l’estudi� de� l’angiogènesi,� mitjançant� l’anàlisi� de�

formació�de�tubs�amb�la�línia�cel�lular�HUVEC�(Human�Umbilical�Vein�Endothelial�Cells).��

�

Resultats:�Vam�trobar�que�NVP�BEZ235�era�més�potent�que�everolimus�o�NVP�BKM120�

en� inhibir� la� via� de� senyalització� de� PI3K/AKT/mTOR� i� en� induir� citotoxicitat� en�

presència� de� cèl�lules� estromals.� Entre� els� tres� compostos,� NVP�BEZ235� va� induir� el�

major�nombre�de�canvis�en�el�perfil�d’expressió�gènica.�Amb�la�validació�funcional�vam�

demostrar�per�primera�vegada�que�NVP�BEZ235� inhibia� l’angiogènesi,� la�migració� i� la�

invasió� tumoral� en� cèl�lules� primàries� de� MCL.� A� més,� NVP�BEZ235� va� ser� l’únic�

compost� capaç� de� bloquejar� la� senyalització� de� IL4� i� IL6/STAT3,� interleucines�

fonamentals� per� mantenir� la� supervivència� de� les� cèl�lules� tumorals� en� el� seu�

microambient.��

�

Conclusions:�Les�nostres�dades�donen�suport�a� l’ús�de�l’inhibidor�dual�de�PI3K/mTOR�

NVP�BEZ235� com� una� prometedora� aproximació� per� interferir� en� els� processos�

relacionats�amb�el�microambient�en�el�MCL.�

�
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TRANSLATIONAL�RELEVANCE�

Mantle�cell� lymphoma�(MCL)� is�an�aggressive� lymphoid�neoplasm�that� lacks�effective�

therapy.�Antitumor�activity�has�been�observed�with�mTOR�inhibitors�as�monotherapy.�

However,�several�signaling�feedback�loops�might�attenuate�the�effectiveness�of�these�

compounds.� Here,� we� report� that� targeting� the� PI3K/Akt/mTOR� pathway� at� multiple�

levels�with�the�dual�PI3K/mTOR� inhibitor�NVP�BEZ235� is� likely� to�be�a�more�effective�

strategy�for�the�treatment�of�MCL�than�single�inhibition�of�these�kinases.�We�show�that�

NVP�BEZ235� inhibits� IL4� and� IL6/STAT3� signaling,� which� compromise� the� therapeutic�

effect� of� chemotherapy� in� MCL.� Furthermore,� NVP�BEZ235� impairs� angiogenesis,�

migration�and� tumor� invasiveness� in�primary�MCL�cells.�This� study� thus� supports� the�

use�of�NVP�BEZ235�as�a�promising�approach�to�interfere�with�the�microenvironment�

related�processes�in�MCL.�
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ABSTRACT�

�

Purpose:� Phosphatidylinositol�3�kinase� (PI3K)/Akt/mammalian� target� of� rapamycin�

(mTOR)�pathway�activation�contributes�to�mantle�cell� lymphoma�(MCL)�pathogenesis�

and�drug�resistance.�However,�the�use�of�mTOR�inhibitors�as�single�agents�has�shown�

limited�clinical�efficacy�in�relation�to�drug�activation�of�feedback�loops.�Selective�PI3K�

inhibition�or�dual�PI3K/mTOR�catalytic�inhibition�are�different�therapeutic�approaches�

developed� to� achieve� effective� pathway� blockage.� We� investigated� the� therapeutic�

potential�of� the�mTOR� inhibitor�everolimus,� the�pan�PI3K� inhibitor�NVP�BKM120�and�

the�dual�PI3K/mTOR�inhibitor�NVP�BEZ235.�

�

Experimental� Design:� We� performed� a� comparative� analysis� of� everolimus,� NVP�

BKM120� and� NVP�BEZ235� by� using� a� gene� expression� profiling� approach� in� primary�

MCL� cells.� Activity� of� the� three� drugs� in� vitro� was� evaluated� by� flow� cytometry,�

Western� blot,� real�time� PCR,� chemotaxis,� actin� polymerization,� invasion� and� HUVEC�

tube�formation�assays.�

�

Results:�We�found�NVP�BEZ235�to�be�more�powerful�than�everolimus�or�NVP�BKM120�

in�PI3K/Akt/mTOR�signaling�inhibition�and�in�cytotoxicity�induction�in�the�presence�of�

stromal� cells.� Among� the� three� drugs,� NVP�BEZ235� induced� the� highest� number� of�

changes� in� gene� expression� profile.� Functional� validation� demonstrated� for� the� first�

time� that� NVP�BEZ235� inhibited� angiogenesis,� migration� and� tumor� invasiveness� in�

MCL� cells.� Of� special� interest,� NVP�BEZ235� was� the� only� drug� able� to� block� IL4� and�

IL6/STAT3�signaling�and�MCL�tumor�thriving�in�its�microenvironment.��

�

Conclusions:� Our� findings� support� the� use� of� the� dual� PI3K/mTOR� inhibitor� NVP�

BEZ235� as� a� promising� approach� to� interfere� with� the� microenvironment�related�

processes�in�MCL.�

�

�

�

�
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INTRODUCTION�

�

Mantle� cell� lymphoma� (MCL)� is� an� aggressive� B�lymphoid� neoplasm� with� poor�

response� to� conventional� chemotherapy� and� short� survival.� It� is� genetically�

characterized�by�the�chromosomal�translocation�t(11;14)(q13;q32),�which�dysregulates�

cyclin�D1�expression.�Although�cyclin�D1�up�regulation�is�detected�in�nearly�all�MCL,�it�

is� not� sufficient� for� the� development� of� the� disease.� Additional� chromosome�

alterations�that� target�genes� involved� in�molecular�pathways,�such�as�cell�cycle,�DNA�

damage�response�and�cell�survival,�are�frequently�found�in�MCL.(1)�

Constitutive� activation� of� phosphatidylinositol� 3�kinase� (PI3K),� Akt� and� mammalian�

target� of� rapamycin� (mTOR)� is� known� to� confer� drug� resistance� to� many� types� of�

cancer,� including� MCL.� This� pathway� integrates� signals� from� extracellular� stimuli� to�

regulate� fundamental� cellular� processes,� including� mRNA� translation,� cell� cycle�

progression� and� cell� survival.(2)� MCL� tumors� frequently� express� the� inactive�

phosphorylated� form� of� PTEN,� a� negative� PI3K� regulator,� thereby� contributing� to�

constitutive� PI3K� signaling.(3)� In� addition,� gene� ampli�cation� of� PIK3CA� (PI3K� p110�

catalytic�subunit�alpha)�has�also�been�described�in�MCL.(4)�

Selective� targeting� of� PI3K� has� demonstrated� the� potential� to� inhibit� this� pathway.�

However,� the� �rst� p110�� isoform�selective� PI3K� inhibitor,� idelalisib� (GS�1101),� with�

notable� results� in� indolent� non�Hodgkin� lymphoma(5)� and� chronic� lymphocytic�

leukemia,(6)�showed�modest�responses�in�patients�with�MCL.(7)�Moreover,�it�has�been�

postulated�that�the�increased�expression�of�PI3K�p110
�isoform�in�MCL�particularly�at�

relapse� might� play� a� role� in� MCL� progression,(8)� supporting� the� use� of� pan�PI3K�

inhibitors.�Currently,�multiple�PI3K�inhibitors�are�under�clinical�investigation.(9)�Among�

them,�NVP�BKM120�has�shown�efficacy�both� in�vitro(10�13)�and� in�vivo(14)� in�several�

malignancies.��

Allosteric� mTOR� inhibitors,� which� include� rapamycin� (sirolimus)� and� its� analogues�

(temsirolimus,� everolimus� and� ridaforolimus),� mainly� target� mTORC1� and� also� show�

single�agent�activity�in�a�range�of�B�cell�malignancies.(15)�Temsirolimus�was�approved�

by�the�European�Medicines�Agency�for�the�treatment�of�relapsed�and�refractory�MCL,�

while� ridaforolimus� and� everolimus� have� been� entered� in� several� clinical� trials.(16)�

However,� mTORC1�specificity� of� rapamycin� analogues� may� limit� its� efficacy� due� to�
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feedback�activation�of�upstream�PI3K�signaling,� leading�to�Akt�hyperactivation.(17)� In�

this�sense,�we�previously�reported�that�activity�of�the�oral�mTOR�inhibitor�everolimus,�

is� limited�by�Akt� rephosphorylation�and� that�a� selective�Akt� inhibitor�overcomes� this�

compensatory� reactivation.(18)� In� this�context,�dual�PI3K/mTOR� inhibitors�have�been�

synthesized,�which,�unlike�rapamycin�and�its�analogues,�are�ATP�competitive�inhibitors�

and�target�the�catalytic�site�of�both�kinases.(9)�These�dual�PI3K/mTOR�inhibitors�have�

increased�antitumor�effects�due�to�their�ability�to�suppress�the�prosurvival�regulatory�

feedback.(19)� NVP�BEZ235� is� an� orally� bioavailable� imidazoquinoline� derivative� that�

inhibits�the�kinase�activity�of�PI3K,�mTORC1�and�mTORC2.(20)�It�has�shown�pre�clinical�

activity� against� a� range� of� lymphoid� malignancies(13;19;21�23)� and� is� currently�

undergoing� phase� I� evaluation� in� acute� leukemia� (NCT01756118).� NVP�BEZ235� also�

exhibited� antiproliferative� effect� in� MCL� cell� lines� by� downregulating� Mcl�1(24)� and�

synergisms�with�conventional�agents.(25;26)��

�

In� this� study,� we� compared� the� therapeutic� potential� of� the� novel� dual� PI3K/mTOR�

inhibitor� NVP�BEZ235� to� NVP�BKM120� (pan�class� I� PI3K� inhibitor)� and� everolimus�

(mTORC1� inhibitor)� in� primary� MCL� samples.� Our� study� supports� the� view� that� the�

concurrent�suppression�of�PI3K�and�mTORC2,�in�addition�to�mTORC1,� is� likely�to�be�a�

more� effective� strategy� for� the� treatment� of� MCL� than� single� inhibition� of� these�

kinases.��

�

METHODS�

�

Culture�of�primary�and�stromal�cells�

Primary�cells�from�11�patients�diagnosed�of�MCL�were�obtained.�The�ethical�approvals�

for�this�project�including�the�informed�consent�of�the�patients�were�granted�following�

the� guidelines� of� the� Hospital� Clínic� Ethics� Committee.� The� characteristics� of� these�

patients�are�listed�in�Table�1.�The�DNA�copy�number�alterations�and�mutational�profile�

of� these� samples� were� previously� characterized� using� Affymetrix� 6.0� SNP� arrays� and�

whole�exome� sequencing.(27)� Primary� cryopreserved� MCL� cells� were� cultured� as�

previously�described.(18)�When�indicated,�MCL�cells�were�cocultured�with�the�human�

bone�marrow�derived�stromal�cell�line�HS�5�(ATCC)�in�96�well�plates�as�described.(10)�
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Treatments�and�flow�cytometry�analysis�of�apoptosis�

Primary� MCL� cells� were� incubated� as� indicated� with� 5� μM� everolimus,� 1� μM� NVP�

BEZ235�or�1�μM�NVP�BKM120�(all�drugs�kindly�provided�by�Novartis).�When�indicated,�

cells�were�simultaneously�incubated�with�interleukin�4�(IL4;�20�ng/mL)�or�interleukin�6�

(IL6;�40�ng/mL)�and�the�drugs.�Cell�viability�was�quantified�by�flow�cytometry�analysis�

after� double� labeling� of� cells� for� phosphatidylserine� exposure� with� Annexin� V�

fluorescein� isothiocyanate� (FITC),� and� for� nuclear� membrane� permeabilization� with�

propidium� iodide� (PI;� eBioscience).� Labeled� cells� were� acquired� on� an� Attune�

cytometer�(Life�Technologies).��

�

Western�blot�analysis�

Whole� protein� extraction� and� Western� blot� analysis� were� done� as� previously�

described.(18)� Membranes� were� probed� with� the� following� primary� antibodies� from�

Cell�Signaling�Technology�(Danvers):�phospho�Akt�(Ser473),�phospho�ribosomal�protein�

S6�(RPS6;�Ser235/236),�phospho�4EBP1�(Thr37/46),�phospho�eIF4E�(Ser209),�phospho�

STAT3�(Tyr705,�clone�D3A7),�phospho�STAT6�(Tyr641),�Akt,�RPS6,�4EBP1,�eIF4E,�STAT3�

(clone�79D7)�and�STAT6�(clone�D3H4).�Horseradish�peroxidase�labeled�anti�mouse�IgG�

(Sigma)� and� anti�rabbit� IgG� (Cell� Signaling� Technology)� were� used� as� secondary�

antibodies.�Ratio�between�phosphorylated�and�total�protein�levels�was�calculated�and�

relative�protein�quantification� in� treated�versus� control� extracts�was� conducted�with�

Image� Gauge� software� (Fujifilm).� Equal� protein� loading� was� confirmed� by� re�probing�

membranes�with�anti���actin�or�anti�
�tubulin�antibodies�(Sigma).��

�

Gene�expression�profiling�(GEP)��

Total� RNA� was� isolated� from� primary� MCL� cells,� previously� exposed� to� 5� μM�

everolimus,� 1� μM� NVP�BEZ235� or� 1� μM� NVP�BKM120� for� 8� hours,� using� the� TRIzol�

reagent� (Life� Technologies)� according� to� manufacturer’s� instructions.� RNA� integrity�

was�examined�with�the�Agilent�2100�Bioanalyzer�(Agilent�Technologies)�and�150�ng�of�

high� quality� RNA� were� used� to� generate� biotin�labeled� cRNA.� After� cRNA�

fragmentation,�samples�were�hybridized�on�the�HT�HG�U219�GeneChip�perfect�match�

only�array�plate�(Affymetrix)�following�standardized�protocols.�Scanning�was�processed�

in� the� Gene� Titan� instrument� (Affymetrix)� and� analyzed� with� GeneChip� Command�
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Console� Software� (AGCC)� (Affymetrix).� Raw� data� were� normalized� using� the� Robust�

Multichip�Analysis� (RMA)�algorithm� implemented� in� the�Expression�Console�Software�

v1.1� (Affymetrix).� Raw� data� have� been� deposited� in� the� Gene� Expression� Omnibus�

Database�(accession�number�GSE53309).�

Unsupervised�hierarchical� clustering�of� the�10000�high�standard�deviation�genes�was�

performed�using�Pearson’s�correlation�coefficient�and�average�linkage,�as�the�similarity�

measure� and� clustering� algorithm� respectively,� within� TM4�MultiExperiment� Viewer�

platform.� Genes� modulated� by� a� specific� treatment� were� displayed� with� Cluster�

(version� 2.11)� and� TreeView� (version� 1.6)� softwares� (Eisen� Laboratory).� The� scaled�

expression� value� is� plotted� in� red�blue� color� scale� with� red� indicating� high� gene�

expression�and�blue�indicating�low�gene�expression.��

�

Gene�set�enrichment�analysis�(GSEA)�

Significant�gene�signatures�differentially�regulated�by�each�drug�versus�untreated�cells�

were� identified� with� GSEA� version� 2.0� (Broad� Institute� at� MIT;�

http://www.broadinstitute.org/gsea/)�using�the�C2�(curated�gene�sets)�collection�from�

the�Molecular�Signature�Database�v2.5.�A�two�class�analysis�with�1000�permutations�of�

gene�sets�and�a�weighted�metric�was�used.�Gene�sets�with�a�false�discovery�rate�(FDR)�

below�0.05�were�considered�significant.�

�

mRNA�quantification�by�real�time�PCR�

Total�RNA�was�extracted�using�TRIzol�method�(Life�technologies)�as�above.�In�order�to�

eliminate� any� traces� of� DNA,� RNA� was� incubated� with� the� DNA�free� kit� (Life�

Technologies).�DNA�free�RNA�(0.5�1��g)�was�retrotranscribed�to�cDNA�using�the�High�

Capacity� cDNA� Reverse� Transcription� kit� (Life� Technologies).� Then,� samples� were�

processed�to�Specific�Target�Amplification�using�the�TaqMan�PreAmp�Master�Mix�and�

the� TaqMan� Gene� Expression� Assays� (Life� Technologies)� for� a� multiplexed�

preamplification�of� the� targets�of� interest� (Supplementary�Table�S1).�Finally,� samples�

were�diluted�1/5� in�Tris�EDTA�buffer�and�48.48�Dynamic�Array�–�Gene�Expression�IFC�

(Fluidigm�Corporation)�was�run�as�recommended�by�the�manufacturer,�with�the�same�

TaqMan�Gene�Expression�Assays�as�before.�The�relative�expression�of�each�gene�was�

quantified� by� the� comparative� cycle� threshold� (Ct)� method� (��Ct)� using� GUSB� as�
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endogenous� control.�mRNA�expression� levels�are�given� in�arbitrary�units,� taking�as� a�

reference�the�untreated�control�sample.�

�

Chemotaxis�and�actin�polymerization�assays�

CXCL12�induced� chemotaxis� and� actin� polymerization� assays� were� performed� as�

previously�described.(10)�Migration�is�represented�as�the�relative�number�of�migrating�

cells,� taking� as� a� reference� the� untreated� control� without� CXCL12.� As� for� actin�

polymerization� assays,� results� are� plotted� relative� to� the� mean� fluorescence� of� the�

sample�before�the�addition�of�CXCL12.��

�

Cell�invasion�assay�

Primary� MCL� cells� were� serum�starved� for� 1.5� hours� in� FBS�free� RPMI� 1640� (107�

cells/mL).� Next,� cells� were� diluted� (5x106� cells/mL� with� 0.5� %� BSA� in� RPMI� 1640),�

incubated�with�the�corresponding�drugs�for�1�hour�and�afterwards,�100�μL�were�added�

to� the� top� chambers� of� rehydrated� BioCoat� Matrigel� Invasion� Chambers� (Becton�

Dickinson).�Chambers�had�been�previously�transferred�to�wells�containing�600��L�of�0.5�

%�BSA� in�RPMI�1640�with�200�ng/mL�of�CXCL12.� Input� cell� count�was�obtained� from�

adding�100��L�of�cell�suspension�to�wells�containing�600��L�of�0.5�%�BSA�in�RPMI�1640.�

After� 24� hours� of� incubation,� 100� �L� were� collected� in� triplicate� from� each� lower�

chamber�and�input�well,�viable�cells�gated�in�a�FSC/SSC�plot�and�counted�on�an�Attune�

cytometer� under� constant� flow� rate.� Invasion� is� represented� as� the� ratio� between�

invasive�cells�and�input�viable�cells,�relative�to�the�untreated�control.�

�

HUVEC�tube�formation�assay�

HUVEC� cells,� kindly� provided� by� Dr� MC� Cid� (IDIBAPS),� were� cultured� in� RPMI� 1640�

supplemented� with� 20� %� defined� bovine� calf� serum� (Thermo� Fisher� Scientific),� 0.2�

mg/mL� endothelial� cell� growth� supplement� (Becton� Dickinson),� 5� units/mL� sodium�

heparin� (EMD� Millipore),� 2� mM� glutamine,� 100� units/mL� penicillin�streptomycin,� 50�

�g/mL�gentamycin�(Life�Technologies)�and�2.5��g/mL�fungizone�(Sigma).�Supernatant�

from�primary�MCL�cells�(2x106�cells/mL)�was�collected�after�8�hours�of�incubation�with�

drugs.�Twenty�four�well�plates�were�coated�with�300��L�of�Matrigel�(Becton�Dickinson)�

and� allowed� to� polymerize� for� 30� minutes� at� 37ºC.� Subsequently,� 500� �L� of� the�
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supernatant� of� interest� and� 500� �L� of� HUVEC� cells� (0.8x105� cells/mL)� in� its� medium�

were�added�into�each�culture�well.�After�24�hours�of�incubation,�the�number�of�branch�

points�was�quantified�as�the�mean�of�5�randomly�chosen�fields�from�each�well.�Images�

were� taken� at� x40� magnification� in� a� DM� IL� LED� microscope� coupled� to� a� DFC295�

camera�with�Leica�Application�Suite�v�3.7�software�(Leica).��

�

Statistical�analysis�

Nonparametric�Wilcoxon�signed�rank�test�was�used�to�compare�the�mean�of�a�set�of�

samples� to� a� theoretical� value.� Comparison� between� two� groups� of� samples� was�

evaluated�by�non�parametric�Wilcoxon�paired�t�test.�Statistical�analysis�was�conducted�

with�the�use�of�GraphPad�Prism�4.0�software�(GraphPad�Software).�

�

�

RESULTS�

�

Superior� inhibitory� activity� of� NVP�BEZ235� towards� PI3K/Akt/mTOR� signaling�

compared�to�everolimus�and�NVP�BKM120�in�primary�MCL�cells�

Cells�from�11�primary�MCL�cases�were�exposed�to�everolimus�(5�μM),�NVP�BEZ235�(1�

μM)�or�NVP�BKM120�(1�μM)�for�48�hours�and�cytotoxicity�was�measured�by�Annexin�V�

labeling�(Table�1).�As�shown�on�Figure�1A,�NVP�BEZ235�induced�a�high�cytotoxic�effect�

with� a� mean� response� of� 40.80� ±� 21.30� %� which� was� significantly� higher� than� that�

observed� with� everolimus� (mean� response� of� 22.74� ±� 17.63� %;� **,� P� <� 0.01).� The�

antitumor�effect�of�the�pan�PI3K�inhibitor�NVP�BKM120�reached�31.93�±�17.31�%.�The�

sensitivity� to� these� drugs� was� not� related� to� genomic� alterations� of� PI3K/Akt/mTOR�

(PTEN�deletion,�PIK3CA�and�AKT1�amplifications),�SOX11�expression�or�TP53�alterations�

(Table�1).�

We�then�studied�the�ability�of� these�drugs�to�overcome�stroma�mediated�resistance.�

As�expected,�coculture�of�primary�MCL�cells�with�the�stromal�cell� line�HS�5�protected�

MCL�cells�from�spontaneous�apoptosis�after�48�hours�of�HS�5�coculture�(**,�P�<�0.01;�

data�not� shown).�Of�note,� the� three�compounds�were�able� to� induce�apoptosis�with�

the�same�efficiency�despite� the�presence�of�stromal�cells,�although�only�NVP�BEZ235�

enhanced�MCL�cell�killing�in�HS�5�coculture�(Figure�1B;�*,�P�<�0.05).��
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We�further�evaluated� the�effect�of� these�compounds� in� the�PI3K�mediated�signaling.�

As�expected,�everolimus�blocked�the�activation�of�the�mTOR�downstream�target�RPS6�

but� barely� modified� phospho�Akt� levels,� consistent� with� the� Akt� rephosphorylation�

after� exposure� to� everolimus.(17;18)� We� also� observed� that� NVP�BKM120�

downregulated� the� phosphorylation� levels� of� Akt� and� the� mTOR� targets,� RPS6� and�

EIF4E,� while� the� dual� inhibitor� NVP�BEZ235� demonstrated� the� greater� inhibitory�

activity� toward� PI3K/Akt/mTOR� signaling� pathway,� with� a� complete� reduction� of� the�

phosphorylation�levels�of�Akt,�4EBP1,�RPS6�and�EIF4E�(Figure�1C).��

Thus,�in�MCL�primary�cells,�dual�PI3K/mTOR�inhibition�is�the�best�strategy�to�efficiently�

block�PI3K�mediated�signaling�and�to�induce�major�apoptosis,�even�in�the�presence�of�

stroma.�

�

NVP�BEZ235� modulates� genes� related� to� inflammation,� cytokine� signaling,�

angiogenesis�and�tumor�invasiveness�

We� next� analyzed� the� impact� of� these� PI3K/Akt/mTOR� inhibitors� on� GEP� of� two�

representative� MCL� cases� (MCL� nº.1� and� nº.2,� Table� 1)� treated� for� 8� hours� with� the�

corresponding�drugs.�We�selected�the�common�genes�between�the�two�MCL�cases�that�

were�differentially�expressed� from�each� treatment�compared� to� the�control,�with�an�

absolute�fold�change�above�1.5.�Everolimus�treatment� induced�the�lowest�number�of�

gene�modulations�(118�genes�upregulated�and�68�downregulated),�whereas�after�NVP�

BKM120�treatment�254�genes�were�upregulated�and�290�genes�were�downregulated.�

Interestingly,�NVP�BEZ235�modulated� the�highest�number�of� genes,�being�319�genes�

upregulated�and�399�downregulated�(Figure�2A).�Unsupervised�hierarchical�clustering�

in�each�case�showed�that�control�and�everolimus�treated�samples�clustered�together,�

consistent�with�the�low�number�of�genes�modified�by�the�drug.�NVP�BKM120�treated�

samples� clustered� with� the� previous� control�everolimus� group.� Importantly,� NVP�

BEZ235�treated� samples� showed� the� most� different� gene� expression� pattern,� as�

indicated� by� the� independent� branch� of� the� dendogram� (Supplementary� Figure� S1).�

We� then� selected� the� genes� specifically� modulated� by� NVP�BEZ235� that� were� not�

modified�by�the�other�inhibitors.�Figure�2B�shows�the�heatmap�of�these�619�genes�(281�

genes� upregulated� and� 338� genes� downregulated)� in� a� representative� primary� MCL�

case.��
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As�NVP�BEZ235�came�out�to�be�the�compound�that�induces�more�dramatic�changes�in�

GEP,�we�next�explored� the�biological�networks� involved� in�NVP�BEZ235� treatment� in�

MCL� cells.� As� shown� in� Figure� 2C,� using� GSEA� (with� FDR� <� 0.05� and� NES� <� �1.7),� we�

identified�several�gene�sets�negatively�enriched�in�NVP�BEZ235�treated�cells�that�were�

related�to�respiratory�electron�transport,�glucose�metabolism,�B�cell�receptor�signaling,�

cell� cycle� and� proliferation,� all� of� them� pathways� well�known� to� be� affected� by�

PI3K/Akt/mTOR�inhibitors.(2)�In�addition,�we�also�identified�other�pathways�negatively�

enriched�in�NVP�BEZ235�treated�cells� involved�in�hypoxia�response,�angiogenesis,�cell�

invasion,�cytokines�and�inflammation,�such�as�NF��B�pathway,�TOLL�pathway,�IL4�and�

IL6� signaling,� and� STAT3� pathway.� Complete� information� of� the� gene� signatures� is�

shown�in�Supplementary�Table�S2.�

Altogether,�these�findings�suggest�that�improved�antitumor�activity�of�NVP�BEZ235�in�

MCL�is�mostly�associated�with�its�capacity�to�modulate�a�high�number�of�genes�related�

to�angiogenic�and�invasive�processes,�inflammation�and�cytokine�signaling.��

�

NVP�BEZ235�blocks�IL4�and�IL6�signaling�in�MCL�cells�

In�order�to�validate�the�relevance�of�the�GSEA�gene�categories�related�to�inflammation�

and�cytokine�signaling,�we�selected�a�subset�of�the�top�leading�edge�genes�for�further�

analysis�in�10�primary�MCL�cells�exposed�to�the�different�drugs�(Supplementary�Table�

S1).�Several�genes�related�to�the�IL4,�IL6�and�STAT3�signatures,�HCK�(**,�P�<�0.01),�IL6�

(*,� P� <� 0.05),� IRF1� (*,� P� <� 0.05)� and� SP110� (**,� P� <� 0.01)� were� validated� as� being�

downregulated� only� by� NVP�BEZ235� treatment.� STAT1� was� downregulated� by� both�

everolimus� (*,�P�<�0.05)�and�NVP�BEZ235� (**,�P�<�0.01),�although�NVP�BEZ235�effect�

was� more� pronounced.� Statistical� significance� was� also� achieved� with� TLR4� (**,� P� <�

0.01),�from�the�TOLL�pathway�signature�(Figure�3A).�

To� further�study� the�effect�of�NVP�BEZ235� in� interleukin�signaling,�primary�MCL�cells�

were�exposed�to�the�corresponding�drugs�in�the�presence�or�absence�of�IL4�or�IL6.�We�

observed�that� IL4�protected�MCL�cells� from�spontaneous�apoptosis� (*,�P�<�0.05;�data�

not� shown).� Interestingly,� while� the� cytotoxic� effect� of� everolimus� and� NVP�BKM120�

was�almost�completely�reverted�by�IL4�(**,�P�<�0.01�for�everolimus;�*,�P�<�0.05�for�NVP�

BKM120),�no�alteration�of�NVP�BEZ235�citotoxicity�was�observed�in�the�presence�of�IL4�

(Figure� 3B).� It� is� known� that� the� activating� phosphorylation� of� STAT� proteins� can� be�
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triggered� by� cytokines� such� as� IL4� and� IL6.(28)� As� shown� in� Figure� 3C,� incubation� of�

primary�MCL�cells�with�IL4�resulted�in�the�phosphorylation�of�downstream�STAT6�and,�

in�a�minor�degree,�of�STAT3.�Consistent�with�GEP�data,�NVP�BEZ235�was�the�only�drug�

able� to�block� STAT6�and�STAT3�phosphorylation�after� IL4� stimulation,� indicating� that�

this� compound� is� interfering� IL4� signaling� in� primary� MCL� cells.� In� the� case� of� IL6�

stimulation,�despite�no�differences�in�viability�were�observed�after�treatment�with�the�

corresponding� drugs� (Figure� 3D),� only� NVP�BEZ235� was� able� to� decrease� the�

phosphorylation�levels�of�STAT3�induced�by�IL6�(Figure�3E).��

These�data�demonstrate�that�only�the�dual�inhibitor�NVP�BEZ235�is�able�to�hamper�IL4�

and�IL6�signaling�in�MCL�cells�compared�to�everolimus�or�NVP�BKM120.�

�

PI3K/Akt/mTOR�inhibitors�effect�on�CXCL12�induced�MCL�cell�migration�and�invasion�

and�tumor�angiogenesis�

To� further� validate�GSEA� results,�we�next�explored� the� role�of� these�PI3K/Akt/mTOR�

inhibitors�in�invasive�and�angiogenic�processes�in�MCL.�As�tumor�invasiveness�couples�

with� the� migratory� ability� of� cells,� we� first� investigated� the� effect� of� these� drugs� on�

actin� polymerization� and� cell� chemotaxis� in� response� to� CXCL12.� As� shown� in� Figure�

4A,� CXCL12� induced� a� notable� increase� in� actin� polymerization� that� was� significantly�

decreased�only�after�NVP�BEZ235�incubation�(*,�P�<�0.05).�MCL�cells�were�then�assayed�

for� chemotaxis� toward� CXCL12.� Figure� 4B� shows� that� everolimus� and� NVP�BEZ235�

significantly� reduced� the� number� of� migrating� MCL� cells� in� the� presence� of� the�

chemokine�(59.80�±�6.87�%�of�inhibition�for�everolimus,�66.87�±�4.78�%�of�inhibition�for�

NVP�BEZ235;� *,�P� <� 0.05),� whereas� NVP�BKM120� had� no� significant� effect.� We� then�

examined� the�effect�of� these�drugs�on�MCL� invasive�properties�with�matrigel�coated�

invasion�chambers�that�simulate�extracellular�matrix.�In�response�to�CXCL12,�untreated�

MCL� cells� passed� through� matrigel,� however,� NVP�BEZ235� significantly� reduced�

CXCL12�induced� invasion� (*,�P�<�0.05)�whereas�NVP�BKM120�and�everolimus�did�not�

(Figure�4C).�

Finally,�we�analyzed�the�effect�of�these�drugs�on�tumor�angiogenesis�with�HUVEC�tube�

formation� assay.� Supernatants� from� MCL� cells� treated� with� NVP�BEZ235� were�

significantly�less�angiogenic�than�those�from�untreated�MCL�cells�(*,�P�<�0.05),�although�
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MCL� cells� exposed� to� everolimus� or� NVP�BKM120� showed� a� tendency� but� not� a�

significant�decrease�in�the�angiogenic�activity�on�HUVEC�cells�(Figure�5A).��

All� these� results� show� that� NVP�BEZ235� exerts� a� significant� reduction� of� migratory,�

invasive�and�angiogenic�properties�of�MCL�cells.�

�

DISCUSSION�

�

MCL� is� characterized� by� an� unfavorable� clinical� evolution� being� one� of� the� most�

aggressive� B�cell� lymphomas.� Furthermore,� current� conventional� therapies� are� not�

able�to�control�the�long�term�evolution�of�the�disease�and�the�tumors�present�frequent�

relapses.�The�constitutive�activation�of�the�PI3K/Akt/mTOR�signaling�pathway,�which�is�

involved� in� the� regulation� of� essential� cellular� functions,� is� commonly� observed� in�

many� tumors,� including� MCL,� and� is� critical� for� tumor� progression� and� resistance� to�

antineoplastic�drugs.(3;9)�

Antitumor� activity� has� been� observed� with� mTOR� inhibitors� as� monotherapy� or� in�

combination.�However,�only�a�portion�of�relapsed/refractory�MCL�patients�respond�to�

the�rapamycin�analogues�and�the�response�is�generally�not�durable.(29�33)�It�has�been�

reported� that� several� signaling� feedback� loops� might� attenuate� the� effectiveness� of�

these� compounds,(17)� so� dual� catalytic� inhibition� of� PI3K/mTOR� could� be� a� good�

strategy�to�address�PI3K/Akt/mTOR�resistance�mechanisms.��

Here,�we�have�compared�the�effect�of�everolimus,�an�mTORC1�inhibitor,�NVP�BEZ235,�

a�dual� inhibitor�of�PI3K�and�mTOR�(mTORC1�and�mTORC2)�and�NVP�BKM120,�a�pan�

PI3K�inhibitor,�in�primary�MCL�cells.�We�observed�that�NVP�BEZ235�was�more�powerful�

than� everolimus� or� NVP�BKM120� in� PI3K/Akt/mTOR� signaling� inhibition� and� in�

cytotoxicity�induction�in�the�presence�of�stromal�cells.�Accordingly,�the�ability�of�NVP�

BEZ235� to�overcome�microenvironment� signals�has�been�previously� reported� in�MCL�

cell� lines.(25)�Our�results�confirmed�for�the�first�time�this�effect�in�primary�MCL�cells.�

Thus,� the�use�of� the�PI3K/mTOR�dual� inhibitor�would�support� the� idea�that� targeting�

PI3K/Akt/mTOR�at�multiple�levels�might�be�more�efficient�at�inducing�apoptosis�in�the�

presence� of� microenvironment� signals� and� to� prevent� the� development� of� drug�

resistance.�This�is�in�agreement�with�a�previous�report�of�our�group,�where�we�showed�
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that�dual�mTORC1�and�Akt�targeting�with�everolimus�and�an�isoselective�Akt�inhibitor,�

respectively,�exerted�synergistic�antitumor�activity�in�MCL.(18)��

Based�on�the�differences�in�drug�related�cytotoxic�effect,�GEP�approach�revealed�that�

NVP�BEZ235� treatment�was�associated�with� the�highest�number�of�modulated�genes�

compared�to�NVP�BKM120�and�everolimus,�being�the�MTORC1�inhibitor�the�drug�that�

induced� the� lowest�number�of� gene� changes.�Consistently,�NVP�BEZ235�treated�MCL�

samples� downregulated� well�known� pathways� affected� by� PI3K/Akt/mTOR�

inhibitors.(2)�In�addition,�we�observed�inhibition�of�pathways�involved�in�angiogenesis,�

cell� invasion� and� inflammation� processes.� Importantly,� NVP�BEZ235� treatment�

downregulated� IL6� and� IL4� cytokine� signaling� pathways� confirming� an� essential�

contribution�of�STAT�family�to�the�PI3K/mTOR�pathway(34)�in�MCL.���

Interactions� between� the� neoplastic� B� cells� and� accessory� cells� in� tissue�

microenvironments,�such�as�the�lymphatic�tissues,�are�critical�for�disease�progression�

and�chemoresistance� in�various�B�cell�malignancies.(35)� In�MCL,�STAT3�activation�has�

shown�to�be�either�constitutively�through�a�cytokine�autocrine�loop�of�IL6�and/or�IL10�

secretion�or� in�response�to�B�cell� receptor�engagement.(36)�Moreover,� IL6–mediated�

STAT3� activation� has� recently� been� found� to� compromise� the� therapeutic� effect� of�

chemotherapy� in� MCL.(37)� In� this� context,� we� demonstrated� that� NVP�BEZ235� was�

able� to�decrease�STAT3�signaling� in� the�presence�of� IL6,� in�contrast� to�everolimus�or�

NVP�BKM120.�Besides,�NVP�BEZ235�also�downregulated�the�gene�expression�levels�of�

HCK,�IRF1,�SP110�and�STAT1,�all�genes�related�to�the�IL6�signaling�pathway.�As�human�

bone�marrow�stromal�cells�have�been�described�to�secrete�IL6,(38;39)�we�hypothesize�

that�NVP�BEZ235�increased�cytotoxicity�in�HS�5�coculture�could�be�related�to�its�ability�

to�interfere�with�cytokine�signaling.�

Growth�promoting� activity� of� IL4� by� means� of� STAT6� phosphorylation� has� also� been�

described� in� B�cell� lymphomas.(34;40�42)� Interestingly,� NVP�BEZ235� effectively�

overcame�the�prosurvival�effect�of�IL4�as�well�as�completely�inhibited�IL4�signaling.�In�

addition,�TLR4�levels�were�also�found�to�be�downregulated�by�NVP�BEZ235�treatment.�

A�previous�report�described�that�the�activation�of�TLR4�signaling� in�MCL�cells,�one�of�

the�predominant�TLRs� in� these�cells,� induced�proliferation�and�secretion�of�cytokines�

like� IL6�and�VEGF.(43)�Recently,�a�whole�exome�sequencing�study�detected�recurrent�

activating� mutations� in� TLR2� that� increased� the� IL6� production� among� other�
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chemokines.(27)�Moreover,�NVP�BEZ235�was� found� to� inhibit�multiple�paracrine�and�

autocrine� survival� growth� factors� in� PI3K/Akt/mTOR�addicted� lymphomas.(19)� Thus,�

our�data�support�that�NVP�BEZ235�treatment�may�interfere�with�cytokine�signaling�in�

MCL,�which�is�crucial�for�keeping�tumor�thriving�in�its�microenvironment.��

A�key�event� in� the�development�and�progression�of� cancer� is� the�potential�of� tumor�

cells�to�migrate�and�invade�into�surrounding�tissues.� In�this�context,�we�show�for�the�

first�time�that�NVP�BEZ235�clearly�reduced�the�migratory�and�invasive�potential�of�MCL�

cells,� as� indicated� in� GEP� data.� Recently,� ibrutinib(44)� and� sorafenib(45)� have� been�

described� to� inhibit� migration� of� MCL� cells,� indicating� the� potential� of� the� BCR�

associated� kinase� inhibitors� in� modulating� the� homing� of� MCL� cells� into� lymphoid�

tissues.� Besides� migratory� and� invasive� processes,� angiogenesis� appears� to� be� of�

particular� importance� in� the� physiopathology� of� lymphomas,� as� disease� progression�

was� found� to� correlate� with� increased� angiogenic� activity.(46)� In� this� sense,�

involvement� of� PI3K/Akt/mTOR� pathway� in� cell� invasion� and� angiogenesis� has� been�

proposed� in� follicular� lymphoma.(47)� Here,� we� provide� the� first� evidence� of� NVP�

BEZ235�ability�to�interfere�with�the�angiogenic�process.�This�effect�could�be�related�to�

the�observed�downregulation�of�STAT3�signaling,�as�it�was�demonstrated�to�participate�

in�angiogenic�responses�in�vivo.(48)����

��

MCL�is�one�of�the�most�difficult�types�of�lymphoma�to�treat,�which�is�due�in�part�to�its�

frequent� relapses� and� progressive� resistance� to� treatment� suggesting� that� the�

microenvironment�may�sustain�residual�tumor�cells�resistant�to�chemotherapy.(1)�Our�

findings� suggest� the� use� of� NVP�BEZ235� as� a� therapeutic� strategy� to� interfere� with�

malignant� cell/microenvironment� interactions,� thanks� to� its� involvement� in� essential�

processes� such� as� angiogenesis,� migration,� invasiveness� and� cytokine� signaling.� We�

propose� that� targeting� the�PI3K/Akt/mTOR�pathway�at�multiple� levels�may� therefore�

provide� a� more� effective� antitumor� activity� than� the� current� strategies� using� mTOR�

inhibitors�in�MCL.�

�
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FIGURE�LEGENDS�

�

Figure� 1.� Cytotoxic� effect� of� everolimus,� NVP�BEZ235� and� NVP�BKM120� and�

PI3K/Akt/mTOR�signaling� inhibition�in�primary�MCL�cells.�A,�Primary�MCL�cells�were�

treated�with�5�μM�everolimus,�1�μM�NVP�BEZ235��or�1�μM�NVP�BKM120�for�48�hours�

and�cytotoxicity�was�measured�by�Annexin�V�labeling.�Mean�±�SEM�of�all�the�samples�

analyzed�(n=11).�B,�Primary�MCL�cells�(n=9)�were�cocultured�with�or�without�HS�5�and�

incubated� with� the� corresponding� drugs� as� above.� Cell� viability� was� assessed� by�

Annexin� V� labeling� at� 48� hours� and� calculated� relative� to� the� respective� untreated�

control,�with�or�without�stroma.�Mean�±�SEM�of�the�cases�analyzed.�C,�MCL�cells�were�

exposed� for� 8� hours� to� the� corresponding� drugs� as� previously.� Analysis� of�

phosphorylated� and� total� levels� of� Akt,� RPS6,� 4EBP1� and� EIF4E� were� determined� by�

Western�blot.� Ratio�between�phosphorylated�and� total� protein� levels�was� calculated�

and� relative� protein� quantification� in� treated� versus� control� extracts� was� conducted�

with� Image� Gauge� software� (Fujifilm).� 
�tubulin� was� probed� as� a� loading� control.� A�

representative�case�is�shown�(MCL�nº.1).�*,�P�<�0.05;�**,�P�<�0.01;�ns,�not�significant.�

�

Figure� 2.� Gene� expression� profile� analysis� of� primary� MCL� cells� treated� with�

everolimus,� NVP�BEZ235� or� NVP�BKM120.� A,� Graph� depicting� the� number� of�

differentially� expressed� genes� from� each� treatment� compared� to� the� control� of� the�

two� MCL� cases,� with� an� absolute� fold� change� >� 1.5.�B,� Heatmap� illustrating� the� 619�

exclusively� expressed� genes� modulated� by� NVP�BEZ235� clustered� according� to�

unsupervised� hierarchical� clustering� analysis.� Samples� with� similar� patterns� of�

expression�of�the�genes�studied�cluster�together,�as�indicated�by�the�dendogram.�Red�

indicates� increased�expression�and�blue�decreased�expression�relative� to� the�median�

expression� level� according� to� the� color� scale� shown.� A� representative� case� is� shown�

(MCL� nº.2).� C,� Gene� signatures� specifically� downregulated� by� NVP�BEZ235� were�

obtained� with� GSEA.� Bars� represent� NES� (NES� <� �1.7).� FDR� <� 0.05� was� considered�

significant.�

�

Figure� 3.� NVP�BEZ235� disrupts� IL4� and� IL6� signaling.� A,� Primary� MCL� cells� were�

exposed�to�5��M�everolimus,�1��M�NVP�BEZ235��and�1��M�NVP�BKM120��for�8�hours�
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and� mRNA� levels� of� the� selected� genes� were� examined� by� qRT�PCR.� Relative� mRNA�

expression�levels�were�referred�to�untreated�controls.�Bars�represent�the�mean�±�SEM�

of�all�the�samples�tested�(n=10).�B,�MCL�cells�were�simultaneously�incubated�with�IL4�

(20�ng/mL)�and�the�corresponding�drugs�(5��M�everolimus,�1��M�NVP�BEZ235�or�1��M�

NVP�BKM120).� Cell� viability� was� determined� at� 48� hours� by� Annexin� V� labeling� and�

represented�relative�to�the�respective�untreated�control,�with�or�without�IL4.�Mean�±�

SEM�of�the�cases�analyzed�(n=8).�C,�Western�blot�analysis�of�phosphorylated�and�total�

levels�of�STAT3�and�STAT6�was�performed�after�30�minutes�of�simultaneous�exposure�

of� IL4� and� the� corresponding� drugs.� ��actin� was� probed� as� a� loading� control.� A�

representative� case� is� shown� (MCL� nº.1).� Ratio� between� phosphorylated� and� total�

protein� levels� was� calculated� with� Image� Gauge� software� (Fujifilm).� �D�E,� MCL� cells�

were� incubated� with� IL6� (40� ng/mL)� and� the� respective� drugs,� and� cell� viability� and�

Western�blot�analysis�of�phosphorylated�and�total�STAT3�of�a�representative�case�(MCL�

nº.1)� were� determined� as� above.� Phospho�STAT3/STAT3� ratio� was� calculated� as�

previously.�Mean�±�SEM�of�the�cases�analyzed�(n=7).���actin�was�probed�as�a�loading�

control.�*,�P�<�0.05;�**,�P�<�0.01;�ns,�not�significant.�

�

Figure�4.�PI3K/Akt/mTOR�inhibitors�effect�on�CXCL12�induced�MCL�cell�migration�and�

invasion.�A,�Primary�MCL�cells�were�preincubated�with�5��M�everolimus,�1��M�NVP�

BEZ235� or� 1� �M� NVP�BKM120� for� 1� hour� before� CXCL12� (200� ng/mL)� addition.�

Polymerized�actin�content�was�determined�at� the� indicated�time�points�after�CXCL12�

addition.� Results� are� displayed� relative� to� the� samples� (n=7)� before� chemokine�

stimulation� (100� %).� Bars� represent� the� mean� ±� SEM.� B,� MCL� samples� (n=7)� were�

assayed�for�chemotaxis�toward�CXCL12�after�1�hour�of�preincubation�with�the�drugs.�

Relative� number� of� migrating� cells� to� the� untreated� control� without� CXCL12� is�

represented.�Bars�correspond�to�the�mean�±�SEM.�C,�Samples�(n=7)�were�assayed�for�

invasion�toward�CXCL12�through�matrigel� invasion�chambers.� Invasion� is�represented�

as� the� ratio� between� invasive� cells� and� input� viable� cells,� relative� to� the� untreated�

control.�Bars�correspond�to�the�mean�±�SEM.�*,�P�<�0.05.�

�

Figure�5.�NVP�BEZ235�downregulates�angiogenesis�in�MCL�cells.�A,�Supernatants�from�

MCL�cells�were�harvested�after�8�hours�of�incubation�with�drugs�and�added�to�HUVEC�
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cells�for�24h.�The�number�of�branch�points�was�quantified�as�the�mean�of�5�randomly�

chosen�fields�from�each�well,�as�relative�to�the�untreated�control.�Bars�represent�the�

mean� ±� SEM� of� 6� MCL� cases.� Microscope� images� (x40� magnification)� from� a�

representative�case�are�shown�(MCL�nº.7).�*,�P�<�0.05.�

�

�

�

�
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Figure 3
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Table S1. Validation of gene expression profiling by RT-PCR

Gene Gene sets Everolimus NVP-BEZ235 NVP-BKM120

HCK IL6/7 pathway, cytokine signaling 0.91 ± 0.21 0.68  ± 0.12 1.10  ± 0.15

IL6 IL4 signaling, IL6/7 pathway, cytokine signaling 1.13 ± 0.31 0.76 ± 0.40 1.23 ± 0.65

IRF1 IL6/7 pathway, interferon signaling, cytokine signaling 1.13 ± 0.16 0.91 ± 0.18 1.24 ± 0.19

SP110 STAT3 targets 1.08 ± 0.16 0.79 ± 0.26 1.14 ± 0.14

STAT1 STAT3 targets, IL6/7 pathway, tumor invasiveness, 
interferon signaling, cytokine signaling 0.91 ± 0.1 0.67 ± 0.20 0.96 ± 0.16

TLR4 TOLL pathway 0.81 ± 0.16 0.60 ± 0.13 1.14 ± 0.38

BCL2L1 IL6/7 pathway 1.09 ± 0.16 0.9 ± 0.2 1.07 ± 0.14

CD69 IL4 signaling 1.15 ± 0.19 1.16 ± 0.38 1.16 ± 0.16

MYD88 TOLL pathway, cytokine signaling 0.99 ± 0.11 1 ± 0.18 1.08 ± 0.12

PPP2CA IL4 signaling, metabolism of RNA, glucose metabolism 0.97 ± 0.07 1.09 ± 0.21 1.07 ± 0.12

TLR2 TOLL pathway 1 ± 0.35 1.04 ± 0.49 1 ± 0.32

Gene signatures were obtained from GSEA, from the Molecular Signature Database v2.5
Statistically significant results are indicated in bold

mRNA level (relative to control)

Supplementary information

Table S2. Gene sets significantly downregulated in NVP-BEZ235-treated samples vs control MCL cells

Gene sets (C2all) Gene set size NES FDR NES FDR NES FDR

DAUER_STAT3_TARGETS_DN 49 -1.219 0.415 -2.220 2.46E-05 1.430 0.185

LU_IL4_SIGNALING 89 1.133 0.530 -2.170 4.20E-05 1.387 0.209

PID_IL6_7PATHWAY 47 1.131 0.530 -1.810 0.009 1.134 0.421

REACTOME_CYTOKINE_SIGNALING_IN_IMMUNE_SYSTEM 260 -1.003 0.702 -1.870 <1E-05 1.129 0.427

REACTOME_INTERFERON_SIGNALING 151 -1.380 0.258 -2.163 5.09E-05 -1.223 0.349

REACTOME_ACTIVATION_OF_NF_KAPPAB_IN_B_CELLS 61 -0.811 0.916 -2.220 2.43E-05 -1.622 0.064

BIOCARTA_TOLL_PATHWAY 37 -0.972 0.742 -1.760 0.013 -1.007 0.633

SEMENZA_HIF1_TARGETS 34 -1.312 0.314 -1.740 0.016 -1.609 0.068

HU_ANGIOGENESIS_DN 37 0.815 0.933 -2.020 8.05E-04 0.810 0.875

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 65 -1.752 0.067 -2.630 <1E-05 -1.121 0.464

REACTOME_GLUCOSE_METABOLISM 64 -1.423 0.228 -2.070 3.32E-04 -1.473 0.138

REACTOME_SIGNALING_BY_THE_B_CELL_RECEPTOR_BCR 121 -0.988 0.720 -1.900 <1E-05 -1.578 0.081

REACTOME_REGULATION_OF_MITOTIC_CELL_CYCLE 76 -1.744 0.070 -2.330 <1E-05 -1.649 0.054

BENPORATH_PROLIFERATION 138 -1.216 0.416 -1.910 <1E-05 -1.330 0.241

WANG_TUMOR_INVASIVENESS_UP 364 0.866 0.896 -2.060 3.85E-04 -1.521 0.110

REACTOME_METABOLISM_OF_RNA 249 0.717 0.980 -2.216 2.41E-05 -1.626 0.062

NES, Normalized Enriched Score; FDR, False Discovery Rate
C2all motif gene signatures were obtained from the Molecular Signature Database v2.5

Everolimus NVP-BEZ235 NVP-BKM120
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L’axis� PI3K/AKT/mTOR� està� constitutivament� activat� en� la� majoria� de� limfomes�

de� cèl�lula� B.192� En� aquestes� neoplàsies,� l’activació� de� la� via� pot� ser� principalment�

deguda�a�la�pèrdua�de�PTEN�o�a�la�sobreexpressió�de�PIK3CA,�els�quals�es�troben�entre�

els� gens� supressors� de� tumors� i� els� oncogens,� respectivament,� més� freqüentment�

mutats� en� els� tumors� humans.� Fins� i� tot� quan� una� cèl�lula� cancerosa� presenta� una�

expressió� normal� d’aquests� gens,� altres� lesions� poden� activar� aquesta� via� de�

senyalització.149��

La� via� de� PI3K/AKT/mTOR� està� involucrada� en� la� regulació� de� funcions� cel�lulars�

essencials,� i� per� la� seva� participació� en� la� complexa� xarxa� de� comunicació� amb� el�

microambient,�és�crítica�per�la�progressió�tumoral�i�la�resistència�a�fàrmacs�neoplàsics.�

Gràcies� a� la� major� comprensió� de� la� complexitat� de� la� via� i� del� seu� rol� en� la�

tumorigènesi,� aquesta� via� s’ha� establert� com� una� atractiva� diana� terapèutica� en�

oncologia.�Molts�han�estat�els�esforços�que�fins�ara�s’han�dedicat�al�desenvolupament�

d’inhibidors�de�cinases�essencials�en�la�transducció�de�senyals.148�En�aquesta�tesi,�hem�

estudiat� diferents� estratègies� terapèutiques� per� inhibir� la� via� de� PI3K/AKT/mTOR� en�

dues�neoplàsies�de�cèl�lula�B,�el�MCL�i�la�CLL.��

�

1.� La�inhibició�de�PI3K�mitjançant�NVP�BKM120��

�

El�nostre�estudi� estableix�que�NVP�BKM120� inhibeix�efectivament� la� senyalització�de�

PI3K� i� que� interfereix� en� l’efecte� protector� del� microambient� amb� la� subseqüent�

inducció�de� l’apoptosi� en� les� cèl�lules�de�CLL.� Els� nostres� resultats�proporcionen�una�

visió�del�mecanisme�d’acció�de�NVP�BKM120�en� la�CLL,� suggerint� que� la� inducció�de�

BIM�és�un�factor�clau�en�la�citotoxicitat�de�NVP�BKM120.�A�més,�NVP�BKM120�inhibeix�

la� migració� i� la� polimerització� d’actina� de� les� cèl�lules� de� CLL,� el� que� pot� ser�

particularment�important�per�la�mobilització�de�les�cèl�lules�tumorals�i�la�sensibilització�

a�la�quimioteràpia.�Finalment,�considerem�que�NVP�BKM120�podria�ser�una�estratègia�

terapèutica�atractiva�tant�com�a�monoteràpia�com�en�combinació�en�la�CLL.��
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1.1.� Mecanisme�d’acció�de�NVP�BKM120�

�

Els�nostres�resultats�indiquen�que�NVP�BKM120�indueix�apoptosi�en�les�cèl�lules�de�CLL�

de� forma�selectiva�per� les�cèl�lules� tumorals.�Aquesta�citotoxicitat� succeeix�de� forma�

independent� de� la� majoria� dels� marcadors� pronòstics,� com� l’estat� mutacional� de� les�

IGHV,� l’expressió� de� ZAP70� i� CD38,� alteracions� citogenètiques� adverses� i� les� noves�

mutacions�recurrents�recentment�descrites�en� la�CLL.80�De�manera�que�NVP�BKM120�

podria�ser�una�teràpia�efectiva�també�en�aquells�casos�de�CLL�amb�pitjor�pronòstic.�

�

La� inhibició� de� PI3K� per� NVP�BKM120� condueix� a� la� desfosforilació� d’AKT� i� a� la�

subseqüent�regulació�d’un�gran�nombre�de�proteïnes�entre�les�quals�es�troba�FOXO3A.�

La� subfamília� de� gens� supressors� de� tumors� FOXO� són� efectors� crítics� situats� sota�

d’AKT�en�la�cascada�de�senyalització�cel�lular.332�L’activació�de�FOXO3A,�per�la�reducció�

de�la�seva�fosforilació�i�per�l’increment�del�seu�contingut�al�nucli,�augmenta�l’expressió�

de� gens� que� estan� involucrats� tant� en� l’apoptosi� com� en� la� parada� del� cicle�

cel�lular.333;334�FOXO3A�és�un�important�regulador�de�l’expressió�de�BIM,335�de�manera�

que� les� alteracions� en� l’eix� AKT�FOXO3A� s’ha� descrit� que� n’afecten� l’expressió� en�

diferents�models.336;337�Recentment,�s’ha�descobert�que�la�sobreexpressió�de�FOXO3A�

en�cèl�lules�de�la�CLL�és�capaç�de�reduir�la�seva�supervivència�i�d’induir�l’expressió�de�

BIM�i�p27.338�D’acord�amb�aquesta�troballa,�hem�observat�que�NVP�BKM120�és�capaç�

d’induir�BIM�en� les�cèl�lules�de� la�CLL,� fins� i� tot�després�de� l’estimulació�del�BCR�o�el�

cocultiu�amb�cèl�lules�estromals.�A�més�a�més,�hem�demostrat�que�la�inducció�de�BIM�

és� funcionalment� important� per� l’apoptosi� induïda� per� NVP�BKM120,� ja� que� el�

silenciament�gènic�de�BIM�prova�que�aquesta�BH3�only�efectivament�contribueix�a� la�

mort� cel�lular� després� del� tractament� amb� NVP�BKM120.� La� implicació� de� BIM� en� la�

inducció� de� l’apoptosi� en� la� CLL� també� s’ha� descrit� amb� altres� agents� que� no� són�

inhibidors�de�la�via�de�PI3K,�com�ara�els�glucocorticoids339;340�o�la�forodesina.341��

�

BIM�dimeritza�preferencialment�amb�MCL1,�una�diana�clau�per�la�supervivència�de�les�

cèl�lules� tumorals.� L’elevada� expressió� de� MCL1� i� una� baixa� ràtio� BIM/MCL1� són�

predictors� de� mala� resposta� als� agents� quimioterapèutics.276;341� Els� nostres� resultats�
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mostren� que� MCL1� és� induït� tant� en� cèl�lules� amb� estimulació� del� BCR� com� en� el�

cocultiu� amb� cèl�lules� estromals,� per� tant,� juga� un� rol� important� en� la� senyalització�

derivada�del�microambient.�En�aquest�context,� s’ha�descrit�que� les�cèl�lules� tumorals�

del� moll� de� l’os� responen� menys� al� BH3�mimètic� ABT�263,� que� pot� ser� degut� a�

l’augment�de�MCL1�en�cèl�lules�de�CLL�en�contacte�amb�l’estroma�i�a�una�disminució�de�

l’expressió�de�BIM.342;343�A�més,�s’ha�descrit�que�la�presència�de�polimorfismes�de�BIM,�

en� els� quals� manca� el� domini� proapoptòtic,� confereix� resistència� als� inhibidors� de�

tirosina�cinases�i�que�la�combinació�amb�BH3�mimètics�en�restableix�la�sensibilitat.344��

En� el� nostre� estudi,� la� inducció� de� BIM� per� NVP�BKM120� podria� ser� capaç� de�

neutralitzar�l’expressió�de�MCL1,�i�ja�que�NVP�BKM120�també�inhibeix�la�traducció�de�

MCL1,� s’accentuaria� encara� més� la� ràtio� BIM/MCL1,� conduint� a� l’activació� de� la� via�

apoptòtica�mitocondrial.��

�

1.2.� NVP�BKM120�i�els�seus�efectes�en�el�microambient�tumoral�

�

El� nostre� treball� suggereix� que� l’efecte� citotòxic� de� NVP�BKM120� és� degut� tant� a� la�

inhibició� directa� de� la� senyalització� de� PI3K,� com� a� la� pertorbació� del� suport� que�

exerceixen�els�factors�del�microambient�en�les�cèl�lules�tumorals.�Específicament,�hem�

observat�que�NVP�BKM120�és�capaç�d’induir�citotoxicitat�malgrat�l’estimulació�del�BCR�

en� les� cèl�lules� de� la� CLL.� L’estimulació� del� BCR� també� provoca� la� secreció� de� les�

quimiocines� CCL3� i� CCL4,� que� actuen� com� a� atraients� dels� limfòcits� T.105� Els� nostres�

resultats� mostren� que� NVP�BKM120� bloqueja� eficientment� la� síntesi� d’aquestes�

quimiocines.��

Les� cèl�lules� estromals� del� microambient� són� un� altre� factor� fonamental� que�

contribueix�a�la�proliferació�tumoral�i�a�la�resistència�a�fàrmacs.345�Els�nostres�resultats�

mostren� que� NVP�BKM120� sensibilitza� les� cèl�lules� de� CLL� a� fludarabina� i�

bendamustina,� dos� fàrmacs� citotòxics�utilitzats�habitualment�per� al� tractament�de� la�

CLL,� fins� i� tot� en� la� presència� de� cèl�lules� estromals.� NVP�BKM120� també� inhibeix� la�

senyalització�induïda�per�CXCL12�i� la�migració�de�les�cèl�lules�de�la�CLL.�A�més�a�més,�

aquest�compost�també�és�efectiu�en�cèl�lules�del�gangli� limfàtic�i�del�moll�de�l’os.�Per�

tant,�les�nostres�dades�suggereixen�que�NVP�BKM120�podria�induir�citotoxicitat�en�les�
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cèl�lules� de� la� CLL� en� aquests� compartiments� a� través� de� la� privació� del� teixit�

microambiental� de� suport,� interferint� en� la� retenció� de� les� cèl�lules� tumorals� en� els�

teixits�limfàtics.��

En� aquesta� línia,� les� respostes� clíniques� de� l’inhibidor� de� PI3K�,120;177� així� com� dels�

inhibidors� d’altres� cinases� del� BCR,� com� SYK� i� BTK,118;142� mostren� una� ràpida�

mobilització� de� les� cèl�lules� tumorals� des� de� les� masses� nodals� cap� a� la� circulació�

perifèrica,�amb�una�significant�disminució�de� les� limfadenopaties� i� l’esplenomegàlia,� i�

un�increment�transitori�en�el�nombre�de�limfòcits�en�sang�perifèrica.�Aquest�increment�

de� cèl�lules� tumorals� circulants� pot� ser� ràpid� i� mantenir�se� varis� mesos� fins� que� es�

resol,�motiu�pel�qual,� si� s’aplica� rigorosament�el� criteri� de� resposta�al� tractament�de�

IWCLL�(International�Workshop�on�CLL),64�aquests�pacients�podrien�complir�el�criteri�de�

progressió� de� la� malaltia,� fins� i� tot� a� pesar� de� la� millora� en� la� limfadenopatia� i�

l’esplenomegàlia.� Per� tant,� es� fa� necessari� reajustar� el� criteri� tradicional� de� resposta�

amb�aquests�nous� tractaments,�avaluant� la� resposta�nodal�malgrat� la� limfocitosi,�per�

tal�de�no�subestimar�el�seu�benefici�terapèutic.346��

�

1.3.� Inhibir�una�o�totes�les�isoformes�de�PI3K?�

�

El� principal� argument�d’utilitzar� inhibidors�de� totes� les� isoformes�de�PI3K,� com�NVP�

BKM120,�és�que� la�majoria�de� cèl�lules� canceroses�expressen�múltiples� isoformes�de�

PI3K� amb� funcions� redundants� en� la� senyalització� oncogènica.330� Recentment,� s’ha�

descrit�que�NVP�BKM120�és�3.6�vegades�més�potent�que�l’inhibidor�de�p110��idelalisib�

en� cèl�lules� primàries� de� CLL� in� vitro,187� confirmant� el� rol� crucial� de� les� diferents�

isoformes� de� PI3K� –a� més� a� més� de� la� isoforma� �–� en� la� CLL.� En� aquest� sentit,� s’ha�

descrit� que� l’expressió� de� p110
� pot� mantenir� la� senyalització� PI3K� constitutiva�

malgrat�la�inhibició�de�p110�.157�Tot�això�posa�de�manifest�la�importància�d’inhibir�les�

diferents�isoformes�per�tal�d’antagonitzar�la�supervivència,�la�resistència�als�fàrmacs�i�

per� superar�possibles� funcions� redundants.188�D’altra�banda,�el� contrapunt�d’aquests�

inhibidors�està�associat�amb�la�possible�toxicitat�i�els�efectes�no�específics�del�bloqueig�

de� PI3K� en� d’altres� membres� de� la� mateixa� família� de� cinases� (PI3K�related� kinase�

family),� com� ara� mTOR� o� ATM.� Caldrà� veure� si� els� nous� inhibidors� selectius� de�
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determinades�isoformes�de�PI3K,�com�la�inhibició�doble�de�p110
�i�p110�,�superen�els�

mecanismes�de�resistència�i�obtenen�una�bona�tolerabilitat�pel�pacient.��

�

2.� La�inhibició�de�mTOR�mitjançant�everolimus�

�

En� el� segon� estudi,� hem� utilitzat� un� extens� panell� de� línies� cel�lulars� de� MCL� i� hem�

confirmat� l’activitat� antiproliferativa� d’everolimus,� mitjançant� la� parada� del� cicle�

cel�lular�en� fase�G1� en� línies� cel�lulars�de�MCL.347� Per�primera� vegada,�mostrem�com�

aquest� agent� indueix� citotoxicitat� dosi�depenent� i� selectiva� en� la� majoria� de� casos�

primaris� de� MCL� analitzats,� en� el� rang� de� dosis� adequat� in� vivo.� Com� esperàvem,�

everolimus� inhibeix�eficientment� l’activitat�de�mTOR�en� les� línies� i�mostres�primàries�

sensibles�a�un�temps�curt�de�tractament,�com�ho�demostra�la�disminució�dels�nivells�de�

fosforilació� de� les� dianes� de� mTOR,� S6RP� i� 4EBP1,� i� una� reducció� transitòria� de� la�

fosforilació� d’AKT� (Ser473).� Una� prolongada� inactivació� de� mTORC1,� però,�

desencadena� una� refosforilació� d’AKT,228� un� fenomen� descrit� com� un� determinant�

crucial�de�la�resposta�de�les�cèl�lules�tumorals�als�derivats�de�la�rapamicina.228;348�Donat�

que� aquesta� tardana� reactivació� pot� contrarestar� l’activitat� d’everolimus,� descrivim�

que�la�combinació�del�rapalog�amb�un�inhibidor�isoselectiu�d’AKT�exerceix�una�activitat�

antitumoral�sinèrgica�en�totes� les�mostres�analitzades,�especialment�en�aquells�casos�

amb�elevada�sensibilitat�a�everolimus.�En�aquestes�cèl�lules,�demostrem�que� l’efecte�

sinèrgic�de�la�combinació�és�mitjançant�l’activació�de�l’apoptosi.��

�

Malgrat� tot,� hem� observat� que� les� mostres� de� MCL� que� responen� poc� a� everolimus�

mantenen� un� elevat� nivell� de� viabilitat� malgrat� la� inhibició� completa� de� l’eix�

AKT/mTOR,�de�forma�similar�a�observacions�prèvies�en�el� limfoma�fol�licular.240�Entre�

els�mecanismes�de�resistència�que�poden�participar�en�la�manca�d’apoptosi,�diferents�

evidències� suggereixen� que� l’autofàgia� és� un� dels� principals� processos� involucrats�

funcionalment�en�la�supervivència�de�les�cèl�lules�canceroses�després�de�l’exposició�a�

inhibidors� d’AKT� i� mTOR.320� En� la� leucèmia� mieloide� aguda,� la� inhibició� de� mTOR�

condueix�a�la�inducció�de�l’autofàgia,�tot�contrarestant�l’efecte�d’aquests�agents.349�En�

línies� de� MCL,� temsirolimus� ha� mostrat� activar� el� procés� autofàgic,� encara� que� la�
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contribució�d’aquest�fenomen�a�l’activitat�de�l’inhibidor�de�mTOR�no�ha�estat�discutida�

de�forma�clara.324��

Els� nostres� resultats� mostren� que� dues� característiques� bàsiques� de� l’autofàgia,� el�

processament� de� LC3B� i� la� formació� de� vacuoles� autofàgiques,� augmenten� en� les�

cèl�lules�de�MCL� resistents�a� la� combinació�d’everolimus� i� l’inhibidor�d’AKT�AKTi�1/2,�

quan� són� comparats� amb� les� cèl�lules� sensibles.� Encara� més� important,� demostrem�

que� l’autofàgia� controla� la� resposta�de� les� cèl�lules�de�MCL�als� inhibidors�de�mTOR� i�

AKT,�ja�que�tant�el�tractament�amb�inhibidors�de�l’autofàgia�com�el�silenciament�gènic�

d’ATG3,� ATG5� i� ATG7,� proteïnes� requerides� per� la� progressió� de� l’autofàgia,� permet�

que�les�cèl�lules�de�MCL�entrin�en�apoptosi�després�de�l’exposició�a�la�combinació.�En�

aquesta� línia,�s’ha�descrit�que�els� inhibidors�duals�PI3K/mTOR�poden� induir�autofàgia�

com�a�senyal�central�de�supervivència,350�destacant�que�una�mort�cel�lular�efectiva�en�

cèl�lules�malignes�amb�activació�constitutiva�d’AKT�requereix�del�bloqueig�de� les� tres�

dianes�descrites�en�aquest�article:�mTOR,�AKT�i�l’autofàgia.��

�

En�resum,�els�nostres�resultats�mostren�per�primera�vegada�que�l’ús�d’un�inhibidor�de�

l’autofàgia�pot�superar�la�resistència�a�la�combinació�d’everolimus�i�un�inhibidor�d’AKT�

isoselectiu�en� línies� cel�lulars� i�mostres�primàries�de�MCL.� El� rol�de�prosupervivència�

proposat� per� l’autofàgia� en� cèl�lules� resistents� a� la� inhibició� d’AKT� i� mTOR� posa� en�

rellevància� diferents� possibilitats� potencials� pel� desenvolupament� clínic� d’aquesta�

estratègia�combinada.�

�

2.1.� Inhibir�una�única�diana�o�més�d’una�en�la�via�de�PI3K/AKT/mTOR?�

�

Tot� i� que� s’ha� observat� activitat� antitumoral� amb� els� inhibidors� de� mTOR� com� a�

monoteràpia� i� en� combinació,� només� una� proporció� de� pacients� refractaris� o� en�

recaiguda� responen� als� anàlegs� de� la� rapamicina� i� la� resposta� sovint� no� és�

duradora.219;220;351;352� A� més,� la� presència� de� diferents� bucles� retroactius� poden�

atenuar� l’efectivitat�d’aquests�compostos.�El� sinergisme�observat�entre�els� inhibidors�

d’AKT�i�mTOR�pot�ser�degut�al�bloqueig�del�bucle�compensatori�que�succeeix�en�inhibir�

mTOR,�el�qual�està�involucrat�en�la�reactivació�de�la�senyalització�dels�receptors�cinasa,�
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així� com� el� mateix� AKT,� tant� in� vivo� com� in� vitro� en� diferents� models� humans� de�

càncer.228;229�

En�aquesta�línia,�els�inhibidors�duals�de�PI3K/mTOR�sorgeixen�com�una�bona�estratègia�

per�superar�els�mecanismes�de�resistència�de�la�via�de�PI3K/AKT/mTOR,�en�particular�

per� prevenir� la� refosforilació� d’AKT,� el� que� emfatitza� el� requeriment� d’una� inhibició�

completa�de�la�via�per�millorar�l’activitat�antitumoral.��

�

3.� La�inhibició�de�mTOR�i�PI3K�mitjançant�NVP�BEZ235�

�

En� el� tercer� estudi,� hem� comparat� l’efecte� d’everolimus,� un� inhibidor� de� mTORC1,�

NVP�BEZ235,�un�inhibidor�dual�de�PI3K�i�mTOR�(mTORC1�i�mTORC2)�i�NVP�BKM120,�un�

inhibidor�de�totes�les�isoformes�de�PI3K�de�classe�I,�en�cèl�lules�primàries�de�MCL.�Hem�

observat�que�NVP�BEZ235�és�més�potent�que�everolimus�o�NVP�BKM120�en�la�inhibició�

de� la� via� de� senyalització� de� PI3K/AKT/mTOR� i� en� la� inducció� de� la� citotoxicitat� en�

presència�de�cèl�lules�estromals.�L’ús�de� l’inhibidor�dual�PI3K/mTOR�dóna�suport�a� la�

idea� d’inhibir� la� via� de� PI3K/AKT/mTOR� en� múltiples� nivells� per� tal� d’aconseguir� una�

inducció� de� l’apoptosi� més� eficaç� en� presència� dels� senyals� del� microambient� i� una�

prevenció�de�la�resistència�als�fàrmacs.��

�

Basant�nos�en�les�diferències�dels�efectes�citotòxics�de�cada�fàrmac,�l’anàlisi�del�perfil�

d’expressió� gènica� revela� que� NVP�BEZ235� modula� un� elevat� nombre� de� gens� en�

comparació� amb�NVP�BKM120� i� everolimus,� essent� l’inhibidor�de�mTORC1�el� fàrmac�

que�indueix�el�menor�nombre�de�canvis�gènics.�Consistentment,�les�mostres�tractades�

amb�NVP�BEZ235�tenen�disminucions�de�vies�de�senyalització�que�és�sabut�que�estan�

sota� el� control� de� PI3K/AKT/mTOR.149� Addicionalment,� hem� observat� la� inhibició� de�

vies� involucrades� en� l’angiogènesi,� la� invasió� cel�lular� i� processos� inflamatoris.� El�

tractament� amb� NVP�BEZ235� també� disminueix� les� vies� de� senyalització� de� les�

citocines� IL6� i� IL4,�confirmant�una�contribució�essencial�de� la� família�STAT�a� la�via�de�

senyalització�PI3K/mTOR353�en�el�MCL.��

�
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Les� interaccions� entre� les� cèl�lules� B� neoplàstiques� i� les� cèl�lules� del� microambient�

tumoral�són�crítiques�per�la�progressió�de�la�malaltia�i� la�quimioresistència.43;345�En�el�

MCL,�l’activació�constitutiva�de�STAT3�s’ha�observat�que�pot�ser�a�través�de�la�secreció�

autocrina�de�IL6� i/o� IL10�o�en�resposta�a� l’estimulació�del�BCR.354�A�més,�recentment�

s’ha�descobert�que�l’activació�de�STAT3�mitjançant�IL6�compromet�l’efecte�terapèutic�

de�la�quimioteràpia�en�el�MCL.46�En�aquest�context,�hem�demostrat�que�NVP�BEZ235�

és�capaç�de�disminuir� la�senyalització�de�STAT3�en�presència�de�IL6,�contràriament�al�

que�succeeix�amb�everolimus�o�NVP�BKM120.�A�més,�NVP�BEZ235�també�disminueix�

els� nivells� d’expressió� gènica� de�HCK,� IRF1,� SP110� i� STAT1,� tots� ells� gens� relacionats�

amb� la� senyalització� per� IL6.� Degut� a� que� s’ha� descrit� que� les� cèl�lules� estromals�

derivades� del� moll� de� l’os� secreten� IL6,354;355� hipotetitzem� que� l’increment� de� la�

citotoxicitat�de�NVP�BEZ235�en�el�cocultiu�amb�cèl�lules�estromals�podria�ser�degut�a�la�

seva�habilitat�per�interferir�amb�la�senyalització�per�citocines.��

�

L’efecte�promotor�del�creixement�de�IL4�mitjançant�la�fosforilació�de�STAT6�també�ha�

estat� descrit� en� limfomes� de� cèl�lula� B.47;353;356;357� Les� nostres� dades� destaquen� que�

NVP�BEZ235� efectivament� supera� l’efecte� prosupervivència� de� IL4� així� com� també�

n’inhibeix� completament� la� seva� senyalització.� Addicionalment,� observem� que� els�

nivells�de�TLR4�es�troben�disminuïts�amb�el�tractament�amb�NVP�BEZ235.�En�un�estudi�

previ�es�va�descriure�que�l’activació�de�la�senyalització�de�TLR4�en�cèl�lules�de�MCL,�un�

dels�TLRs�predominants�en�aquestes�cèl�lules,�induïa�proliferació�i�secreció�de�citocines�

com� IL6� i� VEGF.358� Recentment,� un� estudi� de� seqüenciació� d’exomes� va� detectar�

mutacions� activadores� recurrents� en� TLR2� que� incrementaven� la� producció� de� IL6,�

entre� d’altres� quimiocines.35� A� més,� NVP�BEZ235� va� inhibir� els� múltiples� factors� de�

creixement� secretats� de� forma� autocrina� i� paracrina� en� limfomes� addictes� a� la� via�

PI3K/AKT/mTOR.239�Per�tant,�la�nostra�troballa�dóna�suport�a�la�idea�que�el�tractament�

amb� NVP�BEZ235� pot� interferir� la� senyalització� de� les� citocines� en� MCL,� la� qual� és�

crucial�per�mantenir�l’activitat�tumoral�en�el�seu�microambient.��

�

Un�event�clau�en�el�desenvolupament�i� la�progressió�del�càncer�és�el�potencial�de�les�

cèl�lules�tumorals�per�migrar�i�envair�teixits�circumdants.�En�aquest�context,�mostrem�

per�primera�vegada�que�NVP�BEZ235�clarament�redueix�el�potencial�migratori�i�invasiu�
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de�les�cèl�lules�de�MCL,�en�línia�amb�la�informació�proporcionada�pel�perfil�d’expressió�

gènica.�Recentment,� s’ha�descrit�que� ibrutinib141� i� sorafenib260� inhibeixen� la�migració�

de�les�cèl�lules�de�MCL�i�CLL,�indicant�el�potencial�dels�inhibidors�de�cinases�associades�

al�BCR�en�modular� la�retenció�de�les�cèl�lules�tumorals�en�els�teixits� limfoides.�A�part�

dels� processos� de� migració� i� invasió,� l’angiogènesi� sembla� tenir� una� particular�

importància�en�la�fisiopatologia�dels�limfomes,�ja�que�la�progressió�de�la�malaltia�s’ha�

trobat�que�correlaciona�amb�un�augment�de�l’activitat�angiogènica.359�En�aquest�sentit,�

la� implicació�de� la�via�PI3K/AKT/mTOR�en� la� invasió�cel�lular� i� l’angiogènesi�han�estat�

proposats� en� el� limfoma� fol�licular.360� En� aquest� estudi,� proporcionem� la� primera�

evidència�de� l’habilitat�de�NVP�BEZ235�per� interferir�en�el�procés�angiogènic.�Aquest�

efecte�podria�estar�relacionat�amb�la�observada�reducció�de�la�senyalització�de�STAT3,�

ja�que�s’ha�demostrat�la�seva�participació�en�respostes�angiogèniques�in�vivo.361��

�

El�MCL�és�un�dels�limfomes�més�difícils�de�tractar,�la�qual�cosa�és,�en�part,�deguda�a�les�

recaigudes� freqüents� i� a� la� progressiva� resistència� al� tractament,� suggerint� que� el�

microambient� podria� mantenir� cèl�lules� tumorals� residuals� resistents� a� la�

quimioteràpia.20�Els�nostres�resultats�plantegen� l’ús�de�NVP�BEZ235�com�a�estratègia�

terapèutica� per� interferir� en� les� interaccions� entre� les� cèl�lules� malignes� i� el�

microambient,�gràcies�a�la�seva�contribució�en�processos�essencials�com�l’angiogènesi,�

la�migració,�la�invasió�i�la�senyalització�per�citocines.�Finalment,�proposem�que�inhibir�

la�via�PI3K/AKT/mTOR�per�múltiples�nivells�pot�proporcionar�una�activitat�antitumoral�

més�eficaç�que�les�actuals�estratègies�utilitzant�inhibidors�de�mTOR�en�el�MCL.��

�

4.� Identificació�de�biomarcadors�

�

L’avaluació� de� la� fosforilació� de� RPS6,� 4EBP1,� AKT� o� PRAS40� s’ha� utilitzat� com� a�

biomarcador� de� la� senyalització� cel�lular� en� la� clínica.120;189;199� De� fet,� l’augment� dels�

nivells� d’AKT� fosforilat� després� del� tractament� amb� rapalogs� s’ha� proposat� com� un�

biomarcador� de� resposta� a� la� teràpia.348� Malgrat� tot,� els� assaigs� clínics� inicials� amb�

aquests�inhibidors�no�han�mostrat�una�correlació�clara�entre�les�alteracions�moleculars�

en�la�via�de�senyalització�i�l’efecte�antitumoral.189;362�Els�resultats�inconclusius�del�valor�
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predictiu� d’aquestes� mutacions� en� l’eficàcia� clínica� dels� inhibidors� es� podria� explicar�

per� la� manca� de� detecció� d’altres� alteracions� relacionades� amb� la� via,� per� la�

coexistència�de�mutacions�relacionades�amb�resistència,�com�ara�activació�de�la�via�de�

les�MAPK268�o�heterogeneïtat�intratumoral.206��

Un� biomarcador� de� resistència� recentment� identificat� és� la� proteïna� PAK1� (p21�

Activated� Kinase� 1),� involucrada� en� senyalització� prosupervivència� i� prèviament�

descrita� com� un� marcador� de� mal� pronòstic� en� pacients� amb� tumors� sòlids.� En� un�

estudi�realitzat�en�línies�cel�lulars�de�limfoma,�es�va�observar�que�l’expressió�de�PAK1�

participava�en� la� resistència� a� inhibidors� de� PI3K� i� inhibidors� duals� PI3K/mTOR.� Però�

encara�no�s’ha�validat�clínicament.363��

En� general,� la� manca� de� biomarcadors� amb� poder� predictiu� de� resposta� dificulta�

l’estratificació� dels� pacients� i� l’èxit� clínic� d’aquests� inhibidors,� especialment� en�

monoteràpia.�

�

5.� Dianes� terapèutiques� alternatives� emergents� de� la� via�

PI3K/AKT/mTOR�

�

Altres�components�associats�a�aquesta�via�de�senyalització�poden�ser�dianes�d’utilitat�

per�la�teràpia�anticancerosa.�Basant�nos�en�la�importància�de�la�traducció�de�proteïnes�

per� les�cèl�lules�canceroses,� fàrmacs�que� inhibeixin�eIF4E�són�força�atractius.233;364�En�

aquesta� mateixa� línia,� les� cinases� MNK� (MAPK�interacting� kinases),� que� fosforilen�

eIF4E,365;366� i� PIM� (Proviral� Integration� site� for�Moloney�murine� leukemia� virus),� que�

fosforilen� eIF4B� (eukaryotic� translation� Initiation� Factor� 4B)� entre� d’altres� substrats,�

també� promouen� la� síntesi� de� proteïnes� i� el� seu� paper� com� a� diana� terapèutica� en�

oncologia�està�essent�avaluat.367�369��

�

6.� Combinació�racional�de�teràpies��

�

Donat� que� la� via� de� senyalització� de� PI3K� forma� part� d’una� complexa� xarxa�

d’interaccions,� amb� cascades� de� senyalització� paral�leles,� la� seva� inhibició�

farmacològica� pot� donar� lloc� a� l’activació� compensatòria� de� diferents� vies� de�
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senyalització.�Per�aquest�motiu,� la�combinació�racional�de�diferents� inhibidors�és�una�

aproximació�que�permet�potenciar�l’efecte�dels�diferents�agents.��

La� combinació�de� teràpies� generalment� comença�amb�els� fàrmacs� ja�aprovats�per�al�

tractament�estàndard�de�les�diferents�neoplàsies.�En�el�cas�d’ibrutinib�o�idelalisib,�per�

exemple,� la�combinació�amb�règims�citotòxics�de�quimioteràpia�permet�resoldre�més�

ràpidament� i� de� forma� completa� la� limfocitosi,� aconseguint� ORR� més� elevades121�125�

(Taula�4).�

�

Taula�4�|��Selecció�d’estudis�de�combinació�amb�inhibidors�del�BCR�i�de�la�via�
PI3K/AKT/mTOR�

Diana� Compost� Règim�de�
combinació�

Assaig�
clínic�
(fase)�

N Malaltia ORR� Estudi�

PI3K� NVP�BKM120� Rituximab� 1� 24�
NHL�
indolent�

En�actiu� NCT02049541�

PI3K�� Idelalisib� Rituximab� 3� 220� CLL� 81%� 122�

� � Ofatumumab� 3� 270� CLL� En�actiu� NCT01659021�

� � Bendamustina� 1� 15� CLL� 78%� 123�
� � Clorambucil� 1� 18� CLL� 67%� 123�
� � Fludarabina� 1� 12� CLL� 92%� 123�

� �
Bendamustina�
+�Rituximab�

1� 15� CLL� 87%� 125��

� �
Clorambucil� �
+�Rituximab�

1� 14� CLL� 93%� 125��

BTK� Ibrutinib� Rituximab� 2� 39� CLL� 95%� 124�

� �
Bendamustina�
+�Rituximab�

1b� 30� CLL� 93%� 370�

� � R�CHOP� 1b� 15� NHL�CD20+� 100%� 121�

� � Lenalidomida� 1� 34� NHL� En�actiu� NCT01955499�

� � Ofatumumab� 3� 391� CLL� En�actiu� NCT01578707�

AKT� MK�2206� Ridaforolimus� 1� 124�
Càncer�
avançat�

En�actiu� NCT01295632�

� �
Bendamustina�
+�Rituximab�

1/2� 49� CLL� En�actiu� NCT01369849�

mTOR� Everolimus� Rituximab� 1b� 16�
Limfomes�
CD20+�

En�actiu� 371�

� � Bortezomib� 1� 36� Limfoma� En�actiu� NCT00671112�

� � Lenalidomida� 1/2� 23� Limfoma� En�actiu� 372�
� � Alemtuzumab� 1/2� 44� CLL� En�actiu� NCT00935792�

� Temsirolimus� R�CHOP,�R�FC� 1/2� 63� MCL� En�actiu� NCT01389427�

� �
Bendamustina�
+�Rituximab�

1/2� 72� MCL,�FL� En�actiu� NCT01078142�

� � Ibrutinib� 3� 280� MCL� En�actiu� NCT01646021�

Abreviatures:�NHL,�Non�Hodgkin�Lymphoma;�CLL,�Chronic�Lymphocytic�Leukemia;�MCL,�Mantle�Cell�Lymphoma;�FL,�
Follicular�Lymphoma;�R�CHOP,�rituximab,�cyclophosphamide,�doxorubicin,�vincristine,�prednisone;�R�FC,�rituximab,�
fludarabine,�cyclophosphamide.�
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Les�combinacions�horitzontals�com� la� inhibició�de� la�cascada�RAS/RAF/MEK/ERK�amb�

els� inhibidors� de� PI3K/AKT/mTOR� són� una� altra� estratègia� terapèutica.� Les� dues� vies�

promouen� la� proliferació� cel�lular� i� la� supervivència,� i� entre� elles� hi� ha� una� extensa�

intercomunicació.373� Les� combinacions� de� petits� inhibidors� de� cinases� però,� poden�

incrementar� els� nivells� de� toxicitat.� Els� índex� d’efectes� adversos� relacionats� amb�

fàrmacs�de�grau�3�o�4�és�del�voltant�del�18%�en�monoteràpia� i�aproximadament�del�

54%� quan� es� combina� un� inhibidor� de� MAPK� i� un� inhibidor� de� PI3K.374� Actualment,�

s’està�desenvolupant�un�assaig�clínic�de�fase�III�amb�els�inhibidors�de�cinases�ibrutinib�i�

temsirolimus,�actualment�aprovat�pel�tractament�del�MCL�(NCT01646021).��

�

Un�altre�mecanisme�per�aconseguir�citotoxicitat�sinèrgica�entre�fàrmacs�es�basa�en�la�

combinació� amb� agents� proapoptòtics.� Recentment,� s’ha� descrit� que� la� combinació�

dels� inhibidors� de� PI3K/AKT/mTOR� i� BH3�mimètics� millora� l’apoptosi� a� través� d’un�

mecanisme� depenent� de� BIM� en� la� leucèmia� mieloide� aguda.342;375� Consistentment,�

vam�trobar�que�NVP�BKM120�exercia�un�efecte�sinèrgic�amb�el�BH3�mimètic�ABT�263,�

donant� força� al� rol� de� la� família� de� proteïnes� BCL2� en� l’apoptosi� induïda� per� NVP�

BKM120�en� la�CLL.� En�aquest�mateix�model,� també� s’ha�observat�que� la� combinació�

d’ABT�737� amb� inhibidors� de� BTK� o� PI3K� supera� la� resistència� exercida� per�

l’estimulació�del�BCR�i�restaura�la�citotoxicitat.376��

�

El�bloqueig�de� l’autofàgia�proporciona�una�altra�alternativa�per�augmentar� l’apoptosi�

dels� inhibidors� de� PI3K/AKT/mTOR.320� Ja� que� l’autofàgia� és� generalment� una� via� de�

supervivència�utilitzada�per� les� cèl�lules� tumorals�per� tolerar� l’estrès�metabòlic,319;377�

els� inhibidors� de� l’autofàgia,� en� combinació� amb� altres� agents,� s’espera� que� afectin�

eficientment� les� cèl�lules� tumorals� resistents� a� la� teràpia� en� regions� hipòxiques� del�

tumor.271� Compostos� com� la� hidroxicloroquina� o� la� cloroquina� que� bloquegen�

l’acidificació� lisosomal,� estan� en� diferents� assaigs� clínics� en� combinació� amb� agents�

estàndard� o� experimentals.378� En� neoplàsies� hematològiques,� aquests� agents� estan�

essent� provats� en� combinació� amb� ciclofosfamida� i� l’inhibidor� del� proteasoma�

bortezomib�en�mieloma�múltiple�(NCT01438177)�o�amb�inhibidors�de�les�desacetilases�

d’histones� en� la� leucèmia� mieloide� aguda.379� Aquests� estudis� donen� suport� a�

considerar�l’autofàgia�com�un�mecanisme�de�resistència�a�la�teràpia�i,�per�tant,�que�la�
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hidroxicloroquina�pot�incrementar�la�citotoxicitat�per�inhibició�de�l’autofàgia.�D’acord�

amb�això,�vam�trobar�que�l’addició�d’aquest�agent�a�la�combinació�d’everolimus�i�AKTi�

1/2� activa� completament� el� programa� intrínsec� apoptòtic� en� cèl�lules� de� MCL�

bàsicament�resistents�a�la�teràpia�contra�les�dues�dianes�AKT�i�mTOR.�Malgrat�tot,�els�

inhibidors�de� l’autofàgia�actuals�no�són�agents�completament�específics� i�per�tant,�el�

desenvolupament�d’inhibidors�més�selectius�de�la�maquinària�de�l’autofàgia�permetrà�

provar�el�potencial�d’aquestes�aproximacions.�

�

7.� Qüestions�no�resoltes�

�

Els�inhibidors�de�la�via�de�PI3K/AKT/mTOR�tenen�el�potencial�d’inhibir� la�via�amb�una�

raonable�eficàcia�i�bona�tolerabilitat.�La�freqüència�de�les�alteracions�en�aquesta�via�de�

senyalització� encoratgen� la� investigació� de� noves� indicacions� potencials.� Malgrat� els�

reptes,� s’han� realitzat� importants� avanços� que� han� conduït� a� l’aprovació� per� la� FDA�

d’alguns� d’aquests� inhibidors,� mentre� que� d’altres� estan� en� avançades� fases� de�

desenvolupament.��

Tot� i� això,� hi� ha� tot�de�qüestions� en� les�que� cal� aprofundir� per� entendre�millor� com�

aplicar� adequadament� aquests� agents.� Primerament,� cal� dedicar� esforços� a�

comprendre�la�complexitat�d’aquesta�via�de�senyalització.�Per�exemple,�per�definir�els�

rols� de� les� diferents� isoformes� de� PI3K� o� per� identificar� tots� els� bucles� que� puguin�

existir� –si� és� que� no� s’han� descrit� tots–� i� que� atenuen� l’efectivitat� d’aquests� agents.�

Amb� el� gran� nombre� de� compostos� desenvolupats,� es� fa� difícil� determinar� si� hi� ha�

diferències� en� quant� als� seus� efectes� biològics� o� si� hi� ha� diferències� clíniques�

significatives�entre�ells.�És�possible�que�l’aplicabilitat�de�les�diferents�classes�d’agents�

pugui�dependre�d’un�context�genètic�específic� i�del� tipus�de� tumor.�Per� tant,� resulta�

fonamental�disposar�de�biomarcadors�fiables�predictius�de�la�resposta.�Avui�dia,�però,�

encara� no� està� clar� quin� és� el� millor� marcador� d’inhibició� de� la� via.� De� la� mateixa�

manera,� es� fa� difícil� de� determinar� l’impacte� de� la� inhibició� de� PI3K/AKT/mTOR� en�

pacients� amb� mutacions� no� activadores� en� comparació� amb� aquells� que� tenen�

evidències� moleculars� d’activació� de� la� via.� Finalment,� caldrà� determinar� si� l’ús�

d’aquests�agents�ha�de�ser�en�monoteràpia,�o�bé,�en�combinació.��
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En�definitiva,�sembla�que�tenir�cura�d’inhibir�les�diferents�dianes�terapèutiques�en�una�

població�seleccionada�de�pacients,�entendre� la�biologia�de� les� intercomunicacions�de�

senyalització� cel�lular� per� optimitzar� les� combinacions,� i� modular� el� microambient�

tumoral�per�afavorir� l’eradicació�del�tumor,�poden�ser�factors�fonamentals�cap�a�una�

teràpia�personalitzada�efectiva.�

�
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Les�conclusions�derivades�d’aquesta�tesi�doctoral�són:�

�

1. NVP�BKM120,�un� inhibidor�de�PI3K,� indueix� apoptosi� selectiva�en� les� cèl�lules�

de�CLL�de�forma�independent�dels�factors�pronòstics.�

�

2. El� bloqueig� que� provoca� NVP�BKM120� en� la� senyalització� de� la� via� de�

PI3K/AKT/FOXO3A�comporta� la� inducció�de�BIM� i� la�disminució�de� l’expressió�

de�MCL1.�

�

3. BIM� contribueix� funcionalment� en� l’apoptosi� mitocondrial� induïda� per� NVP�

BKM120�en�la�CLL.�

�

4. La�combinació�de�NVP�BKM120�i�ABT�263�és�sinèrgica�en�cèl�lules�de�CLL.�

�

5. NVP�BKM120� bloqueja� la� senyalització� derivada� de� l’estimulació� del� BCR,�

incloent�la�inducció�de�les�citocines�CCL3�i�CCL4.�

�

6. NVP�BKM120� també� és� capaç� d’induir� citotoxicitat� en� presència� dels� senyals�

protectors�derivats�del�microambient.�

�

7. La� combinació�de�NVP�BKM120�amb� fludarabina�o�bendamustina�és� sinèrgica�

fins�i�tot�en�presència�de�cèl�lules�estromals.�

�

8. NVP�BKM120�inhibeix�la�polimerització�d’actina�i�la�migració�de�les�cèl�lules�de�

CLL�envers�CXCL12.�

�

9. Everolimus,�un� inhibidor�de�mTOR,�exerceix�un�efecte�antitumoral� selectiu�en�

les�cèl�lules�de�MCL.�

�

�

�
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10. Everolimus� inhibeix� la� via� de� senyalització� de� mTOR� a� temps� curts� de�

tractament,� mentre� que� després� d’una� exposició� prolongada,� la� refosforilació�

d’AKT�en�limita�la�seva�eficàcia.��

�

11. La� inhibició� d’AKT� mitjançant� l’inhibidor� Akti�1/2� incrementa� l’activitat�

antitumoral�d’everolimus�en�cèl�lules�de�MCL.�

�

12. Les� cèl�lules� de� MCL� resistents� a� la� combinació� d’everolimus� i� Akti�1/2� tenen�

nivells�elevats�d’autofàgia.�

�

13. La� inhibició� de� l’autofàgia� supera� la� resistència� de� les� cèl�lules� de� MCL� als�

inhibidors�d’AKT/mTOR,�conduint�a�la�inducció�eficient�de�l’apoptosi�i�suggerint�

un�rol�de�prosupervivència�de�l’autofàgia.��

�

14. NVP�BEZ235,� un� inhibidor� dual� de� PI3K� i� mTOR,� inhibeix� la� via� de�

PI3K/AKT/mTOR� en� cèl�lules� primàries� de� MCL� més� eficientment� que�

everolimus�o�NVP�BKM120,�fins�i�tot�en�presència�de�l’estroma.��

�

15. La�major�capacitat�antitumoral�de�NVP�BEZ235�està�principalment�associada�a�

la� modulació� d’un� gran� nombre� de� gens� relacionats� amb� la� inflamació,� la�

senyalització�per�citocines,�l’angiogènesi�i�la�invasió�tumoral.�

�

16. Únicament� NVP�BEZ235� és� capaç� de� bloquejar� la� senyalització� de� les�

interleucines� IL4� i� IL6� en� cèl�lules� primàries� de� MCL,� en� comparació� amb�

everolimus�o�NVP�BKM120.�

�

17. NVP�BEZ235� redueix� significativament� els� processos� de� migració,� invasió� i�

angiogènesi�en�cèl�lules�primàries�de�MCL.��

�
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Annex�1:�Ressenya�del�segon�article�

�

Del� segon� treball� d’aquesta� tesi� “Contrarestar� l’autofàgia� supera� la� resistència� a�

everolimus�en�el�limfoma�de�cèl�lules�del�mantell”,�se�n’ha�publicat�un�comentari�a�la�

revista�Autophagy,�titulat�“L’autofàgia�controla�l’activitat�d’everolimus�(RAD001)�en�el�

limfoma�de�cèl�lules�del�mantell”.�
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Mantle cell lymphoma (MCL) is an 
aggressive neoplasm, which lacks 

effective therapy. The mechanistic target 
of rapamycin (MTOR) kinase inhibitor 
everolimus (RAD001) has shown activ-
ity in preclinical and clinical models of 
MCL, despite the fact that its mecha-
nism of action has not been fully eluci-
dated. We found that everolimus activity 
in MCL cells is closely linked to AKT 
phosphorylation status, and that the 
prevention of AKT rephosphorylation 
upon everolimus treatment by means of a 
selective AKT inhibitor, greatly enhances 
everolimus activity. Furthermore, our 
data show that an accumulation of 
autophagic vacuoles correlates with a 
lack of efficacy of dual AKT-MTOR tar-
geting and that the complete therapeutic 
potential of this strategy can be restored 
by ATG gene selective knockdown or 
secondary inhibition of autolysosome 
formation by hydroxychloroquine. We 
thus demonstrated for the first time that 
the use of an autophagy inhibitor can 
overcome resistance to the combination 
of MTOR and AKT inhibitors in MCL 
cell lines and primary samples, demon-
strating the prosurvival role of autoph-
agy in AKT-MTOR compromised cells, 
and pointing out some potential oppor-
tunities using this triple combinational 
strategy in hematological malignancies.

The precise role that autophagy plays in 
cancer development, disease progression, 
and the response to anticancer therapies, 
is controversial. At one level, autophagy 
has been suggested to function as a tumor 
suppressor pathway that prevents can-
cer development, because it prevents the 

Autophagy controls everolimus (RAD001) activity in mantle cell  
lymphoma

Laia Rosich, Dolors Colomer and Gaël Roué*
Hemato-oncology Department; Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS); Hematopathology Unit; Hospital Clínic; Barcelona, Spain

proliferation, and/or induces the death, 
of cells bearing mutations. Furthermore, 
autophagy can also provide protection 
from cell death in cells exposed to dif-
ferent stress inducers and common che-
motherapeutics in several cancer models. 
Therefore, the impact of autophagy induc-
tion on the efficacy of antitumoral agents 
can be highly variable and cell type- and 
treatment-dependent. This evolutionarily 
conserved role of autophagy has stimu-
lated research to determine whether the 
modulation of this phenomenon may 
interfere with cancer cell response to cyto-
toxic therapy. Most efforts have focused on 
using autophagy inhibitors in tumor cell 
lines with high levels of basal autophagy 
or in conjunction with agents that directly 
stimulate autophagy signaling pathways 
such as MTOR inhibitors or dual PI3K-
MTOR inhibitors.

Among the cancer models that may 
directly benefit from targeting the con-
stitutively activated PI3K-AKT-MTOR 
signaling pathway, are the majority of 
B-cell neoplasms, and especially mantle 
cell lymphoma. The ability of various 
rapalogs to counteract MTOR activity by 
targeting MTORC1 complexes has been 
evaluated in both clinical and preclini-
cal studies in MCL, showing a moderate 
success as monotherapy with mild toxic 
effects, and granting the approval of tem-
sirolimus (CCI-779) by the European 
Medicines Agency (EMEA) for the treat-
ment of relapsed and refractory MCL 
patients. However, in vitro studies have 
suggested that the effectiveness of these 
agents may be stifled in part by strong 
MTORC1-dependent negative feed-
back loops that become inactive upon 
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response to MTOR-AKT inhibitors, as 
the triple knockdown of ATG7, ATG5 and 
ATG3, allows MCL cells to undergo apop-
tosis upon exposure to the combination.

In the clinic, the blockers of autopha-
gosome-lysosome fusion hydroxychloro-
quine and chloroquine are being tested in 
a number of trials in patients with distinct 
hematological malignancies, such as mul-
tiple myeloma (in combination with the 
proteasome inhibitor bortezomib) or in 
chronic myeloid leukemia (in combina-
tion with the HDAC inhibitor vorinostat), 
but no data on their efficacy and safety in 
aggressive lymphomas like MCL are avail-
able. We tested this inhibitor for the first 
time in MCL primary cultures and we 
found that the addition of hydroxychloro-
quine to everolimus-AKTi-1/2 treatment 
allows the complete processing of LC3B 
and the full activation of the intrinsic 
apoptotic program in MCL cells, as dem-
onstrated by mitochondrial depolariza-
tion, ROS production, phosphatidylserine 

MTORC1-dependent feedback loop, may 
limit the efficacy of everolimus. The full 
activity of the rapalog requires its combi-
nation with an isoselective AKT inhibitor 
(AKTi-1/2) for complete AKT-MTOR 
axis inhibition and synergistic antitu-
moral activity. However, we observed 
that those MCL samples that are weak 
responders to everolimus as a single agent 
still harbor a high viability rate despite the 
complete AKT-MTOR axis inhibition, 
in accord with a previous observation in 
follicular lymphoma. As accumulating 
evidence suggests that autophagy is one of 
the major processes functionally involved 
in cancer cell survival after AKT and 
MTOR inhibitor exposure, we performed 
the quantification of autophagy by west-
ern blot, flow cytometry and immuno-
fluoresence assays, and found an increase 
in LC3B-II levels and the accumulation 
of autolysosomes in cells resistant to this 
combination therapy. We further demon-
strated that autophagy controls the MCL 

MTORC1 inhibition, paradoxically lead-
ing to survival-promoting events like 
the activation of AKT. Among the pos-
sible mechanisms related to resistance 
to MTORC1 inhibition, activation of 
autophagic processing has also been 
observed some years ago in MCL cells 
exposed to temsirolimus.

In our recent study, aimed to character-
ize the molecular bases of sensitivity/resis-
tance to everolimus (RAD001) in MCL, 
we showed that the development of cell 
resistance to dual targeting of AKT and 
MTOR by means of an isoselective AKT 
inhibitor and everolimus, respectively, 
relies on the degree of autophagy induc-
tion. Indeed, while everolimus induces a 
tumor-selective, dose-dependent cytotox-
icity in the majority of MCL cases, related 
to G

1
 cell cycle arrest and rapid downregu-

lation of the MTOR downstream targets 
phospho-RPS6 and phospho-EIF4EBP1, 
a rephosphorylation of AKT at Ser473 
presumably linked to the activation of an 

Figure 1. AKT-MTOR and autophagy triple targeting as an effective antitumoral therapy in MCL. Treatment with AKTi-1/2, an isoselective AKT inhibitor, 
prevents AKT rephosphorylation upon everolimus-mediated inhibition of MTORC1, thus enhancing the activity of the rapalog in MCL cells. However, 
the degree of autophagy induced by dual MTOR-AKT inhibition determines the fate of the cells, which can undergo either apoptotic cell death or 
survival. In low-responsive everolimus-AKTi-1/2 MCL cells, pro-survival autophagy can be counteracted by autophagy inhibitors such as bafilomycin A1 
(Baf. A1) or hydroxychloroquine (HCQ), thus restoring the cytotoxic potential of MTOR-AKT targeting.
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exposure and CASP3-CASP7 activity 
(Fig. 1).

Thus, these results provide the proof-
of-principle and rationale for further 
clinical evaluation of AKT-MTOR 
and autophagy triple targeting in MCL 
patients, and offer a glimpse of the poten-
tial opportunities that this combinational 

strategy might hold for the treatment of 
B-cell neoplasms.
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Annex�2:�Presentació�en�congressos�dels�treballs�d’aquesta�tesi�

�

Rosich�L,�Roué�G,�López�Guerra�M,�Campo�E�i�Colomer�D.�

Antiproliferative�activity�of�everolimus�in�mantle�cell�lymphoma.�

Tipus�de�participació:�Pòster�

Congrés:�Cell�death�mechanisms�and�cancer�therapy.�American�Association�for�Cancer�

Research�(AACR).�1�4�Febrer�2010,�San�Diego,�CA,�EUA.�

�

Rosich�L,�Roué�G,�Xargay�Torrent�S,�López�Guerra�M,�Campo�E�i�Colomer�D.��

Molecular�bases�of�everolimus�antiproliferative�activity�in�mantle�cell�lymphoma.�

Tipus�de�participació:�Pòster�

Congrés:�22nd�EORTC�(European�Organization�for�Research�and�Treatment�of�Cancer)�

NCI� (National� Cancer� Institute)�AACR� symposium� on� “Molecular� targets� and� cancer�

therapeutics”.�16�19�Novembre�2010,�Berlín,�Alemanya.�

�

Rosich�L,�Roué�G,�Xargay�Torrent�S,�López�Guerra�M,�Campo�E�i�Colomer�D.��

Rational�combination�studies�of�everolimus�in�mantle�cell�lymphoma.�
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Congrés:�An�AACR�special�conference�“Targeting�PI3K/mTOR�signaling� in�cancer”.�24�

27�Febrer�2011,�San�Francisco,�CA,�EUA.��

�

Rosich�L,�Xargay�Torrent�S,�López�Guerra�M,�Campo�E,�Roué�G�i�Colomer�D.��

Counteracting� autophagy� allows� to� overcome� resistance� to� the� mTOR� inhibitor�

everolimus�in�mantle�cell�lymphoma�

Tipus�de�participació:�Pòster�

Congrés:�AACR�NCI�EORTC�Molecular�Targets�and�Cancer�Therapeutics�Conference.�12�

16�Novembre�2011,�San�Francisco,�CA,�EUA.��

�

Rosich�L,�Xargay�Torrent�S,�López�Guerra�M,�Campo�E,�Colomer�D�i�Roué�G.��

Autophagy�inhibition�sensitizes�mantle�cell�lymphoma�cells�to�everolimus.�
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Congrés:�22nd�Biennial�EACR�(European�Association�for�Cancer�Research)�Congress.�7�

10�Juliol�2012,�Barcelona.�

�

Rosich�L,�Xargay�Torrent�S,�López�Guerra�M,�Campo�E,�Colomer�D�i�Roué�G.��

Counteracting�autophagy�overcomes�resistance�to�everolimus�in�mantle�cell�lymphoma.��

Tipus�de�participació:�Oral�

Congrés:� III� Encuentro� Científico� de� Jóvenes� Investigadores� de� la� Red� Temática� de�

Investigación�Cooperativa�en�Cáncer�(RTICC).�19�20�Novembre�2012,�Barcelona.�

�

Rosich� L,� Saborit�Villarroya� I,� López�Guerra� M,� Xargay�Torrent� S,� Montraveta� A,�

Aymerich�M,�Villamor�N,�Campo�E,�Pérez�Galán�P,�Roué�G�i�Colomer�D.�

NVP�BKM120� decreases� cell� survival� and� antagonizes� resistance� signals� derived� from�

protective� tissue� microenvironment� by� interfering� with� the� Akt/FoxO3a/Bim� axis� in�

chronic�lymphocytic�leukemia�

Tipus�de�participació:�Pòster�

Congrés:�AACR�Annual�Meeting�2013.�6�10�Abril�2013,�Washington,�DC,�EUA.�

�

Rosich� L,� Saborit�Villarroya� I,� López�Guerra� M,� Xargay�Torrent� S,� Montraveta� A,�

Aymerich�M,�Villamor�N,�Campo�E,�Pérez�Galán�P,�Roué�G�i�Colomer�D.�

The�phosphatidylinositol�3�kinase� inhibitor�NVP�BKM120�overcomes�resistance�signals�

derived� from� microenvironment� by� regulating� the� Akt/FoxO3a/Bim� axis� in� chronic�

lymphocytic�leukemia�cells�

Tipus�de�participació:�Pòster�

Congrés:� VIIIth� Annual� CLL� Young� Investigators’� Meeting� and� XV� International�

Workshop�on�CLL,�8�11�Setembre�2013,�Colònia,�Alemanya.�
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Annex�3:�Publicacions�en�col�laboració�

�

Teràpies�que�indueixen�mort�cel�lular�en�neoplàsies�B�limfoides�

Saborit�Villarroya� I,�Roué� G,�López�Guerra� M,�Alonso� R,�Xargay�Torrent� S,� Rosich�

L,�Colomer�D.��

Curr�Drug�Targets.�2010�Jul;11(7):769�80.�

�

Resum�

La� mort� cel�lular� programada,� associada� generalment� amb� el� terme� apoptosi,� és� un�

programa� intracel�lular� integrat� que� juga� un� paper� crític� en� l’homeòstasi� dels� teixits�

limfoides.� Les� alteracions� d’aquest� procés� altament� regulat� són� una� característica�

comuna� de� moltes� neoplàsies� limfoides,� facilitant� l’evasió� tumoral� als� agents�

quimioterapèutics�tradicionals,�que�tenen�per�objectiu�principal�induir�la�mort�cel�lular�

tumoral.�En�els�últims�anys,�s’ha�fet�un�progrés�enorme�en�el�coneixement�dels�senyals�

desregulats� que� poden� conduir� a� l’apoptosi� inefectiva� en� els� tumors� B� limfoides.�

Conseqüentment,�s’han�dissenyat�noves�estratègies�per�a�modular�molècules�clau�de�

les�decisions�de�vida�i�mort.�S’estan�validant�nombroses�noves�aproximacions�i�algunes�

d’elles� han� progressat� a� assajos� clínics� o� han� estat� aprovades� en� temps� rècord.� En�

aquesta� revisió� ens� centrem� en� aquelles� teràpies� actuals� que� han� demostrat� induir�

mort�cel�lular�en�neoplàsies�B�limfoides�de�forma�eficient,�ja�sigui�actuant�directament�

sobre� la� maquinària� apoptòtica� intracel�lular� o� bé,� modulant� els� diferents� factors�

implicats�en�la�seva�regulació.�
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L’inhibidor� d’HSP90,� IPI�504,� supera� la� resistència� a� bortezomib� en� el� limfoma� de�

cèl�lules� del�mantell� in� vitro� i� in� vivo� a� través� de� la� disminució� de� la� xaperona� de�

supervivència�del�reticle�endoplasmàtic�BiP/Grp78.�

Roué�G,�Pérez�Galán�P,�Mozos�A,�López�Guerra�M,�Xargay�Torrent�S,�Rosich�L,�Saborit�

Villarroya�I,�Normant�E,�Campo�E,�Colomer�D.�

Blood.�2011�Jan�27;117(4):1270�9.��

�

Resum�

Tot� i� la� introducció� prometedora� de� l’inhibidor� de� proteasoma� bortezomib� en� el�

tractament� del� limfoma� de� cèl�lules� del� mantell,� no� tots� els� pacients� responen� a� la�

teràpia,� i� sovint� apareixen� resistències� després� del� tractament� inicial.� Mitjançant�

l’anàlisi�d’un�conjunt�de�18�mostres�de�MCL,�incloent�hi�línies�cel�lulars�amb�resistència�

a�bortezomib�constitutiva�o�induïda,�vam�trobar�una�elevada�correlació�entre�la�pèrdua�

de� sensibilitat� a� l’inhibidor� de� proteasoma� i� l’increment� de� la� xaperona� de�

supervivència�BiP/Grp78.�L’estabilització�de�BiP/Grp78�a�nivell�post�transcripcional�era�

deguda� a� un� increment� de� l’activitat� xaperona� de� la� Heat� Shock� Protein� of� 90kDa�

(HSP90).� En� les� cèl�lules� resistents� al� bortezomib,� tant� el� silenciament� de� BiP/Grp78�

com� el� pretractament� de� les� cèl�lules� amb� l’inhibidor� d’HSP90,� IPI�504,� conduïa� a� la�

inducció�d’apoptosi�de�forma�sinèrgica�en�combinació�amb�bortezomib.�L’exposició�de�

les� cèl�lules� a� la� combinació� IPI�504�bortezomib� provocava� la� dissociació� dels�

complexos� d’HSP90/BiP,� comportant� l’eliminació� de� BiP/Grp78,� la� inhibició� de� la�

resposta� a� proteïnes� mal� plegades� (UPR;� Unfolded� Protein� Response)� i� la�

despolarització�de�la�membrana�mitocondrial�a�través�de�NOXA.�La�combinació�IPI�504�

bortezomib�també�va�evitar�l’acumulació�de�BiP/Grp78,�promovent�l’apoptosi�i�inhibint�

el� creixement� dels� tumors� resistents� a� bortezomib� en� un� model� de� MCL� en� ratolí�

xenotransplantat.�Aquests�resultats�suggereixen�que�inhibir�l’activació�de�UPR�a�través�

d’HSP90� pot� esdevenir� un� model� atractiu� per� al� disseny� de� noves� teràpies�

combinatòries�basades�en�bortezomib�per�al�MCL.�
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L’apoptosi�induïda�per�vorinostat�en�el�limfoma�de�cèl�lules�del�mantell�és�deguda�a�

l’acetilació�dels�promotors�dels�gens�proapoptòtics�BH3�only�

Xargay�Torrent� S,�López�Guerra� M,�Saborit�Villarroya� I,�Rosich� L,�Campo� E,�Roué�

G,�Colomer�D.�

Clin�Cancer�Res.�2011�Jun�15;17(12):3956�68�

�

Resum�

El� limfoma� de� cèl�lules� del� mantell� és� una� neoplàsia� agressiva� de� cèl�lula� B� amb� un�

pronòstic� generalment� desfavorable,� per� a� la� qual� les� teràpies� actuals� tenen� una�

eficàcia� limitada.�El�vorinostat�és�un� inhibidor�de� les�desacetilases�d’histones�(HDACi)�

que� ha� estat� aprovat� per� al� tractament� del� limfoma� cutani� de� cèl�lula� T.� El� nostre�

objectiu� va� ser� descriure� el� mecanisme� molecular� mitjançant� el� qual� el� vorinostat�

indueix� apoptosi� en� el� MCL,� amb� especial� èmfasi� en� el� paper� de� les� proteïnes�

proapoptòtiques�BH3�only.� El� vorinostat� va� inhibir� l’activitat�desacetilasa�d’histones� i�

va�activar� la�via�mitocondrial�d’apoptosi�de�forma�selectiva�per� les�cèl�lules�tumorals,�

constatat�amb�els�canvis�conformacionals�de�BAX�i�BAK,�despolarització�mitocondrial,�

la� generació� d’espècies� reactives� d’oxigen,� i� la� subseqüent� mort� cel�lular� caspasa�

dependent.� Aquest� fenomen� estava� lligat� a� la� hiperacetilació� d’H4� en� les� regions�

promotores� i� a� la� conseqüent� activació� transcripcional� dels� gens� proapoptòtics� BH3�

only�BIM,�BMF� i�NOXA.�El� silenciament�selectiu�d’aquestes� tres�proteïnes�va� rescatar�

les� cèl�lules� de� l’apoptosi� induïda� per� vorinostat.� A� més,� el� vorinostat� va� augmentar�

l’activitat� del� BH3�mimètic� ABT�263� en� cèl�lules� de� MCL,� conduint� a� la� inducció�

sinèrgica�d’apoptosi.�Aquests�resultats�indiquen�que�l’increment�transcripcional�de�les�

proteïnes�BH3�only�juga�un�paper�important�en�l’activitat�antitumoral�del�vorinostat�en�

el�MCL,�i�que�els�HDACis�sols�o�en�combinació�amb�els�agents�que�imiten�les�BH3�only�

poden�representar�una�aproximació�terapèutica�prometedora�per�als�pacients�de�MCL.�
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El� sorafenib� inhibeix� les� cinases� del� BCR� i� bloqueja� els� senyals� migratoris� i� de�

supervivència�derivats�del�microambient�en�cèl�lules�de�CLL�

López�Guerra� M*,�Xargay�Torrent� S*,�Pérez�Galán� P,�Saborit�Villarroya� I,�Rosich�

L,�Villamor�N,�Aymerich�M,�Roué�G,�Campo�E,�Montserrat�E,�Colomer�D.�

*Aquests�autors�comparteixen�primera�autoria.�

Leukemia.�2012�Jun;26(6):1429�32�

�

Resum�

La� leucèmia� limfàtica� crònica� és� una� malaltia� caracteritzada� per� l’acumulació� de�

limfòcits� B� a� la� sang,� moll� de� l’os� i� teixits� limfoides� secundaris� que� roman� incurable�

amb� la� teràpia� convencional.� El� sorafenib�és�un� inhibidor�multi�cinasa�aprovat�per�al�

tractament�dels�carcinomes�hepatocel�lular�i�renal.�El�nostre�objectiu�va�ser�investigar�

la� capacitat�del� sorafenib�d’interferir�amb� la� senyalització�del� receptor�de�cèl�lula�B� i�

avaluar� la�seva�eficàcia�en�la�modulació�dels�senyals�migratoris� i�de�supervivència�del�

microambient.�El�sorafenib�va�induir�apoptosi�selectiva�en�la�majoria�de�casos�de�CLL,�

amb�preferència�pels�casos�de�mal�pronòstic�de�la�malaltia,�els�que�tenen�els�gens�de�la�

regió�variable�de�les�immunoglobulines�no�mutats,�i�per�les�cèl�lules�de�CLL�derivades�

de� gangli� limfàtic.� A� nivell� molecular,� sorafenib� va� inhibir� ERK� de� forma� primerenca�

però�no�sostinguda,� indicant�que�no�és�crucial�pel�mecanisme�de�sorafenib�en�la�CLL.�

Entre� les� cinases� modulades� pel� sorafenib� en� les� cèl�lules� de� CLL,� el� bloqueig� de� les�

cinases�associades�al�BCR,�SRC�i�SYK,�era�particularment�rellevant�per�a�la�seva�acció.�A�

més,�el�sorafenib�va�ser�capaç�de�superar�l’estimulació�del�BCR,�així�com�també�l’efecte�

protector� del� cocultiu� estromal.� El� compost� resensibilitzava� les� cèl�lules� de� CLL�

cultivades�amb�l’estroma�a�l’apoptosi�induïda�per�fludarabina�i�bendamustina.�Per�altra�

banda,� el� sorafenib� va� inhibir� la� migració� de� les� cèl�lules� de� CLL� envers� CXCL12� i� va�

bloquejar�l’activació�de�FAK�induïda�per�CXCL12�o�pel�BCR.�Aquests�resultats�indiquen�

que�el�sorafenib�podria�superar�el�microambient�tumoral� i�ser�particularment�efectiu�

en� la� inhibició� del� senyal� del� BCR� en� cèl�lules� amb� elevat� potencial� migratori,�

especialment�en�pacients�de�CLL�d’alt�risc.��
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El� sorafenib� inhibeix� la� migració� i� la� resistència� a� bortezomib� deguda� a� l’estroma�

mitjançant� la� interferència� amb� la� senyalització� del� receptor� de� cèl�lules� B� i� la�

traducció�proteica�en�limfoma�de�cèl�lules�del�mantell.�

Xargay�Torrent� S*,�López�Guerra� M*,�,�Saborit�Villarroya� I,�Rosich� L,�Navarro�

A,�Montraveta�A,�Pérez�Galán�P,�Roué�G,�Campo�E,�Colomer�D.�

*Aquests�autors�comparteixen�primera�autoria.�

Clin�Cancer�Res.�2013�Feb�1;19(3):586�97.��

�

Resum�

El�limfoma�de�cèl�lules�del�mantell�és�un�limfoma�B�agressiu�que�sobreexpressa�ciclina�

D1� degut� a� la� translocació� t(11;14)(q13;q32).� Les� teràpies� actuals� han� mostrat� una�

eficàcia� limitada,� per� la� qual� cosa� el� nostre� objectiu� va� ser� estudiar� les� propietats�

antitumorals�de�l’inhibidor�multi�cinasa�sorafenib�en�el�MCL.�El�sorafenib�va�induir�una�

desfosforilació� ràpida�de� les�cinases�associades�al�BCR,�SYK� i� LYN,�així� com�també�de�

FAK,�una�diana�de�SRC� implicada�en� l’adhesió� focal.�En�aquesta� línea,�el� sorafenib�va�

mostrar� un� fort� sinergisme� amb� l’inhibidor� de� SYK,� R406.� El� sorafenib� també�

bloquejava� la� traducció�de�ciclina�D1� i�MCL1,�que�promovia�un�desequilibri�entre� les�

proteïnes� pro� i� antiapoptòtiques� i� facilitava� l’alliberament� de� BAX� de� la� ciclina� D1,�

comportant� la� inducció� de� l’apoptosi� mitocondrial� i� dels� mecanismes� caspasa�

dependents� i� independents.�A�més,�el�sorafenib�inhibia� la�migració�de�les�cèl�lules�de�

MCL� i� la�polimerització�d’actina� induïda�per�CXCL12.�El� silenciament�de�FAK�prevenia�

parcialment� aquest� efecte� inhibitori,� indicant� que� FAK� és� una� diana� rellevant� del�

sorafenib.� El� compost� també� resensibilitzava� les� cèl�lules� de� MCL� cultivades� amb�

l’estroma�a�l’apoptosi�induïda�per�bortezomib.�Els�resultats�demostren�per�primer�cop�

que� el� sorafenib� interfereix� amb� la� via� del� BCR,� la� traducció� proteica� i� modula� els�

senyals�de�supervivència�del�microambient�en�el�MCL,�suggerint�que�el�sorafenib,�sol�o�

en� combinació� amb� bortezomib,� podria� representar� una� estratègia� terapèutica�

prometedora�per�al�tractament�dels�pacients�de�MCL.�
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Efecte� antitumoral� sinèrgic� d’acadesina� (AICAR)� en� combinació� amb� l’anticòs�

monoclonal�anti�CD20�rituximab�en�models� in�vitro� i� in�vivo�de�limfoma�de�cèl�lules�

de�mantell�

Montraveta� A,�Xargay�Torrent� S,�López�Guerra� M,�Rosich� L,�Pérez�Galán� P,�Salaverria�

I,�Beà�S,�Kalko�SG,�de�Frias�M,�Campàs�C,�Roué�G,�Colomer�D.�

Oncotarget.�2014�Feb�15;5(3):726�39.�

�

Resum�

El� limfoma� de� cèl�lules� del� mantell� és� considerat� un� dels� limfomes� més� desafiadors,�

amb�limitades�respostes�a�les�teràpies�actuals.�L’acadesina,�un�anàleg�de�nucleòsids,�ha�

mostrat� activitat� antitumoral� en�diferents�models�preclínics�de� càncer� i� en�un�assaig�

clínic� de� fase� I/II� en� leucèmia� limfàtica� crònica.� En� aquest� treball,� hem�observat�que�

l’acadesina�exerceix�activitat�antitumoral�selectiva�en�la�majoria�de�les�línies�de�MCL�i�

mostres� primàries,� de� forma� independent� de� factors� citogenètics� adversos.� A� més,�

l’acadesina�és�sinèrgica,�tant� in�vivo�com� in�vitro,�amb�l’anticòs�monoclonal�anti�CD20�

rituximab,� habitualment� utilitzat� en� teràpies� combinades� en� el� MCL.� L’anàlisi�

d’expressió� gènica� en� tumors� suggeria� que� l’acadesina� modula� la� resposta�

immunològica,� la� organització� del� citoesquelet� d’actina� i� la� unió� a� metalls,� per� tant�

contribuint�substancialment�en�els�processos�metabòlics.�El�rituximab�també�va�induir�

canvis�en�la�unió�a�metalls�i�en�les�respostes�immunològiques.�La�combinació�dels�dos�

agents� va� millorar� la� signatura� gènica� corresponent� a� cada� un� dels� compostos,�

incrementant� els� gens� involucrats� en� la� inflamació,� estrès� metabòlic,� apoptosi� i�

proliferació.� Aquests� efectes� podrien� ser� importants� ja� que� l’apoptosi� aberrant� i� les�

vies�proinflamatòries�juguen�un�paper�significatiu�en�la�patogènesi�del�MCL.�En�resum,�

els�nostres�resultats�suggereixen�que�l’acadesina�exerceix�un�efecte�citotòxic�en�el�MCL�

en� combinació� amb� rituximab,� mitjançant� la� disminució� de� les� signatures� de�

proliferació� i� supervivència,� el� que� dona� suport� a� l’examinació� clínica� d’aquesta�

estratègia�en�els�pacients�de�MCL.��
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