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“No hay soledad inexpugnable.

Todos los caminos llevan al mismo punto:

a la comunicacién de lo que somos.

Y es preciso atravesar la soledad y la aspereza,

la incomunicacion y el silencio para llegar al recinto magico

en que podemos danzar torpemente o cantar con melancolia;

mads en esa danza o en esa cancion estdn consumados los més antiguos ritos de la
consciencia;

la consciencia de ser hombres y de creer en un destino comun.”

Pablo Neruda
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Heterogeneitat clinico biologica del LCM Introduccid

1.1 SISTEMA IMMUNITARI I RESPOSTA IMMUNE

El sistema immunitari ¢és el conjunt de mecanismes, ce¢l-lules, teixits 1 organs que
treballen conjuntament per protegir I’organisme d’invasors externs (bactéries, virus,
parasits i fongs) causants d’infeccions. S’encarrega de prevenir les infeccions o bé de
I’eliminacio de patogens i cellules tumorals mitjancant de la seva identificaci6. Es
tracta d’un sistema molt complex i la clau del seu exit és I’amplia, elaborada i dinamica
ret de comunicacions cel-lulars. S6n moltes les cel-lules que hi participen 1 que
organitzades en conjunt, s’activen i segreguen substancies per regular el seu propi
creixement i comportament.

La base del correcte funcionament del sistema immunitari és la capacitat de poder
distingir entre cel-lules propies del cos i1 cel-lules estranyes. Quan I’organisme detecta
un agent estrany, denominat com antigen, es desencadena una resposta immunitaria, tot
1 que teixits o cel-lules provinents d’una altre persona també poden tenir el mateix

efecte.

1.1.1 Estructura i cél-lules del sistema immune
El sistema immune esta format per organs i teixits limfoides centrals (medul-la ossia i
timus) i periférics (ganglis limfatics, melsa 1 teixit limfoide associat a mucoses)
localitzats per tot 1’organisme. Dins d’aquests trobem les cel-lules encarregades de
generar una resposta immune: limfocits B 1 T, macrofags, cel-lules NK (de 1’anglés
Natural Killer) i granulocits. Aquestes provenen de cél-lules mare hematopoetiques
immadures de la medul-la ossia 1 responen a diferents citoquines i altres senyals
quimiques per madurar i donar la c¢l-lula efectora final. Trobem:
- Limfocits B: maduren al moll de I’os, constitueixen el 10-20% de la poblacié de
limfocits circulants en sang periférica i la seva funcid principal és la produccio
d’anticossos en resposta a antigens externs com bacteries, virus i cel-lules tumorals,
gracies a la presencia d’immunoglobulines a la superficie de la seva membrana.
Cada c¢l'lula B esta programada per a la produccié d’un anticos especific.
- Limfocits T: maduren al timus i només reconeixen determinants antigenics (o
fragments dels antigens) situats a altres cel-lules gracies a la preséncia de receptors.
Es divideixen en dos subgrups funcional i fenotipicament diferents; els anomenats
T helper CD4+ (Th), la funcié dels quals és augmentar o potenciar la resposta

immune mitjancant la secrecid de factors especialitzats que provoquen 1’activacio
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d’altres ce¢l-lules sanguinies, i el limfocits T killer CD8+ que s’encarreguen de
I’eliminacio directe de cel-lules tumorals i/o cel-lules infectades.

+ Cél-lules NK: sén un altre tipus de cel-lula letal, semblant als limfocits T killer
CD8+. Actuen com a cel-lules efectores que eliminen directament determinats
tumors 1 cel-lules infectades. Es caracteritzen per a la preséncia de CD56 i
I’abséncia de CD3.

- Fagocits i relatius: els fagocits son globuls blancs grans que digereixen patogens
1 altres particules estranyes. Els monocits son fagocits que circulen per la sang,
quan aquests migren als teixits es converteixen en macrofags. També trobem els
granulocits o leucocits polimorfonuclears (PMN) que es composen principalment
de tres tipus de cel-lules conegudes com neutrofils, eosinofils 1 basofils, en funcid
de les seves caracteristiques de tincid. SOn predominantment importants en
I’eliminacio de bacteries i parasits del cos, actuant com a primera linia de defensa.
S’encarreguen de fagocitar els agents estranys i degradar-los mitjangant 1’Gs

d’enzims potents.

1.1.2 La resposta immune
Les infeccions son la causa més comuna de malalties humanes. La pell proporciona una
barrera important davant de microbis infectants, en general només €s permeable a través
de talls o petites lesions. Els tractes digestiu 1 respiratori també poden suposar una via
d’entrada d’aquests perd també contenen els seus propis mecanismes de proteccio.
Davant la infeccié per un patogen, el sistema immunitari innat genera una primera
resposta immediata i inespecifica on hi participen neutrofils, macrofags i cel-lules NK
activades de manera immediata. Si aquesta resposta no €s prou eficient i el patogen
persisteix, el sistema immunitari adaptatiu s’activara com a segona linia de defensa.
Aquesta és més especifica contra I’antigen pels quals s’ha iniciat la resposta i esta
mediada principalment per limfocits B i T. La principal caracteristica d’aquest és que
conserva una memoria per accelerar futures respostes, de manera que davant una segona

infeccid per al mateix patogen es generara una resposta mes rapida 1 eficient (Figura 1).
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Figura 1. Agents patdgens que poden desencadenar la resposta immune humoral 1’objectiu de la qual és
la produccié d’anticossos per part de cellules plasmatiques o una resposta cel-lular, dirigida
principalment a destruir cel-lules infectades i aixi evitar la reproduccio6 dels agents estranys. Aquesta esta

mediada basicament per limfocits T.

1.1.3 Maduracio i desenvolupament dels limfocits B
La cel-lula més inicial ja diferenciada del llinatge B de la medul-la ossia €s el limfocit
pro-B que prové d’una cel-lula mare limfoide (Hystad et al., 2007) (Figura 2). Aquests
no disposen d’immunoglobulines (IG) a la membrana perd comencen el procés de
reordenament d’aquests gens gracies a 1’expressio de proteines RAG (de 1’anglés
Recombination Activating Proteins), encarregades del procés. Aquests limfocits pro-B
poden ser identificats mitjangant I’immunofenotip, ja que expressen CD34, HLA-DR,
CD10, CD19, CD24 i I’enzim TdT (Hystad et al., 2007). Si el reordenament de les
cadenes pesades dels gens de les immunoglobulines (IGHV) €s productiu, el limfocit es
passa a denominar pre-B (Figura 2). Aquests tenen un pre-BcR 1 comencen a reordenar
les cadenes lleugeres de les immunoglobulines, fins a la sintesi completa d’IgM, en
aquest moment s’anomenen limfocits immadurs (Hystad et al., 2007), i expressen
CD20, CD21, CD22, CD24, CD40 i IgM de superficie, pero perden I’expressié de TdT.
Aquests, a través del seu receptor IgM poden recongixer autoantigens a la medul-la
oOssia, pero recentment s’ha demostrat en ratolins, que si aquest reconeixement €s

d’elevada afinitat, els limfocits no generen suficients receptors de membrana per passar
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al segiient estadi maduratiu. Aix0 genera la re-expressio de proteines RAG, promovent
I’edicio del receptor per intentar canviar la seva afinitat, i a més pateixen un procés de

desdiferenciacio (back differentiation) cap a estadis més primitius com pro-B i pre-B.

ﬁsenmlupﬂmem independant d'antiger\ ﬂesen\ml upament dependent d'antigen \

; ) —_——
célula Cel Iula Céldula B Céllula B Célula B naive Cenfroblast
pro-B immadura madura naive activada
@
£
E
Céllula Plasmablast 2] J’
TR £|  centrocit
@
\\,{
“"-
Céllula mare G “‘;a E
limfoide TLETLLTE L
\_J'
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Figura 2. Diagrama esquematic dels estadis maduratius dels limfocits B.

El seglient estadi maduratiu €s el de limfocit B madur, en el qué¢ a més d’expressar
IgM de superficie també s’expressa IgD, aquest €s conegut com a cel-lula B naive.
Aquestes sovint son positives per CD5 1 sén limfocits petits en repds que circulen a
través de la sang (Inghirami et al., 1991). Els limfocits B que surten de la medul‘la i
entren inicialment a la melsa s’anomenen limfocits B transicionals T1 (IgM*", IgD"™,
CD21%* (CD23-) i han de passar per un procés de seleccio (Allman & Pillai,
2008;Dorshkind & Rawlings, 2005). Els limfocits T1 que responen potentment contra
autoantigens derivats del torrent sanguini son eliminats, mentre que els que sobreviuen
es converteixen en limfocits T2 (IgM™", IgD*!, CD21%", CD23+). Aquest son rescatats si
son capagos de reconeixer antigens amb baixa afinitat, perd moren per apoptosi si no
reconeixen res. Com a resultat d’aquesta seleccid, només entre 1’1 1 el 3% de limfocits
transicionals esplénics es converteixen en cel-lules B naive (Dorshkind & Rawlings,

2005).

Les cel-lules B naive, es divideixen en 2 grans grups:
- Limfocits B marginals (IgM™", IgD™*, CD21*", CD23-)
- Limfocits B folliculars (IgM™", IgD™, CD21™, CD23+)
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Ambdds poblacions recircularan i es localitzaran als ganglis limfatics, la melsa i els
teixits limfoides associats a mucosa (MALT) formant fol-licles (Dorshkind & Rawlings,
2005) (Figura 3). De manera general, aquests fol-licles es formen per respondre a
antigens de manera depenent de limfocits T, per la qual es requereix 1’activacié i la
cooperacio d’aquests (MacLennan, 1994). Quan una cél-lula madura es troba amb
I’antigen de manera especifica i 'uneix amb 1’afinitat adequada, es produeix un procés
de maduraciéo de P’afinitat que tindra lloc al centre germinal (CG) dels ganglis
limfatics (Figura 3). D’aquest procés en resultaran cel-lules B portadores de BcR amb

un elevat grau d’afinitat per I’antigen (Liu et al., 1997;Manser, 2004).

Figura 3. Estructura dels ganglis
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1.1.4 La reaccio del centre germinal
Els ganglis limfatics son organs limfoides periférics connectats a la circulacié a través
dels vasos limfatics. Normalment no sén palpables perd esdevenen detectables davant
una reaccié immune intensa o la preséncia d’un tumor. Actuen com a filtres, de manera
que s’encarreguen d’atrapar els antigens transportats per la limfa, aixi com del
processament d’aquests. Els camuls de limfocits B sota la capsula, en el cortex dels
ganglis, reben el nom de fol‘licles limfoides (o noduls) dels quals la zona més periferica
es denomina zona marginal, seguida de la zona del mantell, mentre que la porcid
central més clara €s coneguda com a centre germinal. Els fol-licles que no presenten
CG son fol-licles limfoides primaris (Liu et al., 1997;Manser, 2004) i estan constituits
principalment per cel-lules B no estimulades per antigens. En resposta a aquesta

estimulacié antigenica, la cellula B s’activa i es forma el CG esdevenint fol-licles
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limfoides secundaris. La c¢l-lula B activada que expressa CD10 i BCL6, es coneix com
a centroblast i migrara cap a I’interior del fol-licle a una zona més propia de cel-lules T
(Manser, 2004) Aquestes poden presentar 1’antigen a les cel-lules T CD4+ helper. Si
aquesta cel-lula reconeix el peptid presentat per la cel-lula B es sintetitza el Iligand
CD40 (CD40L). La unié CD40L a CD40 a la superficie de la céllula B causa
I’activacié d’aquesta (Monson et al., 2001).

Els CG dels fol'licles limfoides secundaris consten d’una zona fosca proxima a 1’area
paracortical rica en centroblast que es divideixen rapidament, creant un aspecte dens 1
fosc (Guzman-Rojas et al., 2002), i una zona clara generalment polaritzada cap al lloc
d’entrada dels antigens, rica en c¢l-lules dendritiques fol-liculars (CDF) i limfocits T

CDA4+ helper (Figura 4).
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Figura 4. Reaccio del centre germinal dels fol‘licles limfoides secundaris.

En aquest punt, els centroblast no s’expressen IG de superficie i comencen el procés
d’hipermutacié somatica (SHM) (Kleinstein et al., 2003). Un cop les cel-lules entren a
la zona clara, es tornen a expressar IG de superficie i les cel-lules, ara anomenades
centrocits, esdevenen més petites. Les cel-lules B amb una afinitat d’uni6 per 1’antigen
estimulant inicial millorada, reben senyals de supervivéncia per part de les cel-lules Th i
proliferen en preseéncia de I’antigen, fenomen denominat seleccié positiva. Mentrestant,
els centrocits que ja no s’uneixen a I’antigen, degut a que han patit una disminucio de
I’afinitat o bé reconeixen autoantigens, moren per apoptosi o son eliminats, aquest

procés es coneix com a seleccié6 negativa (Hartley et al.,, 1993). El centrocit es
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diferenciara cap a una cél-lula memoria circulant (quedant en repos, fase Gy del cicle
cellular, durant molts anys) o cap a una cél-lula plasmatica secretora d’IG, ambdds

amb la finalitat de generar una resposta més rapida i eficient (Manser, 2004) (Figura 4).

La melsa també conté una zona marginal en el limit de la polpa blanca on es localitzen
limfocits B, macrofags i cel-lules dendritiques, formant una regid especialitzada en
resposta a antigens independents de cel-lula T (Dorshkind & Rawlings, 2005). Els
limfocits d’aquesta zona marginal esplénica també poden recongixer antigens i
convertir-se en limfocits B de memoria IgM 'CD27" (Tangye et al 2007;Weller et al.,
2004).

Els CG han estat considerats els tnics capagos de mantenir una elevada taxa de SHM
(Manser, 2004). No obstant, s’ha demostrat que és possible que les cel-lules B
adquireixin mutacions fora de la reaccié del CG i independentment de I’ajuda de les
cel-lules T (de Vinuesa et al., 2000;Monson et al., 2001;Weller et al., 2001). Com hem
mencionat anteriorment, els teixits limfoides estan dividits en arees fol-liculars i
extrafol-liculars, les cél'lules B de la zona marginal es poden trobar en zones
extrafol-liculars, com ara, la zona marginal de la melsa, la capa subepitelial de les
amigdales 1 el teixit MALT. Algunes cel-lules B de la zona marginal també es poden
trobar en petites quantitats als ganglis limfatics, just a la zona del mantell (Pillai et al.,

2005).

L’eficacia del sistema immunitari depen de la seva major o menor capacitat de
recongixer els antigens de manera especifica. Tant les cel-lules B com les T es troben
implicades en aquest reconeixement, i encara que ho fan de manera diferent, ambdos
poblacions poden interactuar amb un gran nombre d’antigens diferents. EI numero total

de receptors (tan del limfocit B com del T) s’anomena repertori.
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1.2 IMMUNOGLOBULINES

1.2.1 Immunoglobulines de les cél-lules B
A finals del segle XIX, Von Behring va observar que els serums d’animals que havien
patit difteria contenien substancies que neutralitzaven 1’efecte de la toxina diftérica. A
aquestes substancies, que es caracteritzaven per ser termolabils i no dialitzables, se les
va denominar anticossos, degut a la seva capacitat de recon¢ixer toxines bacterianes.
L’any 1937 se’ls va identificar com a les proteines del sérum que migraven meés
lentament (Figura 5A) i se’ls va donar el nom de y-globulines, quedant aixi associats
com equivalents els conceptes d’anticos i y-globulines. Posteriorment, es va observar
que no tots els anticossos migraven electroforéticament amb les y-globulines 1 es van
definir les a 1 B-globulines (Figura 5A). Com que no tots els anticossos son vy-
globulines, Hebermans va proposar el terme immunoglobulines (IG) per designar a

qualsevol substancia amb capacitat d’anticos.

al-globulines

a2-globulines

[ B-globulines
anticossos
fi\_’r.fdﬁ‘
ik 5 "'\..L__
glbumina al a2 E ¥
E T B W

3 Mobilitat =

Figura 5. A) Electroforesi de les proteines del plasma sanguini. B) Diagrama esquematic de la

unitat basica de les IG.

Les IG son glicoproteines formades per cadenes polipeptidiques que poden trobar-se de
manera soluble a la sang 1 secrecions o bé associats a la membrana cel-lular dels
limfocits B. Les cél-lules B porten multiples copies idéntiques d’immunoglobulines a la
seva superficie cel-lular. Aquestes, juntament amb proteines accessories, constitueixen
els complexes coneguts com BeR (de ’angles B-Cell Receptor), mitjangant els quals la
cel-lula reconeix 1 s’uneix a antigens externs (Rajewsky, 1996). Les cél-lules B tenen un
paper crucial en la resposta immune adaptativa, essent la presentacid d’antigens i la

produccié d’anticossos les seves principals funcions. Anteriorment al contacte
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antigenic, la cel'lula B amb un BcR funcional es coneix com a cel'lula B naive.
L’especificitat de cada IG és unica per cada cel'lula B, quan I’antigen s’uneix
adequadament al BcR es produeix un procés de maduracidé de 1’afinitat que té lloc a
estructures especialitzades dels organs limfoides secundaris. Aquestes cel-lules B
madures es poden diferenciar cap a c¢l-lules plasmatiques productores d’anticossos o bé
cap a cellules de memoria (MacLennan, 1994). Pero a part d’aixd, aquesta no és la
unica funcié del BcR, lluny de ser una molécula inherent actua també com a senyal
activa i dinamica de transmissié. Es a través del les IG que la cél'lula rep senyals
externes que la poden induir a proliferar, ser anergica, editar el seu BcR o, en
determinades circumstancies, entrar en apoptosi. De manera que el resultat de
I’estimulacié antigeénica depén de multiples factors, tals com les cel-lules presents al
microambient, la interaccid amb co-receptors 1 el tipus i1 la concentracido d’antigen

(Stevenson & Caligaris-Cappio, 2004).

1.2.2 Estructura dels gens de les immunoglobulines
Des del punt de vista estructural, cada molécula d’immunoglobulina esta formada d’una
unitat basica que consisteix en 4 cadenes polipeptidiques; dues cadenes pesades
ideéntiques (cadenes H, de ’angleés heavy chain) de 450-550 aminoacids cadascuna, i
dues cadenes lleugeres ideéntiques (cadenes L, de 1’anglés light chain) de 220
aminoacids. Aquestes 4 cadenes estan unides entre si mitjangant enllagos disulfur entre
residus de cisteines. Cada cadena L esta lligada per aquests enllagos a una cadena H i

cada cadena H esta lligada a una cadena L i també a I’altra H (Figura 5B).

Cadena pesada H: en mamifers hi ha 5 tipus de cadenes pesades: a, J, €, y 1 1 que es
troben respectivament als anticossos IgA, IgD, IgE, IgG i IgM. Aquestes defineixen la

classe d’immunoglobulina i tenen diferent dimensid i composicio.

Cadena lleugera L: en mamifers hi ha 2 tipus de cadenes lleugeres, « i A. Cada cadena

lleugera conté dos dominis successius, un constant i un variable.

Cada cadena, tant H com L, esta formada per diferents dominis estructurals que
contenen entre 10 1 110 aminoacids, i que es classifiquen en diferents categories
depenent de la seva mida i la seva funci6. Podem trobar el domini o regi6 variable (V)
que ¢és la part de la molecula que interacciona amb I’antigen, mentre que la regid

constant (C) determina I’isotip de la molécula i, com a conseqiiencia, confereix la
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funcié efectora. Cada domini V esta format per altres regions altament conservades
conegudes com framework regions (FRs) intercalades amb unes altres regions
hipervariables denominades complementarity determining regions (CDRs) (Lefranc et
al., 1999) (Figura 6). Les FRs s’encarreguen del manteniment de la integritat estructural
de la molecula, mentre que les CDRs son les responsables de generar la gran diversitat
del lloc d’unié de I’antigen, en particular, la regio6 VH CDR3 que és la més variable i la

que presenta més contacte fisic amb 1’antigen.

Per altra banda, la regié V de cada cadena pesada esta codificada per diferents parts,
que es coneixen com a segments. Aquests son coneguts com segment variable (V),
diversitat (D) 1 d’acoblament (J, de I’angles joining) (Figura 6). A les cadenes lleugeres
només s’hi troben segments V i J. Hi ha multiples copies de tots aquests segments

organitzats en tandem en el genoma dels mamifers (Nemazee, 2006).

Fezid vanable (L
Regoll / Regio I

Intrd Fee \ i Rezié d acoblaraent (T)

Eegid
feader !

Regio V(DT

Donadord'splicing
Acceptor d'splicing

Figura 6. Organitzacié molecular de la seqiiéncia dels gens de les IG en el DNA genomic. Les
mutacions somatiques poden tenir lloc tan a FRs com a CDRs. Durant al recombinacid, I’enzim
dideoxinucleotidil transferasa (TdT) addiciona nucleotids de manera aleatoria creant les regions
N. Els residus de cisteina (CYS) i triptofan (TRP) es troben conservats i marquen les posicions

d’anclatge.
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1.2.3 Organitzacio del locus de les immunoglobulines
El locus de la cadena pesada es troba codificat al cromosoma 14, especificament a
14932.33, molt a prop de la regié telomerica (Croce et al., 1979;Kirsch et al.,
1982;McBride et al., 1982). Dins d’aquest hi ha 123-129 gens IGHV (depenent de
I’haplotip analitzat), dels quals només entre 38 i 46 sén funcionals (Croce et al.,
1979;Kirsch et al., 1982;Lefranc et al., 2005;McBride et al., 1982;Stavnezer, 1996). Hi
ha 23 IGHD 1 6 IGHJ gens funcionals downstream dels gens IGHV. Dins d’aquesta
regi6 també es troben codificats 9 gens constants, IGHC (Figura 7A). Els gens
funcionals son els que presenten una pauta oberta de lectura (de 1’anglés Open Reading
Frame, ORF) sense cap codd stop, perd a part d’aquests, el locus IG també conté
nombrosos pseudogens, que no sén funcionals degut a la preséncia de mutacions

puntuals perjudicials o bé codons stop prematurs.

Els gens IGHV estan dividits en 7 subgrups de diferent homologia amb almenys el 80%
d’identitat entre els membres d’un mateix grup. El subgrup IGHV3 és el més gran,
format aproximadament per 21 gens funcionals, seguit per ’IGHV4 i 'IGHV1 amb 10 1
9 gens funcionals, respectivament. La resta de subgrups d’IGHV (IGHV2, IGHVS,
IGHV6, IGHV7) sén molt menys freqiients a I’hora de reordenar i impliquen només 6
gens funcionals en total (Lefranc et al., 1999;Lefranc et al., 2009). Basant-se en la
similitud de la seqiiéncia de nucleotids els subgrups IGHV estan, a la vegada, assignats
en categories més amplies, conegudes com a clans. El clan I es composa d’IGHV1,
IGHVS 1 IGHV7, el clan 11 d’IGHV2, IGHV4 i IGHV6, mentre que el clan III només
consta d’ IGHV3.

La cadena lleugera pot tenir 2 isotips: kappa (k) o lambda (A), encara que en general
només un sera expressat per cada cel-lula. Els gens IGLk estan localitzats al bra¢ curt
del cromosoma 2 (2p11.2), mentre que els gens IGLA es localitzen al cromosoma 22
(22q11.2) (Figura 7B 1 C). El locus IGLk consta de 31-35 gens IG kappa variables
(IGkV), 5 1G kappa joining (IGxJ) 1 1 1G kappa constant (IGkC). L’organitzacid
gendomica d’aquest és singular, tots els gens s’organitzen en 2 cassettes. El cassette
proximal, situat immediatament upstream del cluster 1GkJ, 1 els cassette distal separat
del proximal per 800Kb i per tant, més allunyat de 1GkJ (Figura 7B). En realitat, el
cassette distal €s una duplicacié del proximal perd amb orientacid invertida. En
conseqiiencia, els gens IGkV del grup distal son quasi la imatge especular del seu gen

homoleg situat downstream 1 que es denominen amb al lletra D. En alguns casos els
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gens dels diferents cassettes no es poden distingir en termes de seqiiencia de nucleotids

1 es descriuen com una parella de gens, per exemple IGKV1-12/IGKV1D-12.

(s N

L 1GHV IGHD 1GHI E

-

IGHG3 IGHG1

,
\ IGHGZ IGHGA IGHE IGHAZ © /

~
B L IGKV distal L IGKV proximal IGHI E 1GKC E KDE
s -1 1A e -
. /
[ L G IGLI1 1GLCL J2 1GLC2 J3 IGLC3 4 IGLCA 5 IGLCS J6 IGLCE )7 IGLCT E
* til--AR R HUH Hile -
. /

Figura 7. Organitzaci6 dels gens de les immunoglobulines en humans abans del reordenament,

per a cada cadena corresponent: IGHV (A), IGL«k (B) 1 IGLA (C).

1.2.4 Funci6 i reordenament de les immunoglobulines. Mecanismes de
generacio de diversitat

Els limfocits B s’originen i maduren a la medul-la 0ssia, perd una vegada completats
tots els canvis s’ubiquen als ganglis limfatics, on s’activen en preséncia d’un agent
estrany. Durant el procés de maduracié expressen diferents molécules de superficie utils
per la seva identificacio 1 coneixement de la seva capacitat funcional (Figura 8). La
funcio essencial és la d’unir-se a antigens, actuant com a receptors de senyals
antigeniques (en el cas d’immunoglobulines de membrana) o bé col-laborant en la

destruccio antigénica (quan interaccionen amb macrofags, neutrofils i cél-lules NK).

S’estima que el repertori necessari d’anticossos pot ascendir a 10’ molécules diferents.
Aquesta gran diversitat en el repertori s’aconsegueix gracies a un procés anomenat
recombinacié somatica que assegura el poder respondre de manera especifica. Es un
procés pel qual diferents segments de DNA es barregen a 1’atzar per formar un tinic gen,
d’aquesta manera s’explica com uns pocs segments, en combinar-se, poden generar

aquesta gran quantitat d’immunoglobulines funcionals.
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Cél'lula mare Pro-B Pro-B Pre-B ]_“mfu c{]lt B meu;lt‘B
limfoide primarenca tardana ; Immadur ma , u
Q0 00 |
Gens IeH  cerminal  feordenament  reordenament VDI VDI
- N D-J V-DJ reordenat reordenat reordenat
Gens Igl.  germunal germinal germinal reordenament VI reordenat VI
V-I reordenat
Ig superficie absent absent absent Cadena p IsM IzM + 1D
(pre-BCR) - b
Altres CD34 CD10 CD10 CD19 CD19 CD19
molécules CD19 CD19 CcDi19 CD38 CcD21 CD21
CD38 CD38 CcD3g CD40 CD40 CD40
HILA-TI CD40 CD40 CD24 CD24 CD24
TdT CD24 CD24 CD45R CD45R CD45R
CD45R CD45R CD43 CD20 CD20
CD43 CD43 CD20 HLA-II HLA-IT
HLA-TI HLA-IT HLA-TI
TdT TdT TdT

Figura 8. Estat del reordenament de les IG segons I’etapa de maduracié dels limfocits B.

Marcadors expressats a cada etapa corresponent.

1.2.4.1 Recombinacio V(D)J
Les cellules progenitores B (cel-lules pro-B) es diferencien de les cel-lules mare
limfoides en resposta a 1’estimulacio de les cel-lules veines de la medul-la Ossia.
Aquestes cel-lules pro-B expressen CD43, CD19 i CD24, i en aquest punt comenga el
reordenament de la immunoglobulina. El procés comenga amb la recombinacio D-J,
que implica la uni6 d’un gen del segment D amb un altre del segment J del locus de la
cadena pesada (Figura 9). El fragment de DNA que queda entre els segments de DNA
seleccionats és eliminat. Posteriorment es produeix la unié del complex D-J amb el gen

V, donant lloc a un gen V(D)J reorganitzat.
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Figura 9. Procés de recombinacié dels gens de les IG fins a donar-ne una completament
funcional.

Es genera un transcrit primari que conté la regié V(D)J de la cadena pesada, a més a
més dels gens que codifiquen per la regio constant. L’RNA primari es processa afegint

una cua de poliadenilacié (poli-A) després de la cadena constant seleccionada.

El reordenament de les cadenes lleugeres €s molt similar, perd com que aquestes no
tenen segments D, el primer pas del procés €s la uni6 directa d’un segment J amb un V 1
la posterior addicié d’una cadena constant. L’acoblament de les dues cadenes pesades
amb les dues cadenes lleugeres donara lloc a la produccié de la immunoglobulina que

s’expressara a la membrana dels limfocits B.

1.2.4.2 Hipermutaci6 somatica (SHM)
El procés d’hipermutacié somatica es considera el segon cicle de diversificacio després
del procés de recombinacié V(D)J, amb el qual s’aconsegueix un increment de la
diversitat d’anticossos i una producci6é d’aquests amb elevada especificitat (Liu et al.,
1997). Les mutacions introduides son principalment substitucions i, ocasionalment, es
troben insercions i delecions en una regié d’1-2 kb al voltant de la regié codificant. A
les cel-lules B normals, les mutacions que produeixen substitucions aminoacidiques
clusteritzen més freqiientment a les CDRs que no pas a les FRs, ja que aquestes estan
enriquides amb motius hotspot reconeguts per I’enzim citidina deaminasa (AID)
(Milstein et al., 1998;Rogozin & Diaz, 2004;Rogozin et al., 1996). L’AID pertany a la

familia d’enzims “editors de ’'RNA” 1 actua desaminant els residus de citosina del
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DNA en uracil provocant un missmatch U-G. Els uracils normalment no estan presents
al DNA, de manera que quan el DNA es replica, I’'U és reconegut com a T, provocant
que s’introdueix una mutacio. Alternativament, les mutacions també poden crear-se per
accio de I’enzim de reparacid uracil-DNA glicosilasa (que elimina directament 1’U 1 el
substitueix per qualsevol de les 4 bases del DNA), pel sistema de reparacio per excisio,

o bé pel sistema de reparacio de missmatch.

1.2.4.3 Commutacio6 de I’isotip (CSR)
Es el procés biologic que fa canviar I’anticds d’una classe a una altra, passant d’IgM i
IgD (present en limfocits verges) a IgG, IgA o IgE. Durant aquest procés es canvia la
porcid de la regid constant de la cadena pesada de 1’anticos (IGHC) perod no afecta a la
regié variable, per tant, no afecta a 1’especificitat, de manera que se seguira unint als
mateixos antigens. L’isotip de 1’anticos determinara la manera com els antigens seran

capturats i eliminats.

1.2.5 Repertori de les IG de les cél-lules B normals i neoplasies limfoides
El nimero de possibles reordenaments IGHV-D-J és enorme, perd sembla ser que la
sobre-representacio de determinats gens en el repertori de les cél-lules B normals, és
un fenomen natural. Segons Brezinschek es al. IGHV3, IGHV1 i IGHV4 son les
families predominants, mentre que a nivell individual ho son IGHV3-23, IGHV3-30 i
IGHV4-59 entre d’altres, en funcidé de la poblacido estudiada (Wu et al.,
2010;Brezinschek et al., 1997). També s’ha observat 1’us preferencial d’alguns gens en

I’analisi de les cadenes lleugeres (Agathangelidis et al., 2011;Foster et al., 1997).

El procés de recombinacié V(D)J es produeix abans de 1’exposicid a ’antigen 1 aixi es
crea el repertori pre-immune. L’exposicié a autoantigens o antigens exogens condueix a
processos tals com la SHM 1 I’edici6 del receptor per crear més diversitat. Per tant, el
biaix descrit anteriorment no només €s degut a la interaccié amb determinats antigens,
sind també pel biaix inherent del repertori pre-immune degut a factors genctics i
epigenetics com la recombinacié eficient degut a la composicié de les RSS (seqiiencies
senyalitzadores de la recombinacié que participen en el procés de SHM), I’eficiéncia de
I’enzim d’escissio RAG (gen activador de la recombinacio), la localitzacié del gen, i la
orientacid transcipicional (en el cas de la cadena lleugera) que podria afectar a la

freqtiencia de reordenament de determinants gens (Foster et al., 1997;Yu et al., 2002).
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Aquesta pressio selectiva en la conformacio del repertori del gens de les IG en
poblacions de ce¢l-lules normals per un conjunt limitat d’antigens i/o superantigens,
tamb¢ s’ha observat en altres processos limfoproliferatius com la leucémia limfatica
cronica de cel'lules B (LLC) 1 el limfoma de la zona marginal esplénic (LZME),
hipotetitzant que aquests fenomens d’estimulaci6 antigeénica podrien estar involucrats
en la patogeénesi d’aquestes neoplasies. De manera que ’evidéncia immunogenética en
el desenvolupament de limfomes ¢€s clara, el que encara queda per establir és si aixo
implica la seleccié de cel-lules progenitores diferents o bé si aquestes responen de

manera preferencial a determinats estimuls.
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1.3 NEOPLASIES LIMFOIDES

Les neoplasies limfoides son tumors clonals que afecten a formes madures i immadures
de cel-lules B, T 1 NK en diferents estadis de la diferenciaci6. La biologia i les
manifestacions cliniques d’aquestes son molt diverses, degut principalment a
I’existéncia d’una gran complexitat cel-lular 1 funcional de les poblacions d’origen, aixi
com a [I’heterogeneitat dels mecanismes patogénics que contribueixen al seu
desenvolupament i1 progressid (Evans & Hancock, 2003;Jaffe et al., 2008).

Les causes biologiques de 1’aparicié d’aquestes neoplasies son diverses perd, com en la
majoria dels cancers, s’originen a partir d’una sola cel-lula que va acumulant mutacions
al llarg dels anys. Aquestes alteracions poden afectar a proto-oncogens (convertint-los
en oncogens 1 contribuint aixi en la malignitzacié del llinatge cel-lular), gens supressors
de tumors (que deixen d’expressar-se o produeixen una proteina no funcional) i gens de
reparacio del DNA (conduint a I’aparici6 de multiples mutacions amb efectes

cancerigens).

1.3.1 Classificacio
Degut a la propia diversitat ha estat dificil establir criteris definitius de classificacié de
les neoplasies limfoides. La correcta classificacid €s important per ajudar a establir el
pronostic 1 decidir el tractament més adequat per cada cas. Durant la década dels anys
70, es van proposar diferents models per a la classificacio 1 a ’any 1982, en un intent
d’unificar criteris, es va publicar un ambicios treball realitzat per d’Institut Nacional del
Cancer (NCI) dels Estats Units que comparava 6 de les classificacions més importants
ja existents, donant com a resultat el que es coneix com la Working Formulation for
Clinical Usage, que va ser molt utilitzada tan per patolegs com per clinics (NCI,1982).
Tot 1 I’esforg, encara tenia certes limitacions, donat que només estava basada en criteris
morfologics i metrics cel-lulars. Conseqiientment, 1’any 1994, un grup internacional de
patolegs (International Lymphoma Study Group, ILSG) va consensuar una proposta
denominada classificaci6 REAL (Revised European-American  Lymphoma

Classification) per actualitzar la classificacio existent.
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Neoplasies de cél-lules B

Precursors de cél-lula B

- Leucémia/limfoma limfoblastic de precursors B

Neoplasies de cél-lules B periferiques
- Leucémia limfatica cronica/limfoma limfocitic de c¢l-lules petites
- Limfoma de cel-lules del mantell
- Limfoma fol-licular
- Limfoma de la zona marginal esplénic
- Tricoleucemia
- Limfoma limfoplasmacitic
- Plasmocitoma/Mieloma multiple
- Limfoma difus de cel-lules grans
- Limfoma difus de cel-lules grans associat a inflamacid cronica
- Leuceémia prolimfocitica
- Limfoma de Burkitt
- Limfoma B de la zona marginal extraganglionar (MALT)
- Limfoma B de la zona marginal ganglionar
- Limfoma de cel'lules B amb caracteristiques intermedies entre el

limfoma difus de cél-lules grans i el limfoma de Burkitt
- Limfoma de cel'lules B amb caracteristiques intermedies entre el
limfoma difus de cél-lules grans 1 el limfoma de Hodgkin
Neoplasies de cél-lules T i NK
Precursors de cel-lules T
- Leuceémia/limfoma limfoblastic T
Neoplasies de cel-lules T periferiques (madures) i NK
- Leuceémia prolimfocitica T
- Leuceémia de limfocits granulars
- Leucémia de cel-lules NK agressiva
- Leuceémia/limfoma T adult
- Limfoma extraganglionar NK/T
- Limfoma entereopatic
- Limfoma hepatoesplénic
- Panniculitis subcutania
- Micosis fungoide
- Limfoma anaplastic
- Limfoma T periferic
- Limfoma angioimmunoblastic
- Limfoma anaplastic tipus sisteémic
Limfomes de Hodgkin

Taula 1. Classificacié actual de les neoplasies limfoides presentada per la OMS (2008).
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Posteriorment, aquesta classificacio va ser també modificada i1 actualment s’utilitzen els
criteris de classificacié descrits per la Organitzaci6 Mundial de la Salut (OMS)
(Swerdlow et al., 2008), que inclou tres categories principals de neoplasies limfoides:
les provinents de cel-lula B (77%), les de cel-lula T/Natural Killer (6%) 1 el limfoma de
Hodgkin (9%), mentre que el 8% restant segueix quedant inclassificat o entre varies
formes de limfomes, en el que es coneix com a zona gris. Les neoplasies B tendeixen a
mimetitzar els estadis de diferenciacié de les cel-lules B normals, aquesta similitud és la
base per a seva agrupacio 1 nomenclatura, de manera que la ultima classificacio de la
OMS, esta basada principalment en el llinatge cel-lular i una combinacié de

caracteristiques cliniques, morfologiques, immunofenotipiques i genetiques (Taula 1).

La morfologia 1 I’immunofenotip semblen ser caracteristiques suficients per al
diagnostic de la majoria de neoplasies limfoides, perd no existeix cap marcador unic
que sigui especific d’una unica neoplasia. De manera que la combinacio de les
caracteristiques morfologiques 1 un panell de marcadors antigénics son necessaris per al
correcte diagnostic. Tot 1 aix0, dins d’una mateixa entitat concreta, es troben variacions
de les caracteristiques immunofenotipiques, de manera que els estudis moleculars (tan
genetics com d’expressid génica) poden resultar molt utils per afinar en el diagnostic 1

la correcte classificacié de les neoplasies limfoides.

Degut a que les neoplasies limfoides inclouen entitats molt diferents des del punt de
vista histologic, clinic i evolutiu, els pacients requereixen tractaments que depenen en
gran mesura de I’agressivitat del limfoma i que s’han d’ajustar-se al risc que presenta

cada malalt.
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1.4 LIMFOMA DE CEL-LULES DEL MANTELL

Aquesta tesi es centra basicament en 1’estudi del limfoma de cel-lules del mantell
(LCM), una neoplasia limfoide de c¢l-lules B madures, denominat aixi donat que
s’hipotetitza que la cel-lula d’aquest tumor és un limfocit B el microambient fisic del

qual correspon a la zona del mantell dels fol-licles limfoides secundaris.

El LCM ¢és una neoplasia de cel-lules B que representa aproximadament el 3-10% (Sant
et al, 2010) dels limfomes no-Hodgkin, amb una incidéncia anual estimada de
0.45/100.000 casos/any. Aquesta incidéncia ha augmentat en els ultims anys, tot i que
es creu que aixo podria estar relacionat amb els canvis en les técniques de diagnostic
(Morton et al., 2006). Es dona principalment en individus d’edat avangada, al voltant
dels 60 anys i afecta preferencialment a homes (2.5-3:1). Normalment es troba afectacid
a ganglis limfatics, tot 1 que la melsa i la medul‘la 0ssia, també son llocs importants. A
més, la majoria dels casos presenta, també, afectacid a sang periférica. Les cel-lules
neoplasiques generalment tenen un mida petita-mitjana, amb un contorn nuclear
irregular 1 presenten un elevat index proliferatiu, esdevenint el LCM una malaltia molt

agressiva 1 dificilment curable.

1.4.1 Morfologia i immunofenotip
El LCM classic esta caracteritzat per una proliferacié limfoide monomorfica, vagament
nodular i difusa a la zona del mantell. Tot i aixd aquestes cel-lules tumorals tenen
tendéncia a disseminar-se pel cos, de manera que pocs casos mostren afectacido quasi
exclusivament restringida a la zona del mantell, en aquests casos es parla de LCM “in
situ” (Richard et al., 2007). Les cel-lules tumorals tenen aspecte de centrocits, amb
cromatina dispersa i un discret nucleéol. Existeixen diferents variants morfologiques,
importants per la seva significacid clinica: a) blastic: format per cel-lules de mida
mitjana 1 de nucli arrodonit, i amb un index mitotic molt elevat que li confereix molta
agressivitat, b) pleomorfic: format per cel-lules de mida gran i nuclis irregulars amb
cromatina dispersa, presenta un elevat index mitotic, ¢) de c¢l-lula petita i d) de tipus

zona marginal (Figura 10).
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Figura 10. Variants morfologiques. El LCM classic (A) es caracteritza per una proliferacio
monotona de limfocits petits i mitjans amb citoplasma escas, nucli irregular i cromatina
condensada. Les variants blastiques (B) i pleomorfiques (C) presenten elevada agressivitat
degut a I’elevat index mitotic. La variant de cel-lula petita (D) presenta cél-lules de mida petita

amb nuclis arrodonits imitant a la leucémia limfatica cronica (LLC).

Les cel-lules de LCM expressen IgM/IgD en superficie 1 reordenen principalment la
cadena lleugera lambda (IGLA). També tenen expressié dels marcadors de membrana:
CDs5, CD19, CD20, CD22, CD43 i CD79. No expressen CD10 ni BCL6 i no solen ser
positius per CD23. S’han descrit fenotips aberrants, com 1’abséncia de CDS5 i
I’expressio6 de CD10 1 BCL6, normalment associats a variants blastiques 1/o
pleomorfiques. Tots els casos son positius per I’expressio de la proteina BCL2 1 gairebé
tots presenten positivitat immunohistoquimica per la ciclina D1(Figura 11A), inclus els

casos CD5 negatius.

Cromosoma 14 5 o IGH/CCHD1

T

CCND1

8 |GH

Cromosoma 1 1_‘%

Figura 11. Sobrexpressio del gen de la CCND1 detectada per immunohistoquimica (A) com a

IGH/CCND1

conseqiiéncia de la preséncia de la translocacid t(11;14)(ql13;32). Esquema (B) i imatge

obtinguda per FISH (C) de la translocacio reciproca entre els cromosomes 111 14.
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1.4.2 Periode de laténcia
El LCM es caracteritza per la translocacio t(11;14)(q13;q32), present practicament en
tots els casos 1 considerat el primer esdeveniment oncogenic que es dona en medul-la
oOssia en un estat pre-B de la diferenciacio. Recentment s’ha demostrat que aquesta
neoplasia pot tenir un llarg periode de laténcia i probablement no totes les cel-lules que
adquireixen la translocaci6 inicial es transformen en un limfoma maligne. S han descrit
baixos nivells de la t(11;14) en sang periferica d’individus sans. Aquests clons poden
persistir durant un llarg periode de temps, entre 7 1 9 anys (Lecluse et al., 2009).
L’existencia d’aquests llargs periodes de laténcia s’ha posat en evidencia en un estudi
en el que un donant i el seu receptor desenvolupen simultaniament un LCM amb el
mateix origen clonal, després d’un transplantament halogenic de medul-la ossia realitzat
12 anys abans (Christian et al., 2010). Un estudi retrospectiu en 7 pacients de LCM va
identificar un LCM “in situ” en biopsies previes obtingudes entre 2.1 1 15.5 anys abans
del desenvolupament del LCM clinic, confirmant la idea de la presencia d’un llarg
periode de laténcia des de I’inici fins al desenvolupament de la malaltia clinica

simptomatica (Racke et al., 2010).

1.4.3 Genetica
La translocacio t(11;14)(q13;q32) (Figura 11B i C) és el primer esdeveniment genétic 1
juga un paper clau en la creacié d’inestabilitat gendmica que condueix a 1’evolucio del
tumor. Aquesta translocacid juxtaposa el gen de la cadena pesada de les
immunoglobulines (IGHV) amb el gen de la ciclina D1 (CCNDI), provocant una
sobrexpressid d’aquesta a nivell de RNA missatger (mRNA) 1 proteina, i com a

conseqiiencia influint en cicle cel-lular i en la progressid del tumor.

Per altra banda, més del 90% dels LCM presenta altres alteracions cromosomiques
secundaries no aleatories, que semblen ser necessaries per a la progressio de la malaltia.
Aquestes inclouen guanys en 3q, 7p 1 8q, aixi com perdues en 1p, 6q, 9p, 11q, 13q, 1
17p 1 en alguns casos trisomia 12 i tetraploidies (principalment en les variants
pleomorfiques) (Royo et al., 2011). Algunes d’aquestes alteracions citogeniques poden
estar associades amb determinats parametres clinics com la presentacid leuceémica

(Ferrer et al., 2007;Parry-Jones et al., 2007).
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Les dianes de les alteracions oncogéniques estan implicades en vies de resposta al dany
al DNA i cicle cel-lular (CDKN2A, CDKN2B i MTAP), mutacions inactivants en el gen
d’ATM (11q22-23) detectades en el 40-75% dels casos, encara que de manera ocasional,
aquestes mutacions també han estat detectades en linia germinal. Les variants altament
proliferants presenten freqiientment mutacions a 7P53, delecions homozigotes de
CDKN2A4 (INK4a/ARF), amplificacions i sobrexpressio de BMII i CDK4 (Bea et al.,
1999;Bea et al., 2009), aixi com microdeleccions ocasionals d’RB (Pinyol et al., 2007)
(Taula 2).

Per altra banda, I’analisi de tumors primaris amb plataformes d’elevada resolucié com
array-CGH (Kohlhammer et al., 2004;Salaverria et al., 2008) i SNP-array (Rinaldi et
al., 2006;Thelander et al., 2006) combinat amb dades d’expressido genica ha revelat
noves regions alterades, com delecions homozigotes a 1p33 (FAFI, CDKN2C), 2q13
(BCL2L11), 2q37 (SP100) 1 19q13.1 (superfamilia de gens TNF), relacionades amb el
pronostic dels pacients (Bea et al., 2009;Hartmann et al., 2010;Kawamata et al., 2009)
(Taula 2).

Alteracio Gens diana Vies
del 1p32.3 FAF1/CDKN2C Supervivéncia i cicle cel-lular
del 2q34 MAP2 Microtubuls
del homo 2q13 BCL2L11 Supervivencia cel-lular
del 6q24/25 LATSI Hippo: proliferacid i supervivéncia
del 6p23 TNFAIP3/A20 Inhibicio NF-kB
del 8p23 MCPHI Resposta dany al DNA
del 9p21.3 CDKN2A/MTAP Cicle cel-lular
del bial-l¢lica 9p21 CDKN2B Cicle cel-lular
del 9p MOBLK2B Hippo: proliferaci6 i supervivencia
amp 10p12.2 BMII Cicle cel-lular
del 11g22-23 ATM Augment inestabilitat genética
amp 11q13.4-q13.5 MAP6 Microtubuls
amp 12q13 CDK4/MDM?2 Cicle cel-lular i apoptosi
del 13q14.2 RBI Cicle cel-lular
del 13q33-34 CUL4A4/ING1 Cicle cellular i resposta al dany al DNA
amp 18g21 BCL2 Supervivencia cel-lular i apoptosi
del 19p MOBLK2B Hippo: proliferacio i superviveéncia

Taula 2. Potencials gens diana de les alteracions genétiques recurrents en LCM (Abreviatures:

amp: amplificacio; del: delecio).
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1.4.4 Vies patogenctiques implicades
- Degudes a alteracions genétiques: son alteracions que afecten principalment a
elements de control del cicle cel-lular, vies de resposta/reparacio al dany al DNA i a la
supervivencia cel-lular (Jares & Campo, 2008;Jares et al., 2007) (Taula 2). El
refinament dels estudis genctics no només permet ampliar el coneixement de gens
implicats en aquests mecanismes sind que demostra la implicacié de noves vies com
I’Hippo, relacionada amb la proliferacio 1 1’apoptosi (Hartmann et al., 2010) 1
alteracions genctiques de la xarxa de proteines associades als microtubuls (Vater et al.,

2009) (Taula 2).

- Activades en LCM sense alteracions genétiques aparents: son alteracions que
impliquen principalment vies de creixement cel-lular 1 supervivencia.

- Via PI3K/AKT/mTOR: ¢és la via que connecta els senyals extracel-lulars
(incloent el BcR en limfocits) amb mecanismes com la proliferacid, el creixement i la
supervivencia. Estudis dels perfils d’expressio van identificar una sobre-regulacio de
molts dels gens implicats en aquesta via de senyalitzacio (Rizzatti et al., 2005). A més,
les cel-lules tumorals presenten elevats nivells de les formes actives fosforilades
d’elements claus com AKT i mTOR (Peponi et al., 2006;Rudelius et al., 2006). No es
coneix la causa de ’activacid constitutiva d’aquesta via, perd cal destacar-ne la seva
importancia degut als efectes in vitro sobre el cicle cel-lular 1 la supervivéncia
d’inhibidors de PI3K i mTOR, aixi com les respostes cliniques obtingudes en pacients
de LCM amb recaigudes 1 préviament tractats amb aquests inhibidors (Hess et al.,
2009;Jares et al., 2007;Perez-Galan et al., 2010).

- Via canonica de WNT: la desregulacié d’aquesta via juga un paper important
en la patogeénesis d’una amplia varietat de tumors humans. Estudis moleculars i
funcionals suggereixen que aquesta via esta activada en LCM (Rizzatti et al., 2005)
degut a la preséncia de GSK3B fosforilat i inactiu que provoca I’acumulacid nuclear de
B-catenina (Gelebart et al., 2008;Hess et al., 2009;Peponi et al., 2006;Perez-Galan et al.,
2010).

- Via NF-kB: activada constitutivament en linies cel-lulars i tumors primaris de
LCM per sobrexpressio de molts gens diana, incloent proteines antiapoptotiques com
cFLIP, BCL2, BCL-X 1 XIAP (Perez-Galan et al., 2010). Els mecanismes d’activacid
d’aquesta via no estan clars, perd sembla que la via de senyalitzaci6é del BcR 1 del TNF

podrien ser-ne vies mediadores (Perez-Galan et al., 2010). La recent identificacid de
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mutacions inactivants, delecions i hipermetilacié del promotor de A20 i FAF1 (dos
inhibidors d’aquesta via) ressalta la base genética com a possible activaci6 de la via NF-
kB (Bea et al., 2009;Hartmann et al.,, 2010;Honma et al., 2009;Kawamata et al.,
2009;Pinyol et al., 2007).

Recentment, mitjancant les noves tecnologies d’ultrasequenciacidé (RNA seq), s’ha
analitzat el transcriptoma complet de 18 teixits primaris de LCM 1 dues linies cel-lulars
1 s’ha descrit que el 12% de les mostres 1 el 20% de les linies presenta mutacions
recurrents en el gen NOTCHI (Kridel et al., 2012). La via de NOTCH esta altament
conservada 1 intervé en una gran varietat de processos fisiologics; proliferacio, mort
cel'lular, 1 diferenciacio. La seva desregulacid esta implicada en trastorns del
desenvolupament 1 oncogenesi, principalment com a promotor tumoral. Aquesta
mutacid també es va descriure en LLC (Puente et al., 2011) 1 en leucémia limfoblastica
aguda T (T-ALL) (Weng et al., 2004) i s’associa a curta supervivencia en LCM 1 LLC
(Kopan et al. 2009). Aquest estudi evidencia que la tecnologia next-generation
sequencing ¢€s un nou camp per explorar que permetra descobrir noves alteracions

importants en malalties complexes.

1.4.5 Factors de prediccio i pronostic
L’evoluci6 clinica dels pacients és relativament agressiva, tot i que la superviveéncia
mitjana €s de només 3-5 anys, la resposta al tractament ha millorat en els ultims anys.
La remissioé completa s’obté en el 60% dels pacients i el periode de superviveéncia lliure
de malaltia és curt, de manera que la majoria de pacients presenten recaigudes poc
temps després de la remissio. El parametre amb significat pronostic advers independent
més utilitzat és 1’elevat index mitotic relacionat amb 1’elevada proliferacié (proporcid
de cel-lules positives per ki67), perd 1’edat avancada, els nivells elevats de lactat
deshidrogenasa (LDH) en seérum i els elevats nivells d’albimina serica, entre d’altres,
son també factors clinics associats a mal pronostic. S’ha descrit un index prondstic
conegut com a MIPI (de I’angles Mantle Cell Lymphoma International Prognostic
Index), dissenyat especificament per LCM 1 basat en quatre factors pronostics
independents (edat, ECOG, LDH en s¢rum i recompte leucocitari) (Hoster et al., 2008).
Aquest parametre permet la classificacid, més precisa, dels pacients en 3 grups de risc
amb diferent supervivencia. Altres estudis també demostren I’existéncia de factors

pronostics moleculars, per exemple, s’ha confirmat el pronostic desfavorable de
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I’elevada complexitat genomica (Bea et al., 1999;Halldorsdottir et al., 2011b) 1 el tipus
d’alteracions cariotipiques com soén guanys a 3q i1 12q i perdues a 8p, 9p, 9q, 13p i 17p
(Parry-Jones et al., 2007;Bea et al., 1999;Martinez-Climent et al., 2001;Allen et al.,
2002;Kohlhammer et al., 2004;Espinet et al., 2010;Salaverria et al., 2007;Rubio-
Moscardo et al., 2005;Hartmann et al., 2010). Les mutacions a 7P53 (Halldorsdottir et
al., 2011a;Hernandez et al., 1996;Louie et al., 1995;Greiner et al., 1996) i CDKN2a
(Pinyol et al., 1997;Hutter et al., 2006), també es relacionen amb mal prondstic mentre
que segons la morfologia, les variants blastiques i pleomorfiques s’han associat a
superviveéncies inferiors (Campo et al., 1999;Bea et al., 2009;Espinet et al., 2010). Per
altra banda, s’ha descrit que els pacients amb LCM in situ poden tenir un millor

pronostic (Nodit et al., 2003).

1.4.6 Tractament

El tipus de tractament seleccionat per a un pacient de LCM depen de ’estadi de la
malaltia, I’edat i1 I’estat de salut general d’aquest. EI LCM ¢és dificilment curable, pero
en els darrers anys s’ha progressat molt en el descobriment 1 desenvolupament de noves
terapies 1 tractaments, aquests son:

+ “Vigilancia i espera”. Alguns pacients presenten un desenvolupament lent de la
malaltia amb un curs clinic indolent. En aquests casos es pot diferir el tractament fins a
la progressié de la malaltia fins a fases simptomatiques, tot i que els pacients haurien
d’estar molt ben controlats 1 vigilats (Martin et al., 2009).

- Quimioterapia. Estudis recents han demostrat que la combinacié dels diferents regims
de quimioterapia amb 1’anticos monoclonal rituximab anti-CD20 millora els index de
resposta 1 possiblement la supervivencia global. Per exemple una aproximacio
terapeutica comu és el conegut com R-CHOP (rituximab, ciclofosfamida, doxorubicina,
vincristina i prednisona) (Foran et al., 2000). El suplement de HiperCVAD-MTX/AraC
(Budde et al.,, 2011) (hiperciclofosfamida fraccionada, vincristina, doxorubicina,
dexametasona, metotrexat i citarabina) amb rituximab o el trasplantament amb cel-lules
mare estan obtenint resultats prometedors. Encara que aquests ultims tractaments son
molt intensius 1 de considerable toxicitat, proporciona respostes més llargues,
principalment en pacients joves, comparant amb el tractament convencional de R-

CHOP.
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- Inhibidors del proteasoma. Aquestes drogues influeixen en vies moleculars crucials
per a I’eliminaci6 de proteines, tan en c¢l-lules normals com canceroses. El bortezomib
¢és un inhibidor que ha estat acceptat per la FDA (de l’angles Food and Drug
Administration) com a tractament de LCM en pacients que han rebut un tractament
previ.

+ Trasplantament. La medul-la oOssia conté cel-lules mare immadures que poden
desenvolupar cap a cel-lules sanguinies, globuls blancs 1 plaquetes. Si les dosis de
quimioterapia o radiacio per eliminar les cel-lules canceroses son molt elevades, aquesta
es destruira. Un trasplantament de cel-lules mare ajudara a restaurar-la. N’hi ha dos
tipus: a) al-logenic: pacients que reben cel-lules mare d’un donant sa. Ha estat testat en
assaigs clinics en pacients joves, com a tractament de consolidacié després del
tractament inicial d’induccié amb quimioterapia i rituximab. Els trasplantament amb
intensitats reduides, coneguts com trasplantaments no mieloablatiu o mini-
trasplantaments, son procediments en els que les cel-lules mare es reben d’un donant
al-logeénic, perd la quimioterapia i/o la radiacidé administrada abans del trasplantament
¢és menys intensa, només la suficient per permetre 1’acceptacido de les cel-lules
incorporades per part de 1’organisme receptor. Les cel-lules trasplantades reconeixen el
cancer com a un invasor extern i activen c¢l-lules del sistema immune per destruir-lo.
L’aplicacio d’aquesta estratégia permet evitar alguns efectes secundaris observats a
altres dosis de quimioterapia. b) Autoleg: amb les cel-lules d’un mateix pacient. Hi ha
debat entre els investigadors 1 el personal medic, sobre quin és el trasplantament més
adequat i eficac. En general, elevades dosis de quimioterapia seguit d’un trasplantament
¢s acceptat per tractar pacients que no han respost a un primer régim de quimioterapia.
Alguns pensen que el trasplantament al-logeénic és millor per pacients que presenten
recaiguda i que el trasplantament autdleg només s hauria d’utilitzar com a part inicial

de tractament.

Actualment hi ha altres compostos en desenvolupament i altres tractaments que s’estan
investigant, com per son:
- L’us d’agents alquilants: Bendamustina, provoca dany al DNA de cel-lules
canceroses 1 per tant la mort cel-lular. Es planteja el seu us en combinacié amb altres
drogues.
- Antimetabolits: Gemcitabine, interfereix en el creixement cel-lular i actualment

s’esta provant combinat amb boretzomib.
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- Terapies directes a Bcl-2: la proteina Bcl-2 protegeix a les cel-lules canceroses
de la mort, de manera que s’estan provant agents simples per bloquejar I’efecte
d’aquesta proteina.

- Immunoterapia: els anticossos monoclonals com el rituximab sén un exemple
d’immunoterapia, aquests s’uneixen especificament a proteines diana de les cel-lules
canceroses provocant que siguin localitzades i eliminades pel sistema immune. La
radioimmunoterapia és una modificacié d’aquesta aproximacid, en el que una
molecula radioactiva esta unida a un anticos monoclonal, quan 1’anticos reconeix les
cel-lules canceroses, la radiacio les destrueix. El iodine 131 tositumomab o el
Yttrium-90 ibritumomab tiuxetan sén dos radioimmunoterapics que s’han provat en
alguns tipus de no Hodgkin limfomes i estan sent testats en pacients de LCM.

- Drogues immunomoduladores (IMiDs): son farmacs que estimulen la resposta
immune dels pacients. La lenalidomida i la thalidomida sén dos compostos que
actualment s’estan investigant (Habermann et al., 2009).

- Inhibidors de 'mTOR: la via PI3K/mTOR/AKT ¢&s important per al creixement
cel-lular, la proliferacio 1 la supervivencia. Les linies cel-lulars de LCM presenten
activacio constitutiva d’aquestes vies 1 en pacients s’ha observat una sobre-regulacid
de molts dels gens implicats. L’activacio excessiva de la via de ’'mTOR (de I’angles
Mammalian Target of Rapamycin) pot conduir a un creixement cel-lular excessiu,
mentre que la inhibicid d’aquest el pot prevenir 1 fins i tot provocar apoptosi. El
temsirolimus n’és un exemple en desenvolupament, que indueix resposta en més

d’un 40% dels LCM amb recaigudes (Ansell et al., 2008).

1.4.7 Formes indolents
Tot 1 el curs clinic agressiu associat a aquesta neoplasia, recentment s’ha observat que
alguns pacients diagnosticats de LCM poden tenir un curs clinic indolent, amb una
llarga supervivencia de més de 7-10 anys i alguns d’ells sense necessitat de tractament
en el moment del diagnostic (Espinet et al., 2005; Fernandez et al., 2010;Martin et al.,
2009;Nodit et al., 2003;0rchard et al., 2003). Aquests pacients presenten algunes
caracteristiques cliniques, genétiques 1 moleculars que els diferencia dels LCM
agressius, son tumors leucémics amb esplenomegalia i predominantment sense afectacid
ganglionar (Orchard et al., 2003;Angelopoulou et al., 2002). Aquestes formes indolents
tamb¢ presenten un cariotip simple, sense alteracions, a excepcid de la t(11;14), present

en tots els casos i1 I’elevat nombre de mutacions somatiques en els gens IGHV
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(Fernandez et al., 2010). L’aparicié d’aquesta nova forma va plantejar el dubte de que

podien correspondre a altres subtipus de limfomes esplénics o leucemitzats. Aquesta

qiiestio es va abordar amb un analisi comparatiu dels perfils d’expressio que demostrava

que aquestes formes indolents eren molecularment més semblants als LCM

convencionals, donant suport a la idea de que podien correspondre a la mateixa entitat.

D’aquesta manera es va identificar una signatura de 13 gens diferencialment expressats
entre ambdods grups: LGALS3BP, CSNKIE, SOX11, KIAA1909, FARPI, PON2, CNN3,
DBNI, HDGFRP3, CDK24AP1, HMGB3, SETMAR, CNRI y RNGTT (Fernandez et al.,

2010) (Figura 12).
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Figura 12. Perfil d’expressi6 diferencial entre LCM indolents i convencionals, i descripcié de

les caracteristiques genétiques i moleculars. A la part superior, el diagrama de barres reflexa la

complexitat genomica mitjangant el nombre d’alteracions per cas. A la part inferior, el heat map

mostra D’expressio diferencial dels gens més significatius. En verd es representa la infra-

expressio i en vermell la sobrexpressid. B) Heat map de les sondes més diferencialment

expressades, seleccionades per a posteriors estudis.
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HETEROGENITAT EN EL LIMFOMA DE LES CEL-LULES DEL MANTELL

La conducta clinica 1 biologica dels pacients de LCM presenta una amplia
heterogeneitat. La morfologia, I’'immunofenotip i el genotip no sén suficients per
explicar aquesta diversitat, de manera que es requereix d’altres aspectes, desconeguts
fins al moment, que ens ajudin a entendre aquesta gran varietat i ens permetin millorar

la caracteritzacié d’aquests pacients.

1.5 IMMUNOGLOBULINES EN EL LCM

1.5.1 Evidéncia d’estimulacié antigénica
L’analisi immunogenic dels receptors de les cel-lules B (BcR) de diferents neoplasies
limfoides ha permes fer importants contribucions cap a la comprensié de la ontogenia
d’aquestes malalties, I’obtenci6 d’evidencies d’una possible participacié de processos de
seleccid antigeénica, aixi com la identificacié de subtipus biologics amb les seves
conseqiiencies cliniques. Les seqiiencies de les IG son relativament facils d’analitzar i
no només es poden utilitzar com a marcador de rastreig per a la deteccid del tumor, sind
que també revelen la historia clonal de les cel-lules, des de la seva cel-lula B parental

fins més enlla a través de la seva transformacio.

La LLC ha estat ampliament estudiada en aquest ambit degut a la rellevancia clinica de
les troballes. Els BcR d’aquesta neoplasia identifiquen subgrups de pacients amb
diferent presentacid clinica i supervivencia, diferents perfils genomics, metilacié global
del DNA, expressié de miRs 1 senyalitzacid cel-lular, indicant que la reactivitat dels
BcR per un antigen funcional esta criticament relacionada amb el comportament
biologic dels clons malignes (Chiorazzi & Ferrarini, 2011;Hamblin et al., 1999;Maura
et al., 2011;Murray et al., 2008;Szankasi & Bahler, 2010). Als anys ‘90 dos grups van
demostrar, de manera independent, que dos pacients (no relacionats) de LLC
presentaven molta similitud a la regi6 VH CDR3, suggerint que el mateix antigen
podria haver estat involucrat en la diversificacio i el procés de seleccié (Efremov et al.,
1996;Johnson et al., 1997;Widhopf & Kipps, 2001). L’existéncia d’aquests
reordenaments prototipats (corroborat per Fais er al. al 1998 (Fais et al., 1998)) i
repertoris IGHV restringits 1 no aleatoris, va fer que s’introduis el concepte d’estereotip
(Messmer et al., 2004). Els BcR d’un mateix estereotip son similars, sovint amb 1’is de

les mateixes cadenes pesades i lleugeres, i amb caracteristiques estructurals del VH
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CDR3 molt semblants (longitud, composicié aminoacidica, aminoacids dels llocs
d’unio6...). En conjunt, aquestes troballes immunogeéniques sustenten fermament la idea
de que la LLC no €s un procés estocastic de les cel-lules B madures, sind que podria ser
un procés impulsat per antigens, de manera que els processos d’estimulacid antigénica

podrien promoure 1’expansi6 dels clons tumorals.

El LCM comparteix determinades analogies fenotipiques 1 biologiques amb la LLC
(Swerdlow et al., 2008). Es va demostrar que els LCM tenien un BcR somaticament
mutat amb una forta restriccid de I’us de determinats gens IGHV, també observat en
d’altres sindromes limfoproliferatives (Aarts et al., 1998;Ottensmeier et al.,
1998;Stamatopoulos et al., 1999;Thompsett et al., 1999), i la preséncia de patrons
prototipats (Hadzidimitriou et al., 2011). No obstant, i a diferéncia de la LLC, existeix
certa controversia en les implicacions cliniques d’aquests analisis en LCM. Tot i que
s’ha demostrat que els pacients amb elevada carrega mutacional en els gens IGHV
tendeixen a tenir una millor supervivéncia (Camacho et al., 2003;Kienle et al.,
2003;Orchard et al., 2003), la majoria d’estudis no han trobat cap relacio entre ’estat
mutacional d’aquests gens 1 I’evolucié de la malaltia (Cogliatti et al., 2005;Schraders et
al., 2009). Degut a les observacions d’aquestes discrepancies seria interessant realitzar
estudis per poder respondre 1 aclarir aquestes qiiestions, aixi com determinar possibles

nous mecanismes de patogeénesi, tal i com s’han descrit en LLC.

1.6 EXPRESSIO DE SOX11 EN EL LCM

1.6.1 Limfoma de cél-lules del mantell ciclina D1 negatiu
La deteccié de ciclina D1 deguda a la preséncia de la translocacié €s la clau del
diagnostic d’aquesta entitat. Tot 1 aixd, un petit subgrup de tumors amb la morfologia 1
el fenotip de LCM convencional sén negatius per ’expressid de ciclina DI i la
preseéncia de la t(11;14). Encara que el nombre de casos estudiats ¢és limitant, el perfil
d’expressid global 1 les alteracions genetiques secundaries d’aquests tumors ¢s
indistingible dels que expressen ciclina D1, suggerint que poden correspondre a la
mateixa entitat (Fu et al., 2005;Quintanilla-Martinez et al., 2009;Salaverria et al., 2007).
Alguns LCM ciclina D1 negatius expressen elevats nivells de ciclina D2 i D3, en alguns

casos associat a translocacions cromosomiques que impliquen el gen de les IG (Gesk et

59



Heterogeneitat clinico biologica del LCM Introduccid

al., 2006;Wlodarska et al., 2008;Shiller et al., 2011). L’elevada expressié d’aquestes
ciclines no és exclusiva de LCM donat que també s’expressen en altres limfomes. A
més, degut a limitacions teécniques, mitjancant immunohistoquimica (IHQ) no ¢és
possible discriminar amb precisié diferents nivells d’expressid (Quintanilla-Martinez et
al., 2009;Salaverria et al., 2007). De la recerca d’un nou biomarcador que permetés
identificar els casos LCM ciclina D1 negatius es va identificar SOX// com a una
veritable eina de diagnostic d’aquests tumors a la practica clinica (Mozos et al., 2009)
(Figura 13). SOX11 ¢és un factor de transcripcidé neuronal aparentment no expressat en
cap llinatge de cel-lules hematopoctiques perd altament expressat en més del 90% dels
LCM. De manera interessant, aquest no esta expressat en altres neoplasies limfoides, a
excepcid d’alguns limfomes de Burkitt (LB) 1 limfomes limfoblastics (LLB), pero a

baixos nivells (Dictor et al., 2009;Mozos et al., 2009).

Ciclina D1 S0X11

% %%F"'l \- [ .. --_.'.. _ . .' . .,- o :I.'.
LCM 1 | *“ _=€g%;.f;'ﬁﬁf'” L8
Yo i S

LCM 2

Figura 13. Analisi immunohistoquimic de ciclina D1 i SOX11 en un cas LCM convencional
(LCM_1) i un LCM ciclina D1 negatiu (LCM_2). Només el LCM_1 presenta expressio de
ciclina D1 (panell A i C), perd ambdds tumors mostren tincidé nuclear, i en conseqiiéncia

positiva, de SOX11 (panells B i D).

1.6.2 SOXII: descripcié i funcié
El gen SOX11 esta mapat a 2q25.3 (Jay et al., 1995) 1 pertany al subgrup C que inclou
tres membres: SOX4, SOX111SOXI2. Aquests 3 gens estan co-expressats en progenitors
embrionics neuronals i cel-lules mesenquimals de molts organs en desenvolupament. La
proteina humana de SOX11 té 441 aminoacids 1 un pes molecular de 46.7 kDa, conté dos
dominis funcionals: un domini d’unié al DNA, del tipus HMG (de ’angles High
Mobility Group) localitzat a I’extrem N-terminal i un domini de transactivacié (TAD) a

I’extrem C-terminal (Dy et al., 2008;Penzo-Mendez, 2010). Degut a [’estructura
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helicoidal del domini TAD, SOX11 activa la transcripcié de manera més eficient que els
altres membres del grup. Tant SOX/I com SOX4 estan altament expressats en
medul-loblastoma, oligodendrogliomes anaplastics 1 gliomes (Lee et al., 2002;Weigle et
al., 2005) i tenen un paper clau en el desenvolupament cardiac i neuronal, entre d’altres,
tot 1 que la funcié molecular, aixi com el paper de SOX12 segueixen sent desconeguts.
Mitjangant qPCR s’ha confirmat I’expressié de SOX11 en el cervell de fetus, perd molts
organs 1 teixits d’adults (melsa, timus, prostata, colon, cervell...) son negatius per
I’'mRNA d’aquest gen (Weigle et al., 2005).

Les evidéncies suggereixen que SOX/1[ és critic per la neurogénesi embrionaria i la
remodelacié de teixits (Cheung et al., 2000;Hargrave et al., 1997). Normalment
s’expressa durant el desenvolupament del sistema nervidos d’embrions humans 1 és
necessari per la supervivencia de neurones i el creixement de neurites (Bergsland et al.,
2006;Jay et al., 1995). SOX4 és I'inic gen de la familia de SOX que s’ha vist expressat
en etapes inicials del desenvolupament de cel-lules B 1 T (Schilham et al., 1996;van de et
al., 1993). Els ratolins deficients per SOX4 tenen el desenvolupament de cel-lules B
bloquejat en fase pro-B (Schilham et al., 1996), de manera que I’expressid d’aquest gen
¢és crucial per a la limfopoesi de cel-lules B (Schilham et al., 1996; van de et al., 1993).
SOX11 comparteix amb SOX4 el 55% 1 el 86% de la identitat aminoacidica del domini
TAD i el domini HMG, respectivament (Dy et al., 2008), perd encara no esta clara la

seva implicaci6 en limfomagenesi.

1.6.3 SOXI1I en oncogénesi i neoplasies limfoides
La primera vegada que es relaciona SOX amb algun tipus de cancer va ser al 2002 quan
Lee i col. (Lee et al., 2002) van demostrar que SOX4 i SOXI1 estaven expressats en
medul-loblastomes desmoplastics, que presentaven millor pronostic que els
medul-loblastomes classics (Lee et al., 2002). Al 2008 es va associar 1’expressio de
SOXI11 amb LCM (Ek et al., 2008), leucémies i limfomes B/T limfoblastics i amb un
baix percentatge de limfomes de Burkitt (Dictor et al., 2009), i es va suggerir la seva
implicacido en la transformacido maligna 1 la supervivéncia cel-lular. En un estudi
posterior, es va analitzar SOXI1 en 211 neoplasies de cel'lula B per
immunohistoquimica i es va observar que la tincid nuclear d’aquest factor de
transcripcio estava altament associada a LCM pero era independent de la translocacid
t(11;14) en altres neoplasies de cel-lula B no-LCM (Chen et al., 2010). El 50% de les

tricoleucémies també presenten tincid nuclear positiva de SOXI11 associada a
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I’expressio de ciclina D1, suggerint que SOXI/ podria estar involucrat en la seva
regulacio.

Estudis de silenciament 1 sobrexpressidé ectopica de SOX11 en linies cel-lulars de
glioma (NSCL61) 1 models in vivo van demostrar el paper preventiu en la tumorigenesi
del factor de transcripcio (Hide et al., 2009). A més, analisis de promotors revelen que
en limfomes de c¢l'lula B, SOXI11 és silenciat a través de la metilacio del DNA,
suggerint que es troba sota control de regulacid epigenética. En relacio a aquesta idea en
un estudi es va correlacionar 1’expressié de SOX11 amb la no metilacié del DNA i amb
la preséncia de marques d’activacid d’histones (H3K9/14Ac 1 H3K4me3) en ce¢l-lules
mare embrionaries i1 algunes neoplasies de cel-lula B agressives (Vegliante et al., 2011).
Aquest factor de transcripcido també s’ha vist associat a la regulacidé d’un complex
programa de la cromatina, provocant canvis en I’expressid genica, perd se’n
desconeixen les seves dianes transcripcionals.

De manera que les ultimes publicacions suggereixen que SOX/I en neoplasies

hematologiques podria actuar com a gen supressor de tumors (Gustavsson et al., 2010).

Aixi doncs, SOXI1 en LCM, a part de descriure’s com a marcador tumoral de la
neoplasia i tenir un paper rellevant en el diagnostic, adopta importancia clinica 1
biologica. A través d’analisis d’arrays d’expressid, Fernandez i col. (Fernandez et al.,
2010) van identificar 13 gens diferencialment expressats en dos subgrups de LCM, entre
els quals s’incloien SOX11, HDGFRP3, HMG3 1 DBNI (Figura 12). Un dels subgrups
de pacients fou negatiu en quan a 1’expressio d’aquesta signatura de gens. Els pacients
d’aquest subgrup es caracteritzaven per tenir un curs clinic indolent i asimptomatic,
presentacid leucémica, poques o cap alteracio genética i no requerien tractament. Aquest
subgrup se’l coneix com a LCM indolents SOX11 negatius i presentaven una millor
supervivéncia que els LCM convencionals SOX11 positius (Fernandez et al., 2010).
Pero existeixen altres publicacions que generen certa controversia, demostrant que els
LCM SOXI11 negatius tenen pitjor pronostic que els SOX11 positius (Wang et al.,
2008b), 1 considerant per tant, que els casos indolents (que corresponen a un 9% de la

serie analitzada) son SOX11 positius (Nygren et al., 2012).

Aquestes troballes han de ser confirmades per poder valorar exactament la funcié de
SOXI11 en aquests casos. L’anticos de SOX11 per avaluar la seva expressio mitjangant

IHQ esta donant bons resultats, de manera que la seva aplicacio s’esta extenent per
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ajudar a confirmar el diagnostic de LCM. Pero una gran proporcio dels pacients de
LCM, principalment les formes indolents, son leucemics i sense afectacio ganglionar de
manera que SOX11 no pot ser avaluat per IHQ. Aquest fet fa que sigui necessari el
desenvolupament de nous metodes o estrategies per a la deteccid d’aquest gen i el

correcte diagnostic d’aquests pacients per al posterior tractament i seguiment.

1.7 MICRORNAS EN LCM

Els microRNAs (miRs) sén petites moleécules d’RNA endogen que no codifiquen per cap
proteina i que actuen com a molécules reguladores de 1’expressié genica. Juguen un
paper regulador essencial en animals i plantes unint-se a RNAs missatgers i inhibint la
seva traduccid a proteina. L’any 1993, el grup de Lee i col. (Lee et al., 1993), van trobar
un mutant de C. elegans que presentava problemes en el curs temporal de 1’expressio de
diferents gens essencials per al desenvolupament. El gen mutat, al qual van anomenar
lin-4, no codificava per cap proteina sin6 que el seu producte era un RNA petit que
s’unia a les regions 3’ no traduides d’alguns gens implicats en el desenvolupament del
nematode, conegudes com /in-14 (Lee et al., 1993;Wightman et al., 1993). Ruvkun i col.
(Ha et al., 1996) van poder comprovar que hi havia una disminuci6 de la quantitat de
proteina sense que hi hagués una reduccid dels nivells d’mRNA. Aquest RNA petit, /in-
4, va ser el primer membre fundador dels microRNAs, i1 actualment sabem que molts

organismes multicel-lulars expressen centenars d’aquestes molecules.

1.7.1 Biogenesi dels microRNAs
Els RNAs no codificants engloben diferents subtipus de molécules d’RNA, moltes
d’elles implicades en la regulacid de I’expressid genica. En aquesta classificacid
d’RNAs no codificants hi trobem els microRNAs, que es caracteritzen per la seva curta
llargada (19-25 nucleotids) 1 perqueé sén gens transcrits a partir de DNA, perd que
finalment no son traduits a proteina. Un 25% es troba codificat en introns de gens i
tipicament es codifiquen en la mateixa orientacido de la transcripcid de la cadena
promotora, indicant que la transcripciéd de gen del miR esta conduida pel promotor de

I’'mRNA.

Els miRs porten un grup fosfat en ’extrem 5’ 1 un grup hidroxil en el 3°, i sén transcrits
per ’RNA polimerasa II que produeix una molecula llarga (>1Kb) coneguda com
miRNA primari (o pri-miRNA). La seqii¢ncia d’aquest inclou la regié del miR i una

63



Heterogeneitat clinico biologica del LCM Introduccid

altra regio complementaria a 1’anterior, de manera que permet el seu aparellament i la
formacid d’una estructura de hairpin stem-loop (Figura 14) que és tallada per
I’endonucleasa RNasa II coneguda amb el nom de Drosha, que esta associada a la
proteina DGCRS8 (en mamifers) o Pasha (en Drosophila y C. elegans). Aquest complex
microprocessador s’encarrega de tallar de forma asimétrica les dues cadenes formant un

nou precursor de 60-70 nucleotids conegut com pre-miRNA (Figura 14).

Figura 14. Estructura de hairpin stem-loop del pre-miRNA, en

miRNA precursor vermell la seqtiencia del que sera la forma madura del miR.

Uy.ac e Aquests son exportats al citoplasma de forma activa a través
g del complex depenent d’RNA-GTP, Exportina 5 (Lund et al.,
: 2004) 1 un cop alla I’endonucleasa RNasa II DICER,
5 associada a TRBP i PACT (en mamifers), els processa donant
. ;'IQ Z'; lloc a una molécula de doble cadena amb projeccions de 1 a 4
¢ nucleotids a qualsevol del extrems. De manera que es generen

dues molecules curtes i complementaries d’RNA, perd només

fRcAmmEm -

una d’elles sera integrada en el RISC (complex encarregat del
silenciament dels gens) i donara el miR madur. Sembla ser que la seleccio de la cadena
activa provinent del dsRNA es basa en 1’estabilitat dels extrems de la doble cadena, €s a
dir, la cadena amb més baixa estabilitat en els 1-4 pb de I’extrem 5’ s’associara
preferencialment a RISC i es convertira en la cadena activa que es coneix com a cadena
guia. L’altra cadena, coneguda com anti-guia, sera degradada. Aquesta seleccid es porta
a terme a través de la proteina Argonauta (RNasa cataliticament activa del complex
RISC). Després de la integracio amb RISC, els miRs s’associen per complementarietat a
les molecules d’mRNA, promovent el tall de la diana o bé bloquejant 'mRNA impedint

la seva traduccio i per tant, la conseqiient produccié de proteina.
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1.7.2 Mecanismes d’accio dels microRNAs
Els miRNAs poden regular negativament 1’expressio génica a través de dos mecanismes
principals: la degradacio de 'mRNA diana o mitjangant la repressio traduccional (Figura
15). L’s d’un o altre mecanisme dependra de la complementarietat del miRNA amb la
seva diana: si la complementarietat és elevada o total es produeix la degradacid, en
canvi, si és parcial o insuficient es donara inhibicié de la traduccio. Doench i Sharp
(Doench & Sharp, 2004) van demostrar que un miRNA podia actuar en moltes zones
3’UTR d’un gran nombre de gens i podia inhibir molts mRNA diana que continguessin
seqiiencies complementaries a les posicions 2-7 de I’extrem 5’ d’un miRNA, regio
coneguda com seed sequence (Lim et al., 2005). Hi ha un tercer mecanisme d’accio dels
miRs ja que alguns poden unir-se al DNA 1 realitzar, no només repressio
postranscripcional, sind també repressio transcripcional per silenciament de la cromatina

(Chen et al., 2004)(Figura 15).

A Extensive complementarity in B Short complementary segments in 3°-UTR C Interaction with DNA
coding region or UTR

Caf W\_ z w?w w — _— om .._‘. Active chromatin

l l Histone methylation
LN * k Kk Kk ok
D — 4O ‘t‘fw M ss—— Silent chromatin

P

Figura 15. Mecanismes d’accid dels miRNA. A) Destruccid de ’'mRNA, B) Inhibicio de la

traduccié i C) Interaccié amb el DNA
Diferents estudis han demostrat la important contribucié dels miRs en la regulacié de

processos cel-lulars, incloent la coordinacié de la proliferacid, la diferenciacid 1

I’apoptosi durant I’hematopoesi 1 el desenvolupament embrionari.
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1.7.3 MicroRNAs i oncogénesi
Donada la participacié dels miRs en la regulacio de processos cel-lulars que es veuen
alterats en la transformacid neoplasica, la desregulacié d’algun d’aquests RNAs pot

jugar un paper important en I’aparicid i la progressio tumoral (Taula 3).

Organ Tipus de malaltia miRs sobrexpressats miRs infraexpressats

HCC 21,224, 10b, 221, 222,20, 18  199a, 199b, 200b, 223, 122,
214,145, 150

Pancrees TEP 23a, 342, 26a, 30d, 26b, 103, 155, 326, 339, 326

CCAP 23a, 342, 26a, 30d, 26b, 103, 155, 326, 339,326

Esofa CCEE 25,424, 151 100, 99, 29c¢, 140, 205,203, 202

Colon Adenomes 21

Pit Carcinomes 155,21 125b, 145, 10b

Prostata  Carcinomes 32,182, 31, 26a, 200c 494,490, 133a, 1, 218, 220, 128a

Carcinomes 125b, 26a, 30a-5p

anaplastics

Taula 3. Exemples de desregulacions de miRs causants de malalties que afecten a diferents
organs. (Abreviatures: CCAP: carcinoma de les cellules acinars pancreatiques, CCEE:
carcinoma de les cél-lules escamoses de 1’esofag, HCA: hepatocarcinoma cel-lular, HNF;
Hiperplasia nodular focal, NSCLC: cancer de pulmd de cel-lules no-petites, TEP: tumors

endocrins pancreatic).
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Actualment en el model proposat, els miRs rellevants en cancer poden actuar tant com a
oncogens (reprimint I’expressid d’altres gens supressors de tumors (GST)), coneguts
com a oncomiRs, o propiament com a GST, depenent del paper oncogenic dels seus
transcrits diana (Figura 16). En cancer s’han descrit diversos tipus d’alteracions
genomiques que afecten a loci de miRs, incloent guanys/amplificacions, peérdues i
translocacions de diverses regions cromosomiques i també canvis en la metilacié dels
promotors, que tenen com a conseqiiencia canvis en la dosi geénica 1 en I’expressid
d’aquests, respectivament. Estudis recents han demostrat que aproximadament la meitat
dels loci dels miRs estan localitzats en regions associades a llocs fragils de cromosomes
humans i regions implicades en cancer (Calin et al., 2004b). Tot aix0 suggereix que les
alteracions cromosomiques que afecten als loci dels miRs poden ser esdeveniments

causals freqiients de la desregulacio dels miRs, amb una possible rellevancia per a la

tumorigenesi.
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Figura 16. Model de participacio dels miRs en cancer mitjang¢ant la modulacié de 1’expressio
de GST i oncogens. A) Situacié normal. Els pri-mRNAs son processats en pre-miRNAs en el
nucli. Aquests son exportats al citoplasma per degradar 'mRNA o inhibir-ne la traduccio; B)
Sobrexpressié del miRNA per amplificacié del locus, que podria conduir a una disminucio de
I’expressio del gen diana, com per exemple un GST; C) Infraexpressié del miRNA, per delecio
o metilacié del locus del miRNA, que podria suposar un increment de 1’expressié del gen, per

exemple, un oncogen.
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1.7.4 MicroRNAs i neoplasies limfoides
Estudi dels miRs en leucémies. Els estudis s’han centrat basicament en la LLC. Un
estudi de 38 pacients va mostrar diferéncies en 1’expressio associades a determinades
alteracions genetiques 1 a la preseéncia de mutacions en IGHV 1 ’expressio ZAP-70
(Calin et al.,2004a). A més, es va observar que els nivells del miR-15a i miR-16-1, que
estaven codificats en la regio 13q14 (delecionada en el 65% dels casos de LLC) estaven
infraexperssats en el 75% dels casos portadors d’aquesta delecid. Es va suggerir que
aquests miRs actuaven sobre BCL2 induint apoptosis in vitro, fet que suggereix que
podrien jugar un paper com a GST en la LLC (Cimmino et al., 2005). Un altre estudi del
mateix grup defineix una signatura de 13 miRNAs amb significat pronostic 1 associada a
progressio en la LLC (Calin et al., 2005). També s’ha descrit la relacid entre el miR-29 i
el miR-181b amb la regulacié de I’oncogen TCL1, que préviament es va relacionar amb

un fenotip agressiu en aquesta mateixa neoplasia (Pekarsky et al., 2006).

Estudi dels miRs en limfomes. L’analisi s’ha focalitzat practicament en 2 grans grups:
el miR-155 1 els components del clister miR-17-92 (miR-17, miR-18, miR-19a, miR-
19b, miR-20a 1 miR-92), ambdds amb un paper important en la limfomagenesi. Analisis
funcionals i bioinformatics dels gens diana del miR-155 demostraven que aquest podria
actuar promovent la diferenciacié de les cel-lules progenitores primerenques cap a
estadis més madurs 1 que controlava la diferenciacié mieloide 1 eritrocitaria (Georgantas,
III et al., 2007). Inicialment, van der Berg i col. (van den et al., 2003) van observar que
BIC estava altament expressat en un 90% dels casos de limfoma de Hodgkin.
Posteriorment Metzler i col. (Metzler et al., 2004) van proposar que la regio filogenética
conservada de 138 nucleotids codificada dins del gen BIC, donava lloc a la seqiiencia
precursora del miR-155. Posteriorment, es va veure que ambdds transcrits, BIC 1 miR-
155, també es trobaven sobrexpressats en limfoma difas de cel-lules grans (DLBCL) (Eis
et al., 2005). De manera similar es va descriure la sobrexpressié d’ambdos en el limfoma
de Hodgkin 1 en limfomes mediastinics primaris de cel-lula B (Kluiver et al., 2006). A
més del paper proposat pel miR-155 en 1’hematopoesi, aquest també s’ha trobat
sobrexpressat durant la resposta inflamatoria de macrofags (O'Connell et al., 2007) 1 en
limfocits reactius.

Una amplificacié genodmica comu en els limfomes de cel-lula B és la regio 13q31.
Aquesta conté la seqiiencia precursora del claster del miR-17-92, que inclou les

seqiiencies de 7 miRNAs madurs (He et al., 2005). Els miRNAs que composen aquest
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clister estan sobrexpressats en 4 linies cel-lulars amb aquesta amplificacid, en
comparacié amb 5 linies cel-lulars que no la presentaven. A la vegada, es va observar
que el 65% de casos de limfomes, sobrexpressava aquest cluster. Segons el que s’ha
observat en ratolins, la seva sobrexpressid accelera el procés de limfomagenesi (He et
al., 2005), basicament suprimint la mort cel-lular. Per altra banda, quan s’expressen tots
els microRNAs del claster en conjunt, perd no com a miRNAs individuals s’incrementa
limfomagenesi, suggerint que aquests poden tenir un efecte cooperatiu. Sembla que la
seva sobrexpressio ve donada per la unio a MYC (O'Donnell et al., 2005) i el seu efecte

es produeix a través del factor de transcripcid pro-apoptotic E2F 1.

Altres exemples de miRs que actuen com a GST i/o oncogens en leucémies 1 limfomes

estan descrits a la taula 4.

Aixi doncs 1 de manera general, els perfils d’expressid6 de miRs en limfomes 1 altres
tumors humans (Volinia et al., 2012;de Oliveira et al., 2012) han permes identificar
signatures especifiques de diferents subtipus diagnostics i/o0 estratificar els pacients en
grups de significat pronostic. Considerem important 1’exploracié d’aquest camp en LCM

ja que podria explicar part de I'heterogeneitat que presenta aquesta neoplasia.
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miR Limfoma Alteracié Diana Funcio
Let-7a DLBCL, cHL Sobre i Infra PRDM]I, BLIMP Diferenciaci6 cap a cel-lula
regulacio plasmatica, oncomir
9 (familia) DLBCL, cHL Sobre-regulacio PRDMI, BLIMP Diferenciacio cap a cel-lula
plasmatica, oncomir
15a/16 LLC, LCM, Infra-regualcié per  BCL2, WT1, WNT34, Inhibicio proliferacio ,
cluster MM deleci6 i mutacions CCNDI, MCLI, ETS, apoptosis, supressio de
puntuals RABYB, PDC6IP, AKT3, S6,  tumors
MAP3KIP3
17-91 LB, DLBCL, Sobre- regulaciod BIM, PTEN, c-Myc, E2F1, Desenvolupament limfoide
cluster LCM, MM per amplificacid E2F3, SOCS1, CDKNIA, B i T, proliferacio,
CCNDI superviéncia, oncomir.
21 DLBCL, Sobre-regulacio PTEN Oncomir
MM,LLC
23a/b LB, LLC Sobre-regulacid GLS2 Proliferacio del cel-lules B
25 MM Sobre-regulacid PCAF Oncomir
26a LB Expressi6 de c- EZH2 Supressor de tumors
Myc
29 LLC, LCM, Infra-regualcio TCLI, MCLI1, CDK6 Supressor de tumors
(familia) LZME
32 MM Sobre-regulacio PCAF Oncomir
34 LLC,LB Infra-regualcio CCNDI, FoxPl1, CDK4/6, Diferenciacio de cél-lula B
(familia) CCNE, E2F3, TCL1
93 MM Sobre-regulacid PCAF Oncomir
106 MM, DLBCL, Sobre-regulacid PCAF Oncomir
(familia) LLC
127 LB, DLBCL Sobre-regulacio BLIMPI, XBP1, BCL6 Oncomir i diferenciacié de
limfocits
135a LLC Infra-regulacio JAK?2 Superviencia
143 LLC, DLBCL, Infra-regulacid ERKS5, DNMT3A Supressor de tumors
LB
146a LB, LLC Sobre-regulacid IRF7 Oncomir
150 LLC, LCM Sobre-regulacié MYB Diferenciaci6 cel-lules B
LLC) i Infra-
regulacio (LCM)
155 DLBCL, LLC, Sobre-regulacio c-MAF, AID, SOCS1, Oncomir, funcionalitat de
LB, LCM, cHL JARID2, CCNDI1, SMADS, cel'lulesBiT
SHIPI
181a LLC, MM, Infra-regulacio i DUSPS5, DUSP6, SHP2, Desenvolupament de
LCM sobre-regulacio PTPN232, TCL1, PLAGI, cel-lules T, oncomir
(MM i LLC) PCAF
195 LLC Sobre-regulacid CCNDI Regulaci6 post-
transcripcional CCND1
203 Limfoma T Infra-regulacio ABL Oncomir
221/222 MM, LLC Sobre-regulacio KIT, PLK2, CDKNIB, Desenvolupament cel-lules
(MM) i Infra- familia HOX limfoides, oncomir
regulacio (LLC)

Taula 4. MiRs relacionats amb el desenvolupament tumoral de leucémies i limfomes.
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2.1 Hipotesi

El limfoma de les cel-lules del mantell (LCM) és una neoplasia heterogeénia en relaci6 a
les caracteristiques cliniques, biologiques 1 moleculars que presenten els pacients. Per
tal d’augmentar la precisié biologica, la capacitat prondstica, aixi com el maneig clinic
dels pacients, és important caracteritzar a tots els nivells aquesta patologia, incidint en

I’estudi del nou subgrup de LCM, que es caracteritza per tenir un curs clinic indolent.

Segons els estudis recents en la LLC i altres neoplasies limfoides sembla ser que
I’analisi dels gens de les IG, I’expressidé de SOX11 i el perfil d’expressié de miroRNAs

ens podrien ajudar a caracteritzar aquesta heterogeneitat.

2.2 Objectius

S’ha abordat la hipotesi plantejada a partir de diferents projectes amb els segiients

objectius concrets:

1. Determinar si dels gens de les immunoglobulines en pacients de LCM es relacionen

amb parametres clinico-patologics i moleculars:

a. Avaluar si D’estat mutacional dels gens IGHV ens permet classificar dos

subgrups de LCM en funcio de la supervivencia, tal com s’ha observat en la LLC.

b. Determinar si les restriccions en el repertori de les IG en una série amplia de

pacients de LCM es relacionen amb el pronostic dels mateixos.

c. Determinar la relacido entre 1’estat mutacional del gens de les IG amb

I’expressio de SOX11.

d. Caracteritzar el perfil d’expressio genica de casos LCM amb 1G mutades i no
mutades amb arrays d’expressid geénica 1 analitzar ’enriquiment de gens
involucrats en vies determinades, aixi com establir una possible ce¢l-lula d’origen

del LCM.
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2. Definir criteris que ens puguin ajudar al reconeixement dels pacients de LCM amb
un curs clinic indolent i determinar si corresponen a una subentitat diferent de la

malaltia.

a. Dissenyar i desenvolupar un assaig simple, mitjangant qPCR, utilitzant 3
gens de la signatura descrita (SOX11, HDGFRP3 1 DBNI), per intentar

desenvolupar una eina de diagnostic rutinari i suplir les mancances de la [HQ.

b. Correlacionar I’expressié d’aquests gens amb la supervivencia i d’altres

parametres clinico-patologics 1 moleculars.

c. Estudiar si I’expressid d’aquests gens diferencials es manté estable en el

temps, en mostres de LCM progressades.

d. Determinar els perfils d’alteracions genctiques i la complexitat genomica en

els diferents subgrups de LCM (indolents i convencionals).

3. Avaluar si els perfils d’expressi6 de microRNAs podrien ser a marcadors

potencialment utils de parametres clinico-patologics i/o biologics en LCM.

a. Determinar per qPCR els perfils d’expressio6 de 86 miRs localitzats en
regions freqlientment alterades en linies cel-lulars de LCM 1 mostres de tumors

primaris.

b. Correlacionar 1’expressio dels miRs amb les caracteristiques clinico-

patologiques dels pacients, aixi com d’altres parametres moleculars.
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3.1 ANALISI DE L’EXPRESSIO DE GENS

3.1.1 Reacci6 en cadena de la polimerasa
L’objectiu de la reaccio en cadena de la polimerasa (PCR) és obtenir un gran numero de
copies d’un fragment de DNA particular dels quals se’n coneix part de la seqiiéncia
nucleotidica (Figura 17). La PCR convencional consta de 4 etapes, inicialitzacio,
desnaturalitzacio, hibridacié i extensid, de les quals les 3 tltimes, es van repetint al llarg

de tot el procés.
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Figura 17. Model esquematic del procés de la PCR.

Existeixen diferents tipus de PCR: aniuada, in situ, multiplex, en transciptasa inversa,
de temps real, etc, perd totes comparteixen el mateix principi. En aquesta tesi s’ha
utilitzat aquesta teécnica principalment per 1’analisi de 1’estat mutacional dels gens

IGHV 1 TP53.

3.1.2 PCR quantitativa a temps real
La PCR quantitativa (qQPCR) a temps real és una variant de la PCR convencional,
utilitzada per amplificar 1 quantificar de manera absoluta o relativa el producte de
I’amplificacid. Es requereixen els mateixos reactius que per a la PCR convencional 1
sondes d’hidrolisi. Aquestes son oligonucleotids marcats amb un fluorocrom donador

(reporter) a l’extrem 5°, que emet fluorescéncia al ésser excitat, i un acceptor
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(quencher), a ’extrem 3’, que absorbeix la fluorescéncia alliberada pel donador. Perque
aixo tingui lloc, reporter 1 quencher han d’estar espacialment proxims. Quan la sonda
esta intacta, la fluoresceéncia emesa pel donador és absorbida per 1’acceptor, perd durant
I’amplificacié del cDNA diana, la sonda s’hibrida a la seva cadena complementaria. Al
desplagar-se al llarg de la seva cadena, en la seva accid de sintesi, la DNA polimerasa
(que també té activitat 5’exonucleasa) hidrolitza I’extrem lliure 5’ de la sonda, produint
’alliberaci6 del fluorocrom donador. Com que donador 1 acceptor estan espacialment

allunyats, la fluorescéncia emesa pel primer es captada pel lector (Figura 18A).
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Figura 18. A) Representacio esquematica del funcionament de la qPCR. B) Grafica
d’amplificacié per PCR a temps real a escala logaritmica de 5 mostres amb dilucions seriades
de la quantitat inicial de cDNA. C) Instrument 7900HT Fast Real Time PCR System d’Applied

Biosystems

Per quantificar la concentracid inicial de cDNA diana s’afegeixen controls externs i es
realitza una corba patré (o estandard) amb concentracions conegudes i creixents. El
programa informatic va enregistrant [’augment de fluorescéncia (proporcional a
I’augment de DNA) a cada cicle. Aquest informaci6 es reflexa graficament en corbes de
cinetica de la reaccid per cadascuna de les mostres (Figura 18B). El cicle en que es
comengca a detectar augment de fluorescencia s’anomena cicle llindar (Ct, de threshold
cycle) 1 és inversament proporcional a la concentraci6 de cDNA diana present a la
mostra. Interpolant les Ct de cada mostra a la corba patrd, podrem coneixer la

concentracié de DNA inicial.

78



Heterogeneitat clinico biologica del LCM Material i metodes

Gens de referéncia: L’eleccio del gen endogen anira en funcié de I’experiment a
realitzar perd la localitzacid d’aquest hauria de ser autosomica i estable. Els més
utilitzats inclouen B-actina, gliceraldehid 3-fosfat deshidrogenasa, hipoxantina guanina
fosforibosil-transferasa 1 18S del RNA ribosomal (Hugget er al., 2008). Existeixen
softwares que realitzen analisi d’idoneitat de gens de referéncia, com per exemple el

Bestkeeper.

Quantificacié: La quantificacidé pot ser absoluta o relativa. La primera determina el
nimero exacte de copies de DNA present a cadascuna de les mostres d’interes,
normalment relacionant la senyal de la PCR amb la corba estandard. La quantificacid
relativa descriu els canvis en I’expressio génica del gen problema relatiu a un grup de
referéncia. En els nostres treballs s’utilitza el métode de quantificacié relativa, que va
ser descrit en els seus inicis per KJ. Livak i posteriorment definit matematicament per
Livak (1997) i Schmittgen (2001) i que només és aplicable per una estimaci6 rapida de
la proporcid relativa de 1’expressio genica. Breuement aquest metode €s similar al de la
corba estandard, excepte que utilitza una formula aritmetica per obtenir la quantificacio.
La formula utilitzada per obtenir la quantitat de cDNA de la mostra problema,
normalitzada a una referéncia i relativa a un calibrador és:

Quantitat de mostra = 2 "A4<Y

On, Ct és el namero del cicle llindar y AACt = [Ct mostra problema (desconeguda) — Ct

referencia (desconeguda)] — [Ct mostra problema (€alibrador) — Ct referencia (calibrador)].

3.1.2.1 Stem-loop RT-qPCR

Els nivells d’expressid dels miRs varien molt entre les especies 1 teixits, degut a aixo i a
la mida d’aquests, alguns escapen de la deteccid mitjancant técniques rutinaries
convencionals, per aquest motiu és convenient aplicar la stem-loop RT-PCR per a la
seva quantificaci6. Es una técnica basada en la qPCR que utilitza cebadors que
permeten amplificar cada miRNA mitjangant primers especifics en stem-loop,
permetent augmentar 1’eficiéncia i1 I’especificitat. Aquesta consta de dues etapes:

1.- Sintesi de cDNA de cada miRNA utilitzant primers especifics que porten una
seqiiencia complementaria a ells mateixos. D’aquesta manera adopten una forma de

loop en el seu extrem 5°.

79



Heterogeneitat clinico biologica del LCM Material i metodes

2.- Quantificaci6 per qPCR gracies a I’allargament de la cadena produit pel
desplegament del primer en stem-loop, que posteriorment permet la unié de dos primers

nous 1 una sonda necessaris per a la quantificacio (Figura 19).

MIRNA Stem-loop RT primer
1 Primera etapa:
stem-loop RT pera
Stem-oop RT l lasintesis de cONA
LLERERRRRR R RRR RN AR
PCR l
Forward
LERERERERERER R
Reverse Segona etapa:
RT-gPCR
Forward
TOTEERTRERennn
everse
UPL probe #21

Figura 19. Etapes del procés d’amplificacid i quantificacid dels microRNAs.

3.1.2.2 BioMark™ System (Fluidigm®)

Es tracta del sistema més actual de qPCR, desenvolupat per Fluidigm® que ofereix una
major reproductibilitat, major fiabilitat i un disseny més compacte de 1’experiment al
basar-se en tecnologia nanofluidica. Aquest sistema parteix d’un volum de mostra molt
petit que es reparteix en 48 o 96 pous, permetent analitzar 48 o 96 dianes
simultaniament sempre 1 quan I’RNA a testar tingui un minim de 500 i 1000 copies del
gen. Degut a que es treballa amb microvolums i que es fan dilucions, alguns gens
quedaran a molt baixa expressid, per aix0 és recomanable fer un STA (de 1’anglés
Specific Target Amplification) per incrementar la concentracid del material de partida
(Figura 20).

Hem utilitzat aquesta técnica per a la validacid dels resultats obtinguts en els arrays

d’expressid geénica.
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Preparacio de 'EMNA
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Figura 20. Esquema del procediment per a la realitzacio del BioMark™ System (Fluidigm®).

[ Produzre dz Taghan® Gene Tagqhlan® Gene J

Comengcant per un procés de transcripcié inversa de I’RNA, seguit d’una pre-amplificacié amb

totes les sondes dels gens, fins a 1’etapa final d’amplificacidé de ’RNA.

3.2 TECNIQUES D’ANALISI MASSIU

El desenvolupament de tecnologies d’alt rendiment basades en el coneixement del
genoma huma ha obert la possibilitat de buscar alteracions gendomiques globals en
tumors, responsables del seu desenvolupament i progressio, aixi com la identificacid de

gens 1 vies diana d’aquestes alteracions.

3.2.1 Hibridaci6 genomica comparada (CGH)
Es una técnica de citogenética molecular utilitzada per detectar desequilibris
cromosomics (guanys i perdues). Es basa en la hibridacio in situ del DNA tumoral i del
DNA control marcats amb fluorocroms de diferents colors sobre metafases normals.
Després de la hibridacio, les variacions numeriques del DNA tumoral es quantifiquen
mitjancant el coeficient d’intensitat de fluorescencia entre el DNA tumoral i normal. La
CGH t¢ particular intereés en 1’analisi de canvis numerics de seqiiencies de DNA de
tumors soOlids 1 en neoplasies limfoides, perdo també és util per aquells casos que

presenten cariotips complexes i regions de tinci®6 homogeénia. Aquesta técnica
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unicament detecta canvis presents en una proporcio elevada de cel-lules tumorals (30-
35%) 1 no permet la deteccid6 de translocacions, inversions ni altres alteracions
equilibrades que no comporten guanys o peérdues de material genetic. L’avantatge
d’aquesta técnica €s que només requereix DNA tumoral i no es necessari tenir

metafases, que son de dificil obtenci6 en molts limfomes.

3.2.2 Arrays de copia genica (SNP 6.0 Affymetrix)
Aquesta teécnica ens permet la deteccid d’alteracions cromosomiques (guanys i perdues)
1 pérdua d’heterozigocitat (LOH, de Dl’angleés loss of heterozygozity) o disomies
uniparentals (UPD, de I’anglés uniparental disomy) a partir d’una mostra de DNA. La
plataforma utilitzada en aquesta tesi és la d’Affymetrix Genome-Wide Human SNP
Array 6.0 que conté més de 906.000 SNPs i més de 946.000 sondes per a la deteccid de

la variaci6 de la dosi génica (CNA, de I’anglés Copy Number Alteration).

Es requereixen entre 100-500ng de DNA de bona qualitat (amb ratios: 260/280~1.8 1
260/230~2.0), que es digereix amb els enzims de restriccid NSPI 1 Styl i es lliga a
primers determinats. Posteriorment a la lligacié i1 la PCR, el DNA es fragmenta, es
marca amb sondes 1 s’hibrida amb 1’array. Per a I’escanejat de I’array s’utilitza el Gene
Chip Scanner 3000 i la imatge generada s’analitza amb el software d’Affymetrix
GeneChip Command Console. Per a ’analisi de les dades s’utilitza el Genotyping
Console 4. Es recomanable utilitzar uns index com a controls de qualitat, en aquest cas
s’utilitza el CQC (de I’angleés Contrast Quality Control) > 0.4 1 un valor de MAPD (de
I’angles Median of Absolute Values of all Pairwise Differences) < 0.35. L’algoritme
CNS5 de I’Affymetrix Genotyping Console és utilitzat amb les referéncies de mostres
normals obtingudes de la base de dades publica HapMap Sample Data Set, que inclou

270 mostres.

Existeixen altres softwares comercials com el Chromosome Analysis Suite (ChAS),
dCHIP-SNP, el Partek Suite, el Biodiscovery i el Nexus que també permeten 1’analisi
dels resultats. Per a realitzar totes les comparacions 1 correlacions estadistiques

s’utilitzara principalment, I’SPSS i el software R.
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3.2.3 Arrays d’expressio genica
La base de la tecnologia dels microarrys o chips de DNA és 1’automatitzacid i
robotitzacié de les tecniques classiques de biologia molecular Southern i Northen blot,
sent el fonament de la técnica d’hibridacié d’acids nucleics. El principal avantatge
respecte a les técniques classiques, €s la possibilitat d’immobilitzar en la superficie del
microarray (plastic, vidre, silice) milers de sondes de DNA, permetent 1’analisi de la
presencia/absencia o de I’expressid de milers de gens en un sol experiment, de manera

que ens permeten fer analisis genomics massius.

Tipus:
Existeixen diferents tipus de microarrays en funcid de la naturalesa de la sonda: els
microarrays de cDNA 1 els microarrays d’oligonucleotids, essent aquests ultims els
utilitzats en aquesta tesi, concretament I’array d’Affymetrix Human Genome U133
Plus 2.0 GeneChip Expression Array. En aquest cas, s’utilitzen sondes
d’oligonucleotids (també conegudes com a probesets) d’una longitud de 25 nucleotids
que interroguen I’extrem 3’ dels transcrits 1 que sén sintetitzades directament a la
superficie de vidre de I’array. Cada sonda va acompanyada d’un control negatiu que es
la mateixa seqiiéncia amb un canvi de base en la posicidé 13 de la sonda, d’aquesta
manera es poden detectar i eliminar les hibridacions inespecifiques. Per tal d’augmentar
I’eficiéncia, cada transcrit és interrogat per 11 parells de sondes. Préviament a la
hibridacid, les mostres a analitzar son marcades amb biotina per poder generar
posteriorment una imatge. En la tecnologia GeneChip s’hibrida una sola mostra per
chip, de manera que la comparacié de perfils d’expressioé es realitza per cada gen en
cada chip. Les avantatges d’aquest tipus de microarays sén que permeten analitzar
54675 probesets 1 sequencies geéniques expressades (EST, de DI’angles Expressed

Sequence Tag) en un sol assaig i que presenten elevada especificitat.

Control de qualitat de les dades
Per evitar possibles falsos positius o negatius és important que les mostes passin algun
control de qualitat previ a la hibridaci6. En primer lloc, la qualitat de ’'RNA s’analitza
amb el 2100 Agilent Bioanalyzer. La imatge obtinguda ha de mostrar dos pics
corresponents als RNAs ribosomals 18S 1 28S, 1’area dels quals ha de ser superior al
35% 1 amb un RIN>8 (de ’angles RNA Integrity Number). L’algorisme del RIN permet

la classificacio de les mostres en base a un sistema numeéric de 1’1 al 10, sent 1 el valor
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per una mostra totalment degradada i 10 totalment intacta i s’utilitza per estandarditzar
el procés d’interpretacié de la integritat i eliminar el biaix associat a la interpretacio
visual. Aquest permet comparar quantitativament la integritat de totes les mostres de
RNA d’un experiment, que haurien de tenir una qualitat similar i analitzar el grau de
contaminacio amb DNA genomic. En passos posteriors el cRNA ha de tenir una mida
mitja de 1000-1500 pb i com a resultat del procés de fragmentacié s’han d’obtenir
fragments d’entre 25-200 pb.

Posteriorment a la hibridacio, 1 amb les dades crues s’han de tenir en compte alguns
controls com:

- Scale factor: s’utilitza per ajustar totes les intensitats de senyal a un valor donat per
I’usuari, basat amb la intensitat mitja de 1’array.

- Background: existeix una quantitat d’hibridacié no especifica que afecta a la
sensibilitat 1 especificitat del chip i que ha de ser eliminada per minimitzar efectes sobre
la senyal.

- Percentatge de “presents”: el numero de sondes presents respecte el total ha de ser
similar entre els arrays a comparar, sempre >25%. La variabilitat en aquest parametre
representa la variabilitat biologica entre mostres.

- Controls interns AFFX-r2-Ec-BioB, BioC i BioD (spike controls). Son gens d’E.Coli,
que permeten avaluar I’eficiencia d’hibridacio de 1’assaig. BioB i BioC sempre han
d’estar presents, en canvi BioD ha d’estar present com a minim en el 75% de les
mostres.

- Ratio 3°-5 GADPH i beta-actina: s’utilitzen per controlar la degradacié de I’'RNA i no

ha de ser superior a 3, quan més proxim a 1 més integritat presenta la mostra.

Normalitzacié de les dades
Amb el GeneArray® Scanner es llegeixen els valors de luminescéncia per cada mostra
hibridada, perd préviament a la comparacid, els valors s’han de normalitzar amb
I’objectiu de minimitzar les variacions de senyal detectada, 1’origen del qual no és
biologic, sind tecnic o instrumental. Aquesta normalitzacidé pot fer-se amb diferents
algoritmes informatics: MASS (Microarray Suite 5, Affymetrix), RMA (Robust
Multiarray Average, GNU Project), GC-RMA, PLIER (Probe Logarithmic Intensity
Error, Affymetrix), entre d’altres. En els nostres estudis es va utilitzat el MASS 1
I’RMA que només té¢ en compte els PM (Perfect Match) i utilitza tots els chips per

igual, és a dir, no utilitza cap chip com a referéncia.
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Analisi bioinformatic i estadistic

Existeixen nombrosos tests estadistics per avaluar la significanca de les possibles
diferencies trobades. Sovint s’usen simplement criteris de filtrat de les dades basats en
la variacio del nivell d’expressio, €s a dir, una assignacio arbitraria d’un llindar respecte
a la diferéncia d’expressid. No obstant, s més apropiat utilitzar altres tipus
d’aproximacions que permetin trobar diferéncies biologicament significatives de les
mostres d’estudi 1 les diferéncies purament degudes a 1’atzar.

Es poden utilitzar tests paramétrics o no parametrics (t-test), analisis de variancia
(ANOVA) on es dona un P valor associat al contrast, el qual representa la probabilitat
de que aquestes diferéncies siguin degudes a I’atzar. També s’utilitza 1’algoritme SAM
(Significance Analysis of Microarrays) desenvolupat per Tusher, Tibshirani 1 Chu al
2001, basat en el t-test. Aquest calcula un estadistic (dj) per cada gen (j) que mesura la
forca de relacid entre 1’expressio génica i la una variable concreta. El métode utilitza la
repeticié de permutacions per determinar si algun gen esta significativament relacionat
amb la variable. El1 FDR (False Discobrey Rate) s’ha d’incloure en estudis amb espais
mostrals amplis ja que permet la correccid de comparacions multiples 1 evita la

identificaci6 de falsos positius.

Tot 1 que els metodes estadistics son més robusts i més fiables, també s’utilitzen
metodes de clustering per agrupar dades provinents de microarrays. Dins d’aquests
trobem:

- Clustering no supervisat: on les dades s’agrupen sense tenir en compte cap altre tipus
d’informacié. Es poden utilitzar diversos algoritmes, per exemple jerarquic i no
jerarquic (basats en una matriu de distancies 1 la construccid de dendrogrames), PCA
(Principal Component Analysis) i Gene Shaving, entre d’altres.

- Clustering supervisat: es basa amb la idea de que en la majoria de mostres biologiques
es disposa d’informacid preliminar que pot utilitzar-se per 1’agrupacio de les dades en
els anomenats clasters. Amb aquesta estratégia s’intenta descobrir nous criteris que
ajudin a classificar correctament les mostres addicionals de tipus desconegut a la
categoria corresponent.

Hi ha programes especifics com el ComBat (Combating batch effects) que utilitza
metodes parametrics 1 no parametrics per eliminar variacions no biologiques o 1’efecte
conegut com efecte batch.

En el nostre cas, I’analisi dels resultats s’ha dut a terme mitjancant diferents
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plataformes: DChip, Gene Expression Console, Bioconductor, ComBat, BrB tools.

Validacio dels resultats
Es una etapa imprescindible quan es treballa amb dades de gendmica i concretament
obtingudes del processament de microarrays. S’utilitzen altres técniques per tal de
confirmar la robustesa de les conclusions obtingudes en ’analisi principal, com per
exemple qPCR i/o técniques de Nouthern Blot, a nivell ’RNA 1 immunohistoquimica
/0 Western Blot a nivell de proteina. Generalment s’utilitza una seérie mostral

independent a la interrogada en el primer analisi.

Associacié entre gens diferencialment expressats i vies implicades

Actualment es disposa de diferents plataformes d’analisi de microarrays que inclouen
algoritmes que permeten identificar vies cel-lulars i mecanismes moleculars en queé
estan implicats algun conjunt de gens que ha resultat significatiu, aixi com altra
informaci6 funcional (rutes metaboliques, motius, factors de transcripcid...). Per aixo
s’utilitzen diferents bases de dades que associen gens amb I’entorn cel-lular a través de
les vies de senyalitzacid (pathways). Les bases de dades de rutes biologiques més
utilitzades son: Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) i Biocarta.

Existeixen diferents programes que permeten fer aquesta aproximacio, els utilitzats en
aquesta tesi son: GOrilla (Gene Ontology enRIchment analysis and visuaLization tool),
GSEA (Gene Set Enrichment Analysis), DAVID (Database for Anotation, Visualization
and Integrated Discovery) 1 IPA (Ingenuity systems Pathway Analysis).

3.3 ESTUDI DE L’EXPRESSIO PROTEICA

3.3.1 Immunohistoquimica (IHQ)
Durant les ultimes deécades la utilitzacié de la IHQ ha anat creixent progressivament i
s’ha consolidat com a tecnologia essencial en el diagnostic patologic de rutina,
especialment en patologia oncologica. La incorporacié de nous protocols i 1’afluéncia
de nous anticossos esta ampliant notablement I’ambit d’aplicacié amb noves utilitats en
el diagnostic i el pronostic. Es una técnica que permet detectar una amplia varietat

d’antigens presents a les cel-lules o teixits utilitzant anticossos marcats amb alguna altra

86



Heterogeneitat clinico biologica del LCM Material 1 métodes

substancia que absorbeix o emet llum (immunofluorescencia) o bé que produeix
coloraci6. De manera que dona informacid sobre la presencia i localitzacido d’una
proteina, perd no de la dimensio i la quantitat d’aquesta. Pot aplicar-se sobre una mostra
de teixit organic, correctament fixada i inclosa en parafina.

En aquesta tesi només s’ha aplicat aquesta teécnica utilitzant anticossos untis a enzims
capacos de fer canviar de color un substrat incolor. La peroxidasa, la fosfatasa alcalina 1
els substrats de diaminobenzidina son alguns dels enzims més freqiientment usats,
aquests poden conjugar-se directament a I’anticos primari o bé requereixen de 1’s d’un

anticos secundari d’altres substancies com la biotina (marcatge indirecte) (Figura 21).

Producte detctable
Enzim

Sustrat

Anticés secundari

Anticés primari
\l Antigens _/

Figura 21. Exemple d’immunohistoquimica utilitzant sistemes de peroxidasa mitjancant

= Shoe .

marcatge indirecte. A) sense 1’is d’anticos secundari i B) amb anticos secundari.

Es important tenir en compte el metode de fixacid de la mostra per preservar la
morfologia i la composicié quimica de les cel-lules 1 els teixits, aixi com la diluci6 de
I’anticos a la que es treballa. En el nostre cas s’ha usat immunohistoquimica de

marcatge directe per a la deteccid de les proteines especificades a la Taula 5.

Anticos Casa comercial Clona
SOX11 Atlas Antiboides HPA000536
p53 Dako Do-7

Ki67 Dako Mib-1
Ciclina D1 Dako SP4 i EP12
CD10 Dako 56C6

CD5 Dako 4C7

CD23 Dako SP23

Taula 5. Anticossos utilitzats per la deteccid de proteines mitjangant IHQ.
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3.4 ANALISI CEL-LULAR

3.4.1 Citometria de flux

Es una técnica senzilla que s’aplica a la rutina diaria de molts laboratoris clinics i
d’investigacio, capa¢ de proporcionar resultats de manera rapida que poden ser
aplicables al diagnostic. Gracies a la seva gran especificitat, és capa¢ de detectar una
poblacié cellular en una mostra en la que predominen altres poblacions cel-lulars
majoritaries. La principal caracteristica €s que pot oferir informacidé simultania de
diversos parametres de cadascuna de les c¢l-lules analitzades. El principal inconvenient
de la tecnica és que s’ha d’utilitzar una suspensid de particules (generalment cel-lules)
alineades que passen per davant d’un laser focalitzat d’una en una, de manera que es
perd la informacid sobre I’arquitectura dels teixits aixi com la interaccidé d’aquests amb
el medi. No obstant, presenta molts avantatges, com ara, la possibilitat de marcatge
multiple, la possibilitat d’analitzar un elevat nimero de particules en un periode curt de
temps (5000 particules/segon), major sensibilitat 1 possibilitat de deteccié de malaltia
minima residual, aixi com la possibilitat de quantificacid. Es requereix d’un citometre,
que esta format per un sistema fluidic, que €s I’encarregat de la injeccié de la mostra, un
sistema Optic per emetre i captar les diferents longituds d’ona, i un sistema eléctric que
ho converteix tot en senyals digitals que s’emmagatzemen a ’ordinador. L’impacte de
cada cel-lula amb el raig de llum produeix senyals que corresponen a parametres de la
cel-lula 1 que son recollits per diferents detectors. S’obté informacié sobre morfologia
(mida i complexitat), caracteristiques antigeniques (immunofenotip) i parametres fisics
(mida relativa i complexitat interna).

En els nostres treballs s’utilitza aquesta técnica per avaluar la composici6 de les mostres
de sang rebudes, aixi com la puresa de les fraccions obtingudes després de la seleccié de

les poblacions d’interes, com els limfocits B tumorals (Figura 22).
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Figura 22. Imatge obtinguda després de passar una mostra tumoral pel citometre. A) Marcatge
amb CD45 que ens permet veure la fraccid leucocitaria; B i C) Poblacions de c¢l-lules B CD19+
i CD20+ purificades; D) Separacié entre limfocits B tumorals CD5+ i CD19+ i T CD5+ i
CD19-.
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ARTICLE 1: L’estat mutacional dels gens de les immunoglobulines

identifica un subgrup de pacients amb limfoma de cel-lules del mantell

amb caracteristiques cliniques i biologiques especifiques.
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Resum:

El limfoma de ce¢l-lules del mantell (LCM) és un limfoma molt heterogeni, molts
pacients segueixen un curs clinic agressiu mentre que d’altres presenten un curs
indolent. Vam realitzar un analisis integratiu i multidisciplinar dels gens IGHV en 177
pacients de LCM per determinar les caracteristiques immunogenctiques d’aquests
receptors 1 poder identificar diferents subgrups d’aquests tumors. Els gens IGHV no
mutats (TU de I’angles #ruly unmutated; 100% d’identitat) es van trobar en un 24% dels
casos, el 40% eren minimament mutats (MBM de 1’angles minimally/borderline
mutated; 99.9-97%), el 19% eren significativament mutats (SM de 1’angles significantly
mutated; 96.9-95%) 1 el 17% hipermutats (HM de I’angles hypermutated; <95%). Els
tumors amb elevada (>97%) 1 baixa (<97%) carrega mutacional usaven
preferencialment determinats gens IGHV 1 el perfil d’expressid génica també mostrava
programes cel-lulars diferencialment expressats. Els tumors HM/SM mostraven menys
complexitat gendmica, eren més freqiientment SOX// negatius, i els pacients
presentaven afectacié ganglionar amb més freqliencia. El millor punt de tall de les
mutacions somatiques per predir supervivencia va ser del 3%. Pacients amb alta o baixa
carrega mutacional presentaven diferéncies significatives en relacid al pronostic amb
una supervivencia mitja de 62.5 1 40.9 mesos, respectivament (P=0.004). La presentacio
ganglionar i ’expressié de SOX11 també semblaven ser predictors de la supervivencia
global. En un analisis multivariant, I’estat de dels gens IGHV 1 SOXI1, perd no la
presentacid ganglionar, eren factors de risc independents. En conclusid, les
observacions donen suport a la idea de que els LCM amb IG mutades, SOX11 negatius i
sense afectacid ganglionar corresponen a un subtipus de la malaltia amb un

comportament clinic indolent.
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Abstract

Mantle cell lymphoma (MCL) is a heterogeneous disease with most patients following
an aggressive clinical course while others have an indolent behavior. We performed an
integrative and multidisciplinary analysis of 177 MCL to determine whether the
immunogenetic features of the clonotypic B cell receptors may identify different subsets
of tumors. ‘Truly unmutated’ (100% identity) /GHV genes were found in 24% cases,
40% were ‘minimally/borderline mutated’ (99.9-97%), 19% ‘significantly mutated’
(96.9-95%) and 17% ‘hypermutated’ (<95%). Tumors with high (>97%) or low (<97%)
mutational load used different /GHV genes and their gene expression profiles were also
different for several gene pathways. A gene set enrichment analysis showed that MCL
with high and low /GHV mutations were enriched in memory and naive B-cell
signatures, respectively. Furthermore, the highly mutated tumors displayed less genomic
complexity, were preferentially SOX1 1 negative, and showed more frequently non-nodal
disease. The best cut-off of germline identity of /GHV genes to predict survival was 3%.
Patients with high and low mutational load had significant different outcome with 5-year
overall survival of 59% and 40%, respectively (P=0.004). Nodal presentation and
SOXI11 expression also predicted for poor overall survival. In a multivariate analysis,
IGHYV gene status and SOX11 expression were independent risk factors. In conclusion,
these observations suggest the idea that MCL with mutated /GHV, SOX11 negativity,
and non-nodal presentation correspond to a subtype of the disease with more indolent

behavior.
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Introduction

Mantle cell lymphoma (MCL) is a mature B-cell neoplasm clinically
characterized by a generalized lymphadenopathy, disseminated disease at diagnosis and
a poor clinical evolution (1). The translocation t(11;14)(q13;q932) deregulating cyclin D1
expression is considered the primary oncogenic event (2,3). Additionally, MCL usually
carry a high number of secondary chromosomal alterations targeting different oncogenic
pathways that contribute to the progression of the disease (4-8).

The immunogenetic analysis of the clonogenic B cell receptors (BcRs) in B-cell
neoplasms has made significant contributions towards understanding their ontogenetic
derivation, obtaining evidence for the possible involvement of antigen selection in their
pathogenesis, and identifying biological subtypes with clinical implications (9-12).
These studies have also proven to be of clinical relevance as exemplified by chronic
lymphocytic leukemia (CLL), where molecular analysis of the immunoglobulin (IG)
genes expressed by the clonogenic BcRs identifies subsets of tumors with different
biological features, clinical presentation and outcome, indicating that the functional
antigen reactivity of the clonogenic BcRs is critically implicated in shaping the
biological behavior of the malignant clones (9,10,13-16).

MCL shares certain phenotypic and biological analogies with CLL (1). Several
studies have shown that 15-40% of MCL have a somatically hypermutated BcR and a
strong restriction in /GHV gene usage (17,18). Similar to CLL (19), closely homologous
(stereotyped) VH CDR3s have been recognized in MCL, albeit with molecular features
clearly distinct from those described in CLL (17,19). Altogether, these immunogenetic
findings strongly argue for antigen-driven selection in the clonogenic expansion of
tumor cells in MCL (17). However, contrary to CLL, the clinical implications of
immunogenetic analysis in MCL remain controversial (18,20-26). Most studies have
found no relationship between the mutational status of the clonogenic /GHV genes and
the evolution of the disease (23,27). Although a tendency to longer survival has been
reported for patients with a high number of somatic mutations or carrying specific /IGHV
genes (18,21,22,28). Moreover, a subset of patients with a very indolent clinical course
and SOX11 negative expression seem to express IGs with a high load of somatic
hypermutation (SHM) (20). A potential confounding issue in most relevant studies has
been the application of a 2% identity cut-off value for assigning cases to the mutated or
unmutated subgroup. This cut-off has been utilized widely for prognostication in CLL

but may not be appropriate outside this context. In particular, it may mask the biological

98



Heterogeneitat clinico biologica del LCM Resultats: Article 1

(and, perhaps, clinical) heterogeneity of MCL as also indicated by the recent finding that
subsets of MCL cases with different mutational load display marked immunogenetic
differences, even when comparing cases with limited mutations (98-99.9% identity) to
those with no mutations at all (100% identity) (17). In the present study, we performed
an integrative and multidisciplinary analysis of a large series of MCL in order to
determine whether the specific molecular features of the clonotypic BcR may identify
subsets of tumors with biological differences potentially underlying a different clinical

behavior.
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Materials and Methods

Study population. 177 patients with MCL were selected based on the availability
of tumor samples. All cases had the t(11;14)(q13;q32) and/or cyclin D1 overexpression.
Samples were obtained from peripheral blood (n=99), lymph nodes (n=41), spleen
(n=15), bone marrow (n=7), and other tissues (n=15). The /IGHV gene mutational status
of 41 out of 177 cases was reported previously (17). Clinical information is summarized
in Table 1. The patients were managed heterogeneously: thirteen patients did not receive
chemotherapy and fifteen patients received front-line intensive treatment with high-dose
araC and/or autologous stem cell transplant. Ninety patients were treated with different
regiments of conventional chemotherapy. Rituximab was administered to 43 patients at
some stage during the course of their disease. Tissue sections for evaluation of the
histological variants and additional pathological features were available in 95 cases
(Table 1). The study was approved by the Institutional Review Board and informed

consent was obtained from each patient.

Amplification of IGHV-IGHD-IGHJ rearrangements, sequence analysis and
interpretation. PCR amplification was performed using either complementary or
genomic DNA extracted from cryopreserved blood cells, frozen tissues and formalin-
fixed paraffin embedded (FFPE) tissues (17 cases). RNA and DNA were extracted by
using the TRIZOL reagent (Invitrogen Life Technologies, Inc., Gaithersburg, MD),
QIAamp DNA mini-kit, AllPrep DNA/RNA Mini Kit (for tissue samples), and FFPE
RNeasy minikit (for FFPE tissues)(QIAGEN, Germantown, MA, USA).

IGHV-IGHD-IGHJ rearrangements were amplified and analyzed as reported
previously (10,29). The sequences were analyzed using IMGT® databases and tools
(30,31) (32). Only productive rearrangements were evaluated. Output data from
IMGT/V-QUEST was used to obtain: /GHV gene usage, percentage of identity to germ
line, length and composition of the VH CDR3.

Gene expression profiling. We studied the gene expression profiling (GEP) of
38 cases using highly purified leukemic cells (>95% by flow cytometry) from untreated
MCL patients. RNA was hybridized to Affymetrix GeneChip Human Genome U133
Plus 2.0 Arrays (Affymetrix, Santa Clara, CA), as described previously (20). The
analysis of the scanned images and the determination of the signal value were obtained

with GeneChip® Command Console® Software (Affymetrix). Raw data were imported
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to R Package. The data was normalized using the Robust Multichip Analysis algorithm
of the BioConductor affy Package and the 25% of genes with lower interquartile range
were excluded. Differential gene expression between the subgroups of cases was
performed using moderated t-statistics with empirical Bayes shrinkage of the standard
errors, implemented in the BioConductor limma Package (33). The false discovery rate
(FDR) method of Benjamini and Hochberg was used to adjust the P-value for each gene
based on a significance level of 0.05. Functional enrichment analysis of the differentially
expressed genes was performed using the DAVID and IPA applications. The primary
data of the microarrays are available from the Gene Expression Omnibus (GEO) of the
National Center for Biotechnology Information, accession number GSE36000.

Twenty differentially expressed genes were selected and validated by
quantitative PCR (qPCR) using the Fluidigm BioMark Real Time System (Fluidigm,
San Francisco, CA). Total RNA was retrotranscribed to cDNA using the high capacity
RNA-to-cDNA kit (Applied Biosystems, Foster City, CA) and pre-amplified with 14
cycles according to the manufacturer’s recommendations. The GUSB and B2M genes
were used as endogenous controls and Universal Human Reference RNA (Stratagene,

La Jolla, CA, US) as the calibrator sample.

Gene set enrichment analysis (GSEA). We performed an enrichment pathway
analysis using the GSEA desktop application (GSEA, Broad Institute at MIT,
Cambridge, MA). We used a pre-ranked gene list based on the limma’s statistic obtained
in the differential expression analysis using the curated collection of canonical pathways
(3276 gene sets). We added four additional gene sets generated in-house to capture gene
expression signatures associated with different B-cell origin, using data available at the
GEO (accession number GDS3516) (Supplemental Table S1). The B-cell origin
signatures were defined by those genes that were more significantly expressed,
exhibiting at least 20% higher levels compared to the second highest expressing group
(for naive and memory B-cell signatures) and 50% (for germinal center cell and plasma

cell signatures) in order to obtain approximately 100-200 genes in each signature.

Analysis of SOXI11 expression. SOX11 expression was evaluated in 161/177
(90%) cases and categorized as positive or negative according to previous defined
criteria (20,29,34). One hundred forty-three cases were analyzed by qPCR using the cut-

off of 9 relative units (29), 64 cases were analyzed by immunohistochemisty (34) and 50
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cases by GEP using as cut-off a signal value of 120 for the probe set 204913 s at
following a MASS5 normalization with a target intensity of 150. Overall, 51% of the
cases were evaluated with at least two different techniques, with fully concordant results

(Supplemental Figure S1).

Molecular analysis. TP53 mutational analysis was performed as previously
described (29) and the genomic profile of 101 cases was investigated using the
Affymetrix Genome-Wide Human SNP Array 6.0 in 73 cases and the 100K SNP-array
in 28 cases, as previously described (Affymetrix, Santa Clara, CA) (35,36).

Statistical analysis. The independence between categorical clinical parameters
and the MCL subgroups was evaluated using Fisher’s exact test and continuous
variables were compared by Mann-Whitney or Kruskall-Wallis tests. To find the best
IGHYV gene identity % cut-off related to survival we used a maximally selected log-rank
statistic (maxstat package). Overall survival (OS) was measured from date of diagnosis
to date of death or last follow-up. Survival was estimated using the Kaplan-Meier
method and survival curves were compared using the log-rank test. The association
between different variables and outcome was estimated using univariate Cox regression
analysis, whereas the independence of /GHV gene mutational status was estimated by
multivariate Cox regression analysis. Covariates included in the multivariate were age,
nodal presentation, /[GHV gene mutational status and SOX11 expression. The variables
selected for the multivariate analysis were the ones statistically significant in the
univariate analysis and which had information available in more than 100 patients. The
covariates used in the model did not show co-linearity and did not violate the
proportional hazard assumption (by assessing the plots of smoothed martingale
residuals). P values <0.05 were considered statistically significant. All analyses were

performed with SPSS software v.18.0 (Chicago, IL) and R Package.
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Results
1G gene repertoires and SHM

A total of 177 productive IGHV-IGHD-IGHJ rearrangements from 177 patients
were analyzed. Based on the approach introduced by Hadzidimitriou et al/ (17) we
subdivided the cohort in three subsets: i) ‘truly unmutated’ (TU; 100% identity), ii)
‘minimally/borderline mutated” (MBM; 99.9-97% identity), and iii) ‘significantly
mutated” (SM; 96.9-95% identity). We included an additional subset defined as
‘hypermutated’ (HM; <95% identity). Overall, 24% of the cases were classified as TU,
40% as MBM, 19% as SM and 17% as HM IGHV (Table 1).

As expected, /IGHV3 and IGHV4 were predominant (39% and 28% of cases,
respectively). The /G repertoire is skewed, since 53% of the gene usage was represented
by only six genes, IGHVI-8 (12%), IGHV4-34 (11%), IGHV3-21 (9%), IGHV3-23 (7%),
IGHV5-51 (7%), and IGHV4-59 (6%) (Supplemental Table S2), this bias in the
repertoire is similar to the previously reported in a large cohort of MCL (17). The IGHV
gene repertoire of the four mutational subsets was different: /IGHVI-8 was preferentially
used by TU cases (41%) and MBM cases (32%); IGHV4-34 and IGHV3-21 were more
common in MBM (55 and 50%, respectively); IGHV4-59 predominated in the HM
subset (55%); and IGHV'3-23 was found with similar frequencies in the HM and MBM
subsets (38%) (Figure 1 and Supplemental Table S2).

We identified twenty-four /GHD genes among which the /IGHD2-2 (13%),
IGHD3-3 (10%), IGHD2-15 (8%) and IGHD1-26 (7%) predominated (Supplementary
Table S2). Interestingly, /IGHD1-26 was more frequently associated with the TU group
(16%) and IGHDZ2-2 was mainly found in HM and SM (17% and 24%, respectively).
Most of the cases utilized IGHJ4 (39%) and IGHJ6 (28%) with no differences among
the four /GHV mutational subsets (Supplemental Table S2). The median VH CDR3
length was 16 amino acids (aa) (range 7-30). /GHV5-51 and IGHV3-23 displaying
shorter VH CDR3 compared to /IGHV3-34 and IGHV3-21 rearrangements (11 and 13 aa
vs. 18 and 19 aa, respectively). Differential patterns of /IGHV-IGHD and IGHV-IGHJ
associations were identified that were concordant with our previous findings (17).

Recurrent aa changes introduced by SHM in conserved positions of the VH
domain are considered as suggestive of antigen selection (9,12,17,19). We found such
changes in mainly in [GHV4-59, IGHV3-23 and IGHVI-8 rearrangements
(Supplemental Figure S2). As an example, codon 92 (FR3) of the IGHV4-59
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rearrangements was mutated in 55% of the cases, with the substitution S-to-T in this

codon being detected in 36% of cases (Supplementary Figure S2).

MCL subsets exhibit distinct pathological and molecular features

We explored potential associations between /GHV gene mutational status and
several features of the MCL tumors. HM-MCL was conspicuous for the complete
absence of blastoid/pleomorphic variants, whereas their proportion was similar in the
other subgroups (P=0.045) (Table 1). Only half of the HM-MCL cases expressed CD5
whereas almost all tumors of the other mutational subsets were positive (P<0.001)
(Table 1).

SOX11 expression was positive in 69% of evaluated (Table 1). SOX11-positive
tumors had significantly lower /IGHV gene mutations than SOXI11-negative tumors
(mean % identity: 98.7% and 95.1%, respectively; P<0.001) (Figure 2A). Notably,
SOX11 expression was predominantly found in tumors with no or low /GHV mutations
(TU 86%; MBM 80%) whereas only a small number of MCL with high number of
IGHYV mutations expressed SOX11 (HM 17%; SM 36%) (P<0.001) (Figure 2B; Table
1).

The profile of gains and losses of 101 cases analyzed by SNP-arrays was
concordant with the pattern previously defined (5). The main losses were located at 11q
(35%), 8p (33%), 13q (30%), 17p (26%) and 9p (21%) whereas regions with gains were
39 (30%) and 8q (23%). The number of copy number alterations (CNA) was inversely
related to the level of SHM and varied from 2.8 (range 0-26) in HM tumors to 8.6 (range
0-34) in TU MCL (P<0.001) (Table 1). The number of cases with high genomic
complexity (>4 alterations) was significantly lower in HM and SM (22% and 37%) than
in MBM and TU tumors (77% and 79%) (P<0.001) (Figure 3, Table 1). Interestingly, no
deletions of the ATM and CDKN2A4 were observed in HM MCL compared to the
remaining three groups whereas 7P53 gene mutations and 17p alterations/7P53
mutations were similarly distributed among the four subsets of MCL (Table 1 and

Figure 3).
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GEP reveals distinct signatures and putative cell of origin in MCL subsets with
different IGHV gene mutational status

To identify biological features that could distinguish the different subsets of
MCL according to SHM status, we performed a genome-wide GEP of 38 purified
peripheral blood untreated tumor samples. We grouped the HM and SM cases as
mutated MCL (M-MCL) and the MBM and TU as unmutated MCL (U-MCL) and found
518 genes differentially expressed: 395 genes were upregulated in U-MCL and 123 in
M-MCL (Supplemental Table S3). The signature of 13 genes, including SOX11, that we
found previously underexpressed in indolent MCL (20), was also downregulated in M-
MCL in this independent series. The previously described GEP proliferation signature
(37) and survival predictor signature (38) were not significantly different between the
two subgroups, although there was a trend to lower proliferation (meantstandard
deviation; 0.14+0.25 vs 0.51+£1.04) and better prognosis score (-0.09+0.41 wvs.
0.32+1.03) in M-MCL compared to U-MCL, respectively.

To gain insights into the biological meaning of the differential expression profile
between M-MCL and U-MCL, we performed a functional enrichment analysis using the
DAVID application. The most significant biological processes enriched among the up-
regulated genes in M-MCL were related to translational elongation, ribosome
biogenesis, regulation of B-cell activation and leukocyte/lymphocyte activation. On the
other hand, the regulation of transcription, apoptosis/cell death and response to
extracellular stimulus were the functional terms enriched among the genes significantly
upregulated in U-MCL group (Figure 4A). Very similar results were also obtained using
IPA (data not shown).

To validate the GEP results we performed qPCR of 20 selected genes in 38
cases, 21 M-MCL and 17 U-MCL, six tumors studied by GEP and 32 independent cases.
The results were concordant in 18/20 (90%) (Supplemental Table S4).

To investigate whether the different GEP of the U-MCL and M-MCL could be
related to a particular subtype of normal B-cell counterpart we performed a GSEA using
four specific gene sets related to different normal B-cell subtypes, this analysis indicated
that the SOX11-positive U-MCL expressed a signature enriched in genes related to
naive B-cells (FDR: 0.001 and NES: 1.7) whereas SOX11-negative M-MCL had a
signature related to memory B-cells (FDR: 0.086 and NES: 1.28) (Figure 4B).
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IGHYV gene mutational status defines MCL subsets with distinct clinical presentation
and outcome

The male/female ratio was significantly different in the four MCL subsets, varying
from 1 in HM MCL to 4.7 in TU tumors (P=0.027) (Table 1). The major clinical
difference concerned nodal presentation, which was less common in HM (26%) and SM
(50%) than in MBM (84%) and TU (80%) MCL (P<0.001). Blood lymphocytosis was
higher in MBM- and TU-MCL but the differences were not statistically significant
(Table 1).

The four MCL subsets did not differ regarding the use of different treatments,
including either high dose AraC and/or autologous stem cell transplantation or
Rituximab at any time during the course of the disease. Overall, 68 and 71% of HM and
SM MCL were treated during the clinical course compared to 96 and 100% of MBM
and TU, respectively (P<0.001). M-MCL patients had a significantly better OS than U-
MCL patients (P=0.023) (Table 1 and Figure 5A). The /IGHV gene identity cut-offs that
best discriminates the patient’s outcome were 96.6% and 97% (Supplementary Figure
S3). For simplicity we selected the 97% cut-off and found that M-MCL had a
significantly better outcome than U-MCL with 5-year OS rates of 59% and 40%,
respectively (P=0.004) (Figure 5B).

In addition to SHM, variables predicting for poor OS on univariate analysis were
advanced age, high serum LDH, nodal presentation, blastoid morphology, high Ki67
expression, positive SOX11 expression and 17p/TP53 alteration (Table 2). Because both,
high /IGHV gene mutational load and SOX11-negativity have been associated with a
more indolent evolution of MCL, we examined which of the two was the most important
variable for OS (Figure 5C). Interestingly, M-MCL patients negative for SOX11 (n=23,
5-year OS, 73%) had a significantly better prognosis than the other subgroups of patients
(P=0.005). In addition, 17p/TP53 alterations in this subgroup of M-MCL recognized a
subset of patients with a significant worst outcome (Figure 5D).

Finally, we performed a multivariate analysis with: age, nodal presentation,
IGHYV gene mutational status, and SOX11 expression. In the final model with 112 cases,
age (relative risk [RR]: 1.03; 95% confidence interval [CI]: 1.01-1.06; P=0.001), IGHV
gene mutational status (RR: 2.01; 95% CI: 1.08-3.74; P=0.029), and SOX11 expression
(RR: 2.44; 95% CI: 1.22-4.9; P=0.012) were identified as independent risk factors for

OS, whereas the nodal presentation no longer retained any prognostic value.
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Discussion

The immunogenetic analysis of the BcR in B-cell neoplasms has helped to
identify biological subtypes with clinical implications (9-12,12,39-42). A recent study of
the IGHV genes in a large series of MCL provided strong molecular evidence for
antigen-driven selection in the pathogenesis of at least a subset of cases and also led to
the identification of distinct molecular subsets of MCL defined by the repertoire and
mutational status of the clonogenic /Gs (17). In the present study, we report that these
molecular subsets exhibit distinct genetic, molecular and clinical characteristics
suggesting that they may correspond to different subtypes of the disease.

The clinical relevance of the /GHV gene mutational status in MCL has been
controversial. Almost all previous studies have discriminated subsets of MCL following
the 98% IGHV gene germline identity cut-off established for CLL (10,41). However, as
highlighted by Hadzidimitriou et a/ (17), this approach may have overlooked the
particular biological characteristics of MCL. Following the /GHV mutational subset
definition of this study, we stratified our MCL series in truly unmutated,
minimally/borderline mutated and significantly mutated subsets, an included an
additional group of hypermutated MCL (17).

Our series was enriched in tumors with SM and HM IGHV genes, similar to the
study of Orchard et a/ (18) who reported 29% of cases in their cohort exhibiting <97%
identity. Interestingly, this immunogenetic bias in these two cohorts likely reflects the
higher frequency of the non-nodal clinical presentation (present study: 31%; Orchard et
al: 46%) compared to most other MCL studies (17). These differences are probably due
to the characteristics of the collaborative centers in our study that include reference
laboratories for leukemic patients in addition to surgical pathology groups. In contrast,
most previous studies of the BcR in MCL have been performed in patients from clinical
trials that required histological confirmation of the tumor (22) or in tumor samples
recruited from surgical pathology departments (21,23-25,43) and, therefore, may have
underestimated the subset of patients presenting with leukemic non-nodal disease.

The major clinical and biological differences among patients were observed
between the HM and TU-MCL, whereas SM and MBM tumors had intermediate
features with a tendency to resemble the HM and TU tumors, respectively (Table 1). The
most significant differences among the mutational subsets concerned /GHV gene usage,
CDS5 expression, genomic complexity, gene expression profiles, including SOX11

expression, gender distribution, and nodal presentation All these findings support the
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concept that the mutational status of the /GHV genes identifies biologically and
clinically distinct subsets of MCL.

The relationship between /GHV gene mutational status and the clinical course of
MCL has been addressed in different studies but the results have been inconclusive with
only some tendencies to favorable outcome in tumors with high mutational load. In our
study, we found that 97% identity was the best cut-off for predicting survival. This cut-
off enabled the delimitation of HM/SM vs. MBM/TU MCL and defined a significant
difference in the overall survival of these two subgroups of patients. On these grounds, it
is not unreasonable to claim that the inability of previous studies to detect clinical
implications for SHM in MCL may be due, at least in part, to the application of the
“CLL-relevant” 2% cut-off and the relatively lower number of cases with high SHM that
reduced the statistical power of the analysis.

In keeping with previous studies (18,20,26), we found that nodal presentation
and SOX11 expression were also predictors of poor outcome but, interestingly, in the
multivariate analysis only the /GHV gene mutational status and SOX11 expression
remained as independent variables. A recent study by Nygren et al (43) has shown an
apparently conflicting result with SOX11-negative MCL having a worse prognosis than
SOX11-positive tumors. However, 9/13 (69%) of the SOX11-negative cases in that
study were strongly positive for p53 by immunohistochemistry, suggesting that these
tumors carried 7P53 gene mutations. These findings are concordant with our recent
observation indicating that 7P53 mutations and 17p deletions in SOX11-negative MCL
are associated with complex genomic karyotypes and a rapid clinical evolution, whereas
SOX11-negative MCL with wild type 7P53/17p have a very stable disease and a long
survival (29). Altogether, these observations support the idea that MCL with mutated
IGHV, SOXI11-negativity and non-nodal clinical presentation may correspond to a
subtype of the disease with more indolent behavior. However, the inactivation of 7P53,
similar to other small B-cell lymphomas, confers a more aggressive behavior with
development of nodal dissemination and more rapid clinical evolution.

The comprehensive analysis of the BcR in MCL is modifying our views about its
potential ontogeny and the role of antigen selection in the pathogenesis of the disease
(17,44). The definition of a cell of origin for this tumor is facing the same challenges
already encountered in CLL (15). The spectrum of SHM, the molecular evidence for
antigen selection, and the differences in the GEP of the two major subsets of MCL

according to SHM load raise the possibility, as suggested for CLL (15), of a scenario in

108



Heterogeneitat clinico biologica del LCM Resultats: Article 1

which the different subsets of MCL may be related to different normal counterparts. The
postulated cells may include in addition to naive B-cells for some TU tumors,
intermediate cells between naive and germinal center cells (45), transitional B-cells (46),
or even a post-germinal center memory B-cells for the tumors with high load of SHM.
Our GEP analysis of the two major subset of MCL supports this hypothesis with an
enrichment of the naive B-cell signature in MCL with unmutated /GHV and the memory
B-cell signature in the mutated /GHV tumors.

In conclusion, our results suggest the idea that the mutational status of the IGHV
genes and SOXI11 expression recognize two major subsets of MCL with distinct
molecular and genetic features and also distinct clinical presentation and evolution. The
gene expression profile analysis supports relationship of MCL with unmutated and
mutated /GHV with naive and memory B-cells, respectively, reinforcing the hypothesis

that they may correspond to different subtypes of the disease.
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Table 1. Clinico-biological characteristics of MCL patients according to the

mutational status of IGHV.

HM SM MBM TU
Total (<95%) (95%-96.9) (97%-99.9%) (100%) P
No. of cases (%) 177 30 (17%) 33 (19%) 71 (40%) 43 (24%)
Pathological and molecular data
Morphology 0.045
Classical/ small cell (%) 71/95 (75) 6/6 (100) 8/13 (66) 29/44 (66) 28/32 (87)
Blastoid/ pleomorphic (%) 24/95 (25) 0/6 5/13 (38) 15/44 (34) 4/32 (13)
Ki-67 (=35%) 24/75 (32) 1/8 (12) 4/10 (40) 14/34 (41) 5/23 (22) 0.249
CDS-positive 72/83 (87) 9/16 (56) 11/13 (85) 32/34 (94) 20/20 (100)  <0.001
SOX11-positive 111/161 (69) 5/26 (19) 11/26 (42) 57/67 (85) 38/42 (90) <0.001
CNA, mean number (range) 12.4 (0-50) 2.8 (0-26) 6.3 (0-33) 9.5 (0-50) 8.6 (0-34) <0.001
High genomic complexity
62/101 (61) 4/18 (22) 6/16 (37) 30/39 (77) 22/28 (79) <0.001
(>4 CNA)
TP53 mutated 21/85 (25) 3/12 (25) 3/13 (23) 12/35 (37) 2/25 (8) 0.083
17p alteration/TP53 mutated 33/109 (30) 7/20 (35) 4/17 (23) 15/43 (35) 7/29 (24) 0.676
Clinical data
Median age (range) 66 (29-90) 68 (45-88) 70 (44-85) 66 (29-89) 63 (33-90)
Ratio Male/Female 112/39 11/11 17/8 51/13 33/7 0.027
Lymph node (>1 cm) (%) 84/122 (69) 5/19 (26) 9/18 (50) 42/50 (84) 28/35 (80) <0.001
Palpable splenomegaly (%) 67/110 (60) 7/16 (44) 7/16 (44) 30/47 (63) 23/31 (74) 0.094
High serum LDH (>450) (%) 30/77 (39) 2/14 (14) 3/11 (27) 14/33 (42) 11/18 (61) 0.044
Stage IV (%) 70/79 (89) 7/8 (88) 7/10 (70) 32/35(91) 24/26 (92) 0.246
Lymphocytosis (median, L/mm?) 8800 10812 11368 18374 38633 0.396
Follow up data
Median follow-up, years 3.25 4.08 3.50 3.63 2.65 0.748
(range) (0.23-21) (0.33-8) (0.50-21) (0.23-12) (0.68-6.58)
Chemotherapy at any time (%) 105/118 (89) 13/19 (68) 13/18 (72) 47/49 (96) 32/32 (100)  <0.001
Median time to treatment
(months) 1 44 2 1 1 0.157
Complete response rate (%) 30 15 15 52 19 0.02
5-year overall survival (%) 46 62 55 49 25 0.023
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Table 2. Analysis for overall survival in MCL patients.

OS (months) Multivariate analysis
Variable N Events 5-year OS P RR 95% CI P
(95% CI)
Age® 0.019 1.03 1.01-1.06 0.001
Gender 0.514
Female 25 20 61 (43-79)
Male 98 58 56 (41-70)
LDH <0.001
Low 45 23 72 (40-104)
High 29 23 17 (12-22)
Lymphocytes (logio 0.22
L/mm?®)
>4 42 22 46 (44-48)
<4 40 23 38 (36-40)
Nodal presentation 0.004
No 38 17 81 (59-103)
Yes 80 53 47 (34-59)
Morphology 0.001
Classical 64 42 57 (50-64)
Blastoid 22 18 23 (3-43)
Ki67 <0.001
High ( >35%) 45 30 53 (37-69)
Low (<35%) 22 18 18 (0-36)
IGHYV gene 0.004 2.01 1.08-3.74 0.029
Mutated (<97%) 40 18 84 (20-148)
Unmutated (>97%) 80 64 50 (38-62)
SOX11 expression 0.003 2.44 1.22-4.9 0.012
Negative 34 14 84 (12-156)
Positive 10 66 48 (38-58)
0
TP53 status® <0.001
Wild type 31 14 59 (38-80)
Mutated 19 17 19 (0-39)
17p/TP53° <0.001
Not altered 60 24 53 (17-53)
Altered 28 22 25 (6-44)

*Age was treated as a continuous variable.
°Survival for TP53 and 17p/TP53 alterations was calculated from the time of sample

assessment instead of from time of diagnosis.
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FIGURE LEGENDS

Figure. 1. Distribution of rearrangements of the six more frequent /GHV genes in
subgroups of MCL with different mutational status.

Figure 2. /IGHV mutational load according to SOX11 expression. A, Box plot of the
percentage of /GHV identity in MCL cases negative and positive for SOX11 expression.
B, Distribution of the cases according to four subgroups of /GHV gene mutational status
and SOX11 expression.

Figure 3. Characterization of MCL cases according to their distinct genetic and
molecular features. The 101 cases in which SNP-array analyses were performed are
represented. In the upper panel the number of genomic alterations (bar plots) and the %
of identity of IGHV genes (from left to right in decreasing order).

Figure 4. A, Differences in the gene expression profile between U-MCL and M-MCL.
Heatmap displaying the main pathways enriched among the genes differentially
expressed. B, Enrichment plots obtained from GSEA. Significant enrichment of the
naive B-cell gene set in the U-MCL/SOX1 1-possitive and significant enrichment of the
memory B-cell gene set in M-MCL/SOX1 1-negative.

Figure 5. Kaplan-Meier estimates of OS for MCL patients according to /IGHV gene
mutational status and SOX11 expression. A, OS for the four different subgroups of
IGHYV identity. HM and SM have better OS (5-year OS 61%, 95% confidence interval
[CI], 35-87 and 5-year OS 55%, 95% CI, 29-81, respectively) compared to MBM (5-
year OS 14%, 95% CI, 34-62) and TU (5-year OS 18%, 95% CI, 7-43). B, OS
subgroups of MCL with <97% (Unmutated U-MCL) and >97% (Mutated M-MCL)
identity. M-MCL showed better OS (5-year OS 59%, 95% CI, 41-77) than U-MCL (5-
year OS 40%, 95% CI, 28-52). C, OS according to /GHV gene mutational status and
SOX11 expression. M-MCL SOXI11-negative showed a better OS (5-year OS 73%,
95% CI, 52-94) than the other groups (M-MCL SOX11-pos: 5-year OS 42%, 95% CI,
12-72; U-MCL SOX11-neg: 5-year OS 48%, 95% CI, 13-83; U-MCL SOX11-pos: 5-
year OS 38%, 95% CI, 26-50). D, OS of the M-MCL SOXI11-negative patients with
17p/TP53 alterations showed a worse OS (5-year OS 36%, 95% CI, 0-76) than patients
without 17p/TP53 alterations (5-year OS 92%, 95% CI, 77-100).
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ARTICLE 2: Els limfomes de cél-lules del mantell de tipus no

ganglionar son un subgrup biologic i clinicament especific de la

malaltia

Leukemia. Mar¢ del 2012. 19. doi: 10.1038/leu.2012.7
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Resum:

Un subgrup de pacients de limfoma de cel-lules del mantell (LCM) segueix un curs
clinic indolent 1 pot requerir diferents estratégies de maneig comparant amb LCM
convencionals. No obstant, els criteris per recon¢ixer aquests pacients no estan ben
definits. L’objectiu d’aquest ’estudi és determinar si la signatura d’expressid
diferencial entre els LCM convencionals i indolents pot identificar subgrups de LCM
amb diferents caracteristiques. Vam analitzar una signatura de 3 gens (SOXII,
HDGFRP3, DBNI) detectada per qPCR que va ser investigada en mostres tumorals de
sang periferica de 68 pacients de LCM. Vam identificar una expressio baixa d’aquests
gens en un subgrup de 22 pacients que principalment no presentaven adenopaties,
presentaven mutacions en els gens de les IG, tenien poques alteracions genomiques i
estaven associats a un millor pronostic respecte els 46 casos de LCM amb expressio
elevada d’aquesta signatura (superviveéncia als Sanys 75% vs 32%, P=0.006). La
preséncia d’alteracions en 17p/TP53 conferia pitjor prondstic en ambdods grups,
independentment de ’alta o baixa expressio de la signatura. Aquesta troballa suggereix
que els LCM sense presentacid ganglionar 1 baixa expressio dels 3 gens de la signatura
son un subtipus especific de la malaltia. L’estudi dels 3 gens 1 de I’estat de 17p/TP53

podria ajudar en I’elaboraci6 d’estrateégies de gestid d’aquest tipus de pacients.
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Non-nodal type of mantle cell lymphoma is a specific biological
and clinical subgroup of the disease

Leukemia advance online publication, 13 April 2012;
doi10.1038/leu.2012.72

Mantle cell lymphoma (MCL) is an aggressive B-cell neoplasm with
a median survival of the patients of 3-5 years." This aggressive
behavior has been related to its genetic and molecular patho-
genesis that integrates the deregulation of cell proliferation due to
the ti11;,14)ig13;g32) and cyclin D1 overexpression, and the
accumulation of a high number of chromosomal aberrations
mainly targeting genes related to DNA damage response and the
cell survival pathways.? Thus, it is usually recommended that
patients with MCL should be treated with chemotherapeutic
regimens immediately following their diagnosis. However, this
attitude is being reconsidered, due in parnt to the increasing
recognition of subsets of patients that do not need therapy for a
long period of time*” and the observation that deferral
of treatment does not seem to impair their global outcome.®*
The identification of asymptomatic patients at diagnosis that may
benefit from initial watch and wait approach is challenging
because some studies have shown that intensive treatment may
improve the survival of patients with MCL.® Therefore, it is of
paramount importance to develop clinical and biclogical criteria
that may assist in the selection of the optimal individual
management for patients with MCL.

In a recent study, we compared a subgroup of MCL patients
with a very indolent clinical behavior that did not received
chemotherapy for more than 2 years with a subset of patients that
required treatment at diagnosis.” The indolent MCL had a profile
of clinical and biclogical features that differed from the
conventional MCL (cMCL), suggesting that at least a subset of
cases might correspond to a particular biclogical subtype of the
disease. One of the major findings was the differential expression
of a small signature of 13 genes, including S0X171, that was highly
expressed in cMCL but negative or very low in indolent tumors.”

The aim of the present study was to determine whether the
recognition of this gene expression signature in an independent
and larger series of patients could identify subgroups of MCL with
different biological and clinical features and may assist in devising
management strategies more accordingly to the biology of the
disease.

We designed and validated a simple guantitative PCR assay
using three genes (SOX11, HDGFRP3 and DBNT) of the previously
described gene signature differentially expressed between indo-
lent and cMCL® (Supplementary Table 51 and Supplementary
Figures 51 and 52).

Because indolent MCL frequently presented with a leukemic
non-nodal disease, we studied this simplified three-gene signature
and CCND1 expression in blood samples from a series of 68 MCL
and 42 leukemic non-MCL neoplasms. SOX11, HDGFRP3, DBN1
and CCND1 were highly expressed in MCL but were negative in
the 42 non-MCL samples (Supplementary Table 51 and
Supplementary Figure 52). CCND1 was overexpressed in all MCL
but the expression of the other three genes was variable, with a
subset of MCL showing low or negative expression. To determine
the significance of the variable expression of the three-gene

Mccepted article preview online 19 March 2012

signature, we performed an unsupervised hierarchical clustering
analysis of the tumors according to the expression of this three-
gene signature. This analysis identified two clusters of MCL with
relatively concordant high (n =46 cases) or low (n =22 cases)
expression of the three genes (Supplementary Table 51 and
Supplementary Figures 53 and 54).

These two subgroups of MCL had significant differences in
clinical and biological features (Table 1). Palpable lymphadeno-
pathy (=1cm) was detected more frequently at diagnosis in
patients carrying tumors with high than low expression signature
(77% vs 12%; P<0.001). Patients with high signature were more
frequently treated with chemotherapy during the evolution of the
disease (93%) than patients with low expression (58%) (P = 0.001).
Anthracycline-containing regimens were administered in 78% and
60% of cases treated in the subgroup of MCL with high and low
signature, respectively. The clinical outcome was significantly
different in these two subgroups of patients with a 5-year overall
survival (05) rate of 32% (95% confidence interval (Cl), 11-53) for
the group with high expression signature and 75% (95% CI,
48-100) for patients with low expression signature (P= 0.006)
(Table 1 and Figure 1a).

The IGHV genes were mutated (< 97% identity) in 77% of the
tumeors with low signature but only in 17% with high signature
(P=0.001) (Table 1). The genomic profile was analyzed in 36
tumors with high and 17 with low signature using SNP6.0 armays
iSupplementary Figure 55). Both subgroups had the characteristic
profile of chromosomal imbalances of MCL®™ but tumors with
high signature had significantly more gains of 3g and losses
of 9p and 11q (P =0.016, 0.007 and 0.029, respectively). Genomic
complexity (copy number alterations =5 per case) was
significantly more frequent in MCL with high expression
signature (29/36, 80%) than in twmors with low expression
signature (6/17, 35%) (P =0.001). Interestingly, the six cases with
low signature carrying complex genomes had 17p loss, and TFS3
mutations were detected in the five cases studied. TP53 mutations
were also detected in 6 of the 10 MCLs with high signature that
had 17p alterations (Supplementary Table 52).

The variables predicting for poor 05 were the high expression
of the three-gene signature, nodal presentation and unmutated
IGHY (P=0.01, 0.03 and 005 respectively)(Supplementary
Table 53). The combined three-gene signature provided a better
prediction of OS5 than any of the three genes individually
iSupplementary Figure 56). To determine whether the three-gene
signature added information to the nodal presentation, we
compared the clinical impact of these two variables (Figure 1b).
Patients with nor-nodal presentation and low signature had a
better outcome (5-year 05 86%, 95% Cl, 67-100) than patients
with non-nodal presentation and high signature (5-yr 05 42%,
95% Cl, 1-83). Patients with nodal presentation had a poor
outcome regardless of the expression levels of the signature.
Although only two patients had lymphadenopathy and low
signature, these two patients were treated at diagnosis. The
association of non-nodal presentation with a better outcome was
in agreement with previous clinical observations.”"" However, our
study also indicates that patients with leukemic presentation
without lymphadenopathy can be further stratified based on the
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Table 1. Main features of MCL patients according to the high (HsMCL) or low (LsMCL) expression levels of the 3-gene signature
Total MCL (N =68) HsMCL (N=46) LeMCL (N =22) P-valse
Median age (range) 67 (35-90) 66 (35-90) 70 (44-88) 03
Ratio Male/female 3an 381 241 05
Oinical and pathological data
Nodal presentation (lymph nodes = 1em) (%) 32/56 (57) 30/39 (77 217 (12) <0.001
Splenomegaly (%) 32452 (1) 26/39 (67) 6/13 (46) 02
Extranodal involvement® 7/61 (11) 644017 1117 (6) 03
WEC count =10 x 101 (%) 21432 (66) 14/24 (58) 7/8 (87 01
High serum LDH (9) 10/29 (34) 59/22 (41) /7 (14) 02
Evolutive data
Median follow-up, months (range)® 308 (4-252) 286 (8-252) 44.6 (4-54) 01
Chematherapy at any time (%) 50459 (85) 40/42 (93) 10/17 (58) 0.001
Median ime o reatment, months 14 1.1 64 01
Completa response rate (%) 7126 (27) 5/22 (23 2/4 (50) 03
S-year overall survival (3%) 46 32 75 0.006
Mdlecular data
IGHV gene identity <97 (%) 24/64 (37) 7/42 017 17/22 (77) <0.001
Copy number alterations
0-1 imbalance 12/53 (23) 3/36 (8 9/17 (53)
2-4 imbalances 8/53 (11) 4/36(11) 2117 (12)
= 5imbalances 35/53 (66) 29/36 (80) 6/17 (35) 0.001
17p alteration 16/53 (300 10/36 (28° 6/17 (35) 08
Abbreviations: HsMCL, high signature mantle cell lymphoma; LDH, lactate dehydrogenase; LsMCL low signature MCL; WBC, white blood cell. *Extranodal
imvolvernent excluding peripheral blood and bone marow involvement, which was present in all the patients. Extranodal sites were: lung, liver, Waldeyer's
ring (in two patients each) and pleura, colon and testis (in one patient each). ®Surviving patients. “Seven patients had 17p loss, whereas three patients had
copy number neutral loss of heterozygosity.
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Figure 1. Survival curves of MCL (a) Kaplan-Meier estimates of OS5 for 59 MCL patients according to the high (HsMCL n =42) or low (LsMCL,
n=17) expresdon of the three-gene signature. Two out of the five dead patients in the IsSMCL group died of a MCL-unrelated cause but all patients
inthe hsMCL group died of the disease. (b) Kaplan-Meier estimates of 05 for 53 MCL patients according to the presence of lymphadenopathy and
the high or low three-gene expression signature. Patients with low signature and no lymphadenopathies show a better O5 than the remaining
three groups. (g Survival curves for patients with high three-gene signature (HsMCL) according to 17p status (17p altered vs 17p not altered); and
(d) Survival curves for patients with low three-gene signature (LsMCL) according to 17p status (17p altered vs 17p not altered).
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three-gene signature. Non-nodal MCL with high expression
signature had a more aggressive clinical behavior with
significantly shorter OS than patients with low signature. These
findings are particularly relevant because the presence of high
white blood cell counts has been traditionally associated with a
poor prognosis in MCL."® However, our study supports the idea
that MCL patients with a non-nodal disease, high leukocyte count
and low signature may correspond to a different subtype of the
disease with different clinical behavior. The use of the three-gene
signature may assist to distinguish these two groups of patients,
Further studies in patients with nodal disease are needed to
evaluate the impact of the signature on this group of MCL.

To have a broader overview and increase the statistical power in
the evaluation of the prognostic parameters, we combined this
series with the 17 patients from our previous study.” The variables
significantly predicting for poor OS were also the high expression
of the three-gene signature, nodal presentation and unmutated
IGHV (P=0.001, 0013 and 0.006, respectively). Interestingly,
patients with high genomic complexity and 17p alterations had
also a poor impact on survival calculated from the time of the
genetic assessment (P<0001). Of note, the detection of 17p
alteration had a significant adverse prognosis in both subgroups
of MCL with high (P=0.006) and low expression signature
(P=10.045) (Figures 1c and d).

In spite of the global good prognosis of cur patients with low
signature, some of them died rapidly after diagnosis or developed
progressive disease. Interestingly, the detection of a 17p deletion
had an adverse impact on outcome in these patients, suggesting
that similaly to cMCL and other lymphoid neoplasms, the
acquisition of 17p/TP53 alterations may ako be a mechanism of
tumor progression in MCL with low expression signature impairing
the outcome of the patients” This finding suggests that the
evaluation of 17p/TP53 alterations may be also important to refine
the prognosis of patients with MCL Intriguingly, although the
presence of 17p alterations had a poor prognostic impact on both
subgroups of MCL, patients with low signature had a longer survival
than patients with high signature camying 17p alterations (5-yr OS,
48% vs 17%). This observation parallels the finding of a subset of
CLL patients with Binet stage A and mutated IGHV that had a stable
disease in spite of the presence of 17p/TF53 alterations.”

All the findings of the present study indicate that MCL
presenting with a non-nodal disease and low expression of the
three-gene signature may comrespond to a particular clinical and
biological subtype of the disease with a more indolent clinical
behavior. The selection of a term to name this subtype of tumors
is not easy. We suggest the term ‘non-nodal type of MCL' because
itreflects their major, although not entirely specific, clinical feature
and, on the other hand, it may give credit to the initial clinical
observations of this subgroup of tumors.”' The presence of
17p/TP53 alterations in these patients impairs their outcome,
suggesting that they may influence the progression of the disease.
The evaluation of the three-gene signature in leukemic samples
together with the study of 17p/TP53 may help to identify this
particular subtype of MCL and to determine a parameter of higher
risk in the evolution of the patients, respectively.

It may be arguable whether non-nodal type of MCL corresponds
to a totally different disease. However, the similar global genomic
profile observed in this study and the similar global gene
expression profile of both types of tumors identified in our
previous study” would favor the idea that they are subtypes of the
same disease. In addition, a recent study of ‘in situ MCL' has
observed that ‘in situ’ lesions with S0X11-positive or -negative
MCL-like cells have a similar distribution in the mantle-zone area
of reactive follicles, indicating that early lesions in these two types
of tumors share the same topographic microenvironment.'®

In conclusion, our findings support the idea that non-nodal type
of MCL with a low signature of these three genes may comrespond
to a specific subtype of the disease. The study of the three-gene

& 2012 Macmillan Publishers Limited
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signature and 17p/TP53 status may assist in devising management
strategies for patients with MCL more adjusted to the biology of
the disease.
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1. Supplementary Patients and methods

1.1 Patients

We initially selected 17 MCL patients from our previous gene expression
profiling (GEP) study to design a quantitative polymerase chain reaction (qPCR) assay
that could capture the information of the GEP signature distinguishing indolent and
conventional MCL.(Fernandez et al., 2010) These patients were selected based on the
availability of RNA to design a qPCR assay. This assay was compared in relation to the
GEP data in this initial set of cases (n=17). Then, it was used in a second independent
series (n=68) of MCL patients. The patients were included in the study based on the
availability of a peripheral blood sample for molecular studies obtained before treatment.
All cases had the t(11;14)(q13,932) and/or cyclin D1 overexpression. The patients were
collected between 1992 and 2010 from Health Centers in Spain, Germany, United
Kingdom, and United States. None of these patients had been included in our previous
study.(Fernandez et al., 2010) Since the qPCR analysis was performed in peripheral
blood samples, a minimum of 30% of tumor cells was required to include patients in the
study, regardless of the total lymphocyte count. This cut-off was selected based on
dilutional experiments performed to evaluate the sensitivity of the assay. Clinical follow-
up was available in 59 patients. In nine patients sequential leukemic samples were also
analyzed.

To compare the expression of this signature in MCL and in other leukemic B-cell
neoplasms we analyzed 23 chronic lymphocytic leukemias, 8 splenic marginal zone
lymphomas, 5 hairy cell leukemias, 5 follicular lymphomas, and 1 lymphoplasmacytic
lymphoma. CCND1 expression was also assessed in the non-MCL leukemic samples.

The study was approved by the Institutional Review Board of the respective

institutions.

1.2 Isolation of tumor cells and nucleic acid extraction

The samples were obtained from peripheral blood in all cases. The tumor cell
population was at least 30% of the white blood cell count (mean: 79%, range: 31-98%).
In four cases with less than 50% of tumor cells, the B-cells were purified using anti-
CD19 magnetic microbeads (Miltenyi Biotech) reaching a final tumor content of at least
80% as determined by flow cytometry. Genomic DNA and total RNA were extracted
using the AllPrep DNA/RNA Mini Kit (Qiagen, Germantown, MA, USA). The potential
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residual DNA in the RNA fraction was removed using the TURBO DNA-freeTM Kit
from Ambion (Applied Biosystems, Foster City, CA, USA).

1.3 Quantitative PCR and design of a 3-gene signature

Complementary DNA (cDNA) synthesis was carried out from 500-800ng of total
RNA and the product was amplified and quantified using TagMan® Universal PCR
Master Mix and TagMan® Gene Expression Assays: Hs00765553 ml1 (CCNDI),
Hs00428063 m1 (CDK2A4PI), Hs00365623 ml1 (DBNI), Hs00998956 ml (PON?2),
Hs01016931 ml  (RNGTT) (Applied Biosystems) and Fluorescent probes
TagMan®MGB and primers designed using Primer Express® Version 2.0: SOXII
(probe S>-TTTTAACCACGGATAATTG-3’; forward primer 5-
CATGTAGACTAATGCAGCCATTGG-3’; reverse primer 5’-
CACGGAGCACGTGTCAATTG-3’); HDGFRP3 (probe 5’-CGGGCAACGACACAA-
3’; forward primer 5’-GCAGCTCTGAGGGTGGAGAT-3’; reverse primer 5’-
TTTCTGCAAGTCTGAAGTTGTGTTT-3"); and HMGB3 (probe 5’-
CATTATTTGTGGTGCCCAAC-3’; forward primer 5’-CCGTGCTCCTGGCACATAT-
3”’; reverse primer 5’-GCAGGCTCAAGACCCCAAA-3’ ). cDNA was analyzed using
duplicates in an ABI Prism 7900HT Fast Sequence Detection System (Applied
Biosystems). Relative quantification of gene expression was analyzed with the 2-AACt
method using GUSB as the endogenous control and Universal Human Reference RNA
(Stratagene, Agilent Technologies, Santa Clara, CA, USA) as the calibrator. A simplified
3-gene signature was calculated by summing the values of the three standardized genes.
For each gene the standardization was performed by subtracting the mean and then

dividing by the standard deviation.

1.4 IGHV gene mutational status

The study of the /GHV mutational status was performed in 64 MCL using
genomic DNA or ¢cDNA. The IGHV-IGHD-IGHJ amplification was performed as
reported previously(Hadzidimitriou et al., 2011) or following the BIOMED-2
protocol.(van Dongen et al., 2003) For the analysis we used all the sequences that were
in-frame and excluded any partial or unproductive rearrangements. PCR products were
purified by excising the band from a 2% agarose gel with the NucleoSpin Extract II Kit
(Machery-Nagel). PCR amplicons were subjected to direct sequencing. The sequences

were aligned to immunoglobulin sequence database — IMGT® databases, IMGT/V-
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Quest tool (http://www.imgt.org) and Ig BLAST (http://www.ncbi.nlm.nih.gov/igblast).

We classified the cases in two different groups: patients with mutated IGHV (<97%
homology with the germline gene) and patients with non-mutated IGHV (>97%
homology).(Hadzidimitriou et al., 2011)

1.5 Copy number analysis

Copy number alterations and loss of heterozygosity (LOH) of 53 MCL
leukemic cases was investigated with the Genome-Wide Human SNP Array 6.0
(Affymetrix, Santa Clara, CA). Briefly, 500ng of tumor DNA was digested with Nspl
and Styl restriction enzymes, and ligated to adaptors. After ligation and PCR, the DNA
was fragmented, labeled and hybridized. The hybridizations were performed using the
high throughput protocol. The arrays were washed using Affymetrix fluidics station and
scanned with the Gene Chip Scanner 3000. Image data were analyzed with Affymetrix
GeneChip Command Console software version 1.1 following the manufacturer’s
recommendations. Data analysis was performed using the Genotyping Console 4.0 to
obtain the CEL data files. For array quality control genotypes were called using
Birdseed v2.0, and only samples passing the recommended values for Contrast Quality
Control (CQC) >0.4 and Median of the Absolute values of all Pairwise Differences
(MAPD) <0.35 were used. CN5 algorithm of the Affymetrix Genotyping Console was
used with normal references from the public HapMap Sample Data Set (270 samples).
Regional GC correction and the standard segment reporting tool filters were used
(minimum of 5 markers per segment and 100 Kb minimum genomic size of a segment)
as well as visual inspection of copy number alterations (CNA). SNP6.0 arrays were

hybridized at CeGen, Santiago de Compostela, Spain (www.cegen.org). Nine samples

subjected to copy number analysis had tumor contents lower than 70% (range 52%-
68%) as detected by flow cytometry, although this did not affect significantly the
detection of copy number alterations, as we have also previously observed using SNP

array 100K.(Bea et al., 2009)

1.6 TP53 mutational analysis

The detection of the 7P53 gene mutations was investigated as described in the
International Agency for Research on Cancer (IARC) Consortium within exons 4-11.
The mutations were analyzed using Multiple Sequence Alignment tools (ClustalW;

http://www.ebi.ac.uk/Tools/msa/clustalw?) and the wild type sequences from the IARC
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Database (http://www-p53.iarc.fr). All mutations were confirmed in both the forward

and reverse strands and the presence of deleterious mutations (non-functional protein)

was obtained from IARC Database.

1.7 Statistical analysis

Statistical tests were performed using SPSSv17 (SPSS, Chicago, IL, USA) and R
softwares. A hierarchical clustering using the Ward's method with Euclidean distances
was used to segregate groups based on the qPCR expression of the three genes. The
independence between clinical parameters and the groups of patients was evaluated using
Chi square or Fisher’s exact test. Survival was estimated with the Kaplan-Meier method
and survival curves were compared using the log-rank test. P values less than 0.05 were
considered statistically significant. Overall survival (OS) was defined as time from MCL
diagnosis to death as a result of any cause or date of last follow-up. The genetic analyses
(SNP6.0 array and 17p/TP53 alterations) were investigated either at or shortly (<5
months) following diagnosis in 45 of 53 MCL and before treatment in all of them. The
impact of genetic analysis on survival was determined from the time of the sample

assessment instead of time from MCL diagnosis.

2. Supplementary results

2.1 Design of a simplified 3-gene signature qPCR assay

In a previous study(Fernandez et al., 2010) using GEP we identified a gene
signature of 13 genes highly expressed in conventional MCL and underexpressed in
indolent MCL. In the present study, we developed a simple qPCR assay that could be
useful to identify this signature without the need to perform a GEP analysis. First, we
analyzed by qPCR the expression levels of seven genes of the signature (SOX/I,
HDGFRP3, DBN1, HMGB3, PON2, CDK2API, and RNGTT) in patients of the initial
study, 7 with low and 10 with high expression levels of the signature. Similarly to the
GEP analysis,(Fernandez et al., 2010) none of the genes individually could accurately
identify all the cases. A combination of at least three genes performed better: all cases
with the low GEP signature had very low expression of at least two of them. The three
genes finally selected were SOXI11, HDGFRP3, and DBNI based on the higher

correlation coefficient (R2>0.82) between their respective mRNA expression levels
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detected by GEP and qPCR, and their higher specificity to identify MCL in comparison
to leukemic non-MCL lymphomas (Supplementary Table S1, and Figures S1 and S2).

2.2 Sequential analysis of the 3-gene signature
We also analyzed leukemic samples of 9 MCL patients at two different time
points of the disease, the 3 cases with high and the 6 cases with low expression signature
at diagnosis maintained the high or low expression levels in the follow-up sample, in
spite that the follow-up sample in 3 patients with low signature was from a progression
of the disease, suggesting that this signature is a constitutional feature of MCL

independent of the evolution of the disease.
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Table S1. Mean and standard deviation of the expression of CCNDI, SOXII,
HDGFRP3 and DBNI genes and the 3-gene signature by quantitative PCR in leukemic

samples.

N

Mean-SD-(Range)

MCL samples (initial)
CCNDI
SOX11
HDGFRP3
DBNI

High 3-gene signature™
Low 3-gene signature™
MCL samples (independent)

CCNDI
SOX11
HDGFRP3
DBNI1

High 3-gene signature*
Low 3-gene signature*

Non-MCL samples
CCNDIt
SOX11
HDGFRP3
DBNI1

17
17
17
17
10
7

68
68
68
68
46
22

39
42
42
42

6.32-4.78-(0.53, 15.49)
14.38-14.71-(0, 51.81)
0.91-1.03-(0, 3.59)
0.78-0.88-(0.01, 2.97)
0.51-16.27-(-1.28, 3.3)
2.39-0.12-(-2.25, -2.5)

8.61-9.38-(0.44-61.86)
29.13-32.30-(0, 130.8)
1.04-1.03-(0, 4.6)
0.92-1.07-(0, 4.7)
1.27-2.22(-1.97, 7.39)
-2.65-0.12-(-2.77, -2.32)

0.07-0.17-(0, 0.9)
0.07-0.3-(0, 1.99)
0.13-0.13-(0, 0.59)
0.42-1.29-(0, 3.1)

Abbreviations: MCL, mantle cell lymphoma; N, number; SD, standard deviation

*A simplified 3-gene signature was calculated by summing the values of the three

standardized genes. An unsupervised hierarchical clustering analysis of the 68 samples

segregated two subgroups according to the high or low expression of the 3-gene

signature. All cases with a high signature had values >-1.97 and cases with a low

signature had values <-2.32, thus we established the cut-off of -2 to distinguish both

subgroups.

TCCNDI levels could not be evaluated in 3 cases.
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Table S2. Mutational status of 7P53 gene and clinical data in MCL patients with 17p

alterations.
Noda Interval* Status Outcome N 17p Region Muﬁ?i(fnal Exon AA. CD.S

1 (Months) (Months) CNA Status Status Mutation ~ Mutation ||
hsMCL13 na 0 D 2 12 CNN-LOH 17pter-p11.2 mut 4 p.L111Q c.332T>A
hsMCL25 yes 0 A 13 6 Del 17pter-p13.17 wt - - -
hsMCL32 yes 2 na 2.3 10 Del 17pter-p11.2 wt - - -
hsMCL34 yes 1 D 8.7 5 CNN-LOH 17pter-pl3.1 mut 8 p.-V274G c.821T>G
hsMCL36 yes 0 A 8.2 12 Del 17pter-q12 wt - - -
hsMCL40 yes 26 D 57.7 23 Del 17pter-p13.3 mut 5 p.V173M c.517G>A
hsMCL44 no 0 D 6 50 Del 17p13.1 mut 5 p.V173G c.518T>G
hsMCL50 yes 15 D 93.8 15 Del 17pter-p13.1 mut 5 p.C176S ¢.527G>C
hsMCL51 na 0 A 27.6 3 CNN-LOH 17p13.2-p13.1 wt - - -
hsMCL52 yes 0 D 9.1 14 Del 17pt mut 8 p-R306X c.916C>T
ISMCL10 na 12 D 84 nd Delf 17p nd - - -
ISMCL18 yes D 9.4 9 Del 17p mut 5 p-H179R c.536A>G
IsSMCL19 no A 14.7 Del 17p mut 8 p-R282W c.844C>T
IsSMCL20 no§ 35 A 44.7 14 Del 17pter-pl1.2 mut 8 p.-P301fs*43  ¢.903delA
IsMCL22 no 6 D 55 16 Del 17pter-p13.1 mut 7 p.R248Q c.743G>A
IsSMCL26 na na na na 16 Del 17p na - - -
IsSMCL29 na na na na 7 Del 17pt mut 5 p-Q144fs*26 430delC

Abbreviations: AA, amino acid; A, alive; CDS, coding sequence; CNA, copy number alterations; CNN-LOH,

copy number neutral-loss of heterozygosity; Del, deletion; D, dead; hsMCL, high signature mantle cell

lymphoma; IsSMCL, low signature mantle cell lymphoma; mut, mutated; N, number, na, not available.

*Time between diagnosis and sample analyzed by SNP-array;

1 Alteration present in subpopulation;

i Deletion of 17p detected by conventional cytogenetics: iso(17)q, no material available for SNP-array;

§ Patient with no lymphadenopathy at diagnostic but with nodal presentation at the moment of molecular

analyses; || Deleterious mutations (non-functional protein) in IARC database, except in cases cMCL52, IsMCL20

and hsMCL29 which are not available.
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Table S3. Significant parameters in log rank test for OS in MCL patients.

N
(dead  Syear0S(%) — 9swcr  LosRank P
. value
patients)
3-gene-signature
High 42 (23) 32 11-53 0.01
Low 17 (5) 75 48-100
Nodal presentation
Yes 32 (19) 36 13-59 0.03
No 22 (8) 59 31-87
IGVH mutational status
>97% homology 38 (19) 38 14-62 0.05
<97% homology 17 (6) 60 28-92
Number of CNA*
CNA>5 32(17) 32 8-56 0.02
CNA<S 15 (2) 70 28-100

Abbreviations: CI, confidence interval; CNA, copy number alterations; MCL, mantle cell
lymphoma; N, number of cases; OS, overall survival.
* Survival for molecular analyses was calculated from the time of sample assessment instead of

from the time of diagnosis.
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Supplementary figures

Figure S1. Scatter plot of regression analysis for expression levels of SOXII (a)
HDGFRP3 (b) and DBNI (c) between gene expression profiling (GEP) and
quantitative-PCR (qPCR) data in the 17 MCL cases of the initial series.
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Figure S2. Box-plots of the relative expression of CCNDI (a), SOX11 (b), HDGFRP3
(c), and DBNI (d) analyzed by qPCR in two series of leukemic MCL (initial set: 17
MCL and independent set: 68 MCL) and 42 leukemic non-MCL neoplasms. The four
genes were significantly more expressed in MCL than in non-MCL samples (MCL
independent set vs. non-MCL: P <.001, <.001, <.001, and .03 for CCNDI, SOXII,
HDGFRP3, and DBNI genes, respectively).
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Figure S3. Unsupervised hierarchical clustering of 68 MCL based on the combination
of the gene expression of SOX11, HDGFRP3 and DBNI performed by quantitative
PCR. Two subgroups of patients were segregated according to the high (hsMCL) or low
(IsMCL) expression of the 3-gene signature. The relative mRNA expression levels are
represented in a color scale, from green to red, indicating low to high expression,

respectively.
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Figure S4. Expression levels of the 3-gene signature in MCL patients. Box-plot of the
normalized 3-gene signature in the two subgroups of MCL. The cases in the low
signature MCL (IsMCL) subgroup showed normalized values below -2 whereas the
cases in the high signature MCL (hsMCL) subgroup showed levels above -2.

—_—
£ o i
b} i
C ]
'% - - i
® ;
g
D o
o
%
DI Gy
® i
E "
2 -, P ————— gyeseeceeertcsannanas TTT I T T T esccssssns
I 1
IsMCL hsMCL
n=22 n=46

139



Heterogeneitat clinico biologica del LCM Resultats: Article 2

Figure S5. Secondary chromosomal alterations in MCL samples analyzed by SNP6.0
array. In the X-axis the chromosomes are represented horizontally from 1 to 22, in the
Y-axis the percentage of cases showing the copy number alterations. Gains are
represented in the positive Y-axis and colored in blue, whereas losses are represented in
the negative Y-axis in red. Frequency plot of copy number alterations in MCL patients
according to the high (hsMCL, n=36) (a) or low (IsMCL, n=17) (b) expression of the 3-
gene signature. Significant differences between the two subgroups are highlighted with

an asterisk.
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Figure S6. Kaplan-Meier estimates of overall survival for 59 MCL patients according
to the high (SOX11-pos MCL, n=37) or low (SOX11-neg MCL, n=22) expression of
the SOX11. The differences were not statistically significant. Using only SOX11
expression values instead of the combined 3-gene signature leads to the
misclassification of 5 MCL patients, with relatively low SOXI11 (6.5-7.9) and high
levels of both HDGRFP3 and DBNI genes. Both the molecular (/GHV mutations,
genomic complexity) and the clinical features of these five cases were more similar to

cases with high 3-gene expression signature than cases with low signature.
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Resum:

La contribucio dels microRNAs (miR) en la patogenesis del limfoma de cel-lules del
mantell (LCM) no és massa coneguda. En aquest estudi investiguem 1’expressio de 86
miRs madurs mapats en regions freqiientment alterades en LCM, en c¢l-lules B normals
CD5(+)/CD5(-), ganglis limfatics reactius i cel-lules tumorals purificades de 17 LCM
leucémics, 12 LCM ganglionars 1 8 linies cellulars de LCM. Les alteracions
genomiques dels tumors sén investigades per SNP arrays i1 hibridacid genomica
comparada. Tants els tumors leucémics com els ganglionars mostren un elevat nombre
de miRs diferencialment expressats comparant amb cel-lules B normals purificades,
pero alguns d’ells son comunament desregulats en ambdds tipus de tumors. Un analisi
no supervisat del perfil d’expressio dels miRs de LCM leuceémics 1 purificats revela dos
clusters de tumors caracteritzats per diferent estat mutacional del gens de les IG, la
signatura de proliferacid 1 el nimero d’alteracions genomiques. L’expressio de la
majoria dels miRs no esta relacionada amb canvis del nimero de copia genica en el seu
locus cromosomic respectiu. Només els nivells del miRs inclosos en el cluster de miR-
17-92 estaven relacionats significativament amb les alteracions genctiques de 13q31.
Per altra banda, la sobrexpressio del grup de miRs inclosos en miR17-5p/miR-20a es va
associar amb elevats nivells d’'mRNA de MYC en tumors amb un comportament més
agressiu. En conclusid, el patrdé d’expressio de miRs en LCM esta desregulat en
comparacio amb les cel-lules limfoides normals i1 es distingeixen dos subgrups de

tumors amb diferents caracteristiques bioldogiques.
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Abstract

The contribution of microRNAs (miR) to the pathogenesis of
mantle cell lymphoma (MCL) is not well known. We investigated
the expression of 86 mature mills mapped to frequently altered
genomic regions in MCL in CD5' /CD5™ normal B cells, reactive
lymph nodes, and purified tumor cells of 17 lenkemic MCL, 12
nodal MCL, and 8 MCL cell lines. Genomic alterations of the
tumors were studied by single nucleotide polymorphism arrays
and comparative genomic hybridization. Leukemic and nodal
tumors showed a high number of differentially expressed miRs
compared with purified normal B cells, but only some of them
were commonly deregulated in both tumor types. An unsuper-
vised analysis of miR expression profile in purified leukemic
MCL cells revealed two clusters of tumors characterized by
different mutational status of the immunoglobulin genes,
proliferation signature, and number of genomic alterations.
The expression of most miRs was not related to copy number
changes in their respective chromosomal loci. Only the levels
of miRs included in the miR-17-92 cluster were significantly
related to genetic alterations at 13q31. Moreover, overexpres-
sion of miR-17-5p/miR-20a from this cluster was associated
with high M¥C mRNA levels in tumors with a more aggressive
behavior. In conclusion, the miR expression pattern of MCL is
deregulated in comparison with normal lymphoid cells and
distinguishes two subgroups of tumors with different biological
features. [Cancer Res 200969 17):707 1- 8]

Introduction

MicroRNAs (miR) are noncoding regulatory small RNAs gen-
erated from larger precursors with a hairpin-like structure (1, 2).
These small RNAs bind to specific mRNA transcripts leading to
their degradation and/or translational blocking (3, 4). Different
studies have shown their contribution to the modulation of cellular
processes such as differentiation, proliferation, and apoptosis that
play an important role in oncogenesis (5, 6). miRs are located

Note: Supplementary data for this article are available at Cancer Research Online
( hitp// cancerres. aacrjournals.org /).

Requests for reprints: Luis Herndndez. Lab 302 Imstitt dlinwvestigacions
Biomédiques August Pii Sunyer, Facultat de Medicina, C/Casanova 135 08036 Barcelona,
Spain. Phone: F-932275400, ext. 212% Fax: #-93275717; E-mail: heman@dinicub.es.

D2 American Association for Cancer Research.

doi:10.1 158/ 0008 F4TLCAN-09-1095

throughout the genome and are often found in chromosomal loci
altered in different neoplasms (7). Genomic alterations including
gains/amplifications, losses, and translocations of these regions
could be a causal event of miR deregulation in cancer (8, 9).

Mantle cell lymphoma (MCL) is genetically characterized by
the £(11;14)(q13:q32) translocation resulting in rearrangement and
overexpression of the CCND! gene (10). In addition to this primary
genetic alteration, most MCL carry a high number of recurrent
secondary gains and losses as well as uniparental disomies, homo-
zygous deletions, and high-level DNA amplifications (11, 12). In a
recent review of the potential genes that could be targeted by
recurrent MCL chromosomal aberrations, we noticed the presence
of a relatively high number of miRs in these regions (13). Interestingly,
some of the miRs involved have been shown to modulate genes
related to the regulation of cell cycle and survival pathways, two
mechanisms that have an important role in the progression of MCL
(14). However, the miR expression profile in MCL and their potential
involvement in the pathogenesis of these tumors have not been
examined previously.

To determine the role of miR deregulation in the pathogenesis
of MCL, we have investizated the expression of a panel of miRs
located in commonly altered chromosomal regions in a series of
primary tumors and cell lines and their relationship to the
clinicopathologic characteristics of the patients.

Materials and Methods

Cuse selection and cell lines, Peripheral blood samples from 17 patients
with elassic leukemic MCL and 50 nodal MCL, 36 classic and 14 blast oid
variants, were obtained from the Department of Pathology of the Hospital
Clinic and Hospital del Mar and Institute of Pathology of the University
of Wirzburg, The leukemic cases were selected based on the sample
availability for tumor cell purfication and the nodal cases based on the high
content of tumor cells (»85%). Tumor cells were purified in leukemic
samples as deseribed previously (15). In addition, CD5' and CD5 fractions
of normal B cells were obtained by cell sorting from equal cell amounts
from four tonsil samples using FACSVantageSE cell sorter (BD Biosciences)
of the Cytomic Unit Facility of Tnstitut dTnvestigacions Biomidiques August
Pi i Sunyer and with antibodies against CD19-FITC (Beckman Coulter) and
CD5-PE (BD Biosciences). Twelve reactive lymph nodes were pooled and wsed
as an additional normal tissue sample for comparison with nodal MCL,

In two MCL patients, paired peripheral blood and tumor lymph node
samples were available and the CD19'CD5' tumor cells were purified from
both. MCL-derived cell lines GRANTAS19, RECL, JEKOL, UPNI, HBELZ,
MING, MAVERL and JVM2 were also studied and grown as described
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previously (16). FBV infection stalus of these cell lines has been described
previousy (17).

All MCL of the study were positive for cyclin D1 expression. Ki-67
proliferation antigen expression was studied by immunohistochemistry
on formalin-fixed, paraffin-embedded material of nodal MCL cases (18).
The gene expression profile of the leukemic MCL was examined previously
using Affymetrix UL33 Plus 20 microarrays and tumor proliferation
signature was calculated according to Rosenwald and colleagues (19) as
the normalized mean expression of the 20 genes included in this signature.”
The immunoglobulin variable heavy chain genes ({gV77) mutational status
was studied as descrbed previousy (201 All patients gave informed consent
and the whole study was previously approved by the Hospital Clinic of
Barcelona Institutional Review Board,

milk selection. The complete list of the mifs analyzed is shown in
Supplementary Table 51, This set was selected to cover the highest number
of known mifs mapped at the most frequent chromosomal altered regions
in MCL (21, 22) but limited by the presence of homologous mature forms in
different genomic locations and the reagent availability (Applied Biosys-
tems). A total of 85 mifs were finally included corresponding to 3 located
at 1gl3, 24 at 1432, and 58 at loci involved in regions of chromosomal
gains/amplifications or losses in MCL (11). Additionally, miR-181a was also
included to explore its possible clinical relevance in MCL, because it had
been characterized in chronie lymphocytic leukemia (CLL) as the most
significant muft showing high levels associated with short time from
diagnosis to initial therapy (23). This miR was excluded for the correlation
analysis between the expression and genomic status because their two
variants map to two different chromosomal loci (see Supplementary Table 51)
and could not be differentiated in the expression analysis of the resulting
mature mif variants,

ENA isolation and reverse lranseriplase-looped quantitative PCR.
Total RNA was isolated from all samples using Trizol reagent (Invitrogen).
The mRNA levels of the mature miRs previowsly selected were in
vestigated by reverse transeriptase-looped quantitative PCR as described
previously (24). The CD5'/CD5™ normal B-cell samples were used as
calibrators. As a normalization of RNA input, a noncoding RNA (RU19/
snoRAT4A; Applied Biosystems) was selected by its location at 5g31.2 an
infrequently altered region in MCL, and their low vadation amplification
values. miR quantifications in relative units were calculated with software
package SDS 2.1 (Applied Biosystems) based on 2 AL ethod and
converted to logy scale for more convenient data representat ion,

Reverse transcriptase-looped guantitative PCR of miR-17-5p and miR-
20u was done in 38 additional nodal MCL samples. MYC mBRNA expression
in the 50 nodal MCL cases had been previously investigated by reverse
transcriptase-looped quantitative PCR (25).

Genomic analysis: single nodeotide polymorphism arrays. The
detection of DNA copy number changes and uniparental disomy was in-
vestigated in the cell lines and leukemic MCL using the GeneChip mapping
100K single nucleotide polymorphism array (Affymetrix) as described
previoudly (11} The genomic profile of 12 of these MCL cases has been
published previously (11), and 5 additional cases were investigated for the
present study using the same protocol and criteria. The genomic alteratio ns
in the nonpurified nodal MCL samples had been previously analyzed using
comparative genomic hybridization (21). miR genomic loci status was
defined by their physical position on public databases overapping with
chromosomal regions defined as altered in the studied samples,

Statistical and bioinformatics analysis. Nonsupervised clustering
analysis of miR expression data was done wsing an Euclidean-related
metres (Manhattan distance) and a complete clustedng algorithm (TIGR
MeV software package rel. 26). The differential miR expression analysis
between MCL groups was done using unpaired)/ paired significance analysis
of microarmays (SAM) method as implemented in TIGR MeV software
package (26), adjusting delta parameter Lo ensure the lowest false discovery
rate (g < 000; refs, 27, 28). Differentially expressed miRs from MCL samples

" Ferndndez et al, unpublished data.

compared with each of the considered controls were established wsing 95%
confidence interval of the difference of means between samples and
controls for each miR. In all comparisons, only mifs with detectable
expression in >50% of the samples in each group were considered

The correlation between mift loci copy number changes and their
expression levels was analyzed using the Kendall t-b statistic. Genomic
alterations were divided into loss and gain/amplification. Only miRk loci
with alterations present in >15% of the cases were included in the analysis,
Uniparental disomy was considered separately and analyzed using Knuskal-
Wallis test. For statistical correction of multiple comparisons, P values were
adjusted wsing the Benjamini and Hochberg false discovery rate method
(ref 2% R pu_'kuge}.ﬂ Adjusted P values < 005 were considered significant.
Categorical datawere compared using Fischer's exact test, and Mann-Whitney
nonparametric test was wsed for comparisons of continuous variables,

The survival analysis was done wsing the Kaplan-Meier analysis, and
survival curves were compared with the Jog-rank test (SPSS software 13.0)
on the patients groups categorized by miR-17-5p/miR-20a and MYC ex-
pression levels These groups were defined into high (above cutoff) or low
(at or below cutofl), and given that no clear criteria of gene overexpression
in tumors without increased gene dosage could be defined, expression
cutofl was set at the 70th percentile expression This cutoll was the highest
Lo (@) maximize the number of patients in all the groups analyzed and ()
define a high expression group including patients with gain famplification of
these genes,

Results

miR expression profile in leukemic MCL. The expression of
the selected miRs was initially investigated in leukemic and cell line
MCL samples and compared with CD5" and CD5™ B-cell pools.
Leukemic MCL showed a miR expression profile different from
both B-cell controls (Fig 14; Supplementary Table $24-C), in-
cluding 17 and 9 miRs, respectively, which were not detectable in
these normal samples but were expressed in 12% to 100% of the
tumors (Supplementary Table S2A4). Significant differences were
also detected in miRs with detectable expression in both B-cell
confrols and tumors. Thus, 17 miRs showed a higher mean fold
change (MFC; 136-8.59), whereas 34 miRs were down-regulated in
the tumors compared with CD5' B cells (MFC, 0.61-0.02 Fig 14;
Supplementary Table $28). Similarly, 2 miRs had significantly
higher levels in the tumors (MFC, 336-6.83), whereas 49 miRs were
significantly down-regulated (MFC, 0.59-0.01) in the tumors
compared with CD5™ B cells (Fig. 14; Supplementary Table S2C).

The unsupervised hierarchical clustering analysis of the miR
expression in fumor samples and cell lines showed three distinctive
clusters corresponding to the cell lines and two groups of leukemic
MCL. These three clusters were observed using either normal CD5"
or CD5 B cells as reference calibrators (clusters A and B; Fig. 14;
Supplementary Fig, §14).

To determine the significance of the two subgroups of MCL, we
studied several clinical and biological characteristics of these
tumors (Fig. 14). Interestingly, the mutational status of the gVH
genes was significantly different in the two clusters of MCL. Thus,
7 of 9 tumors in the cluster B had a hypermutated IgVH gene (<95%
hnmﬂhgy}. whereas 7 of 8 cases included in cluster A were
found unmutated (>98% homology; P = 0.012, Fischer's exact test).
The number of genomic alterations detected by the single nucleo-
tide polymorphism array analysis was also significantly different be-
tween cluster A (mean, 6.5 + 5.07) and cluster B (mean, 1.56 + 2,35
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Figure 1. Heat map of miR expression in MCL samples determined by quantitative PCR relative quantification (log relative unils). Gray boxes, undetectable
expression. A, miR expression profile of purified tumor cells from peripheral blood in primary |eukemic tumars, MCL cell lines, and two pools of normal tonsil CD5™ and
CD5*CD14" cells (calibrator). The nonsupervised hierarchical clustering separates the samples in three subgroups comresponding to the cell lines and two distint
clusters of primary MCL (clusters A and B). The histologic vadant, lgVH mutational status, survival, mean value of the proliferation signature, and number of
chromosomal alterations of each primary MCL are shown below the cormesponding miR profile. B, miR expression profile of a nenpurfied nodal MCL sedes and an
additional pool of reactive lymph nodes in reference to CD5*CD19* cells (calibrator). The nonsupervised hierarchical clustering analysis showed two main clusters.
Additional data of these lymphomas are also shown below the comresponding miR profile. The proliferation index of the tumors was evaluated with Ki-67 immunostaining.

P = 0.024, Mann-Whitney test). In addition, the mean pmoliferation  test; Supplementary Table 53). Although patients in cluster A
signature obtained from the microarray expression analysis of these show a shorter median overall survival (15 months) than cluster B
fumors was also significantly higher in cluster A (mean, 0.17 + 049)  patients (median overall survival not reached), the differences
than in cluster B (mean, —0.15 + 0.61; P = 0.043, Mann-Whitney  were not significant.
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Table 1. miR signature with significant differential expres-
sion between clusters A and B of leukemic MCL cases
miR Cytoband Score (d)* Fold change
miR-181a 1g31 /933 2,93 1186
miR-200¢ 12pl3 292 1140
miR-497 17pl3 2.97 974
miR-22 17pl3 270 535
miR-345 l4q32 257 495
miR-485-5p 1432 2.01 476
miR-190 1522 246 473
miR-15h 3q26 3.46 466
miR-34-3p 17pl3 248 441
miR-132 17pl3 217 407
miR-342 14q32 .77 360
miR-148h 12413 i 358
miR-17-5p 13q31 210 314
let-7d w2 289 307
miR-452 K28 250 305
miR-30d M 283 285
miR-17-3p 13¢31 2.08 284
miR-192 11g13 207 281
miR-186 1p5l 2.45 270
miR-28 328 318 Y
miR-423 17g11 2.31 267
miR-20a 13¢31 254 258
miR-30b M 2.86 254
miR-197 1pl3 2,30 247
miR-23b w23 254 245
miR-15a 1314 2 220
miR-491 ap21 2.06 203
miR-32 931 209 202
*SAM statistical score,

To determine the miRs differentially expressed between these
two groups of MCL, we performed an unpaired SAM analysis.
A goup of 28 miRs, all with high SAM statistical scores (»2),
showed a significant overexpression in cluster A compared with
cluster B (MFC, 4.12; range, 2.02-1186; Table 1) An additional
supervised unpaired SAM analysis between [gVH mutational
classes was done. A total of 29 miRs showed a significant
overexpression in unmutated versus hypermutated IgVH MCL
cases (MFC, 3.41; range, 1.57-16.26; Supplementary Table 54) and
included 17 (61%) miRs of the differentially expressed miRs found
between MCL clusters A and B.

The third cluster in the unsupervised analysis corresponded to
the MCL cell lines. No significant differentially expressed miRs were
found between EBV' (GRANTAS1Y and JVM2) and the remaining
EBV" MCL cell lines. A SAM analysis comparing the expression
profile of the cell lines and primary tumors revealed 29 miRs
differentially expressed between these groups (Supplementary Table
§5). Only 4 miRs were not detectable in the cell lines but were
expressed in 12% to 65% of the tumors (Fig. 14; Supplementary
Table §24).

miRk expression profile in nodal MCL. The expression miR
profile was next examined in nodal MCL in reference also to CD5"/
CD5™ B-cell pools. Nodal MCL samples showed a high number of
differentially expressed miRs (Supplementary Tables 554 and B).
Thus, 73 miRs were significantly overexpressed compared with CD5"

B cdls (MFC, 3.18-1153.71). Similarly, 66 miRs were significantly over-
expressed (MFC, 1.92-2052.29), but only 3 miRs were down-regulated
(MFC, 0.29-0.12) in tumors compared with CD5™ B cdls. In addition,
the proportion of common deregulated miRs between nodal and
leukemic MCL samples (marked with asterisks in Supplementary
Tables 534 and B and 528 and C) was noticeable low in reference to
either CD5" B cells (206% overexpressed and 29.4% down-regulated
miRs, respectively) or CD5™ B cdls (74% overexpressed and 9.8%
down-regulated miRs, respectively). Noticeably, miR-337 was detected
in the pool of reactive lymph nodes but was not expressed in the
CD5'/CD5 " normal B cells or any tumor sample,

Unsupervised hierarchical clustering analysis of the relative miR
expression in the nodal tumors in reference to either normal CD5'/
CD5™ B cells generated two miR sisnatures that separate 4and 8 tumors
(Fig. 1B; Supplementary Fig. S1B) but were not related to significant
differences in histologic variants, Ki-67 proliferation index, [gVH
mutational status, or genomic complexity of the tumors (Fig, 1B8).

miR expression and microenvironment of tumor cells. The
different pattern of miR expression in purified leukemic cells and
nodal lymphomas prompted us to evaluate the possible influence
of the nodal microenvironment on the miR expression profile. Thus,
we were able to study purified (»98%) MCL cells from matched
samples obtained simultaneously from leukemic and nodal samples
in two patients (identified as A-PB/A-Node and B-PB/B-Node
samples in Figs. 14 and 2). Most miRs were expressed at similar
levels in both samples in the two patients. However, 11 miRs had a
marked significant overexpression (3.6- to 219-fold change) in the
nodal sample compared with the leukemic cells of both cases, sug-
gesting that they may be modulated by influences of the tissue
microenvironment (Fig. 2).

miR expression and genetic alterations. The t11;14)(q13:932)
translocation is the primary genetic alteration in MCL (14). Several
miRs have been mapped in the chromosomal subregions involved,
including 7 miRs at 11q13 and 60 miRs at 14932 (30). To determine
whether this franslocation may deregulate them, we have com-
pared their expression in the cell lines and leukemic MCL with those

=
a
=]
-
<

A-PB
B-NODE
B-FE

miR-203
miR-467
miR-10a
miR-382
miR-4%6
miR-200¢
miR-158
miR-127
miR-464
miR-381
miR-326

Figure 2. Heat map representation of the significant miR expression differences
in paired samples of purified tumor cells from simultanecus matched

paripheral blood (PB) and tumor lymph nodes (WODE) of two patients (4 and B).
Eleven miRs wene found differentially expressed in the paired SAM analysis

of expression levels between the two tumor call populations from these two
patients. Relative expression was obtained in reference to CO5* control cells
but, additionally for each miR, its expression in the nodal samples has been
normalized in referance to the perpheral blood values for a more

clear mpresentation.
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Figure 3. Comelation analysis of the miR locus copy number changes and expression levels in cell lines and leukemic MCL. A, representation of the comrelation
Kendall t-b statistic results as a bar chart for each mif ordered by chromosomal physical position. Only miR loci with copy number aterations in »15% of cases were
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in the normal CD5'/CD5 B cells. The analyzed miRs included
3 mapped at 11q13 (1 cenfromeric and 2 telomeric to the CCNDI
gene) and 24 at 14q32 (all centromeric to the [gH gene; Sup-
plementary Fig. S2) covering several individual and polycistronic
miR regions (31). These miRs had a highly variable expression among
the MCL samples (range, 0.16-2,24 relative units). The 3 11q13 miRs

showed significant higher levels in MCL samples compared with
CD5" normal B cells but were down-regulated in reference to the
CD5™ normal B cells irrespective of their location in the derivative
chromosomes and thus suggesting an absence of [gH enhancer
influence in their expression (Supplementary Fg S2). The expres-
sion of most mifs located at 14g32 did not show significant
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differences between tumor samples and both subsets of normal B
cells (Supplementary Fig. 82).

To determine the possible influence of DNA copy number
changes in the expression of the mature mifs, we performed a
correlation analysis between the miR expression levels in the cell
lines and leukemic MCL and the genomic data of the respective
chromosomal loci obtained in the single nucleotide polymorphism
array study. A significant positive correlation between increased
expression levels and high DNA copy number was found for the
miRs located at 8q24 (miR-30d), 11q13 (miR-139), 1331 (miR-17-3p
miR-17-5p miR-18 miR-19a, and miR-20a), and 18q21 (miR-122a;
Fig. % Supplementary Table S6). Interestingly. the relationship
between expression levels and copy number changes of the 13g31
mifls was observed even after stringent adjustment for multiple
testing (adjusted P = 0042 Supplementary Table S6). The single
nucleotide polymorphism array analysis detected also regions of
partial uniparental disomy in all cell lines and 31% of the primary
MCL. These uniparental disomies contained the genomic loci of
24% and 7% of the examined mifs in the cell lines and primary
tumors, respectively. However, no significant association between
the genetic alteration and the expression levels was observed,
suggesting that the uniparental disomies do not deregulate the
expression of the studied miRs.

To confirm the influence of copy number changes on miR
expression in primary tumors, we expanded the study to the
12 nodal MCL in which a comparative genomic hybridization
analysis had been done previously, These cases included 8 fumors
with 13g3]1 genomic alterations (3 amplifications and 5 losses),
3 cases with 8q24 gains/amplifications, 2 tumors with gains of
11ql3, and 1 case with 18921 gain. A significant correlation was
observed between the 13g31 copy number changes and the
expression levels of the studied mature miRs of the miR-17.92
cluster (Fig. 4 Supplementary Table S7). No other significant
correlations were observed in this set of tumors.

MYC and 13q31 miR expression. Experimental studies have
shown that the miR-17-92 cluster may cooperate with MYC in the
development and progression of tumors (32). To determine whether
the overexpression of these genes could influence the outcome of
MCL patients, we analyzed the survival effect of the concomitant
overexpression of MYC and miR-17-5p and/or miR-20a miRs in
50 patients with nodal MCL. Concomitant high levels of MYC and
miR-17-5p or MYC and miR-20a were found in 8 patients who
noticeably had a significant shorter overall survival (median overall
survival, 17 months) than the 17 patients with high expression of
MYC or miR-17-5p/ miR-20a alone (median overall survival, 48 months)
and the remaining 25 patients with low expression of all these genes
(median overall survival, 69 months; P = 0025, log-rank test; Fig, 5).
The mean Ki-67 proliferation index in these three groups was
452 + 30, 389 + 237, and 298 + 15,6, respectively. Although the
proliferation tended to be higher in the tumors with higher levels of
MYC and miR-17-5p/miR-20a, the differences were not statistically
significant (P = 0681, Kruskal-Wallis test).

Discussion

In this study, we have examined the expression profile of 86
selected miRs in a series of leukemic and nodal MCL. The com-
parison of leukemic MCL miR expression profiles with normal
CD5"/CD5™ B cells showed that the tumors had a profile different
from both controls and included the up-regulation of several miRs
that were not detected in these normal counterparts. Interestingly,
the unsupervised hierarchical clustering analysis of highly purified
leukemic MCL cells revealed two distinctive subsets of tumors
showing significant differences in the [gVH mutational status,
proliferation signature, and number of chromosomal alterations,
Although the number of tumors in each group is imited, these
findings suggested that these clusters may correspond to two
subtypes of MCL with marked biological differences. Interestingly,
previous studies have recognized a subtype of MCL characterized

miR expression (RU)

o

ﬂa;ﬂs@* E?

Figure 4. Box plot representing the relative expression
levels [relative units (RU)] of the examined miBs at 1331
and their copy number changes in nodal MCL All 5 miRs
showed a significant comrelation betwoen the expression
levels quantified by reverse transcriptase—looped
quantitative PCR and the gene dosage of this locus
according to comparative genomic hybridization results
[loss (LOSS), wild-type (WT), and amplification (AMP)].
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by a predominant leukemic presentation, higher number of [gVH
mutations, lower genetic complexity, and better outcome (33, 34),
The two clusters of MCL with different miR expression profile
identified in our study may correspond to this subtype and con-
ventional MCL, respectively.

This relationship between miR expression and different tumor
subsets may be reminiscent of the sifuation in CLL in which the
miR profile distinguishes two tumor subgroups related to the [gVH
mutational status (23, 35). miR-15a, miR-195, miR-23b, and miR-
142-3p, described previously as JgVH mutation-related miRs in CLL
(23, 36), were also included in the present study, but any of them
showed a significant difference expression related to the [gVH
mutation status in MCL. Interestingly, several up-regulated miRs in
the unmutated [gV'H subset of MCL tumors have been involved in
tumor growth promotion, proliferation, and cell survival regulation.
Thus, the highest differentially expressed miR in cluster A, miR-181a,
has been associated with more aggressive clinical behavior in CLL
and promotes tumor growth of multiple myeloma cells (23, 37, 38). miR-
181a also controls negatively the pa3 activity by interfering with p300-
CBP-associated factor, an upstream regulator of p53 stability (37).

The causes of miR deregulation in tumors are not well known
but may include gene dosage alterations or rearrangements close
to miF loci (9, 39-41), In this study, we investigated a series of miRs
mapped to chromosomal regions frequently altered in MCL (14).
We found a significant correlation of the corresponding mature
miR levels with the gene dosage alterations for several miRs located
at 8q24 (miR-30d), 11q13 (miR-139), 13q31 (miR-17-3p. miR-17-5p,
miR-18 miR-19a, and miR-20a), and 18q21 (miR-122a). Interest-
ingly, this relationship for the mature miRs of the miR-17-92 cluster
was retained even after the stringent adjustment for multiple
testing. In a recent study, we showed that the precursor gene of this
cluster (ci3orf25) was the only gene included in the minimal
common amplified region at 13g31 in MCL and its expression
levels were related to the gene copy number changes (11).
Overexpression of 13q31 miRs associated with gene amplification

has been also observed in Burkitt's and diffuse large B-cell
lymphomas, indicating that it may be an important mechanism
in the pathogenesis of this group of aggressive lymphomas (42, 43).

The oncogenic role of the miR-17-92 cluster has been shown
previously and may involve several mechanisms including cooper-
ation with MYC inducing a decreasing in apoptosis (32, 44-46). On
the other hand, MYC overexpression has been recognized as a prog-
nostic factor in MCL (25). To determine the potential cooperation
of these two factors, we studied MYC and miR-17-5p/miR-20a
expression in 50 nodal MCL. Our results showed that tumors with
the concomitant highest levels of MYC and miR-17-5p/miR-20a had
significant shorter overall survival than cases with high expression of
only one or none of these factors. These results suggest that the
cooperation in fumor progression observed in experimental studies
may also occur in human MCL.

In this study, we observed marked differences in the expression
levels of several miRs between leukemic and nodal MCL. Although
nodal MCL were selected by high tumor content, these differences
may be due in part to contamination with other nonneoplastic cell
types. Nevertheless, miR-337 expression was not detected in any
leukemic MCL or nodal MCL in spite of being detected in the pool
of reactive nodal tissues, suggesting that the degree of cell contam-
ination of the nodal MCL was not enough to allow the detection of
this miR. To determine whether these differences could be due to
the different topographic location of the tumor, we were able to
purify tumor cells from simultaneous peripheral blood and lymph
node sample in two patients. Interestingly, we detected 11 miRs
that had a marked significant overexpression in the nodal sample
compared with the leukemic cells in both cases, suggesting that
they may be modulated by influences of the tissue microenviron-
ment. The idea that miR expression may be regulated in different
cell compartments is also supported by a recent study of miR
expression in CLL in which the expression of BIC /pri-miR- 155 was
higher in cells of the proliferation growth centers, whereas miR-150
was mainly expressed by surrounding resting CLL cells (47),
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In summary, our results show that the miR expression profile in
MCL is deregulated in comparison with normal lymphoid cells and
distinguishes two subgroups of tumors that differ in the mutational
status of the JgVH genes, genomic complexity and proliferation.
The deregulation of some miRs is related to gene copy number
changes, whereas others seem to be modulated by microenviron-
ment influences. The concomitant high expression of MYC and
miR-17-5p/miR-20a from the miR-17-92 cluster seems fto be
associated with tumors with a more aggressive behavior.
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Supplementary Figure S1. Heat map representation of miR expression in MCL samples,
determined by qPCR relative quantification (log RU) inreference to CD5- CD19+ cells. Grey
boxes mean undetectable expression. A.miR expression profile of purified tumor cells from
peripheral blood in primary leukemic tumors, MCL cell lines, and two pools of normal tonsil
CD5+ and CDS5- CD19+ cells (calibrator). The non-supervised hierarchical clustering separates
the samples in three subgroups corresponding to the cell lines and two distinct clusters of
primary MCL (cluster A and B). The histological variant, /gV’H mutational status, survival,
mean value of the proliferation signature, and number of chromosomal alterations of each
primary MCL are shown below the corresponding miR profile. B. miR expression profile of a
non-purified ganglionar MCL series and an additional pool of reactive lymph nodes, in
reference to CD5- CD19+ cells (calibrator). The non-supervised hierarchical clustering analysis
showed two main clusters. Additional data of these lymphomas are also shown below the
corresponding miR profile. The proliferation index of the tumors was evaluated with Ki-67
immunostaining,.
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Supplementary Figure S2. Representation of the chromosomal regions involved in the
t(11;14)(q13;932) and the relative location of the studied miRs in reference to CCNDI
and /gH genes. The location of the miR examined at chromosome 11q and 14q are
represented. The more frequent breakpoints are indicated with an arrow. The derivative
chromosomes are depicted at the bottom. The box represents the mean expression
values of the studied miRs at 11q13 and 14q32 in MCL samples in reference to CD5+
and CD5- controls without the t(11;14) translocation. Asterisks highlight the miRs with
concordant significant differences in their expression in MCL samples compared to the

normal controls.
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Resum:

El limfoma de cél-lules del mantell (LCM) €s una neoplasia de cel-lules B gencticament
caracteritzada per la translocacio t(11;14)(q13;932) que condueix a la sobrexpressio del
seu gen diana CCNDI. El comportament clinic agressiu d’aquest tumor ha estat
considerat influenciat per la seva patogeénesi genética i molecular, que integra una
acumulacié de moltes alteracions cromosomiques associades a freqiients alteracions del
cicle cel-lular 1 mecanismes de resposta al dany al DNA, aixi com a ’activacid de vies
de supervivéncia. Estudis recents van encaminats a definir noves regions
cromosomiques, gens dianes 1 vies de senyalitzacié que poden contribuir a la patogenesi
d’aquest tumor. Existeix un subgrup de pacients que presenten una malaltia leucémica,
no ganglionar 1 amb un curs clinic més indolent que sembla tenir diferéncies en els seus
perfils cromosomics i genetics, comparant amb els LCM convencionals. Els nous
estudis estan obrint noves perspectives en la patogénesi d’aquest limfoma, que podrien
influir a la practica clinica diaria, tant en el diagnostic com en el tractament dels

pacients.
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Molecular Pathogenesis of Mantle
Cell Lymphoma: New Perspectives
and Challenges With Clinical Implications

Alba Navarro, Cristina Royo, Luis Hernandez, Pedro Jares, and Elias Campo

Mantle cell lymphoma (MCL) is a B-cell neoplasia genetically characterized by the t(11;14)(q13;q32)
translocation leading to the overexpression of its target gene CCNDI. The aggressive clinical
behavior of this tumor has been considered to be influenced by its genetic and molecular
pathogenesis that integrates an accumulation of many chromosomal aberrations associated with
frequent alterations in cell cycle and DNA damage response mechanisms and activation of cell
survival pathways. Recent studies aimed to define new chromosomal regions, target genes, and
signaling pathways that may contribute to the pathogenesis of this tumor. A subset of patients
presenting with a leukemic and non-nodal disease and following a more indolent clinical evolution
seem to have some differences in their chromosomal and genomic profiles compared to patients
with conventional MCL. The new studies are opening new perspectives on the pathogenesis of this
lymphoma that may influence our clinical practice in the diagnosis and management of patients.
Semin Hematol 48:135-165. © 2011 Elsevier Inc. All rights reserved.

antle cell lymphoma (MCL) is a B-cell neopla-

sia clinically characterized by an aggressive

behavior with poor response to conventional
therapies and short median survival.' The recognition
of the t(11:14) translocation and its target CCND/ as
the genetic and molecular hallmarks of this lymphoma
was instrumental in obtaining a more precise definition
of the disease and the characterization of the broad
spectrum of pathological and clinical manifestations.
Genetic and molecular studies have revealed that the
pathogenesis of this lvmphoma integrates mechanisms
of cell cycle deregulation, alterations in the DNA dam-
age response, and activation of cell survival path-
ways.'? This knowledge provides the framework for
the expansion of new therapeutic strategies targeted to
the basic mechanisms of the disease with very promis-
ing results. In the last years, recent studies have opened
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new perspectives on the ontogeny and pathogenesis of
this lymphoma that challenge some of our previous
concepts about the disease. In this review we will
examine the more recent advances in pathogenesis and
how they may influence our clinical practice in the
diagnosis and management of MCL patients.

INITIAL ONCOGENIC
STEPS AND CELL OF ORIGIN

The t(11;14)(q13;q32) is considered the primary on-
cogenic event in MCL. This translocation juxtaposes
the CCND1 gene on 11q13 to the IGH gene on chro-
mosome 14 leading to the overexpression of cyclin D1
that is not usually expressed in normal B cells. This
translocation occurs at the pre-B stage of differentiation
during the recombination of the V(D)] segments of the
IGH gene in the bone marrow.? Although the initial
oncogenic translocation is acquired in an immature B
cell, the tumor is composed of mature B lymphocytes
that tend to grow in the mantle zones of the follicles
and also express a phenotype similar to some subset of
B cells in this location.' The expression of IgD and CD5
and the predominance of unmutated IGHV genes ob-
served in early studies suggested that the normal coun-
terpart of this tumor was a naive B cell. However,
recent studies have shown that 15% to 40% of MCLs
carry IGHV somatic hypermutations and have a strong
bias in the IGHV gene repertoire with IGHV3-21,
IGHV4-34, IGHVI-S8, and IGHV3-23 used by 46% of
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the cases.*> These aspects suggest that at least a sub-
group of MCL is not derived from naive B cells but from
clonal expansions of antigen-driven B cells. This idea is
further supported by the recognition of a bias associa-
tion of certain IGHV, IGHD, and IGH] genes with
restricted VH CDR3 motifs in 10% of tumors. This
scenario is similar to the stereotyped [G rearrange-
ments observed in chronic lvmphocytic leukemia
(CLL). However, the family usage and clusters of the
rearranged /G are different in the two diseases suggest-
ing that the potential mechanisms involved in the
clonal selection may be different. On the other hand,
contrary to CLL no clear evidences of a relationship
between the IGHV mutational status using a 2% cut-off
and ZAP70 expression or prognosis has been observed
in MCL>%67 The number of IGHV mutations in most
MCL is low, with only 14% of the tumors carrying more
than 3% of somatic mutations, suggesting that the cell
of origin in most of the tumors may not have experi-
enced a strong influence of the somatic mutation ma-
chinery of the germinal center. Interestingly, Kolar et
al have identified a mature B cell called “pro-germinal
center cell” considered as an intermediate step be-
tween both naive and germinal center cells character-
ized by the expression of IgD"CD38CD23CD717, ac-
tivation-induced cytidine deaminase (AID), and a low
number of IGHV somatic mutations.® These cells may
be the normal counterparts of at least a number of
MCLs. The relatively high number of somatic mutations
observed in 14% of the cases suggested they may be
derived from cells with a stronger germinal center
experience.

CYCLIN D1 OVEREXPRESSION:
CELL CYCLE DEREGULATION AND BEYOND

The t(11,14)(q13,q32) translocation is virtually pres-
ent in all MCL and deregulates constitutively cyclin D1.
The main form of cyclin D1 expressed in these tumors
is a 30-kd polvpeptide (isoform a) encoded by two
main transcripts of 4.5 and 1.5 kb with different length
of the 3" untranslated region (UTR). The shorter tran-
script lacks the terminal 3'UTR that contains AU-rich
elements involved in transcript instability and binding
sites for different miRs (miR-16, miR-503, miR-15a,
miR-34a, miR-195, miR-424) that negatively regulate
cyclin D1 expression.”!® Some MCLs lack the long
mRNA transcript but overexpress shorter cyclin D1
transcripts missing part of the 3'UTR. These anomalous
transcripts are generated by secondary 3’ rearrange-
ment in the CCNDT locus, or by genomic deletions and
point mutations in the 3'UTR.!' They are more stable
than the normal longer transcript and correlate with
higher cyclin D1 protein levels.'!-'3 The CCNDI gene
also codifies for a less abundant polypeptide (isoform
b) due to an alternative splicing that skips the last
exon." Although the shorter cyclin D1b isoform has an

increased oncogenic capacity, its implication in MCL
pathogenesis is not clear, since MCL cells mainly ex-
press the canonical cyclin D1a protein.'

Cyclin D1 has an important regulatory role of the
cell cycle G1-§ phase transition by binding to CDK4/6
kinases and phosphorylating RB1 that in turn releases
the sequestered E2F transcription factors. In addition
to the kinase activity, cyclin D1/CDK4 complexes may
bind CDK inhibitors of the Cip/Kip family such as p27.
This titration releases the inhibitory effect of p27 on
CDK2/cyclinE complexes that complete the phosphor-
vlation of RB1 and the subsequent progression of the
G1-S phase (Figure 1). In spite of this key regulatory
function of cyclin D1 in the cell cycle, its forced down-
regulation in MCL cell lines has shown a moderate
effect in proliferation and survival of the tumor cells,
partially due to the compensatory upregulation of cylin
D2 and the presence of secondary genetic events, that
make cyclin D1 dispensable.!® These findings raise
some doubts about the potential value of cyclin D1 as
a target for therapy in this lymphoma.

Recent observations are expanding the views on
the potential oncogenic effect of cyclin D1 beyond
its role in cell cycle deregulation. In that sense,
cvclin D1 may participate in the modulation of sev-
eral transcription factors and coregulators and may
also interact physically and recruit onto DNA chro-
matin-remodeling and histone-modifying enzymes.!”
A recent report has also implicated cyclin D1 in DNA
damage response mechanisms.'® However, the po-
tential role of these alternative functions of cyclin D1
in MCL is not known (Figure 1).

CYCLIN D1-NEGATIVE
MANTLE CELL LYMPHOMA

The detection of cyclin D1 overexpression due to
the t(11;14) translocation in MCL is a hallmark for the
diagnosis of this entity. However, a small subset of
tumors with the morphology and phenotype of con-
ventional MCL are negative for cyclin D1 expression
and the t(11,14) translocation. Although the number of
cases studied is still limited, the global gene expression
profile and the portrait of secondary genetic alterations
of these tumors are undistinguishable from those ob-
served in cyclin D1-positive MCL, suggesting that they
correspond to the same entity.'??° Some cyclin D1-
negative MCLs express high levels of cyclin D2 or D3
associated with chromosomal translocations fusing
these genes with /G genes.'?2!-23 However, other lym-
phomas also express these cyclins at lower levels, but
the differences are not easily detected by immunohis-
tochemistry, hampering the use of cyclin D2 and D3 to
recognize cyclin D1-negative MCL.>* The search for
new biomarkers to identify cyclin D1-negative MCL
has led to the identification of SOX11 as a reliable tool
to diagnose these tumors in the clinical practice (Figure
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Figure 1. Role of cyclin D1 in the cell cycle. Cyclin D1, induced by mitogenic signals, binds to CDK4 and controls the G1/S
phase transition by initiating the hyperphosphorylation of RB1 and the release of E2F. This initial activation of E2F would initiate
the accumulation of cyclin E. In addition, the titration of p27 into cyclin D1/CDK4 complexes will promote the activation of
cyclin E/CDK2 complexes that, in turn, will enhance p27 degradation and further phosphorylation of RB1, allowing the cell to
progress into S phase. New evidence suggests that cyclin D1 might have cell cycle-independent functions.

2).2 SOX11 is a neuronal transcriptional factor appar-
ently not expressed in any hematopoietic cell lineage
but highly expressed in more than 90% of MCLs. Inter-
estingly, it is not expressed in other lymphoid neo-
plasms except for some Burkitt and lymphoblastic lym-
phomas at lower levels.24-27
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FROM EARLY STEPS TO OVERT
LYMPHOMA, A LONG LATENCY PERIOD

The oncogenic steps from the early event to the
development of an overt lymphoma are not well
known and may involve the acquisition of secondary
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Figure 2. SOX11 expression in two MCL cases. (A) Conventional classical MCL (hematoxylin and eosin). (B) Cyclin D1 is
positive in this tumor and (C) SOX11 is also positive. (D) Cyclin D1-negative MCL (hematoxylin and eosin) (E) Cyclin D1 is
negative in this tumor, but (F) SOX11 is positive with a nuclear staining pattern.
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genetic alterations and activation of additional path-
ways that facilitate the progression of the malignant
clones. Interestingly, recent observations have sug-
gested that this process may have a long latency and
probably not all cells acquiring the initial translocation
will evolve into a malignant lymphoma. Cells carrying
the t(11;14) translocation have been described at very
low levels in the peripheral blood of healthy individu-
als. These clones can persist over a long period of time
(7-9 vears) and even expand.?® However, the relative
high frequency (8%) of its detection in healthy individ-
uals compared with the low incidence of MCL in the
population suggests that not all these clones will prog-
ress to a malignant neoplasm. The observation of a
simultaneous MCL with the same clonal origin in the
recipient and donor 12 years after an allogenic bone
marrow transplantation highlights the long latency pe-
riod required by the initial clones to develop an overt
lymphoma.® Similarly, a retrospective study in seven
patients with MCL identified an “in situ™ MCL in previ-
ous tissue biopsies obtained between 2.1 and 15.5
years before the development of a clinical MCL, con-
firming the idea of a long latency period from initial
steps to the development of a clinical symptomatic
disease. ¥

SECONDARY GENETIC ALTERATIONS

Compared to other lymphomas, a high number of
MCLs (93%) are genetically altered and have a high num-
ber of genomic aberrations per tumor.?*3! The initial
cytogenetics and metaphase comparative genomic hy-
bridization (CGH) studies identified a complex profile of
secondary chromosomal alterations involving recurrent
gains in 3q, 6p, 7p, 8q, 10p13, 12q, and 18q, as well as
losses of 1p, 0q. 8p, 9p, 9q. 10p14-pl15, 11ql4-q23,
and 13q.2%32 Regions involving gains of 3q, 7p, and
12q, and losses of 17p are significantly more frequent
in blastoid and pleomorphic than in classical variants.?
Recurrent regions related to poor survival are gains of
3q and losses of 8p, 9p, and 9q.3% Genomic complex-
ity reflected by an increased number of chromosomal
imbalances (three or more) have been associated with
shorter overall survival 2032

Recurrent translocations other than the t(11;14) are
uncommon in MCL but several recurrent chromosomal
breakpoints have been identified, the most frequent
being at 1p22 and 8p1.3* A few MCL have amplification
or breaks at 5p13 involving the TERT/CLPTM 1L region.
None of them showed juxtaposition to any of the 3 IG
loci, but had high TERT mRNA expression and telom-
erase activity.’

The analysis of primary MCL with higher resolution
platforms like array CGH33%37-3 and single-nucleotide
polymorphism microarrays (SNP-chip)*-#  combined
with microarray gene expression profiling (GEP) have
revealed new altered regions and have narrowed

down some of the minimal regions involved in chro-
mosomal alterations revealing novel candidate loci in
MCL (Figure 3).

These integrative studies have identified recurrent
homozygous deletions with relatively few potential tar-
get genes. In addition to the well-known 9p21.3, in-
cluding CDKN2A4, CDKN2B, and MTAP, other regions
are 1p32.3/33 (FAFI, CDKN2C), 2q13 (BCL2L1 1), and
2q37 (SP100). Although these biallelic losses have
been found in a limited number of primary MCLs, they
are associated with a dramatic poor prognosis of the
patients. 24 Monoallelic deletions also seem to target
relevant genes that may contribute to the pathogenesis
of the disease. In addition to 17p and 11q deletions
targeting 7P53 and ATM, respectively, other allelic de-
letions associated with mutated genes in the remaining
allele have been recently identified including 13q14.2
and RBI* and 6q23.3-q24.1 associated with inactivat-
ing mutations or hypermethylation of the promoter of
the NF«B pathway inhibitor TNFAIP3/420.% The
monoallelic losses of 1q32, 13q33-34, and 13q34 target
PROX 1, ING1, and CUL4A, respectively, and are asso-
ciated with low expression of these genes.*!

The new integrative studies have also identified
genes targeted by high-level DNA amplifications asso-
ciated with mRNA overexpression,364042-4447 Ingerest-
ingly, one of these regions is the translocated 11q13
that dramatically increases the cyclin D1 mRNA lev-
els.*? The MIRI7HG encoding the miR-17-92 cluster
has been identified as the target of the frequent ampli-
fied 13g31.3 region in MCL¥ and BCL2 is the highest
expressed gene within the 18q21.33 amplicon.®? The
326 region is frequently gained and sometimes ampli-
fied in MCL, but the potential target genes have not
been clearly identified. The PIK3CA gene in this region
encodes for the catalytic subunit of PI3K and its ampli-
fication correlates with overexpression and activation
of the AKT pathway.

The SNP array studies have allowed the identifica-
tion of copy number neutral loss of heterozygosity
(CNN-LOH). These alterations may represent an alter-
native mechanism to chromosomal deletions for the
inactivation of tumor-suppressor genes.* Consistent
with this view, CNN-LOH in MCL occurs at chromo-
somal regions that are otherwise hit by genomic losses,
such as the, 9p, 9q, 11q, 13q, and 17p. In that sense,
the CNN-LOH at 17p13.1 is one of the most common
and it has been associated with 7P53 mutations. 4244

Copy number variants (CNV) and segmental dupli-
cation (SD) are structural variations that have recently
been recognized in the human genome sequence.’
These structural variations may facilitate the instability
of the region and contribute to genomic variability and
potentially to disease susceptibility.’' Interestingly, the
breakpoints flanking all the genomic alterations, includ-
ing deletions, amplifications, and CNN-LOH, in MCL are
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Figure 3. Idiogram showing the commonly genetic targets of the recurrent altered regions (losses and gains/amplifications)

in MCL.

significantly enriched in SD and CNV (15% and 46%,
respectively).i2

PATHOGENETIC PATHWAYS
TARGETED BY GENETIC ALTERATIONS

Most genes targeted by recurrent chromosome ab-
normalities in MCL are elements of the cell cycle con-
trol, DNA damage and repair response, and cell survival
pathways.? Interestingly, the refinement of the new
genetic studies is expanding the number of genes in-
volved in these mechanisms but is also revealing the
potential implication of new pathways such as the
Hippo signaling pathway* and the network of micro-
tubule-associated proteins.i!

The fact that a G1 cyclin is the target oncogene of
the t(11;14)(q13;q32) translocation highlights the rele-
vance of cell cycle deregulation in MCL lymphomagen-
esis. This initial oncogenic event is followed by altera-
tions in two major pathways, the INK4a/CDK4/RB1
and ARF/MDM2/TP53. The CDKN2A locus (9p21),
frequently deleted in MCL, encodes two essential cell
cycle regulatory elements, INK4a, a member of the
INK4 family of CDK inhibitors, and the positive p33
regulator ARF. This configuration determines the cen-
tral role of the CDKN2A locus in tumor suppression
connecting the RB and p353 pathway. CDK4 is ampli-
fied and overexpressed in some highly proliferative

blastoid variants mainly with wild-type CDKN2A. The
amplification and overexpression of the polycomb
gene BMIT at 10p12.2 may be an alternative mecha-
nism to inactivate this pathway since BMI1 is a tran-
scriptional repressor of the CDKN24 locus. CDKN2B
(9p21) and CDKN2C (1p32.3), two other members of
the INK4 family, are also silenced by biallelic deletions
in some cases. Inactivating mutations of RB7 have been
described in tumors with a wild-type CDKN24 locus.*
Interestingly, among the genes targeted by the recently
reported 13q33-34 deletion is CUL4A, which appears
to be implicated in the epigenetic activation of the
CDKN2A locus.*52 CUL4A expression is also repressed
by cyclin D1.'7 This effect correlates with the overex-
pression of the licensing factor CDT1 and, in a context
of TP53 mutation, with the accumulation of chromo-
some abnormalities.'” This observation is consistent
with the previous reported relationship of high cyclin
D1 levels and the deregulation of DNA replication li-
censing genes in MCL with TP53/ARF inactivation.*3
The deletion of the CDKN24 locus also affects ARF,
which is responsible for the stabilization of p33 by
preventing its degradation by MDM2. An alternative
mechanism for the inactivation of p53 is the amplifica-
tion and overexpression of MDM?2 (12q13). In addition,
one of the most strongly downregulated genes in cases
with 13q33-34 deletion is INGI, a component of the
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p33 signaling pathway.* The inactivating mutations
of TP53 occur in tumors with a wild-type CDKN24
locus but are frequently associated with CDK4 am-
plification or RBI deletions, suggesting that MCL
cells may have a selective advantage by inactivating
simultaneously both ARF/MDM2/TP53 and INK4a/
CDK4/RB1 pathways.*>3 Consistent with the impor-
tance of the cell cycle deregulation in MCL pathogen-
esis, a gene expression microarray signature that might
integrate most of the above described genetic altera-
tions has emerged as the best survival predictor in
MCL. "3

The high number of chromosomal aberrations iden-
tified in MCL and the frequent tetraploidization under-
line the relevance of the DNA damage response path-
way in MCL lymphomagenesis.!? Thus, the ATM, a
master regulator of this pathway located at 11q22-23,
is frequently deleted and mutated in MCL and this
inactivation correlates with increasing genomic insta-
bility.55 Additional downstream elements such as CHK/
and CHK2 are also occasionally inactivated in MCL.
Recently, MCPH1, also a regulator of this pathway,’®
has been identified as the potential target of the fre-
quent 8p23 loss in these lymphomas.*

Elements of cell survival pathways are also targeted
by recurrent genetic alterations in MCL. Thus, some
tumors carry amplifications and overexpression of
BCL2 (18q21) and its levels may predict the resistance
to specific therapeutic inhibitory agents.>5” Homozy-
gous deletions of the proapoptotic BCI2L11 at 2ql3
have been found in some cases associated with very
short survival of the patients.** Other genetic altera-
tions seem to inactivate some inhibitors of the NF-xB
pathway such as the recurrent 1p32.3 deletion includ-
ing FAFI* or the inactivating mutations of TNFAIP3/
A20 associated with allelic deletions of 6p23.%

The Hippo signaling pathway was initially discov-
ered in Drosophila as a regulator of body and organ size
by inhibiting cell proliferation and promoting apopto-
sis. Recent evidence suggests that it also plays a role in
cancer development with some of its elements acting
as oncogenes or tumor-suppressor genes.* Interest-
ingly, around 40% of MCLs have deletions and down-
regulation of MOBKI2B, MOBKI.2A, and LATS1, three
genes of this pathway located at 9p, 19p, and 6q24/25,
respectively, and these alterations are associated with
high proliferation, high genomic complexity, and
shorter survival,® connecting for the first time this
pathway to lymphomagenesis.

Different genes encoding microtubule-associated
proteins (MAPSs), such as MAP2 (2q34) and MAPG
(11q13.4-q13.5), have recently been identified as tar-
gets of chromosomal aberrations in MCL. The family of
MAPs includes oncogenes, tumor-suppressor genes,
and apoptosis regulators.® In this sense, the recent
identification of MAP6 amplification and MAP2 dele-
tion or partial methylation in MCL provide evidences

that alterations in microtubule dynamics may contrib-
ute to the karyotype complexity and chromosomal
instability of these tumors.*! Supporting this hypothe-
sis, high expression of centrosome-associated genes
has been identified in tetraploid blastoid variants of
MCL.>®

PATHWAYS CONSTITUTIVELY
ACTIVATED IN MCL WITHOUT
APPARENT GENETIC ALTERATIONS

Several signaling pathways implicated in cell growth
and survival regulation are constitutively activated in
MCL, although the primary mechanisms triggering this
activation are not well elucidated (Figure 4). Under-
standing the deregulation of these pathways is increas-
ingly relevant because new drugs targeting different
elements are being developed with promising results in
the clinics.

PI3K/AKT/mTOR

The PI3K/AKT/mTOR pathway connects cell mem-
brane signals, including BCR in B lvmphocytes, to cell
proliferation, growth, and survival mechanisms. Gene
expression profiling studies have identified the upregu-
lation of several genes of this signaling pathway in
MCL.®° The tumor cells also express high levels of the
phosphorylated active forms of several key compo-
nents including AKT, mTOR, and respective down-
stream targets.®'-%? The initial mechanisms implicated
in the constitutive activation of this pathway remain
elusive. The upstream kinase SYK and the PI3K cata-
lytic subunit « (PIK3CA) are amplified and overex-
pressed in a subset of cases. -8 Although no genetic or
epigenetic alterations of PTEN, a negative PI3K regula-
tor, have been identified, loss of expression or its inac-
tivation by phosphorylation have been found in some
cases and might result in the constitutive activation of
AKT.®' The relevance of this pathway in MCL is high-
lighted by the in vitro effects on cell cycle and survival
of PI3K and mTOR inhibitors and the clinical responses
obtained with the mTOR inhibitor temsirolimus in re-
lapsed MCL patients, 16465

WNT Pathway

The deregulation of the WNT canonical pathway
plays an important role in the pathogenesis of a variety
of human cancers. Early microarray studies in primary
MCL identified the upregulation of several genes of this
pathway.® Functional studies also suggest that WNT
signaling is activated in MCL. MCL cells have inactive
phosphorylated GSK3B, a key component of the de-
struction complex responsible of B-catenin inactiva-
tion,%>% that correlates with nuclear accumulation of
B-catenin, higher levels of cyclin D1, and shorter over-
all survival. The relevance of the canonical WNT path-
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Figure 4. A schematic view of pathways constitutively activated in MCL without clear genetic alterations. MCL cells show
activation of PI3K/AKT/mTOR, WNT, and NF-kB pathways resulting in cell cycle progression and resistance to apoptosis. The
genes of the different pathways that have been described as constitutively activated in MCL cells are represented in red, and
genes inactivated or downregulated are represented in green, independent of the knowledge of the genetic alterations

responsible for the deregulation.

way in the pathogenesis of MCL is supported by the
inhibition of proliferation and induction of apoptosis
by the treatment with quercetin, a B-catenin drug in-
hibitor, or by the knockdown of upstream elements of
the pathway.%667

NF-kB Pathway

Constitutive activation of NF-kB has been detected
in MCL cell lines and primary MCL tumors with over-
expression of several target genes, including the anti-
apoptotic proteins cFLIP, BCL-2, BCL-X;, and XIAP.%
The mechanisms activating this pathway are not clear,
but BCR and TNF signaling may be mediators of this
activation and the microenvirontment.* The recent
identification of inactivating mutations, deletions, and
promoter hypermethylation in two inhibitors of this
pathway, 420 and FAFI, highlight the genetic basis in
the activation of NF-xB in MCL.%24 Although preclini-
cal studies have shown the potential value of several
inhibitors of this pathway, its translation into the clin-
ics seems more difficult.®!

MicroRNAs in MCL

MicroRNA (miR) deregulation has been described in
MCL related to the status of the IGHV gene and degree

of genomic complexity. #6869 Although, the expression
of these miRs seem to be independent of chromosome
aberrations, the oncogenic miR-17-92 polycistronic
cluster is the target of the relatively frequent amplifica-
tion of the 13q31.3 region in MCL.%7 The genes dereg-
ulated by miRs in MCL are involved in pathways rele-
vant for its pathogenesis. Thus, some miRs contribute
to the posttranscriptional regulation of CCND1 >0
CDKG6 (miR-29 family), MAP3K2 (miR-26a), or NF-kB
pathway (mmiR-203 among others).%*% PTEN and other
survival-related genes may be deregulated by miR-19a/
b7 and miR-17-5p and miR-20a are able to repress
the CDKNIA gene.”' The relevance of miR deregula-
tion in this tumor has been also highlighted by the
prognostic significance of some miRs such as miR-20b
and miR-29 family®®®® or miR-17-5p and miR-20a in
cooperation with MYC.%

INDOLENT NON-NODAL
MANTLE CELL LYMPHOMAS:
AN ALTERNATIVE PATHOGENETIC PATHWAY?

The common understanding of MCL as a very aggres-
sive lymphoma with relative short survival of the patients
and frequent requirement of an intensive therapy has led
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Figure 5. Hypothetic models of molecular pathogenesis in the development of MCL. The t(11;14) translocation activating cyclin
D1 expression may be followed by two different pathways. Conventional MCLs have more common unmutated or very low mutated
IGHV genes and express high levels of SOX17 and other genes of the high-mobility group (HMG) of transcription factors, accumulate
a high number of chromosomal aberrations usually associated with inactivation of genes of the DNA damage repair pathway,
deregulation of cell cycle elements, and activation of survival pathways. A small subset of MCLs presenting predominantly with a
non-nodal and leukemic disease and a relative indolent clinical course have more frequent hypermutated IGHV, low number of
chromosomal aberrations, and low or no expression of HMG and SOX71 among other genes.

investigators to overlook a subset of patients that may
follow an indolent clinical course even without chemo-
therapy for a long period of time. This indolent clinical
evolution was recognized initially in patients presenting
with splenomegaly and a leukemic non-nodal disease.672
The relevance of identifying these patients at diagnosis
has been highlighted by recent studies showing that some
MCL patients may not require immediate treatment and
may benefit from a watchful waiting for several months or
even years without impairing their outcome. ™ All of
these tumors carried the t(11;14) translocation and ex-
pressed cyclin D1, but the different clinical presentation
and indolent behavior raised the question whether they
were real MCLs or whether they could correspond to
other subtypes of splenic or leukemic lymphomas. In a
recent study we addressed this question by comparing
the gene expression profile of a subset of indolent leuke-
mic MCLs that did not require chemotherapy for more
than 2 years with that of a group of conventional MCLs
and other leukemic lymphoid neoplasias including CLL,
splenic marginal zone lymphoma, hairy cell leukemia, and
leukemic follicular lymphoma. Interestingly, the indolent
MCLs were molecularly more similar to conventional
MCLs than to any other type of lymphoid neoplasia, sup-
porting the idea that they correspond to the same molec-
ular disease.”

In spite of the similar global expression signature,
these MCLs with a very indolent behavior also had

some clinical, genetic, and molecular differences com-
pared to conventional MCLs. The tumors presented
clinically with leukemia and splenomegaly and usually
with a non-nodal or minimally nodal disease, confirm-
ing that they may correspond to the forms of MCL
previously recognized as splenic or non-nodal.®7
These indolent MCLs also had a striking simple karyo-
type with virtually no genetic alterations in addition to
the t(11;14). a higher number of somatic mutations in
the IGHV, and less alterations in oncogenic loci fre-
quently altered in conventional MCL.7® They also had
very low or virtual lack of expression of a signature of
genes that were highly expressed in the conventional
tumors. Interestingly, one of the genes of the signature
was SOX 77 and other genes of the high mobility group
(HMG) of transcription factors that interact with chro-
matin and are relevant in cancer.”® An expanded study
of SOX11 protein expression in an independent large
series of MCL confirmed that its negativity was associ-
ated with a predominant non-nodal disease and a sig-
nificant better outcome than SOX1 1-positive MCL.”
These findings suggest that indolent MCL with a
predominant non-nodal and leukemic disease, fre-
quently associated with splenomegaly, may correspond
to a different molecular subtype of MCL (Figure 5). The
natural history and biology of this subtype of MCL need
to be more thoroughly investigated. Some patients with
a non-nodal and leukemic presentation may progress to
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an aggressive behavior after several years of a stable
disease. On the other hand, some patients with SOX11
negative MCL may present with pleomorphic morphol-
ogy at diagnosis and a very aggressive behavior.?® Al-
though these patients may represent the transformed
and advanced phase of the SOX11-negative MCL, more
studies are needed to better understand these tumors
and the potential interest in the management of the
patients.
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Resum:

El limfoma de c¢l-lules del mantell (LCM) és una neoplasia de cel-lules B que ha estat
molt ben caracteritzada en els darrers anys. El reconeixement de la t(11;14)(q13;32) 1 1a
sobrexpressio de ciclina D1 com a marques genétiques i moleculars del tumor, han estat
elements claus en el reconeixement de 1’ampli espectre de troballes cliniques,
patologiques 1 manifestacions biologiques de la malaltia. L’expressio de ciclina D1
s’utilitza habitualment com un dels elements més importants en el diagnostic d’aquest
limfoma. El terme mantell reflexa la idea de que 1’homoleg cel-lular normal és un
limfocit I’estat fisiologic del qual és el microambient de la zona del mantell del fol-licle
limfoide secundari. Aquest punt de vista €s recolzat per la tendéncia de les cel-lules
tumorals a créixer i ampliar aquesta area, 1 a expressar el propi fenotip de les cel-lules
del mantell. EI LCM és clinicament considerat un dels limfomes més agressius amb una
escassa resposta als tractaments actuals, freqiients recaigudes i una supervivencia curta.
Aquest comportament ha donat lloc a la recomanacié de régims terapeutics intensos i a
I’exploraci6 de noves estrateégies que utilitzen nous farmacs dirigits a dianes
especifiques. Tot 1 la bona caracteritzacido del LCM, estudis moleculars recents 1 noves
observacions cliniques estan donant lloc a noves perspectives sobre la ontogeénia i la
patogenesi d’aquest limfoma i es qiiestiona alguna de les idees previes sobre aquesta
neoplasia. A la segilient revisio es consideren els nous conceptes de desenvolupament
del LCM que poden tenir un impacte en la comprensié de la seva patogenesi 1 podrien

influir en la practica clinica diaria.
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introduction

Mantle cell lymphoma (MCL) is a B-cell neoplasia that has
been well characterized in recent years. Recognition of the
1(11;14)(q13; g32) and cyclin DI overexpression as the genetic
and molecular hallmarks of the tumor have been key elements in
recognizing the broad spectrum of clinical, pathological and
biological manifestations of the disease [ 1]. Cyclin D1 expression
is now routinely used as one of the most important elements in
the diagnosis of this lymphoma. The term mantle cell lymphoma
reflects the idea that the normal cell counterpart of this tumor is
a lymphocyte whose physiological microenvironment is the
mantle zone of the secondary lymphoid follicle. This view is
supported by the tendency of the tumor cells to grow and
expand this area and to express a phenotype also found in

a subset of mantle cells. MCL is considered clinically one of
the most aggressive lymphomas with short responses to current
therapies, frequent relapses and a relatively short median
survival. This behavior has led to the recommendation of intense
therapeutic regimens and exploration of new strategies with
more recently developed drugs targeting specific pathogenetic
mechanisms. In spite of the good characterization of MCL,
recent molecular studies and clinical observations are opening
new perspectives on the ontogeny and pathogenesis of this
lymphoma that challenge some of our previous ideas about
the disease. Here we consider new developing concepts in
MCL that may have an impact on our understanding of its
pathogenesis and may influence our clinical practice,

MCL does not always carry the t(11;14)
translocation and express cyclin D1

The t(11514)(q13;32) translocation and upregulation of cyclin
[1, which is not expressed in normal B lymphocyles, are
considered the primary pathogenetic mechanisms in the
development of MCL. Cyclin D1 is a key regulatory element of
the cell cycle at the G;-$ phase transition [1]. The relevance of
cyclin D1 has been highlighted by the identification of several
mechanisms used by the tumor cells to increase further the
expression of cyclin D1 beyond the constitutive activation
provided by the translocation. The cyclin DI gene (CCNDI) is
transcribed in two main isoforms of 4.5 and 1.5 kb. Both mRNA
transcripts contain the whole coding region of the gene and
differ only in the length of their 3" untranslated region (UTR).

Some tumaors h'.l\’E' SCCO[]d:lI':(' d‘lmmnsm‘n;ﬂ rearrmlgemcnl or
point mutations in the 3" UTR of the longer isoform that
truncate the sequence and generate more stable transcripts by
climinating the destabilizing AUUUA sequences and binding
sites for different microRNAs [1-3]. These alterations generate
higher expression of cyclin D1 and are associated with more
proliferative and aggressive tumors. An additional mechanism
targeting cyclin D1 is the amplification of the translocated
1(11;14) allele, which results in very high levels of cyclin D1
expression [4].

Given the relevance of the t(11;14) translocation and c:.-'clin
D1 deregulation in MCL, it was very puzzling for pathologists
to recognize some lymphomas with the morphological and
phenotypic features of MCL that were negative for cyclin D1
expression and also lack the t(11;14) translocation. The marked
difference in the clinical outcome of patients with true MCL
compared with the more indolent behavior of other small B-cell
lymphomas mimicking MCL made this differential diagnosis of
paramount importance in the management of the patients [5].
For some time, iitial difficulties in the immunohistochemical
detection of cyclin D1 raised the controversy of whether those
cyclin D1-negative tumors resembling MCL were real, were
technical artifacts or corresponded in fact to other small B-cell
lymphomas not related to this entity. This controversy was over
when a gene expression profile study of a number of these
putative cyclin D1-negative MCLs showed that they had
a global expression signature similar to that of conventional
cyclin D1-positive tumors confirming that they corresponded
to the same entity [6]. This idea was further supported by the
identification of a similar profile of secondary genomic
alterations [7].

Intriguingly, the cyclin D1-negative MCLs had high
expression of cyclin D2 or D3 suggesting that the upregulation
of these G; cyclins could take over the oncogenic role of cyclin
D1 in these tumors. In fact, some cyclin D1-negative MCLs
carry chromosomal translocations, sometimes cryplic, I'uf.ing1
CCND2 or CCND3 to IG loci, particularly light chain genes.
These cases have extremely high levels of expression of these
cyclins suggesting that they may be useful in recognizing the
tumors. However, the use of cyclin D2 and D3 in routine
diagnosis is hampered by the fact that both are also expressed in
other B-cell lymphomas. Their mRNA levels in the cyclin
D1-negative MCLs with translocations of the genes are

@ The Author 2011, Published by Oxford University Press on behalf of the European Society for Medical Oncology.
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significantly higher than in other tumors but the differences are
difficult to discriminate using routine immunohistochemistry
[8]. On the other hand, the number of cydin DI-negative
MCLs carrying CCND2 or CCND3 translocation is low, raising
the question of the potential oncogenic mechanism involved in
most MCLs lacking the translocation of all these cyclins [8].

Searching for new genes differentially expressed in MCL, Ek
et al. [9] identified SOX11, a neuronal transcriptor factor of the
high mobility group, as a very specific marker of MCL since it
was highly expressed in virtually all these tumors whereas it was
negative in normal lymphocytes and most other lymphoid
neoplasms [9-11]. Interestingly, a study of the intial cydin D1-
negative MCLs identifed by gene expression profiling and an
additional subset of cases showed that SOX11 was positive in all
of them, indicating that it may be an excellent marker by which
to recognize these tumors [10]. SOXI11 is also expressed in
30%-50% of Burkitt’s lymphoma at lower levels and virtually
all B- and T-lymphoblastic lymphomas but not in other types
of lymphoma [10, 11]. The different morphological and
phenotypic features of these tumors compared with MCL
should not represent a problem in the use of SOX11 to identify
cyclin D1-negative MCLs in clinical practice. The availability of
a reliable marker may open the possibility of studying the cyclin
DI-negative MCLs and define whether these patients may also
benefit from the new therapeutic strategies.

is MCL derived from a naive B-cell?

The t(11;14)(q13;q32) translocation occurs in the bone marrow
in the early B cell at the pre-B stage of differentiation when the
cell is initiating IG gene rearrangement with the recombination
of the V(D)] segments [1]. Although the translocation occurs at
a very early stage, the MCL cells are mature B lymphocytes that
express genes normally detected in naive B cells, like IgD and
the T-cell-associated CD5 antigen. The phenotype and
topographic distribution of these cells are similar to a small
subpopulation of naive B CD5+ cells, producing low-affinity
polyreactive antibodies that colonize the normal mantle zone of
the lymphoid follicles and tend to recrculate [12]. These
observations and the predominance of unmutated IG genes
observed in most MCL lead to the common understanding that
the normal counterpart of this tumor is a mature naive B-cell
Several studies have shown that 15%-40% of MCLs carry
IGHV somatic hypermutations and have a strong bias in the
IGHV gene repertoire with IGHV3-21, IGHV4-34, IGHVI-§
and IGHV3-23 used by 46% of the cases [13]. The mutational
load and the associated light chain gene also differ between the
IGHV families. Thus IGHV3-21, in contrast to IGHV3-23 and
IGHV4-59, is almost exclusively found in germline
configuration and is commonly paired with the light chain
IGLV3-19. The fact that the mutation frequency is not random
and is related to the utilization of specific IGHV genes suggests
that at least a subgroup of MCL is not derived from naive B
cells but from cells expanding under the stimulation of certain
antigens. This idea is further supported by the recognition of
a bias association of certain IGHV, IGHD and IGH] genes with
restricted VH CDR3 motifs in 10% of tumors. This scenario is
similar to the stereotyped IG rearrangements observed in
chronic lymphocytic leukemia (CLL) [14]. However, the family
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usage and clusters of the rearranged IG genes are different in
the two diseases suggesting that the potential mechanisms
involved in the clonal selection may be different. On the other
hand, in contrast to CLL, there is no clear evidence of

a relationship with IGHV mutational status using a 2% cut-off
[15]. All this information suggests that most MCLs may derive
from antigen-experienced cells. However, the different levels of
somatic mutations in the IGHV genes observed in MCL may
indicate that different subpopulations of B cells could be
considered normal counterparts of the tumor. Thus, the fact
that ~15% of the tumors have a large number of somatic
mutations would suggest that these tumors originate in cells
that have had strong experience through the germinal center.
Conversely ~30%-50% of the cases have total homology with
the germline sequence of the IGVH genes and these cases may
derive from cells without any exposure to the mutational
machinery. Finally, a number of cases have a low number of
somatic mutations. These cases may be related to marginal zone
or early germinal center cells similar to the cells described by
Kolar et al. [16] that express IgD"CD38 CD23 CD71" cells,
have few somatic IGHV hypermutations and express AID.

indolent MCLs: do they exist?

Most patients with MCL present with generalized
lymphadenopathy and disseminated disease and follow an
aggressive clinical evolution. Some observations indicate,
however, that some patients may have a disease with a more
indolent clinical course. The recognition of these patients is
important because they may benefit from more conservative
management for some time without apparently harming their
global outcome [17].

Studies of prognostic factors in MCL have indicated that
tumors with very low proliferation fraction, limited stage or
a mantle zone pattern may have a significantly better prognosis
with longer survival than the global series of patients [1, 5]. In
addition to these parameters, clinical observations recognized
a subgroup of patients with MCL of indolent behavior that
presented with non-nodal disease, splenomegaly and
a leukemic phase [15, 18]. The clinical similarities between this
subset of MCL and splenic marginal zone lymphomas raised
some questions about the identity of these categories. In
a recent study we addressed this question by comparing the
gene expression profile of a group of indolent leukemic MCLs
that did not require chemotherapy for >2 years with a group of
conventional MCLs and other leukemic lymphoid neoplasias
including CLL, splenic marginal zone lymphoma, hairy cell
leukemia and leukemic follicular lymphoma. Interestingly, the
indolent MCLs were molecularly more similar to conventional
MCL than to any other type of lymphoid neoplasia supporting
the idea that they correspond to the same molecular disease
[19]. However, they also had differential expression of a small
signature of genes that included among others the lack or low
levels of SOX11. Other biological differences were the
predominance of highly mutated IGHV and very simple
karyotypes in the indolent tumors [19]. These findings suggest
that MCL with a predominant non-nodal and leukemic disease,
frequently associated with splenomegaly and an indolent

doi:10.1093/annonc/mdr168 | ivys
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Figure 1. Hypothetical modek of two different molecular subtypes of MCL. The naive B-cell carrying the t(11;14) may evolve into a classic MCL in the

mantle or marginal zone with no or limited somatic mutations. These tumors express SOX11 and are genetically unstable. Alternatively, some cells with the

t(11514) translocation may enter the germinal center and undergo somatic hypermutation. These cells are genetically stable and do not express SOX11.

clinical course may correspond to a different molecular subtype
of MCL (Figure 1).

The possibility of demonstrating SOX11 by
immunohistochemistry in routinely processed biopsies suggests
that this detection may assist in recognizing these patients at
diagnosis. However, one major limitation is that most patients
with an indolent clinical course usually present with a non-
nodal and leukemic disease and therefore with limited tissue
availability to perform the studies. On the other hand, a recent
immunohistochemical study showed that SOX11-negative
MCLs had a worse prognosis than SOX11-positive tumors [20].
One possible explanation for this apparent discordance is that
the SOX11-negative cases observed in the later study could
correspond to a progressed or transformed stage with
generalized lymphadenopathy of SOX11-negative tumors.
Although this idea needs to be confirmed by further
studies it would suggest that SOX11-negative MCLs may
have an indolent phase and eventually some of the tumors
could progress with a generalized lymphadenopathy and
aggressive behavior.
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Els treballs generats en aquesta tesi han permes aprofundir en el coneixement del LCM

en termes biologics, moleculars i patogenics.

La idea general de que el LCM és invariablement un limfoma agressiu que requereix de
tractament intensiu i immediat esta sent reconsiderada, degut, en part, al reconeixement
de diferents subgrups de pacients que no requereixen tractament durant llargs periodes
(Espinet et al., 2005;Eve et al.,, 2009;Fernandez et al., 2010;Furtado & Rule,
2011;Kimura et al., 2011;Martin et al., 2009;Martin & Leonard, 2011;Nodit et al.,
2003;Ondrejka et al., 2011;Orchard et al., 2003) 1 degut a que el retard en 1’aplicacid del
tractament no sembla posar en perill la supervivencia global dels mateixos (Eve et al.,
2009;Fernandez et al., 2010;Martin et al., 2009). Aquesta situacid representa un nou
repte, donat que alguns estudis recents han demostrat que el tractament intensiu, que
inclou altes dosis de quimioterapia i, en alguns protocols, el transplantament de c¢l-lules
mare hematopogtiques, pot millorar la supervivéncia dels pacients amb LCM (Dreyling
et al., 2005;Geisler et al., 2008;Harel et al.,, 2011;Romaguera et al., 2010). Amb
aquestes observacions, és de vital importancia desenvolupar criteris clinics 1 biologics
que permetin ajudar en la seleccié d’una estratégia Optima i individual de gestid i1

tractament de cada pacient.

En un estudi recent del nostre grup es va comparar un subgrup de pacients diagnosticats
de LCM amb comportament clinic molt indolent i que no van rebre quimioterapia
durant més de 2 anys des del diagnostic, amb un altre subgrup de pacients que requeria
de tractament en el moment del diagnostic (Fernandez et al., 2010). Els LCM indolents
presentaven unes caracteristiques cliniques 1 biologiques que diferien de les dels LCM
convencionals, suggerint que un subconjunt dels casos podria correspondre a un
subtipus biologic particular de la malaltia. No obstant, 1’estudi presentava limitacions;
un nombre relativament baix de pacients 1 el seu alt grau de seleccid, basat en el que
podria considerar-se end of the spectrum, en termes de comportament clinic. Es a dir,
davant ’ampli espectre de comportament clinic observat en pacients de LCM a la vida
real, els pacients seleccionats per I’estudi es situaven als extrems, essent un dels grups
molt indolent i I’altre molt agressiu, mentre que hi havia pocs casos en les situacions
cliniques intermedies. En aquest estudi, tant els LCM indolents com els convencionals,
compartien un perfil d’expressid genica diferent d’altres sindromes limfoproliferatives

de cel'lula B, indicant que molecularment pertanyien a la mateixa entitat. No obstant
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també presentaven diferéncies en 1’expressio d’una petita signatura formada per 13 gens
altament expressats en LCM convencionals perd negativa o molt baixa en tumors amb
comportament indolent, aixi com diferéncies en altres caracteristiques clinico-
moleculars, incloent mutacions en els gens IGHV (<95% d’identitat) i poca complexitat

genodmica en els casos clinicament indolents.

La presencia dels dos subgrups de LCM, es veu corroborada pel primer article presentat
en aquesta tesi amb 1’analisi immunogenetic del BcR, donat que I’estat mutacional de
les IG també discrimina entre dos subgrups diferents de pacients. La rellevancia clinica
de I’estat mutacional de les IG ha estat controvertida en LCM. La majoria d’estudis
previs han utilitzat un 98% com a llindar d’identitat per discriminar dos grups de
pacients, pero 1’aplicacio d’aquest cut-off del 2% podria suposar una problematica.
Aquest punt de tall s’ha utilitzat ampliament per al pronostic de la LLC pero podria no
ser el més adequat fora d’aquest context, donat que podria emmascarar 1’heterogeneitat
biologica (i inclus clinica) de la neoplasia, com suggereix un estudi recent on s’observa
que els subgrups de pacients de LCM amb diferent carrega mutacional presenten
marcades diferéncies immunogeniques, inclis quan es comparen casos amb un nombre
de mutacions limitades (identitat amb la linia germinal proxima al 98%) amb casos

sense mutacions (100% d’identitat) (Hadzidimitriou et al., 2011).

En la nostra serie el millor llindar per discriminar ambdés subgrups correspon al 97%
d’identitat. En I’estudi anterior ja haviem demostrat la correlacié amb bon pronostic en
casos altament mutats utilitzant el cut-off de <95% d’identitat (Fernandez et al., 2010).
En I’actual treball estratifiquem els pacients en 4 estats mutacionals (enlloc de dos) i1
confirmem un biaix en la distribucid dels gens IGHV, IGHD 1 IGHJ, suggerint un
procés de seleccid antigénica com a responsable de I’expansio6 clonal en certs subgrups
de LCM. Les principals diferéncies cliniques i biologiques entre pacients amb elevada o
baixa carrega mutacional en els gens de les IG corresponen a: el repertori de gens IGHV
utilitzat, D’expressid del marcador de membrana CD5 1 SOXI11, la complexitat
genomica, el perfil d’expressié d’alguns gens, la distribucid dels casos en funci6 del
sexe 1 la presentacid ganglionar. Hem observat que IGHV1-8, IGHV4-34, IGHV3-21 i
IGHVS5-51 s’usen principalment en casos poc mutats, mentre que IGHV3-23 i,
preferencialment, IGHV4-59 estan presents en casos amb elevada carrega mutacional.

Pel que fa a altres caracteristiques diferencials, CDS5 es detecta en la gran majoria de
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LCM convencionals, perd curiosament la meitat dels casos altament mutats presenta
negativitat per aquest marcador. La poca complexitat genomica dels casos amb IG
mutades concorda amb 1’abséncia o el baix nombre d’alteracions en el gen ATM
(Camacho et al., 2002;Salaverria et al., 2008). Altres diferéncies cliniques a destacar
son que el 40% dels casos amb IG mutades son dones respecte al 20% en els LCM amb
IG no mutades, i que el 82% dels casos sense mutacions en els gens de les IG presenta
limfadenopaties (respecte el 37%). Cal destacar que la nostra série estava enriquida amb
casos leuceémics degut a les especialitats dels nostres centres 1 institucions
col-laboradores, la majoria, laboratoris de referéncia d’hematologia amb predomini de

pacients leucemitzats.

Aquests dos subgrups definits segons 1’estat mutacional de les IG també presenten
diferéncies en el pronostic, el curs clinic de la malaltia i la supervivéncia global. Els
pacients amb elevada carrega mutacional (utilitzant un llindar del 97%) presenten millor
pronostic 1 una supervivencia més llarga (supervivéncia global als 5 anys: 59% per
casos mutats vs. 40% per no mutats). De manera analoga a altres publicacions, els LCM
que utilitzen IGHV3-21 tenen tendencia a presentar un millor pronostic (Thelander &
Rosenquist, 2008), independentment de 1’estat mutacional, contrariament al que passa
amb el reordenaments de IGHV3-23, tot i que les diferéncies no sén estadisticament

significatives.

Els nostres resultats confirmen i amplien significativament les observacions anteriors
que afirmen que el repertori d’IG esta esbiaixat, més de la meitat dels casos queden
repartits en només 5 reordenaments, indicant la preséncia d’una pressié selectiva en el
modelatge del BcR. Per extensio, aquestes troballes també impliquen que un conjunt
limitat d’antigens i/o superantigens pugui estar especificament involucrat en el
desenvolupament del LCM. S’han publicat evidéncies addicionals a favor d’aquesta
idea, donades per a la comparacié del repertori de gens de les IG de LCM amb el de
cel-lules B normals (Wu et al., 2010), incloent c¢l-lules B naive 1 cel-lules B d’altres
neoplasies com la LLC (Agathangelidis et al., 2011) o el LZME (Bikos et al., 2012).
Aquest darrer estudi va revelar perfils molt diferents, especificament amb 1’Gs de
IGHV3-21 1 IGHV1-8, indicant que el desenvolupament de limfomes podria donar-se a

través de la seleccid d’estimuls antigenics diferents.
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De manera similar al descrit en LLC, un petit percentatge dels BcR del LCM podrien
estar estereotipats, €s a dir, els casos es poden assignar en clusters definits per 1’us
d’una familia IGHV identica 1 restriccions en els motius del VH CDR3. Gracies a eines
bioinformatiques s’ha documentat per primera vegada que aproximadament un 10%
dels casos de LCM compleixen aquestes caracteristiques i formen part d’un estereotip
(Hadzidimitriou et al., 2011). L’existéncia de la similitud entre el BcR de casos no
relacionats 1 distants geograficament juga a favor de les observacions descrites en
aquesta tesi. A més, la construccié d’aquests patrons compartits en funcio del VH
CDR3 podria ser la base de reactivitat per a un antigen comu i potser 1’explicacié al
comportament biologic dels clons malignes. Les comparacions d’aquests motius entre
neoplasies demostren que existeix especificitat per a cada malaltia, de manera que els
BcR de LCM difereixen notablement dels de la LLC, inclas per casos amb un mateix
reordenament. Possiblement aix0 podria indicar que els antigens als quals responen
podrien ser diferents i, en conseqiiencia, estarien sotmesos a diferents mecanismes de

limfomagenesi.

La comparaci6 dels perfils d’expressio entre LCM indolents i LCM convencionals del
primer estudi publicat (Fernandez et al., 2010), estava realitzada en mostres end of the
spectrum, separades en funcié del seu comportament indolent i la necessitat de
tractament. Ampliant-ne el nimero de mostres 1 fent la comparacid dels perfils
d’expressié en funcid de [’estat mutacional de les IG (mutat vs. no mutat)
independentment de la necessitat de tractament o de la supervivencia, es van observar
més gens diferencialment expressats en ambdds sentits (395 gens altament expressats en
casos no mutats i 123 en LCM mutats). Mitjangant analisis d’enriquiment funcional es
va observar que aquests 518 gens diferencialment expressats pertanyien a vies
relacionades amb diferents processos biologics i1 cél-lula d’origen. Els LCM amb IG
mutades sobrexpressaven gens implicats amb els processos de traduccid, biogenesis del
ribosoma 1 regulacio de ’activacié de cel-lules B. Mentre que els casos de LCM no
mutats estaven enriquits amb gens relacionats amb la regulacid de la transcripcid,
I’apoptosi, la mort cel-lular i la resposta a estimuls extracel-lulars. Cal destacar que
ambdos subgrups no presentaven diferéncies a nivell de la signatura de proliferacid
(Rosenwald et al., 2003), com s’ha publicat en alguns estudis, aixo podria ser degut al
fet que aquesta signatura esta descrita en biopsies de LCM 1 no en mostres de sang

periférica com les que s’utilitzen en aquesta tesi. El model de prediccié de
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supervivencia (Blenk et al., 2008) no mostrava una clara significacid, perd si una
determinada tendencia dels casos LCM amb IG mutades a presentar un index menor

(relacionat amb millor pronostic).

Com hem esmentat anteriorment 1 de manera interessant, els analisis dels nous arrays
d’expressid van mostrar implicacio de processos d’activacid, desenvolupament i
maduracid de cél-lula B 1 T, que podrien indicar que les cel-lules implicades en ambdos
subgrups tumorals es podrien trobar en diferent estadi de desenvolupament cel-lular.
Encara que la translocacié oncogenica s’adquireix en una c¢l-lula B immadura, el tumor
esta format per limfocits B madurs que tendeixen a créixer a la zona del mantell dels
fol-licles 1 que presenten un fenotip similar a les cel-lules B normals presents en aquesta
localitzacid. L expressié d’IgD 1 de CDS5, aixi com el predomini de gens de les IG no
mutats observats en estudis inicials, suggeria que la c¢l-lula homologa normal d’aquest
tumor podria correspondre a una cel-lula B naive, perd el biaix en el reordenament
(Kienle et al., 2003) 1 la preseéncia de mutacions somatiques en les IG en un percentatge
més elevat del previst, suggereix que almenys un subgrup de casos amb LCM provenen

de I’expansio clonal de cel-lules B que han tingut contacte antigeénic (Figura 23).

Donat que el nombre de mutacions en gens IGHV en la majoria dels LCM ¢és baix
(només el 14% dels tumors té més del 3% de mutacions somatiques) s’ha suggerit que
la cel'lula d’origen de la majoria dels casos no esta sota una gran influéncia de la
maquinaria d’hipermutacié somatica present en el CG (Hadzidimitriou et al., 2011). Cal
destacar que Kolar i col. (Kolar et al., 2007), han identificat una c¢l-lula B madura
anomenada pro-germinal center cell considerada com un pas intermedi entre la cel-lula
naive 1 la cel-lula del centre germinal, que es caracteritza per 1’expressié de I[gD+CD38-
CD23-CD71+ i de citidina deaminasa (AID), aixi com per tenir poques mutacions en
els gens de les IG. Aquestes cel-lules podrien ser considerades com 1’homoleg normal
d’alguns casos de LCM. Per altra banda, el 14% dels casos presenta un elevat
percentatge de mutacions en les IG (<97% d’identitat) 1 podria derivar de c¢l-lules amb

experiéncia de CG.
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Figura 23. Model hipotétic dels dos subtipus moleculars de LCM. La cél-lula B naive portadora
de la translocacié t(11;14) pot evolucionar a cap un LCM convencional a la zona marginal o a la
zona del mantell amb un numero limitat o sense mutacions somatiques en els gens IGHV.
Aquests tumors expressen SOX11 i sén genéticament inestables. Alternativament, algunes
d’aquestes cél-lules amb la translocacié poden entrar al CG i sotmetre’s al procés de SHM.
Aquestes cel-lules son genéticament estables 1 no expressen SOX11, tot i que alguns casos
després d’uns anys de comportament indolent poden tornar-se clinicament agressius.

(Abreviatures: MO; moll de 1’os, SP; sang periferica)

Per poder incidir en la ontogenia i la cel-lula d’origen del LCM, en el nostre estudi vam
realitzar un analisi d’enriquiment de vies interrogant quatre signatures corresponents a
diferents estadis maduratius de la diferenciacié de cel-lules B (cél-lula B naive, cel-lules
del CG, cel'lules B memoria i cellules plasmatiques) en els diferents subgrups de
pacients. Els resultats obtinguts demostren que els LCM amb IG mutades i no mutades
podrien derivar d’una cel-lula limfoide diferent, donat que els LCM amb IG mutades
presenten una sobrexpressio de la signatura de cel-lula B memoria, mentre que els LCM
amb IG no mutades estan enriquits en la signatura de cél-lules naive, corroborant, aixi,

les observacions esmentades en paragrafs anteriors.
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En els primers analisis (Fernandez et al., 2010) de comparaci6 dels perfils d’expressid
de mostres de sang periferica de LCM indolents i LCM convencionals, es va detectar
I’expressio diferencial de 13 gens, entre els quals s’incloia SOX11, HDGFRP3 i DBNI.
En un dels treballs presentats en aquesta tesi es va dissenyar un senzill assaig de qPCR,
que incloia aquests 3 gens, que clarament distingeixen entre LCM indolents i
convencionals i els nivells d’expressi6 dels quals presentaven una bona correlacid entre
I’array 1 la qPCR, per tal de desenvolupar una eina assequible que permetés diferenciar
facilment ambdos subgrups de pacients. Degut a que la forma indolent de LCM es
presenta amb freqiiencia de manera leucémica sense afectacid a ganglis limfatics, vam
aplicar aquest assaig a una serie independent de 68 mostres de sang periferica, amb
almenys un 30% de c¢l-lules tumorals. La combinacié de I’expressié d’aquests 3 gens
segrega les mostres en dos subgrups de LCM amb elevada o baixa expressio d’aquesta

signatura simplificada.

Igual com passa amb les immunoglobulines, 1’estratificacié dels pacients segons
I’expressio de SOX11, un dels tres gens seleccionats de la signatura i marcador
relativament fiable del LCM (Dictor et al., 2009;Ek et al., 2008;Mozos et al., 2009),
tamb¢ esta relacionat amb el pronostic; I’expressid negativa s’associa amb una millor
supervivéncia, ja observat en altres estudis independents (Fernandez et al.,
2010;0ndrejka et al., 2011), tot 1 que curiosament, s’ha descrit el contrari en dos series
de pacients que presentaven afectacid ganglionar (Wang et al., 2008b;Nygren et al.,
2012). En el nostre estudi, la combinacid dels 3 gens de la signatura SOX11, HDGFRP3
1 DBNI permetia una millor prediccié de la supervivencia global comparant amb
qualsevol dels gens de manera individual. En aquest estudi les mostres leucemitzades,
amb baixa expressid de la signatura, presentaven mutacions en els gens de les IG, no
presentaven limfadenopaties i tenien poques alteracions genetiques. Tot i el bon
pronostic que presentaven aquests casos, alguns d’ells morien rapidament després del
diagnostic o progressaven clinicament. De manera interessant, la deteccio de la delecid
de 17p tenia un impacte advers sobre el pronostic d’aquests pacients suggerint que, de
manera similar als LCM convencionals i altres neoplasies limfoides, 1’adquisicio
d’alteracions en 17p o mutacions en el gen 7P53 podria ser un mecanisme de progressio
tumoral 1 alterar el pronostic dels pacients (Bea et al., 1999;Greiner et al.,

1996;Halldorsdottir et al., 2011a). Aquesta troballa suggereix 1’avaluacio de les
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alteracions en aquest loci de manera rutinaria, donat que podria ser important per refinar

el pronostic dels pacients.

Tot 1 que les evidencies semblen clares, alguns autors posen en dubte el paper prondstic
de SOXI11 en el LCM. Recentment i contrariament al que es defensa en aquesta tesi,
Nygren L ef al. (Nygren et al., 2012) en un estudi de 186 LCM demostra que els casos
SOX11 negatius presenten limfocitosi amb més freqiiencia, tenen LDH elevada 1
requereixen tractament en el moment del diagnostic. A més, es conclou que aquest
factor de transcripcio no es pot utilitzar per predir un curs clinic indolent de la malaltia
(Nygren et al., 2012). Una possible explicacié a aquesta discordanga podia ser que els
casos SOX11 negatius dels quals disposen son mostres de teixit i es podrien trobar en
una fase progressada i simptomatica de la malaltia, en la qual aquesta podria haver
adquirit mutacions oncogeniques (a 7P53, per exemple) 1 un comportament agressiu.
Essent aixi, se’ls hauria passat per alt una possible primera fase leucémica i indolent
d’aquests pacients. En aquest estudi, 9/13 (69%) del casos SOX11 negatius estudiats
presenten tincid per IHQ de p53, suggerint la preseéncia de mutacions el gen TP53 i
coincidint, per tant, amb casos SOX11 negatius amb delecio de 17p 1 mutacio de 7P53

que presenten un comportament clinic agressiu.

El perfil genomic de mostres de LCM amb elevada 1 baixa expressio de la signatura van
ser analitzades mitjancant la técnica d’SNP-arrays. Ambdos grups tenien un perfil
d’alteracions cromosOmiques caracteristic de LCM, pero els tumors amb elevada
signatura presentaven significativament més guanys a 3q i1 perdues a 9p i 11q (P=0.016,
0.0017 1 0.029 respectivament). En termes generals, els casos que formen aquest grup
també presentaven més freqiientment complexitat genomica (=5 alteracions per cas)
respecte els tumors amb baixa expressid (80% vs 35% respectivament, P=0.001). De
manera interessant 6 dels casos amb baixa expressio de la signatura presentaven
genomes complexos, amb perdues a 17p, 1 a 5 d’aquests se’ls va detectar mutacid del
gen TP53. Mutacions en aquest gen també van ser detectades en 6 dels 10 LCM amb

elevada expressio de la signatura que també presentaven alteracions a 17p.

De manera similar al que hem descrit anteriorment per SOX11 i I’estat mutacional de les
IG, l’analisi del perfil d’expressio de 86 miRs seleccionats de LCM leucemics i

ganglionars, també va demostrar la preseéncia de dos subgrups de tumors amb marcades
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diferéncies biologiques, com les descrites anteriorment: 1’estat mutacional de les IG, la
signatura de proliferacid i el nombre d’alteracions cromosomiques, aixi com diferéncies
en el perfil d’expressié amb els controls utilitzats (cel-lules purificades CD5+ 1 CDS5-).
El miR-181a, associat a un comportament agressiu a la LLC 1 a la progressido tumoral
del mieloma maultiple (Calin et al., 2005;Chang et al., 2008;Pichiorri et al., 2008), és el
miR més diferencialment expressat entre ambdos clisters de mostres. Mentre que els
miR-15a, miR-195, miR-23b 1 miR-142-3p estan sobrexpressats en el cluster de LCM
amb IG no mutades i1 estan implicats en la promocio el creixement tumoral, la
proliferacié i la regulacié de la supervivencia. Per altra banda, s’ha proposat el miR-20b
com a marcador de pronostic en LCM, essent els casos que presenten baixa expressio

d’aquests els de millor superviveéncia (Di et al., 2010).

La causa de desregulacio dels miRs no es coneix exactament perd podria ser deguda a
alteracions en la dosi genica o reordenaments proxims als loci dels miRs (Calin &
Croce, 2006;Lamy et al., 2006;Wang et al., 2008a). En el nostre treball vam observar
una correlacio significativa entre els elevats nivells del miR madur i el guany en la dosi
genica només en els miRs localitzats a 8q24 (miR-30d), 11ql13 (miR-139), 13q31
(miR17-3p, miR17-5p, miR-18, miR-19a i miR-20a) i 18q21 (miR-122a). La relacid
dels miRs madurs del cluster miR-17-92 es va mantenir després de la correccio per tests
multiples. En un estudi recent, es va demostrar que el gen precursor d’aquest cluster
(c130rf25) és I’tnic gen inclos a la regid minima amplificada (13q31) en LCM 1 els
seus elevats nivells d’expressid es relacionaven amb amplificacio de la regio (Bea et al.,
2009). La sobrexpressio de miRs associats a aquesta amplificacié génica també s’ha
observat en limfoma de Burkitt i el limfoma difts de cel-lules grans, indicant que podria
ser un mecanisme important en la patogénesi d’aquest grup de limfomes agressius (Ota
et al., 2004;Tagawa et al., 2005;Tagawa & Seto, 2005). El paper oncogenic del claster
miR-17-92 ja ha estat descrit anteriorment i podria estar implicat en diversos
mecanismes, incloent la cooperacio amb MYC induint una disminucié de 1’apoptosi
(Coller et al.,, 2007;He et al., 2005;Matsubara et al., 2007). Per altra banda, la
desregulacié de MYC ha estat reconeguda com un factor prondstic important en LCM
(Hartmann et al., 2008). En el nostre estudi de MYC i els miR-17-5p i miR-20a en 50
mostres addicionals de LCM ganglionars vam demostrar que els tumors amb elevada
expressio concomitant de MYC i el clister miR-17-92 s’associava a supervivencia curta,

suggerint la implicaci6 d’aquesta cooperaci6 en la progressié tumoral dels LCM.

187



Heterogeneitat clinico biologica del LCM Discussio

Per altra banda, es van observar diferéncies en els nivells d’expressié entre mostres
leucemiques i1 ganglionars que podrien ser degudes a la contaminacié per cel-lules no
neoplasiques. No obstant, el miR-337 no es va detectar en cap mostra tumoral, pero si
en el pool de ganglis reactius, indicant que el grau de contaminacié de les mostres
ganglionars no era suficient per a la deteccid d’aquest miR. Per determinar si les
diferéncies eren degudes a la localitzacio topografica del tumor, es van purificar
mostres simultanies de sang 1 gangli de dos pacients, de la comparacid dels quals en van
resultar 11 microRNAs diferencialment expressats, suggerint una possible modulacio
del desenvolupament tumoral deguda a 1’efecte del microambient. La idea de que
I’expressio dels miRs esta regulada per compartiments cel-lulars esta recolzada per un
estudi d’expressido de miRs en LLC, en els quals ’expressio de BIC/pri-miR-155 era
major en cel-lules de centres de proliferacid, mentre que el miR-150 s’expressava

principalment en cel-lules en repos de LLC (Wang et al., 2008a).

Un estudi recent (Igbal et al., 2012) demostra la preseéncia de subgrups de LCM
ganglionars relacionats amb supervivéncia en funcié del perfil d’expressio de miRs,
recolzant el que es descriu en aquesta tesi. El perfil d’expressio de miRs també ens
podria donar una idea de la cel-lula putativa d’origen en LCM, degut a ’associacio de
I’expressio d’alguns miRs amb poblacions de cel-lules B normals. Per exemple, els
miR-150, miR-29¢, miR-101, miR-223, miR-320 han estat descrits enriquits en ce¢l-lules
B naive (Malumbres et al., 2009;Zhang et al., 2009), algun d’aquests amb una funcié de
manteniment de I’estat quiescent en organs limfoides periférics. L’expressié del miR-
223 en cel-lules B naive bloqueja la diferenciacid d’aquestes cap a cel-lules del CG per
repressié de LMO2 i MYBL1 (Malumbres et al., 2009;Zhang et al., 2009). De manera
similar, el miR-150 controla I’expansio de les cel-lules B1, aixi com la resposta immune
humoral en ratolins mitjangant la unié al factor de transcripcié MYB (Xiao et al., 2007).
Di Lisio i col. (Di et al., 2010) postulen que els LCM (sense fer distincions entre
subgrups) presenten baixa expressidé de miRs relacionats amb la signatura de CG
(incloent BCL6, LMO2, SERPIN9 1 GCET2) tot i que IgBal i col. (Igbal et al., 2012)
demostren que un subgrup de LCM altament proliferants associats a I’expressid del
clister miR-17-92 i els seus homolegs miR-106a-363 i miR-106b-25, presenten un

perfil de miRs més semblants a cel-lules del CG que no a cel-lules B naive.
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En termes generals, els casos de LCM end of the spectrum presenten una correlacid
inversa entre I’estat mutacional de les IG 1 I’expressio de SOX11. El 81% dels LCM
corresponen a aquests casos, 59% amb IG no mutades 1 SOX11 positius 1 22% amb 1G
mutades 1 SOX11 negatius, mentre que el 19% restant dels casos quedaria fora
d’aquesta classificacid. Segons 1’analisi de supervivencia (Figura 24A) els Unics casos
que es podrien considerar clinicament indolents correspondrien als casos que presenten
IG mutades 1 sense expressio de SOX11. Els altres tres grups no presenten diferéncies a
nivell de supervivéncia i tots tenen un comportament clinic semblant al dels LCM
convencionals. L’estudi de les caracteristiques patologiques i moleculars, també
demostra que el cluster de mostres IG mutades i SOX11 negatiu correspon a un grup a

part (Figura 24B).

Un cop definida i corroborada una possible estratificacié dels pacients, la segiient
quiestio és com procedir al tractament d’aquests, que no és d’abordatge senzill, ja que no
hi ha encara una evideéncia prospectiva. La simple observacid ha demostrat ser factible
en pacients asimptomatics, igual a com es procedeix en desordres limfoproliferatius
indolents (Martin et al., 2009;0rchard et al., 2003). No obstant, no hi ha res disponible
que es pugui comparar al tractament actiu, per altra banda, molts metges especialistes
no es troben comodes davant de la idea de no tractar un pacient de LCM degut a

I’agressivitat que s’associa a aquest tumor.
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Figura 24. A) Corba Kaplan-Meier d’estimacio de la supervivéncia global dels pacients de
LCM en funci6 de I’estat mutacional de les IG (mutat vs. no mutat) i I’expressié concomitant de
SOX11 (positiu vs. negatiu). Pacients amb IG mutades (97% d’identitat) i negatius per SOX11
mostraven millor superviveéncia que qualsevol altre grup. B) Cluster dels casos en funcio de les
caracteristiques patologiques i moleculars (morfologia, ki67, complexitat genomica i alteracions
a 17p/UPD o mutacions en TP53), cliniques (edat, sexe, limfadenopaties, esplenomegalia, LDH,
estadi i MIPI) i de supervivencia (necessitat de tractament, resposta completa i supervivéncia als

5 anys).

190



Heterogeneitat clinico biologica del LCM Discussio

La immunoterapia només amb rituximab o la immunoquimioterapia sén altres
possibilitats acceptables. En principi, la intensificacié amb transplantaments autolegs o
al-logénics de cel-lules mare s’hauria d’evitar en primera linia per pacients amb
pronostic favorable. Per ultim, €s molt important el seguiment d’aquests pacients,
sobretot establir una politica de “vigilancia i espera” (Martin & Leonard, 2011), per
estar alerta davant una possible transformacio en relaci6 a la delecio de 17p. En aquesta

situacid, el tractament immediat estaria plenament justificat.

Per concloure, els estudis d’aquesta tesi, proporcionen un coneixement multidisciplinari
integrant 1’estudi dels gens de les IG en una série llarga de pacients de LCM i
I’expressio de SOX11 1 determinats miRs, que identifica dos subtipus de pacients
d’aquesta neoplasia amb diferents caracteristiques moleculars 1 genctiques, diferent
presentacid clinica i evolucié de la malaltia, i que de manera interessant sembla que

s’originen a partir de diferents subpoblacions de c¢l-lules limfoides.
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“Una cosa es pensar que se estd en el buen camino, y la otra que este camino es el

unico. De todas maneras, todo son maneras.”

(Anonim)
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1. El repertori de les immunoglobulines en el LCM esta esbiaixat. L’Gs restringit 1
conservat de determinades families de gens IGHV 1 la distribucié no aleatoria de les
mutacions somatiques, concentrades principalment en IGHV4-59 i IGHV3-23, planteja
la possibilitat de que els progenitors, d’almenys una fraccid important dels casos,
responen selectivament a determinats antigens, indicant que els processos de seleccid i
resposta antigenica podrien ser mecanismes de limfomagenesis 1 estar implicats en la

patogenesis 1 1’evolucid d’aquesta neoplasia.

2. Les observacions en cel-lules normals, autoreactives 1 clons de cel-lules B malignes
suggereixen que inclus una baixa carrega mutacional pot ser funcionalment rellevant,
per aix0 adoptem un enfocament diferent al plantejat en articles anteriors, considerant 4
grups mutacionals; no mutats, minimament mutats, significativament mutats i
hipermutats, essent el 97% el millor llindar de carrega mutacional que separa dos

subgrups de LCM en funcio de la supervivencia.

3. L’analisi exhaustiu del BcR ha modificat els punts del vista sobre la potencial
cel-lula d’origen del LCM. Segons els perfils d’expressié els LCM amb IG mutades
presenten sobrexpressié d’una signatura de cel-lula B de memoria, mentre que els casos

de LCM amb IG no mutades estan enriquits amb una signatura de cel-lula B naive.

4. La majoria dels casos de LCM presenta una correlacidé inversa entre [’estat
mutacional de les IG i I’expressiéo de SOX11. El 59% dels LCM sén SOX11 positius
amb IG no mutades associats a un mal pronostic, el 22% dels LCM sén SOX11 negatius
amb IG mutades i de comportament clinic indolent, mentre que el 19% dels casos
restants no presenten aquesta correlacid inversa i tenen una supervivencia com la dels

casos LCM convencionals.

5. L’estudi de I’expressio de SOX11, HDGFRP3 1 DBNI per qPCR demostra que
aquests gens es poden utilitzar com a signatura per distingir entre LCM indolents i
convencionals en mostres leucemiques de LCM. La signatura es pot utilitzar com a
marcador molecular i de pronostic de la malaltia, sent els casos LCM no ganglionars

amb baixa expressio per aquest gens, els de millor pronostic.
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6. L’estat de 17p/TP53 podria ser indicatiu de transformacidé de la neoplasia cap a
formes més agressives en pacients inicialment de bon pronostic (SOX11 negatius amb
IG mutades). L’avaluacid de les alteracions en aquest loci de manera rutinaria, podria

ser important per afinar les estrategies de maneig clinic dels pacients.

7. Els nivells d’expressi6 de microRNAs en LCM sén inferiors en relacio a les
cel-lules limfoides normals. Segons els perfils d’expressié dels miRs, es poden distingir
dos subgrups de tumors que difereixen en I’estat mutacional de les IG, la complexitat

genomica i els nivells de proliferacio.

8. La desregulacié dels miRs no sembla estar relacionada amb els canvis en el nimero
de copia génica dels locus cromosomics, només els nivells del miR-17-5p 1 miR-20a,
inclosos en el clister miR17-92, estan significativament associats a amplificacions de
13g31. A més, ’elevada expressié concomitant de MYC i del cluster miR17-92, esta

associada a LCM amb un comportament més agressiu.

9. Tant I’analisi del BcR, I’expressio de SOX11 i el perfil d’expressié de microRNAs,
demostren la preséncia d’almenys dos subgrups de pacients amb caracteristiques
biologiques 1 moleculars determinades, suggerint la preséncia de dos subtipus de LCM

amb comportament i presentacio clinica molt diferent.

10. Degut al comportament clinic indolent associat als casos SOX11 negatius amb IG
mutades 1 a que no existeix cap evidencia clara de que el tractament influeixi en la
supervivencia a llarg termini d’aquests, seria interessant adoptar una estrategia de

“vigilancia i espera”.
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Annex 1. Enviat a Cancer Research. Agost 2012

Sorafenib inhibits cell migration and stroma-mediated bortezomib resistance by

interfering BCR signaling and protein translation in mantle cell lymphoma

Xargay S, Lopez-Guerra M, Saborit-Villarroya I, Rosich L, Navarro A, Montraveta A,
Pérez-Galan P, Roué G, Campo E, Colomer D.

Mantle cell lymphoma (MCL) is an incurable and aggressive B-cell neoplasm. Here, we
provide first evidence on the molecular mechanism of action of the multikinase
inhibitor sorafenib in this entity. Both in cell lines and primary cells, sorafenib induces a
rapid dephosphorylation of the BCR-associated tyrosine kinases, Syk and Lyn, as well
as the Infrastream Src target, the focal adhesion kinase (FAK). In this line, we
demonstrate a strong synergy when combining sorafenib with the Syk inhibitor, R406.
In parallel, we show that sorafenib also blocks Mcl-1 and cyclin D1 at translational
level, which promotes an unbalance between pro- and anti-apoptotic proteins and
facilitates the release of Bax from cyclin DI, finally leading to the induction of the
mitochondrial apoptotic pathway and the activation of caspase-dependent and
independent factors. Moreover, sorafenib inhibits MCL cell migration as well as actin
polymerization in response to CXCL12. FAK knockInfra partially prevents this
inhibitory effect, thus indicating that FAK is a relevant target for sorafenib action in
MCL cells. Importantly, this compound resensitizes MCL cells cultured with stroma to
bortezomib-induced apoptosis. All these results suggest that sorafenib, alone or in
combination with bortezomib-based therapies, may represent a promising approach to
treat MCL patients.diagnostic tool for NSCLC. Our results show therefore that the

causal role and value of EML4-ALK as a therapeutic target remain to be defined.

Contribucié: analisi per PCR 1 seqiienciacio dels gens de les IG.
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Annex 2. Modern Pathology. Maig 2012 doi:10.1038/modpathol.2012.84

Increased tumor cell proliferation in mantle cell lymphoma is associated with
elevated IMP3 protein expression

Hartmann E, Bea S, Navarro A, Trapp V, Campo E, Ott G, Rosenwald A.

Mantle cell lymphoma (MCL) is an aggressive, non-curable B cell lymphoma,
characterized by the translocation t(11,14)(q13;932) involving Cyclin DI and a high
number of additional genetic alterations. Chromosomal gains of 7p are frequent in
MCL, with Insulin-like growth factor Il mRNA-binding protein 3 (/GF2BP3 aka IMP3)
being the most upregulated gene in this region. IMP3 is a member of the IGF Il mRNA
binding protein family, and increased IMP3 expression is associated with an aggressive
behavior in many malignant tumors. We here analyze selected genes related to insulin
growth factor (IGF) signaling in gene expression and genomic array data of 8 MCL cell
lines and 12 primary MCL and study IMP3 protein expression in 172 well characterized
primary MCL by immunohistochemistry. The majority of MCL cell lines and primary
cases showed elevated IMP3 mRNA expression and a subset also expressed the IGF1-
and IGF2-receptors. On the protein level, 66 of 172 primary MCL showed IMP3
expression in >50% of tumor cells, and strong IMP3 protein expression was highly
associated with increased proliferation as measured by the Ki-67 index, but not with
overall survival of MCL patients. Only a subset of MCL with marked IMP3 expression
had an underlying chromosomal gain in 7p suggesting that additional mechanisms are
involved in the upregulation of IMP3 in MCL. In seven paired MCL samples, IMP3
protein expression remained constant between primary diagnosis and relapse. Increased
IMP3 expression and, potentially, enhanced IGF signaling may contribute pro-
proliferative stimuli in the evolution of MCL tumor cells and pharmacologic
intervention with the IGF pathway could represent an additional future treatment option

in this lymphoma,

Contribucié: seleccio de mostres de Barcelona i1 recollida de dades cliniques i

moleculars. Col-laboracid en ’analisi.
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Annex 3. Genes, Chromosome and Cancer. Epub 2012 May 23. 2012
Sep;51(9):881-9.

Different distribution of NOTCH1 mutations in chronic lymphocytic leukemia

with isolated trisomy 12 or associated with other chromosomal alterations

Lopez C, Delgado J, Costa D, Conde L, Ghita G, Villamor N, Navarro A, Cazorla M,
Gomez, Arias A, Mufioz, Baumann T, Rozman M, Aymerich M, Colomer D, Cobo, F,

Campo E, Lopez-Guillermo A, Montserrat E, Carrid A.

Chronic lymphocytic leukemia (CLL) is the most common leukemia among adults in
Western countries. Chromosomal abnormalities commonly found using conventional
cytogenetics and FISH are del(11)(q22-23), trisomy 12, del(13)(q14) and del(17)(p13).
Trisomy 12 is the most frequent numerical abnormality in CLL. It can appear isolated
or associated with other chromosomal aberrations, including t(14;18)(q32;921) and
trisomy 18. The aim of this study was to determine whether CLL patients with isolated
trisomy 12 or associated with other chromosomal alterations have different clinico-
pathological features, including a different distribution NOTCHI mutation. Patients
were classified into four groups: group 1, isolated trisomy 12 (n=14); group 2, trisomy
12 plus trisomy 18 (n=4); group 3, trisomy 12 plus t(14;18) (n=8) and group 4: patients
with trisomy 12 plus other abnormalities not involving BCL2 (n=28). The Binet stage
and expression of ZAP70 were significantly different among cytogenetic groups.
NOTCHI mutations were detected in 6/12 (50%) patients from group 1, 4/25 (16%)
patients from group 4, and in no patient from groups 2 and 3 (P = 0.020). Patients in
group 2 had a more rapid disease progression (median Treatment-free Survival 2
months) as against patients from groups 1 (50 months), 3 (69 months) or 4 (68 months)
(p = 0.001). These findings indicate that the distribution of NOTCHI mutations in CLL
with trisomy 12 is heterogeneous and that the presence of additional chromosomal

abnormalities such as trisomy 18 could change the prognosis of these patients.

Contribucié: analisi per PCR 1 seqiienciacio dels gens de les IG.
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Annex 4. Br J Haematol. 2012 Mar¢;156(5):612-8

A new genetic abnormality leading to TPS53 gene deletion in chronic lymphocytic

leukaemia

Lépez C, Baumann T, Costa D, Lopez-Guerra M, Navarro A, Goémez C, Arias A,
Muiioz C, Rozman M, Villamor N, Colomer D, Montserrat E, Campo E, Carri6 A.

The analysis of chromosomal abnormalities provides significant prognostic information
in patients with chronic lymphocytic leukaemia (CLL), a disease with a highly
heterogeneous clinical course. Chromosomal abnormalities commonly found are
trisomy 12, del(13)(q14), del(11)(q22-23), del(17)(p13) and del(6)(q21). Translocations
are present in some patients and affect regions recurrently involved in CLL. This report
describes the clinical and pathological characteristics of four CLL patients showing a
new recurrent chromosomal abnormality dic(8;17)(p11;pl1), that implied loss of the
TP53 gene in all cases. In addition, TP53 gene was mutated in three out of four patients.
Mechanically, Low Copy Repeats (LCR) in 17p12 and 8pl1 may explain the origin of
the translocation by non-allelic homologous recombination (NAHR). Isolated
dic(8;17)(p11;pl1) in patients with mutated IGHV genes status may not have the same
prognostic impact as other mutations or deletions affecting the TP53 gene. Larger series
are needed to better evaluate the clinical impact of this chromosomal aberration during

the course of the disease.

Contribucié: analisi per PCR i seqiienciaci6 de 1’estat mutacional de 7P53.
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Annex 5. Blood. 2011 Set 15;118(11):3088-95.

Is there a role for antigen selection in mantle cell lymphoma? Immunogenetic

support from a series of 807 cases

Hadzidimitriou A, Agathangelidis A, Darzentas N, Murray F, Delfau-Larue MH,
Pedersen LB, Navarro A, Dagklis A, Rombout P, Beldjord K, Kolstad A, Dreyling
MH, Anagnostopoulos A, Tsaftaris A, Mavragani-Tsipidou P, Rosenwald A, Ponzoni
M, Groenen P, Ghia P, Sander B, Papadaki T, Campo E, Geisler C, Rosenquist R, Davi
F, Pott C, Stamatopoulos K.

We examined 807 productive IGHV-IGHD-IGHJ gene rearrangements from mantle cell
lymphoma (MCL) cases, by far the largest series to date. The IGHV gene repertoire was
remarkably biased, with IGHV3-21, IGHV4-34, IGHV1-8, and IGHV3-23 accounting
for 46.3% of the cohort. Eighty-four of 807 (10.4%) cases, mainly using the IGHV3-21
and IGHV4-34 genes, were found to bear stereotyped heavy complementarity-
determining region 3 (VH CDR3) sequences and were placed in 38 clusters. Notably,
the MCL stereotypes were distinct from those reported for chronic lymphocytic
leukemia. Based on somatic hypermutation (SHM) status, 238/807 sequences (29.5%)
carried IGHV genes with 100% germ line identity; the remainder (569/807; 70.5%)
exhibited different SHM impact, ranging from minimal (in most cases) to pronounced.
Shared replacement mutations across the IGHV gene were identified for certain
subgroups, especially those using IGHV3-21, IGHV1-8, and IGHV3-23. Comparison
with other entities, in particular CLL, revealed that several of these mutations were
"MCL-biased." In conclusion, MCL is characterized by a highly restricted
immunoglobulin gene repertoire with stereotyped VH CDR3s and very precise SHM
targeting, strongly implying a role for antigen-driven selection of the clonogenic
progenitors. Hence, an antigen-driven origin of MCL could be envisaged, at least for

subsets of cases.

Contribucié: seleccid de casos i analisi de I’estat mutacional dels gens de les IGH dels
casos de Barcelona. Estada de dos mesos a Grecia amb col-laboraciéo amb el grup de

I’tltim firmant.
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Annex 6. PLoS One. 2011;6(5):e19736.

Identification of methylated genes associated with aggressive clinicopathological

features in mantle cell lymphoma

Enjuanes A, Fernandez V, Hernidndez L, Navarro A, Bea S, Pinyol M, Ldpez-
Guillermo A, Rosenwald A, Ott G, Campo E, Jares P.

Background: Mantle cell lymphoma (MCL) is genetically characterized by the
t(11;14)(q13;q32) translocation and a high number of secondary chromosomal
alterations. The contribution of DNA methylation to MCL lymphomagenesis is not well
known. We sought to identify epigenetically silenced genes in these tumours that might
have clinical relevance. Methodology/principal findings: To identify potential
methylated genes in MCL we initially investigated seven MCL cell lines treated with
epigenetic drugs and gene expression microarray profiling. The methylation status of
selected candidate genes was validated by a quantitative assay and subsequently
analyzed in a series of primary MCL (n=38). After pharmacological reversion we
identified 252 potentially methylated genes. The methylation analysis of a subset of
these genes (n=25) in the MCL cell lines and normal B lymphocytes confirmed that
80% of them were methylated in the cell lines but not in normal lymphocytes. The
subsequent analysis in primary MCL identified five genes (SOX9, HOXA9, AHR,
NR2F2, and ROBO1) frequently methylated in these tumours. The gene methylation
events tended to occur in the same primary neoplasms and correlated with higher
proliferation, increased number of chromosomal abnormalities, and shorter survival of
the patients. Conclusions: We have identified a set of genes whose methylation degree
and gene expression levels correlate with aggressive clinicopathological features of
MCL. Our findings also suggest that a subset of MCL might show a CpG island
methylator phenotype (CIMP) that may influence the behaviour of the tumours.

Contribucié: seleccido de casos, extraccid d’RNA i DNA, caracteritzacio molecular

(analisi de TP53, IGHV 1 altres alteracions genétiques) i recollida de dades cliniques.
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Annex 7. Cancer Res. 2010 Feb 15;70(4):1408-18.

Genomic and gene expression profiling defines indolent forms of mantle cell

lymphoma

Fernandez V, Salamero O, Espinet B, Sol¢ F, Royo C, Navarro A, Camacho F, Bea S,
Hartmann E, Amador V, Hernandez L, Agostinelli C, Sargent RL, Rozman M,
Aymerich M, Colomer D, Villamor N, Swerdlow SH, Pileri SA, Bosch F, Piris MA,
Montserrat E, Ott G, Rosenwald A, Lopez-Guillermo A, Jares P, Serrano S, Campo E.

Mantle cell lymphoma (MCL) is typically a very aggressive disease with poor
outcomes, but some cases display an indolent behavior that might not necessitate
treatment at diagnosis. To define molecular criteria that might permit recognition of
such cases, we compared the clinicopathologic features, gene expression, and genomic
profile of patients who had indolent or conventional disease (iMCL or cMCL). Patients
with iMCL displayed nonnodal leukemic disease with predominantly hypermutated
IGVH and noncomplex karyotypes. iMCL and c¢cMCL shared a common gene
expression profile that differed from other leukemic lymphoid neoplasms. However, we
identified a signature of 13 genes that was highly expressed in cMCL but
underexpressed in iMCL. SOX11 was notable in this signature and we confirmed a
restriction of SOX11 protein expression to cMCL. To validate the potential use of
SOX11 as a biomarker for cMCL, we evaluated SOXI11 protein expression in an
independent series of 112 cases of MCL. Fifteen patients with SOX11-negative tumors
exhibited more frequent nonnodal presentation and better survival compared with 97
patients with SOXI11-positive MCL (5-year overall survival of 78% versus 36%,
respectively; P = 0.001). In conclusion, we defined nonnodal presentation,
predominantly hypermutated IGVH, lack of genomic complexity, and absence of
SOX11 expression as qualities of a specific subtype of iMCL with excellent outcomes

that might be managed more conservatively than cMCL.

Contribucié: col-laboracié en I’analisi de microarrays d’expressié i SNP-arrays.

Analisi de I’estat mutacional de les IG 1 TP53.
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Annex 8. Blood. 2009 Marc 26;113(13):3059-69.

Uniparental disomies, homozygous deletions, amplifications and target genes in
mantle cell lymphoma revealed by integrative high-resolution whole genome

profiling

Bea S, Salaverria I, Armengol L, Pinyol M, Fernandez V, Hartmann EM, Jares P,
Amador V, Hernandez L, Navarro A, Ott G, Rosenwal A, Estivill X, Campo E.

Mantle cell lymphoma (MCL) is genetically characterized by the t(11;14)(q13;q32)
translocation and a high number of secondary chromosomal alterations. However, only
a limited number of target genes have been identified. We have studied 10 MCL cell
lines and 28 primary tumors with a combination of a high-density single-nucleotide
polymorphism array and gene expression profiling. We detected highly altered genomes
in the majority of the samples with a high number of partial uniparental disomies
(UPDs). The UPD at 17p was one of the most common, and it was associated with
TP53 gene inactivation. Homozygous deletions targeted 4 known tumor suppressor
genes (CDKN2C, BCL2L11, CDKN2A, and RBI1) and 6 new genes (FAF1, MAP2,
SP100, MOBKL2B, ZNF280A, and PRAME). Gene amplification coupled with
overexpression was identified in 35 different regions. The most recurrent amplified
regions were 11q13.3-q13.5, 13q31.3, and 18q21.33, which targeted CCNDI,
Cl13o0rf25, and BCL2, respectively. Interestingly, the breakpoints flanking all the
genomic alterations, including UPDs, were significantly associated with genomic
regions enriched in copy number variants and segmental duplications, suggesting that
the recombination at these regions may play a role in the genomic instability of MCL.
This integrative genomic analysis has revealed target genes that may be potentially

relevant in MCL pathogenesis.

Contribucié: col-laboracié en I’analisi dels SNP-arrays, correlacié amb els perfils

d’expressio6 1 validacions per qPCR.
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Annex 9. Am J Pathol. 2009 Feb;174(2):661-70.

EMLA4-ALK rearrangement in non-small cell lung cancer and non-tumor lung

tissues

Martelli MP, Sozzi G, Hernandez L, Pettirossi V, Navarro A, Conte D, Gasparini P,
Perrone F, Modena P, Pastorino U, Carbone A, Fabbri A, Sidoni A, Nakamura S,
Gambacorta M, Fernandez PL, Ramirez J, Chan JK, Grigioni WF, Campo E, Pileri SA,
Falini B.

A fusion gene, echinoderm microtubule associated protein like 4-anaplastic lymphoma
kinase (EML4-ALK), with transforming activity has recently been identified in a subset
of non-small cell lung cancer (NSCLC), but its pathogenetic, diagnostic, and therapeutic
roles remain unclear. Both frequency and type of EML4-ALK transcripts were
investigated by reverse transcription PCR in 120 frozen NSCLC specimens from Italy
and Spain; non-neoplastic lung tissues taken far from the tumor were used as controls.
In cases carrying the fusion transcript, we determined EML4-ALK gene and protein
levels wusing fluorescence in situ hybridization, Western blotting, and
immunoprecipitation. We also analyzed ALK protein levels in paraffin samples from
662 NSCLC specimens, including the 120 cases investigated in the molecular studies.
EMLA4-ALK transcripts (variants 1 and 3) were detected in 9 of 120 NSCLC samples
but were not specific for NSCLC since they were also found in non-cancerous lung
tissues taken far from the tumor. Notably, no transcripts were detected in matching
tumor samples from these patients. Fluorescence in situ hybridization analysis of cases
expressing EML4-ALK transcripts showed that only a minority of cells harbored the
EML4-ALK gene. None of these cases was found to express the EML4-ALK protein as
examined by immunohistochemistry, Western blotting, and immunoprecipitation. The
EMLA4-ALK transcript cannot be regarded as a specific diagnostic tool for NSCLC. Our
results show therefore that the causal role and value of EML4-ALK as a therapeutic

target remain to be defined.

Contribucio: estudi molecular per qPCR de la preseéncia de la translocacio EML4-ALK
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Publicacions com a membre del Consorci Internacional del Genoma del Cancer per

I’estudi de la leucémia limfatica cronica(ICGC-CLL):
Annex 10. Acceptat a Nature Genetics. Abril 2012.

Integrative whole-genome epigenomic analysis reveals widespread gene body DNA
hypomethylation with functional and clinical impact in chronic lymphocytic

leukemia

Kulis M, Heath S, Bibikova M, Queirdés A, Navarro A, Clot G, Martinez-Trillos A,
Brun-Heath I, Pinyol M, Barberan-Soler S, Papasaikas P, Jares P, Bea S, Rico D, Ecker
S, Ho V, Klotzle B, Castellano G, Herndndez L, Conde L, Lopez-Guerra M, Colomer
D, Villamor N, Aymerich M, Rozman M, Bayes M, Gut M, Quesada V, Puente X.S,
Pisano D.G, Valencia A, Lopez-Guillermo A, Gut I, Lopez-Otin C, Campo E & Martin-
Subero J.1.

The epigenomic landscape of chronic lymphocytic leukemia (CLL), the most common
leukemia in adults, is still poorly characterized. Here, we have extensively characterized
the DNA methylome of 139 CLLs with mutated or unmutated /GHV as well as several
mature B cell subpopulations using whole-genome bisulfite sequencing and high-
density microarrays. The two molecular subtypes of CLL have a different DNA
methylome, which seems to represent an epigenetic imprint of distinct normal B cell
types. DNA hypomethylation in the gene body was the most frequent change between
naive and memory B cells and in the two molecular subtypes of CLL as compared to
normal B cells. The global expression profile of CLL was poorly related to DNA
methylation. However, we identified 911 genes in which gene body differential
methylation was negatively or positively associated with expression levels, and these
regions were highly enriched in enhancer sites. We have also recognized a DNA
methylation signature that distinguishes new subtypes of CLL with different biological
features and clinical behavior. We propose an epigenomic scenario in which differential
methylation in the gene body plays a major role in leukemogenesis, with both functional

and clinical implications,

Contribucié: estudi molecular per PCR 1 analisi de 1’estat mutacional dels gens de les

IG de 139 casos.
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Annex 11. Nat Genet. 2011 Des 11;44(1):47-52

Exome sequencing identifies recurrent mutations of the splicing factor SF3B1 gene

in chronic lymphocytic leukemia

Quesada V, Conde L, Villamor N, Ordéfiez GR, Jares P, Bassaganyas L, Ramsay AlJ,
Bea S, Pinyol M, Martinez-Trillos A, Lépez-Guerra M, Colomer D, Navarro A,
Baumann T, Aymerich M, Rozman M, Delgado J, Giné E, Hernandez JM, Gonzalez-
Diaz M, Puente DA, Velasco G, Freije JM, Tubio JM, Royo R, Gelpi JL, Orozco M,
Pisano DG, Zamora J, Vazquez M, Valencia A, Himmelbauer H, Bayés M, Heath S,
Gut M, Gut I, Estivill X, Loépez-Guillermo A, Puente XS, Campo E, Lopez-Otin C.

Here we perform whole-exome sequencing of samples from 105 individuals with
chronic lymphocytic leukemia (CLL), the most frequent leukemia in adults in Western
countries. We found 1,246 somatic mutations potentially affecting gene function and
identified 78 genes with predicted functional alterations in more than one tumor sample.
Among these genes, SF3B1, encoding a subunit of the spliceosomal U2 small nuclear
ribonucleoprotein (snRNP), is somatically mutated in 9.7% of affected individuals.
Further analysis in 279 individuals with CLL showed that SF3B1 mutations were
associated with faster disease progression and poor overall survival. This work provides
the first comprehensive catalog of somatic mutations in CLL with relevant clinical
correlates and defines a large set of new genes that may drive the development of this
common form of leukemia. The results reinforce the idea that targeting several well-
known genetic pathways, including mRNA splicing, could be useful in the treatment of

CLL and other malignancies.

Contribucio: estudi molecular per PCR 1 analisi de 1’estat mutacional dels gens de les

1G de 384 casos.
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Annex 12. Nature. 2011 Jun 5;475(7354):101-5.

Whole-genome sequencing identifies recurrent mutations in chronic lymphocytic
leukaemia

Puente XS, Pinyol M, Quesada V, Conde L, Ordéiiez GR, Villamor N, Escaramis G, Jares P,
Bea S, Gonzalez-Diaz M, Bassaganyas L, Baumann T, Juan M, Lopez-Guerra M, Colomer D,
Tubio JM, Lopez C, Navarro A, Tornador C, Aymerich M, Rozman M, Hernandez JM, Puente
DA, Freije JM, Velasco G, Gutiérrez-Fernandez A, Costa D, Carrié A, Guijarro S, Enjuanes A,
Hernandez L, Yagiie J, Nicolds P, Romeo-Casabona CM, Himmelbauer H, Castillo E, Dohm
JC, de Sanjosé S, Piris MA, de Alava E, San Miguel J, Royo R, Gelpi JL, Torrents D, Orozco
M, Pisano DG, Valencia A, Guigoé R, Bayés M, Heath S, Gut M, Klatt P, Marshall J, Raine K,

Stebbings LA, Futreal PA, Stratton MR, Campbell PJ, Gut I, Lopez-Guillermo A, Estivill X,
Montserrat E, Lopez-Otin C, Campo E.

Chronic lymphocytic leukaemia (CLL), the most frequent leukaemia in adults in
Western countries, is a heterogeneous disease with variable clinical presentation and
evolution. Two major molecular subtypes can be distinguished, characterized
respectively by a high or low number of somatic hypermutations in IGHV genes. The
molecular changes leading to the pathogenesis of the disease are still poorly understood.
Here we performed whole-genome sequencing of four cases of CLL and identified 46
somatic mutations that potentially affect gene function. Further analysis of these
mutations in 363 patients with CLL identified four genes that are recurrently mutated:
NOTCHI1, XPO1l, MYDS88 and KLHL6. Mutations in MYD88 and KLHL6 are
predominant in cases of CLL with mutated immunoglobulin genes, whereas NOTCHI1
and XPO1 mutations are mainly detected in patients with unmutated immunoglobulins.
The patterns of somatic mutation, supported by functional and clinical analyses,
strongly indicate that the recurrent NOTCHI, MYD88 and XPOIl mutations are
oncogenic changes that contribute to the clinical evolution of the disease. To our
knowledge, this is the first comprehensive analysis of CLL combining whole-genome
sequencing with clinical characteristics and clinical outcomes. It highlights the
usefulness of this approach for the identification of clinically relevant mutations in

cancer.

Contribucié: estudi molecular per PCR 1 analisi de 1’estat mutacional dels gens de les

IG de 367 casos
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Agressiu: tipus de tumor que es caracteritza per tenir un elevat index proliferatiu,
augment de la disseminacio cel-lular i pitjor pronostic. Dit quan els simptomes
s’intensifiquen de forma brusca.

Aminoacid: Substancia organica que té¢ almenys una funci6 d’acid carboxilic (-COOH)
1 una funcié amina (-NH,) i que forma part de les proteines.

Amplificacio: Produccié de multiples copies d’un mateix gen per replicacid selectiva
d’un fragment determinat.

Anticos: proteina del sistema immunitari encarregada d’unir-se de manera especifica a
substancies foranies, actuant com a mecanisme de defensa davant elements estranys
com bacteries, virus o parasits.

Antigen: Substancia que desencadena la formacid d’anticossos i té capacitat per induir
una resposta immunitaria.

Apoptosis: forma de mort cel-lular regulada gencticament.

BcR: macromolécula d’immunoglobulina no secretable capag de reconeixer un antigen
unic i que es troba a la superficie de la membrana cel-lular de limfocits B.

Cassette: amplia seqiiencia de DNA que codifica per un o més gens relacionats amb una
funcio bioquimica clau.

cDNA: fragment de DNA de cadena senzilla sintetitzat a partir d’un motlle d’RNA
madur i que normalment s’utilitza per a la clonacié de gens.

Cél'lula autoreactiva: cel-lula B que no ha madurat correctament i que el propi sistema
immunitari reconeix com a aberrant.

Cél'lula B naive: tipus de cel-lula B que encara no ha tingut contacte amb 1’antigen,
perd que ja expressa immunoglobulines a la seva membrana cel-lular.

Cél'lula natural killer (NK): son limfocits del sistema immunitari encarregats de la
destruccio de cel-lules infectades o que poden ser cancerigenes.

Cél'lula B memoria: tipus de cel-lula B madura que recorda la interaccié amb el mateix
patogen i genera una resposta rapida i de més intensitat davant d’una o subsegiients
infeccions d’aquest.

Cél'lula plasmatica: també conegudes com a plasmocits, encarregada de produir
elevades quantitats d’anticossos de forma activa.

Cél'lula pluripotent hematopoética: cel-lula amb capacitat de diferenciar-se a
qualsevol tipus cel-lular hematopoetic.

Centroblast: cel-lula B activada de grans dimensions present als fol-licles dels ganglis
limfatics.
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Centrocit: cel-lula B de mida petita present als fol-licles dels ganglis limfatics.

CHOP: tractament de quimioterapia que utilitza ciclofosfamida, doxorrubicina,
vincristina i prednisona.

Cicle cel-lular: conjunt ordenat de successos que condueixen al creixement de la
cel'lula i a la divisi6 en cel-lules filles.

Ciclines: familia de proteines involucrades en la regulacié del cicle cel-lular.

Clon: c¢l-lula geneticament ideéntica a una altra.

Centre germinal: regié dels fol-licles limfoides dels ganglis format per cel-lules que
s’activen i proliferen, aixi com cél-lules fagocitiques. Es la regié on tindra lloc el
contacte amb 1’antigen.

Claster: Conjunt de gens que codifiquen per la mateixa proteina. També dit de
I’agrupacid6 de mostres que comparteixen caracteristiques moleculars, biologiques,
patologiques i/o cliniques.

Delecié: anomalia estructural cromosomica que consisteix en la pérdua d’un fragment
de DNA d’un cromosoma.

Desnaturalitzacio: canvi estructural de les proteines o els acids nucleics, que consisteix
en perdre la seva estructura nativa i1 el seu funcionament Optim, provocant tamb¢ un
canvi en les seves propietats fisico-quimiques.

Diferenciacié cel'lular: procés pel qual les celllules pateixen modificacions
citologiques donant lloc a una forma i1 funcié determinada durant el desenvolupament
embrionari o a la vida d’un organisme pluricel-lular, especialitzant-se en un tipus
cellular.

DNA: De l’anglés deoxyribonucleic acid, macromolécula que forma part de totes les
cel-lules 1 que conté tota la informacid genetica utilitzada durant el desenvolupament 1 el
funcionament dels organismes vius.

Dosi génica: nimero de copies d’un gen, ¢s a dir, nimero de vegades que un gen estat
repetit en el genoma.

Downstream: convenci6 utilitzada per descriure les caracteristiques d’una seqiiencia de
DNA, relacionat amb la transcripcié per la RNA polimerasa o la traduccid pel
ribosoma. En aquest cas en posicio 3°, o també corrent avall.

Edicio del receptor: mecanisme pel qual s’intenta recuperar a les cellules
autoreactives mitjancant una nova recombinacié VJ de la cadena lleugera, que permet a
la cel-lula expressar una nova IG no reactiva per continuar amb el seu procés de

maduracio.
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Efecte Batch: son les fonts de variacid que s’han afegit a les mostres durant la seva
manipulacio.

Electroforesi: técnica per a la separacio de molécules segons la mobilitat d’aquestes en
un camp electroforetic

Enhancer: també conegut com potenciador o amplificador. Es una regi6 curta de DNA
que pot unir-se a proteines per augmentar els nivells de transcripcié de gens o grup de
gens.

Esplenomegalia: augment de volum patologic de la melsa també conegut com
hipertrofia de la melsa.

Estereotip: reordenament prototipat, conjunt de seqlincies amb caracteristiques
comunes.

Estimulacié antigénica: senyals generades per el limfocit B després d’haver reconegut
a un antigen que el porten a proliferar i a diferenciar-se.

Exonucleasa: enzim hidrolasa que catalitza la ruptura d’enllagos fosfodiésters.
Escindeixen I’ultim nucleotid de I’extrem 5’ o 3’ d’un polinucleotid 1 poden degradar
per complet un acid nucleic lineal.

Expressié genica: procés pel qual tots els organismes transformen la informacio
codificada als acids nucleics en les proteines necessaries per seu desenvolupament i
funcionament.

Factor de transcripcio: proteina que s’uneix a seqiiencies de DNA especifiques i
controla la transcripcié de la informacié genetica de DNA a RNA missatger.
Fluorocrom: component d’una molécula que fa que aquesta sigui fluorescent.

Follicle limfoide primari: tipus d’organitzaci6 del teixit limfoide de forma esferica
constituit principalment per ce¢l-lules B predominantment madures que no han estat
estimulades recentment per antigens. Estan presents en tots els organs encapsulats del
sistema immunitari (ganglis, melsa)

Follicle limfoide secundari: és 1’estructura que es forma quan les cel-lules del fol-licle
limfoide primari es desenvolupen en resposta a 1’estimulaci6 antigénica i comencen a
proliferar per donar lloc a cel-lules que produeixen anticossos.

Gangli limfatic: component del sistema limfatic que actua com a filtre per a particules
estranyes.

Gen: seqiiencia ordenada de nucleotids en el DNA, que conté la informaci6 necessaria
per a la sintesis d’una macromolecula amb funci6 cel-lular especifica, habitualment

proteines perod també RNAm, RNAr i RNAt.
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Gen supressor de tumors: gen que redueix la probabilitat de que una cellula d’un
organisme multicel-lular es transformi en una cel-lula cancerigena.

Genoma: és la totalitat de la informacid genetica que posseeix un organisme particular 1
que codifica per ell mateix.

Genotip: dotacié dels gens o al‘lels que presenta una especie o individu concret.
Granulocit: c¢l-lula amb granuls que contenen enzims i altres substancies encarregades
de la destruccid de patogens.

Guany: addici6 d’un fragment de material genétic mitjancant el qual s’adquireix una
copia més d’un gen determinat per replicacio del fragment de DNA que conté.
Haplotip: combinacié d’al-lels de diferents locus d’un cromosoma que son transcrits
junts.

Hibridacié: procés d’unir dues cadenes complementaries de DNA o RNA.
Hipermutacié somatica: mecanisme cel-lular que s’encarrega de diversificar els
receptors que utilitza el sistema immune per reconcixer a la gran varietat d’agents
externs.

Hot-spot: punts o zones del genoma on es donen mutacions amb una major freqiiéncia
que l'esperada si es distribuissin a l'atzar.

Immunofenotip: caracteristiques immunoquimiques i immunologiques d’una cel-lula o
d’una poblacié cel-lular.

Immunoglobulina: anticos.

Immunohistoquimica: procediment histopatologic que es basa en la utilitzacid6 d’un
anticos especific, préviament marcat mitjancant un enlla¢ quimic amb un enzim que pot
transformar un substrat visible.

index proliferatiu: percentatge de cél-lules que es troben en fase S del cicle cel lular,
que ddéna informacié de la velocitat de reproduccidé de les cel-lules 1 possiblement
I’agressivitat del tumor.

Indolent: tipus de tumor caracteritzat per tenir baix index proliferatiu i bon pronostic,
amb poca simptomatologia.

Inestabilitat gendomica: quan en una especie amb un cariotip estable es produeixen
variacions que modifiquen a 1’atzar el nimero normal de cromosomes o bé s’observen
alteracions estructurals que modifiquen el comportament cromosomic cel-lular.

Isotip: tipus o classe d’anticos determinada per la part constant d’aquest.

Ki67: antigen que identifica les cel-lules proliferants dins d’un tumor, la positivitat

d’aquest correlaciona amb el grau de diferenciacio.
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Leucémia: grup de malalties malignes de la medul-la 0ssia que provoca un augment
incontrolat de leucocits.

Limfadenopatia: trastorn inespecific dels ganglis limfatics, en la majoria dels casos es
fa servir quan hi ha tumefaccio, augment de volum o inflamacié.

Limfocits: son les uniques cel-lules de I’organisme capaces de reconeixer i distingir
especificament diferents determinants antigénics 1 generar una resposta immunitaria,
especificitat i memoria.

Limfocit B: tipus de limfocits que s’encarreguen de la produccidé d’anticossos 1 que
juguen un paper important en la resposta cel-lular humoral.

Limfocit T: tipus de limfocits mediadors de immunitat cel-lular. Els seus precursors
procedeixen de la medul-la 0ssia perd migren i maduren al timus.

Limfocits T Helper: limfocits T CD4", també coneguts com col-laboradors o efectors,
que estableixen 1 maximitzen les capacitats de defensa del sistema immunitari.
Limfoma: conjunt de malalties neoplasiques que es desenvolupen al sistema limfatic,
també es coneixen com a tumors solids hematologics.

Locus/Loci: posicio d’un gen en un cromosoma.

Macrofags: cel-lula amb capacitat immunologica capag de migrar mitjancant un
moviment ameboide en resposta a estimuls determinats.

Medul‘la dssia: tipus de teixit que es troba a I’interior de grans o0ssos, on es produeix la
hematopoesis gracies a les cel-lules mare hematopoetiques que conté.

Microambient: ¢s I’entorn cel-lular d’una ce¢l-lula tumoral que influeix en el seu
comportament i desenvolupament.

Microarray: superficie solida sobre la qual s’hi fixen fragments de DNA, per tal de fer
analisi d’expressio diferencial.

MicroRNA: RNA monocatenari que té la capacitat de regular 1’expressié d’altres gens
mitjangant diversos processos.

Missmatch: Desaparellament entre parells de bases puntuals del DNA provocat per
errors de la DNA polimerasa.

Mutacié: canvi permanent en el DNA que es transmet a la descendeéncia i que pot ser
causat per agents endogens o exogens.

Neoplasia: alteracio de la proliferacié i, moltes vegades, de la diferenciacid cel-lular

que es manifesta per la formaci6 d’una massa de c¢l-lules tumorals.
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Neutrofil: globuls blancs del tipus granulocit amb capacitat per travessar els vasos
sanguinis per migrar cap als teixits ajudant a la destruccid de bactéries i fongs responent
a estimuls inflamatoris.

Oncogen: gen anormal activat que procedeix de la mutacid o activacié d’un gen normal
conegut com proto-oncogen. Son els responsables de la transformacié d’una cel-lula
normal en una c¢l-lula maligne que desenvolupara un determinat cancer.

Oncomir: microRNA la sobrexpressid o infraexpressio del qual esta relacionada amb
cancer.

Progressio: les cellules tumorals pateixen canvis en el seu fenotip pels quals
adquireixen caracteristiques com peérdua de I’adhesivitat, capacitat de migracio,
angiogenesi, etc, agreujant la malaltia.

Pseudogen: seqiiencia de nucleotids similar a la del gen normal perd que no déna com
a resultat un producte funcional, és a dir, que no s’expressa.

Primer: seqiiencies de DNA curtes i complementaries a una regié concreta del DNA
utilitzats per a la replicacio d’aquest.

Proto-oncogen: gens que regulen el creixement i la diferenciacio cel-lular.
Reordenament: combinacio dels segments dels gens de les IG per tal de donar una
proteina funcional.

Rituximab: anticos monoclonal quimeric, obtingut per enginyeria genética, que s uneix
a ’antigen CD20 expressat en limfocits pre-B i B madurs, induint apoptosis 1 mort
cel-lular. S’utilitza pel tractament de neoplasies hematologiques.

RNA: (de I’angleés Ribonucleic Acid) és un acid ribonucleic format per una cadena
senzilla de ribonucleotids. S’encarrega de diferents funcions pero principalment dirigeix
les etapes intermedies de la sintesis proteica.

Sang periférica: sang que circula per a tot I’organisme 1 que no es troba retinguda en
cap compartiment.

Signatura genica: conjunt de gens 1’expressid dels quals ens permet identificar un
subgrup de pacients amb una determinada malaltia.

Sonda: fragment especific de DNA utilitzat com a marcador 1 complementari a la
seqiiencia de DNA que es vol estudiar.

Timus: organ del sistema limfatic responsable de la maduracio6 dels limfocits T.
Tecnologia nanofluidica: ¢s el camp dedicat al control 1 manipulacié de la matéria a

una escala menor que un micrometre, ¢s a dir, a nivell d’atoms 1 molecules.
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Tetraploidia: existéncia de dos cromosomes extres en un organisme diploide formant
un quartet de cromosomes homolegs.

Transcripcié: primer procés de I’expressid genica mitjangant el qual es transfereix la
informaci6 continguda a la seqiiéncia del DNA cap a la seqliencia de la proteina
utilitzant diversos RNAs com a intermediaris.

Transcripcié reversa o inversa: procés molecular que implica la generaciéo d’una
doble cadena de DNA a partir d’un RNA de cadena simple.

Trisomia: existéncia d’un cromosoma extra en un organisme diploide formant un
triplet de cromosomes homolegs.

Tumor: qualsevol alteracid dels teixits que produeixi un augment del volum degut a la
proliferacié massiva de c¢l-lules.

Upstream: corrent amunt o 5°.

ZAP-70: proteina normalment expressada a la superficie de membrana de les c¢l-lules
T i cel-lules NK que és utilitzada com a marcador de pronostic en el diagnostic de la
LLC.

Zona del mantell: és la zona més perifeérica dels fol-licles limfoides secundaris dels
ganglis limfatics, constituida per cel-lules B de morfologia i fenotip similar als limfocits

B del follicle primari.
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