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Chronic lymphocytic leukemia (CLL) is a heterogeneous disease with marked variability in
the clinical course. The disease is also characterized by the presence of a genetical
heterogeneity that is becoming apparent through studies of immunoglobulin heavy chain
gene, chromosomal aberrations, microRNA deregulation and genetic abnormalities
identified by whole genome sequencing. Furthermore, a strong relationship between
specific genetic aberrations and the clinical course of CLL is observed.

Recent advances in genomics have transformed the research on hematologic malignancies
by improving molecular approaches to gene networks. The recognition of novel molecular
variables identified by the use of high-throughput molecular analytical techniques could
contribute to a better knowledge of the pathogenesis of the disease and to the
development of more accurate biological predictive factors. Thus microarrays have
emerged as powerful tools for increasing the potential of standard methods through
genome-wide biological studies. Array-CGH analysis has shown great promise as a tool for
the analysis of genetic alterations in complex cancer genomes providing, in a single
experiment, a general view of genomic gains and losses. Therefore the use of aCGH may
detect new genetic lesions in CLL. Microarray expression profiling of CLL has been used to
define the patterns of gene expression related to different clinical outcomes and
chromosomal abnormalities. The global views of gene expression, when coupled with
available knowledge about gene function, also provide the basis for formulating testable
hypothesis about specific cellular pathways of CLL. Moreover, recently, the application of
next generation sequencing technology has identified previously unknown recurrent

mutations in CLL.

The general aim of this thesis was to analyze and to characterize the heterogeneity of CLL
patients by applying high-throughput genomic technologies to gain knowledge in the
molecular characteristics of CLL and their possible influence on the disease. First we
analyzed the genomic imbalances in CLL cytogenetic subsets from both genomic and gene
expression perspectives to identify new recurrent alterations. Overall, the results confirmed
FISH studies for the regions frequently involved in CLL and also defined a new recurrent
gain on chromosome 20q, in 19% (13/67) of the CLL patients. Genomic analysis identified
the minimum region of gain on 20g13.12 of ~2.31 Mb. This gain is associated with great

genomic complexity and results in an overexpression of the genes located on this loci. Our



results suggest that the diversity of genomic aberrations in CLL is much greater than
previously suggested.

We then focused our attention on CLL patients displaying 13q deletion. This cytogenetic
subgroup is classically associated with the better outcome in CLL, although this statement is
now under discussion and 13g- CLL patients could be a clinically heterogeneous group. The
present study demonstrated that the number of malignant cells carrying this genetic lesion
strongly correlates with the disease outcome. Thus patients with a high proportion (>80%)
of 13g- cells had both a shorter overall survival and a shorter time to first therapy than
those of patients with <80% 13g- cells. To better understand the molecular mechanisms
responsible for this different outcome, a molecular characterization of these patients by
gene expression profiling and microRNAs studies was carried out. The results demonstrated
that 13g- patients are also a biologically heterogeneous group, in which a high number of
13qg- cells could involve the deregulation of relevant cellular pathways, such as apoptosis,
BCR and NFkB signaling and miRNA regulation. Moreover, our results suggest that some of
the biological characteristics of CLL patients with higher percentages of 13g- cells are
similar to those of high-risk cytogenetic subgroups (17p- and 11q-), since they share the
deregulation of several key signaling pathways, which highlights the fact that CLL patients
carrying higher percentages of 13g- cells have more aggressive clinical course. Whether a
high load of 13g- cells has an independent prognostic value in CLL or it is a marker of
progression remains unsolved.

Finally we performed a mutational study in CLL patients by Next-Generation sequencing
techniques. In this study, we detected a common 4 bp deletion SNP (rs2307842) in 25% of
CLL patients, which disrupts the binding site for miR-223 in HSP90B1 3'UTR. We
demonstrated that this SNP alters the regulation of HSP90B1 expression in CLL, leading to
its overexpression only in B lymphocytes. Indirectly, this work provides novel information
about how the downregulation of miR-223 can be determining the poor outcome of CLL
patients, maybe through upregulation of HSP90B1 expression. Thus, our results could be a
first step towards elucidation of miR-223 and HSP90B1 roles in CLL and further

investigations in the field are needed.

In conclusion our results show that the combination of global genome and transcriptome

analysis, such as microarrays and next-generation sequencing technologies, represents a



useful strategy for the study and characterization of patients with CLL. It allows the
identification of novel genetic alterations, even those present in a low number of patients
and supports the concept of CLL as a heterogeneous disease, both from the clinical and the

molecular point of view.






Leucemia linfatica cronica

La leucemia linfatica crénica (LLC) es la leucemia mas frecuente en el mundo occidental y
representa el 30% de las neoplasias de tipo B. La edad media de los pacientes en el momento
del diagndstico es de 65 afios, con <15% por debajo de los 50, y suele ser mds frecuente en

varones.'?

El diagndstico de la LLC se basa en un cuadro clinico compatible (linfocitosis periférica igual o
superior a 5x10%/L, con o sin adenopatias) y en la demostracion del origen clonal de los
linfocitos de la sangre periférica mediante el estudio inmunofenotipico realizado por
. , . 3 . . o . . ,

citometria de flujo,” que permite establecer el diagndstico diferencial con otros sindromes
linfoproliferativos B leucémicos, como la tricoleucemia y los linfomas no hodgkinianos B con

expresion periférica (principalmente folicular, manto y marginal).

La LLC se caracteriza por una heterogeneidad clinica manifiesta, fundamentalmente debida a
las caracteristicas genéticas de sus células."*® Presenta un curso clinico muy variable: algunos
enfermos viven pocos afos, mientras que en otros la supervivencia es de décadas o incluso
tienen una expectativa de vida normal. Esta heterogeneidad clinica ha planteado si la LLC la
conforman varias entidades o es realmente solo una con diferente comportamiento. A este
respecto, los estudios genéticos, moleculares e inmunofenotipicos de los ultimos afios han
supuesto un avance muy importante en el estudio bioldgico de la enfermedad. A pesar de
estos avances, la patogénesis y las causas del variable comportamiento biolégico de la LLC aun

necesitan una definicién mas precisa.

Biologia de la LLC

Tradicionalmente se ha considerado que la LLC era una enfermedad clinicamente heterogénea
con un origen celular homogéneo, debida a la acumulacién de linfocitos B maduros por una
apoptosis defectuosa. Sin embargo, este concepto ha cambiado, y actualmente la LLC se
considera una enfermedad tanto de proliferacion como de acumulacién de células B clonales,
que pueden diferir en la activacién, en el estado de maduracién o en el subgrupo celular.*®
Ademas existen diferencias en la morfologia, el inmunofenotipo, la citogenética y las
caracteristicas moleculares. Esta heterogeneidad se traduce en una evolucidn clinica y
respuesta al tratamiento variables. En la Tabla 1 se recoge una visidon de las modificaciones

cronoldgicas que se han producido en la interpretacién de los conceptos basicos de la LLC.



Table 1. Comparison of historical and current views of CLL biology

Historical view

Current view

CLLis a clinically heterogeneous disease with a
homogeneous celllar origin

CLLis aclinically heterogeneous disease originating from B
lymphocytes that may differ in activation, maturity or
cellular subgroup

CLLis a disease derived from naive B lymphocytes

CLLis a disease derived from antigen-experienced B
lymphocytes that differ in the level of immunoglobulin
variable gene mutations

Leukemic-cell accumulation occurs because of an inherent
apoptotic defect involving the entire mass of leukemic

Leukemic cell accumulation occurs because of survival
signals from the external enviroment

CLLis a disease of lymphocyte accumulation

CLLis a disease of lymphocyte accumulation with a higher
associated level of proliferation than was previously

recognized

Prognostic markers identify patients at various risk levels

(low, intermediate or high in the Rai staging categories,

and A, Bor Cin the Binet categories) with an >
acknowledged heterogeneity in clinical outcomes among
patients in the low- and intermediate-risk categories

New molecular biomarkers are used in both diagnosis and
prognosis to better assess patients

A nivel morfolégico, en la LLC predominan los linfocitos de pequeno tamafio y aspecto maduro
(aunque una minoria pueden ser prolinfocitos), con escaso citoplasma y nucleos redondos con
cromatina condensada y nucléolos evidentes. Estos linfocitos B se desarrollan en la médula
Osea pasando por diferentes etapas de maduracidn, cada una de ellas caracterizada por el
estado de recombinacion de los genes de las cadenas pesadas y ligeras de las
inmunoglobulinas y de la expresién de ciertos marcadores de superficie.” Las inmunoglobulinas
son proteinas heterodiméricas compuestas de dos cadenas pesadas (H) y dos ligeras (L). Cada
cadena H y L contienen dominios V que definen los sitios especificos de unién al antigeno del
anticuerpo, y un dominio constante, el cual tiene funcidn efectora sin cambio de especificidad
antigénica. Uno de los pardametros genéticos moleculares mas importantes para establecer el
pronéstico de los pacientes con LLC es el estado mutacional de la regién variable (V) del gen de
inmunoglobulinas.®® Inicialmente se considerd que la LLC se originaba a partir de células B
naive o del centro pregerminal. Sin embargo, en la mitad de los casos como minimo, la célula
original es un linfocito B de memoria que pasa a través del centro germinal: en
aproximadamente la mitad de los casos con LLC se observan mutaciones somaticas de la
region VH del gen de la cadena pesada de las Igs y este hecho predice la evolucion de la
enfermedad. La definicion del patrén mutado vs no mutado reside en un punto de corte,
definido arbitrariamente, por una homologia mayor del 98% (no mutados) respecto al gen de
la linea germinal. Los pacientes con LLC y patrén no mutado presentan un curso desfavorable
con progresion mas rapida y supervivencia claramente menor. Ademas se ha observado que,
independientemente del estado mutacional, el reordenamiento de algunas regiones

especificas VH se asocia a caracteristicas clinicas y geograficas diferentes™



Los linfocitos de la LLC se caracterizan por presentar un inmunofenotipo definido por tres
caracteristicas principales: (1) comparten antigenos B (expresidn de los antigenos CD19, CD20,
CD22 y reactividad habitual con CD23) con fuerte positividad del antigeno T CD5, en ausencia
de otros marcadores T; (2) expresan sélo una cadena ligera de las inmunoglobulinas (k o A)
como marcador de clonalidad y (3) tienen una baja densidad de inmunoglobulinas de
superficie (Slg). Estos elementos son adecuados para un diagndstico preciso de la LLC y muy
importantes para establecer el diagndstico diferencial con otros sindromes linfoproliferativos

(SLP) cronicos.

Factores prondsticos

11,12

Debido a la variabilidad clinica evolutiva de los pacientes con LLC, el estudio de los factores

prondsticos tiene gran importancia para diferenciar grupos de riesgo. Los sistemas de
estadificacion clinica de Rai y Binet constituyen los indices mas utilizados en la practica para
establecer el prondstico. Sin embargo, no pueden predecir el curso individual de los pacientes
en estadios iniciales. Por eso en los ultimos afios se han definido diversos factores prondsticos
basados en estudios biolégicos y moleculares, que se podrian clasificar como “clasicos” y
“bioldgicos” (Tabla 2). Los factores prondsticos clasicos suelen ser aquellos que se extraen de
la clinica, el examen fisico y las pruebas analiticas, mientras que los factores biolégicos suelen

referirse a los aspectos moleculares de la enfermedad.

Tabla 2. Factores prondsticos en la LLC.

Classical prognostic markers

Clinical stage

Blood lymphocyte count

Lymphocytes morphology in peripheral blood

Blood lymphocyte doubling time

Bone marrow infiltration degree (aspirate/biopsy)
Biological prognostic markers

Extensively studied

Serum markers

IGVH mutational status

V3-21 gene usage

Cytogenetics

CD38 expression

ZAP-70 expression

Requiring further studies



Chromosomal translocations

CLLU1 expression

microRNA signature

TCL-1 gene

Bcl2/Bax ratio

MDR1/MDR3 genes

Activation-induce cytidine deaminase (AID) mRNA
Lipoprotein lipase A expression
ADAM29 expression

VEGF

Thrombopoietin

Telomere lenght and telomerase activity
CD49d

CD69

FCRL

Treatment related
Response to therapy (minimal residual disease status after
therapy)

Alteraciones citogenéticas

En la LLC se produce una inestabilidad genética que facilita la presencia de alteraciones
cromosémicas, aunque los mecanismos por los que se producen se desconocen®. Nuestro
conocimiento de las alteraciones genéticas en la LLC se basé inicialmente en los estudios de
citogenética convencional, utilizando TPA como mitégeno. Estos estudios son poco rentables
en las LLC debido al bajo indice mitético de sus células. Con esta técnica se puede detectar una
clonalidad del 40-50%, vy las alteraciones observadas son, fundamentalmente, pérdidas en 13q
y la trisomia del cromosoma 12." Sin embargo, algunos estudios recientes sugieren que el uso
de oligonucledtidos como factores estimulantes puede aumentar el nimero de metafases
clonales en la LLC.*™ Asi, después de la estimulacion de los linfocitos de la LLC con
oligonucledtidos e IL2, el porcentaje de clonalidad es comparable al conseguido en los estudios

de FISH.

A pesar de ello, en la actualidad, el estudio mediante citogenética convencional en la LLC esta
en entredicho porque los estudios de FISH permiten demostrar la presencia de clonalidad en la
mayoria de los enfermos con LLC (80%) y definir subgrupos con diferente prondstico.”® A
finales del afio 2000, el grupo de la Universidad de Ulm publicé la asociacién de diversas

alteraciones citogenéticas determinadas mediante FISH con la supervivencia® (Figura 1).



Utilizando un panel de 8 sondas de FISH, se observd que el 82% de los pacientes presentaba
alteraciones cromosémicas, algunas de las cuales tenian relevancia pronéstica.’>?! Los cambios
mas frecuentes (el 55% de los casos) correspondian a la pérdida de 13q14, seguidas de la
pérdida de 11g22-23 (18%), la trisomia del cromosoma 12 (16%), la pérdida de 17p13 (7%) y la
pérdida de 6921 (6%). Sélo el 18 % de los enfermos no tenian alteraciones por FISH y un tercio
de los pacientes tenian dos o mas alteraciones citogenéticas. Estas diferencias genéticas son
las responsables de la gran heterogeneidad clinica observada en los pacientes con LLC y
permiten definir grupos de pacientes con prondstico desfavorable (17p- y 11g-), intermedio
(+12, citogenética normal) y favorable (13g-), que presentan medianas de supervivencia
significativamente diferentes (32, 79, 114, 111 y 133 meses, respectivamente). Ademas, los
enfermos con 17p-y 11g-, que suelen asociarse a casos con patron no mutado, presentaban el
menor intervalo de tiempo hasta el primer tratamiento. Algunas de las alteraciones
citogenéticas se relacionan con caracteristicas de la enfermedad: los pacientes con 11g- o con
trisomia del cromosoma 12 suelen tener grandes masas adenopaticas,”**> mientras que los

que presentan 17p- no suelen responder a los tratamientos habituales, como la fludarabina.**
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Figura 1. Probabilidad de supervivencia desde la fecha del diagndstico de 325 pacientes con LLC

segun la categoria citogenética (Dohner et al™®)

A pesar de que varios grupos han analizado el valor prondstico de algunas de las alteraciones

. s 25-2
citogenéticas que se observan en la LLC >

y de que otros han reproducido los resultados del
grupo de Dohner et al,”**** existen pocas series que permitan conocer qué ocurre con

algunas alteraciones menos frecuentes en la LLC. Ademads en algunas series con un largo



seguimiento se observa, mas alla de los 10 afios de seguimiento, un entrecruzamiento de las
curvas de supervivencia y del tiempo hasta la administracién del primer tratamiento de los
pacientes con LLC y pérdidas en 13q y de los que no tienen alteraciones citogenéticas. Esto
podria indicar que, a largo plazo, los enfermos con cariotipo normal tendrian un mejor curso
clinico y que el grupo de enfermos con 13g- podria ser heterogéneo a nivel clinico y

prondstico.****

Los estudios de FISH y las técnicas moleculares con sondas especificas de locus, y mas
recientemente los arrays de SNPs, han servido para delimitar las regiones gendmicas que se

encuentran perdidas.

La delecion en 13g14, la mas frecuente en LLC, ha sido extensamente estudiada. El tamafio de
la delecion es variable, con puntos de ruptura heterogéneos. Algunos autores defienden la

existencia de una minima region delecionada (MDR) que comprenderia el gen DLEU2, el cluster

36-39
1,

miR-15/16 y el primer exdén del gen DLEU mientras que el marcador de las pérdidas de

40-42

mayor tamafio seria el gen RB1, localizado en 13q14.1-q14.2 (Figura 2). Se han identificado

varios genes comprendidos tanto en la MDR como en deleciones de mayor tamafio, candidatos
a ser supresores tumorales, pero hasta ahora no se ha podido demostrar su inactivacién.****
Si hay evidencias de la implicacién de los dos microRNAs (miR-15a y miR-16-1) localizados en
este locus, que afectan a mas del 65% de los casos de LLC y que estd asociada a una

sobreexpresién concomitante de Bcl-2.*°

. MDR .
miR-15a/0161 DLEU2  DLEU1
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DLEUS W% 100K

RB | «——J

Figura 2. Tamano de la delecion de 13q.

La importancia clinica del tamafio de la delecién en 13q no esta bien establecida aunque varios
estudios recientes defienden la asociacion entre una pérdida de mayor tamafio y
s e ;. 42 . T ~
caracteristicas clinicas adversas™ o la presencia de una pérdida de mayor tamaifo vy la
presencia de caracteristicas adversas y de menor tiempo hasta el tratamiento.** En itros
estudios, sin embargo, no se ha podido demostrar que existan diferencias ni en la clinica ni en

la evolucién de los pacientes de LLC segun el tamafio de la delecién.*! En esta tesis doctoral se



defiende el valor del tamafio del clon tumoral 13g- en el valor prondstico.*®> Dos grupos han

confirmado estos resultados de manera independiente.***

También se han intentado integrar
ambas teorias, de tal manera que los pacientes con un mayor porcentaje de células 13g-
tendrian pérdidas de mayor tamafio que implicarian la MDR y RB1.*

La region comunmente delecionada en la del(11q) se situa entre 11g22.3 y 11g23.1, donde se
localiza el gen ATM y también presenta variabilidad en su tamafo. El gen ATM codifica una
proteina quinasa que coordina la respuesta celular ante rupturas de la doble cadena de ADN.
La inactivacién de ATM en LLC puede ocurrir por pérdida o por mutacién, que es generalmente
somatica, aunque también puede estar presente en la linea germinal, sugiriendo que existe
una predisposicion a padecer LLC en los mutantes heterocigotos. El papel que pueden
desempenar otros genes en la del(11q) todavia se desconoce, aunque se ha descrito que las
alteraciones de ATM (delecién, mutacién o ambas) son fenémenos independientes y que
ambos afectan al pronéstico® y estdn asociados con un perfil de expresiéon génico
caracteristico®, con solo cuatro genes comunes: PCDH9, RXRA (sobreexpresados), BACE2 y
TMPRSS6 (infraexpresados)™.

La anomalia en la trisomia 12 parece que esta vinculada a la banda 12q13-g22, un segmento
gue esta duplicado en la LLC. Los genes MDM_2 y Ciclina D2 se encuentran localizados en esta
region gendmica. Sin embargo, el significado de la sobreexpresion de éstos en LLC no ha sido
totalmente aclarado.

La delecion de 17p13 siempre afecta a P53, pero generalmente comprende casi todo el brazo
corto del cromosoma 17, por lo que se postula la posible implicacién de otros genes
regulatorios en este subgrupo de pacientes. En el 80-90% de los casos esta asociada a
mutaciones inactivantes en el alelo homdélogo.” La pérdida de la funcidn de esta proteina se
relaciona con estadio avanzado, resistencia al tratamiento con analogos de las purinas y

52,53

alquilantes y peor prondstico. Ademas, las alteraciones de P53 se correlacionan con una

mayor complejidad genética.

Ademas de estas alteraciones, en algunas LLC se observan reordenamientos de IGH, de los que

, 1 . . e .z 20,21
el mas frecuente es la t(14;18)." Otras alteraciones citogenéticas son la delecién de 6q, 021,54

2 . . 2 -
>3y diversas traslocaciones.’******® Estos defectos

la trisomia parcial o total del cromosoma 3
son menos frecuentes (<10%), los genes implicados aun no se han identificado y su valor

prondstico es limitado.



GenOmica

Los estudios de la expresion génica mediante microarrays de ARN han permitido mejorar el
proceso diagndstico y la clasificacion de los tumores hematoldgicos. En el caso de la LLC, estos
analisis revelan la existencia de una firma molecular Unica, a pesar de la heterogeneidad clinica
de la enfermedad. Este perfil caracteristico diferencia la LLC del resto de enfermedades
linfoproliferativas tipo B y parece estar mas préximo al de linfocitos B de memoria que al de
células B “naive”, CD5+, y las células del centro germinal.”® Esta firma genética incluye las
alteraciones de genes caracteristicos de la LLC como CD5, IL2RA (CDC25) y BCL-2, pero también
otros cuya implicacién se desconocia en esta enfermedad, como WNT3 y ROR1. Muchos de los
genes sobreexpresados estan implicados en rutas de transduccién de sefales. Asi, CDC25 es un
intercambiador de nucledtidos de guanina en la ruta de RAS, mientras que EPAC desempefia
un importante papel en la sefializacidon de la via de RAP y se relaciona con oncogénesis. Los
receptores de superficie que se sobreexpresan en la LLC (por ejemplo, el receptor para ROR1 o
para tromboxano A2) son dianas terapéuticas potenciales, mientras que los genes
infraexpresados estan involucrados en la progresion del ciclo celular y en la replicacion del
ADN y metabolismo (CDC2, ciclina B, timidina quinasa, topoisomerasa lla, dihidrofolato

reductasa), lo que sugiere un fenotipo quiescente.

El perfil de expresidon de los linfocitos B clonales en la LLC también la diferencia de otras
enfermedades hematoldgicas como el mieloma miltiple o la macroglobulinemia de

Waldestrom,®® asi como de la linfocitosis B monoclonal.®

Aunque se ha demostrado que, independientemente de la presencia o ausencia de mutacion
en IgVH, todos los pacientes con LLC comparten un perfil génico comun, las diferencias clinicas
entre estos dos subgrupos sugieren que deben existir diferencias a nivel bioldgico. Por eso se
han realizado estudios comparativos atendiendo al estado mutacional. En 2001, Rosenwald et
al demostraron la asociacién entre la expresién genética y el patrén mutacional.®” En éste y en
otros estudios se ha demostrado que los dos subtipos de LLC se segregan claramente en la
expresion de un grupo reducido de genes como ciclina D2, HPRT, GFI-1, adenilato kinasa 2, /LK,
CTP-sintetasa o FGFR1.“*°*®* Destacaba la sobreexpresién de ZAP70 en los pacientes no
mutados, lo que sugeria que podia ser un marcador sustituto y mas asequible que la
estimacion del estado mutacional de IGVH, hecho que se corroboré mediante determinacion

de este marcador por citometria de flujo.**®

También se han descrito diferencias significativas
en la expresidn génica segun el sexo, lo que podria sugerir que las diferencias en las firmas

moleculares referentes al estado mutacional de /IGVH podrian estar relacionadas con el sexo
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del paciente. Existe ademds una correlacién en la expresidn de genes implicados en la

sefalizacion por BCR en los casos no mutados. Este hallazgo sugiere que la estimulacion de los
linfocitos a través de BCR puede ser importante en la patogénesis de la LLC, por lo que esta
ruta y la regulaciéon de NFkB pueden ser determinantes de la supervivencia celular en la LLC.?’
Al estudiar el perfil de expresion de los diferentes subgrupos citogenéticos, se observa que los
genes expresados de un modo mas significativo se localizan en las correspondientes regiones
cromosémicas aberrantes, lo que indica que la existencia de un efecto de dosis génica puede
ejercer un papel patogénico en la LLC.* En este trabajo de tesis doctoral hemos combinado el
anadlisis del genoma mediante CGH arrays y del transcriptoma mediante microarrays de
oligonucledtidos corroborando este efecto de dosis génica en nuestra serie de pacientes.
Ademas hemos demostrados que el perfil de expresidon puede estar condicionado no sélo por
la alteracién citogenética sino también por el porcentaje de células afectadas, como es el caso
de los enfermos con LLC y delecién de 13q.%

La presencia de mutaciones en diversos genes, diferentes a las inmunoglobulinas, también
puede determinar cambios en el perfil de expresion. Este es el caso de las LLC con alteraciones
en ATM o en TP53. Las alteraciones en ATM condicionan cambios en la expresion génica, y los
genes diferencialmente expresados son diferentes dependiendo del mecanismo inactivante
(delecidon o mutacion), aunque en ambos casos el resultado final sea el mismo. El mismo
fendmeno se observa en el grupo de enfermos con alteraciones inactivantes de TP53, que se
correlacionan con un prondstico desfavorable y resistencia al tratamiento. Tanto los casos con
pérdida en 17p como las mutaciones en TP53 se asocian con un perfil de expresion diferencial,
aunque en el caso de las mutaciones este perfil es menos caracteristico que en la del(17p),
posiblemente debido al efecto de dosis génica observado en este segundo grupo.®

La aplicacion de las técnicas de secuenciacion masiva ha permitido identificar nuevas
alteraciones recurrentes en genes como NOTCH1, XPO1, MYD88 y KLHL6 en el 12.2%, 2.9%,
2.4%y 1.8% de las LLCs, respectivamente. En algunos casos, estas mutaciones se han asociado
a un perfil de expresidn caracteristico, como las mutaciones de NOTCH1. Asi, en los pacientes
mutados se observa una sobreexpresidon de los genes implicados en la ruta de NOTCH, como
NOTCH1, NOTCH2, NOTCH4, CREBBP, ADAM17 o NCOR2, entre otros. Estos pacientes se

asocian, ademas, con un prondstico desfavorable.



Cinética de la LLC

La idea tradicional de que la LLC es una enfermedad en la que los linfocitos B se acumulan
debido a un fallo en los mecanismos de apoptosis causado por un defecto genético, con una
minima proliferacion del clon leucémico® ha ido cambiando a la luz de los nuevos
conocimientos de la biologia de la LLC. Desde hace tiempo se sabe que los pacientes en los
queel nimero absoluto de linfocitos se duplica en menos de un afio generalmente tienen un
curso clinico peor que aquellos que tienen una acumulacién mas lenta, incluso en estadios
tempranos de la enfermedad.”® Apoyando esta observacion, estudios recientes que utilizan
técnicas mas sofisticadas, sugieren que la caracterizacién inicial de la biologia de la LLC
necesita ser reevaluada.”* Con un ensayo de marcaje in vivo ha sido posible evaluar la
velocidad de proliferacidn de las células de LLC, y se ha documentado que una pequeiia
fraccion del clon leucémico (aproximadamente 0.1 — 1.78%) esta dividiéndose de manera
activa, lo que generaria aproximadamente entre 1x10° y 1x10"* nuevas células por dia en los
pacientes estudiados. Por lo tanto, hay una dindmica entre muerte y division celular similar a la
gue tiene lugar en otros tipos de leucemias y linfomas. La LLC es una enfermedad tanto de
proliferacién como de acumulacién de células B, de tal manera que en los pacientes con un
numero de linfocitos estable existiria un balance homeostatico entre ambos procesos, que
estaria desequilibrado en los pacientes cuyo nimero de linfocitos aumenta de manera

sostenida, duplicdindose en menos de un afio, y generando asi una enfermedad mas agresiva.’?

Las células de LLC se dividen en los centros de proliferacién (PC) en los nddulos linfaticos y en
el bazo. En estas estructuras, los linfocitos de LLC se comunican con las células del
micromedioambiente, como las células T y las células del estroma. La interaccién con estas
células proporciona las seiales necesarias para la supervivencia y expansién de las células de
LLC, promovidas por moléculas como IL-4 y CD40L, cuyo efecto ha sido documentado in
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vitro. Por lo tanto la acumulacion de las células leucémicas podria estar relacionada con la

generacion de sefales de supervivencia producidas por el medio ambiente externo a través de

97576 Cuando se

diversos receptores (receptor de la célula B, receptores de citocinas...).
cultivan in vitro, los linfocitos de LLC sufren apoptosis, lo que respaldaria el papel esencial del

microambiente celular en la supervivencia de estas células.”’

La seializacidn por BCR es clave en el comportamiento del linfocito B. El estudio de la
estructura y funcién del BCR utilizado por las células leucémicas en su relacién con el entorno
celular ha ayudado a redefinir algunos aspectos de la LLC, y cada vez son mayores las

evidencias de que la sefializacién via BCR desempefia un papel fundamental en el desarrollo de



la LLC e influye en su heterogéneo comportamiento clinico. Se ha demostrado que las LLCs de
peor prondstico presentan una sefalizacién via BCR por IgM aumentada, produciéndose una
mayor fosforilacion de proteinas intracelulares y de los fendmenos celulares relacionados con
la activacion celular.”® Por lo tanto, la sefializacidn por BCR influye en la supervivencia clonal y

promueve la expansion,’>”® impactando negativamente en el prondstico.

La regulacidn de la apoptosis es un mecanismo fisioldgico complejo, y en las células de la LLC
puede estar alterada por diversas causas, como las alteraciones genéticas (defectos en p53 y
ATM) o los cambios en la expresidon de moléculas reguladoras, como algunos miembros de la
familia de Bcl-2. Las células de la LLC expresan una gran variedad de proteinas de la familia bcl-
2 con un perfil que favorece la inhibicion de la apoptosis, observandose niveles altos de esta
proteina en mas del 85 % de los casos estudiados. Este hecho, junto con la interaccion con las
células del microambiente, explicaria la larga supervivencia y la subsecuente acumulacién de
las células de la LLC.% Las rutas de PI3K/Akt y NFkB desempefian también un papel importante
en la supervivencia de las células B, induciendo la expresién de proteinas antiapoptéticas
como Mcl-1 y XIAP, e inactivando blancos celulares involucrados en la induccidn de apoptosis,
tales como BAD y Caspasa 9. El control de la apoptosis en LLC es un mecanismo complejo vy,
debido a la influencia que ejerce el micromedioambiente en la supervivencia de los linfocitos

de LLC, dificil de evaluar in vitro.

microRNAs

Los microRNAs (miRNAs) son una familia de RNAs pequefios, de unos 21-25 nucledtidos, que
inhiben la expresion génica por la unién a la regidon 3°UTR de su gen diana, donde se encuentra
la secuencia complementaria, modulando la expresidon del gen a nivel post-transcripcional.
Estas moléculas de RNA no codificante estan implicadas en la regulacion de la expresion de
genes relacionados con la proliferacién celular, la diferenciacién, el ciclo celular, la apoptosis y

el metabolismo y con patologias como la diabetes y el cancer.

MiRNAs y cancer

La primera relacidon que se establecié entre miRNAs y cancer fue en enfermos con LLC, en los
que se observd una pérdida del cluster miR-15/16-1, localizado en 13q14.3, concretamente
entre los exones 4 y 5 del gen DLEU2,® asi como una sobreexpresiéon de los miRNA-21 y
miRNA-155. Esta observacidn condujo a indagar en la asociacidn entre las localizaciones de los

miRNAs y las regiones gendmicas involucradas en cancer. Asi, la mitad de los miRNAs



conocidos estan localizados dentro o cerca de sitios fragiles, en regiones de pérdida de
heterocigosidad, en regiones de amplificacidn génica o en puntos de ruptura habitualmente
asociados a tumores.®'

El andlisis del perfil de expresién de miRNAs en pacientes con cancer mediante microarrays ha
demostrado que los miRNAs se expresan de manera diferente en muestras normales frente a
tumorales.®? Cada vez son mayores las evidencias que sugieren que la expresién anormal de
los miRNAs es una caracteristica comin de los procesos neoplasicos.?> Los miRNAs
desempenan un papel directo en la oncogénesis, pudiendo actuar como oncogenes o como
genes supresores de tumores, y su expresion aberrante se ha asociado con muchos tipos de
canceres incluyendo tumores sdélidos y hematoldgicos. Los patrones de expresién de los
miRNAs pueden distinguir canceres segun su diagndstico y estadio de desarrollo, de forma
mucho mas precisa que los estudios tradicionales de expresion génica. Por lo tanto una mejor
comprension de los mecanismos que controlan la expresion de los miRNAs en el cancer y sus
consecuencias funcionales puede mejorar la clasificacién, el prondstico y el tratamiento del

cancer.

Los miRNAs en la patogénesis de la LLC

Uno de los primeros indicios de que los miRNAs estaban asociados al cancer fue la observacion
de que los miR-15a y miR-16-1 se encontraban en la region perdida en 13q14 en los enfermos
con LLC. Debido a la pérdida de esta regidon, ambos miRNAs se infraexpresan en LLC. Su papel
como supresores tumorales fue evidente al demostrarse que BCL-2, gen antiapoptético
sobreexpresado en LLC, es una de sus dianas, por lo que niveles bajos o inexistentes de miR-
15a y miR-16-1 permiten la expresién de BCL-2.** Desde entonces, se han realizadomuchos
estudios que confirman la relacién entre los miRNAs y otros pardmetros bioldgicos de
relevancia en LLC.

La expresiéon de miRNAs en los linfocitos B de LLC se ha estudiado principalmente mediante
microarrays de miRNAs. De esta manera se han identificado miRNAs cuya expresién diferencia
a los linfocitos B de LLC de las células normales CD5+ y las asemeja a células B activadas.®®
Ademads se ha estudiado la expresion de miRNAs en relacién a parametros clinicos
establecidos, como el estado mutacional, la expresion de ZAP-70 y LPL o las alteraciones
citogenéticas (Tabla 3). De esta manera se han descrito firmas de microRNAs con valor

prondstico. Aunque ninguna de estas firmas es exactamente igual, si presentan algunos

miRNAs cominmente desregulados.



Tabla 3. MiRNA profiling studies of

Table 2. MiRNA profiling studies of CLL

MiRNA signatures Prognostic marker Study Year

miR-15a, miR-185, miR-221, miR-23b, miR-155, miR-223, miR-20a-2, Unmutated lgVy, high ZAP-70 Calin et a1 2005
miR-24-1, miR-29b-2, miR-146, miR-16-1, miR-16-2, and miR-28¢

miR-28¢ and miR-223 Unmutated Igvy Fulci at al® 2007

miR-181a, let-7a, miR-30d, miR-155, and miAR-29 Unmutated IgVy Marton et als 2008

miR-223 and miR-29c ZAP-T0 and LPL Stamatopoulos et a9 2009

LPL indicates lipoprotein lipase.
Los miRNAs también son importantes en LLC porque regulan la expresion de muchos genes
claves en la patogénesis de la enfermedad (Figura 3). Asi, miR-29 y miR-181 regulan el
oncogen TCL1, que esta sobreexpresado en aproximadamente el 25-35% de los pacientes con
LLC y se ha asociado con un fenotipo agresivo en LLC.***° La sobreexpresién de miR-29 reduce
los niveles de Mcl-1, con funcién antiapoptética, provocando la apoptosis en las células de
LLC.>**® miR15a y miR-16-1 regulan la expresién de BCL-2 y de varios factores con actividad
pro-proliferativa, como CCND2, CCND3, CDK4 y CDK6.**°*. MiR-34a esta directamente regulado
por p53, y a su vez regula a Bcl-2, y recientemente se ha descrito la relacién que existe entre la

sefializacién por BCR en los linfocitos B de la LLC y miR-155.%

©jojololo

¥ MiR-181 (TCL-1)
¥ MiR-29a/b (TCL-1)

o)ojolo
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SURVIVAL

Figura 3. miRNAs implicados en apoptosis, supervivencia y proliferacion en la LLC. Las flechas
indican el patrén de expresidon en la LLC (sobre o infraexpresado) y los genes entre paréntesis,

las dianas validadas. *°



Técnicas de analisis gendmico global

A mediados de los afios 50 Joe Hin Tjio y Albert Levan establecieron el niUmero y la estructura
los cromosomas humanos.”” En 1953 Watson y Crick definieron la estructura de la molécula de
ADN,?® dando el primer paso en el estudio del genoma humano. Desde entonces se ha
producido un progreso espectacular en el conocimiento sobre el material genético humano y
los grandes adelantos tecnolégicos surgidos en las dos ultimas décadas han dado lugar a un

espectacular avance en el conocimiento biolégico y médico.

Las nuevas tecnologias aplicadas al analisis genético ofrecen grandes ventajas como la rapidez,
especificidad, sensibilidad y posibilidad de automatizacion. Sin duda la mayor ventaja de las
técnicas de andlisis gendmico global frente a los métodos tradicionales es la posibilidad de
analizar simultdneamente miles de genes en un Unico experimento. Se estdn aplicando en la
actualidad, entre otros, a la identificacion de perfiles genéticos y dianas terapéuticas,
deteccion de mutaciones y polimorfismos, secuenciacion, seguimiento de terapias,

farmacogendmica y diagndéstico molecular.

Microarrays de expresion

El conjunto de genes que se expresan o se transcriben a partir del ADN gendmico y que
constituyen el transcriptoma o perfil de expresidn es un importante determinante del fenotipo
y la funcion celular. Los microarrays de expresion permiten el analisis simultaneo de miles de

genes en un Unico experimento.

El estudio del perfil genético propio de cada tipo de neoplasia ha adquirido cada vez mayor
relevancia, tanto desde el punto de vista de la biologia molecular para el entendimiento de la
etiopatogenia de los procesos neopldsicos, como desde el punto de vista clinico. De esta
manera, se han podido correlacionar los perfiles de expresion de algunos tumores y el
prondstico de la enfermedad, clasificar mejor neoplasias ya conocidas, definir nuevas
entidades indistinguibles con las tecnologias empleadas hasta el momento e incluso identificar
dianas diagndsticas y terapéuticas que ya tienen una gran utilidad practica en el manejo de

-111 . , ..
006499110 6y duda esta tecnologia ha permitido un

pacientes con neoplasias hematoldgicas.
salto cuantitativo (se analizan miles de genes) y cualitativo en la investigacidn, al aportar una

visidon molecular global de los procesos patoldgicos.



Microarrays genomicos

Los microarrays gendmicos son herramientas de anadlisis genético que permiten un analisis
global de las ganancias y pérdidas de ADN. Esta técnica se basa en los mismos principios que la
CGH convencional, pero en vez de cromosomas se utilizan sondas de ADN, sobre las que se
hibrida el ADN del tumor.™** pueden incluir sondas de varios tamafios, gue van desde 100-
200 kb (BACs y PACs) a sondas de menor tamafio, pero mayor especificidad como los
oligonucledtidos (25-80 bases), que pueden cubrir regiones cromosdémicas concretas o todo el

1% | as ventajas y las limitaciones de los arrays gendémicos dependen de la

genoma completo.
plataforma elegida. Por ello, tanto la cantidad de clones depositados en el array como la
manera de amplificarlos es crucial para la sensibilidad final y la calidad del andlisis. El uso de
clones de grandes insertos como son los BAC y PAC proporciona una intensidad de sefal
suficiente para detectar cambios en una sola copia y las alteraciones pueden ser
inmediatamente relacionadas con los marcadores genéticos.'*

Esta tecnologia ha resultado de gran utilidad para delimitar dreas de ganancia y pérdida
gendmica en enfermedades de origen genético, hereditario y tumoral, asi como para
caracterizar los perfiles gendmicos de varios procesos tumorales con una mayor resolucion
que la que se conseguia con las técnicas disponibles hasta el momento, como la CGH

convencional, 10116123

En este trabajo de tesis doctoral hemos aplicado para el andlisis genético de la LLC un BAC-
array de resolucion 1Mb disefiado y fabricado en nuestro laboratorio, que contiene 3.528
clones, 176 de los cuales contenian genes relacionados con cancer (oncogenes o genes
supresores de tumores). El resto de los clones estdn distribuidos a lo largo del genoma
humano, espaciados a intervalos de aproximadamente 1 Mb. Ademds hemos usado

microarrays de oligonucledtidos para confirmar los resultados observados por el BAC array

Técnicas de secuenciacion masiva

Desde que se describid la secuenciacién del ADN en 1977, las mejoras en las técnicas y
equipos, asi como en la bioinformatica necesaria para el andlisis, han permitido la
automatizaciéon y han mejorado el coste de este tipo de analisis genéticos y su utilidad en la
practica médica. En los ultimos afios han surgido en el panorama de la gendmica médica
diversos métodos de secuenciacidn masiva en paralelo, denominados genéricamente “next-

generation sequencing” o secuenciacidn de segunda generacidon, que permiten la



secuenciacién de grandes fragmentos de ADN de manera rapida y asequible. Este nuevo tipo
de secuenciacidn generacion permite buscar simultdneamente mutaciones en cientos de loci
para enfermedades genéticamente heterogéneas como el cdncer. Ademads, la secuenciacion
masiva permitira abordar de manera mas comprensiva disciplinas tales como Ia
farmacogenética y la epigenética, integrando datos globales que permitan interpretar

interacciones génicas y mecanismos epigenéticos de regulacion en la expresién.

Las principales plataformas de secuenciacion masiva disponibles en la actualidad son tres:
Illumina Genome Analyzer, Applied biosystems SOLID Sequencer y Roche GS-FLX 454 Genome
Sequencer. La tecnologia de Illumina utiliza la “secuenciaciéon por sintesis”, en la que la
incorporacién de un nucleétido marcado con fluorescencia y protegido en la cadena naciente
impide que ésta siga creciendo. Tras detectar la sefial fluorescente, se elimina el grupo
protector y se puede incorporar otro nucleétido marcado, con lo que se empieza de nuevo el
ciclo. Asi se generan lecturas sencillas de 75 bp con un rendimiento de 17 GB de secuencia en 7
dias. El secuenciador SOLID de Applied se fundamenta en la “secuenciacién por union”. Esta
tecnologia secuencia por ligacién de octdmeros marcados de secuencia conocida a la cadena
de ADN, con la posterior deteccidn de la seial fluorescente emitida tras cada unién. De ésta
manera se secuencian fragmentos de 50 bp con un rendimiento de 10-15 GB en 3-7 dias. La
tecnologia utilizada por Roche y su GS-FLX Genome Sequencer se basa por un lado en la PCR
en emulsidn, y por otro, en la “pirosecuenciacion”. Las etapas/pasos seguidos en esta

tecnologia estan resumidos en la Figura 4.

Light + gy luciferin

Figura 4. Método de “pirosecuenciacion” del sistema GS-FLX Genome Sequencer de Roche



1- Preparacion de la libreria de DNA

La preparacion de la libreria de DNA consiste en el fraccionamiento del DNA gendmico (gDNA)
en pequefios fragmentos (de 300 a 500 pb) que son posteriormente pulidos (extremos romos)
y ligados a adaptadores (A y B). Estos adaptadores proporcionan las secuencias de hibridacién
para la posterior amplificacién y secuenciacidn de los fragmentos de la libreria. El adaptador B
estd biotinilado en su extremo 5' y esto permite la inmovilizacién de la libreria mediante las
perlas recubiertas de estreptavidina.

2- PCR en emulsién

Cada esfera contiene una Unica molécula de DNA de cadena sencilla de la libreria. La esfera
unida a la libreria se emulsiona con los reactivos de amplificacién en una micela de agua y
aceite, de tal manera que cada esfera queda englobada en su propio microreactor dentro del
cual ocurre la amplificacion mediante PCR. El resultado serd una esfera inmovilizada que
contiene fragmentos de DNA amplificados clonalmente.

3- Secuenciacién

Las esferas unidas a los fragmentos de ADN se distribuyen en capas dentro de la placa de
secuenciacion junto con unas esferas enzimaticas que contienen luciferasa y sulfurilasa. Cada
pocillo de la placa contiene una Unica esfera con miles de copias del mismo fragmento de ADN.
Durante el flujo de nucleétidos, cada una de los cientos de miles de perlas con millones de
copias de DNA se secuencian en paralelo. Si un nucledtido es complementario a la cadena
molde en algun pocillo, la polimerasa extiende la hebra existente de DNA mediante la adicion
de nucleétido(s). La adiciéon de uno (o mas) nucledtido(s) resulta en una reaccién que genera
una sefial de luz que es recogida por la cdmara CCD del equipo. La intensidad de la sefal es
proporcional al nimero de nucledtidos incorporados en un solo flujo de nucledtidos. Esto

genera una imagen que se analizan e interpreta en forma de secuencias de nucledtidos.

La ventaja de esta metodologia es que genera secuencias de 400- 500 bp, generando 400-600
Mb de datos en 10 horas, aunque el coste en reactivos es superior al de otras plataformas y

puede confundirse en las secuencias homopoliméricas.

Paralelamente, el desarrollo de protocolos de captura selectiva del ADN permite realizar la
resecuenciacion parcial de regiones del genoma (exones, genes o regiones de interés) a unos
costes que hacen actualmente posible el estudio de un mayor nimero de muestras. Los
protocolos existentes para la captura selectiva de regiones de interés se basan
mayoritariamente en sistemas de hibridacion (Albert et al.,, 2007; Hodges et al., 2007), en

arrays (NimbleGen Array Capture, Febit HybSelect) o en solucion (NimbleGen, Agilent



SureSelect), mediante miles de oligonucledtidos que cubren adecuadamente las regiones
seleccionadas y capturan regiones de hasta 5-10 Mb. Aunque también se han descrito sistemas
basados en PCR multiple (Porreca et al., 2007; Tewhey et al., 2009) su aplicacidon ha sido
menor debido al elevado nimero de PCRs necesarias para capturar regiones de un cierto
tamafio. En este trabajo de tesis doctoral hemos utilizado los arrays de captura de secuencia
de Nimblegen, que permiten capturar y enriquecer regiones génicas de interés, contiguas o no
en el genoma, con una elevada sensibilidad y especificidad. Estas regiones son posteriormente
amplificadas y secuenciadas mediante tecnologias de alto rendimiento (FLX 454 en nuestro
caso). De esta manera, el coste de la secuenciacién se reduce considerablemente y

técnicamente el proceso también es menos costoso.

La combinacion de técnicas de andlisis global del genoma y del transcriptoma aplicadas en este
trabajo de tesis doctoral como son los microarrays y la secuenciacion masiva, constituye una
estrategia de gran utilidad para el estudio y la caracterizacién de una enfermedad tan
heterogénea como es la LLC y puede permitir la identificacién de nuevas alteraciones

genéticas, incluso presentes en un pequefio porcentaje de enfermos.



Hipotesis

La leucemia linfatica crénica (LLC) es una hemopatia con un comportamiento clinico variable.
El desarrollo de la citogenética ha demostrado que la LLC es una enfermedad muy
heterogénea también desde el punto de vista genético. Por lo tanto, las nuevas técnicas de
analisis, que facilitan el estudio del genoma de manera global, pueden constituir una

herramienta de gran utilidad para el estudio de las alteraciones genéticas en LLC.

Los microarrays gendémicos permiten analizar, en un solo experimento, la presencia de
ganancias y pérdidas de cualquier segmento del genoma vy, gracias a su gran resolucién,
delimitar regiones génicas implicadas en los procesos neopldsicos que podrian pasar
inadvertidas mediante otras técnicas de citogenética molecular. Los microarrays se han
aplicado en el estudio global de la LLC para profundizar en el estudio de las alteraciones
previamente definidas mediante FISH e identificar nuevas alteraciones recurrentes. Sin
embargo, pocos estudios han investigado la presencia de nuevas alteraciones en la expresion

génica en relaciéon con los grupos citogenéticos de la LLC.

Hasta el momento se estimaba que los pacientes con pérdida de 13ql14, la alteracion
citogenética mas frecuente en LLC, son los que presentan un mejor prondstico, incluso
superior a aquellos en los que no se evidencian aberraciones citogenéticas determinadas
mediante FISH. Sin embargo, nuestro grupo ha demostrado en un trabajo reciente que los
pacientes con pérdidas de 13q constituyen un grupo heterogéneo, en el que el porcentaje de
células con esta alteracion condiciona un comportamiento clinico diferente. Aunque estos
resultados han sido corroborados por otros grupos, todavia no se han definido los mecanismos

bioldgicos responsables de esta diversidad clinica.

En la LLC se produce una inestabilidad genética que facilita la presencia de alteraciones
cromosémicas, aunque los mecanismos por los que se producen se desconocen®. Estos datos
han sido confirmados recientemente, mediante estudios de secuenciacion completa del
genoma humano. En los trabajos publicados por el Consorcio Espafiol de LLC se han
identificado mutaciones recurrentes en los genes NOTCH1, XPO1l, MYD88 y SF3B1, con

evidencias que relacionan estas alteraciones con la patogenia de la LLC y, en algunos casos,



pueden ayudar a definir el prondstico. Las técnicas de secuenciacion masiva constituyen, por
tanto, una herramienta muy util para descifrar el genoma de pacientes con LLC en busca de

nuevas claves sobre la enfermedad.

Conocemos la secuencia de los genes pero, en la mayoria de los casos, su funcidon estd poco
estudiada, por lo que son necesarios estudios funcionales complementarios que nos ayuden a
comprender cémo las alteraciones a nivel gendmico (ganancias, pérdidas, mutaciones o
polimorfismos) estan afectando a los procesos celulares. Ademas, se desconocen muchos de
los genes afectados en la LLC, por lo que la aplicacion de técnicas de andlisis masivo como los
microarrays o la ultrasecuenciacion puede resultar de gran utilidad para definir la presencia de

nuevos genesy rutas alteradas en LLC.

Por todo ello, en el presente trabajo de tesis doctoral hemos analizado una serie amplia de
pacientes combinando las técnicas mds recientes de analisis masivo (microarrays vy
secuenciacién) combinadas con andlisis funcionales, para profundizar en el conocimiento de la
LLC, con especial atencidn al grupo de enfermos con pérdida de 13q. Nuestra hipdétesis se basa
en que la LLC es una enfermedad heterogénea, con varios subtipos genéticos y que, dentro de
cada uno de ellos, es posible que existan diferencias en cuanto a la biologia, que puedan
condicionar las variaciones observadas en la practica clinica. El analisis combinado y exhaustivo
del genoma y del trascriptoma de la célula tumoral, deberia confirmar la presencia de

diferencias en estos tipos genéticos.



Objetivos

Objetivo general

Profundizar en el conocimiento de los mecanismos fisiopatolégicos de la LLC en los distintos
subgrupos citogenéticos mediante un analisis combinado del genoma y transcriptoma de los

linfocitos B clonales.

Objetivos particulares

1. Determinar la existencia de nuevas regiones genéticas alteradas en los enfermos con

LLC mediante la aplicacidn de microarrays gendmicos.

2. Analizar, mediante microarrays de exones, los perfiles de expresién de los diferentes
subgrupos citogenéticos de LLC: FISH normal, 13g-, +12, 11g- y 17p- asi como de las

nuevas alteraciones genéticas identificadas.
3. Caracterizar el subgrupo de enfermos con pérdida de 13q mediante estudios de

expresion génica y de microRNAs.

4. Determinar la presencia de mutaciones en genes que intervienen en la patogénesis de

la LLC mediante técnicas de secuenciacion masiva de ADN.

5. Realizar estudios funcionales en los genes que presenten una expresién génica

alterada o mutaciones, para definir su implicacidn en la patogénesis de la LLC.
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Background: The presence of genetic changes is a hallmark of chronic lymphocytic leukemia (CLL). The most
common cytogenetic abnormalities with independent prognostic significance in CLL are 13g14, ATM and TP53
deletions and trisomy 12. However, CLL displays a great genetic and biological heterogeneity. The aim of this study
was to analyze the genomic imbalances in CLL cytogenetic subsets from both genomic and gene expression
perspectives to identify new recurrent alterations.

Patients and methods: The genomic imbalances and expression levels of 67 patients were analyzed. The novel
recurrent abnormalities detected with bacterial artificial chromosome array were confirmed by FISH and
oligonucleotide microarrays. In all cases, gene expression profiling was assessed.

Results: Copy number alterations were identified in 75% of cases. Overall, the results confirmed FISH studies for the
regions frequently involved in CLL and also defined a new recurrent gain on chromosome 20q13.12, in 19% (13/67) of
the CLL patients. Oligonucleotide expression correlated with the regions of loss or gain of genomic material,
suggesting that the changes in gene expression are related to alterations in copy number.

Conclusion: Our study demonstrates the presence of a recurrent gain in 20g13.12 associated with overexpression
of the genes located in this region, in CLL cytogenetic subgroups.

Key words: CLL, cytogenetic aberrations, gene expression profile, genomic arrays

introduction revealed chromosomal aberrations in 40%-50% of patients, but
. ) ) . detection of abnormalities is limited by the low mitotic activity
Chronic lymphocytic leukemia (CLL) is the most common of CLL cells. By contrast, interphase FISH (iFISH) has identified

leukemia in the western world and is characterized by a highly
variable clinical course with survival times ranging from months
to decades despite a remarkable phenotypic homogeneity [1, 2].
This clinical heterogeneity reflects its biological diversity [3]. Our

understanding of the blolog}l O.f C_LL has help.ed to. 1dent1fy. correlated with an indolent disease course in patients with this
several markers of prognostic significance, delineating CLL into abnormality as their sole aberration. In contrast, deletions of

several diﬁt'inct diseases. These markers inch'lde cytogenetic. 11q and 17p (which cover the ATM and TP53 genes,
abnormalities, the mutational status of the immunoglobulin

heavy chain variable (IGHV) and ZAP-70, CD38 and CD49d
expression [2, 4-6]. Conventional cytogenetic analyses have

chromosomal changes in ~80% of patients with CLL, the
presence of specific chromosomal abnormalities being

a prognostic indicator of disease progression and survival [2, 7].
Thus, half of the CLL patients carry deletions of 13q, which is

respectively) have a poorer outcome. Furthermore, trisomy 12 is
related to an intermediate prognosis, whereas deletion of 6q has
been identified as a recurrent CLL progression marker [8].

] ‘ - In addition, great genomic complexity has been associated with
*Correspondence to: Prof. J. M. Hernandez, Hematology Unit, Department of Medicine, ival and is al losel lated k £
Hospital Universitario de Salamanca, Paseo San Vicente 58, 37007 Salamanca, Spain. worse Sl?rvlva and 1s also closely related to markers ol poor
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Considering the great heterogeneity of CLL from both
genetic and prognostic points of view, microarray technology
is a powerful tool for the analysis of genetic alterations
in CLL. Thus, comparative genomic hybridization using
high-density arrays, array comparative genomic hybridization
(aCGH), allows high-resolution genome-wide scan for
detection of copy number alterations in a single hybridization
and aCGH using bacterial artificial chromosome (BAC)
clones has been widely applied in the analysis of
hematological malignancies [12-15]. Regarding
oligonucleotide microarrays, the study of the gene expression
profile (GEP) in CLL has given us insights into the molecular
mechanisms involved in its pathogenesis by analyzing the
impact of genomic aberrations on the expression of genes
located on the corresponding loci [16-18].

Although the application of microarray technology in CLL has
provided additional knowledge of the known recurrent
aberrations as well as enabling novel aberrations, such as gain
of 2p and deletion of 22q to be identified [19-23], to date, few
studies have investigated genomic aberrations specifically in
relation to CLL cytogenetic subsets. Therefore, the aim of this
study was not only to screen and identify new genomic events in
CLL patients but also to compare the prevalence of these genomic
aberrations in cytogenetic CLL subsets. Furthermore, our data
revealed an association between altered transcription levels and
genomic imbalances in the genetic subsets of CLL, indicating that
gene dosage might have pathogenic effects in CLL and delineate
a new gained region, on 20q13, in CLL patients.

methods

patients

Peripheral blood samples from 67 patients with CLL were analyzed.

The diagnoses were confirmed by standardized clinical, morphological
and immunological data according to the World Health Organization
classification and the criteria of the Working Group of the National Cancer
Institute [24]. FISH studies and IGH mutational status were determined in
all patients. The study protocol was approved by the local ethical
committees and prior written informed consent was obtained from the
patients. All patients were untreated and most of them were studied at the
moment of diagnosis (Table 1). The main characteristics of the 67 CLL
patients included in the study are reported in Table 2.

FISH analysis

Interphase FISH was carried on all the samples using commercially available
probes for the following regions: 13q14, 12q13, 11q22/ATM, 17p13/TP53
and 14q32/IGH (Abbott Co., Downers Grove, IL) using the previously
described methods [25].

To confirm the gains and losses assessed by aCGH, FISH analysis was done
using Vysis LSI ZNF217, the commercially available probe for 20q13.2
(Abbott Co.) and the BAC clones dJ1028D15-dJ781B1, mapping to
20q13.12, as previously described [25]. The clones were located in the same
region of gain as detected by aCGH and were selected from the aCGH BAC
clone library (Wellcome Trust Sanger Institute), whereas the commercial
probe was located in 20q13.2 (breast tumor amplicon). DNA from the BAC
clones was isolated, labeled and hybridized, as previously described [26]. The
changes were validated in fixed cells from the same diagnostic samples as
used for aCGH (n = 20).

FISH analysis was carried out on 400 interphase cells using standard
fluorescent microscopy.

2 | Rodriguez et al.

mutation status of IGVH genes
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IGVH genes were amplified and sequenced according to the ERIC

recommendations on IGHV gene mutational status analysis in CLL [27].

array comparative genomic hybridization
BAC arrays. DNA samples were analyzed using a BAC array containing

3523 sequence-validated BACs covering the genome with a mean resolution

of 1 Mb, as previously described [26].

Table 1. Status of disease in the total series (n = 67) and in +20q CLL

patients (n = 13)

CLL patients (n = 67)

n (%)
At diagnosis 50 (75)
Progressive 17 (25)

+20q CLL patients (n = 13)
n/CLL (%)

13/50 (26)
4/17 (24)

CLL, chronic lymphocytic leukemia.

Table 2. Clinical and molecular characteristics of the CLL patients

Characteristics

Median age in years (range)
Male/Female (ratio)
White blood cells, range/ml
Lymphocytes/ml (range)
Hemoglobin, g/dl (range)
Platelet count/ml (range)
LDH
Normal
High
f3,-microglobulin
Normal
High
Status of the disease
At diagnosis
Progressive
Binet stage
A
B
C
ZAP-70 expression
Positive
Negative
CD38 expression
Positive
Negative
IgVH mutational status
Mutated
Unmutated
Interphase FISH analysis
Normal karyotype
13q deletion
Trisomy 12
11q deletion
17p deletion
IGH translocation
20q13.12 gain

(%)

68 (35-90)

73123 (2.7)

39 000 (7600-175 000)
32 000 (5000-160 000)
13.6 (7.1-16.3)

167 000 (59 000-306 000)

82
12

52
48

71.6
28.4

66
26

44
56

26
74

41
59

22
37
16

9
19

CLL, chronic lymphocytic leukemia; LDH, lactate dehydrogenase.
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oligonucleotide microarrays. In order to confirm the results of the BAC
aCGH analysis, a subset of 35 patients were analyzed using a NimbleGen
Human CGH 4x72K Whole Genome v2.0 array (Roche Diagnostics,
Mannheim, Germany).

The complete description of BAC and oligonucleotide microarrays
experiments is available as supplementary Material (available at Annals
of Oncology online).

GEP analysis

RNA isolation, labeling and microarray hybridization were carried out, as
previously reported [28]. The GEP was analyzed in all cases with Human
Genome U133A microarray (Affymetrix, Santa Clara, CA). Data analysis is
available as supplementary material (available at Annals of Oncology online).

comparative analysis of CGH and expression arrays

In order to achieve a comparative analysis of the copy number changes,
from the CGH arrays, and the gene changes, from the expression arrays, for
the same patients, we select the patients who showed significant gains in the
aCGH data and their corresponding expression data. We normalized the
expression dataset using the R package GeneMapper [29] that allows an
accurate assignment to ENSEMBL genes (instead to Affymetrix probesets)
including their location in the genome. Following this, we selected the three
regions in chromosome 20q where the gains detected by aCGH were
significative. For such regions, we calculate, in the corresponding samples,
the mean and median expression signal based on the genes included.

On these expression numbers, we carried out a statistical one-tail ¢-test
(using R) to check if there was a significant correlation between the aCGH
gain observed in the 20q regions and the overexpression of the genes
included in such regions.

statistical analysis

Two-tailed Chi-square and Fisher’s exact tests were used to analyze the
associations between variables. For all tests, values of P < 0.05 were
considered to indicate statistical significance. The calculations were carried
out using SPSS 17.0 for Windows (SPSS Inc., Chicago, IL).

Table 3. Recurrent aberrations identified by aCGH in CLL

results

FISH and mutational status

FISH analyses revealed that 25 of the 67 cases analyzed (37%)
carried the 13q14 deletion and that this was the only abnormality
in 20 patients (30%). Overall, the 11q22.3 and 17p13.1 deletions
were present in 5 (7%) and 6 (9%) patients, respectively, while
trisomy 12 was present in 11 (16%) and t(14q32) in 9 (13%)
patients. The remaining 21 (31%) patients did not show
aberrations by FISH. To better characterize the 20q13.12 gain,
FISH analysis was also carried out in a validation series of

58 patients: 17% patients showed this alteration in >4.5% cells
(ranging from 4.5% to 12%). In relation to mutational status,
49% of cases had unmutated IgVH gene.

aCGH showed recurrent genomic imbalances
in CLL

Fifty of 67 patients (75%) displayed genomic changes with
aCGH. In addition to the regions detected by FISH
abnormalities, aCGH enabled the presence of novel recurrent
genomic imbalances to be demonstrated. In order to rule out
previously described single nucleotide polymorphisms, the
minimal regions of overlap for all the recurrent lesions were
compared with the frequencies of known copy number
variations. A total of 443 altered chromosomal regions were
found, of which 237 (53%) were deletions. The median number
of changes per patient was five (range 0—-14). The most
commonly recurring alterations (observed in >5% of cases), their
boundaries and frequencies are shown in Table 3. Losses in
13q14.2-q14.3 (21%), 11q13.3 (16%), 17p13.2-p13.1 (10%),
11g22.3—q23.1 (9%) and 5q13.3—q14.1, 5g31.1 and 7q22

(6% each) as well as gains in 1q21.3—q22 (22%), 11q13.3 (21%),
16q23.2-q24.2 (21%), 6p21.31-p21.1 (19%) and 10q22.3 (7.5%)

1 q21.3—q22 151208615 155645185 4.44 22 31
1 q31.1-q31.2 189804292 192389810 2.59 13 1
5 ql3.3—ql4.1 74766678 77235911 2.47 6 18
5 q31.1 131568885 132631297 1.06 6 21
6 p21.31-p21.1 33722842 43897461 10.17 19 146
7 q22.1 98853924 101547956 2.69 6 78
10 q22.3 80565766 81502183 0.94 7.5 2
11 ql3.1 64268965 65470124 1.2 22 51
11 ql3.3—ql13.4 69974549 73001497 3.03 21 16 37
11 q22.3—q23.1 108518932 112964950 3.73 9 24
12 p13.33—q24.33 1 133851895 133.9 15

13 ql4.2—q14.3 48863579 54941189 6.08 21 27
16 q23.2-q24.2 80972437 88692209 7.72 21 56
17 pl3.2-pl3.1 4571828 7483888 291 10 104
17 q25.3 75993754 80470659 4.48 19 105
18 q21.2 49844734 50270501 0.43 9 7.5 5
20 ql3.12 42188467 44495323 2.31 19 52

Positions and sizes are expressed in base pairs. Bp locations according to GRCh37, February 2009 (hg 19).

aCGH, array comparative genomic hybridization; CLL, chronic lymphocytic leukemia.
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were the most frequent changes revealed by aCGH (Table 3).
Interestingly, a critical segment of gain was delineated on
chromosome 20q in 13 patients (19%). The analysis identified
a minimal region of gain on 20q13.12 of ~2.31 Mb involving
three clones at linear positions (42 188 467—44 495 323), as
shown in Figure 1. Most of these cases (75%) were studied at the
time of diagnosis (Table 1). Changes detected in diagnostic and
progression groups are shown in Table 4.

genomic abnormalities in the cytogenetic
subgroups of CLL

Opverall, correlation between FISH and aCGH was observed
for +12, 11q- or 17p- cases (100%, 91% and 83%, respectively).
However, this was not the case for 13q- subgroup. Interestingly,
most of these cases displayed <30% of 13q deletions and in the
14 cases with a deletion of 13q revealed by aCGH, losses were
located in 13q14.2—q21.1, with heterogeneous breakpoints.

It should be noted that the 21 CLL samples showing no
aberrations with FISH also appeared to be normal for the CLL
FISH regions when analyzed by aCGH. However, novel
recurrent alterations by aCGH were detected in this group of
CLL patients (Table 5).

The analysis of the relationship between the recurrent
abnormalities revealed by FISH and the presence of novel
chromosomal imbalances detected by aCGH showed
a significant association between the loss of 13q and the loss
of 5q13.3-q14.1 and 5q31.1 (P < 0.05). No other additional
abnormalities were observed in any of the cytogenetic subgroups.

Annals of Oncology

In order to assess the genomic complexity in the cytogenetic
CLL subsets, a comparison between the number of genetic
changes ascertained by aCGH and the FISH CLL subgroup was
carried out. As the median of changes per patient was five
(range 0-14), we defined two groups to analyze the number of
changes with respect to the FISH categories: <5 (low genomic
complexity) and >5 (high genomic complexity) (Table 6).
Interestingly, an association between the presence of a large
number of changes detected by aCGH and ATM deletion
(P = 0.026) by FISH was observed. The presence of gains on
20q12.13 (P = 0.002) was also associated with a high frequency
of changes as revealed by aCGH (Table 6).

oligonucleotide and FISH studies validated the
changes observed by aCGH

Oligonucleotide aCGH was carried out in 35 cases to confirm
the BAC array results. Genomic patterns of gains and losses
representative of the probe sizes (~150 kb) were compared
with those obtained by BAC aCGH and found to be 100%
concordant.

FISH experiments were carried out on 20 patients to confirm
the gains on 20q13.12 observed with aCGH (supplemental
Figure S1, available at Annals of Oncology online). All but one
of the cases (95%) was concordant with the aCGH results.
The median of cells showing this aberration was 20% (range
16%-25%). In addition, the cases were analyzed with a probe
covering 51 992 26652 410 801 bp (Vysis LSI ZNF217, breast
tumor amplicon at 20q13.2). The results failed to show any
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Figure 1. Integration of annotated genomic sequence with array comparative genomic hybridization data: common region of gain (CRG) on
20q (42188467-44495323 bp) showing the candidate genes (GRCh37, February 2009, hg 19).
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Table 4. Characteristics of the CLL series (IgVH mutational status,
number of aberrations, FISH subgroup and frequency of recurrent
alterations detected by aCGH) according to the status of disease

(at diagnosis versus progression)

Characteristics Status of disease

At diagnosis (%) Progression (%)

IgVH mutational status

Mutated 63.6 46.7
Unmutated 36.4 53.3
Number of aberrations
<5 64 52.9
>5 36 47.1
FISH subgroup
Normal FISH 387 11.8
13q deletion 40 294
Trisomy 12 8 41.2°
17p deletion 6 17.6
11q deletion 6 11.8
t(14q32) 16 5.9
Recurrent alteration by aCGH
Gains
1q21.3-q22 24 17.6
1g31.2 8 29.4
6p21.31-p21.1 18 235
10g22.3 6 11.8
11q13.1 24 17.6
11q13.3 20 235
12 6 41.2%
16q23.2-q24.2 22 17.6
17925.3 20 17.6
18q21.2 6 17.6
20q13.12 20 17.6
Losses
5q13.3-q14.1 8 0
5931.1 8 0
7q22 4 11.8
11q13.3 16 17.6
11q22.3-q23.1 8 11.8
13q14.2-q14.3 24 11.8
17p13.2-p13.1 10 11.8
18q21.2 8 59

*Statistically significant associations (P < 0.05).
aCGH, array comparative genomic hybridization; CLL, chronic
lymphocytic leukemia.

involvement of this region, delineating the commonly gained
region at 20q between 42 188 467-44 495 323 bp (2.31 Mb)
(Figure 1).

gene expression profile confirmed the dosage
effect of aCGH changes

In order to assess the relevance of the genomic imbalances in
gene expression, a gene expression profile study was carried
out. For this purpose, we grouped the cases by aCGH findings.
The group of patients displaying trisomy 12 showed
deregulation of 89 genes when compared with the rest of

patients. A total of 76 of the 89 genes were overexpressed in
relation to the other patients and 56% of them were located on
chromosome 12.

It should be noted that overexpression of the 52 genes
located in 20q13.12 (Figure 1), the 20q region gained by aCGH,
was also observed (P = 0.01). Among these genes, we found
well-known protein-coding cancer-related genes (supplemental
Table S1, available at Annals of Oncology online) such as PI3
(elafin), SLPI (secretory leukocyte peptidase inhibitor) and
WFDC2 [whey acidic protein (WAP) four-disulfide core
domain 2], members of the WAP family; PIGT
(phosphatidylinosotol glycan anchor biosynthesis, class T),

a component of the glycosylphosphatidylinositol (GPI) glycan
transamidase complex; HNF4A (hepatocyte nuclear factor 4,
alpha) and YWHAB (tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein, beta polypeptide),
members of the SMAD and Ras signal transduction pathways,
respectively. In addition, ADA (adenosine deaminase),

a regulator of B-cell proliferation, overexpression was also
present in CLL cases with gains on 20q.

Moreover, in patients with the 17p13 deletion, a significant
proportion (83%) of the differentially underexpressed genes
clustered in this region (P < 0.05). Among the downregulated
genes were GPS2 (G protein pathway suppressor 2)/AMF1, SGSM2
(small G protein signaling modulator 2), DRG2 (developmentally
regulated GTP-binding protein 2), SAT2 (spermidine/spermine
N1-acetyltransferase family member 2) and CI70rf49
(chromosome 17 open reading frame 49). This gene dosage effect
was also observed in CLL patients showing 11q-. Thus, all the genes
located in the minimal region of deletion observed with aCGH on
11g22.3—q23.2 (108518932-112964950 bp) were downregulated
when compared with the rest of patients (P < 0.01).

discussion

The presence of cytogenetic abnormalities is a hallmark of CLL.
Indeed, these abnormalities have been associated with the
prognosis or progression of the disease and for this reason the
genetic changes have been extensively studied in CLL [30, 31].
The present study integrates genomic and gene expression
profile analyses in a cohort of 67 CLL patients. Overall, the
results enable us to detect hitherto undescribed recurrent
alterations in CLL, such as gains on chromosome 20 and
confirm the dosage effect, not only for the common cytogenetic
abnormalities but also for this new genetic abnormality.

The present study found genomic copy number changes
in 75% of the CLL patients. Our findings are similar to those
previously reported in this disease [19, 22, 23, 32]. Detection
rates of genomic alterations involving loci known to be
associated with CLL occurred at expected frequencies [33] and
overall, correlation between FISH and aCGH was observed
except in the 13q- subgroup. Both FISH and aCGH revealed
that 13q- was an heterogeneous group in size of the deletion
and percentage of cells displaying the abnormality.
Interestingly, when aCGH failed to demonstrate the presence of
13q deletion, FISH data revealed that most of these cases had
<30%. This could justify, at least in part, the lack of correlation
between both the techniques. We also confirmed that deletions
are more abundant than gains in CLL: deletions in
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Table 5. Correlation between the most frequent chromosomal imbalances identified by aCGH and the CLL cytogenetic subgroups

Aberration/% Cytogenetic/FISH subgroup Total (%)
13q14.3 Trisomy 12 11q22.3 17p13.1 t(14q32) Normal FISH

1q21.3-q22

Gain 28 27 20 11 24 22
1q31.1-q31.2

Gain 8 27 40 17 22 13
5q13.3-ql4.1

Loss 16° 17 11 6
5q31.1

Loss 16° 17 11 6
6p21.31-p21.1

Gain 24 27 20 22 14 19
7q22.1

Loss 12 9 20 11 6
10q22.3

Gain 16 9 20 11 7.5
11q13.1

Gain 28 18 20 33 22 19 22
11q13.3-q13.4

Loss 12 18 60” 22 14 16

Gain 28 18 17 22 19 21
11q22.3-q23.1

Loss 18 100 5 9
12

Gain 91 15
13q14.2-q14.3

Loss 56 17 11 21
16q23.2-q24.2

Gain 24 27 20 17 22 19 21
17p13.2-p13.1

Loss 16 83 10
17925.3

Gain 24 9 20 17 22 14 19
18q21.2

Loss 16 33 7.5

Gain 12 18 17 9 12
20q13.12

Gain 24 27 20 22 14 19

Results are expressed as percentages.
“Statistically significant associations (P < 0.05).

aCGH, array comparative genomic hybridization; CLL, chronic lymphocytic leukemia.

chromosomes 5, 7, 11, 13, 17 and 18 and gains in chromosomes
1, 6, 10, 11, 12, 16, 17, 18 and 20 were present in this series.
Regarding other recently reported alterations, we observed gain
on 2p [34] in one case.

Our study identifies a previously undescribed recurrent
region of gain in CLL, located on 20q13 in 19% of CLL
patients. This frequency is similar to other well-characterized
abnormalities in CLL (+12, 11g- and 17p-). It should be noted
that gains in 20q were not associated with any other cytogenetic
abnormality, although no patients with loss on 17p displayed
20q gains. The presence of 20q gains was not associated with
mutational status either. Abnormalities of chromosome 20 are
frequently observed aberrations in cancer [35-37]. In addition,
the presence of gains on 20q has been associated with aggressive
tumor behavior and poor clinical prognosis [38]. By contrast,
deletions of the long arm of chromosome 20 are a common

6 | Rodriguez et al.

chromosomal abnormality associated with myeloid malignancies
and are rarely seen in lymphoid malignancies [39]. A detailed
analysis of 20q gains in cancer revealed that the size and location
of the alteration are both variable. A region of gain at 20q13 was
identified in CGH studies in human breast tumors [40].

The region has been analyzed at higher resolution, enabling three
independently amplified regions to be characterized, with
20q13.2 being the most common region of gain in breast cancer.
In the present study, FISH studies identified a minimal region of
gain on 20q13.12 of ~2.31 Mb. This region is located close to the
20q breast cancer amplicon but is not included in it.

The gain on 20q13 in CLL could be relevant to the
pathogenesis and evolution of CLL because 11 protein-coding
cancer-related genes have been identified in this region
(supplemental Table S1, available at Annals of Oncology online).
It should be noted that all of these genes were upregulated in
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Table 6. Number of changes per patient in FISH groups and 20q13.12
cases

FISH Number of aberrations (% cases) Median of
<5 >5 changes

13q14.3 10 (40) 15 (60) 6
Trisomy 12 5 (45) 6 (55) 3

11q22.3 0 5 (100) 9

17p13.1 3 (50) 3 (50) 4
t(14q32) 5 (56) 4 (44) 3

Normal FISH 20" (95) 1(5) 3
20q13.12 gain 3 (23) 10* (77) 7

Total (%) 4 33

*Statistically significant associations (P < 0.05).

the CLL patients showing 20q gains in comparison with the
other CLL cases. Thus, PIGT, PI3, SLPI and WFDC2 could be
potential candidate genes since they have been previously
related to progression or tumor invasion. Phosphatidylinositol
glycan (PIG) class T (PIG-T) is a component of the GPI
transamidase complex and is amplified and overexpressed in
human breast cancer cell lines and primary tumors [41].
Previous studies suggested that activation of the GPI
transamidase complex could be a molecular mechanism
underlying the progression of various human cancers [41, 42].
Interestingly, GIP-S, another GPI subunit, is located on
17p13.2, a region frequently deleted in cancer and in CLL.
Therefore, further studies of these genes and their biological
effects of all GPI transamidase complex subunits could be
relevant in CLL. PI3, SLPI and WFDC2 are members of the
WAP family, a group of genes coding for proteins with a WAP
motif. All of them have been identified as molecular markers
for cancer and are clustered on chromosome 20q12-13.1. These
genes are amplified and upregulated in several cancers [43]. The
expression levels of all these genes were significantly higher in
CLL cases with gains on 20q. Therefore, we suggest that
20q13.12 overexpressed genes may also be important in the
evolution of CLL and warrant detailed study.

The present study also revealed a gene dosage effect in other
chromosomal regions. Thus, CLL patients with trisomy 12
overexpressed genes located on chromosome 12, while patients
with losses on 17p underexpressed genes located on 17p, as
previously reported [16-18].

Gains in 20q13 in CLL did not occur as a single aberration
because all CLL patients with gains in this region also had
additional genetic changes. In fact, gains on 20q were associated
with genomic complexity (Table 6). It is of note that genomic
complexity has a significant impact on cancer prognosis and
a number of studies have described the presence of several
genomic changes as being predictors of disease progression and
chemosensitivity in CLL [9, 44]. A significantly high level of
genomic complexity in patients with loss on 11q was also
observed. However, the CLL patients with losses on 17p did not
have a large number of genomic alterations. This observation may
indicate that the poor prognosis of patients with CLL exhibiting
loss on 17p is unrelated to their genomic complexity [9].

The presence of a large number of genomic alterations in
20q13-gain patients suggest that this new genetic entity could be

associated with a more advanced disease in CLL, as has been
suggested in non-Hodgkin’s lymphomas [45]. Genomic instability
could therefore be another molecular feature of CLL progression,
as has recently been suggested [46]. In order better to assess the
clinical value of gain on 20q, a prospective study in a large series
of CLL patients needs to be carried out.

Our results failed to demonstrate the presence of recurrent
secondary genetic imbalances in the cytogenetic subgroups.

In fact, only the group of patients with losses in 13q showed an
association with losses in 5q13.3—q14.1 and 5q31. These
changes had not been previously reported and could be
examined further in subsequent studies.

In summary, our results demonstrated that submicroscopic
20q13.12 gains are common in CLL and confirmed that these
gains result in an overexpression of the genes located on 20q13
[Figure 1, supplemental Table S1 (available at Annals of Oncology
online)]. Furthermore, 20q gain is associated with great genomic
complexity. These results suggest that the diversity of genomic
aberrations in CLL is much greater than previously suggested.
Further studies are needed to assess the prognostic significance of
these alterations and how the genes located in these loci could
contribute to the pathogenesis of CLL.
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Fig 2. FISH analysis using BACs as fluorescent probes (dJ1028D15-dJ781B1)
on a BM sample from a CLL patient. Gain on 20q13.12 is identified as three red

signals (arrows).




Supplementary Table 1. Cancer-related genes located in the minimal region of gain in 20q13. 12

Gene Symbol

HNF4A

SERINCS

ADA

WISP2

YWHAB

TOMM34

PI3
SLPI
SDC4

PIGT

WFDC2

42 984 340

43 124 862

43 248 163

43 343 485

43 514 317

43 570 771

43 803 517
43 880 879
43 953 928

44 044 717

44 098 346

43 060 030

43 150 750

43 280 383

43 357 150

43 537 173

43 589 127

43 805 185
43 883 206
43 977 064

44 054 884

44110 172

Start position End position Size (bases)

75691

25889

32 221

13 666

22 857

18 357

1669
2328
23137

10 168

11 827

Orientation

plus strand

minus strand

minus strand

plus strand

plus strand

minus strand

plus strand
minus strand
minus strand

plus strand

plus strand

Gene Title

hepatocyte nuclear factor 4, alpha

serine incorporator 3

adenosine deaminase

WNTL1 inducible signaling pathway protein 2

tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, beta

polypeptide

translocase of outer mitochondrial

membrane 34

elafin

secretory leukocyte peptidase inhibitor

syndecan 4

phosphatidylinositol glycan anchor
biosynthesis, class T

WAP four-disulfide core domain 2

GO biological process term

transcription /// regulation of transcription, DNA-dependent ///
negative regulation of cell proliferation /// SMAD protein signal
transduction ///

induction of apoptosis

response to hypoxia/// germinal center B cell differentiation ///
positive regulation of germinal center formation /// negative regulation
of leukocyte migration /// negative regulation of mature B cell
apoptosis/// positive regulation of B cell proliferation ///negative
regulation of apoptosis /// positive regulation of calcium-mediated
signaling /// positive regulation of T cell receptor signaling pathway ///

regulation of cell growth /// cell adhesion /// signal transduction ///
cell-cell signaling /// negative regulation of cell proliferation

small GTPase mediated signal transduction /// Ras protein signal
transduction /// activation of pro-apoptotic gene products /// negative
regulation of transcription

protein targeting to mitochondrion

proteolysis// serine protease inhibitor
proteolysis// serine protease inhibitor
positive regulation of protein kinase activity

GPI anchor biosynthetic process /// attachment of GPI anchor to
protein /// attachment of GPI anchor to protein /// neuron
differentiation /// neuron apoptosis

proteolysis// serine protease inhibitor

Bp locations according to GRCh37, February 2009 (hg 19).




SUPPLEMENTARY METHODS

Mononuclear cells from all samples were isolated by Ficoll-Hypaque gradient
centrifugation (Amersham Biosciences, Pittsburgh, PA), snap-frozen and stored at -

80°C. DNA and RNA were isolated using TRIzol reagent (Invitrogen, Carlsbad, CA).

To ensure its good quality, DNA was measured using NanoDrop ND-1000 (ND-1000;
NanoDrop Technologies, Wilmington, DE). Samples with OD 260nm/280 nm >1.8 were

included. The integrity of the DNA was visually inspected on a 1% agarose gel.

Array Comparative Genomic Hybridization (aCGH)

BAC arrays

Tumor genomic DNA and reference DNA samples were differentially labeled by
random priming with Cy3 and Cy5 fluorescent nucleotides, respectively. Labeled DNA
was hybridized to 1 Mb BAC arrays produced at the Cancer Research Center
(Salamanca, Spain) using a GeneTAC hybridization station (Genomic Solutions, Ann
Arbor, MI) for 48 hours at 42°C according to the manufacturer's recommended
protocol. These slides included 3,523 BACs spanning the genome at an average
resolution of <1 Mb. The particular BAC and P-1 derived artificial chromosome (PAC)
set used to produce this array was distributed to academic institutions by the Wellcome
Trust Sanger Institute (Cambridge, UK) and contains targets spaced at a density of 1
Mb over the entire genome, a set of subtelomeric sequences for each chromosome
arm, and several hundred probes selected for their involvement in oncogenesis. The
clone content is available online in the Cytoview windows of the Sanger Institute

mapping database site (available at: http://www.ensembl.org/; accessed August 2008).

Hybridized microarray slides were scanned with a GenePix 4000B microarray scanner


http://www.ensembl.org/

(Axon Instruments, Burlingame, CA, USA) and quantified using GenePix Pro4.0

microarray image analysis software (Molecular Devices, Sunnyvale, CA) [1].

Data Analysis

Cy3 and Cy5 images were scanned independently through two separate channels and
the data were analyzed using the Cy5/Cy3 intensity ratio converted into log, ratios.
Array spot data showing low signal-to-background intensity ratios (signal <5 times that
of the background) or low-quality replicate measurements were excluded from the
analysis. Data from two-color hybridizations for both sets of DNA were normalized and
the median of three spots was calculated using the DNMAD and preprocessing
modules of GEPAS software [2-4]. Regions of copy number gains and losses for the
BAC array-CGH data were identified by creating sample-specific thresholds using three
algorithms: i. Circular Binary Segmentation, which estimates the location of change-
points by calculating a likelihood ratio statistic for each probe and assesses its
significance by permutation [5]; ii. Fused Lasso (cghFLasso), which smoothes the data
with the fused lasso spatial smoothing technique. This algorithm is part of the
cghFLasso package, which is available from http://www-

stat.stanford.edu/~tibs/cghFLasso.html [6]; iii. a Gaussian Model with Adaptive Penalty

(CGHseg), which estimates breakpoints by creating a cost matrix, locating all possible
breakpoints from this matrix, and selecting the most likely number of breakpoints with
an adaptive penalty. The algorithm has been rewritten in C, based on the MATLAB
code made available by Picard et al. on their website

(http://www.inapg.fr/fens_rech/maths/outil_A.html) [7]. The software enabled us to

attribute a genomic status (gained, lost or normal) to each BAC clone. Chromosomal
regions of copy-number change were identified as a minimum of two adjacent clones
simultaneously deviating beyond the threshold values (<-0.3 and =+0.3 for losses and
gains, respectively) in the entire analysis in more than 5% of cases. This enabled us to

characterize recurrent regions of gain or loss.


http://www-stat.stanford.edu/~tibs/cghFLasso.html
http://www-stat.stanford.edu/~tibs/cghFLasso.html
http://www.inapg.fr/ens_rech/maths/outil_A.html

Oligonucleotide microarrays

This microarray platform provides measurements from 71,341 unique genomic loci.
The hybridization, image analysis, extraction of fluorescence intensities and their log,
ratios, together with their subsequent normalization, were carried out following the
manufacturer's recommendations. Gender-matched human DNA was used as
reference. Each of the two reference samples, one female and one male, consisted of
a pool of DNA from normal lymphocytes from several healthy people (G147A-G152A,
Promega, Madison, WI). Briefly, 500 ng of tumor and reference DNA were labeled with
Cy3 and Cyb5, respectively. They were combined (4 ug each) and dried by vacuum
centrifugation. The DNA was resuspended in 3.3 pL of Sample Tracking Control and
vortexed; 8.7 pL of NimbleGen hybridization solution was added to the tube, mixed
well, and heated at 95°C for 5 min in the dark. Samples were hybridized for 16—20 h at
42°C, then washed with NimbleGen wash buffers and scanned at 10-um resolution

using the GenePix 4000B dual scanner (Axon Instruments, Burlingame, CA, USA).

Data analysis

Data were extracted from scanned images using NimbleScan 2.5 extraction software
(Roche NimbleGen, Madison, WI), which enables automated grid alignment, extraction,
and generation of data files. Cy3 and Cy5 images were scanned independently through
two separate channels and the quantified data were analyzed using the Cy5/Cy3
intensity ratio converted into log,. For mapping genomic breakpoints the segMNT v1.1
CGH segmentation analysis algorithm were run. The position of BAC clones and genes
were determined according to GRCh37, February 2009 (hg 19). In the analysis of the
array experiments all datasets were reviewed carefully for frequently affected
chromosomal sites of physiological copy number polymorphisms. Every clone in the

array was compared with the Database of Genomic Variants (available at



http://www.project.tcag.ca/cariation; accessed August 2008) and with the database of

chromosomal imbalances and phenotype in humans using Ensembl Resources

(DECIPHER: available at http://www.sanger.ac.uk/PostGenomics/decipher/; accessed

August 2008) [8,9].

Gene expression profile analysis

The Robust Microarray Analysis (RMA) algorithm was used for background correction,
intra- and inter-microarray normalization, and expression signal calculation [10]. The
absolute expression signal for each gene (i.e., the signal value for each probe set) was
calculated in each microarray, and Significance Analysis of Microarray (SAM) was
done to calculate the significant differential expression and identify the gene probe sets
characterizing the samples of each compared state. A cut-off false detection rate (FDR)

of <0.05 was used in all the differential expression calculations.

Gene function analysis

The probe sets were functionally annotated and grouped according to their biological
function using GeneOntology biological process descriptions. The data-sets of genes
selected by statistical analysis were functionally interpreted with the aid of the DAVID

bioinformatics resources [11,12].
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ABSTRACT

Background

Among patients with B-cell chronic lymphoid leukemia, those with 13q14 deletion have
a favorable outcome. However, whether the percentage of cells with 13q- influences the
prognosis or the biological characteristics of this disease is unknown. We analyzed the
clinico-biological characteristics and outcome of patients with B-cells chronic lymphoid
leukemia with loss of 13q as the sole cytogenetic aberration.

Design and Methods

Three hundred and fifty patients with B-cell chronic lymphoid leukemia were studied.
Clinical data were collected and fluorescence in situ hybridization and molecular studies
were carried out. In addition, a gene expression profile was obtained by microarray-based
analysis.

Results

In 109 out of the 350 cases (31.1%) loss of 13q was the sole cytogenetic aberration at diag-
nosis. In the subgroup of patients with 80% or more of cells with loss of 13q (18 cases),
the overall survival was 56 months compared with not reached in the 91 cases in whom
less than 80% of cells had loss of 13q (¢< 0.0001). The variables included in the multivari-
ate analysis for overall survival, were the percentage of losses of 13q14 (»=0.001) and B
symptoms (p=0.007). The time to first therapy in the group with 80% or more vs. less than
80% of losses was 38 months vs. 87 months, respectively (p=0.05). In the multivariate
analysis the variables selected were unmutated status of IgVs (#=0.001) and a high level of
Bemicroglobulin (p=0.003). Interestingly, these differences regarding overall survival and
time to first therapy were also present when other cut-offs were considered. The gene
expression profile of patients with a high number of losses in 13q14 showed a high pro-
liferation rate, downregulation of apoptosis-related genes, and dysregulation of genes
related to mitochondrial functions.

Conclusions

Patients with B-cell chronic lymphoid leukemia with a high number of losses in 13q14 as
the sole cytogenetic aberration at diagnosis display different clinical and biological features:
short overall survival and time to first therapy as well as more proliferation and less apop-
tosis. A quantification of the number of cells showing a genetic abnormality should, there-
fore, be included in the study of the prognostic factors of B-cell chronic lymphoid leukemia.

Key words: B chronic lymphoid leukemia, 13q14 deletion, outcome, proliferation, apop-
tosis.
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Clinical and biological differences in 13g- B-CLL subsets

Introduction

B-cell chronic lymphoid leukemia (B-CLL) is a hetero-
geneous disorder both from genetic and prognostic
points of view, with some patients displaying an indo-
lent course while others have an aggressive disease with
short survival."” In addition to classical prognostic fac-
tors,’ new parameters such as immunophenotypic
markers (ZAP70, CD38 and CD49d antigens),”® molec-
ular markers (mutational status of IGVH genes),”"" and
cytogenetics®™ have been related to the prognosis in B-
CLL.®

B-CLL patients show several cytogenetic aberrations,
mainly in the regions of chromosomes 13q, 12, 11q,
17p, 14q and 6q. Some of these abnormalities can be
better assessed by means of fluorescence in situ
hybridization (FISH), which has shown that 62-80% of
patients with B-CLL have cytogenetic abnormalities.'*"
These cytogenetic changes are strongly correlated with
the prognosis in terms of overall survival and time to
progression (defined as the time to first therapy).”**"
Patients with a deletion in 13q14 have a better outcome
while patients with deletions in 1123 or 17p13 have a
shorter survival and shorter time to progression.”
Classically, patients with B-CLL and a normal kary-
otype or trisomy 12 have been considered to have an
intermediate prognosis.” It should, however, be noted
that, in some series with a long-term follow-up, patients
with B-CLL and a normal karyotype showed a better
survival from 12 years on, as compared to patients with
13g-’. In addition, several studies have demonstrated
that the percentage of cells displaying a particular cyto-
genetic abnormality (e.g. loss of P53)* or antigenic
markers (e.g. CD38 or ZAP-70)" can be related to prog-
nosis.

For these reasons, we decided to perform an analysis
of patients diagnosed with B-CLL and deletion in
13q14, as the sole cytogenetic abnormality. The clinical
features, including outcome, and the biological features
of the patients displaying different degrees of infiltra-
tion by 13q- cells were assessed. Moreover, to gain fur-
ther insights into the molecular mechanisms involved in
13q14 deletion B-CLL, a gene expression profile study
using a microarray-based analysis was also carried out.

Design and Methods

Patients

The study population comprised 350 non-selected
patients, from nine Spanish institutions, diagnosed with
B-CLL. The diagnosis of B-cell was made according to
World Health Organization (WHO) classification® and
Working Group of National Cancer Institute (NCI) cri-
teria.” Evidence of persistent lymphocytosis and a com-
patible immunophenotype were required for the diag-
nosis. In all cases an immunophenotypic analysis was
performed by flow cytometry, including at least the fol-
lowing monoclonal antibodies: CD19, CD5, CD22,
CD23, CD38, CD25, CD103, CD11c, FMC7, BCL2,
CD10, CD20, and surface immunoglobulins k and A%.

In addition, FISH studies, including specific probes for
the regions 11q21, 12q13, 13q14, 14q32, and 17p13,
were carried out. The study protocol was approved by
local ethical committees and written informed consent
was obtained from the patients.

Clinical data

Clinical data were recorded by reviewing the clinical
histories of patients included in the study. In most cases
(283 patients; 81%) the FISH study was performed at
the time of diagnosis. In more than 95% (61 patients) of
the remaining cases, (patients with a long follow-up),
the FISH study was normal (25 patients) or showed
alterations in 13q14 as the sole cytogenetic aberration
(36 patients). Only six patients showed other cytogenet-
ic alterations: two patients had 11q deletions, one had
t(14g32) and three patients had two cytogenetic alter-
ations (13q14 deletion plus t(14g32) in two cases and
13q14 deletion plus 11q deletion in the other one).
Progression was defined according to previously report-
ed criteria:* the presence of disease-related symptoms,
massive or progressive organomegaly, bone marrow
failure or recurrent infections.

Fluorescence in situ hybridization

Interphase FISH was performed on bone marrow
samples using commercially available probes for the fol-
lowing regions: 13q14, 12q13, 11q22/ATM, 17p13/P53,
and 14g32/IGH (Vysis/Abbott Co, Downers Grove IL,
USA). The methods used for the FISH analysis have
been described elsewhere.” 1432 translocations, tri-
somy 12 and deletions were considered to be present
when 25%, 23% and 28% interphase cells showed a
split signal, three signals and one signal, respectively.
Dual-color FISH using differently-labeled control probe
and test probe was performed and signal screening was
carried out on at least 200 cells with well-delineated sig-
nals. Hybridization was repeated on those slides with
less than 80% cells showing two control-probe signals.

Mutation status of IGVH genes

Amplification and sequencing of IGVH genes was
performed according to the ERIC recommendations on
IGHYV gene mutational status analysis in B-CLL.** Cases
were classified as IGVH unmutated if there was at least
98% concordance between the tumor DNA and the
respective family sequence, and /GVH mutated if there
was less than 98% concordance.

Statistical analysis

Statistical tests were performed with SPSS 13.0 (SPSS,
Chicago, IL, USA). The y’ test was used to assess asso-
ciations between categorical variables, while continu-
ous variables were analyzed with the Kruskal-Wallis
test. The variables with statistical significance related to
overall survival and time to first therapy were calculat-
ed by Kaplan-Meier method (Log-rank). Results were
considered statistically significant for p values <0.05.
Multivariate analysis of survival and time to first thera-
py was performed using the Cox regression method.
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Gene expression profile analysis
Patients and samples

Bone marrow samples were obtained from 37 patients
with B-CLL and deletion of 13q14 as the sole cytogenet-
ic aberration at diagnosis. Fifteen had more than 80% of
13g- cells, while the remaining 22 cases had less than
80% of 13q- cells in the bone marrow. Mononuclear
cells from all samples were isolated using Ficoll gradient,
snap frozen and stored at -80°C. Both groups of patients
showed more than 80% of clonal B-cell lymphocytes.
RNA isolation, labeling and microarray hybridization
were performed as previously reported.”

Normalization, signal calculation, significant differential expres-
sion, and sample/gene profile clustering

A robust microarray analysis algorithm was used for
background correction, intra- and inter-microarray nor-
malization, and expression signal calculation.”®* Once
the absolute expression signal for each gene (i.e., the sig-
nal value for each probe set) had been calculated for each
microarray, a method, called significance analysis of
microarray,” was applied to calculate significant differ-
ential expression and find the gene probe sets that char-
acterized the samples of each compared state. This
method uses permutations to provide robust statistical
inference of the most significant genes and provides p
values adjusted to multiple testing using the false discov-
ery rate (FDR).* A FDR of less than 0.05 was used for all
the differential expression calculations. Finally, the
resulting lists of candidate genes associated to a high
degree with 13q34 band deletion were tested using
another algorithm, the so-called global test,” which
reveals the group of genes that has a global expression
pattern most significantly related to the clinical feature
studied. We applied all these methods using R and
Bioconductor.

The function of the genes included in the expression
signature of CLL with a high degree of 1334 was
assigned by applying the GeneCodis program34, that
finds concurrent annotations in GO and KEGG, and
thereby derives several groups of genes with functional
significance. The functional analysis to identify the most
relevant biological mechanisms, pathways and function-
al categories in the data sets of genes selected by statis-
tical analysis was generated through the use of Ingenuity
Pathways Analysis (Ingenuity Systems, Mountain View,
CA, USA).

Results

Fluorescence in situ hybridization

Among the 350 B-CLL patients studied, 162 (46.3%)
had 13q deletion. In 128 (36.6 %), this aberration was the
only cytogenetic abnormality. For the analysis of prog-
nostic factors we restricted the study to the 109 out of
these 128 patients in whom the 13g- was analyzed at
diagnosis. Biallelic (homozygous) 13q deletion was pres-
ent in 21.4% of patients, while the remaining patients
had a monoallelic (heterozygous) deletion. Table 1
shows the salient cytogenetic features of the whole
series of 350 patients.

Table 1. Incidence of genomic aberrations assessed by FISH in the
global series of 350 patients with B-CLL.

13q deletion 162 (46)
13q deletion as the sole alteration 128 (36)
13q deletion as the sole alteration at diagnosis 109 (31)
<80% of losses 91
>80 of losses 18
Trisomy 12* 42 (12)
11q deletion” 30 (9)
[GH rearrangements* 20 (6)
17p deletion® 15 (4)
No FISH abnormalities 118 (33)
IGH mutated/unmutated® 125 (56)/99 (44)

“In 31 cases as the sole aberration."In 16 cases as the sole aberration.“In 11 cases
as the sole aberration.“In 7 cases as the sole aberration. “Performed in 224
patients.

Survival and time to progression

Overall survival and time to first therapy curves,
according to cytogenetic abnormalities, in the total
series of 350 patients are shown in Figure 1. There was
a significant association between overall survival and the
cytogenetic groups (¢<0.0001). Thus, patients with loss
of 13q as the sole anomaly and patients without abnor-
malities by FISH survied longer (median overall survival
159 months and not reached, respectively; median of
total series, 154 months) (Figure 1A). The cytogenetic
aberrations also influenced the time to first therapy, such
that patients with 13g- as the sole abnormality and
those with a normal karyotype had longer time to first
therapy (¢<0.0001) (Figure 1B).

Clinical and biological characteristics of patients
showing 13q-

At the time of diagnosis 109 patients showed 13q
deletion as the sole FISH abnormality, and the study was
focused on this group of patients. The recruitment peri-
od started in October 1997 and finished in December
2006. All but three patients (with a score of 3) had a CLL
immunophenotypic score of either 4 (49 cases) or 5 (58
cases).” The median age of this group was 65 years
(range, 38-90 years) and there was a predominance of
males (68%). The majority of patients had asympto-
matic disease with clinical and biological characteristics
of good prognosis. Thus, 81.7% of patients were in A
stage according to the Binet staging system and only
seven (6.4%) were in stage C. Regarding the percentage
of cells with 13g-, the majority of cases (83.5%) had this
abnormality in less than 80% of the analyzed cells. No
relation was found between monoallelic and biallelic
losses (22% in patients with <80% of 13q losses vs. 18%
in the 280% group) in the 13g- patients. No major differ-
ences regarding clinical, biological, immunophenotypic
or mutational status features were found in the cases
with low (<80%) vs. high infiltration (280%) of 13q-
cells, except for a high lymphocyte count (median of 14
vs. 19.7x10°/L, respectively) (p=0.007) and a trend for an
association with a diffuse pattern of bone marrow infil-
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tration (17% vs. 40%; p=0.07) and splenomegaly (11%
vs. 28%; p=0.07) in the group with high 13q- (Table 2).
Of 109 cases considered, all 33 treated received, fludara-
bine-based therapies; in three cases allogeneic trans-
plantation with reduced intensity conditioning was also
performed.

A Overall survival (FISH groups)
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Figure 1. (A) Overall survival and (B) time to first therapy in the
350 patients with B-CLL. (C) Overall survival of patients >80% or
<80% cells showing the 13q14 deletion against that of patients in
the other cytogenetic groups. The median survival and median
time to first therapy is showed in months for each cytogenetic
group.

Survival and time to progression according to degree
of 13q-

A significantly longer survival was observed in the
cohort of patients with losses in 13q in less than 80% of
cells. Thus, in the subgroup of patients with 80% or
more of cells with loss of 13q the overall survival was 56

Table 2. Characteristics of 109 patients with 13914 deletion as the

sole cytogenetic aberration at diagnosis, divided according to the

percentage of losses detected by FISH < 80% (n=91) or >80%

(n=18).

Characteristic FISH loss < 80,  FISH loss >80, p
N=91 (83.5%) N=18 (16.5%) value

Age, years 66 (38-90) 69 (44-86) 0.58
White blood cells, n. 19.4 26.9 0.008
(range), x10%/L (7.6-133.5) (15.00-125.0)
Lymphocytes, n. 14.0 19.7 0.007
(range), x10%L (3.6-129.5) (11.3-119.0)
Hemoglobin, n. 14.4 (9-17.5) 14 (11-17.1) 0.91
(range), x10%L
Platelet count, n. 183.0 182,000 0.44
(range), x10%L (80.0-399.0) (78.0-309.0)
[GH mutated 4% 92% 0.17
Biallelic/monoallelic 13g-*  16/69 413 0.43
Sex
Male 61 13 0.49
Female 30 5
Lactate dehydrogenase
Normal 83 18 0.32
High 7 1
B:microglobulin
Normal 56 9 0.21
High 28 8
Binet stage
A 76 13 0.48
B 9 4
C 6 1
Bone marrow pattern
Diffuse 12 6 0.07
Other 58 9
Lymphadenopathy
Yes 26 5 0.95
No 65 13
Hepatomegaly
Yes 5 2 0.33
No 86 16
Splenomegaly
Yes 10 5 0.07
No 81 13
B symptoms
Yes 5 1 0.67
No 86 17
CD38
Positive 31 10 0.21
Negative 60 8
Died during follow-up
Yes 3 4 <0.0001
No 88 14
Therapy during follow-up
Yes 26 7 0.05
No 65 11
*Number of cases.
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months (95% CI: 39-73 months), while in the group of
patients in whom less than 80% of cells showed losses
in 13q, the overall survival had not been reached (95%
CI: 163-254 months) (»<0.0001) (Figure 2A). The propor-
tion of deaths in both groups was 22.2% and 3.5%,
respectively. Univariate analysis showed that six vari-
ables were associated with short overall survival
(»<0.0001): high percentage of losses in 13q14; high level
of serum lactate dehydrogenase; high level of
Bemicroglobulin; diffuse infiltration of the bone marrow;
splenomegaly, and presence of B symptoms. In the mul-
tivariate analysis, the variables selected as independent-
ly related to overall survival were the percentage of loss-
es of 13q14 (»=0.001) and the presence of B symptoms
(»=0.007).

In addition, a significantly shorter time to first thepary
was observed in the cohort of patients with 80% or
more of cells showing losses in 13q (median of 38
months; 95% CI: 21-55 months) as compared to those
cases with less than 80% of 13¢- (median of 87 months;
95% CI: 21-153 months) (p=0.05) (Figure 2b). Thus,
38.8% of patients in the group with high infiltration
required treatment vs. 28.9% of patients in the group
with less than 80% of cells showing 13g- losses.
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Figure 2. (A) Overall survival and (B) time to first therapy of
patients with B-CLL and 13q14 deletion as the sole aberration
and <80% or >80% FISH losses.

Univariate analysis showed that the variables associated
with a short time to first therapy were: a high number of
cells with deletion of 13q14 (»=0.05); a presence of bial-
lelic losses in 13q14 (p=0.05); non-mutated pattern of
IGVH genes; a high level of serum lactate dehydroge-
nase; a high level of serum Bomicroglobulin; a positive
Coombs’ test of splenomegaly; presence of B symptoms;
and a diffuse pattern of bone marrow infiltration (all
with a p value <0.0001). In the multivariate analysis, the
variables selected as independently related to time to
first therapy were the mutational status of IGVH
(»=0.001) and a high Bemicroglobulin level (»=0.003).
Interestingly, the differences were also observed when
other cut-offs were analysed (i.e. <40%, 41-69 %, 270%,
data not shown, and <50%, 51-79% and >80%). (Online
Supplementary Figure S1).

Gene expression profiles of the subsets of B-CLL
patients displaying different degrees of 13q loss

For the gene expression profile analysis two groups of
patients with 13q- were compared: those in whom 80%
or more of cells showed 13g- (group A) and those in
whom less than 80% of cells showed 13q losses (group
B). The comparative analysis of the gene expression pro-
file of both groups identified a set of 1755 differentially
expressed genes: 1073 genes were upregulated in group
A, and 682 were downregulated (Figure 3). The gene
function analysis revealed that most of these genes are
involved in apoptosis, cellular growth and proliferation,
mitochondrial, endoplasmic reticulum (ER) and calcium
mediated activity (Table 3). Thus, the patients with

Group A
(139->80%)

Group B
(139-<80%)

Figure 3. Unsupervised analysis of patients displaying 13qg- in
more than 80% of the cells (group A) and the cases with less than
80% of 13q-. Overall, 1755 genes were deregulated, most of them
(n=1073) were upregulated in group A.
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more than 80% of 13q- cells had overexpression of
genes related to cell proliferation and MAP kinase activ-
ity such as ATF2, FGF3, FGF10, FGFR2, RRAS2, GRB2,
JUN, MAPT and MAP3K1. By contrast, this group of
patients had downregulation of genes related to apopto-
sis (PDCD10, EGLN3, CASP6, CL, and DAPK1) and cell
cycle arrest, such as CDKN2C, GAS2L1, UHMKI,
GAS1, GAS2L3, ZAK, and GAS7. Most of the genes
involved in proteasome function were downregulated
in the group with 13q losses in more than 80% of cells.
The proteasome (PSA) genes dysregulated in our study
codify proteasomal subunits, both catalytic (PSMA 1-7)
and regulatory (PSMD1, PSMD7?) ones. The ubiquitin
process was also altered. Thus, genes for several
enzymes that participate in different steps of the ubig-
uitin cycle were downregulated in the group with more
losses in 13q: peptidases (USP27X), ubiquitin-conjugat-
ing enzymes (UBE2), thiolesterases (UCHL3) and ligas-
es (HECTD1) (Table 3).

Discussion

In recent years several studies have demonstrated a
relationship between genetic changes and outcome in
B-CLL patients.”*” As regards cytogenetic abnormali-
ties patients displaying a loss of ATM or TP53 genes
have a short survival. By contrast, both loss on 13q and
the absence of cytogenetic aberrations assessed by FISH
are related to long survival in B-CLL."” In most of the
studies, patients displaying a loss of 13q were observed
to have a better prognosis, but in some series with a
long follow-up the outcome of patients with normal
cytogenetics or 13q14 deletion was a similar’ or even
better for patients with normal karyotype. These results
were reproduced in our series, with a median survival of
159 months for patients showing 13g- vs. a median not
reached for those with a normal karyotype In order to
better understand the clinical outcome of B-CLL
patients with loss of 13q, we carried out a clinical and
biological study:.

Focusing on patients with loss of 13q as the sole cyto-
genetic aberration at diagnosis, we observed that the
number of malignant cells carrying this genetic lesion
influences the disease outcome. Thus, according to the
percentage of cells with 13g- two prognostic groups
could be established: the patients with a high propor-
tion (280%,) of 13g- cells had both a shorter overall sur-
vival than that of patients with <80% 13g- cells (56
months vs. not reached, p<0.0001) and a shorter time to
first therapy (38 months vs. 87 months, p=0.05). These
differences persisted when other cut-offs were consid-
ered (Online Supplementary Figure S1). The clinical rele-
vance of the percentage of cells displaying a specific
genetic abnormality has been recently demonstrated in
CLL patients. Thus, the presence of more than 20% of
cells with loss of TP53 has been associated with an
adverse prognosis, while patients with less than 20% of
cells with loss of TP53 had a prognosis similar to that of
the global series.”* In the present study, a high number
of 13¢- cells together with the presence of B-symptoms
were the only independent adverse factors for a short

Table 3. Most relevant differentially expressed genes in patients with
80% or more cells showing 13q- (Up: overexpressed. Down: under-
expressed).

Apoptosis PDCDI0, EGLNS3, CLU, DAPK], Down
E2F1, UNC5B, NGFRAPI, HIPK?,
APR GLRX2, BCAP2Y, EIF2AK2, RAD2I,
BNIP2, ZBTB16, CASP6, SCARBI
Proliferation
Cell cycle arrest CDKN2C, GAS2L1, UHMK], Down

GASI, GAS2L3, ZAK, GAS7

MAPK ATF2, FGF3, FGF10, FGFR2, RRAS2, Up
signaling GRB2, JUN, MAPT, MAP3K1, GADD43B,
pathway PPP3CA, PPP3CC, PRKCA, PRKCG,

RASGRFI, SOS1, TGFBR2, CACNAIA,
CACNAID, CACNAIE, CACNBI, MAP3K14,
CACNA2D2, MAPKSIPI, CDC25B

USP27X, PSMAI, PSMAZ,

PSMAS3, PSMA4,
PSMAS, PSMAG, PSMA7, UBE2D!,
UBE2E1L, UCHL3
CYLD, USP22, USP40, STAMBPLI, Up
USP28, USP32, USP6

Protein degradation Down

Ubiquitin-mediated
activity

survival in the multivariate analysis in the group of B-
CLL patients with 13g-.

Our data support the concept that patients with 13¢-
do not constitute homogeneous group. Thus, patients
with a high proportion of 13q losses had a high lympho-
cyte count and a trend to have more frequently a diffuse
pattern of bone marrow infiltration and splenomegaly.
In addition, overall survival and time to first therapy in
this group were shorter than in patients with a normal
karyotype or a trisomy 12, similar to that in patients
with 11q deletion, although better than in the rest of
cytogenetic subtypes. By contrast, CLL patients with a
low number of malignant cells carrying the 13q deletion
had a better prognosis than patients with a normal kary-
otype. It could, therefore, be useful to include quantifi-
cation of the number of cells showing a genetic abnor-
mality as part of the study of the prognostic factors in
this disease.

To test our hypothesis that differences in several cel-
lular functions such as more proliferation and less apop-
tosis could justify the clinical and prognostic differences
found in the subsets of patients with 13q- divided
according to the percentage of cells with this loss, we
carried out a gene expression profiling analysis. This
methodology has been applied in B-CLL showing that
patients with specific genomic aberrations, gene expres-
sion phenotype or IGVH mutation status have distinct
gene expression profiles.”*

In the present study, we identified important func-
tions differentially deregulated in the two groups of
patients displaying 13q-. The main differential path-
ways involved are related to apoptosis, proliferation,
mitochondrial and endoplastic reticulum function, as
well as ubiquitin metabolism. Patients with more 13q-
cells had overexpression of genes involved in prolifera-
tion. Thus, the MAPK signaling pathway was affected
since GRBS, RRAS, JUN or SOS1 were upregulated in

haematologica | 2009; 94(3)

| 369 |



| 370 |

J.-A. Hernandez et al.

the group of B-CLL patients with high number of losses
in 13q. In addition, some genes related to cell cycle
arrest, such as CDKN2C, GAS2L1, GAS1, GAS7, ZAK,
GAS2L3 were downregulated in the group of patients
with more 13q. Both the upregulation of MJAPK and the
underexpression of genes related to cell cycle arrest
would lead to greater cell proliferation.”” By contrast,
genes related to apoptosis (CASPé, CLU, DAPK1, and
E2F1) were found to be downregulated in the group of
cases with a high proportion of 13g- cells, leading to a
decrease in apoptotic activity. The accumulation of
mature B cells that have escaped programmed cell death
and undergone cell-cycle arrest in the Go/G1 phase is the
hallmark of CLL.” Moreover, in our study we found
alterations in other apoptosis-related pathways such as
those mediated by mitochondria, endoplasmic reticu-
lum and calcium metabolism. Thus, endoplasmic reticu-
lum and protein-vesicular transport are inhibited
because of an upregulation of genes involved in calcium-
mediated activities, such as calmodulin binding and cal-
cium ion binding.”* Furthermore, mitochondrial oxi-
doreductase activity was inhibited in the group of B-CLL
patients with a high number of cells with 13qg-. The ATP
dependency of apoptosis is well-known and both the
respiratory chain and ATP synthase itself have been
attributed central roles in the apoptotic process.**
Therefore, patients with a high number of cells with
13g- not only had more proliferation, but also less apop-
tosis, which could be related to the more aggressive dis-
ease that we observed in the clinical study.

In recent years several hematologic malignancies have
been treated with proteasome inhibitors.” Our study
supports the idea that proteasome function is inhibited
in the group of B-CLL patients with a high proportion of
13q-.7 It is, therefore, logical to expect that such patients
would not benefit from the use of proteasome
inhibitors.

The PI3K/NFkEB pathway seems to play a pivotal role

in B-CLL cell survival and growth.” In our study, we
found deregulation in PI3K beta and gamma catalytic
subunits (PI3KCB and PI3KCG) as well as in other genes
involved in this pathway (RAS, ¢-JUN, PKC and several
integrins). This could be essential for the mitogenic and
antiapoptotic functions. In addition Ras-MAPK and Ras-
PI3K signaling pathways are related and both of them
lead cells to greater proliferation.

In summary, our findings suggest that the number of
malignant cells with 18- can influence the outcome B-
CLL patients in whom of 13qg- is the single genetic
abnormality. A high number of cells with 13q deletion,
as quantified by FISH, is associated with short overall
survival and time to progression. To the best of our
knowledge, this is the first time that the percentage of
losses in 13q14 has been related to survival and progres-
sion. In addition, several cellular functions such as more
proliferation and less apoptosis were found in the sub-
sets of 13¢- patients.

Our results need to be confirmed by additional stud-
ies, preferably in the context of large, randomized clini-
cal trials.
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SUPPLEMENTARY FIGURE

Supplementary Figure 1.

Clinical outcome of del13g-only cases according to the cutoff of 80% of 13q deleted

nuclei and the presence of a concomitant RB1 deletion.
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Group 1. CLL patients with a low percentage of 13g- cells without a concomitant RB1 deletion.
Group 2. CLL patients with a low percentage of 13qg- cells and a concomitant RB1 deletion.
Group 3. CLL patients with higher percentages of 13g- cells without a concomitant RB1 deletion.

Group 4. CLL patients with higher percentages of 13g- cells and a concomitant RB1 deletion.

CLL patients with lower percentages of 13g- cells by FISH were commonly associated
with shorter deletions (not involving the RB1 locus). In addition, a correlation between
the presence of either a short deletion or the presence of a low number of 13g- cells
and a better outcome was present. However the patients with a short deletion and a
high number of 13g- cells did not show a better prognosis than patients with high
number of 13g- cells showing that the presence of high number of 13g- cells is always

associated worst shorter survival independently of the deleted size on 13g-.
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ABSTRACT

Patients with CLL and 13q deletion as their only FISH abnormality could have a different
outcome depending on the number of cells displaying this aberration. Thus, cases with a
high number of 13g- cells (13g-H) had both shorter overall survival and time to first therapy.
The goal of the study was to analyze the genetic profile of 13q-H CLLs. A total of 102
samples were studied, 32 of which served as a validation cohort and five were healthy
donors. CLL patients with a high number of losses in 13g- showed a different level of gene
expression as compared to patients with lower percentages of 13g- cells (13g-L). This
deregulation affected genes involved in apoptosis and proliferation (BCR and NFkB
signaling), leading to increased proliferation and decreased apoptosis in 13g-H patients.
Deregulation of several microRNAs, such as miR-15a, miR-155, miR-29a and miR-223,
was also observed in these CLLs. In addition, our study also suggests that the gene
expression pattern of 13g-H CLL could be similar to the CLL cases with 11g- or 17p-. This
study provides new evidence regarding the heterogeneity of 13q deletion in CLL patients,
showing that apoptosis, proliferation as well as miRNA regulation are involved in 13g-H

CLLs.



INTRODUCTION

Chronic lymphocytic leukemia (CLL) is characterized by the progressive accumulation of
mature, monoclonal B lymphocytes in the blood, bone marrow (BM) and secondary
lymphoid tissues.* The clinical course ranges from an indolent disorder with a normal
lifespan to a rapidly progressive disease leading to death.?*® The variable clinical course of
CLL is driven, at least in part, by the immunogenetic and molecular heterogeneity of the
disease.*®> The genomic aberrations and the immunoglobulin (Ig) VH mutation status
provide us with two separate genetic parameters of prognostic relevance. Thus, patients
whose leukemic cells express unmutated IgVH regions (lg-unmutated CLL) often have
progressive disease, whereas those whose leukemic cells express mutated IgVH regions
(Ig-mutated CLL) more often have an indolent disease.*® Fluorescent in situ hybridization
(FISH) can detect genomic abnormalities in more than 80% of CLL cases and the genetic
subtypes of CLL show different biological and clinical features.®> Although unfavorable
aberrations (losses on 17p and 11q) are more frequent in the lg-unmutated subgroup,””®
and favorable aberrations (loss on 13q as a single abnormality) are more frequent in the Ig-
mutated subgroup, they have independent value in predicting outcome in CLL.%?

Deletion at 13914 (13g-) is the most common genomic aberration in CLL. It is present in
more than 50% of cases, and is the sole documented cytogenetic abnormality in 36% of the
patients. These latter cases are known to have a more favorable clinical course.>*
However, recent data from our group and others, suggest that patients with CLL and 13q
deletion as the only FISH abnormality could have a different outcome depending on the

number of cells displaying this aberration.****

Moreover, previous studies had
demonstrated that the percentage of cells displaying a particular cytogenetic abnormality
(e.g. loss of P53)* or antigenic markers (e.g. CD38 or ZAP-70)’ can be related to

prognosis. We have demonstrated that cases with a high number of 13g- cells (13g-H)

usually had both shorter overall survival and time to first therapy. However, to the best of



our knowledge the molecular characteristics of 13-H CLLs have not been so far analyzed in
detail in order to better understand why these patients have a poor outcome.

The value of gene expression profiling (GEP) in the study of CLL is widely accepted. Such
studies have identified new prognosis markers such as ZAP-70, LPL, PEG10 and CLLU1.
Some of these are already well-established factors used in clinical practice, while the
application of others is under study.

As a next step toward elucidation of biological differences within 13g- subgroup, the current
study used the Affymetrix Human Exon arrays 1.0 ST, which offer a more fine-grained view
of gene expression than the former generation of chips. Thus, the data obtained provide
great insights into the biological mechanisms underlying the clinical differences observed in

11-13

this CLL subgroup.



MATERIAL AND METHODS

Patients

A total of 102 samples were selected for the study, 32 of which served as a validation
cohort and five were healthy donors. CLL diagnosis was performed according to the World
Health Organization (WHO) classification®® and the Working Group of National Cancer
Institute (NCI) criteria.’® A complete immunophenotypic analysis by flow cytometry*’ and
FISH studies were carried out in all cases. The median age at the time of study was 68
years (range, 35 to 90 years). Most patients were male (66%) and were in Binet clinical
stage A (69%), while 26% were in stage B, and the remaining 5% were in stage C. The
clinical and biological features of the CLL patients included in the study are shown in
Supplementary Table S1. The study was approved by the local ethical committees.

Informed consent was obtained from each patient before entering the study.

Methods

B cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh peripheral blood
samples using Ficoll gradient, snap-frozen and stored at -80°C.

For the validation cohort, CD19-positive B cells were purified by magnetically activated cell
sorting (MACS) CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) resulting
in a >98% purity, as analyzed by flow cytometry. CD19-positive normal B cells from

peripheral blood of five healthy donors served as controls.

Genomic Aberrations

For the purpose of the study, only samples with one cytogenetic abnormality were included.
For the gene expression profile analysis, according to our previous results,*! two groups of
patients with 13- were compared: those in whom 80% or more of cells showed 13qg- (13g-

H) and those in whom fewer than 80% of cells showed 13q losses (13g-L). The distribution
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of cases in the study cohort was: 13g-H (n=25; 36%), 13q9-L (n=27; 39%), normal FISH
(nCLL, n=8; 11%) and 17p-/11g- (n= 10; 14%).
In the validation cohort, the distribution of samples was similar: 13g-H (n=7; 22%), 13g-L

(n=11; 34%) and nCLL (n=9; 28%). The remaining five cases were healthy donors.

Mutation status of IGVH genes
IGVH genes were amplified and sequenced according to the ERIC recommendations on

IGHV gene mutational status analysis in CLL.*®

Global gene expression using high density microarrays

Genome-wide expression analysis of the isolated samples was performed using Human
Exon 1.0 ST microarrays (Affymetrix). RNA isolation, labeling and microarray hybridization
were carried out following the manufacturer’s protocols for the GeneChip platform by
Affymetrix. Methods included synthesis of first- and second-strand cDNAs, the purification
of double-stranded cDNA, synthesis of cRNA by in vitro transcription, recovery and
quantization of biotin-labeled cRNA, fragmentation of this cRNA and subsequent
hybridization to the microarray slide, post-hybridization washings, and detection of the
hybridized cRNAs using a streptavidin-coupled fluorescent dye. Hybridized Affymetrix
arrays were scanned with an Affymetrix Gene-Chip 3000 scanner. Images were generated

and features extracted using Affymetrix GCOS Software.

Bioinformatic analysis: normalization, signal calculation, significant differential
expression, and sample/gene profile clustering

The Robust Microarray Analysis (RMA) algorithm was used for background correction,
intra- and inter-microarray normalization, and expression signal calculation.'® The absolute
expression signal for each gene was calculated for each microarray. For the expression
signal calculation of the Human Exon arrays we used a new CDF package, called
GeneMapper (from GATExplorer),? instead of the Affymetrix original probe-set definition.
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This mapping represents an improvement thanks to the reannotation of updated Ensembl
gene loci and removal of cross-hybridization noise.? It also allows operations to be carried
out from the outset using gene identifications (Ensembl IDs) instead of probe-sets
(Affymetrix IDs). Mapping to genome version Ensembl v53 (assembly NCBI36) was done
for these analyses.

Significance Analysis of Microarray (SAM)** was used to calculate significant differential
expression and to identify the gene probe sets that characterize the samples of each
compared state. In this method, permutations provide robust statistical inference of the
most significant genes and, by using a false discovery rate (FDR),? adjust the raw p-values
to take multiple testing into account. An FDR cut-off of <0.05 was used for all the differential
expression calculations.

Finally, the Global Test?® algorithm was used to test the resulting lists of candidate genes
associated with 13g-H subgroup. The Global Test allows us to identify the genes that have
the global expression pattern most significantly related to the clinical feature studied.

All the bioinformatic analyses were performed with the statistical program R, using the

custom packages Bioconductor®* and GATExplorer.?

Principal Component Analysis

To explore and represent the differences among the different categories studied (13g-H
CLLs, 13g-L CLLs, nCLLs and healthy controls), we applied Principal Component Analysis
(PCA) to the expression data sets, using the normalized gene expression matrices of all
samples of the validation cohort as the input. The expression matrices were filtered
beforehand removing 25% of the least variable genes to avoid noise produced by non-
expressed genes (i.e. the remaining 28 806 genes). For each of these genes, the median
expression value across samples within each category was calculated. Next, the following
formula was designed to calculate the expression values per gene and sample considering

their variability within each category:



X_,(k)—median(ik)
Y = d - + median (ik)
/ sd (ik )+ B

where Yj is the PCA input matrix, X is the original expression matrix, i is the gene, j the
sample, k the category and =2 is a small positive constant added to the denominator to
ensure that the variance of Yj is independent of the genes.?! This formula represents a way
of calculating the dispersion of the biological replicates plus its median in each category. In
this way, the clustering derived from the principal components includes a small amount of

variation between individual samples, highlighting the differences between the categories.

Functional analysis and gene annotation

The functional assignment of the genes included in the expression signature of CLL
cytogenetic subgroups was carried out by the Database for Annotation, Visualization and
Integrated Discovery (DAVID) and the GeneCodis program,® which identifies concurrent
annotations in GO and KEGG, and thereby constructs several groups of genes of functional
significance. The most significant biological mechanisms, pathways and functional
categories in the data sets of genes selected by statistical analysis were identified through
the use of Ingenuity Pathways Analysis Sep2011 (Ingenuity Systems, Mountain View, CA,

USA).

Gene-specific semi-quantitative PCR

Semi-quantitative SYBRgreen PCR was done in triplicate with iQ™ SYBR® Green
Supermix kit (BioRad) using the 1Q5 Multicolor Real-Time PCR Detection System (Bio-
Rad). Expression data for selected genes were validated in a subset of CLL patients
(n=40). Sense and antisense primers were designed based on the probe-sets used by
Affymetrix to synthesize the GeneChip Primer sequences (Supplementary Table S2). The
ABL1 gene was used as the internal control and the expression data were analyzed by the
comparative Ct method. The data were not normally distributed, so non-parametric tests
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were used. Expression levels of the selected genes in both groups (13g-H and 13qg-L) were
analyzed using the Mann-Whitney U test with a two-tailed value of P<0.05 for statistical

significance. All tests were performed using SPSS v19.0.

Quantification of miRNA expression levels

The expression of selected mature miRNAs was assayed using the Tagman MicroRNA
Assays (Applied Biosystems) specific to hsa-mir-15a, hsa-mir-29a, hsa-mir-155 and hsa-
mir-223 in 24 CLL patients displaying 13g- according to the manufacturer's
recommendations. The Tagman MicroRNA Assays for U43 RNA (RNU43, Applied
Biosystems) was used to normalize the relative abundance of miRNA using the 274
method. All experiments were performed in duplicate. Expression levels of the selected

mMiRNASs in both groups (13g-H and 13g-L) were analyzed using the Mann-Whitney U test in

SPSS v19.0. Values of P<0.05 were considered statistically significant.

Integrative analysis of miRNA and gene expression profile

A summary of the miRNA analysis performed in the study is shown in the Supplementary
Figure S1. miRNAs with significantly different expression (FDR<0.05) between 13g-H and
13g-L were further analyzed to identify the networks and pathway targets. For this purpose,
IPA’s microRNA Target Filter, which enables prioritization of experimentally validated and
predicted mRNA targets from TargetScan, TarBase, miRecords and the Ingenuity
Knowledge Base was used. This tool identified the putative targets for the input miRNAs
and then developed the networks among the targets and identified the known and most
relevant biological functions, pathways and annotations in this enriched set of target genes.
By applying the expression pairing tool, the analysis was focused on targets exhibiting
altered expression in our analysis, finding miRNAs and their target genes with opposite or

same expression.
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RESULTS

13g-H CLLs are characterized by a specific genetic signature and miRNA expression
A total of 3 450 genes significantly distinguished 13g-H from 13g-L patients. These
comprised 1 244 overexpressed genes and 2 206 underexpressed in the 13g-H group,
defining the 13g-H signature. The deregulated genes of the 13g-H signature were
annotated and analyzed for the presence of overrepresented “Gene Ontology categories”
(Supplementary Table S3). The most significant overrepresented GO biological processes
in 13g-H were related to cell cycle (P<0.0001), ribosome (P<0.0001) and regulation of
transcription (P<0.0001). Moreover, 13g-H CLLs had higher levels of expression of LEF1,
BCL2, CARD11, HDAC9, NAFTC1, NFATC2, PAX5, FCRL2 and SOS1, while we identified
several other genes downregulated in 13g-H, such as GAS7, E2F1, RRM1, KIT, NP and
EPOR. Many of these genes have been reported to be deregulated in CLL, as we
confirmed in our analyses that showed overexpression of LEF1, NFATC1, NFATC2 and
PAX5 in B lymphocytes from CLL patients compared with B lymphocytes from healthy
controls (data not shown). PCR results confirmed the microarray data in the analyzed
genes such as GAS7, E2F1 and FCRL2 (Supplementary Figure S2).

Moreover, 13g-H CLL patients were also characterized by a striking overrepresentation of
deregulated miRNAs. A total of 15 miRNAs were deregulated in 13g-H relative to 13g-L
patients. Most of them (11) were downregulated while four were upregulated in 13g-H CLL

(Table 1).

Signaling pathways and functional ontology analyses of genes differentially
expressed in 13g-H patients

To determine the biological significance of the deregulated genes, a further analysis of the
3 450 deregulated genes characterizing the 13g-H CLL was carried out, revealing in this
group of patients the involvement of several pathways (Table 2). These pathways are

primarily related to cell proliferation, apoptosis and cell signaling. Thus the BCR pathway
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was upregulated in 13g-H CLL patients. In fact, 21 genes from this pathway were
overexpressed in 13g-H CLLs, some of which, such as SYK, BLNK and PRKCB1, were
previously related to CLL pathogenesis (Supplementary Figure S3). We also observed an
imbalance in proliferation and apoptosis in 13g-H patients, due to upregulation of
antiapoptotic genes (BCL2) and decreased expression of proapoptotic genes (RASSF5,
BAD, CASP8, CASP10, FAS) in 13g-H patients. Moreover, our analysis showed an
overexpression of genes promoting proliferation, such as LEF1, E2F5 and RRAS2. To
ensure that the gene expression profiles accurately reflected the upregulation of BCR
signaling pathway and the deregulation of apoptosis-related genes, representative genes
that were differentially expressed in 13g-H patients were assessed by semi-quantitative
SYBRgreen PCR analysis. These included SYK, BLNK and PRKCB1 (BCR signaling
pathway), BCL2 (apoptosis) and LEF1 and RRAS2 (proliferation). The semi-quantitative
PCR results were in close agreement with the microarray data (Figure 1) confirming the

overexpression of these genes in 13g-H CLLs compared with 13g-L.

mMiRNA deregulation in 13g-H CLL patients

The analysis of miRNA expression in 13g-H and 13g-L CLL patients revealed that fifteen
mMiRNAs were deregulated in 13g-H CLL patients: hsa-miR-155 was the most highly
upregulated miRNA (Rfold=3.70), while hsa-miR-223 was the most significantly
downregulated (Rfold=0.10). Four of the deregulated miRNAs (miR-15a, miR-29a, miR-155
and miR- 223) were further assayed by quantitative RT-PCR for validation purposes in 24
CLL samples displaying 13g-. Results confirmed the upregulation of miR-155 and the
downregulation of miR-15a, miR-29a and miR- 223 in 13g-H samples relative to 13qg-L
(Figure 2).

The influence of these deregulated miRNAs on 13g- patients was assessed
(Supplementary Figure S2). Specifically, we investigated whether observed changes in
mMiRNAs were correlated with changes in the expression of genes. Therefore the post-
transcriptional regulatory network of miRNA and genes in CLL patients with more than 80%
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of 13g- cells was carried out by analyzing the miRNA-mRNA relationships. A total of 1 027
MRNA putative targets with altered expression in 13g-H CLL patients were found
(Supplementary Table S4). Indeed, because miRNAs tend to downregulate the target
genes, we focused our study on the subset of 11 miRNAs selected for analysis in IPA and
the 432 genes predicted to be regulated by them and characterized by expression profiles
stringly anticorrelated. Functional analysis revealed that transcription was the cell function
most strongly affected by these miRNAs, with a total of 97 genes affected by the 11
selected miRNAs. Modification of proteins (n=41), proliferation of immune cells (n=34), and
activation of protein binding sites (n=32) were other important functions affected by these
MiRNAs (Supplementary Table S5). Finally we performed a functional analysis of the 11
MiRNAs and their 432 putative targets. The pathway analysis demonstrated that, again, B
cell receptor signaling, PI3K signaling and NFkB signaling were among the most strongly
affected pathways in 13g-H patients (Figure 3), highlighting the importance of miRNA
regulation in CLL. MiR-155, the most overexpressed miRNA in 13g-H, was negatively
correlated with the expression of 90 of the 182 expected genes (49%), demonstrating a
relationship between miRNA and gene deregulation. Interestingly, most of these putative
targets were assigned to the functional categories of transcription regulation (P=0.002).
Moreover, we found several miRNAs whose targets that were experimentally observed or
predicted with high confidence were strongly related to CLLs such as BCL2 (miR-15, miR-

206, miR-106b and miR-34a), TCL1A (miR-29a) and LEF1 (miR-34a) (Table 3).

The GEP of 13g-H CLL patients is similar to that in CLL patients with 11q or 17p
losses

We also analyzed the gene signature of CLL high risk cytogenetic subgroups in comparison
with 13g- patients. Surprisingly, a significant number of deregulated genes were found to be
shared between the genes that differentiate 13g subgroups and 13g-L and high risk
subgroup of patients. That is, the GEP of 13g-H CLL patients resembled the gene
expression pattern of patients with 17p- or 11g- abnormalities (Figure 4A). In fact, both
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subgroups of CLL patients (13g-H and the 17p- and 11qg- subgroup) shared 1 325 genes
(46%) of the deregulated genes in the global analysis including all CLL subtypes. By
contrast, the comparison between the GEP of 13g-H patients and those with losses in
either 17p or 11g showed fewer differences in expression (Supplementary Figure S4).

To evaluate the biological significance of the observed similarity between the 13g-H and the
17p-/11g- signatures, we used the Ingenuity Pathway Analysis comparative tool, that
facilitates the functional comparison of several panels of differentially expressed genes.
Thus, we identified several commonly deregulated biological functions in both gene
signatures (Figure 4B), such as cell cycle, cell death, cellular growth and proliferation.
Finally, pathway analysis was performed on those genes commonly upregulated or
downregulated in 13g-H, 17p- and 11g- patients in comparison with the 13g-L subgroup
(Supplementary Table S6). In accordance with the comparative analysis results, several
commonly deregulated pathways of relevance in CLL pathogenesis were observed. The
most significant of these were the B cell receptor signaling pathway for commonly
upregulated genes, and the cell cycle control of chromosomal replication pathway for
commonly downregulated genes in patients showing 13g-H, 17p- or 11g- (Supplementary
Table S6). The expression of the TCL1 gene had one of the lowest g-values (0.002) with
higher expression levels in patients with 13g-H, 17p- and 11g-. Of note, 13g-H, 17p- and

11qg- patients also shared the deregulation of several miRNAs (Table 1).

Genome-wide expression differentiates 13g-H CLLs from 13g-L CLLs and controls

To validate the differences observed between the subgroups of 13g- CLL patients and get a
visualization of these, we applied the Principal Component Analysis (PCA) in an
independent series of patients. The clustering algorithm of PCA reduces complex
multidimensional data to a few specified dimensions so that it can be visualized effectively.
For a better characterization of the differences, we included in this cohort patients with

normal FISH (nCLL) and healthy donors as two different types of controls.
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Overall, the expression pattern of B lymphocytes from 13g-H and 13g-L CLL patients and
nCLLs was notably different from the gene expression profile of B lymphocytes from healthy
donors, as expected (Figure 5). PCA revealed a cumulative variance between groups of
48.3%, 60.9% and 68.3% corresponding to one, two and three of the initial components,
respectively. Since the first three principal components explained a considerable proportion
of the overall variance (68%), the 3D representation was able to show the main similarities
and differences between categories. Notably, the 13g-H samples were largely separated
from the others. Thus, 13g-H patients had a distinctive GEP that was different not only from
healthy donors but also from all other CLLs, including 13g-L patients. By contrast, the gene
expression of B lymphocytes from 13g-L CLL and nCLL was similar (Figure 5). SAM
analysis revealed differences in the expression of 15 332 and 16 754 genes between
CD19+ cells from 13g-L or nCLL compared with B lymphocytes from healthy donors,
respectively, while both subgroups (13g-L and nCLL patients) shared the deregulation of
13 749 genes (data not shown). Moreover, the analysis failed to demonstrate differences
between nCLL and 13qg-L patients, while 131 genes were differentially expressed in
comparison with 13g-H (data not shown).

Thus, both qualitatively (PCA) and quantitative (SAM) analysis showed that the gene
expression profile of 13g- CLLs is different depending on the percentage of cells displaying

this aberration.

IgVH mutational status in 13g-patients
Given that the prognostic significance of IgVH mutations is independent from that of
cytogenetic abnormalities, we also analyzed the IgVH mutational status in the 13g-

subgroups. There was no significant difference between both 13g- subgroups (P=0.664).
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DISCUSSION

13q deletion (13g-) is the most common cytogenetic aberration in CLL and it is usually
associated with the most favourable prognosis as a sole abnormality.> However, recent
studies have shown that CLL patients carrying higher percentages of 13qg- cells have more
aggressive clinical courses.*>™® By combining gene expression profile and miRNA analysis,
we have shown that 13g- patients are also a biologically heterogeneous group, in which a
higher number of 13g- cells (13g-H) could involve the deregulation of relevant cellular
pathways. Thus, several pathways are involved in 13g-H patients (Table 2 and
Supplementary Table S3), BCR signaling, NFkB signaling and antiapoptotic pathways
being of special interest in CLL. Deregulation of several miRNAs (Table 1) was also
observed. The influence of other factors with prognostic relevance in CLL, such as IGVH
mutational status, was discarded.

The BCR is an essential signal transduction pathway for the survival and proliferation of
mature B lymphocytes. In the present study, monoclonal B-cells in 13g-H CLL patients
exhibit a molecular signature characterized by the overexpression of genes mainly involved
in BCR signaling (Figure 1). There is now strong evidence that signaling via the B cell
receptor plays a major role in the development of CLL, and it could be related to the
different clinical outcomes of CLL.?® Thus, the BCR pathway is activated in poor prognosis
CLL patients (IGHV unmutated), and the overexpression of several molecules involved in
this pathway has been reported in advanced stages of the disease.?’?® In addition, SYK
expression is enhanced in CLL relative to healthy B cells and also in unmutated compared
with mutated CLL, possibly reflecting the increased BCR signaling in these patients.?® In our
study 13g-H CLL also overexpressed SYK (Figure 1), providing new evidence of the
involvement of the BCR pathway in this group of CLLs. In addition, this group of patients
also showed upregulation of CD79b. Chronic active BCR signaling due to point mutations in
CD79b has recently been identified as a key pathogenic mechanism in aggressive B-cell

lymphoma, and results in constitutive nuclear factor-kB (NF-kB) activation.® Interestingly,
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CLL patients with deletions on 17p or 11q or those with losses in 13q in a high percentage
of cells had an increased expression of a cluster of genes comprising several PKCs, such
as PRKCB1 and PRKCZ. Previous studies have shown an overexpression of PKC in
human CLLs, which is part of a poor-prognosis gene cluster in CLL linked to the
transmission of BCR signals such as calcineurin-NFAT and NF-kB, which our analysis also
revealed to be deregulated (Table 2).** Furthermore, the overexpression of calcium
metabolism-related genes as well as several MAPK in 13g-H patients was also observed in
the present study, which would be consistent with these previous studies (Table 2).

One of the hallmarks of this clinically heterogeneous disease is defective apoptosis, which
is considered to contribute not only to cell accumulation but also to disease progression and
resistance to therapy.? In this study we report the overexpression of genes involved in
promoting cell survival and antiapoptotic pathways, as well as the downregulation of several
proapoptotic genes in 13g-H CLL patients (Table 2 and Supplementary Table S3). We
confirm the overexpression of LEF-1 in CLL B cells compared with B cells from healthy
donors (data not shown), as previously reported,® but we also observed upregulation of
LEF-1 and other genes involved in the Wnt signaling pathway in 17p-, 11g- and 13g-H
patients in comparison with 13g-L cases. Wnt pathway gene expression is widely known to
be deregulated in CLL.>*** Alterations of RAS signaling are associated with potent
oncogenic effects, which keep the cell in a proliferative state and block apoptosis, thereby
paving the way for cancer formation. Overexpression of RRAS and other molecules
involved in this signaling cascade, such as SOS1, RHOC and several MAP kinases, was
also observed. In addition, apoptosis was also deregulated in 13g-H patients by the
involvement of both mitochondrial (BCL2 and several caspases) and extrinsic (FAS)
pathways. Interestingly, the apoptotic signature of 13g-H patients showed a similar pattern
of deregulation to that of high-risk cytogenetic groups (Figure 4B), since they both featured
the alteration of several genes involved in the classic apoptotic pathway (mitochondrial).
Sustained BCR signaling has also been reported to have an antiapoptotic effect.®® Thus, in
13g-H CLL patients, our study shows an imbalance between the proliferative and apoptotic
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signals, which could explain the higher level of lymphocytosis and the poor outcome
previously described in these patients.™*

An aberrant cellular miRNA expression profile in CLL cells has already been described and
the changes correlate well with prognostic factors, including ZAP-70 expression status and
IgVH mutations in CLL patients.®” A recent study evaluating microRNAs as a signature for
CLL patients with specific chromosomal abnormalities found nine miRNAs whose
expression values were correlated with a specific karyotype.® In our study we found that
several miRNAs were deregulated in 13g-H patients (Table 1), some of which had been
previously reported in CLL (Table 3). Several important miRNAs, such as miR223, miR-29a
and miR-181, were downregulated in 13g-H and high-risk cytogenetic subgroups, which
could be related to the worse outcome in these groups of patients.***° By contrast,
overexpression of miR-155 was observed, which could be related to enhanced BCR-
activation, as previously reported.** The pathogenic role of deletion 13q in CLL has been
related to the lack of B-cell proliferation control allegedly determined by the deletion of the
DLEU2/MIR15A/MIR16-1 locus.* Interestingly, miR-15a was downregulated in 13g-H CLL
patients and it has been reported to induce apoptosis through the negative regulation of
BCL2, overexpressed in the 13g-H group of patients. It should be noted that a third of
deregulated genes in 13g-H compared with 13g-L were putative targets of miRNAs also
altered in this analysis, supporting the presence of a specific relationship between miRNA
and gene expression in 13g-H CLL patients. Most of these genes were related to TGF or
BCR signaling and confirmed these pathways to be those most commonly affected by
mMiRNA deregulation in 13g-H patients. Among the putative target mMRNAs we found many
genes, such as TCL1A, BCL2, LEF1,%% to be closely involved in CLLs (Table 3). These
results suggest that miRNAs have a key role in the reported heterogeneity of 13g- patients.
Surprisingly, our results suggest that some of the biological characteristics of 13g-H CLL
patients are similar to those of high-risk cytogenetic subgroups, since they share the

deregulation of several key signaling pathways (Figure 4B; Supplementary Table S6).
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However, 13qg-L patients had similar gene expression to that of CLL with normal FISH
(Figure 5).

Therefore, this study provides new evidence regarding the heterogeneity of 13q deletion in
CLL patients, showing that apoptosis, BCR and NF-kB signaling as well as miRNA
regulation are the most significant affected pathways in 13g-H CLL patients. The
identification of the mechanisms responsible for the clinical heterogeneity of CLL, including
the mutations recently described***® and the critical signaling pathways affected can lead to

a better understanding of the molecular pathogenesis of the disease.
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FIGURES

Figure 1.

Gene expression levels of genes significantly upregulated in 13q-H CLL patients.

Box plot of the expression levels of six genes with significantly different expression between

13g-H and 13g-L patients, assessed by semi-quantitative PCR analysis. Box plots show the

relative upregulation of BCR (SYK, PRKCB1 and BLNK), proliferation (LEF1 and RRAS2)

and antiapoptotic (BCL2) related genes in patients with a high number of 13qg- cells

compared with CLL patients with lower percentages of losses in 13q. The thick line inside

the box plot indicates the median expression levels and the box shows the 25th and 75th

percentiles, while the whiskers show the maximum and minimum values. Outliers (extreme

values falling out of the main distribution) are represented by open circles. Statistical

significance was determined using the Mann-Whitney U test (P<0.05).
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Figure 2.

Quantitative RT-PCR validation for miR-15a, miR-29a, miR-155 and miR-223 in
independent CLL patients. Relative expression of miR-15a, miR-29a, miR-155 and miR-
223 was evaluated by individual TagMan miRNA assays performed in duplicate and
normalized to RNU43 (27°%!). Box plots indicate the median value (horizontal line) and the
25"-75" percentile range (box) while whiskers showing the maximum and minimum values.
Values outside this range are shown as outliers (open circles). P-values were determined
by the Mann-Whitney U test. In every case, miRNAs downregulated in 13g-H CLL patients
relative to 13g-L patients were also found to be downregulated by quantitative RT-PCR.
Similar observations were made for miR-155, which was upregulated in 13g-H patients. All

comparisons were statistically significant (P<0.05).
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Figure 3.

Most significant cellular functions affected by the deregulation of miRNAs in 13g-H
CLL patients.

432 out of the 1027 predicted mRNA target genes of the deregulated miRNAs in 13g-H CLL

patients appeared also deregulated in our analysis. A functional enrichement analysis was
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performed in this dataset. Category names are presented on the vertical axis. Of note, B
cell receptor signaling and NF-kB signaling were among the most significant cellular
functions affected. The significance of the association between the dataset and the
canonical pathway was measured in two ways: (1) the ratio of the number of genes from
the dataset that met the expression value cut-off that map onto the pathway divided by the
total number of molecules that exist in the canonical pathway, represented by grey squares
in the graph and (2) the P-value determining the probability of the association between the
genes in the dataset and the canonical pathway, calculated by Fisher's exact test. The
horizontal axis on the top indicates the —log (P value) and the horizontal axis at the bottom,

the ratio. In both cases, the higher value indicates the higher significance.

Figure 3
-log(p-value)
00 05 1,0 L5 2,0 25 30 35 40 45 5,0 55 60 65 7,0

Molecutar Mechanisms of Cancer |
TGF-B Signaling e B —— ]

B Cell Receptor Signaling [ e |

PKCB Signaling in T Lymphocytes |

53 Signaiing s -]
PI3K/AKT Signaiing e
PI3K Signaling in B Lymphocytes —

Phospholipase C Signaling i —— |

B Cell Activating Factor Signaling

0.000 0,025 0.050 0.075 0,100 0,125 0,150 0.175 0,200 0,22
Ratio

Figure 4.
Differential expression analysis followed by pathway analysis revealed commonly
deregulated biological processes in CLL patients with a high load of 13q- cells, 17p-
and 11g-.

A. Heatmap of 3450 differentially expressed genes in CLL patients with a high

number of losses in 13q (red), losses in 17p or 11g (magenta) and a low
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number of losses in 13q (blue). Differentially regulated genes were identified
using Significance Analysis of Microarray (SAM), with a false discovery rate 5%,
followed by the Global Test algorithm to test the candidate genes associated with
the group of patients with a high number of losses. Individual patients are arranged
in columns with the expression level for each gene across rows. Normalized gene
expression values are color-coded (standard deviation from mean): red and green
indicate high and low expression, respectively. All patients with 13g-L were
clustered on the right side of the map in a homogeneous manner and separately
from 13g-H and 17p-/11g-, which clustered together, showing that the gene
expression profile (GEP) of CLL cases with higher percentages of 13qg- cells is
similar to that of 17p- and 11qg-, while CLL patients with lower percentages of 13g-

cells had a different gene profile.
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B. Commonly deregulated biological functions in 13g-H and 17p-/11g- CLL
patients compared with 13g-L CLL subgroup. Biological function names are
presented on the vertical axis and the number of deregulated genes involved in each
function, in the horizontal one . Fisher's exact test was used to examine the probability
of the association between the genes in the dataset and the functional category. The
color-coded bar plot (dark grey, light grey and black bars) depicts the analysis results.
13g-H patients showed marked differences in the expression of genes related to several
cellular functions compared with 13g-L CLL patients (comparison 1, dark grey bars). In
addition, most of these cellular functions were also deregulated in comparison with
high-risk cytogenetic subgroups (17p- and 11g-) and 13g-L CLL patients (comparison 2,
light grey bars). Thus, 13g-H, 17p- and 11g- patients share the deregulation of several
important functions relative to 13g-L patients. Furthermore, a small number of genes
related to cell cycle, cell growth and DNA repair (comparison 3, black bars) were found
to be differentially expressed in the 13g-H group in a comparison of this subgroup of

patients and high-risk cytogenetic subgroups.
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Figure 5.

CLL patients with a high number of 13g- cells can be differenciated based on their
expression profile.

Principal component analysis (PCA) plot of CD19+ cells from healthy controls (green), CLL
with normal FISH (sky blue), 13g-H CLL (red) and 13g-L CLL (dark blue) was carried out
using the 28,806 remaining genes after filtering the normalized gene expression matrices to
remove the least variable genes (25%). Each sphere represents a single GEP. The result of
the PCA shows a cumulative variance of 48.3%, 60.9% and 68.3% corresponding to one,
two or three of the initial components, respectively. The expression pattern of CD19+ cells
from CLL patients is notably different from the gene expression profile of CD19+ cells from
healthy donors. Of note, the PCA analysis shows that 13g-H CLL patients have a distinctive

gene expression profile. By contrast, the gene expression of B lymphocytes from 13g-L CLL
and nCLL was similar.
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TABLES

Table 1.

mMiRNAs significantly deregulated between 13g- CLL subgroups (patients with 80% or
more of cells with 13q deletion and patients with less than 80% 13q cells).
Upregulation or downregulation refers to 13g-H relative to13qg-L CLL patients.

mMiRNA: microRNA

*deregulation shared with 17p/11q CLL patients.

MiRNA Map g-value R fold
Down-regulated
hsa-mir-1-1* 20013.33 0.0125 0.7027
hsa-mir-7-1 9921.32 0.0397 0.5453
hsa-mir-15a 13914.3 0.0329 0.4917
hsa-mir-29a 7932.3 0.0354 0.5101
hsa-mir-34a* 1p36.23 0.0366 0.6874
hsa-mir-106b* 7922.1 0.0280 0.5190
hsa-mir-181b 1931.3 0.0256 0.6775
hsa-mir-204 9g21.11 0.0294 0.5693
hsa-mir-206 6p12.2 0.0476 0.7077
hsa-mir-221* Xp11.3 0.0133 0.4622
hsa-mir-223* Xql2 0.0017 0.1016
Up-regulated
hsa-mir-134 14932.31 0.0095 1.8096
hsa-mir-105-2 Xq28 0.0182 1.4040
hsa-mir-155* 21921.3 0.0046 3.7013
hsa-mir-205 1932.2 0.0161 1.3830
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Table 2.
Enriched functional analysis of the 3450 genes differentially expressed between the
two 13g- patient subgroups: 1244 genes were upregulated (i) and 2206 genes were

downregulated (ii) in CLL patients with 280% cells displaying 13q deletion.

i Ingenuity Canonical Pathway p-value Up-regulated genes

RPL24,RPL27A,RPL26,RPS11,RPS27,RPS3A,SOS1,RPL35,R

PL19,RPL13,RPL39L,RPL34,RPL27,RPL21,RPS19,RPL23A,R

PS29,RPL36,RRAS2,RPS13,RPL26L1,RPL32,RPS25,RPS15A,
RPL13A,RPS27A,RPL41,RPS14,RPSA

EIF2 Signaling 1,70E-07

MAP2K6,BLNK,MAP3K14,MAP3K9,CD19,CD79B,BAD,POU2F
B Cell Receptor Signaling 1,95E-05 2,IKBKE,NFATC1,FCGR2B,PTEN,MAP3K12,RRAS2,CAMK2D,
SYK,S0S1,CD22,NFATC2,PIK3AP1,PPP3CA,PRKCB

BLNK,CD19,CD79B,IKBKE,NFATC1,FCGR2B,PRKCZ,PTEN,B

PI3K Signaling in B Lymphocytes 6,92E-05 LK,CAMK2D,RRAS2,CD180,SYK,IRS1,SH2B2,NFATC2,PIK3A
P1,PPP3CA,PRKCB

MAP2K6,MAP3K12,MAP3K9,MAP3K14,CD70,IKBKE, TRAF5,C

CD27 Signaling in Lymphocytes 2,75E-03 D27 MAP2K5
VEGFB,RHOC,RPS19,RPS11,PRKCZ,RPS29,RPS27,RPS3A,
mTOR Signaling 5,37E-03 RRAS2,RPS13,IRS1,GPLD1,RPS15A,RPS25,GNB1L,RPS27A,

RPS14,RPSA,PRKCB
Role of JAK1 and JAK3 in yc Cytokine Signaling 6,76E-03 BLNK,IL2RG,RRAS2,IRS1,SYK,SH2B2,JAK2,STAT1,IL7
Nucleotide Excision Repair Pathway 1,20E-02 ERCC4,ERCC1,GTF2H1,ERCC2,MNAT1,XPA

RPS19,RPS11,PRKCZ,RPS29,RPS27,RRAS2,RPS3A,RPS13,I

Regulation of elF4 and p70S6K Signaling 1,66E-02 RS1,50S1,RPS25,RPS15A RPS27A RPS14.RPSA

BLNK,PEBP1,CD79B,RHOC,MEF2A,HDAC9,NFATC1,FCGR2B

Phospholipase C Signaling 1,86E-02 ,MYL6B,PRKCZ,RRAS2,SYK,SOS1,GPLD1,NFATC2,MEF2C,G
NB1L,ARHGEF9,PPP3CA,PRKCB

MAP3K12,MAP3K9,MAP3K14,POU2F1,RRAS2,CAMK2D,SOS

PKCB Signaling in T Lymphocytes 1,86E-02 1,NFATC2,IKBKE,NFATC1,CARD11,PPP3CA
April Mediated Signaling 2,34E-02 MAP3K14,NFATC2,IKBKE,NFATC1, TRAF5, TNFRSF17
Interferon Signaling 2,63E-02 OAS1,IFI35,JAK2,STAT1,BCL2
IL-4 Signaling 2,69E-02  IL2RG,RRAS2,IRS1,S0S1,NFATC2,NFATC1,JAK2,FCER2
B Cell Activating Factor Signaling 2,95E-02 MAP3K14,NFATC2,IKBKE,NFATC1,TRAF5,TNFRSF17
NFw«B Signaling 6.46E-02 MAP2K6 MAP3K14,FLT1,BMPR2,PRKCZ, TNFRSF17,TLR10,R

RAS2,BMPR1A,TLR6,TLR7,TRAF5,CARD11,PRKCB
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Ingenuity Canonical Pathway

p-value

Down-regulated genes

Mitotic Roles of Polo-Like Kinase

Cell Cycle Control of Chromosomal
Replication

Caveolar-mediated Endocytosis Signaling

Glycolysis/Gluconeogenesis

Integrin Signaling

Cyclins and Cell Cycle Regulation

Role of CHK Proteins in Cell Cycle Checkpoint
Control

Nicotinate and Nicotinamide Metabolism

Inositol Phosphate Metabolism

Cell Cycle Regulation by BTG Family Proteins

Clathrin-mediated Endocytosis Signaling

Sphingolipid Metabolism

Role of BRCA1 in DNA Damage Response

Protein Ubiquitination Pathway

1,35E-05

2,75E-05

6,17E-04

7,94E-04

1,12E-04

1,17E-03

1,32E-03

1,66E-03

1,78E-03

4,57E-03

6,61E-03

6,76E-03

7,08E-03

7,94E-03

KIF23,CDC25C,ESPL1,CDC20,PPP2CA,PRC1,CDC7 (includes
EG:12545),CCNB2,CDC23,PLK1,PPP2R5A,CDK1,CCNB1,SLK,H
SP90B1,PLK4,PKMYT1,PPP2R1B,KIF11,CDC27,CDC25A

MCM®6,CDC45,CDT1,CDC6,CDC7 (includes
EG:12545),CDK6,0RC6,MCM4,MCM3,MCM2,CDK2,MCM7,0RC
1
FYN,ITGA2B,ITSN1,RAB5A,ACTB,COPA,ITGAG,ITGA5,COPB1,
ACTG1,COPG,COPB2,DYRKS,ITGB2,ITGAE,ITGAM,ITGA9,ITGA
V,HLA-C,ITGA4
PGK1,ALDH4A1,PGM2,PKLR,GAPDH,PGM1,BPGM,PDHA1,HK1
,ALDH2,GPI,HK2,ALDH1A1,DHRS9,ENO1,DLAT,DLD,FBP1,ALD
H3B1,LDHA,ACSL1

RAP2B,RAF1,FYN,ITGA2B,ARHGAP26,TSPAN7,PIK3R1,PIK3R
5,PPP1CB,NCK1,SHC1,ITGAE,PARVB,ARF6,WASL,RHOG,ITG
A9,ARF4,PIK3CG,RHOU,ITGAV,VCL,MAP2K1,ACTN1,ITGA4,PX
N,NRAS,ASAP1,CRKL,ACTB,ITGA6,TSPAN2,ITGA5,ACTGL,ITG
B2,ARF1,ITGAM,TLN2,ZYX,PIK3CB,ACTN4,CTTN

RAF1,E2F4,CCNE2,TFDP1,HDAC2,PPP2CA,SUV39H1,CDK6,C
DKN2C,CCNB2,E2F3,PPP2R5A,CDK1,CCNB1,CCNA2,CCNE1E
2F1,PPP2R1B,E2F2,CDK2,CDC25A
CDC25C,E2F4,E2F1,RFC2,E2F3,BRCAL,CDK1,E2F2,CDK2,CD
C25A,CHEK1,RFC3

DAPK1,PRKCQ,SGK1,MAPK6,CSNK1A1,CDK6,CSNK1D,PLK1,T
TK,CDK1,SACM1L,VNN1,NEK2,ARAF,GRK6,PRKAAL,PNP,CD3
8,HIPK1,MAP2K1,NMNAT3,CDK2,BST1,DUSP16

MINPP1,SGK1,PIK3R1,PIK3R5,CSNK1AL, TTK,OCRL,NEK2,PIK

3CG,PRKAA1,PLCB1,IMPA2,PI14K2B,HIPK1,MAP2K1,PMPCA M

TMR3,DAPK1,IMPA1,PRKCQ,MTMR14,MAPK6,CDK6,CSNK1D,
PLK1,CDK1,ARAF,SYNJ1,GRK6,PIK3CB,CDK2

CCNEZ2,E2F4,CCNEL,PPP2CA E2F1,E2F3,PPP2R1B,CCRNA4L,E
2F2,CDK2,PPP2R5A
AP2A1,STON2,PIK3R1,PIK3R5,PDGFC,VEGFA,ARF6,ARRB1,W
ASL,SNX9,PIK3CG,DAB2,CSNK2B,AAK1,AP2M1,RAB5A,ACTB,
CHP,CLTC,RAB7A,ITGA5,ACTG1,TSG101,ITGB2,ARRB2,LDLR,
SYNJ1,TFRC,PIK3CB,DNMI1L,CTTN
LASS6,GLA,GALC,SGMS2,ASAH1,SACM1L,LASS2,VNN1,LPIN1
,GBA,SMPD4,GLB1,PPAP2B,SPHK1,ARSB,FUT4,KDSR,DUSP1
6
E2F4,BARD1,RBBP8,PLK1,E2F3,CHEK1,RAD51,GADD45A E2F
1,RFC2,BRIP1,BRCA1,HLTF,E2F2,RFC3
USP24,USP14,USP12,UBE2H,PSMD7,CDC20,USP20,DNAJCS,
CDC23,HSPA5,USP39,SMURF1,USP3,HSP90B1,USP42,USP47,
NEDD4L,BRCA1,PSMC2,HLA-
C,DNAJB12,USP15,MED20,USP36,USP38,HSPA9,USP19,PSM
D6,PSMD5,HSPD1,PSMD3,USP1,UBE2D1,NEDD4, TRAF6,PSM
D11,DNAJC5,USP4,PSMD2,DNAJB11,PSMD12
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Table 3.

Most significant target genes affected by deregulation in miRNA in 13g-H CLL

patients.
Target miRNA

Symbol Cr|1:2|!1dge B-cells related pathways ID Cr'?grl%e
hsa-mir-206 0.708
hsa-mir-15a 0.492
BCL2 2.132 Apoptosis hsa-mir-106b 0.519
hsa-mir-204 0.569
hsa-mir-34a 0.687
hsa-mir-206 0.708
E2F5 2.624 DNA Damage Response hsa-mir-106b 0.519
hsa-mir-34a 0.687
FOS 0.447 B Cell Activating Factor,CD27 hsa-mir-155 3.701
LEF1 2.835 ILK, Wnt hsa-mir-34a 0.687
MAP2K6 3.558 BCR,CD27 hsa-mir-29a 0.510
MAP3K12 1.254 BCR,CD27 hsa-mir-106b 0.519
MAP3K14 1.348 Apoptosis,B Cell Activating Factor,BCR,CD27 | hsa-mir-106b 0.519
MAP3K9 1.400 BCR,CD27 hsa-mir-106b 0.519
MYD88 0.752 NF-kB,Toll-like Receptor hsa-mir-155 3.701
PLCB1 0.773 PI3K hsa-mir-205 1.383
RRAS2 1.931 Apoptosis, BCR hsa-mir-223 0.102
hsa-mir-15a 0.492
SOS1 2.352 BCR hsa-mir-106b 0.519
hsa-mir-204 0.569
TCL1A 7.848 Akt hsa-mir-29a 0.510
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SUPPLEMENTARY FIGURES

Supplementary Figure S1.
Summary of the miRNA analysis performed in the study.
The chart explains the steps involved in the identification and validation of the miRNAs and

their deregulated targets in 13g- CLL patients.

Global Gene Expression analysis
(Human Exon 1.0ST array)
SAM <5% 13g-Hvs 13g-L

- 3450 genes &
15 miRNAs (Table 1)

Integrative analysis of miRNAs and gene expression
“IPA’s microRNA Target Filter Tool”
(11 out of 15 miRNAs are annotated in the database)

A. Identification of the putative targets:
7767 targets (data not shown)

B. Focus on targets with altered expression in our analysis :
1027 targets (Supp Table 5) & 432 targets with expression
changes that are opposite to the miRNAs

Functional Analysis of the miRNAs and targets
Figure 3 & Supp Table 6




Supplementary Figure S2.

Box plot of the expression levels of three genes with significant differences between
13g-H and 13g-L patients, assessed by semi-quantitative PCR.

Box plots show the values for GAS7, E2F1 and FCRL2 expression, showing a significant
difference in the level of expression between 13g-H and 13qg-L CLL patients. The thick line
inside the box plot indicates median expression levels, the limits of the box represent the
25th and 75th percentiles, and the whiskers show the maximum and minimum values.
Outliers (extreme values falling outside the main distribution) are represented by open

circles. Statistical significance was determined using the Mann-Whitney U test (P<0.05).
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FISH GROUP
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Supplementary Figure S3.

BCR signaling pathway identified as the top canonical pathway altered in CLL
patients with higher percentages of 13g- losses according to the Ingenuity Pathway
Analysis knowledge base. Genes significantly differentially expressed between CLL with
80% or more of cells with loss of 13q (13g-H) and CLL with losses in 13q in fewer than 80%
of cells (13g-L) were mapped to the pathway and colored in red if the expression levels
were higher, or in green if they were lower in 13g-H than in 13g-L cases. Significant
positions of the pathway are occupied by genes deregulated in our analysis, indicating that
this pathway is affected in 13g-H patients. CLL patients with 17p and 11q deletions showed

similar deregulation in this pathway.
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Supplementary Figure S4.
Overlap of differentially expressed genes as analyzed by SAM.
Venn diagram illustrating the number of significantly affected genes in common and distinct
for the contrasts (1) and (2). 13g-H and 17p-/11g- shared the deregulation of 46% of genes
(n=1325) relative to 13g-L.

SAM <5% SAM <5% SAM <5% SAM <5%

13gHws 13l 17p-/11q- v 13q 13gHvs13ql 17p-/11q- vs 13q-H
Ne3450 genes Ne2842 genes N=z3450 genes N=1206 genes
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Introduction

Chronic lymphocytic leukemia (CLL) has been established as a heterogeneous disease
of remarkable diversity. IGVH mutational status and genomic aberrations subdivide
CLL into distinct clinical subgroups,’® although no single genetic variation or
abnormality responsible for CLL development has been identified. A humber of single
nucleotide polymorphisms (SNP) have been implicated to impact upon the genetic
susceptibility and the disease course in CLL.**

MicroRNAs (miRNAs) have recently emerged as a major class of gene expression
regulators. miRNAs are single-stranded RNA molecules approximately 19 to 24
nucleotides in length and post-transcriptionally regulate gene expression by forming
base pairing with sequences in the 3 -untranslated region (3"UTR) of target mRNAs.
There is an increasing evidence suggesting that SNPs in the 3'UTR targeted by
MiRNAs (known as miRSNPs) are associated with diseases by affecting gene

expression.***?

Moreover, deregulation of the normal microRNA expression profile
could play a critical role in human disease, particularly in solid tumors,* but also in
hematologic malignancies,™ and aberrant expression of microRNAs has been recently
associated with chronic lymphocytic leukemia outcome.'®*'” Moreover, the down-
regulation of miR-223 has been demonstrated to be associated with disease
aggressiveness and poor prognostic factors in CLL patients.*® Thus, it may become a
new reliable prognostic predictor. However, there is no evidence of the pathogenetic
mechanism of this microRNA in CLL patients, and no target has been proposed or
validated for miR-223 in CLL until date.

Over the last decade, several studies have implicated Heat shock proteins (HSPs) as
major contributors to cancer progression and the development of chemo-resistance. In
tumor cells, including CLL cells, HSPs are upregulated and may contribute to
prolonged tumor cell survival via several mechanisms that remain to be fully

revealed.’®?' Hsp90 is an important mediator of VEGF-induced cell survival, a

mechanism that involves up-regulation and binding of Bcl-2 and APAF-1 to Hsp90.%



The protective effect of HSP90 is also related to its ability to interfere with apoptotic
pathways.?*** Preclinical studies in CLL have shown that HSP90 inhibition causes the
degradation of ZAP-70 and other proteins associated with poor survival and this may
ultimately lead to apoptosis.?***?® Furthermore, inhibitors of Hsp90 have been
proposed as a novel therapeutic option for CLL, particularly as their mechanism of
action appears to be independent of mutations of ATM or TP53. This could represent a
therapeutic option to drug resistance in CLL associated with lesions in the ATM/TP53

pathway.?*! Thus, targeting Hsp90 is an attractive strategy in CLL.

The aim of the present study was to identify the role of Hsp90 in CLL. By applying next
generation sequencing (NGS) techniques we have detected a common 4 bp deletion
SNP (rs2307842) in 25% of CLL patients, which disrupts the binding site for miR-223 in
HSP90B1 3'UTR. We demonstrated that this SNP alters the regulation of HSP90B1

expression in CLL, leading to its overexpression only in B lymphocytes.



Material and Methods

Patients and controls

A total of four patients with CLL and four patients with other hematological
malignancies (used as controls) were selected for a Targeted sequence capture and
DNA Sequencing assay. CLL diagnosis was performed according to World Health
Organization (WHO) classification® and Working Group of National Cancer Institute
(NCI) criteria. The CLL patients were three males and one female with age at diagnosis
ranging from 41 to 66 years. Two patients had IGHV-unmutated gene, and two IGHV-
mutated gene (<98% homology). Two patients had 13q deletion, one had 11q deletion
and one did not show any cytogenetic aberration by FISH. Tumor samples (CD19+
fraction) were used for sequencing and were obtained before administration of any
treatment. To determine the clinical impact of HSP90B1 3"UTR polymorphism, we
expanded the study to 109 additional patients with CLL and 32 healthy controls. The
clinical and biological characteristics of the CLL patients are summarized in
Supplementary Table 1. FISH studies and IGVH mutational status were assessed in all
patients. The median age was XX (range, 35 to 90 years). Most patients were male
(66%) and were in Binet clinical stage A (69%), while 26% were in stage B and the
remaining 5% in stage C. The study was approved by the local ethical committees.

Informed consent was obtained from each patient before entering the study.

Cells and culture conditions

The human multiple myeloma cell lines NCI-H929 and MM1S were acquired from
ATCC (American Type Culture Collection). Both cell lines were cultured in RPMI 1640
medium supplemented with 20% of fetal bovine serum and antibiotics (Gibco). Cells
were routinely checked for the presence of mycoplasma with MycoAlert kit (Lonza

GmBH) and only mycoplasma free cells were used in the experiments. Phenotypic and



cytogenetic identity of the cell lines were verified by flow cytometry and FISH before the

experiments.

Collection and preparation of samples

Peripheral blood mononuclear cells (PBMCs) from all CLL patients were isolated by
Ficoll-Hypaque gradient centrifugation (Amersham Biosciences, Pittsburgh, PA), snap-
frozen and stored at -80°C. CLL B-lymphocytes were purified using magnetically
activated cell sorting (MACS) CD19 MicroBeads (Miltenyi Biotec, Bergisch Gladbach,

Germany). CD19 selection resulted in >98% purity, as analyzed by flow cytometry.

DNA was extracted from fresh-frozen samples by using a Qiagen kit. To ensure a
good quality, DNA was measured using NanoDrop ND-1000 (ND-1000; NanoDrop
Technologies, Wilmington, DE). Onli samples with OD 260nm/280 nm >1.8 were
included. The integrity of the DNA was visually inspected on a 1% agarose gel. RNA
was extracted using Trizol reagent (Invitrogen) according to the standard protocol. The

RNA integrity was assessed using Agilent 2100 Bioanalyzer (Agilent Technologies).

Targeted Sequence Capture and DNA Seqguencing assay

We applied array-based sequence capture (Roche NimbleGen) followed by next-
generation sequencing (Roche GS FLX Titanium sequencing platform) to analyze 93
genes that we considered relevant in CLL (Supplementary Table S3) and two
chromosomal regions: 13g14.3 (50043128-50382849 bp) and 17p13.1 (7500000-
7535000). Details regarding the design of the array, 454 sequencing, coverage
statistics and data analysis are also provided in the Supplementary Methods and

Supplementary Tables S3 and S4.

Pyrosequencing assays
The following oligonucleotide primers were used for amplifying a 170-bp genomic
fragment spanning the sequence for 3UTR region of the HSP90B1 gene: HSP90B1-

For_Bio: 5-CTGCACTGTAAAATGTGGGATTAT-3 and HSP90B1-Rev: 5-


http://www.nejm.org/doi/suppl/10.1056/NEJMoa1100102/suppl_file/nejmoa1100102_appendix.pdf
http://www.nejm.org/doi/suppl/10.1056/NEJMoa1100102/suppl_file/nejmoa1100102_appendix.pdf

AGACACTGAGTATTTGGGATCTTT-3. The 5-ends of the forward primer were
conjugated with biotin (Bio). PCR was performed using a DNA thermal cycler (Applied
Biosystem, ABI 9700). The template was denatured initially for 5 minutes at 96°C
followed by 40 amplification cycles containing: initial denaturation at 95°C for 30
seconds, followed by annealing for 30 seconds at 60°C and extension at 72°C for 30
seconds. Final extension was carried at 72°C for 5 minutes. The amplified PCR
products were checked by electrophoresis on 1% agarose gels and stored at -20°C.

Pyrosequencing was carried out on a PyroMark Q24 system (Qiagen) according to the
manufacturer’s protocol. The pyrosequencing primer HSP90B1-Py1-5-
TGACAAGATTTTACATCA-3 was used with the nucleotide dispensation order:
CAGAGTAGTCA. A total of 10 ul PCR product, 2 ul Streptavidin Sepharose High
Performance beads (GE Healthcare Bio-Sciences AB, Sweden Uppsala), 28 ul water
and 40 ul binding buffer (Qiagen) were mixed and agitated constantly for 10 min at
1,400 rpm. The PCR products attached to the beads were washed in 70% ethanol,
followed by denaturation in 0.2 N NaOH and washing buffer (Qiagen). Purified DNA
samples were annealed to the sequencing primer (0.3 uM) in 25 ul annealing buffer
(Qiagen) and denaturated for 2 min at 80°C, followed by cooling down to room
temperature for 5 min. The samples were then processed in the PyroMark Q24
Instrument, with a running time of 15 min for 24 samples. Setup of assay and

sequence-run as well as analysis were performed by the PyroMark Q24 Software.

Luciferase reporter assay

The double-stranded oligonucleotides corresponding to the wild-type (WT-3'UTR) or
mutant (MUT-3'UTR) miR-223 binding site in the 3’'UTR of HSP90B1 (NM_003299)
were synthesized (Sigma-Aldrich) and ligated between the Pmel and Xbal restriction
sites of the pmirGLO vector (Promega). The mutant (MUT-3'UTR) miR-223 binding site

was generated based on 3'UTR HSP90B1 sequence in which 4 nucleotides were



deleted at miR-223 seeding region, corresponding to the SNP found in the Targeted
Sequence Capture and DNA Sequencing assay (rs2307842). The oligonucleotides
sequences are presented in Supplemental Table 4. For luciferase assays, HEK293
cells were transfected with 500 ng of the above constructs and cotransfected with 25
nM miRNA precursor molecule by nucleofection using HEK293 cell line program in the
Amaxa |l nucleofector system. At 24 hours after transfection cells were collected and
Firefly and Renilla luciferase activities were measures using Dual-Glo® Luciferase
Assay System (Promega) according to the manufacturer's protocol. Measurements
were performed on Tekan Infinite® F500 microplate reader. Firefly luciferase activity

was normalized to Renilla luciferase activity.

Transfection with synthetic miRNAs

H929 and MML1S cell lines were transfected with Pre-miR™ miRNA precursors pre-
mMiR-223 or pre-miR™ miRNA negative, non-targeting control#1 (Ambion) at 50 nM
concentration, using the nucleofector Il system with C-16 program and Q-023 program,
respectively (Amaxa). Transfection efficiency was assessed with Block-iT™

Fluorescent Oligo (Invitrogen) by flow cytometry.

Gene-specific semi-quantitative PCR

To detect the mRNA expression of both HSP90B1 and BCL2, total RNA (1 pg) was
reverse transcribed to cDNA using SuperScript™ Il First-Strand Synthesis SuperMIx
(Invitrogen). Semi-quantitative SYBRgreen PCR was done in triplicate with iQ™
SYBR® Green Supermix kit (BioRad) using the 1Q5 Multicolor Real-Time PCR
Detection System (Bio-Rad) with gene-specific primers (Supplementary Table S5). The
GAPDH gene was used as the internal control and the expression data were analyzed

by the comparative Ct method.



Immunoblotting

Whole cell lysates were collected using RIPA buffer (Sigma-Aldrich) containing
protease inhibitors (Complete Protease Inhibitor Cocktail Tablets, Roche) and
phosphatase inhibitors (Phosphatase Inhibitor Cocktail A and B, Santa Cruz
Biotechnology). Protein concentration was measured using the Bradford assay
(BioRad). Protein samples (40 pg/lane) were subjected to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membrane 0.45 pum (BioRad). The primary antibodies used for
immunoblotting were anti-Hsp90b1 (Cell Signalling) and anti-B-actin (Sigma-Aldrich) as
an internal control for protein loading. The membranes were then washed and
subsequently incubated with the secondary horseadish peroxidase-linked anti-mouse
IgG and anti-rabbit IgG antibodies (PierceNet) (1:10000). Chemiluminescence was
detected using Amersham ECL Plus™ Western Blotting Detection Reagent (GE

Healthcare).

Clinical/Laboratory prognhostic parameters

To assess the role of rs2307842 polymorphism in CLL patients, comparison was made
between various clinical/laboratory parameters including expression of HSP90B1
MmRNA when available, IGVH gene mutational status, Binet staging, age at
presentation, lymphocyte doubling time (> or < 12 months), time to first treatment,

progression-free survival and overall survival.

Statistical analysis

The two-sided Student’s t test was used to analyse differences in experiments. Data
are reported as mean values + SD of at least triplicate determinations. To analyze the
results from the semiquantitative PCR experiments with CLL patients,

the Mann-Whitney U test was used to identify statistically significant differences. P



values < 0.05 were considered statistically significant. All statistical analyses were

conducted using SPSS 19.0 statistical package (SPSS).

Results

A targeted genome capture and next-generation sequencing strategy allows the
identification of a common polymorphism in 3'UTR HSP90B1

Using a custom NimbleGen array we captured and sequenced 93 genes and two entire
chromosomal regions of eight individuals: four CLLs and four haematological
malignancies not CLL. The enrichment assay followed by NGS allowed the detection of
over 1 600 variations/sample (median 1 721, range 1 618-1 823). All putative variants
were first compared with published single nucleotide polymorphism (SNP) data (dbSNP

build 130; http://www.ncbi.nlm.nih.qgov/projects/SNP). Most of the variants detected

were identified as known SNPs and 226 variants were present in all the patients. Thus,
they were discarded. Overall, 10% of variants detected in each sample were mutations
not described previously. 73 missense variations affecting 33 genes were detected.
Most of the genes had one (70%) or two (12%) variations. Results are summarized in

Supplementary Table S6.

By applying a custom-made data analysis pipeline, we have annotated the detected
variants, including known single-nucleotide polymorphisms (SNPs), amino acid
consequences, genomic location and miRNA binding sites. Thus we have identified a
polymorphism in 3'UTR HSP90B1 in one CLL patient (25%). This polymorphism is
filled as rs2307842 (102865778-102865781) in the NCBI SNP database and the
frequency is 21% in the rs2307842 results in the deletion of four nucleotides in 3'UTR
sequence, three of them are part of the predicted binding site for miR-223 (Figure 1A).

We hypothesized that this ‘GACT’ deletion disrupts the binding site for miR-223 thereby


http://www.ncbi.nlm.nih.gov/projects/SNP

increasing the translation of HSP90B1. Given the importance of miRNA regulation of

gene expression in cancer and also in CLL, we decided to gain insight in this field.

HSP90B1 is a direct target gene of miR-223

We have confirmed that miR-223 regulates HSP90B1 expression by 3'"UTR reporter
assays. First, the double-stranded oligonucleotides, corresponding to the wild-type
(WT-3'UTR) or mutant (MUT-3'UTR) miR-223 binding site in the 3'UTR of HSP90B1
(NM_003299), were synthesized and pmirGLO Vectors made up of an SV40 promoter,
the Renilla luciferase gene, and the 3’'UTR of HSP90B1 were transfected into HEK293
cells along with miR-223 or negative control (NC) mimics and relative luciferase activity
was measured at 24h. The relative luciferase activity of the construct with wild-type
3'UTR was significantly repressed by 31% following miR-223 transfection
(p<0.05)(Figure 1B). However, the presence of rs2307842 polymorphism in 3'UTR
HSP90B1 abolished this suppression (p<0.05)(Figure 1B), suggesting that miR-223

directly binds to this site.

We also validated HSP90B1 as a target gene of miR-223 by transfecting MM1S and
H929 cell lines with miR-223/NC mimics and then measuring HSP90B1 expression by
semi-quantitative PCR and Western blot. Sanger sequencing showed that rs2307842
polymorphism was present in 3'UTR HSP90B1 of MML1S cell line. All the experiments
were done in triplicate. Exogenous expression of miR-223 downregulated the
expression levels of HSP90B1 in H929 cell line (3" UTR-WT) in both mRNA and protein
levels (Figures 1C and 1D). By contrast, HSP90B1 expression was not modified in

MML1S cell line (3’ UTR-MUT) (Figures 1C and 1D).

Taken together, all these results demonstrate that HSP90B1 is a bona fide target gene
of miR-223 and the rs2307842 polymorphism abolishes the miR-223 regulation on

HSP90B1 expression.



rs2307842 is a common polymorphism in CLL patients and is not associated

with any clinical feature of the disease

To determine the clinical impact of HSP90B1 3'UTR polymorphism in CLL, we
screened 109 additional patients with CLL and 32 healthy controls for this SNP by
pyrosequencing. A total of eighteenpaired DNA samples (CD19+ and CD19- cells)
immunomagnetically purified from CLL patients showed complete concordance in their
3'UTR sequence, confirming that rs2307842 was the result of a single nucleotide
polymorphism and not an acquired mutation. The SNP was found in 27/109 (25%) CLL
patients and 8/32 (25%) healthy controls, which is consistent with the data obtained

from dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP). Overall, we found no

association between rs2307842 and any clinical characteristic of CLL patients.

rs2307842 polymorphism determines HSP90B1 overexpression in B-lymphocytes

of CLL patients

To test the hypothesis that rs2307842 determines overexpression of HSP90B1 mRNA
by abolishing the miR-223 regulation in CLL patients, we have performed semi-
gquantitative PCR on CD19+ cells from a subset of the patients previously characterized
for the presence of the SNP. To gain insight into the influence of the SNP on gene
expression, we measured HSP90B1 mRNA levels in paired samples (tumoral and
normal) from CLL patients with rs2307842 (VAR, n=6) and wild-type (WT, n=12). PCR
results showed that B-lymphocytes from VAR-CLLs have a higher expression of
HSP90B1 than B-lymphocytes from WT-CLLs (P=0.002) and also from their normal
counterpart (P=0.011) (Figure 2). Despite the presence of the SNP in the normal
counterpart of the VAR-CLLs, no changes in mRNA expression were observed in

comparison with the expression levels of WT samples (Figure 2)// when comparing with


http://www.ncbi.nlm.nih.gov/projects/SNP

WT samples. Interestingly, rs2307842 determined HSP90B1 overexpression only in the

tumoral fraction of the CLL patients with the SNP (Figure 2).

In addition, taking into account that the down-regulation of miR-223 is associated with
disease aggressiveness and poor prognostic factors in CLL, such as unmutated status
of IGVH, we have investigated HSP90B1 expression in these patients (IGVH-CLLS). As
shown in Supplementary Figure 1, B-lymphocytes from IGVH-CLL patients also
showed overexpression of HSP90B1 in comparison with WT patients (P=0.003) and

their normal counterpart (P=0.006).

CLL patients with HSP90B1 overexpression also have overexpression of BCL-2.

Considering the key role of the antiapoptotic Bcl-2 in CLL pathogenesis and the fact
that Hsp-90 can modulate Bcl-2 expression, we also have measured the mRNA levels
of BCL-2 in our series of patients (VAR-CLL, IGVH-UM-CLL and WT-CLL patients). As
shown in Figure 3, the expression levels of HSP90B1 mRNA were positively correlated
with the mRNA expression levels of BCL-2. Direct correlation was obtained using

Spearman’s correlation, r= 0.517, P= 0.006.



Discussion

MicroRNAs are known to inhibit gene expression by binding to the 3’"UTR of the target
transcript. In this study, we present evidence that rs2307842, a common SNP in
HSP90B1 3'UTR, modulates HSP90B1l expression by interfering with miR-223
function, resulting in HSP90B1 overexpression. Furthermore, we propose that this
could represent a pathogenic mechanism for miR-223, as HSP90B1 overexpression

has been involved in several types of cancer.

Functional polymorphisms in 3’'UTRs of several genes (also known as miRSNPs or
miR-polymorphisms) have been reported to be associated with diseases affecting gene
expression. Loss of microRNA function due to a defective miIRNA-mRNA binding
results in overexpression of the target mRNA, which can be involved in key biological
processes, oncogenic mechanisms or drug resistance.’®**3* To the best of our
knowledge, only one SNP in the 3"UTR region of IRF4 had been previously associated
with an increased risk of CLL,” but, as far as we know, no functional studies of miRSNP
in CLL have been previously reported.. Firstly we have confirmed that miR-223
regulates HSP90B1 expression by 3"'UTR reporter assays and forced overexpression
of miR-223/transfection with synthetic miR-223. HSP90B1 was validated as miR-223
direct target, as miR-223 reduced mRNA and protein levels of HSP90B1 in 31%.
Sincethe level of target gene expression is reduced but not abolished by the
correspondent miRNA, it is considered a fine “tuning” miRNA.>*

Moreover, our results showed that the presence of rs2307842 SNP alter the interaction
between the target site in HSP90B1 and miR-223 in CLL patients. We have performed
semi-quantitative PCR using CD19+ peripheral blood lymphocytes from CLL patients,
both with the SNP and wild-type. As expected, B lymphocytes from CLL patients with
the SNP showed higher levels of HSP90B1 in comparison with B lymphocytes from

wild-type CLL patients. Surprisingly, non-clonal cells from CLL patients with the SNP



showed levels of mMRNA HSP90B1 similar to that of wild-type CLL patients (both
tumoral and normal counterparts). These findings suggest that a regulatory mechanism
of HSP90B1 expression could be present in cells with rs2307842 polymorphism. This
mechanism may be responsible for maintaining the optimal levels of mMRNA HSP90B1
and could be damaged in CLL B lymphocytes. However,other possible hypothesis,
such asis that CLL B lymphocytes accumulate so many genetic aberrations that
HSP90B1 expression is also affected by several mechanisms, could not be excluded.
Thus, to explain gene alteration in cancer by a microRNA-dependent mechanism,
besides looking for mutations inside or surrounding microRNA genetic loci, it could
bepossible also to search for mutations altering the 3"UTR-site targeted by the miRNA.
There is still little known about miR-223 function in CLL. MicroRNA-223 expression
levels decreased significantly with the progression of the disease thus associating miR-
223 down-regulation with higher tumor burden, disease aggressiveness, and poor
prognostic factors.’®* Interestingly, miR-223 and miR-29¢ have been used to create a
gquantitative PCR-based score able to improve CLL patients stratification in terms of
treatment free survival and overall survival, when combined with two other prognostic
factors.™ Despite the proven implication of miR-223 expression in CLL prognosis, little
is known on the molecular mechanisms which could be responsible for the poor
outcome of CLL patients showing miR-223 downregulation. Unlike other miRNAs with
prognostic value in CLL such as miR-181b and miR-29c, the target of miR-223 in CLL
is still unknown.***” Thus, we also performed semi-quantitative PCR on purified cells
from unmutated-IGVH (UM) CLL patients. HSP90B1 mRNA levels were upregulated in
UM B cells in comparison with mutated and wild-type B cells. Moreover, the
overexpression was also significant in comparison with the non clonal cells of UM CLL
patients. Thus we hypothesized that the deregulation on HSP90B1 expression in B
cells with the SNP could be similar to that of B cells showing downexpression of miR-

223. Our work provides novel information about how the downregulation of miR-223



can be determining the poor outcome of CLL patients, maybe through upregulation of

HSP90B1 expression.

Hsp90 is a molecular chaperone that catalyzes the conformational maturation of a
number of oncogenic signalling proteins with the hydrolysis of ATP. Inhibitors such as
17-AAG and 17-DMAG prevent the binding of ATP to Hsp90, resulting in the release
and degradation of signalling proteins required for the growth of cancer. Identification of
a novel Hsp90 client that plays an important role in the course of a malignancy is of
great interest for clinical development of Hsp90 inhibitors. One such client is the
tyrosine kinase C(-associated protein of 70 kD (ZAP-70). ZAP-70 is physically
associated with Hsp90 in B-CLL cells and the protein expression is ablated by
treatment with 17-AAG.?® Recent evidence suggests that Hsp90 inhibitors could be a
therapeutic option in CLL. These drugs have shown preclinical efficacy in the
treatment of CLL independently of p53 function, indicating its value to a broad set of
patients with limited therapeutic options.?*** Hsp90 inhibitors have a novel mechanism
of action targeting multiple pathways that has not been fully elucidated in CLL and
finally leads to apoptosis. Of note, a correlation between HSP90B1 and BCL2
overexpression in CLL patients was observed in the present study. The role of Hsp90
in Bcl-2 regulation has not been yet elucidated, except in mast cells.®® In this sense,
therapies such as 17-DMAG, which target both of these proteins, are of great clinical

interest.?®

In summary our study highlights the proven importance of miRNAs as critical players in
the pathogenesis of CLL and shows for the first time that a single-nucleotide
polymorphism in the miR-223 binding site modulates HSP90B1 expression in B
lymphocytes of CLL. These results could provide a plausible explanation as to why CLL
patients harboring miR-223 downregulation are associated with a poor outcome. This
work also point out HSP90B1 as a new pathogenic mechanism in CLL, given its role in

apoptosis resistance and cell survival promotion in several types of cancer and also in



CLL. Future work is needed to understand the relevance and functional consequence
of this common polymorphism in CLL patients and future efforts are warranted to
explore whether miR-223 and HSP90B1 could be potentially useful for CLL prognosis

and treatment.
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Figure 1. HSP90B1 is a target of miR-223

(A)

(€

3'UTR HSP90B1 region (263 nt length) with a predicted binding site for miR-223 at 204-
210 nt (grey box). The figure shows the mature miR-223 sequence (hsa-miR-223)
aligned with both HSP90B1 3'UTR wild type (WT, up) and with the polymorphism
(MUT, below). The seed region is shown in bold. The rs2307842 polymorphism
disrupts the putative binding site for miR-223 by deleting the last three nucleotides of
the seed region.

Luciferase reporter assays to confirm targeting of HSP90B1 3'UTR by miR-223. Ectopic
miR-223 expression inhibits wild-type but not mutant HSP90B1 3°'UTR reporter activity
in HEK293 cells. Cells were co-transfected with miR-223 precursor/negative control
(NC) miRNA and with either WT or MUT HSP90B1 3°UTR reporter construct. Luciferase
activity assay was performed at 24h after transfection. The columns represent
normalized relative luciferase activity (RLU) by means with 95% confidence intervals
from 4 independent experiments (Mann-Whitney test, *P<0.05).

and (D) Forced overexpression of miR-223 downregulated HSP90B1 mRNA (C) and
protein (D) expression in H929 cell line (wt) but not in MM1S (mutant). Cells were
transfected with miR-223 precursors and negative controls. Twenty-four hours later,
cells were analyzed for HSP90B1 expression by semi-quantitative PCR (C) and western-
blot (D). The data shown are representative for 3 independent experiments (Mann-
Whitney test, *P<0.05).
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Figure 2. Gene expression levels of HSP90B1 in CLL patients with rs2307842 assessed by
semi-quantitative PCR analysis.

Box plots show the relative upregulation of HSP90B1 in CLL patients with rs rs2307842 (MUT)
compared with wt-CLL patients (WT). The thick line inside the box plot indicates the median
expression levels and the box shows the 25th and 75th percentiles, while the whiskers show
the maximum and minimum values. Outliers (extreme values falling out of the main
distribution) are represented by open circles. Statistical significance was determined using the

Mann-Whitney U test (P<0.05).
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Figure 3. Expression levels of HSP90B1 are positively correlated with BCL-2 expression in CLL
patients. Pearson’s correlation analysis of the relative expression levels of both genes
determined using semi-quantitative PCR in 27 paired samples.
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Supplementary Figure 1. Gene expression levels of HSP90B1 in IGVH-UM CLL patients
assessed by semi-quantitative PCR analysis.

Box plots show the relative upregulation of HSP90B1 in CLL patients with rs2307842 (MUT)
compared with wt-CLL patients (WT). The thick line inside the box plot indicates the median
expression levels and the box shows the 25th and 75th percentiles, while the whiskers show
the maximum and minimum values. Outliers (extreme values falling out of the main
distribution) are represented by open circles. Statistical significance was determined using the
Mann-Whitney U test (P<0.05).



SUPPLEMENTARY METHODS

1. NimbleGen Target-Region Capture

A custom Sequence Capture 385K Human Array was designed and manufactured by
Roche NimbleGen. A total of 385,000 unique, overlapping probes 60-90 nucleotides in
length were designed including all known exons and untranslated regions (UTRS). In
total, 1564 exons from 93 distinct target genes and 2 target regions 13q14.3:
50043128-50382849 bp and 17p13.1: 7500000-7535000; NCBI build 36.1, hg18) were
selected, targeting 845212 bases. The genes had been selected according to our
previous gene expression data and their relevance in CLL, and included, for example,
HSP90B1, TP53, ATM, PHLPP1, E2F1, RAPGEF2 or PI3K. Approximately 5 ug of
genomic DNA from 4 CLL patients was fragmented to a size range of 300-500 base
pairs (bp) with the use of a GS Nebulizer Kit (Roche Applied Science) to generate
blunt-ended fragments. The fragmented DNA was purified (DNA Clean & Concentrator-
25, Zymo Research) and analyzed on an Agilent Bioanalyzer 2100 DNA Chip 7500
according to the manufacturer's instructions. The fragmented DNA was then
processed according to the recommended NimbleGen protocol (Roche Applied
Science, User Guide 3.1; July 2008). In brief, linkers were ligated to the polished
fragments in the library to provide a priming site for post-enrichment amplification of the
eluted fragment pool. The linker-terminated fragments were then denatured to produce
single-stranded products. The resulting library was hybridized to a custom 385K array
for 72 h at 42°C, with the use of the NimbleGen Sequence Capture Hybridization
System 4. The hybridized DNA from the target regions was washed and eluted with
the use of a NimbleGen Wash and Elution Kit according to the manufacturer's
instructions. The eluted sample was amplified by ligation-mediated PCR with the use of

primers complementary to the sequence of the adaptors



2. 454 Sequencing

We applied NGS technology using 454 FLX Titanium chemistry according to the
manufacturer's protocols (Roche Applied Science).! Sequencing-compatible linkers
were ligated to the eluted samples from the capture microarrays. The libraries were
subsequently diluted, amplified on beads using emulsion PCR and sequenced using

the 454 FLX sequencing instrument.

3. Sequencing data analysis

Basic raw data analysis was carried out using the GS Run Browser and GS Reference
Mapper software version 2.0.01 (Roche Applied Science). Following in silico removal of
the linker sequence, each sequence read was compared with the entire appropriate
version of the human genome. Captured sequences mapped uniquely back to regions
within the target regions were considered sequencing hits. These were then used to
calculate the percentage of reads that did hit target regions, and the fold sequencing
coverage for the entire target region. All putative variances were first compared with
published single nucleotide polymorphism (SNP) data (dbSNP build 130;

http://www.ncbi.nIm.nih.gov/projects/SNP). We used a custom-made data analysis

pipeline to annotate detected variants with various kinds of information, including
known single-nucleotide polymorphisms (SNPs), amino acid consequences, genomic

location and miRNA binding sites.

4. Coverage statistics

According to NCBI build 36.1, hg18 reference genome, the final target bases covering

the 93 target genes and target regions 13g14.3 and 17p13.1 were defined to be 845


http://www.ncbi.nlm.nih.gov/projects/SNP

212 bp; of those 750 594, target bases (99.39%) were covered by capture
oligonucleotides as defined by NimbleGens default settings for probe selection. 5 134
bp (0.6%) of the initial target region were omitted due to reasons of specificity and
uniqgueness (Supplementary Table S4). This was sufficient to reach an average target

coverage of 21.7- fold per individual (Supplementary Table S5).

Reference List

1. Margulies M, Egholm M, Altman WE et al. Genome sequencing in microfabricated

high-density picolitre reactors. Nature 2005;437:376-380.



Discusion general

La leucemia linfatica créonica es una hemopatia maligna heterogénea, no solo en su curso
clinico sino también en su biologia. Esta diversidad se debe, en gran medida, a las alteraciones
genéticas que presentan sus células. Las alteraciones citogenéticas y el estado mutacional de

8,124

IGVH constituyen los factores genéticos de mayor relevancia prondstica en la LLC, pero

hasta el momento no se ha identificado una Unica mutacién o anomalia genética responsable

d.">"?® Teniendo en cuenta la gran heterogeneidad

del origen y desarrollo de esta enfermeda
molecular de la LLC, los estudios gendmicos masivos y el andlisis global de las posibles rutas
celulares afectadas pueden ser de gran utilidad en el analisis genético de estos enfermos,

mucho mas eficaces que el estudio enfocado hacia dianas unicas.

El andlisis combinado del genoma y del perfil de expresion de los enfermos con LLC ha

permitido la identificacién de una nueva ganancia recurrente en 20q13.

En la LLC, las alteraciones citogenéticas determinan subgrupos con diferente valor prondstico.
Al ser una enfermedad tan heterogénea, los microarrays constituyen una herramienta muy util
para su estudio global. Por esta razén nos planteamos realizar un andlisis combinado del

genoma y transcriptoma de 67 enfermos con LLC mediante arrays gendmicos y de expresion.

Los arrays genédmicos permiten el estudio global del genoma mediante la identificacion de las
ganancias y de las pérdidas del material tumoral. No requieren células en divisién como ocurre
con la citogenética convencional, lo que supone una gran ventaja dado el bajo indice mitético
de la LLC. Su principal ventaja es que permiten el analisis de todo el genoma en un solo
experimento, lo cual se puede comparar con la realizacion de miles de estudios de HISF
independientes.”” Ademds tienen una resolucién alta, que varia segin el tipo de plataforma
utilizada (200 pb-10 Kb), pero en cualquier caso muy superior a la de la FISH y la citogenética
convencional. Permiten la deteccion de alteraciones cripticas pero no de traslocaciones. De
esta manera, la aplicacién de los arrays gendmicos al estudio de la LLC ha permitido la
deteccion de nuevas alteraciones citogenéticas, como las ganancias en 2p, o las deleciones de
8p, 18q vy 229.°°"*™! Sin embargo, ningln estudio ha investigado la presencia de nuevas
alteraciones citogenéticas en relacién con los subgrupos citogenéticos definidos por FISH. Por
eso el objetivo de nuestro trabajo fue estudiar la presencia de nuevas alteraciones recurrentes

en LLC y su prevalencia en los diferentes subgrupos citogenéticos definidos por FISH.



En nuestro estudio detectamos alteraciones genéticas en el 75% de los pacientes analizados,
un porcentaje muy similar a la clonalidad detectada mediante los estudios de FISH.
Predominaban ligeramente las pérdidas (53%) sobre las ganancias, como corresponde a los
procesos linfoides y como se ha descrito en LLC. Los arrays gendmicos nos permitieron
detectar nuevas alteraciones recurrentes ademas de las que se pueden identificar mediante
los estudios de FISH. De esta manera, describimos una nueva ganancia en el cromosoma 20, en
el 19% de los pacientes con LLC. Esta frecuencia es similar a la de otras alteraciones
citogenéticas “clasicas” (+12, 11g- y 17p-)." El andlisis genético identificd la regidn
minimamente ganada en 20q13.12, con un tamaiio de ~2.31 Mb, préxima al amplicdn ganado
en el cancer de mama, pero no comprendida en é1.2***** Las ganancias en 20q13 no aparecen
como Unica alteracidn citogenética en la LLC, sino que todos los pacientes con ganancias en
esta region presentaban alteraciones genéticas adicionales, aunque su presencia no se
asociaba significativamente con ninguna en concreto. En realidad, las ganancias en 20q
estaban asociadas a una mayor complejidad genética, definida como un mayor nimero de
cambios detectados por CGH arrays. La elevada complejidad genética se ha relacionado
recientemente con una mayor progresién y menor respuesta al tratamiento en la LLC.”***° La
presencia de un mayor nimero de cambios en los pacientes de LLC con ganancias en 20q
sugiere que esta nueva entidad podria estar asociada a una enfermedad mas avanzada, tal y

como se ha sugerido en los linfomas no Hodgkin.™’

En los pacientes con ganancias en 20q se
observé una tendencia a presentar un mayor recuento linfocitario y sintomas B, lo que sugiere
que esta alteraciéon podria constituir un marcador de evolucidn. Sin embargo en nuestro
estudio no encontramos una correlacion entre 20q+ y los datos de progresion de la

enfermedad

Las alteraciones en el cromosoma 20 son muy frecuentes en cancer y la presencia de ganancias
en 20q se asocia con un comportamiento mds agresivo y peor prondstico. Pensamos que la
ganancia de 20913 en LLC puede tener importancia en la patogénesis o en la evolucién de la
enfermedad debido al papel que pueden desempefiar los genes que se localizan en ella, todos
sobreexpresados en el estudio del perfil de expresién. Se han identificado 11 genes que
codifican para proteinas relacionadas con céncer, como PIGT, PI3, SLPI y WFDC2, cuya

138-140

sobreexpresion se relaciona con progresién en varios tipos de tumores. Por ello, un

estudio mas detalladode los genes localizados en esta regién seria de gran interés en LLC.

El analisis de la expresidn génica mediante microarrays de ARN ha permitido en los pacientes

con leucemia mejorar el proceso diagndstico y la clasificacién de estas neoplasias.'*®*14142

En el caso de la LLC, estos analisis han permitido incluso definir nuevos factores prondsticos,



como ZAP70, gen que se encontré mas expresado al analizar las diferencias en el perfil de

expresion de los pacientes con y sin mutaciones de IGVH.**

El estudio del perfil de expresién
ha permitido profundizar en los mecanismos moleculares implicados en la patogénesis de la
LLC mediante el analisis de la influencia de las alteraciones genéticas en la expresién de los

genes localizados en los loci correspondientes.3>#%144143

Nuestros datos confirman que existe
una asociacidon entre los niveles de expresidén y las regiones alteradas en los diferentes
subgrupos genéticos de LLC. Este efecto de dosis génica podria tener un efecto patogénico en

la LLC, incluso en las nuevas alteraciones descritas, como es el caso de las ganancias en 20q.

Los arrays gendmicos, ademas de describir nuevas alteraciones citogenéticas, han permitido
profundizar en las caracteristicas de los subgrupos definidos mediante FISH, como las

40-42,146

deleciones en 13qi4, gue son objeto de estudio en la segunda parte de esta tesis

doctoral.

Los enfermos con LLC y delecion de 13q presentan diferentes caracteristicas clinicas y

bioldgicas.

Aunque las deleciones en 13g son a menudo citogenéticamente cripticas, representan la
alteraciéon citogenética mas frecuente en los enfermos con LLC. Cldsicamente se ha
considerado que los pacientes con LLC que tienen un mejor prondstico son los que presentan
delecion en 1314 como Unica alteracion citogenética, incluso ligeramente mejor que los que
tienen citogenética normal. Sin embargo esta afirmacién esta siendo cuestionada actualmente,
ya que los enfermos de LLC con 13g- constituyen un grupo con un prondstico heterogéneo. En
el andlisis de algunas de las series publicadas' y en la serie de 350 pacientes objeto de
estudio del articulo 1, se ha podido observar un entrecruzamiento de las curvas de
supervivencia y de tiempo hasta la progresidn en los pacientes con citogenética normal y
pérdida del cromosoma 13q14. En relacién con la supervivencia, este hecho tiene lugar a los
12-13 afos. A partir de este momento, la supervivencia de los enfermos con FISH normal es
mejor. En este trabajo de tesis doctoral se demuestra que el porcentaje de células que
presentan delecién de 13q influye en la evolucidon de los enfermos de LLC. Ademds varios
estudios han demostrado que el tamaiio de la pérdida se puede asociar con caracteristicas
clinicas diferentes: la del(13q) de tipo Il es mayor, implica la pérdida del gen RB1 y se relaciona

con progresion de la enfermedad, mientras que las deleciones de tipo | son de menor tamario,



no suponen la pérdida de RB1 y solo se relacionan con progresidén si aparecen asociadas a

otras alteraciones. 10147

En el articulo | los estudios de FISH y CGH arrays demostraron que los enfermos 13g-
constituyen un grupo muy heterogéneo tanto en el tamafio de la delecidn como en el
porcentaje de células con esta alteracion. A pesar de utilizar para nuestro estudio arrays
gendmicos, no pudimos analizar el tamafio de la pérdida en estos pacientes. La correlacion
obtenida entre los resultados de FISH y de CGH arrays fue excelente para todos los subgrupos
citogenéticos excepto para los pacientes con 13g-. Pensamos que esto puede ser debido a (1)
la ausencia de clones en nuestro BAC-array que mapeen adecuadamente 13q14 y (2) que las
alteraciones genéticas, especialmente las pérdidas, son mas dificiles de detectar mediante
CGHa cuando estan presentes en porcentajes bajos (determinados por FISH), y éste era el caso
de, aproximadamente, la mitad de los pacientes 13g- de nuestra serie . En realidad, los casos
en los que no se pudo determinar la presencia de delecidn en 13g mediante el BAC-array
presentaban un porcentaje de pérdida, por FISH, menor del 30%. Esto podria justificar la
ausencia de correlacidn entre los resultados obtenidos con ambas técnicas en este subgrupo
de enfermos. Por lo tanto, en nuestra serie inicial evaluamos el tamafio de la delecién de 13q
mediante sondas de FISH (LSI-D135319, para determinar si 13q esta delecionado, y LSI-RB, que
identifica las pérdidas de mayor tamafio) y analizamos la supervivencia. Esta aproximacion es

.’ La hipétesis de este grupo es que los pacientes con

semejante a la realizada por Dal Bo et a
un mayor porcentaje de células 13g- y peor prondstico presentan también deleciones de
mayor tamafio. Nuestro anadlisis mostré que los pacientes con LLC y menores porcentajes de
13qg- por FISH solian presentar deleciones de menor tamario (que no afectaban a RB1). Ademas
un menor porcentaje de células 13g- o una pérdida de menor tamafio se correlacionaban con
una mayor supervivencia. Sin embargo, encontramos pacientes con porcentajes de pérdidas
de 13q altos y tamafios de delecién pequefios, y estos casos no tenian una mejor supervivencia
que los pacientes con porcentajes altos y deleciones de mayor tamafio, demostrando que la

presencia de un porcentaje alto de pérdidas se asocia con una peor supervivencia

independientemente del tamaiio de la delecidn.

La relevancia clinica del niumero de células que tienen una alteracion citogenética se ha
demostrado recientemente en un estudio del grupo inglés de LLC. Asi, la presencia de mas de
un 20% de células con pérdidas en TP53 se asocia con un prondstico peor en los pacientes con
LLC, mientras que los pacientes con pérdidas en TP53 en menos del 20% de sus células tienen

148
l.

un prondstico similar a los enfermos de la serie globa Nuestros resultados reflejan que los

pacientes que tienen una infiltracién alta por células 13g- (= 80%) no muestran caracteristicas



clinicas diferentes del resto de enfermos con LLC y 13g-, excepto por el hecho de tener un
recuento linfocitario mayor asi como una tendencia a presentar patrén de infiltracidn difuso
de la médula dsea y mas esplenomegalia. Sin embargo, estos pacientes tienen un curso clinico
significativamente peor.

Aungue el seguimiento fue relativamente corto para una enfermedad crénica (mediana de 42
meses), el subgrupo de pacientes con un nimero alto de células con 13g- presenté tanto una
menor supervivencia como un menor tiempo hasta la progresién. Estos resultados fueron
similares al utilizar diferentes puntos de corte en el numero de células 13g- (< 50; 51-79; > 80;
10-40, 41-70, = 70). En el grupo de pacientes con pérdida de 13q los Unicos factores adversos
para la supervivencia global en el andlisis multivariante fueron la presencia de un nimero
mayor de células 13g- y la sintomatologia B. En nuestra experiencia, el mayor nimero de
pérdidas en 13g14 no esta relacionado con un mayor porcentaje de pérdidas bialélicas de 13g-
en los pacientes. Este subgrupo de enfermos con homocigosis de 13q14 no presenta una
supervivencia peor, aunque parecen precisar tratamiento antes (53 meses vs 134 meses; p =

0,05).

En nuestro conocimiento, es la primera vez que el porcentaje de células con pérdidas en el
cromosoma 13q14 se asocia con la supervivencia y la progresién en la LLC. Nuestros resultados
han sido posteriormente corroborados por dos grupos independientes, que confirman que los
enfermos de LLC y un mayor porcentaje de células con delecién de 13g como Unica alteracion

citogenética tienen un peor prondstico.***’

Sin embargo, hasta el momento no se han
analizado en profundidad las caracteristicas moleculares de los pacientes con LLC y 13g-. Este
andlisis de las diferencias moleculares que existen entre los enfermos con deleciéon de 13q
podria explicar por qué estos pacientes presentan esta variabilidad clinica. Por eso decidimos
realizar un estudio del perfil de expresién génico de los enfermos con LLC y 13g- con dos

plataformas de arrays: HU 133 Plus 2.0 (articulo Il) y Human Exon 1.0 ST (articulo Il1).

El analisis funcional preliminar realizado en el articulo Il identificé importantes funciones
celulares alteradas en los pacientes con 13g- en funcién del porcentaje de pérdidas. La
mayoria de los genes cuya expresion estaba alterada estaban implicados en procesos de
crecimiento y proliferacion celular, apoptosis y metabolismo del calcio y del reticulo. En el
articulo Ill el andlisis del perfil de expresidn se realizé con el microarray Human Exon 1.0 ST
que ofrece un analisis mas detallado de la expresién génica que la anterior generacién de
chips. De esta manera los resultados obtenidos en el articulo Ill caracterizan las diferencias

bioldgicas que subyacen en las diferencias clinicas observadas en los pacientes de LLC y



delecién de 13q con mayor detalle. En general, la correlacion entre los resultados obtenidos

con las dos plataformas fue excelente.

Para validar las diferencias observadas entre los subgrupos de enfermos con 13g- y
visualizarlas, realizamos un analisis de componentes principales (PCA) sobre linfocitos B
purificados en una serie independiente de pacientes. Para una mejor caracterizacion de las
diferencias y semejanzas en esta serie de pacientes incluimos, ademas de los enfermos 13q-,
pacientes con FISH normal y controles sanos. De nuevo los resultados mostraron que los
enfermos de LLC con un elevado porcentaje de células 13g- tienen un perfil de expresion
caracteristico, que los diferencia de los linfocitos B sanos y también de los enfermos con
menores porcentajes de células 13g-, cuyo perfil de expresion estd muy préximo al de los

enfermos con FISH normal.

El perfil de expresion génica de los enfermos con un mayor porcentaje de células 13qg- es
diferente al de los enfermos con porcentajes menores. Estas diferencias involucraban a mas de
3000 genes, que estan implicados en funciones celulares de gran importancia como la
sefializacion por BCR, la apoptosis y la supervivencia celular. Los enfermos con un elevado
porcentaje de células 13g- se caracterizan por la sobreexpresién de genes implicados en la
sefializacion por BCR como SYK, BLNK y PRKCB1. La sefalizacidon por BCR es esencial para la
supervivencia de los linfocitos B y se ha demostrado que desempefia un papel fundamental en
el desarrollo de la LLC.”> Ademds esta ruta estd activada en los pacientes con LLC de peor
prondstico (IGVH no mutado) y la sobreexpresién de muchas de las moléculas implicadas en
ella, como SYK y PKC se ha descrito en los casos no mutados y en estadios avanzados de la
enfermedad.®”***™"! Los enfermos con pérdidas de 13q >80% presentan una desregulacién del
balance entre proliferacién y apoptosis debido a la alteracién de la expresién de genes
implicados en estos procesos, como sobreexpresion de LEF1, RRAS, SOS1 y BCL2 asi como
infraexpresion de BAD, FAS y varias caspasas. Recientemente se ha descrito que una activacion
sostenida de BCR podria tener un efecto antiapoptoético. Esta desregulacidn, que favorece que
exista una mayor proliferacién celular y menor apoptosis en los enfermos con mayores
porcentajes de 13q-, podria justificar la mayor linfocitosis observada en este subgrupo de
enfermos.

Nuestros resultados también demuestran que los enfermos con 13g- presentan un perfil
especifico de expresion de microRNAs. En la LLC se han definido varias firmas de microRNAS
que caracterizan a los linfocitos B de los enfermos con LLC o se correlacionan con parametros
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bioldgicos de relevancia, fundamentalmente con el estado mutacional de IGVH. n



nuestro estudio describimos un perfil de microRNAs caracteristico de los enfermos con
porcentajes altos de pérdidas de 13qg, en el que destaca la infraexpresién de miR-34a
(relacionado con resistencia al tratamiento) y sobreexpresion de miR-155 asi como una
infraexpresion de miR-223 y miR-29, relacionados con progresién en LLC. Ademas
comprobamos que la desregulacién de los microRNAs influye en el perfil de expresién de los
enfermos 13q-, ya que mas de 400 de los genes de éste son dianas de los microRNAs alterados.
Destaca, por su interés en LLC, la sobreexpresién de BCL2, TCL1 y LEF1, dianas de miR-153,

miR-29a y miR-34a, respectivamente.

Ademas nuestros resultados mostraron que los enfermos con un mayor porcentaje de células
13g- tienen algunas caracteristicas biolégicas semejantes a las de los enfermos de los grupos
citogenéticos de peor prondstico como son 17p-y 11q-, al compartir la desregulacién de genes
implicados en varias funciones celulares clave como ciclo celular, muerte celular vy
proliferacién. También compartian la desregulacién de algunos miRNAs como la infraexpresion
de miR-34a, miR-223 y la sobreexpresién de miR-155. Este hecho respalda nuestra hipdtesis de
gue los enfermos de LLC con un elevado porcentaje de células con delecion de 13q tienen un

comportamiento clinico mas agresivo.

Las diferencias en el prondstico clinico de estas dos variantes permanecen aun sin una
explicacion clara, tanto si los linfocitos clonales con 13g- del grupo de pacientes con un alto
porcentaje de células con 13g- representan una forma mas activada de la enfermedad, lo que
favoreceria el potencial proliferante del clon maligno, como si se trata de pacientes que pasan
de tener un porcentaje de células 13g- bajo a un porcentaje elevado, por lo que la delecién de
13q constituiria un marcador no sélo de peor prondstico sino también de evolucién. Se
necesitan por tanto, mayores evidencias experimentales para justificar estas hipdtesis, y tanto
el andlisis de los perfiles de expresidon como el analisis del estado mutacional de los linfocitos
13g- en estos subgrupos pueden resultar de gran utilidad para definir qué genes estarian
interviniendo en esta posible evolucidn. En este sentido, la posibilidad de estudiar de manera
evolutiva a enfermos con pérdidas de 13q en los que el porcentaje de pérdidas no se modifica
sustancialmente en el tiempo y compararlos con las caracteristicas de los enfermos con 13g-
en los que se observa un aumento de pérdidas en la evolucion de la enfermedad podria

aportar datos relevantes y serd objeto de estudios posteriores a esta tesis doctoral.

Por todo lo expuesto, nuestros hallazgos confirman que los pacientes con LLC y pérdida de

13914 no pueden considerarse globalmente. Un gran nimero de células con pérdidas en 13q



cuantificadas por FISH se asocia con una supervivencia global y tiempo hasta la progresion mas

cortos y con un perfil de expresion génico y de microRNAs caracteristico.

Analisis genético de la LLC por secuenciacion masiva mediante captura de secuencias.

En la ultima parte de esta tesis doctoral realizamos un estudio mutacional de la LLC.

Hasta ahora los estudios de mutaciones en los pacientes con LLC estaban restringidos a un
nimero limitado de genes: mutaciones somaticas de IGVH y mutaciones de P53 y ATM,
asociadas o no a la delecion del gen. La importancia de las primeras en el valor pronéstico de la

LLC es indiscutible y las segundas van cobrando cada vez mas importancia.®*%°0°1124154-138

La aplicacion de las nuevas tecnologias de secuenciacidén masiva permite detectar mutaciones
presentes con una frecuencia muy baja, y analizar varios genes en diferentes pacientes de
manera simultanea.En los trabajos publicados recientemente por el Consorcio Espafiol para la

125126 del que nuestro grupo forma parte, se han identificado

secuenciacion de la LLC,
mutaciones recurrentes en genes que no se habian relacionado previamente con LLC, como
NOTCH1, XPO1, MYD88 y SF3B1. Estos datos refuerzan el concepto de LLC como enfermedad
heterogénea, ya que ademds se ha comprobado que algunas de estas mutaciones tienen
importancia clinica, por lo que podrian ser en un futuro marcadores prondsticos como ahora lo

son las alteraciones citogenéticas o el estado mutacional de IGVH.

Sin duda uno de los aspectos que mas llama la atencidn en estos estudios es que, a pesar del
gran numero de pacientes analizados (105-310 pacientes) en la poblacién espaiola son muy
pocos (ocho) los genes con alteraciones recurrentes y muy bajas las frecuencias de aparicion
(2.4%-12.2%). Esta es una de las mayores dificultades de los estudios mutacionales en una

enfermedad tan heterogénea como es la LLC.

Por eso decidimos seguir una estrategia de captura de secuencias seguida de secuenciaciéon
masiva con el sistema 454-FLX de Roche. De esta manera, en lugar de secuenciar todo el
genoma, nos centramos en los genes (93) y las regiones cromosémicas (13q14.3 y 17p13.1)
gue consideramos de mayor interés en LLC. La seleccion se llevo a cabo teniendo en cuenta los
datos publicados y nuestros resultados previos de perfil de expresidén. Se secuencié el ADN
procedente de linfocitos B purificados de 4 pacientes con LLC. En otros estudios, incluido los
del Consorcio Espafiol, se secuencian en paralelo el ADN tumoral y el normal del mismo
paciente, para descartar a priori los polimorfismos (variaciones que estarian presentes en

ambas fracciones). Nosotros decidimos secuenciar los linfocitos B clonales de 4 pacientes y



descartar posteriormente los polimorfismos mediante secuenciacion convencional de la
correspondiente fraccion no tumoral. Ademds analizamos 4 pacientes con neoplasias

hematoldgicas no LLC, como controles.

De esta manera identificamos mas de 1600 variaciones por muestra (media: 1721, rango:
1618-1823 variaciones). De éstas, 226 estaban presentes en las 8 muestras, por lo que
pensamos que podrian tratarse de polimorfismos y los descartamos. Ademas el analisis que
diseflamos nos permitid caracterizar las variantes detectadas: polimorfismos descritos (dbSNP
build 130), consecuencias de la variacion en la secuencia de aminoacidos, localizacion
gendmica e interaccién con microRNAs. Después de aplicar varios de estos filtros, obtuvimos
un total de 73 variaciones que implicaban cambio de aminodcido en 33 genes. Algunos
resultados eran esperables, como las variaciones en ATM y P53. Las variaciones detectadas en
otros genes como E2F1, RAPGEF2 o PI3K se han comprobado mediante secuenciacidn
convencional, aunque no hemos obtenido resultados satisfactorios, bien porque se trataba de
polimorfismos no descritos, presentes también en la fraccion no tumoral del paciente
(RAPGEF2) o bien porque no pudimos demostrar su presencia en mas pacientes con LLC . La
investigacion del resto de genes en los que se han identificado mutaciones en este estudio se

encuentra actualmente en desarrollo.

Estos resultados reflejan la dificultad de analizar la LLC desde el punto de vista mutacional, ya
que a pesar de disefiar una estrategia dirigida hacia genes de interés, la baja frecuencia de
aparicidn de las mutaciones en estos pacientes puede resultar decepcionante y son necesarias

series muy amplias para obtener resultados significativos.

El polimorfismo rs2307842 en la regiéon 3’"UTR de HSP90B1 provoca su sobreexpresion en los

linfocitos B de los enfermos con LLC.

El analisis que disefiamos nos permitid, entre otras cosas, anotar las variantes detectadas en la
base de datos de polimorfismos (dbSNP build 130; http://www.ncbi.nlm.nih.gov/projects/SNP)
y determinar si alguna variante estaba relacionada con algin microRNA.

Los microRNAs (miRNAs) son una familia de RNAs pequeiios, de unos 21-25 nucledtidos, que
regulan la expresion de otros genes uniéndose a secuencias especificas de regiones 3'UTR del
RNA mensajero diana y reprimiendo su traduccién en funcién de la complementariedad entre
el miRNA y el RNA mensajero. Algunos miRNAs desempefian un papel directo en la

oncogénesis, pudiendo actuar como oncogenes 0 como genes supresores de tumores, y su



expresion aberrante se ha asociado con muchos tipos de canceres incluyendo tumores sélidos
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y hematoldgicos. En el caso de la LLC, se han descrito varios miRNAs cuya expresion

aberrante caracteriza a los linfocitos B de estos enfermos.?*!>

En nuestro estudio mutacional identificamos un polimorfismo en la regién 3’"UTR de HSP90B1.
Se trata de un polimorfismo ya descrito y anotado en las bases de datos (rs2307842), que
supone la delecidn de 4 nucledtidos, tres de ellos pertenecientes al sitio de unién de miR-223,
predicho en las bases de datos (TargetScan, TarBase, miRecords e Ingenuity Knowledge Base).

Teniendo en cuenta el importante papel que desempefian los microRNAs en la patogénesis de

la LLC, decidimos profundizar en este hallazgo.

Recientemente se ha descrito un nuevo tipo de polimorfismos, conocido como miR-SNPs. Son
polimorfismos localizados en los sitios de unidon de los microRNAS o préximos a ellos, que
pueden afectar a la expresion de los genes regulados por estos miRNAs al interferir en la unién

miRNA-mRNA y, por lo tanto, en la regulacién de la diana.*®***

En primer lugar validamos, por primera vez, HSP90B1 como diana de miR-223 mediante
experimentos de luciferasa. Ademas identificamos la delecién en la linea celular MM1S y
comprobamos que en estas células la transfeccidon con miR-223 no causaba la disminucion de
los niveles de HSP90B1, al contrario de lo observado en la linea celular H929, que era salvaje
para rs2307842. De esta manera confirmamos que miR-223 regula la expresion de HSP90B1 y
que la presencia de rs2307842 impide la correcta regulacion por parte del miRNA, al alterar el

sitio de unién en la region 3'UTR.

El siguiente paso en nuestro estudio fue analizar la presencia de este polimorfismo en los
enfermos de LLC. Identificamos el SNP en el 25% de nuestros pacientes, lo que esta de acuerdo
con la incidencia descrita en las bases de datos pero no se observd asociacion con ninguna
variable clinica. Sin embargo, el estudio de la expresiéon de HSP90B1 en los linfocitos B clonales
de enfermos con LLC demostrd que la presencia del polimorfismo condiciona un incremento
en la expresién de HSP90B1 en estas células con respecto a los linfocitos B sin el polimorfismo
y, de forma sorprendente, también con respecto a las células no clonales de los pacientes con
el polimorfismo. Esto podria sugerir que en las células con el polimorfismo existe un
mecanismo regulador de la expresiéon de HSP90B1, que estaria alterado en los linfocitos B de la
LLC. O bien que la regulacioén fisioldgica de la expresién de HSP90B1 esté dafiada en las células

clonales de la LLC debido a la gran cantidad de alteraciones genéticas que pueden acumular.

Los miRNAs también son importantes en LLC porque regulan la expresion de muchos genes

claves en la patogénesis de la enfermedad. Asi se ha descrito un papel fundamental para miR-



29 y miR-181 al regular el oncogen TCL1, que previamente se habia asociado a un fenotipo
agresivo.®> miR15a y miR-16-1 regulan no sélo la expresién de BCL2 sino también de varios
factores con actividad pro-proliferativa, como CCND2, CCND3, CD4 y CDK6.3°* Recientemente
se ha descrito la relacidén que existe entre la sefializacion por BCR en los linfocitos B de la LLC y
miR-155, y cada vez son mas numerosos los estudios que intentan descifrar la compleja
relacion que existe entre la delecién de 17p y la familia miR-34, dianas de TP53." Se ha
demostrado que la infraexpresién de miR-223 se relaciona con un peor pronéstico en los

152153 Ademds es uno de los factores incluidos en el score que se ha

pacientes con LLC.
propuesto recientemente para clasificar a los pacientes con LLC en términos de supervivencia
sin enfermedad y supervivencia global.® Dada la importancia de miR-223 en LLC y al no
haberse comprobado la existencia de ninguna diana conocida en esta enfermedad, nos
planteamos si la sobreexpresion de HSP90B1 podria ser el mecanismo, o uno de los
mecanismos, responsables del peor comportamiento clinico de los enfermos que
infraexpresan miR-223. Por eso medimos la expresidn de HSP90B1 en los enfermos de LLC con
IGVH no mutado. Asi comprobamos que los linfocitos B de estos enfermos también se
caracterizaban por la sobreexpresion de HSP90B1. Por lo tanto, proponemos que la
desregulacion de la expresién de HSP90B1 en los linfocitos B de LLC con el polimorfismo podria
ser similar a la de los linfocitos B sin mutacion somatica de IGVH y con infraexpresién de miR-
223.

HSP90 es una proteina de choque térmico involucrada en el plegamiento, la activacion y el
ensamblaje de muchas proteinas. Se sobreexpresa en muchos tipos de cancer, favoreciendo la

169-171

supervivencia celular. Su inhibicién es una estrategia terapéutica de interés creciente en
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cancer y también en LLC.”’“ Los inhibidores de HSP90 han demostrado ser eficaces en estudios

preclinicos incluso en pacientes con LLC refractarios a los tratamientos convencionales, por lo

173175 En LLC se ha demostrado que la

gue se presentan como una alternativa muy interesante.
inhibicion de HSP90 tiene como consecuencia la degradacion de un gran nimero de moléculas
necesarias para la supervivencia celular y finalmente, la apoptosis.”’®*'”® En nuestro estudio
hemos observado que en los pacientes con LLC la sobreexpresion de HSP90B1 se asocia con
sobreexpresion de BCL2, molécula que desempeiia un papel fundamental en la apoptosis,
aunque no esta claro aun el mecanismo por el cual HSP90 podria actuar sobre BCL2.'*°

Nuestro trabajo resalta la importancia de la regulacion de la expresién génica por parte de los
miRNAS en la LLC, asi como de la presencia de polimorfismos. Ademas estos resultados abren
nuevas vias en la comprension de los mecanismos etiopatogénicos de la LLC y pueden resultar

utiles para la investigacion de nuevas terapias.



El trabajo de investigacion llevado a cabo durante el desarrollo de esta tesis doctoral ha
permitido identificar, gracias a un andlisis global (genoma-exoma-transcriptoma), nuevas

alteraciones genéticas que podrian tener relevancia clinica en la LLC.

En primer lugar, la integracién de los datos procedentes de los BAC arrays y de los arrays de
expresion ha permitido describir una nueva alteracién citogenética recurrente en el brazo
largo del cromosoma 20 en los enfermos con LLC, que no se asocia con ninguna alteracion
citogenética establecida pero que podria representar un marcador de evoluciéon en estos
pacientes. El analisis del perfil de expresién ha proporcionado evidencias bioldgicas sobre las
diferencias clinicas observadas en los enfermos con LLC y delecién de 13q, al demostrar que
presentan un perfil de expresion génica y de microRNAs caracteristico segun el porcentaje de
células con esta alteracion citogenética. Finalmente, el estudio de la LLC desde el punto de
vista mutacional ha permitido identificar un polimorfismo comuin en la poblacién y en los

pacientes con LLC que podria tener importancia en la patogénesis y en el tratamiento.

En conjunto estos resultados confirman que la LLC es una enfermedad con un marcado
componente genético y muy heterogénea. Ademas resaltan la utilidad de las técnicas de
analisis masivo (microarrays y secuenciacién masiva) en el estudio del cancer en general y de la
LLC en particular, al tratarse de una enfermedad con tantas variantes y sin una causa genética

establecida.



Conclusiones

1.

4.

La aplicacidon de los microarrays gendmicos al estudio de la LLC permite la
deteccidn de alteraciones cromosdmicas en el 75% de los pacientes. Ademas de
las alteraciones determinadas por FISH, los microarrays gendémicos identifican
nuevas alteraciones recurrentes, como pérdidas en 11g13.3, 5q13.3—q14.1,
5931.1 y 7922, asi como ganancias en 1q21.3—g22, 11q13.3, 16923.2—q24.2,
6p21.31-p21.1, 20g13.12 y 10922.3. Estos datos corroboran la heterogeneidad
de la LLC.

El andlisis del perfil de expresion génica de los enfermos de LLC demuestra que
la mayoria de los genes desregulados se localizan en las regiones de ganancia o
pérdida de material genético, tanto en los subgrupos citogenéticos “clasicos”,
determinados mediante FISH, como en las nuevas alteraciones recurrentes
identificadas. Esta observacion sugiere que los cambios en la expresidén génica
estan relacionados con las alteraciones en el nUmero de copias, lo que confirma

el efecto de dosis génica previamente descrito en las hemopatias malignas.

El analisis combinado del genoma y del transcriptoma de los enfermos de LLC
revela la presencia de una nueva ganancia recurrente en 20q, en el 19% de los
pacientes. El analisis genético situa la region minimamente ganada en
20g13.12, con un tamano de ~2.31 Mb. Esta ganancia se caracteriza por la
sobreexpresidn de los genes localizados ella y mayor complejidad genética, por

lo que podria representar un marcador de evolucidn en estos pacientes.

Los enfermos con LLC y pérdida de 13q como Unica alteracion citogenética
constituyen un grupo muy heterogéneo, en el que el porcentaje de células que
presentan esta alteracidon influye en el prondstico de los pacientes. Los
enfermos con un mayor porcentaje de células con pérdidas en 13q (>80%) se

caracterizan por tener un tiempo hasta el tratamiento y una supervivencia mas



7.

corta que los enfermos con un menor porcentaje de células con pérdida en

13q (<80%).

Los linfocitos B clonales de los enfermos con muchas pérdidas en 13q tienen
mas proliferacidn y menos apoptosis que los linfocitos B de los enfermos con
pocas pérdidas en 13q, debido a la desregulacion de genes de estas rutas, asi
como de algunos microRNAs tales como miR-15a, miR-29a, miR-34a, miR-155 y
miR-181b. Ademas su perfil de expresidon es similar al de las LLC de los grupos
citogenéticos de alto riesgo (17p- y 11qg-). Estos resultados justificarian las
diferencias clinicas observadas entre los dos subgrupos de LLC con pérdida de

13q

El polimorfismo rs2307842, localizado en la regién 3'UTR de HSP90B1, impide
la correcta regulacion de miR-223 sobre este gen al alterar su sitio de unidn.
Esto provoca la sobreexpresién de HSP90B1 en los linfocitos B de los enfermos

con LLC, pero no en las células normales de enfermos con el polimorfismo.

Hsa-miR-223 regula la expresién de HSP90B1, inhibiéndola. Este podria ser uno
de los mecanismos patogénicos que explicaria por qué los enfermos que
infraexpresan miR-223 presentan un peor prondstico. Ademas en los enfermos
con LLC existe una correlacion directa entre los niveles de expresién de
HSP90B1 y BCL2, lo que podria condicionar una mayor resistencia a la apoptosis

en los enfermos con sobreexpresion de HSP90B1.
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