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1. Tumores Neuroblasticos

La primera descripcién histologica de los tumores neuroblasticos (TN) fue en el ano 1865, cuando el patdlogo
aleman Rudolph Ludwig Karl Virchow, describié “distensiones nodulares de la glandula suprarrenal con dos o tres
tumefacciones del tamano de un guisante o de una cereza, que surgian de la médula suprarrenal” (Virchow R 1864).
Los tumores que cumplian dichas caracteristicas se clasificaron provisionalmente en el grupo de los gliomas. Hace
aproximadamente un siglo, en 1910, el Dr. James Homer Wright utilizo por primera vez el término “neuroblastoma” (NB)
para describir estos tumores infantiles, sugiriendo un posible origen neural (Wright JH 1910).

Los TN conforman un grupo de tumores heterogéneos debido a sus caracteristicas morfolégicas, genéticas y bioldgicas,
que se manifiestan en una evolucién clinica muy variable mostrando en ocasiones una proliferacion agresiva y resistente
al tratamiento, y en otras, una regresion o maduracion espontanea (Ambros PF et al. 1995).

1.1 Incidencia

Los TN son los tumores sélidos extracraneales mas frecuentes en ninos, representan el 7-10% del conjunto de
neoplasias pediatricas (Kaatsch P 2010). La incidencia anual estimada es de 10.9 casos por millén de nifos de edad
inferior a 15 anos. Es decir, los TN afectan a 1 de cada 7000 recién nacidos vivos (Ora | y Eggert A 2011). La mayor
incidencia tiene lugar durante el primer aio de vida, siendo la edad media de diagnostico de 20 meses. Es importante
destacar que mas del 90% de los casos de TN se diagnostica antes de los 6 anos. Los TN representan el 15% de
las muertes por cancer en ninos menores de 15 anos (Ora | y Eggert A 2011). En el Estado Espafnol se diagnostican
aproximadamente 65 casos de TN por ano, de acuerdo con las estadisticas del Registro Nacional de Tumores Infantiles
de Espana (RNTI). Segln el dltimo informe estadistico disponible del RNTI durante el periodo 1990-2009 se registraron
un total de 1351 casos de TN en ninos entre 0-14 anos de edad (Peris-Bonet R et al. 2010).

Los indices de incidencia han sido controvertidos durante las Gltimas décadas. Los avances en la tecnologia, la mejora
de la resolucién de las técnicas ecograficas y de la deteccion de catecolaminas en orina, permitieron disenar estudios de
cribado neonatal con el objetivo de detectar de forma mas precoz dicha enfermedad (Woods WG 2005). Estos estudios
se sustentaron sobre la hip6tesis que los tumores mas agresivos y con peor pronéstico evolucionaban de formas mas
benignas que aparecian habitualmente en lactantes; asi la deteccién precoz de los tumores supondria una mejora
en la supervivencia de los pacientes. Los estudios de cribado neonatal se iniciaron en Japdn, pero posteriormente se
desarrollaron en Francia, Alemania, Canada y Norte América. A pesar del aumento de las tasas de diagnostico estas no
repercutieron en una disminucion de las tasas de mortalidad. La mayoria de los tumores detectados en los cribados
neonatales eran TN de bajo riesgo (tumores no metastasicos, localizados y de regresién o maduracion espontanea) que
hubieran pasado desapercibidos sin consecuencias clinicas, motivo por el cual el cribado neonatal no mejoré los indices
de supervivencia (Brodeur GM et al. 2003; Woods WG 2005; Maris JM et al. 2007; Esiashvili N et al. 2009). Todo ello ha
conllevado que los cribados neonatales no se hayan implantado como una practica clinica.

1.2 Origen

Los TN son tumores del desarrollo, puesto que su origen es embrionario. Estos tumores se originan de células
inmaduras de la cresta neural ya comprometidas en la diferenciacion del sistema nervioso simpatico (Mora J y Gerald W
2004).

La cresta neural es una poblacién transitoria de células embrionarias migratorias y pluripotenciales que derivan de la
porcion mas dorsal de la capa ectodérmica. Durante la neurulacion, la notocorda induce la division y reorganizacion del
ectodermo superior en tres conjuntos celulares: el tubo neural, las células precursoras de la epidermis y las células de
la cresta neural.

La cresta neural se origina de la porcion medial y posterior de los pliegues neurales que rodean la placa neural y la
separa de la futura epidermis. Las células de la cresta neural migran desde la porcion dorsal hasta los multiples destinos
donde daran lugar a un amplio espectro de linajes celulares: células del sistema nervioso periférico (neuronas y células
de Schwann), células cromafines de la médula suprarrenal, melanocitos, pericitos y células de la musculatura lisa del
sistema vascular, y células del esqueleto craneofacial (condrocitos, osteoblastos y odontoblastos) (Mora J y Gerald W
2004). Las células de la cresta neural son células multipotenciales que pierden gradualmente esta potencialidad durante
el proceso de migracion y diferenciacion.

La médula de la glandula suprarrenal es un ganglio simpatico modificado al estar inervado por terminaciones
preganglionares del sistema nervioso simpatico. La médula de la glandula suprarrenal esta constituida principalmente
por células neurosecretoras, denominadas células cromafines (nombre derivado de su afinidad para los sales de cromo),
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que secretan catecolaminas (adrenalina y noradrenalina) estimuladas por el sistema nervioso simpatico en respuesta
a estados de estrés. En la médula suprarrenal se localizan, de forma fisiolégica, hasta la semana 24 de gestacion
agregados de células neuroblasticas inmaduras que diferencian a células cromafines como consecuencia de la acciéon
paracrina de los glucocorticoides. Se definen como NB in situ 0 microscépicos cuando estos agregados se observan en
edades post-natales (Mora Jy Gerald W 2004).

Evidencias in vitro e in vivo demuestran el origen embrionario de estos tumores a la vez que sugieren que derivan de un
bloqueo del proceso normal de diferenciacion de células progenitoras neurales (Mora J y Gerald W 2004; van Noesel MM
y Versteeg R 2004).

1.3 Presentacion clinica y sintomatologia

Debido a su origen embrionario, los TN pueden desarrollarse en cualquier localizacion del sistema nervioso
simpatico (Mora Jy Gerald W 2004; Ora | y Eggert A 2011). La sintomatologia y los signos de presentacion clinica
de los TN son dependientes de la localizacion del tumor primario o de la presencia de metastasis. La mayoria (65%) de
TN se originan en el retroperitoneo, principalmente en la glandula suprarrenal (44%) o en ganglios paraespinales (22%).

Otras regiones menos frecuentes son el
mediastino posterior (15%), la pelvis (5%)
o el cuello (<5%) (Mora J et al. 2006).

Aproximadamente el 50% de los pacientes
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Un 40% de los TN son tumores localizados,
denominados tumores loco-regionales,
con o sin afectacion de ganglios
linfaticos préximos, que se detectan
mayoritariamente de forma fortuita (por
ultrasonografia prenatal o por radiografias
de pecho). Algunos de estos tumores,
pueden diagnosticarse por la compresion de estructuras adyacentes, por ejemplo, aquellos tumores localizados en el
mediastino superior que causan dificultades respiratorias. Ocasionalmente, los tumores loco-regionales causan sintomas
derivados de la secrecion paracrina tumoral de sustancias como el péptido intestinal vasoactivo, dando lugar a diarrea
acuosa o la induccién de una reaccion autoinmune que puede presentarse como una ataxia cerebelosa o un sindrome de
opsoclonus-mioclonus (sindrome de Kinsbourne). Este Ultimo se caracteriza por movimientos multidireccionales rapidos
de los ojos (opsoclono), mioclonias y ataxia del tronco. Los pacientes metastasicos, a diferencia de los loco-regionales,
presentan una sintomatologia mas general, que incluye dolor, fiebre y una alteracion del estado general con astenia y
palidez (Berthold F y Simon T 2005; Mora J et al. 2006).
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El diagnostico de los TN se establece Unicamente mediante el analisis histologico de células tumorales en biopsias
tisulares. El consenso internacional acepta asimismo que el diagnoéstico pueda establecerse con la deteccion de células
neuroblasticas tumorales en los aspirados de médula 6sea, acompanado de concentraciones elevadas de catecolaminas
en orina (Berthold F y Simon T 2005; Maris JM et al. 2007; Ora | y Eggert A 2011).

Los metabolitos urinarios de la degradacion de las catecolaminas (acido vanilmandélicoy acido homovanilico) representan
uno de los marcadores mas sensibles y especificos de la enfermedad. La inmadurez en el procesamiento de las
catecolaminas en las células neuroblasticas, implica que en la mayoria (90-95%) de los TN se detecten concentraciones
elevadas de catecolaminas. En algunos casos, los niveles elevados de catecolaminas pueden causar hipertension
(Berthold F y Simon T 2005; Mora J et al. 2006).



1.4 Comportamiento clinico y tratamiento

La heterogeneidad biologica de los TN se ve reflejada en su comportamiento clinico (Ambros PF 1995), lo que
conlleva un enfoque terapéutico distinto en cada caso. Los diferentes sistemas de estadificacion y clasificacion del riesgo
clinico (descritos en el apartado 1.7) pretenden predecir la evolucion clinica de cada tumor con el fin de poder aplicar el
tratamiento mas adecuado (Berthold F y Simon T 2005; Maris JM 2010; Ora | y Eggert A 2011).

Regresion o involucion espontanea

La regresion o involucion espontanea de tumores en pacientes con TN es una evolucion clinica bien documentada
(D’Angio GJ et al. 1971; Maris JM 2010). Es el caso de los NB estadio 4S, tumores generalmente de célula indiferenciada
con elevado indice de proliferacion, que se presentan en nifos con edades inferiores a 12 meses, con enfermedad
diseminada a higado, piel y médula 6sea (<10% de infiltracion) pero sin afectacion a hueso. El estadio 4S se describid
clinicamente por primera vez en 1971 para discriminar aquellos lactantes con enfermedad diseminada con un patrén
metastasico caracteristico y una alta probabilidad de regresion espontanea (D’Angio GJ et al. 1971). Ademas, los
hallazgos microscopicos post-mortem de células inmaduras de la cresta neural en glandulas suprarrenales de neonatos
muertos por causas ajenas al cancer (Beckwith JBy Perrin EV 1963) y los resultados de los cribados neonatales (Brodeur
GM et al. 2003; Berthold Fy Simon T 2005; Maris JM et al. 2007; Esiashvili N et al. 2009; Modak S y Cheung NK V 2010)
indican que la incidencia de TN es mayor que el numero de TN clinicamente detectado; sugiriendo que algunos tumores
tienen la capacidad de regresar espontaneamente.

Los NB estadio 4S, no siempre pueden distinguirse con claridad de los NB estadio 4 de lactantes; tumores indiferenciados
y metastasicos de alto riesgo clinico. La distincion entre ambos subtipos de NB es primordial para establecer un
tratamiento adecuado, ya que los NB 4S presentan supervivencias superiores al 90% sin tratamiento citotéxico debido a
su capacidad de involucionar espontadneamente, mientras que los NB estadio 4, con indices de supervivencia inferiores
al 50%, precisan de un tratamiento intensivo multimodal (Kushaner BH y Cohn SL 2005; Maris JM 2010; Modak S y
Cheung NK V 2010). La dificultad de esta distincién precisa y la falta de un marcador molecular para ello puede llevar a
sobretratar los pacientes con NB 4S.

Maduracion sin progresion

La capacidad de maduracion sin progresion tumoral es un fenémeno biolégico propio de los TN loco-regionales
(Mora J et al. 2006; Ambros PF et al. 2009). Generalmente los pacientes con TN loco-regionales tienen un pronostico
clinico excelente, con indices de supervivencia superiores al 95%, independientemente de si reciben o no tratamiento
con quimioterapia o radioterapia. Sin embargo existe un subgrupo de TN loco-regionales con una evolucion clinica mas
agresiva, estos se caracterizan por poseer alteraciones genético-moleculares que se asocian a un pronoéstico desfavorable
(ver apartado 1.5) (Mora J et al. 2006; Maris JM 2010).

El potencial de maduracion de la célula neuroblastica no puede ser constatado clinicamente porque no se dispone de
marcadores moleculares para ello, por consiguiente muchos TN loco-regionales acaban siendo sometidos a quimio- y/o
radioterapia innecesariamente (Berthold F y Simon T 2005; Kusher BH y Cohn SL 2005; Maris JM 2010).

Progresion y metastasis

Los NB estadio 4 y los tumores loco-regionales con alteraciones genético-moleculares asociadas a un pronéstico
desfavorable (ver apartado 1.5), se caracterizan por tener indices de proliferacion elevados y un comportamiento clinico
agresivo (Maris JM et al. 2007; Ambros PF et al. 2009). La estrategia terapéutica para este grupo de tumores es compleja
y se basa en un tratamiento intensivo multimodal que incluye: cirugia, quimioterapia, radioterapia e inmunoterapia. A
pesar de ello los indices de supervivencia de estos pacientes son inferiores al 50% (Berthold F y Simon T 2005; Matthay
KKy Cheung NK V 2005; Maris JM 2010; Modak S y Cheung NK V 2010). Ademas, aproximadamente un 60% de los
supervivientes desarrollan recidivas y/o resistencias o toxicidades secundarias al tratamiento (Maris JM 2010; Modak S
y Cheung NK V 2010).

1.5 Caracteristicas genético-moleculares con valor pronéstico

En los Gltimos anos se han descrito diversas anomalias genético-moleculares implicadas en el comportamiento
clinico de los TN. Entre ellas destacan por su frecuencia e importancia pronéstica, las alteraciones de la ploidia, las
translocaciones desequilibradas y deleciones de regiones cromosémicas recurrentes, asi como la amplificacion del
oncogén v-myc myelocytomatosis viral related oncogene, neuroblastoma derived (MYCN) (van Noesel MM y Versteeg R
2004; Maris JM et al. 2007; Owens Cy Irwin M 2012).

Aneuploidia
La alteracion del contenido de acido desoxirribonucleico (ADN), es decir, la pérdida y/o ganancia de uno o mas
cromosomas en un genoma diploide, es una forma de inestabilidad génica observada en numerosas neoplasias (Gordon
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DJ et al. 2012). El contenido de ADN (ploidia) de los TN nos permite distinguir tres grupos: tumores cuasi-triploides,
tumores cuasi-diploides y tumores cuasi-tetraploides. Los tumores loco-regionales (prondstico favorable) muestran
habitualmente un contenido de ADN cuasi-triploide (de 58 a 80 cromosomas) caracterizado por ganancias y pérdidas
de cromosomas enteros y pocas aberraciones cromosémicas estructurales. A diferencia de los anteriores, los tumores
mas agresivos (prondstico desfavorable), habitualmente metastasicos, son cuasi-diploides (de 44 a 57 cromosomas) o
cuasi-tetraploides (de 81 a 103 cromosomas), y presentan alteraciones estructurales con translocaciones cromosémicas
desbalanceadas (Maris JM et al. 2007; Lavarino C et al. 2008).

El valor pronéstico de la ploidia tiene mayor incidencia en los pacientes menores de dos anos de edad (Look AT et
al. 1991; Maris JM et al. 2007; Owens C y Irwin M 2012) y en los pacientes no metastasicos (Mora J et al. 2001).
Recientemente, el indice de ADN tumoral ha sido incluido, junto al estado de amplificacién del oncogén MYCN y el estado
alélico de la region cromosdémica 11923, como marcador para la prediccion de pronostico en el Sistema Internacional
de Clasificacion del NB (INRG, del inglés International Neuroblastoma Risk Group) (ver apartado 1.7) (Ambros PF et al.
2009; Owens Cy Irwin M 2012).

Amplificacion del oncogén MYCN

La amplificacion del oncogén MYCN, localizado en la region cromosémica 2p24, es la anomalia genética mas
significativamente asociada con una elevada agresividad clinica del NB, baja respuesta al tratamiento e indices de
supervivencia bajos en los pacientes (Brodeur GM et al. 1984; Maris JM et al. 2007; Ora | y Eggert A 2011; Owens Cy
[rwin M 2012).

La amplificacion de MYCN se identifica en un 20-25% de los NB primarios (Gerarld WL 2005; Maris JM et al. 2007; Ora
Iy Eggert A 2011), en forma de cuerpos cromatinicos (DM, del inglés Double Minute) o de regiones cromosomicas de
tincion homogénea (HSR, del inglés Homogeneously Staining Regions) que contienen entre 50 y 500 copias del gen
(van Noesel MM y Versteeg R 2004). Esta alteracion, la amplificacion de MYCN, se ha identificado en la mayoria de los
tumores que presentan delecion del cromosoma 1p, contrariamente no se presenta nunca concomitantemente con la
pérdida alélica de la region cromosdmica 11q (ver mas adelante).

El gen MYCN pertenece a la familia de oncogenes MYC. Codifica una fosfoproteina nuclear de estructura bHLH (basic helix-
loop-helix) que actla como factor de transcripcion (van Noesel MM y Versteeg R 2004). Esta proteina esta involucrada en
la regulacion el ciclo celular, en la respuesta celular a daio del ADN asi como en procesos de diferenciacion y apoptosis
(Speleman F et al. 2011).

Ganancia del cromosoma 17

La ganancia, total o parcial, del cromosoma 17 es una de las aberraciones mas frecuentes en NB y se detecta
aproximadamente en un 80% de los casos (van Noesel MM y Versteeg R 2004; Owens Cy Irwin M 2012). La adquisicién
de una copia del cromosoma 17 entero se asocia a tumores cuasi-triploides (40%), TN de prondstico menos agresivo.
Mientras que la ganancia del segmento distal del brazo largo del cromosoma 17 (<50% de NB), mayoritariamente de la
region 17q21-qgter, se relaciona con fenotipos tumorales agresivos (van Noesel MM y Versteeg R 2004; Maris JM et al.
2007; Ora |y Eggert A 2011).

El mecanismo responsable de la ganancia de la region 17q es una translocacion desequilibrada con diversas regiones
receptoras. El receptor mas comdn de la translocacion es el segmento distal del brazo corto del cromosma 1 (1p36), de
modo que la ganancia de la porcion distal de 17q se asocia habitualmente con la pérdida de 1p distal (Savelyeva L et al.
1994; Bown N et al. 1999; van Noesel MM y Versteeg R 2004).

La amplificacion cromdsomica de esta region sugiere que el incremento del niimero de copias de uno o mas genes confiere
ventajas en la supervivencia de la célula tumoral. Se ha identificado la sobreexpresion de algunos genes localizados en
esta region, entre ellos Baculoviral IAP repeat containing 5 (BIRC5), Non metastatic cells 1, protein expresed in (NME1)
o Protein phosphatase, Mg2+/Mn2+ dependent, 1D (PPM1D) (van Noesel MM y Versteeg R 2004; Maris JM et al. 2007;
Owens Cy Irwin M 2012).

Pérdida del cromosoma 1

La pérdida del brazo corto del cromosoma 1 es una de las anomalias genéticas mas frecuentes en NB. La
delecion mas comdn es la de region 1p36, identificada en un 25-35% de los NB primarios. Dicha delecién se asocia a NB
de pronoéstico desfavorable y a otras alteraciones moleculares como la amplificacion del oncogén MYCN y la ganancia de
la region cromosémica 17¢q (Mora J et al. 2000; Schwab H 2005; Mora J et al. 2006; Ora | y Eggert A 2011).

La elevada incidencia de la pérdida del cromosoma 1p ha llevado a la blsqueda de potenciales genes supresores de
tumores (GST) en esta localizacion (White PS et al. 2005; Ora | y Eggert A 2011; Owens C y Irwin M 2012). Se han
identificado varios genes posibles candidatos, como por ejemplo Calmodulin binding transcription activator 1 (CAMTA1)



(Barbashima V et al. 2005; Henrich KO et al. 2011), Chromodomain helicase DNA binding protein 5 (CHD5) (Bagchi A et
al. 2007; Fujita T et al. 2008), Retinoblastoma protein-interacting zinc finger gene (RIZ) (Geli J et al. 2010) o Castor zinc
finger 1 (CASZ1) (Liu Z et al. 2011).

Pérdida del cromosoma 11

La perdida alélica de la region cromosomica 11q se identifica en un 35-45% de los NB primarios, siendo la pérdida
de la region 11923 la delecién mas frecuente (Maris JM et al. 2007; Ora | y Eggert A 2011). Esta alteracion se asocia
directamente con la pérdida de la region 14q e inversamente con la pérdida de la region cromosémica 1p36, asi como
con la amplificacién del oncogén MYCN (Brodeur GM 2003; Ora |y Eggert A 2011). La pérdida de la region 11q se asocia
con tumores clinicamente mas agresivos y con indices de supervivencia bajos en los pacientes, siendo un marcador de
pronéstico independiente para la supervivencia global de pacientes cuyos tumores no presentan amplificacion de MYCN
(Simon T et al. 2006; Maris JM et al. 2007; Ora |y Eggert A 2011).

1.6 Variables clinicas de valor pronostico

En los TN la edad, las caracteristicas histolégicas del tumor, la localizacion y diseminacion de la enfermedad al
diagnostico son los factores de pronédstico clinico mejor establecidos (Mora J et al. 2006; Maris JM et al. 2007; Ora | y
Eggert A 2011).

Edad

En 1970 el Dr. Norman Breslow y la Dra. Barbara McCann observaron que los nifos con NB de mas edad
presentaban peor pronéstico (Breslow N y McCann B 1971). Diversos estudios han demostrado que existe una relacion
inversa entre la edad del paciente al diagnostico y el pronéstico, disminuyendo la probabilidad de supervivencia al
aumentar la edad (Mora J et al. 2006; Maris JM et al. 2007). Asi, los lactantes menores del afio y medio de edad tienen
mejor pronéstico comparado con los nifios de mayor edad.

Los lactantes presentan mas frecuentemente tumores loco-regionales o de regresion espontanea, y en el caso de
presentar tumores diseminados estos son, habitualmente, menos agresivos que en pacientes mayores. Por otro lado, los
casos metastasicos diagnosticados en pacientes mayores de 5 aios de edad y en adolescentes tienen una evolucion que,
si bien resulta mortal en su mayoria, su curso es mas indolente comparado con los tumores metastasicos diagnosticados
en ninos entre ano y medio y 5 anos de edad (Mora J et al. 2006; Maris JM 2010; Modak S y Cheung NK V 2010).

Histéricamente se consideraron los 12 meses de edad como el punto de corte para distinguir entre pacientes con
pronéstico favorable y pacientes con pronostico desfavorable (Evans AE 1980). Pero en el afo 2005 diversos estudios
demostraron un aumento de la supervivencia en pacientes con edades comprendidas entre los 12 y 18 meses en
diferentes subgrupos clinicos y biolégicos, sugiriendo que el punto de corte mas apropiado podria estar en los 18 meses
(London WB et al. 2005; Schimdt M et al. 2005; George RE et al. 2005).

Extension de la enfermedad
Dada la variedad de formas de presentacion de los TN, asi como la diversidad de 6rganos que afectan, el estudio
de extension de la enfermedad requiere el uso de multitud de pruebas (Kushner BH 2004; Mora J et al. 20006).

Ante la sospecha de un TN, el analisis del tumor mediante técnicas de imagen permite determinar la localizacion y
detallar los margenes de la lesién primaria, determinar la presencia de calcificaciones, evaluar la presencia de vasos en
la lesiéon tumoral y determinar el grado de diseminacion tumoral (metastasis) en la médula ésea, a érganos y a ganglios
linfaticos adyacentes o a distancia. Las técnicas de imagen mas utilizadas son la tomografia axial computarizada (TAC),
la resonancia magnética nuclear (RMN) y los estudios gammagraficos (Kushner BH 2004; Mora J et al. 2006; Maris JM
et al. 2007). Ademas de la deteccion por imagen de la extension de la enfermedad, es necesario determinar el grado de
infiltracion por células neuroblasticas en la médula ésea, por ser un lugar frecuente de metastasis. Esta se determina
mediante técnicas de inmunocitologia y evaluando la expresion de genes especificos por reaccion en cadena de la
polimerasa en tiempo real (QRT-PCR, del inglés quantitative Real-Time Polymerase Chain Reaction) en muestras de
aspirados de médula 6sea. Los marcadores mas utilizados son Beta-1,4-N-acetyl-galactosaminyl transferase 1 (GD2
synthase), Tyrosine Hydroxylase (TH), Chromogranin A (CHGA) o Enolase 2 (gamma, neuronal) (ENO) (Miyajima Y et al.
1995; Cheung IY y Cheung NK 2001; Ambros PF et al. 2003; Maris JM et al. 2007).

La médula ésea es un lugar frecuente de metastasis y de recaida de enfermedad en NB. El estudio de la enfermedad
minima residual (MRD, del inglés Minimal Residual Disease) en aspirados de médula 6sea permite evaluar la respuesta
al tratamiento del paciente. Existen diversas técnicas de laboratorio que permiten identificar, aunque con sensibilidad
distinta, la presencia de células neuroblasticas en la médula ésea. Entre estas se encuentra el anélisis histopatologico
de la médula 6sea, con nivel de sensibilidad limitada (1 célula de NB en 100 células de médula 6sea), asi como técnicas
mas sensibles como la inmunocitologia, la citometria de flujo y la cuantificacion por qRT-PCR de los niveles de expresion

15

Resultados Hipotesis y Objetivos Introduccion

Discusion

0
[0}
c

i
%)
S
3}
c
o

(&)

Bibliografia

Abreviaciones




de marcadores como GD2 synthase, TH, Cyclin D1 (CCND1), Paired-like homeobox 2b (PHOX2B), Doublecortin (DCX)
0 DEAD (Asp-Glu-Ala-Asp) box polypeptide 53 (DDX53 o CAGE) (Berthold F y Simon T 2005; Cheung 1Y et al. 2007;
Stutterheim J et al. 2008; Beiske K et al. 2009).

1.7 Sistemas de clasificacion y de estratificacion de riesgo clinico

Clasificacion histologica

Los TN estan compuestos por dos componentes celulares: células neuroblasticas y células estromales de tipo

Schwann. El grado de diferenciacion de las células neuroblasticas y la proporciéon de células estromales determina la
clasificacién histolégica de los TN en neuroblastoma, ganglioneuroma y ganglioneuroblastoma (Shimada H et al. 1999).

*Neuroblastoma (NB): tumor compuesto primordialmente por células neuroblasticas y pobre en estroma (<50% de

células de Schwann). En funcion del grado de diferenciacion de las células neuroblasticas puede clasificarse en:
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*Neuroblastoma indiferenciado (Figura 2A): compuesto por células neuroblasticas indiferenciadas. Son
células de tamano pequeno o intermedio, escaso citoplasma, nucleo redondeado, cromatina granular gruesa
(cromatina en “sal y pimienta”), y pueden contener mas de un nucléolo. Las células de estos NB no presentan
signo de diferenciacion alguno, no se disponen en nidos o rosetas (rosetas de Homer-Wright), ni presentan un
fondo fibrilar eosinéfilo (neuropilo).

*Neuroblastoma pobremente diferenciado (Figura 2B): compuesto mayoritariamente por neuroblastos
indiferenciados, comprende un 5% de células neuroblasticas con indicios de diferenciacion celular. En algunos
casos se disponen formando rosetas y/o presentan neuropilo.

*Neuroblastoma en diferenciacion (Figura 2C): compuesto por abundante neuropilo y mas de un 5% de los
neuroblastos muestran signos de diferenciacion. Se trata de células neuroblasticas de ndcleo grande, nucléolos
prominentes, cromatina vesicular y un citoplasma grande y eosinéfilo.

e Ganglioneuroma (GN) (Figura 3A): tumor compuesto preponderantemente por células de Schwann y células
ganglionares. Segln el grado de maduracién de las células ganglionares se distingue entre:

e Ganglioneuroma en maduracion: formado por un estroma rico en células de Schwann y focos de neuroblastos
diferenciados y/o células ganglionares en maduracion.

e Ganglioneuroma maduro: se caracteriza por la presencia de estroma glial maduro y células ganglionares
maduras sin la presencia de componente neuroblastico.

* Ganglioneuroblastoma (GNB):

e Ganglioneuroblastoma intermedio (GNBI) (Figura 3B): tumor compuesto mayoritariamente (>50%) por células
de Schwann y focos de células neuroblasticas y células ganglionares en un fondo de abundante neuropilo.
Los focos de células neuroblasticas estan formados por una mezcla de neuroblastos en diferentes estados de
diferenciacion y repartidos aleatoriamente en el magma de tejido gangliomatoso.

e Ganglioneuroblastoma nodular (GNBn) (Figura 3C): tumor donde coexisten nédulos neuroblasticos
indiferenciados macroscopicos y frecuentemente hemorragicos, con GNBi o GN.



10x 40x

Hipotesis y Objetivos Introduccion

Resultados

Figura 2: Fotografias de secciones tumorales tefiidas con hematoxilina
para ilustrar la morfologia celular de los NB. A) NB indiferenciado, B) NB
pobremente diferenciado y C) NB en diferenciacion.
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Figura 3: Fotografias de secciones tumorales tenidas con hematoxilina
para ilustrar la morfologia celular de los GN y GNB. A) GN, B) GNB
intermedio y C) GNB nodular; C1: componente GN y C2: componente
NB indiferenciado.
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Clasificacion Histologica Internacional del NB: Clasificacion de Shimada

En 1984 el Dr. Shimada describié por primera vez un sistema de clasificacién que distinguia entre los TN
de evolucion favorable y los de evolucion desfavorable. Para ello consideraba la edad del paciente al diagnostico asi
como tres caracteristicas histoldgicas: el contenido de células de Schwann, el grado de diferenciacion de las células
neuroblasticas y el indice de replicacion celular (indice mitotico-cariorréxico, MKI del inglés Mitosis-Karyorrhexis Index)
(Shimada H et al. 1984).

La edad del paciente al diagnéstico distinguia entre tres franjas de edad: inferior a 18 meses, entre 18 meses y cinco
anos, y superior a cinco anos. La proporcion de células de Schwann diferenciaba entre tumores ricos o pobres en
contenido estromal. Y el MKI, que se define como el nimero de células tumorales que se encuentran en mitosis y son
cariorréxicas, es decir que presentan el nlcleo fragmentado y la cromatina condensada; distinguia tres rangos: 1) MKI
bajo, con <2% (<100/5000) células mitéticas y cariorréxicas; 2) MKI intermedio, entre 2-4% (100-200/5000) células
mitéticas y cariorréxicas; y 3) MKI elevado, con >4% (>200/5000) células mitéticas y cariorréxicas (Tabla 1).

Tabla 1. Clasificacion histologica de Shimada. Modificada de Shimada H et al. 1984.

Tipo Histologia favorable Histologia Desfavorable
Rico en estroma : cualquier edad diferenciado, intermedio nodular
Pobre en estroma
<18 meses MKI <100/5000 MKI >100/5000
18 meses a 5 anos MKI <100/5000 y en diferenciacion MKI >100/5000 y indiferenciado
>5 anos ninguno todos

MKI: indice mitético-cariorréxico

En 1999, se definié la Clasificacion Histopatologica Internacional del NB: Clasificacién de Shimada (INPC, del inglés
International Neuroblastoma Pathology Classification, the Shimada System). Esta nueva clasificacion fue propuesta por
el Comité Internacional de Patologia del NB. El sistema de clasificacion INPC es una adaptacion de la clasificacion
histolégica de Shimada publicada en 1984. Las diferencias entre ambas clasificaciones son: 1) el subtipo definido como
“indiferenciado” que se subdivide en “indiferenciado” y “pobremente diferenciado”, y 2) la terminologia “rico en estroma,
bien diferenciado” pasa a ser “ganglioneuroma en maduracién” (Shimada H et al. 1999) (Tabla 2).

Tabla 2. Clasificacion Histopatologica Internacional del Neuroblastoma, Clasificacion de Shimada.
Modificada de Shimada H et al. 1999.

Tipos / Subgrupo por edad Histologia / MKI Grupo de riesgo
Neuroblastoma pobre en estroma
<1,5anos pobremente diferenciado o en diferenciacion con MKI bajo o intermedio Favorable
Indiferenciado o con MKI alto Desfavorable
1,5 - 5 anos en diferenciacién y con MKI bajo Favorable
indiferenciado o pobremente diferenciado o con MKI intermedio o alto Desfavorable
>5 anos todos Desfavorable
Ganglioneuroma en maduracin o bien diferenciado (estroma dominante) Favorable
maduro Favorable
Ganglioneuroblastoma intermedio (rico en estroma) Favorable
nodular Desfavorable

MKI: indice mitético-cariorréxico

Sistema Internacional de Estadificacion del NB

El Sistema Internacional de Estadificacion del NB (INSS, del inglés International Neuroblastoma Staging System),
fue propuesto en 1993 por el Dr. Garrett M. Brodeur y sus colaboradores. Se trata de un sistema de clasificacion basado
en la edad del paciente en el momento del diagnéstico, la extension de la enfermedad y la accesibilidad quirdrgica para
extirpar la masa tumoral (Brodeur GM et al. 1993). Inicialmente, la estadificacion se realizaba una vez efectuada la
cirugia, pero gracias al avance en las técnicas de imagen, actualmente se puede clasificar el tumor antes de la cirugia.

El INSS define 5 estadios: tres de ellos (estadio 1 a 3) comprenden los tumores localizados anatémicamente y sin
diseminacioén y se distinguen por su accesibilidad quirlrgica; y los dos estadios restantes (estadio 4 y 4S, S del inglés
Special) se definen por la presencia de enfermedad diseminada (Tabla 3).



Tabla 3: Sistema Internacional de Estadiaje del NB. Modificada de Maris JM et al 2007.

Estadio Descripcion

Tumor localitzado con reseccion macroscopica completa. Ganglios
linfaticos identificables ipsolaterales y contralaterales negativos

1 microscopicamente.
Tumor unilateral con reseccién incompleta. Ganglios linfaticos
identificables ipsolaterales y contralaterales negativos

2A microscopicamente.

Tumor unilateral con reseccion completa o incompleta. Ganglios
linfaticos identificables ipsolaterales positivos y contralaterales
2B negativos microscopicamente.

Tumor no extirpable que infiltra a traves de la linea media, con o sin
afectacion de ganglios linfaticos regionales; o tumor unilateral con
3 afectacion de ganglios linfaticos contralaterales.

Tumor primario que presenta diseminacion de la enfermedad a
distancia: en ganglios linfaticos,médula 6sea, hueso, higado o otros
4 organos (excepto los definidos en estadio 4S).

Tumor primario en ninos menores de 12 meses (definido como estadio
1, 2A o 2B) con diseminacién restringida a piel, higado y/o médula
48 osea (<10% infiltracion).

Sistema de Clasificacion Internacional de los NB en Grupos de Riesgo

En el afo 2005 representantes de los grupos cooperativos mas grandes: el Children’s Oncology Group (COG), el
German Pediatric Oncology and Hematology Group (GPOH), el Japanese Advanced NB Study Group (JANB), el Japanese
Infantile Neuroblastoma Co-operative Study Group (JINCS), el European Society of International Paediatric Oncology
NB Group (ESIOP NB) y el Grupo Cooperativo Chino experto en NB, se reunieron con el fin de establecer un sistema
de clasificacion de riesgo clinico para los NB que fuera homogéneo y permitiera la comparacion de ensayos y estudios
clinicos desarrollados en diferentes regiones. Finalmente, en 2009, propusieron un nuevo Sistema de Clasificacion
Internacional del NB en Grupos de Riesgo (INRG, del inglés International Neuroblastoma Risk Group) (Cohn S et al.
2009).

El nuevo sistema de clasificacion del INRG clasifica los NB utilizando siete parametros:
1) el estadiaje INRG (descrito a continuacion)
2) la edad del paciente en el momento del diagnéstico (punto de corte 18 meses)
3) la categoria histologica del tumor (NB, GNB y GN)
4) el grado de diferenciacion del tumor (indiferenciado, pobremente diferenciado y en diferenciacion)
5) el estado del oncogén MYCN (amplificado o no amplificado)
6) el estado de la regién cromosémica 11q (ausencia o existencia de aberraciones)
7) el indice de ADN (hiperploide si > 1 o diploide/hipoploide si <1)

NSNS NN

Como resultado de la combinacién de estos parametros, los TN se clasifican en cuatro categorias de riesgo clinico: muy
bajo, bajo, intermedio y alto; y a su vez se subdividen en 16 grupos de pretratamiento (Tabla 4).

El estadiaje INRG (Monclair T et al. 2009), designa los tumores loco-regionales con ausencia o existencia de factores de
riesgo determinados mediante técnicas de imagen como estadios L1y L2 respectivamente, los tumores que presentan
enfermedad diseminada como estadio M y los tumores con metastasis restringidas a piel, higado y/o médula 6sea o
aquellos tumores con diseminacion que se presentan en nifos con edad inferior a 18 meses como estadio MS.

Tabla 4. Sistema de Estadiaje Internacional de NB en Grupos de Riesgo. Modificada de Cohn S et al. 2009.

Estadio Edad Categoria histologica Grado de diferenciacion del tumor Estado de  Alteracion Indice de Grupo de pre- Grupo de riesgo
INRG (meses) MYCN 11q ADN tratamiento
L1/L2 GN en maduracién o GNBi A Muy bajo
L1 . L " NA B Muy bajo
Cualquiera (excepto GN en maduracion o GNB) A K Alto
L2 . ) . No D Bajo
<18 Cualquiera (excepto GN en maduracion o GNB) NA si G Intermedio
. Lo No E Bajo
En diferenciacion NA si H Intermedio
>=18 GNBn o NB Pobremente diferenciado o indiferenciado
NA H Intermedio
A N Alto
M <18 NA Hiperploide F Bajo
<12 NA Diploide | Intermedio
12 a <18 NA Diploide J Intermedio
<18 A 0] Alto
>=18 P Alto
MS No C Muy bajo
NA Si Q Alto
<18 A R Alto

Estadio INRG:Estadio segln el Sistema de Clasificacion Internacional del NB en Grupos de Riesgo
Categoria histologica: GN: ganglioneuroma; GNBI: ganglioneuroblastoma intermedio; NB: neuroblastoma
Estado de MYCN: NA: no amplificado, A: amplificado
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Sistema de clasificacion del riesgo clinico en NB del Grupo de Oncologia Pediatrica de los Estados Unidos

En 1995, el Grupo de Oncologia Pediatrica de los Estados Unidos (COG, del inglés Children‘s Oncology Group),
presentd un sistema de clasificacion de riesgo clinico preliminar para los NB. Diez afios después, en 2005, establecieron
definitivamente un sistema que clasifica los TN en tres grupos de riesgo clinico: alto, intermedio y bajo (Maris JM 2005)
(Tabla 5y Anexo 1).

El COG evalla como factores pronésticos:
1) la edad del paciente en el momento del diagnostico (punto de corte 12 meses)
) el estadiaje del tumor segln el INSS
) la histologia tumoral segln el INPC
) el indice de ADN (hiperploide si > 1 o diploide/hipoploide si <1)
5) el estado de amplificacion del oncogén MYCN (amplificado o no amplificado)

2
3
4

Sistema de clasificacion de riesgo clinico en NB del Ensayo Clinico NB2004, del Grupo de Oncologia y Hematologia
Pediatrica Aleman

El Grupo de Oncologia y Hematologia Pediatrica Aleman (GPOH, del inglés German Pediatric Oncology and
Hematology Group), establecié un sistema de clasificacion en tres grupos de riesgo clinico: alto, intermedio y bajo, para
los pacientes afectos de NB en el marco del protocolo clinico NB2004, con la finalidad de escoger mejor el tratamiento
(Oberthuer A et al. 2009) (Tabla 5 y Anexo 2).

Este sistema de estratificacion se basa en el andlisis de cuatro parametros:
1) el estadiaje de la enfermedad segln los criterios del INSS
2) la edad del paciente al momento del diagnédstico (punto de corte edad de 12 meses para los estadios 4 y de
24 meses para los estadios 3)
3) el estado del oncogén MYCN (amplificado o no amplificado)
4) el estado de la regién cromosémica 1p (normal o delecionada)

Sistema de clasificacion del riesgo clinico en NB del Grupo Japonés de Estudios Avanzados en NB

El sistema de clasificacion del riesgo clinico en NB del Grupo Japonés de Estudios Avanzados en NB (JANB, del
inglés Japanese Advanced NB Study Group) utiliza tres parametros para clasificar los NB en tres grupos de riesgo: alto,
intermedio y bajo (Kaneko M et al. 1999) (Tabla 5 y Anexo 3):

1) el estadio del tumor segln el sistema de estadiaje japonés (descrito a continuacién)

2) la edad del paciente al diagnéstico (punto de corte 12 meses)

3) el estado del oncogén MYCN (amplificado o no amplificado)

El sistema de estadiaje japonés se basa en el INSS, pero subdivide el estadio 4 en dos: estadio 4A (aquellos estadios 4
que presentan metastasis a orbitas, hueso, nédulos linfaticos y/o érganos distantes) y estadio 4B (aquellos estadios 4
que presentan metastasis a médula 6sea, piel o higado) (Nagahara N et al. 1990; Nakagawara A et al. 1991).

Sistema de clasificacion del riesgo clinico en NB del Grupo de Estudio de NB de la Sociedad Internacional de
Oncologia Pediatrica Europea
En el ano 1994 se fundo el Grupo de Estudio de NB Europeo dentro de la Sociedad Internacional de Oncologia
Pediatrica Europea (ESIOP NB, del inglés European Society of International Paediatric Oncology NB Group), pero no fue
hasta el ano 2005 que propusieron un sistema de clasificacion de riesgo clinico para los NB basado en tres variables:
1) la edad del paciente al diagnéstico (punto de corte 12 meses)
2) el estadio del tumor segln los criterios de ESIOP (descritos a continuacion)
3) el estado del oncogén MYCN (amplificado o no amplificado)

Estas tres variables permiten agrupar los NB en tres grupos de riesgo: alto, intermedio y bajo (Bernardi By Cohn S 2005)
(Tabla 5y Anexo 4).

El sistema de estadiaje propio de la ESIOP combina el estadiaje del INSS, la accesibilidad quirdrgica y la presencia de
enfermedad diseminada a hueso. Clasificando asi los estadios 2 y 3 del INSS en funcién de si son o no abordables
quirdrgicamente, y el estadio 4 inferior a 12 meses segln si se detecta o no por imagen (gammagrafia, radiografia o TAC)
metastasis 6sea (Cecchetto G et al. 2005).
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Tabla 5. Comparacion de los sistemas de clasificacion propuestos por los diferentes grupos internacionales de estudio del NB.
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2. Clasificacion molecular de los neuroblastomas

Los NB representan un espectro de tumores con una evolucién clinica muy variable, mostrando en ocasiones
una proliferacién agresiva, mestastasica, resistente al tratamiento y con indices de supervivencia por debajo del 50%, y
en otras, un crecimiento loco-regional con pronéstico excelente. La variedad de comportamiento clinico del NB determina
un enfoque terapéutico que puede variar entre un abordaje terapéutico intensivo multimodal que incluye cirugia,
quimioterapia, radioterapia e inmunoterapia, o una actitud expectante. Por lo que la clasificaciéon precisa de los diferentes
subtipos de NB es importante en el momento de determinar la terapia mas apropiada (ver detalles en apartado 1.4 y
1.7). Actualmente, existen diferentes sistemas de clasificacion de riesgo clinico en NB basados en la combinacion de
distintos parametros de pronéstico clinicos, morfologicos y biologicos (ver apartado 1.7). No obstante, todavia existen
casos donde estos sistemas de clasificacion han mostrado una utilidad clinica limitada. Siendo la clasificacion precisa
de los NB todavia un reto.

Las diferencias en la evolucion clinica y el pronostico de los NB son consecuencia de sus caracteristicas y alteraciones
genético-moleculares. Estas tienen impacto sobre los perfiles de expresion génica (De Preter K et al. 2010). En los
Gltimos afos, los analisis de expresion de alto rendimiento mediante microarrays de ADN han contribuido a refinar
la clasificacion de diversas neoplasias, identificar grupos de genes con importancia pronostica y detectar grupos de
pacientes con distinta capacidad de respuesta a la terapia (Quackenbush J 2006; Tinker AV et al. 2006; Michiels S et al.
2007). Por ello, los microarrays de ADN constituyen una herramienta Gtil para la identificacion de perfiles de expresion
diferencial que permitan distinguir subgrupos bioldgicos de tumores con evolucion clinica distinta. Estos perfiles son
susceptibles de poder representar un marcador molecular de pronéstico (Gerarld WL 2005).

2.1 Analisis de expresion génica mediante microarrays de ADN

AR A
Tecnologia de microarrays de ADN NS I
La tecnologia de microarrays de ADN permite analizar de forma simultanea l l
miles de genes para cada muestra, en decenas de muestras (Lépez M et al. 2002;
Guo QM 2003). %‘vﬁ%ﬁv

Un microarray de ADN consiste en un soporte sélido (de vidrio o silicona) sobre el cual
se inmovilizan millones de moléculas de ADN, denominadas sondas, formando asi
una matriz ordenada de secuencias en dos dimensiones (Lopez M et al. 2002; Dufva
M 2009). Para el estudio del genoma y el transcriptoma, las sondas pueden ser: 1)
productos de la reaccién en cadena de la polimerasa (PCR, del inglés Polymerase
Chain Reaction), 2) oligonucle6tidos, o 3) cromosomas artificiales de plasmidos o
bacterias (Lépez M et al. 2002; Dufva M 2009). Los acidos nucleicos de las muestras
a analizar se marcan por diversos métodos (enzimaticos, fluorescentes, radioactivos,
etc.) y se incuban/depositan sobre el panel de sondas. Durante este proceso llamado
hibridacion, las muestras marcadas se uniran por homologia de secuencia a las
sondas con secuencia complementaria inmovilizadas en el soporte. La unién de
ambas secuencias generara una senal que sera captada por sistemas de deteccion,
como por ejemplo un escaner, permitiendo la identificacion y cuantificaciéon del ADN
presente en la muestra La deteccion, el anélisis y la interpretacion de la
senal se realiza gracias a diversos algoritmos y programas informaticos (Lépez M et al.
2002; Dufva M 2009). Estos permitiran extraer los datos numéricos de la intensidad
de senal, descartar senales de baja calidad y eliminar los datos erroneos derivados de
la variabilidad técnica; asi como normalizar los valores de intensidad y cuantificarlos.
Finalmente, los datos obtenidos con significancia estadistica y biolégica, deben ser
validados por una técnica independiente (Allison DB et al. 2006).

LA
-
LR J
e0
LA
°
LR
L
oe
LA

oscoenen
eocen

soesocniee
soc0ses »

Microarrays de ADN para el analisis de la expresion génica

Para los estudios de expresion génica mediante la tecnologia de microarrays
de ADN se utiliza ADN de cadena complementaria (ADNc). EIl ADNc que se utiliza como
sonda es el producto del ARN mensajero (ARNm) de genes conocidos, mientras que la
muestra es ADNc producto de los genes expresados en dicha muestra (Ballman KV 2008; Dufva M 2009). Se detectara
senal cuando el ADNc del gen este representado en la muestra, indicando que el gen esta expresado en ella. Los niveles
de expresion génica se calculan a partir de las intensidades de senal producidas una vez hibridadas sondas y muestras
(Ballman KV 2008).

Los microarrays de ADNc permiten evaluar los niveles de expresion génica a gran escala, es decir que incluyen como sondas
todos (o la mayoria) de los genes conocidos, o evaluar la expresion génica a menor escala y de forma dirigida, incluyendo
como sondas solo un conjunto de genes concreto (genes asociados a una via de senalizacion, a una enfermedad...etc).



En ambos casos pueden utilizarse microarrays comerciales predisenados o bien microarrays disenados y adaptados a
las necesidades del proyecto (Lopez M et al. 2002; Ballman KV 2008).

En las Ultimas décadas, los microarrays para el estudio de la expresion génica mas utilizados han sido los microarrays
comerciales fabricados por Affymetrix. A finales de 1980, Affymetrix desarrollo una tecnologia propia denominada
GeneChip® para la produccion a gran escala de microarrays basada en el uso de la fotolitografia para la sintesis in
situ de sondas de 20 a 25 nucleétidos, en 1994 empez6 a comercializarlos. Una de las primeras plataformas que
comercializo Affymetrix para el analisis de la expresion génica global fue Affymetrix GeneChip® Human Genome U95.
Esta permitia analizar la expresion de mas de 60000 genes humanos (Affymetrix Data Sheet, GeneChip® Human
Genome U95Set, 2003) con una elevada sensibilidad, especificidad y reproducibilidad. Posteriormente, otras empresas
como Agilent, Clontech o lllumina entre otras, han comercializado plataformas de microarrays para el estudio de los
niveles de expresion génica, de elevada calidad y resolucion (Lopez M et al. 2002).

2.2 Identificacion de perfiles de expresion génica para la prediccion de pronéstico y las aplicaciones en la practica
clinica

El uso de la tecnologia de microarrays para estudiar los niveles de expresion génica en cancer, ha permitido
identificar perfiles de expresion génica distintivos entre subgrupos biolégicos o subgrupos de tumores con distinto
pronéstico y evolucion clinica. Estos perfiles de expresion génica son susceptibles de poder utilizarse como marcadores
de prondstico (Simon R et al. 2003; Tiwari M 2011).

En NB distintos grupos han realizado estudios de expresion génica mediante microarrays con el propésito de identificar
perfiles transcripcionales Utiles para predecir el pronéstico clinico de los pacientes. No obstante los perfiles publicados
hayan demostrado una elevada capacidad para discriminar entre subgrupos de pacientes con pronésticos distintos, su
implementacion en la practica clinica se ve limitada por el elevado nimero de genes a analizar (305 genes, Ohira M et
al. 2003; 123 genes, Hiyama E et al. 2004; 496 genes, Takita J et al. 2004; 200 genes, Ohira M et al. 2005; 39 genes,
Schramm A et al. 2005; 144 genes, Oberthuer A et al. 2006 y 2010; 59 genes, Vermeulen J et al. 2009; 42 genes, De
Preter K et al. 2010). Para traducir estos perfiles de expresion génica en pruebas aplicables y evaluables en la practica
clinica de forma rutinaria debe reducirse el nimero de genes y generarse patrones de expresion génica que puedan
evaluarse mediante técnicas convencionales y reproducibles (Chen HY et al. 2007; Korkola JE et al. 2007).
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3. Mecanismos de modulacion de la expresion génica: mecanismos epigenéticos

La epigenética abarca una serie de alteraciones somaticas heredables que afectan la expresion génica pero
que no estan causadas directamente por la alteracién de la secuencia nucleotidica del ADN (Esteller M 2008). Las
modificaciones covalentes de las histonas, la metilacion de los residuos de citosina (C) en los dinucleétidos citosina-
guanina (CG) (ver apartado 4) y la remodelacién de la cromatina (ver apartado 5) representan los principales mecanismos
epigenéticos que regulan y mantienen los patrones de expresion génica del genoma (Berger SL et al. 2009; Espada J y

Esteller M 2010; Rodriguez-Paredes M y Esteller M 2011).

La condensacion del ADN genoémico para formar la
cromatina es fundamental para mantener una regulacion
estable de la expresion génica. El nucleosoma es la
estructura que constituye la unidad basica de la cromatina.
Los nucleosomas estan formados por un ndcleo proteico
constituido por un octdmero de histonas (dos unidades de
H2A, H2B, H3 y H4), envueltos por 147 pares de bases (pb)
de ADN (Strahl BD y Allis D 2000; Ryan DP y Owen-Hughes
T 2011). Una quinta histona denominada H1, se encuentra
localizada fuera del nucleosoma en contacto con el ADN. H1
es crucial para el empaquetamiento del ADN nucleosémico
(Lusser A y Kadonaga T 2003). Los nucleosomas estan
empaquetados entre si formando una fibra de cromatina
que puede ser mas o menos compacta (Figura 5).

El posicionamiento de los nucleosomas cambia
continuamente en relacion a las necesidades de la célula,
generando dominios de cromatina con distinta arquitectura,
actividad transcripcional y replicacién del ADN, denominados
eucromatina (cromatina transcripcionalmente activa) y
heterocromatina (cromatina transcripcionalmente inactiva)
(Figura 6) (Delacuve GP et al. 2009).

Las histonas no son proteinas destinadas Unicamente
a la funcion de compactacion del ADN, son estructuras
moleculares que participan en la regulacion de la expresion
génica. Las colas N-terminales de las histonas estan
sometidas a modificaciones post-transcripcionales como
son la acetilacion, fosforilacion y metilacion, entre otras.
La acetilacion y la fosforilacion de las histonas estan
relacionadas con un aumento de la transcripcién génica
debido a una pérdida de la afinidad de las histonas para
el ADN. Por otra parte la metilacion de las histonas puede
activar o reprimir la transcripcion génica dependiendo de
qué residuo y de qué histona sea metilada (Khorasanizadeh
S 2004; Kouzarides T 2007). Combinaciones de las distintas
modificaciones especificas generan el codigo epigenético
de las histonas que afecta la transcripcién génica y la
reparacion del ADN (Strahl BD y Allis CD 2000; de la Cruz X
et al. 2005; Esteller M 2008; Cavagnari BM 2012).

Histonas

— ADN
“ Nucleosoma

| —

Cromosoma
Figura 5: Esquema del empaquetamiento del ADN. Modificada

del Atlas de histologia vegetal y animal, on-line de la Universidad
de Vigo (http://webs.uvigo.es/mmegias/inicio.html).

Eucromatina

Expresion Génica

Heterocromatina

No Expresion Génica

. Histonas sin modificaciones post-traduccionales aberrantes en la cola N-Terminal

' Modificacion post-traduccional en la cola N-Terminal de la Histona

Figura 6: Esquema de la modificacion de les histonas y la
alteracion de la estructura de la cromatina. Modificada de
Maswelli RW y Marfil CF 2011.



4. Metilacion del ADN

Las modificaciones de las histonas ocurren conjuntamente con otra modificacion epigenética: la metilacion del
ADN, uno de los principales mecanismos de supresion de la expresion génica (Jones PA'y Baylin SB 2002).

La metilacion del ADN se refiere a la insercién de un grupo metilo (CH3) en la posicién 5’ del anillo de pirimidina de la
citosina generando la 5-metilcitosina (m5C). La reaccion de metilacion es mediada por una familia de enzimas llamadas
ADN metil-transferasas (DNMT, del inglés Mammalian DNA methyltransferase) quienes catalizan la transferencia de
grupos metilo a la citosina a partir del substrato S-adenosil-metionina (SAM) (Figura 7) (Turek-Plewa J y Jahodzinski PP
2005; Kristensen LS et al. 2009; Espada J y Esteller M 2010). La familia de enzimas DNMT, incluye la DNMT1, que actla
sobre las cadenas de ADN parcialmente metiladas siendo la responsable de copiar y mantener el patron de metilacion
durante la replicacion del ADN; la DNMT2, la funcion de la cual es todavia desconocida aunque presenta capacidad para
unirse a secuencias de ADN independientemente del estado de metilacion de las mismas; y la DNMT3, que puede actuar
sobre cadenas de ADN semi-metiladas o no metiladas y cuya funcion es establecer “de novo” el patron de metilacion
del ADN en células embrionarias y células no diferenciadas (Espada J y Esteller M 2008; Mulero-Navarro S y Esteller M
2008).

5-metilcitosina (me5C)

Citosina
NH, NH
CHs3
1 1]
O N DNMTs O N

- l -
>

How w"H //,Fﬂﬁ\\ How nM
SAH

SAMe

Figura 7: Reaccion de metilacion. DNMTs: enzimas ADN metil-transferasas, SAMe: S-adenosil-
metionina y SAH: 5-adenosil homocisteina. Modificada de Espada J y Esteller M 2010.

La metilacion del ADN tiene lugar en la citosina (C) de los dinucleétidos CG. La mayoria de dinucleétidos CGs no se
distribuyen al azar sino que se agrupan en regiones de 0,5 a 5Kb denominadas islas CpG (iCpG) caracterizadas por tener
un contenido minimo de G:C del 55% (Jones PA y Baylin SB 2002; Kristensen LS et al. 2009). La localizacion de estas
iCpG es altamente conservada a lo largo del genoma y generalmente se encuentran concentras en regiones promotoras
proximas a puntos de inicio de la transcripcion (TSS, del inglés Transcription Start Site). Recientemente, se ha descrito
la presencia de iCpG en regiones intragénicas o intergénicas en relacion con la regulacion de promotores alternativos
de la transcripcion génica (Maunakea A et al. 2010; Deaton AM y Bird A 2012). Entre el 40-70% de los genes conocidos
contienen iCpG que en condiciones normales no se encuentran metiladas (Jones PA y Baylin SB 2002; MacCabe MT et
al. 2009; Kristensen LS et al. 2009).

La transcripcion génica es modulada por la metilacion del ADN mediante dos mecanismos, uno directo y otro indirecto.
La modulacion directa se produce por una interferencia fisica que no permite la unién de los factores de transcripcion
al TSS, mientras que la modulacién indirecta se produce cuando las proteinas especificas de union a los dinucleétidos
CG metilados bloquean la interaccion de los factores de transcripcion con el ADN (Turek-Plewa J y Jagodzinski PP 2005;
MacCabe MT et al. 2009).

La metilacion del ADN juega un papel importante en el desarrollo embrionario, en la diferenciacion de los tejidos, en
la inactivacion del cromosoma X y en el mantenimiento de la estabilidad cromosémica (Richardson By Yung R 1999;
Esteller M 2008; Kristensen LS et al. 2009).
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4.1 Alteracion del patron de metilacion del ADN en cancer

El cancer esta causado por alteraciones genéticas y epigenéticas, ya que es la combinacion de ambas que
determina el desarrollo y la progresion tumoral (Esteller M 2007; Baylin SB y Jones PA 2011). La primera modificacion
epigenética descrita en cancer fue la alteracion del patrén de metilacion del ADN, que contribuye a desestabilizar la
estructura del material genético y regula la expresion génica. En la actualidad se ha demostrado que la alteracion del
patron de metilacién del ADN no tiene lugar de forma aislada, sino que el resto de mecanismos epigenéticos también se
alteran en el contexto neoplasico (Dunn BK 2003; Feinberg PA y Tycko B 2004).

La alteracion de la metilacion del ADN en células neoplasicas se define por un estado de hipermetilacion (hiperM) o
ganancia de metilacion puntual y especifica en regiones promotoras de los genes, y por una hipometilacion (hipoM)
global, en referencia a la pérdida global de metilacion a lo largo del genoma (Dunn BK 2003; Feinberg AP y
Tycko B 2004; Esteller M 2007; Mulero-Navarro S y Esteller M 2008; Baylin SB y Jones PA 2011).
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El patron de metilacion del ADN mas estudiado en cancer se da en las regiones promotoras de los genes, regiones
responsables de la regulacion de la transcripcion. Recientemente se han publicado cambios en el estado de metilacion
de dinucleétidos CG localizados en regiones intra- o intergénicas (Doi A et al. 2009; Irizarry RA et al. 2009; Hansen KD et
al. 2011; Deaton AM y Bird A 2012). A pesar de estos nuevos datos, alin se desconocen las consecuencias funcionales
y la implicacién de estos fendmenos en el desarrollo neoplasico.

Hasta el momento, en NB se ha descrito la metilacion de regiones promotoras de numerosos genes (Alaminos M et al.
2004; Michalowski MB et al. 2008; Kamimatsuse A et al. 2009; Carén H et al. 2011; Grau E et al. 2011; Buckley PG et
al. 2011), pero no se ha caracterizado el patron global de metilacion del ADN de estos tumores.

Hipermetilacion

La hiperM de dinucléotidos CG localizados en iCpG de regiones promotoras de los genes, su asociacion con la
represion transcripcional y la pérdida de funcion de los genes afectados, es la alteracion epigenética mas estudiada en
cancer ya que se trata de uno de los eventos iniciadores en algunas neoplasias (Esteller M 2008; Baylin SB y Jones PA
2011). La primera evidencia se publicé en 1989 por el Dr. Thaddeus P. Dryja y el Dr. Bernhard Hosthemke, quiénes junto
con sus colaboradores describieron la hiperM del gen del retinoblastoma.

Entre el 5-10% de las regiones promotoras de genes que no estan metiladas en células normales ganan metilacion en
las células neoplasicas, confirmando que este mecanismo epigenético es el responsable del silenciamiento génico en
cancer (Feinberg APy Tycko B 2004; Esteller M 2008; Baylin SB y Jones PA 2011). Los genes afectados por la hiperM en
su region promotora en cancer son, por lo general, GST o genes relacionados con el ciclo celular, la reparacion del ADN,
el metabolismo de los carcinégenos, la interaccion célula-célula, la apoptosis o la angiogénesis (Esteller M 2008; Mulero-
Navarro Sy Esteller M 2008). Se desconoce el mecanismo selectivo de la ganancia especifica de metilacion que confiere
potencial neoplasico a las células tumorales.



Hipometilacion

En 1983, el Dr. Andrew P. Feinberg y el Dr. Bert Volgestein publicaron por primera vez una anomalia epigenética
en tumores: la pérdida global de la metilacién del ADN en dinucleétidos CG (Feinberg AP y Volgestein B 1983). Se ha
demostrado que a medida que la lesion maligna progresa también lo hace el grado de hipoM, sugiriendo que esta
alteracion contribuye a aumentar la capacidad proliferativa e invasiva de la lesién (Esteller M 2008; Pogribny IP y Beland
FA 2009).

La hipoM global contribuye al desarrollo neoplasico mediante: 1) la generacion de inestabilidad cromosémica, 2) la
reactivacion de regiones intragenémicas repetitivas de ADN, 3) la pérdida de la impronta génica y 4) la reactivacion de
proto-oncogenes. La generacion de inestabilidad cromosémica puede derivar en diferentes recombinaciones mitéticas
que generan deleciones y translocaciones, provocando a su vez reordenamientos entre cromosomas. Asi mismo, la
pérdida de metilacién en regiones intragendémicas repetitivas del ADN, como las secuencias LINE (del inglés Long
Interspersed Nuclear Elements) o las secuencias Alu, induce a la transcripcion de estos elementos o a su translocacion
en otras regiones cromosémicas incrementando asi la alteracion estructural del genoma. Por otro lado, la pérdida de
metilacion de genes marcados por la impronta génica, por ejemplo el gen Insulin-like growth factor 2 (IGF2) en cancer
colorectal; o de proto-oncogenes, como B-cell CLL/lymphoma 2 (Bcl2) en linfomas no-Hodgkings o v-Ha-ras Harvey
rat sarcoma viral oncogene homolog (HRAS) en cancer de colon y de pulmén, implica un aumento de su expresion
contribuyendo a desregular la actividad normal de la célula (Dunn BK 2003; Esteller M 2008).

El mecanismo por el cual se produce la hipoM es todavia poco conocido, algunas evidencias sugieren que se debe
a la alteracion de la actividad de la enzima DNMT1 o de proteinas de la familia de las SNF2, asi como de la accion
descontrolada de las enzimas ADN-demetilasas (Feinberg AP y Tycko B 2004; Pogribny IP y Beland FA 2009; Rodriguez-
Paredes M y Esteller M 2011).

La identificacion de los mecanismos por los cuales la hipoM global afecta al desarrollo neoplasico, conjuntamente con
las dificultades técnicas para su estudio han conducido a que la mayoria de estudios de las alteraciones del patron de
metilacion del ADN se hayan centrado en estudiar la ganancia de metilacion de la regiones promotoras de los genes 'y no
tanto el efecto de la pérdida especifica de metilacion.

4.2 Técnicas para el analisis del patron de metilacion del ADN

La metilacién del ADN puede estudiarse desde dos aproximaciones, cuantificando los niveles globales de
metilacion del ADN o estudiando los patrones especificos de metilacion del ADN de un genoma (Esteller M 2007).

La cuantificacién de los niveles de metilacion del ADN de un genoma permite identificar y cuantificar la presencia o
ausencia de metilacién pero no determinar su distribucion. Para ello las técnicas mas usadas son la cromatografia
liquida de alta eficacia (HPLC, del inglés High Performance Liquid Chromatography) y la electroforesis capilar de alta
resolucion (HPCE, del inglés High Performance Capillary Electrophoresis), ambas se basan en la diferencia de movilidad
de las citosinas y las 5-metilcitosinas. Mientras que el estudio del patron de metilacion pretende identificar la localizacion
y distribucién de la metilacion a lo largo del genoma asi como cuantificarla en algunos casos. Para ello pueden aplicarse
tres metodologias: 1) la digestion del ADN con enzimas de restriccion, 2) el enriquecimiento de las secuencias de ADN
metiladas por afinidad y 3) la conversion del ADN metilado con bisulfito de sodio (Esteller M 2007; Zilberman D y Henikoff
S 2007; Laird PW 2010).

La digestion enzimatica utiliza enzimas de restriccion sensibles a la 5-metilcitosina. Su accién queda inhibida cuando
existe una 5-metilcitosina en la secuencia, permitiendo identificar donde se sitlan estas modificaciones gracias a los
patrones de corte (Figura 9A). Sin embargo, es una técnica que genera falsos positivos ya que por motivos ajenos a la
metilacion del ADN la digestion puede ser incompleta. Por otro lado, el enriquecimiento de secuencias de ADN metiladas
por afinidad emplea anticuerpos especificos para detectar 5-metilcitosinas o proteinas especificas de union a los
dinucleétidos CG metilados en secuencias de ADN desnaturalizadas (Figura 9B). Esta metodologia permite una deteccion
rapida de fragmentos metilados pero no permite obtener informacion sobre los niveles individuales de metilacion. En
cambio, al tratar moléculas de ADN desnaturalizado con bisulfito de sodio, se produce una reacciéon quimica que deamina
las citosinas no metiladas, y estas se traducen en timinas en lugar de guaninas. Asi, una modificacion epigenética deriva
en una modificacion genética facilmente detectable (Figura 9C) (Zilberman D y Henikoff S 2007; Laird PW 2010).

La combinacion de estas tres metodologias con otras técnicas analiticas basadas en la PCR, la hibridacion y/o la
secuenciacion ha dado lugar a numerosas aproximaciones para el estudio de patrones de metilacion del ADN.
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A continuacion se describen dos de las aproximaciones metodologicas basadas en el tratamiento del ADN con bisulfito de
sodio; la aplicacién de la tecnologia de microarrays de ADN para un estudio global del patron de metilacion y la aplicacién
combinada de la PCR y la secuenciacion, para el estudio de secuencias cortas y especificas con dinucleétidos CG.

Microarrays de ADN para el estudio global del patron de metilacion del ADN

La deteccion de 5-metilcitosinas mediante la tecnologia de microarrays de ADN permite un analisis global del
genoma sensitivo y cuantitativo. Esta técnica se basa en los principios de hibridacién de los microarrays de ADN descritos
en el apartado 2.1.

En estos microrrays de ADN, las sondas representan secuencias con dinucleétidos CG. Una misma secuencia esta
representada por dos sondas: una complementaria a la secuencia metilada y otra complementaria a la secuencia no
metilada, cada una de ellas estd marcada con un fluorocromo distinto. Esto permite determinar el nivel de metilacion
del ADN para cada muestra, previamente tratadas con bisulfito de sodio, segln el ratio de senales obtenidas entre las
dos sondas. Ya que si la muestra de estudio esta metilada hibridara con mas afinidad con la sonda complementaria a la
secuencia metilada (Zilberman D y Henikoff S 2007; Laird WB 2010; Samarakoon PS 2010).

Actualmente la mayoria de analisis de metilacion global del ADN se realizan mediante microarrays comerciales, puesto
que permite estudiar cientos de regiones de dinucleétidos CG preseleccionados, en numerosas muestras de forma
simultanea, con elevada sensibilidad y reproducibilidad (Bibikova M et al. 2006; Ziloerman D y Henikoff S 2007; Laird
PW 2010; Samarakoon PS 2010; Dedeuwaerder S et al. 2011). Uno de los microarrays mas utilizados para los estudios
globales del patron de metilacion del ADN es el Infinium HumanMethylation 27BeadChip, comercializado por la empresa
lllumina. El microarray Infinium HumanMethylation 27BeadChip permite analizar 27578 dinucle6tidos CG localizados
mayoritariamente en regiones préximas a regiones promotoras (1000pb por arriba o 500pb por debajo de los TSS)
de 14475 genes conocidos, entre ellos genes descritos en cancer asi como genes marcados por la impronta génica
(Bibikinova M et al. 2009). La capacidad de cuantificar con precision los niveles de metilacién, su elevada reproducibilidad,
conjuntamente con la ventaja que permite analizar cualquier region que contenga dinucleétidos CG (sin necesidad que
sean regiones enriquecidas o sensibles a la restriccion) a conllevado a un extenso uso de esta plataforma (lllumina
Application Note 2008; Bibikinova M et al. 2009).

Pirosecuenciacion

La pirosecuenciacion se basa en la secuenciacion en tiempo real de la sintesis del ADN. La aplicacion de la
pirosecuenciacion para el estudio de la metilacion del ADN permite estudiar regiones de dinucleétidos CG especificos
de forma cuantitativa. La pirosecuenciacion utiliza cuatro enzimas, ADN polimerasa, ATP sulforilasa, luciferasa y apirasa;



DATP DCTP DGTP DTTP
ADN Polimerasa ADN Polimerasa ADN Polimerasa ADN Polimerasa
ADN muestra 5’ — TGAA — 3 — TGAA — — TGAA — — TGAA —
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/ N / N\ / / SN\
_ ATP 4 ATP £ ATP Z ATP
Aspirasa Sulforilasa ASpirasa Sulforilasa ~ Aspirasa Sulforilasa Aspirasa Sulforilasa
Luciferasa ATP Luciferasa ATP Luciferasa Luciferasa 2ATP
1hv 1hv 2hv

—
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—
—

Secuencia de ADN =3 Secuencia de ADN
Cc G T sintetizado de la muestra

3

dNTP anadidos

Figura 10. Esquema de la técnica de pirosecuenciacion. ATP: adenosina trifosfato, PPi: pirofosfato, hv:
senal luminica, dNTP:deoxi-ribonucleétido fosfato. Modificado de Ahmadian A et al. 2006.

para generar una cascada bioluminiscente que puede ser detectada y cuantificada durante el proceso de secuenciaciéon
(Colella S et al. 2003; Ahmadian A et al. 2006; Tost J y Gut IG 2007).

Las muestras, tratadas con bisulfito de sodio, son amplificadas mediante PCR utilizando sondas especificas para la
region que contiene los dinucleétidos CG de interés. Seguidamente se procede a la secuenciacion de los productos
de la PCR. La secuenciacion se realiza en presencia de adenosina-5'-fosfosulfato (APS), luciferina, y las enzimas ADN
polimerasa, adenosina trifosfato sulforilasa (ATP, del inglés Adenosine TriPhosphate), luciferasa y apirasa. A medida que
se anhade un deoxi-nucleétido fosfato (dNTP, del inglés Deoxyribonucleotide triphosphate) si este es complementario
al del producto de PCR la enzima ADN polimerasa cataliza su incorporacion a la cadena de ADN de nueva creacion y
libera pirofosfato en una cantidad equimilimolar a la cantidad de nucleétidos incorporados. La APS presente actla como
sustrato permitiendo que la enzima ATP sulfurilasa convierta cuantitativamente el pirofosfato en ATP. EI ATP generado
activa la conversion de la luciferina a oxiluciferina mediante la enzima luciferasa. Esta cascada de reacciones genera
una senal de luz proporcional a la cantidad de ATP producido que puede detectarse y cuantificarse. La aspirasa presente
en la reaccion degrada de forma continua las moléculas de ATP y los dNTPs no incorporados; permitiendo reanudar la
reaccion cada vez que se afade un dNTP nuevo (Figura 10). Finalmente se obtiene la secuencia completa analizada y se
cuantifica el nimero de nucleétidos anadidos en cada posicion, obteniendo un valor final de la metilacion de la region
estudiada (Colella S et al. 2003; Ahmadian A et al. 2006; Tost J y Gut IG 2007).

La pirosecuenciacion permite una cuantificacion precisa de varios dinucleétidos CG en una misma regién, pero solo
pueden secuenciarse regiones de 25-30pb en cada reaccion limitando el nimero de dinucleétidos CG a evaluar
(Ahmadian A et al. 2006).
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5. Proteinas remodeladoras de la cromatina

La remodelacién de la cromatina mediante proteinas, como se ha descrito anteriormente (ver apartado 3), es uno
de los mecanismos epigenéticos que contribuye a regular los patrones de expresion génica. Las proteinas que ejecutan
esta accion se denominan proteinas remodeladoras de la cromatina dependientes de ATP, puesto que actlan gracias a
la energia derivada de la hidrélisis del ATP (Tsukiyama T 2002; De la Cruz X et al. 2005; Ryan DP y Owen-Hughes T 2011).
Estas proteinas se caracterizan por contener una unidad ATPasa en su estructura y remodelan la cromatina disociando
y generando espacios entre nucelosomas, cambiando o reponiendo octameros de histonas asi como eliminando total o
parcialmente alguna de las histonas que conforman el nucleosoma (Flaus Ay Owen-Hugher T 2011).

5.1 Proteinas de la superfamilia SNF2

La superfamilia de proteinas SNF2, agrupa un conjunto de proteinas caracterizadas por su actividad ATPasa
que forman los complejos proteicos capaces de remodelar la cromatina (Flaus A y Owen-Hugher T 2011; Ryan DP y
Owen-Hugher T 2011). Las cuatro subfamilias que se engloban dentro de la superfamilia SNF2 se estructuran segin
los dominios adicionales que presentan fuera del dominio ATPasa (Lusser A y Kadonaga T 2003). Las familias que
conforman la superfamilia SNF2 son: 1) la familia SWI/SNF (del inglés mating tipe SWitching/Sucrose Non Fermenting),
2) la familia ISWI (del inglés Imitation SWitch), 3) la familia INO8O (del inglés Inositol Auxotroph mutant 80) y 4) la familia
CHD (del inglés Chromodomain Helicase DNA binding) (Marfella CG y Imbalzano AN 2007; Hopfner KP et al. 2012).

Familia SWI/SNF

La caracteristica que define esta familia es la presencia de un bromodominio en su estructura (Figura 11). Este
dominio reconoce los residuos de lisina acetilados localizados en las colas N-terminales de las histonas (De la Cruz X
et al. 2005; Marfella CG y Imbalzano AN 2007). Se trata de proteinas que forman complejos grandes de numerosas
subunidades (hasta 12) (Lusser Ay Kadonaga T 2003; Khorasanizadeh S 2004). Su funcion principal es la de disociar
los nucleosomas (Khorasanizadeh S 2004; Hopfner KP et al. 2012).

Familia ISWI

Esta familia proteica comprende complejos pequefos, formados por un maximo de 4 subunidades (Lusser Ay
Kadonaga T 2003), la caracteristica principal es que poseen un dominio SANT (del inglés Switching-defective protin 3,
Adaptor 2, Nuclear receptor co-repressor, Trancription factor IlIB) (Figura 11) (Marfella CG y Imbalzano AN 2007). Este
dominio cataliza la union de estas proteinas con las colas N-terminales de las histonas y no permite la uniéon directa
al ADN (De la Cruz X et al. 2005). La accion principal como remodeladores de los nucleosomas es la generacion de
espacios entre ellos y el mantenimiento de estos, basico para garantizar una estabilidad genémica (De la Cruz X et al.
2005; Ryan DP y Owen-Hughes T 2011).

Familia INOS8O

Las proteinas de la familia INO8O forman grandes complejos, de hasta 12 subunidades diferentes (Lusser A
y Kadonaga T 2003). Esta subfamilia SNF2 posee ademas de actividad ATPasa actividad helicasa, dominio distintivo
respecto las otras subfamilias (Figura 11) (Marfella CG y Imbalzano AN 2007; Ryan DP y Owen-Hugher T 2011). Su
funcién en la remodelacion del nucleosoma es similar a la familia ISWI, ya que también actla como generador de
espacios entre nucleosomas aunque no lo hace a través de la unién a histonas sino mediante la unién directa al ADN
(Ryan DPy Owen-Hugher T 2011). Recientemente se ha relacionado su actividad helicasa con la funcion de respuesta de
dano al ADN (Hopfner KP et al. 2012).

Familia CHD

Esta familia de proteinas remodeladoras de la cromatina se caracteriza por poseer dos cromodominios
localizados en tandem en la region N-terminal, un dominio ATPasa en la region central y un dominio de unién al ADN en
la region C-terminal (Figura 11) (Hall JA'y Georgel PT 2007). Estas proteinas ejercen su funcion remodeladora mediante
la unién a factores de transcripcion especificos, a marcas de histonas concretas, a ADN metilado y/o a la polimerasa Poli-
ADP-ribosa (Murawska M y Brehm A 2011). La presencia de dominios adicionales permite subdividir la familia CHD en
tres subfamilias, todas ellas son proteinas de gran tamano, con elevada homologia entre ellas y altamente conservadas
evolutivamente (Hall JAy Georgel PT 2007; Marfella CG y Imbalzano AN 2007). La subfamilia I, incluye las proteinas CHD1
y CHD2, no contiene ninglin dominio adicional aunque se ha identificado que el dominio de unién al ADN tiene preferencia
para las regiones ricas en adenosina y timina (Hall JAy Georgel PT 2007; Murawska My Brehm A 2011). La subfamilia Il
compuesta por CHD3 y CHD4, no contiene un dominio claro de unién al ADN pero presenta dos dominios PDH (del inglés
Plant Homeo Domain) en su region N-terminal. Estos estan involucrados en la remodelacion de la cromatina gracias
a su unién a las histonas metiladas. Y la subfamilia Ill, que conforma el grupo mas heterogéneo, incluye las proteinas
CHDS5 a CHD9, Kismet-L, TO4D-14 y KIAA1416 (Hall JA y Georgel PT 2007). Este grupo posee dos dominios adicionales.
Un dominio SANT, que permite la union a histonas y tiene afinidad para cualquier tipo de cadena de ADN, y/o0 un dominio
BRK (del inglés Brahma and Kismet domains), dominio altamente conservado especifico de células eucariotas del cual
se desconoce su funcion (Marfella CG y Imbalzano AN 2007; Murawska My Brehm A 2011).



Las propiedades bioquimicas de cada subfamilia CHD son diversas, algunas de ellas existen como monémeros (por
ejemplo CHD1 o CHD2) y otras forman parte de complejos multiproteicos, por ejemplo, CHD3 y CHD4 forman parte del
complejo NURD (del inglés NUcleosome Remodeling and histone Deacetylase), que regula la represion de la transcripcion
mediante la deacetilacion de las histonas y la consecuente remodelacién del nucleosoma (Murawska My Brenm A 2011).

Defectos en algunas de estas proteinas se han asociado con distintas patologias, como la dermatomiotisis, el sindrome
CHARGE (sindrome complejo que incluye varios trastornos y defectos de los cuales derivan sus siglas; C: Coloboma de
ojos, H: defectos en el corazén (H de Heart en inglés), A: Atresia de las coanas, R: Retardo del crecimiento y desarrollo,
G: anomalias Genitourinarias, y E: anomalias de los oidos (E de Ears en inglés)) y el NB, entre otras (Hall JAy Georgel PT
2007; Marfella CG y Imbalzano AN 2007).

ATPase Bromodominio

Familia SWI/SNF :} ™
e—

SANT

Familia INO8O [ 1
'

Cromodomio Unién al ADN
- -—
Al

Figura 11. Estructura de las familias de proteinas que conforman la superfamilia
proteica SNF2. Modificado de Tsukiyama T 2002.

5.2 Chromodomain Helicase DNA binding protein 5

El gen Chromodomain Helicase DNA binding protein 5 (CHD5), se describi6 por primera vez en el ano 2002 en el
contexto de un estudio que tenia como objetivo identificar nuevos genes relacionados con los complejos proteicos SWI/
SNF (Schuster EF y Stéger R 2002). Un aho mas tarde, el Dr. Garrett M. Brodeur y sus colaboradores describieron por
primera vez su estructura genémica asi como sus perfiles de expresion génica (Thompson PM et al. 2003).

CHD5 se localiza en la region cromosémica 1p36.3. Esta flanqueado en el extremo 5’ por el gen Ribosomal Protein
22 (RPL22) y en el extremo 3’ por el gen Potassium voltage-gated channel, shaker-related subfamily, beta member 2
(KCNB2) (Figura 12A) (Thompson PM et al. 2003; Okawa ER et al. 2008). El gen CHD5 se compone de 42 exones y mide
78218pb. Se transcribe en una molécula de ADNc que se extiende 9646pb. Da lugar a una proteina nuclear de 223KDa
y 1954 residuos (Bagchi Ay Mills AA 2008). La proteina CHD5, miembro de la subfamilia de proteinas CHD, se estructura
en dos dominios PHD (localizados entre los exones 8-9 y los exones 9-10), dos cromodominios (en el exén 10 y entre los
exones 11-12), un dominio ATPasa (entre los exones 14-19) y un dominio helicasa (entre los exones 21-23) (Figura 12B)
(Thompson PM et al. 2003).
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Figura 12. A) Localizacion del gen CHD5 en el contexto de la region SDR del cromosoma
1p36.31 en NB. Modificado de Okawa ER et al. 2008. B) Estructura y dominios que
conformanlaproteinaCHD5.Modificadode TsukiyamaT2002yThompsonPMetal. 2003.
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CHD5 en tejido normal

El patron de expresion génica de CHD5 esta restringido al tejido neural. En el afio 2003, el Dr. Garrett M. Brodeur
y sus colaboradores analizaron los niveles de expresion de ARNm en un panel de 18 tejidos normales. Sélo se detecto
expresion en cerebro, cerebro fetal, cerebelo, médula espinal y glandula suprarrenal; siendo la mas elevada en cerebro.
La exclusividad del patron de expresion restringida a tejidos neurales permitié hipotetizar que CHD5 podria tener un
papel importante en el desarrollo del sistema nervioso asi como para la ejecucion de funciones especificas de estos
tejidos (Thompson PM et al. 2003).

CHD5 y cancer

La region cromosémica 1p36 es una region delecionada frecuentemente en diversas neoplasias (White PS
et al. 2005; Bagchi A et al. 2007). La frecuencia y la especificidad de las deleciones en esta region han llevado a la
blsqueda de uno o0 mas GST localizados en esta region. En el afo 2007, el Dr. Anindya Bagchi describio CHD5 como GST
localizado en dicha region demostrando en un modelo de animal transgénico como niveles bajos de CHD5 predisponen
a procesos de malignizacidbn como consecuencia de la inactivacion de la vias celulares dependientes de p16ink4a,
p19Arfy p53. Seglin sus resultados, CHD5 podria modular p53 a través de la regulacion transcripcional de p19Arf. Este
descubrimiento hizo que diversos grupos empezaran a investigar los mecanismos que regulaban la expresion de este
gen en las diferentes neoplasias.
En NB, la region 1p36.3 forma parte de la region mas pequena de delecion (SDR, del inglés Smallest Region of consistent
Deletion) identificada en NB, justo donde localiza CHD5 (Figura 12A) (White PS et al. 2005; Okawa ER et al. 2008). El
patron de expresion génica esta restringido a tejidos neurales, entre ellos a glandula suprarrenal, lugar de origen de los
TN. Conjuntamente con la baja expresion identificada en lineas celulares y en tumores primarios de NB (Thompson PM et
al. 2003), asi como la correlacion de los niveles de expresion mas elevados con tumores de caracteristicas de bajo riesgo
sugieren que la represion de la expresion de CHD5 contribuye al desarrollo de NB con fenotipo agresivo (Thompson PM
et al. 2003; Fujita T et al. 2008; Okawa ER et al. 2008).
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1. Hipétesis

La evolucién y el pronéstico clinico de los neuroblastomas (NB) es muy heterogéneo, incluye desde una
proliferacion agresiva y metastasica a una maduracion o una regresion espontanea. Dicha heterogeneidad es el reflejo
de las caracteristicas genéticas y bioldgicas propias del tumor, que tienen su impacto en los perfiles de expresion génica.

Nuestro grupo ha identificado perfiles transcripcionales de grupos de genes con la capacidad de discriminar nitidamente
entre subgrupos de NB con pronésticos clinicos radicalmente distintos. Estos patrones de expresion génica asociados
de forma significativa con el comportamiento clinico de estos tumores, pueden resultar Gtiles para la identificacion de
marcadores moleculares de prediccion de pronéstico que contribuyan a una clasificaciéon molecular mas precisa de los
NB.

Las modificaciones epigenéticas representan uno de los principales mecanismos de modulacion de la expresion génica.
Alteraciones en los mecanismos de regulacion epigenética, como son la alteracién del patron de metilacion del ADN,
podrian estar implicadas en las variaciones de expresion génica identificadas entre subgrupos de NB con distinta
evolucion clinica.

2. Objetivos

2.1 Objetivo General:

Establecer marcadores moleculares de pronostico basados en genes identificados previamente como
diferencialmente expresados, con capacidad para discriminar de forma precisa entre subgrupos de NB con comportamiento
clinico radicalmente distinto. Asi como estudiar el patron de metilacion del ADN de los NB como posible mecanismo
responsable de los perfiles génicos hallados diferencialmente expresados.

2.2 Objetivos especificos:
1. Avanzar hacia una clasificacion molecular de los NB:

1.1. Desarrollar un modelo estadistico de prediccion de prondstico en pacientes afectos de NB basado en perfiles de
expresion génica:

1.1.1. Validar mediante la reaccion de la polimerasa cuantitativa en tiempo real (QRT-PCR) las variaciones de
expresion de los genes identificados previamente, mediante microarrays, como diferencialmente expresados.
1.1.2. Seleccionar mediante algoritmos estadisticos los genes diferencialmente expresados con mayor potencial
pronostico.

1.1.3. Crear un modelo estadistico de prediccion de pronéstico basado en los niveles de expresion génica de los
genes seleccionados.

1.2. Validar el modelo estadistico de prediccion de prondstico desarrollado en nuestro laboratorio:

1.2.1. Validar el modelo desarrollado en una cohorte de NB independientes obtenida de diferentes instituciones
nacionales e internacionales.

1.2.2. Realizar estudios estadisticos para determinar el valor predictivo del modelo de predicciéon de pronéstico.
1.2.3. Validar la robustez del modelo estadistico de prediccion de pronéstico y el procedimiento por el cual se ha
obtenido.

1.2.4. Realizar estudios estadisticos para evaluar el potencial predictivo del modelo estadistico respecto a
marcadores de prondstico ya establecidos en NB.

1.2.5. Realizar estudios estadisticos para evaluar la capacidad de prediccion del modelo respecto a los sistemas
de clasificacion de riesgo clinico actualmente aceptados para NB.

1.2.6. Evaluar la capacidad del modelo estadistico de prediccion de prondstico para clasificar subgrupos clinicos
biol6gicamente relevantes de NB.

2. Estudiar y evaluar la posibilidad de utilizar los niveles de expresion proteica de alguno de los genes identificados con
expresion diferencial como marcador inmunohistoquimico de pronéstico en NB:

2.1. Caracterizar inmunofenotipicamente genes hallados diferencialmente expresados en tejidos normales y en tumores
neuroblasticos.

2.2. Estudiar y evaluar la posibilidad de utilizar el patron de expresion proteica de genes diferencialmente expresados
como marcador inmunohistoquimico de prondstico en NB.

2.3. Realizar analisis estadisticos para determinar el potencial de prediccion del posible marcador inmunohistoquimico
en NB.
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2.4. Validar el posible marcador inmunohistoquimico de pronéstico en cohortes de NB obtenidos de
diferentes instituciones hospitalarias nacionales e internacionales.

3. Estudio del patron de metilacion del ADN de NB como posible mecanismo responsable de los perfiles de expresion
quimica diferenciales:

3.1. Analizar el patron de metilacién del ADN de NB primarios mediante la tecnologia de microarrays.

3.1.1. Identificar un patron de metilacion del ADN especifico de NB.

3.1.2. Identificar un patron de metilacion del ADN de subgrupos de NB clinica y biolégicamente relevantes
3.1.3. Caracterizacion biologica de los genes diferencialmente metilados: localizacién cromosémica, densidad
de dinucledtidos CG en las regiones promotoras e identificacién de genes diana de los complejos represivos de
la familia Polycomb (PRC, del inglés Polycomb Repressive Complex).

3.1.4. Identificar un patron de metilacion del ADN asociado a los perfiles de expresion génica de NB

3.2. Validar los perfiles de metilacion del ADN identificados mediante pirosecuenciacion.
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1. Modelo estadistico de prediccion de pronostico para pacientes afectos de neuroblastoma
basado en el perfil de expresion génica de tres genes.

Idoia Garcia*, Gemma Mayol*, José Rios*, Gema Domenech, Nai-Kong V. Cheung, André Oberthuer, Matthias Fischer,
John M. Maris, Garrett M. Brodeur, Barbara Hero, Eva Rodriguez, Mariona Sunol, Patricia Galvan, Carmen de Torres,
Jaume Mora y Cinzia Lavarino.

*Autores que han contribuido por igual en el estudio.

Publicado en la revista Clinical Cancer Research 2012; 18:2012-2023.
Fl: 7.338, Q1.

Resumen

El neuroblastoma (NB) agrupa un espectro muy heterogéneo de tumores que evolucionan de forma radicalmente
distinta. La variedad de comportamiento clinico del NB determina un enfoque terapéutico que puede variar entre un
abordaje terapéutico intensivo multimodal o una actitud expectante. Por lo tanto, la clasificacion precisa de los diferentes
subtipos de NB es importante para determinar el tratamiento mas apropiado. Actualmente los sistemas de clasificacion
de riesgo clinico en NB se basan en distintos parametros clinicos, biolégicos y morfologicos. No obstante, todavia existen
casos donde estos sistemas de clasificacion han mostrado una utilidad clinica limitada. En NB, se han llevado a cabo
varios estudios dirigidos al analisis de expresion mediante microarrays con el fin de identificar perfiles de expresion
génica Utiles para predecir el pronéstico de los pacientes. No obstante, las listas de genes descritas hasta la fecha son
demasiado extensas para poder implementarlas en la practica clinica de forma rutinaria. Para traducir estos perfiles en
pruebas aplicables, es imprescindible reducir el nimero de genes y generar perfiles que puedan ser analizados mediante
técnicas como la PCR cuantitativa en tiempo real (QRT-PCR).

Con este objetivo, hemos desarrollado un modelo estadistico de prediccion de pronédstico para NB basado en el patron
de expresion de genes hallados previamente diferencialmente expresados. El modelo ha sido desarrollado utilizando
datos de expresion génica obtenidos mediante qRT-PCR a partir de muestras de tejido tumoral de 96 NB primarios
al diagnéstico. Mediante modelos de regresion de Cox y Analisis de Componentes Principales se identificaron tres
genes, Chromodomain, helicase DNA-binding protein 5 (CHD5), Platelet-activating factor acetylhydrolase, isoforma 1B
(PAFAH1B1)y Nonmetastatic cells 1, protein expressed in (NME1), asociados de forma estadisticamente significativa con
las variables clinicas supervivencia global (OS) y supervivencia libre de evento (EFS). A partir de estos tres genes hemos
desarrollado un modelo estadistico con el objetivo de obtener una Unica variable que permitiera una medicion global del
perfil de expresion en cada NB:

Yos= (041) X (CHD5) + (ax,) x (PAFAH1B1) + (at3) x (NME1)

Yqs: Variable de medicion del perfil de expresion del modelo de prediccion

o,: coeficiente de regresion de cada gen

(Gen): datos de expresion z-tranformados del gen para cada muestra analizada

El modelo de prediccion de prondstico desarrollado ha sido validado mediante gRT-PCR, utilizando una cohorte
independiente de 120 muestras (Set 1) de NB obtenidas del Departamento de Oncologia del Hospital Pediatrico de
Colonia (Alemania) y utilizando datos de expresion de dos bases de datos (Set 2 y Set 3) publicas de microarrays que
comprenden un total de 352 pacientes. Los resultados obtenidos mostraron la capacidad del modelo estadistico
propuesto para clasificar los pacientes en dos subgrupos con evolucion clinica significativamente diferente (Set 1: 5 afnos
de 0S: 0.93+0.03 vs 0.53+0.06, 5 anos de EFS: 0.85+0.04 vs 0.042+0.06, ambas P<0.001; Set 2: 0S: 0.97+£0.02 vs
0.61+0.1, P=0.005, EFS: 0.91+0.8 vs 0.56+0.1, ambas P=0.005; Set 3: 0S: 0.99+0.01 vs 0.56+0.06, EFS: 0.96+£0.02 vs
0.43+0.05, ambas P<0.001). Los analisis con modelos de regresion de Cox multivariados demostraron que el modelo de
prediccion de prondstico era un marcador independiente para OS y EFS (P<0.001, en ambos casos). Asimismo el modelo
propuesto mostrdé una capacidad de prediccion mas precisa que los sistemas de clasificacion utilizados actualmente
en ensayos clinicos internacionales (German Society for Pediatric Hematology,/Oncology [GPOH] NB2004; Children’s
Oncology Group [COG] USA; Japanese Advanced Neuroblastoma Study Group [JANB]).

El valor de este modelo viene dado por el nimero reducido de genes que lo componen, la viabilidad a nivel técnico (qRT-
PCR), la aplicabilidad a biopsias de tejido tumoral pequenas, la rapidez, facil interpretacion y reproducibilidad de los
resultados, y el bajo coste econémico.

Proponemos por primera vez en NB, un modelo estadistico de prediccion de prondstico técnicamente sencillo
basado en la PCR que podria ayudar a refinar los actuales sistemas de clasificacion de riesgo clinico.
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A Three-Gene Expression Signature Model for Risk
Stratification of Patients with Neuroblastoma
Idoia Garcia', Gemma Mayol', José Rios®, Gema Domenech?®, Nai-Kong V. Cheung®, André Oberthuer®,

Matthias Fischer®, John M. Maris®, Garrett M. Brodeur®, Barbara Hero®, Eva Rodriguez', Mariona Sunol?,
Patricia Galvan', Carmen de Torres', Jaume Mora', and Cinzia Lavarino'

Abstract

Purpose: Neuroblastoma is an embryonal tumor with contrasting clinical courses. Despite elaborate
stratification strategies, precise clinical risk assessment still remains a challenge. The purpose of this study
was to develop a PCR-based predictor model to improve clinical risk assessment of patients with
neuroblastoma.

Experimental Design: The model was developed using real-time PCR gene expression data from 96
samples and tested on separate expression data sets obtained from real-time PCR and microarray studies
comprising 362 patients.

Results: On the basis of our prior study of differentially expressed genes in favorable and unfavorable
neuroblastoma subgroups, we identified three genes, CHD5, PAFAH1B1, and NMEI1, strongly associated
with patient outcome. The expression pattern of these genes was used to develop a PCR-based single-score
predictor model. The model discriminated patients into two groups with significantly different clinical
outcome [set 1: 5-year overall survival (OS): 0.93 £ 0.03 vs. 0.53 £ 0.06, 5-year event-free survival
(EFS): 0.85 £ 0.04 vs. 0.042 +£ 0.06, both P < 0.001; set 2 OS: 0.97 £ 0.02 vs. 0.61 = 0.1, P = 0.005, EFS:
0.91 £ 0.8 vs. 0.56 £+ 0.1, P = 0.005; and set 3 OS: 0.99 + 0.01 vs. 0.56 £ 0.06, EFS: 0.96 + 0.02 vs.
0.43 £ 0.05, both P < 0.001]. Multivariate analysis showed that the model was an independent marker
for survival (P < 0.001, for all). In comparison with accepted risk stratification systems, the model robustly
classified patients in the total cohort and in different clinically relevant risk subgroups.

Conclusion: We propose for the first time in neuroblastoma, a technically simple PCR-based
predictor model that could help refine current risk stratification systems. Clin Cancer Res; 18(7);

2012
40

2012-23. ©2012 AACR.

Introduction

Neuroblastoma, the most common solid extracranial
pediatric tumor, is heterogeneous in terms of its biologic,
genetic, and morphologic characteristics. Such tumors
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exhibit diverse clinical behaviors whereby patients with
similar clinicopathologic features can have radically differ-
ent outcomes. Since treatment strategies vary from surgery
alone to intensive multimodal regimens, precise risk assess-
ment is critical for therapeutic decisions. Currently, several
clinical, biologic, and morphologic parameters, such as age
at diagnosis, tumor stage, genomic amplification of MYCN
oncogene, copy number alterations of the chromosomal
regions 1p, 11q, and 17q, ploidy, and histologic features,
are considered as markers of neuroblastoma outcome (1-
4). However, despite elaborate risk stratification strategies,
there remain cases where these markers have shown limited
clinical use.

Microarray gene expression studies have contributed to
identify sets of genes of prognostic importance in numer-
ous neoplasias, including neuroblastoma (5-13). Never-
theless, the use of microarrays in clinical practice is
limited by the large sets of genes identified and the need
for complex statistical analyses required to extract infor-
mative patterns from raw microarray data. Furthermore,
there has been little overlap in the prognostic gene sets
identified by different groups. To translate these profiles

Clin Cancer Res; 18(7) April 1, 2012

/%({ American Association for Cancer Research



A Three-Gene Risk Stratification Model for Neuroblastoma

Translational Relevance

Neuroblastoma risk stratification is perhaps the most
advanced of all pediatric solid tumors. International
classification systems are based on various clinicopath-
ologic and genetic parameters. Nevertheless, there
remain cases where these elaborated stratification strat-
egies have shown limited clinical use. In this study, a
three-gene PCR-based single-score model was developed
and tested using quantitative real-time PCR and micro-
array expression data from four sets including 458
patients with primary neuroblastoma. The scoring meth-
od reliably stratified patients with significantly different
outcome in all the test sets and in different neuroblas-
toma risk subgroups, showing to be robust and highly
reproducible.  Furthermore, multivariate analysis
showed that the model is an independent prognostic
factor for survival. The proposed model is a technically
simple classifier that requires minimal amount of
mRNA, easy to interpret, reproducible, and cost-effec-
tive. These results provide evidence of a practical prog-
nostic classifier that could help refine pretreatment risk
assessment in patients with neuroblastoma.

into clinically applicable tests, it is essential to reduce the
number of genes and create profiles that can be analyzed
with a conventional assay such as quantitative real-time
PCR (gRT-PCR).

In our previous study, we identified differentially
expressed genes capable of discriminating between sub-
groups of neuroblastoma with radically different clinical
course; namely, near-triploid (favorable prognosis) and
near-diploid/tetraploid tumors (unfavorable prognosis).
A substantial portion of these genes mapped to chromo-
somes 1 and 17, chromosomal regions found to be
recurrently altered in neuroblastoma (14). Tumor cell
ploidy has recently been included in the International
Neuroblastoma Risk Group (INRG) classification system
as a significant neuroblastoma biomarker together with
MYCN status and 1123 allelic status (3). Gene expres-
sion profiles associated with different neuroblastoma
ploidy status may contribute to the identification of genes
that are predictive of outcome. In this study, we investi-
gated whether the identified gene expression profiling
data allowed for the development of an outcome predic-
tor model that could both accurately predict neuroblas-
toma outcome and be technically simple and applicable
for routine clinical use. To this end, we examined the
prognostic significance of 11 high-ranked, differentially
expressed genes located on the chromosomes 1 and 17,
chosen on the basis of our previous study (14). The
results of a qRT-PCR-based analysis enabled the devel-
opment of a single-score predictor model based on the
expression pattern of 3 genes, CHD5, PAFAH1B1, and
NME]1, strongly associated with patient outcome.

Methods

Patients and samples

Tumor specimens from 96 patients with neuroblastoma
were obtained at the time of diagnosis from different
institutions [Memorial Sloan-Kettering Cancer Center
(MSKCC), NY (n = 42), Hospital Sant Joan de Déu (HSJD),
Barcelona, Spain (n = 32); Hospital Nino Jests, Madrid,
Spain (n = 11); Hospital La Paz, Madrid, Spain (n = 7); and
Hospital La Fe, Valencia, Spain (n = 4)] and represented
the training set of this study (Table 1 and Supplementary
Table S1).

The first 36 unselected cases of the training cohort (36 of
96 neuroblastoma) were used to develop the gene expres-
sion-based model; the remaining 60 primary neuroblasto-
ma tumors were used as preliminary testing cohort. The
complete training cohort (n = 96) was subsequently used to
refine the obtained model (Table 1 and Supplementary
Table S1).

A separate set of 120 primary neuroblastoma tumors
(hereafter referred as set 1) of patients diagnosed and treated
at the Department of Pediatric Oncology, University Chil-
dren’s Hospital of Cologne, Cologne, Germany, was used as
an independent, blinded set of RNA samples to validate the
model by qRT-PCR.

Tumors were assessed by a pathologist, only tumors with
more than 70% viable tumor cell content were included in
the study. Risk assessment was defined by the International
Staging System (INSS; ref. 1). Neuroblastoma stages I-1V
were treated without use of cytotoxic therapy, when possi-
ble. Patients with stage IV neuroblastoma were treated with
the combination of intensive chemotherapy (including
high-dose therapy and autologous stem cell rescue), radio-
therapy, and surgery. Written informed consent was
obtained from each subject or from his or her guardian
before collection of samples. This study was approved by
the Institutional Review Boards.

Gene expression data

Two published gene expression data sets from different
platforms comprising 352 patients in total were used as
validations sets. Expression data were downloaded from the
National Centre of Biotechnology Information Gene
Expression Omnibus (GSE3960; ref. 15) and from the
European Bioinformatics Institute ArrayExpress database
(E-TABM-38; ref. 9). Updated clinical data were obtained
from the authors. The validation sets will be hereafter
referred to as set 2 [n = 101 (ref. 15)] and set 3 [n = 251
(ref. 9)]. Sets 2 and 3 were used to assess the prediction
performance of the model across different neuroblastoma
expression data sets. Set 3 includes expression data of 110
patients comprised in set 1. This set of overlapping samples
(n=110) was used to estimate the prediction performance
of the model in neuroblastoma tumors analyzed by differ-
ent expression methods (qQRT-PCR and microarray analy-
ses). Set 3 was used for further analyses aimed to test the
classification performance of the model as compared with
current risk stratification systems. Set 3 was selected for

www.aacrjournals.org
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Table 1. Clinical and biologic characteristics of the training and validation cohorts
Validation
Training
Characteristics Training set (N = 96) Set 1 (N = 120) Set 2 (N = 101) Set 3 (N = 251)
Age, mo
Median 18.94 26.9 16.3 15.03
Range 0-216 0-299 0-156 0-276
INSS, n (%)
Stage |-l 53 (56) 43 (36) 51 (50) 153 (61)
Stage IV 34 (35) 52 (43) 50 (50) 67 (27)
Stage IVS 9 (9) 25 (21) — 31 (12)
MYCN status, n (%)
Amplified 20 (21) 24 (20) 20 (20) 30 (12)
Nonamplified 76 (79) 96 (80) 81 (80) 220 (88)
Undetermined - - - 1
1p status, n (%)
LOH 11 (25) 31 (26) 28 (28) 52 (21)
No LOH 33 (75) 88 (73) 72 (72) 194 (79)
Undetermined 52 1 1 5
Follow-up, mo
Median 48.22 89.21 11.73 64.46

these analyses as it comprises a full representation of the
neuroblastoma tumor spectra and a median follow-up time
of more than 5 years (Table 1 and Supplementary Table S5).

The analyses were done blinded of clinical and biologic
data and sample identification.

RNA isolation and qRT-PCR

Total RNA was isolated from the 96 snap-frozen samples
using Tri Reagent (Sigma), following manufacturers’ pro-
tocols. The cDNA was synthesized from 1 ug total RNA as
previously described (14). Gene expression was quantified
with TagMan Gene Expression Assays (Supplementary
Table S2) products on an ABI PRISM 7000 Sequence Detec-
tion System, using the AACy relative quantification method.
All experiments included no-template controls and were
carried out in duplicate and repeated twice independently.
Transcript levels were measured relative to 3 normal tissue
samples (adrenal gland, lymph node, and bone marrow)
and normalized to TATA-box-binding protein (TBP), hypo-
xanthine phosphoribosyltransferase 1 (HPRT1), and succi-
nate dehydrogenase complex, subunit A (SDHA) expression
values as previously described by Vandesompele and col-
leagues (16).

To control for possible variations among PCR runs con-
ducted on different days, the expression of the reference
genes was assessed in all tumor samples and control speci-
mens at commencement, halfway through, and on com-
pletion of all the analyses. The assays were highly repro-
ducible, with coefficient of variation (CV) less than 0.05
(TBP=0.035, SDHA =0.049, and HPRT1 = 0.040 in tumor
samples and TBP = 0.029, SDHA = 0.045, and HPRT1 =
0.022 for control specimens).

Statistical analysis

Gene expression values were normalized with a z-score
transformation. From the 96 neuroblastoma cases of the
training set, the first 36 unselected cases were used for the
selection of genes strongly associated, as independent fac-
tors, with overall (OS) and event-free (EFS) using Cox
regression models. Relapse, progression, and death from
disease were considered as events. Genes significantly asso-
ciated with OS and EFS were further tested using principal
components analysis (PCA; multivariable unsupervised
method) with the VARIMAX rotation method and tested
using Coxregression models. This procedure was conducted
by means of a stepwise backward selection approach. Brief-
ly, at each step of the backward selection procedure, one
gene was removed from the set of genes. To select which
gene was discarded (not independent predictor or the least
statistically significant), all the possible combinations of
genes were tested by removing and then reintroducing one
by one each gene following an iterative procedure. Each
gene set combination was thus analyzed using PCA and
tested with Cox regression models to assess the performance
and the association with OS and EFS. This backward selec-
tion procedure concluded when the combination with the
minimum set of genes statistically significantly associated
with OS and EFS is found. After testing all the combinations,
genes that were not independent predictors and the least
statistically significant genes were discarded.

The outcome predictor model was developed using a
linear combination of the z-score transformed expression
value of each of the selected genes, weighted by the regres-
sion coefficients («) of components with Eigenvalue > 1.
The model was tested using the remaining 60
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neuroblastoma cases of the training set. The entire training
cohort (n=96) was used to refine the model. To validate the
final model, we applied it to different expression data sets
obtained by qRT-PCR (set 1) and microarray gene expres-
sion studies (sets 2 and 3). The performance of the model
was examined with multivariable Cox regression models
using a stepwise variable selection procedure. Survival
curves were described using the Kaplan-Meier method and
compared by means of the log-rank test. The area under the
curve (AUC) of the receiver operating characteristic (ROC)
test was used for quantitative assessment of the final model
for the testing set (set 3). Predictive values (positive and
negative), sensitivity, specificity, and the accuracy were
calculated and expressed along with known prognostic
factors (age, INSS, MYCN status, chromosome 11q and
1p alterations, and histologic features). Data were analyzed
with SPSS program (version 15.0; SPSS, Inc.). All statistical
tests were 2-sided. P values <0.05 were considered statisti-
cally significant.

Results

Selection of genes for the outcome predictor score
model

In our previous study, we found specific transcriptional
profiles associated with neuroblastoma with different ploi-
dy (14). A statistically significant number of genes found to

be differentially expressed mapped to chromosomes 1 (P =
0.01) and 17 (P < 0.0001), chromosomes with aberrations
reported to be consistently associated with outcome in
neuroblastoma (2). For this study, we selected 11 high-
ranked, differentially expressed genes located on the chro-
mosomes 1 and 17, some of these known to play a role in
neuroblastoma pathogenesis. The expression levels of the
11 genes were quantified using qRT-PCR in 36 neuroblas-
toma tumors (Supplementary Table S1). To assess the
association with OS and EFS, qRT-PCR expression levels
were normalized by z-score transformation and analyzed
using univariable Cox regression models (Supplementary
Table S3). High expression of 6 genes was found to be
significantly associated (P < 0.05) as independent factors
with outcome: 5 (RERE, PTPRF, GNB1, CHD5, and
PAFAH1B1) were associated with longer OS and EFS (HR
< 1 for all) and one gene, NME1, was associated with worse
clinical outcome (HR > 1). These 6 genes were considered
potential prognostic markers and were further studied. We
conducted PCA and univariable Cox regression analyses
applying a stepwise backward selection approach. This
selection procedure identified a predominant gene expres-
sion pattern. Three genes, CHD5 (chromodomain, helicase
DNA-binding protein 5), PAFAHIBI (platelet-activating
factor acetylhydrolase, isoform 1B), and NME1/nm23-H1
(nonmetastatic cells 1, protein expressed in), had a princi-
pal component with Eigenvalue > 1 describing more than
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60% of the expression variability and were found to be
strongly associated with OS and EFS (P = 0.001, for both).
These 3 genes were selected for the model as the strongest
prognostic markers. We thus developed a gene expression—
based outcome predictor score model using z-transformed
qRT-PCR data of each of the 3 genes weighted by the
regression coefficients from the PCA (Supplementary Table
S4), as described in the equation:

(Yss) = (@1) x (CHDS5)+(a2) x (PAFAH1B1)+(a3) x (NME1)

where, (Ys6) is the outcome prediction score, equation
developed using 36 neuroblastomas; «,, is the weighted
value of each gene to the definition of (Y); oy = 0.418;
ar = 0.430; a3 = —0.374; and (Gene) is the z-transformed
gene expression data of the sample analyzed.

The negative weighting value of NMET indicates that the
contribution of this gene is inversely correlated with the
(Ys6) score; thus, high expression levels of NME1 correlate
with low (Y36) values. Patients were ranked according to
their (Ys4) score. Low (Y3¢) values were associated with
shorter OS and EFS; conversely, an increase of the (Y34)
score was associated with longer survival. Gene expression
transformation to a z-distribution (mean, 0; SD, 1) allowed

the cutoff point to divide neuroblastoma tumors with high
or low scores to be set at the value (Y35) = 0. Kaplan-Meier
estimates showed how the model could clearly separate the
patients into groups with divergent clinical course (Supple-
mentary Fig. S1A and S1B).

The first approximation of the model was tested using an
independent set of 60 primary neuroblastoma tumors
(Supplementary Table S1). For each tumor, qRT-PCR
expression levels of the 3 genes were z-transformed and
inserted into the equation (Y3¢). Patients were ranked and
divided into 2 groups, Y34 < 0 or >0. The outcome predictor
score could separate patients with significant differences in
OS [HR, 9.3; 95% confidence interval (CI), 1.1-79.7; P =
0.013] and EFS (HR, 3.1; 95% CI, 1.2-8.03; P = 0.014;
Supplementary Fig. S1C and S1D).

To improve the performance of the predictor model, we
proceeded to reestimate the component coefficient scores of
the 3 genes using the entire training cohort of 96 cases
(Supplementary Table S1). The component coefficient score
values obtained were comparable with those of the (Y3¢)
equation (Supplementary Table S4). Kaplan-Meier analy-
ses with log-rank estimates of the 96 training samples
analyzed with the (Yos) model confirmed the strong

Table 3. Multivariable Cox regression model for OS and EFS considering the (Yg6) model and clinical and
biologically relevant parameters for risk stratification of set 3 patients
Survival Event

HR (95% CI) P HR (95% CI) P
Univariate model
Model (Ygg) 28.09 (8.65-91.19) <0.001 15.59 (7.07-34.34) <0.001
Age 11.68 (5.40-25.27) <0.001 5.44 (3.16-9.36) <0.001
Model (Yge) 15.85 (4.75-52.91) <0.001 11.07 (4.89-25.07) <0.001
Age 5.41 (2.46-11.95) <0.001 2.61 (1.49-4.59) 0.001
INSS stage 10.14 (5.1-20.16) <0.001 6.27 (3.72-10.57) <0.001
Model (Ygg) 15.13 (4.41-51.97) <0.001 10.32 (4.46-23.86) <0.001
INSS stage 3.65 (1.78-7.5) <0.001 2.48 (1.42-4.31) 0.001
MYCN 8.7 (4.7-16.1) <0.001 4.7 (2.73-8.1) <0.001
Model (Ygg) 20.2 (6.02-67.73) <0.001 13.53 (6-30.5) <0.001
MYCN 2.74 (1.46-5.12) 0.002 1.59 (0.91-2.77) 0.105
1p LOH 7.48 (4.06-13.77) <0.001 4.25 (2.57-7.03) <0.001
Model (Ygg) 18.92 (5.63-63.52) <0.001 12.83 (5.67-29.01) <0.001
1p LOH 2.93 (1.56-5.47) 0.001 1.76 (1.05-2.95) 0.033
Multivariate model
Model (Ygg) 9.9 (2.8-35.3) <0.001 836 (3.6-30.4) <0.001
MYCN 3.2 (1.7-6.0) <0.001 1.7 (0.99-3.0) 0.053
INSS stage 4.2 (2.0-8.4) <0.001 2.6 (1.5-4.5) 0.001
NOTE: The analysis was conducted sequentially, adding one variable at each step, to assess how the presence of each variable
influences the performance of the (Yge) model. The (Yge) model was statistically significantly associated with OS and EFS in univariate
and multivariate analyses.
Abbreviation: NE, "non evaluable" P value due to "no cases" in a combination of the 2 factors.
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association of the (Yo) model with OS and EFS (P < 0.001,
forboth; Supplementary Fig. S1E and S1F). The (Yy4) model
was tested on an independent, blinded set of 120 neuro-
blastoma tumors (set 1) by qRT-PCR. Patients were sepa-
rated into 2 groups with significantly diverse clinical out-
come (5-year OS: 0.93 £ 0.03 vs. 0.53 £ 0.06, 5-year EFS:
0.85 4 0.04 vs. 0.047 4+ 0.06, both P< 0.001; OS: HR, 7.5;
95% CI, 2.9-19.5; and EFS: HR, 4.7; 95% CI, 2.3-9.5;
Supplementary Fig. S1G and S1H).

Validation of outcome predictor model using
independent microarray data

To assess whether the (Yos) model was able to predict
prognosis across different neuroblastoma data sets, we

applied it to 2 published gene expression databases from
different microarray platforms: set 2 (n = 101; ref. 15) and
set 3 (n = 251; ref. 9).

For each patient, microarray expression data of the 3
genes were z-transformed and inserted into the equation
(Yos). Kaplan-Meier estimation with log-rank test and
univariable Cox regression models showed that for both
data sets, the (Yos) score could clearly separate patients
into 2 groups with different OS and EFS [set 2: 5-year OS:
0.97 £ 0.02 vs. 0.61 £ 0.1; HR, 10.5; 95% CI, 1.3-80.7;
5-year EFS: 0.91 + 0.8 vs. 0.56 + 0.1; HR, 13.3; 95% ClI,
1.7-101.6, both P = 0.005; set 3 5-year OS: 0.99 + 0.01
vs. 0.56 = 0.06; HR, 28.1; 95% ClI, 8.7-91.2; 5-year EFS:
0.96 £ 0.02 vs. 0.43 £ 0.05; HR, 15.6; 95% CI, 7.1-34.3,
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both P < 0.001; (Fig. 1)]. For set 2, only one [stage III
MYCN nonamplified (NA) neuroblastoma] of the 50
patients (2%) assigned to the low-risk group by the
(Yo9s) score, had a fatal disease progression, and was thus
misclassified. For set 3, 7 of the 148 patients (4.7%)
assigned to the low-risk group by the (Yos) model had
an event. Of them, 3 (2%; stage IV, >18 months, MYCN
NA) died of disease progression.

The estimation of the performance of the (Y¢s) model for
prediction of outcome showed an AUC for the ROC test of
0.87 (95% ClI, 0.83-9.21) for OS and 0.89 (95% CI, 0.84-
0.93) for EFS. Prediction accuracies for the (Yo) model and
established neuroblastoma prognostic parameters (age,
INSS, MYCN amplification, and chromosome 1p status)
are shown in Table 2. Furthermore, in a multivariable Cox
regression analysis evaluating the prognostic parameters,
the model remained significantly associated with OS and
EFS (P < 0.001 for all), showing thus to be independent of
other prognostic markers (Table 3).

To further assess the model across different data sets, the
prediction performance of samples analyzed by different
expression methods (qRT-PCR and microarray analyses),
included in sets 1 and 3 (n = 110), was compared. Equiv-
alent results were obtained (data not shown), showing that
the classification capacity of the model is independent of the
type and origin of the expression data used.

Classification performance of the (Yys) model with
respect to current risk stratification systems

To evaluate the prediction performance of the (Yos)
model, risk stratification systems of international neuro-
blastoma trials were applied to set 3; this set of data has a full
representation of the neuroblastoma tumor spectra and a
median follow-up time of more than 5 years (Table 1).
According to the criteria of the INRG and of clinical trials
from Germany [ German Society for Pediatric Hematology/
Oncology (GPOH) NB2004], the United States [Children’s
Oncology Group (COG)], and Japan [Japanese Advanced
Neuroblastoma Study Group (JANB)], 219, 248, 224, and
250 patients could be classified, respectively (Supplemen-
tary Table S5). All classification systems separated patients
into groups with significant differences in OS and EFS
(Fig. 2, Table 4). In comparison, the classification predic-
tion of the (Yo4) model differed in a subset of patients (Fig.
2, Table 4 and Supplementary Table S5). Specifically, 5 of
the patients favorably classified had a fatal outcome (INRG,
n=10f120; NB2004, n =3 of 155; COG, n=4 0f 113; and
JANB, n = 4 of 154; 4 cases matched), notably, these
patients were classified in the high-risk group by the
(Y96) model. Similarly, the 4 patients with a fatal outcome
assigned to the intermediate-risk group (INRG, n =3 of 27;
NB2004, n =3 of 15; COG, n =1 of 36; and JANB, n = 2 of
20; 3 case matched) were classified as high-risk patients by
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Table 4. Summary of the Kaplan—-Meier estimates shown in Fig. 2
Low-risk High-risk Intermediate-risk
Risk classification No. of Survival SE No. of Survival SE No. of Survival SE
system patients probability patients probability patients probability
Ygoe Mmodel (n = 251)
EFS 3vy) 148 0.96 0.02 103 0.52 0.05
OS (3y) 0.99 0.01 0.77 0.04
EFS (5y) 0.96 0.02 0.43 0.05
0S (5y) 0.99 0.01 0.56 0.06
INRG (n = 219)
EFS 3vy) 120 0.95 0.02 72 0.41 0.06 27 0.8 0.08
OS @3vy) 1.00 0.69 0.05 0.93 0.05
EFS (5y) 0.94 0.02 0.37 0.06 0.75 0.09
OS(by) 0.99 0.01 0.42 0.07 0.93 0.05
NB2004 (n = 248)
EFS 3vy) 155 0.93 0.02 78 0.48 0.06 15 0.67 0.12
OS @3vy) 0.99 0.01 0.73 0.05 0.8 0.1
EFS (5y) 0.92 0.02 0.44 0.06 0.67 0.12
OS (5y) 0.98 0.01 0.49 0.06 0.8 0.02
COG (n = 224)
EFS 3vy) 113 0.93 0.03 75 0.47 0.06 36 0.89 0.05
0S (3y) 0.98 0.01 0.72 0.05 0.97 0.03
EFS (5y) 0.93 0.03 0.41 0.06 0.8 0.08
OS (5y) 0.97 0.02 0.47 0.06 0.97 0.03
JANB (n = 250)
EFS 3y) 154 0.93 0.02 76 0.47 0.06 20 0.8 0.09
OS 3vy) 0.99 0.01 0.72 0.05 0.9 0.07
EFS (5y) 0.92 0.02 0.43 0.06 0.61 0.12
OS (5y) 0.98 0.01 0.48 0.06 0.9 0.07

the (Yo6) model. Conversely, 3 cases assigned to the low-risk
group according to the (Yo) model and unfavorably clas-
sified by the risk stratification systems, died of disease.

(Yo6) model classification of patient subgroups defined
by current prognostic markers

Performance of the (Yos) model was assessed within
patient subgroups of set 3 defined by currently used prog-
nostic markers and compared with international neuroblas-
toma risk stratification systems. The (Yos) model correctly
classified patients with fatal outcome in the subgroup of
patients younger than 18 months (5-year OS: 1.0 vs. 0.80 +
0.65,P<0.0001; 5-year EFS: 0.98 £0.01vs.0.58 £0.83, P<
0.0001) and significantly separated patients with different
OS and EFS within the cohort of age above 18 months
(5-year OS: 0.93 £ 0.05 vs. 0.32 4+ 0.06, P < 0.0001; 5-year
EFS: 0.87 +0.06vs. 0.34 +0.07, P<0.0001; Supplementary
Figs. S2 and S3). Furthermore, the model accurately classi-
fied all patients with localized neuroblastoma: stage I to IIT
MYCN not amplified (5-year OS: 1.0 vs. 0.78 + 0.1, P <
0.0001; 5-year EFS: 0.98 +0.13 vs. 0.64 + 0.10, P<0.0001),
stage I to I1T age above 18 months (5-year OS: 1.0 vs. 0.44 +
0.14, P<0.001; 5-year EFS: 0.95 £ 0.44 vs. 0.43 £0.11, P<

0.001), as well as patients older than 18 months with stage I
to IIl MYCN not amplified disease (5-year OS: 1.0vs. 0.56 +
0.19, P<0.001; 5-year EFS: 0.95 £0.41vs.0.33 £0.18, P<
0.0001), showing a higher classification accuracy than the
risk stratification systems (Supplementary Figs. S4-S6). A
significant classification capacity was observed for patients
stage IV (5-year OS: 0.85 £+ 0.1 vs. 0.41 + 0.07, P = 0.02;
5-year EFS: 0.76 + 0.1 vs. 0.27 £ 0.06, P = 0.01; Supple-
mentary Fig. $7). Within stage IV neuroblastoma, the perfor-
mance of the model was less robust for stage IV with MYCN
nonamplified disease (5-year OS: 0.85 £ 0.1 vs. 0.52 & 0.09,
P=0.095; 5-year EFS: 0.77 £ 0.11vs. 0.33 + 0.09, P = 0.04)
or stage IV above 18 months MYCN nonamplified tumors
(5-year OS:0.77 +0.13vs.0.33 £ 0.1, P=0.096; 5-year EFS:
0.66+0.15vs.0.254+ 0.1, P=0.125; Supplementary Figs. S8
and S9). However, the model showed the capacity to classify
correctly all MYCN amplified neuroblastoma (stage I-1V) as
high-risk tumors (Supplementary Fig. S10).

Validation of the robustness of the three-gene
signature and the statistical procedure

To show that the 3 selected genes are highly prognostic
independent of the test set used to build the predictive
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model, we developed for each validation set indepen-
dently, an equation using exclusively microarray data.
CHD5, PAFAH1B1, and NMEI microarray expression
data were z-transformed and processed following the
same statistical methodology mentioned above. The
principal component coefficient scores obtained for each
equation, (Yserz) and (Yses), were similar to those of
the (Yo5) model (Supplementary Table S4). Set 2 and 3
data were analyzed applying these equations. For both
data sets, Kaplan-Meier estimates and univariable Cox
regression models showed equivalent results to those
obtained with the (Yos) model (Supplementary Fig.
S11 and Table S5). These results show the robustness of
the gene expression signature and of the statistical meth-
odology used to develop the model.

Discussion

In this study, we developed a PCR-based predictor model
using the expression pattern of just 3 genes strongly asso-
ciated with outcome of patients with neuroblastoma.
CHD5, PAFAH1B1, and NME1 were identified through the
analysis of the prognostic significance of 11 genes found
differentially expressed in our previous study (14). The
results of a qRT-PCR-based evaluation of the expression
pattern of the selected genes in a training set of 96 primary
neuroblastoma tumors enabled the development of a sin-
gle-score predictor model. Its validity was assessed using
different expression data sets obtained from qRT-PCR and
microarray gene expression studies comprising a total of
362 patients (9, 15). Our scoring method reliably stratified
patients into neuroblastoma groups with markedly diver-
gent clinical course. Multivariable Cox models showed that
the developed scoring model was an independent predictor
marker for survival. Moreover, the prediction performance
of the 3-gene model was found to be as robust as the
international neuroblastoma risk stratification systems
based on a combination of clinical and biologic parameters.
Our cdlassifier also significantly discriminated between
patients in most subgroups defined by currently used prog-
nostic markers. Interestingly, a significantly higher predic-
tion performance than current risk stratification systems
was observed in clinically relevant subgroups such as chil-
dren with localized disease MYCN nonamplified. This is a
relevant finding, as outcome prediction in this biologically
broad subgroup of localized nonamplified neuroblastoma
tumors still remains a challenge, as suggested by the low-
and intermediate-risk patients experiencing adverse disease.
The (Yys) model could, thus, help to better stratify these
patients into subgroups with different clinical course and
treatment regimes.

The genes that comprise the model have been previous-
ly reported to be involved in neuroblastoma biology.
CHDS5 is a tumor suppressor gene located on chromo-
some 1p36.31, region recurrently lost in high-risk neu-
roblastoma (17-21). Expression of this ATP-dependent
chromatin remodeling helicase has been found to be
restricted to neuronal-derived tissues and absent in

neuroblastoma cell lines and neuroblastoma primary
tumors with high-risk features, undifferentiated neuro-
blasts, MYCN amplification, advanced stage, and 1p
monosomy (18, 21). Association between CHD5 expres-
sion and favorable prognosis in neuroblastoma has
been reported previously in microarray gene expression
studies (8, 11, 14, 22). PAFAH1B1, located on chromo-
some 17p13.3, encodes an acetylhydrolase involved in
cerebral cortex development, neuronal migration, and
axonal growth (23). Mutations of PAFAH1B1 have been
related to the Miller-Dieker lissencephaly syndrome
(23, 24). We identified PAFAH1B1 expression in low-risk
neuroblastoma tumors, whereas in high-risk tumors,
expression is significantly diminished. PAFAHIBI has
been reported previously associated with favorable prog-
nosis in neuroblastoma (7). In our study, high expression
of both CHD5 and PAFAH1BI1 correlated with prolonged
survival. In contrast, NME1 displayed high expression
levels in high-risk neuroblastoma tumors, as reported
previously (25, 26). NME1, located on a region frequently
gained in clinically aggressive neuroblastoma 17q21.3
(27, 28), has been reported in several microarray analyses
to be associated with high-risk neuroblastoma (6, 12, 13).
The product of the NME1 gene is a nucleoside dipho-
sphate kinase involved in cell proliferation, normal devel-
opment, and cell differentiation (29).

Prognostic models, similar to ours, and gene signatures
based on small sets of genes, have been reported previously
to predict clinical outcome in diffuse large B-cell lymphoma
(6 genes; ref. 30), clear cell renal carcinoma (3 genes;
ref. 31), soft tissue sarcoma (3 genes; ref. 32), and non-
small cell lung cancer (5 genes; ref. 33). In neuroblastoma,
although diverse studies have proposed robust microarray
multigene-based classification systems, to date, these gene
signatures are still extensive and difficult to implement to
clinical routine; that is, 429 genes (10), 144 genes (7, 9), 59
genes (8), 55 genes (5), 42 genes (6), 39 genes (11), or 19
genes (12). We have reduced the classifier complexity to 3
genes strongly associated with patient outcome and created
a prognostic model that can be applied in routine labora-
tories using conventional qRT-PCR assay. Our preliminary
results provide evidence of a prognostic model that can
accurately define neuroblastoma clinical risk groups and
could thus assist therapeutic decisions in patients with
neuroblastoma.

In conclusion, we propose a robust and technically sim-
ple PCR-based one-score predictor model that requires only
minimal amount of mRNA, easy to interpret, reproducible,
and cost-effective for most laboratories. These features make
the model a potentially practical classifier for neuroblasto-
ma risk stratification that could help refine current risk
stratification systems. The potential of this prototype model
remains to be fully validated using qRT-PCR in a large,
prospective, and independent cohort of patients with neu-
roblastoma samples.
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Supplementary Appendix to:

A three-gene expression signature model for risk stratification of patients with neuroblastoma.
Garcia I*, Mayol G*, Rios J*, Domenech G, Cheung NK, Oberthuer A, Fischer M, Maris JM, Brodeur GM, Hero B,
Rodriguez E, Sufiol M, Galvan P, de Torres C, Mora J and Lavarino C.

Methods:

. Supplementary Table 1. Characteristics of the primary NB tumors used to develop and validate the

prognostic model by gqRT-PCR.

2. Supplementary Table 2. TagMan Gene Expression Assays for gene expression analysis by

quantitative real-time PCR.

Results:

. Supplementary Table 3. Univariable Cox regression models of the expression of 11 genes with OS

and EFS as a dependent variable.

. Supplementary Table 4. Comparison of principal component coefficient scores of the developed

models.

. Supplementary Table 5. Validation Set 3: Classification of patients according to the risk classification

system of the INRG and of clinical trials of Germany (GPOH NB 2004), United States (COG) and
Japan (JANB).

. Supplementary Figure 1. Kaplan-Meier and log-rank estimates defined by the (Y,,) model in 36, 60,

96 and Set 1 primary NB tumors.

. Supplementary Figure 2 to 10. Kaplan-Meier estimates and log-rank test of NB subgroups derived

from Set 3.

. Supplementary Figure 11. Kaplan-Meier and long-rank estimates according to the three-gene

microarray prediction models (Y, ., and Y

Set2 Set3) )

Las tablas Supplementary Table 1y Supplementary Table 2 no se encuentran impresas a continuacion,
se encuentran en formato digital en el CD que acompania esta tesis.
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Supplementary Table 2. TagMan Gene Expression Assays for gene expression analysis by
quantitative real-time PCR.

Gene symbol

Gene Name

TagMan Assay ID

Model Gene

CHD5

PAFAH1B1

NME1

Reference Gene

Chromodomain DNA binding helicase, protein 5

Platelet-activating factor acetylhydrolase, isoform 1B, alpha subunit

Non-metastatic cell 1, protein (NM23A) expressed in

Hs00395930_m1

Hs00181182_m1

Hs00264824_m1

TBP

HPRT1

SDHA

TATA box-binding protein

Hypoxantine guanine phosphoribosyltransferase 1

succinate dehydrogenase complex, subunit A

Hs00427620_m1

Hs01003267_mi1

Hs00417200_m1
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Supplementary Table 3. Univariable Cox regression models of the expression of 11 genes with OS
and EFS as a dependent variable.

Overall survival Event free survival
Hazard Ratio Hazard Ratio
Gene Localization 95%ClI P-value 95%Cl P-value
NME1 17921.3 2.09 (1.26; 3.49) 0.005 1.60 (1.06; 2.42) 0.026
FLOT2 17911.2 0.77 (0.38; 1.59) 0.483 1.04 (0.62; 1.75) 0.873
POLR2A 17p13.1 0.54 (0.20; 1.46) 0.225 0.53 (0.23; 1.23) 0.142
RERE 1p36.23 0.52 (0.27; 0.99) 0.046 0.55 (0.33; 0.91) 0.019
RUTBC1 17p13.3 0.49 (0.21; 1.17) 0.108 0.65 (0.36; 1.20) 0.171
PTPRF 1p34 0.40 (0.16; 0.96) 0.039 0.34 (0.16; 0.73) 0.006
VAMP2 17p13.1 0.37 (0.10; 1.42) 0.149 0.57 (0.25; 1.28) 0.171
ARHGEF11 1921 0.37 (0.14; 1.01) 0.053 0.65 (0.32; 1.31) 0.229
GNB1 1p36.33 0.32 (0.12; 0.89) 0.029 0.46 (0.23; 0.91) 0.026
CHD5 1p36.31 0.17 (0.03; 0.85) 0.031 0.38 (0.15; 0.97) 0.043
PAFAH1B1 17p13.3 0.20 (0.07; 0.60) 0.004 0.23 (0.10; 0.52) 0.000

Supplementary Table 4. Comparison of principal component coefficient scores of the developed models.

Component coefficient scores

Model a; a as

Y36 0.418 0.430 -0.374
Y6 0.480 0.462 -0.347
Y set2 0.502 0.454 -0.266

Y sets 0.445 0.457 -0.430




Supplementary Figure 1. Kaplan-Meier analyses with log-rank estimates for OS and EFS
according to the (Yzs) model in the training set of 36 NB cases (Panel A and B) and in the
independent set of 60 (Panel C and D). OS and EFS of the complete training set of 96 primary
tumors (Panel E and F) and of the validation Set 1 (Panel G and H) classified according to the (Ygs)
model.

Supplementary Figure 2. Kaplan-Meier analyses with log-rank estimates for OS and EFS are
shown as defined by the (Ygs) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for NB
patients <18 months from Set 3 cohort.

Supplementary Figure 3. Kaplan-Meier analyses with log-rank estimates for OS and EFS are
shown as defined by the (Yg) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for NB
patients age > 18 months from Set 3 cohort.

Supplementary Figure 4. Kaplan-Meier analyses with log-rank estimates for OS and EFS are
shown as defined by the (Yg) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for all
NB patients stage 1 to 3 MYCN non-amplified from Set 3.

Supplementary Figure 5. Kaplan-Meier analyses with log-rank estimates for OS and EFS are
shown as defined by the (Yg) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for
patients age > 18 months with stage 1 to 3 NB from Set 3 cohort.

Supplementary Figure 6. Kaplan-Meier analyses with log-rank estimates for OS and EFS are
shown as defined by the (Yg) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for
patients age >18m, stage 1 to 3 MYCN non-amplified from Set 3.

Supplementary Figure 7. Kaplan-Meier analyses with log-rank estimates for OS and EFS are
shown as defined by the (Yg) model (Panel A and B), INRG (Panel C and D), GPOH NB2004
(Panel E and F), COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for
patients stage 4 from Set 3 cohort. Panels C and D show only 1 graph since all patients with
available data for risk stratification according to the INRG criteria, were classified as HR tumors.

Supplementary Figure 8.Kaplan-Meier and log-rank estimates of OS and EFS are shown as
defined by the (Ygs) model (Panel A and B), INRG (Panel C and D), GPOH NB2004 (Panel E and F),
COG (Panel G and H) and JANB (Panel | and J) risk stratification systems for patients stage 4
MYCN non-amplified from Set 3 cohort. Panels C and D show only 1 graph since all patients with
available data for risk stratification according to the INRG criteria, were classified as HR tumors.

Supplementary Figure 9. Kaplan-Meier and log-rank estimates of OS and EFS as defined by the
(Ygs) model (Panel A and B) in patients >18m stage 4 MYCN non-amplified from Set 3 cohort.
According to the INRG, GPOH NB2004, COG and JANB criteria all patients were classified as high-
risk (data not shown).

Supplementary Figure 10. Kaplan-Meier analysis with log-rank estimates of OS and EFS for all
MYCN amplified NB (stage 1 to 4). According to the INRG, GPOH NB2004, COG and JANB criteria
all patients were classified as high-risk (data not shown).

Supplementary Figure 11. Kaplan-Meier and long-rank estimates of OS and EFS are shown as
defined by the prediction of the models based on the three-gene microarray expression, Yse» (Panel
A and B) and Ysg3 (Panel C and D).
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2. La expresion de la proteina especifica de neurona CHD5 es un marcador de pronostico
independiente en neuroblastoma.

Idoia Garcia, Gemma Mayol, Eva Rodriguez, Mariona Sunol, Timothy R Gershon, José Rios, Nai-Kong V Cheung, Mark W
Kieran, Rani E George, Antonio R Perez-Atayde, Carla Casala, Patricia Galvan, Carmen de Torres, Jaume Mora y Cinzia
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Resumen

La pérdida del segmento distal del brazo corto del cromosoma 1, es una de las alteraciones cromosémicas mas
recurrentes en neuroblastomas (NB) de alto riesgo clinico, siendo la delecion de la region 1p36 la pérdida mas comun.
El gen Chromodomain, helicase DNA binding protein 5 (CHD5), es un gen supresor de tumores localizado en la region
cromosdémica 1p36.31. La expresion génica de esta cromohelicasa dependiente de ATP, ha sido hallada recientemente
en tejido neural, en glandula suprarrenal normal y en NB de bajo riesgo pero ausente en lineas celulares y NB de alto
riesgo. En cambio, hasta el momento, el patrén de expresién proteica de CHD5 no ha sido investigado.

Los tumores neuroblasticos (TN) y el tejido neural estan constituidos mayoritariamente por dos componentes
celulares, células neuroblasticas y células estromales de tipo Schwann. Actualmente se desconoce el patron de
expresion de CHD5 en estas dos poblaciones celulares. En el presente estudio hemos realizando una caracterizacion
inmunofenotipica de CHD5 tanto en tejido neural normal como en TN primarios (n=90) y NB post-tratamiento (n=12).
Asimismo se ha investigado la potencial utilidad de la expresion de esta proteina como marcador inmunohistoquimico de
pronostico y como biomarcador de respuesta al tratamiento en NB.

En tejido normal, hemos identificado expresion nuclear de CHD5 en células de estirpe neuronal y ausencia de expresion
en células gliales. En los TN, la expresién aparece circunscrita a células neuroblasticas en diferenciacion y células
ganglionares. Los neuroblastos indiferenciados y las células estromales de tipo Schwann son negativos. El patron
de inmunoreactividad de CHD5 ha mostrado una asociacion estadisticamente significativa con las variables clinicas
asociadas con pronéstico favorable en NB (edad al diagnéstico <12 meses, estadiaje clinico de bajo riesgo e histologia
favorable; P<0.001 en todos los analisis) y, de la misma forma, con las variables clinicas supervivencia global (0OS) y
supervivencia libre de evento (EFS) (P<0.001, en ambos casos). Anélisis multivariantes demostraron que CHD5 es un
factor pronéstico independiente de otros parametros clinicos y bioldgicos relevantes en NB (estadiaje INSS, edad al
diagnéstico, estado de amplificacion de MYCN y estado de la region 1p). Estos resultados han sido validados utilizando
una cohorte independiente de 32 NB primarios procedentes del Hospital de Ninos y del Instituto del Cancer Dana-Farber,
de Boston. Los resultados (0S P=0.001 y EFS P=0.001) confirmaron la consistencia del patrén de expresion de esta
proteina como marcador de pronostico en NB.

Los NB indiferenciados pueden presentar maduracion neuroblastica en respuesta a la quimioterapia. La expresion de
CHDS5, circunscrita a células de NB en diferenciacion y a células ganglionares, y ausente en neuroblastos indiferenciados,
sugiere una posible participacion de CHD5 en los procesos de diferenciacion neuroblastica. Todo ello nos ha llevado a
investigar la expresion génica y proteica de CHD5 en muestras pareadas de NB pre y post-quimioterapia (n=12). Las
muestras analizadas, NB clinicamente agresivos, mostraban al diagnostico (pre-tratamiento) niveles de expresion muy
bajos de CHD5. El analisis de la expresion en las muestras de NB post-tratamiento reveld que los tumores con evidencia
de diferenciacion neuroblastica (50%) presentaban reactivacién de CHD5, tanto a nivel de expresion génica como de
proteina. Cabe destacar que la reactivacion de CHD5 post-tratamiento de induccién se asocia con una respuesta objetiva
del tumor a la terapia citotoxica y con mayor OS del paciente.

En pacientes con NB la respuesta al tratamiento se evalla mediante analisis bioquimicos, técnicas de imagen y
examen histolégico. Las limitaciones de sensibilidad y especificidad de estos procedimientos, plantean frecuentemente
problemas en la interpretacion de los resultados. Actualmente no se han descrito para NB biomarcadores de respuesta
al tratamiento. La existencia de biomarcadores de prediccion de respuesta terapéutica permitiria efectuar cambios en el
tratamiento en el caso de tumores resistentes.

Nuestros resultados sugieren que el patrén de expresiobn de CHD5 podria representar un marcador
inmunohistoquimico independiente de prondstico para el NB asi como un marcador subrogado del tratamiento,
clinicamente Util para una identificaciéon rapida (analisis inmunohistoquimico en biopsias tumorales) de pacientes que
no se benefician del tratamiento convencional.
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Expression of the neuron-specific protein CHD5 is
an independent marker of outcome in
neuroblastoma

Idoia Garcia', Gemma Mayol', Eva Rodriguez', Mariona Sufiol?, Timothy R Gershon®, José Rios’,
Nai-Kong V Cheung®, Mark W Kieran®, Rani E George®, Antonio R Perez-Atayde’, Carla Casala', Patricia Galvan',
Carmen de Torres', Jaume Mora', Cinzia Lavarino'

Abstract

Background: The chromodomain, helicase DNA-binding protein 5 (CHD5) is a potential tumor suppressor gene
located on chromosome 1p36, a region recurrently deleted in high risk neuroblastoma (NB). Previous data have
shown that CHD5 mRNA is present in normal neural tissues and in low risk NB, nevertheless, the distribution of
CHD5 protein has not been explored. The aim of this study was to investigate CHD5 protein expression as an
immunohistochemical marker of outcome in NB. With this purpose, CHD5 protein expression was analyzed in
normal neural tissues and neuroblastic tumors (NTs). CHD5 gene and protein expression was reexamined after
induction chemotherapy in a subset of high risk tumors to identify potential changes reflecting tumor response.

Results: We provide evidence that CHD5 is a neuron-specific protein, absent in glial cells, with diverse expression
amongst neuron types. Within NTs, CHD5 immunoreactivity was found restricted to differentiating neuroblasts and
ganglion-like cells, and absent in undifferentiated neuroblasts and stromal Schwann cells. Correlation between
protein and MRNA levels was found, suggesting transcriptional regulation of CHD5. An immunohistochemical
analysis of 90 primary NTs highlighted a strong association of CHD5 expression with favorable prognostic variables
(age at diagnosis <12 months, low clinical stage, and favorable histology; P < 0.001 for all), overall survival (OS)

(P < 0.001) and event-free survival (EFS) (P < 0.001). Multivariate analysis showed that CHD5 prognostic value is
independent of other clinical and biologically relevant parameters, and could therefore represent a marker of
outcome in NB that can be tested by conventional immunohistochemistry. The prognostic value of CHD5 was
confirmed in an independent, blinded set of 32 NB tumors (P < 0.001).

Reactivation of CHD5 expression after induction chemotherapy was observed mainly in those high risk tumors with
induced tumor cell differentiation features. Remarkably, these NB tumors showed good clinical response and pro-
longed patient survival.

Conclusions: The neuron-specific protein CHD5 may represent a marker of outcome in NB that can be tested by
conventional immunohistochemistry. Re-establishment of CHD5 expression induced by chemotherapy could be a
surrogate marker of treatment response.
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Introduction

Neuroblastic tumors (NTs) are embryonal cancers aris-
ing from neural crest derived sympathetic nervous sys-
tem precursors. These neoplasms are the most
common extracranial solid tumors in childhood and
account for approximately 15% of all pediatric oncol-
ogy deaths [1].

Neuroblastoma (NB), the most undifferentiated form
of NTs, embodies a heterogeneous spectrum of diseases
whereby patients with similar clinicopathological fea-
tures exhibit radically different outcomes ranging from
spontaneous regression to inexorable progression. Since
treatment strategies vary from a “watchful waiting”
approach to multimodal intensive regimens, precise risk
assessment is critical for therapeutic decisions. Various
combinations of prognostic markers have been used
with success for risk group distinction, including clini-
cal, histologic and genetic factors, yet there remain cases
where established indicators of aggressiveness have
demonstrated limited clinical utility. Additional para-
meters are therefore needed for a more precise identifi-
cation and therapeutic targeting of high risk NB
patients.

There is an apparent link between NB aggressiveness
and specific genetic aberrations. One of the most recur-
rent genetic alterations described is the deletion of the
short arm of chromosome 1 found in approximately
35% of NB [2]. The high incidence of chromosome 1p
deletion in human cancer [2], with 1p36 deletion being
the most common alteration [3], has led to an extensive
search for 1p36 tumor suppressor genes. Recent findings
have identified the CHDS5 gene as a candidate tumor
suppressor [4,5] mapping to the smallest region of dele-
tion (SRD) described in NB, 1p36.31 [6]. Evidence sup-
porting CHDS5 as a tumor suppressor is the recently
reported strong promoter methylation and transcrip-
tional silencing of the remaining allele in 1p deleted NB
cell lines [5]. Nevertheless, low or absent CHDS5 expres-
sion levels have been found in NB cell lines lacking pro-
moter methylation [7], 1p deletion, or inactivating
mutations [6], suggesting other mechanisms by which
CHDS expression may be inhibited.

CHDS5 is one of the nine members of the chromodo-
main helicase DNA-binding (CHD) family of enzymes
that belong to the ATP-dependent chromatin remodel-
ing protein SNF2 superfamily [8]. CHD protein struc-
ture is characterized by two N-terminal chromodomains
and a SNF2-like ATPase central domain that defines the
chromodomain remodeling proteins [9,10]. The mem-
bers of this evolutionarily conserved class of proteins
play a critical role in organizing the chromatin structure
and accordingly, in chromatin based transcriptional reg-
ulation of genes.
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The aberrant expression of some of the CHD genes
has been associated with human disease processes like
CHARGE syndrome, Hodgkin’s lymphoma or dermato-
myositis [8]. CHD5 mRNA expression, restricted to neu-
ronal-derived tissues and the adrenal gland in normal
tissues [10], is basically absent in NB primary tumors
with high risk features, MYCN amplification, advanced
stage and 1p monosomy [5].

The distribution of CHD5 protein in NTs and normal
neural tissues has not been explored. Like neural tissue,
NTs consist of two main cell populations, neuroblastic
cells and Schwann-like cells. The malignant potential of
these tumors is inherently dependent on the proportion
of immature neuroblastic cells and the abundance of
Schwann cell stromal component, Schwannian stroma-
poor undifferentiated NB being the most malignant.
CHDS5 expression remains to be investigated in these
two cell populations. In the present study, we analyzed
by immunohistochemistry normal neural derived tissues
and NTs to visualize CHD5 protein distribution within
the different cell populations. Because impaired CHDS
expression is associated with high risk NB tumors, we
asked whether CHD5 protein expression might serve as
an immunohistochemical marker of outcome in NB. It
is known that gene expression pattern can change with
treatment, for this reason, CHD5 gene and protein
expression was re-examined after induction treatment in
a set of paired cases.

Material and Methods

Patients and tumor samples

A total of 90 primary tumor specimens (63 NB, 14
ganglioneuroblastomas (GNB) and 13 ganglioneuromas
(GN)) (Additional file 1) were obtained at diagnosis
from two institutions (Hospital Sant Joan de Déu
(HSJD) of Barcelona and Memorial Sloan-Kettering
Cancer Center (MSKCC) of New York) together with 12
high risk NB cases with available paired diagnostic and
post-chemotherapy tumor specimens. An independent
set of 32 NB tumors was obtained from Children’s Hos-
pital of Boston and Dana-Farber Cancer Institute (CHB/
DEFCI) for data validation analysis. Non-tumor samples
(fetal brain, adult cerebral cortex, adult cerebellum,
adrenal gland, bone marrow, spinal cord and sympa-
thetic ganglion) were also included in this study.

NB risk assessment was defined by the International
Neuroblastoma Staging System (INSS) [11]. NB stages 1,
2, 3 (MYCN non-amplified) and 4s were uniformly treated
without use of cytotoxic therapy, when possible. Stage 4
and stage 3 MYCN amplified NB patients were treated
according to N5, N6 or N7 protocols. This study was
approved by the Institutional Review Boards and informed
consent was obtained before collection of samples.
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Tumors were assessed by a pathologist (M.S.), only
tumors with >70% viable tumor cell content were
included in the study.

Seven NB cell lines (LA-N-1, SKNSH-SY5Y, SK-N-Be
(2)C, SKNSH-EP1, SK-N-JD, SK-N-LP and SK-N-AS)
were used in this study. NB cell lines were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine and penicillin (100 U/ml) and
streptomycin (100 pg/ml) (GIBCO, Invitrogen, US) at
37°C in 5% CO, atmosphere.

In vivo study

NB cell lines SK-N-JD, SK-N-LP and SK-N-AS were
harvested and resuspended in phosphate buffered saline
(PBS) solution and BD Matrigel Basement Membrane
Matrix (BD Biosciences, US). One hundred microliters
of cell suspension containing 8 x 10° cells were subcuta-
neously inoculated into the right flank of six-week old
CD-1 Nude (nu/nu) mice (Charles River Laboratories,
Europe). Mice were killed when NB cell lines developed
tumors that exceeded 1.5 cm®. Tumors were removed
surgically, fixed in 10% formalin and embedded in paraf-
fin for histological examination.

Immunohistochemistry

Immunohistochemical (IHC) analysis was performed on
formalin-fixed, paraffin-embedded (FFPE) tissues using
rabbit-polyclonal anti-CHD5 antibody (Strategic Diag-
nostics, DE) at a 1:1000 dilution for 1 hour; mouse-poly-
clonal anti-Neurofilament protein, 68kD (NF68)
antibody (Zymed, US) 1:300 dilution, 1 hour and
mouse-polyclonal anti-Glial fibrillary acidic protein
(GFAP) antibody (Novocastra, UK) 1:200 dilution, 2
min. Two different anti-CHD5 antibody batches
(T00251-A1 and T00251-A02, Strategic Diagnostics,
DE) have been tested in this study. Normal human
brain was used as positive control.

Slides were examined by a pathologist (M.S.) using an
Olympus BX41 light microscopy to assess staining and
score both percentage of positive cells and staining
intensity (0, negative; 1, weak; 2, strong and 3, very
intense staining). Integer values were assigned to the
proportion of positive cells (<25% = 1; 25-75 = 2; >75%
= 3). Intensity and positive cell values were multiplied
to provide a single score for each case.

Double fluorescent immunostaining: Paraformaldehyde
(4%, pH 7.4) fixed cryosections, blocked with bovine
serum albumin (BSA) 1% for 1 hour, were incubated
overnight at 4°C with a rabbit-polyclonal anti-CHD5
antibody (H-185) (Santa Cruz, US) at 1:1000 dilution,
followed by anti-rabbit IgG Cy3-conjugated antibody,
(Sigma, US) 1:400 dilution for 45 min. Sections were
subsequently incubated with anti-NF68 antibody (1:300
dilution) 1 hour or anti-GFAP antibody (1:200 dilution)
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2 min, and stained with anti-mouse IgG FITC-conju-
gated antibody (Sigma, US) 1:700 dilution, 45 min.
Nuclei were counterstained with 4’6-diamino-2-pheny-
lindole (DAPI) (Sigma, US), 1:5000 dilution, 5 min.

Paraformaldehyde fixed bone marrow aggregates were
incubated with anti-GD2 antibody (BD Biosciences, US)
1:800 dilution 1 hour and stained with anti-mouse IgG-
FITC antibody at 1:700 dilution, 45 min, or with anti-
CHD?5 antibody as described above.

Immunoreactivity was evaluated with a Leica epifluor-
escence DM5000B microscope (Leica Microsystems,
us).

Western blot analysis

Proteins were extracted from cell lines and homogenized
tissue in lysis buffer (20 mM Tris pH 8.8, 80 mM NacCl,
1% NP-40 and protease inhibitors). Protein concentra-
tions were quantified using the Bradford method (Bio-
Rad laboratories, US) and 30 pg of protein were resolved
on an 8% SDS-PAGE. Membranes were incubated with
polyclonal anti-CHD5 antibody (1:2000; Strategic Diag-
nostics, DE) and monoclonal anti B-actin antibody
(1:5000; Sigma, US) and detected with donkey anti-rab-
bit IgG HRP-conjugated antibody (1:2500; Affinity BioR-
eagents, Inc., US) and goat anti-mouse IgG HRP-
conjugated antibody (1:5000; Sigma, US) respectively.
Antibody conjugates were visualized by enhanced che-
miluminescence (ECL, Amersham Life Science, US).

RNA isolation and cDNA synthesis

Total RNA was isolated from snap frozen samples and
cell lines using Tri Reagent (Sigma, US), following man-
ufacturers’ protocols. cDNA was synthesized from 1 pg
total RNA using random primers and M-MLV reverse
transcriptase (Promega, US) as previously described [12].

Quantitative Real-time Polymerase Chain Reaction (qRT-
PCR)

Quantification of transcript levels, using the AACry rela-
tive quantification method, were performed on an ABI
Prism 7000 Sequence Detection System with TagMan®
Assay-on-Demand Gene Expression products (Applied
Biosystems, US), as previously reported [12].

Statistical analysis

Comparisons between immunohistochemical results
were performed by means of the log-rank test. qRT-
PCR transcript levels were normalized by z-score trans-
formation to enable a correlation analysis with the
immunostaining score values. Correspondence between
immunoreactivity and mRNA expression levels within
the same samples was examined using the Spearman’s
correlation coefficient analysis. Statistical analyses for
qualitative variables were performed by means of the
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Fisher’s exact test and U Mann-Whitney test for quanti-
tative or ordinal variables. Overall survival (OS) and
event-free survival (EFS) probabilities were estimated
using the Kaplan-Meier method. Multivariate Cox
regression models were used to examine the prognostic
significance of CHD5, INSS stage, age at diagnosis,
MYCN status and 1p LOH. Each variable consisted of
two groups: “INSS stage” consisted of: (1) ST1, 2, 3 and
4s, and (2) ST4; “age” (at diagnosis): (1) < 12 months (2)
> 12 months; “MYCN": (1) MYCN non-amplified (2)
MYCN amplified; “LOH" (1) no LOH (2) LOH. Predic-
tive Positive and Negative Values (PPV and NPV) were
used for a descriptive comparison between CHD5
expression and MYCN and 1p LOH. All reported
P-values are two-sided. P-values <0.05 were considered
statistically significant. Statistical analysis was performed
with SPSS 15.0 package (SPSS, Chicago, IL).

Results

CHDS5 protein expression in normal neural tissues is
restricted to neuronal cells

In normal human neural tissue sections (brain cortex,
cerebellum, spinal cord and sympathetic ganglion),
CHD5 immunoreactivity was found restricted to neu-
rons, whereas glial cells were consistently negative (Fig-
ure 1A, C, D and 1E). CHD5 expression pattern was
confirmed by immunostaining with neuronal (NF68)
and glial (GFAP) cell markers. Frozen brain sections
analyzed by double immunofluorescence showed co-
localization of CHD5 and NF68 in neurons. No CHD5
protein expression was observed in GFAP positive glial
cells (Figure 1G and 1H).

Intensity and intracellular localization of CHD5 stain-
ing in the cerebral cortex varied among neuron types
but did not exhibit a layer-related expression (Figure
1A). Nuclear labeling was intense in morphologically
small neurons with scarce cytoplasm present in all corti-
cal layers identified by size and location as interneurons.
Larger neurons with triangular shaped soma, including
pyramidal neurons present in cortical layers III, IV and
V, exhibited essentially negative or lower intensity of
nuclear staining and diffuse cytoplasm reactivity (Figure
1A). In the cerebellum, Purkinje cells and deep nuclei
neurons exhibited intense nuclear and diffuse cytoplasm
staining. Cerebellar granular layer neurons lacked
immunoreactivity (Figure 1C).

Spinal cord specimens were characterized by intense
positive neuron processes, predominantly located in the
external white matter, and large motoneuron cell bodies
with positive cytoplasm and mostly negative nuclear
staining (Figure 1D). All glial cells, including the epen-
dymal cells lining the central canal of the spinal cord,
were negative for CHD5 expression (Figure 1D*). In the
sympathetic ganglia, neuron cell bodies showed intense
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nuclear and diffuse cytoplasm reactivity, while the stro-
mal cell component was found negative for CHD5 (Fig-
ure 1E).

Adrenal gland specimens exhibited weak CHD5
expression, mainly in the nucleus of the medullary cells.
Neuroblastic aggregates found in fetal adrenal glands
(19-20 weeks) were essentially negative, although few
intermixed positive cells were identified in larger neuro-
blastic islets (Figure 1F).

CHDS5 expression was evaluated in brain cortex speci-
mens and in NB cell lines by immunoblot analysis.
CHD?5 protein (250-260 kDa) was detected only in brain
cortex specimens, both in the total protein extract and
in the nuclear fraction. No CHD5 protein was detected
in the cytoplasmic fraction of all the analyzed specimens
or in NB cell lines (Figure 1B).

These results identify CHD5 as a neuron-specific pro-
tein, absent in glial cells, with a diverse expression pat-
tern amongst neuron types. Human immature
neuroblastic aggregates in the developing adrenal gland
are mostly negative for CHD5.

CHD?5 protein is expressed in the neuroblastic component
of low clinical risk NTs

CHDS5 immuno-localization was investigated in a total
of 90 primary NTs (63 NB including 24 stage 4, 8 stage
4s and 31 loco-regional NB; 14 GNB and 13 GN)
(Table 1).

Stage 4 NB cases, all histologically undifferentiated
high risk NB, appeared predominantly (20/24) negative
or with <25% neuroblastic cells with faint CHD5 nuclear
reactivity (Figure 2A and 2E; Table 1, Additional file 1).
Only 3/24 undifferentiated NB tumors exhibited weak
nuclear reactivity in 25-75% of cells, and one had
intense nuclear staining in >75% of tumor cells. In con-
trast, stage 4s NB, histologically undifferentiated low
risk tumors, showed consistently (8/8) very intense
CHDS5 nuclear positivity in >75%, generally >90% of the
neuroblasts (Figure 2F, Table 1, Additional file 1). This
clinically low risk NB is, nevertheless, a highly prolifera-
tive metastatic tumor. Thus, for 2 stage 4s NB tumors,
CHD?5 expression was also evaluated in the liver and
bone marrow metastases. Intense CHD5 immunopositiv-
ity, equivalent to the primary tumor, was observed in
>75% neuroblasts disseminated in the liver. Intriguingly,
bone marrow neuroblastic aggregates, identified using
an antibody against the ganglioside GD2 ubiquitously
expressed in NB (data not shown), lacked CHD5 immu-
noreactivity (Figure 2H), similar to stage 4 bone marrow
smears (Figure 2G).

Loco-regional tumors (stage 1, 2, and 3) displayed
more heterogeneous expression patterns (Figure 2B and
2C; Additional file 1), with staining values being highest
in differentiating NB, where intense nuclear staining was
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Figure 1 CHD5 protein expression in normal human neural tissues. CHD5 immunostaining in (A) normal neural tissue, cerebral cortex
(100x), box: pyramidal and interneuron CHD5 staining (400x); (B) expression of CHD5 protein detected by immunoblotting in (1) brain cortex
total protein, (2) brain cortex nuclear protein fraction, (3) brain cortex cytoplasmatic fraction, (4) LA-N-1 NB cell line total protein and (5) LA-N-1
nuclear fraction; CHD5 predicted molecular weight of 250-260 kDa is based on the amino acid composition (ref. 5); all analyzed samples
displayed a 150-160 kDa size band, not yet characterized; (C) Cerebellum (100x), box: Purkinje cell CHD5 staining (400x); (D) Spinal cord (100x),
box: Motoneuron CHD5 staining (400x), box*: ependymal cells lining canal spinal cord (100x); (E) Sympathetic ganglia (100x), box: Ganglion cell
CHDS staining (400x); (F) immature neuroblast aggregates within fetal adrenal gland (200x), (arrow) CHD5 immunopositive neuroblasts; (G-H)
double fluorescent immunostaining, (G, arrow) NF68*/CHD5" neuron; (H, arrow) GFAP*/CHD5" astrocyte, (H, arrow head) GFAP/CHD5" neuron.
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Table 1 CHD5 inmunostaining in Neuroblastic tumors

Percentage of CHD5 immunopositive neuroblastic

cells
n <25% 25-75% >75%

St 1,23 31 10/31 (32.2%) 9/31 (29%) 12/31 (38.7%)
St4 24 19/24 (79.1%) 4/24 (16.6%) 1/24 (4.1%)
St4s 38 - - 8/8 (100%)
GNB 14 14/14* (100%) - 14/14** (100%)
GN 13 - - 13/13 (100%)
Total 90 29 13 48

Percentage of CHD5 positive (nuclear staining) tumor cells within each
neuroblastic tumor group evaluated using predetermined cutoff values (<25%;
25-75%; >75%). Detailed data regarding percentage of positive tumor cells
and staining intensity are reported in Additional file 1. For GNB tumors, the
undifferentiated neuroblastic (*) and the ganglionar (**) cell populations were
scored separately. GNB = ganglioneuroblastoma, GN = Ganglioneuroma.

observed in >75% of neuroblastic cells (13/32) (Figure
2B; Additional file 1), and lowest in stage 3 MYCN
amplified NB composed mainly of undifferentiated neu-
roblasts with undetectable immunoreactivity, similar to
stage 4 NB cases (Figure 2C, Table 1, Additional file 1).

GNB (14/14) and GN (13/13) tumors exhibited gang-
lion-like cells with intense nuclear and diffuse cytoplasm
staining. Absence of nuclear staining and feeble cyto-
plasmic reactivity was observed in Schwann-like cells
(Figure 2D; Additional file 1). The undifferentiated neu-
roblastic component of GNB lacked CHD5 staining
(Table 1, Additional file 1).

The described immunohistochemical assays were per-
formed using two different batches of the anti-CHD5
antibody (T00251-A1 and T00251-A02). Both batches
performed consistently across many repeats, further sup-
porting the validity of our results (Additional file 2A).
The specificity of the anti-CHD5 antibody was further
validated on mouse xenografts of human NB cell lines
(SK-N-JD, SK-N-LP and SK-N-AS). All the xenografts
were found to be negative for CHD5 staining (Addi-
tional file 2B).

Altogether, CHD5 protein was expressed in the
nucleus of neuroblastic cells of clinical low risk NTs. In
stage 4s NB, CHD5 negative neuroblast bone marrow
metastasis imply the existence of intratumoral clones
with CHD5 differential expression in an otherwise histo-
logically homogeneous tumor subtype.

CHDS5 transcript levels are associated with protein
expression

CHD5 protein expression was contrasted with gene
transcript levels. Quantification of CHD5 mRNA in
non-tumoral frozen tissue samples using qRT-PCR iden-
tified high expression in fetal brain and adult cerebral
cortex, as reported previously [10]. Normal bone mar-
row specimens lacked CHDS expression.
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CHDS mRNA levels were analyzed for 84 primary
NTs obtained at diagnosis (23 stage 4; 7 stage 4s; 34
loco-regional NB; 9 GNB and 11 GN); 55 of these
tumors were also analyzed by immunohistochemistry.

High risk undifferentiated NB tumors, stage 4 and
stage 3 MYCN-amplified NB displayed significantly
lower mRNA expression levels than stage 1, 2, 3 (P <
0.001) and stage 4s NB (P = 0.001) (Additional file 3).
The highest mean expression values, similar to normal
fetal brain, were found for stage 4s NB. GN specimens
displayed consistently low CHDS transcript levels,
whereas, GNB tumors were characterized by highly vari-
able expression attributable to the presence of CHDS
negative component, Schwann-like stroma and undiffer-
entiated neuroblasts, besides the positive ganglion-like
cells that compose these tumors.

Correlation between CHD5 immunoreactivity and
mRNA expression levels within the same samples was
examined in a set of 34 consecutive NB tumors. Immu-
nohistochemical and qRT-PCR analyses were carried
out on the same portion of the tumor specimen, with
similar cell composition and a high tumor cell content
(>70% as recommended for PCR studies). CHD5 nuclear
immunoreactivity was assigned a staining score (Addi-
tional file 1) and gene expression values were z-score
transformed. A significant correlation was observed
between mRNA and protein levels (Spearman’s rho =
0.774; P < 0.001), low CHD5 protein scores were consis-
tently associated with low mRNA levels (negative z-
score values), and high IHC scores with high mRNA
expression (positive z-score values) (Additional file 4).
Interestingly, very intense nuclear staining displayed by
low risk tumors, mostly stage 4s and infant stage 1 NB,
was not associated with the highest transcript levels
(Additional file 4, cases # 1-6, 30, 31 and 33).

These results reveal a correspondence between CHD5
protein and mRNA expression, suggesting a potential
regulation of CHDS expression at the transcriptional
level.

CHD5 protein expression is associated with patient
outcome in NB

CHD5 nuclear immunoreactivity was assigned a staining
score (Additional file 1) and compared to clinical and
biological variables currently used for NB risk classifica-
tion. High CHD5 staining values were found to be sig-
nificantly associated with INSS stages 1, 2, 3 (MYCN
non-amplified) and 4s NB (n = 63), age at diagnosis <12
m (n = 63) and favorable tumor histology (n = 63); P <
0.001 for all the tested variables.

To assess whether CHD5 expression was associated
with patient outcome, immunoreactivity scores were
compared to overall survival (OS) and event-free survi-
val (EES) for all 63 NB tumors. The median score value
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Figure 2 CHD5 protein expression in neuroblastic tumors. CHD5 immunostaining in (A) stage 4 undifferentiated NB (400x); (B) loco-regional
differentiating NB (400x); (C) stage 3, MYCN amplified, undifferentiated NB (400x); (D) Ganglioneuroblastoma (100x); (E) stage 4 (200x) and (F)
stage 4s primary tumor (200x) with bone marrow neuroblast aggregates (G-H), respectively (400x).

.
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Figure 3 Expression of CHD5 protein is prognostic for neuroblastoma patients. Kaplan-Meier analysis documenting increased overall
survival and event-free survival of neuroblastoma patients with tumors that have high CHD5 immunoreactivity versus patients with tumors that
have low CHD5 expression, (A) overall survival (P < 0.001) and (B) event-free survival (P < 0.001). The analysis was performed with all 63 NB
tumors, including all stages (stage 1, 2, 3, 4s and 4). Independent validation performed on 32 primary NB samples (C) overall survival (P = 0.001)
and (D) event-free survival (P < 0.0001). DOD = dead of disease.

was used as a cut-off to define high (>2) and low (<2)
CHDS5 expressing NB tumors. High CHD5 expression
was found to be significantly associated with a better OS
(log-rank test P < 0.001) and EFS (log-rank test P <
0.001) (Figure 3A and 3B). Furthermore, using this cut-
off, Cox multivariate analysis showed that expression of
CHDS5 protein predicted OS and EFS independently of
INSS stage, patient age, amplification of MYCN and 1p

LOH (Table 2; Additional file 5). Specifically, CHD5
IHC was the only variable that remained statistically sig-
nificantly associated with event-free survival in both the
univariate and multivariate analyses (Table 2; Additional
file 5). CHD5 IHC remained statistically significantly
associated with overall survival, except when 1p LOH
was included in the multivariate analysis, owing to the
strong association of CHDS5 expression with
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Table 2 Cox regression analysis
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Overall Survival

Variable HR and 95%ClI p-value Variable HR and 95%ClI p-value Interaction p-value*
CHD5 IHC 21.28 (2.84-159.39) 0.003
CHDS5 IHC 1867 (2.27-153.88) 0.007 0.951
INSS 4.15 (1.63-10.58) 0.003 INSS 1.24 (0.46-3.29) 0673
CHDS5 IHC 15.17 (1.89-121.73) 0.011 0.931
Age (>12 m) 556 (1.61-19.19) 0.007 Age (>12 m) 2.14 (0.59-7.75) 0.249
CHDS5 IHC 1229 (1.56-96.49) 0.017 0.952
MYCN (*) 1427 (4.28-47.58) < 0.001 MYCN(*) 8.08 (243-26.93) 0.001
CHDS5 IHC 1433 (1.84-111.48) 0.011 0.946
LOH(**) 2.88 (1.04-7.96) 0.042 LOH(**) 1.75 (0.63-4.89) 0.287
Event Free Survival
Variable HR and 95%ClI p-value Variable HR and 95%ClI p-value Interaction p-value®
CHD5 IHC 8.14 (2.82-23.5) <0.001
CHDS5 IHC 7.01 (2.09 to 23571) 0.002 0.939
INSS 3.7 (1.73-7.88) 0.001 INSS 1.26 (0.53 to 2.97) 0.605
CHDS5 IHC 7.04 (2.24 to 22.09) 0.001 0.638
Age (>12 m) 3.13 (1.33-7.39) 0.009 Age (>12 m) 1.36 (0.54 to 3.44) 0515
CHDS5 IHC 597 (198 to 17.98) 0.001 0933
MYCN (*) 4.58 (1.84-11.42) 0.001 MYCN 2.72 (1.07 to 6.88) 0.035
CHDS5 IHC 6.02 (1.98 to 18.34) 0.002 0492
LOH(**) 2.12 (0.92-4.91) 0.079 LOH 1.24 (0.52 to 2.95) 0622

Cox regression analysis of the NB cohort using CHD5 protein expression and clinical and biologically relevant variables (INSS stage, patient age at diagnosis,
MYCN amplification status and chromosome 1p LOH). Expression of CHD5 was statistically significantly associated with overall survival and event-free survival in
both the univariate and multivariate analyses. All NB patients (n = 63) where included in the study except for the studies with MYCN amplification (n = 58) and
1p LOH (n = 53), due to the undetermined status in some patients. IHC = Immunohistochemical analysis; INSS = International Neuroblastoma Staging System; HR
= hazard ratio; Cl = confidence interval. P-values are two sided. (%) Interaction P-values obtained from Cox regression model: IHC + Co-factor+IHC*Co-factor. (¥)

data available for 58 patients; (**) data available for 53 patients.

chromosome 1p status (Table 2; Additional file 5). The
Predictive Value of CHD5 staining was evaluated and
compared to MYCN and 1p LOH (Table 3). CHD5
expression showed the highest Negative Predictive
Value (NPV) for overall survival status (96.4%) and
event free survival (85.7%). MYCN status and 1p LOH
showed a NPV of 81.6% and 78.9%, respectively, for
the overall survival status, and of 65.3% and 63.2%,
respectively, for the event free survival. The Positive
Predictive Value (PPV) of CHD5 expression (overall
survival status: 54.3%; event free survival: 71.4%), i.e.

proportion of events or deaths in patients with low
CHD?5 expressing tumors, was intermediate between
MYCN (66.7% and 77.8%, respectively) and 1p LOH
(46.7% and 60%, respectively) values. CHD5 IHC
showed high sensitivity and accuracy rate for the pre-
diction of OS (95% and 73%, respectively) and EFS
(86.20% and 77.80%) (Table 4).

The prognostic value of CHD5 expression was validated
on an independent, blinded set of 32 FFPE primary NB
tumors of patients diagnosed and treated at the Chil-
dren’s Hospital of Boston (n = 21) and HSJD of

Table 3 Analysis of the Predictive Value was performed for a descriptive comparison between CHD5 expression and

MYCN and 1p LOH

Overall Survival

Event Free Survival

Alive Dead PPV NPV No event Event PPV NPV
CHD5 IHC High 27 (62.8%) 1 (5%) 54.30% 96.40% 24 (70.6%) 4 (13.8%) 71.40% 85.70%
Low 16 (37.2%) 19 (95%) 10 (29.4%) 25 (86.2%)
MYCN Non amplified 40 (93%) 9 (60%) 66.70% 81.60% 32 (94.1%) 17 (70.8%) 77.80% 65.30%
Amplified 3 (7%) 6 (40%) 2 (5.9%) 7 (29.2%)
1p LOH No 30 (78.9%) 8 (53.3%) 46.70% 78.90% 24 (80%) 14 (60.9%) 60% 63.20%
LOH 8 (21.1%) 7 (46.7%) 6 (20%) 9 (39.1%)
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Table 4 Comparison of sensitivity, specificity and accuracy rate between CHD5 expression, MYCN status and 1p LOH

Barcelona (n = 11). Kaplan-Meier analysis and a log-
rank test showed a statistically significant difference in
OS (log-rank test P = 0.001) and EFS (log-rank test P <
0.0001) between patients with high and low CHD5
expression scores (Figure 3C and 3D). Tumors with
high IHC scores were associated with longer survival
(mean 73 months) in comparison with low expressing
tumors (mean 46 months).

These results suggest that CHD5 protein expression is
a potential prognostic marker of outcome in NB
patients.

Overall Survival Event Free Survival 8

>

Sens Specif Accurancy Sens Specif Accurancy g

CHD5 IHC 95.00% 62.80% 73.00% 86.20% 70.60% 77.80% o)
MYCN 40.00% 93.00% 79.30% 29.20% 94.10% 67.20% 2
1p LOH 46.70% 78.90% 69.80% 39.10% 80.00% 62.30% o0
n
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CHD5 expression reactivation is associated with tumor
response to induction therapy

Tumor histology and gene expression can change with
treatment as a result of important changes in cellular
processes. We investigated the effects of induction che-
motherapy (3 cycles) on CHDS expression in 12 high
risk NB cases with available paired diagnostic and post-
chemotherapy tumor specimens for qRT-PCR and
immunohistochemical analyses. At diagnosis all these
tumors (2 locoregional and 10 stage 4 NB) displayed
low CHDS mRNA expression and negative immunos-
taining. Following induction chemotherapy, a significant
increase of CHDS transcript and CHD5 positive nuclear
staining was detected in 6/12 specimens, together with
therapy-induced morphological changes (increased cyto-
plasm and ganglion-like cell morphology) (Figure 4A
and 4C; cases #1-6). All these patients achieved an initial
complete or very good response to cytotoxic therapy
(chemo- and radiation therapy). At the time of analysis,
5/6 patients were alive with a mean follow-up of 35.62
months (Figure 4B). One case, stage 4 MYCN amplified,
progressed after a good initial response to chemotherapy
and died of refractory bone marrow disease (Figure 4C;
case #6). Bone marrow aspirate smears of this patient
exhibited widespread tumor dissemination with CHD5
negative neuroblast aggregates (data not shown).

In contrast, low gene and protein expression levels
persisted in the 6 remaining post-therapy specimens (6
stage 4 NB; 3/6 MYCN amplified and 1p36 deleted
tumors) (Figure 4A and 4C; cases #7-12). Therapy
induced neuroblastic differentiation was observed in
only one of these samples (case #7), a stage 4 NB with
aberrant morphological changes. All 6 patients died of
rapid disease progression with no signs of clinical

response; with a mean survival of 12.73 months (Figure
4B).

These observations suggest a relationship between
CHDS5 expression reactivation and response to induction
therapy and subsequent patient outcome.

Discussion

Gene expression of CHD5, an ATP-dependent chroma-
tin remodeling enzyme, has been reported to be
restricted essentially to the nervous system [8,10]. We
describe for the first time that CHD5 is a neuron speci-
fic protein in normal neural tissue, with variable immu-
nostaining intensity and intracellular localization among
the neuron types of the cerebral cortex. Recent evi-
dences suggest that the diverse neuron cell classes
derive from distinct embryonal germinal zones and are
characterized by specific cell signaling systems that reg-
ulate neural stem cells throughout the developing brain
[13-15]. Thus, neuronal cells adopt a brain layer fate
determined by their molecular profiles [14]. While we
did not observe a layer specific distribution of CHD5 in
the cerebral cortex, we did note an association of CHD5
expression with neurons with distinct morphological,
physiological and neurochemical features.

In normal neural tissue, glial cells appeared consis-
tently devoid of CHDS5 expression. In human glial
tumors, chromosome arm 1p allelic loss is a frequent
genetic abnormality, especially in oligodendrogliomas
(70-85%) and astrocytomas (20-30%) [16]. Recently, low
levels of CHDS5 expression have been reported in glio-
mas with 1p deletion, whereas nondeleted tumors dis-
played expression levels comparable to normal brain [4].
Thus, deletion of CHD5 has been proposed as an initiat-
ing event in gliomas [4]. Our findings, however, suggest
that the role of CHD5 as a tumor suppressor in glial
tumors needs further investigation.

NTs are embryonal cancers that are assumed to origi-
nate from primitive sympathetic neuroblast aggregates
located in neural crest derived sympathetic nervous sys-
tem. We observed how primitive neuroblast aggregates
found in fetal adrenal gland specimens generally lack
CHDS5 expression. Interestingly, only a few cells were
found with a variable degree of nuclear reactivity in lar-
ger aggregates. To date, the fate of these immature neu-
roblastic aggregates remains unsolved, and spontaneous
involution and cell maturation have been proposed [17].
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Figure 4 Chemotherapy-induced expression of CHD5 in 12 high risk NB tumors. (A) CHD5 immunoreactivity pre- and post-chemotherapy
(400x); (B) Kaplan-Meier analysis for OS was performed using the mean between pre-treatment and post-treatment gene expression levels as
cut-off to divide tumors which reactivate CHD5 and tumors that maintain low expression levels; (C) CHD5 transcript levels quantified by qRT-PCR:
CHD5 expression levels (Black) at diagnosis, (Grey) post-chemotherapy. Fetal brain CHD5 expression represents normal neural tissue values.

The immunoreactivity observed in a small proportion of
neuroblasts within these islets could suggest the estab-
lishment of CHDS5 expression prior to their disappear-
ance; however, no evident differentiating features were
observed in these immunopositive cells that suggested
the activation of the maturation process.

In NTs, CHDS5 is essentially expressed in the nucleus
of differentiating neuroblastic cells and ganglion cells,
and absent in the Schwannian stromal component.
However, the most intense immunoreactivity was
observed in stage 4s NB, a rare subgroup of histologi-
cally undifferentiated, highly proliferative, metastatic
tumors with a high incidence of spontaneous regression,
affecting young infants. Accurate distinction of

spontaneously regressing infant NB from high risk infant
stage 4 can be difficult, but critical for therapeutic deci-
sions. In our hands, the intensely positive CHD5 nuclear
staining enabled a clear distinction of stage 4s NB from
stage 4 NB, which was consistently immunonegative.
These results are consistent with our previous gene
expression profiling study, where similar differential
CHDS expression profiles were observed amongst
infants with disseminated NB subgroups [18]. Thus,
CHD5 immunohistochemical staining may be clinically
useful for a more accurate characterization of dissemi-
nated infant NB.

In NB, CHD5 nuclear staining was strongly asso-
ciated with established favorable prognostic variables
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like low clinical stage, age at diagnosis <12 months and
favorable histology. Our findings suggest that CHD5
protein expression may accurately define NB risk
groups and may, therefore, be a prognostic marker.
Evidence is provided by the statistically significant
association found between high CHD5 immunoreactiv-
ity and favorable OS and EFS. These results are consis-
tent with recent studies reporting a strong association
of CHD5 mRNA levels with patient outcome in NB
[5,10]. Furthermore, Cox multivariate analyses suggest
that the prognostic value of CHD5 protein expression
is independent of other clinical and biological variables
currently used in risk stratification of NB patients and
could therefore represent an immunohistochemical
marker of prognosis in NB.

Currently, risk stratification of NB patients is per-
formed by combining different markers with strong
prognostic impact, including patients’ age at diagnosis,
tumor stage, genomic amplification of the oncogene
MYCN, copy number alterations of chromosomal
regions 1p, 11q and 17q, tumor DNA content [1,19] and
Shimada histological score [20]. However, despite elabo-
rate risk stratification strategies, outcome prediction in
neuroblastoma is still deficient. In recent years, to
improve risk assessment additional prognostic indicators
such as gene-expression signatures [21-23], combined
genomic and molecular signatures [24] or expression
levels of single candidate genes, e.g., Trk (NTRK) family
of neurotrophin receptors [25,26], FYN [27], PRAME
[28] and ZNF423 [29], have been associated with NB
clinical behavior. Expression of the Trk family receptors
has been the most extensively characterized marker in
NB and has been found to be consistently correlated
with the biology and clinical behavior of NB. Based on
our results, there is an apparent similarity between the
expression patterns of CHDS5 and TRKA in NB and their
patterns of association with NB disease outcome. TRKA
expression has been reported to be high in biologically
favorable NB tumors and inversely associated with
MYCN amplification [30]. The prognostic value of the
immunohistochemical detection of TrkA has also been
examined and reported to be high, especially in combi-
nation with Ha-Ras expression pattern [31,32]. Further
IHC studies have correlated the lack of TrkA expression
with metastatic malignant NB [33]. However, in the lat-
ter study, 34% of the patients with stage 4 NB displayed
TrkA expression, a subset of which died of aggressive
metastatic disease despite TrkA expression [33,34]. In
our study, the majority of stage 4 NB either lacked
CHDS5 immunoreactivity (83%) or exhibited weak
nuclear staining (13%), a high risk phenotype according
to our scoring system. Only one stage 4 tumor was
found to be clearly immunoreactive for CHD5; at the
time of analysis the patient is alive, 29 months from
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diagnosis. These observations further confirm CHD5 as
a powerful prognostic marker that could complement
other known markers such as age at diagnosis, stage,
MYCN status, cellular DNA content, 1p deletion and
tumor histology. However, the potential clinical use of
this marker must be tested in larger, prospective
cohorts.

It is known that tumor histology and gene expression can
change with treatment as a result of important changes in
cellular processes, e.g., induced tumor differentiation, DNA
repair, apoptosis and tissue necrosis. Undifferentiated NB
occasionally exhibit neuroblastic maturation in response to
chemotherapy. Assessment of CHD5 gene and protein
expression in NB post-therapy specimens revealed that
tumors with evident neuroblastic maturation showed both
CHDS5 gene and protein reactivation. Notably, none of
these tumors harbored 1p deletion. Conversely, in tumors
where minimal or no morphological changes were
observed in the post-treatment specimens, low CHDS
expression persisted. These observations suggest the exis-
tence of a subset of tumors within high risk NB where
CHDS expression can be reactivated from the silenced
state by standard chemotherapy. Remarkably, when post-
therapy reactivation was observed, CHD5 expression was
largely associated with disease response to cytotoxic induc-
tion therapy and subsequently with longer patient OS. All
12 patients included in the study received the same treat-
ment, nevertheless some tumors failed to respond. At pre-
sent, treatment response in NB is routinely evaluated by
monitoring urine levels of catecholamine and its metabo-
lites (VMA/HVA ratio) and by estimating the decrease in
the size of measurable lesions with conventional imaging
modalities, such as computed tomography (CT) or mag-
netic resonance imaging (MRI). At the time of second-look
surgery, the degree of induced tumor cell differentiation
and the extent of necrosis can also be useful to estimate
treatment response. However, no biological markers for
tumor chemotherapy responsiveness have been reported in
NB. The use of such biomarkers would make chemother-
apy more effective for individual patients by allowing
timely changes of therapy in the case of nonresponding
tumors. Furthermore, markers reflecting tumor response
can function as surrogates of long-term outcome. Taking
into account the small cohort of cases that may have led to
an overestimation of the data, our findings would suggest
that restoration of CHD5 expression could be a surrogate
marker of treatment response that can be clinically useful
to identify patients that do not benefit from conventional
treatment. These results warrant further investigation in a
larger cohort of uniformly treated patients.

In summary, we report that the differential expression
of the neuron-specific protein CHD5 accurately defines
NB risk groups and may represent a marker of outcome
in neuroblastoma that can be tested by conventional
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immunohistochemistry. In high risk NB patients, re-
establishment of CHD5 expression following chemother-
apy should be tested prospectively as a surrogate marker

of treatment response.

Additional material

Additonal file 1: Clinical and biological characteristics of 90 NT
specimens included in the study. INSS = International Neuroblastoma
Staging System; Diagnosis: NB = neuroblastoma, GNB =
ganglioneuroblastoma, GN = ganglioneuroma; Disease status: A = alive,
D = dead; EFS = Event free survival; gRT-PCR = Quantitative real-time
PCR; IHC = immunohistochemistry; n.a = not available data
Immunohistochemical analysis of CHD5 expression in NTs Results
are displayed as percentage of CHD5 immunopositive cells present in
each tumor specimen. Staining intensity: 0 = negative; 1 = weak staining;
2 = strong staining, 3 = very intense staining. Proportion of positive cells
values (<25% = 1; 25-75 = 2; >75% = 3). Intensity and positive cell values
were multiplied together to provide a single score for each case.

Additonal file 2: A. Immunohistochemical staining of FFPE sections
of two immunopositive neuroblastic tumors using two different
batches of the anti-CHD5 antibody (T00251-A1 and T00251-A02); B.
Immunochemical assay with the anti-CHD5 antibody (Strategic
Diagnostics, DE) on mouse xenografts derived from human NB cell
lines. The specificity of the anti-CHD5 antibody was validated by
immunohistochemical assays on FFPE sections of mouse xenografts of
human NB cell lines (SK-N-JD, SK-N-LP and SK-N-AS). In these NB cell
lines CHD5 gene expression is very low or absent (data not shown),
similar to previously reported data (ref. 5, ref. 10). Two different anti-
CHDS5 antibody batches (T00251-A1 and T00251-A02, Strategic
Diagnostics, DE) were tested. Ganglioneuroblastoma FFPE tissue sections
were used as positive control samples. All the analyzed xenographs were
composed nearly exclusively (>95%) of neuroblastic cells exhibiting no
CHD5 nuclear staining and faint cytoplasmic staining (when present).
Only few (<5%) immunopositve cells were observed in the SK-N-LP
xenograft. However, viable tumor cells in the SK-N-LP xenograft where
negative for CHD5 nuclear staining, similar to SK-N-JD and SK-N-AS.
These results were comparable to the immunostaining pattern observed
in undifferentiated high risk NB tumors. The GNB ganglionar cells
showed intense nuclear and diffused cytoplasm immunostaining.

Additional file 3: CHD5 mRNA expression levels in NTs Results are
displayed as mean expression levels of NT subgroups obtained from two
independent analyses. HR = high risk NB (Stage 4 and Stage 3 MYCN
amplified); LR = low risk NB (stage 1, stage 2 and stage 3 MYCN non-
amplified); GNB= ganglioneuroblastoma; GN = ganglioneuroma.
Quantification was performed relative to normal fetal brain. Error bars
illustrate the variability amongst the samples of each NT subgroup.

Additional file 4: Comparison of CHD5 mRNA and protein
expression. The lineal graph shows comparison between CHD5 mRNA
levels and protein immunoreactivity in 34 NB cases. Low CHD5 protein
scores were associated with lower mRNA levels (negative z-score values),
and high IHC scores with high mRNA expression (positive z-score values),
(Spearman’s correlation analysis rho = 0.774; P < 0.001). Low risk tumors,
stage 4s and infant stage 1 NB tumors showed very intense nuclear
staining in comparison to the observed transcript levels (cases # 1-6, 30,
31 and 33).

Additional file 5: Cox multivariate analisis. Cox multivariate regression
analysis has been performed using clinical and biological variables
currently used in risk stratification of NB patients (INSS stage, age at
diagnosis, MYCN status and 1p LOH) in combination with the CHD5 IHC.
The analysis has been performed sequentially, adding one variable at
each step, in order to assess how the presence of each variable
influences the performance of CHD5. CHD5 IHC remained statistically
significantly associated with overall survival in all the analyses, except
when the 1p LOH parameter is included in the overall survival analysis.
This is due to the strong association of the expression of CHD5, located

on 1p36, with chromosome 1p status. All the rest of variables, except for
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MYCN amplification, were not statistically significant. For event free
survival analysis, CHD5 IHC is the only variable that remained statistically
significant along the whole analysis, even in the presence of 1p LOH. IHC
= Immunohistochemical analysis; INSS = International Neuroblastoma
Staging System; HR = hazard ratio; Cl = confidence interval. P-values are
two sided.
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Expression of the neuron-specific protein CHD5 is an independent marker of outcome in
neuroblastoma.

Idoia Garcia, Gemma Mayol, Eva Rodriguez, Mariona Sufiol, Timothy R Gershon, José Rios, Nai-Kong V Cheung,
Mark W Kieran, Rani E George, Antonio R Perez-Atayde, Carla Casala, Patricia Galvan, Carmen de Torres, Jaume
Mora and Cinzia Lavarino.

1. Additional File 1. Clinical and biological characteristics of 90 NT specimens included in the study.
2. Additional File 2.
A. Immunohistochemical staining of FFPE sections of two immunopositive neuroblastic
tumors using two different batches of the anti-CHD5 antibody (T00251-A1 and T00251-A02).

B. Immunochemical assay with the anti-CHDS antibody (Strategic Diagnostics, DE) on mouse
xenografts derived from human NB cell lines.

3. Additional File 3. CHD5 mRNA expression levels in NTs.

4. Additional File 4. Comparison of CHD5 mRNA and protein expression.

5. Additional File 5. Cox multivariate analysis.

Las tablas Additional File 1y Additional File 3 no se encuentran impresas a continuacion, se encuentran
en formato digital en el CD que acompafia esta tesis.



Additional File 2.
A. Example of immunohistochemical staining of FFPE sections of two immunopositive

neuroblastic tumors using two different batches of the anti-CHDS5 antibody (T00251-A1 and
T00251-A02).
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B. Immunochemical assay with the anti-CHDS antibody (Strategic Diagnostics, DE) on mouse
xenografts derived from human NB cell lines.
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The specificity of the anti-CHDS5 antibody was validated by immunohistochemical assays on
FFPE sections of mouse xenografts of human NB cell lines (SK-N-JD, SK-N-LP and SK-N-
AS). In these NB cell lines CHDS5 gene expression is very low or absent (data not shown),
similar to previously reported data (5,10). Two different anti-CHDS5 antibody batches (T00251-
Al and T00251-A02, Strategic Diagnostics, DE) were tested. Ganglioneuroblastoma FFPE
tissue sections were used as positive control samples. All the analyzed xenographs were
composed nearly exclusively (>95%) of neuroblastic cells exhibiting no CHDS5 nuclear staining
and faint cytoplasmic staining (when present). Only few (<5%) immunopositve cells were
observed in the SK-N-LP xenograft. However, viable tumor cells in the SK-N-LP xenograft
where negative for CHDS5 nuclear staining, similar to SK-N-JD and SK-N-AS. These results
were comparable to the immunostaining pattern observed in undifferentiated high risk NB
tumors. The GNB ganglionar cells showed intense nuclear and diffused cytoplasm
2irnmunostaining.



Additional file 4. Comparison of CHD5 mRNA and protein expression.
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Additional file 5. Cox multivariate regression analysis.

OVERALL SURVIVAL EVENT FREE SURVIVAL

Model n° Factor HR and 95%CI p-value Factor HR and 95%CI p-value
1 MYCN 8.08 (2.43 to 26.93) 0.0007 MYCN 2.72 (1.07 to 6.88) 0.0351
CHD5 IHC 12.29 (1.56 to 96.49) 0.0171 CHD5 IHC 5.97 (1.98 to 17.98) 0.0015

2 MYCN 6.96 (2.05 to 23.58) 0.0018 MYCN 2.57 (0.98 to 6.76) 0.0549
CHDS5 IHC 9.21 (1.09 to 78.18) 0.0418 CHD5 IHC 5.51 (1.69 to 17.95) 0.0046

Age_12 2.13 (0.41to 11) 0.3679 Age_12 1.22 (0.42 to0 3.54) 0.7132

3 MYCN 7.1 (2.03 to 24.84) 0.0022 MYCN 2.53 (0.96 t0 6.7) 0.0614
CHD5 IHC 9.58 (1.07 to 85.89) 0.0436 CHD5 IHC 5.17 (1.43 to 18.72) 0.0124

Age_12 2.18 (0.41 to 11.66) 0.3612 Age_12 1.18 (0.4 to 3.53) 0.7639

INSS 0.91 (0.26 to 3.14) 0.88 INSS 1.14 (0.41 10 3.12) 0.802

4 MYCN 13.1 (2.57 t0 66.91) 0.002 MYCN 2.63 (0.81 to 8.58) 0.1086
CHD5 IHC 7.65 (0.79 to 74.4) 0.0795 CHD5 IHC 4.17 (1.05 to 16.57) 0.0427

Age_12 2.27 (0.41 to 12.45) 0.3444 INSS 1.28 (0.43 10 3.79) 0.6542

INSS 1.13(0.31 to 4.1) 0.8481 Age_12 1.3 (0.43t0 3.92) 0.6435

LOH 0.52 (0.12 t0 2.27) 0.386 LOH 0.78 (0.27 to 2.22) 0.6393

Cox multivariate regression analysis has been performed using clinical and biological
variables currently used in risk stratification of NB patients (INSS stage, age at
diagnosis, MYCN status and 1p LOH) in combination with the CHDS5 IHC. The analysis
has been performed sequentially, adding one variable at each step, in order to assess
how the presence of each variable influences the performance of CHDS.

CHDS IHC remained statistically significantly associated with overall survival in all the
analyses, except when the 1p LOH parameter is included in the overall survival
analysis. This is due to the strong association of the expression of CHDS, located on
1p36, with chromosome Ip status. All the rest of variables, except for MYCN
amplification, were not statistically significant.

For event free survival analysis, CHDS IHC is the only variable that remained
statistically significant along the whole analysis, even in the presence of 1p LOH.

IHC = Immunohistochemical analysis; INSS = International Neuroblastoma Staging System;
HR = hazard ratio; CI = confidence interval. P-values are two sided.



3. La hipometilacion del ADN afecta a funciones biologicas relacionadas con el cancer y a genes
relevantes para la patogénesis del neuroblastoma.

Gemma Mayol, José |I. Martin-Subero, José Rios, Ana Queiros, Marta Kulis, Mariona Sufol, Manel Esteller, Soledad
Gomez, Idoia Garcia, Carmen de Torres, Eva Rodriguez, Patricia Galvan, Jaume Mora y Cinzia Lavarino.

Publicado en la revista PLoS ONE 7(11): e48401.
Fl: 4.092, Q1.

Resumen

El neuroblastoma (NB) es un tumor embrionario que se caracteriza por la presencia de numerosas alteraciones
genéticas biologicamente relevantes que se asocian de forma significativa con la evolucion clinica de los pacientes. No
obstante los avances en el conocimiento del perfil genético del NB, alin se desconoce el patron global de las alteraciones
epigenéticas del ADN asociadas a esta enfermedad.

Nuestro grupo ha realizado un andlisis del estado de metilacion del ADN en tumores neuroblasticos (TN)
primarios (n=25) utilizando tecnologia de microarrays de metilacién (lllumina Infinium Human Methylation-27 BeadChip).
Los resultados fueron validados en una cohorte independiente de 15 TN mediante pirosecuenciacion con bisulfito.

Mediante analisis supervisados aplicando criterios restrictivos, hemos identificado patrones de metilaciéon del ADN
diferencial propios del NB, asi como alteraciones del estado de metilacién del ADN en distintos subgrupos clinicos y
biolégicos de NB. Nuestras observaciones muestran como el ADN del NB se ve afectado por una elevada disminucion
de los niveles de metilacion (hipometilacién). Sorprendentemente, la hipometilacién que hemos identificado es gen-
especifica y afecta a funciones bioldgicas relacionadas con cancer asi como a genes relevantes para la patogénesis del
NB como Cyclin D1 (CCND1), Small proline-rich protein 3 (SPRR3), Betacelluline (BTC), Epidermal groth factor (EGF) o
Fibroblast growth factor 6 (FGF6). Cabe destacar, que la metilacion diferencial de CCND1 afecta principalmente a una
region evolutivamente conservada y funcionalmente relevante localizada en la region 3’-UTR del gen. Estos resultados
sugieren que la pérdida del patron de metilacién del ADN en regiones no promotoras podria jugar un papel importante
en la patogénesis del NB. Por otro lado, la ganancia de metilacién (hipermetilacion) afecta mayoritariamente regiones
promotoras de genes involucrados en el desarrollo celular y en la regulacién de la proliferacion celular, como por ejemplo
Ras association (RalGDS/AF-6) domain family member 1 (RASSF1A), POU class 2 homeobox2 (POU2F2) y Homeobox
D3 (HOXD3), entre otros.

Los resultados obtenidos en este estudio proporcionan genes candidatos a ser biomarcadores epigenéticos
asociados con NB, asi como un mayor conocimiento de las bases moleculares de esta enfermedad, caracterizada por
una marcada hipometilacion gen-especifica, entre otras alteraciones genéticas.
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DNA Hypomethylation Affects Cancer-Related Biological
Functions and Genes Relevant in Neuroblastoma
Pathogenesis
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Abstract

Neuroblastoma (NB) pathogenesis has been reported to be closely associated with numerous genetic alterations. However,
underlying DNA methylation patterns have not been extensively studied in this developmental malignancy. Here, we
generated microarray-based DNA methylation profiles of primary neuroblastic tumors. Stringent supervised differential
methylation analyses allowed us to identify epigenetic changes characteristic for NB tumors as well as for clinical and
biological subtypes of NB. We observed that gene-specific loss of DNA methylation is more prevalent than promoter
hypermethylation. Remarkably, such hypomethylation affected cancer-related biological functions and genes relevant to NB
pathogenesis such as CCND1, SPRR3, BTC, EGF and FGF6. In particular, differential methylation in CCND1 affected mostly an
evolutionary conserved functionally relevant 3’ untranslated region, suggesting that hypomethylation outside promoter
regions may play a role in NB pathogenesis. Hypermethylation targeted genes involved in cell development and
proliferation such as RASSF1A, POU2F2 or HOXD3, among others. The results derived from this study provide new candidate
epigenetic biomarkers associated with NB as well as insights into the molecular pathogenesis of this tumor, which involves a
marked gene-specific hypomethylation.
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DNA methylation was believed to affect DNA repeats and to be
mainly involved in structural-nuclear functions such as chromo-
somal instability [2].

Although the genomic profile of NB is well-characterized, DNA
methylation changes have not been extensively studied in these
tumors. Several genes have been reported as being methylated in
NB [4-9], nevertheless the genome-wide DNA methylation
pattern of NB is still greatly unknown. The aim of the present
study was to investigate the pattern of epigenetic changes in NB at
the genome-wide level using DNA methylation-specific micro-
arrays. Besides identifying changes globally associated with NB, we
characterized DNA methylation patterns associated with distinct
clinical and biological subtypes of the disease. Interestingly, we
observed that gene-specific loss of DNA methylation is more
prevalent than promoter hyperM. Such hypoM affected cancer-
related biological functions and genes relevant to NB pathogenesis

Introduction

Neuroblastoma (NB), the most common extracranial tumor of
childhood, is a complex developmental malignancy characterized
by numerous biologically significant genetic alterations that are
intimately associated with the clinical outcome of patients [1]. In
addition to genetic changes, the complex and heterogeneous
clinical evolution of NB greatly depends on patient’s age at
diagnosis, as well as clinical stage and histopathologic features of
the tumor [1].

Altered DNA methylation patterns have been widely reported
to be a critical factor in cancer development and progression. In
particular, regional DNA hypermethylation (hyperM) of CpG
islands in promoter regions of tumor suppressor genes as well as
global hypomethylation (hypoM) affecting DNA repeats are
considered to be the most frequent cancer-related epigenetic
changes [2,3]. So far, most studies have focused their attention on

the role and mechanisms of promoter hyperM, since loss of global
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such as CGNDI [10].
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Materials and Methods

Patients and samples

A total of 25 primary neuroblastic tumors (NT) including 22
NBs, 2 ganglioneuromas (GN) and 1 ganglioneuroblastoma (GNB)
were used for genome wide methylation analysis. Additionally, an
independent cohort of 13 NBs and 2 GN was used for bisulfite
pyrosequencing, mRNA gene expression and DNA copy number
variation analyses (Table 1 and Table S1A). GN and GNB as well
as normal human fetal brain (FB) and adrenal gland (AG) tissues
were used as reference samples. NB risk assessment was defined by
the International Neuroblastoma Staging System (INSS) [11].
Tumor samples were assessed by a pathologist (M..S.), only tumors
with >70% viable tumor cell content were included in the study.
DNA was isolated from snap-frozen samples using Cell Lysis
Solution (Promega, USA) and proteinase K (Sigma, USA)
following manufacturers’ protocols.

Ethics statement: The study was approved by the Institutional
Research  Ethics Committee (Comité Etico de Investigacion
Clinica, Fundacion Sant Joan de Déu — CEIC-FSJD). Patients/
parents/guardians signed an informed consent before collection of
samples.

Genome-wide DNA methylation profiling

DNA methylation profiling was performed using the Infinium
HumanMethylation27 BeadChip (Illumina, USA). Genomic DNA
bisulfite conversion and hybridization to the platform was
performed at the Human Genotyping Unit at the Spanish
National Cancer Center (CEGEN-CNIO, Madrid, Spain), as
previously described. Data were analyzed using the BeadStudio
software (version 3, Illumina Inc, USA) [12,13]. For each CpG site
we calculated the beta-value (Bvalue), which is a quantitative
measure of DNA methylation levels ranging from 0 for completely
unmethylated to 1 for completely methylated cytosines. Possible
sources of biological and technical biases that could affect our
results such as gender-specific and low quality CpGs were
excluded from the study [14-16]. Methylation microarray data
have been deposited at Gene Expression Omnibus data repository

(GSFE39626).

Table 1. Patients’ clinical and biological characteristics.

DNA Methylation Profiling in Neuroblastoma

Differential DNA methylation analysis

Since there is no consensus strategy for differential methylation
analysis, we used three different approaches. First, CpG sites were
categorized as hyperM when Bvalues were <0.25 in the reference
samples and >0.75 in at least 10% of NB samples, and hypoM
when Bvalues were >0.75 in the reference samples and <0.25 in
at least 10% of NB samples. Second, differential methylation was
defined as mean Pvalues between NB and reference samples
showing an absolute difference greater than 0.25 [17]. Finally, an
unpaired t-test was performed using Step Down Permutation
(SDP) [18] and False Discovery Rate (FDR) analyses [19]. Venn
diagrams were used to compare lists of differentially methylated
CpGs (http://www.pangloss.com/seidel/Protocols/venn.cgi) and
only those concomitantly identified by all three classification
criteria were defined as differentially methylated.

Hierarchical clustering and principal component analysis

Unsupervised and supervised agglomerative hierarchical clus-
tering were performed using the Cluster Analysis tool from Bead
Studio (version 3, Illumina Inc, USA). Principal Component
Analysis (PCA) was performed with R (www.r-project.org) using
the FactoMineR package available through Bioconductor.

Bisulfite pyrosequencing

To validate DNA methylation data, bisulfite pyrosequencing
(BPS) analysis was performed as previously described [20]. Briefly,
genomic DNA was bisulfite converted using EpiTect Plus Bisulfite
Conversion Kit (Qiagen, Hilden, Germany) according to manu-
facturer’s instructions. A subsequent PCR amplification was
performed using biotinylated primers (T'able S1B). Pyrosequencing
and data analysis were performed with the pyrosequencer analyzer
PyroMark Q96 (Qiagen, Hilden, Germany) according to manu-
facturer’s instructions.

Gene expression analysis

To assess expression levels of differentially methylated genes,
publicly-available expression microarray data sets [21-23] with
representative NB tumor spectra were analyzed. Raw data was
normalized to a z-score transformation. Unpaired t-test analysis
adjusted by SDP and FDR was performed. Genes with a

Characteristics

Methylation Array Samples (n=22)

Independent Sample Set (n=13)

Age, months
Median 28,9
Range 0-120
INSS, n (%)
Stage 1-3 11 (50)
Stage 4 7 (31,8)
Stage 4S 4(18,2)
MYCN status, n (%)
Amplified 5(22,7)
Non-amplified 16 (72,8)
Undetermined 1(4,5)

326
0-216

5 (38,5)
6 (46,2)
2 (15,3)

10 (76,9)
3(231)
0

doi:10.1371/journal.pone.0048401.t001
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The NB cohort used for genome-wide methylation analysis (Methylation Array Sample Set) as well as the NB cohort used for bisulfite pyrosequencing, mRNA gene
expression and DNA copy number variation analyses (Independent Sample Set) are reported in the table.
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statistically significant differential expression ($<<0.01), z-score >1
in >50% of samples, were considered differentially expressed.

For candidate genes, total RNA isolation and gene expression
quantification was performed for 10 cases included in the
methylation array and an independent set of 13 NB samples
using quantitative real time polymerase chain reaction (QRT-PCR)
as previously described [22] (Table S1B).

Bioinformatic annotation of differentially methylated
genes

The Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7 (http://david.abcc.nciferf.gov/) was used
for gene-annotation enrichment analysis and biological pathway
mapping [24]. Probability (Benjamini-Hochberg correction) lower
than 0.05 was considered statistically significant.

Differentially methylated genes were classified according to their
chromosomal localization. Probability distribution analysis was
performed to determine potential chromosome enrichment. P-
value<<0.05 was considered statistically significant.

Promoter classification of differentially methylated genes into
promoters with high (HCP), intermediate (ICP), low (LCP) and
mixed CpG content, as well as the identification of Polycomb
(PcG) target genes was performed as previously reported [14].

Hypergeometric probability distribution analysis with a prob-
ability cut-off <0.05, was performed to determine hyperM or
hypoM chromosome enrichment and to determine promoter type
and PcG-mark enrichment in differentially methylated genes.
Analyses were performed with SPSS version 15.0 (SPSS, Inc,
Chicago, IL).

Results

DNA methylation profiling and identification of
differentially methylated genes in NB

In order to investigate the pattern of DNA methylation in NB,
we analyzed 22 primary NB tumors using the Infinium
HumanMethylation27 BeadChip microarray. Two GN, 1 GNB,
as well as, normal human FB and AG tissues were used as
reference samples to identify differentially methylated genes
spectfic for NB.

We initially performed a quality control of the data obtained
from the microarray analysis and excluded 3337 gender-specific
and low quality CpGs. Additionally, one NB sample (NT18, Table
S1A) was excluded because of poor detection p-values.

Unsupervised Principal Component Analysis (PCA) performed
on all the samples included in the study, showed that NBs display a
clearly distinct DNA methylation profile as compared to normal
reference samples (FB and AG) and the clinically less aggressive
GNB and benign GN (Figure 1A), being these two entities
epigenetically undistinguishable from normal reference samples.
In order to identify differentially methylated genes in NB,
supervised analyses were performed using independently three
different reference samples (FB, AG and 2 GN with 1 GNB). By
comparing gene lists generated by these analyses we were able to
identify a common set of 351 genes, being 23 hyperM and 328
hypoM, in NB (Figure 1B, Table S2A). This set of genes will be
hereafter referred as NB-specific genes. We then performed a
supervised hierarchical cluster and a PCA using the hyperM and
hypoM gene sets separately. Remarkably, the DNA methylation
pattern of hyperM genes allowed us to differentiate NBs with
diverse MYCN amplification status. Interestingly, hypoM genes
segregated NBs by their age at diagnosis, clustering those with 5 or
more years separately from younger patients (Figure 1C and 1D).

PLOS ONE | www.plosone.org
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The NB-specific genes were ranked according to the percentage
of samples found differentially methylated and the level of Bvalue
changes. The most clearly hyperM genes in our series were EMPI,
RASSFIA, ACTC, GNG12, HOXD3, PAMRI, ILI7RC, CARDII,
POU2F2 and P2RY6 (Table S2B). Among these, RASSFIA and
POU2F2 have previously been described methylated in NB tumors
and cell lines. Here, both genes showed clearly increased
methylation levels in =80% of the NB samples, which is consistent
with prior reports [5,7,25]. Besides, to our knowledge only
HOXD3 has previously been described hyperM in cancer,
specifically in prostate carcinoma [26,27].

Applying the same strategy, 69 genes were clearly hypoM in NB
(Table S2B). Notably, among these we identified CCNDI. This
gene has been reported to be highly expressed in a significant
portion (>75%) of NB tumors and cell lines [10,28]. The 17 CpGs
analyzed across the length of the CCNDI locus revealed a complex
epigenetic pattern in NB cases and control samples (Figure 2A). In
NB, we observed a reduction of DNA methylation levels at 12 of
17 CpG sites and a significant hypomethylation, using stringent
criteria, only at two CpGs (Target IDs ¢g04717045 and
cg02723533). Unexpectedly, DNA methylation loss was observed
outside the 5" region of CCNDI, which was unmethylated in NB
cases and control samples. Hypomethylation within the gene-body
was not considered significant due to epigenetic heterogeneity in
the reference samples (Figure 2A). The 3’ untranslated region (3'-
UTR), in contrast, was consistently methylated in reference
samples and hypomethylated in a large fraction of NBs. At the
two significantly hypoM sites, 17 of 21 NB lose methylation as
compared to all the reference samples (Bvalue >0.90), being 11 of
them markedly hypoM (Figure 2A).

DNA methylation changes in clinically and biologically
relevant NB subgroups

A supervised approach was used to analyze differential DNA
methylation profiles between clinical and biologically relevant NB
subgroups.

High-risk (HR) NBs (n=09), defined as stage 4 and MYCN
amplified (MYCN A) tumors, were compared with low-risk (LR)
NBs (n=8), which include stage 1 to 3 MYCN non-amplified
(MYCN NA) tumors. A total of 19 clearly differentially methylated
genes were identified. Five genes were hyperM in HR with respect
to LR NB and reference samples, whereas no hypoM gene was
observed in this clinical subgroup. In contrast, hyperM was not
observed in LR NBs whilst 14 genes exhibited de novo loss of
methylation in this clinically favorable subgroup (Table S2C).

We next compared the two clinically relevant metastatic NB
subgroups, ie. stage 4 (n=6) and stage 4S (n=4) NBs. We
identified a total of 9 differentially methylated genes. Of these, 2
genes were hyperM in at least 3 of 4 stage 4S NBs and no hyperM
was detected in stage 4 NBs. With regard to hypoM, 5 and 2 genes
were observed in stage 4S and 4 NBs, respectively (Table S2C).

Comparing MYCN A (n=35) and NA (n=15) tumors, we
identified 23 differentially methylated genes (7 hyperM and 16
hypoM) in MYCN amplified with respect to non-amplified tumors
and reference samples (Table S2C).

Finally, we compared NBs based on patient’s age at diagnosis
using the clinically-established 18 month age cut-off, i.e. <18
months (n=11) and =18 months (n=10). According to our
selection criteria, no consistently differentially methylated genes
were identified, most likely due to the high heterogeneity in both
subgroups. Based on the supervised PCA analysis shown in
Figure 1D, we observed that patients with 5 or more years of age
segregated separately from the younger patients, suggesting
different underlying methylation patterns. A supervised analysis
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Figure 1. DNA methylation profiling and identification of differentially methylated genes in NB. A: Unsupervised Principal Component
Analysis (PCA) of array-based DNA methylation data in 21 neuroblastomas (NB) (classified according to INSS Stage), 2 ganglioneuroma (GN), 1
ganglioneuroblastoma (GNB); and normal reference samples: fetal brain (FB) and adrenal gland (AG). B: Venn diagram showing the strategy used to
identify NB-Specific genes. Hypermethylated and hypomethylated genes in NB were determined using three different supervised analyses with
distinct reference samples (FB, AG and GN/GNB). C: Supervised hierarchical cluster analysis of DNA methylation data from NB-specific genes in 21 NB
samples, 2 GN, 1 GNB; and 2 normal reference samples: FB and AG. D: Supervised Principal Component Analysis (PCA) in 21 NB samples, 2 GN, 1 GNB;

and normal reference samples: FB and AG for NB-specific genes.
doi:10.1371/journal.pone.0048401.9g001

was thus performed using two age cut-offs, 18 months and 5 years
(i.e. 0 to <18 months (n = 12), =18months to <5 years (n =4), =5
years (n = 5)). Differences between the methylation patterns of the
three age subgroups were observed. However, methylation was
heterogeneous in patients younger than 5 years, but clearly distinct
from the older NB patients (Table S2C). Applying only a 5 year
age cut-off (<5 years, n =16 and =5 years, n = 5), we identified a
clear DNA methylation pattern characterized by a set of genes
with a consistent loss of DNA methylation in patients younger than
5 years of age compared with the older patients, the latter being
similar to reference samples (Table S2C).

Technical and clinical validation of candidate genes by
pyrosequencing

DNA bisulfite pyrosequencing of 3 NB-specific candidate genes
(EMPI, GNGI2 and CCNDI) as well as of EPSTII, which is
differentially methylated in clinically relevant NB subgroups, was
performed to validate DNA methylation array data. Two NB
tumors included in the microarray as well as an independent
cohort of 13 NB and 2 GN samples were used for this aim. First,

PLOS ONE | www.plosone.org

the degree of correlation between microarray DNA methylation
and BPS data was tested and found to be significantly high
(r=0.958, p<<0.001) (Figure S1).

Consistent with the array results, EMPI and GNG12 NB-specific
genes showed high methylation levels compared to reference
samples in all the NB cases of the validation set (n=13) (Figure
S2B and S2C). CCNDI showed a clear loss of methylation in 10 of
the 13 independent NBs tested, which is in line with the
proportion of hypoM cases identified by the methylation array
(Figure 2A, 2B and 2C, Figure S2A). EPSTII methylation analysis
in the validation series also confirmed the array data (Figure S2D).

Association between DNA methylation and gene
expression

To investigate whether differential DNA methylation in NB is
associated with gene expression, we analyzed published gene
expression data of independent and representative NB tumor sets
[21-23]. Expression data was available for 13 of 23 hyperM and
136 of 328 hypoM NB-specific genes (Table S3A). Five of thirteen
(38.4%) hyperM genes showed lower expression levels as
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Figure 2. Methylation and expression data of CCND1. A: Graphical display of the DNA methylation levels of the 17 CpGs measured across the
CCND1 length. The heatmap shows the data from 21 neuroblastoma (NB) and reference samples (2 GN, 1 GNB; 1 FB and 1 AG). Below the heatmap we
show some genomic features of the CCND1 locus (UCSC Genome Browser, data from the hg19 adapted to the hg18) including Transcription Factor
binding sites (TFBS), evolutionary conserved DNAsel hypersensitive domain (DNAsel cluster) and Vertebrate Multiz Aligment, PhastCons Conservation
(Mammal Conservation) and miRNA target sites (TS). B: DNA methylation-specific pyrograms for CCND1. The pyrogram above corresponds to a
neuroblastoma sample whereas the pyrogram below corresponds to a reference sample (FB). Grey shading shows the percentage of methylation
observed for the CpGs analyzed. C: Box-plot for DNA methylation data of CCND1 obtained by bisulfite pyrosequencing in an independent cohort of
13 NB and 2 GN samples and reference samples. D: mRNA expression levels of CCNDT analyzed by qRT-PCR in two NB independent cohorts.
doi:10.1371/journal.pone.0048401.g002

compared to reference samples. In contrast, 10 of 136 genes Biological and functional features of differentially
(7.3%) with lower methylation levels were highly expressed in NB methylated genes in NB

as compared to reference samples. These results are in line with
previous studies reporting that only a fraction of genes with
promoter hypomethylation show a significant increase in gene
expression, being, possibly, conditioned to specific activation [29—

Differentially methylated genes were functionally characterized
using bioinformatic approaches. A gene ontology (GO) analysis of
genes hypoM in NB allowed the identification of significantly
enriched (p<<0.05) functions such as defense response, immune
30]. ) o ) o ) ) response, immune system process, response to stimulus and

To validate if differential DNA methylation in NB is associated epidermis development (Table S3B). Due to the small sample
with gene expression changes, we analyzed 5 candidate genes by size, gene sets derived from other comparisons did not result in any
gRT-PCR in 23 NBs with available RNA (10 cases included in the significantly enriched GO term.
methylation array and an independent set of 13 NB sampl.es)A In Most studies in adult tumors have reported that hyperM genes
general, hyperM genes showed lower expression levels in NB are enriched in promoters with high CpG content (HCP) and
samples compart?d to referen?e samples.. Likewise, most hypo.M PRC2 target genes in embryonic stem cell (ESC) [17]. Remark-
genes showed higher expression levels in the NB tumors with ably, in our series, the group of hyperM genes showed a loss for
respect to reference samples, confirming microarray data (data not HCP promoters (21.7% vs. 53.5% in the background, p=0.072)
shown). CCN_D 1 was found o be  highly cxprcss.cd in all NB and an enrichment for ICP promoters (34.78% uvs. 11.68% in the
samples, consistent with previous reports [10,31] (Figure 2D). backeround, p=0.012). No significant enrichment for PRC2
targets was observed (13% uvs. 9.6% in the background, p=0.49).
In contrast, hypoM genes showed the previously reported pattern

[17], ie. they were associated with an increase for low CpG

PLOS ONE | www.plosone.org 5 November 2012 | Volume 7 | Issue 11 | e48401



content promoters (LCP) (68.3% uvs. 22.6% in the background,
$<<0.001) and a decrease of PRC2 targets (3.3% uvs. 9.6% in the
background, p<<0.001) (Table S3C).

To determine if differential methylation in NB occurs homo-
geneously throughout the genome, the chromosome distribution of
NB-specific genes was analyzed. Given the small number of
hyperM genes no significant enrichment or grouped tendency was
observed (Table S3D). Conversely, a significant portion of hypoM
genes mapped to chromosomes 1 (48 genes), 17 (25 genes), 19 (58
genes) and 21 (9 genes) (p<<0.05 for all) and showed chromosome
specific localization. These genes mapped to specific chromosome
regions 1p36 (20%) and 1q21 (25%), chromosome 17p13 and
17q21 (both 27%), whereas the majority of genes identified on
chromosome 19 were restricted to 19p13 (>70%; 43 of 58), and all
chromosome 21 hypoM genes mapped to 2122 (9/9).

Dicussion

In the present study, we have analyzed the pattern of differential
methylation in primary NB samples using microarray-based DNA
methylation analysis. Unsupervised PCA showed that DNA
methylation profiles in NB are clearly distinct from those of the
clinically less aggressive GNB and benign GN and the normal
reference samples used in this study (Figure 1A). Differential DNA
methylation analysis using stringent criteria enabled us to identify
DNA methylation changes characteristic of NB tumors. Interest-
ingly, the pattern of hyperM and hypoM was found to be
associated with clinic-biologically relevant subgroups of NB
tumors. Specifically, the DNA methylation pattern of hyperM
genes allowed us to differentiate NBs with diverse MYCN
amplification status. HypoM genes segregated cases according to
age at diagnosis, clustering those with 5 or more years separately
from younger patients (Figure 1D). Supervised DNA methylation
analysis comparing well-known NB clinical subgroups confirmed
the existence of differentially methylated genes between high and
low risk tumors, MYCN A from NA tumors as well as stage 4 from
stage 4S5 NB. Previous reports analyzing specific candidate genes
have identified hypermethylated genes associated with MYCN
amplification status in NB cell lines and tumors [4], thus
corroborating the existence of subgroup-specific DNA methylation
patterns in NB. However, no consistent DNA methylation
differences were identified when comparing subgroups using the
clinically established prognostic age cut-off of 18 months. In
contrast, in line with the analysis shown in Figure 1D, a consistent
loss of DNA methylation was observed in patients younger than 5
years as compared to older patients and reference samples (Table
S2C). In NB, age at time of diagnosis is a powerful marker of
tumor behavior, and is thus critical in the prognostic evaluation of
this developmental malignancy [32]. Traditionally, patient’s age
has been analyzed as a binary function, with a cut-off point
initially established at 12 months and recently set at a more
optimal prognostic age cut-off of 18 months [32]. However, the
International Neuroblastoma Pathology Classification (the Shi-
mada system) evaluates the prognostic impact of the histological
features of the tumor considering two age cut-offs at time of
diagnosis: 18 months and 5 years [33]. Interestingly, although we
observed age-related DNA methylation patterns recalling these
two age cut-offs, they were more consistent using the 5 years cut-
off.

Opverall, we observed that loss of DNA methylation is more
prevalent than promoter hyperM in NB. This is in line with the
well known global hypomethylation of cancer cell DNA, generally
believed to affect repetitive sequences and satellite DNA and to
contribute to the generation of chromosomal instability [2].

PLOS ONE | www.plosone.org
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Therefore, gene-specific hypomethylation has not been extensively
studied. Interestingly, we observed that hypoM affected genes
relevant to NB pathogenesis such as CGNDI. Cyclin D1 is a
regulator subunit of cyclin-dependent kinases required for cell
cycle G1/8S transition that has been described highly expressed in
various types of solid tumors as well as in more than 75% of NBs.
The cause of CGNDI overexpression in these tumors is greatly
unknown. High-level amplifications of CGNDI have been reported
only in a small percentage (2%) of NB tumors [10]. Therefore,
mechanisms other than gene amplification seem to be responsible
for increased CCGNDI expression [34]. Recently, GATAS, a
transcription factor overexpressed in NB, has been reported to
be implicated in CCGNDI overexpression [35]. In this study, we
observed loss of CCNDI gene methylation in more than 70% of the
NB tumors analyzed, associated with high CCNDI expression
levels and absence of gene amplification (data not shown).
Differentially methylated CpGs were not localized in the promoter
region but in the 3" untranslated region (Figure 2A). Interestingly,
based on the data available in the UCSC Genome Browser
(GRCh37/hgl19), the 3'-UTR of CCNDI is an evolutionary
conserved DNAsel hypersensitive domain highly enriched for
microRNA target sites and Transcription Factor binding sites,
including GATA3, MYC, FOXAI/2 and JUND, among others.
Experimental data supporting the functional role of the 3'-UTR
region in the expression of CCGNDI have been reported in mantle
cell lymphomas (MCL), where in addition to the fusion of CGNDI
gene on chromosome 11 to the immunoglobulin heavy chain
enhancer, the loss of the 3'-UTR has been linked to hyper-
proliferative MCL [36]. However, CGND! rearrangements leading
to loss of the 3'-UTR have been observed only in a very small
percentage of NBs [10]. Noteworthy, in our series CGNDI hypoM
occurs in the presence of RASSFIA promoter hyperM. Selective
epigenetic silencing of RASSFIA is a common event in human
cancer, including NB where it has been reported hypermethylated
in >75% of tumors [5,25]. Ras association domain family 1
isoform A is a tumor suppressor that negatively regulates cell
proliferation by inhibiting cyclin D1 protein accumulation through
posttranscriptional mechanisms [37]. RASSFIA hyperM has
previously been inversely associated with cyclin D1 expression
and tumor cell proliferation [38]. It is thus tempting to speculate
that loss of CGNDI gene methylation in the 3’-UTR regulatory
region and concomitant hypermethylation of RASSFIA could
represent a potential mechanism underlying CGNDI gene overex-
pression in NB.

Loss of methylation also affected genes with cancer-related
biological functions i.e. SPRR3, previously reported as hypomethy-
lated in cancer, specifically in hepatocellular carcinoma [39].
Overexpression of SPRR3 has been reported to promote breast
and colon cancer proliferation by enhancing p53 degradation via
the AKT and MAPK pathways [40,41]. HypoM also affected genes
reported to stimulate cell proliferation, i.e. BTC, EGF and FGFb.
Betacellulin, member of the EGF family, has recently been
reported to induce proliferation of neural stem cells and prevent
spontaneous differentiation in cell culture via both the EGF
receptor (EGFR) located in NSCs and ErbB4 on neuroblasts [42].
The epidermal growth factor also acts via the EGFR to stimulate
cell proliferation and neoplastic transformation. Fibroblast growth
factor 6, a FGF family member, is implicated in self-renewal and
maintenance of pluripotency of ES and iPS cells [43].

On the other hand, epigenetically suppressed genes included
genes involved in tissue development and differentiation. Among
these, POU2FZ2, previously described as being hypermethylated in
NB tumors and cell lines, encodes a transcription factor involved
in neuronal differentiation [7,44]. Homeobox D3, member of the

November 2012 | Volume 7 | Issue 11 | e48401

91

Resultados Hipotesis y Objetivos Introduccion

Discusion

0
[0}
c

i
%)

=
3}
c
o

(&)

Bibliografia

Abreviaciones




92

Hox gene family, has been described associated with the
modulation of cell-adhesive properties during embryonic develop-
ment [45]. Aberrant methylation of HOXD3 has not been
described previously in NB, but has recently been reported as a
novel biomarker of prostate cancer progression together with
RASSFIA, TGF-$ and APC [27]. Differentiation-related genes
included JRF6, which encodes a transcription factor that regulates
craniofacial development and epidermal proliferation. IRF6
downregulation has been correlated with promoter methylation
in invasive squamous cell carcinomas [46]. Epithelial membrane
protein-1, a member of the peripheral myelin protein 22 family
expressed in first differentiating neurons, has been described
involved in neural differentiation [47]. Downregulation of EMPI
has been described in squamous cell lung carcinoma suggesting a
potential tumor suppressor function [48].

The functional characterization of differentially methylated
genes revealed that hyperM occurs predominantly at ICP
promoters, while hypoM affects mostly LCP genes, regardless of
the NB subgroup studied. Moreover, the vast majority of changes
of DNA methylation were observed in genes that are not targets of
PcG proteins in ESCs. These findings are in contrast with most
other tumors in which de novo methylation affects predominantly
genes with dense CpG island promoters highly enriched for PcG
targets [14,16,17]. The epigenetic features of NB identified in this
study may be related to the embryonic origin of this developmen-
tal disease, fundamentally different from that of adult cancers.
Additionally, chromosome distribution of NB-specific genes
showed that global DNA hypoM in NB is organized not only at
the functional level but also at spatial level since it significantly
affects specific chromosomes as well as chromosomal regions
previously described to be recurrently altered in NB.

This study provides a genome-wide view of the DNA
methylation landscape in NB. However, it is worth mentioning
that our conclusions are based on a small cohort of cases which
may have led to an overestimation of the data, and that the array
used does not differentiate 5-methylcytosine from 5-hydroxy-
methylcytosine. In spite of these caveats, our findings suggest that
hypoM is a prevalent epigenetic alteration in NB that affects
cancer-related biological functions and specific genes relevant for
NB pathogenesis, such as CCGNDI. Moreover, hypomethylation
involves chromosomal regions recurrently altered in this malig-
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Figure S1

Scatter plot of bisulfite pyrosequencing and Bvalues obtained on Infinium HumanMethylation27 BeadChip methylation levels,
for 4 genes (CCND1, GNG12, EMP1 and EPSTI1) in 4 samples (1 fetal brain, 1 adrenal gland and 2 neuroblastomas).
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Los tumores neuroblasticos (TN) constituyen aproximadamente el 40% de los tumores extracraneales
diagnosticados durante los primeros 4 ainos de vida y son la causa del 15% de las muertes por cancer en ninos menores
de 15 anos de edad (Kaatsch P 2010; Ora | y Eggert A 2011).

Estos tumores se originan en la glandula suprarrenal o en los ganglios del sistema nervioso simpatico a partir de células
primordiales derivadas de la cresta neural ya comprometidas en la diferenciacion de las células ganglionares del sistema
nervioso periférico. Un bloqueo en el proceso normal de diferenciacion de los neuroblastos se postula como la causa
fundamental de estos tumores (Mora J y Gerald W 2004; van Noesel MM y Versteeg R 2004).

Los TN estan constituidos por una proporcion variable de neuroblastos y células estromales de tipo Schwann.
Histolégicamente, el grado de diferenciacion de los neuroblastos y la proporcion de células estromales determinan
la clasificacion de los TN en tres grupos: neuroblastoma (NB) (predominio de neuroblastos indiferenciados o en
diferenciacion), ganglioneuroma (GN) (primordialmente células estromales y ganglionares [célula neuronal madura])
y ganglioneuroblastoma (GNB) (células estromales y ganglionares con focos de células neuroblasticas) (ver apartado
1.7). El comportamiento clinico de estos tumores depende intrinsecamente del grado de maduracion de las células
neuroblasticas y de la abundancia de estroma, siendo el GN la forma mas madura y benigna, y el NB indiferenciado pobre
en estroma el TN con mayor capacidad de proliferacion, asociado a pronéstico desfavorable.

Los avances en el conocimiento de la biologia de los TN adquiridos en los Gltimos 20 afos, se han traducido en un
incremento de la supervivencia de los pacientes. Actualmente una porcion elevada (al menos el 60%) de los TN tienen
una supervivencia excelente exclusivamente con cirugia. Sin embargo, los indices de supervivencia global del NB siguen
estancados en cifras extremadamente pobres desde hace anos, puesto que menos de un 50% de los pacientes con NB
de biologia desfavorable sobreviven a pesar de recibir tratamientos intensivos mutimodales (Mora J et al. 2008; Modak
Sy Cheung NK V 2010).

El NB agrupa un espectro muy heterogéneo de tumores que evolucionan de forma radicalmente distinta, mostrando en
ocasiones una proliferacion agresiva, mestastasica, resistente al tratamiento y con indices de supervivencia bajos, y en
otras, un crecimiento loco-regional con pronostico excelente. La variedad de comportamiento clinico del NB determina
un enfoque terapéutico que puede variar entre un abordaje terapéutico intensivo multimodal que incluye quimioterapia,
cirugia, radioterapia e inmunoterapia, o una actitud expectante (Mora J et al. 2006; Modak S y Cheung NK V 2010). Por
lo tanto, el esfuerzo y el reto principal reside en la capacidad para discriminar el tumor con una biologia agresiva de
aquellos cuya biologia es favorable.

En NB se han descrito numerosas variables clinico-biologicas que se asocian de forma significativa con la
evolucion clinica de este tumor (ver apartado 1.5y 1.6). Entre ellas destacan por su importancia pronéstica: la edad del
paciente al momento del diagnoéstico, el estado de amplificacion del oncogén MYCN, las ganancias y pérdidas de regiones
cromosdémicas concretas, las alteraciones del contenido de ADN (ploidia), la histologia y el indice de proliferacion de la
célula tumoral.

Actualmente los sistemas de estratificacion de riesgo clinico aceptados en NB, se basan en mdltiples combinaciones
de estas variables clinico-biologicas. Sin embargo, estos sistemas de prediccién de prondstico, aunque elaborados,
en algunos casos se han mostrado insuficientes para determinar con precision el grupo de riesgo clinico del tumor.
Existen subtipos de NB biolégicamente distintos que se hallan agrupados en un mismo estadiaje clinico y que reciben el
mismo tratamiento a pesar de que evolucionan de manera diferente. Esto es especialmente importante en los NB loco-
regionales, incapaces de metastatizar, que en su mayoria son biolégicamente favorables pero en algunos casos, aunque
poco frecuentes, pueden ser bioldgicamente agresivos y mortales para el paciente.

Las diferencias entre el pronéstico y la evolucion clinica son un reflejo de las caracteristicas genético-biologicas
subyacentes del tumor que tienen su impacto en los perfiles de expresion génica (De Preter K et al. 2010). Nuestro grupo
ha hallado, mediante un analisis de expresion génica con microarrays, perfiles transcripcionales de grupos de genes con
capacidad de discriminar entre subgrupos con claras diferencias de comportamiento clinico y biol6gicamente distintos,
como son los tumores cuasi-triploides (prondstico favorable) y los tumores cuasi-diploides/tetraploides (pronostico
desfavorable) (Lavarino C et al. 2008).

La aneuploidia o alteracion del niimero de cromosomas es un hallazgo muy frecuente en numerosas neoplasias (Gordon
DJ et al 2012). A diferencia de lo que ocurre en otros tumores, la hiperploidia se asocia con pronéstico favorable en NB.
Recientemente, el Grupo Internacional de Riesgo de Neuroblastoma (INRG, del inglés International Neuroblastoma Risk
Group) ha publicado el consenso internacional para incluir el indice de ADN de la célula tumoral, junto al estado alélico
de la region cromos6mica 11g23 y el estado de amplificacion del oncogén MYCN, como biomarcador en su sistema de
clasificacién (Ambros PF et al. 2009). Consiguientemente, los genes hallados diferencialmente expresados entre NB
cuasi-triploides (prondstico favorable) y NB cuasi-diploides/tetraploides (pronéstico desfavorable), son susceptibles de
poder representar un marcador molecular de pronéstico.
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En NB, se han llevado a cabo varios estudios dirigidos al analisis de expresion con microarrays con el fin de identificar
perfiles de expresion génica Utiles para predecir el pronostico de los pacientes (Ohira M et al. 2003 y 2005; Hiyama E
et al. 2004; Takita J et al. 2004; Schramm A et al. 2005; Oberthuer A et al. 2006 y 2010; Vermeulen J et al. 2009; De
Preter K et al. 2010). Sin embargo, la utilidad en la practica clinica de los perfiles de expresion hallados se ve limitada
por el nimero elevado de genes, la necesidad de cantidades elevadas de tejido tumoral adecuado, la necesidad de
métodos estadisticos y computacionales complejos, y la baja reproducibilidad de los datos obtenidos. Para traducir estos
perfiles en pruebas aplicables en clinica, es imprescindible reducir el nimero de genes y generar perfiles que puedan ser
analizados con una técnica convencional como es la reaccion en cadena de la polimerasa cuantitativa en tiempo real
(gRT-PCR, del inglés quantitative Real-Time Polymerase Chain Reaction).

Con este objetivo, nuestro grupo ha desarrollado un modelo estadistico de prediccion de prondstico basado en
el patron de expresion de genes hallados previamente diferencialmente expresados en NB con distinta ploidia (Lavarino
C et al. 2008). EI modelo ha sido desarrollado utilizando datos de expresion génica obtenidos mediante gRT-PCR de
muestras de tejido tumoral de 96 NB primarios. Inicialmente se realizdé un estudio exhaustivo de los perfiles de genes
diferencialmente expresados mediante modelos univariantes de regresion de Cox y analisis de componentes principales
(PCA, del inglés Principal Component Analysis). Estos analisis nos permitieron identificar tres genes Chromodomain
helicase DNA binding protein 5 (CHD5), Platelet-activating factor acetylhydrolase 1B (PAFAH1B1)y Non-metastatic cells
1 protein (NME1), asociados de forma estadisticamente significativa con las variables de valoracion de la evolucion
clinica, como son la supervivencia global (0S, del inglés Overall Survival) y supervivencia libre de evento (EFS, del
inglés Event Free Survival). Asimismo, estos tres genes mostraron la capacidad de discriminar entre NB con distinto
comportamiento clinico, por consiguiente, relinen el potencial para convertirse en marcadores de pronéstico clinico. Este
hallazgo llevo a nuestro grupo a preguntarse si la cuantificacion del patrdon de expresion de la combinacion de los genes
CHD5, PAFAH1B1 y NME1 podria representar un marcador Gtil para la prediccion del pronostico de pacientes con NB.

A partir de la combinacién lineal de los niveles de expresion de estos tres genes cuantificados por qRT-PCR, analizados
por PCA'y por modelos de regresion de Cox, hemos desarrollado un modelo estadistico con el objetivo de poder valorar el
riesgo clinico de cada paciente en funcién de una Unica variable que incorporara el perfil de expresion de los tres genes.

La validez del modelo se test6 utilizando datos de expresion obtenidos con gRT-PCR y de dos bases de datos publicas
de microarrays de expresion incluyendo un total de 362 pacientes. En todas las cohortes analizadas el modelo mostré
capacidad para clasificar de manera fiable los pacientes con evolucion clinica distinta.

Analisis multivariantes mediante modelos de regresién de Cox mostraron como el modelo desarrollado es un marcador
de prediccion de pronéstico independiente respecto a marcadores actualmente aceptados para NB (edad del paciente,
estado de amplificacion de MYCN, estado alélico de 1p y estadiaje segln el Sistema Internacional de Estadiaje del NB
(INSS, del inglés International Neuroblastoma Staging System)). Asimismo, un analisis comparativo con los sistemas de
estratificacion de riesgo clinico internacionales basados en la combinacién de diversas variables clinicas, morfologicas
y bioldgicas, demostré la capacidad predictiva y la robustez de nuestro modelo basado Gnicamente en los niveles de
expresion de tres genes. Cabe resaltar que el modelo propuesto también mostrd una elevada capacidad para discriminar
entre subgrupos de NB definidos por marcadores de prondstico ya establecidos. Entre ellos, se observé una clara
capacidad de clasificacion de los pacientes con NB loco-regionales sin amplificacion del oncogén MYCN. Estos resultados
son relevantes, ya que para este subgrupo de tumores la prediccion de su evolucion clinica continua siendo un desafio,
tal como demuestran los pacientes clasificados de riesgo clinico bajo o intermedio por pardmetros actualmente utilizados
para NBy que en cambio presentan una evolucion clinica adversa. Estos resultados sugieren que el modelo desarrollado
podria mejorar la clasificacion de estos pacientes y, consiguientemente, su tratamiento.

Ejemplos de modelos de prediccion de prondstico, similares al nuestro, y patrones de expresion génica basados en
un numero reducido de genes con capacidad predictiva, han sido propuestos previamente para la determinacion de
pronéstico en linfoma difuso de células B grandes (6 genes, Lossos IS et al. 2004), carcinoma de rindn de células claras
(3 genes, Yao M et al. 2008), sarcoma de partes blandas (3 genes, Hoffman AC et al. 2009) y cancer de pulmon de célula
no pequena (5 genes, Chen HY et al. 2007). En NB, diversos estudios han propuesto sistemas de clasificacion de riesgo
clinico basados en perfiles transcripcionales generados por microarrays de expresion génica. Aunque estos perfiles han
demostrado capacidad predictiva significativa, las listas de genes descritas hasta la fecha son demasiado extensas para
poder ser implementadas en la practica clinica de forma rutinaria; 144 genes (Oberthuer A et al. 2006y 2010), 59 genes
(Vermeulen J et al. 2009), 42 genes (De Preter K et al. 2010), 39 genes (Schramm A et al. 2005) y 19 genes (Wei JS et
al. 2004). Nosotros hemos refinado la lista de genes hallados diferencialmente expresados, y reducido a tres el nimero
de genes significativamente asociados con el comportamiento clinico del NB. Asimismo, hemos desarrollado un modelo
estadistico de prediccion de pronéstico basado en una técnica convencional como es la qRT-PCR, una técnica utilizada
en la practica clinica de forma rutinaria. Ademas, nuestro modelo ha mostrado una capacidad predictiva robusta e
independiente de otros marcadores de prondstico actualmente aceptados en NB.

En conclusion, el valor de este modelo viene dado por el nimero reducido de genes que lo componen, la viabilidad a nivel
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técnico (qRT-PCR), la aplicabilidad a biopsias de tejido tumoral pequenas, la rapidez y facil interpretacion ademas de la
reproducibilidad de los resultados, y el bajo coste econémico. Cabe destacar, que la valoracion del potencial predictivo
de este modelo y, consiguientemente, su viabilidad en la practica clinica, precisa de una validacion de forma prospectiva
en cohortes independientes de NB.

Introduccion

Los tres genes que constituyen nuestro modelo estadistico de prediccién de pronéstico han sido asociados
previamente con la biologia de los TN.

CHD5, es un gen supresor de tumores (GST) localizado en la region cromosémica 1p36.31, region recurrentemente
perdida en NB (Mora J et al. 2000; White PS et al. 2005, Bagchi A et al. 2007). La expresion génica de esta cromohelicasa
dependiente de ATP se encuentra restringida a tejidos neurales normales (Thompson PM et al. 2003) y ausente tanto
en lineas celulares como en tumores primarios de NB con caracteristicas clinico-moleculares asociadas a pronostico
desfavorable (histologia indiferenciada, amplificaciéon del oncogén MYCN, estadios avanzados de la enfermedad y
pérdida de la region cromosémica 1p) (Thompson PM et al. 2003; Fujita T et al. 2008; Okawa ER et al. 2008). Estudios
con microarrays también han observado niveles bajos de expresion de CHD5 asociados a NB de prondstico desfavorable
(Schramm A et al. 2005; Lavarino C et al. 2008 y 2009; Vermeulen J et al. 2009).

Hipotesis y Objetivos

PAFAH1B1, localizado en la regién cromosémica 17p13.3, codifica para una proteina acetilhidrolasa especifica de cerebro
conservada evolutivamente (Reiner O 1999; Gressens P 2000). PAFAH1B1 es un gen involucrado en el desarrollo del
cortex cerebral, la regulacion de la migracion de las neuronas a las capas corticales y el crecimiento axonal (Cardoso
C et al. 2002; Gambello M et al. 2003). PAFAH1B1 regula el desarrollo de la corteza cerebral actuando sobre dos
procesos: la proliferacion de progenitores neuronales y la migracion de las neuronas a las capas corticales. Mutaciones
del gen PAFAH1B1, asi como deleciones de la region cromosomica en la que se encuentra, producen diferentes grados
de alteracion del desarrollo de la corteza cerebral, que se pueden manifestar como diferentes tipos de anomalias
congénitas y enfermedades mentales, como la lisencefalia y el sindrome de Miller-Dieker, entre otras (Reiner O 1999).
Varios estudios han relacionado altos niveles de expresion de PAFAH1B1 con NB de pronéstico favorable (Ohira M et al.
2003; Oberthuer A et al. 2010).

Resultados

En nuestro estudio, observamos niveles elevados de expresion de CHD5 y PAFAH1B1 en tumores de bajo riesgo clinico,
por lo tanto, asociados con una supervivencia mas prolongada de los pacientes.

Discusion

Contrariamente, los niveles de expresion de NME1, el tercer gen del modelo, se han identificado elevados en NB de
alto riesgo clinico. Diversos estudios de expresion génica han hallado niveles de expresion de NME1 elevados en NB
clinicamente agresivos (Hailat N et al. 1991; Leone A et al. 1993; Hiyama E et al. 2004; Takita J et al. 2004; Schramm A
et al. 2005; Vermeulen J et al. 2009; De Preter K et al. 2010). NME1 esta localizado en 17¢21.3, una region cromosémica
caracterizada por ganancias recurrentes en los NB mas agresivos (van Noesel MM y Versteeg R 2004; Maris JM et al.
2007; Ora | y Eggert A 2011). El nucleésido difosfato quinasa codificado por NME1 esté involucrado en el desarrollo
embrionario normal, en la proliferacion y la diferenciacion celular (Lacombe ML et al. 2000; Lombardi D et al. 2000; Otero
AS 2000; Ouatas T et al. 2003).
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La estrecha asociacién entre la expresion génica de CHD5, PAFAH1B1 y NME1 y el comportamiento clinico del
NB, nos ha llevado a profundizar en el conocimiento de los patrones de expresion de las proteinas codificadas por estos
genes e investigar su potencial utilidad como marcadores inmunohistoquimicos de pronéstico en NB. En este proyecto,
hemos realizado la caracterizacion inmunofenotipica de CHD5 en tejido neural normal, en glandula suprarrenal y en 90
TN primarios.

La expresion génica de CHD5 ha sido descrita como restringida a tejido neural normal y glandula suprarrenal (Thompson
PM et al. 2003). Sin embargo, el patron de expresion de la proteina CHD5 no ha sido investigado. Nosotros hemos
descrito por primera vez el perfil inmunofenotipico de esta proteina.

Bibliografia

Observamos expresion nuclear de CHD5 en células de estirpe neuronal, con inmunoreactividad variable dependiendo de
la poblacién neuronal del cortex cerebral. Publicaciones recientes sugieren que las diversas clases de neuronas tienen
su origen en zonas germinales embrionarias distintas, y se caracterizan por la expresion de factores de transcripcion
y vias de senalizacién celular distintas (Anderson SA et al. 2002; Hevner RF et al. 2003; Gilbertson RJ y Ellison DW
2008; Rudy B et al. 2011). Consiguientemente, la distribucion de las neuronas en las diversas capas cerebrales esta
determinada por su perfil de expresion molecular (Hevner RF et al. 2003; Rudy B et al. 2011). Aunque en nuestro estudio
no observamos una distribucion especifica de la tincion de CHD5 en relacién a las distintas capas del cortex cerebral
normal, si que se identifico una asociacion entre el patron de expresion de CHD5 y las caracteristicas morfologicas,
fisiol6gicas y neuroquimicas de las neuronas.

Abreviaciones

En los tejidos neurales normales, las células gliales mostraron ausencia de tincién para CHD5. En los tumores gliales,
la delecion de la region cromos6mica 1p es una anomalia genética frecuente, afectando aproximadamente un 20% de
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los astrocitomas y un 60% de los oligodendrogliomas (Barbashina V et al. 2005; Assem M et al. 2012). En un estudio
previo, se identificaron niveles bajos de expresion de CHD5 en gliomas con delecion de la region 1p, mientras que en
gliomas que no mostraban esta alteraciéon cromosémica, se observaron niveles de expresion similares a los hallados en
el cerebro normal. Estos datos sugerian que la delecién de CHD5 podia ser un evento iniciador en la tumorigénesis de
los gliomas (Bagchi A et al. 2007). Nuestros resultados sugieren que todavia no existen evidencias claras del papel de
CHD5 como GST en los tumores gliales.

Los NB son tumores embrionarios, diversas evidencias confirman que estos tumores tienen su origen en los agregados
neuroblasticos primogénios de los tejidos simpaticos fetales (Mora J y Gerald W 2004; De Preter K et al. 2006). El
desenlace final de estos agregados en el desarrollo normal es todavia incierto, pese a que se postulan dos desenlaces;
que involucionan y desaparecen o que maduran y dan lugar a células del sistema nervioso simpatico (De Preter K et
al. 2006). En nuestra experiencia, los agregados neuroblasticos fetales no mostraron inmunoreactividad para CHD5,
Unicamente en algunos agregados de mayor tamano observamos neuroblastos dispersos con tinciéon difusa. Estos
resultados sugieren que la expresion de CHD5 podria iniciarse en agregados neuroblasticos en proceso de maduracion
o autoinvolucién. No obstante, las células que mostraban una discreta tincion de CHD5 no mostraban signos de
diferenciacion morfoldgica distintivos del resto de los neuroblastos inmunonegativos para CHD5.

Los TN, del mismo modo que el tejido normal neural, estan constituidos principalmente por dos poblaciones celulares:
neuroblastos y células estromales tipo Schwann. El potencial de malignidad de estos tumores esta relacionado con
el grado de maduracién de los neuroblastos y con la proporcidon de ambas poblaciones celulares. La caracterizacion
inmunofenotipica de CHD5 en TN identificd la expresion proteica circunscrita al nicleo de las células neuroblasticas
en diferenciacion y de las células ganglionares. Las células neuroblasticas indiferenciadas y las células estromales tipo
Schwann eran consistentemente negativas para CHD5. Sin embargo, la tinciébn mas intensa para CHD5 se observo en
las células neuroblasticas indiferenciadas que constituyen los NB estadio 4S.

Los NB estadio 4S conforman un subgrupo raro de TN mestastasicos, histolégicamente indiferenciados, altamente
proliferantes, que afectan lactantes habitualmente menores de 1 ano de edad. Estos tumores se caracterizan por una
elevada tasa de regresion espontanea sin la necesidad de tratamiento citotoxico, (Kushner BH y Cohn SL 2005; Maris
JM et al. 2007). Contrariamente, los NB estadio 4, tumores metastaticos, indiferenciados, con evolucién clinica muy
agresiva, que también pueden afectar lactantes, precisan de un tratamiento intensivo multimodal. Una distincion precisa
entre estos dos subgrupos de NB con enfermedad diseminada en ocasiones puede ser dificil, sin embargo es critica para
la toma de decisiones terapéuticas. En nuestra experiencia, la tincion nuclear intensa de CHD5 observada en los NB
4S permite una clara distincion de los estadio 4 consistentemente inmunonegativos. Estos resultados son consistentes
con nuestro estudio previo de analisis de perfiles transcripcionales mediante microarray, donde la expresion diferencial
de CHD5 permitia distinguir entre los subgrupos de NB metastasicos de los lactantes (Lavarino C et al. 2009). Todo
ello sugiere que la tincion inmunohistoquimica de CHD5 podria contribuir a la distincion entre los NB diseminados y
consiguientemente a mejorar el correspondiente manejo clinico de estos pacientes.

En NB, la tincion nuclear de CHD5 mostrd una correlacion estadisticamente significativa con una evolucion clinica mas
favorable. Estos resultados son consistentes con resultados publicados anteriormente sobre la asociacion entre elevados
niveles de expresion génica de CHD5 y tumores de prondstico favorable (Schramm A et al. 2005; Fujita T et al. 2008;
Lavarino C et al. 2008; Vermeulen J et al. 2009). Ademas, mediante analisis multivariantes con modelos de regresion
de Cox hemos demostrado como la capacidad predictiva del patron inmunofenotipico de CHD5 es independiente de
marcadores de prondstico ya establecidos para NB (edad del paciente al diagnéstico, estadiaje INSS, estado del oncogén
MYCN y pérdida de la regién cromosémica 1p).

A'lo largo de los Ultimos anos, numerosos estudios han asociado niveles de expresion de distintos genes (Neurotrophic
tyrosine kinase, receptor, type 1 (TrkA), FYN oncogene related to SRC, FGR, YES (FYN), Preferentially expressed antigen
in melanoma (PRAME), Zinc finger protein 423 (ZNF423), Heparanase (HPA) y Notchl entre otros) con la evolucion
clinica del NB (Nakagawara A et al. 1993; Berwanger B et al. 2002; Oberthuer A et al. 2004; Brodeur GM et al. 2009;
Huang S et al. 2009; Zheng LD et al. 2009; Chang HH et al. 2010). La expresién proteica de los receptores de la familia
tirosina quinasa, quienes tienen un papel crucial en el desarrollo normal del sistema nervioso, han sido extensamente
estudiados y caracterizados en NB (Nakagawara A et al. 1993; Brodeur GM et al. 2009; De Souza DRV et al. 2011). De
esta familia, la expresion del gen TrkA es la que mejor correlacion presenta con la evolucion clinica del NB (Nakagawara
A et al. 1993). Los resultados obtenidos en nuestro estudio de expresién de CHD5 sugieren una similitud con el patron
de expresion de TrkA. En ambos casos, una expresion negativa se asocia con NB de evolucion clinica desfavorable. Para
TrkA, numerosos estudios han relacionado bajos niveles de expresion con caracteristicas clinico-biolégicas desfavorables
como, por ejemplo, la amplificacion de MYCN (Nakagawara A et al. 1992 y 1993; Schramm A et al. 2005; Hishiki T et al.
2010; Light JE et al. 2012). De manera claramente distinta, la tincion de TrkA positiva no siempre se asocia con NB de
pronéstico favorable, ya que aunque se ha descrito una expresion elevada de TrkA en NB loco-regionales y en estadio 48,
un 34% de los NB estadio 4 también presentan inmunoreactividad positiva (Tanaka T et al. 1995 y 1998; Kramer K et al.
1996 y 1997). En cambio, en nuestro estudio la mayoria de pacientes estadio 4 analizados presentaron tincion negativa
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0 muy leve para CHD5 (>80%). Estos resultados, conjuntamente con la capacidad pronéstica independiente de CHD5,
sugieren que la tincién inmunohistoquimica de CHD5 podria ser un marcador Gtil para refinar los actuales sistemas de
clasificacion pronéstica en NB.

Introduccion

El tratamiento con quimioterapia puede inducir variaciones en los niveles de expresion génica en los tumores debidos a
cambiosimportantes enlos procesos celulares como son, entre otros, lainduccién de la diferenciacion celular, la reparacion
del ADN, la apoptosis y la necrosis tisular. Estos cambios se asocian a la respuesta del tumor al tratamiento. Los NB
indiferenciados pueden presentar maduracion neuroblastica aberrante en respuesta a la quimioterapia. La expresion de
CHDS5, circunscrita a células de NB en diferenciacion, en células ganglionares y ausente en neuroblastos indiferenciados,
sugiere una posible participacion de ésta en los procesos de diferenciacion neuroblastica. Estas observaciones nos
condujeron a estudiar el patron de expresion de CHD5 en un conjunto de 12 muestras de NB apareadas obtenidas al
diagnoéstico y después de recibir quimioterapia de induccién. La evaluacion de la expresion génica y proteica de CHD5
en este conjunto de muestras identifico una reactivacion de la expresion en aquellas muestras post-quimioterapia que
presentaban signos morfolégicos de maduracidén neuroblastica. Ninguno de estos tumores presentaba delecion alélica
de 1p. Mientras que los tumores en los que no se observaban cambios morfolégicos los niveles de CHD5 persistian bajos.
Es relevante destacar que la reactivacion de CHD5 se asocio significativamente con una respuesta objetiva a la terapia
y con tiempos de supervivencia mas largos de los pacientes. Actualmente no existen en NB marcadores moleculares de
respuesta al tratamiento y ésta se evalla clinicamente mediante la monitorizacion de catecolaminas y de sus metabolitos
(acido vanilmandélico y acido homovanilico) en orina, la evaluacion del tamafio de las lesiones medible con técnicas de
imagen (TAC o RMN), y analizando la histologia del tumor (grado de diferenciaciéon de las células tumorales y grado de
necrosis del tejido tumoral) en caso que se efectlie una cirugia “second-look” (Abramson SJ y Shulkin BL 2005; Maris JM
et al. 2007). Nuestros resultados sugieren que la restauracion de la expresion de CHD5, como efecto de la quimioterapia,
podria ser un marcador subrogado de respuesta al tratamiento. Este marcador podria ser una herramienta clinicamente
Gatil, ya que la deteccion de los niveles de CHD5 mediante técnicas de inmunohistoquimica convencionales permitiria
detectar de forma rapida y precisa aquellos pacientes que no se benefician del tratamiento. Dado el bajo nimero de
casos incluidos en el estudio, la valoracién de la potencialidad de este marcador y, consecuentemente, su aplicacién en
la practica clinica, precisa de una validacion prospectiva exhaustiva.

Hipotesis y Objetivos

Resultados

En conclusion, hemos identificado CHD5 como una proteina especifica de neurona. Su caracterizacion inmunofenotipica
en TN sugiere que podria ser un marcador inmunohistoquimico Gtil para la clasificacion del riesgo clinico de los pacientes
afectos de NB. Asumiendo la necesidad de una validacion prospectiva en cohortes independientes de NB tratados
uniformemente, los resultados obtenidos sugieren que la restauracion de la expresion de CHD5 podria ser un marcador
subrogado de respuesta al tratamiento.

Discusion

Durante la Ultima década, nimeros estudios han demostrado la importancia de los procesos epigenéticos en
el desarrollo, progresion y tratamiento del cancer. Actualmente, se considera el cancer como una enfermedad genética
y epigenética, ya que es la combinacién de ambas la que permite entender la biologia de esta enfermedad (Baylin SB y
Jones PA 2011).
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La epigenética abarca una serie de alteraciones somaticas heredables que afectan la expresion génica pero que no estan
causadas directamente por la alteracion de la secuencia nucleotidica del ADN (Esteller M 2008). La primera modificacion
epigenética descrita en cancer fue la alteracion del patron de metilacion del ADN. La alteracion de la metilacion del
ADN en células neoplasicas se caracteriza por un estado de hipermetilaciéon (hiperM) o ganancia de metilacion en las
regiones reguladoras de los genes supresores de tumores, conduciendo a su inactivacion, y por una hipometilacion
(hipoM), pérdida de metilacién del ADN generalizada que afecta principalmente regiones repetitivas del ADN provocando
inestabilidad cromosdmica (Esteller M 2008; Baylin SB y Jones PA 2011). Hasta ahora, gran parte de las investigaciones
han focalizado sus esfuerzos principalmente en el estudio del mecanismo de origen y la consecuencia de la hiperM de
la region promotora de los genes.

Bibliografia

EI NB es un tumor embrionario que se caracteriza por la presencia de numerosas alteraciones genéticas bioldgicamente
relevantes que se asocian de forma significativa con la evolucién clinica de los pacientes (ver apartado 1.5). No obstante
los avances en el conocimiento del perfil genético del NB, alin se desconocen muchas de las alteraciones que afectan
el patron de metilacion del genoma de esta enfermedad. Numerosos genes han sido descritos como metilados en NB
(Homeobox A9 (HOXA9), PYD and CARD domain containing (TMS1), Cyclin D2 (CCND2), Retinoic acid receptor, beta 2
(RARB2), Caspase 8 (CASP8), Ras association (RalGDS/AF-6) domain family member 1 (RASSF1A), TIMP metallopeptidase
inhibitor 3 (TIMP3), Keratin 9 (KRT9) o POU class 2 homeobox 2 (POU2F2), entre otros) (Gonzalez-Gomez P et al. 2003;
Alaminos M et al. 2004; Michalowski MB et al. 2008; Kamimatsuse A et al. 2009; Carén H et al. 2011; Grau E et al.
2011), sin embargo el patrén global de metilacién del ADN de estos tumores es aln considerablemente desconocido.

Abreviaciones

Nuestro grupo ha realizado un analisis del estado de metilacion del ADN utilizando tecnologia de microarrays de
metilacion (lllumina Infinium Human Methylation-27 BeadChip) sobre 25 TN. Analisis no supervisados de PCA mostraron
como los perfiles de metilacion del ADN de los NB se distinguen claramente de los TN menos agresivos, como son los
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GNB y GN, asi como de las muestras de tejido normal incluidas en el estudio, cerebro fetal y glandula suprarrenal. Este
resultado sugeria la existencia de un patron de metilacion del ADN especifico de los NB.

Mediante analisis supervisados, aplicando criterios restrictivos de seleccion, identificamos alteraciones en el patrén de
metilacion del ADN propias de los NB. El patrén de metilacion identificado en NB se asocio mediante analisis de PCA a
subgrupos clinica y biolégicamente relevantes en NB. En concreto, los genes identificados como hiperM eran capaces de
discriminar entre los NB segln el estado de amplificacion del oncogén MYCN mientras que el conjunto de genes hipoM
segregaba los casos en funcion de la edad del paciente al momento del diagnéstico, separando los pacientes con 5 o
mas anos de edad de aquellos mas pequenos. Este hallazgo nos condujo a estudiar, mediante analisis supervisados,
los patrones de metilacion del ADN propios de subgrupos de NB definidos por parametros clinicos y bioldgicos ya
establecidos. Los resultados corroboraron la existencia de patrones de metilacion diferencial entre tumores de alto
y bajo riesgo clinico, entre tumores con distinto estado de amplificaciéon del oncogén MYCN, y entre NB estadios 4 y
4S. Estudios precedentes han identificado genes hiperM asociados con el estado de amplificacion de MYCN en NB,
confirmando la existencia de patrones de metilacion especificos de subgrupos de NB (Gonzalez-Gomez P et al. 2003;
Alaminos M et al. 2004; Banelli B et al. 2005; Grau E et al. 2011). Sin embargo, al comparar los tumores segln la edad
del paciente al diagnostico, empleando como punto de corte 18 meses, no se observaron diferencias consistentes en el
estado de metilacion. En cambio, en los analisis supervisados de PCA, se observo que la pérdida de metilacion del ADN
permitia distinguir los pacientes menores de 5 anos de los pacientes mayores. En NB, la edad del paciente es uno de los
factores prondsticos mas utilizados en la practica clinica (Mora J et al. 2006; Sano H et al. 2006; Maris J et al. 2007).
Tradicionalmente, la edad del paciente ha sido analizada como una funcién binaria, con un punto de corte establecido
inicialmente a los 12 meses, pero en el ano 2005 diversos estudios demostraron un aumento de la supervivencia
en pacientes con edades comprendidas entre los 12 y 18 meses, sugiriendo que el punto de corte mas apropiado
podria estar en los 18 meses (London WB et al. 2005; Schimdt M et al. 2005; George RE et al. 2005; Sano H et al.
2006). Por otra parte, la Clasificacion Histopatolégica Internacional del NB (la clasificacion de Shimada) (INPC, del inglés
International Neuroblastoma Pathology Classification, the Shimada System) utiliza para la evaluacion y estadificacion del
riesgo clinico de los NB dos cortes de edad: 18 meses y 5 anos (Shimada H et al. 1999). Estos puntos de corte coinciden
con los patrones de metilacion del ADN especificos relacionados con la edad e identificados en nuestro estudio.

En conjunto, se observo que la alteracion mas prevalente en el patron de metilacion del ADN en NB es una disminucion de
los niveles de metilacion (hipoM). Este resultado es consistente con los patrones de hipoM globales descritos en cancer,
generalmente asociados a regiones repetitivas o satélites de ADN que contribuyen a la inestabilidad cromésomica (Dunn
BK 2003; Feinberg APy Tycko B 2004; Mulero-Navaro Sy Esteller M 2008; Baylin SBy Jones PA2011). Sorprendentemente
en nuestro estudio la hipoM que hemos observado es gen-especifica y afecta a funciones bioldgicas relacionadas con
cancer asi como a genes relevantes para la patogénesis del NB, como Cyclin D1 (CCND1).

El gen CCND1 se localiza en la region cromosémica 11q13, region perdida en un 35-45% de los NB y asociada a una
evolucion clinica desfavorable (Brodeur GM 2003; Ora |y Eggert A 2011). La funcion principal de CCND1 es la regulacion
de la proliferacion celular, activando CDK4 y CDK6 e induciendo la fosforilacion de la proteina del retinoblastoma, que a
su vez libera los factores de transcripcion necesarios para la transicion de la fase G1 a la S del ciclo celular (Molenaar
JJ et al. 2003; van Noesel MM y Versteeg R 2004). La sobreexpresion de CCND1 se observa en mas del 75% de los
NB (Molenaar JJ et al. 2003), asi como en otras neoplasias. En algunas neoplasias, como el carcinoma de cabeza
y cuello o carcinoma de pulmoén, la sobreexpresion de este gen es consecuencia de su amplificacion (Donnellar R y
Chetty R 1998); en cambio en el carcinoma de tiroides y el linfoma de células del manto se debe a un reordenamiento
cromosdémico (Rimokh R et al. 1994). En NB se desconoce cual es la causa de la sobreexpresion de CCND1, ya que
en sb6lo un 2% de los tumores se observa amplificacion del gen y Gnicamente en 1/96 muestras se ha identificado un
reordenamiento cromosémico (Molenaar JJ et al. 2003). Recientemente, se ha descrito que el factor de transcripcion
GATA binding protein 3 (GATA3) esta implicado en el mecanismo de sobreexpresion de CCND1 en NB (Molenaar JJ et al.
2010). En nuestro estudio hemos observado la pérdida de metilacion de CCND1 en mas del 70% de las muestras de NB
analizadas. Ademas, la hipoM de CCND1 se asocia, en nuestras muestras, con elevados niveles de expresion génica a la
vez que en ninguna de las muestras estudiadas se observé amplificacion del gen. Cabe destacar que los dinucleétidos
CG identificados como hipoM en CCND1 se localizan en la region 3’ no traducida (3’-UTR). Dicha regién, segun los
datos obtenidos del University of California Santa Cruz Genome Browser (GRCh37/hg19), es una regiéon conservada
evolutivamente, hipersensible a la enzima DNAsal y enriquecida con zonas de union de microARN y a factores de
trascripcion, como GATA3, MYC, FOXA1/2 y JUND, entre otros. En el linfoma de células del manto esta region es una
region funcional, puesto que su pérdida o reordenamiento se traduce a una mayor capacidad proliferativa (Deshpande
A et al. 2009). No obstante, en NB se han descrito muy pocos reordenamientos (1%) que conlleven la pérdida de dicha
region (Molenaar JJ et al. 2003). Por otro lado, en nuestra cohorte, la hipoM de CCND1 se observa conjuntamente con
una hiperM de la regién promotora del gen RASSF1A. La inactivacion epigenética del GST RASSF1A es comuln en NB,
mas del 75% de estos tumores presentan elevados niveles de metilacion en su regién promotora (Michlwoski MB et al.
2008). RASSF1A actla regulando la proliferacion celular mediante la inhibicion de la proteina codificada por CCND1
(Shivakumar L et al. 2002). En tumores endocrinos del intestino posterior se ha descrito que los niveles de metilacion
de RASSF1A son inversamente proporcionales a la expresion de CCND1 (Pizzi S et al. 2005). El conjunto de nuestras
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observaciones nos permiten sugerir que la pérdida de metilacion en la regién 3’-UTR de CCND1 y una concomitante
hiperM del promotor de RASSF1, podria representar un posible mecanismo involucrado en la sobreexpresion de CCND1.

Introduccion

La pérdida de metilacién del ADN en NB también se identifico en otros genes con funciones relevantes para el desarrollo
del cancer. Por ejemplo, el gen Small proline-rich protein 3 (SPRR3), cuya sobreexpresion induce a la proliferacion celular
en cancer de mama y de colon a través de la degradacion de p53 mediante la activacion de las vias de senalizacion de
AKTy MAPK (Cho DH et al. 2010; Kim JC et al. 2012). Recientemente SPRR3 ha sido descrito como hipoM en carcinoma
hepatocelular (Ammerphol O et al. 2012). La hipoM en NB también afecta a otros genes que estimulan la proliferacion
celular. Este es el caso del gen Betacelluline (BTC), del gen Epidermal groth factor (EGF) o del gen Fibroblast growth
factor 6 (FGF6). La proteina codificada por el gen BTC, induce la proliferacion e inhibe la capacidad de diferenciacién de
las células madre neurales in vitro (Gdmez-Gaviro MV et al. 2012), mientras que EGF estimula la proliferacion celular
y la transformacion neoplasica. En cambio la expresion de FGF6 mantiene la pluripotencialidad de las células madre
embrionarias y regula su autorenovacion (Chen G et al. 2012).

Hipotesis y Objetivos

Por su parte, la hiperM en NB afecta a regiones promotoras de genes implicados en el desarrollo, la diferenciacion
y la proliferacion celular, como por ejemplo RASSF1A (discutido anteriormente), POU class 2 homeobox2 (POU2F2),
Homeobox D3 (HOXD3), Interferon regulatory factor 6 (IRF6) y Epithelial membrane protein-1 (EMP1), entre otros. Los
genes POU2F2 y HOXD3, son ejemplo de genes involucrados en el desarrollo celular. POU2F2 codifica un factor de
transcripcion que regula la diferenciacion neural (Theodorou E et al. 2009). Recientemente se ha descrito su estado de
hiperM en lineas celulares y en tumores primarios de NB (Carén H et al. 2011). El gen HOXD3 forma parte de la familia
de genes Hox, la expresion de los cuales modula las propiedades de adhesion celular durante el desarrollo del tubo
neural (Taniguchi Y et al. 2011). Hasta el momento no se han descrito en NB cambios en el estado de metilacion de este
gen, aunque recientemente la hiperM de HOXD3 ha sido propuesta, conjuntamente con la ganancia de metilacion en
los genes Transforming growth factor, beta 2 (TGF32) y Adenomatous polyposis coli (APC), como indicador epigenético
de progresion clinica en el cancer de prostata (Liu L et al. 2011). Por otro lado, los genes IRF6 y EMP1, cuyo estado de
metilacion de sus regiones promotoras en NB no habia sido descrita hasta el momento, desempenan un papel clave
en los procesos de diferenciacion celular. El gen IRF6 codifica para un factor de transcripcion regulador del desarrollo
craneo-facial y de la proliferacion de los keratinocitos. Bajos niveles de expresion de IRF6 se han relacionado con la
metilacion de su regién promotora en carcinomas invasivos de células escamosas (Botti E et al. 2011). Mientras que
EMP1 tiene un papel crucial en la diferenciaciéon de muchos linajes celulares, entre ellos el de células B, neuronas o
podocitos (Wulf Py Suter U 1999; Liu ZY et al. 2011). Recientemente se ha sugerido que podria ser un GST en carcinoma
de pulmén (Zhang J et al. 2011).

Resultados

Discusion

La caracterizacion biolégica de los genes diferencialmente metilados en NB nos permitié observar que el estado de
hiperM en NB ocurre en regiones promotoras con densidad intermedia de dinucleétidos CG mientras que la hipoM
tiene lugar en genes enriquecidos por promotores con baja densidad de dinucleétidos CG. Por otra parte, los genes
diferencialmente metilados en NB no son genes diana de los complejos represivos formados por proteinas de la familia
Polycomb (PRC, del inglés Polycomb Repressive Complex). Estas observaciones difieren de los resultados obtenidos
en estudios de otros tumores, principalmente realizados en cancer de adultos, donde la metilacion de novo afecta
principalmente a genes densamente poblados de dinucleétidos CG (Martinez R et al. 2009; Martin-Subero JI et al. 2009
ay b; Richter J et al. 2009; Koga Y et al. 2009) y a genes diana de los PRC (Martin-Subero JI et al. 2009a; Hunkapiller J
et al. 2012; Easwaran H et al. 2012). Consiguientemente, las caracteristicas epigenéticas observadas en nuestro estudio
podrian estar relacionadas con el origen embrionario de los NB, origen que difiere de los tumores propios del adulto.
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Los genes identificados como diferencialmente metilados en NB se clasificaron segln su localizacion cromosémica.
Mediante analisis de probabilidades identificamos que los genes hiperM se distribuian a lo largo del genoma, por lo
contrario los genes hipoM localizaban de forma significativa en los cromosomas 1, 17, 19y 21. La pérdida y la ganancia
de regiones cromosémicas es una de las alteraciones mas caracterizadas en NB ya que se asocian al comportamiento
clinico de estos tumores, como por ejemplo la pérdida alélica de la region 1p, la ganancia del segmento distal del brazo
largo del cromosoma 17 o la pérdida de la region 19g23, todas ellas asociadas a pronéstico desfavorable (Brodeur GM
2003; van Noesel MM y Versteeg R 2004; Mora J 2006; Maris JM et al. 2007). Los resultados obtenidos en este estudio
sugieren que la pérdida de metilacion del ADN en NB no se produce al azar, ya que afecta a cromosomas y regiones
cromosoémicas recurrentemente alteradas en NB.

Bibliografia

En conclusion, hemos descrito un patron de metilacion del ADN propio del NB. Este se caracteriza por una elevada
disminucion de los niveles de metilacion gen-especifica que afecta a genes relacionados con funciones biologicas
alteradas en cancer asi como genes relevantes para la patogénesis del NB, como CCND1, y por una ganancia de metilacion
en regiones promotoras de genes involucrados en el desarrollo, la diferenciacion y la regulacion de la proliferacion
celular. Asi mismo, hemos identificado alteraciones en el estado de metilacion del ADN en distintos subgrupos clinicos y
biolégicos de NB. Todo ello nos ha permitido identificar genes candidatos a ser biomarcadores epigenéticos asociados al
NB, asi como profundizar en el conocimiento de las bases moleculares de esta enfermedad.

Abreviaciones
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De los resultados presentados en esta tesis doctoral se extraen las siguientes conclusiones:

1. Nuestro grupo ha desarrollado un modelo estadistico de prediccion de prondstico con el objetivo de poder valorar
el riesgo clinico de cada paciente afecto de neuroblastoma (NB) en funcién de una Unica variable que incorpora el
perfil de expresion de tres genes, Chromodomain, helicase DNA-binding protein 5 (CHD5), Platelet-activating factor
acetylhydrolase, isoforma 1B (PAFAH1B1) y Nonmetastatic cells 1, protein expressed in (NME1), asociados de forma
estadisticamente significativa con la supervivencia global y supervivencia libre de evento.

Introduccion

2. El modelo estadistico de prediccion de prondstico desarrollado esta basado en una técnica convencional como es la
gRT-PCR, una técnica utilizada en la practica clinica de forma rutinaria.

3. Entodas las cohortes de NB utilizadas para la validacion del modelo estadistico de prediccion de pronostico, el modelo
estadistico mostr6 la capacidad de clasificar de manera fiable a los pacientes en grupos de riesgo con evolucioén clinica
distinta.

Hipotesis y Objetivos

4. Analisis multivariantes mediante modelos de regresion de Cox mostraron como el modelo desarrollado es un marcador
de prediccion de pronéstico independiente rde los factores pronosticos actualmente aceptados en NB (edad del paciente
al diagnostico, estado de amplificacién del oncogén MYCN, estado alélico de la regién cromosémica 1p y estadiaje INSS).

5. La capacidad predictiva del modelo de pronéstico propuesto es equiparable a la de los sistemas internacionales
de estratificacion de riesgo clinico en NB, basados en la combinacién de diversas variables clinicas, morfolégicas y
biologicas.

Resultados

6. El modelo de prediccion de prondstico ha demostrado capacidad predictiva y robustez en la clasificacion de subgrupos
clinica y biologicamente relevantes definidos por marcadores ya establecidos en NB. Entre ellos, se observo una elevada
capacidad de clasificacion de los pacientes con NB loco-regionales sin amplificacion del oncogén MYCN.

7. El valor del modelo que proponemos viene dado por el nimero reducido de genes que lo componen, la viabilidad a
nivel técnico (QRT-PCR), la aplicabilidad a biopsias de tejido tumoral pequenas, la rapidez y facil interpretacion, ademas
de la reproducibilidad de los resultados, y el bajo coste econémico. Todo ello hace que sea potencialmente aplicable en
la préactica clinica.

Discusion

8. El modelo de prediccion de pronéstico desarrollado por nuestro grupo podria ayudar a refinar los actuales sistemas
de estratificacion de riesgo clinico, mejorando asi la clasificacion y, consiguientemente, el tratamiento de los pacientes
con NB.

9. La caracterizacion inmunofenotipica de CHD5 en tejido humano normal ha demostrado que es una proteina nuclear,
con expresion restringida a células de estirpe neuronal. La totalidad de las células gliales y la mayoria de agregados
neuroblasticos de la glandula suprarrenal en desarrollo son negativos para la expresién de CHD5.
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10. El patron de inmunoreactividad de CHD5 es variable y dependiente de la poblacion neuronal. La expresién de CHD5
no tiene una distribucion especifica en las distintas capas del cortex cerebral normal, pero existe una asociacion entre el
patrén de expresion y las caracteristicas morfologicas, fisioldgicas y neuroquimicas de las neuronas.

11. En los tumores neuroblasticos (TN), la expresion de CHD5 aparece circunscrita al nlicleo de las células neuroblasticas
en diferenciacién y de las células ganglionares. Los neuroblastos indiferenciados y las células estromales de tipo Schwann
no expresan CHD5.

Bibliografia

12. Los neuroblastos que constituyen los NB estadio 4S, se caracterizan por tener una inmunoreactividad para CHD5
intensamente positiva, en cambio, los NB estadio 4 diagnosticados antes de los 18 meses de edad, son consistentemente
negativos. Por ello, la expresién de CHD5 podria representar un marcador inmunohistoquimico Gtil para la distincion
entre estos dos subgrupos de tumores metastasicos con evolucion clinica radicalmente distinta.

13. La expresion de CHD5 se asocia de forma estadisticamente significativa con la supervivencia global y la supervivencia
libre de evento en pacientes afectos de NB.

Abreviaciones

14. Analisis multivariantes mediante modelos de regresion de Cox mostraron como la tincion inmunohistoquimica de
CHD5 es un factor pronéstico independiente de los marcadores actualmente aceptados para NB (edad del paciente al
diagnéstico, estado de amplificacion del oncogén MYCN, estado alélico de la region cromosdémica 1p y estadiaje INSS).

15. Nuestros resultados sugieren que el patrén de expresion de CHD5 podria representar un marcador inmunohistoquimico
de prediccion pronostica en NB.
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16. Los NB clinicamente agresivos, caracterizados por tener niveles de expresion de CHD5 muy bajos o ausentes, pueden,
en ocasiones, reactivar la expresion génica y proteica de CHD5 en respuesta a la quimioterapia. La reactivacion de
CHD5 post-tratamiento de induccion ha sido observada en tumores que muestran cambios morfoldégicos de maduracion
neuroblastica inducida por el tratamiento.

17. La reinstauracion de la expresion de CHD5 post-tratamiento de induccion se asocia de forma estadisticamente
significativa con una respuesta objetiva del tumor a la terapia citotoxica y a tiempos de supervivencia mas largos de los
pacientes con NB.

18. Nuestros resultados sugieren que el patron de expresion de CHD5 post-tratamiento de induccién podria representar
un marcador subrogado de respuesta al tratamiento, clinicamente Util para una identificacion rapida y precisa de
pacientes que no se benefician del tratamiento convencional.

19. El andlisis del estado global de metilacién del ADN en TN mediante tecnologia de microarrays de metilacion, ha
identificado patrones de metilacion diferencial propios del NB, asi como alteraciones del estado de metilacion del ADN
en distintos subgrupos clinicos y biolégicos de NB.

20. EI ADN del NB se ve afectado por una elevada disminucion de los niveles de metilacion (hipometilacion).

21. En NB, la hipometilacion es gen-especifica y afecta funciones bioldgicas relacionadas con cancer asi como a genes
relevantes en la patogenia del NB como Cyclin D1 (CCND1), entre otros.

22. La metilacion diferencial de CCND1 afecta principalmente a una region evolutivamente conservada y funcionalmente
relevante localizada en la region 3’-UTR del gen. La pérdida del patron de metilacion del ADN en regiones no promotoras
podria jugar un papel importante en el la patogénesis del NB.

23. El estado de hipometilacion de CCND1 y la concurrente hipermetilacion de Ras association (RalGDS/AF-6)
domain family member 1 (RASSF1A), podria representar uno de los mecanismos potencialmente involucrados en la
sobreexpresion de CCND1 en NB.

24. La hipometilacién del ADN observada en NB afecta de forma significativa tanto cromosomas como regiones
cromosdémicas descritas como recurrentemente alteradas en NB.

25. La ganancia de metilacion (hipermetilacion) en NB, afecta mayoritariamente regiones promotoras de genes
involucrados en el desarrollo, la diferenciacién y la regulacion de la proliferacion celular.

26. La hipermetilacion en NB ocurre preferencialmente en genes con regiones promotoras caracterizadas por una
densidad intermedia de dinucle6tidos CG, mientras que la hipometilacion tiene lugar en regiones promotoras con baja
densidad de dinucleétidos CG.

27. Los genes diferencialmente metilados en NB no son, generalmente, diana de los complejos represivos formados por
proteinas de la familia Polycomb.

28. Los resultados obtenidos en el analisis del estado global de metilacion del ADN en TN proporcionan genes candidatos

a ser biomarcadores epigenéticos asociados con NB, asi como un mayor conocimiento de las bases moleculares de esta
enfermedad.
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ADN: acido desoxiribonucleico

ADNc: ADN de cadena complementaria

ALK: Anaplasic Lymphoma Kinase

APC: Adenomatous polyposis coli

APS: adenosina-5’-fosfosulfato

ARN: acido ribonucleico

ARNm: ARN mensajero

ATP: adenosina trifosfato sulforilasa, del inglés Adenosine TriPhosphate

Bcl2: B-cell CLL/lymphoma 2

BIRCS5: Baculoviral IAP repeat containing 5

BRK: Brahma and Kismet domains

BTC: Betacelluline

C: citosina

CAMTA1: Calmodulin binding transcription activator 1

CASPS8: Caspase 8

CASZ1: Castor Zinc Finger 1

CCND1: Cyclin D1

CCND2: Cyclin D2

CG: dinucledtido citosina-guanina

CH3: grupo metilo

CHD: Chromodomain Helicase DNA binding

CHD5: Chromodomain Helicase DNA binding protein 5

CHGA: Chromogranin A

COG: Grupo de Oncologia Pediatrica de los Estados Unidos, del inglés Children‘s Oncology Group
DCX: Doublecortin

DDX53: DEAD (Asp-Glu-Ala-Asp) box polypeptide 53

DM: Cuerpos cromatinicos, del inglés Double Minute

DNMT: enzima ADN metil-transferasa, del inglés Mammalian DNA methyltransferase

dNTP: deoxi-nucleétido fosfato, del inglés Deoxyribonucleotide triphosphate

EFS: supervivencia libre de evento, del inglés Event Free Survival

EGF: Epidermal growth factor

EMP1: Epithelial membrane protein-1

ENO: Enolase 2 (gamma, neuronal)

ESIOP NB: Grupo de Estudio de NB Europeo dentro de la Sociedad Internacional de Oncologia Pediatrica Europea, del
inglés European Society of International Paediatric Oncology NB

FGF6: Fibroblast growth factor 6

FYN: FYN oncogene related to SRC, FGR, YES (FYN)

G: guanina

GATA3: GATA binding protein 3

GD2 synthase: beta-1,4-N-acetyl-galactosaminyl transferase 1

GN: ganglioneuroma

GNB: ganglioneuroblastoma

GNBi: ganglioneuroblastoma intermedio

GNBn: ganglioneuroblastoma nodular

GPOH: Grupo de Oncologia y Hematologia Pediatrica Aleman, del inglés German Pediatric Oncology and Hematology
Group

GST: gen supresor de tumor

hiperM: hipermetilacién

hipoM: hipometilacion

HOXA9: Homeobox A9

HOXD3: Homeobox D3

HPA: Heparanase

HPCE: electroforesis capilar de alta resolucion, del inglés High Performance Capillary Electrophoresis
HPLC: cromatografia liquida de alta eficacia, del inglés High Performance Liquid Chromatography
HRAS: v-Ha-ras Harvey rat sarcoma viral oncogene homolog

HSR: regiones cromosoémicas de tincion homogénea, del inglés Homogeneously Staining Regions
iCpG: isla de dinucleétidos CG

IGF2: Insulin-like growth factor 2

INO8O: /nositol Auxotroph mutant 80

INPC: Clasificacion Histopatologica Internacional del NB: Clasificacion de Shimada, del inglés International Neuroblastoma
Pathology Classification, the Shimada System,

INRG: Grupo Internacional de Riesgo de Neuroblastoma, del inglés International Neuroblastoma Risk Group
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INSS: Sistema Internacional de Estadificacion del NB, del inglés International Neuroblastoma Staging System
IRFG6: Interferon regulatory factor 6

ISWI: Imitation SWitch

JANB: Grupo Japonés de Estudios Avanzados en NB, del inglés Japanese Advanced NB Study Group
JINC: Grupo de Estudio Cooperativo Japones de NB infantil, del inglés Japanese Infantile Neuroblastoma Co-operative
Study Group

KCNB2: potassium voltage-gated channel, shaker-related subfamily, beta member 2

KRT9: Keratin 9

LINE: Long Interspersed Nuclear Elements

me5C: residuo 5-metilcitosina

MKI: indice mitético-cariorréxico, del inglés Mitosis-Karyorrhexis Index

MYCN: v-myc myelocytomatosis viral related oncogene, neuroblastoma derived

MRD: enfermedad minima residual, del inglés Minimal Residual Disease

NB: neuroblastoma

NME1: Nonmetastatic cells 1, protein expressed in

NURD: NUcleosome Remodeling and histone Deacetylase

0S: supervivencia global, del inglés Overall Survival

PAFAH1B1: Platelet-activating factor acetylhydrolase, isoforma 1B

pb: pares de bases

PCA: analisis de componentes principales, del inglés Principal Component Analysis

PCR: reaccion en cadena de la polimerasa, del inglés Polymerase Chain Reaction

PDH: Plant Homeo Domain

PHOX2B: Paired-like Homeobox Domain 2B

POU2F2: POU class 2 homeobox2

PPM1D: Protein phosphatase, Mg2+/Mn2+ dependent, 1D

PRAME: Preferentially expressed antigen in melanoma

PRC: complejos represivos de la familia Polycomb, del inglés Polycomb Repressive Complex
gRT-PCR: cuantificacion en tiempo real de la reaccion en cadena de la polimerasa, del inglés quantitative Real-Time
Polymerase Chain Reaction

RAR2: Retinoic acid receptor, beta 2

RASSF1A: Ras association (RalGDS/AF-6) domain family member 1

RIZ: Retinoblastoma protein-Interacting Zinc finger gene

RNM: resonancia magnética nuclear

RNTI: Registro Nacional de Tumores Infantiles

RPL22: Ribosomal Protein 22

SAM: S-adenosil-metionina

SANT: Switching-defective protin 3, Adaptor 2, Nuclear receptor co-repressor, Trancription factor IlIB
SDR: Smallest Region of consistent Deletion

SPRR3: Small proline-rich protein 3

SWI/SNF: mating tipe SWitching/Sucrose Non Fermenting

TAC: tomografia axial computarizada

TGFB2: Transforming growth factor, beta 2

TH: Tyrosine Hydroxylase

TIMP3: TIMP metallopeptidase inhibitor 3

TMS1: PYD and CARD domain containing

TN: tumores neuroblasticos

TrkA: Neurotrophic tyrosine kinase, receptor, type 1

TSS: inicio de transicion, del inglés Transcription Start Site

ZNF423: Zinc finger protein 423
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Anexo 1. Tabla resumen del Sistema de clasificacion del riesgo clinico en NB del Grupo de Oncologia Pediatrica
de los Estados Unidos.

Introduccion

Estadio INSS Edad Estado de MYCN Histologia INPC Indice de ADN Grupo de Riesgo

1 0-21 anos Cualquiera Cualquiera Cualquiera Bajo
<l ano Cualquiera Cualquiera Cualquiera Bajo 8

228 >= 1 afio - 21 afios NA Cualquiera : Bajo %
>=1 afno - 21 afnos A Favorable - Bajo o)
>=1 ano - 21 anos A Desfavorable - Alto o
<1 ano NA Cualquiera Cualquiera Intermedio ;
<1 ano A Cualquiera Cualquiera Alto %

3 >=1 ano - 21 anos NA Favorable - Intermedio NS
>= 1 ano - 21 anos NA Desfavorable - Alto :CE)'
>=1 ano - 21 anos A Cualquiera - Alto
<1 ano NA Cualquiera Cualquiera Intermedio

4 <1 ano A Cualquiera Cualquiera Alto 8
>=1 ano - 21 anos Cualquiera Cualquiera - Alto g
<1 afo NA Favorable >1 Bajo §

45 <1 afio NA Cualquiera =1 Intermedio é
<1 ano NA Desfavorable Cualquiera Intermedio
<1 ano A Cualquiera Cualquiera Alto

NA: No Amplificado
A: Amplificado
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O
(%)

>

&)
0
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Anexo 2. Tabla resumen del Sistema de clasificacion de riesgo clinico en NB del Ensayo Clinico NB2004, del
Grupo de Oncologia y Hematologia Pediatrica Aleman.

Estadio INSS Estado de MYCN Edad Alteracién 1p Grupo de Riesgo

NA Cualquiera - Bajo §
A Cualquiera - Alto .g
NA Cualquiera No Bajo g
NA Cualquiera Si Intermedio g
A Cualquiera - Alto ©
NA <2 anos No Bajo
NA >=2 anos No Intermedio
A Cualquiera - Alto ©
NA <lano - Intermedio %
A <1 afio - Alto @
Cualquiera >=1 afio - Alto S

45 NA <1 afio - Bajo oY
A <1 ano - Alto

NA: No Amplificado
A: Amplificado
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Anexo 3. Tabla resumen del Sistema de clasificacion del riesgo clinico en NB del Grupo Japonés de Estudios
Avanzados en NB.

Estadiaje japonés Edad Estado de MYCN Grupo de Riesgo
1 Cualquiera NA Bajo
2 Cualquiera NA Bajo
3 <1 ano NA Bajo
>1 ano NA Intermedio
<1 ano NA Intermedio
4Ao4B >1 afio NA Alto
4S <1 ano NA Bajo
Cualquiera Cualquiera A Alto

NA= No Amplificado
A= Amplificado

Anexo 4. Tabla resumen del Sistema de clasificacion del riesgo clinico en NB del Grupo de Estudio de NB de
la Sociedad Internacional de Oncologia Pediatrica Europea.

Estadiaje ESIOP Edad Estado de MYCN Grupo de Riesgo
1 0-18 anos - Bajo
NA Baj
0-11 meses ajo
. A Alto
2 o 3 extirpables -
- NA Bajo
>12 meses a 18 anos
A Alto
NA | i
0-11 meses ntermedio
) A Alto
2 0 3 no extirpables -
N NA Intermedio
>12 meses a 18 anos
A Alto
0-11 meses sin metastasis 6sea NA Bajo
4 0-11 meses con metastasis 6sea NA Intermedio
0-11 meses A Alto
>12 meses a 18 anos A Alto
NA Bajo
4 -11
S 0 meses A Alto

NA= No Amplificado
A= Amplificado
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Neuroblastic tumors (NBT) are composed by neuroblasts and Schwannian-like stroma. The
origin of these two cell subtypes remains unclear. In this study, we describe, a neuroblastic-
like subpopulation in neuroblastoma (NB) coexpressing GD2 and S100A6, neuroblastic and
glial lineage markers respectively. The GD2*/S100A6" neuroblastic subpopulation was

found to be enriched in low risk NB, distributed around the perivascular niche. Some stro-

Keywords:

Glial development
Neuroblastoma

Neural crest precursor cells
Neuroblasts differentiation
Tumor cell origin

mal bundles showed GD2*/S100A6 costaining. Metastatic bone marrow specimens also
showed GD2*/S100A6" cells. During in vitro retinoic acid induced differentiation of NB cell
lines, rare GD2*/S100A6 neuroblatic cells appeared. We conclude that GD2*/S100A6*
neuroblasts may represent a tumoral glial precursor subpopulation in NBT.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Neuroblastoma (NB) is the most common pediatric
extracraneal tumor and its origin has been clearly associ-
ated to the development of the sympathetic nervous sys-
tem [1,2]. Histologically, NB is mainly composed by
neuroblasts at different stages of differentiation, and a var-
iable amount of Schwannian-like stroma [3]. The ratio of
both cell types varies according to the degree of tumor
maturation and a correlation has been established between
the degree of differentiation of the neuroblastic subtype,
the proportion of the Schwannian-like stroma and the
outcome of the patient, being the undifferentiated
stroma-poor NB the most malignant and the stroma-rich
ganglioneuroma (GN) a benign form [3,4].

The origin of the Schwannian-like stromal cell remains
controversial, and the relationship between Schwannian-
like stromal cells and neuroblastic cells has not yet been

* Corresponding author. Address: Developmental Tumor Biology Lab-
oratory, Hospital Sant Joan de Déu, Edifici Docent, 4th Floor, 08950
Esplugues de Llobregat, Barcelona, Spain. Tel.: +34 932804000; fax: +34
936006119.

E-mail address: jmora@hsjdbcn.org (J. Mora).

0304-3835/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.canlet.2011.08.004

clarified. Since the amount of the Schwannian-like stroma
has been so clearly associated to better prognosis, it has
been speculated that Schwannian-like cells in the tumor
may influence tumor growth by secreting antiproliferative
and/or antiangiogenic signals [5,6]. In this regard, experi-
mental evidence shows that when co-cultured in vitro,
neuroblasts derived from neuroblastoma tumors can
enhance the proliferation of Schwann cells [7]. One
hypothesis is that both the Schwannian-like stromal cells
and the neuroblastic cells could arise from pluripotent
neoplastic cells originating from the neural crest. Mora
et al. showed that Schwannian-like stromal cells had the
same genetic alterations as neuroblastic cells [8]. An alter-
native theory, proposed by Ambros and colleagues [9],
stated that Schwannian-like stromal cells in neuroblastic
tumors are likely to be reactive in nature and may have
been recruited from normal tissues. Recent studies have
provided evidence supporting both hypothesis, Du et al.
[10] showed how human bone marrow stromal or mesen-
chymal stem cells differentiate into Schwannian stroma
cells when injected into xenografted human NB tumors
in a murine model and in co-culture with NB cells
in vitro. Whereas, Coco et al. [11] identified loss of
heterozigosity at 1p36 loci in both the Schwannian cell
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component and the whole ganglioneuroblastoma
intermixed (Schwannian-rich) tumor specimen. Also,
Delattre’s group [12] suggested that Schwannian-like
stromal do not derive from neuroblastic cells, but that
nevertheless both cell populations share a common
multipotential progenitor

In vitro, NB cell lines have been subjected to induced
differentiation towards both neuronal and glial-like cells,
suggesting that undifferentiated neuroblasts retain a muti-
potential state [13,14] and are able to recapitulate the dif-
ferentiation process of the neural crest cells of the trunk
[15]. In 1973 Biedler et al. [16] described for the first time
three cell subtypes spontaneously arising in NB cell line
cultures: the N (neuroblastic), S (substrate adherent) and
I (intermediate) subtypes. These three cell line subtypes
were isolated and characterized on the basis of the differ-
ent cell morphology, cell culture behavior and protein
expression pattern [16,17]. I-subtype cells have been pro-
posed as NB stem cells [18,19]. These cells have morpho-
logical and culture growth characteristics that are
“intermediate” between N- and S-type cells, and express
marker proteins of both cell lineages. I-type cells have been
reported to have a bipotential capacity to differentiate
towards both neuronal and glial lineage when induced
with retinoic acid and 5-bromo-2’'-deoxyuridine, respec-
tively. According to our previous studies in vitro, the cell
membrane ganglioside GD2, and the calcium binding
protein S100A6 were found to be reliable markers for the
identification of neuroblastic and glial lineage cells, respec-
tively [13]. Our results showed that N- and I-type cells pos-
sess a similar differentiation potential and represent an
uncommitted stage between neuronal and glial fates,
whereas S-type cells seem to be committed towards a glial
lineage fate

The aim of the present study was to explore in vivo in
NBT, the presence of cells that express simultaneously neu-
ronal (GD2) and glial (S100A6) cell lineage marker pro-
teins, bipotential cells, that could embody a potential
NBT precursor or initiating cell. In this study, we have
identified, in primary NB tumor samples, a morphologi-
cally undistinguishable tumoral subpopulation of neuro-
blasts that have features of both neuronal and glial
features. In vitro, we were able to recapitulate the differen-
tiation stages which give rise to these bipotential cells, and
demonstrate how some neuroblastic tumor cells give rise
to other cellular components of the tumor.

2. Material and methods
2.1. Patients and samples

Thirty-seven NBT (18 NB, 2 GNB and 2 GN at diagnosis
and 15 NB post-treatment) snap frozen tumor specimens
as well as 8 metastatic bone marrow biopsies were ob-
tained from patients diagnosed and uniformly treated at
Hospital Sant Joan de Déu, Barcelona (HSJD). Tumor cell
content and viability was evaluated by pathologist. This
study was approved by the Institutional Review Boards
and informed consent was obtained before collection of
all samples.
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2.2. Immunostaining

Tumor tissue cryosections (5 um) and bone marrow
smears were fixed with paraformaldehyde (PFA) 4% pH 7.4
for 20 min., nonspecific sites were blocked with bovine
serum albumin (BSA) 1% 30 min~' h. Primary antibodies
specific for ST00A6 (CACY-100 clone; 1:1000; Sigma, US),
GD2 (14.G2a; 1:800; BD, US), CD34 (prediluted; Novocastra,
UK)and PARP p85(1:1500; Promega, US) were incubated for
1-3 h at room temperature or overnight (O/N) at 4 °C. DAB
Novolink Polymer Detection System (Novocastra, UK) was
used for immunohistochemical staining. For immunofluo-
rescence analysis, secondary antibodies anti-mouse IgG
labelled with Cy3 and FITC (Sigma, US) were incubated for
45 min. Nuclei counterstaining was performed with 4'6-dia-
mino-2-phenylindole (DAPI) for immunofluorescence and
hematoxilin for immunohistochemistry.

2.2.1. Double immunofluorescence

Cryosections were fixed and blocked as described
above, anti-S100A6 (1:1000) was incubated O/N at 4 °C
and then with anti-mouse IgG-Cy3 (1:400) for 45 min. Sec-
ond blocking step was performed using FAB fragments
(1:500; Jackson Immunoresearch Laboratories, US) during
30 min. Anti-GD2 (1:800; BD, US) was incubated 30 min
and then stained with anti-mouse IgG-FITC (1:700; Sigma,
US). Nuclei were counterstained with DAPI (1:5000; Sigma,
US).

Cryosections were mounted with anti-shade mounting
media (Vector Laboratories, US). Slides were Kkept at
—20°C until analyzed with a Leica 5000B epifluorescence
microscope.

The proportion of GD2*/S100A6" neuroblasts was
assigned a score from 0 to 3: 0=<1%; 1=1-10%; 2 =10-
25%; 3 = >25% of the totality of neuroblasts in the sample.

2.3. Differentiation induction

Neuronal differentiation was induced in three NMYC
amplified neuroblastoma cell lines,SK-N-Be2C and SK-N-
LP, both I-type and LAN-55 N, N-type cell line,by addition
of 1 uM of all-trans retinoic acid (ATRA) during 60 days,
following the protocol described previously [13].

2.4. Fluorescence activated cell sorting (FACS)

Nine snap-frozen tumor biopsies, collected and stored
following our institution biobank advices, were used for
FACS and subpopulations analysis. Tumor fragments were
washed with HBSS (Sigma, US), dissected into small pieces
of 1 mm? and subsequently, enzymatically disaggregated
with 1 mg/ml Collagenase IV (Sigma, US) and 2000 units
DNAse I (Sigma, US) in 4 ml of HBSS during 30 min-1 h
(h) at 37 °C in a shaking bath. Cells were washed and cen-
tifruged 1.5g for 5 min. Disaggregated tumor cells were
fixed in 0.5% PFA during 2 h. Cells were incubated with
anti-S100A6 antibody (1:50) O/N at 4 °C and the secondary
antibody anti-mouse IgG1-Hilyte647 (1:300; Anaspec, US)
during 45 min. The second antibody staining was
performed by incubating anti-GD2 (3:100) during 1 h and
the secondary antibody anti-mouse IgG-FITC (1:400)
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during 45 min. After each step cells were washed twice in
1.5 ml PBS and finally resuspended in 0.5-1 ml PBS and
kept at 4 °C in darkness until analyzed. All the antibodies
were diluted in 1% BSA. Cell sorting was performed using
the BD FACSAria cell sorter (Beckton Dickinson, US).

As positive control of the double staining procedure,
GD2%/S100A6~ SK-N-ER cell line and GD2~/S100A6" LA1-
5S (S-type) cells were mixed in a 1:1 proportion and ana-
lyzed as mentioned above.

DNA staining was performed with Hoeschst 33342
(Ho342) (Sigma, US).

CD133 staining analysis was performed as follows: 10°
fixed disaggregated tumor cells were incubated with anti-
CD133-PE O/N at 4 °C (AC133; 1:10; Miltenyi Biotech, Ger-
many) and negative control staining was performed by
incubating fixed disaggregated tumor cells with IgG-PE
(1:300; Sigma, US).

2.5. NMYC copy number determination

Sorted cell subpopulations were centrifuged 5000g
5 min and DNA extraction was performed using QiaAMP
DNA Micro kit (Qiagen) following manufacturer’s protocol.
DNA was quantified using Nanodrop N-1000. NMYC gene
copy number was determined by Q-PCR as described else-
where [20].

3. Results
3.1. GD2+/S100A6+ cell subpopulation in neuroblastic tumor samples

In our previous studies in vitro, GD2 and S100A6 proteins were found
to be reliable markers for the identification of neuroblastic and glial line-
age cells, respectively [13]. Here, both markers were used to study pri-
mary neuroblastoma tumor samples.

In all primary neuroblastic tumor samples analyzed (n = 22), intense
cell membrane GD2 expression was observed in all the cells morphologi-
cally identified as neuroblastic (Fig. 1). Conversely, no GD2 specific staining
was detected in primary ganglioneuroma (n = 2) or ganglioneuroblastoma
(n=2) tumors, showing specific expression only in the morphologically
undifferentiated neuroblasts (data not shown). ST00A6 expression was
detected in the nuclear membrane of all the cells constituting the Schwan-
nian stroma and also in cells morphologically assessed as blood vessels.
Moreover, S100A6 nuclear expression was observed in isolated, sparse
undifferentiated neuroblasts (Fig. 1).

On the basis of these results, GD2 and S100A6 double immunostain-
ing was performed in 18 primary non-treated diagnostic NB samples and
15 post-treatment specimens. Concomitant expression of both markers
was observed in a subpopulation of neuroblasts (<25% of the total) in
16 (89%) of the 18 samples obtained at diagnosis. In those tumors, the
majority of the GD2*/S100A6" neuroblasts within the tumor were found
isolated and surrounded by GD2*/S100A6 neuroblasts. In primary
tumors, besides the GD2*/S100A6* neuroblasts, also some morphologi-
cally Schwannian-like double stained cells were identified in the stromal
bundles and in some of the blood vessels (Fig. 1, arrows). In 7 out of 15
(46%) post-treatment cases analyzed, GD2*/S100A6" neuroblasts were
found, showing a scattered distribution amongst the GD2*/S100A6~ neu-
roblasts and, in some cases, also some blood vessels were GD2*/S100A6".

Altogether, a small subpopulation of neuroblasts is double stained
with both GD2/S100A6, neuroblastic and stromal markers respectively.
The co-expression of GD2 and S100A6 in non neuroblastic cells might
enlighten their potential tumorigenic origin.

3.2. GD2+/S100A6+ cells in clinically relevant subgroups of NBTs

Since a broad range (0-25%) of GD2'/S100A6" neuroblasts was
detected amongst the different NBTs analyzed, we investigated the rela-
tionship between the number of GD2*/S100A6* neuroblasts and the

clinico-pathological features of the tumors. The proportion of GD2*/
S100A6" neuroblasts was analyzed with respect to recognized clinico-
pathological risk factors. High risk tumors were defined as those tumors
with NMYC amplification or stage four disease, and low risk tumors
defined as tumors with stages 1, 2, 3, 4s and NMYC not amplified.

No differences were identified in the proportion of GD2*/S100A6
neuroblasts among histologically defined undifferentiated/poorly differ-
entiated and differentiating neuroblastoma tumors. A statistically signif-
icant (p = 0.0081) difference was detected when low risk and high risk
tumors were compared, being the low risk tumors those with a higher
number of GD2*/S100A6" neuroblasts. A mean proportion average pro-
portion of 20% GD2*/S100A6" neuroblasts of the total neuroblastic popu-
lation was identified for low-risk cases, whilst only an average of 9%
GD2*/S100A6" was identified in the high risk cases (Fig. 2A).

Seven (46%) out of 15 post-treatment NB samples analyzed contained
undifferentiated/poorly differentiated neuroblasts. In all of these samples
a highly variable percentage (ranged from 0% to 45%) of GD2"/S100A6"
neuroblastic cells was seen. The presence of co-stained cells was
restricted to the non-necrotic/fibrotic areas where blood vessels could
be identified. (Fig. 2B). When the high-risk tumors at diagnosis were com-
pared with the post-treatment samples the proportion of GD2*/S100A6*
neuroblasts were higher in the post-treatment samples, however, the var-
iability amongst these cases was too high to be statistically significant
(Fig. 2A).

Taken together, these data suggest that in NB the proportion of GD2*/
S100A6" neuroblasts is associated with the clinical risk of the tumor and
not with the histopathological features.

+

3.3. Perivascular distribution of GD2*/S100A6" cells

In brain tumors, the distribution of cancer stem cells has been
described to be perivascular [21]. In this study, we have analyzed the per-
ivascular distribution of GD2*/S100A6" neuroblasts, in order to see if they
follow a specific distribution. To this purpose, serial cryosections of 6
tumors (4 pre and 2 post-treatment) were stained with GD2/S100A6
and CD34/S100A6. The GD2*/S100A6* neuroblasts showed a tendency
to lay close to the stromal areas, where the blood vessels can be found
too (Fig. 2B). The perivascular distribution of GD2*/S100A6" neuroblasts
was quantified in the cell layers surrounding the blood vessels. An enrich-
ment of GD2*/S100A6" neuroblasts was found in the cell layers closest to
the blood vessels (Fig. 2C) (p < 0,01). These results suggest that GD2*/
S100A6" neuroblasts are not distributed randomly, but either arise from
or tend to populate the near stromal regions.

3.4. GD2*/S100A6" neuroblasts in bone marrow metastasis

To determine whether the GD2*/S100A6" neuroblastic subpopulation
is present in the metastatic sites, bone marrow (BM) specimens from 8 NB
patients with diffuse BM disease were analyzed by double
immunofluorescence.

To assess the GD2/calcyclin specificity in the BM tissue, BM aspirates
from 1 non-tumoral and 4 non-neuroblastoma tumor (Ewing sarcoma,
retinoblastoma, Langherhans cell histiocytosis, and esthesioneuroblas-
toma) patients were also analyzed as negative controls. In these samples,
no GD2 staining was detected in the BM cell subpopulations, while
S100A6 nuclear membrane staining was observed in immature lympho-
cytes as previously reported [22]. Conversely, all the NB bone marrow
samples analyzed (n = 8), showed cell membrane GD2 staining in the neu-
roblastic aggregates. In all of these clusters, one or two morphologically
neuroblastic cells (never representing more than 10% of the total cells
of the aggregate) were concomitantly positive for GD2 in the cell mem-
brane and for S100A6 in the nuclear membrane (Fig. 2D). Thus, the
GD2*/S100A6" subpopulation of neuroblasts was also present in the BM
metastatic site.

3.5. Cell apoptosis

Recently, upregulation of S100A6 expression has been related with
cell growth inhibition and apoptosis [23,24]. We found an increase in
the amount of GD2+/S100A6+ neuroblasts in post-treatment specimens
showing areas of cell differentiation as well as necrosis. In order to inves-
tigate a potential association of S100A6 immunostaining with apoptosis
processes, GD2/S100A6 double staining was performed in parallel with
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Low risk

High risk

Fig. 1. Identification of the GD2*/S100A6"* neuroblasts in low and high risk neuroblastoma. The majority of tumor cells are GD2*/S100A6~ neuroblastic
cells; a variable proportion of GD2*/S100A6" neuroblasts and stromal regions were both GD2/S100A6™ and GD2*/S100A6". (A-E) Stainings in low risk
neuroblastoma. (F-]) High risk neuroblastoma. (A and F) Control section of hematoxilin-eosin (HE) is shown (10x magnification). (B and G) S100AG6 staining.
(C and H) GD2 staining (D and I) High magnification (63x) showing GD2+/S100A6+ neuroblasts. (E and ]) Different amount of GD2*/S100A6" can be
identified in the low risk versus the high risk tumor (20x magnification). White arrows show the blood vessels.

caspase-cleaved fraction of the Poly (ADP-ribose) polymerase (p85 PARP)
in serial tumor cryosections (n = 6). Both the localization and the percent-
age of p85 PARP positive cells within the analyzed tumors sections
showed no correspondence with GD2*/S100A6* neuroblasts (Fig. 3).
These results suggest that GD2*/S100A6" expression is not related to
apoptotic processes in NB.

3.6. GD2*/S100A6" neuroblast cells isolation

In order to further characterize the GD2*/S100A6* NB tumor cell sub-
populations, we proceeded to the isolation of these cells by Fluorescence
activated cell sorting (FACS).

FACS analysis was performed in 9 snap-frozen enzymatically disag-
gregated tumor specimens (6 pre-treatment, 1 post-treatment and 2 tu-
mor relapse) from 8 different patients. All tissue samples taken at
diagnosis and relapse were composed of >70% of viable tumor cells. Cell
viability ranged between 30% and 90% of the total cell population for all
the samples analyzed (Fig. 4A). The only case that showed 30% viability
was the post-treatment sample with a high percentage of tissue necrosis.
Cellular debris and red blood cell contamination were discarded from the
analysis by Ho342 DNA staining. Forward and side scatter (FSC_SSC) anal-
ysis also showed two different subpopulations, one bigger and more com-
plex, and another smaller and less complex. The small cell subpopulation
showed significant GD2 staining, suggesting the neuroblastic identity.

The percentage of GD2* cells ranged from 15% to 89% of the totality of
nucleated cells, and thus are potentially tumor cells. On the other hand, 3-
53% of these cells were S100A6 positive. GD2*/S100A6" double stained
cells represented percentages ranging from 11% to 53% of cells, distributed
both in the large and small identified subpopulations identified (Fig. 4). In
most of the tumors, the small size subpopulation showed the highest

136

number of GD2*/S100A6" cells (Fig. 4C). The large cell subpopulation
was composed of cells expressing different patterns and intensities of
GD2 and S100A6 markers, suggesting that it may include heterogeneous
cell subpopulations like glial cells, endothelial cells as well as more differ-
entiated neuroblasts. (Fig. 4D).

As described above, the low risk tumors contained a higher propor-
tion of GD2*/S100A6" cells. Confirming the immunostaining results, dif-
ferent subpopulations have been identified according to the GD2/
S100A6 staining.

To assess if the GD2*/S100A6" cells could represent a potential cancer
stem cell subpopulation fraction, CD133 staining was performed in 4
samples in parallel with GD2/S100A6 staining. A small percentage of
CD133" cells was identified; 0.1-0.7% of the total viable population
(Fig. 4E and F). The difference in the proportion of CD133" cells and
GD2*/S100A6", suggests that these 2 populations are not equivalent,
and that the GD2*/S100A6" cell fraction is not enriched with tumor initi-
ating cells.

3.7. Common tumor cell origin

In our study, we have identified NB intratumoral cell clones with dif-
ferential GD2/S100A6 staining. We have thus investigated if these differ-
ent cell populations could derive from a potential common precursor cell.
NMYC amplification was used as a molecular marker amongst the sorted
cell subpopulation isolated from three NMYC amplified NB tumor.

As expected, the neuroblastic subpopulation, stained only against the
GD2 ganglioside (the whole neuroblastic subpopulation) showed NMYC
gene amplification levels comparable to the original tumor. Moreover, in
all the analyzed tumors, the Schwannian-like subpopulation, here
identified by S100A6 nuclear staining, displayed a similar level of NMYC
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Fig. 2. GD2*/S100A6" neuroblasts distribution. (A) Chart showing the average proportion of GD2*/S100A6* neuroblasts in all the tumors analyzed according
to risk groups: low risk (LR) and high risk (HR) pre (Pre-T) and post (post-T) treatment tumors were analyzed separately. * (t-test value p = 0.0081);
Proportion of GD2*/S100A6" neuroblasts by categories: 0 = <1%; 1 = 1-10%; 2 = 10-25%; 3 = >25%. (B) Peristromal distribution of GD2*/S100A6" neuroblasts
in a high risk tumor (20x magnification), HE staining in the inner panel shows the distribution of blood vessels in the tumor (10x magnification). (C) Chart
showing the proportion of GD2*/S100A6" neuroblasts in relation to the cellular layers surrounding the blood vessels. The amount are calculated clustering
the 7-9: layers 7, 8, and 9 and >10 layers: layers 10-15.). The distribution of GD2*/S100A6" neuroblasts was statistically significant in range 1-3 when
compared with all the other ranges (One-way ANOVA p <0.01). (D) GD2/S100A6 co-staining of a neuroblastic aggregate from a BM metastasis (63 x

magnification).

amplification. Interestingly, the double stained GD2*/S100A6" subpopula-
tion also showed NMYC amplification (Fig. 5). Taken together, these re-
sults suggest the existence of a common tumor precursor cell for all the
isolated subpopulations that composed the bulk of these primary tumors.

3.8. GD2*/S100A6" neuroblasts in neuronal induced differentiation

In our previous study, we report the appearance in N- and I-type cell
cultures, exclusively GD2+/S100A6— cells, of a small percentage of mor-
phologically glial-like cells that acquire nuclear S100A6 staining upon
2-3 weeks of neuronal induced differentiation with ATRA [13].

In order to recapitulate in vitro the differentiation process involved in
the development of GD2*/S100A6" neuroblasts in vivo, we induced neuro-
nal differentiation with ATRA in 2 I- and 1N-type cell lines. In the repre-
sentative I-type cell line, SK-N-Be2C, during the first week of treatment,
few GD2" neuroblasts, located in the surroundings of the neuroblastic
clusters, acquired positive nuclear membrane S100A6 staining (Fig. 6A).
After 2 weeks, the GD2*/S100A6" round neuroblasts clearly changed their
morphology displaying flat and enlarged cytoplasms, increasing their
adherence to the flask surface, all of them distinctive features of the S-like
type cell phenotype (Fig. 6B). Similar results were observed in N-type
(LAN-55N) and another I-type cell line (SK-N-LP), even though the
amount of GD2*/S100A6" cells neuroblasts was smaller, as previously
documented in Acosta et al. [13].

These results suggest that upon induction of neuronal differentiation,
both I- and N-type NB cell lines give rise to GD2*/S100A6"* cells with
S-like phenotype, that could represent a subpopulation of cells commit-
ted towards a glial-like phenotype. These changes can be tracked by
GD2/S100A6 expression. These findings provide a model of differentiation
and acquisition of glial fates in the most undifferentiated NBTs.

4. Discussion

Neural crest cells (NCC) possess the competency to dif-
ferentiate into many different cell types: sympathetic neu-
rons, Schwannian cells and melanocytes, amongst others
[15]. Specifically, it has been described that NCC restrict
their multipotential capacity until they reach a bipotential
state which will give rise to the last two different cell sub-
types, glial and neuronal cells [15,25]. Physiologically, the
differentiation status at each stage can be tracked by the
pattern of protein expression and the concomitant expres-
sion of neuronal and glial proteins has been reported in
bipotential precursors of NCC [26].
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Fig. 3. The GD2*/S100A6" neuroblasts are not apoptotic. Left panels show PARP p85 staining in low (A) and high risk (B) tumors respectively. Right panels
show GD2/S100A6 staining in serial cryosections of the same tumors. The number and localization of the GD2*/S100A6" neuroblasts do not correlate with
the staining of the PARP p85 apoptosis marker (10x magnification). Inner squares show a 63x magnification of the delimitated area.

Since NB is a tumor of the sympathetic nervous system
originating from NCC, the origin from a putative multipo-
tential NCC has been hypothesized [1,2]. In vitro, NB cells
have shown the capacity to differentiate into different cell
lineages; neurons, Schwannian glia and muscle [13,14,27].
Previous work from Ross and Spengler [19], have sug-
gested that a bipotential (glial/neuronal) stage could be
tracked in tumors by the concomitant expression of neuro-
filaments (NF68) and the glial marker S100A6. In our
hands, however, the expression of the neurofilament
NF68 was not restricted to the neuronal lineage since posi-
tive staining was documented in glial tumors like Schwan-
nomas (data not shown). According to our previous
screening for lineage-specific markers in neuroblastoma
in vitro, only the expression of the GD2 ganglioside was re-
stricted to the neuronal-lineage component of the tumor
[13].

In this study, we looked for the existence of cells in the
bipotential stage of differentiation in primary NBTs by
using the coexpression of the lineage-specific markers
GD2 and S100A6. Our results demonstrate that most NB
contain a neuroblastic subpopulation of cells, ranging from
1% to 25%, co-staining for both markers. Moreover, this
subpopulation seems to be widespread in the low risk cat-
egory of NBTs and increased in specimens after cytotoxic
therapy. These results suggest that, although morphologi-
cally unrecognized, the GD2"/S100A6" neuroblastic sub-
population appears to be in a different state of
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differentiation, likely towards glial commitment, which in
turn, might explain the relationship with the better prog-
nosis of the low-risk tumors. Our results are in line with re-
cent reports showing that neural progenitor cells are
intimately related to the glial lineage, which diverges from
the view of the separation of neuronal and glial lineages.
Classically, neurons were proposed to derive from neuro-
nal committed progenitors (neuroblasts), whereas spong-
ioblasts (radial glial cells) were thought to be precursors
of the astroglial cells. Recent studies, however, have shown
that cells considered part of the glial lineage are in fact the
neural stem cells that give rise to differentiated neurons
and glial cells [28]. The tumoral origin of the different NB
subpopulations identified using the co-staining with GD2
and S100A6 was in three NMYC amplified tumors and
in vitro. Notably, all the subpopulations having diverse
GD2 and S100A6 staining features, isolated from the tu-
mors showed the amplification of the NMYC proto-onco-
gene suggesting that all of them derived from a common
tumoral precursor cell. In vitro, we observed that neuronal
induced differentiation gave rise to a subpopulation of
GD2+/S100A6+ neuroblasts some of which subsequently
acquired a S-like morphology.

There is significant evidence that angiogenesis contrib-
utes to the aggressive behavior of NB tumors. In retrospec-
tive studies, high vascular density has been correlated with
poor clinical outcome [29,30]. Furthermore, high levels of
angiogenesis activators have been detected in clinically



BRI L L N L B R |

S. Acosta et al./Cancer Letters 312 (2011) 73-81 79
B P2
-,
o &
a 3 &
=r
-I Tr Illll T lIIlII" LI lllll'[‘ LI | IIIIIIIs T
10 10 10 10
S100A6
D p1

50 100 150 200 250
FSC-A (¢ 1.000)
CP13
=3 ‘/m
’: P21
AR SR
O I—1=—p= =
] @2 Q42
A AL AL A T
S100A6 A
E
<
s
S
©

Green D

[} llllllll LI |||In-l L Illllll
10 10t 10°
Green E(575/25)-A

GD2

LALLL PR B R 211 llllln'[s T

10? 107 ' 10
S100A6
F
p
S
S
©°
(=]
c
8
(U]

] lll""l L |lll||' ]
10 10t 10
Green E(575/25)-A

Fig. 4. GD2/S100A6 cell sorting. (A) FSC-SSC graph showing different subpopulations identified by FSC-SSC. (B-D) GD2/S100A6 staining in each
subpopulation identified by FSC-SSC. (B) Subpopulation of largest size: p2. (C) Subpopulation of smallest size: p13. (D) Subpopulation of an intermediate
size: P1. (E and F) Analysis with CD133 staining: (E) Negative control; (F) CD133 stained subpopulation (p4) representing 0.3% of the totalitly of cells

analyzed.

aggressive NB tumors [31]. Conversely, increased levels of
endogenous inhibitors of angiogenesis are present in Sch-
wannian stroma-rich tumors that are associated with
favorable outcome [32]. Besides, the presence of Schwann
cells has been associated to the secretion of angiogenesis

inhibitors like SPARC [5]. Most recent studies [33] have
shown the tumoral origin of approximately 30% of blood
vessels in NMYC amplified NB, showing that vascular
mimicry is another aberrant tumor-related phenomenon
occurring in high-risk NB. We observed GD2"/S100A6"

139

Resultados Hipotesis y Objetivos Introduccion

Discusion

0
[}
=

=
%)

=
[S]
c
[}
(&)

Bibliografia

Abreviaciones




80 S. Acosta et al./Cancer Letters 312 (2011) 73-81

NMYC amplification in GD2/S100A6

sorted populations

. 1070
2 870
5 670
3 470
g 270 i
-
& 301 I I
O 5
= 1
= 1
0
F oS &R
§ & v
Samples

Il total sample

Il DI GD2+/S100A6+
Bl DIGD2+/S100A6-
I DIGD2-/S100A6+

L Uil

2P

Fig. 5. NMYC amplification in GD2/S100A6 co-stained subpopulations. Chart showing the haploid NMYC content for each of the FACS isolated
subpopulation following GD2/S100A6 staining. All samples were normalized with disomic reference genes SDC4 and BCMA (only BCMA normalized is
shown) and calibrated to human genomic DNA (gDNA). The NMYC amplified NB cell line IMR32 and LAN1 were used as positive control samples, and
normal blood gDNA and the SK-N-ER cell line were used as not amplified NMYC controls. DI: Double Immunostained GD2/S100A6.

GD2/S100A6/DAPI

Fig. 6. GD2+/S100A6+ cells in the in vitro differentiation. Differentiation induction with ATRA in SK-N-Be2C: panel A. 5 days after drug-induced
differentiation few neuroblasts show GD2+/S100A6+ staining. B. 15 days after drug-induced differentiation the GD2+/S100A6+ neuroblasts had changed
their morphology to an S-like subtype (arrow). The majority of the tumor cells remain GD2+/S100A6— in both cases. (40 x magnification) Inner panel shows

a digitalized zoom.

neuroblasts close to the stromal areas, where the blood
vessels can be found. Here, the GD2*/S100A6* neuroblasts
were found to be distributed mostly in the cell layers clos-
est to the blood vessels. These results suggest that GD2"/
S100A6* neuroblasts are not distributed randomly, but
either arise from or tend to populate the perivascular
niche. The implication of the GD2*/S100A6" neuroblasts
in the perivascular niche should be further analyzed.

Altogether, these results suggest the existence of a com-
mon tumor precursor cell for all the subpopulations iden-
tified using our neuronal and glial-lineage marker and
constitute the first set of data recapitulating the differenti-
ation process of the tumoral stroma in NB.
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Gracies pares per voler que la meva Unica heréncia fos I’educacié que rebia, ha estat veritablement un tresor.

Als “nens” (en Litus, I’Annuska i el Peque) i la Laura, ...no us puc dir gaire més, tal vegada amb tres paraules ni haura
prou: “xurrumasca’t”, “adenovirus” i “cul-lunuts”. Mencidé especial per I’Anna, que ha donat forma a tots els textos per
fer-los editables.

A la meva segona familia: la de Taradell. A en Xevi i la Maria, per obrir-me els bracos com una filla més. A la Dolca, la Pau,
en David i I'Oriol, per deixar que el seu germa cada dia parli una miqueta més “xava”. A tots gracies per fer-me sentir una
més de la familia! | a ’Amélia... per que és la millor neboda que podia tenir!

A “Les Gordes” i a la “Societat Gastrondmica Joan de Canyamars”. Per tantes “menjades” acompanyades de tertllies, de
somriures, d’anécdotes, d’excursions, de politica, per les nits de futbol,... per que sempre heu preguntat i heu mostrat
interés pel meu projecte de recerca malgrat poséssiu cares rares cada vegada que en parlava. No deixeu mai de ser com
sou! (ni de ser on soul).

| finalment, a tu Arnau.

Saps com em costa dir les coses... i si arribo aqui es que me n’he sortit prou bé. Aquesta tesi a estat i és tan meva com
teva. Des del primer dia vas decidir compartir-la amb mi, com tantes i tantes altres coses. L’has odiat i estimat tant o més
que jo, gracies per ajudar-me a arribar fins aqui amb un somriure.

Gracies per ser la meva llum i el meu cami, la fi del meu desti.

| a en Pere, que encara no ha arribat, perd que també a la seva manera ha contribuit a ajudar-me a tancar aquesta
carpeta dolcament.
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