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Abreviaturas utilizadas

1 RC: Primera remisién completa

2HG: 2-hidroxiglutarato

3'UTR: Untranslated region

5’-AZA: 5 azacitidina

HiDAC: dosis altas de ARA-C

AloTPH: Trasplante alogénico de progenitores hematopoyéticos
ATRA: all-trans-reinoic acid

ASOs: Antisense oligonucleotides

BMP: bone morphogenic proteins

CALGB: Cancer and Leukemia Group B (Grupo cooperativo americano de leucemia aguda
mieloblastica)

CBF: core-binding factor

CETLAM: grupo cooperativo de estudio y tratamiento de las leucemias agudas y sindromes
mielodisplasicos

DGCRS8: The Drosha-DGCR8 complex. DiGeorge sindrome critical region 8
DNA: Acido desoxirribonucleico

Dominio JM: dominio yuxtamembrana

ELN: European LeukemiaNet

ENCODE: The Encyclopedia of DNA Elements

ERM: Enfermedad residual minima

FAB: grupo francés-americano-britanico

FLT3-ITD: fms-related tyrosine kinase 3- Internal tandem duplication
GATA2: GATA binding protein 2

G-CSF: Granulocyte colony-stimulating factor

GW-bodies: glycine-tryptophan bodies
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Ida: Idarrubicina
LLC: leucemia linfatica crénica

LMA t(8;16): Leucemia mieloide aguda (LMA) asociada a t(8;16)(p11;p13) y reordenamiento
MYST3-CREBBP

LMA: Leucemia mieloide aguda

LMA-CN: Leucemia mieloide aguda con cariotipo normal
LMA-RI: LMA de riesgo citogenético intermedio
LMC: leucemia mieloide crdnica

miR: microRNA maduro

miRISC: complejo RISC unido a miRNA

mMiRNAs: microRNAs

MLL-PTD: MLL partial tandem duplication

MRC: Medical Research Council (Grupo cooperativo del Reino Unido)
NCRI: National Cancer Research Institute

ncRNAs: RNAs no codificantes

NGS: next-generation sequencing

OMS: Organizacidon Mundial de la Salud

P bodies: processing bodies

PASRs: promoter-associated small RNAs

Pb: pares de bases

PCR: polymerase chain reaction

piRNAs: PIWI-associated RNAs

rasiRNAs: repeat-associated short interfering RNAs
RC: remisién completa

RISC: miRNAS induced silencing complex

RNA: Acido ribonucleico

RNAm: Acido ribonucleico mensajero

SG: supervivencia global
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siRNAs: small-interfering RNAs

SLE: Supervivencia libre de enfermedad

SLR: supervivencia libre de recaida

snoRNAs: small nucleolar RNAs

SMIRs: small-molecule drugs that target specific miRNAs
Sp: Especie

tel-sRNAs: telomere specific small RNAs

TGF-beta: factor de crecimiento de transformacion beta
tiRNAs: transcription initiation RNAs

TKD: dominio tirosin quinasa

TSA: Tricostatin A

TU: unidad de transcripcion policistrénica

VHC: virus de la hepatitis C

WHO: organizacién mundial de la salud (Word Health Organization)
WB: Western Blot

XPOS5: exportina 5
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Listado de genes

ASXL1: additional sex combs like 1

BAALC: brain and acute leukemia, cytoplasmic

CEBPA: CCAAT/enhancer binding protein (C/EBP), alpha

CREBBP: CREB-binding protein (CREBBP previamente conocido como CBP)
DMNT3A: DNA (cytosine-5-)-methyltransferase 3 alpha

ERG: v-ets avian erythroblastosis virus E26 oncogene homolog

FLT3: fms-related tyrosine kinase 3

HOX: Homeobox

IMP8: Importin 8

IDH1 e IDH2: isocitrate dehydrogenase 1 and 2 (NADP+), soluble

KIT: v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog
MECOM: MDS1 and EVI1 complex locus

MEIS1: Meis homeobox 1

MLL: mixed lineage leukemia

MYST 3: gen MYST histone acetyltransferase 3 (MYST 3 previamente conocido como MOZ)
NF-kB: tumor necrosis factor receptor

NPM1: nucleophosmin (nucleolar phosphoprotein B23, numatrin)
PRL: prolactin

RET: ret proto-oncogene

RUNX1: runt-related transcription factor 1

TET: tet methylcytosine dioxygenase

TP53: tumor protein p53

WT1: Wilms' tumor 1
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1. Introduccion

1.1. Hematopoyesis

La hematopoyesis (del griego o ua, -atoc-, 'sangre' y moinotg, 'creacion') es el proceso de
formacidn, desarrollo y maduracién por el cual las células de la sangre adquieren un
determinado fenotipo a partir de un precursor celular comun e indiferenciado conocido como
célula madre hematopoyética, y como consecuencia de unos procesos coordinados de

expresion especifica de diferentes genes en cada célula [1] (figura 1) [2].
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Figura 1. Modelo actual de determinacién de linaje en la jerarquia
hematopoyética humana [2] .

La sangre es uno de los tejidos mas altamente regenerativos, origindndose mas de un billén de
células al dia la medula ésea adulta humana [2]. A principios de siglo se postulé que la
hematopoyesis estaba organizada como una jerarquia celular derivada de un precursor comun
Ilamado célula madre hematopoyética [3]. Las células madre hematopoyéticas estdn
caracterizadas por la habilidad de autorenovacidn y diferenciacion en todas las lineas maduras
sanguineas. Son células poco frecuentes y son capaces de rescatar y reconstruir el sistema
hematopoyético en individuos que han sido irradiados de manera letal [4]. La mejor evidencia
de la existencia de las células madre hematopoyéticas se produjo durante la era atémica. La

radiacién producia un fallo medular letal, pero si a los sujetos expuestos a la radiacién se les



inyectaba células de la médula ésea de individuos sanos, se podian rescatar del fallo medular
[5]. La maduracidn de los precursores hematpoyéticos estd asociada con dos procesos
fundamentales: la reduccion de la autorenovacién y la adquisicion de una identidad linaje

especifica (Figura 2) [6].
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Figura 2.Concenptos actuales de la diversificacion de linajes
hematopoyéticos [6].

La mielopoyesis (Figura 3[6]) es el proceso que da lugar a la generacién, desarrollo y
maduracién del componente mieloide de la sangre: eritrocitos, plaquetas, neutrdfilos,

basodfilos, eosinéfilos y monocitos [7].
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Figura 3. Diferenciacién mieloide y factores de transcripcidon
requeridos [6].
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En un adulto sano, las células madre hematopoyéticas residen predominantemente en la
medula ésea como células inactivas y quiescentes. Estas células estan en contacto con células
no hematopoyéticas, llamadas estroma (fundamentalmente fibroblastos, osteoblastos y
adipocitos, macréfagos y osteoblastos y células endoteliales) que conforman el microambiente

de la medula ésea (Hoffman, Hematology; 4™ ed., 2005, ISBN:978-0-443-06628-3).

1.1.1. Origenes del sistema hematopoyético

Las células sanguineas derivan de la hoja mesodérmica del embridn [8]. Durante la
gastrulacién el mesodermo se induce por el endodermo y se situa a lo largo del eje dorsal-
ventral. La familia de proteinas morfogénicas de hueso ( bone morphogenic proteins, BMP) asi
como el factor de crecimiento de transformacién crecimiento (TGF-beta) son importantes
para dirigir las células a su destino, el mesodermo ventral. Parece que las proteinas Hedgehod
y los retinoides pueden estar involucrados en activar las proteinas BMP. Las células del
mesodermo ventral migran hasta el saco vitelino donde generan la primera ola de
hematopoyesis, que se llama hematopoyesis primitiva. Esta hematopoyesis es transitoria y
consiste esencialmente en células eritroides que expresan hemoglobina embrionaria (22
semana de la etapa embrionaria). La segunda ola se llama hematopoyesis definitiva y tiene
lugar en la region adrtica-gonadal-mesodermo donde las células madre hematopoyéticas se
expanden y migran hacia el higado y bazo fetal (62 semana) para generar las células
hematopoyéticas de todas las lineas. Durante la fase fetal tardia las células madre
hematopoyéticas migran ala médula ésea donde alo largo de la vida serd donde se produzca

la hematopovyesis (Figura 4) (Hoffman, Hematology; 4" ed., 2005, ISBN:978-0-443-06628-3).
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Figura 4. Esquema de las etapas del desarrollo del sistema hematopoyético
(adaptado de www.monografias.com/ trabajos906/sangre-hemopoyesis-

21



hematopoyesis/sangre-hemopoyesis-hematopoyesis2.shtml).

1.2. La Leucemia mieloide aguda

1.2.1. Definicion

La leucemia mieloide aguda (LMA) es una enfermedad clonal, maligna, agresiva y heterogénea
gue se origina en los progenitores de la médula ésea. Estd causada por la acumulacién de
multiples alteraciones genéticas y, seguramente, también epigenéticas [9, 10]. Se ha
demostrado que la LMA estd organizada de manera jerarquica y que se origina desde una
célula progenitora primitiva [7, 11]. Como consecuencia las células progenitoras
hematopoyéticas pierden la habilidad de diferenciarse normalmente y de responder de
manera normal a los reguladores de la proliferacion celular (Figura 5[6]) , produciéndose una
expansion clonal de células neoplasicas de estirpe mieloide Ilamadas blastos [10]. Por lo tanto
la LMA estd caracterizada por la expansidon clonal en la médula ésea, sangre periférica u otros
tejidos de blastos mieloides y éstos dan lugar a insuficiencia medular, presentando

granulocitopenia, trombocitopenia y/o anemia [12].
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Figura 5. Modelo de desarrollo de leucemia a partir de un bloqueo de
la diferenciacion mieloide [6].
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1.2.2. Incidencia

La leucemia es el noveno cdncer mas frecuente en el hombre y no se ecuentra entre los 10
canceres mas frecuentes entre la mujer (Figura 6), sin embargo es la sexta causa de muerte

por cancer en ambos sexos[13].

Estimated New Cases*

Males Females

Prostate 241,740 29% Breast 226,870 29%

Lung & bronchus 116,470 14% Lung & bronchus 109,690 14%

Colon & rectum 73,420 9% Colon & rectum 70,040 9%

Urinary bladder 55,600 % Uerine corpus 47,130 6%
Metanoma of the skin 44,250 5% Thyroid 43,210 5%
Kidney & renal pelvis 40,250 5% Melanoma of the skin 32,000 4%
Mon-Hodgkin ymphoma 38,160 4% Man-Hodgkin lymphoma 31,970 4%
Oral cavity & pharynx 28,540 3% Kidney & renal pelvis 24,520 I
Leukemia 26,830 % Qvary 22,280 %

Pancreas 22,080 3% Pancreas 21,830 %

All Sites 848,170 100% All Sites 790,740 100%

Estimated Deaths

Males  Females

Lung & bronchus 87,750 29% Lung & bronchus 72,590 26%

Prostate 28,170 9% Breast 38,510 14%

Colon & rectum 26470 9% Colon & rectum 25220 %

Pancreas 18,850 6% Pancreas 18,540 Th

Liver & intrahepatic bile duct 13,980 5% Ovary 15,500 6%
Leukemia 13,500 4% Leukemia 10,040 4%

Esophagus 12,040 4% Non-Hodgkin lymphoma 8620 3%

Urinary bladder 10,510 3% Uterine Corpus 8,010 %
Nor-Hodgkin lymphoma 10,320 3% Liver & intrahepatic bile duct 6,570 %
Kidney & renal pelvis 8,650 3% Brain & other nervous system 5,980 2%

All Sites 301,820 100% All Sites. 275,370 100%:

Figura 6. Incidencia estimada de nuevos casos y muertes por enfermedades
neopldsicas [13].

La incidencia de LMA ajustada a la edad es de 3.7 por 100,000 habitantes por afio y la tasa de
mortalidad ajustada a la edad es de 2.8 por 100,000 habitantes por afio [14]. En el periodo de
2006-2010 en Estados Unidos, la mediana de edad al diagndstico de LMA fue de 67 afios.
Aproximadamente 5.8% tenian una edad por debajo de 20 afios, 6.4% entre 20 y 34 afios;
6.6% entre 35y 44; 11.3% entre 45y 54; 15.8% entre 55y 64; 20.5% entre 65y 74; 23.3%

entre 75y 84;y 10.3% a partir de 85 afios (http://seer.cancer.gov/statfacts/). Por lo tanto la

incidencia de la LMA aumenta con la edad (Figura 7)[14]. Se estima que en el afio 2013 se
diagnosticaran en Norte América 14,590 casos y falleceran a causa de la leucemia unas 10,370

personas (http://seer.cancer.gov/statfacts/).
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Figura 7. Ratio de incidencia de LMA especifica por edad de acuerdo con
sexo y etnia en el periodo 2001-2007 en Estados Unidos [14].

1.2.3. Diagnostico

El diagndstico de la LMA se basa en la identificacion de células de leucemia mielode aguda
Ilamadas blastos en sangre perférica, médula ésea u otro tejido. Los blastos estdn definidos de

acuerdo con los criterios del Grupo de Trabajo internacional en morfologia de sindrome

mielodisplasico (IWGM-MDS). Los mieloblastos se definen teniendo en cuenta varias
caracteristicas morfoldgicas del nicleo como: alto ratio nucleo/citoplasma, nucléolos
facilmente visibles, y normalmente, pero no invariablemente, cromatina nuclear fina (Figura
8). La forma del nucleo es variable, las caracteristicas citoplasmaticas incluyen un grado de
basofilia variable, presencia o no de granulos o bastones de Auer pero no se detecta aparato
de Golgi, la excepcidn a esta ultima afirmacion es en LMA con translocacion (8;21) donde
puede haber blastos pequefios donde se distinga el aparato de Golgi pero sin otras

caracteristicas de promielocito. Los mieloblastos con granulos deben de ser distinguidos de los

promielocitos[15].
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Figura 8. Blastos, promielocitos y promielocitos anormales[15].
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Para el diagndstico se requiere un 20% de blastos o mas en médula ésea o sangre periférica.
Excepto en el caso de LMA con t(8;21), inv (16), t(16;16) o t(15;17) que no es necesario llegar
hasta un 20% de blastos para diagnosticar LMA, también es asi en algunos casos de leucemia
eritroide aguda cuando los precursores eritroides son mas del 50% del total celular de la
médula ésea y los blastos son mas del 20% del componenente no eritroide de la médula
Osea[16].

El diagndstico de sarcoma mieloide caracterizado por la presencia de blastos en otros tejidos,
es sindnimo de LMA vy no se tiene en cuenta el nimero de blastos en medula dsea y en sangre

periférica.

1.2.4. Clasificacion

La LMA es una enfermedad muy heterogénea, distintos tipos de LMA, presumiblemente
ocasionadas por mecanismos diferentes con distinto comportamiento bioldgico y de manera

mas relevante, con distinto comportamiento clinico.

La primera clasificacién propuesta por un grupo de expertos, el grupo francés-americano-
britdnico, conocida como clasificacién FAB en 1976, proponia un sistema de clasificacion
basado en las caracteristicas morfoldgicas y citoquimicas y mas tarde fueron incorporados
criterios inmunofenotipicos [17-19]. Esta clasificacion subdivide las leucemias mieloides en 8
subtipos (de M0 a M7) dependiendo de su tipo celular predominante. La clasificacion FAB
buscaba identificar el equivalente leucémico de las células mieloides para cada estadio de

diferenciacion (Tabla 1).

Tabla 1. Clasificacidn FAB de las LMAs. Adaptado de [20]

Subtipo Denominacién % de Comportamiento citoquimico
FAB casos
MPO Esterasas
inespecificas
MO LMA con diferenciacion minima <5 - -
M1 LMA sin maduracion 15-20 +(>3%) -
M2 LMA con maduracion 15-25 ++ -
M3 Leucemia aguda promielocitica 5-10 +++ -
M4 Leucemia aguda mielomonocitica 20 + +
M4 Eo Leucemia aguda mielomonocitica con 5-10 + +
eosinofilia
M5 Leucemia aguda monocitica 10-20 - +
M6 Eritroleucemia 3-5 + -
M7 Leucemia aguda megacarioblastica <5 - *

**M7 las células son popositivas para la a-naftil acetato esterasa y negativas
para la naftil butirato esterasa. Las células son positivas para el Factor VIl y la
glicoproteinca palquetaria Ib/lla.
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Con el desarrollo de nuevas herramientas diagndsticas y la adquisicién de nuevos
conocimientos biolégicos ,somos capaces de reconocer mas caracteristicas que te permiten la
identificacion de entidades especificas con caracteristicas citogenéticas y molecuares
distintivas. Actualmente la clasificacidn vigente es la clasificacion de la organizacién mundial

de la salud (OMS), cuya su ultima actualizacion se realizé en 2008 [16].

Brevemente, esta clasificacidn, que es una clasificacién de consenso realizada por expertos en
el campo, usa toda la informacion de la que disponemos, es decir, morfologia,
inmunofenotipo, genética y caracteristicas clinicas y moleculares para definir entidades
clinicamente significativas. Fruto del mayor conocimiento biolégico de la LMA, en esta ultima
clasificaciéon del 2008 se han afadido tres nuevas entidades en LAM y dos nuevas entidades

provisionales (Tabla 2) [16, 21].

Tabla 2. Clasificacion de la Organizacidn Mundial de la Salud 2008 de LMA [16].

Clasificacion WHO 2008 de LMA y neoplasias relacionadas

LMA con alteraciones genéticas recurrentes

LMA con t(8;21)(g22;922); RUNX1-RUNX1T1

LMA con inv(16)(p13.1922) o t(16;16)(p13.1;922); CBFB-MYH11
LMA con t(15;17)(q22;912); PML-RARA

LMA con t(9;11)(p22;923); MLLT3-MLL

LMA con t(6;9)(p23;q34); DEK-NUP214

LMA con inv(3)(gq21q26.2) o t(3;3)(gq21;926.2); RPN1-EVI1

LMA con mutacion de NPM1*

LMA con mutacion de CEBPA*

LMA No especificada de otra manera
LMA con diferenciacion minima
LMA sin maduracion
LMA con maduracidn
Leucemia mielomonocitica aguda
Leucemia monoblastica/monocitica aguda
Leucemia eritroide aguda
Leucemia eritroide pura
Eritroleucemia
Leucemia aguda basofilica
Panmielosis aguda con mielofibrosis

LMA con cambios relacionados con mielodisplasia

Neoplasias mieloides relacionadas con el tratamiento

Sarcoma mieloide

Proliferaciones mieloides relacionadas con el Sindrome de Down
Mielopoyesis anormal transitoria
Leucemia mieloide aguda asociada con el sindrome de Down

Neoplasia de células dendriticas plasmocitoide blastica

*Entidades provisionales
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1.2.5. Prondstico

La LMA es una enfermedad muy grave que sin tratamiento tiene un prondstico infausto en
pocos meses. La causa de muerte de estos pacientes es derivada la mayoria de los casos, de la
insuficiencia de la médula 6sea para producir células hematopoyéticas maduras y
normofuncionantes. Por lo tanto el paciente presentara anemia, plaguetopenia y neutropenia,

como consecuencia pueden producirse hemorragias e infecciones graves.

En general la supervivencia relativa a los 5 afios, (periodo analizado 2003-2009, 18 areas

geograficas de EEUU) es de 24.2% (Figura 9) (http://seer.cancer.gov/faststats).

Sin embargo la supervivencia relativa a los 5 aflos en pacientes de hasta 65 afios, que se tratan

con quimioterapia de manera intensiva es mejor, de un 45% (Figura 9).
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Figura 9. Supervivencia relativa de pacientes afectos de LMA en (A) todos los
pacientes, (B) pacientes de edad < 65 y (C) supervivencia relativa en <65 afos
dependiendo del afio de diagndstico (http://seer.cancer.gov/faststats).

Si analizamos la supervivencia relativa de los pacientes de hasta 65 aiflos dependiendo del afio
de diagndstico, se observa una clara mejoria de la supervivencia en el transcurso de los afios

(Figura 9).

En general el prondstico de los pacientes con LMA varia dependiendo de varios factores que
dependen por un lado del paciente, y por otro lado dependen de la biologia intrinseca de la

LMA.

De los factores que dependen del paciente destaca el incremento de edad como factor

prondstico adverso [22, 23], y las comorbilidades asociadas [24].

Respecto a los factores que dependen de la biologia intrinseca de la LMA se incluyen: el

cariotipo, mutaciones de derminados genes y nivel de expresion de derminados genes, asi
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como la respuesta al tratamiento, medida por la enfermedad residual minima. A continuacién

se exponen con mas detalle estos factores.

1.2.5.1. Cariotipo

Aproximadamente la mitad de los pacientes con LMA presentan alteraciones cromosdmicas. La
citogenética es el factor prondstico al diagndstico mas importante en LMA (Figura 10). La
citogenética distingue tres grupos con diferente prondstico en cuanto a supervivencia global y
tasa de recaida[25-29]: Subgrupo citogenético de riesgo favorable, de riesgo desfavorable y de

riesgo citogenético intermedio (Tabla 3):

Tabla 3. Estratificacién pronéstica de la LMA en funcidon de las anomalias
citogenéticas adaptada de [25]. En gris categorias aceptadas de prondstico adverso
que no constan como tal en la clasificacion del MRC

Grupo de riesgo citogenéntico Citogenética

Buen prondstico Inv (16)(p13g22) 0t (16;16)(p13;922), £(8;21)(g22;922),
t(15;17) (922;q921)

Prondstico intermedio Citogenética normal, +8, t(9;11), otras entidades citogenéticas
no clasificadas ni como favorables ni como adversas

Mal prondstico Cariotipo complejo, cariotipo monosomico

-5, 5g-,add (5q)

-7,79-, add (7q)

Inv(3), t(3;3), abn (3q excluyendo t( 3;5)(q21 25;931 35)
t(6;9) (p26; q34)

t(9;22) (934;q11)

t(6;11)(g27;923), t(10;11)(p11 13;923)

t(11923) [excluyendo t(9;11)(p21 22;923) vy t(11;19)(q23;p13)]
-17, abn (17p)

Subgrupo citogenético riesgo favorable

Incluye la leucemia promielocitica aguda con una supervivencia global a los 10 afios de un 81%.
Las leucemias con t(8;21)(g22;921), con inv (16)(p13;922) o las t(16, 16)(p13, q22) poseen una
supervivencia global a los 10 afos entorno al 60% [25],todas ellas involucran translocaciones
de alguna de las subunidades del core-binding factor (CBF) que es un importante factor de
transcripcidn en la hematopoyesis normal. Las proteinas de fusidn anémalas resultantes de las
translocaciones cromosdmicas AML1-ETO y CBFB-MYH11, se han identificado que acttan
como represores transcripcionales [30-33]. Estos pacientes con un perfil citogenético favorable
tienen relativamente buen prondstico con tratamiento quimioterapico, es decir, tras alcanzar
primera remisién completa no indicariamos realizar una trasplante alogénico de progenitores

hematopoyéticos.
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Subgrupo citogenético riesgo desfavorable

En general este grupo de leucemias presentan una supervivencia global a los 10 afios de un
20%. En este grupo estan incluidos entre otros, los cariotipos complejos (definidos como la
presencia de tres[21], cuatro [25]o mas anomalias cromosdmicas en ausencia de alteraciones
citogenéticas recurrentes), cariotipos monosomicos [34](definidos como la presencia de una
sola monosomia (excluyendo la perdida aislada del cromosoma Y o el cromosoma X) en

asociacion con al menos una monosomia adicional o una anomalia cromosdmica (excluyendo

leucemias CBF), y otras anomalias cromosdmicas como se resume en la Tabla 3. Estos
pacientes requieren de realizacion de un trasplante alogénico en primera remisidén completa

para intentar mejorar su prondstico (reduciendo su riesgo de recaida).

Subgrupo de riesgo intermedio

Lo conforman las entidades citogenéticas no clasificadas ni como favorables ni como
adversas y aquellos con citogenética normal (definida como no alteraciones citogenéticas
visualizado en cariotipo de al menos 20 metafases). A este subgrupo pertenecen mas del
50% de los pacientes. Estos pacientes presentan una supervivencia global a 10 afios en torno
a un 40% [25]. Este grupo de riesgo citogenético intermedio es muy heterogéneo, en los
ultimos afos se han descrito alteraciones moleculares, en concreto mutaciones de algunos
genes que nos ayudan a estratificar mejor el riesgo dentro de esta amplia y heterogénea

categoria molecular, éstas se explican a continuacion (tabla 4).

t(15;17) (n=607)
1(8;21) (n=421)
inV(16)/1(16;16) (n=284)
1(9;11) (n=61)

——— t(6:9) (n=42)

MRC/NCRI AML Trials: Overall Survival inv(a%ft 3;3) (n=69)
Ages 16-59 ———— 1(9;22) (n=44"
—— Other t(11g23) (n=60")
1(3;5) (n=25")

-5/del(5q) (n=258")
~7/del(7q) (n=336"
AML with other MDS-related (n=343"")

81%

% alive

39%

27%

0 1 2 3 4 5 6 7 8 9 10

Years from entry

Figura 10. Supervivencia global de pacientes afectos de LMA de acuerdo con
la clasificacidn citogenética del grupo MRC. Pacientes de edades 16-59, y
tratados bajo protocolos de grupos MRC/NCRI [25].
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1.2.5.2 Mutaciones

Se han descrito mutaciones de diversos genes que pueden jugar un valor prondstico en LMA

de riesgo intermedio (LMA-RI) [35], la informacién de las mutaciones mds relevantes en la

practica clinica se resume a continuacion en la tabla 4.

Tabla 4. Alteraciones moleculares recurrentes en LMA-RI de adulto: caracteristicas bioldgicas

y relevancia clinica. Adaptado de [35].

GEN mutado CARACTERISTICAS BIOLOGICAS SIGNIFICADO DIAGNOSTICO/
CLiNICO3
NPM1 Encontrada en el 30% de LMA-RI Entidad provisional en la clasificacion
5035.1 Proteina de transporte nucleo- OMS 2008.

citoplasmatico.

Su mutacién conlleva la deslocalizacién
citoplasmatica de la proteina[36].

Insercién 4pb en exén 12.

Puede ser diagnosticada por
inmunohistoquimica en cortes de
histoldgicos de médula dsea.

Se puede detectar por PCR cualitativa.

Asociada con FLT3-ITD
(aproximadamente 40%).

Mutacién de NPM1 sin mutacion de
FLT3-ITD predice mejor prondstico
[37-39].

Parece que no se benefician de
AloTPH en 1RC[36, 39, 40].

Los blastos suelen mostrar expresion alta
de CD33 y CD34 negativo o ausente.
Asociado con morfologia monocitica o
mielomonocitica y signo de impronta de

Necesidad de diferenciarlo de M3.

dedo.

Seguimiento por PCR cuantitativa. Buen marcador estable de EMR.
CEBPA Factor de transcripcién imprescindible en | Entidad provisional en la clasificacion
19g13.1 la regulacion de la mielopoesis. WHO 2008.

Mutaciones predominantemente en
LMA-RI en aprox 10-15% de los
casos[41].

Mutaciones bialélicas asociadas a
mejor pronostico[41].

Parece que no se benefician de
AloTPH en 1RC[39, 40].

Tipo de mutacién variable

Determinacidén por secuenciacién

FLT3 Miembro de la familia de receptor de
13qg12 tirosinquinasa clase III.

FLT3 juega un papel importante en
proliferacién, supervivencia y
diferenciacion de los progenitores
hematopoyéticos [39].

Mutacién de FLT3-ITD encontrado aproximadamente
duplicacién en el 30% de LMA-RI [42].
en tamdem de El sitio de insercidn de la duplicacién

FLT3 (FLT3-ITD) normalmente es en el dominio JM.

FLT3-ITD asociado con peor
prondstico.

Trasplante alogénico en 1RCes el
tratamiento de eleccidn.

La carga alélica de FLT3-ITD puede
modular este efecto negativo[43].
No buen marcador de EMR.

Pacientes con mutacion de NPM1y
FLT3-ITD con ratio bajo (<0.5) de alelo
mutado es posible abstencién de
AloTPH en 1RCy seguimiento por
EMR con NPM1.

Encontradas con frecuencia asociados a
M3y a LMA t(6;9).

No significado prondstico en estos
subtipos.
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Ensayos con inhibidores de FLT3: RC
transitorias.

Mutaciones en el

FLT3 TKD mutaciones puntuales

El significado prondstico es

dominio encontrados en 12% de LMA-RI. controvertido.
tirosinkinasa (TKD)
de FLT3
DMNT3A DNA metiltransferasa, responsable de Controvertido las consecuencias de su
2p23 establecer metilacion de novo de DNA. mutacion a nivel de metilacién

global.

Frecuencia de mutaciones de DNMT3A
es alta (22%), mas frecuente en riesgo
citogenético intermedio[44].
Encontradas en todos los dominios
funcionales del gen, hotspot en R882.

Mutacién de DNMT3A asociado a
menor supervivencia[44-46], aunque
controvertido[45, 47].

IDH1(2g33.3),
IDH2(15q26.1)

Enzimas metabdlicas citosdlica (IDH1) y
mitocondrial (IDH2) que catalizan la
decarboxilacién oxidativa de isocitrato a
o-ketoglutarato; involucrados en la
defensa celular al dafio oxidativo[48].

Mutaciones de IDH1[49] y
posiblemente IDH2,aunque
controvertido, parece que confieren
peor prondstico en el subgrupo
molecular de bajo riesgo (NPM1
mutado sin FLT3-ITD)[50-52].

Mutationes encontradas
aproximadamente en 13% (IDH1) y 15%
(IDH2) de LMA-RI [50, 51].

Mutacién IDH2 R172 asociada
probablemente a peor prondstico.

Mutaciones localizadas en el residuo 132
(IDH1) y residuos 140y 172 (IDH2);
conllevan a la acumulacién de un
putativo metabolito oncogenico R%-2-
hydroxyglutarate (2HG) que es un
antagonista del producto normal a-
ketoglutarato.

Competitivamente el 2DH inhibe la
actividad de las enzimas
dependientes de a-ketoglutarato
como las enzimas TET. Mutamente
excluyentes mutaciones en IDH1/2
con mutaciones de TET2.

Existen inhibidores IDH en desarrollo
Inhibicién de IDH1 mutante inhibe los
blastos en pacientes con IDH1
mutado pero no en células CD34+
normales de médula ésea[53].

MLL-PTD
11923 (duplicacion
parcial en tdndem)

Proteina de unidn al ADN que regula la
expresion génica en hematopoyesis
posiblemente mediante mecanismos
epigenénicos.

En estudios iniciales asociado con RC
mas corta e inferior SLE, SLR pero
no asociado con SG[54] .

MLL-PTD encontrada en el 5%-11% de
LMA con cariotipo nomral y hasta en un
90% de LMA con trisomia 11 [37].

wr1 Factor de transcripcién involucrado en Significado pronostico controvertido,
11p13 regulacidn de apoptosis, proliferaciéon y mayoria de estudios impacto
diferenciacion de los progenitores prondstico negativo.
hematopoyéticos.
Encontradas en el 10%-13% de IR-AML. WT1 SNP rs16754 asociado con peor
prondstico en un estudio.
Buen marcador EMR cuantitativo
RUNX1 Factor de transcripcién en la Asociado con peor prondstico.
21g22.3 hematopoyesis definitiva.

Mutaciones encontradas en 5%-20% de
LMA-RI; asociacién con trisomia 13,
trisomia 21, y cariotipo normal.
Asociacién con FAB MO.
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Asociadas con MLL-PTD; y correlacion
inversa con presencia de mutacién de

CEBPA y NPM1.
TP53 Codifica la proteina supresora de En LMA-RI 2%. Mayoritariamente
17p13.1 tumores p53, que responde a diversos asociado a citogenética de mal
estimulos de estrés celular y regula prondstico.

genes que inducen parada de ciclo
celular, apoptosis, senescencia,
reparacion de ADN.

Mutaciones predominantemente en

exon 4y 8.
TET2 Miembro de la familia de proteinas TET. Significado pronostico controvertido.
4924 Convierte 5- metilcitosina en 5- Asociado con peor prondstico en LMA
metilhidroxicitosina, y ésta sirve como RI[55] en subgrupo molecular
paso intermedio de la demetilacidn. favorable[56].
Otros no encontraron valor
Modelo murino con pérdida de TET2 pronostico [57].

demostré incremento de autorenovacion
y diferenciacion hematopoyética dafiada | Mutuamente excluyente con

in vivo. mutaciones de IDH 1/2[58].
Mutado en 23% de LMA-RI[56].
ASXL1 Codifica proteina del grupo polycomb Mutacién confiere peor
20q11 posiblemente involucrado en prondstico[55, 59-62].

remodelacién de cromatina.
Aproximadamente 8%-17% LMA-RI.

Ademas de las mutaciones anteriormente citadas y gracias a los ultimos estudios de
ultrasecuenciacidn, ha aumentado de manera logaritmica nuestro conocimiento sobre el tipo y
la frecuencia de las mutaciones somaticas en LMA. De manera interesante, practicamente
todas las muestras de LMA tienen por lo menos una mutacién no sinénima en una de las 9
categorias de genes que parecen mas relevantes en LMA. Estas nueve categorias como se
puede ver en al figura 11 incluyen: fusién de factores de transcripcién (18% de los casos),
NPM1 (27%), genes supresores de tumores (16%), genes relacionados con el proceso de
metilacién de ADN (44%), genes de sefializacion (59%), genes que modifican cromatina(30%),
factores de transcripcion mieloides (22%), genes pertenecientes al complejo de cohesina

(13%), genes que forman parte del complejo del spliceosoma (14%)[63].

Estos ultimos afios, se han desarrollado nuevos algoritmos de clasificacién incorporando
informacién mutacional de diversos genes para refinar asi la estratificacién prondstica de la
LMA-RI [39, 40, 55, 64, 65]. Las mutaciones mas validadas y las que actualmente utilizamos en
la practica clinica para la estratificacidn de riesgo son la mutaciéon de NPM1, duplicacidn en
tandem de FLT3 (FLT3-ITD) y la mutacidn bialélica de CEBPA[35, 40]. Con ellas podemos

diferenciar dos subgrupos moleculares (Figura 12):
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Subgrupo molecular de buen pronéstico: definido como pacientes pertenecientes a
LMA-RI sin mutacién de FLT3-ITD y con NPM1 mutado o CEBPA mutado bialélico. Estos
pacientes presentan una mejor supervivencia y en ellos parece no existir beneficio

realizar un trasplante alogénico en primera remisiéon completa[39].

Subgrupo molecular de mal prondstico: lo conforman los pacientes con FLT3-ITD y/o
aquellos que presentan NPM1 y CEBPA no mutado. Este grupo de pacientes presentan
un mayor riesgo de recaida y una menor supervivencia, y parecen beneficiarse de un

trasplante alogénico en primera remisién completa[39].

A B
100+,
30
= 04
£ _ iy
§ £ ™ Mutant CEBPA
@ \ i - i - £ e
A Mutant CEBPA E osof h
E L S @ Mutant NP1
g T 40 without FLT3-ITD
- g
% 30
3 \”“-w i 8 30
20 R
20 Lttt
10- <0001 Other genatypes Other genatypes
10- P<0.001
0 T T T T T T T T T 1
o 1 2 3 4 5 & T & 3 10 o — T T T T T T T 1
o 1 2 3 4 5 & 7 & 9 10
Years
Years
No. at Risk
Other genotypes 212 %0 60 33 2 14 9 5 4 2 0 No. at Risk
Mutant NPMI without 136 102 83 64 S0 34 24 13 8 3 1 Other genatypes 266 153 %0 68 33 22 15 3 7 4 0
FLT3MTD Mutant NPMI without 150 133 101 75 56 38 25 14 10 4 2
Mutant CEBPA 62 40 32 2 17 11 €& 4 4 3 0 FLT3TD
Mutant CEBPA 67 sS4 39 30 19 13 8 & 5 3 0

Figura 12. Supervivencia estimada dependiendo del genotipo (estado mutacional de
NPM1, FLT3-ITD y CEBPA)[39]. Supervivencia libre de enfermedad (A) y supervivencia
global (B). Otros genotipos estan definidos como pacientes con FLT3-ITD y pacientes
sin mutacion de NPM1, FLT3-ITD y CEBPA.
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Figura 11. Organizacion de las mutaciones en 9 categorias funcionales de genes[63].
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1.2.5.3. Otros factores prondsticos

Ademas de las alteraciones genéticas estructurales anteriormente descritas, el cambio en la

expresion de genes especificos puede tener impacto prondstico en la LMA [35]. A

continuacién, en la Tabla 5, se resume el significado clinico y prondstico tanto de la expresion

de genes individuales como del estudio masivo de perfiles globales de expresién génica

mediante nuevas técnicas de analisis “masivo”.

Expresion génica de genes individuales

Tabla 5. Genes desregulados con significado prondstico en LMA-RI de adulto: Caracteristicas
biolégicas y relevancia clinica, adaptado de [35].

Gen Caracteristicas biologicas Significado clinico/ prondstico
desregulado
BAALC Expresado en células del tejido nerviosoy | La sobreexpresidén de BAALC correlaciona
8q22.3 células hematopoyéticas. Los progenitores | con la sobreexpresion de otros genes que
CD34 positivos de médula dsea expresan estan expresados en progenitores
BAALC. Los pacientes afectos de LMA hematopoyéticos y se asocia a peor
sobreexpresan BAALC [66]. prondstico.[37, 67, 68].
ERG Miembro de la familia de factores de La sobreexpresion de ERG estd asociada a
2122 transcripcion ETS. un peor prondstico [37, 69, 70],
especialmente en LMA con NMP1 mutada
sin mutacion de FLT3-ITD [70].
EVI1 La proteina EVI1 estd involucrada en la En LMA-RI, la sobreexpresion de EVI1 esta
3026.2 regulacidn de factores de transcripcion asociada a peor prondstico[70, 72]. El
criticos para la hematopoyesis y es aloTPH en 1 RC parece proporcionar una
esencial para la autorenovacion de las mejor supervivencia [73].
células madre hematopoyéticas [71].
MN1 MN1 tiene funcion de corregulador de Alta expresion asociado a mal prondstico
22g12.1 transcripcion. [74, 75].

La expresion elevada de MN1 estd
asociada a la LMA sin mutacién de NMP1
y sobreexpresion de BAALC.

Se ha asociado una baja expresion de
MN1 con la [75] de respuesta a ATRA en
LMA no M3.

Perfil de expresion génica

Varios estudios han demostrado que los distintos subtipos de LMA pueden ser identificados

por analisis masivo del perfil de expresion génica [76]. En la LMA-RI se ha descrito un perfil

asociado a algunas mutaciones asi como la capacidad de predecir dichas mutaciones usando

esta tecnologia, como ocurre con los perfiles génicos asociados a las mutaciones de NPM1 [77,

78] y la mutacidn bialélica de CEBPA[41, 78, 79].

Ademas, varios estudios han identificado firmas de expresidn génica con valor prondstico [76,

80-83]. Bullinger et al identificd dos clusters distintos dentro de la LMA con citogenética

normal, con diferentes firmas prondsticas, una de ellas estaba caracterizada por la
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sobreexpresion de algunos reguladores transcripcionales como GATA2 y el otro estaba
caracterizado por genes que forman parte de la respuesta inmune y la diferenciacion
leucocitaria[80]. Posteriormente Radmacher et al validé el valor prondstico de esta firma en

una serie independiente[82].

Dos grupos han descrito firmas de expresion génica relacionadas con poblaciones
enriquecidas en células madre leucémicas y han analizado el valor prondstico de estos perfiles
génicos leukemia stem-cell -like. Asi, los pacientes con una LMA que sobreexpresan genes
relacionados con células madres (sobreexpresados en fracciones enriquecidas de células
madre) tienen un peor prondstico [84, 85]. Se ha demostrado que la sobreexpresién de la
firma génica que caracteriza la poblacién celular enriquecida de células madres (que incluye
sobreexpresion de genes como BAALC, ERG, MEIS1, MECOM, que incluye EVI1, FLT3-ITD y
algunos genes homeobox como HOXB3) predice un peor prondstico dentro de LMA-RI y es un
factor de riesgo independiente del estado mutacional de NPM1, FLT3-ITD y CEBPA, siendo a su
vez capaz de diferenciar grupos de pacientes con distinto prondstico dentro de los subgrupos
moleculares favorable y desfavorable [84]. La sobreexpresidn de programas génicos propios de
célula madre leucémica en pacientes con peor prondstico parece indicar la desregulaciéon de
los programas celulares de célula madre en comparacién con los programas de maduracion
[84]. Posteriormente se ha validado el valor prondstico independiente de la firma de stem-cell
leucémica en pacientes del grupo cooperativo americano, CALGB, tanto en el grupo de
citogenética normal como dentro de los subgrupos moleculares definidos por la “European
Leukemia Net” (ELN). Ademas se ha descrito que los pacientes con un score de stem-cell
leucémica de mayor riesgo estan asociados a mayor porcentaje de blastos en médula dsea 'y
sangre periférica, FLT3-ITD , WT mutado, RUNX1 mutado y que tienen mayor sobreexpresion
de ERG, BAALC y miR-155, y menos frecuentemente poseen CEBPA mutado y TET2 mutado
[86].

Finalmente, se ha descrito y validado una firma de 24 genes con valor prondstico en LMA en
varias cohortes distintas de pacientes y que mantiene su valor dentro de los subgrupos

moleculares definidos por su estado mutacional [87].

Enfermedad residual minima

Los factores prondsticos comentados hasta el momento corresponden a variables detectables
en el momento del diagndstico, antes de iniciar el tratamiento. Pero la determinacién precisa

de la cinética de reduccion de la poblacién leucémica durante el tratamiento, evolutiva, que
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conocemos conceptualmente como andlisis de la enfermedad residual minima (ERM), sin
duda, un factor prondstico con gran potencial predictivo del fracaso o éxito del tratamiento,
gue de alguna amnera “recapitula” los factores prondsticos iniciales. La determinacién de la
enfermedad residual minima residual (ERM) se entiende como la deteccidn de células
leucémicas por encima de un cierto punto de corte, definida para cada metodologia aplicada
para medirla, que predice el fracaso de mantener una remisién completa y afecta de manera
negativa a la supervivencia [88, 89]. Existen diferentes técnicas para medir la ERM (Figura 13),
siendo las mas utilizadas en la actualidad la citometria de flujo multiparamétrica,basada en la
caracterizacién de un fenotipo asociado a la poblacién leucémica aberrante[90], y la PCR a
tiempo real, donde podemos monitorizar la presencia de dianas moleculares especificas de
leucemia como las proteinas de fusion core binding factor (RUNX1-RUNX1T1, CBFB-MYH11)
[91-93], la mutacién de NPM1[94],0 genes sobreexpresados en LMA como WT1 [95]. Estas
técnicas nos ayudan a identificar los pacientes con mayor riesgo de recaida, en los que es
aconsejable intensificar el tratamiento (p.ej realizando un trasplante alogénico de médula). En
consecuencia, la monitorizacién de la ERM permite refinar la estratificacion prondstica basada
en variables iniciales y contribuye a una mejor aplicacion del tratamiento adaptado al riesgo.
Asi, utilizamos el resultado de la determinacién de la ERM para anticiparnos a una recaida
hematoldgica [96], y nos permite el tratamiento anticipado, en mejores condiciones, y con un
mejor resultado [88]. Varios estudios avalan la utilidad del uso de la ERM en LMA [91, 92, 94,
97-103].
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Figura 13. Puntos de deteccién de varias modalidades de deteccién de ERM
comparado con la remision completa definida por criterios morfoldgicos. Por
morfologia se detecta, como mucho, una reduccién de dos logaritmos de la carga
tumoral, mientras que por citometria de flujo 6 PCR para sobreexpresién de genes
se detectaria una reducciéon de cuatro logaritmos de reduccion (es decir una célula
anormal entre 10%). Con la PCR para detectar transcritos de fusién y mutaciones
especificas o técnicas de secuenciacién de siguiente generacion se llegaria a un
nivel de sensibilidad para detectar ERM de hasta 1x10° [88].

37



1.2.6. Tratamiento

Tratamiento adaptado al riesgo de LMA (excluyendo leucemia promielocitica aguda)
El tratamiento estandar, basico, de la LMA consiste en una quimioterapia de induccién con
esquema “3+7”, basado en una combinacién de tres dias de antraciclina (es decir,
daunorrubicina 60-90 mg/m? ¢ idarrubcina 10-12 mg/m?)y 7 dias de citarabina a dosis
estandar (100-200 mg/m” en infusidn continua IV)[40]. Con ello, la mayoria de pacientes,
hasta un 80%, alcanzan una remisidon completa inicial (RC)[10]. El tratamiento de
consolidacion o post-remisidon comprende todo el tratamiento adicional administrado con el
fin de evitar una recidiva leucémica, sea la administracion de ciclos de quimioterapia
adicionales, basados en dosis altas de citarabina, un trasplante autélogo de progenitores
hemopoyéticos, o un trasplante alogénico de progenitores hematopoyéticos [104]. El
trasplante alogénico de progenitores hematopoyéticos (aloTPH) es el procedimiento
terapéutico que tiene una gran capacidad antileucémica, aunque se asocia a una alta morbi-
mortalidad, de hasta de un 30%), por lo que es critico la eleccion de los pacientes que puedan

beneficiarse del mismo [105].

Asi, por lo general, los pacientes con un perfil de bajo riesgo citogenético-molecular y con

ERM negativa tras el tratamiento quimioterdpico tienen un relativo buen pronéstico y bajo
riesgo de recidiva, por lo que no estaria indicada la realizacion de un aloTPH en una fase precoz
(RC1) de la enfermedad [39, 40, 105]. Por el contrario, en llos pacientes con alto riesgo
citogenético-molecular o con ERM positiva tienen un alto riesgo de recidiva tras la
quimioterapia y pueden beneficiarse de realizar un trasplante alogénico en primera remision
completa [39, 40, 105]. Por lo tanto, tenemos necesidad de identificar marcadores que nos
ayuden a predecir de manera precisa el riesgo individual que tiene cada paciente para asi

elegir el tratamiento mas apropiado para el riesgo de cada paciente [104].
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Figura 14. Supervivencia libre de recaida seglin genotipo en pacientes con
LMA de cariotipo normal (cohorte de pacientes del grupo cooperativo
aleman-austriaco AMLSG), en los que se recomendaba la realizacion de un
aloTPH en RC1 en los pacientes con un donante familiar. (A) Pacientes con
genotipo favorable:ausencia de beneficio en pacientes con donante familiar
HLA idéntico (B) Pacientes con genotipo desfavorable: pronéstico favorable
en los pacientes que disponian de un donante familiiar[39].

A pesar de todos los factores prondsticos anteriormente descritos, el tratamiento
postremisidon éptimo en un gran nimero de pacientes de LMA-RI es incierto, controvertido,
por lo que es necesario el desarrollo de mejores herramientas para la determinacién de un
prondstico individualizado que nos ayuden a aplicar de manera mas racional los tratamientos
que disponemos (Figura 14). Todo ello sin menoscabo de avanzar en nuestro conocimiento
sobre la LMA para identificar nuevas dianas terapéuticas y el disefio de tratamientos mas
eficaces.

A continuacion, en la figura 15, y a modo de ejemplo, se esquematiza el tratamiento adaptado
al riesgo propuesto para los pacientes con LMA “de novo” hasta 70 afios en el grupo

cooperativo de nuestro entorno (CETLAM):
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1.3. LMA con translocacion (8;16)(p11;p13) y reordenamiento MYST 3-
CREBBP

La LMA con t(8;16) y reordenamiento MYST3-CREBPP,(LMA t(8;16)), es una variedad de LMA
muy poco frecuente, con una frecuencia aproximada de 0,2% del global de casos de LMA, pero
gue parece reunir unas caracteristicas clinicas y bioldgicas distintivas. La translocacion
t(8;16)(p11;p13) es una anomalia citogenética recurrente en LMA[106-110], que se puede
encontrar tanto en LMA de novo como, de manera bastante caracteristica, de forma
secundarias a tratamiento genotdxico previo [111, 112]. Presenta caracteristicas clinico-
bioldgicas propias como son una frecuente afectacion extramedular y la presencia de
coagulopatia intravascular diseminada. Los blastos son de aspecto mielomonocitico y, de
manera habitual, se observan fenédmenos de hemofagocitosis. En la citoquimica los blastos
presentan una doble positividad para las tinciones de mieloperoxidasa y esterasas

inespecificas, reflejando asi su componente mieloide y monocitico (Figura 16).
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Figura 16. Imagenes de citologia y citoquimica de LMA t(8;16).

A pesar de su baja frecuencia parece que presentan mal prondstico [107, 110, 111, 113, 114]
y estd recomendado, si las caracteristicas clinicas del paciente lo permiten, realizar un
trasplante alogénico de progenitores hematopoyéticos en primera remision completa [115].
Como resultado de dicha anomalia citogenética, se fusiona el gen MYST3, (MYST histone
acetyltransferase 3), previamente conocido como MOZ, que se encuentra en el cromosoma
8p11, con el gen CREBBP (CREB-binding protein), previamente conocido como CBP, en el
cromosoma 16p13 [116, 117]. Ambos genes se han visto implicados en otros tipos de
leucemias, fusionandose con otros “partners” [108, 118-124]. Ambos genes codifican proteinas
con actividad histona acetiltransferasa [116, 125]. MYST3 actia como un coactivador de varios
factores de transcripcidn relacionados con la hematopoyesis tales como RUNX1, PU.1, y NF-

KB[126, 127]. CREBBP, a su vez, es un coactivador transcripcional de algunos factores de
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transcripcion hematopoyéticos [128, 129], interacciona con NF-KB y p53 [130] y juega un

papel esencial en la regulacion de las células madre hematopoyéticas [127].

Varios grupos han descrito un perfil de expresidén génico caracteristico de este subtipo de
leucemia, esquematizado en la tabla 6. De manera caracteristica, este perfil se caracteriza por
la sobreexpresion de algunos genes homeobox (genes HOXA9, HOX A10 vy el cofactor de HOX
MEIS1), el gen de la prolactina (PRL) o el proto-oncogén RET, y la infraexpresion de, entre

otros, CCCD2, STAT5 Ay By CREBBP [113] .

Tabla 6. Genes con expresién diferencial distintiva en la LMA con t(8;16).

Symbol P

Genes overexpressed

C200RFI03 OLOOOO00
GGA2 C.O00000
TCSR P OO0
FLT3 O.000000
LMO2 DLO00005
ITGAT 0000013
AKR7AZ 0000014
PPAR( 0000016
SURF1 0.000024
ADAMTS2 OLOO0036
nAr Q000092
THAKT L0093
PRL 0000096
HISTIH2A 0.000134
RET 0.000260
CHI3 OO0 264
LGALS3 0000749
a2 0000829
SATEI 0001823
HOXA? 0.003608
S100A1T 0015956
CEBPA 0.021236
Genes underexpressed
STAT5E 0036902
CREBBP 0041165
STATHA 0049642

Recientemente se ha publicado una serie de 62 pacientes pedidatricos con este subtipo de
leucemia, con caracteristicas clinico-bioldgicas y un perfil de expresidén génica este muy similar
al descrito en los adultos. De manera interesante, en este trabajo se describen 7 casos de LMA

t(8;16) en neonatos en los que se producen remisiones espontaneas [131].

Los mecanismos patogénicos de este subtipo de LMA son desconocidos en su mayor parte,
aunque se supone que uno de los mecanismos podria ser la interaccion anémala de la proteina
andmala MYST3-CREBBP con varios factores de transcripcion que intervienen en la
hematopoyesis [30]. No se conoce, sin embargo, si existe un patron epigenético o un perfil de

expresion de microRNAs caracteristicos.
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1.4. RNAs no codificantes

En los aifos 80, ante la perspectiva de que probablemente el cancer era el resultado de
mutaciones somaticas de distintos genes, Dulbecco declaré en 1986 que secuenciar el genoma
humano era una prioridad critica: “tenemos dos opciones: o intentamos descubrir genes
importantes en cadncer con un acercamiento de “poco a poco”, o secuenciamos el genoma

entero de algunas especies animales”[132].

En el 2000, antes de conocer el resultado de la secuenciacion completa de los primeros
genomas humanos, se pensaba que la transcripcidén parecia estar confinada a regiones del
genoma que contenian genes que codificaban proteinas [133]. Cuando el genoma humano fue
secuenciado en 2001[134, 135] uno de los hallazgos mas sorprendentes fue el reducido
numero de genes codificantes de proteinas identificados, que representan aproximadamente
s6lo 20.000 (<2% del total del genoma), cuando en los afios 90 se estimaban en mas de
60.000[136-141]. La segunda gran sorpresa de la secuenciacion del genoma humano [138] fue
descubrir que hay una gran cantidad de DNA contenido en el genoma humano que no codifica
proteinas y que aparentemente es funcional [142]. Con el desarrollo de nuevas técnicas de
analisis del genoma como tiling resolution genomic microarrays y whole genome and
transcriptome sequencing tencologies”, ahora sabemos que al menos el 80% del genoma se
transcribe activamente(en algiin momento y en alguna célula) [140, 143-145], y ésto ha
cambiado de manera dramatica nuestra percepcién del genoma[146]. Uno de los hallazgos
mas remarcables del consorcio ENCODE (The Encyclopedia of DNA Elements) [147] es que el
80% de los elementos contenidos en el genoma estan vinculados a determinadas funciones
bioquimicas, descartando de manera definitiva el antiguo y extendido concepto de que la
mayoria de nuestro genoma era “genoma basura”[148] [140, 143, 147-152]. Los autores del
consorcio ENCODE afirman que en el espacio entre genes se encuentran enhancers (elementos
reguladores de DNA), promotores (sitios donde el DNA inicia su transcripcion a RNA) y
numerosas regiones que codifican transcritos de RNA que no se traduce a proteinas pero que
pueden tener un papel regulatorio muy importante [147]. Cada vez son mds numerosas las
evidencias que sugieren que la llamada “materia oscura” del genoma presenta extensas zonas
diferentes a los genes conocidos que codifican para proteinas. Entre estas zonas no
codificantes de proteinas se encuentran los llamados RNAs no codificantes. Asi, el
descubrimiento de grandes cantidades de nuevos RNAs ha incrementado nuestra apreciacién
de la complejidad de genomas y transcriptomas, asi como otros aspectos de la biologia

incluyendo la regulacidn génica transcripcional y posttranscripcional [146]. Centraremos esta
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introduccién en los ARNs no codificantes (ncRNAs), definidos como moléculas de RNA que no
tienen potencial de codificar proteinas[153], es decir, regiones de DNA que son transcritas a

RNA que posteriormente no se traducen a proteina.

Hay un importante incremento en estos ultimos afios del estudio de estos ncRNA (Figura
17)[154] y que demuestran su funcionalidad, asi como su papel fundamental,aunque de
momento en gran parte desconocido, en la homeostasis celular, el desarrollo embrionario y el
cancer, entre otros [155-157].
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Figura 17. Publicaciones que describen ncRNAs asociados con

cancer. Entradas basadas en busquedas en Pubmed usando los

términos ncRNA o non-codingRNA o non-protein-coding RNA

[154].
Clasificamos los ncRNAs seglin su tamafio como ncRNAs pequefios (hasta 200 nucleétidos) y
los ncRNAs largos (> 200 nucleétidos) [154] (Tabla 7). Dentro de los ncRNAs pequefios los mas
ampliamente estudiados son los miRNAs, descubiertos en 1993 [158], de los que hablaremos
extensamente en este trabajo debido a que han sido el objeto principal de estudio de esta
tesis. Abundantes trabajos han demostrado que los ncRNAs estdn involucrados en distintos
tipos de cdncer en humanos [146, 159]. Existe una hipdtesis unificadora [160] de cdmo
distintos tipos de RNAs, como el RNA mensajero, pseudogenes, y RNAs largos (long non-coding
RNAs) se “comunican” entre si utilizando elementos de respuesta de miRNAs (secuencias con
parcial complementariedad con los transcritos de RNAs dianas de los miRNAs, sitios de unién
a miRNAs) como cartas de este nuevo lenguaje, y con una actividad de competencia de RNAs
enddgenos que forman a gran escala una red regulatoria a través del transcriptoma. Esta red
expandiria la informacion genética funcional en el genoma humano y parece desempefiar un
papel muy importante tanto en condiciones normales como patolégicas, como en el caso del

cancer[160]. De manera muy interesante, gracias a los recientes y sistematicos anadlisis del
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genoma Yy transcriptoma, se han identificado profundas alteraciones en los ncRNAs en el

proceso de tumorogénesis [160-163].

Tabla 7. Tipos de RNAs no codificantes en humanos.

Nombre | Tamafo Funcién
ncRNAs cortos
miRNAs 19-24 bp |Regular la traduccion de RNAm, otras
piRNAs 26-31bp | Represion de transposones, regulacién de la metilacidon de DNA, otras|
tiRNAs 17-18bp | éRegulacion de transcripcion?
snoRNAs | 60-300 bp | Modificacidon de rRNA
PASRs 22-200 bp | Desconocido
TSSa-RNAs| 20-90 bp [éMantenimiento de la transcripcién?
PROMPTs [ <200 bp |[éActivacidn de la transcripcién?
ncRNAS largos
lincRNAs >200 bp |[Intervienen en procesos de regulacion de cromatina y otros
T-UCRs >200 bp | ¢Regulacién de niveles de miRNA y mRNA?
Otros >200 bp [Inativacion de cromosoma X, regulacion de telomeros, imprinting,
IncRNAs otros
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1.4.1. microRNAS

1.4.1.1. Historiay caracteristicas

Los microRNAs (miRNAs) son RNAs no codificantes de pequefio tamafio, de 18-25 nucleétidos
de longitud, y son componentes claves y altamente conservados a lo largo de la evolucion de
un sistema de regulacidn génica mediado por RNAs en eucariotas [164, 165]. Estas moléculas
juegan un papel regulatorio muy importante en animales y plantas por medio de su unién aun
RNA mensajero diana, dando lugar a la escision de éste y/o la represidon de su traduccion a
proteina [166]. Con ello, los microRNAs intervienen en el controldel calendario de desarrollo,
el mantenimiento de células madre, asi como en otros procesos de la homeostasis celular

[165].

En 1993 Victor Ambros Rosalind Lee y Rhonda Feinbaum descubrieron que un gen que
controla el desarrollo de la larva de C. Elegans llamado lin-4 no codifica para una proteina,
sino para un par de RNAs pequeiios[158]: un RNA de aproximadamente 22 nucledtidos de
longitud, que corresponde al miRNA maduro, ) y otro de 61 nucledtidos, éste Ultimo con
estructura en forma de stem loop que corresponderia al precursor del miRNA maduro [166].
Posteriormente observaron que lin-4 tenia una secuencia complementaria con la regién 3’'UTR
del gen lin-14 [158, 167]. Mas tarde se demostré que la regulacidon por medio de esta zona
complementaria daba lugar a la disminucién de las proteinas productos del gen lin -14 sin
modificarse la cantidad de su RNA mensajero. Estos hallazgos apoyaron el modelo en el que los
RNAs de lin-4 se unian a la regién 3'UTR del gen lin-14 para regular de manera post-
transcripcional el RNA mensajero de lin-14 [158, 167]. Inicialmente se pensd que era un
mecanismo exclusivo en nematodos [168], ya que en aquel momento no se encontraron
homoélogos de lin-4 en otras especies[169, 170]). Siete afios después de este importante
descubrimiento, en el afo 2000, el segundo miRNA, let-7, fue descubierto en nematodos [171,
172]. Dicho descubrimiento no sélo proporciond otro ejemplo de regulacion post-
transcripcional por medio de RNAs pequeiios[173, 174], sino que abrid las posibilidades de que
estos RNAs estuviesen en otras especies[168]. Debido al elevado grado de conservacion
evolutiva entre especies de let-7, se pudo identificar por primera vez la presencia de
homdlogos de let-7 entre otras especies, lo que descubrid la presencia de miRNAs en otras

especies, incluyendo entre ellas la humana [175-179].
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Desde su descubrimiento, el conocimiento sobre los miRNAs ha ido creciendo de forma
exponencial. Asi, de acuerdo con el recuento realizado en agosto del 2012 contenido en la

version 19 de mirBase (base de datos destinadaal registro de miRNA,(www.mirBAse.org)[180]

se describen en Homo Sapiens 1600 entradas de precursores de miRNAs 'y 2042 de miRNAs
maduros.

El conocimiento de los miRNAs ha cambiado nuestra comprensién del proceso de la
regulacion de la expresion de los genes, ya que actualmente se sabe que los miRNAs son
capaces de regular cientos de genes y coordinar procesos de la homeostasis celular fisioldgica
incluyendo la proliferacion, diferenciacién y apoptosis, mientras que su desregulacion puede

contribuir al proceso de cancer [160, 164, 176].

1.4.1.2. Biogénesis

La mayoria de los genes que codifican para miRNAs (90%) se encuentran en regiones intrénicas
de genes que codifican para proteinas [181], aunque se cree que en la mayoria de miRNA su
transcripcidn podria ser indepndiente de las regiones promotoras de los genes que codifican
para proteinas que los contienen[178, 182]. También podemos encontrar los miRNAs en
regiones exdnicas o interegénicas (éstas Ultimas en menor proporcién). Aaparentemente los
miRNAs tendrian sus propios elementos de regulacién y constituirian unidades

independientes de transcripcion [178, 181, 182] (Figura 18).
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Figura 18. Localizacidon gendmica y estructura génica de los
miRNAs[183]. TU: Unidad de trascripcidn.
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Los genes de los miRNAs se transcriben en ambos sentidos, sense y antisense [177, 178, 184].
Muchos de los genes de miRNAs en mamiferos se encuentran en proximidad con otros
miRNAs, de forma que se organizan en clusters [178]. Estos clusters de miRNAs son transcritos
desde una misma unidad de transcripcién (TU) policistrénica;. Hay otros casos en los que los
miRNAs son derivados de promotores de genes separados [183].

Las secuencias de los genes que codifican para miRNAs estdn muy conservadas entre distintas
especies, con genes ortdlogos en otras especies, como cabria esperar si tuviesen un papel de
regulacion génica altamente conservado durante la evolucidn. Muchos de los miRNAs de
mamiferos tienen multiples pardlogos que probablemente son el resultado de duplicaciones
génicas [183]. También tienen homdlogos dentro de su misma especie.

La sintesis de los miRNAs se realiza en el nucleo de la célula y su maduracién se inicia en el
nucleo y se completa posteriormente en el citoplasma, como se esquematiza en la figura 20.
Los genes de miRNAs son transcritos en su mayor parte por la RNA polimerasa Il [185, 186] v,
en una minoria de casos,por la RNA polimerasa 111[187], dando lugar a un transcrito primario
Ilamado pri-miRNA, de varias kilobases de longityud y con estructura de stem-loop. Este pri-

miRNA puede contener la secuencia de uno o mas miRNAs (Figura 19)[188].
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Figura 19. Estructura en hairpin stem-loop de premiRNAs. Podemos observar que
contiene la secuencia de miRNA maduro (en rojo), que puede localizarse en el
brazo 5’ (A), en el 3’ (B) o en los dos (C). (D)Ejemplo de miRNAs agrupados en
forma de cluster. El cluster de miR-35-41 [188].
El primer paso de la maduracion es la escision de la estructura stem-loop del pri-miRNA por la
endonucleasa RNasa Il llamada Drosha [189], que en mamiferos esta asociada a DGCR8 [190].
Esto da lugar a una estructura de unos 65 nucledtidos Ilamada pre-miRNA [191]. En algunos
casos, de manera poco frecuente, puede no ser necesaria la escision mediada por Drosha,
como es el caso de los mirtrones, que se producen como resultado de intrones muy cortos

(mirtrones) sometidos a splicing y que soslayan el paso de Drosha (Figura 20 parte derecha)

[156, 183]. Posteriormente el pre-miRNA es exportado al citoplasma por la exportina 5 (XPO5),
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que es un miembro de la familia de receptores de transporte nuclear [192, 193]. Una vez en el
citoplasma el pre-miRNA es escindido por la endonucleasa Dicer [194, 195], asociada a las

proteinas TRBP[196, 197] y PACT [198], dando lugar a una molécula de doble cadena de unos
22 nucleétidos conocida como miRNA duplex.
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Figura 20. Representacion de la biogénesis de los miRNAs[199].

A continuacidn, se separan las dos cadenas y una de las cadenas del diplex miRNA/miRNA*
dard lugar al miRNA maduro. Esta cadena se incorporard de manera preferente al complejo
ribonucleoproteico conocido como RISC (RNA induced silencing complex)[200, 201], que pasara
a llamarse entonces miRISC. Este complejo estd formado por las proteinas Dicer, Argonatura
(argonautal-argonautad), TRBP y PACT. La hebra mas abundante una vez procesado el pre-
miRNA por Dicer fue llamada miRNA, mientras que la menos abundante se llamé hebra

pasajera o miRNA*[200-202]. El miRNA* en principio se pensaba que era degradado y que era
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menos funcional. El porqué de que se elija una u otra cadena no esta claro. Algunos estudios
apuntan la posibilidad que lo que determinaria la seleccién de la hebra es la relativa
estabilidad termodindmica de las dos cadenas de miRNAs finales del duplex. Normalmente la
cadena que se elige y pasa a formar parte del miRISC, la que se preserva de ser degradada, es
la que tiene menos estabilidad en el extremo 5’[199-201]. La cadena miR* puede también en
ocasiones formar parte del complejo RISC [199, 203-205], de forma que, avalado por estudios
de Renilla Luciferasa, ambas hebras de miRNA, miRNA y miRNA*, son funcionales[206, 207].
Inicialmente, en las primeras versiones de miRBase, sdlo estaban anotados un bajo porcentaje
de los miRNAs* (80 miRNAs*, 8% de un total de 940 miRNAs,, en la versidon 15 de
MiRbase[208]), debido en parte debido a la baja expresion de algunos miR* y también debido
a que las secuencias de los miR* fueron afiadidas mas tarde a las librerias de sondas
comerciales de microarrays y TagMan. Con el advenimiento de la next-generation sequencing
(NGS) se ha podido afinar mucho mas la informacidn sobre miRNA/miRNA*[208]. Trabajos
recientes demuestran que la ratio de miRNA/miRNA* es extremadamente variable, que
depende en gran parte de la pareja de miRNA. Un estudio interesante revela que de las parejas
de miRNA estudiadas, un 50% presentan una hebra dominante, un 10% muestra expresion
comparable de ambas hebras mientras el 40% restante presentan ratios muy variables. Un
ejemplo interesante es |la observacion de que el duplex miR-223 actua regulando la
diferenciacién mieloide mediante la accién conjunta de las dos hebras [208].

Una vez la cadena seleccionada de miRNA maduro se ha unido al complejo RISC,a partir de
esto momento denominado miRISC (complejo RISC unido a miRNA), la cadena hace de guia a
dicho complejo y se une a la regién 3° UTR del RNAm diana del que es complementario, para
bloquear su traduccidon. La hebra madura de miRNA, por lo tanto, es importante para el
reconocimiento de la diana y la incorporacién de RNAm diana especifico al complejo RISC [176,

209, 210].

1.4.1.3. Nomenclatura de los microRNAs

Las guias para la anotacidn de miRNAs fueron establecidas en el 2003 por V. Ambros, D. Bartel
y colaboradores[211], y se recogen en el repositorio miRBase, que es el repositorio online
central para la nomenclatura, secuencia, anotacion y prediccidn de dianas de miRNAs[212].
Esta base de datos, miRBase, junto con otras posteriormente citadas, son la fuente de
informacién fundamental en este resumen acerca de las reglas bdsicas que determinan la

nomenclatura de los miRNAs (http://www.mirbase.org/help/nomenclature.shtml).
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En la mayoria de genes de miRNAs su nimero es secuencial a su descubrimiento. Hay algunas
excepciones a esto: asi, si se describe un miRNA en una especie (sp) distinta a la humana pero
que es idéntico al equivalente en humanos (hsa-miR-X), se sugiere que se nomine el miRNA de
esa especie con el mismo numero utilizado en la especie humana (sp-miR-X), con la Unica
diferenciacion del prefijo utilizado (hsa para la especie humana). Como muchas secuencias de
genes de miRNAs se conservan entre especies [177, 178], Victor Ambros en su trabajo en el
2003 “A uniform system for miRNA annotation” [211] afirma que “dar el mismo nombre a
miRNAs que son ortdlogos obvios es Util y sin embargo dar el mismo nombre a secuencias no
relacionadas de diferentes organismos causa confusién”.

Hay excepciones histéricas como let-7 y lin-4, que se conservan su nhombre histdrico, y asi
nuevas descripciones de homodlogos de estos miRNAs seguramente también adquirirdn esta
nomenclatura. Como se ha mencionado, las tres primeras letras hacen referencia al organismo
de procedencia (p.ej, hsa-miR-21 es un miRNA humano). El miRNA maduro se nombra con la R
de miR en mayuscula, mientras que el gen del que deriva el miRNA maduro se nombra sinla R
mayuscula. Es decir, mir-21 se refiere al gen que codifica el miRNA-21y también en ocasiones
la porcidn predicha de stem loop del transcrito primario. Dependiendo de la convencidn
adoptada para cada organismo los genes de los miRNAs se nombraran en mayuscula o en
minuscula y con guidn o sin guidn (p.ej. MIR156 en Arabidopsis y mir-1 en C.elegansy
Drosophila) [211].

Cuando tras el nimero principal se afiade un guion seguido de un nimero significa que
distintas secuencias precursoras y loci gendmicos expresan secuencias maduras idénticas. Asi,
miR-21-1 y miR-21-2 corresponden a dos miRNAs maduros idénticos sintetizados a partir de
genes distintos).. La adicidn de letras distintas como sufijos tras el nimero de miR, como en el
caso de miR-135ay miR-135b, se utiliza para denotar secuencias maduras estrechamente
relacionadas, que se expresarian a partir de sus precursores mir-135ay mir-135b
respectivamente.

Cuando la relativa abundancia indica cual es la hebra predominantemente expresada, la
secuencia madura predominante se expresa sin asterisco (p.ej, miR-56), mientras que el
numero seguido de un asterisco (p.ej. miR-56*) identifica la secuencia madura derivada del
brazo opuesto del precursor. Cuando los datos no son suficientes para determinar cudl es la
secuencia madura predominante, las hebras respectivas se denominan por el brazo en el que
se encuentran (asi, miR-142-5p del brazo 5’) y miR-142-3p del brazo 3’). Actualmente, se
tiende a nombrar a los miRNAs por el brazo del que se producen mas que por la abundancia

relativa de cada hebra. En este sentido, en la actual versidon del miRBase se encuentra en
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primer lugar el nombre del microRNA (p.ej, hsa-mir-96, que es el precursor stem loop, pre-

miRNA) y, posteriormente, se especifican los dos microRNAs maduros ( miR-96-5p, microRNA

maduro del brazo 5’, previamente denominado ID miR-96, y miR-96-3p,microRNA maduro del

. . . *
brazo 3’, previamente denominado miR-96 , en el caso que nos ocupa.). Como la hebra

predominante no siempre se encuentra en el mismo brazo, asi que en otras ocasiones es al

revés (p.ej., miR-223-5p corresponde al previamente conocido como miR-223* y miR-223-3p

corresponde al previamente conocido como miR-223).

miRBase

Accession
Previous IDs
Symbaol
Description

Gene family

Community
annotation

Stem-loop

Deap
sequencing

Comments

Genome
context

Clustered
milkNAs

Database links

MI0000038

hea-mir-96-7

HONCMIRSG

Homo sapiens miR-96 stem-loop

MIPFOODO072; mir-96

This tewt s & summary paragrach taken from the iiipedia erary entited Mo 56 moofltia. mitBase and fifnm are f fomies

miR-96 microRNA precursor is a small non-coding RNA that regulates gene expression. microRNAs are transaribed as ~80 nudeotide precursors and
subsequently processed by the Dicer enzyme to give @ ~23 nudeotide produdts. In this case the mature sequence comes from the 5" arm of the precursor.
The mature products are thought to have regulatory roles through complementarity to mRNA. These microRNAs are expressed specifically In the inner ear
and the adult eye. miR-96 is thought to be conserved within Neph , 1€, the Di st and Protostomes. Variation within the seed region of
miature miR-96 has been assodated with autosomal dominant, progressive hearing loss in humans and mice. The homozygous mutant mice were
profoundly deaf, showing no cochlear responses. Heterozygous mice and humans progressively lose the ability to hear. Five genes, of 132 predicted
targets, have been experimentally validated s targets of miR-96: AapS, Celsr2, Myrip, Odf2 and Ryk. Microarray analysis of 4-day old wildiype and mutant
mice showed that in the 3' UTR of upregulated genes, there was a significant enrichment in hept 5 y to miR-96, imph that miR-96
normally affects a wide range of target genes, and that the mutation results in a loss of normal targets, Among the (luwnquulatpd genes, there is a
significant enrichment in heptamers complementary to the mutant miR-96, so the mutant miRt-96 has gained novel targets. Among the downregulated
genes were five of particular interest; Oom, Pitpnm1, Prestin, Ptprg and GA1, all of which are strongly and spedifically expressed in hair cells. Mice mutant
for the latter three exhibit deafness and hair cell degeneration. A multiple sequence alignment of precursor mil-96 molecules. Highly conserved nudeotides
are coloured in red, less well conserved nudeotides are coloured orange and non-conserved nudeotides are coloured blue or white. The columns
correspanding to the mature and seed sequence are indicated above the aligr . The o ical human seqs = and the two human variant sequences
that are implicated in hearing loss (13G>A and 14C>A) are in the first, second and third rows respectively.

uwgw @
e an

139 reads, 17 experiments

This sequence Is localised to chromesome 7 and was named mir-96-7 In reference [1]. The mature sequence shown here represents the most commonly
doned form from large-scale doning studies [2].

Coordinates (GRCHIZ.pS) Overlapping transcripts
cheZ: 129414532-129414609 [-] intergenic

< 10kb from hsa-mir-96

hsa-mir-183 7. 1294 A854 [-
hsa-mir-96 chr7; 129414532-129414609 [-]
hsa-mir-182 chrZ; 129410223-129410332 [-]

EMBL: AF480534; AF4B80534
EMBL: AF4B0568; AF4B0G6H
ENTREZGENE: 407053; MIRSG
HGNC: 31648; MIRSG

Figura 21. Ejemplo extraido de la base de datos miRBase, mostrando informacion
sobre la secuencia stem-loop del hsa-mir-96, indicando su secuencia y estructura,
localizacion cromosdmica, etc.
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Mature sequence hsa-miR
Pt Ll MIMATO000095

REUGITEN IV E hsa-miR-96

Sequence

Get sequence

Deep 128 reads, 16 experiments

sequencing
2N LT experimental; coned [1-3]

Validated

P—— TARBASE: hsa-miR-96-5p

DIANA-MICROT: hsa-miR-96-5p
MICRORNA.ORG: hsa-miR-96-5p
MIRDB: hsa-miR-96-5p
RNA22-HSA: hsa-miR-96-5p
TARGETMINER: hsa-miR-96-5p
TARGETSCAN-VERT: hsa-miR-96
PICTAR-VERT: hsa-miR-96

Predicted
targets

Mature sequence hsa-miR-96-3p
LGGEEELT N MIMAT0004510

RENGITEN D EE hsa-miR-96*

52 - aaucaugugcagugccaauaug - 73
Sequence

Get sequence

Deep 11 reads, 6 experiments

sequencing

[T LW experimental; cloned [2]

DIANA-MICROT: hsa-miR-96-3p
MICRORNA.ORG: hsa-miR-96-3p
[ o MIRDB: hsa-miR-96-3p
Leli Lol RNA22-HSA: hsa-miR-96-3p
TARGETMINER: hsa-miR-06-3p

Figura 22. Ejemplo extraido de la base de datos miRBase, mostrando informacién sobre la
secuencia de hsa-miR-96 maduros, secuencia hsa-miR-96-5p y hsa-miR-96-3p, se indica
igualmente el nombre identificador previo, la secuencia y el link con las bases de dianas tanto
validadas (TARBASE) como las predichas (Diana-microT, microrna.org, ect).

1.4.1.4. Mecanismos de accion

La funcién mejor estudiada de los miRNAs es la de inhibir la traduccién génica de sus dianas. La
especificidad de las dianas de los miRNAs viene determinada principalmente por la
complementariedad entre las posiciones 2-8 de la region 5’ del miRNA (llamada secuencia
semilla, del inglés “seed sequence”) con la regién UTR3’ de sus RNAm diana [176]. Este es el
Ilamado mecanismo candnico de regulacidn génica por miRNAs a través de interacciones con
la regiéon UTR3’ . Dependiendo del grado de complementariedad del miRNA con su mRNA
diana se daran dos situaciones distintas: cuando son perfectamente complementarias, el
complejo RISC inducird degradaciéon del RNAm diana, mientras que, cuando la
complementariedad no sea completa, se bloqueara temporalmente la traduccién de este

RNAm a proteinas[176]. Independientemente del mecanismo utilizado el resultado final serd la
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reduccion de los niveles proteicos [210]. En humanos, el mecanismo mas frecuente es la
represion de la traduccion[166]. Los RNAm que su traduccion ha sido reprimida por los
miRNAs, pueden ser acumulados en “focos” citoplasmaticos llamados processing bodies (P
bodies) o glycine-tryptophan bodies (GW-bodies) [27, 28]. Los P bodies pueden funcionar como
emplazamientos de estos RNAm reprimidos o destruidos[199]; ademas los P bodies estan
enriquecidos de proteinas de la maquinaria de los miRNAs (AGO y GW182) asi como de
miRNAs maduros y RNAm reprimidos[27]. La inhibicidon de la biogénesis de miRNAs o la
deplecion de GW182 causa la desaparicion de los P bodies [29] y existe una correlacidn
positiva entre la represion mediada por miRNAs y la acumulacidn en los P bodies de RNAm

[16, 213].

No siempre se requiere una perfecta complementariedad de bases con la secuencia semilla del
miRNA para que se produzca la unidén de miRNA-mRNA. Asi, puede tener lugar la unién de
miRNA-mRNA en casos de mismatch de la secuencia semilla del miRNA con su RNAm diana si
se produce un mecanismo compensatorio. Existen varias posibilidades de union del miRNA a

su RNAm diana, tal y como se ilustra de manera esquematizada en la Figura 23[214].

Classical seed paring 5¢..GCCARCGUUCGAUUUCUACCUCA.. 3 mRNA (HMGAZ)
e e al (11000 imarn T oap_
37 =UUGAUAUGUUGCAUGAUGGAGY-5" MiRENA (Let-Ta)
Supplementary binding 5'...-cuuuscml;ilucchcu?EIC??GE:.:L.S' mENA (BAK1)
e illlel_ 100000 e im e
3 =AGUGUUCAAUCCCAGRGUCCCU-5¢  MiRNA (miR-125h)

Compensatory binding 57000

3" —UUGAUA

Centered pairing 5 ARGUUUUUCAGUCUGAUAACUAUUG. 3 mMENA (GSTM3)
o TLERILNININI o o el Bt
3’ ~AGUUGUAGUCAGACUAUUCGAU-5+  T1RNR (miR=21)
G-bulge binding 5’ ..CCCUCCUCAAUGUAGUGGCCUUGG..3° mRNA (MINK1)
3 —cebulnchoccotAt-SEAD-5,  mimNA (mir-124)

Figura 23. Posibilidades de unién del miRNA a su RNAm diana. La secuencia
semilla de los miRNAs maduros estan representados en rojo [214].

Como se ha explicado anteriormente, debido a que hacen falta pocos nucleétidos para la unién
RNAmM-miRNA, cada miRNA tiene el potencial de tener como diana un gran nimero de genes,
que se estima que unos 500 por cada familia de miRNAs. A su vez, se estima que un 60% de los
RNAmM poseen una o mas secuencias conservadas durante la evolucién que podrian
interaccionar con miRNAs [210, 215-217]. Ademas, varios miRNAs pueden tener como diana

un mismo gen, de forma que pueden cooperar para regular la expresion de este gen[210, 218].

Posteriormente, se han descrito otros mecanismos “no candnicos” por medio de los cuales

los miRNAs ejercen otras funciones de regulacion (Figura 24). Asi, se ha descrito la posible
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activacion de la traduccién por parte de algunos miRNAs, mediante diversos mecanismos. Asi,
el miRNA puede unirse a la regién UTR 5’ de su gen diana y activar de esta manera la
expresion proteica de dichos genes de manera post-transcripcional. Un ejemplo de esta
funcién seria la estimulacién de la traduccién del RNA en el virus de la hepatitis C por el miR-
122.[25, 219, 220]. Otro mecanismo de activacion de la traduccion por un miRNA por un
mecanismo alternativo, sin la unidn directa a la regién UTR5’ del RNAm, lo representa miR-
328, que aumenta la traduccién de CEBPA en leucemia mieloide crdnica, no mediante la
unién directa al RNAm de CEBPA, sino mediante la unién a la proteina PCBP2, que

interacciona a su vez con laregién UTR5’ del RNAm de CEBPA e inhibe su traduccidn[221].

Otros estudios han mostrado que los miRNAs pueden también regular la expresién génica a
nivel transcripcional uniéndose directamente al DNA [222, 223]. Parece que existen diferentes
mecanismos por los cuales los miRNAs ejercen esta regulacion: regulando mecanismos
epigenéticos de silenciamiento de DNA [222, 223] o guiando la formacion de la

heterocromatina en la regién promotora [224].

5. Regulacion de la transcripcién ) 4. “Decoy activity™ )
§ miRNA /. - .\.__

gen diana ' maduro p .

! e ETRTE T R— , °roteina i Nl
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1. Inhibicién de fa traduccién & ) 2. Degradacién del mRNA
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3, Activacién de la traduccién
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Figura 24. Principales funciones de los miRNAs. Adaptado de [210, 225].

Mas recientemente[221], se ha descrito una nueva funcién de los miRNAs mediante la unién a

ribonucleoproteinas (proteinas de unidn al RNA) e interferencia en la unién de estas proteinas
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con su RNA diana. Esta funcidn se conoce con el nombre de decoy activity [221, 226]. Esto ha
supuesto un cambio en el paradigma de la funcidn de los miRNAS. Un ejemplo ilustrado en la
Figura 25 [225], supone la demostracion de que en células que expresan el oncogen BCR/ABL
y se encuentran en crisis blastica de leucemia mieloide crénica (LMC), existe un aumento de la
proteina hnRNP E2[23]. También en esta situacién de crisis blastica de LMC se infraexpresa el
miR-328, de manera BCR/ABL dependiente. HnRNP es una proteina de union a RNA, es decir,
estd involucrada en procesamiento de RNAm, la exportacién nucleo-citoplasmatica y
traduccion de RNAm[22]. Asi, hnRNP interacciona con el RNAm de CEBPA e inhibe su
traduccion a proteina. CEBPA es un factor de transcripcidon que interviene en la diferenciacién
mieloide, por lo que su inhibicién contribuye a la parada de la diferenciacién mieloide
caracteristica en la crisis blastica de la LMC. Eiring et al [221] demostraron que el miR-328, que
se infraexpresa de manera dependiente de BCR/ABL, compite con el RNAm de CEBPA por el
sitio de unién de hnRNPE?2. Es decir, cuando se expresa menos miR-328, se une menos a
hnRNP E2 y se produce una mayor unién entre CEBPA y hnRNP E2, lo que resulta en un mayor
grado de inhibicion de CEBPA por hnRNP E2, y una seiial de parada en la diferenciacion
mieloide. Por otra parte, se ha demostrado que cuando se sobreexpresa miR-328, éste se une
a hnRNP E2, compite con CEBPA por la unidn a hnRNP E2 y previene la unién de hnRNP E2
con CEBPA, evitando por lo tanto que la traduccién de CEBPA se inhiba por hnRNP E2,

contribuyendo a la promocién de la diferenciacion mieloide estimulada por CEBPA.

% h

miR-328 decoy
In CML-BC Decoy activity
miR-328 |, miR-328
hnRNP E2 hnRNP E2
CEBPA mRNA miR-328
hnRNP E2
CEBPA mRNA

CEBPA translation

suppression

|

Differentiation

CEBPA translation

|

Differentiation

arrest

miR-328 and CEBPA compete

\ for nRNPE2 binding

Figura 25. Decoy activity mediante miRNAs. (A) miR-328 decoy activity en el
contexto de LMC [225].
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1.4.1.5. Regulacion de los microRNAs

La mayoria de los miRNAs parecen estar bajo el control de la sefializacidn especifica del
estadio de desarrollo y/o de tejido[183, 227]; el control preciso de los niveles de miRNAs es
indispensable para mantener la homeostasis celular. La desregulacion de los niveles de
miRNAs se ha demostrado que se encuentra asociado al estado de enfermedad, incluyendo el
cancer[228] [183]. A continuacidn se esquematizan algunos mecanismos de regulacién de los

niveles de expresion de miRNAs.

1.4.1.6. Regulacion de la transcripcion de los genes de microRNAS

En general, cualquiera de los procesos que pueden alterar la expresién de un gen codificador
de proteinas puede afectar también a los genes de miRNAs y alterar su expresiéon [229, 230].
Ejemplos de estos procesos potencialmente modificadores de la expresion de miRNAs son:
mutaciones, deleciones, amplificaciones, translocaciones o polimorfismos. Los genes de
miRNAs pueden estar regulados, igualmente, por mecanismos epigenéticos tales como la
metilacién de la regidén promotora o modificaciones epigenéticass de histonas. (Figura 26A).
Ademas, existe un control de la expresién de estos genes por factores de transcripcién y por
mecanismos de feed-back autoregulatorios. Se han descrito muchos ejemplos de miRNAs que
regulan su propia transcripcién; algunos de ellos los vemos ejemplificados en la Figura 26

(B)[199, 231].

b

Unilateral negative Reciprocal negative
feedback loops feedback loops
Ly j e g
miRMA miRMA
A A
PITX3 miR-13b HEL-1 let-7
RUMNX1 miR-27a YAM miR-7
MYE miR-15a ZEEI miR-200
a ' Double-negative feedback loop

\ ; 7N
@SWF%— E

miR-273
Figura 26. Regulacion de la transcripcion de los genes de miRNAs[199]. (A)
Activadores (verde) y represores (rojo) de la transcripcion de miRNAs
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(factores de transcripcion). (B) Redes regulatorias mediante la expresién de
miRNAs.

1.4.1.7. Regulacion del procesamiento de los microRNAs

Ademas, la expresion de miRNAs estd modulada por alteraciones en cualquiera de los
elementos que intervienen en su procesamiento. En la figura 27 se esquematizan algunos de
estos mecanismos que puedan alterar el procesamiento de los miRNA, tales como
modificaciones en las moléculas reguladoras de este proceso a distintos niveles, la presencia

de SNP o mutaciones en la maquinaria de su procesamiento.

SMIPS in MiRMA
processing machinery
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Figura 27. (A) Esquema de los mecanismos reguladores del procesamiento de los
miRNAs. Como se puede observar en este proceso intervienen multiples proteinas
[199]. (B) Existen alteraciones diversas que pueden afectar a la maquinaria de
procesamiento de miRNAs, tales como por ejemplo la presencia de SNPs o
mutaciones en las proteinas encargadas del procesamiento [232].

1.4.1.8. Regulacion de la funciéon de microRNAs

Se ha descrito que después de su biogénesis los miRNAs también estan estrictamente
regulados por varios mecanismos[199]. Uno de estos mecanismos es la regulacion de la
funcién de los miRNAS a nivel de las proteinas AGO, la proteina GW182 y otras proteinas

necesarias para la funcion de los miRNAs y su modulacién. En los vertebrados, las cuatro
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proteinas AGO tienen funciones que se solapan en cuanto a la represién de los miRNAS[9],
aunque existen estudios que revelan especificidad en sus funciones. Se ha observando que los
distintos componentes de la familia AGOs tienen distinta potencia a la hora de reprimir la
sintesis proteica tras su unidn su RNAm diana, por lo que la abundancia relativa de las distintas
proteinas AGO puede afectar la intensidad de la represion de determinados miRNAs en
determinadas células o tejidos[12]. Un ejemplo de ello seria el caso de miR-451 y AGO2, que

parece tener una funcién especifica en la hematopoyesis [10].

Muchas de las otras proteinas que interaccionan con el complejo miRISC pertenecen a la
familia de helicasas DExD/H/RNA, algunas de las cuales intervienen en el desenrollado de los
duplex de RNA, entre otras funciones que son de gran importancia para el correcto
funcionamiento de miRISC como la asociacion y disociacion con sus RNAm dianas[13, 199].
Existen otras muchas proteinas que pueden modular este proceso como por ejemplo el gen
importin 8 (IMP8) que se asocia con las cuatro proteinas AGO humanas y que es necesario

para el eficiente acoplamiento de AGO2 a un gran numero de RNAm [14].

1.4.1.9. Regulacion de la destruccion de los microRNAs

La destruccion, recambio o turnover de los miRNAs esta menos descrita que su biogénesis. Se
ha descrito que los miRNAs son moléculas muy estables y algunos estudios indican que la vida
media de muchos miRNAs en lineas celulares o en 6rganos como el higado o corazén es larga,
pudiendo ser de horas e incluso de dias [17, 20]. Este lento recambio no es universal para
todos los miRNAs [199] ya que otros miRNAs se ha descrito que poseen un rdpido recambio,
como por ejemplo el miR-29b que se destruye antes en células en ciclo que en células paradas
en mitosis[18]. Otro ejemplo de rdpido recambio es el de algunos miRNAs en neuronas, y esto

parece estar regulado por la actividad neuronal [35].

1.4.1.10. Decoy activity sobre los efectos de los microRNAs

La actividad de los miRNAs puede verse también regulada por mecanismos de decoy activity,
ejemplificados en la figura 22 [225]. Se describid [24] que los pseudogenes podrian funcionar
como un decoy sobre los efectos de los miRNAs en los genes codificadores de proteinas,

ejemplificado por el pseudogen de PTEN el llamado PTEN1. Ambos son dianas de algunos
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miRNAs como el miR-19b y miR-20a. Demostraron que cuando sobreexpresamos la regién
3’UTR del pseudogen PTENP1, dado que los miRNA se unen a la region 3’UTR del gen PTEN1 y
que inhiben su expresion PTEN1, cuando aumentamos la regién 3’UTR del pseudogen, estos
miRNAs se unen al pseudogen y no tanto al gen y con ello observamos la “desrepresion” del

gen PTEN.
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1.4.2. microRNAs y hematopoyesis

La primera evidencia de que los miRNAs jugaban un papel en la hematopoyesis se obtuvo en
un trabajo en el que se clonaron 100 miRNAs de medula dsea de ratdn y se observé que miR-
223, miR-181 y miR-142 se expresaban preferencialmente en tejido hematopoyético [233,
234]. A partir de ese primer trabajo se han identificado multiples miRNAs con expresion
prominente en tejido hematopoyético[235]. Mediante experimentos en ratones en los que se
habia dafiado la maquinaria de biogéniesis de los miRNAs por la deleccion de Dicer o
Argonatura, se pudo determinar la importancia de los miRNAs en la hematopoyesis. Se
observé que al dafiar la via de los miRNAs se veia afectada la reconstitucién
hematopoyética[236, 237].Diferentes tipos de estudios funcionales incluyendo modelos
murinos de Knock-in y Knockout, se han evidenciado diferentes miRNAs que participan en las

diferentes etapas de la diferenciaciéon hematopoyética(Figura 28[235]).
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Figura 28. miRNAs involucrados en las diferentes etapas de la diferenciacién
hematopoyética [235].
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En la siguiente tabla se detallan algunos de los miRNAs involucrados de forma especifica en el

desarrollo de la linea meloide (como el miR-196b, miR-21 y miR-29), junto a sus dianas, funcién

y regulacién.

Tabla 9. Resumen de los miRNAs que participan en el desarrollo y diferenciacion
mieloide. Adaptado de[238].

miRNA Regulad Dianas Funcion
o por
miR-9 CREB NF-KB1, Cuando se incrementa su expresion regula de manera negativa infraexpresando proteinas
ETS, BCL6 involucradas en la respuestaaguda que sigue a laactivacion del sistemainmune
miR-17- AML-1 AML-1 En combinacién con miR-20a, mir-106 y miR-17-5p, infraregula la expresion del receptor
S5p M-CSF, aumenta la proliferacion de blastos e inhibe la diferenciacién y maduracion
monocitica
miR- MLL, HOX Su sobreexpresién en progenitores aumenta su proliferacion y supervivenciay bloqueasu
196b GF-1 diferenciacion
miR-20a AML-1 AML-1 En combinacién con miR-20a, mir-106 y miR-17-5p, infraregula la expresion del receptor
M-CSF, aumenta la proliferacion de blastos e inhibe la diferenciacién y maduracion
monocitica
miR-21 GFI-1 NFI-B, En progenitores mieloides, su sobreexpresion bloquea la differenciaciéon granulocitica
PTEN inducida por G-CSF
miR-27 C/EBPa AML-1 En progenitores granulociticos, su sobreexpresion infraregula AML-1 y promueve su
diferenciacion
miR-29a C-MYC CDC42, Induce capacidad de autorenovacion en las células madres hematopoyéticas
HBP1
miR- AML-1 AML-1 En combinacién con miR-20a, mir-106 y miR-17-5p, infraregula la expresion del receptor
106a M-CSF, aumenta la proliferacion de blastos e inhibe la diferenciacién y maduracion
monocitica
miR-126 ETS1/2 HOXA9 Promueve la generacion desde células madre hematopoyéticas de progenitores de linaje
restringido (progenitor comun linfoide y progenitor comin mieloide)
miR-155 AP-1 PU.1, En células madre hematopoyéticas induce proliferacion y produce enfermedades
C/EBPa mieloproliferativas
miR-223 C/EBPaq, NFI-A Regula negativamente la proliferacién y activacion de los neutréfilos
NFI-A
miR-424 PU.1 NFI-A Lasobreexpresién de miR-424 en progenitores monociticos estimula su diferenciacién

1.4.3. microRNAs en el cancer

La primera vez que se relacioné un miRNA con el proceso de tumorogénesis fue en 2002,

cuando el grupo de C. M. Croce describié que en una regién gendmica muy frecuentemente

delecionada en la leucemia linfatica crénica (LLC), 1314, no habia genes codificadores de

proteinas sino dos genes de miRNAs en esa regidn, miR-15a y miR-16-1. Estos miRNAs,

delecionados o silenciados epigenéticamente en casi el 70% de lospacientes con LLC, se

confirmaron como genes supresores de tumores en la enfermedad [239]. Posteriormente, se

han descrito muchos miRNAs implicados en diferentes tipos de canceres, tanto por pérdida de

funcion (miRNAs supresores de tumores) como por ganancia de funcién (miRNAs que

funcionarian como oncogenes u oncomiRs) (Tabla 9 [240]). Es interesante remarcar que,
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debido a que un mismo miRNA puede tener varias dianas, podra funcionar como oncogén o

como gen supresor de tumor dependiendo del tejido en el que actie. Un ejemplo de ello son

los miRNAs miR-221y miR-222, que tienen como diana el oncogen KIT y por lo tanto inhiben

el crecimiento eritroblastico en leucemia funcionando como un gen supresor de tumor

eritroleucemia [241]. Sin embargo, estos mismos miRNAs tienen también como dianas varios

genes supresores de tumores tales como PTEN, p27, p57y TIMP3, funcionando por tanto

como miRNAs oncogénicos en varios tumores sélidos [242].

Tabla 9. Algunos ejemplos de miRNAs que funcionan como oncogenes o genes supresores de
tumores en diferentescanceres humanos. Adaptada de [240].

miRNA Papel Tumores en los que se ha Funcidn Dianas validadas
oncogénico: descrito su disregulacion
oncomiR (ONC)
6 miR supresor
de tumor (ST)
miR-15y miR- ST Pérdida en LLC, cancer de Induce apostosis e BCL-2, WT1, RAB9B y
16-1 préstata y MM inhibe tumorogénesis MAGES83
Let-7(a, b, c, d, ST Pérdida en cancer de mamay Induce apostosis e RAS, MYC y HMGA2
e f,gei) otros tumores solidos y inhibe tumorogénesis
hematoldgicos
miR-29 (a, by ST Pérdida en LLC agresiva, LMA con Induce apoptosis e TCL1, MCL1 y DNMTs
c) tMLL, SMD, cancer de pulmén, inhibe tumorogenesis.
mama y colangiocarcinoma Reactiva genes
supresores de
tumor que estan
silenciados
miR-34 ST Perdido en cancer de pancreas, Induce apoptosis CDK4, CDK®, ciclinaE2,
colon, mama e higado EZF3 y MET
miR-145 ST Perdido en cancer de mama Inhibe proliferacién e ERG
induce apoptosis en
células de cancer de
mama
miR-221y ST Perdido en leucemia Inhibe proliferacién en KIT
miR-222 eritroblastica eritroblastos
miR-221y ONC Sobreexpresado en LLC agresiva, Promueve la P27, p57, PTEN y TIMP3
miR-222 carcinoma de tiroides, y proliferacion celular e
carcinoma hepatocelular inhibe la apoptosis en
varios tumores sélidos
miR-155 ONC Sobreexpresado en en LLC Induce porliferacion MAF, SHIP1
agresivo, linfoma de Burkitt, y celular y leucemia o
cancer de pulmén, mama y colon linfoma en ratén
Cluster miR- ONC Sobreexpresado en linfoma, y en Induce proliferacion E2F1, BIMy PTEN
17-92 cancer de mama, pulmén, colon,
estdmago y pancreas
miR-21 ONC Sobreexpresado en glioblastoma, Inhibe la apoptosis e PTEN, PCCD4, TPM1y
LMA con reordenamiento MLL, incrementa la TIMP3
LLC agresiva y cancer de mama, tumorogenesis
colon, pancreas, pulmén,
prostata, higado y estémago
miR-372y ONC Sobreexpresado en tumores Promueve la LATS 2
miR-373 testiculares tumogeneicidad en

cooperacién con RAS

Por otra parte, la identificacion de multiples genes de miRNAs en puntos de rotura especificos

de translocaciones cromosdmicas o reordenamientos génicos caracteristicos de determinados
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tumores proporciond importantes pistas de la funciéon de estos miRNAs en diversos tipos de

cancer (Figura 29, [240]).
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involucrados en cancer humano[240].
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1.4.4. microRNAs en LMA

1.4.4.1. Perfiles de expresion de microRNAs en LMA

Los primeros perfiles de miRNAs que se describieron en relacién con la LMA fueron aquellos
gue mostraban que existia diferencia de expresién de miRNAs entre CD34+ de donante sano y
blastos mieloides [243-245]. De manera interesante, también se ha definido diferencias en la

expresion de miRNAS entre célula madre hematopoyética y célula madre leucémica (Figura 30)
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[246]

Figura. 30. MicroRNAs con un papel relevante tanto en la célula madre
hematopoyética como en la célula madre leucémica [246]. Los miRNAs
contenidos en la flecha (miR-29a, miR-125b, miR-145, y miR-146a) han
mostrado papel en la inducciéon de LMA en el sistema hematopoyético de
raton. La identificacion con * significa que no queda claro en que progenitor
hematopoyético realiza su efecto. $ Ambos miRNAs miR-125b y miR-29a se
ha demostrado que inducen desérdenes mieloproliferativas y que en una
serie de ratones trasplantables progresan a LMA, sugiriendo que estos
miRNAs apoyan a la autorenovacion de las células madres leucémicas.

Posteriormente, se definid que el patréon de expresion de miRNAs es capaz de discriminar
entre la leucemia aguda de estirpe mielobldstica y linfoblastica [243]. Por otra parte, estudios
posteriores demuestran que el patron de expresidon de miRNAs identifica algunos subtipos

citogenéticos de LMA, como es el caso de la leucemia promielocitica aguda [244, 247, 248], |a
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LAM con reordenamiento de core-binding factor (CBF)[244, 247-249], la LMA con
translocaciones que involucran la region t(11g23)/MLL [244, 245, 248, 250-252], la LMA

asociada a trisomia 8[245] o la LMA asociada a cariotipo complejo con mutacién de TP53[253].
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Figura 31. Enumeracion de algunos miRNAs caracteristicos de distintos
subtipos de leucemia aguda. Los miRNAs sobreexpresados estdn
contenidos en cuadro rojo y los infraexpresados en cuadro verde [30].

Ademas, se han descrito patrones aberrantes de expresién de miRNAs asociados a subtipos de
LMA asociados a determinadas caracteristicas moleculares, como es el caso de la
sobreexpresidon de miR-155 en pacientes con FLT3-ITD[244, 245, 249, 254]. Dentro de la
categoria de LMA con citogenética normal, el subgrupo de enfermos con mutaciones de NPM 1
también presenta una “firma” de miRNAs caracteristica, incluyendo la sobreexpresion de miR-
10a, 10b y 196a e infraexpresidon de miR-204, miR-128a, y miR-126[244, 254-256]. Estos
miRNAs residen en la regién gendmica de los genes homeobox (HOX), cuya sobreexpresién
constituye la caracteristica mas destacada de la firma de expresién génica de esta entidad
(LMA-NPM1mut) y que seria la responsable de conferir un fenotipo “stem-cell” a la poblacion
leucémica [254]. Por otra parte, la sobreexpresion de miR-181a y miR-335 asi como la
infraexpresidon de miR-34a son caracteristicas de la LMA con mutaciones de CEBPA [244, 257,
258]. Un estudio describe una firma de miRNAs asociado a la mutaciéon R172 de IDH2[51].
También se ha descrito un perfil de expresién asociado a sobreexpresién de genes con valor
prondstico en LMA como en el caso de la sobreexpresién de BAALC, caracterizada por la
infraexpresion de miR-148a[68], miR-10a, miR-10b y miR-9 [259] y sobreexpresion de miR-
3151 [260]. Finalmente, se han descritoperfiles de miRNAs asociados a la sobreexpresion de

MN1[74] y ERG [259](Tabla 11) .
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Tabla 10. Resumen de expresion de miRNAs asociados con mutaciones vy
sobreexpresion de genes con valor prondstico en LMA (adaptado de [261]).

Gen Sobreexpre- Infraexpre-
sion sion
NPM1Mutado
miR-10a miR-204
miR-10b miR-128
miR-196a miR-126
miR-196b miR-130a
miR-451
CEBPA Mutado
miR-181a miR-34a
miR-335
FLT3-ITD
miR-155
R172-1DH2 mutado
miR-125a-5p miR-194-1
miR-125b miR-526
miR-133 miR-520a-3p
miR-1 miR-548
BAALC sobreexpresado
miR-3151 miR-148
MN1sobreexpresado
miR-126 miR-148
miR-126* miR-16
miR-424 miR-17-92
miR-100
miR-196a
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1.4.4.2. microRNAs con valor prondstico y/o funcional en LMA

La expresidn de determinados miRNAs se asocia con el pronéstico tanto en el conjunto de LMA
como en la LMA con citogenética normal (LMA-CN). Un estudio demostrd la asociacion entre
la expresién elevada de miR-191 y miR-199a con una duracién de la respuesta y supervivencia
global acortadas en un aserie de pacientes con LMA de todos los grupos citogenéticos,
asociacion validada en una serie de validacién[245]. En este mismo grupo de LMA, un estudio
mas reciente identificd miR-212 como factor prondstico independiente, relacionando niveles
de expresion elevados de miR-212 con un mejor prondstico, resultado también validado en
una serie independiente de enfermos[262]. Recientemente, se ha descrito y validado en una
serie de citogenética heterogénea la sobreexpresién de miR-196b como un factor de mal

prondstico[263].

Dentro de la LMA con citogenética normal se han descrito diversos miRNAs con valor
prondstico. Asi, una firma compuesta por 12 miRNAs mostré valor prondstico dentro del grupo
molecular desfavorable, definido por la presencia de (FLT3-ITD y/é NPM1 no mutada). El valor
prondstico de los miRNAs contenidos en la firma fue validado en una serie independiente, con
la asociacidn de la sobreexpresién de miR-181a y miR-181b a un mejor prondstico, mientras
que la sobreexpresion de miR-124, miR-128-1, miR-194, miR-219-5p, miR-220a y miR-320
estaba asociada a peor prondstico [264] (Figura 32A). Dos aios despues, fue validado en una
serie independiente, mediante ensayos individuales, el valor prondstico de miR-181a dentro
de LMA-CN y en el subgrupo molecular desfavorable dentro de LMA-CN (Figura 32B).
Posteriormente se ha descrito el valor de miR-181a y miR-181b como marcadores prondtiscos
en LMA con citogenética normal. Estudios funcionales han mostrado que el aumento de
manera ectdpica de miR-181b in vitro promueve la aptoptosis y se inhibe la vialilidad y
proliferacidon de las celulas leucémicas [265] . Otro estudio demostré que miR-181a estaba
infraexpresado en lineas celulares de LMA resistentes a citarabina, en comparacion con las
mismas lineas no resistentes al farmaco; asimismo, se identificd bcl-2 como diana de miR-
181a. Posteriormente se demostrd que la sobreexpresion de este miRNA en estas lineas
celulares las hacia mas sensibles a citarabina, asi como se activaba la apoptosis [266]. De
manera intersante, en otro estudio se demostré que la proteina resultante de la mutacién de
CEBPA en la region N-terminal (C/EBPpalfa-p30) se unia a la regidn promotora del gen que
codifica mir-181a-1y ocasionaba un aumentode los niveles de este miRNA, pudiendo este

mecanismo explicar en parte la notable quimiosensibilidad asociada a la LMA con mutacién
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bialélica de CEBPA. En este sentido, el tratamiento con lenalidomida ha mostrado capacidad de
aumentar la expresion de la proteina truncada C/EBPPalfa-p30 y, secundariamente, niveles

mas altos de miR-181a en estudios in vitro y modelos murinos [267].
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Figura 32. (A) “Score” de miRNA en el subgrupo molecular desfavorable en
LMA-CN, adaptado de[264] (B) miR-181a validado como marcador pronostico en
LMA-CN, adaptado de [268].

En este mismo grupo de pacientes con LMA-CN, mas recientemente se ha identificado como

marcador de mal prondstico la sobreexpresién de miR-1552 [269] y, en pacientes mayores de

60 afos, la sobreexpresién de miR-3151 como marcadores de mal prondstico en la LMA-CN

[260].

En la siguiente tabla se resumen los ejemplos mas relevantes de miRNAs involucrados en

distintos modelos de leucemogénesis.

Tabla 11. microRNAs con funciéon documentada en leucemogénesis mieloide (adaptado de [261]).

. ., Regulacién . . .
miRNA Expresion po? Dianas Efectos in vitro Efectos in vivo
Induce
Bloquea la . . L
Sobreexpresado megacarionoyesis mieloproliferacién
miR-155 en LMA con FLT3- NFK8 SHIPL gacariopoyesis. con cambios
Induce la formacién de . . .
ITD . L mielodisplasicos
colonias mieloides .
en raton
En progenitores
Sobreexpresado hematopoyéticos
miR-196b en LMA con MLL HOXB8 incrementa la
t(11g23) supervivencia celular y
la proliferacién
En ratén KO para
miR-223 Infraexpresado en | RUNX1/RUNXI1TI1, MEF2C Induce la dlfer'e.naaaon miR-223 se
LMA t(8;21) CEBPA, NFIA granulocitica produce
granulocitosis
Infraexpresado en MCL1 Induce apoptosis,
miR-29b-1 LMA con NPM1 no NFk8, MYC, YY1 CDKE, SP1, inhibe prolnferaaon, Reduce.laT
mutada, en LMA DNMT3A/B regula negativamente tumorogenicidad
t(11g23) y del (7q) la metilacion de DNA
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1.4.4.3. microRNAs y proteinas de fusion caracteristicas en LMA

Algunas proteinas de fusién derivadas de translocaciones cromosémicas recurrentes en LMA
han mostrado la capacidad de silenciamiento de la expresidn de miRNAs mediante
mecanismos epigenéticos [30]. Un ejemplo de este mecanismo lo constituye la proteina de
fusion AML1-ETO resultante de la t(8;21)(q22.;922), que se une a la region gendmica del
promotor de miR-223. Dicha proteina de fusién produce el silenciamiento de miR-223
mediante el reclutamiento de un complejo epigenético silenciador compuesto, entre otras,
por proteinas con actividad histona desacetilasa y DNA metiltransferasas (DNMTs). La
metilacién de su gen produce la inhibicidon de la expresion de miR-223 y ello resulta en un
bloqueo de la diferenciacidn mieloide. La reexpresion de miR-223 mediante desmetilacién
restaura la diferenciacién de los blastos leucémicos [270, 271]. De manera andloga, esta
proteina de fusidn produce el silenciamiento epigenético del miR-193a, dando lugar a la
expansioén de la actividad oncogénica de la onproteina de fusion AML1-ETO [272]. De manera
similar se ha descrito la represidn transcripcional de miR-210, miR-23 y miR-24 por la proteina

de fusidon quimérica PML-RARA en la leucemia promielocitica aguda [273].

1.4.5. Busqueda de dianas de microRNAs

1.4.5.1 Recursos informaticos

Como se ha comentado anteriormente, un mismo miRNA puedetener diversos RNAms como
potenciales dianas [274]. Asi, un 60% de los RNAmM comparten una o mas secuencias que estan
conservadas evolutivamente y con potencial capacidad de interaccionar, por la
complementariedad de sus secuencias, con miRNAs [275]. Para identificar las dianas génicas
de los miRNAs se han desarrollado varias bases informdticas de prediccidn de dianas que
tienen en cuenta diversos aspectos relacionados como su procesamiento bioldgico, la funcion
de los miRNAs y pardmetros complejos relacionados con su unidn al gen diana [214, 276]. La
mayoria de estas herramientas de prediccion se basan en la complementariedad completa o
incompleta de la secuencia del RNAm diana con la “secuencia semilla” del miRNA, es decir, con
los nucledtidos 2-7 del extremo 5’ de la secuencia madura de los miRNAs[274]. La mayoria de
estas bases de prediccién se limitan a la region 3’UTR de los RNAm diana. En la tabla 10 se
muestran los algoritmos de prediccidén mds cominmente utilizados y sus principales

caracteristicas.
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Tabla 12. Algoritmos de prediccién de dianas de miRNAs mds comuUnmente utilizados y
sus principales caracteristicas, adaptado de [214]

Bases que solo consideran la region UTR 3’ como diana putativa

TargetScan http://www.targetscan.org
PicTar http://www.pictar.org
EIMMo3 http://www.mirz.unibas.ch/EIMMo3/
Diana-microT http://diana.cslab.ece.ntua.gr/microT/
v3.0
PITA http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html
MicroRNA http://www.microrna.org/microrna/home.do

miRBase targets http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/
(microcosm)

miRDB http://mirdb.org/miRDB

Bases que consideran otras partes del RNAm como dianas putativas

RNA22 http://cbcsrv.watson.ibm.com/rna22.html

miRWalk http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/

1.4.5.2. Validacion funcional

La demostracién de las dianas predichas de los distintos miRNAs requiere su validacidon
experimental, para lo que se han desarrollado diferentes métodos. Una primera aproximacién
experimental para identificacion de dianas es el andlisis de la correlacidn significativa entre la
expresion de RNAm y miRNA, fundamentalmente inversa, en las mismas muestras y la
combinacion de estos resultados con las bases de prediccion de dianas. Algunos programas,
como el utilizado en la presente tesis, el RmiR package (Bioconductor version

2.6;http://www.bioconductor.org/Bioconductor) permiten relacionar la expresién de miRNAs

con la expresion de RNAm teniendo en cuenta los algoritmos de prediccidn de dianas

TargetScan and Pictar.

Una vez identificados los posibles candidatos, existen varias validaciones funcionales de estas
aproximaciones, como seria el ensayo Renilla-Luciferasa y la medicidn de la cantidad de
proteina tras inhibir o aumentar los niveles del miRNA en estudio mediante Western Blot o
técnicas afines. En la siguiente figura (Figura 33) se resumen algunas de las técnicas que se

utilizan para la validacion de dianas.
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1.4.6. Modificacion de la expresion de miRNAs: posibles aplicaciones terapetticas

En la actualidad se estan desarrollando varias estrategias para utilizar los miRNAs como una
herramienta terapéutica (Tabla 13, Figura 34). Una tedrica ventaja de la terapia del cancer
basada en miRNAs seria que éstos tienen como diana varios genes a la vez, implicados en la
misma via celular o en vias con funcién redundante, involucrados en el desarrollo de cancer, lo
cual supondria una ventaja tedrica respecto el empleo de RNAs pequefios de interferencia
(siRNAs), disefiados especificamente para reducir la expresion de un Unico gen determinado.
Las terapias basadas en miRNAS tendrdn como objetivo inhibir la funcién de un miRNAs
considerado oncogénico (oncomiR), o restablecerla funciéon o aumentar la expresion de un

miRNAs supresores de tumores [277].
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Figura 34. Mecanismos de accion de miRNAs y el potencial uso de agentes
terapéuticos para activar o bloquear su funcién. Las estrategias para disminuir
la actividad de un miRNAs estdn contenidas en cajas rojas y aquellas
destinadas a aumentarla en cajas verdes [277].
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En el caso de los oncomiR, algunas de las estrategias ideadas para bloquear la funcidn de estos

miRNAs estan basadas en oligonucledétidos:

- Oligonucleotidos antisentido (antisense, ASOs), también llamados antimiRNA, que
incluyen locked nucleic acids (LNA), es decir, ASOs modificados para alcanzar una
mayor afinidad con los miRNAs diana.

- Pequefias moléculas antagomiRs o diminutos LNA anti-miRs.

- “Esponjas” de miRNA.

- Farmacos basados en pequefias moléculas que tienen como diana miRNAs (SMIRs).

En el el caso contrario, cuando el objetivo del tratamiento son los miRs supresores de tumor,

las principales estrategias para aumentar su funcion son:

- Revertir su silenciamiento epigenético (p.ej, con agentes hipometilantes)
- Aumentar su biogénesis (p. ej., con sustancias como la neomicina)
- Administracion o “entrega dirigida” del miRNA en cuestidn, tanto “desnudo” como

acoplado a un carrier o liberado por un vector viral.

El desarrollo de estas estrategias se ha encontrado con bastantes obstaculos, entre ellos los
problemas de “entrega” del agente terapéutico en el tejido diana que debe enfrentarse con
con diversas dificultades como su posible degradacién por nucleasas, el aclaramiento renal, la

dificultad en atravesar el endotelio capilar o la posible eliminacidn por el sistema inmune.

Problemas adicionales serian la toxicidad de la molécula portadora (carrier) del miRNA,
trombogenicidad, o activacidn del complemento [278-280]. Otro elemento importante a tener
en cuenta respecto al tratmiento basado en miRNAs es la relativa falta de especificidad de Ia
accion, debido precisamente a la potencial multiplicidad de dianas. Un ejemplo de ello seria la
posibilidad de induccién de defectos congénitos esqueléticos y de crecimiento en humanos

cuando se realiza la delecién del grupo de miRNAs (cluster) oncogen miR-17-92 [281].

A pesar de todo ello, ya se estdn ensayando con éxito varias terapias basadas en anti-miR,
para el tratamiento de enfermedades como la fibrosis, la infeccidn por el virus de la hepatitis
C, la arterioesclerosis o cancer [277]. Por ejemplo MRX34 (desarrollado por Mirna
Therapeutics) es un agente mimético de miR-34, formulado en forma de liposoma que induce
respuestas en hepatocarcinoma, sin toxicidad inesperadas en tejidos normales, y con el que se
esta llevando a cabo un ensayo fase | (ClinicalTrials.gov identificador: NCT01829971). Otro
ejemplo terapéutico es un agente con diana en el miR-122, microRNA abundantemente

expresado en hepatocitos. El virus de la hepatitis C (VHC) utiliza el miR-122 del huésped para
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replicarse y propagarse. Recientemente se han publicado los resultados de un ensayo clinico
fase Il para el tratamiento de virus de la hepatitis C, basado en el empleo de una molécula que
bloquea la accidon del miR-122 y que resulta en una reduccidn de la carga virica del VHC con
buena tolerancia [282]. Otra estrategia terapéutica interesante tiene como objetivo la
combinacion de miRNAs con el tratamiento oncolégico convencional para aumentar la
sensibilidad a la quimioterapia y/o radioterapia [283-285]. Recientemente se han

desarrollado plataformas in vivo para el ensayo de terapias basadas en RNAs en LMA. En
concreto, se ha demostrado que la inhibicién terapedutica del miR-21 y miR-196b inhibe la
formacidn de colonias y depleciona in vivo las células iniciadoras de leucemia en variedades de
LMA con sobreexpresién de genes HOX, lo que conlleva una prolongacién de la supervivencia

en el modelo murino [286].
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2. Hipotesis y objetivos

2.1. Hipotesis

La LMA es una enfermedad muy heterogénea tanto desde el punto de vista clinico como
fisiopatoldgico y especialmente la categoria de riesgo citogenético intermedio, que es la mas
frecuente. Por otra parte, el tratamiento éptimo postremisidn varia de acuerdo a factores
citogenéticos y moleculares que permiten hacer una estimacién del riesgo de recaida de la
LMA, y resulta incierto en muchos casos. En este contexto, y debido a la capacidad
discriminatoria que poseen los perfiles de expresién de miRNAs para diferenciar distintas
enfermedades, el andlisis del patrén de expresidn de miRNAs en la LMA y su correlacion con la
informacién citogenética y molecular disponible, puede contribuir a definir y delimitar
entidades con un perfil biolégico homogéneo, incluyendo una firma de expresion de miRNAs
distintiva. Ademas, el andlisis pormenorizado de las posibles dianas genéticas moduladas por
la expresidn de determinados miRNAs, puede contribuir a comprender el patrén de expresion
génica y los mecanismos de leucemogénesis de distintos subtipos de LMA. Ademas, el estudio
de la expresion de los perfiles de miRNAs puede aportar informacidn prondstica adicional a la
gue proporcionan parametros clinicos, las anomalias citogenéticas o determinadas lesiones
moleculares, ayudandonos asi a mejorar la estrategia terapéutica adaptada al riesgo en la

LMA, especialmente en el grupo con mayor incertidumbre, de riesgo citogenético intermedio.
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2.2. Objetivos

Generales:

1. Analisis del perfil de expresion de miRNAs en los distintos subgrupos citogenéticos y
moleculares de LMA, asi como en células CD34+ normales.
2. Caracterizacién del perfil de miRNAs en el grupo de LMA-RI y estudio de su valor

prondstico.

Especificos:

- Caracterizacion del patron de expresion de miRNAs de la LMA con traslocacion (8;16) y
reordenamiento MYST3-CREBBP

- Estudio de los mecanismos de regulacion de expresiéon de miRNAs especificos de LMA
con t(8;16).

- ldentificacién de dianas génicas de miRNAs identificados como especificos de LMA
t(8;16).

- Estudio de perfiles de miRNAs asociados a mutaciones frecuentes en LMA.

- Analizar el valor prondstico del patron de miRNAs junto a otras variables clinicas y

biolégicas relevantes.
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3. Resultados

3.1. Resumen de articulo 1

Articulo 1: “La leucemia aguda mieloide con translocacion (8;16)(p11;p13) y reordenamiento
MYST3-CREBBP tiene una firma de microRNA distintiva que tiene como diana el protooncogén

RET”

La leucemia mieloide aguda (LMA) con t(8;16)(p11;p13) (LMA t(8;16)) tiene un perfil clinico-
biolégico caracteristico, pero su patrén de expresidon de microRNAs es desconocido. En el
presente trabajo hemos analizado 670 miRNAs maduros en 7 pacientes con LMA con t(8;16) y
en 113 pacientes con otros subtipos de LMA, asi como en tres controles CD34+ de donante
sano. El andlisis jerarquico de grupos (“Hierarchical cluster analysis”) demostré que todos los
pacientes con LMA t(8;16) se agruparon en un grupo (“cluster”) independiente. Asimismo, el
analisis supervisado reveld una firma distintiva de 94 miRNAs, la mayoria de los cuales estaban
infraexpresados, entre los que se encontraban el miR-21y el cluster miR-17-92. Con el
objetivo de entender porqué miR-21 vy el cluster miR-17-92 se encontraban infraexpresados en
este subgrupo en comparacién con el resto de grupos de LMA, se estudid la expresidn de sus
factores de transcripcidon STAT3 y c-Myc respectivamente. El analisis de expresion del RNAm de
dos conocidos factores de transcripcion de estos miRNAs (STAT3 y c-Myc) mostré una
infraexpresion significativa de STAT3 (P=0.04). Por otra parte, el analisis bioinformatico mostré
qgue 29 de los miRNAs que estaban infraexpresados podrian estar regulados por metilacion.
Con el fin de comprobar si estos miRNAs podian estar regulados por metilacidn, tratamos una
muestra de células primarias de LMA t(8;16) con 5-aza-2'-deoxycytidina (5-AZA-dC) y
Tricostatin A (TSA) y encontramos que 27 miRNAs se reexpresaron después de dicho
tratamiento. Sin embargo, no se encontraron diferencias en el estado de metilacion entre las
LMA con t(8;16) y los otros subtipos ni en metilacion global, ni en metilacion de promotores de
miRNAs. Finalmente, se correlaciond la expresion de RNAm (de la que disponiamos de un
estudio previo: Camds, Esteve et al; Cancer Res 2006) con la expresion de miRNAs para
identificar posibles dianas reguladas por los miRNAs de la firma. La correlacion entre la
expresion de mRNA y la de miRNAs identificé RET como una potencial diana de tres de los
miRNAs caracteristicos de esta entidad. Mediante ensayo de Renilla-Luciferasy citometria de

flujo tras la transfeccidn con pre-miRNAs se confirmd que RET estaba regulado por los miRNAs
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de la firma miR-218, miR-128, miR-27b, miR-15a y miR-195. En conclusion, la LMA t(8;16)
presenta una firma caracteristica de miRNAs que estd regulada parcialmente mediante

mecanismos epigenéticos y que tienen como diana el protooncogén RET.
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3.2 Articulo 1

Leukemia (2013) 27, 595-603 q
© 2013 Macmillan Publishers Limited All rights reserved 0887-6924/13
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ORIGINAL ARTICLE
Acute myeloid leukemia with translocation (8;16)(p11;p13) and
MYST3-CREBBP rearrangement harbors a distinctive

microRNA signature targeting RET proto-oncogene

M Diaz-Beya'®, A Navarro®®, G Ferrer', T Diaz’, B Gel?, M Camas®, M Pratcorona’, M Torrebadell’, M Rozman®, D Colomer®, M Monzo®
and J Esteve'

Acute myeloid leukemia (AML) with t(8;16)(p11:p13) (t(8;16) AML) has unique clinico-biological characteristics, but its microRNA
pattern is unknown. We analyzed 670 microRNAs in seven patients with t(8;16) AML and 113 with other AML subtypes. Hierarchical
cluster analysis showed that all t(8;16) AML patients grouped in an independent cluster. Supervised analysis revealed a distinctive
signature of 94-microRNAs, most of which were downregulated, including miR-21 and cluster miR-17-92. The mRNA expression
analysis of two known transcription factors of these microRNAs (STAT3 and c-Myc, respectively) showed significant downregulation
of STAT3 (P =0.04). A bioinformatic analysis showed that 29 of the downregulated microRNAs might be regulated by methylation;
we treated a t(8;16) AML sample with 5-aza-2'-deoxycytidine (5-AZA-dC) and trichostatin A and found that 27 microRNAs were re-
expressed after treatment. However, there was no difference in methylation status between t(8;16) and other AML subtypes, either
overall or in the microRNA promoter. Cross-correlation of mRNA and microRNA expression identified RET as a potential target of
several microRNAs. A Renilla-luciferase assay and flow cytometry after transfection with pre-microRNAs confirmed that RET is
regulated by miR-218, miR-128, miR-27b, miR-15a and miR-195. In conclusion, t(8;16) AML harbors a specific microRNA signature

that is partially epigenetically regulated and targets RET proto-oncogene.

Leukemia (2013) 27, 595-603; doi:10.1038/leu.2012.278

Keywords: t(8;16) AML; MYST3; CREBBP; microRNA; RET; MOZ-CBP

INTRODUCTION
Acute myeloid leukemia (AML) with t(8;16)(p11;p13) (t(8;16)AML)
is an infrequent leukemia subtype with characteristic clinical
features, including presentation as therapy-related AML, coagula-
tion disorder, frequent extramedullary involvement and poor
prognaosis. t(8;16)AML blast cells exhibit a myelomonocytic stage
of differentiation and frequent hemophagocytosis.
Translocation (8;16)(p11;p13) fuses MYST histone acetyltransfer-
ase 3 (MYST3, also known as MOZ) on chromosome 8pl11
with CREB-binding protein (CREBBP, previously known as CBP) on
chromosome 16p13.2 Both MYST3 and CREBBP encode proteins
with histone acetyltransferase activity.>* MYST3 acts as coactivator
of several transcription factors related to hematopoiesis, such as
RUNX1, PU.1 and NF-xB.>® CREBBP is a transcriptional coactivator
of some hematopoietic transcription factors,”® interacts with
NF-kB and p53,°and has an essential role in hematopoietic stem
cell stemness regulation.® Recently, structural alterations that lead
to inactivation of CREBBP have been observed in several
lymphoma subtypes'® and in acute lymphoblastic leukemia."
Although the precise pathogenic pathways of t(8;16) AML are
mostly unknown, one of the essential mechanisms underlying the
disease may be the disruption of several hematopoietic pathways
owing to the interaction of the MYST3-CREBBP chimeric protein

with several key transcription factors.'? Interestingly, t(8;16) AML
harbors a specific gene signature consisting in the overexpression
of several homeobox genes (HOXA9, HOXA10 and HOX cofactor
MEIST), PRL and RET proto-oncogene' and the underexpression
of CCND2 and members of the JAK-STAT pathway STAT3
and STAT5A/B. RET proto-oncogene encodes a tyrosine kinase
that transduces signals for cell growth and differentiation. RET
mutations have been associated with papillary thyroid carcinoma
and multiple endocrine neoplasia type IIA and IIB."* In addition,
RET overexpression is highly characteristic of t(8;16) AML."?
MicroRNAs (miRNAs) are small non-coding RNAs (22-24
nucleotides in length) that negatively regulate mRNA translation
by binding to 3-UTR of the target mRNA.'"* miRNAs have an
important regulatory role in most biological processes, including
development, regulation of cell proliferation and apoptosis, and
stem cell self-renewal and differentiation.'*'® Moreover, their
expression is altered in cancer, where they can function as both
oncogenes and tumor suppressor genes.'”~'® Their expression is
regulated by transcription factors and by epigenetic mechanisms
such as histone acetylation and methylation of the CpG islands in
the promoter region of the gene®?? miRNA deregulation has
also been shown to contribute to the leukemogenic process, and
in fact, distinctive miRNA profiles have been identified in several
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AML subtypes.'"*?* To date, however, no specific miRNA

signature has been described for t(8;16) AML.

In order to further examine the role of miRNAs in t(8;16) AML,
we have characterized the miRNA expression profile of the disease
and have assessed the role of RET as a target of miRNAs associated
with t(8;16) AML.

MATERIALS AND METHODS

Patients, cell samples and RNA isolation

A total of 117 patients diagnosed with AML at Hospital Clinic of Barcelona
during the period 1994-2009 were included in the study, together with
three t(8;16) AML samples from other institutions (Hospital Tor Vergata,
Rome; Guy’s Hospital, London; Hospital Vall d'Hebron, Barcelona). AML
diagnosis and classification was based on accepted FAB or WHO criteria,
depending on the year of diagnosis?*?*® The main characteristics
of patients, including FAB classification, are summarized in Table 1. The
availability of cytogenetic and molecular information on NPM1 and CEBPA
mutational status in all these patients allowed us to reclassify them
following the WHO 2008 criteria (Supplementary Table S1).

Samples were obtained from bone marrow aspirates in 106 patients and
from peripheral blood with a minimum blast infiltration of 60% in 14
patients. Mononuclear cells were purified by Ficoll density gradient
centrifugation and total RNA was isolated using Trizol reagent according to
the manufacturer's protocol (Invitrogen, Paisley, UK). In addition, CD34 +
cells from the bone marrow of three healthy donor subjects were purchased
from AllCells (Emeryville, CA, USA). All patients provided their written informed
consent in accordance with the Declaration of Helsinki, and the Ethics
Committee of Hospital Clinic of Barcelona approved the study.

Molecular analysis

Gene rearrangement of RUNXT/RUNXTT and CBFfifMYH11 in core-binding
factor AML, PML/RARz rearrangement in acute promyelocytic leukemia,
and mutations of NPM1, CEBPA, and FLT3 genes were analyzed following

Table 1. Main clinical characteristics of patients included in the study
Characteristics N=120
Diagnosis (years) 1994-2009
Gender (male/female) 61/59
Age (years)' 52 (18-82)
FAB classification

MO 2
M1/M2 47
M3 4
M4/M5 67
Leukocyte count, ( x 10%/1) 23 (1-282)
Bone marrow blast (%)* 79 (20-100)
Cytogenetics
Normal karyotype 61
1(15;17)(g22:912) 4
1(8;21)(q22;922) 3
inv(16)(p13;q22) 2
3g26 (EVI1)-rearranged 3
1(6;9)(p23;934) 8
11923 (MLL)-rearranged 3
(8;16)(p11;p13)® 7
Complex karyotype 4
Trisomy 8 5
Others 20
Molecular features
NPM1 mutated 42
CEBPA mutated 11
FLT3-ITD mutated 46
“Median (range). BAll t{8;16) AML patients were FLT3-ITD negative.

Leukemia (2013) 595-603
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standard methods. In addition, MYST3/CREBBP rearranjgement in t(8;16)
AML was confirmed by a previously reported method.”

miRNA profiling

miRNA profiling using a multiplex real-time quantitative reverse transcrip-
tion (RT)-PCR strategy was performed using TagMan Array Human
MicroRNA Set Cards v2.0 (Applied Biosystems, Foster City, CA, USA). This
method is based on a multiplexing RT-PCR method for the detection 670
mature human miRNAs. RT reactions of 450 ul contained: 0.80 ul of 10 RT
buffer (Applied Biosystems), 0.2 ul dNTPs (100 mM each), 1.5 ul multiscribe
reverse transcriptase (50 U/ul ), 0.10pul RNase inhibitor (20 U/ul), 0.80 ul
Megaplex RT primers (10 x ), 0.90 ul of MgCl* (20 U/ul) and 500 ng of total
RNA. RT reactions were incubated in a PTC-100 thermocycler for 2min at
16°C and 1min at 42 °C for 40 cycles, 1s at 50°C and 5 min at 85 °C, and
then held at 4°C. Real-time quantitative PCR reactions were performed on
an ABI 7900 HT Sequence Detection System (Applied Biosystems) and
contained 450 pl of TagMan Universal PCR Master Mix No Amperase (2 x )
(Applied Biosystems), 6 ul Megaplex RT product and 444 ul nuclease-free
water.

Normalization and filtering of miRNA data

Relative miRNA expression was calculated using the 2 method.
Normalization was performed with RNU48, based on preliminary analyses
comparing the stability of RNU6B, RNU24, RNU43, RNU44, RNU48 and
MammU6; RNU48 had the lowest variability of expression in the miRNA
expression patient data set (Supplementary Figure S1) and was therefore
used in this study. As calibrator sample, we used the mean miRNA value of
the CD34 + control samples. All miRNAs that expressed < 10% or with an
unreliable quantification were excluded from further analysis, leaving a set
of 387 miRNAs.

AACT

mRNA expression analysis

c¢DNA was synthesized from total RNA using TagMan Reverse Transcription
Reagent Kit (Applied Biosystems). TagMan Gene expression assays (Applied
Biosystems) were wused to determine mRNA levels of cMyc
(Hs00905030_m1), STAT3 (Hs01047980_m1) and p53 (Hs01034249_m1).
GUSB gene (Hs00939627_m1) was used as housekeeping gene. Realtime
PCR was performed in the ABI Prism 7500 Sequence Detection System
(Applied Biosystems). All samples for each gene were run in triplicate.

Cell culture and treatment with 5-AZA-dC and trichostatin A (TSA)
The K562, HL-60 and TPH-1 cell lines were obtained from the DSMZ
(German Collection of Microorganisms and Cell Cultures). Cells were grown
in RPMI 1640 containing 10% fetal bovine serum and penicillin-
streptomycin (Invitrogen, UK). Cryopreserved blasts from one t(8;16)
AML patient were grown in StemSpan Serum-Free Expansion Medium
with StemSpan CC-100 cytokine cocktail (StemCell Technologies, Sirocco,
France) to a final concentration of 100 ng/ml recombinant human Fms-like
tyrosine kinase 3 ligand, 100 ng/ml recombinant human stem cell factor,
20ng/ml recombinant human interleukin-3 and 20 ng/ml recombinant
human interleukin-6.

Only one t(8;16) AML patient had available cryopreserved cells for
treatment with 5-AZA-dC (decitabine) and TSA. This patient sample was
treated for 72 h with 5-AZA-dC (2 pm dissolved in dimethyl sulfoxide) (Sigma-
Aldrich, St Louis, MO, USA) with drug replacement every 24h. For TSA
(Sigma-Aldrich) experiments, TSA (250 nw; dissolved in dimethyl sulfoxide)
was added for the final 12h of the 72h 5-AZA-dC treatment period.

Global quantification of DNA methylation

About 200 ng of genomic DNA were used for quantification of global DNA
methylation using the Methylamp Global DNA Methylation Quantification
Kit (Epigentek, New York, NY, USA). The methylated fraction of DNA was
recognized by a 5-methylcytosine antibody and quantified through an
enzyme-linked immunosorbent assay-like reaction included in this kit.

Semi-quantitative DNA methylation analysis of miRNA genes

Genomic DNA for methylation analysis of five t(8;16) AML patient samples
and nine other cytogenetic AML samples was extracted using DNEasy
Blood and Tissue Kit (Qiagen, Valencia, CA, USA) and treated with RNAse
A(Qiagen) prior to methylation analysis. The analysis of promoter methylation
of 24 genes encoding mature miRNAs was performed using the Human

© 2013 Macmillan Publishers Limited



Cancer miRNA Genes EpiTect Methyl Signature qPCR Arrays (Qiagen). This
method allows a semi-high throughput DNA methylation profiling based on
the detection of remaining input DNA after cleavage with a methylation-
sensitive and/or methylation-dependent restriction enzyme.

RET 3'-UTR cloning

The 3'-UTR region of the RET gene sequence was amplified using primers
with Sgfl (forward) and Pmel (reverse) restriction sites (underlined):
Forward primer 5-GCGATCGCGCGGCAAAATTAATGGACAC-3' and reverse
primer 5'-GTTTAAACTCTGTTGTTTCCAACTAGAATGTT-3". PCR products were
ligated into a pCR-XL-TOPO vector from TOPO XL PCR Cloning Kit
(Invitrogen, Breda, NL, USA) and transformed into TOP10F -competent cells
(Invitrogen, UK). Using Sgfl (Promega, Madison, WI, USA) and Pmel (New
England Biolabs, Hertfordshire, UK) endonucleases, the insert was cut out,
purified, and ligated into the 3' UTR of Renilla-luciferase in the psiCHECK2
vector (Promega). This vector also contains a firefly luciferase gene used to
normalize for transfection efficiency. The constructs were sequenced to
check for the proper insert.

Pre-miRNA transfection and luciferase assay

The K562 cell line was transfected using Lipofectamine 2000 (Invitrogen,
UK) with 1.2 g of the modified psiCheck2 vector containing the RET 3-UTR
region and with 500nm of pre-miRNA Precursor or pre-miR Negative
Control #2 (Ambion, Applied Biosystems). Pre-mir-135a, which has no
complementary sequences to the 3'-UTR region of RET gene, was included
as a negative control. The Renilla-luciferase and firefly luciferase activity
was measured at 24 h after transfection with the Promega Dual luciferase
reporter assay system (Promega) in an Orion |l microplate luminometer
(Berthold Detection Systems GmbH, Pforzheim, Germany). The transfection
efficiency was normalized with the firefly luciferase gene.

Measurement of RET expression by flow cytometry

RET expression after transfection with pre-miRNAs on TPH-1 and HL-60 cell
lines was analyzed by flow cytometry. After 24 h of transfection, the cells were
fixed and permeabilized using FIX & PERM reagents (Invitrogen, UK) according
to the manufacturer's recommendations. The cells were then stained with
saturating amounts of rabbit anti-human RET primary antibody (Cell Signaling
Technology, Danvers, MA, USA) for 60 min at room temperature in phosphate-
buffered saline supplemented with 1% bovine serum albumin (Sigma-Aldrich)
and 0.1% sodium azide (Sigma-Aldrich) (fluorescence-activated cell sorter
(FACS) buffer), washed and then counterstained with anti-rabbit fluorescein
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isothiocyanate-labeled secondary antibody (Sigma-Aldrich) for 30 min at room
temperature. After two washes, the cells were analyzed on a FACSCantoll
(Becton Dickinson, Mountain View, CA, USA). Flow cytometry data were
analyzed with FACSDiva Software (Becton Dickinson).

Statistical analysis

Data on miRNA expression were analyzed using BRB Array Tools version 3.5.0
software (Richard Simon & BRB-ArrayTools Development Team, httpy/
linus.nci.nih.gov/BRB-ArrayTools.html), TIGR Multiexperiment viewer version
4.0 software (The Institute for Genomic Research, and ArrayAssist software,
Stratagene, http:/www.tm4.org/mev), R software version 2.9.0 (The R Founda-
tion for Statistical Computing c/o Institute for Statistics and Mathematics,
Wirtschaftsuniversitat Wien, http//www.r-project.org/) and GraphPad software
5.0 (GraphPad software Inc., San Diego, CA, USA, http//www.graphpad.com/).
Hierarchical clustering was performed using Pearson squared correlation and
average linkage. To identify miRNAs with significant differential expression
between AML subgroups, two multivariate permutation tests were performed:
significance analysis of microarrays and Student’s t-test based on multivariate
permutation (with random variance model). Differences between miRNAs
were considered statistically significant if the P-value was <<0.001 (t-test) or
false discovery rate <0.1% (significance analysis of microarray).

In order to identify miRNA targets, we used the RmiR package (Biocon-
ductor version 2.6; http//wwwbioconductor.org/Bioconductor) to cross-
comelate the miRNA expression data from the present study with our
previous findings on the gene expression signature in the same patient
samples,’ based on the predicted targets from TargetScan (http//www.
targetsaan.org/) and Pictar (httpy//pictarmdc-berlin.de/) databases. For this
cross-correlation analysis, we used the miRNA expression data from the four
(8;16) AML patients from the present study, and the mRNA expression data of
a selection of 46 genes were obtained using TagMan Low Density Arrays
(Applied Biosystems), These 46 genes had been selected on the basis of their
differential expression in t(8;16) AML or their oncogenic potential in leukemia.'

RESULTS

t(8;16) AML patients cluster together in the unsupervised analysis
Using an approach of unsupervised ordering, 120 cases with
different AML cytogenetic and/or molecular subtypes were classified
according to their miRNA expression pattern. The hierarchical cluster
analysis showed the seven t(8;16) AML cases aggregated in an
independent cluster (Figure 1).

Figure 1.

I (8;18) AML
B Normal CD34+
B 1(1517) AML
B Complex Karyotype AML
B 1(5;9) AML

1(8;21) AML

inv(16) AML

11q23- rearranged AML
B Monosomal karyotype
I 3q26 AML
B Intermediate risk AML

Hierarchical cluster based on microRNA expression pattern of 120 AML patient samples and three CD34 + healthy controls samples.

Columns represent samples and rows represent miRNAs ordered by hierarchical cluster analysis using average linkage and Pearson square
correlation. Shading indicates relative expression of each miRNAs with respect to the miRNA mean expression of CD34+ healthy controls
(black equal to, red above and green below the median value). Interestingly, the seven t(8;16) AML grouped together in an independent

cluster.
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Table 2. Specific t(816) AML miRNA signature

Mature microRNA

Chromosomal localization

t(8;16) AML (mean)

Other AMLs (mean)

hsa-let-7a
hsa-let-7c
hsa-let-7d
hsa-let-7 f
hsa-let-7 g*
hsa-miR-100
hsa-miR-101
hsa-miR-103
hsa-miR-106a
hsa-miR-106b
hsa-miR-10a
hsa-miR-10b
hsa-miR-125b
hsa-miR-128
hsa-miR-130a
hsa-miR-130b
hsa-miR-132
Hsa-miR-133a
hsa-miR-133b
hsa-miR-135a
hsa-miR-135b
Hsa-miR-140-5p
hsa-miR-142-3p
hsa-miR-142-5p
hsa-miR-143
hsa-miR-1
hsa-miR-145
hsa-miR-146a
hsa-miR-146b-3p
hsa-miR-148a
hsa-miR-148b
hsa-miR-151-3p
hsa-miR-15a
hsa-miR-15b
hsa-miR-17
hsa-miR-181a*
hsa-miR-181a
hsa-miR-18a
hsa-miR-18b
hsa-miR-194
hsa-miR-199a-3p
hsa-miR-19a
hsa-miR-19b
hsa-miR-202
hsa-miR-20a
hsa-miR-20b
hsa-miR-21
hsa-miR-218
hsa-miR-221
hsa-miR-222
hsa-miR-223
hsa-miR-23a
hsa-miR-23b
hsa-miR-25
hsa-miR-26a
hsa-miR-26b
hsa-miR-27a
hsa-miR-27b
hsa-miR-29a
hsa-miR-29b
hsa-miR-301a
hsa-miR-301b
hsa-miR-30b
hsa-miR-30c
hsa-miR-32
hsa-miR-324-5p
hsa-miR-326
hsa-miR-335
hsa-miR-339-5p
hsa-miR-340

21q221
21g21,1
992232
9q22,32, Xp11,22
3p21.1
11q24.1
1p31.3, 9p24.1
5934, 20p13
Xq26.2
7q22.1
17213
2q31.1
11g24.1, 21q21.1
2q21.3, 3p22.3
11q12.1
22q11.21
17p13.3
18q11.2, 20q13.3
6p12.2
3p21.1, 129231
19321
16q22.1
17q22
17q22
532
18q11.2, 20q13.33
5q32
5q33.3
10q24.32
7q15.2
12q13.13
8q24.3
13q14.2
xq12
13313
19321, 9933.3
1g32.1, 9933.3
13313
Xq26.2
1g41, 11q13.1
19p13.2, 1243
13q31.3
13q31.3, Xq262
10q26.3
13q31.3
Xq26.2
17q23.1
4p15.31, 5q34
Xp11.3
Xp11.3
Xq12
19p13.13
9g22.32
7q22.1
3p222, 12q14.1

7q32.3, 1g32.2
17q22
22q11.21
8q24.22

1p34.2, 6q13
9q31.3
17p13.1
11q13.4
7932.2
7p22.3
5q35.3

— 24082
—3.3012
—2.2290
— 5.0387
— 2.9849
— 7.6855
—5.1010

0.0788
—0.9947
—0.6793
— 6.4069
—7.3628
— 57918
—3.271
— 5.5546
— 1.9079
— 2.5879
—7.7256
—9.0000
— 9.0000
—7.5942
— 04577
—0.1399
—05713
—5.0099
—1.5021
—1.1181
—1.2610
—9.0000
—4.7632
—6.3087

0.7278
—2.2014
—0.9982
—1.0014
—1.7215
—0.8686
—0.9166
—5.4821
—3.7912
—1.0775
—0.7566
—0.9116
—9.0000
—1.3635
—1.5331
—0.7012
—6.4358
—3.2831
—0.7996
—0.4153
—7.6794
—2.4298
—2.2363
—1.2341
—0.6657
—0.7899
—2.5264
—0.3075
—4.8481
=1.1915
—3.9445
—0.8370
—1.2965
—4.0490
—5.1759
— 2.6986
—5.5281
—5.4294
—0.9040

0.6983
—0.9312
—0.2476
—1.0121
—6.4729
—1.3954

0.3849

0.5085

0.0143

0.3692
—1.3338
—1.9333
—0.6622
—0.6857

0.1007
—0.0076

1.2275
—23212
—4.8077
—3.3463
—3.1098

0.4747

1.1330

0.4986
—0.0330
—0.5166

0.0743
—0.1511
—4.0385
—0.5850
—0.5565
—0.8918

0.0340

0.1072

0.0543

0.0705

0.4566

0.1832

0.2616
—0.5991
—0.2994

0.2332

0.1900
—6.1604

0.2467
—0.4454

0.7918
—1.7154
— 0.0647
—0.1535

0.6834
—1.3552
—1.1343
—0.0096

0.1370

03714

0.5139
—0.3885

0.7196
—1.0510

0.3968
—0.7477

0.2472
—0.1761
—0.5603
—0.6004
—1.6169
—0.7503
—0.5319

0.2694
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Table 2. (Continued)

Mature microRNA Chromosomal localization t(8;16) AML (mean) Other AMLs (mean)

hsa-miR-361-5p Xq21.2 —4.3845 — 04228

hsa-miR-410 14g32.31 —9.0000 —4.0675

hsa-miR-423-5p 17q11.2 —54216 —0.7363

hsa-miR-424* Xq26.3 —1.9380 —7.2236

17g11.2 —1.5815 0.9986

hsa-miR-485-3p 14g32.31 —9.0000 —6.0971

hsa-miR-494 14g32.31 —3.6225 —0.8889

hsa-miR-495 14q32.31 —9.0000 —6.1961

10p12.33, 10p12.33 —9.0000 —4.8782

5p13.3 —5.1309 — 0.6551

- 8p23.1 — 6.2467 —2.5308

hsa-miR-625 14g23.3 —4.2802 — 0.6365

hsa-miR-628-3p 159213 0.5412 —4.6430

Xq23 —1.7993 0.4447

7q36.1 —5.2586 —0.9877

11g14.1 —4.7019 —1.0818

hsa-miR-885-5p 3p25.3 — 6.2996 — 1.9548

hsa-miR-92a 13g31.3, Xq26.2 —1.8025 — 04161

hsa-miR-93 7q22.1 —1.2707 —0.0020

hsa-miR-941 20q13.33 0.3042 —3.9895

hsa-miR-99a 21g21.1 —8.0144 —0.5858

hsa-miR-99b 19g13.41 —5.2674 —0.6551

Mean expression level in t(8;16) and the remaining AML subtypes is provided in two separate columns. All these microRNA showed a lower expression in
t(8;16) AML except in four individual miRNAs (shaded in gray).

miRNA signature of t(8;16) AML

A supervised analysis using significance analysis of microarray and
t-test based on permutations identified a miRNA profile for t(8;16)
AML characterized by 90 downregulated and 4 upregulated
miRNAs compared with the remaining AML subtypes (Table 2). An
analysis of varience analysis including the main AML cytogenetic
subtypes confirmed these differentially expressed miRNAs (data
not shown). Interestingly, the downregulated t(8;16) AML signa-
ture included tumor suppressor miRNAs (let-7 family, miR-34a,
miR-15a, miR-26a/b and miR-125b), miRNAs regulating hemato-
poiesis (miR-142 and miR-223), miRNAs targeting DNA methyl-
transferase genes (miR-29b, miR-148, miR-143 and miR-21) and
miRNAs widely described in the tumorigenesis process (cluster
miR-17-92 and paralogs and miR-21). These findings were further
validated in a partial subset of eight miRNAs (Supplementary
Figure 52).

In order to rule out the possibility that the t(8;16) AML miRNA
profile was a consequence of the monocytic differentiation stage
of this subtype, we compared the miRNA expression of t(8;16)
AML with that of 53 AMLs with a monocytic phenotype (namely,
M4 and M5 of FAB classification) and found a 47-miRNA signature,
which differentiated t(8;16) AML from monocytic AMLs. Interest-
ingly, 21 of the 47 miRNAs in this signature overlapped with the
t(8;16) AML 94-miRNA signature (Supplementary Figure S3).

Transcriptional regulation of the t(8;16) AML miRNA signature

The transcription of several miBRNAs in the signature has been
shown to be regulated by key genes such as STAT3, c-Myc and p53.
The oncogenic miRNAs miR-21 and cluster miR-17-92, which are
usually overexpressed in other cancers, were underexpressed in
the t(8;16) AML 94-miRNA signature. To further investigate this
issue, we analyzed the expression of the known transcription
factors of miR-21 and cluster miR-17-92 (STAT3 and c-Myc,
respectively) in seven t(8;16) AML patients and 36 patients with
other AML cytogenetic subtypes. STAT3 mRBNA levels were
significantly downregulated in the t(8;16) AML patients
(P=0.04). Analysis of varience analysis yielded different gene
expression profiles among groups (P=0.005) (Supplementary
Figure S3). There was a non-significant difference of cMyc
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expression levels between the t(8;16) AML and other AML
subtypes (data not shown). Several miRNAs downregulated
in the t(8;16) AML miRNA signature, such as miR-34a, are known
to be regulated by p53. However, the quantification of p53 mRNA
showed no statistical differences between the t(8;16) AML and the
remaining samples (data not shown).

Epigenetic regulation of the t(8;16) AML miRNA signature

In order to elucidate the potential mechanisms of the down-
regulation of 90 miRNAs of the t(8;16) AML miRNA signature, we
examined the presence of CpG islands in the promoter regions of
the miRNA genes and in the promoter regions of the genes where
the intronic miRNAs are embedded. The bioinformatic analysis
showed that 29 downregulated miRNAs could potentially be
regulated by methylation. Therefore, we used two different
approaches: the global methylation analysis of genomic DNA
and the treatment of patient samples with 5-AZA-dC and TSA.
Firstly, when we compared three t(8;16) AML patient samples with
18 non-1(8;16) AML samples, we did not observe any statistical
differences in the overall pattern of methylation (Figure 2a).
However, when we treated a t(8;16) AML sample for 72h with
5-AZA-dC, 14 miRNAs were re-expressed more than twofold
change. Interestingly after treatment with 5-AZA-dC and TSA, 27
of 29 miRNAs were re-expressed more than 2 fold change after
treatment (Supplementary Figure S4). These results indicate
that the miRNA downregulation may be explained in part by
epigenetic mechanisms.

Semi-quantitative DNA methylation analysis

In order to further examine the potential role of methylation as a
mechanism of downregulation of some of the miRNAs in
our t(8;16) AML signature, we analyzed the CpG island DNA
methylation profiles of 12 miRNA genes coresponding to
15 mature miRNAs of our signature included in the Human
Cancer miRNA Genes EpiTect Methyl Signature qPCR Arrays. We
observed that four miRNA genes, corresponding to seven mature
miRNAs, showed more than 40% hypermethylation (Figure 2b):
MIRLET7G, MIR1, MIR 218 and MIR23B (miR-23b, miR-24-1, miR-
27b). Of note, MIR23B showed a remarkable hypermethylation.
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Nonetheless, when we compare the miRNA promoter methylation
in the t(8;16) AML samples with that of the nine samples of other
AML subtypes, we found no significant differences. However, the
hierarchical cluster analysis taking into account the percentage of
miRNA promoter hypermethylation (Figure 2c) showed that the
1(8;16) samples were closer to high-risk cytogenetics samples than
good-prognosis cytogenetics samples.

RET is a target of the t(8;16) AML miRNA signature

In order to identify potential targets of the miRNAs in the t(8;16)
AML miRNA signature, we cross-correlated the miRNA expression
with gene expression data in the same t(816) AML patient
samples. We found an inverse correlation of miR-130a and miR-
130b with HOXA3 (r*= — 0.5 and — 0.8, respectively), of miR-1
and miR-23b with MEIST (¥ = — 0.62), and of miR-15b, miR-195
and miR-218 with RET (rP= —092,—0.58 and —0.87, respec-
tively). As miRNAs targeting RET showed the highest correlation,
we focused further analyses on RET target validation. Strikingly,
further analysis of the 3'UTR regions of RET with TargetScan v5.1
showed the presence of target sites for nine miRNAs of the
signature. In addition to miR-15b, miR-195 and miR-218, RET was a
putative target of miR-15a, miR-34a, miR-424, miR-128 and
miR-27a/b (Supplementary Figure S5). Interestingly, RET harbors
two putative binding sites for miR-218.

In the Renilla-luciferase assay, we inserted the 3'-UTR region of
RET in the 3'-UTR of Renilla gene in psiCheck2 vector (modified
psicheck2 vector). When we transfected the cells with either the
modified psicheck2 vector and each pre-miRNA of interest or the
modified vector and pre-miR-negative control, we found that five
miRNAs (miR-218, miR-128, miR-27b, miR-15a, miR-195) signifi-
cantly downregulated Renilla translation by binding to the RET 3'-
UTR region, as observed by a reduction of 41-49% in Renilla
activity at 24 hours after transfection (Figure 3a), indicating that
RET is a target of these miRNAs. To further validate these results,
we then analyzed RET expression in TPH-1 and HL-60 cell lines,
which overexpress RET, by flow cytometry after transfection with
each of the five pre-miRNAs. We observed a cell-line-dependent
downregulation of RET protein levels after pre-miRNA transfection
(Figure 3b).

DISCUSSION

1(8;16) AML is a leukemia subtype resulting from the fusion of two
genes, MYST3 and CREBBP, with chromatin-modifying properties.'?
Although prior studies have shown that miRNAs may define tumor
entities better than microarray expression data from thousands of
mRNAs,'® no previous studies have focused on the miRNA profile
of t(8;16) AML. In the present study, we have for the first time
identified a specific miRNA signature that characterizes this AML
subtype. In addition, as miRNA expression in cancer can be
affected by epigenetic changes like DNA methylation and histone
modification,?? which contribute significantly to the leukemogenic
phenotype, we analyzed possible mechanisms of epigenetic
regulation of the t(8;16) AML miRNA signature,'? and found that
one-third of miRNAs were re-expressed after treatment with
epigenetic modification agents. Importantly, we have also
validated RET as a target of five miRNAs in the signature.

1(8;16) AML showed a highly distinctive, tightly clustered miRNA
signature when compared with a wide variety of molecularly
defined AML subtypes, confirming its biological uniqueness.
Moreover, a specific 47-miRNA signature clearly differentiated
1(8;16) AML from other AML subtypes with monocytic differentia-
tion, indicating that the t(8;16) AML miRNA signature was not a
result of the characteristic monocytic differentiation of t(8;16)
AML.

We observed an overall downregulation of the miRNAs in
our t(8;16) signature, some of which have previously been
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Figure 2. Epigenetic analysis of miRNA signature in t(816) AML.

(a) Overall methylation analysis of genomic DNA of t(8;16) AML patient
samples in comparison with non-t(8;16)AML samples (b). CpG island
DNA methylation profiles, in five t(8;16) AML patient samples and nine
samples of other AML subtypes, of 12 miRNA genes (corresponding to
15 mature miRNAs of our signature) included in the Human Cancer
miRNA Genes EpiTect Methyl Signature qPCR Arrays. Hypermethy-
lated: more than 60% methylated DNA; unmethylated: 0% methylated.
Intermediate methylated: the total amount of input DNA minus the
hypermethylated and unmethylated DNA fractions (0-60% methy-
lated). (c). Hierarchical cluster analysis using average linkage and
Pearson square correlation, representing hypermethylation percen-
tage in five t(8;16) AML patient samples and 9 additional AML patients
with diverse cytogenetic abnormalities (three from each of the
cytogenetic prognostic categories).
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Validation of RET as target of t(8;16) miRNA signature. (a) Renilla-luciferase assay at 24 hours after transfection with pre-miRNAs 218,

15a, 128, 27b and 195 showed a significant downregulation (*P<0.05; **P < 0.01; ***P < 0.001). Pre-miR-135a was included as negative control
as no complementarity has been observed between RET 3-UTR sequence and this miRNA. (b) Percentage of RET positive cells, analyzed by
flow cytometry, in TPH-1 and HL60 cell lines 24 hours after transfection with pre-miRNAs selected from the Renilla-luciferase assay. In the TPH-
1 cell ling, the percentage of RET-positive cells was reduced after transfection with three of five pre-miRNAs, whereas a significant reduction of
RET expression in HL-60 cell line was observed with four of five miRNAs.

described as tumor suppressor genes,'??® including let-7 family,

miR-34a, miR-15a, miR-26a/b and miR-125b. However, our t(8;16)
AML miRNA signature also includes downregulated miRNAs that
are usually upregulated in other cancers, such as miR-21 and
cluster miR-17-92.*°miR-21 is known to be transcriptio-
nally regulated by STAT3°® and we found that STAT3 is
downregulated in  t(8;16) AML, although the functional
consequences of this deregulation are unknown. To further
elucidate a potential mechanism of the downregulation of miR-
17-92 cluster, we measured the mRNA expression of c-Myc, a
transcriptional regulator of miR-17-92 cluster, in t(8;16) AML
specimens and did not find significant differences in c-Myc levels.

MYST3 and CREBBP have a role in leukemogenesis, both as
partners in MYST3-CREBBP rearrangement and separately with
other partners®'® MYST3 interacts directly with p53 protein,
and the p53-MYST3 complex increases after DNA damage,
contributing to cell-cycle arrest in G1 phase.®® MYST3 is essential
for self-renewal of hematopoietic stem cells3”*® CREBBP has
multiple functions in development and hematopoiesis.®*®
Heterozygous inactivation of CREBBP in mice impairs
hematopoietic stem cell self-renewal, induces multiple defects
in multilineage hematopoietic differentiation, and increases
the incidence of hematologic malignances*®*! Interestingly,
structural inactivating alterations of CREBBP hamper its p53
acetylation function in some lymphoma subtypes.'® As 11 of the
downregulated miRNAs in our signature are related to
p53™ 2%3nd some of the downregulated miRNAs in our
signature, such as miR-34a, are related to DNA damage response,
we investigated a possible p53 downregulation in t(8;16) AML, but
no differences in p53 mRNA levels in t(8;16) AML compared with
other AML subtypes were observed. However, other mechanisms,
such as acetylation and phosphorylation, can also affect p53
activity. Interestingly, MYST3-CREBBP fusion protein has been
described to inhibit p53-mediated transcription by decreasing p53
acetylation,® leading us to hypothesize that the infraexpression of
p53-related miRNAs in our t(8;16) AML signature could be in part
because of abnormal acetylation of p53. CREBBP mutations
have also been found in acute lymphoblastic leukemia, where
they impair histone acetylation and transcriptional regulation of
CREBBP targets."™"" MYST3 and CREBBP chromosomal rearrange-
ments may deregulate acetylation, leading to a disruption in the
balance between proliferation and differentiation  during
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hematopoiesis. This may contribute—at least in part—to the
leukemogenic phenotype through epigenetic modifications caused
by transcriptional deregulation.'? In the present study, we have
observed a re-expression of several miRNAs after treatment with a
demethylating agent. Interestingly, this re-expression was higher
when histone deacetylase inhibitor (TSA) was added to the
demethylating agent (5-AZA), leading us to speculate that
acetylation can have an important role in our downregulated
signature. This hypothesis is further supported by the fact that there
were no differences in promoter methylation between t(8;16) AML
and other cytogenetic subtypes. Previous studies analyzing gene
methylation in AML have shown a correlation between determined
molecular subtypes and the methylation profile, but not all AML
subtypes were associated to a characteristic methylation pattern.*®
Although the experiments on miRNA re-expression after exposure
to epigenetic modifying agents could be only performed in one
patient due to the lack of additional available samples, we believe
that our findings have potential physiopathological implications
and warrant validation.

Other well-characterized fusion oncoproteins that arise from
chromosomal translocations in AML have been associated with
epigenetic silencing of miRNAs, such as miR-repression of miR-223
by AML1-ETO® and transcriptional repression of miR-210, miR-23
and miR-24 by PML-RARa."” Further study is warranted to clarify
whether the fusion protein MYST3-CREBBP is responsible for the
specific mechanisms involved in this epigenetic silencing.

RET proto-oncogene encodes one of the tyrosine kinase
receptors that transduce signals for cell growth and differentia-
tion. RET mutations have been associated with papillary thyroid
carcinoma and multiple endocrine neoplasia type IIA and IIB."*
Moreover, RET may affect the differentiation or growth of
hemopoietic cells.*®**® Our group and others'? have observed
that RET mRNA is typically overexpressed in t(8;16) AML. In the
present study, we have found that RET mRNA expression levels
showed a strong inverse correlation with three miRNAs.
In addition, four other miRNAs that are downregulated in our
signature were also predicted to bind to the 3'-UTR region of RET.
We therefore investigated if these downregulated miRNAs could
explain RET overexpression. The Renilla-luciferase assay showed
that miR-218, miR-128, miR-27b, miR-15a and miR-195 target RET,
and these results were validated in two cell lines overexpressing
RET, TPH-1 and HL-60. Transfection with these miRNAs produced a
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significant downregulation of RET protein in bhoth HL-60 (except
miR-27b) and TPH1 (except miR-218 and miR-15a) cell lines. The
differences of the specific miRNAs leading to RET downregulation
observed between these two cell lines could be attributed to
differences in baseline levels of RET protein and diversities in the
accessibility to individual miRNA binding sites. These findings
functionally validate for the first time the modulation of RET
expression by several miRNAs characteristic of t(8;16) AML.

Our unique t(8;16) AML miBNA signature has confirmed the
biologic uniqueness of this AML subtype. Its specific clinical
features and distinct mRNA signature, together with the miRNA
signature reported here indicate that despite its low incidence,
1(8;16) AML deserves recognition as a distinct entity in the WHO
classification.

In summary, t(8;16) AML harbors a specific miRNA signature
characterized mainly by downregulation of multiple miRNAs,
some of which are responsible for the high RET levels previously
observed in this subtype. Finally, this miRNA signature may be the
result of the deregulation of epigenetic machinery in leukemic
cells, although the precise mechanisms involved remain to be
elucidated.
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3.3. Figuras suplementarias articulo 1

Supplementary Figure 1
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Figure S1. Endogenous control expression analysis.
The expression level of all the endogenous controls in the
TagMan® Array Human MicroRNA Set Cards v2.0. RNU48 had the

most stable expression in all samples
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Figure S2 miR-20a miR-26a miR-21

P=8B8ES : P = 1.8E-5 P=18ES

¥ o b
g . g — g |-
s ER — s
§ oo g 3
y—— - 4 L
=14 T T =1 T T T T
o s o & >
o Rl & P o i o,
& & & & & o
miR-218 miR-195 miR-27b
P=00t P=001 1 P=004
N 1
g 2 g
=] = -]
IR ? L
¥ Q.
- T T T T -1. T T
o & & & o >
& & <° o & &

miR-128
1 s £ =000
1 [
g g L
s s [ |
L § o
0! 4
1 T T 1 T T
> # # &
oF o o =
& & & o

Validation of the differential expression of miRNAs in the t(8;16) miRNA signature. Ten miRNAs, including some of the most
differentially expressed and those microRNA associated with RET target gene, were analyzed by a second method. Total RNA was
amplified using miRCURY LNA Universal RT microRNA PCR kit (Exiqon, Denmark) according to the manufacturer's recommendations
LNA PCR primers from Exigon were used for RT-PCR amplification and RNU 48 was used as endogenous control. Eight of these ten
miRNAs were validated.
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Figure 53. Analysis of mRNA expression levels of STAT3.
Comparison of quantitative expression level of STAT3 between t(8;16) and 36 additional AML samples by means of t-test
analysis (A). ANOVA analysis of comparison of expression level of STAT3 (B) among well-defined AML groups.
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Figure S4
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Expression of miRNA after exposure to 3-AZA-dc and 5'-AZA-dc plus TSA was analyzed in 29 miRNAs of the t(8;16)
AML signature selected by the presence of CpG islands in their promoter regions. Interestingly, miRNA levels were re-
expressed more than 2-fold change in 27 of these 29 miRNAs when treated with 5’AZA-dc plus TSA. These data are
shown as mean + SEM of three independent replicates.

Figure S5

Human RET 3'UTR. Length: 2080 pb
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Schematic representation of the RET 3' UTR region, with predicted binding sites for miR-218, miR-15, miR-195, miR-424,
miR-34, miR-128 and miR-27a/b.
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Table S1. Classification according to WHO 2008 criteria of 120 patients in this study

WHO-2008 category n=120
AML with recurrent genetic abnormalities
- AML with 1(8;21)(q22;922)/RUNX1-RUNXT1 3
- AML with inv(16) or t(16;16)(p13;922)/CBFB-MYH11 2
- Acute promyelocytic leukemia [t(15;17) & PML-RAR-q] 4
- AML with t(9;11)(p22;923)/AF9(MLLT3)-MLL 2
- AML with t(6;9)(p23,;034)/DEK-CAN(NUP214) 8
- AML with inv(3) or 1(3;3)(921,926)/RPN1-EVI1 3
- AML with mutated NPM1 42
- AML with normal karyotype and CEBPA mutation 11
AML with myelodysplasia-related changes 11
AML, NOS
- AML with minimal differentiation 0
- AML without maturation 14
- AML with maturation 5
- Acute myelomonocytic leukemia 11
- Acute monoblastic & monocytic leukemia 4
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3.4. Resumen de articulo 2

Articulo 2: “Los microRNAs afiaden informacidn prondstica relevante a la categorizacion

molecular en la leucemia mieloide aguda de riesgo citogenético intermedio "

La LMA es una enfermedad heterogénea cuyo tratamiento éptimo varia de acuerdo a los
factores de riesgo citogenéticos y los marcadores moleculares. Varios estudios han
demostrado la importancia prondstica de los miRNAs en LMA. En este trabajo analizamos en
una serie de 238 pacientes con LMA de riesgo citogenético intermedio (LMA-RI) que provienen
de 16 instituciones que forman parte del grupo cooperativo CETLAM, la asociaciéon entre la
expresion de algunos miRNAs y el pronéstico clinico. En primer mediante el estudio de
expresion de 670 miRNAs en un subgrupo de 85 pacientes de LMA-RI que provenian de una
sola institucién identificamos 10 miRNAs con valor prondstico. Posteriormente validamos estos
10 miRNAs mediante ensayos individuales en toda la cohorte (n=288) confirmando el impacto
prondstico de 4 miRNAs. Niveles altos de miR-196b y miR-644 se asociaron de manera
independiente con una supervivencia acortada y niveles bajos de miR-135ay miR-409-3p se
asociaron con un mayor riesgo de recaida. De manera interesante miR-135a y miR-409-3p
mantuvieron su valor prondstico independiente dentro del subgrupo molecular de mal
prondstico (NPM1 no mutadoy CEBPA no mutado y/o FLT3-ITD), y miR-644 mantuvo su valor
prondstico en el subgrupo molecular favorable. En conclusidn, en el presente trabajo se han
identificado 4 miRNAs con valor prondstico en LMA-RI, y que ademds afiaden informacion

prondstica adicional a los marcadores moleculares.
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3.5. Articulo 2
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MicroRNA expression at diagnosis adds relevant prognostic
information to molecular categorization in patients with
intermediate-risk cytogenetic acute myeloid leukemia

M Diaz-Beya'?, S Brunet>*, J Nomdedéeu®*, R Tejero®, T Diaz’, M Pratcorona'?, M Tormo®, JM Ribera’, L Escoda®, R Duarte®,
D Gallardo'®, | Heras'!, MP Queipo de Llano'?, J Bargay'?, M Monzo?, J Sierra®3, A Navarro™'* and J Esteve?!* on behalf of the
Cooperative AML group CETLAM (Grupo Cooperativo Para el Estudio y Tratamiento de las Leucemias Agudas y Mielodisplasias)

Acute myeloid leukemia (AML) is a heterogeneous disease, and optimal treatment varies according to cytogenetic risk factors and
molecular markers. Several studies have demonstrated the prognostic importance of microRNAs (miRNAs) in AML. Here we report a
potential association between miRNA expression and clinical outcome in 238 intermediate-risk cytogenetic AML (IR-AML) patients
from 16 institutions in the CETLAM cooperative group. We first profiled 670 miRNAs in a subset of 85 IR-AML patients from a single
institution and identified 10 outcome-related miRNAs. We then validated these 10 miRNAs by individual assays in the total cohort
and confirmed the prognostic impact of 4 miRNAs. High levels of miR-196b and miR-644 were independently associated with
shorter overall survival, and low levels of miR-135a and miR-409-3p with a higher risk of relapse. Interestingly, miR-135a and
miR-409-3p maintained their independent prognostic value within the unfavorable molecular subcategory (wild-type NPM1 and
CEBPA and/or FLT3-ITD), and miR-644 retained its value within the favorable molecular subcategory. miR-409-3p, miR-135a,
miR-196b and mir-644 arose as prognostic markers for IR-AML, both overall and within specific molecular subgroups.

Leukemia advance online publication, 18 October 2013; doi:10.1038/leu.2013.281
Keywords: miRNA; AML; miR-135a; miR-196b; miR-409-3p; miR-644

INTRODUCTION
The biological heterogeneity of acute myeloid leukemia (AML)
results in a markedly diverse prognosis and highly differential
sensitivity to current standard therapy. The most accurate
prognostic stratification is based on cytogenetics, further refined
with the analysis of several gene'™* mutations. In intermediate-risk
cytogenetic AML (IR-AML), the largest subset of AML repre-
senting ~ 50% of all AML patients, the analysis of mutations of
NPM1, internal tandem duplication of FLT3 (FLT3-ITD) and CEBPA
define molecular subcategories with different biological risk and
diverse outcomes?** Therefore, many current AML treatment
protocols adapt their therapeutic algorithm to this biological risk.
Nonetheless, despite several attempts to precise stratification
based on these molecular subcategories, the prognosis of
many patients with IR-AML is still uncertain and the optimal
post-remission therapy is unclear.

Several studies have shown the importance of microRNA (miRNA)
deregulation in AML®7 Distinctive miRNA profiles have been
identified correponding to specific cytogenetic subtypes, such as

AML associated with translocation 1(8;21), (15,17,
inv(16), MLL-rearranged AML®® or translocation t(8;16).'® Moreover,
specific miRNA signatures have been associated with mutations' ' of
NPM1°'% FLT3*"™ and CEBPA®'®™'® From the prognostic
standpoint, some studies have identified several miRNAs
associated with clinical outcome."’ Three different studies, which
included heterogeneous cytogenetic AML cohorts, identified
that expression levels of miR-191 and miR-199a,"® miR-196b'” and
miR-212"8 were associated with overall survival (0S). In patients with
normal cytogenetics AML (CN-AML) and high-risk molecular
features, a 12-miRNA prognostic signature was proposed by the
CALGB group; this signature included five members of the miR-181
family.'* Later, the individual prognostic value of miR-181a was
confirmed in a cohort of CN-AML patients by the same group.'®
More recently, it has been demonstrated that miR-3151 interplays
with its host gene BAALC and independently affects the outcome of
CN-AML patients equal or older than 60 years.?’

Given the relevant regulatory role of miRNAs in hemato-
poiesis?'?? and their deregulated expression in hematological
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malignancies,”® including AML, we have analyzed their

prognostic value in a large cohort of patients with IR-AML
treated within the Spanish cooperative group CETLAM (Grupo
Cooperativo Para el Estudio y Tratamiento de las Leucemias
Agudas y Mielodisplasias). We first screened a subset of these
patients for the expression of 670 miRNAs and identified a set of
individual miRNAs with prognostic value. We then evaluated these
miRNAs in the entire cohort of patients and in recognized
molecular subcategories. We identified four miRNAs that add
relevant prognostic information to the current molecular
stratification of IR-AML patients.

MATERIALS AND METHODS
Patients and treatment

We selected patients with untreated, de novo IR-AML according to the
Medical Research Council dlassification® and with available samples at
diagnosis for miRNA analysis. The analysis included 238 patients from
16 centers of the CETLAM group with a median follow-up of 33 months
(range 2-159 months); the main characteristics of these patients are
summarized in Table 1.

All patients were treated in consecutive CETLAM trials from 1994 to 2009
based on intensive chemotherapy for fit patients. The majority of patients
were included in protocol AML-03 (n=202, 84%). Briefly, the remission
induction regimen in protocols AML-99 and AML-03 consisted of one or
two courses of idarubicin, intermediate-dose cytarabine and VP-16, with or
without priming with granulocyte colony-stimulating factor, respectively,
whereas the induction regimen of AML-94 was idarubicin, standard-dose
cytarabine and etoposide. All patients achieving complete response

Table 1. Main clinical characteristics of patients from the discovery
cohort (n=85) and the overall series (n =238) included in the study
Discovery Overall series
cohort n=285 n=238
Year of diagnosis (range) 1994-2009 1994-2009
Gender n (%)

Male 44 (52%) 121 (51%)
Female 41(48%) 117 (49%)
Median age, years (range) 52 (18-71) 52 (18-73)
Leukocyte count at diagnosis, 47 (1-408) 28 (0.7-408)

% 10%/L median (range)
FAB subtype (n)
Mo 2 13
M1 29 57
m2 10 40
M4 21 59
M5 23 57
M6 0 10
M7 0 2
Cytogenetics n (%)
Normal karyotype 61 (72%) 173 (72%)
Other intermediate-risk 24 (28%) 65 (28%)
Molecular features n (%)
NPM1 mutation 43 (50%) 102 (43%)
FLT34TD 37 (43%) 82 (34%)
CEBPA biallelic mutation 7 (8%) 17 (10%)
Therapeutic protocol (CETLAM group)
AML-94 9 (10%) 9 (4%)
AML-99 29 (34%) 29 (12%)
AML-2003 47(56%) 202 (84%)
Qutcome
Complete response to 84% 81%
induction regimen
Overall survival (5 years) 43+11% 44 + 8%
Risk of relapse (5 years) 55+ 14% 42+ 7%

Leukemia (2013) 1-9
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(CR) received an additional course of chemotherapy with mitoxantrone
and high-dose cytarabine and, afterwards, a transplant decision was made.
In protocols AML-99 and 2003, an autologous hematopoietic stem cell
transplantation (HSCT) was planned for patients harboring a normal
karyotype without additional risk factors, whereas an allogeneic HSCT
(alloHSCT) in first CR (CR1) was recommended for the remaining patients
with an available donor. Risk factors considered for risk assignment were
the need for two induction courses to achieve CR, detectable minimal
residual disease by flow cytometry (AML-03) and presence of FLT3-ITD
(AML-03). In AML-94, post-remission strategy (autologous vs alloHSCT)
depended exclusively on the availability of a human leukocyte antigen-
identical sibling.

Molecular analysis

NPM1 and FLT3-ITD mutations were assessed on genomic DNA as
previously described®”?® with labeled primers and analyzed by fragment
analysis (3130XL Genetic Analyzer, Applied Biosystems, Foster City, CA,
USA). CEBPA mutations were analyzed as previously described.'**°

RNA extraction

Samples were obtained from bone marrow aspirates in 226 (95%) patients
and from peripheral blood, with a minimum blast infiltration of 80%, in the
remaining 12 patients. Mononuclear cells were purified by Ficoll density
gradient centrifugation and total RNA was isolated using Trizol reagent
according to the manufacturer's protocol (Invitrogen, Paisley, UK).
All patients provided their written informed consent in accordance with
the Declaration of Helsinki, and the Ethics Committee of each participating
institution approved the study.

miRNA quantification

We had previously performed a comprehensive miRNA expression analysis,
comprising 670 mature human miRNAs, in tumor samples from 85 IR-AML
patients from the Hospital Clinic of Barcelona, median follow-up 67 months
(range 2-159 months)'® using TagMan Array Human MicroRNA Set Cards
v2.0 (Applied Biosystems). In the present study, we first correlated miRNA
expression in this cohort of 85 patients with clinical outcome in order to
select a group of miRNAs with potential prognostic value. These miRNAs
were subsequently analyzed in the entire cohort of 238 patients by
individual assays. Ten nanograms of total RNA was used for each
miRNA quantification. TagMan microRNA assays (Applied Biosystems) for
miR-644, miR-196b, miR-409-3p, miR-135a, let-7a*, miR-23a*, miR-627,
miR-200c, miR-23b and miR-361-3p were used as previously described®®
in an Applied Biosystems 7500 Sequence Detection System. Relative
quantification was calculated using 2~ 22, Normalization was performed
with RMU48 as this miRNA was found to be the most stably expressed in all
the samples. We used the median expression value in normal CD34 + cells
as calibrator.

Identification of miRNAs with prognostic value

Data obtained from our previously identified miRNA profile'® were
analyzed using BRB Array Tools version 3.5.0 software (Richard Simon &
BRB-AmayTools Development Team, http//linus.nd.nih.gov/BRB-ArrayToolshtml,
National Cancer Institute, Bethesda, MD, USA), SPSS v.15.0 (Chicago, IL,
USA), and R software version 2.130 (The R Foundation for Statistical
Computing c/o Institute for Statistics and Mathematics, Wirtschaftsuniversitat
Wien, http://www.r-projectorg/). The Survival Analysis Tool from BRB Array
tools was used to identify miRNAs whose expression correlated with
survival.®' This method fits proportional hazards models relating survival to
each miRNA, one miRNA at a time, and computes the P-value for each
miRNA for testing the hypothesis that survival time is independent of the
expression level for that particular miRNA. This method uses the Cox
proportional hazards model and the Efron method of handling ties. This
latter methed is a regression medel in which the hazard function for an
individual is a function of predictor variables; the predictor variables are
introduced as log expression levels.

Kaplan-Meier survival curves were then drawn for all miRNAs predicted
to show a survival risk either above or below average risk, using cutoff
points of miRNA expression levels identified by MaxStat package of R
software.
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Definitions of clinical end points and statistical methods

0S was calculated from diagnosis to death and estimated with the
method of Kaplan and Meier. Comparison of OS between groups of
patients was performed with log-rank test. Risk of relapse (RR) was
calculated from CR to relapse and estimated using the cumulative
incidence method computed with the cmprsk package for R 2.12
software. The competing event in the RR analysis was death without
relapse. Comparison of RR between groups of patients was performed
using the Gray test.*? Characteristics between groups were compared
using the y*test and Fisher’s exact test, when applicable, for categorical
variables, and t-test for continuous variables, respectively. A multivariate
analysis for OS was performed using the Cox proportional hazards model
including age, white blood cell count at diagnosis, mutational status of
NPM1, FLT3-ITD and CEBPA biallelic mutation and all miRNAs with
statistical significance. A multivariate analysis for RR was Performed
using the subdistribution regression model of Fine and Gray™ with the
cmprsk package. The proportional hazard assumption was tested for
each variable by analyzing the Schoenfeld residuals. The multivariate
analysis for achievement of a complete remission was performed by
binary logistic regression. The Mantel-Byar test was performed using
RemdrPlugin.EZR from R software*

miRNA expression as prognostic marker in IR-AML
M Diaz-Beya et al

RESULTS

Screening and identification of miRNAs with prognostic value

In a previous study of our group,'® we had examined the overall
expression level of 670 miRNAs in three samples of bone marrow
CD34+ cells from healthy donors and from 120 patients
diagnosed with AML from our institution, including 85 patients
with IR-AML. The main characteristics and outcome of this cohort
of patients is presented in Table 1. In the present study, we have
analyzed the prognostic value of the expression level of these
miRNAs, within the cytogenetic intermediate-risk category,
performing a multivariate permutations test with the Survival
Analysis package from BRB Array Tools. Using the cutoff level
obtained with the MaxStat package, we performed a univariate
analysis and identified 10 different miRNAs associated with
outcome, either in all 85 patients or in one of the molecularly
defined subcategories. Eight miRNAs were significantly related to
0OS (miR-409-3p, miR-let-7a*, miR-196b, miR-644, miR-23b, miR-
361-3p, miR-200c and miR-627) and four miRNAs (miR-409-3p,
miR-let-7a*, miR-135a and miR-23a*) were related to RR (Figure 1).
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Figure 1.

Univariate analysis of miRNAs related to prognosis in IR-AML in the initial screening in the discovery cohort of 85 patients from the

Hospital Clinic of Barcelona. (@) OS of patients according to expression levels of miR-409-3p, miR-let-7a*, miR-196b and miR-644.
(b) Cumulative incidence of relapse according to expression levels of miR-409-3p, miR-let-7a, miR-135a and miR-23a*. (c) Survival of patients
according to expression levels of miR-409-3p, miR-23b and miR-361-3p in the unfavorable molecular subcategory (wild-type NPM1 and CEBPA
and/or FLT3-ITD). (d) Survival of patients according to expression levels of miR-200c, miR-627 and miR-644 in the favorable molecular

subcategory (mutated NPM1 or CEBPA without FLT3-ITD).

© 2013 Macmillan Publishers Limited

98

Leukemia (2013) 1-9

w



miRNA expression as prognostic marker in IR-AML
M Diaz-Beya et al

=

These ten miRNAs (let-7a*, miR-23a*, miR-23b, miR-135a, miR-196b,
miR-200¢, miR-361-3p, miR-409-3p, miR-627 and miR-644) were
selected to be examined by individual assays in the entire cohort
of 238 patients from the cooperative group CETLAM (Table 1).
A flowchart describing all the steps performed for these analyses
is depicted in Supplementary Figure 1.

miR-196b and miR-644 have prognostic value in 0OS

After analyzing the expression level of these 10 selected miRNAs
in the overall series of 238 AML patients, only two miRNAs,
miR-196b and miR-644, showed prognostic value in term of OS.
Using the cutoff level with maximum discriminative value
obtained with the MaxStat package of R, patients were classified
in two groups with different outcome according to their miR-196b
and miR-644 levels (Figures 2a and b, respectively). Patients with
either a high miR-644 or miR-196b expression showed a shorter
OS (5-year OS: 39+7% vs 63+19%, P=0.041; 37+98% vs
48 + 10%, P=0.014, respectively; Figures 2c and d, respectively).

No significant differences in the proportion of alloHSCT performed
in first CR according to miRNA-644 (25% vs 23% in patients with
low and high expression, respectively, P=0.8165) and miR-196b
(219% vs 26% in patients with low and high expression,
respectively, P = 0.3749) expression level were observed.

A decreased expression of miR-196b was associated with
biallelic CEBPA mutation, with 71% of patients with biallelic CEBPA
mutation showing a decreased expression of miR-196b (P<0.001).
Moreover, low miR-196b expression correlated with the absence
of FLT3-TD (P<0.001) and NPM1 mutations (P<0.001). On the
contrary, we did not identify any molecular feature related to
miR-644 expression level. The prognostic value of both miRNAs
was analyzed in a multivariate analysis adjusting for main clinical
and hematological variables (see Statistical methods) and
both miR-196b (odds ratio (OR): 0.42, 95% confidence interval
(Ch): 0.19-0.94; P=0.036) and miR-644 (OR: 0.51, 95% Cl: 0.51-0.85;
P=0.004) retained its prognostic value, together with age,
leukocyte at diagnosis, NPMT mutation and FLT3-ITD (Table 2).
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Figure 2.

In addition, miR-644 was the only miRNA whose level measure
was predictive of achievement of a complete remission, with
patients with lower levels showing a higher response rate
compared with patients with higher miR-644 levels (87.4% vs
76.3%, P=0.008). Analyzing variables associated to response by
means of multivariate binary logistic regression, miR-644 expres-
sion confirmed its independent prognostic value (OR = 5.64, 95%
Cl: 2.67-15.35, P=0.001) together with NPM1 wild-type config-
uration (OR=0.30, 95% ClI: 0.10-0.86, P=10.031) and lower white
blood cell count (OR= 0.991, 95% Cl: 0.984-0.99; P= 0.006).
miR-135a and miR-409-3p level are related to relapse risk

Two miRNAs, miR-135a and miR-409-3p, were associated to RR.
Using the cutoffs identified by the MaxStat package of R, two
groups of patients with different outcome were identified
according to miR-135a and miR-409-3p levels (Figures 3a and b,
respectively). Patients with low expression levels of miR-135a were
associated with a higher cumulative incidence of relapse at 5 years
(P=10.00032; 47+ 9% vs 13 £ 11%; Figure 3c). A positive associa-
tion between higher levels of miR-135a and NPM1 mutation status
was observed (P<0.001). Low levels of miR-409-3p identified a
subset of patients with higher cumulative incidence of relapse at
5 years (P=0.04103; 46+11% vs 33+10%; Figure 3d).
An association between low levels of miR-409-3p and NPMI
mutations (P<0.001), FLT3-ITD (P<0.001) and high white blood
cell count (P<0.001) were observed.

When we performed a multivariate analysis for RR including
NPM1 status, FLT3-ITD status, age, white blood cell count, levels or
miR-135a and miR-409-3p, higher miR-135a expression levels
retained its favorable prognostic value (OR:0.23; 95% Cl: 0.08-0.62;
P=0.0038), together with the absence of FLT3-ITD. NPMIT
mutation and miR-409-3p (OR: 0.067; 95% Cl: 0.37-1.03; P=0.06)
showed a trend to statistical significance (Table 2).

miRNAs with prognostic value within IR-AML molecular subcategories
The presence or absence of FLT3-ITD, NPM1 and CEBPA mutations
allow stratification of patients with IR-AML intao distinct prognostic
categories.>* Thus, patients with NPM7 mutation without FLT3-ITD
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or biallelic CEBPA mutations, corresponding to the favorable
genetic group of European LeukemiaNet, have a better outcome
(favorable molecular subcategory), whereas those patients
harboring FLT3-ITD and/or lacking NPM1 and CEBPA mutations,
grouped in the intermediate-l and intermediate-ll genetic groups
of European LeukemiaNet, have a worse prognosis (unfavorable

Table 2. Summary of multivariate analyses for survival and relapse risk
both in the overall series of patients and in the molecularly
unfavorable subcategory
Variables in the final model P OR 95% CI
Multivariate analysis for OS in the overall series
Age 0.004 1.027 1.009-1.046
WBC <0001 1.007 1.003-1.010
CEBPA biallelic mutated 0519 on 0.251-2.008
FLT3-MD 0.002 2167 1.329-3.536
NPM1 mutated 0.024 0.562 0.341-0.927
miR-196b level {low vs high) 0.036 0424 0.190-0.947
miR-644 level (low vs high) 0.004 0512 0.325-0.805
Multivariate analysis for RR in the overall series
Age 025 1.01 0.9924-1.029
WBC o4 0.99 0.9930-1.003
FLT3-TD 0011 193 1.1595-3220
NPM1 mutated 0.07 062 03713-1.052
miR-135a levels (high vs low) 0.003 023 0.0863-0.624
miR-409 levels (high vs low) 0.067 062 03762-1.033
Multivariate analysis for OS in the unfavorable molecular subcategory
Age 0.000 1.033 1.016-1.049
WBC 024 1.002 0.999-1.004
FLT3-MD 0.002 2218 1.350-3.642
NPMT mutated 0.020 0.534 0.316-0.904
miR-409-3p level (high vs low) 0.052 0.6644 0.4405-1.003
Multivariate analysis for RR in the unfavorable molecular subcategory
Age 022 1.014 09921-1.036
WBC 047 1.002 0.9973-1.006
FLT3-TD 076 1.1337 0.4990-2.5773
NPMT mutated 084 0.9099 0. 3736-2.215
miR-135a (high vs low) 0.0039 0.146 0.0396-0.540
miR-409-3p level (high vs low) 0.0035 0397 0.2136-0.738
Abbreviations: Cl, confidence interval; OR, odds ratio; OS, overall survival;
RR, risk of relapse; WBC, white blood cell count.
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molecular subcategory). In order to elucidate the contribution of
miRNAs expression on prognosis of IR-AML, we analyzed the
specific impact of more relevant miRNAs in these two molecular
subcategories of IR-AML.

One-hundred and sixty-seven patients of this series belonged to
the unfavorable molecular subcategory. In this group, we found
that patients with low levels of miR-409-3p (using the same cutoff
than that in the overall series) had shorter 5-year OS (P = 0.056;
21+ 11% vs 38+ 11%, Figure 4a). In the multivariate analysis,
miR-409-3p expression retained its prognostic value together with
age, FLT3-ITD and NPM1 (Table 2). In addition, in this molecular
category, low miR-409-3p (P=0.002; 60+ 14% vs 37+ 12%) and
low miR-135a expression (using the same cutoff point than that in
the overall series) conferred a higher RR (P<0.001; 56 +10% vs
13+ 14%), as observed in the overall series (Figures 4b and c,
respectively). In the multivariate analysis, both miR-135a and miR-
409-3p emerged as the only independent prognostic factors for
RR (Table 2).

Among the 71 patients belonging to the favorable molecular
subcategory, those with high miR-644 expression had shorter
5-year OS (74 £11% vs 45+ 10%; P=0.023; Figure 4d) similar to
the overall IR-AML group.

Outcome according to the expression of four miRNA in
combination and the effect of post-remission therapy

Given the prognostic value shown by the expression level of miR-
196b, miR-644, miR-135a and miR-409-3p as individual markers,
we then constructed a miRNA risk score based on the effect of
these miRNAs in combination that could identify prognostic
subgroups of IR-AML patients. We then evaluated the effect of
post-remission treatment in each of these subgroups. In order to
increase the clinical applicability of the miRNA risk score, we
restricted the analysis to patients <60 years. High miR-196b and
miR-644 expression and low miR-135a and miR-409-3p were
defined as high-risk factors. Patients were classified into three
groups according to the number of high-risk factors: low-risk
miRNA score, 0-1 factor; intermediate-risk miRNA score, 2-3
factors; and high-risk miRNA score, 4 factors. RR at 5 years for the
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miRNAs with prognostic value within molecularly defined subcategories. In the unfavorable molecular subcategory, lower miR-409-3p

expression was associated with (a) shorter OS and (b) higher RR, and (c) lower miR-135a expression was associated with a higher RR.
(d) In the favorable molecular subcategory, lower miR-644 expression was associated with longer OS.

low-, intermediate- and high-risk groups was 0+ 0%, 43 + 9.8%
and 51 % 19%, respectively (P= 0.006; Figure 5b). Five-year OS was
83+19%%, 48+9.8% and 31+17%, respectively (P=0.018;
Figure 5a). Interestingly, this miRNA risk score showed a greater
prognostic impact in the unfavorable molecular subcategory, with
a RR at 5 years for the low-, intermediate- and high-risk miRNA
score groups of 0+0%, 52+ 11% and 63 +25%, respectively
(P=0.01; Figure 5d). Five-year OS was 71 +33%, 37+ 9.8% and
9+ 15%, respectively (P=0.033; Figure 5c). The multivariate
analysis for OS confirmed the miRNA risk score as an independent
prognostic factor both within the overall series (OR: 2.147;
95% Cl: 1.287-3.580; P=0.003) and within the unfavorable
molecular subcategory (OR: 1.626; 95% (I: 1.086-2.435;
P=0.018) after adjustment for other well-recognized molecular
and clinical prognostic markers (Supplementary Table 1).

In order to examine the applicability of the miRNA risk score for
evaluating post-remission strategy in each risk group of patients,
we compared outcome in patients receiving an allogeneic
stem cell transplantation (alloHSCT) in first complete remission
(allo-CR1) with that of patients in CR1 treated with other
post-remission strategies (non-allo-CR1). An alloHSCT in CR1 was
performed in 5/14 (35%), in 39/122 (32%) and in 9/32 (28%)
patients in the low-, intermediate- and high-risk miRNA score
groups, respectively. Intermediate- and high-risk patients were
grouped together, and a Mantel-Byar test was performed with
allo-CR1 as a time-dependant variable. Among these intermediate-
and high-risk patients, those treated with allo-CR1 showed a
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significant reduction of relapse compared with non-allo-CR1
patients (5-yr RR: 521+9.8% vs 35%13%; P=0.02144;
Supplementary Figure 2A). Moreover, when the analysis
was restricted to patients within the unfavorable molecular
subcategory with intermediate- and high-risk miRNA scores,
allo-CR1 was associated with an even more significant reduction
of RR compared with non-allo-CR1 patients (5-yr RR: 36 £ 15% vs
68 + 13%; P = 0.005693; Supplementary Figure 2B). No differences
in OS were observed according to allo-CR1 vs non-allo-CR1 in CR1
in patients with an intermediate- or high-risk miRNA score
(data not shown). Nonetheless, among patients in the unfavorable
molecular subcategory, a landmark analysis among the
intermediate/high-risk patients with a minimum CR duration of
3 months showed that allo-CR1 patients had longer OS than
non-allo-CR1 patients (5-yr OS: 66+ 16% vs 28+ 15%; P=0.031;
Supplementary Figure 3B). A similar, but nonsignificant, trend was
observed in the overall series of intermediate/high-risk patients
(5-yr OS: 73 + 13% vs 48 £ 13%; P= 0.081; Supplementary Figure 3A).

In the low-risk miRNA score group, no differences in outcome
were observed between allo-CR1 and non-allo-CR1 patients (data
not shown).

DISCUSSION

IR-AML,"""'31? the largest AML subgroup comprises patients with
diverse prognosis, and optimal therapeutic strategies for these
patients are still largely unclear. Prognostic stratification in these

© 2013 Macmillan Publishers Limited
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defined as high-risk factors. Patients < 60 years were classified into three groups according to the number of high-risk factors: low-risk miRNA
score, 0-1 factor; intermediate-risk miRNA score, 2-3 factors; and high-risk miRNA score, 4 factors. (a) OS according to miRNA risk score in all
patients. (b) Cumulative incidence of relapse according to miRNA risk score in all patients. (¢) OS according to miRNA risk score within the
unfavorable molecular subcategory. (d) Cumulative incidence of relapse according to miRNA risk score within the unfavorable molecular

subcategory.

patients is mainly based on the analysis of a limited number of
molecular markers,'™ yet the discovery of new molecular
mutations and interactions among coexisting mutations make
molecular risk stratification a complex process.®*** miRNAs are
involved in diverse essential functional pathways both in normal
and neoplastic cells,***”*® and analysis of miRNA expression in a
biologically heterogeneous model such as AML can shed light on
underlying biological pathways with strong prognostic implications,
thus adding useful information to molecular stratification based on
the analysis of NPM1, FLT3-ITD and CEBPA mutations.

We have performed a large-scale screening of 670 miRNAs in a
series of IR-AML patients and identified 10 miRNAs with a
potentially strong prognostic impact. In a second step, we
investigated the prognostic value of these 10 miRNAs in a series
of 238 IR-AML patients who received similar therapeutic regimens.
Four miRNAs (miR-196b, miR-644, miR-135a and miR-409-3p) were
identified as independent prognostic factors in IR-AML.

miR-196b, located at 7p15 between HOXA9 and HOXA10, is
upregulated in AML patients with MLL rearrangement and,
interestingly, miR-196b expression seems to be induced by MLL
fusion proteins.®%151832 Qyerexpression of miR-196b resulted in a
partial differentiation block and in the activation of proliferation
and survival signals.*? Moreover, treatment of bone marrow cells
transformed with the MLL-AF9 fusion gene with the miR-196b
antagomir decreased their proliferative capacity. A recent study
found that miR-196b directly targets HOXA9/MEIST oncogenes and
FAS tumor suppressor; moreover, miR-196b expression correlated
inversely with outcome in a cytogenetically heterogeneous set of
AML patients.'” However, despite this preliminary report, the
prognostic significance of miR-196b in a large cohort of IR-AML
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patients has not been previously analyzed. In the present study,
we have observed that decreased miR-196b expression confers a
favorable outcome in IR-AML. Low expression of miR-196a
and miR-196b has been found in CEBPA-mutated pediatric AML
patients.>* Along these same lines, we have also found an
association between low miR-196b expression and the presence
of biallelic CEBPA mutations, which may be related to molecular
mechanisms conferring chemaosensitivity in patients harboring
this type of mutation. Nonetheless, the impact of miR-196b
expression was independent of CEBPA mutations, and miR-196b
retained its prognostic value in a multivariate model that included
this molecular marker.

miR-644 overexpression has been observed in bladder cancer®!
but the role of miR-644 in cancer—and specifically in AML—is
largely unknown. We have identified miR-644 as a marker of 0S
and CR, in the entire cohort and of OS in patients with a favorable
molecular genotype. miR-644 could thus be useful to identify a
subgroup of patients with worse outcome in spite of a molecularly
favorable prognosis. miR-135a has been related to several types of
cancer, where it has a dual role—as a tumor suppressor in some
cases™™ and with an oncogenic function in others*®
In patients with Hodgkin lymphoma, lower miRNA-135a expression
was associated with a higher RR** Similarly, in the present
study, we have found that lower miR-135a expression was also
associated with a higher RR, both in the entire cohort and in the
subset of patients with the unfavorable molecular genotype,
which suggests that in this setting, miR-135a may act as a tumor
suppressor.

Lower miR-409-3p expression was also associated with a higher
RR, again both in the entire series of patients and in those
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belonging to the unfavorable molecular subcategory, where the
S-year relapse rate was over 50% in patients with low miR-409-3p
expression. Two recent studies®*® have reported a tumor
suppressor function for miR-409-3p. The first study, in
fibrosarcoma, demonstrated that miR-409-3p inhibits tumor
growth, vascularization and metastasis through downregulating
angiotensin expression.*® The second study, in gastric cancer,
showed that miR-409-3p may function as a tumor suppressor
through direct targeting and inhibition of transcriptional factor
PHF10.” Moreover, regulation of miR-409-3p expression seems to
be produced by methylation of its promoter region, as observed in
gastric cancer cell lines exhibiting a decreased expression level.
Interestingly, the expression of miR-409-3p was restored after
treatment with demethylating agents.®' A similar mechanism of
regulation can be hypothesized in IR-AML, a context without
apparent cytogenetic abnormalities in most patients, and suggests
a possible benefit for the use of demethylating agents in this setting.

Given the independent prognostic value of miR-196b, miR-644,
miR-135a and miR-409-3p, we designed a miRNA risk score based
on their expression levels and assessed its prognostic value in a
cohort of patients <60 years. This four-miRNA risk score showed
independent prognostic value after adjustment for other well-
recognized molecular and clinical prognostic markers and allowed
the stratification of IR-AML patients into three different prognostic
categories. Moreover, the prognostic impact of the risk score was
even more marked within the unfavorable molecular subcategory
where it was able to identify a small group of patients with very
favorable outcome and a second group with a RR of over 70% and
a dismal prognosis. Moreover, when we evaluated the effect
of post-remission therapy according to this miRNA risk score, we
found that alloHSCT in CR1 seemed beneficial for patients in the
intermediate- or high-risk miRNA group, with a significantly
reduced RR, especially among patients in the unfavorable
molecular subcategory. Of course, these findings need further
validation in a larger series of patients to validate the clinical
usefulness of this score. Nonetheless, the expression of these four
miRNAs or other miRNAs with a strong prognostic value might
contribute to refine the current molecular risk stratification of
IR-AML, which is based on the analysis of mutations of a limited
number of genes, as attempted in several molecular stratification
systems such as the European LeukemiaNet proposal. Abnormal
expression of certain miRNAs may reflect specific dysfunction of
determined cell pathways with a profound impact on chemo-
sensitivity, not captured by the analysis of individual gene mutations.
Therefore, the information resulting from miRNA expression
analysis might provide an additional tool to predict the potential
benefit of alloHSCT in the intermediate-risk cytogenetic category
of AML, which still constitutes the group with a higher degree of
uncertainty on the appropriateness of this procedure. Other
previously identified prognostic miRNAs, such as miR-181a and
miR-3151,"*?° are not included in our four-miRNA risk score.
miR-181a was found to be a prognostic marker in a miRNA array
containing 368 probes,'® and its prognostic value was further
confirmed by individual PCR in CN-AML."® Although we observed
different outcomes according to miR-181a, expression level in
our initial series of 85 patients (Supplementary Figure 4),
wide-spectrum profiling of more than 600 miRNAs in these
patients revealed 10 other miRNAs with a stronger prognostic
value, and these miRNAs were the ones selected for confirmation
by individual PCR analysis in our larger series of 238 patients.
Moreover, our series of patients included all types of IR-AML—not
only CN-AML—as grouping patients with CN-AML together with
other types of IR-AML in the same prognostic category seems to
be fully warranted from the clinical standpoint.? Nevertheless, this
difference in patient inclusion criteria may well have resulted in
slightly different prognostic miRNA profiles. miR-3151 has
been only recently identified®>>® and as it was not included in
the miRNA-profiling platform used for our initial screening,
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we were unable to confirm the prognostic value suggested for
this novel miRNA.>°

In summary, measurement of expression levels of miR-196b,
miR-644, miR-135a and miR-409-3p at diagnosis provided relevant
prognostic information in a large series of IR-AML patients and
refined risk stratification based on common molecular markers.
Confirmation of the prognostic value of our four-miRNA risk score
may be useful in assigning post-remission therapy. In addition, the
future investigation of targets of these miRNAs might elucidate
the biological mechanisms accounting for chemosensitivity and
refractoriness to current AML treatments.
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3.6. Figuras suplementarias articulo 2

Supplementary Figure 1 A
SCREENING FOR IDENTIFICATION OF miRNAS WITH ANALYSIS OF PROGNOSTIC VALUE OF SELECTED miRNAS IN
PROGNOSTIC VALUE IN INTERMEDIATE-RISK AML THE OVERALL DATASET
Set of patients: 85 IR-AML patients (12 Table 1) Rekof punents 258 A8 jvictis
miRNAs analyzed: 670 miRNAs ONTRNAS natyz=t 10 miENAS
Technigue: TagMan® Array Human MicroRNA Set Cards v2.0 Teckinique: ¥aqhat mic ARG sy (Incividual s

gl ~0-

STATISTICAL METHODS

STATISTICAL METHODS
1 Univariate analysis (0S: Kaplan and Meier & log rank test; RR:

1.  Survival analysis tool with BRB array Tools 3 cumulative incidence & Gray test?233)

2. Univariate analysis (0S: Kaplan and Meier & log rank test; RR: 2. Multivariate analysis {Cox proportional hazards)

cumulative incidence & Gray test3%33)

3. Multivariate analysis (Cox proportional hazards) :

4 miRNAs related to outcome in the
overall series

- 7y

10 miRNAs selected (Figure 1) 2 miRNAs related to outcome in 1 miRNA related to outcome in
the unfavorable molecular the favorable molecular
subcategories subcategory

Supplementary figure 1 The methodological process followed for identification of miRNAs with independent prognostic
value. (A) The statistical procedure for screening and initial identification of outcome-related miRNAs (n=85). (B) The statistical
procedure used for the analysis of the prognostic value of selected miRNAs in the overall data set (n=238).
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Supplementary Figure 2
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Supplementary Figure 2. Cumulative risk of relapse according to post-remission treatment in
patients with intermediate/high-risk miRNA score. (A) In all patients =60 years. (B) In patients =60

years in the unfavorable molecular subcategory.
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years in the unfavorahle molecular subcategory.
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Supplementary Figure 4
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Supplementary Figure 4. Overall survival according to miR-181 expression
in the initial screening of 85 patients from Hospital Clinic of Barcelona.

Supplementary Table 1

Variables in the final model P (0):3 95%CI
Multivariate analysis for OS in the overall series

Age 0.002 1.030 1.011-1.050
WBC 0.002 1.005 1.002-1.009
CEBPA biallelic mutated 0.887 0.933 0.359—2.424
FLT3-ITD 0.001 2.345 1.432-3.839
NPMI mutated 0.041 0.601 0.369-0.980
miRNA-risk score 0.002 2.107 1.317-3.372

Multivariate analysis for OS in the unfavorable molecular subcategory

Age 0.000 1.036 1.019-1.053
WBC 0.086 1.002 1.000-1.005
FLT3-ITD 0.007 2.038 1.211-3.429
NPM1 mutated 0.060 0.598 0.350-1.021
miRNA-risk score 0.018 1.626 1.086-2.435

Supplementary Tahle 1. Summary of multivariate analyses for overall survival both in the overall series of
patients and in the molecularly unfavorahble subcategory including miRNA risk score
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4. Discusion

Estudios previos han demostrado que los miRNAs juegan un papel muy importante en
infinidad de procesos celulares, y son imprescindibles para la correcta homeostasis celular. Su
desregulacién ha sido ampliamente descrita en cancer y también en concreto en LMA. En este
sentido algunos estudios han demostrado que la expresiéon de miRNAs puede definir
entidades de forma mas precisa que el estudio de expresidon mediante microarrays de miles de
RNAm [287]. A partir de este fundamento en esta tesis llevamos a cabo la caracterizacién del
perfil de expresion de miRNA en una amplia cohorte de pacientes con LMA diagnosticados y
tratados en nuestro centro y en otros centros del grupo cooperativo CETLAM,
correspondientes a una amplia diversidad de variedades citogenéticas y moleculares, con un
doble objetivo: una mejor caracterizacién de los mecanismos biolégicos subyacentes de
algunas variedades bioldgicas, menos conocidas, y, por otra parte, el analisis del posible valor
prondstico del nivel de expresidn de algunos miRNAs expresados en la enfermedad. Asi, y
como resultado de los estudios de esta tesis, obtuvimos la firma de miRNA distintiva de la LMA
t(8;16). Por otra parte, en un segundo estudio, pudimos identificar algunos miRNA cuyo nivel
de expresion proporcionaba informacidn prondstica adicional a las mutaciones de los genes

mas habitualmente analizados en la categoria de pacientes con riesgo citogenético intermedio.

Perfil de expresion de miRNA en la LMA con t(8;16)

La LMA con t(8;16) es un subtipo de LMA resultante de la fusidn de dos genes, MYST3y
CREBBP, ambos con propiedades modificadoras de la cromatina[30]. A pesar de conocerse el
patrén de expresion de RNAm de esta entidad, en parte por estudios realizados por nuestro
grupo, no se habia estudiado previamente el perfil de expresion de miRNA asociado a éste
subtipo de LMA. En el primer articulo de esta tesis hemos caracterizado por primera vez una
firma especifica de miRNAs asociada la LMA t(8;16). La expresién de los miRNAs en cancer
puede verse afectada por cambios epigenéticos, como cambios en la metilacién de DNA ¢
modificaciones de la cromatina [288] , que pueden contribuir de manera significativa al
fenotipo leucémico[30]. En este estudio analizamos también algunos de los posibles
mecanismos de regulacién epigenética de la firma de miRNAS de la LMA t(8;16) y observamos

gue un tercio de los miRNAs se reexpresaron tras el tratamiento con agentes modificadores
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epigenéticos. En cuanto a las dianas de estos miRNAs caracteristicos de LMA t(8;16) hemos
identificado y validado RET, protooncogén previamente identificado como
caracteristicamente sobreexpresado en este subtipo de LMA, como la diana de cinco miRNAs

distintivos de la firma.

La LMA t(8;16) mostré una firma de miRNAs distintiva que, cuando la comparamos con una
amplia variedad de otros subtipos de LMA, se agrupaba de manera muy homogénea,
confirmando su singularidad biolégica. Como la LMA t(8;16) tiene un fenotipo con una
caracteristica maduracién mielomonaocitica, y la mayoria de pacientes pertenecen a los
subtipos M4 y M5 de la FAB, nos preguntamos si parte de esta firma especifica era se debia a
este estado de maduracién. Para ello comparamos este subtipo molecular con otras leucemias
clasificadas en las categorias M4 y M5 de la FAB y correspondientes a diversidad de subgrupos
citogenéticos y moleculares. Tras este analisis, identificamos una firma que claramente
diferenciaba la LMA t(8;16) del resto de LMA monociticas, compuesta por 47 miRNAs
expresados de forma diferencial, que venia a indicar que la firma de miRNAs de la LMA t(8;16)

no era el mero resultado del fenotipo mielo-monocitico propio de sus blastos.

Por otra parte, observamos en esta firma de la LMA t(8;16) una infraexpresion global de
miRNAs, muy caracteristica, en comparacidn con otros subtipos de LMA. De manera
interesante, alguno de estos miRNAs infraexpresados habian sido previamente descritos con
una funcién de genes supresores de tumor, como en el caso de miR-let-7, el miR-34a, miR-15a,
miR-26a/b y miR-125b, lo que podria presentar una hipotética pérdida de esta funcién
supresora de tumores [228, 289] . Sin embargo esta firma también incluye miRNAs
infraexpresados que previamente habian sido descritos como sobreexpresados en otros tipos
de cancer como el miR-21 vy el cluster miR-17-92[290]. Esta aparente discordancia confirmaria
el efecto bioldgico diverso de los miRNAs dependiendo del tejido en el que se expresa. Para
dilucidar los mecanismos que conducen a la infraexpresion de algunos de estos ultimos
miRNAs, interrogamos el estado de algunos de sus reguladores. Asi, al conocerse la regulacion
transcripcional de miR-21 por el gen STAT3 [291],analizamos los niveles de STAT3 en la
enfermedad y observamos su expresion disminuida, aunque las consecuencias funcionales de
esta desregulacién son desconocidas. Por otra parte, para dilucidar el potencial mecanismo de
infraexpresidn del cluster miR-17-92, regulado transcripcionalmente a su vez por c-MYC,
medimos la expresion del RNAm de c-myc y no encontramos, en este caso, diferencias
significativas en su expresidn entre la LMA t(8;16) y los demas subtipos de LMA. En
consecuencia, los bajos niveles de miR-17-92 no parecen deberse a su modulacién por el factor

transcripcional c-myc.
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Los genes MYST3 y CREBBP estan involucrados en el proceso de leucemogénesis en diversas
variedades de LMA , tanto como componentes del producto de fusién MYST3-CREBBP
resultante de la translocacion t(8;16)(p11;p13) como parte de otros productos de fusién [108,
118, 121-123]. MYST3 interacciona directamente con la proteina p53 y el complejo MYST3-
p53 aumenta después del dafio al DNA, contribuyendo a la parada del ciclo celular en fase G1
[292]. MYST3 es esencial para la autorenovacién de la célula madre hematopoyética [293]
[294]. También se ha descrito que CREBBP tiene multiples funciones en el desarrolloy en la
hematopoyesis [129, 295]. La inactivacidn heterocigota de CREBBP en ratones dafia la
autorenovacién de las células hematopoyéticas, induce defectos en la diferenciacién
hematopoyética multilinea e incrementa la incidencia de enfermedades hematoldgicas [296,
297]. Asi, la inactivacion resultado de alteraciones estructurales de CREBBP impide su funcidn
de acetilar p53 en alguna clase de linfoma [298]. Como once de los miRNAs de la firma de la
LMA t(8;16) que estaban infraexpresados se han relacionado con p53 [299] [300] y otros, como
miR-34, estdn relacionados con la respuesta al dafio de ADN, investigamos una posible
infraexpresidn de p53 en este subtipo de LMA , pero no se encontraron diferencias a nivel de
RNAm de p53 en las LMA t(8;16) con respecto a los demas subgrupos. Sin embargo, la
actividad de p53 puede estar modulada por otros mecanismos, como acetilacion o
fosforilacidn [301]. De manera interesante, se ha descrito que la proteina de fusion MYST3-
CREBBP inhibe la transcripcion mediada por p53 a través de una disminucionde la acetilacion
de p53 [292], lo que nos lleva a hipotetizar que la expresidn de los miRNAs relacionados con
p53 en nuestra firma distintiva de LMA t(8;16) podria ser en parte por una acetilacién anormal
de p53. Las mutaciones de CREBBP también se han descrito en la leucemia aguda linfoblastica,
con el resultado de una desregulacidon de la acetilacidén de histonas y la regulacidn
transcripcional de las dianas de CREBBP[302]. El reordenamiento entre MYST3y CREBBP
podria dar lugar a una acetilacion andmala, responsable, entre otras consecuencias
funcionales, de una disrupcién durante la hematopoyesis, lo que podria ser responsable, al
menos en parte, del fenotipo leucémico. [30]. En este estudio, observamos la reexpresion de
algunos miRNAs después del tratamiento con un agente desmetilante. De manera interesante,
esta reexpresidon fue mayor cuando se afiadié un agente inhibidor de histona desacetilasa
(TSA) al agente desmetilante (5’-AZA), lo que apoyaria a especular que la acetilacion puede
jugar un papel importante en la infraexpresion de algunos miRNAs de esta firma asociada a
LMA t(8;16). En este sentido, cabe destacar que no se encontraron diferencias significativas en

la metilaciéon de los promotores de algunos genes de estos miRNAs entre la LMA t(8;16) y
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otros subtipos de LMA, por lo que diferencias en la metilacién de las regiones promotoras de
estos miRNAs no seria el mecanismo causante de esta menor expresion. Estudios previos que
han analizado la metilacion en LMA han mostrado correlacién entre algunos tipos de LMA y el
patrén de metilacidn, pero no en todos los subtipos [303]. Aunque los experimentos sobre la
reexpresion de miRNAs después del tratamiento con modificadores epigenéticos sélo se pudo
realizar en una muestra primaria debido a la falta de material adecuado de otros pacientes,
pensamos que nuestros resultados tienen potenciales implicaciones fisiopatoldgicas y

requieren investigacion futura para su confirmacion.

Otras oncoproteinas de fusion bien caracterizadas que resultan de translocaciones
cromosémicas en LMA dan lugar al silenciamiento epigenético de miRNAs, como es el caso de
la represién de miR-223 por AML1-ETO[270] y la represidn trascripcional de miR-210, miR-23 y
mir-24 por PML-RARa [273]. Por ello, se necesitan futuros estudios para clarificar si la proteina
de fusidn MYST3-CREBBP es responsable del silenciamiento de estos miRNAs, asi como de los

mecanismos implicados.

El protooncogén RET codifica un receptor tirosin quinasa que transduce sefiales de crecimiento
celular y diferenciacidn. Las mutaciones de RET han sido asociadas con el carcinoma papilar de
tiroides y la neoplasia endocrina multiple tipo IIA y [IB[304]. Ademas RET puede afectar la
diferenciacién y el crecimiento de las células hematopoyéticas [305, 306]. Nuestro grupo y
otros [113, 114] han observado que el RNAm de RET esta tipicamente sobreexpresado en la
LMA t(8;16). En el presente estudio, hemos identificado una marcada correlacién inversa entre
los niveles de RNAm de RET y los niveles de tres miRNAs. Ademas, otros cuatro miRNAs de los
que estan infraexpresados en la firma de miRNAs de la LMA t(8;16) también tienen como
potencial diana informdaticamente predicha, la regién 3° UTR del gen RET. Por esta razon,
investigamos si los niveles disminuidos de estos miRNAs podrian explicar la sobreexpresién de
RET. En efecto, el ensayo Renilla-Luciferasa mostrd RET como diana de miR-218, miR-128, miR-
27b, miR-15a, y miR-195, y estos resultados se validaron en dos lineas celulares que
sobreexpresan RET, TPH1 y HL-60. La transfeccidén con estos miRNAs produjo una
infraexpresion significativa de la proteina RET en ambas lineas HL-60 (excepto miR-27b) y TPH1
(excepto miR-218 y miR-15a). Las diferencias en cuanto a la infraexpresidn de RET entre las
dos lineas celulares podrian ser debidas a diferencias en los niveles basales de la proteina RET
y a diferencias en la accesibilidad a los sitios de unidon de miRNAs individuales. Estos
resultados validan funcionalmente, por primera vez, la modulacion de la expresion de RET por

varios miRNAs caracteristicos de la LMA t(8;16).
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Nuestra firma de miRNAs de LMA t(8;16) confirma la singularidad de este subtipo de LMA. Sus
caracteristicas clinicas especificas y su homogeneidad en el perfil bioldgico, sustentada en la
existencia de una firma de expresiéon de RNAm caracteristica, junto con la firma de miRNA
distintivas descrita en este trabajo, justifican, pese a su baja incidencia, la consideracién de la

LMA t(8;16) como una entidad especifica.

En resumen, la LMA t(8;16) presenta una firma especifica de miRNAs, caracterizada
principalmente por la infraexpresion de multiples miRNAs, algunos de los cuales son
responsables de los altos niveles de RET observados previamente en este subtipo. Por ultimo,
esta firma de miRNAs podria ser el resultado de la desregulacién de la maquinaria epigenética
en las células leucémicas, aunque los mecanismos concretos involucrados aun no se han

esclarecido.

El andlisis de la expresion de miRNAs contribuye a refinar el pronéstico en la LMA de riesgo

citogenético intermedio

Aunque diversos estudios ya habian identificado algunos miRNAs individuales con valor
prondstico en la LMA, en el segundo trabajo de esta tesis nos propusimos evaluar el valor
prondstico del perfil de expresién de miRNAs en un contexto clinico bien definido, en el que el
refinamiento en la estratificacidn prondstica puede tener implicaciones clinicas relevantes. Asi,
analizamos el impacto prondstico de un extenso repertorio de miRNAs en una serie de
pacientes de hasta 70 afos, portadores de una citogenética de riesgo intermedio, que incluyé
el cariotipo normal junto a otras anomalias citogenéticas de esta categoria prondstica, y que
habian recibido un tratamiento contemporaneo homogéneo. Esta evaluacién prondstica
incluyé, ademas, el analisis del posible beneficio clinico de traspalnte alogénico de
progenitores hemopoyéticos en este contexto. La LMA-RI comprende un grupo heterogéneo
de pacientes con distinto prondstico, y la mejor estrategia terapéutica postremisién para estos
pacientes no esta bien establecida. La estratificacion prondstica en estos pacientes estd basada
principalmente en el analisis de un nimero limitado de factores prondsticos[39, 65].
Actualmente con el descubrimiento de nuevas mutaciones e interacciones entre ellas hacen
de la estratificacidn prondstica basada en el analisis molecular un proceso complicado[55, 63].
El analisis de la expresién de miRNAs en un modelo bioldgico heterogéneo como es la LMA
puede dar pistas sobre los procesos biolégicos subyacentes con importantes implicaciones
prondsticas y afiadir informacion préctica a la actual estratificacion prondstica basada en el

analisis de las mutaciones de NPM1, FLT3-ITD y CEBPA.
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Inicialmente realizamos un amplio cribaje de 670 miRNAs maduros en una serie de LMA-RI e
identificamos 10 miRNAs con un potencial valor prondstico. En un segundo paso, investigamos
el valor prondstico de estos 10 miRNAs en una serie de 285 pacientes con LMA-RI que
recibieron el mismo esquema terapéutico. Cuatro miRNAs (miR-196b, miR-644, miR-135ay
miR-409-3p) fueron finalmente identificados como factores prondsticos independientes en

LMA-RI.

miR-196b estd localizado en la regidén gendmica 7p15 entre el gen HOXA9 y HOXA10, esta
sobreexpresado en pacientes con LMA con reordenamiento del gen MLL y, de manera
interesante, su expresién parece estar inducida por las proteinas de fusidon con MLL [244, 245,
247, 248, 250]). La sobreexpresion de miR-196b resulta en un bloqueo parcial de la
diferenciacién y en la activacion de las seiiales de proliferacion y supervivencia celular.
Ademas, el tratamiento de las células de médula dsea transformadas con el gen de fusién MLL-
AF9 con el antagomiR-196b disminuye su capacidad proliferativa [250]. Un estudio reciente
descubrié que miR-196b tiene como dianas los oncogenes HOXA9/MEIS1 y el gen supresor de
tumores FAS. Por otra parte, la expresién de miR-196b habia mostrado una correlacion
inversa con el prondstico en una serie de pacientes con LMA de citogenética heterogénea
[263]. Sin embargo, aparte de este trabajo preliminar, el significado prondstico de miR-196b
no ha sido previamente analizado en una serie extensa de pacientes con LMA-RI. En el
presente estudio hemos observado que la baja expresién de miR-196b confiere un prondstico
favorable en la LMA-RI. Previamente, ya se habia descrito la infraexpresién de miR-196a y miR-
196b en pacientes pediatricos con LMA asociada a mutacion de CEBPA [244, 307]. En la misma
linea, confirmamos la asociacién entre unos niveles de expresion de miR-196b bajosy la
presencia de mutaciones de CEBPA bialélicas, lo que puede estar relacionado con los
mecanismos moleculares que confieren un mayor grado de quimiosensibilidad, propio de esta
entidad. Sin embargo, el impacto prondstico del nivel de expresion de miR-196b fue
independiente del estado mutacional de CEBPA, y miR-196b retuvo su valor prondstico en el

estudio multivariado que incluia el estado mutacional de CEBPA.

La sobreexpresién de miR-644 se ha observado en cancer de vejiga [308] aunque el papel
oncogénico de miR-644 en general, y en LMA en particular,es desconocido. En este estudio,
miR-644 se mostré como un marcador prondstico predictivo de la respuesta al tratamiento
guimioterdpico de induccidn y de la supervivencia global y para, tanto en la serie global como
en el subgrupo molecular de riesgo favorable. En este sentido, miR-644 podria ser util para

identificar un subgrupo de pacientes con peor prondstico a pesar de pertenecer al subgrupo
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molecular favorable, definido por la mutacion de NPM1 6 CEBPA sin mutacién concomitante

de FLT3-ITD.

Se ha relacionado miR-135a con diversas neoplasias, en las que se ha identificado una funcién
oncogénica dual, tanto como gen supresor de tumor en algunos casos [309, 310], como con
una funcion de oncogén en otros tumores [311, 312](revisado en [313]) .Asi, en los pacientes
con linfoma de Hodgkin, la infraexpresion de miR-135a se asocia a un mayor riesgo de recaida
[309]. De manera similar, en el actual estudio, hemos observado como la expresién baja de
miR-135a estd asociada a un mayor riesgo de recaida tanto en la serie general como en el
subgrupo de pacientes del subgrupo molecular desfavorable, lo que sugiere que en este

contexto miR-135a podria actuar como un gen supresor de tumor.

También hemos identificado con mayor riesgo de recaida, superior al 50% a los 5 afios, en los
pacientes con una baja expresién de miR-409-3p, tanto en la serie global como en el subgrupo
molecular de mal prondstico. Dos estudios recientes han descrito miR-409-3p con funcién de
supresor de tumores. El primer estudio, en fibrosarcoma, demostré que miR-409-3p inhibe el
crecimiento tumoral, la vascularizacion y las metastasis a través de la infraexpresion de la
angiotensina[314]. El segundo estudio, en cancer gastrico, mostré que miR-409-3p puede
funcionar como un gen supresor de tumor mediante la interaccion e inhibicion transcripcional
de PHF10 [315]. Ademds, se observd una reexpresion de miR-409-3p tras tratamiento
hipometilante, lo que podria apoyar la existencia de un mecanismo similar en un subgrupo de

pacientes con LMA-RI [316].

Dado el valor pronéstico independiente mostrado por estos cuatro miRNAs (miR-196b, miR-
644, miR-135a y miR-409-3p), disefiamos una score de riesgo prondstico basado en los niveles
de expresion de dichos miRNAs y comprobamos su valor prondstico en pacientes de hasta 60
afios. Esta escala prondstica mostrd un valor prondstico independiente después de ajustarlo
para otros marcadores prondsticos clinicos y moleculares bien reconocidos y permitid la
estratificacidon de pacientes de LMA-RI en tres categorias prondsticas diversas.
Adicionalmente, el impacto prondstico de esta escala fue ain mas marcado cuando se
aplicaba al subgrupo molecular de riesgo desfavorable, en el que fue util para identificar un
pequefio grupo de pacientes con buen prondstico y un segundo grupo de mal pronéstico, con
un riesgo de recaida del 70%. Al evaluar el efecto del tratamiento post-remision teniendo en
cuenta esta escala prondstica de miRNAs, la realizacidn de un trasplante alogénico en primera
remisiéon completa parecia beneficioso para el grupo de pacientes con un score de miRNAs de

riesgo intermedio o alto, con una reduccién del riesgo de recaida significativa, especialmente
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entre los pacientes de la categoria molecular desfavorable. Por supuesto, estos hallazgos
necesitan de validacidn en series de pacientes independientes, extensas, para confirmar la
posible utilidad clinica de este score de riesgo derivado de la expresién de miRNAs. En
consecuencia, la determinacion de la expresion de estos cuatro miRNAs, a los que podrian
afiadirse otros que se identifiquen en el futuro, podrian contribuir a refinar la actual
estratificacidn pronostica en la LMA-RI, basada actualmente en el analisis mutacional de un
numero reducido de genes. La expresion alterada de ciertos miRNAs podria reflejar la
disfuncién de algunas vias celulares con un importante impacto en la quimiosensibilidad,
quizd no capturada en su totalidad por el andlisis de mutaciones de algunos genes. Por lo
tanto, la informacidn proporcionada por el analisis de la expresion de miRNAs podria
proporcionar una herramienta adicional para predecir el potencial beneficio del trasplante
alogénico en en LMA-RI, ya que en este grupo es donde existe mas incertidumbre acerca de

su papel en primera remisidn completa.

Otros dos miRNAs no incluidos en este score prondstico, miR-181a[268] y miR-3151[260], han
mostrado valor prondstico en otros estudios. miR-181a fue identificado como un marcador
prondstico en un primer estudio realizado mediante microarrays que contenian 368 sondas
[257] y su valor pronéstico fue posteriormente confirmado mediante RT-PCR individual en una
serie de pacientes de LMA de citogenética normal[268]. Aunque en nuestro estudio inicial de
cribado con un amplio (>600 miRNAs) panel de miRNAs en la serie de 85 pacientes observamos
diferencias en el prondstico dependiendo del nivel de miR-181a, identificamos otros 10
miRNAs con un mayor valor prondstico, y éstos fueron los seleccionados para su posterior
confirmacién por RT-PCR individual en una serie de 238 pacientes. Ademas, nuestra serie de
pacientes incluyd todos los de LMA de riesgo citogenético intermedio, no Unicamente aquellos
de cariotipo normal. Agrupar los pacientes de citogenética normal con otras citogenéticas de
riesgo intermedio parece lo aconsejable desde el punto de vista clinico [40]. Estas diferencias
en los criterios de inclusiéon podrian explicar algunas de los diferentes resultados observados.
Por otra parte, miR-3151 ha sido identificado mas recientemente [317, 318] y no fue incluido
en nuestra plataforma inicial de cribado de miRNAs ya que no habia sido descrito al inicio de
nuestro estudio. Se ha descrito que la sobreexpresidon de miR-3151 es un factor prondstico
desfavorable en pacientes con LMA-CN y mayores de 60 aifos. No obstante, un estudio
preliminar realizado en nuestro grupo y presentado en forma de péster (contenido en los
anexos de esta tesis), confirmé el prondstico de este miRNA también en pacientes mas jovenes

[260]
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En resumen, el andlisis de la expresién de los niveles de miR-196b, miR-644, miR-135a y miR-
409-3p en el momento del diagndstico nos proporciona informacion prondstica relevante en
una amplia serie de pacientes de LMA-RI y refina la estratificacion prondstica realizada basada
en las mutaciones genéticas mds comunmente analizadas. La confirmacion del valor
prondstico de este score prondstico compuesto por cuatro miRNAs podria ser util, ademas,
para la eleccién del tratamiento postremision. Por otra parte, la investigacion futura de las
dianas de estos miRNAs podria esclarecer algunos de los mecanismos bioldgicos responsables

dela quimiosensibilidad a los tratamientos habitualmente empleados en la LMA.
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5. Conclusiones

1. Algunos subtipos especificos de LMA muestra una firma de miRNAs caracteristica
como la LMA con mutacion de NPM1, la LMA con mutacién bialélica de CEBPA y la
LMA con t(6;9)

En la LMA con t(8;16) y reordenamiento MYST3-CREBBP:

2. Existe un perfil de miRNAs especifico caracterizado por la infraexpresién de un
conjunto de 90 miRNAs en comparacion con otros subtipos de LMA

3. Existe una asociacién entre los niveles de expresién de miR-21y STAT3, su regulador
transcripcional

4. Llainfraexpresion observada en la firma de miRNAs que caracteriza la LMA t(8;16)
puede explicarse, al menos en parte, por mecanismos epigenéticos, como se
demuestra por la reexpresion observada de 27 miRNAS tras el tratamiento con un
agente hipometilante y un inhibidor de histona desacetilasa.

5. Lasobreexpresion del protooncogén RET caracteristica de la LMA t(8;16) viene
explicada por la infraexpresidon de 5 miRNAs que conforman parte de la firma distintiva

de esta entidad

El analisis del nivel de expresién de miRNAs aporta informacién prondstica independiente

en los pacientes con LMA de riesgo citogenético intermedio:

6. Los niveles bajos de miR-196b y de miR-644 permiten identificar pacientes con mejor
supervivencia global

7. Los niveles de miR-135a y de miR-409-3p permiten estratificar a los pacientes segln su
riesgo de recaida, incluso en el subgrupo molecular de mal prondstico.

8. Elscore resultante del nivel de expresion de estos 4 microRNAs (microRNA score)
mejora la estratificacidén prondstica resultante del estudio mutacional de NPM1, FLT3-
ITDy CEBPA

9. Los pacientes con un microRNA score prondstico de riesgo intermedio o alto parecen

beneficiarse de un trasplante alogénico en primera remisién completa.
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7. Anexos

7.1Revisiones articulo 1

7.1.1. Primera revision

Barcelona, 18th July, 2012

Prof. Nicole Muller-Berat Killmann
Editor-in-Chief

Leukemia

Re: Resubmission of manuscript no. MILLIE12-LEU-0066 (Acute myeloid leukemia
with translocation (8;16)(p11,p13) and MYST3-CREBBP rearrangement harbors a
distinctive microRNA signature targeting RET protooncogene)

Dear Prof. Muller-Berat,

We thank you for your letter of 24 February 2012 with the reviewers’ comments on our
referenced manuscript. We greatly appreciate your decision to reconsider our

manuscript.

In order to answer the main comments of the reviewers and the Section Editor, Prof.
Krzysztof Mrozek, we have enlarged the sample size of our target population of
patients diagnosed with acute myeloid leukemia with t(8;16) with three additional
samples — for a final total of seven — kindly provided by collaborators from three
different institutions. We have repeated the miRNA profiling, the assessment of mMRNA
levels of selected genes and the analysis of methylation of several miRNA promoter
genes with the inclusion of these new samples. These new experiments have
confirmed the distinctive miRNA signature associated with acute myeloid leukemia with
t(8;16). In addition, we have addressed all other issues raised by the reviewers and
have modified the manuscript accordingly. Replies to reviewers and corresponding
modifications in the new version of the manuscript are detailed in the enclosed

documents.

139



We believe that with these modifications, our manuscript is significantly improved and
we hope that it is now acceptable for publication in Leukemia.

Looking forward to hearing from you.

Sincerely yours,

Jordi Esteve, MD
Hematology Department
Hospital Clinic

Barcelona

Spain

Phone: +34932275428

Fax: +34932275484

E-mail: jesteve@clinic.ub.es

140



Reply to Section Editor

Dear Prof. Krzysztof Mrozek:

Please find enclosed the answer to your request concerning our submitted article
MILLIE12-LEU-0066, entitled “Acute myeloid leukemia with translocation
(8,16)(p11,p13) and MYST3-CREBBP rearrangement harbors a distinctive microRNA

signature targeting RET protooncogene”.

Although the study is interesting and potentially important, it is vital that the number of
patients with t(8;16) is increased to substantiate the findings and conclusions.

In order to answer the main comments of the reviewers and the Section Editor, Prof.
Krzysztof Mrozek, we have enlarged the sample size of our target population of
patients diagnosed with acute myeloid leukemia with t(8;16) with three additional
samples — for a final total of seven — kindly provided by collaborators from three
different institutions. We have repeated the miRNA profiling, the assessment of mMRNA
levels of selected genes and the analysis of methylation of several miRNA promoter
genes with the inclusion of these new samples. These new experiments have
confirmed the distinctive miRNA signature associated with acute myeloid leukemia with
t(8;16). In addition, we have addressed all other issues raised by the reviewers and
have modified the manuscript accordingly. Replies to reviewers and corresponding
modifications in the new version of the manuscript are detailed in the enclosed

documents.
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Replies to Reviewers

Reviewer no.1

1. Genes should be written in italics

All gene denominations used in the manuscript have now been written in italics.

2. The citation of the references should follow the guidelines of the journal, as given
here in brackets is not correct.

All the citations of the references included in the manuscript have been given following
the guidelines of the journal and the instructions for Leukemia output style provided in
the journal webpage, as follows: “EndNote users should select the Leukemia output
style for the correct reference style. http://mts-leu.nature.com/cgi-

bin/main.plex?form_type=display_auth_instructions#preparation”.

We have noticed, however, that in the online version of Leukemia articles, the
references are cited using parentheses, while in the print version, the citations are
given in superscript. We will be happy to change the format of the citations, but it is not

clear to us which format is required.

3. It seems to be very unlikely that the diagnosis of all AML patients (n=117) between
the years 1994 and 2009 had been following the WHO criteria, the first version of
the WHO book was published in 2001 and changed during the second version for
2008. So the authors should rephrase this paragraph and may give information on
FAB subtype as well as retrospective information on the WHO subtype.

Effectively, diagnostic and classification criteria changed during this period, following
contemporary FAB and WHO classification. Therefore, the sentence describing the

criteria used for diagnosis and classification has been modified in the Material &

Methods section, as follows:

AML diagnosis and classification was based on accepted FAB or
WHO criteria, depending on the year of diagnosis. The main
characteristics of patients, including FAB classification, are
summarized in Table 1.The availability of cytogenetic and molecular
information on NPM1 & CEBPA mutational status in all these patients
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allowed us to reclassify them following the WHO 2008 criteria (Table
S1).

Information on FAB subtype of all patients included in the study is now provided in the
revised Table 1. Moreover, complete cytogenetic and molecular information,
corresponding to main WHO diagnostic categories, is also given in Table 1. In fact, the
availability of cytogenetic and molecular information on NPM1 & CEBPA mutational
status in all these patients allowed us to reclassify them following WHO 2008 criteria.

We have included this information in Table S1, shown below.

WHO-2008 category n=120

AML with recurrent genetic abnormalities

- AML with 1(8;21)(q22;922)/RUNX1-RUNXT1 3
- AML with inv(16) or t(16;16)(p13;922)/CBFp3-MYH11 2
- Acute promyelocytic leukemia [t(15;17) & PML-RAR-q] 4
- AML with t(9;11)(p22;923)/AF9(MLLT3)-MLL 2
- AML with t(6;9)(p23;q34)/DEK-CAN(NUP214) 8
- AML with inv(3) or t(3;3)(q21;926)/RPN1-EVI1 3

- AML with mutated NPM1 42
- AML with normal karyotype and CEBPA mutation 11
AML with myelodysplasia-related changes 11
AML, NOS
- AML with minimal differentiation 0
- AML without maturation 14
- AML with maturation 5
- Acute myelomonocytic leukemia 11
- Acute monoblastic & monocytic leukemia 4
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4. The authors refer to further molecular genes that were investigated: what about
FLT3-ITD? Table 1 gives information on NPM1 mutated and CEBPA mutated
cases, in addition to the point raised above, it seems necessary to also know about
the FLT3 status of these patients. It would also be worthwhile to know this in the
cases with t(8;16).

As shown in the revised Table 1, 46 patients (38%) harbored an internal tandem
duplication of FLT3 gene, 36 (42%) of them corresponding to intermediate-risk
cytogenetics. Interesting, FLT3-ITD was not observed in any of the seven t(8;16) AML

cases included in this study.

5. Why were only a low number of cases with monosomal karyotype or complex
karyotype detected? If the median age is 52 and the range is up to 82, normally
around 10% of cases should be with complex aberrant karyotype in a study with
117 patients. Could the authors please comment on their cohort and how selection
was performed?

Patients included in the study were not consecutively diagnosed with AML within the
study period but correspond to a wide selection of different AML subtypes in order to
allow an extensive comparison of t(8;16) miRNA profiling over all the AML biological
spectrum. Thus, this series was enriched with younger patients, included in intensive
therapy protocols, and determined AML subtypes, such as t(8;16) AML for focused

study purposes.

6. How many patients had a normal karyotype?

Sixty-one patients, accounting for 51% of the entire cohort, had a normal karyotype.

This information has been now included in the revised Table 1.

7. How was favourable risk, intermediate risk and high risk defined, according to
which score?

Cytogenetic prognostic categories were based on the refined MRC classification
(Grimwade D et al, Blood 2010). Nonetheless, (8;16) AML, which was not specifically
analyzed in the Grimwade study due to its low frequency, was included among high-

risk patients based on reported series of 1(8;16) AML patients. However, in the revised
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Table 1, in order to avoid confusion on the part of the reader, the prognostic

categorization of cytogenetic abnormalities has been omitted.

8. In supplemental figure S2 the authors refer to FAB subtypes M4 and M5, this brings
up again the question of classification: WHO or FAB? Please clarify these aspects
for the reader, | would suggest both as suggested above.

Please see our reply to comment 3, above. In addition, please note that we have
clarified for the reader that the AML classification used depended on the year of
diagnosis. We have included the FAB classification in Table 1 and the WHO 2008
classification in Supplementary Table 1.

Since 1(8;16) AML cases typically display a monocytic stage of differentiation and are
generally classified as M4 or M5 subtypes of FAB classification, we aimed to analyze if
part of its miRNA profile could be attributed, at least in part, to its monocytic
component. For this reason, we selected a group of non-t(8;16) AML patients with
partial or total monocytic differentiation, corresponding to M4 or M5 FAB subtypes, as
control group for comparison of their miRNA profile with that of t(8;16) AML patients.

9. As a matter of fact, patients with t(8;16) normally show a very strong
myeloperoxidase as well as non-specific esterase summing up to more than 100%
within their blast cells. Is there anything known about these four cases with respect
to this data?

This information was available for five patients. All except one patient exhibited a
characteristic dual, simultaneous positivity for both myeloperoxidase and NSE staining
in virtually 100% of blast cells. The remaining patient was negative for
myeloperoxidase staining and only showed positivity for NSE. We have included this

information in Table 1.
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Reviewer no.2

1. 1(8;,16) AMLs represent only a small portion (n=4) of the 117 profiled AML cases. To
strengthen the presented findings, more cases {(8;16) should be profiled. In
addition, the presented findings such as the most differentially expressed miRNAs
should be validated by a second method.

As suggested by the reviewer, we have increased the number of patients with acute
myeloid leukemia associated to translocation t(8;16) with three additional cases with
available bone marrow DNA & RNA, for a total of seven, kindly provided by
collaborators from three external institutions (Dr. Francesco Lo Coco and Tiziana
Ottone, Hospital Tor Vergata, Rome; Dr. David Grimwade and Adam lvey, Guy's
Hospital, London; and Dr. Olga Salamero, Hospital Vall d’Hebron, Barcelona). In these
additional t(8;16) AML samples, we were able to analyze the miRNA profile, the mRNA
expression levels of selected genes, and the methylation status of miRNA genes. The
re-analysis of the miRNA profile, including these additional samples, confirmed the
majority of miRNAs included in our previously described miRNA signature. Thus,
hierarchical cluster analysis of miRNA profile showed that all seven t(8;16) samples
clustered together, resting apart from a wide variety of AML biological subtypes across
the AML spectrum. Figure 1 has been modified with an image of the new hierarchical
cluster analysis after the inclusion of new samples. Supervised analysis confirmed that
the distinctive t(8;16) miRNA signature is characterized by 94 miRNAs, most of which
(n=90) showed a significantly down-regulated expression. The final list of mMiRNAs

characterizing t(8;16) is provided in a new Table 2 of the revised manuscript.

Real time technique for the analysis of miRNAs is considered the gold-standard
method for miRNA profiling, showing the highest dynamic range detection in
comparison with array or sequencing based techniques (Baker M. Nature Methods
2010). Nonetheless, as suggested by this reviewer, we performed a validation
experiment for some of the most characteristic miRNAs of the signature, including
some of the most differentially expressed miRNAs (miR-20a, miR-26a, miR-21) and a
group of miRNAs which target RET protooncogene , (miR-218, miR-195, miR-27b,
miR-27a, miR-15b, miR-15a, miR-128). For this validation experiment, we used all
seven t(8;16) AML patients and an additional 40 AML patients (the same set of patients
used for gene expression analysis). The validation test was performed using miRCURY
LNA Universal RT microRNA PCR Primers (Exigon, Denmark). This technique differs

147



from the TagMan system used in the study (based on stem-loop RT PCR), since itis a
gPCR system that combines a Universal RT reaction with LNA™-enhanced PCR
primers, which results in unmatched sensitivity and specificity. This validation
experiment confirmed the differential expression of all the three miRNAs most
differentially expressed in t(8;16) AML (miR-20a, p= 1.8x10®; miR-26a, p=1.8x10";

miR-21, p=2x107). Moreover, it also confirmed the significant downregulation of most

of the RET-targeting miRNAs analyzed (miR-128, p=0.008; miR-218, p=0.01; miR-27b,

p=0.04; miR-195, p=0.01; miR-15a, p=0.02). The downregulation of miR-27a and miR-
15b was not confirmed. For this reason, these two miRNAs were excluded from the
target validation experiment, as shown in a new Figure 3. The results of this validation

experiment are summarized in Figure S2, shown below.
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2. Despite significant differences, the validation of STAT3, c-MYC and p53
suffers from the low t(8,16) sample numbers (n=4). It is hard to draw
conclusions from these correlations.

With the addition of three new (8;16) AML samples, we were able to confirm a
significantly different expression level of STAT3, but not of c-MYC and p53. For this
reason, appropriate changes in the Results and Discussion sections have been
introduced and the Figure 2 of the previous version of the manuscript has been

modified and transferred to Supplementary Material as Figure S3.

3. Itis not clear if the results in Figure 3A are based on one t(8;16) sample and
three technical replicates or three biological replicates. If it is based only on
one sample, it would not be statistically relevant. The results presented in
Figure 3B are based on 2 biological replicates, leaving only little room for
statistical analysis. What is the conclusion of these results? The authors
should compare their findings to other AMLs. The authors should discuss
the presented results more specifically and in comparison to recently
published epigenetic profiling approaches in AML.

Effectively, the revised Figure 2B (previously Figure 3A) depicts the results of three
independent technical replicates obtained from the only t(8;16) AML patient with
available cryopreserved cells for this experiment. Unfortunately, we were not able to
repeat the experiment in other patients due to the lack of cryopreserved cells at
diagnosis, including the three new specimens obtained. Nonetheless, we believe that
these results, which support the epigenetic regulation of the miRNA profile in t(8;16)
AML, are of interest and should be included in the manuscript, despite the lack of
biological replicates and statistical power. Following the reviewer's recommendations,

we have clarified the source of the experiment in the manuscript, as follows:

Only one t(8;16) AML patient had available cryopreserved cells for

treatment with 5-aza-2'-deoxycytidine and trichostatin A.

Following the reviewer's recommendation, we have performed the methylation analysis
in a total of five t(8;16) AML patients and nine other AML patients with diverse
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cytogenetic abnormalities (three from each of the cytogenetic prognostic categories) as
depicted in the new figure 2C and 2D. We did not find significant differences in the
methylation pattern in t(8;16) AML, compared to other AML subtypes, either with global
methylation analysis (figure 2A) or on specific examination of promoter miRNA
methylation status (figure 2C & 2D). As a consequence, we cannot explain the
downregulation of these miRNAs in comparison with other AML subtupes due to this
mechanisim. However, as shown in figure 2B there is a higher miRNA re-expresion
after the addition of TSA, a histone deacetylase inhibitor, to the demethylating agent 5-
AZA, in comparison with cells treated with only 5’-AZA-dc. This suggests that histone
acetylation could play a key role in the regulation of miRNAs in 1(8;16) AML. We have
modified figure 2B and added the information on re-expression of miRNAs after

treatment with 5’-AZA, as follows:

However, when we treated a t(8;16) AML sample for 72 hours with 5-AZA-
dc, 14 miRNAs were re-expressed more than 2 fold change. Interestingly
after treatment with 5-AZA-dc and TSA, 27 of 29 miRNAs were re-
expressed more than 2 fold change after treatment (Figure 2B).

We have discussed these results in comparison with previously published data

regarding microRNA methylation in AML, as follows:

This hypothesis is further supported by the fact that there were no
differences in promoter methylation between t(8;16) AML and other
cytogenetic subtypes. However, the individual analysis of hypermethylation
levels showed that the miRNA methylation status of t(8;16) patients is closer
to that of patients classified as the poor cytogenetic prognosis group.
Despite the low number of patients analyzed, the differences observed in
the different cytogenetics subgroups warrant further study. Previous studies
analyzing gene methylation in AML showed different clusters of patients
according to methylation patterns and showed that aberrant methylation
could be related to patient prognosis (45-47). Moreover, the observation
that treatment with 5-AZA plusTSA produced a greater re-expression of
miRNAs than treatment with 5-AZA alone suggests that not only is
methylation involved in the downregulation of these miRNAs but that
acetylation could also play an important role.
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4. The authors imply that RET is a common and thus an important target for
t(8;16) AML associated miRNAs. How many algorithms were used to predict
the binding sites? As it is only a prediction, | would move Figure 4A into
supplementary data. The results would be even more convincing if a miRNA,
which does not affect RET translation would be included as a negative
control and RET translation validated by Western Blot. Furthermore, no
statistics or biological replicates are indicated in Figure 4C.

The prediction of the miRNA binding site in RET gene was performed using two
different algorithms, TargetScan and Pictar. As suggested by the reviewer, we have
moved Figure 4A representing these binding sites to the Supplementary Material
(Figure S4). Moreover, the selection of RET gene as a target of the t(8;16) miRNA
signature was not only based on prediction but also on the strong correlation observed
between mRNA and miRNA expression signatures in the same t(8;16) AML patients.
The method used to correlate mMRNA & miRNA patterns is detailed in the manuscript,

as follows:

In order to identify miRNA targets, we used the RmiR package (Bioconductor
version 2.6; http://www.bioconductor.org/Bioconductor) to cross-correlate the
miRNA expression data from the present study with our previous findings on the
gene expression signature in the same patient samples, based on the predicted
targets from TargetScan (http://www.targetscan.org/) and Pictar
(http://pictar.mdc-berlin.de/) databases.

As suggested, we have included pre-miR-135a as a negative control in the
Renilla/luciferase analysis. pre-miR-135a has no complementary sequences to the 3’
UTR region of RET gene. The Renilla/luciferase translation was not modified by the
addition of this pre-miRNA, supporting the specific modulation of RET by a set of
distinctively expressed miRNAs in t(8;16) AML.

Moreover, in order to analyze changes of RET protein expression with the validated
pre-miRNAs in the Renilla/luciferase assay, we analyzed the expression of RET by flow
cytometry, which is comparable to Western Blot. For this experiment, we used two
biological replicates corresponding to two different myeloid cell lines, TPH1 and HL60.
These cell lines were selected due to their overexpression of RET, which allowed us to
validate the effect of pre-miRNAs on this protein. Each graph of the new Figure 3B

(previously Figure 4C) corresponds to a different cell line. We performed three
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independent transfections for each pre-miRNA analyzed. Statistics have been added in

Figure 3B (previously Figure 4C).

7.1.2. Segundas revisiones

Barcelona, 6th September, 2012
Prof. Nicole Muller-Berat Killmann
Editor-in-Chief

Leukemia

Re: Resubmission of manuscript no. ROSA12-LEU-0066R (Acute myeloid leukemia
with translocation (8;16)(p11,p13) and MYST3-CREBBP rearrangement harbors a
distinctive microRNA signature targeting RET protooncogene)

Dear Prof. Muller-Berat,

We thank you for your letter on 17th August 2012 with the reviewers’ comments on our
referenced manuscript. We greatly appreciate your decision to accept it after minor

revision with possible re-evaluation.

Following the suggestions and comments of the second reviewer, we have added pre-
miR135a as a negative control in Figure 3B, we have mentioned in the Discussion
section the observed differences of RET expression between the two cell lines used in
the experiment, and, finally, we have transferred the figure 2B of the previous version

to Supplementary material.

Replies to reviewer and corresponding modifications in the new version of the

manuscript are detailed in the enclosed documents.

We believe that with these modifications our manuscript is improved and we hope that
it is now acceptable for publication in Leukemia.

Looking forward to hearing from you.
Sincerely yours,

Jordi Esteve, MD

Hematology Department

Hospital Clinic

Barcelona, Spain
Phone: +34932275428
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Fax: +34932275484
E-mail: jesteve@clinic.ub.es
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Replies to Reviewer

Reviewer #2 (Comments to the Author):

1. I would move Figure 2B to the supplementary figures as it is based on 3 technical
replicates and only one biological sample. Furthermore, the error bars are quite
high, despite the fact that this is based on technical replicates.

As suggested by the reviewer, we have moved the Figure 2B to the supplementary

material (new Figure S4).

2. Figure 3B needs the same negative control as Figure 3A miR-135a.

Following the reviewer’s recommendation, we have included pre-miR-135a as a

negative control in the measurement of RET expression by flow cytometry

after transfection with pre-miRNAs on both TPH-1 and HL-60 cell lines. As observed
pre-miR-135a did not modify significantly RET expression level. These results have
been added to the Figure 3B.

3. Furthermore, the authors should mention in the discussion the differences of RET
protein downregulation between TPH1 and HL60 cells, which is most likely due to
the accessibility of the individual miRNA binding sites.

Differences of RET protein downregulation between TPH1 and HLG0 cell lines are now
mentioned and briefly discussed in the new version manuscript (Discussion section), as

follows:

Transfection with these miRNAs produced a significant downregulation of RET
protein in both HL-60 (except miR-27b) and TPH1 (except miR-218 and miR-15a)
cell lines. The differences of the specific miRNAs leading to RET downregulation
observed between these two cell lines could be attributed to differences in
baseline levels of RET protein and diversities in the accessibility to individual

miRNA binding sites.
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7.2.Revisiones articulo 2

7.2.1. Revisiones

Barcelona, 9th August, 2013

Prof. Nicole Muller-Berat Killmann
Editor-in-Chief
Leukemia

Author: Dr Esteve Resubmission of manuscript no JILL13-LEU-0760R

Title: MicroRNA expression at diagnosis adds relevant prognostic information to
molecular categorization in patients with intermediate-risk cytogenetic acute myeloid
leukemia

Dear Prof. Muller-Berat,

We thank you for your letter of 5th July 2013 with the reviewers’ comments on our
referenced manuscript. We greatly appreciate your decision to revaluate our
manuscript.

We have addressed all the issues raised by the reviewers and we have modified the
manuscript accordingly. Replies to reviewers and corresponding modifications in the
new version of the manuscript are detailed in the enclosed documents. In particular, we
addressed comprehensively the major issues raised by each reviewer. First, we
provided the results of the analysis on the prognostic value of microRNAs identified in
this study after exclusion of patients from the exploratory cohort, confirming most of the
results obtained with the entire cohort. Second, we included in the multivariate analysis
as requested, the microRNA score and after adjustment for main clinical and biological
values retained its independent prognostic value. Finally, since we have not access to
an additional cohort of patients, in order to confirm the robustness of the miRNA score,
we have performed a cross validation/resampling statistical method that showed high
replicability.

We believe that with these modifications, our manuscript is significantly improved and
we hope that it is now acceptable for publication in Leukemia.

Looking forward to hearing from you.
Sincerely yours,
Jordi Esteve, MD
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Hematology Department
Hospital Clinic

Barcelona

Spain

Phone: +34932275428

Fax: +34932275484

E-mail: jesteve@clinic.ub.es

Replies to Reviewers

Reviewer no.1

1) The first microRNA profiling was performed on 85 intermediate risk
patients. Ten outcome related microRNAs were then analyzed in the entire
cohort (including the 85 patients). Four microRNAs remained prognostic. Do
these four microRNA also retain their prognostic significance in the entire
cohort without the initial 85 patients? Demonstrating the prognostic impact in
this subgroup would validate the initial findings and would provide evidence,
that the prognostic impact of the four microRNAs in the entire group is not
"just” driven by a potentially huge prognostic impact of the microRNAs'

expression in the smaller group of 85 initial patients.

We agree with the reviewer that the eventual validation of the prognostic
miRNAs in a completely independent cohort of patient would have been the
ideal method to confirm the prognostic value of this group of miRNAs,
although such a design was not easily feasible for us. We designed, instead,
a double-step plan, with a first step consisting of a high-scale search of
prognostic microRNAs selected from a comprehensive analysis of 670
mMiRNA expression level analysis in a subset of patients (n=85). After
selection of the 10 miRNAs with a highest prognostic impact, we then
evaluated their prognostic value determining their expression level using a
different methodology, with individual Tagman assays, in the entire cohort of
238 patients harboring an intermediate-risk cytogenetics from the
cooperative group CETLAM. We decided to include the initial group of 85
patients in this part of the research plan to avoid a major selection bias and
a significant reduction size that precluded a meaningful analysis of the

prognostic weight of these selected miRNAs. Therefore, we considered the
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whole population of 238 patients as a unique group in which we assayed the
prognostic relevance of the expression level measured with a different
technique (Individual TagMan assays) of a group of miRNAs identified in an

initial screening.

Nonetheless, as suggested by this reviewer, we analyzed the prognostic
impact of these 4 miRNAs in the subset of 156 patients resulting from the
exclusion of 85 patients from the initial cohort. Remarkably, three of these
mMiRNAs, namely miR-135a, miR-409-3p and miR-644, retained their
prognostic impact or showed a statistical trend in this additional analysis.
Thus, patients with a decreased expression of miR-135a and miR-409-3p
showed a higher risk of relapse, both in the overall series (p=0.02 and
p=0.03, respectively) as well as in the subset of patients within unfavorable
molecular subgroup (p=0.009 and p=0.06, respectively). Concerning miR-
644, a higher miRNA expression was associated with a trend to a poorer
survival both in the entire cohort and the favorable genotype subgroup
(p=0.08). The lack of prognostic value of the remaining miRNA, miR-196b,
might be due to the small size of the subgroup of patients with a distinctive
prognosis. Thus, the significant cut-off of miR-196b with prognostic value
was able to identify a minority of patients that consisted of approximately
10% of the whole population, with a better outcome. Therefore, the mere
reduction of the sample size resulting from the exclusion of one third of total
patient population might explain the observed loss of prognostic value of this
miRNA in this subgroup analysis. Nonetheless, the marked effect of a
decreased miR-196b observed in our previous analysis, based on individual
TagMan assays, prompted us to maintain it as a highly potentially useful
marker to identify a subset of patients with a remarkably favorable outcome,

as suggested in previous study.

2) As stated on page 10 the expression levels of miR-644 associated with
response to induction therapy. | assume response to induction therapy is
defined as achievement of a complete remission? miR-644 seems to have a

great impact on the response to induction therapy (OR= 5.64), did any of the

157



other investigated miRs associate with response to induction therapy /
achievement of CR?

Additionally on page 11 it reads as if the presence of an NPM1 mutation
would associate with a reduced chance (OR=0.3) of responding to induction

therapy, is this true?

The concept of response to induction therapy used in the manuscript refers
to achievement of a complete remission (CR). In order to clarify this concept,

we have modified the wording in the text.

Regarding the predictive value of miRNA levels for achievement of complete
response (CR) following induction therapy, miR-644 was the only miRNA
with prognostic value, with none of the other selected miRNAs showing an
association with response to induction therapy. This observation has been
now emphasized in the text. Moreover, the impact of NPM1 mutation on the
probability of achievement of CR has been now clarified in the text,
specifying that it is the absence of an NPM1 mutation (wild-type
configuration) that was associated with a reduced chance of responding to
induction therapy. Accordingly, the whole paragraph dealing with prognostic
factors for CR achievement has been rephrased [pages 10 & 11: lines 236-
243]:

‘In addition, miR-644 was the only miRNA whose level measure was
predictive of achievement of a complete remission, with patients with lower
levels showing a higher response rate compared to patients with higher miR-
644 levels (87.4% vs. 76.3%, p=0.008). Analyzing variables associated to
response by means of multivariate binary logistic regression, miR-644
expression confirmed its independent prognostic value (OR=5.64, 95% CI:
2.67-15.35, p=0.001) together with NPM1 wild-type configuration (OR=0.30,
95% CI: 0.10-0.86, p=0.031) and lower WBC (OR=0.991, 95% CI: 0.984-
0.99; p= 0.006).”

3) To me it is not entirely clear what definition is used for the favorable vs
unfavorable molecular subcategories. The European LeukemiaNet genetic
classification is referenced, e.g on page 12, but it reads ambiguously (i.e.
with regard to biallelic CEBPA mutations). | think it would help to clarify the

definition. Using / Reporting the results with respect to the ELN classification
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(in addition) of course helps to make the interesting results comparable to

the present and future results of other groups.

The two molecular categories defined in the paper, favorable and
unfavorable molecular subcategories correspond to three of the genetic
groups recognized in the ELN classification. Thus, our favorable molecular
category, equivalent to ELN favorable genetic group, comprised both
patients with biallelic CEBPA mutations and those harboring NPM1
mutations without FLT3-ITD. On the hand, the unfavorable molecular
subgroup of the manuscript contained all the remaining subsets of patients
according to these molecular features, grouped in the Intermediate-l and
Intermediate-Il ELN groups. Thus, this category included all patients
harboring FLT3-ITD regardless NPM1 status, as well as those patients with
a wild-type configuration of NPM1 and CEBPA genes. Since our study was
restricted to intermediate-risk cytogenetic aberrations as defined by the
MRC group, we decided not to use the ELN genetic nomenclature, which
includes other cytogenetic groups. Thus, the ELN favorable genetic group
also comprises core-binding factor AML, not included in our study.
Moreover, ELN recommendations on genetic groups distinguish patients
Intermediate-| and Intermediate-Il patients, with equivalent molecular
features, on the basis of cytogenetics (normal karyotype patients in
Intermediate-| group vs. other intermediate-risk cytogenetic aberrations in
the Intermediate-Il subset). In fact, the prognostic relevance of these two
different intermediate categories is not observed in the analysis of many
cooperative groups, reinforcing the prevalence of molecular features over
cytogenetic abnormalities within the intermediate-risk cytogenetic category.
Nonetheless, the equivalence between ELN genetic categories and the two
molecular categories defined in the text has been now clarified in the text
[page 12: lines 236-272]:

“The presence or absence of FLT3-ITD, NPM1 and CEBPA mutations allow
stratification of patients with IR-AML into distinct prognostic categories [319,
320]. Thus, patients with NPM1 mutation without FLT3-ITD or biallelic
CEBPA mutations, corresponding to the favorable genetic group of
European LeukemiaNet (ELN), have a better outcome (favorable molecular
subcategory), whereas those patients harboring FLT3-ITD and/or lacking
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NPM1 and CEBPA mutations, grouped in the Intermediate-l and
Intermediate-Il genetic groups of ELN, have a worse prognosis (unfavorable
molecular subcategory). In order to elucidate the contribution of miRNAs
expression on prognosis of IR-AML, we analyzed the specific impact of more
relevant miRNAs in these two molecular subcategories of IR-AML.”

4) Some of the patients received an allogeneic transplant and as stated on
pages 13 and 14 patients with an intermediate or high miR-risk score
benefited from the allogeneic procedure. These findings are interesting since
they may provide a therapeutic strategy of choice for intermediate or high
miR-risk score patients. However, was the benefit from the allogeneic

procedure mainly driven by one or a combination of the four miRs?

We analyzed the effect of allogeneic hematopoietic stem-cell transplantation
(HSCT) individually for all of mMiRNAs identified whose expression level
showed prognostic effect. Outcome of patients receiving alloHSCT was
compared with other post-remission options using the analyses described in
the manuscript. AlloHSCT resulted in a significantly reduced relapse risk for
patients with a high-risk expression of microRNAs miR-135a (p=0.021), and
miR-196b (p=0.047), and among patients within unfavorable molecular
genotype (FLT3-ITD and/or concomitant wild-type NPM1 and CEBPA)
interestingly alloHSCT resulted in a significantly reduced relapse risk for
patients with a high-risk expression of microRNAs miR-135a (p=0.004), and
miR-196b (p=0.007) and miR-409-3p (p=0.06). Allotransplant conferred a
survival advantage or showed a trend for patients with high-risk expression
of microRNAs miR-135a (p=0.014) and miR-409-3p (p=0.16). Remarkably,
this improved outcome following alloHSCT was more evident in patients
harboring an unfavorable molecular genotype (FLT3-ITD and/or concomitant
wild-type NPM1 and CEBPA), with a benefit in terms of OS for patient with
high-risk expression level of miR-135a (0.007), and miR-409-3p (0.05).

On the contrary, alloHSCT did not seem to provide a significant benefit for
patients with overexpression of miR-644. This might be explained, in part, by
the preferential effect of this miRNA in the chance to achieve complete

response, and not on a higher relapse risk, the phase of the disease in
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which the effect of allogeneic procedure is probably maximized. Despite this
observation, we believe that including in the score the four miRNAs that
showed significant influence regarding any of the endpoints analyzed (i.e.,
the probability to achieve CR, survival, relapse risk) is justified and can be

an useful tool to capture high risk features beyond gene mutations.

Nonetheless, the results of this analysis should be considered cautiously,
since the number of patients per arm, especially concerning the alloHSCT

arm, is too limited to extract firm conclusions.

5) The discussion is well written and interesting to read. However, to help
clinicians to appreciate the findings | think it would benefit from just a few
more words regarding the potential applicability regarding the assessment of
the individual miR expression status/ the proposed miR-risk score for risk
stratification/ therapeutics / treatment choices in the clinic today and in the

future.

MicroRNA profiling might disclose more accurately some underlying
mechanisms of response to therapy not captured by single gene mutations.
Moreover, our current knowledge of gene mutation landscape of AML
reveals a huge complexity with multiple interactions among genes with
diverse prognostic impact, leading to a particular difficult prognostic
assessment based on simplistic, limited panel of genes. Therefore, and
following the reviewer's recommendation, the potential role of miRNA
evaluation for a better prognostic assignment in AML has been emphasized

in the Discussion [page 19, first paragraph].

“Given the independent prognostic value of miR-196b, miR-644, miR-135a, and
miR-409-3p, we designed a miRNA risk score based on their expression levels and
assessed its prognostic value in a cohort of patients <60 years. This four-miRNA
risk score showed independent prognostic value after adjustment for other well-
recognized molecular and clinical prognostic markers and allowed the stratification
of IR-AML patients into three different prognostic categories. Moreover, the
prognostic impact of the risk score was even more marked within the unfavorable
molecular subcategory, where it was able to identify a small group of patients with
very favorable outcome and a second group with a RR of over 70% and a dismal
prognosis. Moreover, when we evaluated the effect of post-remission therapy
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according to this miRNA risk score, we found that alloHSCT in CR1 seemed
beneficial for patients in the intermediate- or high-risk miRNA group, with a
significantly reduced RR, especially among patients in the unfavorable molecular
subcategory. Of course, these findings need further validation in a larger series to
validate the clinical usefulness of this score. Nonetheless, the expression of these
four miRNAs or other miRNAs with a strong prognostic value may well refine the
current molecular risk stratification of IR-AML, which is based on the analysis of
mutations of a limited number of genes, as attempted in several molecular
stratification systems such as the European LeukemiaNet proposal. Abnormal
expression of certain miRNAs may reflect specific dysfunction of determined cell
pathways with a profound impact on chemosensitivity, not captured by the analysis
of individual gene mutations. Therefore, the information resulting from miRNA
expression analysis might provide an additional tool to predict the potential benefit
of alloHSCT in the intermediate-risk cytogenetic category of AML, which still
constitutes the group with a higher degree of uncertainty on the appropriateness of
this procedure.”
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Reviewer no.2

1. Reference 20 seems not relevant to the paper, please change or delete

As suggested by this reviewer, we have removed reference 20 (Vasudevan S,
Tong Y, Steitz JA. Cell-cycle control of microRNA-mediated translation regulation.
Cell Cycle 2008 Jun 1; 7(11): 1545-1549) in the new version of the manuscript.

2. Page 5, line 111, "CETLAM trials for younger patients" while the patients
were treated with intensive regimens for "younger patients” the patient's age
in the cohort range from 18-73, thus it is confusing using the term younger, it
may give the impression that the cohort include only young AML patients

(<60), please change to somewhat like aggressive induction regimens

We agree with the reviewer that the term “younger”, with the inclusion of patients
with an age up to 73 years, was inappropriately used in the previous text.
Accordingly, we have modified the previous version, for the sake of clarity, with the

following sentence, which better reflects the inclusion criteria for these trials:

“All patients were treated in consecutive CETLAM trials from 1994 to 2009 based
on intensive chemotherapy for fit patients”.

3. Page 5, line 116. Spell ICE

ICE is the acronym for the regimen idarubicin (12 mg/m? x days 1-3-5),
cytarabine (100 mg/m? in continuous infusion x 7 days), and etoposide (100
mg/m? x days 1 to 5). This chemotherapy regimen has now been clarified in

the manuscript.

4. Page 9, Page 200. The patient's characteristics from this discovery cohort

needs to be in the main manuscript and not in supplemental.

Following the reviewer’s suggestion, we have included the patient
characteristics from the discovery cohort in Table 1, which now displays the

characteristics of both series of patients, as shown below.
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Table 1. Main clinical characteristics of patients from the discovery cohort (n=85) and

the overall series (n=238) included in the study.

Discovery cohort Overall series
n=85 n=238

Year of diagnosis (range) 1994-2009 1994-2009
Gender n (%)

Male 44 (52%) 121 (51%)

Female 41(48%) 117 (49%)
Median age, years (range) 52 (18-71) 52 (18-73)
Leukocyte count at diagnosis, x10°/L
median (range) 47 (1-408) 28 (0.7-408)
FAB subtype (n)

MO 2 13

M1 29 57

M2 10 40

M4 21 59

M5 23 57

M6 0 10

M7 0 2
Cytogenetics n (%)

Normal karyotype 61 (72%) 173 (72%)

Other intermediate-risk 24 (28%) 65 (28%)
Molecular features n (%)

NPM1 mutation 43 (50%) 102 (43%)

FLT3-ITD 37 (43%) 82 (34%)

CEBPA biallelic mutation 7 (8%) 17 (10%)
Therapeutic protocol (CETLAM group)

AML-94 9 (10%) 9 (4%)

AML-99 29 (34%) 29 (12%)

AML-2003 47(56%) 202 (84%)
Outcome

Complete response to induction regimen 84% 81%

Overall survival (5-yr) 43+11% 4418%

Risk of relapse (5-yr) 55+14% 42+7%
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5. Page 9, line 209. Supplementary Fig1 and 2 should be in the main

manuscript.

As suggested by the reviewer, we have now included Supplementary
Figures 1 and 2, depicting survival and relapse risk according to significant
miRNAs both in the whole discovery cohort as well as molecular
subcategories, in the main manuscript as the new Figures 1 (AB, CD

respectivelly).
6.Page 9, line 213, The figure 1 should go with the supplemental data.

Accordingly, we have moved the former Figure 1, describing the methodological
process followed for identification of prognostic miRNAs, to the Supplemental Data,
as the new Supplementary Figure 1.

7. Follow up time for patient's cohorts are missing

Median follow-up of overall series was 33 months (2-159) and 67 months (2-159)
for the exploratory cohort. This information has been added in the current revised

version of the manuscript as follows (Patients and Treatment section):

(Material and Methods section, Patients and Treatment
subheading, 1st paragraph):

“The analysis included 238 patients from 16 centers of the CETLAM group with a
median follow-up of 33 months (range: 2-159 months)’

(Material and Methods section, miRNA quantification
subheading)

. in tumor samples from 85 IR-AML patients from HCB, median follow up 67
months (range: 2-159 months)”

8. Page 10. Line 228. It is not clear whether CEBPA status was included in

the multivariate model as it should. It is not shown in table 2.
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CEBPA mutational status was not originally included in the multivariate
model, although we agree that it should be included in the Cox regression
analysis performed in the entire cohort. Therefore, we have recalculated the
multivariate analysis including CEBPA status in the multivariate analysis.
Interestingly, CEBPA mutational status did not show independent prognostic
value whereas the same variables observed in the previous analysis (age,
WBC count at diagnosis, NPM1 mutation, FLT3-ITD, and expression level of
miR196b and miR-644) maintained their prognostic impact in the
multivariate model. This information has been included in the new version of
the manuscript, in the Material and Methods section (Definitions of clinical
end-points and statistical methods subheading, page 8), and revised Table

2, shown below.

Variables in the final model p (o] 95%ClI
Multivariate analysis for OS in the overall series

Age 0.004 1.027 1.009-1.046
WBC <0.001 1.007 1.003-1.010
CEBPA biallelic mutated 0.519 0.71 0.251—2.008
FLT3-ITD 0.002 2.167 1.329-3.536
NPM1 mutated 0.024 0.562 0.341-0.927
miR-196b level (low vs. high) 0.036 0.424 0.190-0.947
miR-644 level (low vs. high) 0.004 0.512 0.325-0.805

9. Page 10 miR-196b and miR-644 prognostic value in overall survival: what
is the frequency of allotransplant between the high and low miRNA levels

groups? The data is needed and is important.

The frequency of allotransplant in first complete remission was 25% (7/28)
and 23% (52/222) in patients with low and high expression level of miR-

196b, respectively (p=0.8165). Moreover, this frequency was 21% (28/131)
and 26% (31/118) in patients with low and high miR-644 levels (p=0.3749).

Therefore, there was no significant difference in the proportion of allogeneic
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HSCT performed in first CR according to levels of expression these two
microRNAs. We have added this information to the text, as follows (Results
section, miR-196b and miR-644 have prognostic value in overall survival

subheading, first paragraph):

“No significant differences in allotransplant frequency according to levels of miRNA-
644 and miR-196b expression were observed”

Variables in the final model p OR 95%ClI

10. Page 13. Outcome according the expression of four miRNA ...How good
is the miRNA score with respect to known CG and molecular markers of
AML? The authors need to perform multivariate analysis. More importantly
and critical is the use of a third and large cohort of patients to validate these

findings, otherwise it is too preliminary, weak and not convincing.

First, we performed a new multivariate analysis with the inclusion of our
proposed miRNA score, together with all other clinical and biological
variables with a significant prognostic value in the univariate analysis
(p=<0.1), i.e. age, leukocyte count at diagnosis, NPM1, FLT3-ITD and CEBPA
mutational status. Regarding cytogenetics, and since this study was
designed for patients with an intermediate-risk karyotype following MRD
categorization, we compared the outcome between patients with a normal
karyotype and other intermediate-risk cytogenetic abnormalities, without
observing any relevant difference in any of the endpoints analyzed
(achievement of complete response, OS, CIR) both in univariate and
multivariate analysis. Interestingly, in the multivariate analysis including the
mentioned variables, this 4-miRNA expression score emerged as a strong
independent marker (OR: 2.1, 95% CI: 1.287-3.580; p=0.003). Moreover,
this miR-score also retained its prognostic value within unfavorable
molecular subgroup. We summarize the results of multivariate analysis in
the following table, which is also provided in the Supplementary material
(Table 1). In addition, we have included this information in the text as

follows:
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Multivariate analysis for OS in the overall series

Age 0.002 1.030 1.011-1.050
WBC 0.002 1.005 1.002-1.009
CEBPA biallelic mutated 0.887 0.933 0.359—2.424
FLT3-ITD 0.001 2.345 1.432-3.839
NPM1 mutated 0.041 0.601 0.369-0.980
miRNA-risk score 0.002 2.107 1.317-3.372

Multivariate analysis for OS in the unfavorable molecular subcategory

Age 0.000 1.036 1.019-1.053
WBC 0.086 1.002 1.000-1.005
FLT3-ITD 0.007 2.038 1.211-3.429
NPM1 mutated 0.060 0.598 0.350-1.021
miRNA-risk score 0.018 1.626 1.086-2.435

(Results section, Outcome according to the expression of four miRNA in
combination and the effect of post-remission therapy subheading, first
paragraph):

“The multivariate analysis for OS confirmed the miRNA risk score as an
independent prognostic factor both within the overall series (OR: 2.147; 95%CI:
1.287-3.580; p=0.003) and within the unfavorable molecular subcategory (OR:
1.626; 95%CI: 1.086-2.435; p=0.018) after adjustment for other well-recognized
molecular and clinical prognostic markers (Supplementary table 1)”
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Second, we addressed the issue of validation of this miR-Score in an additional
cohort of AML patients. Unfortunately, we did not have access an additional
large series of samples from patients with similar characteristics and follow-up
to perform an experimental validation. Thus, in order to provide an initial
assessment of accuracy for the proposed miR-Score model in the absence of
an independent large dataset, we have performed a cross-validation/resampling
strategy. In detail, we have randomly distributed all the patients in 5
independent datasets and we have grouped the patients in each of the three
risk groups according to the miR-score. The replicability of the results of survival
curves among multiple samples is summarized in the figure below, with
persistence of survival differences among the three prognostic groups defined

by the miR-score without significant overlapping.

Moreover, we provide the predictive accuracy for the actual survival of the

proposed miRNA-risk score in the following graph, in which the open bars
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represent the percentage of survivors in each group (left Y-axis) whereas
the filled bars represent the complementary percentage of mortality (right Y-
axis). As can be observed, in each time point, there is a constant increase in

the mortality rate according the miR-score category.
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In summary, considering the convergent results of the three new different
methods performed to analyze the potential value of this proposed 4-miRNA
score (multivariate analysis, reproducibility of resampling strategy, and
predictive accuracy of survival), we believe that this score shows enough
robustness to be included in the present manuscript as a potential
interesting tool. Nonetheless, we completely agree with the reviewer that
these results are still too preliminary too establish firm recommendations
and require further validation in independent large datasets of patients.
Accordingly, we have modified the text as follows to emphasize the

preliminary nature of this combined microRNA expression level score:

(Discussion section, page 20):

“Of course, these findings need further validation in a larger series of patients to
validate the clinical usefulness of this score. Nonetheless, the expression of these
four miRNAs or other miRNAs with a strong prognostic value might contribute to
refine the current molecular risk stratification of IR-AML, which is based on the
analysis of mutations of a limited number of genes, as attempted in several
molecular stratification systems such as the European LeukemiaNet proposal’.
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11. Page 16, Line 368. The data needs to be shown.

As suggested by the reviewer, this speculative comment on the potential
value of miR-644 target genes to elucidate mechanisms of chemoresistance

has been omitted from the new version of the manuscript.

12. Page 16, line 362, Please also add reference 8 here since this group
also showed miR-196 was downregulated in CEBPA mutant AML.

As suggested, we have added this reference (Jongen-Lavrencic M, Sun SM,
Dijkstra MK, Valk PJ, Lowenberg B. MicroRNA expression profiling in
relation to the genetic heterogeneity of acute myeloid leukemia. Blood 2008
May 15; 111(10): 5078-5085) to page 16 line 362.

13. Page 17, Line 400-402. This statement is incorrect, Multivariate analysis

are needed.

According with the reviewer, as detailed in the previous answer to question
no. 10, we are providng a new multivariate analysis with the inclusion of the
proposed miR-score together with other relevant clinical and biological
variables including more releant molecular features. This miR-score retained
its independent prognostic significance. We have added this information to

the text, in the Results sections, as follows:

“The multivariate analysis for OS confirmed the miRNA risk score as an
independent prognostic factor both within the overall series (OR: 2.147; 95%CI:
1.287-3.580; p=0.003) and within the unfavorable molecular subcategory (OR:
1.626; 95%CI: 1.086-2.435; p=0.018) after adjustment for other well-recognized
molecular and clinical prognostic markers (Supplementary table 1)”
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8. Otros trabajos relacionados con la tesis, realizados durante este
periodo sobre miRNAs y LMA

8.1. Resumen del trabajo 3
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Abstract

Introduction Patients with intermediate-risk cytogenetic AML (IR-AML) have a
heterogeneous prognosis, and are currently further stratified based on
determined gene mutations. However, the optimal post-remission therapy,
especially in younger patients, is unclear. Recently, miR-3151, a novel
microRNA (miRNA) located in intron 1 of the B44LC gene, has been identified.
High miR-3151 expression -either alone or in combination with high
BAAl (evels- independently correlates with poor prognosis in patients = 60
years with normal cytogenetics AML (CN-AML) (Eisfeld AK, et al. Blood 2012).
However, the prognostic value of miR-3151 in younger patients (=60 years)
with IR-AML has not been examined. We hypothesized that miR-3151
expression could also be a prognostic marker in younger patients.

Aim To analyze whether miR-3151 expression - either alone or in combination
with BAALC- improved prognostic assessment in younger patients (up to 60
years) with IR-AML and to characterize in this subset of patients the miRNA
signature associated with high miR-3151 expression.

Methods Samples were available from two separate cohorts of patients with
IR-AML who had received intensive therapy: a training set of 76 patients from a
single institution and a validation set of 108 patients from several centers who
had been treated within the CETLAM AML-2003 protocol. Information on NPMT,
FLT3-TD and CEBPA was available for both patient cohorts. The expression
levels of 670 miRNAs had previously been analyzed in the 76 patients in the
training set. In the present study, the expression of miR-3151 and BAALC was
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analyzed using TagMan® MicroRNA Assay and TagMan® Gene Expression Assay
(Applied Biosystems), respectively. Expression levels of miR-3151 and BAALC
-both alone and in combination - were correlated with patient outcome.
Statistical analyses were performed with SPSS v.15.0.1, R software v.2.9.0 and
TIGR MultiExperiment Viewerv4. (.,

Results In the training set, higher expression of miR-3151(dichotomized by its
median value of normalized expression) correlated with a shorter 5-year overall
survival (05) (32%=17% vs. 61x£17%, p=0.029) and 5-year leukemia-free survival
(LFS) (29%+17% vs. 58=17%, p=0.036) in patients = 60 yrs. When the analysis
was restricted to patients with CN-AML, miR-3151 expression retained its
prognostic significance (p= 0.016). In addition, increased S44LCexpression was
associated with shorter OS (28%x20% vs. 58x14%, p=0.054) and LFS (17%=18%
vs. 55x14%, p=0.039).

In the multivariate analysis for OS5 and LFS, including age, WBC, NPMW/mut,
FLT3-ITD, BAALC and miR-3151 expression levels as covariates, miR-3151
showed independent prognostic significance for OS (p=0.016; HR=2.52, 95% ClI:
1.2-5.4),and a statistical trend for LFS (p=0.09).

Patients with low expression of both miR-3151 and B4A4/LC had better prognosis
(O5: 66%=£18% ws. 34x16%, p=0.027, LFS 67%x20% vs. 27x16%,
p=0.009).Interestingly, the combination of both miR-3151 and BAALC retained a
significant prognostic value for LFS within the favorable molecular subgroup/
ELN favorable subgroup (patients harboring APM/mut without FLT73-ITD or
biallelic CEBPAMuUL; LFS: 44%+30% vs. 100%, p=0.017) and showed a trend in the
unfavorable molecular subgroup/ELN Intermediate I&Il subgroups (patients
lacking both NPMJT and CESPA mutations and/or harboring FL73-ITD; OS:
p=0.064 and LFS: p=0.072).

In the validation set, miR-3151 overexpression confirmed its prognostic impact
in patients in the univariate analysis for OS (45%=12% vs. 26=19%, p=0.039)
and LFS (51%=14% vs. 30+£24%, p=0.034) and in the multivariate analysis for OS
(0OS: p=0.038; HR 1.88, IC 95%: 1.06-3.34) and LFS (p= 0.014; HR 2.411
(1.198-4.855)

Finally, a supervised analysis revealed that samples exhibiting high levels of
miR-3151 expression had a distinctive miRNA signature including miR-509,
miR-135a, miR-100%, miR-186%, let-7a" and miR-501.

Conclusion miR-3151 is an independent prognostic marker in patients with
IR-AML. The study of miR-3151 refines the molecular prognostic stratification
of these patients and hence could be of help to guide therapy.
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8.2. Resumen del trabajo 4
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Abstract 1375

Introduction: Acute myeloid leukemia (AML) is a highly heterogeneous disease. with diverse genetic and
epigenetic variables determining sensitivity to current standard therapy. A disruption of the normal DNA
methylation pattern. which can result in altered gene and microRNA (miENAs) expression, has been
observed in different AML subtypes, Hydroxymethylation of 3-methyleytosine (3-mC) has recently been
described as an intermediate key step in the process of DNA demethylation. Nonetheless, the correlation of
DNA methylation and hydroxymethylation levels with clinical and biological characteristics and clinical
outcome in AML is mostly unknown.

Aim: To mvestigate the prognoshic nmpact of overall methylation and hydroxymethylation levels m patients
with intermediate-cytogenetic risk AML (IR-AML) and to identify miRNAs correlated with methylation and
hydroxymethylation in these patients.

Patients and Methods: We have analyzed 86 IR-AML patients (median age, 53 [range. 17-74]; 52% males)
who received tensive therapy from 1994 to 2009 m a single institution. The level of overall methylation and
hydroxymethylation in total DNA was estimated after determuning the percentage of 3-mC and
hydroxymethyleytosine (3-luinC), using anti-3-mC and anti-3-hmC monoclonal antibodies (MethylFlash
Methylated or Hydroxymethylated DNA Quantification Kit, Epigentek). The expression of 670 mature
mRNAs was analyzed using TagMan Human MicroRNA Arrays (Apphed Biosystems). The statistical
analysis was performed with SPSS version 15.0.1 and R software version 2.9.0. MaxStat package of R was
used to detennine the optimal cutoffs.

Results: The nnivariate analysis for overall methylation showed that patients with lower levels of
methylation (cutoft < percentile 75) had shorter overall survival (OS) than those with higher 5-mC levels
(5-year OS: 30£6% vs 52£11%: p=0.03) and a trend for shorter leukemia-free survival (LFS)(p=0.06).
Overall methylation levels did not show any correlation with clinical features at diagnosis or with gene
mutations, including DNAMT34. Conce g hydroxymethylation, patients with lower 5-hinC levels had a
worse prognosis than those with ligher 5-hm(C levels, with a lower complete response rate (79% vs. 96%;
p=0.04), shorter OS (5-yr O8: 21+ 6% vs. 35= 6%; p=0.008), and shorter LFS (5-yr LFS: 24+8% vs, 52
+10%: p=0.03). Interestingly. when analyzed as a continuous variable, 5-hinC levels retained their prognostic
value as a marker of response rate (T-test. p=0.007). OS (Cox. p=0.0153). and LFS (Cox. p=0.041). Moreover.
S-hinC levels were inversely correlated with FLT3-ITD (p=0.001) and the FLT3-ITD/FLT3wild-type ratio
(Pearson correlation:-0.6; p=0.01). The multivariate analyses, including the main clinical and biological
variables, identified older age, wild-type NPMI, FLT3-ITD, and lower 5-hmC levels (HR=3.072; 95% CI:
1.096-3.917; p=0.025) as independent prognostic markers of shorter OS and wild-type NPA!. FLT3-ITD.
and lower 3-hunC levels (HR=2.002. 95% CI: 1.032-3 881, p=0.040) as independent prognostic markers of
shorter LFS. Of note, lower 5-hinC levels retamed thew value as a marker of worse prognosis m the subgroup

of IR-AML patients with unfavorable molecular markers (wild-type NPM! and CEBPA and/or FLT3-1TD; p=
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0.037).

Finally, we have identified a 3-miRNA signature (miR-378%, p=0.02: miR-493, p=0.02: and miR-181,
p=0.02) associated with global methvlation levels, and a 12-miRNA signature associated with
hydroxymethylation. meluding nuR-183* (p=0.001). nmiR-125a-3p (p= 0.01). niR-586 (p=0.02). and
miR-513-3p (p=0.02).

Conclusions: Hydroxymethylation levels appear as an independent prognostic factor in IR-AML and
maintain their prognostic value in the subset of patients with unfavorable molecular markers. Moreover.
methylation and hydroxymethylation are associated with specific miRNA profiles. Further studies are
warranted to confinm the clmical impact of these findings and to clarify the underlymg molecular
mechanisms.

Disclosures: No relevant conflicts of mterest to declare.
Footnotes

. Z ;
Asterisk with author names denotes non-ASH members.
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8.3. Resumen del trabajo 5:

A specific miRNA signature characterizes acute myeloid leukemia with traslocation t(6;9)
(p23;934)/ DEK-NIP214

17" Congress of the European Hematology Association

analysis, old age (HR 1.021, 95% CI 1.008~1.034, p=0.001) and RUNX1 muta-
tion (HR 2.712, 95% CI 1.241~5.930, p=0.012) remained the adverse factor for
inferior survival. Conclusions. The present study showed a high frequency of
class IV mutations (IDH1/2, ASXL1 and DNMT3A, single or in combination) in
AML-MO in addition to FLT3 and RUNX1 mutations. Most patients harbored
multiple mutations. RUNXT mutation was associated with a poor outcome.
Supported by grants NSC100-2314-B-182-023-MY3, NHRI-EX96-9434S| and
MMH-E-99009.
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KPT-SINE (SELECTIVE INHIBITORS OF CRM1 MEDIATED NUCLEAR
EXPORT) EXHIBIT STRIKING ANTI-LEUKEMIC ACTIVITY AGAINST AML
AND T-ALL CELLS WHILE SPARING NORMAL HEMATOPOIETIC CELLS
J Efchin?, A Kentsis?, T Sanda', A Kung?, R Stone', D McCauley2, M Kauff-
man2, § Shacham?, A Look’

iDana-Farber Cancer Institute, Boston, United States of America
2ZKaryopharm Therapeutics, Natick, United States of America

Background. CRM1 is the major nuclear exporter that mediates transport of
a variety of molecules, including proteins involved in tumor suppressor and
cellular proliferation pathways. CRM1 is upregulated in a range of solid and
hematologic malignancies and its overexpression is correlated with poor prog-
nosis and with resistance to chemotherapy. The crystal structure of CRM1, in
complex with its export cargo, Snurportin 1, has been recently resolved. The
molecular understanding of the CRM1-cargo binding interface has led to the
development of novel small molecule inhibitors of CRM1-cargo interaction,
termed KPT-Selective Inhibitors of Nuclear Export (SINE). Aims. KPT-SINE are
potent CRM?1 inhibitors that irreversibly inactivate the CRM1-directed protein
export by covalent modification of the essential CRM1-cargo binding residue
Cys528. The inhibition of the CRM1 nuclear export has been shown to lead to
selective apoptosis in cancer cells when compared to normal hematopoietic
cells and normal cells. Here, we assess the efficacy of the KPT-SINE in human
AML, T-ALL, and normal hematopoietic cells. Methods. The viability of a pan-
el of human AML and T-ALL cell lines upon treatment by the KPT-SINE was
assessed. Dose-response measurements were done using serial dilutions of
KPT-SINE from 1 yM to 0.3 nM and luminescent cell viability assay. Apoptosis
was measured using Annexin V staining and TUNEL assays. Results. KPT-
SINE induces rapid apoptosis in 12 AML and 14 T-ALL cell lines with IC50s of
15-170 nM. In the KPT-SINE-sensitive cell lines, BCL2 overexpression sup-
presses KPT-SINE-induced apoptosis, indicating its intrinsic pathway media-
tion. Importantly, oral administration of KPT-SINE compounds, either KPT-251
at 75 mg/kg or KPT-330 at 15 or 25 mg/kg, induced remarkable growth sup-
pression in MV4-11 human AML cells engrafted into immunodeficient NSG
mice with minimal toxicity to normal mouse hematopoietic cells after 35 days
of treatment. Bone marrow biopsies of KPT-treated mice were remarkable in
that they showed normal hematopoietic cell morphology and cellularity after 35
days of treatment. Significant survival benefit was observed in mice treated with
either KPT-251 or KPT-330, compared to vehicle-treated mice. Studies to
address the potency of the KPT-251 and KPT-330 on MOLT-4 human T-ALL
cells in vivo are ongoing. Conclusions. These studies emphasize the clinical
promise of the KPT-SINE as a novel and selective drug candidate for the treat-
ment of AML and T-ALL.
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VECTORIZED ANTICANCER DRUG F14152, USED ALONE OR IN COMBI-
NATION WITH ARAC, DEMONSTRATES POTENT ANTILEUKEMIC ACTIV-
ITY IN AML in vivo MODELS DERIVED FROM PATIENTS

M Annereau, A Pillon, L Creancier, | Vandenberghe, B Gomes, V Brel, C
Ricome, C Bailly, A Kruczynski, N Guilbaud

Centre de Recherche et de Développement Pierre Fabre, Toulouse, France

Background. Drugs specifically vectorized to cancer cells should offer a rein-
forced activity, tackle tumor cells while preserving normal cells, resulting in an
improved therapeutic index. In this context, the selective targeting of tumor
cells with polyamine-containing drugs has been considered and the most prom-
ising compound in this category is arguably the spermine-podophyllotoxin con-
jugate F14512. F14512, that contains a spermine chain in place of the C4 gly-
cosidic moiety of etoposide, displays an enhanced anti-proliferative activity on
a large panel of tumor cell lines (10 fold) as compared to etoposide and exploits
the polyamines transport system (PTS) to accumulate into cells. In a previous
study, we established a clear correlation between the expression of the PTS
system in 13 leukemia cell lines and their sensitivity to the cytotoxic action of
F14512. This antitumor activity has encouraged the set up of a phase 1 clini-
cal study with F14512 in patients with acute myeloid leukemia (AML). Aim.

18 | haematologica | 2012; 97(s1)
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Although standard cytotoxic chemotherapy induced complete remissions in
AML patients, relapse rates are still very high, resulting in a poor outcome in
most cases. Methods. We evaluated the antitumor activity of F14512 alone,
and in combination with the reference drug AraC, against novel in vive AML
models, collected from 3 different patients, and established onto NSG mice
(LAM-2, LAM-7 and LAM-18). Results. These 3 AML samples exhibited a nor-
mal karyotype, with FLT3-ITD, NPM1 and DNMTA3 mutations which proved
their stability over serial transplantations in vivo. After multiple i.v. administra-
tions of F14512, 3 times a week for 3 weeks, an extensive reduction of AML
cell number (98-99%) was observed in LAM-2 and LAM-7 -bearing mice. This
antileukemic activity was recorded on the basis of flow cytometry, g-PCR and
histology assessments. Mechanisms of F14512-induced cell death are cur-
rently investigated, and preliminary data suggest that senescence is involved.
We also demonstrated in vitro and in vivo synergistic effects of F14512 in com-
bination with AraC, one of the frontline chemotherapeutic agents for AML. The
antileukemic effects of F14512 on LAM-18 bearing mice were marginal with an
inhibition of AML cell growth of 42%. Summary and Conclusions. Collective-
ly, these results demonstrate that F14512 exhibits a marked in vivo antileukemic
activity in these AML models derived from patients, supporting its clinical devel-
opment, which is currently in progress.
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A SPECIFIC MICRORNA SIGNATURE CHARACTERIZES ACUTE MYELOID
LEUKEMIA WITH TRANSLOCATION T(6;9) (P23;Q34)/DEK-NUP214

M Diaz Beya', A Navarro2, M Pratcorona’, R Tejero2, L Magnana®, M MonzoZ,
J Esteve'

THospital Clinic Barcelona, Barcelona, Spain

2Molecular Oncology and Embryology Laboratory, Human Anatomy Unit, Uni-
versity, Barcelona, Spain

Background. Acute myeloid leukemia (AML) with translocation t(6;9)(p23;934)
is a rare (1%) high-risk AML subtype characterized by the fusion of nuclear
phosphoprotein DEK in chromosome 6 with the nucleoporin encoding gene
NUP214 (CAN) in chromosome 9. This fusion gene in der(6) chromosome
induces transformation by altering growth characteristics, nucleo-cytoplasmic
transport, and protein synthesis of hematopoietic stem cells. MicroRNAs (miR-
NAs) are small non-coding RNAs that play an important regulatory role in many
biological processes. Nonetheless, to date, little is known on the role of miR-
NAs in 1(6:;9) (p23;q34) DEK-NUP214 AML subtype [t(6;9) AML]. Aims. The
main objective of this study was to examine if t(6;9) AML harbors a miRNA sig-
nature associated with DEK/CAN fusion gene assembly. Methods. We have
analyzed the miRNA profile of 117 AML patients with 10 different AML subtypes,
including eight cases of t(6;9) AML, and three CD34+ bone marrow specimens
from healthy donors. The expression of 670 mature miRNAs was assessed
using TagMan Human MicroRNA Arrays v2.0 (Applied Biosystems) in an AB|
7900 HT sequence detection system. Statistical analyses were performed with
TiGR MultiExperiment Viewer and R software. To identify molecular pathways
potentially altered by the expression of multiple miRNAs we used Diana-mir-
Path, which performs an enrichment analysis of multiple miRNA target genes,
comparing each set of miRNA targets to all known KEGG pathways. Results.
Supervised analysis by means of t-test based on multiplex permutations and
SAM analysis revealed a distinctive miRNA signature in t(6;9) AML patients.
When the miRNA expression in t(6;9) AML was compared with miRNA expres-
sion in all other AML subtypes and also specifically with other high-risk AML
subtypes, we found that a miRNA signature specifically associated with t(6;9)
AML. This specific signature is composed of 30 differentially expressed miR-
NAs, 28 of which are upregulated in comparison with other leukemia subtypes.
Some of these miRNAs have been previously described as players in several
cancers (let-7a and let-7e, miR-143, miR-145, miR-451, miR-330-5p, miR-194,
miR-99, miR-132, miR-199, miR-494 or miR-98), and others have been relat-
ed to acute leukemia (miR-223, miR-451 miRNA-181a%). In addition, several
HOX-related miRNAs were upregulated (miR-10a, miR-10a* and miR-10b).
Interestingly, three miRNAs of the signature are located in or near the genom-
ic region of NUP214 (3q34): miR-181a* (9q33), let-7a (9934) and miR-199b-
5p (9934). The Diana-mir-Path analysis found that some of the miRNAs in our
signature may regulate genes involved in the KIT, MAPK/AKTZ2, and RUNX1
signaling pathways, both of which are deregulated in AML.ConclusionsWe
have identified for the first time a specific miRNA signature related to t(6;9) AML,
with an overall upregulated profile. Some of the miRNAs in the signature may
impact the leukemogenic process by altering essential pathways involved in cell
differentiation and proliferation. Our findings thus contribute some insight into
the biological profile of t(6;9) AML. Nonetheless, further investigation is war-
ranted to determine the mechanisms leading to this miRNA signature and to
identify the specific targets of the miRNAs.
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