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Introduccion

La leucemia mieloide aguda (LMA) es una enfermedad clinica y molecularmente
heterogénea, que surge como consecuencia de alteraciones genéticas y
epigenéticas adquiridas en células progenitoras hematopoyéticas. Se caracteriza
por una proliferaciéon incontrolada de células inmaduras llamadas blastos, que
infiltran la médula 6sea e invaden la sangre periférica y otros érganos. Aunque su
etiologia es atin desconocida, la LMA, como otros tipos de cancer, tiene un origen
clonal y es la consecuencia de una progresiva acumulacion de mutaciones (Estey
et al., 2006; Deschler et al., 2006). Este tipo de leucemia presenta una prevalencia
de 3,8 casos por cada 100.000 habitantes, aumentando hasta 18 casos por cada
100.000 habitantes en la poblacion mayor de 65 afos. Por tanto, es una
enfermedad que afecta preferentemente a adultos. Tres de cada 5 afectados son
varones.

A pesar de los avances realizados en el conocimiento de la biologia de esta
enfermedad y del desarrollo de nuevas terapias, el porcentaje de pacientes que
recaen contintia siendo elevado (Rowe, 2009) (Figura 1). La mediana de edad de
los pacientes con LMA es superior a los 65 afios; sin embargo, los avances en el
tratamiento de esta enfermedad se limitan al grupo de pacientes menores de 60
afios, a pesar de que los mayores de 60 afios representan al menos dos tercios del
total de los casos (Buchner et al., 2009). Mas del 70% de los pacientes menores
de 60 anos alcanza remision completa tras combinaciones de tratamientos con
quimioterapia basada en antraciclina. El tratamiento de consolidacion con altas
dosis de citarabina o el transplante en pacientes de alto riesgo, reduce la tasa de
recaidas a aproximadamente 50% de los casos. En los pacientes mayores de 60
afos, la primera decision es sobre la intensidad del tratamiento que pueden
recibir. En los pocos casos en los que se pueden aplicar tratamientos similares
basados en antraciclina/citarabina, la tasa de remision es del 50%, aunque el
80% recae a los 3 afios. Sin embargo, en los pacientes mayores de 60 afios que
no son susceptibles de recibir una quimioterapia intensa, la supervivencia se
reduce a s6lo 4 meses, por lo que resulta de gran interés el desarrollo de
alternativas terapéuticas para tratar a este grupo de pacientes (revisado en
Burnett et al., 2011). Por lo tanto, es importante tanto la identificaciéon de
marcadores genéticos con valor prondstico como el desarrollo de nuevas
estrategias terapéuticas en LMA (Dohner et al., 2010).

En los ultimos afos, el analisis genético ha aportado una informacion
indispensable para el diagndstico, prondstico y tratamiento de este tipo de
leucemia. El cariotipo es en la actualidad el factor prondstico independiente mas
importante (Grimwade et al., 2009) (Figura 1), pero en la nueva clasificacion
WHO ya se han afadido alteraciones moleculares que definen subgrupos con
distinto pronéstico (Vardiman, 2010). Sin embargo, en la actualidad, sélo el
analisis de mutaciones en NPM1, CEBPA y FLT3 ha sido incluido en la practica
clinica y afecta al diagnoéstico, evaluacion del riesgo y terapia. De hecho, en base
a sus caracteristicas clinicas y patologicas, la LMA con mutaciones en NPM1 y
la LMA con mutaciones en CEBPA fueron incorporadas en 2008 como entidades
provisionales por la WHO. Por lo que respecta a las mutaciones de FLT3,
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aunque no se considera que definan una entidad distinta de LMA por si mismas,
proporcionan una informacion prondstica muy importante y son diana de
inhibidores tirosina quinasa especificos que actualmente estdn en ensayos
clinicos. Por tanto, se recomienda tanto en ensayos clinicos como en la practica
rutinaria analizar la presencia de mutaciones en NPMI, CEBPA y FLT3, al
menos en aquellos pacientes que por tener cariotipo normal reciben como
tratamiento de rutina quimioterapia en bajas dosis y tratamiento de soporte
(revisado en Marcucci et al., 2011a).

La identificacion de nuevas alteraciones genéticas ha permitido la identificacion
de pacientes que requieren un tratamiento especifico, como es el caso de los
pacientes con leucemia promielocitica aguda, que presentan una alteracion
especifica, la t(15;17), que da lugar al gen de fusion PML-RARA. El tratamiento
de estos pacientes con una molécula diana para esta alteracion, el acido trans-
retinoico, que produce la diferenciacion terminal de las células leucémicas, ha
resultado en una tasa de remisiones de mas del 90%, con una eclevada
supervivencia libre de enfermedad y una escasa toxicidad (Sanz et al., 2008;
Sanz et al., 2009) (Figura 1). Por lo tanto, una mejor caracterizacion de las
alteraciones genéticas en LMA es importante para definir con mas precision el
prondstico de cada paciente y desarrollar nuevas terapias dirigidas contra las
dianas moleculares que participan en la trasformacion leucémica.

100

1(15;17). n=88

75 A

o2,

(42
(=]

inv(16), n=178
+—

proportion surviving

intermediate, n=652
HHH—H——H
N L
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0 v w - - - w
1 2 3 4 5 6 7
years from diagnosis

Figura 1. Supervivencia global en una serie de 1183 pacientes con LMA segun criterios
citogenéticos (Schoch et al., 2003).

Cada vez hay mas evidencia de que en la génesis de la LMA intervienen tanto
reordenaciones de genes que codifican factores de transcripcion importantes en la
hematopoyesis, como mutaciones de genes tirosina quinasas, de forma que se
habla de la necesidad de una cooperacion entre ambos sucesos para la génesis de
la LMA, que produciria un aumento de la proliferacion y/o una mayor
supervivencia, junto con una detencion de la diferenciacion. En los ultimos afos,
sin embargo, el descubrimiento de la desregulacion de varios microRNAs con
relevancia funcional ha afadido un mayor nivel de complejidad al entendimiento
del proceso de desarrollo de la LMA. De hecho, se han identificado grupos de
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microRNAs con valor prondstico e incluso se ha descrito que un solo microRNA
(miR-181a) puede proporcionar informacidon prondstica complementaria a la
obtenida por la citogenética, y por la presencia de mutaciones o alteraciones en la
expresion de determinados genes (revisado en Marcucci et al., 2011b).

La fosforilacion reversible es uno de los mecanismos por los que la célula
mantiene un balance correcto entre sefiales inductoras y supresoras tumorales. De
este modo, el equilibrio entre quinasas y fosfatasas es esencial para el control de
una correcta proliferacion, apoptosis y diferenciacion (Hunter, 1995). Hay muchos
estudios que analizan el comportamiento aberrante de las proteinas quinasas en
cancer. Uno de los mejores ejemplos es la oncoproteina BCR-ABL en la leucemia
mieloide cronica (LMC) y leucemia linfoblastica aguda (LLA) Philadelphia
positiva (Westbrook et al., 1992; Calabretta et al., 2004). También se ha
demostrado el papel importante que juegan las alteraciones de genes tirosina
quinasas como FLT3 6 JAK2 en el desarrollo de la LMA; incluso se estan
realizando en la actualidad ensayos clinicos para evaluar el potencial terapéutico
de varios compuestos inhibidores de FLT3 (Levis, 2010; Ferrajoli et al., 2007,
Quintéas-Cardama et al., 2010a; Quintas-Cardama et al., 2010b). Sin embargo, hay
pocos estudios acerca del papel de las proteinas fosfatasas en cancer, a pesar de
que juegan un papel clave en el control de la sefializacion celular.

Numerosos trabajos en los ultimos afios se han centrado en la proteina fosfatasa
2A (PP2A), una proteina supresora tumoral que ejerce una funcion reguladora
central en la célula, controlando gran variedad de funciones y rutas de
sefializacion. La inactivacion de PP2A parece ser un evento esencial en diversos
tipos de cancer, de modo que podria tratarse de una alteracion muy inicial y
comun en el proceso de transformacion maligna y por tanto, una diana con un
enorme potencial en terapias dirigidas a su activacion.

Proteina fosfatasa 2A (PP2A)

El término proteina fosfatasa 2A (PP2A) no hace referencia a una unica proteina
sino a una larga coleccion de enzimas oligoméricas con actividad serina-treonina
fosfatasa que junto con la proteina fosfatasa 1 (PP1) suponen en torno al 90% de
la de actividad serina-treonina fosfatasa presente en células eucariotas (Millward

et al., 1999).
1. Estructura y funcion

El ntcleo enzimatico de PP2A estd compuesto por una subunidad A estructural
(también conocida como PR65 6 PPP2R1) y una subunidad C catalitica (también
llamada PP2Ac 6 PPP2C), que dan lugar a un heterodimero A-C (Figura 2). En
mamiferos, tanto la subunidad catalitica como la estructural estan codificadas por
2 genes diferentes, dando lugar a las isoformas a y  de cada una de ellas:

e Subunidades estructurales: Ao (PR650/PPP2R1A) 'y AP
(PR65B/PPP2R1B) (Hemmings et al., 1990).

e Subunidades cataliticas: Ca (PP2Ac-a/PPP2CA) y CB (PP2Ac-B/PPP2CB)
(Stone et al., 1987).

A este heterodimero A-C se une una tercera subunidad B reguladora cuya funcion
consiste en determinar tanto la especificidad de substrato del complejo enzimatico
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como su localizacién intracelular. Hasta el momento se han identificado 4 familias
de subunidades B reguladoras:

e B/B55/PR55/PPP2R2 (Mayer et al., 1991; Zolnierowicz et al., 1994;
Strack et al., 1999; Li et al., 2002).

e B’/B56/PR61/PPP2R5 (McCright et al., 1995; Csortos et al., 1996;
Tehrani et al., 1996).

e B’'/PR72/PPP2R3 (Hendrix et al., 1993; Yan et al., 2000; Stevens et al.,
2003).

e B"/PR93/SG2NA/PR110/Striatin (Moreno et al., 2000).

COMPLEJO —
ENZIMATICO ESTRUCTURAL
PP2A (A/PR65/PPP2R1)
L NUCLEO
Q ENZIMATICO
SUBUNIDAD
CATALITICA

(CIPP2ACIPPP2C)
PPP2R2
(B/B55/PR55) SUBUNIDAD
~REGULADORA
PPP2R5 (4 FAMILIAS)
D (B'/B56/PR61)
PPP2R3

(B”"/PR72/PR130) __PPP2R4 -
(B""IPR53/PTPA)

Figura 2. Estructura del heterotrimero PP2A mostrando la gran variedad de isoformas existentes
para cada una de las subunidades A, B y C (adaptada de Westermarck y Hahn, 2008).

1.1. Subunidad estructural (A/PR65/PPP2R1)

La subunidad A  estructural estd formada por 15 repeticiones
Huntington/Elongation/A-subunit/TOR (HEAT) en tandem, a través de las que
interacciona con las subunidades B y C. Estudios estructurales han demostrado
que las subunidades B reguladoras interaccionan con los dominios HEAT 2-8,
situados en el extremo amino-terminal de la subunidad A estructural, mientras que
la subunidad C catalitica se une a través de los HEAT 11-15, en el extremo
carboxilo-terminal (Groves at al, 1999; Xu et al., 2006; Cho et al., 2007).

El papel que juega la subunidad A es de caracter estructural y se ha visto que
alteraciones en un solo aminoacido tanto en la isoforma Aa como A son capaces
de interrumpir su interaccién tanto con la subunidad C catalitica como con
subunidades B especificas (Ruediger et al., 2001, a; Ruediger et al., 2001, b; Chen
et al., 2005; Esplin et al., 2006; Sablina et al., 2007), lo cual sugiere que las
subunidades A estructurales son fundamentales para la composicion de los
complejos PP2A (Ruediger et al., 1999). Ademas, diversos estudios
tridimensionales han mostrado la gran flexibilidad estructural de la subunidad A,
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que sufre cambios conformacionales tras la interaccion con las subunidades B y
C, lo que aporta al complejo PP2A una capacidad de adaptacion adicional en el
proceso de reconocimiento de substrato, de modo que éste quede accesible a la
subunidad catalitica (Xing et al., 2006; Xu et al., 2006; Cho et al., 2007).

La mayor parte de los complejos PP2A contienen la isoforma Aa, mientras que
so6lo una pequefia fraccion (~10%) incluye la APB. So6lo en fases iniciales del
desarrollo se presenta AR con mas abundancia que Aa (Bosch et al., 1995). Por
otra parte, aunque ambas isoformas comparten un 87% en identidad de secuencia,
difieren en su capacidad de interaccion con subunidades B reguladoras (Zhou et
al., 2003).

Se ha propuesto que la formacion del complejo PP2A activo requiere la accion de
la peptidil-prolil-isomerasa PTPA, que se une a la subunidad A y actia como
activador de un comp lejo PP2A inicialmente inactivo mediante un mecanismo de
accion que todavia no se conoce, pero que podria incluir la inhibicion de la
metilesterasa PME-1 (Longin et al., 2004). La proteina PME-1, ademds de inhibir
el reclutamiento de subunidades PPP2R2, en ausencia de subunidad A, es capaz
de inhibir la formacién de una subunidad C activa, lo que sugiere que puede
ejercer alguna funcion en la activacion inicial del complejo PP2A (Hombauer et
al., 2007).

1.2. Subunidad catalitica (C/PP2Ac/PPP2C)

La subunidad C catalitica incluye un sitio activo que tiene como diana grupos
fosfato situados en serinas o treoninas, y s6lo en algunos casos es capaz de actuar
sobre tirosinas fosforiladas (Fellner et al., 2003). De las dos isoformas existentes,
Ca se expresa en niveles unas 10 veces mayores que CP, ya que ésta se encuentra
bajo la accion de un promotor de menor actividad (Khew-Goodall et al., 1988).
Ambas isoformas tienen un peso molecular de 35 kDa y un 97% de identidad de
secuencia, y presentan una gran regulacion a nivel transcripcional, lo que dificulta
su expresion ectopica (Baharians et al., 1998). Ademas, la pérdida de Ca es letal
en ratones (Gotz et al., 1998), lo que indica su enorme importancia.

La subunidad C presenta un tallo carboxilo-terminal muy conservado
(304TPDYFL3g9) cuyo patron de metilacion y fosforilacion va a determinar el
reclutamiento de determinadas subunidades B reguladoras al heterodimero A-C.
Asi, la metilacion del residuo L309 por LCMTI es necesaria para la union de
miembros de la familia PPP2R2, pero no para otras subunidades B (Longin et al.,
2007). Ademas, esta metilacion es reversible por la accion de PME-1 (Ogris et al.,
1999). La fosforilacion en la Y307 inhibe el reclutamiento de la familia PPP2R2,
y también de PPP2R5A, PPP2R5B y PPP2RSE al nucleo enzimatico A-C (Chen
et al., 1992). Una de las proteinas que regula la fosforilacion en Y307 es la
quinasa c-SRC, lo que sugiere que la inhibicion de las subunidades B es una parte
del mecanismo de transformacion inducida por este oncogén (Longin et al., 2007).
Por ultimo, se ha visto que la fosforilacion en T304 es capaz de inhibir la union de
PPP2R2, pero no de otras subunidades B (Longin et al., 2007). El estado de
metilacion y fosforilacion de estos residuos no parece influir en el reclutamiento
del resto de subunidades B.

Por otra parte, la subunidad C comparte homologia a nivel de secuencia con otras
serina-treonina fosfatasas como la PPl y la proteina fosfatasa 2B (PP2B ¢
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calcineurina) (Janssens et al., 2001). Ademas, se ha descrito que la interaccion de
la subunidad C con la proteina Tap42/a4 (Murata et al., 1997) da lugar a un
heterodimero capaz de reprimir la apoptosis a través de la inhibicion de c-Jun y
p53 (Kong et al., 2004).

1.3. Subunidades B reguladoras

Con respecto a las subunidades B reguladoras, hasta el momento se han
identificado 12 genes diferentes que codifican al menos 23 transcritos alternativos
(Tabla 1). Mientras que la subunidad estructural Aa puede interaccionar con todas
las subunidades B, la AP no interacciona con subunidades reguladoras de la
familia PPP2R2 y se une preferentemente a miembros de la familia PPP2R3
(Zhou et al., 2003).

Tablal. Relacion de las subunidades del complejo PP2A (adaptada de Eichhorn et al., 2009).

NOMENCLATURA PRINCIPAL NOMBRES ALTERNATIVOS CODIGO ENSEMBL
Subunidad catalitica
PPP2CA Ca / PP2Aca ENST00000231504
PPP2CB CB / PP2AcB ENST00000221138
Subunidad estructural
PPP2R1A Aa / PR65a ENST00000322088
ENST00000361107
PPP2R1B AB / PR658 ENST00000341980
ENST00000311129
Subunidad reguladora
PPP2R2A Ba / PR55a ENST00000315985
PPP2R2B BB / PR55B ENST00000287031
ENST00000336640
ENST00000355212
PPP2R2C By / PR55y ENST00000264959
ENST00000335585
PPP2R2D B& / PR558 ENST00000314348
PPP2R3A B a/PR130 ENST00000264977
PPP2R3B BB/ PR72 ENST00000334546
PR70/48 ENST00000300846
ENST00000361450
PPP2R4 B"/ PR53/PTPA ENST00000337738
ENST00000266101
ENST00000347048
ENST00000357197
PPP2R5A B'a/PR61a ENST00000261461
PPP2R5B B'B/PR61B ENST00000164133
PPP2R5C B’y1/PR61y1 ENST00000334743
B’y2 / PR61y2 ENST00000334756
B’y3/PR61y3 ENST00000350249
PPP2R5D B3/ PR61d ENST00000230402
ENST00000344268
PPP2R5E B’e / PR61¢ ENST00000115808
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La familia PPP2R2 (B/B55/PR55)

Los miembros de la familia PPP2R2 (B/B55/PR55/PPP2R2) estan codificados por
4 genes distintos que dan lugar a 6 transcritos (Mayer et al., 1991), con una
distribucion intracelular distinta (Strack et al., 1998). Requieren de la metilacion
en L309 de la subunidad C para poder interaccionar con el nicleo enzimatico A-C
(Bryant et al., 1999). Presentan una expresion generalizada, aunque PPP2R2B y
PPP2R2C se expresan mas en cerebro (Strack et al., 1999; Zolnierowicz et al.,
1994).

La familia PPP2R3 (B"'/PR72)

Esta familia incluye dos isoformas (PR72 y PR130) que estan codificadas por el
mismo gen aunque reguladas por promotores distintos, lo hace que difieran en su
extremo amino-terminal. Ademads, presentan una distribucion especifica de tejido
(Hendrix et al., 1993). Mas tarde se describio un transcrito alternativo de PR70
llamado PR48. Todos los miembros comparten una estructura que contiene un
dominio EFX, el cual en funcion de los niveles de Ca*" regula la unién de estas
isoformas B al heterodimero A-C (Janssens et al., 2003; Voorhoebe et al., 1999).

La familia PPP2R5 (B'/B56/PR61)

La familia PPP2R5 (B'/B56/PR61/PPP2RS) estd formada por 5 genes diferentes
con expresion diversa segun tejido, que originan 8 transcritos que comparten una
region central conservada y difieren en sus extremos amino y carboxilo. Se
diferencian mucho de las otras familias de subunidades B. En su estructura
incluyen un surco acidico por el que interaccionan con los correspondientes
substratos, y su distribucion intracelular es diferente. Asi, mientras PPP2R5A,
PPP2R5B y PPP2RSE se expresan en el citoplasma, PPP2R5C lo hace en el
nucleo, y PPP2R5D estd presente en ambos. Se ha visto que el tratamiento con
acido retinoico induce la expresion de PPP2R5B y PPP2R5D, lo que sugiere un
papel de estas isoformas en el desarrollo (McCright et al., 1995; McCright et al.,
1996, Csortos et al., 1996).

PTPA/PR53/PPP2R4

La proteina PTPA ha sido incluida en este apartado porque inicialmente fue
descrita como una subunidad B por su capacidad de interaccion con la subunidad
A estructural. Se ha descrito que PTPA (Protein phosphatase 2A activator) regula
la actividad de PP2A y es capaz de inducir en PP2A una actividad fosfotirosil-
fosfatasa. Existen al menos 4 isoformas distintas fruto de procesos de
transcripcion alternativa y su expresion es generalizada (Goris et al., 1988; Cayla
et al., 1990; Janssens et al., 2000).

1.4 Heterogeneidad de los complejos PP2A

Si a este nimero de isoformas diferentes de cada una de las subunidades de PP2A
le sumamos la variabilidad aportada por los procesos de corte y empalme
alternativo de exones (splicing), es facil intuir la enorme cantidad de complejos
heterotriméricos diferentes que pueden formarse por la combinacion de isoformas
concretas de cada una de las subunidades, lo que indica la gran complejidad del
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estudio de PP2A. En concreto, si asumimos que no existen diferencias
significativas entre Ca y Cp, serian posibles 30 combinaciones distintas de
complejos PP2A, y eso sin contar los procesos de splicing alternativo. A nivel
funcional, si tenemos en cuenta la posible redundancia funcional entre algunos
miembros de una misma familia y la expresion especifica de tejido,
probablemente el nimero de complejos PP2A diferentes se reduzca, aunque
tampoco se sabe con certeza si ya han sido identificadas todas las subunidades
existentes. De este modo, con el paso del tiempo, se han ido identificando
complejos PP2A concretos implicados en la regulacion de muy diversas funciones
celulares y rutas de sefalizacion, asi como la desregulacion de los mismos
asociada a distintos aspectos del proceso de transformacion celular.

2. Papel de PP2A en cancer

Los procesos reversibles de fosforilacion/desfosforilacion constituyen la primera
modificacion post-traduccional descrita capaz de alterar el estado de activacion de
una enzima (Nolan et al., 1964). La desregulacion de este proceso por alteraciones
que afectan a quinasas y fosfatasas es algo caracteristico de la célula tumoral, lo
cual convierte a algunas de estas moléculas en dianas terapéuticas para terapias
antitumorales de muchos tipos de canceres (Dancey et al., 2003; Sebolt-Leopold
et al., 2004). Aunque el papel de las quinasas en cancer ha sido ampliamente
estudiado, todavia existe un gran desconocimiento sobre la importancia de las
fosfatasas en el desarrollo tumoral. Durante el proceso de transformacién maligna
tiene lugar en las células una acumulacion de alteraciones genéticas y
epigenéticas, y cada vez hay mas consenso acerca de la existencia de un conjunto
de alteraciones necesarias para la transformacién celular, tales como la
inactivacion de Rb y p53, la activacion de Ras o la expresion de la enzima
telomerasa (Hanahan et al., 2000; Hahn et al., 2002). Estos cambios resultan
suficientes para inmortalizar las células; sin embargo, no provocan una
transformacion completa (definida como capacidad de crecimiento independiente
de anclaje y formacion de tumores en ratones inmunodeficientes) (Sablina et al.,
2007). La serina-treonina fosfatasa 2A (PP2A) est4 implicada en la regulacion de
una amplia variedad de procesos celulares y vias de sefalizacién, cuya
desregulacion contribuye al proceso de transformacion celular. De hecho, cada
vez mas estudios apuntan al papel fundamental de PP2A como supresor tumoral y
a la inhibicion de la actividad de PP2A como una alteracion adicional necesaria
para la progresion a célula maligna.

Los primeros indicios que apuntaban a PP2A como supresor tumoral vinieron de
estudios con el 4cido okadaico, un inhibidor de PP2A con capacidad de promover
el crecimiento tumoral en ratones (Suganuma et al., 1988; Bialojan et al., 1988;
Suganuma et al., 1990; Fujiki et al., 1993), y del antigeno tumoral pequenio (ST)
del virus SV40, implicado en la trasformacion de células humanas. ST-SV40
inhibe la actividad de PP2A al unirse a la subunidad A estructural y desplazar la
subunidad B reguladora del complejo heterotrimérico PP2A y, de este modo,
aumenta la fosforilacion de proteinas implicadas en proliferacion como AKT
(Pallas et al., 1990; Rodriguez-Viciana et al., 2006; Andrabi et al., 2007). Asi, las
propiedades oncogénicas del acido okadaico y de ST-SV40 indican que la
transformacion celular via PP2A también podria tener lugar a través de otros
mecanismos que inhiban la actividad de PP2A.

10



Introduccion

2.1. Actividad supresora tumoral de las subunidades de PP2A

Son muchos los trabajos que a lo largo del tiempo han ido implicando a complejos
PP2A concretos en la regulacion de rutas de senalizacion claves para la
transformacion celular y que sefalan a PP2A en conjunto y, en particular a
muchas de sus subunidades, como supresores tumorales. Entre los mecanismos
que las células cancerosas emplean para inhibir la actividad de PP2A se
encuentran la reduccion de la expresion de determinadas subunidades de PP2A, la
presencia de alteraciones genéticas afectando a dichas subunidades, y la
activacion de inhibidores endogenos de PP2A. Ademads, se ha descrito que la
expresion ectopica de subunidades B reguladoras hace que éstas compitan en su
unidn con el nicleo enzimatico A-C (Yang et al., 2003), por lo que la presencia de
isoformas B alteradas podrian no s6lo bloquear la funcion llevada a cabo por los
complejos PP2A que las incluyan, sino también reducir la capacidad de otras
isoformas B diferentes para reclutar al heterodimero A-C y por tanto, su actividad
como supresores tumorales.

En relacion con su papel en cancer, se ha demostrado la importancia de PP2A en
la regulacién de muchas vias de sefializacion, entre las que destacan las rutas
MAPK y WNT (Figuras 3 y 4). PP2A puede regular positiva o negativamente la
via RAF-MEK-ERK, y la regulacion en uno u otro sentido podria estar
determinada por el tipo celular, el tipo de estimulo, y la composicion del complejo
PP2A, sobre todo en lo que respecta a la subunidad B reguladora (Figura 3).

PPP2 :

R2D :
: PPP2
: ch

PPP2
R2A
\ \ PPP2
: RSB
: PPP2
R5C

Activacion : Activacion
transcrlpclonal transcripcional

ﬂﬂd

Regulacion positiva de la Regulacion negativa de la
via MAPK por PP2A via MAPK por PP2A

Figura 3. PP2A regula tanto positiva como negativa sobre la via de seiializacion MAPK. Tras la
estimulacion, RAS promueve la union de PPP2R2A tanto a RAF como a KSR1, lo cual lleva a su
desfosforilacion en las S392 y 295, respectivamente. Esto provoca que RAF tramsloque a
membrana y se produzca la interacion RAS-RAF. Ademdas, la pérdida de la inhibicion de la
proteina 14-3-3 sobre KSR1 permite que KSR ejerza su funcion estructural y se active la cascada
MAPK. Ademas, la proteina RAF puede también ser desfosforilada en S295 por PPP2R2D. Por el
contrario, PP24 puede regular negativamente la via MAPK a través de la desfosforilacion y
consiguiente inhibicion de la quinasa c-SRC, la cual es capaz de activar a RAF de modo
independiente de RAS, activando en ultimo término a ERK. Ademas, ERK puede ser inhibido
directamente por la accion de las subunidades PP2A reguladoras PPP2R5B y PPP2R5C
(adaptada de Eichhorn et al., 2009).
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La via de sefializacion WNT/Beta-catenina es fundamental durante las primeras
fases del desarrollo, y su desregulacion en células de tejido adulto puede llevar a
una proliferacion incontrolada, una caracteristica de la célula tumoral (Barker et
al., 2000). Al igual que ocurre con la via MAPK, en la ruta WNT el efecto
regulador de PP2A puede ser tanto activador como represor. Sin embargo, la
inhibicion de PP2A tras el tratamiento con acido okadaico lleva a una
estabilizacion y acumulacion de beta-catenina, lo que parece indicar que el efecto
dominante de PP2A sobre esta ruta es el inhibidor (Seeling et al., 1999) (Figura
4).
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Ubiquitinacién
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PROTEOSOMA transcripcional

Regulacion negativa de la
via WNT por PP2A

Regulacion positiva de la
via WNT por PP2A

Figura 4. PP2A puede ejercer una regulacion tanto positiva como negativa sobre la via de
senializacion WNT. En ausencia de seiial WNT, la proteina [f-catenina forma un complejo con
APC, Axin y GSK-3f en el citoplasma. GSK-3f regula negativamente por fosforilacion a f-
catenina, marcandola para su posterior ubiquitinacion y degradacion en el proteosoma. Las
subunidades de PP2A reguladoras PPP2R5A y PPP2R5D se unen a APC e inducen una
disminucion de los niveles de f-catenina. Un efecto similar es producido tras la union a Axin de
las subunidades PPP2R5A, PPP2R5B y PPP2R5C. El mecanismo molecular exacto por el cual
estas subunidades reguladoras de PP2A inducen la reduccion de niveles de f-catenina permanece
desconocido. Tras la sefial WNT, el complejo APC-Axin-GSK-3f es degradado por Dsh, y la p-
catenina desfosforilada transloca al nucleo, produciéndose la activacion transcripcional de genes
diana de la ruta WNT. Naked, uno de los genes diana de la ruta WNT y que ejerce un efecto
inhibidor sobre Dsh, es activado por la subunidad de PP2A reguladora PR72 e inhibido por
PR130. Por otra parte, la subunidad reguladora PPP2R5E regula positivamente la actividad de
Dsh, inhibiendo de este modo la accion de GSK-3p, al igual que las subunidadesdel tipo PPP2R2,
v de este modo regula positivamente la ruta WNT (adaptada de Eichhorn et al., 2009).

En un intento por recopilar los datos aportados por los numerosos estudios sobre
PP2A que se han llevado a cabo, se expone a continuacion la implicacion a nivel
individual de las distintas subunidades de PP2A en céancer.

A. Subunidades estructurales

A pesar de que Aa 'y AP comparten un 87% en identidad de secuencia (Hendrix et
al., 1993), los complejos PP2A a los que dan lugar estdn implicados en la
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regulacion de vias de sefalizacion diferentes dentro de la célula (Figura 5). Asi,
mientras Aa parece centrar su accion en la ruta de AKT y otras proteinas como
APC y p53, en la transformacion mediada por la inactivacion de AP parece ser
RalA la que juega un papel fundamental. Distintas observaciones parecen
confirmar que Aa y AP funcionan a través de mecanismos diferentes, ya que la
pérdida de AP tiene un potencial transformante que no se bloquea con la
expresion ectopica de Aa. Ademas, se ha visto que ST interacciona con Aa pero
no con AP, y que RalA lo hace con AP pero no con Aa (Sablina et al., 2007).

Isoforma Aa

Se ha descrito la presencia de mutaciones en la isoforma Ao de la subunidad A
estructural en varios tipos de cancer, como melanoma, cancer de pulmén y cancer
de mama. Estas mutaciones afectan a la capacidad de formar complejos
heterotriméricos PP2A, ya que impiden su union a las subunidades C catalitica y
B reguladora (Calin et al., 2000; Ruediger et al., 2001) y por lo tanto, se
disminuye la actividad de PP2A y se activa la ruta AKT. La muerte celular por
apoptosis tras la pérdida completa de Aa indica que se trata de un gen esencial
para la célula y que al menos se requieren unos niveles basales de expresion del
mismo (Strack et al., 2004; Arroyo et al., 2005). Sin embargo, la reduccion de la
expresion de Ao en un 50% es capaz de sustituir a ST-SV40 en la transformacion
de células HEK TER (que expresan LT, hTERT y H-Ras) (Chen et al., 2005), lo
que sugiere que las mutaciones en Aa estarian contribuyendo a la transformacion
celular mediante la creacion de un estado de haploinsuficiencia, que estaria
desregulando la ruta PI3K (Sablina et al., 2007). Ademas, esta supresion del 50%
en la expresion de Aa lleva a la ausencia de complejos PP2A del tipo Aa-C-
PPP2R5C, de un modo similar a la supresion de PPP2R5C (Chen et al., 2005).
Esto sugiere que este tipo de complejos PP2A estarian implicados en la regulacion
por fosforilacion de sustratos importantes en el proceso de transformacion celular
entre los que se encuentra AKT, APC y p53.

Isoforma AR

Ademas de las alteraciones descritas para Aa, se han descrito también mutaciones
que afectan a la subunidad estructural AP en cancer de mama, pulmon, colon,
leucemia linfatica cronica de células B, carcinoma hepatocelular, hiperplasia
paratiroidea y adenoma paratiroideo (Calin et al., 2000; Takagi et al., 2000; Wang
et al., 1998; Hemmer et al., 2002; Kalla et al., 2007; Chou et al., 2007). Estas
mutaciones afectan a la capacidad de interaccion de AP con las subunidad C
catalitica y B reguladora (Ruediger et al., 2001; Esplin et al., 2006). Sin embargo,
a diferencia del estado de haploinsuficiencia creado por las mutaciones de Aa, en
el caso de la isoforma AP, las mutaciones se acompanan a menudo de la pérdida
del segundo alelo, por lo que en los casos en los que el alelo mutado no sea
funcional se podria hablar de una inactivacion completa de AP (Calin et al., 2000;
Takagi et al., 2000; Wang et al., 1998). Se ha descrito que la expresion ectdpica
de AP en células de cancer de pulmon portadoras de mutaciones bialélicas de AP
revierte parcialmente su fenotipo tumoral, y que la supresion de AB coopera con el
antigeno tumoral grande (LT), hTERT and H-Ras en la transformacion de células
HEK TER (Sablina et al., 2007).
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Figura 5. Las subunidades A estructurales actuan como supresores tumorales por mecanismos
distintos e independientes; (a) Ao regula la fosforilacion de AKT a través de un intermediario
todavia desconocido. Las mutaciones en Aa crean un estado de haploinsuficiencia con pérdida de
complejos PP2Ac/Aa/PPP2R5 y aumento de fosforilacion de AKT; (b) Af se une y desfosforila a
la GTPasa RalA. Las alteraciones en Af suelen afectar a ambos alelos y provocan un incremento
de los niveles de fosforilacion de RalA (adaptada de Westermarck y Hahn, 2008).

Por otra parte, AP inhibe a la GTPasa RalA por desfosforilacion en las serinas 183
y 194. RalA estd implicada en la activacion de la quinasa c-SRC (Goi et al.,
2000), motilidad celular (Ohta et al., 1999; Gildea et al., 2002), exocitosis
(Moskalenko et al., 2002) y crecimiento independiente de anclaje (Chien et al.,
2003; Lim et al., 2005. Ademas, se ha descrito la relacion de RalA con la
adquisicion del fenotipo de célula transformada en varias lineas celulares y con la
activacion de la via Ras (Chien et al., 2003; Lim et al., 2005; Hamad et al., 2002).

B. Subunidades reguladoras

Familia PPP2R2 (B/B55/PR55)

Ya hemos visto como la familia de subunidades reguladoras PPP2R2 ejerce una
regulacion de las vias de senalizacion MAPK y WNT (Figuras 3 y 4).

La subunidad reguladora PPP2R2A es reclutada a la membrana plasmatica en
respuesta a factores de crecimiento como PDGF, hacia complejos que contienen el
nucleo enzimatico A-C de PP2A, y las proteinas KSR1 (Kinase Suppressor of
Ras) y RAF-1 (Ory et al., 2003; Adams et al., 2005), produciéndose la
desfosforilacion de las mismas, con la consecuente activacion de la via MAPK.
Sin embargo, tanto la inhibicion de PPP2R2 por ST (Sontag et al., 1993) como
por el tratamiento con acido okadaico (Sonoda et al., 1997) provocan la
fosforilacion y activacion de la quinasa ERK, la cual se sitiia en sefalizacion
cascada abajo de RAF-1. Ademas, en consonancia con estos datos, tanto la
supresion de la subunidad C catalitica, la subunidad A estructural o la familia de
subunidades B reguladoras PPP2R2 provoca la activaciéon de la via MAPK en
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respuesta a insulina en células de Drosophila (Silverstein et al., 2002). Por lo
tanto, parece que PP2A podria ejercer tanto un efecto activador como inhibidor
sobre la via MAPK (Wassarman et al., 1996). Otra funcion de PPP2R2A estéd en
relacion con la apoptosis inducida por la proteina adenoviral E4orf4 (Shtrichman
et al., 2000). Se ha comprobado que PPP2R2D, al igual que PPP2R2A, regula
positivamente la ruta MAPK a través de la desfosforilacion de RAF-1 en S259
(Adams et al., 2005).

Por lo que respecta a la isoforma PPP2R2C, se ha descrito que interacciona de
forma directa con c-SRC regulando negativamente su actividad (Eichhorn et al.,
2007). Por su parte, c-SRC podria activar a RAF-1 independientemente de RAS
(Chao et al., 1997; Stokoe et al., 1997), y de ese modo activar la via MAPK
(Ziogas et al., 2005). La supresion de PPP2R2C 6 PPPP2R2D en situacion de
estrés celular lleva a un incremento de la activacion de la ruta de estrés JNK
dependiente de SRC que conduce a apoptosis (Eichhorn et al., 2007).

Familia PPP2R3 (B"'/PR72)

La proteina Naked es un regulador negativo de la via WNT (Zeng et al., 2000) que
requiere para su funcidén de la presencia de la subunidad reguladora PR72 de la
familia PPP2R3 (Creyghton et al., 2005). Tanto Naked como PR72 incluyen en su
estructura un dominio EFX, lo que sugiere que estan reguladas por los niveles de
calcio intracelulares (Ikura, 1996) (Figura 4). La isoforma PR130, codificada por
un transcrito alternativo mas largo de PR72, interacciona con Naked y la inhibe,
ejerciendo un efecto activador de la via WNT (Creyghton et al., 2006). Ademas, la
supresion mediante shRNAs de los complejos PP2A con subunidades reguladoras
PR72 y PR130 ha demostrado que estdn implicados en transformacion celular y
en la regulacion de las vias de sefalizacion de c-MYC y WNT (Sablina et al.,
2010).

Familia PTPA/PR53/PPP2R4

La inhibicion de la expresion de PTPA ha permitido identificar a esta proteina
como implicada en la transformacion celular y en la regulacion de las vias de
seflalizacion de c-MYC y de WNT, y también de PI3K mediante la
desfosforilacion de AKT (Sablina et al., 2010).

Familia PPP2R5 (B'/B56/PR61)

La expresion ectopica de los miembros de la familia PPP2RS5 inhibe la
sefalizacion WNT mediante la disminucién de los niveles de beta-catenina
(Seeling et al., 1999). Ademads, mediante experimentos de supresion con shRNAs
se ha identificado que los complejos PP2A con subunidades reguladoras
PPP2R5A y PPP2RS5C estan implicados en la transformacion celular y en la
regulacion de las vias de sefializacion de c-MYC, WNT y PI3K (Sablina et al.,
2010).

PPP2R5A

Los complejos PP2A/PPP2R5A participan en la regulacion de ¢-MYC, BCL-2,
p53, AKT y posiblemente BAD. ¢c-MYC esta sobreexpresado en muchos tipos de
cancer (Adhikary et al., 2005). Su vida media en células no transformadas es muy
corta pero esta incrementada en lineas celulares neoplasicas (Gregory et al., 2000;
Malempati et al., 2006). Su estabilidad esta regulada por los niveles de
fosforilacion en T58 y S62. La fosforilacion en T58 por GSK-3[3 marca a c-MYC
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para la degradacion, mientras que la activacion de la ruta ERK/MAPK induce la
fosforilacion en S62, aumentando la estabilidad de ¢c-MYC (Sears et al., 1999;
Sears et al., 2000). La proteina c-MYC es diana directa de los complejos PP2A
que tienen una subunidad reguladora de tipo PPP2R5A (PP2A/PPP2R5A). Estos
complejos PP2A/PPP2R5SA desfosforilan a c-MYC en S62, marcandolo de este
modo para su ubiquitinacién y posterior degradacion en el proteosoma. Por tanto,
la inhibicion de PPP2R5A se traduce en un aumento tanto de los niveles de c-
MY C como de su actividad (Arnold et al., 2006).

Otra diana conocida de PPP2RS5A es la proteina anti-apoptotica BCL-2, a la que
desfosforila e inactiva (Ruvolo et al., 2002). Por otra parte, se ha descrito que los
complejos PP2A/PPP2RS5A regulan negativamente a p53 via MDM2 (Haupt et al.,
1997), en contraste con la regulacion positiva descrita en el caso de los complejos
PP2A/PPP2R5C. PP2A/PPP2R5SA también desfosforila en T308 e inhibe al
oncogén AKT, desregulado con frecuencia en muchos tipos de cancer por su papel
activador de vias de sefalizacion implicadas en la proliferacion celular (Bellacosa
et al., 1995; Kuo et al., 2007). Ademas, PP2A activa a la proteina pro-apoptdtica
BAD y aunque el complejo especifico PP2A que realiza esta funcion atin no ha
sido determinado, un candidato es PP2A/PPP2R5A (Chiang et al., 2003).

PPP2R5B

También parece que PP2A regula a ERK, ya que la supresion de PPP2R5B o de
PPP2RS5C lleva a un incremento en la actividad de ERK pero no de MEK, que es
la quinasa que estd en la sefializacion justo por encima de ERK, lo que indicaria
una accion directa de PP2A sobre ERK (Letourneux et al., 2006).

PPP2R5C

Entre los indicios que sefialan a PPP2R5C como supresor tumoral estd que su
supresion, del mismo modo que ST-SV40, induce transformacion en células HEK
TER (Chen et al., 2004). Ademas, la expresion de PPP2RS5SC es baja en
melanomas (Deichmann et al., 2001), y se ha comprobado la capacidad
metastatica adquirida por un subclon de melanoma de raton B16 con una forma
truncada de PPP2R5C. En este trabajo, los autores vieron que la forma truncada
de PPP2R5C interaccionaba en las adhesiones focales con la proteina Paxilina de
modo similar a la forma no truncada, pero Paxilina se encontraba hiperfosforilada,
lo que sugiere que en el complejo PP2A con la forma truncada de PPP2R5C se
producia la unién con la proteina diana Paxilina pero la actividad del complejo
estaba inhibida (Ito et al., 2000). Por otra parte, en muchas lineas celulares de
cancer de pulmon en las que estd suprimida la expresion proteica de PPP2R5C, su
expresion ectopica es capaz de revertir parcialmente el fenotipo tumoral de dichas
células (Chen et al., 2004).

También, se ha comprobado que los complejos PP2A con una subunidad
reguladora de tipo PPP2R5C inhiben la formacién de complejos APC-axin,
llevando a la desestabilizacion de la beta-catenina, lo cual reduce su abundancia y
los niveles de transcripcion de sus genes diana (Polakis, 2000) (Figura 4). Otra
funcién de los complejos PP2A/PPP2RSC es participar en la regulacion de p53, lo
que llevan a cabo mediante 2 mecanismos distintos. Por una parte,
PP2A/PPP2R5C desfosforila a p53 en TS55, previniendo de este modo su
degradacion por el proteosoma e inhibiendo ademads la proliferacion al inducir la
expresion de p21 (Li et al, 2007). Por otra parte, el reclutamiento de
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PP2A/PPP2R5C por Ciclina-G hacia complejos que contienen p53 y MDM2,
lleva a la desfosforilacion de Mdm2, lo cual estabiliza a p53 (Okamoto et al.,
2002). En relacion con el control del ciclo celular, recientemente se ha
demostrado que PPP2R5C regula la acumulacion de PP2A en el nucleo, asi como
la transicion de G1 a S (Lee et al., 2010).

PPP2R5D

Se ha visto que PPP2R5D interacciona con la proteina APC y participa en la
regulacion negativa de la via de sefializacion WNT (Seeling et al., 1999).

PPP2R5E

En un principio, PPP2RS5E fue descrito como un inhibidor de la via WNT (Seeling
et al., 1999); sin embargo, experimentos posteriores han mostrado que PPP2RSE
regula positivamente la senalizacion WNT durante el desarrollo en vertebrados
(Yang et al., 2003). Se ha propuesto que estas contradicciones podrian deberse a
que cuando una subunidad reguladora se sobreexpresa ejerce un efecto dominante
negativo al secuestrar proteinas diana o componentes del complejo PP2A, o
simplemente al desplazar a otras subunidades B reguladoras, por lo que habria que
confirmar los resultados obtenidos con experimentos de inhibicion (Yang et al.,
2003). Recientemente, se ha publicado que PPP2RSE puede llevar a cabo
funciones pro- y anti-apoptoticas, lo que indica su posible implicacién en procesos
de desarrollo tumoral (Jin et al., 2010). Ademas, se ha comprobado que el miR-
19b regula a PPP2RSE, y parece que los efectos oncogénicos de este microRNA
podrian venir en parte por la inhibicion de PPP2R5E (Mavrakis et al., 2010). Esta
es la primera evidencia de una regulacion de PP2A por microRNAs, y afiade un
nivel ain mayor de complejidad a la regulacion de la actividad PP2A.

2.2. Proteinas inhibidoras de PP2A

Ademas de las alteraciones en las distintas subunidades que forman el complejo
PP2A, otro mecanismo que tiene la célula para inhibir la actividad supresora
tumoral de PP2A es la desregulacion de proteinas inhibidoras de PP2A. A
continuacion, se exponen los principales inhibidores endogenos de PP2A, asi
como su implicacidn en cancer.

CIP2A

La proteina CIP2A (Cancerous Inhibitor of PP2A) fue identificada como una
proteina que interacciona con PP2A dando lugar a la estabilizacion de c-MYC en
células transformadas, ya que inhibe la desfosforilaciéon de c-MYC en S62 por
PPP2R5A (Junttila et al., 2007) (Figura 6). Teniendo en cuenta que la supresion
de CIP2A no tiene ningun efecto en la actividad de PP2A sobre MDM?2, parece
que la capacidad de CIP2A de inhibir a PP2A es dependiente de su interaccion
con MYC, por lo que sélo tendria efecto sobre la actividad de PP2A sobre MYC
(Junttila et al., 2007).

La expresion de CIP2A4 en tejidos normales es muy baja; sin embargo, hay
sobreexpresion de CIP2A en algunos tipos de céncer (Soo Hoo et al., 2002;
Junttila et al., 2007; Li et al., 2008; Vaarala et al., 2010; Qu et al., 2010; Wang et
al., 2011), y se asocia con mal prondstico en pacientes con carcinoma gastrico y
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cancer de pulmoén de células no pequenas (Khanna et al.,, 2009; Dong et al.,
2010), y con mayor agresividad en cancer de mama (Come et al., 2009).

Por ultimo, la expresion ectopica de CIP2A4 aumenta la capacidad proliferativa y
de autorenovacion de progenitores neuronales de ratén (Kerosuo et al., 2010).
Ademas, CIP2A4 se ha identificado en una traslocacion con MLL en un caso de
leucemia mieloide aguda infantil (Coenen et al., 2011), y se ha comprobado que
media en los efectos del bortezomib en cancer hepatocelular (Chen et al., 2010).

T58 T58

® ®
>
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&
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_—
PPP2 Ubiquitinacién
R5A /() s62

S62 PROTEOSOMA

Figura 6. Papel de CIP2A en la regulacion de los niveles de MYC. GSK-38 y ERK fosforilan a
MYC en T58 y S62 respectivamente. El complejo PP2A se une a MYC por medio de PPP2R5A y lo
desfosforila en S62, lo cual marca a MYC para su ubiquitinacion y posterior degradacion en el
proteosoma. Sin embargo, en presencia de CIP2A se inhibe la accion de PP2A4 sobre MYC, lo cual
lleva a su estabilizacion (adaptada de Westermarck y Hahn, 2008).

SET (12PP2A/TAF-1B)

Las proteinas [1PP2A y SET (I2PP2A/TAF-1B) funcionan como inhibidores
endogenos no competitivos de PP2A (Li et al., 1995; Li et al., 1996). Ademas, se
ha comprobado que I1PP2A y SET también se asocian con PP1 y, de hecho, en
presencia de Mn”", activan selectivamente a PP1 (Katayose et al., 2000).

La proteina SET participa en la regulacion de una gran cantidad de funciones
dentro de la célula, tales como replicacion del DNA, remodelacion de la
cromatina y transcripcion génica (Seo et al,, 2001; Kutney et al., 2004),
diferenciacion (Kandilci et al., 2004), y regulacion del ciclo celular (Canela et al.,
2003). Ademas, inhibe la actividad DNasa del supresor tumoral NM23-H1 (Fan et
al., 2003).

El gen que codifica SET fue implicado por primera vez en céncer al describirse
fusionado a la nucleoporina Nup214 en leucemia mieloide aguda (von-Lindern et
al., 1992), y estd sobreexpresado en varios tipos de cancer (Cervoni et al., 2002;
Ginos et al., 2004; Korkola et al., 2006; Andersson et al., 2007), lo que llevaria a
una inactivacion de PP2A.
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La via MAPK es una de las principales dianas de la actividad PP2A, cuya
inhibicién por acido okadaico da lugar a una activacion de AP-1 (Westermarck et
al., 1998; Junttila et al., 2008). De acuerdo con esto, la sobreexpresion de SET
induce la fosforilacion de c-JUN en S63 y T73, y activa AP-1 (Al-Murrani et al.,
1999) (Figura 7). Se ha comprobado que la expresion de SET estd muy reducida
en cé¢lulas quiescentes debido a ausencia de suero, inhibicion por contacto o
diferenciacion, lo cual sugiere un papel de SET como regulador positivo de la
proliferacion celular (Carlson et al., 1998).

En leucemia mieloide cronica (LMC), BCR-ABL inhibe a PP2A a través de la
sobreexpresion de SET. La induccion de SET por BCR-ABL aumenta la
estabilidad del propio BCR-ABL, mientras que el silenciamiento de SET provoca
su degradacion. Ademas, la activacion de PP2A por el silenciamiento de SET
lleva a una menor expresion de MYC y a una desfosforilacion de STATS, ERK,
AKT, BAD, JAK2 y RB, asi como del propio BCR-ABL, aunque este ultimo
efecto parece estar mediado por la fosfatasa SHP-1 (Neviani et al., 2005).

BCR-ABL

STAT5
AKT
MYC
BAD

JAK2
pRb

Figura 7. Rutas de sefializacion en las que esta implicado SET como inhibidor de PP2A. BCR-
ABL inhibe la actividad PP2A a través de la induccion de SET, protegiendo de la desfosforilacion
mediada por PP2A a algunas de sus dianas moleculares como STATS, AKT, BAD, JAK2, pRB y
también a si mismo, aunque en este ultimo caso el efecto parece estar mediado por la accion de
SHP-1. Ademas, la sobreexpresion de SET protege también de su desfosforilacion e inhibicion a c-
Jun y a ERK (adaptada de Westermarck y Hanh, 2008).

Otros inhibidores de PP2A

Se han descrito otros inhibidores de PP2A como JAK2, PME-1 y TIP. Se ha
comprobado que la quinasa JAK?2 fosforila directamente a PP2A en la Y307 de su
subunidad C catalitica, inhibiendo su actividad (Yokoyama et al., 2003). La
metilesterasa PME-1 se une con la subunidad C catalitica de PP2A y la inhibe por
la desmetilacion en su L307 (Longin et al., 2004). La proteina TIP interacciona
con PP2A e inhibe su accion en la via ATM/ATR (McConnell et al., 2007).
Ademas, como se ha indicado anteriormente, entre los inhibidores de PP2A esta la
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oncoproteina ST y el agente quimico acido okadaico (Katoh et al., 1990; Sontag et
al., 1993).

2.3. Papel de PP2A en leucemia

Como se acaba de senalar, en la LMC, la proteina de fusion BCR-ABL inhibe
PP2A a través de un aumento de los niveles de expresion de SET. De hecho, los
niveles de SET se correlacionan con la progresion de la enfermedad, de modo que
se produce un incremento considerable en el paso de fase cronica a crisis blastica,
como consecuencia de una mayor actividad BCR-ABL.

Ademas, la activacion farmacoldgica de PP2A mediante forskolina o la supresion
de su inhibidor SET en células BCR-ABL positivas provoca un bloqueo de la
proliferacion celular y un aumento de la diferenciacién y apoptosis, que tiene
como consecuencia una disminucion de la capacidad de estas células para
desarrollar leucemia en modelos in vivo. Otra consecuencia es la desfosforilacion
de proteinas diana de PP2A importantes para el desarrollo de la leucemia, como
ERK, AKT, MYC, BAD, JAK2 y RB (Neviani et al., 2005). Por otra parte, el
activador de PP2A FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol
hydrochloride) se ha mostrado efectivo tanto en células de pacientes con CML y
ALL-Ph+, como en modelos in vivo € in vitro de ambas leucemias, reduciendo el
potencial leucémico de dichas células e induciendo su entrada en apoptosis, efecto
que no ejerce sobre células normales CD34+/CD19+ de médula 6sea (Neviani et
al., 2007). Teniendo en cuenta estos resultados, el tratamiento con activadores de
PP2A podria ser una alternativa terapéutica en pacientes con este tipo de
leucemias (Figura 8).

shRNAs

Péptidos
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Expresion Forskolina
ectopica de

PP2Ac

Activacion
farmacolégica

FTY720 Silenciamiento

®

BCR-ABL

Figura 8. Importancia del estado de activacion de PP2A en células BCR-ABL positivas de LMC y
LLA (adaptada de Perrotti y Neviani, 2008).

Hay s6lo dos estudios sobre el papel de PP2A en LMA. Un trabajo en una serie
pequefia de pacientes con LMA comprob6 que los niveles de fosforilacion en

20



Introduccion

T308 de AKT se asociaban con peor pronéstico y cariotipo complejo, y
encontraron que la fosforilaciéon en T308 se correlacionaba con la actividad PP2A
(Gallay et al., 2009). Ademas, un estudio reciente ha mostrado que las mutaciones
activadoras de c-KIT llevan a la inhibicion de PP2A, y que su reactivacion es
capaz de suprimir el crecimiento de células c-KIT+ tanto in vivo como in vitro, lo
que indica que la inhibicion de PP2A podria ser un paso clave en el desarrollo de
leucemias c-KIT+ (Roberts et al., 2010).

Estos estudios podrian tener importancia en el futuro tratamiento de estos
pacientes ya que hay compuestos, como forskolin y FTY70, que son activadores
de PP2A. El FTY720 se desarrolld originalmente como agente inmunosupresor,
pero se vio que inducia respuesta en varios tipos de cancer (Neviani et al., 2007;
Sonoda et al., 2001; Azuma et al., 2002; Lee et al., 2005; Yasui et al., 2005). Se
ha comprobado el potencial terapéutico de estos activadores de PP2A en LMC,
LAL-Ph+, y en leucemia linfocitica cronica de células B (Neviani et al., 20005;
Neviani et al., 2007; Liu et al., 2008).
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Hipotesis y Objetivos

HIPOTESIS

La leucemia mieloide aguda es una enfermedad heterogénea a nivel molecular, y
distintas combinaciones de alteraciones genéticas y epigenéticas contribuyen al
inicio y progresion de la enfermedad. En los ultimos afos, se han identificado
varios marcadores genéticos con valor prondstico en leucemia mieloide aguda y
se han desarrollado nuevas terapias moleculares. Sin embargo, a pesar de los
avances logrados, la supervivencia de los pacientes con esta enfermedad es muy
baja. Por tanto, es fundamental la busqueda de nuevas dianas y el desarrollo de
nuevas estrategias de tratamiento que mejoren la supervivencia de estos pacientes.

Las tirosinas quinasas son proteinas que catalizan reacciones de fosforilacion
sobre otras proteinas. Su importancia en cancer se debe a su papel regulador en
procesos como proliferacion, diferenciacion o apoptosis. En leucemia mieloide
aguda, las tirosinas quinasas han sido muy estudiadas. Algunas, como FLT3,
juegan un papel importante en el desarrollo de la enfermedad y ya se estan
realizando ensayos clinicos para evaluar el potencial terapéutico de varios
compuestos inhibidores de FLT3. Las fosfatasas catalizan la reaccion contraria a
la quinasas; sin embargo, los estudios sobre la implicacion de estas proteinas en
cancer son mucho menos numerosos, especialmente en leucemia mieloide aguda.
Entre ellas, destaca la proteina fosfatasa 2A (PP2A), que ejerce una funcion
reguladora central en la célula, y cuya inactivacidon parece ser un evento esencial y
un punto en comun entre distintos tipos de cancer. De hecho, se ha comprobado
que su inhibicion via BCR-ABL juega un papel crucial en leucemia mieloide
cronica y leucemia linfoblastica aguda Philadelphia positiva. Recientemente,
también se ha descrito su inactivacion en leucemia linfatica cronica de células B,
y en leucemias mieloides agudas con mutaciones de c-KIT. Ademas, su activacion
farmacologica en estos casos ha demostrado que PP2A podria ser una potencial
diana terapéutica.

Dadas estas observaciones nos planteamos que la inactivacién de PP2A podria ser
también un evento importante en el desarrollo de la leucemia mieloide aguda. De
este modo, nos propusimos abordar un estudio para determinar la importancia de
la inhibicion de PP2A en leucemia mieloide aguda, los mecanismos moleculares a
través de los que tiene lugar y las posibilidades terapéuticas de la activacion
farmacoldgica de PP2A en esta enfermedad.
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OBJETIVOS

1. Caracterizar genéticamente 12 lineas celulares de leucemia mieloide aguda
y 4 de leucemia mieloide cronica en crisis blastica mediante la realizacion
de arrays de expresion y de SNPs, y establecer los perfiles de expresion de
250 microRNAs mediante RT-PCR en tiempo real. Este estudio nos
permitira utilizar estas lineas mieloides en los siguientes estudios
funcionales que nos proponemos realizar. Ademads, estudiaremos la
desregulacion de microRNAs debido a alteraciones genomicas por
variaciones de nimero de copia, y llevaremos a cabo una correlacion de los
microRNAs afectados con la alteracion de los niveles de expresion de sus
genes diana. De este modo, esperamos identificar nuevos genes implicados
en leucemia mieloide aguda cuya expresion esté desregulada por
alteraciones en los microRNAs que controlan su expresion. Ademas del
analisis bioinformatico, se validaran los resultados obtenidos mediante
analisis proteico y ensayos de luciferasa.

2. Estudiar la importancia de la inhibicion de PP2A tanto en lineas celulares
como en muestras de pacientes con leucemia mieloide aguda. Analizar el
efecto de la activacion farmacologica de PP2A mediante el tratamiento con
los compuestos activadores de PP2A forskolina y FTY 720, para determinar
su valor potencial como alternativa terapéutica en leucemia mieloide aguda.
Ademas, analizar el efecto de la combinacion de forskolina y FTY720 con
las drogas Idarrubicina y Ara-c, empleadas en el tratamiento estandar de
induccidn en pacientes con leucemia mieloide aguda.

3. Identificar los mecanismos de inhibicion de PP2A en leucemia mieloide
aguda y estudiar su recurrencia tanto en lineas celulares como en muestras
de pacientes. Para ello, estudiaremos la presencia de alteraciones que
afecten a las distintas subunidades de PP2A y los inhibidores endogenos de
PP2A en la célula.

4. Estudiar el efecto de la expresion ectdpica de SET, un potente inhibidor de
PP2A, en lineas celulares y analizar si su desregulacion es una alteracion
recurrente en leucemia mieloide aguda. Estudiar el valor pronostico de
dicha alteracion y su asociacién con marcadores moleculares con valor
prondstico en leucemia mieloide aguda. Determinar los mecanismos por los
que SET esta regulado a nivel transcripcional.
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5. Se ha identificado en un paciente con leucemia mieloide aguda la
sobreexpresion del gen SETBP1 (SET binding protein 1) como
consecuencia de una traslocacion t(12;18). Analizaremos el mecanismo
molecular por el que SETBP1 lleva a la inhibicion de PP2A y el papel que
la interaccion de SETBP1 con SET juega en el mismo. Ademas,
estudiaremos la prevalencia de la sobreexpresion de SETBPI1 y su valor
como marcador pronostico en una serie de pacientes con leucemia mieloide
aguda al diagnostico.
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Abstract

Deregulated miRNA expression has been largely reported to play a crucial role in
tumorigenesis. Recent studies have shown different mechanisms leading to
miRNA deregulation in cancer: mutations, chromosomal translocations,
epigenetic alterations, and defective miRNA biogenesis. However, alterations
affecting miRNAs by DNA copy number variations (CNV) remain poorly studied.
Our aim was to identify if CNVs affect the expression levels of miRNAs in acute
myeloid leukemia (AML), modulating the expression levels of their target genes.
We analyzed 16 myeloid cell lines by an integrative approach including high
resolution SNPs arrays, mRNA expression arrays, and quantification of 250
miRNAs by real-time PCR. We found correlation between the expression levels
of 19 miRNAs and CNVs affecting the genomic regions in which these miRNAs
are located. Furthermore, our integrative approach and functional analysis by
western blot and luciferase assays confirmed that NF/ is a direct target of miR-
370, and that c-CBL is indirectly regulated by miR-379. Therefore, our approach
showed that CNVs are alternative mechanisms that regulate miRNA expression
levels in AML, and allowed the identification of novel candidate genes involved
in AML.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal disease characterized
by enhanced proliferation and impaired differentiation of early progenitors. Its
heterogeneity is caused by a variety of genetic and epigenetic aberrations that,
acting in combination, contributes to the initiation and progression of this disease.
In addition, it has been recently reported the implication of specific microRNAs
(miRNAs) in the pathogenesis of AML (reviewed in Marcucci et al., 2011).

MiRNAs are small, non—coding RNAs that bind to the 3'-untranslated region of
target genes negatively regulating their expression levels by either translation
repression or mRNA degradation. MiRNAs are essential in key biological
functions, such as cellular differentiation, development, stress response, apoptosis
and cell growth (Garzon and Croce, 2008). In addition, miRNAs play important
roles in normal hematopoiesis regulating hematopoietic differentiation, and their
aberrant expression has been associated with hematological malignancies
(Marcucci et al., 2011; Waldman and Terzic, 2009). For this reason, they are
potential biomarkers and therapeutic agents in cancer. There are several
mechanisms reported to lead to miRNA deregulation: mutations, chromosomal
translocations, epigenetic alterations, or a defective miRNA biogenesis; however,
little is known about the mechanisms of miRNA deregulation in AML (Garzon
and Croce, 2008).

MiRNA microarrays in large series of AML patients have identified miRNA
signatures associated with several cytogenetic and molecular groups (reviewed in
Marcucci et al., 2011). Upregulation of a subset of miRNAs located in the human
14932 imprinted domain, including miR-127, miR-154, miR-299, miR-323, miR-
368 and miR-370 has been identified in cases with acute promyelocytic leukemia
with t(15;17) (Dixon-Mclver et al., 2008). In addition, overexpression of miR-126
in core-binding factor-AML (CBF-AML) is linked to RUNXI1 fusion protein
through targeting DROSHA (Yendamuri and Calin, 2009). Moreover, high
expression of miR-199a and miR-191 was identified in AML patients with
trisomy 8. One of the strongest miRNA signatures associates balanced 11q23
translocations with miR-196 downregulation (Garzon and Croce, 2008) and
overexpression of the miR-17-92 polycistronic miRNA cluster (Li et al., 2008).
Furthermore, AML patients carrying NPMI mutations had miR-204
downregulation and, as consequence, upregulation of their targets HOXA10 and
MEISI, suggesting that the HOX upregulation seen in these patients may be
secondary to miRNA alterations (Garzon et al., 2008). Recently, Becker et al.
(2010) reported a miR-expression signature composed of 68 miRNAs (34
upregulated and 34 downregulated) associated with NPMI mutations in elderly
patients with AML de novo. Importantly, NPMI mutation status could be
predicted with accuracy based on miR-expression profiles (Becker et al., 2010).
Apart from distinct miRNA signatures of interest for diagnosis and prognosis, the
functional effects of some miRNA alterations have also been reported. For
example, miR-155, which shows leukemogenic properties, has been found
upregulated in AML patients with high white count and FLT3-ITD (O’Connell.,
2008). CEBPA mutations have been associated with the upregulation of miR-181a
and miR-335, and consequently, implicated in the upregulation of several genes
involved in erythroid differentiation in cytogenetically normal AML (CN-AML)
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patients (Marcucci et al., 2011). Interestingly, high expression of miR-181a has
been recently reported to associates with poor prognosis in CN-AML patients
(Schwind et al., 2010).

Analysis of human and mouse genomes reveals that miRNA genes are frequently
located at fragile sites and regions with CNVs associated with cancer. Moreover, a
common mechanism that leads to the deregulation of both the host gene and the
co-expressed miRNA has been observed in some tumors (Ambs et al., 2008;
Grady et al., 2008). These findings suggest that genomic instability could be an
important mechanism of miRNA deregulation in cancer (Calin et al., 2004).
Recently, Starczynowsky et al. (2011) revised the relationship between genome-
wide alterations and miRNAs deregulation in AML, and found 18 miRNAs which
map to leukemia associated CNVs, including miR-143, miR-145, miR-146a, miR-
155, miR-181, miR-221 and miR-222, all implicated in cellular processes relevant
to AML (Starczynowsky et al., 2011).

Here, we analyzed 16 myeloid cell lines using SNP and mRNA arrays, and
obtained the expression pattern of 250 mature miRNAs by real-time PCR (QRT-
PCR). This integrative approach, together with bioinformatics and functional
studies, showed that CNVs are alternative mechanisms that regulate miRNA
expression levels in AML, and allowed the identification of novel candidate genes
involved in AML. We found that miR-379 indirectly regulates c-CBL, and that
the direct target of miR-370 was NFI. Furthermore, analysis of samples of
patients with AML at diagnosis suggests that NFI downregulation by
overexpression of miR-370 could be a recurrent event in AML, allowing
distinguishing a subgroup of patients susceptible of targeted therapies.
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Materials and methods
Cell culture and transfection

EOL-1, HL-60, Kasumi-1, OCI-AML2, MOLM13, MV4-11, HEL, KG-1, KYO-
1, K562 and MEG-01 cells were maintained in RPMI-1640 (Invitrogen) with 10%
fetal bovine serum (FBS); NOMO-1 and KU-812 in RPMI-1640 with 20% FBS;
F-36P in RPMI-1640 with 20% FBS, and 10ng/ml GM-CSF; MUTZ-3 in 80%
alpha-MEM with 20% FBS and 10ng/ml GM-CSF; and TF-1 in RPMI-1640 with
20% FBS and 10ng/ml GM-CSF. Cell lines were grown at 37°C in a 5% CO2
atmosphere. Media were supplemented with penicillin G (100U/ml), and
streptomycin (0.1mg/ml). For transfection experiments HL-60 cells were seeded
in culture flasks and transfected using the Nucleofector System (solution V and
protocol T-019) (Amaxa) with 5SnM of pre-miRNAs designed and synthesized by
Ambion (Applied Biosystems) (hsa-miR-370 ID/PM12868; hsa-miR-127-3p
ID/10400; hsa-miR-432 ID/PM10838; hsa-miR-379 ID/PM10316; hsa-miR-494
ID/PM124009).

Patient samples

The study comprised bone marrow samples of 31 patients with AML at diagnosis.
All patients were treated with standard induction chemotherapy. High dose
cytarabine, and autologous or allogenic stem cell transplantation when possible,
were used as consolidation therapy. Bone marrow samples of normal healthy
donors were used as controls. All samples were taken anonymously.

Single Nucleotide Polymorphism Array Analysis

Whole genome analyses were performed using the GeneChip Mapping 500K
Array Set (Affymetrix). Genomic DNA samples were isolated using Qi AmpDNA
MiniKit (Qiagen). Arrays were scanned individually using the GeneChip®
Scanner 3000 7G under the GeneChip® CEL files were generated using
Affymetrix GeneChip Command Console operating software and Genotyping
Console 2.1 according to the manufacturer protocols (Affymetrix). We only
analyzed samples which met the quality control (QC) thresholds recommended by
Affymetrix in their Genotyping Console v2.1 software. The QC call rate of
samples analyzed was at least 96%. Samples not meeting this specification were
excluded from further analysis. CEL files were then imported into Partek
Genomic Suite and analyzed using the Copy Number Analysis workflow. Regions
of CNVs were detected using an unpaired analysis and Genomic segmentation
algorithm in the standard Partek. Genomic alterations identified by SNP array
(SNPa) were compared with the 500K HapMap Genotype Data Set. We consider
as amplification the regions whose copy number was over 3 copies (high
amplification CN>5), and as deletion, regions with copy number below 1.5
(homozocigotic deletion CN< 0.5 and hemizygous deletions CN=0.8-1.5)
(Schiffman et al., 2009). A region was defined as recurrent alteration when it
appears in at least 2 samples. We considerer the karyotype of each cell line to
asses that results obtained in the SNPa analysis are not due to the presence of a
previously described cytogenetic aberration.
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Validation of copy number alterations

Genomic regions located within miRNAs genes were amplified with the primers
included in Supplementary Table 1. Glucose-6-Phosphate Dehydrogenase
(G6PDH), Hydroxymethylbilane Synthase (HEM3) and Chloride channel 7
(CLCN?7) genes were selected as internal controls for varying input DNA amounts
as recommended by prior published guidelines (Weksberg et al., 2005; Babashah
et al., 2009). Thus, any difference in the real time PCR obtained for test
primers/markers would correspond to differences in the amount of the target
sequence primers. SYBR Green I real time PCR assays were carried out in final
reaction volumes of 15ul with 7.5ul of SYBR Green I Master mix (Applied
Biosystems), 1uM of forward and reverse primers and 10ng of genomic DNA.
Real time PCR reactions were performed using the 7500 Real Time PCR System
(Applied Biosystems). The reaction profile was: initial step, 50°C for 2 min,
denaturation, 95°C for 10 min, then 40 cycles of denaturing at 95°C for 15 sec,
combined annealing and extension at 60°C for 30 sec and 72°C 30 sec, followed

by the dissociation stage of 72°C 10 min. Data were analyzed as previously
described (Weksberg et al., 2009).

Quantification of miRNA expression levels

Total RNA was isolated using TRIzol Reagent (Invitrogen) according to
manufacturer’s instructions. cDNA was synthesized with SuperScriptIll Reverse
Transcriptase (Invitrogen). Quantification of the expression of NFI and c-CBL
was performed using TagMan Gene Expression Assays (Applied Biosystems)
specific for each gene. GAPDH was used as internal control. For quantification of
miRNA expression levels, samples were reverse transcribed using the
TagManHMicroRNA Reverse Transcription Kit (P/N 4366597, Applied
Biosystems) and mature miRNAs were quantified by quantitative real-time RT-
PCR (QRT-PCR) using the TagManH MicroRNA Assays - Human Panel Early
Access Kit (P/N 4365409, Applied Biosystems). The kit contained assays for 250
miRNAs of the 733 currently listed in the Sanger miRBase database. Expression
levels of miR-127, miR-370, miR-379, miR-494, and miR-432 were confirmed
using TagMan MicroRNA Assays (Applied Biosystems) specific for each miRNA
and U6B as internal control. Analysis of relative gene expression data was
performed using the 2**“; method (Livak and Schmittgen, 2001), where AAC=
(CT,Target Gene ~ CYT,GAPDH or U6B)Cell Line ~ (CT,Target Gene ~ CT,GAPDH or UéB)Normal Control-

Gene Expression Profiling

Total RNA was extracted from cell lines using miRNEasy Mini Kit (Qiagen)
following manufacturer’s protocol. The RNA integrity was assessed using Agilent
2100 Bioanalyzer (Agilent). Whole genome expression analysis was performed in
the cell lines using the Affymetrix Human Genome-U133 Plus-2.0, which
contains 54,676 probesets (47,000 transcripts). Microarray data analysis consisted
in background correction and normalization using RMA algorithm (Irizarry et al.,
2003) and a filtering process to eliminate low expression probesets. LIMMA
(Linear Models for Microarray Data) (Smyth, 2004) was used to identify the
probesets with significant differential expression. Genes were selected as
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significant using a B statistic cut off (B>0) or a less stringent p-value cut off
(p<0.001).

Integrative Genomic Analyses

Relationship between miRNA expression and the inferred CN of the
corresponding miRNA gene was measured by non-parametric analyses. Data from
SNP and miRNA analysis were crossed and analyzed using t-tests, and
correlations were considered significant when p<0.05. The set of differentially
expressed genes were then compared with the miRNA predicted targets stored in
public databases (Friedman et al., 2009; Lall et al., 2006; Kertesz et al., 2007;
Betel et al., 2008; Griffiths-Jones et al., 2008).

Western blot analysis

Cells were lysed in 100ul of lysis buffer containing 1% Triton X-100 and the
protease inhibitor cocktail Complete Mini (Roche Diagnostics). After incubation
on ice (30 minutes), protein extracts were clarified (12,000xg, 15 minutes, 4°C),
denatured and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blot. Antibodies used were goat polyclonal anti-c-
CBL (Cell Signalling), anti-NF1 (Santa Cruz) and mouse monoclonal anti-B-actin
(Sigma-Aldrich). Proteins were detected with the appropriate secondary
antibodies by chemiluminescence (ECL kit, GE Healthcare).

Luciferase assays

Luciferase assays were done using the Dual Luciferase System (Promega). One
hundred nanograms of pRL-NF1(3'UTR), pRL-CBL(3'UTR) or pRL were
transfected in the presence of 5 ng of pre-miR-370, pre-miR-379 or pre-miR-
negative control, and 50 ng of pGL3-Promoter. A pRL-NF1(3"'UTR) construct
including a mutated miR-370 seed region was used to confirm NF/ as a direct
target of miR-370. Renilla luciferase activities were normalized to firefly
luciferase activities.
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Results
Integrative Analysis of Gene Copy Number and miRNA Expression

SNPa analysis in 16 myeloid cell lines showed several genetic aberrations
affecting regions previously reported to be involved in AML (Supplementary
Table 2). We observed 5 genomic regions with recurrent amplifications and 2
with deletions (present in 4 cell lines or more) (Supplementary Figure 1 and
Supplementary Table 3). Moreover, we found 6 high amplifications (CN>5), and
8 homozygous deletions (CN<0.5) (Supplementary Figure 2 and 3, and
Supplementary Table 4). Genomic deletions on 9p21 were identified in 9 out of
16 cell lines, and most of these deletions were homozygous (7/9, 77.7%).

Then, we obtained by QRT-PCR the expression profile of 250 miRNAs in these
myeloid cell lines, identifying 12 upregulated and one downregulated miRNAs,
when comparing to normal control (Table 1). In addition, expression of miR-199b
differed significantly between AML and chronic myeloid leukemia in blast crisis
(CML-BC) cell lines (data not shown). We next evaluated whether the miRNAs
located within the amplified or deleted regions identified by the genome-wide
analysis were up- or downregulated. Nineteen miRNAs showed a significant
correlation (p<0.05) between their expression and the CNV of the genomic region
in which they are located: We found 16 miRNAs upregulated and located in two
genomic regions of amplification (11g24.1 and 14q32.31), and 3 miRNAs
downregulated and located in regions with genomic deletions (miR-15a and miR-
16-11, clustered in 13ql14.3; and miR-7, located on 9p21.32) (Figure 1). In
addition, we detected a cluster on 19q13.41 integrated by 31 miRNAs that were
upregulated in 9 myeloid cell lines (data not shown). However, the expression of
these miRNAs did not correlate with CN aberrations, indicating that other
mechanisms are involved in the transcriptional deregulation of this cluster.
Altogether, these results suggest that copy number alteration is a mechanism that
could lead to deregulated miRNA expression in AML cells.

Integrative Analysis of miRNA expression and data from mRNA arrays

These results prompted us to analyze the expression levels of the predicted target
genes for those 19 miRNAs whose expression correlated with CN alterations.
After performing a whole genome expression analysis in the cell lines
(Affymetrix Human Genome-U133 Plus-2.0), we obtained a set of candidate
genes whose altered expression (B>0) may result from deregulation of 9 out of
these 19 miRNAs. The differential expression of these selected 9 miRNAs and
their predicted targets were validated by QRT-PCR (Table 2). Our results indicate
that CN'Vs could alter the expression levels of several miRNAs, then modulating
the expression of their target genes.

Identification of NF1 as a target gene of miR-370

Five out of the 9 selected miRNAs had as potential target genes either NF/ or c-
CBL, genes with important functions in myeloid neoplasias. Therefore, we
decided first to analyze whether miR-127, miR-370, miR-379, miR-432 or miR-
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494, all located on 14q32.31, could regulate NFI or c-CBL (Table 2 and
Supplementary Figure 4). The AML cell line HL-60, with low expression of the
miRNAs and high expression of their predicted gene targets, was chosen as a
cellular model for miRNA overexpression experiments. Analysis by QRT-PCR
confirmed overexpression of miR-127, miR-370, miR-379, and miR-494 after
transfection with the corresponding pre-miRNAs (Figure 2A). Transfection of
premiR-432 could not be optimized.

Western blot analysis showed that NFI1 levels decreased after miR-370
overexpression (Figure 2B). Similar results were obtained for c-CBL after miR-
379 overexpression (Figure 2C). No changes neither in NF1 or c-CBL levels were
observed after ectopic expression of miR-127 and miR-494 (data not shown).
Interestingly, transfection of pRL-NF1(3'UTR) in cells ectopically expressing
miR-370 showed decreased luciferase reporter activity, indicating that miR-370
binds to 3'UTR of NFI negatively regulating its expression. Analysis using the
same construct with the seed region of miR-370 mutated did not show changes in
luciferase activity, confirming that miR-370 directly binds and negatively
regulates NF1 mRNA (Figure 2D). However, luciferase assays showed that miR-
379 is not a direct regulator of c-CBL, suggesting that other molecular
mechanisms are involved in the decrease of c-CBL levels observed after miR-379
overexpression (Figure 2E).

Analysis of NF1 downregulation in AML patient samples

To evaluate the clinical relevance of NF/ and miR-370 in AML, we analyze the
prevalence of NF'/ downregulation together with the expression levels of miR-370
in a series of 31 patients with AML at diagnosis. Patient characteristics are
presented in Supplementary Table 5. NFI was downregulated in 61% cases
(19/31), and miR-370 overexpressed in 35% cases (11/31). Interestingly, we
observed NFI downregulation in 9 out of the 11 cases with miR-370
overexpression, indicating a good correlation between both alterations.
Altogether, these results would indicate that NF/ dowregulation is a recurrent
event in AML, and that miR-370 overexpression is an important mechanism to
downregulate NF'/ in AML patients.
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Discussion

In AML, the association of miRNA expression profiles with cytogenetic or
molecular characteristics has been investigated (Marcucci et al., 2009; Marcucci
et al.,, 2011). Deregulation of miRNAs occurs in cancer through different
mechanisms (Garzon and Croce, 2008); however, the presence of copy number
alterations represents an alternative mechanism poorly studied in AML at present.
In this work, we analyze the importance of this mechanism in myeloid leukemia
cells using an integrative analysis by SNP and mRNA arrays, together with the
quantification of the expression of 250 mature miRNAs. We identified 19
miRNAs with a significant correlation (p<0.05) between their expression and the
CNV of the genomic region in which they are located (Figure 1), suggesting that
copy number alterations could be responsible of the altered expression of several
miRNAs in AML cells. To further investigate the biological importance of the
alterations observed, we analyzed data from mRNA arrays, identifying that 9 out
of the 19 miRNAs altered by the presence of CNVs, had deregulated expression
of some of their predicted gene targets (Table 2). This observation would indicate
that CNVs can alter the expression of miRNAs, and as a consequence, modulate
the expression of their corresponding target genes.

We observed that NFI and c-CBL, two genes previously implicated in myeloid
leukemias, were putative targets of 5 out of the 9 miRNAs upregulated that were
located in amplified regions, and showed that miR-370 is a negative regulator of
NF1 (Figure 2). Furthermore, we found that downregulation of NF/ might be a
recurrent event in adult AML cases and that in 47% of these cases the cause could
be the overexpression of miR-370. However, 53% of the cases with NFI
downregulation did not present miR-370 overexpression, suggesting that there are
alternative mechanisms to reduce the NF'/ expression in AML.

NFI encodes neurofibromin, a GTPase-activating protein and negative regulator
of Ras (Mullally and Ebert, 2010). Ras pathway activation due to either Ras
mutations or upstream gene mutations is common in AML, but knowledge about
the role of the tumor suppressor NF1 in AML is still evolving (Parkin et al.,
2010). Children with Neurofibromatosis type 1, a dominant familial cancer
syndrome, have germline inactivating mutations in NF'/, and an increased risk of
developing juvenile myelomonocytic leukemia (Shannon et al., 1994). However,
NFI mutations in adult AML seem to be sporadic (Niimi et al., 2006; Parkin et
al., 2010). Interestingly, two recent studies have found heterozygous NFI
deletions in 7% (6/86) (Walter et al., 2009), and 9.5% of adult patients with AML
(10/95) (Parkin et al., 2010). Furthermore, Parkin et al. (2010) quantified the
expression of NFI and provide a complete description of the consequences of
NF1 functional loss in AML, showing that cases with absent NF1 function are
sensitive to mTOR inhibition, thus providing a rationale for the study of mTOR
inhibitors in NF/ null AML subsets (Parkin et al., 2010).

As indicated, we found that more than 50% of cases analyzed had NFI
downregulation. It has been reported that lower NF/ mRNA expression may
contribute to AML pathogenesis, given prior evidence for NF'/ haploinsufficiency
in some biological systems (Zhang et al., 2001; Ingram et al., 2000; Chao et al,
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2005). The study of Parkin et al. (2010) in AML cases with heterozygous NF/
deletions and preserved NFI expression from the retained allele uncovered some
evidence for haploinsufficiency only in the setting of ex vivo blast colony
formation; however, the activity of Ras was not substantially influenced in these
blasts. Therefore, of importance for our study, they show that cases with NFI
downregulated had an increase in the proliferation rate of the cells. This is support
by previous in vivo studies (Cutts et al., 2009). Altogether this suggests that
downregulation of NFI/ is an important event that contributes but it is not
sufficient to develop AML.

Here, we showed that miR-370 is a negative regulator of NF'/, showing a novel
mechanism of NF/ inactivation in AML (Figure 2). Interestingly, in the series of
Parkin et al. (2010), 6 AML cases (3 with heterozygous NF/ deletions and 3
without NFI deletions) did not express NFF/ mRNA. Our results suggest that
overexpression of miR-370 could be a mechanism contributing to the inactivation
of NF'I in these cases.

MiR-370 is downregulated in malignant cholangiocytes (Meng et al., 2008) and in
other gastrointestinal malignancies (Bandres et al., 2006). However, it has been
reported the up regulation of a subset of miRNAs, including miR-370, in the
human 14932 imprinted domain in AML patients (Dixon-Mclver et al., 2008).
Recently, it has been observed that miR-370 expression is activated by c-Jun,
playing a role in regulating lipid metabolism (Iliopoulos et al., 2010). Taking into
account that SET induces c-Jun activation by inhibiting PP2A (Al-Murrani et al.,
1999), increased expression of miR-370 would be expected to play an oncogenic
role in the AML model. Furthermore, PP2A inhibition is a recurrent event in
AML and that activation of SET, an endogenous PP2A inhibitor, is a mechanism
to inactivate PP2A in AML cells (Cristobal et al., 2011). Altogether, these
observations suggest that miR-370 could have oncogenic or anti-oncogenic
properties depending on the cellular model and molecular background. Therefore,
our results provide a novel mechanism to inactivate the tumor suppressor NFI in
the leukemic cells, in addition to the previously reported chromosomal
rearrangements, pointed mutations and microdeletions.

On the other hand, we found a decrease in c-CBL protein levels when we
overexpressed the miR-379. Nevertheless, we did not observe a decrease of
luciferase reporter activities (Figure 2), indicating that miR-379 regulates
indirectly c-CBL, probably trough the regulation of a transcription factor involved
in ¢c-CBL regulation. CBL includes a group of highly conserved ubiquitin ligases
family (E3) that has been involved in human malignancies. CBL mutations have
been found in a wide variety of myeloid neoplasias including AML (Kales et al.,
2010). In addition, CBL can downregulate FLT3, a receptor tyrosine kinase that is
frequently mutated in AML (Sargin et al., 2007). Our results indicate that miR-
379 deregulation would represent an alternative mechanism to alter c-CBL levels.
However, more studies to clarify the mechanism by which miR-379 leads to
decreased c-CBL protein levels in AML are needed.

In summary, our integrative analysis including data from high resolution SNPs
arrays, mRNA expression arrays, and miRNAs expression profiles in 16 myeloid
cell lines allowed us to identify 19 miRNAs whose expression levels significantly
correlate with the presence of CNV in the genomic region in which those
miRNAs are located. Of relevance, bioinformatics and functional studies
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identified NF] as a target of the miR-370, reporting a novel mechanism for NF'/
downregulation in AML. Moreover, we observed that miR-379 indirectly
regulates c-CBL, decreasing its expression levels. Therefore, our approach
showed that CNVs are alternative mechanisms that regulate miRNA expression
levels in AML, and allowed the identification of novel candidate genes involved
in AML.
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Tables

Table 1 MiRNAs deregulated in 16 myeloid cell lines.

miRNA logfFC | B value
miR-31 9,52 13,36
miR-150 12,61 8,66
miR-199a 9,86 7,56
miR-26a 4,25 511
miR-26b 4,04 3,44
miR-518b | 4,63 3,08
miR-23b 3,11 2,79
miR-30a-3p | 2,21 1,47
let7g 3,98 1,38
miR-200c 2,19 1,11
miR-145 5,12 1,06
miR-95 4,99 0,22
miR-139 5,11 0,09
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Table 2 MiRNAs deregulated by Copy Number alterations that target NF/ and CBL.

MicroRNA p value* Putative targets
hsa-miR-127 0,047 CBL
hsa-miR-370 0,031 NF1
hsa-mir-379 0,000 CBL, NF1
hsa-miR-432 0,050 CBL, NF1
hsa-miR-494 0,000 CBL, NF1

*p-value from correlation analysis between the miRNA expression and the region with
CNV
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Figure 1. Boxplots of miRNAs whose expression significantly correlated with the
inferred CN of the corresponding region. Cell lines are classified as carrying or
not a gain/amplification (inferred CN > 3) (A) or a loss/deletion (inferred CN <
1.5) (B) of each specific miRNA gene.
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Figure 2. Functional analysis to determine whether miR-127, 370 379, 432 or 494
certainly regulate the candidate target genes NF'/ and c-CBL. Analysis by real-
time PCR after transfection with pre-miRs-127, 370, 379, 432 and 494 in HL-60
cells (A); Western blot showing NF1 (B) and c-CBL levels (C) after transfection,
respectively, with pre-miR-370 and pre-miR-379; Luciferase assay showing
changes in luciferase activities after transfection with pre-miR — (negative control)
or pre-miR-370 in cells expressing the 3"UTR region of NF/ that includes the
miR-370 seed region [pRL-NF1(3"'UTR)wt]. Transfection with the 3"'UTR region
of NFI including a mutated seed region for miR-370 was used as control (D).
Luciferase assay after transfection with pre-miR — or pre-miR-379 in cells
transfected with the 3'UTR region of c-CBL including the seed region for miR-
379 (E).
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Supplementary Information

Supplementary Table 1 The oligonucleotide primers used for real-time PCR in the CN validation

process.

Amplicon

Primer Name Primer sequence Chromosome | size (bp)
G6PDH_Fwd TCTTCATCACCACAGAGAACT 1 221
G6PDH_Rev GACCTGGAAGTCACTGGGCA
HEM3_Fwd TGCACGGCAGCTTAACGAT 11 202
HEM3_Rev AGGCAAGGCAGTCATCAAG
CLCN7_Fwd CTCTTAGGCCAGGCGTTTGTG 16 128
CLCNY7_Rev ACCGTGCTCAGCGCTATGC
miR-15/16_Fwd TTTATATTCTTTAGGCG 13 291
miR-15/16_Rev AACACAACTGTAGAGTAT
miR-125a_Fwd TGCTTTGTCTCAAGAA 11 198
miR-125a Rev TACTCAATCACCTCAG
miR-100_Fwd ATGTCACAGCCCCAAAA 11 131
miR-100_ Rev CCAGGTCCGTGAGATTG
miR-379_Fwd GTCAGCACCATTCCGTG 14 115
miR-379 Rev CCAGGTCCGTGAGATTG
miR-494 Fwd GAATCTTCCTGGAGGT 14 276
miR-494 Rev GCATGGCACGCTGTCA
miR-370_Fwd TACAAGTCGGGGCACA 14 107
miR-370_ Rev CTGGTGTTAGACAGAC
miR-127_Fwd GATGGGTTGACTGATGC 14 164
miR-127_Rev CGTCGGGCAGTGGAGTG
miR-432_Fwd GATGGGTTGACTGATGC 14 280
miR-432_Rev CGTCGGGCAGTGGAGTG
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Supplementary Table 2 Genomic regions previously described to be implicated in AML.

Location Status Paper
3p14.1 deletion (Walter et al., 2009)
5p14.3-q11.2 amplification (Akagi et al., 2008)
5p15.31 amplification (Akagi et al., 2008)
5q31.1 deletion (Walter et al., 2009)
7p21.3 deletion (Radtke et al., 2009; Asou et al., 2009)
8924.13-g24.21 amplification (Akagi et al., 2008; Radtke et al., 2009)
11p14.1 deletion (Radtke et al., 2009)
11923.3 amplification (Walter et al., 2009)
12p12.3 deletion (Walter et al., 2009)
12p13.31-p13.2 deletion (Akagi et al., 2008)
16g22.1 deletion (Radtke et al., 2009)
19p13.2 amplification (Radtke et al., 2009)
21921.2 deletion (Akagi et al., 2008)
21922.2 amplification (Walter et al., 2009; Radtke et al., 2009.)
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Supplementary Table 3 Genomic regions with recurrent amplifications or deletions.
Amplification was considered if CN > 3, and deletion if CN < 1.5; A: amplification; D: deletion.

. Length Copy
Cell line Cytoband Start End number | Markers
(bps) value
EOL-1 1932.1 201571229 201606873 35644 3,18 28
Kasumi-1 1932.1 203711819 203752179 40360 4,45 15
KU-812 1932.1 199892235 199924702 32467 4,38 10
A MEG-01 1932.1 199892235 199924702 32467 3,91 10
K562 1932.2 - q42.1 199100957 223701729 24600772 3,56 4837
NOMO-1 1932.1 203232845 203253176 20331 4,14 13
MOLM13 1932.1 201415031 201439334 24303 3,42 10
EOL-1 3qg21.2 127326135 127350448 24313 4,86 10
Kasumi-1 3g21.2 - 3g21.3 127326135 128259831 933696 6,27 20
A HEL 3qg21.2 - 3g21.3 127326135 129002970 1676835 3,60 193
NOMO-1 3g21.2 - 3g21.3 127428799 165271748 37842949 3,66 5926
OCI-AML2 3qg21.2 - 3g21.3 127326135 128259831 933696 4,22 20
KYO-1 11913.1 63637120 63855796 218676 3,39 20
K562 11912.2 - q13.5 60265161 75596147 15330986 3,38 1865
NOMO-1 11913.1 63628813 63684339 55526 4,55 10
KU-812 11913.1 - q13.5 63725602 75596147 11870545 3,82 1422
F-36P 11q13.5 75544219 75596147 51928 4,17 15
A EOL-1 11913.5 75544219 75596147 51928 3,88 15
Kasumi-1 11913.5 75544219 75596147 51928 4,61 15
KG-1 11913.5 75567031 75644651 77620 3,94 11
MEG-01 11q13.5 75567031 75644651 77620 5,30 11
HEL 11913.5 75544219 75584526 40307 4,05 13
OCI-AML2 11913.5 75544219 75584526 40307 3,68 13
KG-1 16913 55431557 55496746 65189 3,94 11
A KYO-1 16913 55431557 55496746 65189 3,72 11
MEG-01 16913 55431557 55498995 67438 3,35 13
NOMO-1 16913 - g21 56561169 56714732 153563 3,62 13
Kasumi-1 20q13.33 58939610 58965922 26312 4,84 12
A HEL 20q13.33 58845445 60466282 1620837 3,89 365
HL-60 20q13.33 61458210 61551456 93246 4,36 10
TF1 20q13.33 61634576 62376959 742383 3,18 69
F-36P 5q11.1 - 5q11.2 48007854 53267246 5259392 1,14 558
D MEG-01 5q11.1 - 5q12.3 48007854 64751326 16743472 1,27 2772
MOLM13 5q11.2 54114560 54140718 26158 1,04 10
HL-60 5q11.2 - 5915 55915416 94330201 38414785 1,26 6076
F-36P 9p21.3 21437624 25424830 3987206 0,37 762
EOL-1 9p21.3 21253887 22151353 897466 0,30 214
KU-812 9p21.3 20928278 25162803 4234525 0,69 787
D HEL 9p21.3 20969884 24744643 3774759 0,36 704
K562 9p21.3 20735106 24705687 3970581 0,37 741
NOMO-1 9p21.3 20461117 25147125 4686008 0,37 884
MOLM13 9p21.3 20438426 22411876 1973450 0,75 422
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Supplementary Table 4 List of the high amplifications (CN > 5) and homocigotic deletions (CN
< 0.5) found in the copy number analysis of 16 myeloid cell lines.

Copy
HIGH . Length
AMPLIFICATIONS Cell line start end Cytoband (bps) Number Markers
value
MEG-01 182331491 | 182626451 2g31.3 294960 8,37 38
Chromosome 2
MEG-01 182736516 | 183111418 2qg32.1 374902 8,48 81
HL-60 130064526 | 130273204 8q24.21 208678 12,81 29
Chromosome 8
MEG-01 132931702 | 132995383 8q24.22 63681 12,09 11
F-36P 9174669 9452892 9p23 278223 8,95 89
Chromosome 9 F-36P 2446040 2970007 9p24.2 523967 8,97 164
HEL 11306176 | 11390166 9p23 83990 10,32 17
F-36P 70434212 | 71570951 13921.33 | 1136739 5,04 202
F-36P 81888523 | 83664992 13931.1 1776469 5,61 299
F-36P 86842695 | 87159117 13931.2 316422 5,20 33
Chromosome 13 F-36P 92221989 | 92381645 13q931.3 159656 5,66 31
F-36P 94778104 | 94828355 13932.1 50251 6,30 11
F-36P 98321861 98669537 13932.3 347676 5,25 70
F-36P 102720811 | 103149660 13q33.1 428849 5,02 144
Chomosome 15 TF1 77804928 | 77828350 15925.1 23422 17,69 10
F-36P 16507771 16586485 21921.1 78714 27,37 25
Chromosome 21
F-36P 21341239 | 21432066 21921.1 90827 15,72 24
Copy
HOMOCIGOTIC . Length
DELETIONS Cell line start end Cytoband (bps) Number Markers
value
Chromosome 2 EOL-1 50629096 | 50933139 2p16.3 304043 0,32 59
Chromosome 3 K562 60583442 | 60639341 3p14.2 55899 0,42 10
Chromosome 7 OCI-AML2 | 69369397 | 69498154 7q11.22 128757 0,29 14
9p21.3 -
F-36P 21437624 | 25773958 9p21.2 4336334 0,29 686
EOL-1 21253887 | 22151353 9p21.3 897466 0,30 273
9p21.3-9
KU-812 21737737 | 28084024 p21.2 6346287 0,30 139
Chromosome 9 | o) M43 | 21935211 | 22009401 9p21.3 74190 0,35 15
9p21.3 -
NOMO-1 20461117 | 31453529 9p21.1 10992412 0,28 1118
HEL 20969884 | 24744643 9p21.3 3774759 0,27 613
HEL 240000 1240626 9p24.3 9p24.3 0,24 161
HL-60 9066570 9105880 10p14 39310 0,3189 10
Chromosome 10
HL-60 21849531 22187383 10p12.31 337852 0,3964 10
K562 103607635 | 103739905 | 10g24.32 132270 0,3932 14
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Supplementary Figure 1. Genomic regions including recurrent amplifications or
deletions (at least present in 4 cell lines).
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Supplementary Figure 2. Images of 6 high amplifications (copy number >5),
plotted logarithmically.
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Supplementary Figure 3. Images of deletions in 9p21.
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Supplementary Figure 4. Genomic region of amplification located in 14q32.31,
and box-plots of miR-370 and miR-379, whose expression significantly correlated

with the inferred CN of the corresponding region 14q32.31.
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Capitulo 2. PP2A impaired activity is a common event in
acute myeloid leukemia and its activation by forskolin has
a potent antileukemic effect

(articulo publicado en la revista Leukemia)
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Abstract

Protein phosphatase 2A (PP2A) is a human tumor suppressor that inhibits cellular
transformation by regulating the activity of several signaling proteins critical for
malignant cell behavior. PP2A has been described as a potential therapeutic target
in chronic myeloid leukemia, Philadelphia-chromosome-positive acute
lymphoblastic leukemia, and B-cell chronic lymphocytic leukemia. Here, we
show that PP2A inactivation is a recurrent event in acute myeloid leukemia
(AML), and that restoration of PP2A phosphatase activity by treatment with
forskolin in AML cells blocks proliferation, induces caspase-dependent apoptosis,
and affects AKT and ERK1/2 activity. Moreover, treatment with forskolin had an
additive effect with Idarubicin and Ara-c, drugs used in standard induction
therapy in AML patients. Analysis at protein level of the PP2A activation status in
a series of patients with AML at diagnosis showed PP2A hyperphosphorylation in
78% of cases (29/37). In addition, we found that either deregulated expression of
the endogenous PP2A inhibitors SET or CIP2A, overexpression of SETBP1, or
downregulation of some PP2A subunits, might be contributing to PP2A inhibition
in AML. In conclusion, our results show that PP2A inhibition is a common event
in AML cells and that PP2A activators, such as forskolin or FTY720, could
represent potential novel therapeutic targets in AML.

Keywords: PP2A, inhibition, AML, therapy
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal disease that disrupts
normal hematopoiesis. Leukemic cells are characterized by a block in
differentiation and apoptosis, together with an enhanced proliferation. Despite
progressive advances in our understanding of the molecular biology of AML,
patient outcomes are still very poor. Complete remission occurs in up to half of
these patients; however, relapse is generally expected and prognosis is dismal.'
Therefore, it is necessary to develop more effective treatment strategies to
improve the survival of these patients.’

The unrestricted growth of transformed cells is caused by the cumulative
deregulation of multiple cellular pathways involved in normal growth control.’
The ubiquitously expressed protein phosphatase 2A (PP2A) is a major
serine/threonine phosphatase that accounts for most of the serine/threonine
phosphatase activity in eukaryotic cells, and participates in many mammalian
signaling pathways.® PP2A represents a family of heterotrimeric holoenzyme
complexes consisting of an active core composed of the scaffold PP2A-A subunit,
the catalytic PP2A-C subunit, and a regulatory PP2A-B subunit. There are two
closely related isoforms of the PP2A-A (Aa/PPP2R1A and AB/PPP2R1B),”® and
of the PP2A-C (Ca/PPP2CA and CB/PPP2CB) subunits.”™ The scaffold subunit
mediates interaction of the core dimer with a wide variety of regulatory B
subunits that regulate both the specific substrate and the localization of the
holoenzyme. Four unrelated families of regulatory B subunits have been
identified, including at least 26 different alternative transcripts and splice forms.”
Therefore, PP2A has the ability to form complexes with many different
substrates.™'® A variety of mechanisms that inhibit PP2A are present in
transformed cells, including alterations in structural or regulatory PP2A subunits,
and also the overexpression of specific endogenous inhibitors.™'® Somatic
mutations of the PP2A structural subunits Aa and AP have been described in
several types of cancer, causing a defective binding of the B and C subunits and
thus inhibiting PP2A activity.''° Moreover, suppression of PP2A AP expression
permits immortalized human cells to achieve a tumorigenic state through the
deregulation of RalA GTPase activity. Cancer-associated AP mutants fail to
reverse this tumorigenic phenotype, indicating that these mutants function as null
alleles.”! In addition, both Aa mutants and Ao downregulation lead to a functional
haploinsufficiency that seems to induce human cell transformation by activating
AKT/PI3K signaling pathway >* However, it is likely that different sets of genetic
aberrations during tumor formation require the loss of different PP2A holoenzyme
complexes for the tumor progression, and this would involve the regulatory
subunits that are playing a key role directing PP2A to dephosphorylate and
regulate key tumor suppressors or oncogenes.’ In this regard, several members of
the B56 family of regulatory PP2A subunits appear to have a main role in
directing PP2A potential tumor-suppressive activity.*>"

With regard to the endogenous PP2A inhibitors, upregulation of SET by the BCR-
ABL oncogene leads to the suppression of PP2A, and contributes to
leukemogenesis in chronic myeloid leukemia (CML) and Philadelphia-
chromosome positive acute lymphoblastic leukemia (ALL).>'? In addition,
Junttila et al. (2007) provide strong evidence that CIP2A (cancerous inhibitor of
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PP2A) selectively targets PP2A associated with c-Myc to inhibit its phosphatase
activity and protect Ser62 from dephosphorylation. Interestingly, CIP2A
expression is upregulated in transformed cell lines and cancer tissue samples.’
Finally, it has been reported that JAK2 directly phosphorylate PP2A at tyrosine
307 of its catalytic subunit, making PP2A inactive.*

Few studies have investigated the role of PP2A in AML. Gallay et al. reported
that the intensity of phospho-Akt on Thr308 in AML was significantly correlated
with high-risk cytogenetics, particularly with a complex karyotype, and they
found correlation between decreased PP2A activity and Thr308 phosphorylation
in this subgroup (7 cases).”> Moreover, a recent study shows that activating c-KIT
mutations inhibit PP2A, and that reactivation of PP2A effectively suppresses the
in vitro and in vivo growth of imatinib-sensitive and imatinib-resistant c-KIT
positive cells, indicating that functional inactivation of PP2A tumor suppressor
activity could represent a key step in the induction and maintenance of KIT
positive leukemias.®® Our group has previously reported that SETBPI
overexpression is a recurrent event in AML, which impairs PP2A activity via SET
and promotes proliferation of AML cells.’’ In addition, it has been reported that
the activity of PPl and PP2A is enhanced in the arsenic sulphide-induced
differentiation of the AML cell line HL-60,** and that the alkylphosphocholine
erucylphosphohomocholine is cytotoxic to AML cells through JNK and PP2A-
dependent mechanisms.* Interestingly, PP2A activators such as FTY720 in CML,
ALL and chronic lymphocytic leukemia (CLL), and forskolin in CML show
promising antileukemic effects in both in vitro and in vivo models.

In this study, we show that PP2A activity is reduced in both myeloid Ph negative
cell lines and AML patient samples. Treatment with the PP2A activator forskolin
restores PP2A activity, affecting proliferation and inducing changes in the
phosphorylation status of AKT and ERK1/2. Moreover, we found an additive
effect between PP2A activation by forskolin and the chemotherapy reagents
Idarubicin and cytosine arabinoside (Ara-c), suggesting that treatment with PP2A
activators could be a therapeutic target in AML in combination with standard
induction therapy. Finally, deregulated expression of endogenous PP2A
inhibitors, together with aberrations affecting the expression of PP2A subunits,
were identified as possible mechanisms of PP2A inhibition in AML.
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Materials and methods
Cell cultures

EOL-1, HL-60, Kasumi-1, OCI-AML2, MOLM13, MV4-11, HEL, KG-1, KYO-
1, K562 and MEG-01 cells were maintained in RPMI-1640 (Invitrogen) with 10%
fetal bovine serum (FBS); NOMO-1 and KU-812 in RPMI-1640 with 20% FBS;
F-36P in RPMI-1640 with 20% FBS, and 10 ng/ml GM-CSF; UT-7 in alpha-
MEM (Invitrogen) with 20% FBS and 5 ng/ml GM-CSF; MUTZ-3 in 80% alpha-
MEM with 20% FBS and 10 ng/ml GM-CSF; and TF-1 in in RPMI-1640 with
20% FBS and 10 ng/ml GM-CSF. Cell lines were grown at 37°C in a 5% CO2
atmosphere. Media were supplemented with penicillin G (100 U/ml), and
streptomycin (0.1 mg/ml). Cells were treated with the following reagents:
Idarubicin (15 nM) (Sigma-Aldrich), Ara-c (2,5 uM) (Sigma-Aldrich), forskolin
(40 uM) (Calbiochem), FTY720 (10 uM) (Calbiochem), Z-VAD-fmk (150 mM)
(Promega) and okadaic acid (2.5nM) (Calbiochem).

Patient samples

The study comprised bone marrow samples of 37 patients with AML at diagnosis.
All patients were treated with standard induction chemotherapy. High dose
cytarabine, and autologous or allogenic stem cell transplantation when possible,
were used as consolidation therapy. Bone marrow samples of normal healthy
donors were used as controls. All samples were taken anonymously.

Nucleic acid isolation and real-time RT-PCR

Total RNA was isolated using the RNeasy minikit (Qiagen). ¢cDNA was
synthesized  with  SuperScriptlll  Reverse  Transcriptase  (Invitrogen).
Quantification of the expression of SETBP1, SET, CIP2A, PP2A catalytic subunits
alpha (PPP2CA) and beta (PPP2CB), PP2A scaffold subunit PPP2RIB, and
PP2A regulatory subunits PPP2R5B and PPP2R5C was performed using TagMan
Gene Expression Assays (Applied Biosystems) specific for each gene. GAPDH
was used as internal control. Analysis of relative gene expression data was
performed using the 27AACT method,40 where AACT= (Cr Target Gene - CT,GAPDH)Cell
Line = (CT,Target Gene = CT,GAPDH)Normal Control- A gene was considered deregulated if its
expression value was higher or lower than the cut-off value established for each
gene (mean+3SD), defined by the analysis of 10 normal BM samples.

Western blot analysis

Cells were lysed in 100pL of Lysis buffer containing 1% Triton X-100 and the
protease inhibitor cocktail Complete Mini (Roche Diagnostics). After incubation
on ice (30min) protein extracts were clarified (12,000 xg, 15min, 4°C), denatured
and subjected to SDS-PAGE and Western-blot. Antibodies used were mouse
monoclonal anti-PP2A (clone 1D6, Upstate Inc.), rabbit monoclonal anti-
PP2AY307 (Epitomics), rabbit polyclonal anti-Akt, rabbit polyclonal anti-
ERK1/2 (Cell Signaling Technology Inc.), rabbit polyclonal anti-pAkt ™%, rabbit
polyclonal ~ anti-pERK1/2™2%T¥2%4 (Santa  Cruz Biotechnology), mouse
monoclonal anti-Bactin  (Sigma), rabbit polyclonal anti-CIP2A  (Novus
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Biologicals), goat polyclonal anti-SET (Santa Cruz Biotechnology), goat
monoclonal anti-PPP2R5B (Novus Biologicals) and rabbit polyclonal anti-
PPP2R1B (Novus Biologicals). Proteins were detected with the appropriate
secondary antibodies by chemiluminescence (ECL kit, GE Healthcare).

Proliferation assay and cell viability

Cell proliferation was measured in triplicate wells by MTS assay in 96-well plates
using the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega)
and following the manufacturer’s indications. Results of cell viability were
confirmed by the Trypan Blue dye exclusion test.

PP2A phosphatase activity assays

PP2A assays were performed with cell lysates (50pg) using a PP2A
immunoprecipitation phosphatase assay kit (Millipore) as previously described.’’

Analysis of apoptosis and caspase activation

Caspase 3/7 activities were measured on untreated and forskolin-treated cells
using the caspase Glo-3/7 assay kit (Promega Corp.). Briefly, 5 x10° cells were
plated in a white-walled 96-well plate, and the Z-DEVD reagent, the luminogenic
caspase 3/7 substrate containing a tetrapeptide Asp-Glu-Val-Asp, was added with
a 1:1 ratio of reagent to sample. After 90 minutes at room temperature, the
substrate cleavage by activated caspase-3 and -7, and the intensity of a
luminescent signal was measured by a FLUOstar OPTIMA luminometer (BMG
Labtech). Differences in caspase-3/7 activity in forskolin-treated cells compared
with untreated cells are expressed as fold-change in luminescence. Apoptosis was
measured using the Annexin-V-FLUOS Staining Kit (Roche) and following
manufacturer’s instructions.

Statistical analysis

Data represented are mean of three independent experiments + s.d. Statistical
comparisons were carried out by T-test analysis and significance was considered
when P < 0.05. Chou-Talalay analysis was performed using the CalcuSyn
Software (Biosoft, Cambridge, UK) to determine additivity between forskolin and
Idarrubicin/Ara-c treatments.

Microarray analysis

RNA samples were processed following manufacturer protocols (Affymetrix) and
hybridized to the Affymetrix Human Genome-U133 Plus-2.0, which contains
54,676 probesets (47,000 transcripts). Microarray data analysis consisted in
background correction and normalization using RMA algorithm*' and a filtering
process to eliminate low expression probesets. LIMMA (Linear Models for
Microarray Data)** was used to identify the probesets with significant differential
expression. Samples were distributed in three different groups: “Control”
including 3 normal control samples, “AML” including the AML cell lines EOL-1,
HL-60, Kasumi-1, OCI-AML2, MOLM13, MV4-11, HEL, KG-1, NOMO-1, F-
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36P and TF-1, and “CML” including the CML in blast crisis (BC-CML) cell lines
KU-812, KYO-1, K562 and MEG-01. Data represented are the gene expression
mean of each group =+ s.d. Genes were selected as significant between the different

groups using a B statistic cut off (B>0) or a less stringent adjusted P-value cut off
(P <0.05).
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Results
PP2A is inactivated in AML cell lines

Phosphorylation of tyrosine-307 is responsible for more than 90% of the
phosphatase activity of PP2A. Moreover, it has been shown that this phosphatase
is inactive when tyrosine-307 is phosphorylated.*” Thus, we assessed the
phosphorylation levels on tyrosine-307 of PP2A by western blot in a panel of
AML BCR-ABL negative cell lines. Eleven out of 13 cell lines presented
increased phosphorylation in this tyrosine. Notably, the two cell lines (Kasumi-1
and MUTZ-3) that had reduced PP2A phosphorylation were the only ones with
reduced expression of the catalytic subunit (PP2A-C) (Figure 1). Four BCR-ABL
positive CML cell lines, including K562, were used as positive controls for
phosphorylation on PP2A tyrosine-307.°' In order to confirm whether the
differences observed in PP2A protein expression in Kasumi-1 and MUTZ-3 were
due to reduced transcriptional levels of PP2A, we analyzed by real-time PCR
(QRT-PCR) the expression of the PP2A catalytic subunits PPP2CA and PPP2CB
separately (Supplementary Table 1). We found no significant differences in
PP2A-C transcriptional levels in these two cell lines, indicating that differences
observed in western blot must be due to post-transcriptional regulation.

Treatment with forskolin leads to reduced proliferation that is dependent
on PP2A activation

To assess whether increased PP2A activity affects cell proliferation of AML cells,
KG-1 and HEL cell lines were treated with the PP2A activator forskolin or
vehicle (DMSO). Phosphatase assays to quantify PP2A activity levels confirmed
that forskolin treatment activates PP2A: forskolin induced a 1.5- to 2-fold increase
in PP2A activity (Figure 2A). To study if a higher PP2A activity was associated
with activation of PP2A protein, we pretreated KG-1 and HEL cells with the
PP2A inhibitor okadaic acid for 2 hours, followed by incubation with forskolin or
vehicle for 48 hours. Forskolin-induced PP2A activity in KG-1 and HEL cells was
inhibited by okadaic acid (Figure 2A). Western blot analysis showed that similar
levels of PP2Ac protein were immunoprecipitated in the PP2A phosphatase assays
(figure 2B), suggesting that forskolin-induced PP2A activity is not due to changes
in PP2Ac expression levels.

We next analyzed the effect of PP2A activation on cell growth using MTS assay.
We observed a decreased in the proliferation of forskolin-treated KG-1 cells
compared with vehicle-treated (Figure 2C). In addition, total cell counts and cell
viability were confirmed with the Trypan Blue method (data not shown). These
results show that PP2A activation by forskolin treatment induces toxicity in KG-1
cells. Similar results were obtained with the HEL cell line (Figure 2C). In
addition, we observed that the impaired proliferation induced by forskolin was
partially rescued by the treatment with the phosphatase inhibitor okadaic acid
used at a concentration that inhibits PP2A but no other phosphatases.**

To confirm that the mechanism was mainly dependent on PP2A activation we
performed the same experiments in HEL and KG-1 cell lines using the PP2A
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activator FTY720 observing a similar effect with this drug than with forskolin
(Supplementary Figure 1). Moreover, treatment with the PP2A activators
forskolin and FTY720 had less effect in MUTZ-3 and Kasumi-1, the cell lines
with PP2A low expression, than in HEL and KG-1, suggesting that the effect of
those drugs in AML cells is mainly via PP2A activation (Supplementary Figure
2).

Increased PP2A activity by forskolin induces apoptosis in AML cells

To further investigate the biologic effect of the forskolin-induced PP2A activation
in AML, KG-1 cells were treated with forskolin for 48 hours, and we assessed
apoptosis with the caspase Glo-3/7 assay kit. Vehicle-treated cells were used as
controls. Consistent with its ability to enhance PP2A activity and suppress cell
proliferation, forskolin had a caspase-dependent proapoptotic effect, increasing
caspase activity 6.5-fold in forskolin-treated KG-1 cells compared with vehicle-
treated cells (Figure 3A). In addition, caspase activity in forskolin-treated cells
was markedly reduced when cells were pretreated with okadaic acid or the
caspase inhibitor Z-VAD-fmk. Effect in apoptosis was confirmed by an Annexin-
V-based assay (Figure 3B).

Forskolin induces changes in the phosphorylation status of PP2A
targets

We next analyzed by western blot the effects of the forskolin-induced PP2A
activation at protein level. As expected, we observed that phosphorylation on
tyrosine 307 of PP2Ac was negatively affected in cells treated with forskolin
compared with cells treated with vehicle (DMSO) (Figure 3C). These data
confirmed the results obtained with the PP2A phosphatase assays (Figure 2A). In
addition, PP2Ac phosphorylation was restored when cells were pretreated with the
PP2A inhibitor okadaic acid. Consistent with previous reports about the effects of
PP2A activation in myeloid BCR-ABL positive cells,”' forskolin treatment in
AML BCR-ABL negative cells, decreased phosphorylation (activity) of the PP2A
targets AKT and ERK1/2 without affecting their expression levels. Moreover,
treatment with okadaic acid rescued AKT and ERKI1/2 phosphorylation in
forskolin-treated KG-1 cells (Figure 3C).

Additive effect of PP2A activation with Idarubicin and Ara-c treatments in
AML cells

In order to assess the effect of a combination between standard induction
chemotherapy drugs in AML and a PP2A activator, we treated KG-1 cells with
either Idarubicin or Ara-c, alone or in combination with forskolin. Of importance,
we observed that PP2A activation enhanced the antileukemic effects mediated by
both Idarubicin (Figure 4A) and Ara-c (Figure 4B) treatments in KG-1 and Hel
cell lines. Moreover, Chou-Talalay analyses showed that PP2A activation has an
additive antitumoral effect when combined with either Idarubicin or Ara-c.

PP2A inhibition is a recurrent event in AML

To further evaluate the importance of PP2A in AML, we analyzed at protein level
the prevalence of PP2A inhibition in a series of 37 patients with AML at
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diagnosis. Patient characteristics are presented in Table 1. Increased
phosphorylation of tyrosine 307 was observed in 29 out of 37 cases (78.4%)
(Figure 5A and Supplementary Figure 3). In addition, PP2A activity was
compared between samples of 8 AML patients and 3 normal controls, and we
observed a significant reduction of PP2A activity in all the 8 patient samples
analyzed (Supplementary Figure 4A). These results would indicate that PP2A
inhibition is a recurrent event in AML. Moreover, we analyzed samples of 3
patients at diagnosis, complete remission and relapse, observing that PP2A
phosphorylation decreases at complete remission, and increases at relapse (Figure
5B and Supplementary Figure 4B).

In order to investigate the possible causes of PP2A phosphorylation, we analyzed
the expression of SET, SETBPI and CIP24, and the presence of the constitutive
activating mutation JAK2-V617F in this series of patients. We found
overexpression of SET and/or SETBPI in 55% cases with increased PP2A
phosphorylation (16/29), and in none of the cases with low phosphorylated levels
(Table 2). CIP2A overexpression was detected only in two cases with high
phosphorylation. Analysis by western blot confirmed CIP2A and SET
overexpression also at the protein level (Supplementary Figure 5). In addition,
JAK2-V617F was detected in one of the patients with high PP2A phosphorylation,
although also in 3 cases with low PP2A phosphorylation (Supplementary Table
2). As detected in the cell lines, 6 out of 8 patient samples with low PP2A
phosphorylation had a reduced expression of PP2A-C (Figure 5A). Interestingly,
two patients had both PP2A inhibition and FLT3 constitutively activated by the
FLT3-ITD mutation (Supplementary Table 2), two aberrations that led to the
activation of the transduction pathways JAK/STAT, ERK and AKT.*

Genome-wide gene expression analysis of PP2A subunits in myeloid cell
lines

The fact that 12 of the patients included in our series had no known mechanism
that could explain PP2A inactivation prompted us to perform expression arrays of
16 myeloid cell lines in order to obtain an overview of the expression of the PP2A
subunits. One of these cases had a deletion del(11)(q13g23), a region where the
locus of the PP2A scaffold subunit PP2A-AB (PPP2RIB) (11g23) and the
regulatory subunit PPP2R5B (11ql3) are located. We hypothesized that as
previously described,” downregulation of some scaffold and regulatory subunits
could affect the activity of PP2A.

Expression arrays of the cell lines showed a significant downregulation of the
regulatory subunits PPP2R5B and PPP2R5C in both AML and BC-CML cell
lines when compared with normal controls; interestingly, PPP2R5B was
significantly more downregulated in AML than in CML (Supplementary Figure
6). Data were validated by QRT-PCR (Supplementary Table 1). Moreover,
analysis of the patient samples revealed that PP2A-AP (PPP2RIB), PPP2R5B
or/and PPP2R5C were downregulated in several AML patient samples
(Supplementary Table 3). We could analyze at protein level 16 cases that had
PPP2R5B downregulation by real time RT-PCR (QRT-PCR) and 15 out of 16 had
decreased PPP2R5B protein expression. Moreover, 3 cases with no PPP2R5B
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downregulation (P17-19) were included in the study and had normal PPP2R5B
protein levels (Supplementary Figure 7A). We could not perform the study of
PPP2R5C at protein level. With regard to PPP2R1B, there was no good
correlation between mRNA and protein: only 8 out of the 17 cases analyzed had
decreased PPP2R1B protein levels, the other 9 were normal. Moreover, we
included in the study 5 cases with no PPP2RIB downregulation by QRT-PCR,
and 4 had normal PPP2R1B protein levels (P6, P13, P17, P19) and one case had
PPP2R1B low (Supplementary Figure 7B). Taken together, these results show that
downregulation of these subunits is a common event in AML that could contribute
to PP2A inactivation.
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Discussion

PP2A is a human tumor suppressor that inhibits cellular transformation by
regulating the activity of several signaling proteins critical for malignant cell
behavior. We report here that PP2A inhibition is a recurrent event that could play
an important role in AML. We demonstrate that PP2A activation by forskolin
induce growth inhibition, caspase-dependent apoptosis, and the modification of
downstream targets such as AKT and ERK1/2. Of importance, our data provides
evidence that PP2A activation could be a promising therapeutic target in
combination with drugs used in standard induction therapy, such as Idarubicin and
Ara-c.

It has been reported that impaired PP2A activity plays a key role in BCR-ABL
positive leukemias such as CML and ALL,*' in myeloid precursors expressing
imatinib-sensitive (V560G) and imatinib resistant (D816V) mutant c¢-KIT,*® and
also in CLL;46 moreover, activation of PP2A by either FTY720 or forskolin seems
to have promising therapeutic effects in these diseases. Many kinases have been
reported to be deregulated in AML; however, the role of phosphatases in the
cellular transformation of this disease remains underexplored."’ As indicated
above, only few studies have reported reduced PP2A activity in AML.*7® Our
group has recently reported an impaired PP2A activity via SET as a consequence
of SETBP1 overexpression, a recurrent event in AML (27%).%" This leads us to
hypothesize that PP2A inhibition could be a recurrent event in AML. Our results
in both cell lines and patient samples confirm this hypothesis and show that PP2A
inhibition plays an important role in AML transformation, since the
pharmacologic activation of PP2A in vitro reverse some of the leukemogenic
features (Figures 2 and 3; Supplementary Figures 1 and 2). When we investigated
the PP2A status at protein level in 37 patients with AML at diagnosis, we
observed PP2A inhibition in 78% of cases. Interestingly, we detected reduced
PP2Ac expression in 6 out of 8 patient samples with no PP2A phosphorylation;
this observation is consistent with the reduced PP2Ac levels observed in Kasumi-
1 and MUTZ-3, and could suggest that a reduced protein expression could be a
mechanism to decrease PP2A activity in AML. Furthermore, we also observed an
additive effect of PP2A activation by forskolin with the antileukemic effects
induced by Idarubicin or Ara-c in both KG-1 and HEL cells, suggesting that PP2A
activation could be a new alternative for treating AML in combination with
standard induction chemotherapy (Figure 4). It has been reported that forskolin-
induced effects on cell growth and apoptosis of AML cells at the concentrations
used in this study do not impair viability of normal bone marrow cells;’' this
observation would support the use of PP2A activators in future therapies for
patients with AML. Moreover, we show that forskolin suppresses Akt and
ERK1/2 function in an okadaic acid sensitive manner, indicating that its action in
AML is dependent on PP2A activation (Figure 3). These results are also
interesting since several PP2A targets have been reported to be deregulated in
AML and some of them, as AKT, have been associated to poor outcome.> Our
results support the premise that PP2A inactivation might be one of the events that
contribute to these alterations, since PP2A plays an integral role in the regulation
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of a number of major signaling pathways whose deregulation can contribute to
9
cancer.

Although evidence suggested that PP2A might be a tumor suppressor protein,
recent findings provide convincing evidence that suppression of PP2A activity
cooperates with other oncogenic changes to cause transformation of multiple cell
types.>>*" In our series we found that 34% of patients with PP2A inactivated
(10/29) had either FLT3 and/or NPMI mutated (Supplementary Table 2).
Interestingly, the constitutive activation of FLT3 in cases with FLT3-ITD also
activates both Akt and ERKI1/2,*® suggesting that in some patients PP2A
inactivation and FLT3-ITD could cooperate in the transformation of AML.

PP2A can be inhibited by the small tumor antigen of DNA tumor viruses, by
upregulation of endogenous PP2A inhibitors, through mutational inactivation of
the structural subunits, or by decreased expression of either the scaffold or the
regulatory subunits.”'® On the other hand, JAK2 constitutive activity,”>° and
SETBPI overexpression in BCR-ABL negative AML®’ might independently
contribute to PP2A inactivation. Our results show that the mechanisms of PP2A
inactivation in AML might be the overexpression of the physiological PP2A
inhibitors CIP24%® and SET. ,5 U the overexpression of SETBPI, or the
downregulation of PP2A subunits, suggesting that dysfunction of several distinct
PP2A complexes may contribute to cell transformation. Overexpression of
CIP24, SET or SETBPI could explain the mechanism of PP2A inactivation in
58% of our cases (17/29). SET is upregulated in multiple solid tumors,” and has
been reported to be fused to NUP214/CAN in a patient with AML.> Importantly,
Neviani et al. (2005) demonstrated that PP2A inactivation in CML-BC results
from increased expression of SET, which is induced by BCR-ABL in a dose- and
kinase-dependent manner and, that like BCR-ABL, SET progressively increases
during transition to blast crisis. In fact, imatinib treatment and SET
downregulation restored PP2A activity back to normal levels.*! Our results show
that high expression of SET also leads to PP2A inactivation in AML,
independently of BCR-ABL induction. In addition, the activating mutation J4K2-
V617F was detected in one of the samples analyzed; however, 3 cases with JA4K2-
V617F had no PP2A hyperphosphorylation, suggesting that either this mutation
would need other additional changes to inactivate PP2A or that JAK2-V617F is
not causal in activating PP2A in AML.

Since in 12 cases the mechanism remained undetermined, and one case had a
deletion del(11)(q13qg23), a region where the loci of the PP2A scaffold subunit
PP2A-AB (PPP2RIB) (11g23) and the regulatory subunit PPP2R5B (11q13) are
located, we hypothesized that downregulation of some subunits could affect the
activity of PP2A, as previously reported.” Analysis of 16 myeloid cell lines and
AML patient samples showed genetic aberrations affecting PP2A subunits that
could be playing an important role in the PP2A inhibition observed in AML. We
found downregulation of PPP2R5B and PPP2R5C in both AML and CB-CML
cell lines (Supplementary Figure 6). It has been reported that PPP2R5B is a tumor
suppressor that negatively regulates Pim-1 protein kinase, which is known to
enhance the ability of c-Myc to induce lymphomas.?® Furthermore, it has been
described that suppression of PPP2R5C expression contributes to the
experimental transformation of human cells.”® Our data suggest that loss of
PPP2R5B and PPP2R5C could be playing a role in AML development
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contributing to deregulate the correct PP2A function. We also found that
downregulation of the AP subunit is a common event in AML. Most cellular
PP2A holoenzymes contain the Ao isoform of the scaffold subunit, but a small
fraction (10%) contain a second isoform termed A. Although mutations that
disrupt the ability of AP to form holoenzymes in vitro were identified in several
types of cancer,' >’ the report by Sablina et al.>' provides the first hard evidence
that loss of functional AP due to these cancer-associated mutations contributes to
transformation.” Further studies are necessary to clarify the importance of the
downregulation of these PP2A subunits in AML.

Taking together, our results suggest that functional inactivation of the PP2A
tumor suppressor is a recurrent event that seems to represent an important
mechanism in the leukemogenic transformation of AML. We show that functional
loss of PP2A activity could occur through different contributing mechanisms such
as enhancement of endogenous PP2A inhibitors, decreased PP2A expression of
the structural or regulatory subunits of PP2A. Moreover, although PP2A
activators are not still clinically available, the results obtained in this study
suggest that PP2A activation could be considered as a future therapeutic
alternative for AML. The knowledge that pharmacologic restoration of PP2A
activity is able to antagonize leukemogenesis and has an additive effect with other
drugs used in the treatment of AML highlights PP2A as a potential target for
future therapies combined with PP2A activators.
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Tables

Table 1 Clinical and molecular characteristics of a series of 37 patients with AML.

|No. (%)

Sex

Male 22 (59.5)

Female 15 (40.5)
Age

<60 years 12 (33.3)

>60years |24 (66.7)
Complete remission

No 9 (32.2)

Yes 19 (67.8)
Diagnosis

AML-MO 3 (8.2)

AML-M1 7 (18.8)

AML-M2 5 (13.6)

AML-M4 9 (24.3)

AML-M5 9 (24.3)

AML-M6 2 (54)

AML-M7 2 (5.4)
sAML

No 31 (83.8)

Yes 6 (16.2)
Cytogenetic group

good 2 (54)

intermediate [29 (78.4)

poor 6 (16.2)
SETBP1 overexpression

No 25 (67.6)

Yes 12 (32.4)
SET overexpression

No 26 (70.3)

Yes 11 (29.7)
JAK2 (V617F)

No 31 (88.6)

Yes 4 (11.4)
FLT3-ITD

No 29 (82.8)

Yes 6 (17.2)
NPM1 mutated

No 18 (62.2)

Yes 11 (37.8)
WTL1 overexpression

No 8 (23.6)

Yes 26 (76.4)
CIP2A overexpression

No 27 (90)

Yes 3 (10
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Table 2 Overexpression of SET and SETBPI, and presence of JAK2-V617F in a series of 37
patients with AML.

PP2A PP2A no Total
phosphorylated | phosphorylated
SET overexpression 4 0 4
SETBP1 overexpression 5 0 5
SET and SETBP1 overexpression 7 0 7
JAK2-V617F 1 3 4
CIP2A overexpression 2 1 3
TOTAL 29 8 37
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Figure 1 Analysis of PP2A activation and expression in 17 myeloid cell lines.
Comparison of the PP2A-C expression and phosphorylation levels on tyrosine 307
by western blot in normal donors and in myeloid cell lines. N1-3: normal donors.
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Figure 2 Forskolin treatment induces an inhibition of the proliferation that is
dependent on PP2A activation. Forskolin was used at 40uM and okadaic acid at
2.5nM. Data represented are mean of three independent experiments + s.d. (a)
Forskolin-induced PP2A activity in KG-1 and HEL cell lines is inhibited by
okadaic acid treatment. (b) Western blot analysis showing the levels of
immunoprecipitated PP2A from the KG-1 and HEL lysates used in the
phosphatase assays. (C) Inhibited proliferation induced by forskolin treatment is
partially rescued by okadaic acid; * P <0.05; ** P <0.01.
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Figure 3 Forskolin induces caspase-dependent apoptosis together with changes in
the phosphorylation status of PP2A targets. Forskolin was used at 40uM and
okadaic acid at 2.5nM. Z-VAD-fmk was used at 150mM. Data represented are
mean of three independent experiments + s.d. (&) Caspase 3/7 assays in untreated,
forskolin-treated, forskolin/okadaic acid-treated, Z-VAD-fmk-treated and
forskolin/Z-VAD-fmk-treated KG-1 cells. (b) Annexin-V/propidium iodide
assays in untreated, forskolin-treated, forskolin/okadaic acid-treated and
forskolin/Z-VAD-fmk-treated KG-1 cells. () Western blot showing the effect of
forskolin and forskolin/okadaic acid treatments in KG-1 cells on PP2A, AKT and
ERK1/2 activity and expression.
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Figure 4 PP2A activation boosts antileukemic effects of Idarubicin and Ara-c
treatments. Data represented are mean of three independent experiments + s.d.; *
P <0.05; ** P<0.01; (a) MTS assays showing the effect of PP2A activation by
forskolin (40uM) on the cell growth ratio of KG-1 and HEL cells treated
Idarubicin (15nM). (b) MTS assays showing the effect of PP2A activation by
forskolin (40 uM) on the cell growth ratio of KG-1 and HEL cells treated Ara-c
(2.5uM). Cells treated with vehicle (DMSO) were used as controls.
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Figure 5 Comparison by western-blot of the PP2Ac expression and activity levels
between patient samples and normal donors. (&) Analysis of PP2A in 16 samples
of AML patients at diagnosis. (b) Comparison of PP2A activation in samples of a
patient with AML at diagnosis, complete remission and relapse, including a
densitometric analysis of the p-PP2A/PP2A ratio.
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Supplementary Information

Supplementary Table 1 Quantification of the expression of PP2A-Ca (PPP2CA), P PP2A-
CB (PPP2CB), PP2A-AB (PPP2RIB), PPP2R5B and PPP2R5C by real-time PCR in 17 myeloid
cell lines. 27| represents normalized gene amount in a cell line relative to normal controls.

: 2—AACT 2 -AACT 2—AACT 2—AACT 2 -AACT
Cellline | pppoca) | (PPP2CB) | (PPP2R1B) | (PPP2RSB) | (PPP2RSC)
EOL-1 1.29 0.98 0.41 0.09 0.78
HL-60 0.82 0.48 0.23 0.05 0.63
Kasumi-1 1.18 0.48 0.28 0.05 0.26
MUTZ-3 1.39 0.43 0.50 0.06 0.46
OCI-AML2 0.72 0.55 0.34 0.08 0.54
MOLM13 1.03 0.77 0.22 0.03 0.39
MV4-11 2.19 0.82 0.38 0.08 0.91
NOMO-1 0.83 1.24 0.46 0.04 0.56
F-36P 3.84 3.61 0.27 0.13 0.49
HEL 1.01 1.21 0.34 0.07 0.43
KG-1 0.85 0.42 0.72 0.09 0.59
TF-1 2.17 1.01 0.77 0.10 1.01
UT-7 1.77 1.72 0.60 0.18 0.96
K562 1.80 2.51 0.59 0.28 0.74
KU-812 1.91 2.39 0.54 0.36 1.23
KYO-1 3.14 2.77 0.63 0.77 0.56
MEG-01 3.39 1.80 0.50 0.42 0.61

Cut-off (downregulation): PPP2CA: 0.63; PPP2CB: 0.60; PPP2R1B: 0.67; PPP2R5B:
0.39; PPP2R5C: 0.65
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Supplementary Table 2 Clinical and molecular characteristics of the 37 patients with AML
included in the study.

PP2A 1 ppoac
FAB hyper- ; PPP | PPP2 [ PPP NPM1
Case Sex Age classifi :\M: Karyotype phosph e)'zr?;zg ° SOEET SEgEépl ClgéA 3’2:(72; 2R1 R5B 2R5 F::I:II-J3 mutate
cation P! orylatio P . BDR | DR | CDR d
n
17695 M 56 AML-M2 | de novo 47, XY,+8 no reduced no no yes yes yes no yes no no
19608 F 76 AML-M2 sAML 46,XX no reduced no no ND yes yes yes yes no no
48,XX,del(1)(p21
24860 F 42 AML-M5 | de novo +4,+6,d1el(1 (a2 no reduced no no no no yes ND ND no no
der(11)add(11)(
p15)
22271 M 66 | AML-M1 SAML 46,XY no reduced no no no yes yes yes no no no
19820 F 46 AML-M4 | de novo 46,XX no normal no no ND no ND ND ND yes ND
21507 F 53 | AML-M4 | de novo 46,XX no reduced no no no no yes yes yes no yes
25222 F 64 AML-M5 | de novo 46, XX no reduced no no no no yes yes yes no yes
26164 M 72 AML-M5 | de novo 47 XY, der(3),+8 no normal no no no no ND ND ND no ND
22892 M 68 AML-M2 sAML 46, XY yes reduced no no no yes yes no no yes no
15619 M 74 AML-M5 | de novo 46, XY yes normal yes no no no yes yes yes no ND
19937 M 43 AML-M5 | de novo 46,XY yes normal yes no ND no yes no yes no yes
24415 M 73 | AML-M4 | de novo 46,XY yes reduced yes no no no yes ND no no yes
27578 M 71 AML-M1 | de novo 46, XY yes normal yes no no no yes yes yes yes yes
18154 M ND AML-MO | de novo 46, XY yes normal no yes yes no no no no no no
19449 M 76 AML-M1 | de novo | 46,XY/47,XY,+13 yes normal no yes ND no no no ND no no
24212 F 59 AML-M5 | de novo 46,XX yes reduced no yes no no yes no yes no no
25448 F 69 AML-M7 | de novo 46,XX,a;1d(3)(q? yes normal no yes no no yes yes yes no no
46,XY,1(12;18)(p
32014 | M 76 | AML-M6 | de novo | 13;q22)/47,XY,id yes normal no yes no ND yes | yes | yes ND no
em,+19
14412 F 61 AML-M4 | de novo 46,XX yes normal yes yes ND no no ND yes yes yes
45XY,-
7,del(11)(q23),
18425 M 64 AML-M1 | de novo -14,-17,- yes normal yes yes no no yes no no no no
21,+3mar/
88,XXXX,cx
25207 | F 69 | AML-M7 | de novo 46'”;/34;?6)‘(’;('3“ yes normal | yes yes no ND no | no | no | ND ND
27101 M 40 AML-M4 | de novo ND yes normal yes yes yes no no no no no no
27298 F 67 AML-M1 | de novo 46, XX yes reduced yes yes no no yes no no yes yes
27990 M 41 AML-M4 | de novo ND yes normal yes yes no no no no no no no
46,XY,4(11;12)(q
13;p13),der(12),
28685 M 75 AML-MO | de novo del(17)(p13), yes reduced yes yes ND no yes no no no ND
der(17)
17393 M 67 | AML-M5 | de novo 46,XY yes reduced no no no no no yes yes no yes
17619 F 65 | AML-M4 | de novo 46,XX yes normal no no no no yes yes yes no yes
46,XY/46,XY,inv(
18937 M 6 AML-M4 | de novo | 7)(p21936),del(1 yes reduced no no ND no yes yes no no ND
1)(q13923)
20762 F 73 AML-M4 | de novo 46,XX yes normal no no no no yes yes yes yes yes
21720 F 55 | AML-MO | de novo 46,XX yes normal no no no no yes yes yes no no
23816 F 64 AML-M5 sAML 46,XX yes reduced no no no no yes yes yes no yes
24043 M 71 AML-M1 sAML 46,XY,+8 yes normal no no no no yes yes yes no no
24731 M 55 AML-M1 | de novo 46, XY yes normal no no no no yes yes no no no
24756 F 59 AML-M2 | de novo 46,XX yes normal no no no no yes yes yes no no
26916 M 64 | AML-M2 | de novo 47, XY,+8 yes normal no no no no yes yes yes no ND
27535 M 7 AML-M6 sAML 47’XY’3§£20)(Q1 yes normal no no no no yes yes yes no ND
28827 M 75 AML-M5 | de novo 47, XY,+19 yes reduced no no no no yes no yes no no
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Supplementary Table 3 Downregulation of PP2A-AB (PPP2R1B), PPP2R5B and PPP2R5C in a

series of 37 patients with AML.

Total number

of cases PP2A PP2A not
(No. 37) phosphorylated | phosphorylated
PP2A-AB (PPP2R1B)
No downregulation 7 (20%) 7 (24.2%) 0
Downregulation 28 (80%) 22 (75.8%) 6 (100%)
PPP2R5B
No downregulation 13 (41.6%) 11 (42.3%) 2 (33.3%)
Downregulation 19 (59.4%) 15 (57.7%) 4 (66.7%)
PPP2R5C
No downregulation 12 (36.4%) 11 (39.3%) 1 (20%)
Downregulation 21 (63.6%) 17 (60.7%) 4 (80%)
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Supplementary Figure 1 FTY720-induced PP2A activity and impaired
proliferation in KG-1 and HEL cell lines is inhibited by okadaic acid treatment.
FTY720 was used at 10uM and okadaic acid at 2.5nM. Data represented are mean
of three independent experiments + s.d.; * P <0.05; ** P <0.01.
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Supplementary Figure 2 Forskolin and FTY720 treatments show a lesser effect
on the proliferation of the PP2A low cell lines MUTZ-3 and Kasumi-1. FTY720
was used at 10uM, forskolin at 40uM and okadaic acid at 2.5nM. Data
represented are mean of three independent experiments + s.d.; * P < 0.05; ** P <

0.01.
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Supplementary Figure 3 Western blot analysis showing PP2A activation status

in 21 AML patients samples at diagnosis.
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Supplementary Figure 4 PP2A show reduced activity in AML patients. ()
PP2A activity in 8 AML patients at diagnosis compared to 3 normal controls; * P
< 0.05; ** P < 0.01; N1-3: normal controls; P1-8: samples of AML patients at
diagnosis (b) Comparison of PP2A activation in two AML patients with samples
at diagnosis, complete remission and relapse, including densitometric analysis of
p-PP2A/PP2A ratios; N: normal control; D: diagnosis; CR: complete remission;
R: relapse.
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Supplementary Figure 5 Western blot analysis of CIP2A (a) and SET (b)
expression in AML patient samples at diagnosis; N: normal control; P: patient

sample.
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PPP2R5B

AML vs Control

Gene Locus Fold change P-value Adj. P-value -]
§ PPP2R5B 11q12-q13 0.451 <0.001 0.001 1.534
5 PPP2R5C 14q32 0.221 <0.001 0.003 0.463
2
CML vs Control
Gene Locus Fold change P-value Ad). P-value E
Control AML cML
PPPZR5B 11g12-q13 0.735 0.084 0.250 -5.557
PPPZR5C 14q32 0.296 0.002 0.024 -2.384
AML vs CML
Gene Locus Fold change P-value Adj. P-value B
PPP2R5B 11q12-g13 0.618 =0.001 0.019 1.342
PPP2R5C 1432 0.745 0.238 0.568 -5.493

Fald change

* Adj.P-value <0.05 **B =0

Supplementary Figure 6 Significant alterations affecting PP2A subunits
observed from analysis of expression array data. Samples were distributed in three
different groups: “Control” including 3 normal control samples, “AML” including
12 AML cell lines, and “CML” including 4 CML cell lines. Data represented are
the gene expression mean of each group =+ s.d.
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Supplementary Figure 7 Western blot analysis of PPP2R5B (a) and PPP2R1B
(b) expression in AML patient samples at diagnosis; N: normal control; P: patient

sample.
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Capitulo 3. SETBP1 overexpression is a novel
leukemogenic mechanism that predicts adverse outcome
in elderly patients with acute myeloid leukemia

(articulo publicado en la revista Blood)

101



Resultados

102



Resultados

MYELOID NEOPLASIA

SETBPI overexpression is a novel leukemogenic mechanism that predicts
adverse outcome in elderly patients with acute myeloid leukemia

lon Cristdbal,!-2 Francisco J. Blanco,® Laura Garcia-Orti,! Nerea Marcotegui,' Carmen Vicente,2 José Rifon,?
Francisco J. Movo,2 Eva Bandres,! Marla J. Calasanz,? Carmelo Bernabeu,? and Marfa D. Odero!2

Division of Oncology, Center for Applied Medical Research, and “Depariment of Genetics, University of Navarra, Pamplona; *Centro de Investigaciones
Bioldgicas, Gonsejo Superior de Investigaciones Cientificas (CSIC), and CIBER de Enfermedades Raras (CIBERER), Madrid; and “Clinica Universidad de
MNavarmra, University of Mavarra, Pamplona, Spain

103



Resultados

104



Resultados

SETBP1 overexpression is a novel leukemogenic mechanism that
predicts adverse outcome in elderly patients with acute myeloid
leukemia

Ion Cris‘c()bal,l’2 Francisco J. Blanco,3 Laura Garcia-Orti,1 Nerea Marcotegui,1
Carmen Vicente,l’2 José Rifon,4 Francisco J. Novo,2 Eva Bandres,’ Maria J.
Calasanz,2 Carmelo Bernabeu,3 Maria D. Odero'*

'Division of Oncology, Center for Applied Medical Research (CIMA), University
of Navarra, Pamplona, Spain;

*Department of Genetics, University of Navarra, Pamplona, Spain;

Centro de Investigaciones Biologicas, Consejo Superior de Investigaciones
Cientificas (CSIC), and CIBER de Enfermedades Raras (CIBERER), Madrid,
Spain,;

*Clinica Universidad de Navarra, University of Navarra, Pamplona, Spain

Keywords: SETBP1, overexpression, AML, prognosis
Running Title: SETBPI overexpression in AML
Scientific category: Myeloid Neoplasia

Corresponding author: Maria D. Odero, Division of Oncology, Center for Applied
Medical Research (CIMA), University of Navarra, Pio XII-55 31008-Pamplona,
Spain. E-mail: modero@unav.es. Phone: +34-948-194700. Fax: +34-948-194714.

105


mailto:modero@unav.es

Resultados

Abstract

Acute myeloid leukemias (AML) result from multiple genetic alterations in
hematopoietic stem cells. We describe a novel t(12;18)(p13;q12) involving ETV6
in a patient with AML. The translocation resulted in overexpression of SETBPI
(18q12), located close to the breakpoint. Overexpression of SETBPI through
retroviral insertion has been reported to confer growth advantage in hematopoietic
progenitor cells. We show that SETBPI overexpression protects SET from
protease cleavage, increasing the amount of full-length SET protein, and leading
to the formation of a SETBP1-SET-PP2A complex that results in PP2A inhibition,
promoting proliferation of the leukemic cells. The prevalence of SETBPI
overexpression in AML at diagnosis (n=192) was 27.6%, and was associated with
unfavorable cytogenetic prognostic group, monosomy 7, and EVII overexpression
(p<0.01). Patients with SETBP1 overexpression had a significantly shorter overall
survival (OS), and the prognosis impact was remarkably poor in patients older
than 60 years in both OS (p=0.015) and event free survival (p=0.015). In
summary, our data show a novel leukemogenic mechanism through SETBPI
overexpression; moreover, multivariate analysis confirms the negative prognostic
impact of SETBP1 overexpression in AML, especially in elderly patients, where it
could be used as a predictive factor in any future clinical trials with PP2A
activators.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal malignancy that
predominantly affects middle-aged and elderly adults. The disease is characterized
by a differentiation block in early progenitors, which leads to the accumulation of
immature cells in bone marrow (BM) and peripheral blood. Over recent years,
several genetic markers with prognostic impact in AML have been identified,
leading to a better understanding of the biology of this disease and, in some cases,
providing targets for molecular therapies.' Cytogenetic aberrations have been
reported as the most important prognostic factors for survival and response to
therapy in AML, allowing the identification of molecular markers that have
greatly advanced our understanding of leukemogenesis;> nevertheless, the nature
of alterations responsible for initiation or progression of the disease is mostly
unknown. Recent attempts to identify initiating or progression mutations by
extensively re-sequencing tyrosine kinase genes,”” expression profiling studies,””’
array-based CGH and/or SNP,*'' and even by unbiased whole-genome
sequencing,'? confirm that AML results from multiple genetic alterations in
hematopoietic stem cells, and suggest that we have not yet discovered most of the
relevant aberrations that contribute to the pathogenesis of this disease.

The ETV6 gene (12p13) encodes a transcription factor frequently rearranged in
both myeloid and lymphoid leukemias. Translocation breakpoints are distributed
throughout the gene, and ETV6 contributes to the pathogenesis of leukemia by
diverse molecular mechanisms that are only partially understood. In most cases,
the translocations result in the generation of in-frame fusion genes between
different domains of ETV6 and partner genes encoding either kinases or
transcription factors (reviewed in Cools et al., 2002)."> However, in some cases
involving the 5’ end of ETV6, functionally significant fusions could not be
detected and a different leukemogenic mechanism has been described: the
deregulation of the expression of oncogenes located close to the breakpoints.'*"
This molecular mechanism, which has been described mainly in lymphoid
leukemias and lymphomas, is an uncommon mechanism in myeloid leukemias,
although some examples have been reported.'>"

Here, we describe a novel leukemogenic mechanism in a patient with AML and a
t(12;18)(p13;q12) involving ETV6. The translocation resulted in overexpression
of SETBPI (18ql2), located close to the breakpoint. We show that SETBP1
overexpression protects SET from protease cleavage, increasing the amount of
full-length SET protein, and leading to the formation of a SETBP1-SET-PP2A
complex that results in PP2A inhibition and, therefore, promotes the proliferation
of leukemic cells. Moreover, we show that SETBPI overexpression is a recurrent
molecular event associated with a significantly shorter overall survival in AML,
especially in elderly patients.
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Material and Methods
Case report

A 76-year-old caucasian man was diagnosed with myelodysplastic syndrome
(MDS). Disease evaluation of the patient 3 years after the diagnosis showed
anorexia, perspiration and loss of 7Kg. Laboratory findings at this moment were:
Hb 10.9¢/dL, white cell count (WCC) 38.2 x10°/L with 55% blasts, and platelet
count 251 x10°/L; BM aspirate was hypercellular, showing 80% blasts. Flow
cytometry showed positivity for CD34, CD13, CD33, CDI11b, and HLA-DR. The
patient was diagnosed as AML-MS5. Karyotype showed two clones:
46,XY,t(12;18)(p13;q12)[77%]/47,idem,+19[23%]. The patient received standard
induction chemotherapy for two months, and had partial remission at the next
evaluation. Laboratory findings showed Hb 9.9 g/dL, WCC 25.5 x10°/L with 32%
blasts, and 260 x10°/L platelets. Karyotype at this moment was:
46,XY,t(12;18)(p13;q12)[24%]/46,XY[76%]. The patient relapsed 2 months later
and, eventually, died. Karyotype at relapse showed the two clones detected at
diagnosis: 46,XY,t(12;18)(p13;q12)[32%]/47,idem,+19[68%].

Fluorescence in situ hybridization

BACs obtained from the Roswell Park Cancer Institute (Buffalo, NY) were used
to map the breakpoints in the patient samples. The order of the probes is
centromere-418C2-96B19-434C1-telomere (12p13), and centromere-840B16-
937P23-252G8-941F5-telomere  (18q12). Probes were labeled  with
SpectrumGreen-dUTP or SpectrumOrange-dUTP. Centromeric probes for
chromosomes 12 and 18 were also used in FISH experiments. FISH was
performed as previously described.'*

Rapid amplification of cDNA ends

3’- and 5"-RACE-PCR were performed from total RNA using the GeneRacer kit
(Invitrogen, Groningen, The Netherlands). 3'RACE-PCR (94°C 30sec, 72°C
2min30sec, 5 cycles; 94°C 30sec, 70°C 2min30sec, 5 cycles; 94°C 30sec, 64°C
30sec, 68°C 2min30sec, 25 cycles) was performed using the primer ETV6-EXI1F
(exon 1) and a reverse primer from the kit. Nested-PCR was performed under the
same conditions with ETV6-EX1Fn (exon 1). Products were cloned and
sequenced. For 5’"RACE the same PCR conditions were used, with primers ETV6-
EX3R and ETV6-EX3Rn (exon 3) (Table S1).

Nucleic acid isolation and RT-PCR

Total DNA was isolated using the QTAmp DNA minikit, and total RNA using the
RNeasy minikit (Qiagen, USA). ¢cDNA was synthesized with SuperScriptIll
Reverse Transcriptase (Invitrogen, The Netherlands). RT-PCR reactions were
carried out with Ampli-Taq Gold DNA Polymerase (Applied Biosystems, USA)
after optimizing cycling conditions for each primer pair. To confirm the presence
of the fusion products, RT-PCR reactions were performed on patient RNA with
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primers ETV6-EX1F2, and CR18-B and CRI18-E (Table S1). Products were
cloned and sequenced.

Real-time RT-PCR

Quantification of the expression of SETBPI, SET and ETV6 was performed using
TagMan Gene Expression Assays (Applied Biosystems, USA) specific for each
gene. GAPDH was used as internal control. A gene was considered overexpressed
if its expression value was higher than the cut-off value established for each gene
(mean+5SD), defined by the analysis of 10 normal BM samples.

Cell culture and transfection

HEL, K562, 32Dcl3, and HEK293 cell lines were grown at 37°C in a 5% CO,
atmosphere. HEK293 cells were maintained in Dulbecco’s minimum essential
medium, HEL and K562 in RPMI-1640 (Gibco, Invitrogen Life Technologies,
UK), and 32Dcl3 in RPMI-1640 + 10% conditioned medium of cell line WEHI-
3B (DSM ACC 26). Media were supplemented with 10% fetal bovine serum,
penicillin G (100 U/ml), and streptomycin (0.1 mg/ml). For transfection
experiments, HEK293 cells were seeded into 10cm dishes and transfected with
60uL of Lipofectamine2000 (Invitrogen) and 12ug of the plasmids expressing
SETBP1(SHR)-V5, SETBP1-GFP, SETBP1(SETBD)-GFP, SET-GFP or empty
vector as control. HEL and 32Dcl3 cells were seeded in culture flasks and
transfected using the Nucleofector System (solution V; protocol X-005 for HEL,
and E-032 for 32Dcl3) (Amaxa), with 4 ug of plasmidic vectors or 75 nM SET
siRNA pool designed and synthesized by Dharmacon.

Plasmids

Human SET cDNA was obtained by RT-PCR from K562 RNA using an upstream
primer containing an EcoRI site followed by the first 19 nucleotides of SET
cDNA, and a downstream primer containing the last 21 nucleotides of SET linked
to a BamHI site. The EcoRI/BamHI digested PCR product was subcloned into the
pEGFP-C2 vector leading to the pEGFPC2-SET construct. Human SETBPI
cDNA was obtained by RT-PCR from peripheral blood, and subcloned into the
vector pEGFP-C2 through Xhol/Sall sites, resulting in the pEGFPC2-SETBP1
construct. The region from aa 1,167 to the end of SETBP1 was obtained by
digestion from the pEGFPC2-SETBP1 construct and subcloned into the vector
pEGFP-C2 through HindIIl/Sacll sites, resulting in the pEGFPC2-
SETBP1(SETBD) construct. The region from aa 449 to aa 857 of SETBPI was
obtained by PCR from the pEGFPC2-SETBP1 and subcloned into the
pcDNA3.1V5/His vector, leading to the pcDNA3.1V5/His-SETBP1(SHR). All
cloning procedures were verified by sequencing.

Immunoprecipitation and Western blotting

Cells were lysed in 100uL of Lysis buffer containing 1% Triton X-100 and
protease inhibitors (Complete Mini, Roche). After incubation on ice (30min)
protein extracts were clarified (12,000 xg, 15min, 4°C), denatured and subjected
to SDS-PAGE and Western-blot. Antibodies used were goat polyclonal anti-SET
(Santa Cruz Biotechnology), mouse monoclonal anti-PP2A (clone 1D6, Upstate
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Inc.), rabbit monoclonal anti-PP2AY*"7 (Epitomics), rabbit polyclonal anti-GFP
(Santa Cruz Biotechnology) and mouse monoclonal anti-Btubulin (Sigma). For IP,
lysates were precleared (1h, 4°C) on a rotating wheel and immunoprecipitated
with antibody-bound Protein G-Sepharose (8h, 4°C). After washings, IPs were
subjected to SDS-PAGE and Western-blot. Proteins were detected with the
appropriate secondary antibodies by chemiluminescence (ECL kit, GE
Healthcare).

Proliferation assay, viability and total cell counts

Cell proliferation was measured in triplicate wells by MTS assay in 96-well plates
using the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega).
Cell viability and total counts were measured in triplicate with the Nucleocounter
(Biogen), and the results confirmed by Trypan Blue method.

PP2A assays

PP2A assays were performed with cell lysates (50pg) using a PP2A
immunoprecipitation phosphatase assay kit (Millipore) as previously described,'®
except that we added the protease inhibitor cocktail complete (Roche) to the
protein extraction mix.

Statistical analysis

Statistical analyses were performed using SPSS 15 for windows (SPSS Inc,
Chicago Illinois). Overall survival (OS) was defined as the time from diagnosis to
death due to any cause or end of follow-up. Disease-free survival (DFS) was
defined as the time from complete remission until relapse or death. Event-free
survival (EFS) was defined as the time from diagnosis until first event, in which
failure to achieve complete remission, relapse, death or end of follow-up were
considered events. OS, DFS, EFS were determined according to the Kaplan—
Meier method and survival comparisons were done with the Log-rank (LR) test, if
proportional hazard assumption was fulfilled, and Breslow (B) otherwise. The
Cox proportional hazards model was used to assess patient’s outcome for patient
stratified groups of age. The hazard model was adjusted taking into consideration
relevant parameters that included cytogenetic group, complete remission, and
SETBPI overexpression. Good-and intermediate-risk were analyzed together
because of the small number of patients with good-risk cytogenetics. P < 0.05 was
considered statistically significant.

Bioinformatics analysis of the SETBP1 proximal promoter

Analysis of the proximal promoter of SETBPI was performed with
MotifScanner,'”" which scans DNA sequences with precompiled motif models.
This algorithm assumes that motifs are hidden in a noisy background sequence
represented by a higher-order Markov model. The motif models of transcriptional
factors were obtained from the public version of Jaspar and Transfac databases.
The proximal promoter of SETBPI was defined as 3,000bp upstream the
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transcription start site (TSS), and was extracted from Ensembl database release
53.
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Results

SETBP1 (18g21) is overexpressed in a patient with a translocation
t(12;18) involving ETV6

Karyotype at diagnosis of a patient with AML-MS5 secondary to MDS was
46,XY,t(12;18)(p13;q12)/47,idem,+19. FISH showed that the breakpoint on
12p13 was located between exons 2 and 3 of ETV6 (Figure S1). To identify the
fusion partner of E7V6, RACE-PCR experiments were performed on RNA from
BM of the patient. 3’RACE-PCR identified two clones containing E7V6 exon 2
followed by sequences that overlapped with the human cDNA clone BC051727
(Mammalian Gene Collection Program Team) located in chromosome 18 (Figure
1). Alignment of these sequences to the human genome did not reveal the
presence of a known gene, but the novel sequences were split into segments that
were flanked by consensus splice donor and acceptor sites. This indicated that
these sequences could be part of a novel gene, whose exact identity and complete
cDNA sequence was not further analyzed. Because the complete transcript is
currently unknown, the different exons identified in this sequence were arbitrarily
named as follows: Fusion transcript 1: ETV6-exon-1+ETV6-exon-2+exon-
“a”t+exon-“b”; Fusion transcript 2: ETV6-exon-1+ETV6-exon-2+exon-“c”’+exon-
“d”+exon-“e”. Stop codons were found in the 3 different reading frames for exons
“b” and “e”, indicating that these exons are part of a noncoding transcript. The
presence of these two fusions was confirmed by RT-PCR, cloned and sequenced
(data not shown). Fusion transcripts predicted, in both cases, truncated proteins
due to the presence of premature stop codons (Figure 1). Besides, the predicted
new proteins showed no homology with any known proteins. In these novel
sequences we found no microRNAs that could be deregulated as a consequence of
the translocation. 5'RACE-PCR failed to find any reciprocal fusion transcript.
Taken together, these data suggest that no functionally significant fusion
transcripts were generated by the translocation.

To confirm the position of the breakpoint on chromosome 18, BACs located at
18912 were used as probes in FISH experiments. Analysis on BM cells of the
patient showed that one signal hybridized to the normal chromosome 18, and the
other split and hybridized to both der(18) and der(12) (Figure 1). FISH showed
that the breakpoint was located 5" and close to the SETBPI gene. Activation of
SETBPI expression by retroviral integration in hematopoietic progenitor cells has
been reported to confer a growth advantage leading to clonal expansion.”’
Knowing that SETBPI was close to the breakpoint in the t(12;18)(p13;q12) and
taking into account that ectopic expression of oncogenes is a mechanism involved
in leukemia, we analyzed the expression of SETBPI by real-time PCR (QRT-
PCR) in this patient, and we found that SETBPI was overexpressed at diagnosis
and in the post-treatment samples (Figure 1).
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Ectopic expression of SETBP1 leads to increased full-length SET protein
levels

SETBP1 has been reported to specifically interact with the protein SET,*! a potent
inhibitor of protein phosphatase 2A (PP2A). To assess whether the ectopic
expression of SETBP1 affects SET protein levels, HEK293 cells were transiently
transfected with SETBP1-GFP. We found that levels of the 39KDa full length
form of SET were strongly induced; moreover, an important decrease in the levels
of low molecular weight forms of SET was observed. As controls, ectopic
expression of the SETBPI1-GFP protein was detected by anti-GFP (Figure 2A)
and QRT-PCR (Figure S2A). Analysis by fluorescence microscopy of SETBP1-
GFP-transfected HEK293 cells confirmed a predominantly nuclear location of
SETBP1 (Figure S2B).

To assess the origin of the proteins of different sizes detected by anti-SET
antibodies, HEK293 cells were transfected with SET-GFP and harvested at
different times. Full-length SET-GFP protein of ~67KDa could be detected by
western blot 9h after transfection, and two additional bands of lower molecular
weight appeared gradually, together with the full-length form (Figure S2C).
Taking into account the molecular weight of GFP, these bands would correspond
to the endogenous short SET forms (Figure 2A). Because SET-GFP is expressed
from a cDNA sequence, and alternative splicing cannot take place in the absence
of intronic sequences, these results suggest that the endogenous SET protein of
39kDa is cleaved by proteases, resulting in truncated proteins with distinct sizes.

In order to analyze the region of SETBP1 that is critical to induce this effect, we
transfected HEK293 cells with the vector pcDNA3.1-SETBP1(SHR)-V5, which
expresses an internal region of SETBPI that includes the SKI Homologous
Region (SHR), and with the vector pEGFPC2-SETBP1(SETBD), expressing the
carboxi-terminal region of SETBPI that includes the SET binding domain
(SETBD). We used HEK293 cells transfected with SETBP1-GFP as positive
control, with the empty vector as negative control. We found similar results
transfecting with SETBP1-GFP and with SETBD-GFP; however, no effects were
observed with SETBP1(SHR)-V5, indicating that the region containing SETBD is
critical (Figure 2B). Taken together, these results suggest that SETBP1 has a
major effect on the 39kDa form of SET, probably increasing its levels by
impairing protease activity on the full-length SET protein.

SETBP1 inhibits PP2A activity through tyrosine phosphorylation of its
catalytic subunit

We next investigated the effect of SETBP1 overexpression on the PP2A protein.
Expression levels of the catalytic subunit of PP2A (PP2Ac) were not affected in
HEK293 cells transfected with SETBP1-GFP, with respect to non-transfected
cells (Figure 2C). However, an increase in the phosphorylation of tyrosine-307
was observed (Figure 2D). Of note, phosphorylation of tyrosine-307 is responsible
for more than 90% of the phosphatase activity of this protein; in fact, it has been
shown that PP2Ac is inactive when tyrosine-307 is phosphorylated.”” These
results suggest that ectopic expression of SETBP1 leads to a reduced PP2A
activity, which was confirmed by a PP2A phosphatase assay (Figure 2E).
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We next assessed if the observations made in SETBP1-transfected cells could be
confirmed in the patient samples. As a positive control for PP2A inactivation and
SET overexpression, protein extracts from K562 cells were included.” The
patient showed higher phosphorylation of tyrosine-307 of PP2Ac in both relapse
and post-treatment samples, when compared with normal donors. We also
observed increased SET protein levels, with good correlation between protein and
mRNA (Figures 3 and S3).

SETBP1 induces proliferation in HEL and 32Dcl3

To investigate the effect of SETBP1 on cell growth, the HEL cell line (AML-M6)
was chosen as a cellular model. An increased proliferation in cells transfected
with SETBP1 compared with mock-transfected cells was observed using the MTS
assay (Figure 4A); furthermore, total cell counts and cell viability were
determined by Nucleo Counter and confirmed with the Trypan Blue method (data
not shown). These results confirmed the higher cell counts and better viability of
cells transfected with SETBP1 when compared to cells transfected with the empty
vector. Similar results were obtained with the 32Dcl3 cell line (Figure 4A). In
addition, we observed reduced PP2A activity in both HEL and 32Dcl3 cells
transfected with SETBP1.

To confirm our hypothesis that SETBP1 inhibits PP2A through SET, SET was
down-regulated by SET-specific siRNAs (Figure S4). We observed that the effects
of SETBPI on cell proliferation and PP2A activity were impaired in both HEL
and 32Dcl3 cells after SET knockdown (Figure 4B).

SETBP1 forms a complex including SET and PP2A

It has been reported that SETBP1 interacts with SET and that the region of SET
that binds to SETBP1 is different from the PP2A inhibitory region. Accordingly,
it was postulated that SETBP1-SET heterodimers interact with PP2A.>' However,
no experimental evidence to confirm this hypothesis has been provided yet. To
determine whether SET interacts simultaneously with SETBP1 and PP2A,
coimmunoprecipitation assays were carried out in HEK293 cells, transfected or
not with SETBP1-GFP. PP2A and SET coimmunoprecipitated with SETBPI,
suggesting the existence of a SETBP1-SET-PP2A complex. Preclearing of SET
using anti-SET antibodies bound to Sepharose-Protein G inhibited the
coimmunoprecipitation of PP2A and SET with SETBPI, indicating that PP2A
interacts with the SETBP1-SET heterodimer through SET, and that SETBP1 and
PP2A do not directly interact with each other. Interestingly, we found that the
coimmunoprecipitated PP2A was phosphorylated on its tyrosine-307 (Figure 5).
Taken together, these results suggest that the SETBP1-SET heterodimer interacts
with PP2A forming a SETBP1-SET-PP2A complex in which the presence of SET
is critical.

Prevalence of SETBP1 overexpression in AML

To study the prevalence of SETBPI overexpression and its prognostic value in
AML, we quantified the expression of SETBPI in a series of 192 patients with
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AML at diagnosis, correlated these values with FAB classification, and
cytogenetic and molecular markers, and studied the prognostic relevance of this
aberration. Patient characteristics are presented in Table 1, and box-plots showing
the SETBP1 expression levels in Figure S5. Although patients were treated with
different schedules, all received regimes based on anthracycline and cytarabine as
induction therapy. High dose cytarabine, and autologous or allogenic stem cell
transplantation when possible, were used as consolidation therapy. All patients
provided informed consent. SETBP1 was overexpressed in 53 out of 192 patients
(27.6%). The prevalence in cytogenetic prognostic groups was: good 24% (7/29),
intermediate 18.5% (17/92), and poor 40.8% (29/71). We found genetic
aberrations associated with SETBPI overexpression: monosomy 7 (p=0.007),
chromosome 18 aberrations (p=0.031) and EVII overexpression (p=0.001). An
inverse correlation was observed between SETBPI overexpression and normal
karyotype (p=0.010), and NPMI mutations in patients with wild type FLT3
(p=0.045) (Table 2).

Prognostic impact of SETBP1 overexpression in AML

Clinical follow-up data were available for 168 patients (Table S2), 91 men and 77
women, with a median age of 56 years. Median OS of the global cohort was 31.7
(95% CI 21.5-41.9 weeks) (Figure S5). As expected, significant differences in OS
according to age, cytogenetic group, and complete remission rate (CR) were
found in this series (p<0.01). In addition, we found significant differences in OS
between patients with and without SETBPI overexpression (p<0.01) (Figure S6).
Interestingly, the prognostic impact of SETBPI overexpression was particularly
evident in patients older than 60 years (Figure 6A). Univariate analysis showed
that only complete remission (p<0.01) and SETBP1 overexpression (p=0.015), but
not cytogenetic group (p=0.059), were significant in OS in the group of patients
older than 60 years. Multivariate analysis demonstrated that SETBPI
overexpression was an unfavorable independent factor associated with OS in
elderly patients with AML (Table 3).

Only 121 of this series of 168 patients received induction therapy. We also found
significant differences in age, cytogenetic group, and CR (data not shown) in this
series. When we investigated the prognostic impact of SETBP1 overexpression in
this cohort, we found that patients with SETBPI overexpression had significantly
worse OS (p=0.016) and EFS (p=0.015) (Figure 6B). We found no differences in
DFS (p=0.366). Sixty six patients of this series were included in the intermediate
cytogenetic risk group, and 47 had normal karyotype. Patients with SETBPI
overexpression had a worse OS than those without (median: 26 vs. 45.9 weeks);
however, differences were not statistically significant, probably due to the small
number of SETBPI positive cases. A worse outcome in DFS (median: 20.9 vs.
61.4 weeks) and EFS (median: 23.3 vs. 40 weeks) was also observed.

In order to analyze the molecular events that could lead to SETBPI
overexpression in the AML cases we performed a bioinformatic analysis of the
proximal promoter of SETBPI. We identified several hypothetical binding-sites
for transcription factors previously implicated in leukemia such as GATAI,
GATA2, EVI1, HMG-1 or AP-1 (Table S3). Moreover, there is a CpG island
within the putative proximal promoter of SETBPI that spans 1,812bp and could
lead to the hypothetical epigenetic deregulation of SETBPI in cases with
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overexpression of this gene. Interestingly, 6 out of the 7 retroviral insertion sites
described by Oftt et al. (2006)*° are located in a region of 200pb (40513701-
40513912), where this CpG island is located (40512982-40514793).
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Discussion

We report here a novel mechanism of transformation in acute myeloid leukemia.
We first investigated a t(12;18)(p13;q12) involving ETV6 in a patient with AML.
Functionally significant fusions could not be detected. Knowing that SETBPI
(18q12) was close to the translocation breakpoint, and taking into account that
ectopic expression of oncogenes is a mechanism involved in leukemia, we
postulated that overexpression of SETBPI could be the major event in this case. In
fact, SETBPI was overexpressed at diagnosis and in the post-treatment samples of
the patient (Figure 1). As activation of SETBPI expression by retroviral
integration in hematopoietic progenitor cells had been reported to confer a growth
advantage leading to clonal expansion,® and we could establish that SETBPI
overexpression was a recurrent molecular event with poor prognostic impact in
AML, we decided to investigate the leukemogenic mechanism of overexpression
of this gene. In this paper we show that SETBP1 overexpression protects SET
from protease cleavage, increasing the amount of full-length SET protein, and
leading to the formation of a SETBP1-SET-PP2A complex that results in PP2A
inhibition, and therefore promotes the proliferation and expansion of leukemic
cells.

SETBPI encodes a protein of 1,542 aa and 170KDa, localized predominantly in
the nucleus, as we have confirmed in this study (Figure S2B). The physiological
function as well as the molecular mechanism by which SETBP1 acts remains
unknown. The protein contains a region homologous to the dimerization domain
of SKI, and a SET binding region, although the functional significance of these
interactions has mnot been determined.”’ The protein SET (I2PP2A/TAF-IP)
inhibits PP2A through the phosphorylation of the PP2Ac tyrosine 307.** In fact,
SET is overexpressed in multiple solid tumors® and in CML, where its correlation
has been demonstrated with the expression and oncogenic activity of BCR-ABL,
leading to PP2A inhibition.”

Here, we demonstrate that SETBP1 overexpression increased the 39KDa full-
length SET, probably because the SETBP1-SET interaction protects SET from
protease-mediated cleavage. As a consequence, we detected a decrease in the
27KDa, 24KDa and 20KDa SET forms (Figure 2A). It has been reported that SET
inhibits the DNase activity of the tumor suppressor NM23-H1, and that the
cleavage of SET by Granzyme A during the cytotoxic T lymphocyte-induced
apoptosis releases NM23-H1 from inhibition, and triggers NM23-HI to
translocate into the nucleus, where it nicks the DNA.**?’ Interestingly, the
cleavage of SET by Granzyme A generates 3 polypeptides with similar molecular
weight to those we detected. Although more studies are needed to clarify this
point, our results suggest a possible role for SETBP1 impairing the cleavage of
SET by Granzyme A in the apoptosis caspase-independent pathway induced by
cytotoxic T lymphocytes. This could point to a novel defense mechanism in
leukemic cells.

PP2A is a major protein phosphatase implicated in many cell processes,”>* and
its loss of function has been associated with cell transformation.**~* Because SET
is a potent inhibitor of PP2A, and SETBP1 overexpression alters the level of SET,
we analyzed the effect of SETBP1 overexpression on PP2A. In addition to the
previously reported SETBPI-SET and SET-PP2A complexes, we demonstrated
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the formation of a SETBP1-SET-PP2A heterotrimeric complex, in which PP2A is
phosphorylated and, therefore, inhibited (Figure 5). Our results suggest that this is
the molecular mechanism by which PP2A is inhibited in patients with SETBPI
overexpression and AML, since PP2A and SETBP1 did not interact in the absence
of SET (Figure 5). Interestingly, we only detected the full-length SET form in the
immunoprecipitate, indicating that the shorter processed forms are not present in
the SETBP1-SET-PP2A complex. It has been reported that these forms conserve
their inhibitory activity of PP2A, but it remains unclear whether this activity is
similar to that of full-length SET;> our results suggest that the processed forms
may have lower PP2A inhibitory activity, and that SETBP1 may increase the
inhibition of PP2A by protecting the full-length SET protein, and permitting its
interaction with PP2A.

Moreover, SET is a key modulator of DNA replication, chromatin remodeling and
gene transcription,’®’ differentiation,*® and cell-cycle regulation.”” We postulate
that the protecting role that SETBP1 overexpression plays on SET might reflect
changes in the expression patterns of genes whose acetylation depends on the
presence of the full-length SET protein, since 39KDa SET, but not the processed
forms, has been reported to inhibit histone acetylation and to bind to HuR, which
stabilizes immediate early gene mRNAs.”?®* Our results showed that the
SETBD region is critical for this function (Figure 2B); therefore, the interaction of
SETBP1 and SET could have other effects apart from the inhibition of PP2A.

To assess the prevalence and the prognostic significance of SETBPI
overexpression we analyzed the expression of this gene in 192 patients with AML
at diagnosis, and we found that SETBPI overexpression was a recurrent event in
AML, accounting for 27.6% of all cases. Our results show that SETBPI
overexpression predicts shorter OS, and that the impact on prognosis is especially
significant in patients older than 60 years (Figure 6A). AML is a disease of the
elderly, with a median age at diagnosis over 60 years. However, the gradual
improvements achieved in the last two decades have been mainly focused on the
group of patients <60, whereas there has been no change in the OS of patients
>60, probably due to both patient and disease specific factors, although this
subgroup represents two thirds of the total number of cases.*’ It is therefore
important to identify genetic markers that could predict prognosis in this subgroup
of patients, as well as to advance our knowledge of disease biology to develop
novel targeted therapies. Our data suggest that SETBPI overexpression could
distinguish two subgroups of AML elderly patients; furthermore, it could be a
predictive factor of response to PP2A activators such as FTY720, which has been
proposed as a future alternative for treating blast crisis CML and Philadelphia-
positive ALL.**

Although multivariate analysis confirmed the negative prognostic impact of
SETBP] overexpression in our series, it was associated with other poor prognostic
markers such as monosomy 7 and EVII overexpression. AML is a multistep
genetic disease, and the activation of SETBPI may cooperate with additional
mutations to induce leukemia.”’ In the patient with t(12;18) we found no FLT3,
NPM1 or JAK2 mutations, although trisomy 19 was observed in the blast cells of
the patient as a secondary event that would cooperate in the progression of the
disease. Moreover, post-treatment samples showed overexpression of SET and
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ETV6, which could act synergistically with SETBPI overexpression (Figure S3).
The mechanisms by which SETBPI is overexpressed in the series analyzed
remain unknown. However, bioinformatic analysis of the putative promoter
region of SETBPI allowed us to identify several transcription factors previously
implicated in leukemia (Table S3); so, we postulate that their deregulation could
promote SETBPI overexpression. FISH analysis suggests that the breakpoint in
the patient with the t(12;18) is located upstream to the transcription start site of
SETBPI, close to the retroviral insertion sites described by Ott et al. (2006)>.
Moreover, 6 out of the 7 retroviral insertion sites described in that paper are
located in a region of 200bp (40513701-40513912), where we have found a CpG
island (40512982-40514793). Taken together, this suggests that this is an
important region for the transcriptional regulation of the SETBPI gene, and that
epigenetic aberrations could be another mechanism of SETBPI overexpression in
patients with AML without 18q aberrations. Further studies to confirm this and to
analyze the promoter region of SETBPI are in progress.

In summary, we report a novel mechanism of leukemic transformation.
Overexpression of SETBP1 promotes an increase in full-length SET levels,
impairing the phosphatase activity of the tumor suppressor PP2A through the
formation of a SETBP1-SET-PP2A complex, and promoting the proliferation of
cells (Figure 7). Besides, we demonstrate that SETBP1 overexpression protects
SET from protease cleavage, which could have important effects on both the
histone acetylation inhibitory activity of SET and Granzyme A-mediated caspase-
independent apoptosis induced by cytotoxic T lymphocytes. Furthermore,
deregulation of SETBPI by translocations or other unknown mechanisms seems to
play a crucial role in the leukemic transformation of AML. We have shown that
SETBP1 overexpression is a recurrent molecular event with independent
prognostic value in AML, especially in the subgroup of elderly patients. Further
research into the physiological function of this gene will contribute to a better
understanding of the multiple steps that give rise to AML.
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Tables

Table 1. Clinical and molecular characteristics of a series of 192 patients with AML.

No. (%)
Sex
Male 99 (53)
Female 88 (47)
No data 5
Age

<60 years |92 (50.3)
>60years |91 (49.7)

No data 9
Complete Remission

No 47 (36.7)

Yes 81 (63.3)

No data 64
Diagnosis

AML-MO 21 (10.9)

AML-M1 35 (18.2)

AML-M2 38 (19.8)

AML-M3 7  (3.6)

AML-M4 33 (17.2)

AML-M5 36 (18.8)

AML-M6 12 (6.3)

AML-NOS |10 (5.2)
Secondary AML (sAML)

No 130 (83.3)

Yes 26 (16.7)

No data 36
Cytogenetic group

good 29 (15)

intermediate |92  (48)

poor 71 (37)
SETBP1 overexpression

No 139 (72.4)

Yes 53 (27.6)
WT1 overexpression

No 22 (16)

Yes 115 (84)

No data 55
EVI1 overexpression

No 132 (76.7)

Yes 40 (23.3)

No data 20

NPM1 mutated

No 18 (37.5)

Yes 30 (62.5)

No data 144
FLT3-ITD

No 99 (79.2)

Yes 26 (20.8)

No data 67
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Table 2. Association between SETBP1I overexpression and clinical and genetic parameters in 192
patients with AML at diagnosis.

No. No. SETBP1- | No. SETBP1+
Cases (%) (%) P
SETBP1 192 139 (72.4) 53 (27.6)
Sex 187 136 51 0.511
Male 99 70  (70.7) |29 (29.3)
Female 88 66  (75) 22 (25)
Age 183 136 47 0.219
<60 years 92 72 (78.3) |20 (21.7)
> 60 years 91 64  (70.3) |27 (29.7)
CR 128 180 50 0.196
No 47 33  (70.2) |14 (29.8)
Yes 81 65 (80.2) |16 (19.8)
sAML 156 247 56 0.354
No 130 101 (77.7) |29 (22.3)
Yes 26 18 (69.2) |8  (30.8)
Prognostic group 192 139 53 0.006
good 29 22 (76) 7 (24)
intermediate 92 75 (82.5) |17 (18.5)
poor 71 42  (59.2) |29 (40.8)
Cytogenetic group 192 139 53
yes |63 53  (84) 10 (16)
normal karyotype o |128 85 (66.4) |43 (33.6) 0.010
. es [18 13 72.2) |5 27.8
trisomy 8 ho | 163 119 573) ) 44 527) ) |03
. yes |11 5 (454) |6 (54.6)
chromosome 18 aberrations o 1169 127 (75) 42 (25) 0.031
yes |27 14 (51.9) |13 (48.1)
monosomy 7 no |155 119 (76.8) |36 (232) |9007
es |16 10 62.5) |6 375
der(7q) ho | 166 123 §74.1; 43 525.9; 0.318
WT1 overexpression 137 108 29 0.345
No 22 19 (86.7) |3 (13.6)
Yes 115 89 (77.4) |26 (22.6)
EVI1 overexpression 172 126 46 0.001
No 132 108 (81.8) |24 (18.2)
Yes 40 18 (45) |22 (55)
MDS1EVI1 overexpression 152 109 43 0.012
No 138 103 (74.6) |35 (25.4)
Yes 14 6 (42.9) |8 (57.1)
NPM1 mutated and FLT3 wt 32 28 4 0.014
No 12 8 (66.7) |4  (33.3)
Yes 20 20 (100) [0 (0.0)
FLT3-ITD 125 100 25 0.760
No 99 78 (78.8) |21 (21.2)
Yes 26 22 (84.6) |4 (15.4)
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Table 3. Multivariate analysis of clinical and biological variables in the group of patients with
AML older than 60 years.

Variable Subset | Hazard ratio (95% confidence interval) | p
Complete Remission No/Yes |1/0.218 (0.110 - 0.430) 0.001
SETBP1 overexpression [ No/Yes |1/2.311 (1.173 - 4.553) 0.015
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Figure 1. Genetic characterization of a patient with AML-M5 and a
t(12;18)(p13;912) involving ETV6. A) FISH analysis indicating the breakpoint
on 18q12: probe RP11-252G8 (green) splits and hybridizes in both der(18) and
der(12); B) Analysis by QRT-PCR of the SETBPI expression in samples of the
patient at diagnosis, post-treatment control, and relapse; C) RACE results showing
the two different fusion transcripts detected. Sequences from E7V6 are in italics;
the putative exons from chromosome 18 are underlined.
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Figure 2. Ectopic expression of SETBP1 induces increased full-length SET
levels and inhibits PP2Ac. A) Western-blot showing endogenous SET expression
in HEK293 cells transfected with SETBP1-GFP, an empty vector as a control, or
non-transfected cells; B) Analysis by western-blot showing SET in HEK293 cells
transfected with different regions of SETBP1; SHR: SKI homologous region;
SETBD: SET binding domain; C) Western-blot and densitometry analysis
showing the effect of ectopic SETBP1 over PP2A expression in HEK293 cells; D)
Western-blot and densitometry analysis showing the effect of ectopic SETBP1
over PP2A phosphorylation levels of the tyrosine-307; E) PP2A phosphatase
assay in HEK293 cells transfected or not with SETBPI.
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Figure 3. Comparison of the PP2A and SET protein levels by western-blot
between patient samples and normal donors. Phosphorylation on tyrosine-307
of PP2A is also assessed. The K562 cell line was used as a positive control for
SET overexpression and hyperphosphorylation of Y-307 of PP2A. N1-NS5: normal
controls; R: patient sample at relapse; PT: patient sample after-treatment; D:
patient sample at diagnosis; C+: K562 cells as positive control.
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Figure 4. Effect of SETBP1 on cell proliferation and PP2A activity. A) MTS
assays showing the effect of ectopic SETBP1 expression alone or with SET-
specific siRNAs on the growth of HEL and 32Dcl3; B) PP2A phosphatase assay
in HEL and 32Dcl3 cells either not transfected or expressing the empty vector as a
control, SETBP1 alone or SETBP1 with SET downregulated by SET-specific

siRNAs.
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Figure 5. PP2A interacts with SET-SETBP1 heterodimer but not directly
with SETBP1. Cell extracts expressing SETBP1-GFP (lanes 2 and 3) were
immunoprecipitated with anti-GFP followed by western-blotting with anti-SET
and anti-PP2A. Cell extract without SETBP1-GFP expression was used as
negative control (lane 1). One of the cell extracts expressing SETBP1-GFP was
pre-cleared of SET using anti-SET antibodies bound to Sepharose-Protein G
before the immunoprecipitation (lane 2).
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Figure 6. A) Kaplan-Meier analyses of overall survival for SETBPI in the series
of age-stratified 168 patients with AML, and clinical follow-up data available.
Patients older than 60 years with SETBPI overexpression showed a poorer
outcome in comparison with patients with no SETBP1 overexpression; B) Kaplan-
Meier analyses of overall survival, disease-free survival and event-free survival
for SETBPI overexpression in a series of 121 patients with AML and clinical
follow-up data available who received induction therapy (note that this group of
121 patients is included in the previous series of 168 patients mentioned above).
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Figure 7. Proposed molecular model for SETBP1 signaling pathway: SETBP1
overexpression protects SET from protease cleavage, increasing the amount of
full-length SET protein, and leading to the formation of a SETBP1-SET-PP2A
complex that results in PP2A inhibition and, therefore, promotes the proliferation
of leukemic cells.
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Supplementary Figure 1. Genetic characterization of a patient with AML-M5
and a t(12;18)(p13;q12). A) Partial karyotype of the patient. Derivative
chromosomes are indicated by arrows; B) FISH analysis of the patient showing
that ETV6 was rearranged.
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Supplementary Figure 2. A) Quantification of SETBPI expression levels by
QRT-PCR (AACt method) in parental HEK293 cells and HEK293 cells
expressing SETBPI or the empty vector. B) SETBP1 shows mainly nuclear
intracellular location. Results were obtained using a Leica DMIRB fluorescence
microscope at 100X magnification and a DC480 camera (Leica) and analyzed by
the use of the TWAIN Module software (Leica). C) HEK293 cells were
transiently transfected with SET-GFP and harvested at different times. SET-GFP
expression began 9 hours after transfection, with two shorter forms were
appearing progressively.
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Supplementary Figure 3. Quantification of SET and ETV6 expression levels by
QRT-PCR (AACt method) in the patient samples at diagnosis, post-treatment
control and relapse.
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Supplementary Figure 4. A) Western blot analysis showing the levels of
immunoprecipitated PP2A from the cell lines used in the phosphatase assays
showed in fig. 2E and 4B; B) Western blot analysis and relative SET expression
by QRT-PCR of HEL and 32Dcl3 cells transfected with a control siRNA or

SISET.
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Supplementary Figure 5. A) Survival graph of the 168 AML patients with
follow-up data available; B) Box-plots showing SETBPI expression levels in the
groups of AML patients without (n=139), and with SETBPI overexpression

(n=53).
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Supplementary Figure 6. Kaplan-Meier analyses of overall survival in the cohort
of 168 patients with clinical follow-up data available show an inferior outcome in:
A) patients older than 60 years; B) patients included in the intermediate and poor
prognosis groups; C) patients who did not achieve CR; D) and patients with
SETBPI overexpression.
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Capitulo 4. Deregulation of SET is a recurrent event that
contributes to PP2A inhibition and is associated with poor
outcome in acute myeloid leukemia
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Abstract

PP2A is a tumor suppressor reported as a potential therapeutic target in chronic
and acute leukemias. Here we show that SET, a potent PP2A inhibitor implicated
in numerous cell processes, is upregulated in acute myeloid leukemia (AML) at
both mRNA and protein levels. Prevalence of SET overexpression in AML
patients at diagnosis was 28% (60/214), and was associated with SETBPI
(p<0.01) and EVII overexpression (p=0.02). Patients with SET overexpression
had worse OS (p<0.01) and EFS (p<0.01). SET induces proliferation of AML
cells, restoring the reduced cell viability caused by PP2A expression. Moreover,
activation of PP2A by forskolin decreases SET, indicating that PP2A could
regulate SET levels. Our results suggest that SET overexpression is a recurrent
molecular event that predicts poor outcome, and represents a key mechanism to
inhibit PP2A in AML. Importantly, this alteration discriminates a subgroup of
AML patients that could benefit from future treatments with PP2A activators.
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Introduction

Acute myeloid leukemia (AML) is a clonal disorder with great heterogeneity at
clinical and molecular levels. Identification of recurrent genetic alterations has
provided novel targets to improve prognosis and develop more effective therapies
in AML; however, advances in our understanding of the pathophysiology of AML
have not yet lead to major improvements in patient outcomes.'> The protein SET
(I2PP2A/TAF-IB), a potent PP2A inhibitor through the phosphorylation of the
PP2Ac tyrosine 307,” has been implicated in many cell processes such as DNA
replication, chromatin remodeling and gene transcription,” differentiation,’
migration’ and cell-cycle regulation.® Moreover, numerous studies have shown
that SET acts as an oncogene regulating important signaling pathways (reviewed
in Westermarck and Hahn, 2008).9 Consistent with its oncogenic role, SET is
overexpressed in multiple solid tumors'® and in chronic myeloid leukemia (CML),
where its expression correlates with the oncogenic activity of BCR-ABL, leading
to PP2A inhibition."" Moreover, in some acute leukemias, SET has been found
fused to CAN or HRX, leading to the formation of fusion proteins that contribute
to leukemogenesis by impairing the normal PP2A regulation.'* "

PP2A is a tumor suppressor that impairs cellular transformation by regulating a
wide variety of signaling pathways (Reviewed in Mumby, 2007; and
Westermarck and Hahn, 2008).”'* PP2A has been described as a potential
therapeutic ~ target in CML, Philadelphia-chromosome-positive  acute
lymphoblastic leukemia, and B-cell chronic lymphocytic leukemia.'"'*' In
previous studies, we have described that overexpression of SETBPI in AML cells
protects SET from protease cleavage, increasing the amount of SET protein, and
forming a SETBP1-SET-PP2A complex that results in PP2A inhibition."” In
addition, we observed that PP2A inactivation is a recurrent event in AML, and
that restoration of PP2A activity by forskolin blocks proliferation, induces
caspase-dependent apoptosis, and affects AKT and ERK1/2 activity.'® Here, we
show that SET deregulation is a recurrent event in AML in both cell lines and
patient samples, where it is associated with a significant short overall survival.
Analysis by western blot confirmed SET overexpression at protein level in AML
patient samples. Ectopic expression of SET promotes cell proliferation and
restores the reduced cell viability induced after PP2A overexpression. Moreover,
analysis of the mechanisms responsible of SET deregulation showed that PP2A
could regulate SET levels. The high recurrence of this alteration indicates that
SET overexpression would represent a key inhibitory mechanism of PP2A in
AML cells, and could discriminate a subgroup of patients susceptible for future
therapies with PP2A activators.
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Methods

EOL-1, HL-60, Kasumi-1, OCI-AML2, MOLM13, MV4-11, HEL, KG-1, K562,
NOMO-1, UT-7, MUTZ-3, F-36P, TF-1 and HEK293 cell lines were maintained
as previously described.!”"® Cells were treated with the reagent forskolin (40 pM)
(Calbiochem). For transfection experiments we used the Nucleofector System
(Amaxa). Human SET cDNA was obtained by RT-PCR and cloned through
EcoRI/BamHI sites into pEGFP-C2. SET insert was verified by sequencing. The
study comprised bone marrow samples of 214 patients with AML at diagnosis.
Although patients were treated with different schedules, all received regimes
based on anthracycline and cytarabine as induction therapy. High dose cytarabine,
and autologous or allogenic stem cell transplantation when possible, were used as
consolidation therapy. All samples were taken anonymously. Total RNA was
isolated using the RNeasy minikit (Qiagen). cDNA was synthesized with
SuperScriptlll Reverse Transcriptase (Invitrogen). Quantification of SET was
performed using a specific TagMan Gene Expression Assay (Applied Biosystems)
and GAPDH as internal control. Expression levels of miR-199b were determined
using a specific TagMan MicroRNA Assay (Applied Biosystems) and U6B as
internal control. For quantification of miR-199b, total RNA was isolated using
TRIzol Reagent (Invitrogen). Analysis of relative gene expression data was
performed using the 272*“r method.” SET cut off was established as previously
described (mean+5SD).!” Protein extracts were isolated using TRIzol Reagent
(Invitrogen) following manufacturer’s indications. Antibodies used were goat
polyclonal anti-SET (Santa Cruz Biotechnology) and mouse monoclonal anti-
Bactin (Sigma). Proteins were detected with the appropriate secondary antibodies
by chemiluminescence (ECL kit, GE Healthcare). Cell proliferation (MTS assay)
was measured as previously described.'® Statistical analyses were performed using
SPSS 15 for windows (SPSS Inc, Chicago Illinois). Overall survival (OS),
disease-free survival (DFS) and event-free survival (EFS), defined as previously
described,'” were determined according to the Kaplan—-Meier method. Survival
comparisons were done with the Log-rank (LR) test if proportional hazard
assumption was fulfilled, and Breslow (B) otherwise. Cox proportional hazards
model was used to assess patient’s outcome and was adjusted taking into
consideration relevant parameters that included age, cytogenetic group, complete
remission, and SET overexpression. P<0.05 was considered statistically
significant. Bioinformatics analysis to identify the presence of hypothetical
binding-sites for transcription factors in the SET proximal promoter was
performed including a region containing 2,000 bps before the transcription start
site, and was carried out using the Matlnspector (www.genomatix.de) program.
For Chromatin immunoprecipitation (ChIP), chromatin was fragmented with a
Bioruptor (Diagenode). ChIP was carried out according to the manufacturer’s
protocol (High Cell ChIP kit, Diagenode) using anti-EVI1 (Cell Signaling) or an
equal amount of IgG isotype as negative control (Cell Signaling) or anti-RNA
Polymerase II, (Millipore) as positive control. Real time PCR (QRT-PCR) was
used to amplify immunoprecipitated DNA using Power SybrGreen (Applied
Biosystems). The amount of immunoprecipitated DNA in each experiment is
represented as signal relative to the amount of input, and was calculated by QRT-
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PCR using primers directed to promoter regions of SET and PBXI as positive
control.?’ Primer sequences are included in Supplementary Table 1. Luciferase
assays were done using the Dual luciferase system (Promega). The firefly
luciferase activity was normalized to the Renilla luciferase activity.
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Results and Discussion

The SET protein is a potent endogenous PP2A inhibitor that has been reported to
be overexpressed in different human malignancies, including BCR-ABL positive
leukemias.'" In order to study if SET deregulation was a common event in AML
we first analyzed by QRT-PCR the expression levels of SET in a panel of 13
AML BCR-ABL negative cell lines. Eight cell lines presented increased
transcriptional levels of SET, and nine had SET overexpression at protein level
(Supplementary Figure 1). However, some cell lines with normal or high SET
mRNA levels have either overexpressed (HL-60 and Kasumi-1) or low SET
protein (MUTZ-3 and TF-1). These observations would indicate that deregulation
of SET is a common event in AML BCR-ABL negative cell lines, and that there is
not always correlation between SET mRNA and protein.

To evaluate the clinical relevance of this alteration, we quantified the expression
levels of SET by QRT-PCR in a series of 214 patients with AML at diagnosis
(Table 1), correlated the results with cytogenetic and molecular markers, and
studied the prognostic relevance of this aberration. SET was overexpressed in 28%
cases (60/214), and was associated with cytogenetic prognostic groups (p=0.004),
monosomy 7 (p<0.01), and SETBPI (p<0.01) and EVII (p=0.020) overexpression
(Table 2). Clinical follow-up data were available for 146 patients that received
induction therapy (Supplementary Table 2), 72 men and 74 women, with a median
age of 59 years (range 19-82). Median OS of the global cohort was 39.9 (95% CI
28.9-50.8 weeks) (Supplementary Figure 2). As expected, significant differences
in OS according to age, cytogenetic group, and complete remission rate were
found in this series (p<0.01) (Supplementary Figure 2). When we investigated the
prognostic impact of SET in this cohort, we found that patients with SET
overexpression had significantly worse OS (p<0.01) and EFS (p<0.01) (Figure 1
and Supplementary Figure 3). We found no differences in DFS (p=0.229)
(Supplementary Figure 3). The prognostic impact of SET overexpression was
significant in patients younger (p=0.024) and older (p<0.01) than 60 years
(Supplementary Figure 4A). Interestingly, in the intermediate prognosis group,
SET overexpression had prognostic impact in patients with normal karyotype
(NK) (p<0.01), where it could define a subgroup of patients with poor outcome
(Figure 1 and Supplementary Figure 4B). Almost half of adult AML is normal
cytogenetically. Although the vast majority of NK patients can be individually
characterized on the basis of distinct molecular markers, treatment of AML is still
based on quite unspecific cytotoxic thera1py, indicating the necessity to further
investigate novel targeted therapies.1’2 In addition, multivariate analysis
demonstrated that SET overexpression is an unfavorable independent factor
associated with OS in patients with AML (p<0.01). To further evaluate the
importance of SET overexpression in AML, we analyzed SET at protein level in
16 of the AML cases of our series. Western blot showed a good correlation
between SET mRNA and protein in 81% cases (13/16). We found increased levels
of SET protein in 9 out of 16 cases (56.2%), although only 6 of these cases had
SET overexpression by QRT-PCR (Figure 1). These results would suggest that
SET overexpression is a common event in AML that could be underestimated by
QRT-PCR, and have a higher prevalence at protein level.
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Recent evidence has demonstrated that BCR-ABL induces SET upregulation, and
the resulting PP2A inhibition, to fulfill its tumorigenic potential in CML (revised
in Eichhorn et al., 2009). Suppression of SET by shRNAs in BCR-ABL-positive
cell lines resulted in increased PP2A activity and a reduction in leukemogenesis in
vivo. On the contrary, SET overexpression conferred a proliferation advantage and
completely rescued the cytokine-independent colony-forming ability of BCR-
ABL cell lines ectopically expressing HA-PP2A."" Moreover, in a recent work our
group reported that PP2A activation produces a decrease in cell proliferation in
AML cells and that deregulation of SET could be one contributing mechanism to
inhibit PP2A in AML."” Therefore, we assessed the effect of SET overexpression
on cell growth in an AML BCR-ABL-negative cell model. MTS assay showed an
increased proliferation in HEL cells transfected with SET compared with cells
transfected with an empty vector (Figure 2A and Supplementary Figure 5).
Similar results were observed in the KG-1 cell line (data not shown). Moreover,
we observed that the decreased proliferation of HEL cells after the ectopic
expression of PP2A was totally restored when cells were transfected with both
SET and PP2A (Figure 2B). However, ectopic expression of SET only partially
restored cell proliferation after treatment with the PP2A activator forskolin
(Figure 2C), suggesting an additional toxicity of this drug on AML cells,
independent of PP2A activation. Altogether, these results demonstrate that SET
overexpression promotes cell proliferation and restores the effect of PP2A
overexpression on cell growth in AML cells.

Neviani et al (2005) showed that enhanced BCR-ABL activity is the mechanism
that induces SET overexpression in BCR-ABL-positive cells. So, we next
investigated the molecular mechanisms involved in SET deregulation in AML. In
a recent report, SET has been described as target of miR-199b in human
choriocarcinoma.” In order to test if an altered expression of miR-199b could be
deregulating SET in AML cells, we analyzed the expression levels of miR-199b in
13 AML BCR-ABL-negative cell lines, observing that only EOL-1, UT-7 and TF-
1 presented downregulation of miR-199b (Supplementary Figure 6). However,
neither UT-7 nor TF-1 have SET overexpression (Supplementary Figure 1), and
only in EOL-1 decrease levels of miR-199b could explain, at least in part, the
overexpression of SET. These results indicate that downregulation of miR-199b is
not the key mechanism responsible for the SET overexpression in AML.
Transformed cells present a wide variety of mechanisms to inactivate PP2A,
including alterations in structural PP2A subunits, overexpression of specific
endogenous inhibitors, and suppression of regulatory subunits.”'*** We have
previously described that several of these mechanisms could be acting in AML
patients at the same time.'® Therefore, we hypothesized that PP2A inactivation
could regulate SET in AML. We treated HEL cells with the PP2A activator
forskolin, observing a decrease in the expression levels of SET compared with
vehicle treated cells (Figure 2D). These results would indicate that activation of
PP2A leads to a reduction of SET levels, and suggest that loss of this control by
the inhibited status of PP2A could contribute to deregulate SET in AML cells. In
order to analyze other molecular events that could deregulate SET in AML, we
performed a bioinformatic analysis of the proximal promoter of the SET gene. We
identified several hypothetical binding-sites for transcription factors previously
implicated in AML such as HMG-1, AP-1, SP1, E2F1, GATAI, and EVII. In our
series of AML patients, SET overexpression was associated with overexpression
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of EVII, suggesting that this transcription factor could be a candidate to regulate
SET. ChIP showed that EVI1 binds the SET promoter (Supplementary Figure 7A).
However, we did not detect differences in luciferase activities after co-transfection
with pGL3-SETPromoter and pCMV6-EVII (Supplementary Figure 7B). These
results would discard the transcription factor EVI1 as a direct regulator of SET,
although could suggest that EVI1 regulates SET indirectly, through other
transcriptional mechanisms.

In summary, we show that deregulation of SET is a recurrent molecular event in
AML, that promotes cell proliferation and restores the reduced cell viability
induced after PP2A overexpression. In addition, analysis of a series of patients
indicates that SET overexpression is associated with a significant poor overall
survival in AML. Investigation about the molecular mechanisms responsible of
SET deregulation showed that EVI1 and PP2A could regulate the transcriptional
levels of SET. Increased understanding of the biology of AML is leading to
targeted approaches to develop more effective treatments for this disease. In this
line of thinking, SET overexpression differentiates a subgroup of patients with
poor prognosis that could be treated with PP2A activators in future clinical trials.
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Tables

Table 1. Clinical and molecular characteristics of a series of 214 patients with AML at diagnosis.

|No. (%)
Sex
Male 112 (53.8)
Female 96 (46.2)
No data 6
| Age
<60 years 99 (48.5)
>60 years 105 (51.5)
No data 10
Complete Remission
No 51 (36.7)
Yes 88 (63.3)
No data 75
Diagnosis
AML-MO 19 (8.8)
AML-M1 42 (19.6)
AML-M2 47 (22)
AML-M3 7 (3.3)
AML-M4 35 (16.3)
AML-M5 37 (17.3)
AML-M6 14 (6.6)
AML-NOS |13 (6.1)
Secondary AML (sAML)
No 141 (81)
Yes 33 (19
No data 40
Cytogenetic group
good 29 (13.6)
intermediate | 108 (50.4)
poor 77 (36)
SET overexpression
No 154 (72)
Yes 60 (28)
SETBP1 overexpression
No 139 (72.4)
Yes 53 (27.6)
No data 22
WT1 overexpression
No 23 (15.8)
Yes 122 (84.2)
No data 69
EVI1 overexpression
No 142 (77.6)
Yes 41  (22.4)
No data 31
MDSZ1EVI1 overexpression
No 174 (91.6)
Yes 16 (8.4)
No data 24
FLT3-ITD
No 116 (80)
Yes 29 (20)
No data 69
NPM1 mutated
No 22  (40.7)
Yes 32 (59.3)
No data 160
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Table 2. Association between SET overexpression and clinical and genetic parameters in 214
patients with AML at diagnosis.

No.
Cases [No.SET-(%) |No.SET+(%) |P
SET 214 154 (72) 60 (28)
Sex 208 149 59 0.319
Male 112 77  (68.7) |35 (31.3)
Female 96 72 (75) 24 (25
Age 204 146 58 0.505
<60 years 99 73  (73.7) |26 (26.3)
> 60 years 105 73 (69.5) |32 (31.5)
CR 128 180 50 0.571
No 51 36 (70.6) |15 (29.4)
Yes 88 66  (75) 22 (25)
sAML 174 129 45 0.126
No 141 108 (76.6) |33 (23.4)
Yes 33 21 (63.6) |12 (36.4)
Prognostic group 214 154 60 0.004
good 29 22  (76) 7 (24)
intermediate 108 87 (80.6) |21 (19.4)
poor 77 45 (58.4) |32 (41.6)
Cytogenetic group
yes (72 54  (56.2) |18 (43.8)
normal karyotype o 137 97  (70.8) |40 (29.2) 0.520
. es |17 14 82.3 3 17.6
trisomy 8 o |179 |12s §7o.4; 53 529.6; 0.297
. yes |8 5 (62.5) |3 (37.5)
chromosome 18 aberrations o 1187 136 (72.7) |51 (27.3) 0.527
es |31 16 51.6 15 (484
monosomy 7 ho | 166 126 575.8; 40 524.2; 0.006
es |38 22 57.8 16 (42.2
der(7q) o | 166 123 274) ) 43 526) )| 0.030
SETBP1 overexpression 192 137 55 0.000
No 139 109 (784) |30 (21.6)
Yes 53 28 (52.8) |25 (47.2)
WTL1 overexpression 145 113 32 0.612
No 23 17 (86.7) |6 (13.6)
Yes 122 96 (77.4) |26 (22.6)
EVI1 overexpression 183 137 46 0.020
No 142 112 (78.8) |30 (21.2)
Yes 41 25 (61) 16 (39)
MDS1EVI1 overexpression 190 144 46 0.492
No 174 133 (76.4) |41 (23.6)
Yes 16 11 (68.7) |5 (31.3)
FLT3-ITD 145 111 34 0.972
No 116 89 (76.7) |27 (23.3)
Yes 29 22  (75.8) |7 (24.2)
NPM1 mutated and FLT3 wt 54 46 11 0.341
No 17 15 (88.2) |2 (11.8)
Yes 21 16 (76.2) |5 (23.8)
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Figure 1. SET is deregulated in samples of patients with AML and confers poor
outcome. (A) Western blot analysis showing SET expression levels in 16 AML
patients at diagnosis; (B) Kaplan-Meier analyses of overall survival for SET
overexpression in a series of 146 patients with AML and clinical follow-up data
available who received induction therapy; (C) Kaplan-Meier analyses of overall
survival for SET overexpression in the subgroup of patients with normal

karyotype.
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Figure 2. SET restores cell proliferation in ectopically PP2A-expressing AML
cells, and its expression levels are dependent on PP2A activation status. (A) MTS
assay showing proliferation in HEL cells transfected with SET compared to cells
transfected with an empty vector; (B) MTS assay showing proliferation in HEL
cells transfected with PP2A alone or in combination with SET or with an empty
vector; (C) MTS assay showing the effect of SET in cells treated with the PP2A
activator forskolin; (D) Analysis by real-time PCR of SET expression levels after
in vehicle and forskolin treated HEL cells; **P<0.01.
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Supplementary Information

Supplementary Table 1. Primer sequences used for ChIP analysis.

Name Sequence

SET-forward GTACCTCCCTGCCTTCACAG
SET-reverse CCTTGAGCAAGTCACCCTTC
PBX1-forward CAAAGGAGACCGGACTGAAA
PBX1-reverse GGAAGGGTGTTGACTCCAAA
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Supplementary Table 2. Clinical and molecular characteristics of a series of 146 patients with
AML at diagnosis and clinical follow-up data who received induction therapy.

| No. (%)
Sex
Male 72 (49.3)
Female 74 (50.7)
Age
<60 years 76 (52.8)
>60 years 68 (47.2)
No data 2
Complete Remission
No 46 (35.7)
Yes 81 (64.3)
No data 19
Diagnosis
AML-MO 12 (8.2)
AML-M1 36 (24.7)
AML-M2 36 (24.7)
AML-M4 22  (15)
AML-M5 23 (15.8)
AML-M6 10 (6.8)
AML-NOS |7 (4.8)
Secondary AML (sAML)
No 98 (67)
Yes 16 (33)
No data 32
Cytogenetic group
good 15  (10.2)
intermediate | 79  (54.2)
poor 52 (35.6)
SET overexpression
No 102 (69.8)
Yes 44  (30.2)
SETBP1 overexpression
No 101 (73.7)
Yes 36 (26.3)
No data 9
WT1 overexpression
No 16 (16.2)
Yes 83 (83.8)
No data 47
EVI1 overexpression
No 94 (72.8)
Yes 35 (27.2)
No data 17
MDSZ1EVI1 overexpression
No 120 (91.6)
Yes 11 (8.4)
No data 15
FLT3-ITD
No 77 (77)
Yes 23 (22)
No data 46
NPM1 mutated
No 19 (38.8)
Yes 30 (61.2)
No data 97
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RELATIVE EXPRESSION OF SET IN AML CELL LINES
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Supplementary Figure 1. SET is deregulated in AML cell lines. (A) Analysis by
real-time PCR of SET expression levels in 13 AML cell lines; (B) Western blot
analysis showing SET expression in 13 AML cell lines. Protein extract of the
CML cell line K562 was included as positive control of SET overexpression.'’
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Supplementary Figure 2. Kaplan-Meier analyses of overall survival in the cohort
of 146 patients treated with clinical follow-up data available. (A) Survival graph
of the global cohort; An inferior outcome was observed in patients older than 60
years (B), patients included in the intermediate and poor prognosis groups (C),
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Supplementary Figure 3. Kaplan-Meier analysis of disease-free survival for SET
overexpression in a series of 146 patients with AML and clinical follow-up data
available who received induction therapy. (A) Event-free survival; (B) disease-
free survival.
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Supplementary Figure 4. Kaplan-Meier analyses of overall survival for SET
overexpression. (A) Series of age-stratified 146 treated patients with AML, and
clinical follow-up data available; (B) Series of patients included in the
intermediate and prognosis group.
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SET EXPRESSION LEVELS
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Supplementary Figure 5. Analysis by real-time PCR of SET expression levels
after transfection in HEL cells.
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RELATIVE EXPRESSION OF miR-199b IN AML CELL LINES
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Supplementary Figure 6. Analysis by real-time PCR of the expression levels of
miR-199b in 13 AML BCR-ABL negative cell lines.

162



Resultados

- TF-1 (EVI1+)
o
250
0.15
R
& o =
S-; E T = e e e
2 o 5
£ @
o
o o R e [
=00 2
> SET FEXT Negatie 2
: -
k] [ EEREEEE | EEEEEEEEERERE (5 EEEEEEEEEERE (8 R
o
2 oo MOLM13 (EVI1-)
= a T T
3.‘%, 0.08 pGL3empty pGL3SETpromoter! pGL3-SETpromoter2
0.06
0.04
0.02
0.0
sET P Negethe

Supplementary Figure 7. ChlP and Luciferase analyses on the SET proximal
promoter. (A) Specific DNA binding of EVI1 to SET promoter was detected by
ChIP. Real time PCR was performed on fragmented chromatin precipitated by
anti-EVI1 antibody (grey bars) or Normal Rabbit IgG (black bars) from an EVI1
positive (EVI1+) TF1 cell line and the EVI1 negative (EVI1-) MOLM13 cell line.
Primers were designed to amplify the promoter region of SET. The EVI1 positive
target gene PBXI was used as positive control. Results were expressed as
percentage of input; (B) Luciferase reporter assay in HEK293 cells co-transfected
with pGL3-SETpromoter and pCMV6-EVI1 or an empty vector.
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Discusion

El analisis mediante arrays de SNPs y mRNAs junto con el perfil de
expression de miRNAs ha permitido la identificacion de NF1 como
diana del miR-370 en leukemia mieloide aguda

Los miRNAs son pequeiios RNAs (21-25 nucleotidos) endogenos que regulan la
expresion de otros genes uniéndose a secuencias especificas de regiones 3'UTR
del RNA mensajero diana y reprimiendo su traduccion en funcion de la
complementariedad entre el miRNA y el RNA mensajero. Su expresion estd muy
regulada a nivel temporal y espacial, dependiendo del linaje celular y de su grado
de diferenciacion. Se ha demostrado que algunos miRNAs presentan una
expresion aberrante en determinados tumores, pudiendo actuar como oncogenes o
genes supresores de tumores, regulando diversos procesos biologicos a través de
cientos de genes diana, lo que sugiriere una influencia potencial en casi todas las
vias de sefializacion.

Se han descrito como mecanismos de desregulacion de miRNAs en cancer la
presencia de mutaciones, translocaciones, alteraciones epigenéticas, y también
desregulaciones en el mecanismo de procesamiento de los miRNAs. Sin embargo,
las alteraciones del numero de copias (CNV) representan un mecanismo
alternativo poco estudiado hasta el momento. En este sentido, nuestro grupo ha
analizado la importancia de este mecanismo en leucemia mieloide aguda (LMA)
mediante un estudio que integra datos procedentes de arrays de SNPs, arrays de
expresion, y el perfil de expresion de 250 miRNAs maduros. De este modo, se
han identificado 19 miRNAs cuya expresion correlacionaba significativamente
con la presencia de CNVs en las regiones gendmicas en que esos miRNAs estan
localizados. Estos datos confirman que las CNVs son uno de los mecanismos
responsables de la alteracion de expresion de miRNAs en LMA.

La asociacion entre alteraciones genéticas especificas de LMA y miRNAs ha sido
investigada recientemente en cinco trabajos (Marcucci et al., 2008; Garzon et al.,
2008; Garzon et al., 2008; Dixon-Mclver et al., 2008; Li et al., 2008) y revisada
en Marcucci et al.,, (2011). Estos trabajos demuestran que algunos subtipos
citogenéticos y moleculares de LMA pueden clasificarse de acuerdo a su patron
de expresion de miRNAs.

En nuestro estudio, el analisis conjunto de los datos de arrays de expresion y la
identificacion bioinformatica de las posibles dianas génicas de los 19 miRNAs
cuya expresion estaba alterada por la presencia de CNVs, nos permitio identificar
las posibles dianas de 9 de estos 19 miRNAs. Nuestra hipdtesis era que la
presencia de esas CNVs que alteraban la expresion de miRNAs estaria, en ultima
instancia, desregulando la expresion de los genes regulados por dichos miRNAs.
Comenzamos el estudio de los genes NF1 y ¢c-CBL, ya implicados en cancer, que
ademas eran los genes candidatos para 5 de los miRNAs en estudio.

NF1 es un gen supresor tumoral que regula negativamente la via de sefializacion
RAS (Mullaly et al., 2010). Se ha decrito su desregulacion y la presencia de
mutaciones en casos de leucemias infantiles y en leucemia mielomonocitica
juvenil (Loh et al., 2010). Por otra parte, se ha comprobado que la deficiencia de
NF1 coopera con la proteina oncogénica K-RAS en la induccion de leucemia
aguda en ratones (Cutts et al., 2009). Un estudio reciente muestra que el 7% de los
casos con LMA (7/95) tienen una expresion nula de NF/ debido a alteraciones
genOmicas. Ademads, la ausencia de expresion de NFI se asocid con un
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incremento de actividad Ras. Este hecho podria ser clinicamente relevante al
permitir discriminar a un subgrupo de pacientes con LMA susceptibles de recibir
terapias dirigidas hacia Ras, y por el hecho de que los blastos de este tipo de
pacientes presentan una mayor sensibilidad a la citarabina (Parkin et al., 2010). En
nuestro estudio, demostramos por primera vez que una de las causas de la
disminucién de la expresion de NFI puede ser la acciéon del miR-370. Hemos
observado que el miR-370 tiene como diana directa a NFI, confirmando las
observaciones realizadas a nivel proteico en las que se observaba una disminucion
de los niveles de NF1 tras la expresion ectopica del miR-370. Ademas, el analisis
en una serie de 31 pacientes con LMA al diagndstico mostr6 niveles reducidos de
NF1I en 19 de los 31 casos, de los cuales 9 presentaban sobreexpresion del miR-
370. Estos resultados indicarian que la expresion reducida de NFI es un evento
recurrente en LMA, y que la sobreexpresion del miR-370 parece ser una causa
importante de la menor expresion de NF/. Sin embargo, 10 de los 19 casos con
NF1 reducido no presentaron sobreexpresion del miR-370, lo que indica que
deben actuar también otros mecanismos para regular la expresion de NF'I. Por lo
tanto, nuestros resultados proporcionan un nuevo mecanismo de regulacion del
supresor tumoral NF'/ en leucemia.

Por otra parte, hemos comprobado que la sobreexpresion del miR-379 provoca
una disminucién en los niveles de c-CBL; sin embargo, los ensayos de luciferasa
mostraron que no se trataba de una diana directa. Por tanto, miR-379 parece
regular los niveles de c-CBL de forma indirecta, probablemente controlando los
niveles de expresion de algin factor de transcripcion implicado en la regulacion
de c-CBL. La familia CBL incluye un grupo de ubiquitina-ligasas, para las que se
han encontrado mutaciones en una gran variedad de tumores, incluyendo la LMA
(Kales et al., 2010). Ademas, se ha visto que CBL puede disminuir los niveles de
FLT3, un receptor tirosina quinasa frecuentemente activado en LMA (Sargin et
al., 2007). Nuestros resultados indican que la desregulacion del miR-379 podria
representar un mecanismo alternativo para alterar los niveles de expresion de c-
CBL, aunque hacen falta mas estudios para determinar el modo por el que el miR-
379 actiia en c-CBL.

En resumen, en este trabajo se ha llevado a cabo un estudio que integra datos
procedentes tanto de arrays de SNPs y expresion, como de los perfiles de miRNAs
de 16 lineas mieloides. Asi, mediante este método se pudieron identificar 19
miRNAs cuya expresion correlacionaba significativamente con la presencia de
CNVs en las regiones genomicas en las cuales estos miRNAs se encuentran
localizados. Ademas, el estudio de los niveles de expresion de los genes diana
predichos mediante andlisis bioinformatico, ha permitido identificar a NF'/ como
diana directa del miR-370, y determinar que el miR-379 es capaz de regular de
forma negativa e indirecta los niveles de c-CBL. Por tanto, con los resultados
aportados en este trabajo queda de manifiesto que la presencia de CNVs en
regiones gendmicas que incluyen miRNAs, representa un mecanismo alternativo
de desregulacion de la expresion génica en LMA.

Por otra parte, la caracterizacion de las lineas celulares mieloides ha permitido
utilizarlas como modelos celulares en los siguientes objetivos que nos planteamos
en este estudio.
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PP2A esta frecuentemente inhibido en leucemia mieloide aguda y su
activacion mediante forskolina muestra un efecto antileucémico

La proteina fosfatasa PP2A funciona como un supresor tumoral que inhibe la
transformacion celular regulando la actividad de proteinas de sefializacion criticas
para el comportamiento celular maligno. La inhibicion de PP2A juega un papel
clave en leucemias BCR/ABL positivas como LMC y LLA (Neviani et al., 2005;
Neviani et al., 2007), en precursores mieloides c-KIT positivos (Roberts et al.,
2010), y también en LLC (Liu et al., 2008). Ademas, la activacion de PP2A tanto
por forskolina como por FTY720 parece tener efectos terapéuticos prometedores
en estas enfermedades. Se ha descrito la desregulacion de muchas quinasas en
LMA pero, sin embargo, el papel de las fosfatasas en el proceso de
transformacion celular ha sido poco estudiado (Westermarck et al., 2008), y solo
dos trabajos analizan el papel de PP2A en LMA (Gallay et al., 2009; Roberts et
al., 2010). Nuestros resultados tanto con lineas celulares como con muestras de
pacientes con LMA confirman que la inhibicion de PP2A es un evento recurrente
que juega un papel importante en el desarrollo de LMA, ya que la activacion
farmacoldgica de PP2A in vitro es capaz de revertir algunas de las caracteristicas
de la célula leucémica.

Por otra parte, el estudio de PP2A a nivel proteico en 37 muestras de pacientes
con LMA al diagndstico, mostré una inhibicion de PP2A en el 78% de los casos.
En 6 de los 8 casos sin hiperfosforilacién en la tirosina 307 de la subunidad
catalitica de PP2A (PP2Ac) se encontr6 una expresion reducida de la misma. Esta
observacion es consistente con la menor expresion de PP2Ac observada en las
lineas celulares Kasumi-1 y MUTZ-3, e indicaria que la reduccion de expresion de
PP2Ac podria ser otro mecanismo involucrado en la inhibicion de la actividad
PP2A en LMA. Por otra parte, también observamos que la activacion de PP2A
por forskolina presenta un efecto antileucémico aditivo con el tratamiento con
Idarrubicina y Ara-c en las lineas celulares HEL y KG-1, lo que sugeriria una
alternativa terapéutica basada en la combinacion de la activacion de PP2A con la
terapia estandar de induccién empleada hoy en dia. Ademas, se ha descrito que las
concentraciones de forskolina empleadas en este estudio no afectan a la viabilidad
de las células normales de médula 6sea (Neviani et al., 2005). Otro hecho
interesante fue que la forskolina afectd al estado de activacion de AKT y ERK1/2
de una forma sensible al acido okadaico, indicando que su accion es dependiente
de la activacion de PP2A. Esto concuerda con el hecho de que varias dianas de
PP2A se han visto desreguladas en LMA y que algunas como AKT se han
asociado con peor pronodstico en LMA (Gallay et al., 2009).

Los resultados obtenidos en este trabajo confirman que la inactivacion de PP2A
podria ser uno de los sucesos que contribuyen a estas alteraciones, ya que PP2A
juega un papel central en la regulacion de un gran nimero de vias de sefalizacion
esenciales, cuya desregulacion esta asociada con el proceso tumoral (Eichhorn et
al., 2009). Hallazgos recientes han aportado evidencias de que la supresion de la
actividad PP2A coopera con otras alteraciones en el proceso de transformacion de
muchos tipos celulares (Mumby, 2007; Sablina et al., 2007; Junttila et al., 2008).
En nuestra serie encontramos que el 34% de los pacientes con inactivacion de
PP2A (10/29) tenian FLT3-ITD y/o mutaciones en NPMI. Resulta de interés que
la activacion constitutiva de FLT3 en los casos con FLT3-ITD también lleva a la
activacion tanto de AKT como de ERK1/2 (Kornblau et al., 2010), lo que sugiere
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que en algunos pacientes podrian colaborar la inactivacion de PP2A con la
presencia de FLT3-ITD en el desarrollo de LMA.

PP2A puede ser inhibido por el antigeno tumoral pequefio (ST) de algunos virus,
por la sobreexpresion de inhibidores endogenos de PP2A, por la presencia de
mutaciones inactivadoras que afectan a las subunidades estructurales, o por una
expresion reducida de subunidades de PP2A tanto estructurales como reguladoras
(Westermarck et al., 2008; Eichhorn et al., 2009). Por otra parte, la activacion
constitutiva de JAK2 podria también contribuir independientemente a la
inactivacion de PP2A (Samanta et al., 2009; Yokoyama et al., 2001). Los
resultados aportados por este trabajo muestran que los mecanismos de
inactivacion de PP2A en LMA podrian ser la sobreexpresion de los inhibidores
CIP2A (Junttila et al., 2007) y SET (Li et al., 1996), asi como la expresion
reducida de ciertas subunidades de PP2A, lo cual sugiere que seria la disfuncion
de varios de los complejos PP2A los que podrian contribuir a la transformacion
celular.

La sobreexpresion de CIP2A o SET podrian explicar el mecanismo de
inactivacion de PP2A en el 58% de los casos (17/29). SET esta sobreexpresado en
varios tipos de cancer (Cervoni et al., 2002), y se ha visto fusionado con
NUP214/CAN en un paciente con LMA (Rosati et al., 2007). Ademas, Neviani et
al. (2005) demostraron que la inactivacion de PP2A en LMC es debida a la
expresion elevada de SET, inducida por el incremento de actividad BCR/ABL, de
modo que SET aumenta progresivamente de niveles a medida que tiene lugar la
transformacion a crisis blastica. De hecho, tanto el tratamiento con imatinib como
la supresion de SET son capaces de restaurar los niveles normales de actividad
PP2A (Neviani et al., 2005). Nuestros resultados muestran que el aumento de
expresion de SET también conduce a una inactivaciéon de PP2A en LMA, de
forma independiente de la induccion por BCR/ABL. La mutacién activadora
JAK2-V617F fue detectada en una de las muestras con hiperfosforilacion de PP2A
pero también en tres muestras sin hiperfosforilacion de PP2A, lo cual indica que
JAK2 probablemente necesite de alguna alteracion adicional para inducir la
inactivacion de PP2A.

Debido a que en 12 casos el mecanismo de inhibicion de PP2A no pudo ser
determinado, y uno de los casos tenia una deleccién del(11)(q13g23), una region
donde se encuentra localizada la subunidad estructural PPP2RIB (11g23) y la
reguladora PPP2R5B (11q13), pensamos que la expresion alterada de alguna de
sus subunidades podria afectar a la actividad PP2A, como ya previamente habia
sido descrito (Eichhorn et al., 2009). El andlisis mediante arrays de SNPs y de
expresion en 16 lineas celulares mieloides demostrd la existencia de alteraciones
afectando a subunidades de PP2A, que podrian estar jugando un importante papel
en la inactivacion de PP2A observada en LMA. Asi, encontramos una menor
expresion de PPP2R5B y PPP2R5C tanto en lineas celulares de LMA como de
LMC. La subunidad reguladora PPP2R5B funciona como un supresor tumoral que
regula negativamente a la quinasa Pim-1, la cual se sabe que incrementa la
capacidad de c-Myc de inducir linfomas (Ma et al., 2007). Por otra parte, se ha
descrito que la supresion de PPP2R5C contribuye a la transformacion de células
humanas (Chen et al., 2004). Nuestros datos en lineas celulares y en muestras de
pacientes sugieren que la pérdida de PPP2R5B y PPP2R5C podria ser importante
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en el desarrollo de LMA por su contribucion a la desregulacion de una funcion
PP2A correcta. También observamos que es comun la expresion disminuida de la
subunidad estructural PPP2RIB en LMA, para la que previamente ya se han
descrito mutaciones en varios tipos de cancer (Ruediger et al., 2001; Xu et al.,
2006; Cho et al., 2007). Ademas, el trabajo de Sablina et al. (2007) proporcion6
evidencias de que estas mutaciones contribuyen a la transformacion celular. Sin
embargo, son necesarios mas estudios para clarificar la importancia real de la
disminucién de la expresion de estas subunidades de PP2A en LMA.

En nuestro estudio, hemos visto que la inhibicion de PP2A es un evento recurrente
que juega un papel importante en el desarrollo de la LMA. Ademas, la
inactivacion de PP2A ocurre a través de diferentes mecanismos entre los que se
encuentran la sobreexpresion de sus inhibidores endogenos o la menor expresion
de ciertas subunidades del complejo PP2A. Por otra parte, hemos demostrado que
la activacion de PP2A por el tratamiento con forskolina reduce la proliferacion
celular, induce una apoptosis dependiente de caspasas, y modifica el estado de
activacion de dianas de PP2A como AKT y ERK1/2. Los resultados obtenidos
seflalan ademas que la activacion de PP2A tiene un potencial terapéutico en
combinacion con drogas usadas en terapia estandar de inducion como Idarrubicina
y Ara-c.

La sobreexpresion de SETBP1 constituye un nuevo mecanismo que
contribuye al desarrollo de leucemia mieloide aguda y un marcador
de mal pronéstico en pacientes con edad avanzada

En este estudio hemos descrito un nuevo mecanismo de transformacién en LMA.
Nuestro trabajo comenz6 con el andlisis de un paciente con LMA y una
translocacion t(12;18)(p13;q12) en la que estaba implicado el gen E7V6. El hecho
de no encontrar ninguna fusion con significado funcional nos llevo a pensar que el
hecho relevante podria ser la sobreexpresion de algiin gen cercano al punto de
rotura. Identificamos que el gen SETBPI, localizado cerca del punto de rotura,
estaba sobreexpresado tanto en la muestra del paciente al diagndstico, como en
muestras post-tratamiento. Teniendo en cuenta que la activacion de la expresion
de SETBPI por insercidn retroviral en células progenitoras hematopoyéticas se
habia descrito que conferia una ventaja proliferativa a esas células (Ott et al.,
2006), decidimos iniciar un estudio para determinar la importancia de la
sobreexpresion de SETBPI en LMA, asi como del mecanismo molecular por el
que ejerce su accion.

El gen SETBPI codifica una proteina de 1.542 aminoacidos y 170 kDa, de
localizacidon predominantemente nuclear, como hemos confirmado en este estudio.
Tanto la funcioén fisiolégica como los mecanismos moleculares en los que
SETBP1 participa son aiun desconocidos. Contiene una region homologa al
dominio de dimerizacion de SKI, y una region de uniéon a SET, si bien el
significado funcional de estas interacciones todavia no habia sido determinado
(Minakuchi et al., 2001). La proteina SET (I2PP2A/TAF-IP) inhibe a PP2A a
través de la fosforilacion de la tirosina 307 de su subunidad catalitica (Li et al.,
1996). Ademas, SET se encuentra sobreexpresado en muchos tumores solidos
(Cervoni et al., 2002) asi como en LMC (Neviani et al., 2005). En este trabajo,
hemos demostrado que la sobreexpresion de SETBPI aumenta los niveles de la
forma completa de 39 kDa de la proteina SET, probablemente debido a que la
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interaccion SETBP1-SET protege a SET del corte mediado por proteasas. Como
consecuencia, detectamos una disminucion de las formas SET de 27 kDa, 24 kDa
y 20 kDa. Se ha descrito que SET inhibe la actividad DNasa del supresor tumoral
NM23-H1, y que el corte de SET por granzyma A durante la apoptosis inducida
por linfocitos T citotdxicos libera a NM23-H1 de esta inhibicion, haciendo que
transloque al nticleo donde corta el DNA (Beresford et al., 2001; Fan et al., 2003).
El corte de SET por granzyma A genera tres polipéptidos de tamanos similares a
los detectados en nuestro estudio, lo cual sugiere un posible papel de SETBPI
impidiendo el corte por granzyma A en la apoptosis independiente de caspasas
inducida por los linfocitos T citotoxicos, en lo que seria un mecanismo de escape
de la célula leucémica al ataque por linfocitos T citotoxicos.

PP2A es una proteina fosfatasa implicada en muchos procesos celulares (Janssens
et al., 2001; Wang et al., 2004; Kawabe et al., 1997; Mumby, 2007, Westermarck
et al., 2008), y su pérdida de funciéon se ha asociado con transformacion celular
(Janssens et al., 2005; Schonthal, 2001). Teniendo en cuenta que SET es un
potente inhibidor de PP2A, y que SETBPI1 altera los niveles de SET, nos
propusimos analizar los efectos de SETBP1 en PP2A. Ademads de los complejos
previamente descritos SETBP1-SET y SET-PP2A, demostramos la formacion de
un complejo heterotrimérico SETBP1-SET-PP2A en el que PP2A se encuentra
fosforilado y, por tanto, inhibido. Nuestros resultados sugieren que este es el
mecanismo molecular por el cual PP2A esta inhibido en pacientes con LMA y
sobreexpresion de SETBPI, ya que PP2A y SETBP1 hemos comprobado que no
interaccionan en ausencia de SET.

En el inmunoprecipitado del complejo SETBP1-SET-PP2A soélo se detectd la
forma completa de SET, lo que indicaria que las formas procesadas cortas no
participan en la formacion de estos complejos. Se ha descrito que estas formas
cortas conservan capacidad inhibitoria de PP2A, aunque no estd claro si su
actividad es igualmente potente (Beresford et al., 1999). En este sentido, nuestro
trabajo indicaria que las formas procesadas presentan una menor actividad
inhibitoria de PP2A, y que SETBP1 podria incrementar la inhibicion de PP2A al
aumentar la cantidad de proteina SET completa. Ademas, SET participa como
modulador de procesos fundamentales como la replicacion del DNA,
remodelacion de la cromatina y transcripcion génica (Seo et al., 2001; Kutney et
al., 2004), diferenciacion (Kandilci et al., 2004), y control del ciclo celular
(Canela et al., 2003). De este modo, el papel protector de la sobreexpresion de
SETBP1 sobre SET podria dar lugar a cambios en los patrones de expresion de
genes cuya acetilacion dependa de la presencia de la forma completa de la
proteina SET, ya que ésta y no las formas procesadas se ha visto que inhibe la
acetilacion de histonas y se une a HuR, el cual estabiliza los mRNAs de
transcripcion temprana (Cervoni et al., 2002; seo et al., 2001; Brennan et al.,
2000). Por tanto, la interaccion entre SETBP1 y SET podria tener otros efectos
ademas de la inhibicion de PP2A.

Para establecer la prevalencia y el significado pronéstico de la sobreexpresion de
SETBPI, se analizaron sus niveles de expresion en una serie de 192 pacientes con
LMA al diagnoéstico, encontrando que la sobreexpresion de SETBPI es un evento
recurrente en LMA que presenta una prevalencia del 27,6% de los casos
estudiados. Los resultados obtenidos sefialan que esta alteracion predice una
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menor supervivencia global (OS), con un impacto especialmente significativo en
pacientes mayores de 60 afios. La LMA es una enfermedad que se presenta a una
edad media superior a los 60 afios; sin embargo, los avances en el tratamiento de
esta enfermedad se limitan al grupo de pacientes menores de 60 afios, a pesar de
que los mayores de 60 afos representan al menos dos tercios del total de los casos
de LMA (Buchner et al., 2009). Por lo tanto, es importante tanto la identificacion
de marcadores genéticos con valor prondstico como el desarrollo de nuevas
estrategias terapéuticas en este subgrupo de pacientes. En este sentido, nuestros
datos sefialan que la sobreexpresion de SETBPI podria distinguir dos subgrupos
de pacientes mayores de 60 afios con LMA y distinto pronostico, y ser un factor
predictivo de respuesta a activadores de PP2A, los cuales ya han sido propuestos
como alternativa terapéutica para el tratamiento de LMC y LLA Philadelphia
positiva (Neviani et al., 2007).

Aunque el analisis multivariante confirmé el impacto prondstico negativo de
SETBPI en nuestra serie de pacientes con LMA, esta alteracion se asocié con
otros marcadores de mal prondstico como son la monosomia 7 y la sobreexpresion
de EVII. Por lo tanto, la activacion de SETBP1 podria cooperar con otras
alteraciones genéticas en la induccion de la LMA (Ott et al., 2006). En el paciente
con la t(12;18) no se encontraron mutaciones en FLT3, NPMI ni JAK2, aunque la
trisomia 19 observada en los blastos del mismo podria ser un evento secundario
que estuviese cooperando en la progresion de la enfermedad. Por otro lado, las
muestras en post-tratamiento tuvieron sobreexpresion de SET y ETV6,
alteraciones que podrian estar cooperando con la sobreexpresion de SETBPI.

No sabemos los mecanismos moleculares mediante los cuales SETBPI se
encuentra sobreexpresado en nuestra serie de pacientes. Sin embargo, el andlisis
bioinformatico de la region promotora de SETBPI nos permiti6 identificar sitios
de unidén para varios factores de transcripcidon previamente implicados en
leucemia, y cuya desregulacion podria explicar la sobreexpresion de SETBPI. El
estudio realizado por FISH sugiere que el punto de rotura en el paciente con la
t(12;18) esta localizado cerca del inicio de la transcripcion de SETBPI, proéximo a
los sitios de insercidn retroviral descritos por Ott et al. (2006). Ademads, 6 de las 7
inserciones retrovirales descritas en ese estudio estan localizadas en una region de
200 pb, en donde hemos encontrado una isla CpG. Esto sugiere que se trata de una
region importante para la regulacion transcripcional del gen SETBPI, y que las
alteraciones epigenéticas podrian ser otro mecanismo para la sobreexpresion de
SETBPI en pacientes con LMA sin alteraciones cromosomicas en 18q.

En resumen, este trabajo describe un nuevo mecanismo de transformacion
leucémica. La sobreexpresion de SETBPI lleva a un incremento de los niveles de
proteina SET completa, inhibiendo la actividad fosfatasa del supresor tumoral
PP2A mediante la formacion de un complejo SETBPI-SET-PP2A, vy
promoviendo la proliferacion celular. Ademds, hemos demostrado que la
sobreexpresion de SETBP1 protege a SET del corte por proteasas, lo cual podria
tener importantes efectos tanto en la actividad inhibitoria de SET sobre la
acetilacion de histonas, asi como sobre la apoptosis independiente de caspasas
mediada por granzyma A que inducen los linfocitos T citotoxicos. Por otra parte,
la desregulacion de SETBPI por translocaciones u otros mecanismos deconocidos
parece jugar un papel importante en el desarrollo de la LMA. Hemos mostrado
que la sobreexpresion de SETBPI es un evento molecular recurrente con valor
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pronéstico independiente en LMA, especialmente en el subgrupo de pacientes con
edad avanzada. Otros estudios dirigidos a estudiar la funcion fisioldgica de este
gen ayudarian a comprender mejor los multiples pasos que llevan hasta el
desarrollo de la LMA.

La desregulacion de SET es un evento recurrente que contribuye a la
inhibicion de PP2A y que se asocia con peor prondstico en leucemia
mieloide aguda

La proteina SET es un potente inhibidor endégeno de PP2A que estd
sobreexpresado en distintos tumores, incluyendo leucemias BCR/ABL positivas
(Neviani et al., 2005). Para comprobar si la desregulacion de SET es un evento
comun en LMA, analizamos mediante QRT-PCR los niveles de expresion de SET
en un panel de 13 lineas celulares BCR-ABL negativas de LMA, observando que
la sobreexpresion de SET es un evento recurrente, aunque no siempre hay una
buena correlacion entre los niveles de mRNA y de proteina de SET.

Con objeto de evaluar la relevancia clinica de esta alteracion, cuantificamos los
niveles de expresion de SET por QRT-PCR en 214 pacientes con LMA al
diagnoéstico. Observamos que el 28% de los casos presentaban sobreexpresion de
SET, y que se asociaba con el grupo citogenético de mal prondstico (p<0.01),
monosomia 7 (p<0.01), y con la sobreexpresion de SETBPI (p<0.01) y EVII
(p=0.020). Al estudiar el impacto prondstico de la sobreexpresion de SET en 146
pacientes con LMA que habian recibido tratamiento de induccidn, se observd que
se trataba de un marcador independiente que se asocia significativamente con una
menor supervivencia global (OS) y supervivencia libre de evento (EFS). Casi la
mitad de los pacientes adultos con LMA eran citogenéticamente normales. Por lo
tanto, la sobreexpresion de SET podria definir un subgrupo de pacientes con peor
pronostico dentro de este grupo con cariotipo normal. Aunque la mayoria de los
pacientes con cariotipo normal pueden ser caracterizados individualmente en base
a distintos marcadores moleculares, el tratamiento permanece todavia basado en
una terapia citotoxica bastante inespecifica, lo que indica la necesidad de
desarrollar nuevas terapias dirigidas a dianas concretas (Fathi et al., 2010; Zaidi et
al., 2008). El analisis a nivel proteico en muestras de pacientes con LMA al
diagnostico confirmo la sobreexpresion de SET, aunque se detectaron algunos
casos con sobreexpresion proteica que no la presentaban a nivel transcripcional.
Esto indicaria que el andlisis por QRT-PCR podria estar subestimando la
recurrencia real de esta alteracion en LMA.

En LMC se ha demostrado que BCR-ABL induce la sobreexpresion de SET y la
consiguiente inhibicion de PP2A (Eichhorn et al., 2009). La supresion de SET
mediante shRNAs en lineas celulares BCR-ABL positivas provoca un incremento
de la actividad PP2A y una reduccién de su capacidad de inducir leucemia in
vivo. Ademas, la sobreexpresion de SET confiere una ventaja proliferativa y es
capaz de recuperar de forma completa la capacidad formadora de colonias
independiente de citoquinas en células BCR-ABL positivas que expresan
ectopicamente HA-PP2A (Neviani et al, 2005). Los resultados de nuestro estudio
muestran que la sobreexpreson de SET en células de LMA induce proliferacion
celular, y también es capaz de revertir totalmente los efectos antiproliferativos
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derivados de la expresion ectopica de PP2Ac. Sin embargo, solo se consiguid una
reversion parcial cuando las células fueron tratadas con forskolina, lo cual podria
ser indicador de una toxicidad afadida de esta droga en células de LMA,
independiente de la activacion de PP2A.

Neviani et al. (2005) mostraron que la activacion de BCR-ABL es el mecanismo
que induce la sobreexpresion de SET en células BCR-ABL positivas. Nosotros
nos propusimos investigar el mecanismo de sobreexpresion de SET en un modelo
de LMA BCR-ABL negativo. En primer lugar estudiamos los niveles de
expression del miR-199b en nuestras lineas celulares de LMA, ya que un trabajo
reciente describia a SET como diana de este miRNA en coriocarcinoma (Chao et
al., 2010). Sin embargo, EOL-1 fue la Unica linea celular en presentar niveles
elevados de SET y bajos del miR-199b, por lo que la desregiulacion del miR-199b
se descartd6 como un mecanismo relevante responsable de los niveles elevados de
SET en LMA. Las células transformadas presentan una gran variedad de
mecanismos dirigidos a la inactivacion de PP2A, entre los que se encuentran la
presencia de alteraciones en subunidades estructurales, la sobreexpresion de
inhibidores enddgenos, y la supresion de subunidades reguladoras (Westermarck
et al., 2008; Mumby, 2007; Eichhorn et al., 2009). Teniendo en cuenta que
previamente nuestro grupo habia descrito que varios de estos mecanismos pueden
darse de forma simultdnea en pacientes con LMA, nos planteamos la posibilidad
de que el propio estado de activacion de PP2A pudiera estar involucrado en la
regulacion de los niveles de SET. Al tratar células HEL con forskolina
observamos una disminucion de los niveles de SET7, lo que indicaria que la
activacion de PP2A es capaz de reducir SET, sugiriendo que la pérdida de este
control debido al estado de inhibicion que PP2A presenta en LMA contribuiria a
la desregulacion de SET en esta enfermedad.

Por otra parte, el estudio bioinformatico de la regiéon promotor proximal de SET
identific6 varios sitios de union para el factor de transcripcion EVII1. La
sobreexpresion de EVI1 es un factor de mal prondstico en LMA y en nuestra
serie, la sobreexpresion de EVII y SET se asociaron significativamente, por lo que
nos planteamos si el factor de transcripcion EVI1 podria regular a SET a nivel
transcripcional. El anélisis mediante ChIP confirmé la union de EVI1 al promotor
de SET; sin embargo, los ensayos de luciferasa indicaron que SE7 no es una diana
directa de EVII1, el cual necesitaria una maquinaria adicional para regular a SET o
bien ejerceria su regulacion de una forma indirecta a través de otros mecanismos
transcripcionales.

En resumen, en este trabajo hemos mostrado que la desregulacion de SET es una
alteraciéon recurrente en LMA, que promueve la proliferaciéon y revierte la
reduccion de la viabilidad celular inducida tras la expresion ectdopica de PP2A.
Ademas, el analisis de una serie de pacientes con LMA al diagnostico indica que
la sobreexpresion de SET es un marcador prondstico independiente que se asocia
con peor supervivencia global. Al investigar los mecanismos moleculares
responsables de la sobreexpresion de SET se indentifico que el estado de
activacion de PP2A vy el factor de transcripcion EVII regulan de forma directa e
indirecta, respectivamente, los niveles transcripcionales de SET. En definitiva,
nuestra progresiva comprension de los mecanismos moleculares en LMA podria
conducir al desarrollo de nuevas alternativas terapéuticas que podrian mejorar la
supervivencia de los pacientes con LMA. En este sentido, la sobreexpresion de
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SET es capaz de discriminar un subgrupo de pacientes con peor prondstico que
podrian ser tratados con activadores de PP2A en futuros ensayos clinicos.

Valoracion conjunta de los resultados obtenidos

El trabajo de investigacion llevado a cabo durante el desarrollo de esta tesis
doctoral ha permitido identificar nuevos mecanismos de desregulacion génica en
leucemia mieloide aguda.

En primer lugar, la integracion de datos procedentes tanto de arrays de SNPs y
expresion, como de los perfiles de miRNAs en 16 lineas mieloides ha permitido
confirmar que la presencia de CNVs en regiones genOmicas representa un
mecanismo de desregulacion de la expresion génica de miRNAs en LMA e
identificar nuevos genes implicados en LMA. Asi, este analisis experimental que
ha incluido la integracion de datos procedentes de arrays de SNPs, arrays de
expresion y de los perfiles de expresion de miRNAs, constituye no s6lo una forma
de aclarar los mecanismos de desregulacion de determinados genes en LMA, sino
también nueva estrategia para descubrir nuevas dianas moleculares alteradas e
importantes para el desarrollo de esta enfermedad.

En este sentido los resultados obtenidos han permitido identificar la
sobreexpresion del miR-370 como un nuevo mecanismo de regulacion del
supresor tumoral NFI. Ademas, el miR-379 se identific6 como un regulador
negativo de los niveles de ¢c-CBL, si bien en este caso la regulacion sobre c-CBL
se produce de forma indirecta a través de algun intermediario aun desconocido. La
investigacion del resto de genes candidatos encontrados en este estudio se
encuentra actualmente e desarrollo.

Ademads, este trabajo ha permitido una mejor caracterizacion de las lineas
celulares mieloides, las cuales han servido como herramienta indispensable para el
desarrollo de nuestro objetivo principal de esta tesis doctoral: el estudio del papel
de PP2A en la leucemia mieloide aguda.

Nuestro proyecto de investigacion acerca del papel de PP2A en LMA surgioé en
primera instancia como consecuencia del andlisis de una nueva traslocacion
t(12;18) identificada en un paciente con LMA-MS5 secundaria a sindrome
mielodisplédsico. El estudio de esta nueva traslocacion reveldo que el evento
importante en la misma era la sobreexpresion del gen SETBPI debido a que el
punto de rotura en el cromosoma 18 se encontraba muy proximo al comienzo de
este gen, afectando a la regulacion transcripcional del mismo. A pesar de tratarse
de un gen cuya funcién fisioldgica era desconocida, un trabajo reciente habia
descrito que su sobreexpresion debido a inserciones retrovirales localizadas en la
region proxima a su inicio, otorgaba una ventaja proliferativa a las células (Ott et
al., 2006). El estudio del mecanismo molecular por el que SETBP1 ejerce su
accion nos permitido identificar que SETBP1 se une a SET formando un
heterodimero que protege a SET del corte por proteasas. Esto lleva a un
incremento de proteina SET completa y a la formacion de complejos
heterotriméricos SETBP1-SET-PP2A en los que PP2A queda inhibido,
promoviéndose de este modo la proliferacion celular. Ademas, comprobamos que
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la sobreexpresion de SETBPI es un evento recurrente en LMA, y un marcador
independiente de mal prondstico en pacientes mayores de 60 afios.

Debido a su recurrencia (27%) y a su efecto sobre la actividad de PP2A, nos
planteamos que la inhibiciéon de PP2A podria ser una alteracion comin en LMA.
Por otra parte, la inactivacion de PP2A habia sido descrita en diversos tipos de
cancer (Mumby, 2007; Sablina et al., 2007; Junttila et al., 2008). En leucemias, se
habia descrito que su inactivacion era esencial tanto en LMC como en LLA BCR-
ABL+, y que su activaciéon tenia un potencial valor terapéutico en estas
enfermedades. En estos casos, el mecanismo de inactivacion de PP2A es a través
de BCR-ABL, el cual induce un aumento de los niveles de SET, un potente
inhibidor endégeno de PP2A (Neviani et al., 2005; Neviani et al., 2007). Ademas,
también se habia descrito la inactivacion de PP2A en LLC-B y en leucemias c-
KIT+ (Liu et al., 2008; Roberts et al., 2010). Nuestros resultados sefialan que la
inactivacion de PP2A es recurrente en LMA y que su activacion farmacologica
mediante forskolina 6 FTY70 bloquea la proliferacion celular, induce apoptosis
dependiente de caspasas, y afecta al estado de activacion de AKT y ERK. Resulta
interesante que el tratamiento con estas drogas activadoras de PP2A presentd un
efecto aditivo con Idarrubicina y Ara-c, drogas empleadas en el tratamiento
¢éstardar de induccidn en pacientes con LMA, lo que indicaria el potencial valor
terapéutico de un futuro tratamiento combinado con ambos tipos de drogas en
LMA.

Teniendo en cuenta que la LMA es un modelo BCR-ABL negativo, nos
planteamos estudiar los mecanismos de inhibiciéon de PP2A en esta enfermedad.
Asi, identificamos la sobreexpresion de inhibidores enddgenos de PP2A como
CIP2A (Junttila et al., 2007) y SET (Li et al., 1996), asi como la expresion
reducida de ciertas subunidades de PP2A, como la catalitica, las subunidades
reguladoras PPP2R5B y PPP2R5C, y la subunidad estructural PPP2RIB.
Curiosamente, se encontraron varios de estos mecanismos actuando
simultaneamente, indicando que son mecanismos que pueden cooperar entre si en
el mismo paciente. También se identificaron algunos casos que presentaron
inhibicion de PP2A pero ninguno de los mecanismos descritos, lo que sugiere la
existencia de algin otro mecanismo de inactivacion de PP2A que todavia no ha
sido identificado.

Debido a que SET ejerce funciones muy importantes dentro de la célula y que se
ha descrito sobreexpresado en distintos tipos de tumores (revisado en
Westermarck et al., 2008), nos planteamos comprobar la importancia de su
sobreexpresion en LMA. Asi, la cuantificacion de la expresion de SET en 214
muestras de pacientes con LMA al diagndstico reveld que esta alteracion presenta
una prevalencia del 28% y que se asocia con peor pronostico, especialmente
dentro del grupo de pacientes con cariotipo normal. Ademads, el andlisis a nivel
proteico en 16 pacientes de esta serie mostrdé que la prevalencia de la
sobreexpresion de SET podria ser mayor de lo que indica el analisis a nivel
transcripcional, ya que en algunos pacientes en los que no se detectd la alteracion
a nivel de mRNA si presentaron niveles aumentados de proteina SET. Por otra
parte, la expresion ectdpica de SET en células AML es capaz de inducir un
aumento de la proliferacion, y de revertir el bloqueo de la misma tras la expresion
ectopica de PP2Ac. Entre los mecanismos responsables de la sobreexpresion de
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SET podria estar la propia inhibicion de PP2A, ya que su activacion
farmacoldgica con forskolina induce una reduccion en los niveles de SET.

En resumen, este proyecto ha permitido determinar que la inhibicién de PP2A es
un mecanismo recurrente en LMA y la identificacion de los mecanismos
moleculares responsables de dicha inactivacion. Ademas, se ha comprobado que
su activacion farmacologica, al igual que lo desccrito para otros tipos de
leucemias, tiene un potencial valor terapéutico en leucemia mieloide aguda

(Figura 1).
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Figura 1. Modelo que incluye los distintos mecanismos de inhibicion de PP2A identificados en
celulas de leucemia mieloide aguda, asi como las diferentes estrategias de activacion de PP2A.
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Se han identificado 19 miRNAs cuya expresion se correlaciona
significativamente con la presencia de variaciones de numero de copia
en la region cromosdomica en la que se situan: 16 de ellos
sobreexpresados y localizados en regiones con amplificacion, y 3 de
ellos con expresion reducida y localizados en regiones con deleccion.
Por tanto, la desregulacion de miRNAs debido a su localizacion en
regiones afectadas por alteraciones gendémicas representa un
mecanismo alternativo de regulacion de los niveles de expresion génica

en leucemia mieloide aguda.

Se ha identificado al gen NFI como diana directa del miR-370. La
expresion de NF/ se mantiene reducida debido a que el miR-370,
localizado en wuna region de amplificaciébn, se encuentra

sobreexpresado.

La inactivaciéon de PP2A es un evento recurrente en pacientes con
leucemia mieloide aguda y su activacion farmacologica en lineas
celulares bloquea la proliferacion e induce apoptosis. Ademas, muestra
un efecto aditivo con Idarrubicina y Ara-c, farmacos empleados en el
tratamiento de induccion de pacientes con leucemia mieloide aguda.
Por tanto, el empleo de activadores de PP2A podria representar una
alternativa terapéutica en leucemia mieloide aguda, solo o en

combinacion con drogas usadas en terapia de induccion.

La inactivacion de PP2A en pacientes con leucemia mieloide aguda se
lleva a cabo a través de distintos mecanismos: la disminuciéon de la
expresion proteica de subunidades de PP2A, como la catalitica, la
subunidad estructural PPP2RIB 'y las subunidades reguladoras
PPP2R5B y PPP2R5C, y la sobreexpresion de inhibidores enddgenos
de PP2A, como SETy CIP2A.
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5. La sobreexpresion de SETBP1 es una alteracion recurrente en leucemia
mieloide aguda, que se asocia con el grupo de mal prondstico
citogenético, y es un marcador independiente de mal prondstico en

pacientes mayores de 60 afos.

6. SETBPI ejerce su accidon a través de un mecanismo molecular que
consiste en proteger a SET del corte por proteasas, aumentando de este
modo la cantidad de proteina SET completa, lo que lleva a la formacion
de complejos heterotriméricos SETBP1-SET-PP2A a través de los
cuales SET inhibe la actividad de PP2A, aumentando la proliferacion

celular.

7. La desregulacion de SET es un evento recurrente en leucemia mieloide
aguda tanto a nivel transcripcional como proteico, y su sobreexpresion
es un marcador independiente que se asocia con peor prondstico en esta

enfermedad.

8. La sobreexpresion de SET induce un aumento de proliferacion y es
capaz de revertir el efecto antiproliferativo tras la expresion ectdpica de
PP2A. Ademas, la activacion de PP2A reduce los niveles de expresion
de SET, lo que indica que el estado de inhibicion de PP2A en células
leucémicas seria un mecanismo que contribuye a la sobreexpresion de

SET.
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MYELOID NEOPLASIA

SETBP1 overexpression is a novel leukemogenic mechanism that predicts
adverse outcome in elderly patients with acute myeloid leukemia

lon Cristébal,’2 Francisco J. Blanco,® Laura Garcia-Orti," Nerea Marcotegui,’ Carmen Vicente,!? José Rifon,*
Francisco J. Novo,2 Eva Bandres,! Maria J. Calasanz,2 Carmelo Bernabeu,® and Maria D. Odero'+2

Division of Oncology, Center for Applied Medical Research, and 2Department of Genetics, University of Navarra, Pamplona; 3Centro de Investigaciones
Biolégicas, Consejo Superior de Investigaciones Cientificas (CSIC), and CIBER de Enfermedades Raras (CIBERER), Madrid; and “Clinica Universidad de

Navarra, University of Navarra, Pamplona, Spain

Acute myeloid leukemias (AMLSs) result
from multiple genetic alterations in he-
matopoietic stem cells. We describe a
novel t(12;18)(p13;q12) involving ETV6
in a patient with AML. The translocation
resulted in overexpression of SETBP1
(18q12), located close to the breakpoint.
Overexpression of SETBP1 through ret-
roviral insertion has been reported to
confer growth advantage in hematopoi-
etic progenitor cells. We show that
SETBP1 overexpression protects SET
from protease cleavage, increasing the

amount of full-length SET protein and
leading to the formation of a SETBP1-
SET-PP2A complex that results in PP2A
inhibition, promoting proliferation of the
leukemic cells. The prevalence of
SETBP1 overexpression in AML at diag-
nosis (n = 192) was 27.6% and was asso-
ciated with unfavorable cytogenetic
prognostic group, monosomy 7, and
EVI1 overexpression (P < .01). Patients
with SETBP1 overexpression had a sig-
nificantly shorter overall survival, and
the prognosis impact was remarkably

poor in patients older than 60 years in
both overall survival (P = .015) and
event-free survival (P = .015). In sum-
mary, our data show a novel leukemo-
genic mechanism through SETBP1 over-
expression; moreover, multivariate
analysis confirms the negative prognos-
tic impact of SETBP1 overexpression in
AML, especially in elderly patients,
where it could be used as a predictive
factor in any future clinical trials with
PP2A activators. (Blood. 2010;115:
615-625)

Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal
malignancy that predominantly affects middle-aged and elderly
adults. The disease is characterized by a differentiation block in
early progenitors, which leads to the accumulation of immature
cells in bone marrow (BM) and peripheral blood. In recent
years, several genetic markers with prognostic impact in AML
have been identified, leading to a better understanding of the
biology of this disease and, in some cases, providing targets for
molecular therapies.! Cytogenetic aberrations have been re-
ported as the most important prognostic factors for survival and
response to therapy in AML, allowing the identification of
molecular markers that have greatly advanced our understand-
ing of leukemogenesis?; nevertheless, the nature of alterations
responsible for initiation or progression of the disease is mostly
unknown. Recent attempts to identify initiating or progression
mutations by extensively resequencing tyrosine kinase genes,>*
expression profiling studies,”” array-based comparative genomic
hybridization and/or single nucleotide polymorphism,®!! and
even by unbiased whole-genome sequencing,'? confirm that
AML results from multiple genetic alterations in hematopoietic
stem cells, and suggest that we have not yet discovered most of
the relevant aberrations that contribute to the pathogenesis of
this disease.

The ETV6 gene (12pl3) encodes a transcription factor
frequently rearranged in both myeloid and lymphoid leukemias.

Translocation breakpoints are distributed throughout the gene,
and ETV6 contributes to the pathogenesis of leukemia by
diverse molecular mechanisms that are only partially under-
stood. In most cases, the translocations result in the generation
of in-frame fusion genes between different domains of ETV6
and partner genes encoding either kinases or transcription
factors.'®> However, in some cases involving the 5’ end of ETV6,
functionally significant fusions could not be detected and a
different leukemogenic mechanism has been described: the
deregulation of the expression of oncogenes located close to the
breakpoints.!>!# This molecular mechanism, which has been
described mainly in lymphoid leukemias and lymphomas, is an
uncommon mechanism in myeloid leukemias, although some
examples have been reported.!15

Here, we describe a novel leukemogenic mechanism in a patient
with AML and a t(12;18)(p13;q12) involving ETV6. The transloca-
tion resulted in overexpression of SETBP1 (18q12), located close
to the breakpoint. We show that SETBP1 overexpression protects
SET from protease cleavage, increasing the amount of full-length
SET protein and leading to the formation of a SETBP1-SET-PP2A
complex that results in PP2A inhibition and therefore promotes the
proliferation of leukemic cells. Moreover, we show that SETBP1
overexpression is a recurrent molecular event associated with a
significantly shorter overall survival (OS) in AML, especially in
elderly patients.

Submitted June 11, 2009; accepted October 21, 2009. Prepublished online
as Blood First Edition paper, November 16, 2009; DOI 10.1182/blood-2009-
06-227363.
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Methods

Case reports

A 76-year-old white man was diagnosed with myelodysplastic syndrome.
Disease evaluation of the patient 3 years after the diagnosis showed anorexia,
perspiration, and loss of 7 kg. Laboratory findings at this moment were: hemo-
globin 10.9 g/dL, white blood cell count 38.2 X 10%L with 55% blasts, and
platelet count 251 X 10%/L; BM aspirate was hypercellular, showing 80% blasts.
Flow cytometry showed positivity for CD34, CD13, CD33, CDl1b, and
HLA-DR. The patient was diagnosed as AML-MS. Karyotype showed 2 clones:
46,XY,t(12,18)(p13;q12)[77%]/47,idem,+ 19[23%]. The patient received stan-
dard induction chemotherapy for 2 months and had partial remission at the next
evaluation. Laboratory findings showed hemoglobin 9.9 g/dL, white blood cell
count 25.5 X 10%L with 32% blasts, and 260 X 10%/L platelets. Karyotype at
this time was: 46,XY,t(12,18)(p13;q12)[24%]/46,XY[76%]. The patient relapsed
2 months later and eventually died. Karyotype at relapse showed the 2 clones
detected at diagnosis: 46,XY,t(12,18)(p13;q12)[32%]/47,idem,+ 19[68%]. All
samples were taken anonymously, and the study was approved by the Institu-
tional Committee of the University of Navarra.

FISH

Bacterial artificial chromosomes obtained from the Roswell Park Cancer
Institute (Buffalo, NY) were used to map the breakpoints in the patient
samples. The order of the probes is centromere-418C2-96B19-434C1-
telomere (12p13), and centromere-840B16-937P23-252G8-941F5-
telomere (18ql12). Probes were labeled with SpectrumGreen-dUTP or
SpectrumOrange-dUTP. Centromeric probes for chromosomes 12 and 18
were also used in fluorescence in situ hybridization (FISH) experiments.
FISH was performed as previously described.'*

RACE

3’- and 5'-rapid amplification of cDNA ends (RACE)-polymerase chain
reaction (PCR) were performed from total RNA using the GeneRacer kit
(Invitrogen). 3'RACE-PCR (94°C 30 seconds, 72°C 2 minutes 30 seconds,
5 cycles; 94°C 30 seconds, 70°C 2 minutes 30 seconds, 5 cycles; 94°C
30 seconds, 64°C 30 seconds, 68°C 2 minutes 30 seconds, 25 cycles) was
performed using the primer ETV6-EX1F (exon 1) and a reverse primer
from the kit. Nested PCR was performed under the same conditions with
ETV6-EX1Fn (exon 1). Products were cloned and sequenced. For 5'RACE,
the same PCR conditions were used, with primers ETV6-EX3R and
ETV6-EX3Rn (exon 3; supplemental Table 1, available on the Blood
website; see the Supplemental Materials link at the top of the online article).

Nucleic acid isolation and RT-PCR

Total DNA was isolated using the QIAmp DNA minikit, and total RNA
using the RNeasy minikit (QIAGEN). ¢cDNA was synthesized with
SuperScriptIll Reverse Transcriptase (Invitrogen). Reverse-transcribed
(RT)-PCR reactions were carried out with Ampli-Taq Gold DNA Polymer-
ase (Applied Biosystems) after optimizing cycling conditions for each
primer pair. To confirm the presence of the fusion products, RT-PCR
reactions were performed on patient RNA with primers ETV6-EX1F2,
and CR18-B and CR18-E (supplemental Table 1). Products were cloned
and sequenced.

Real-time RT-PCR

Quantification of the expression of SETBP1, SET, and ETV6 was performed
using TagMan Gene Expression Assays (Applied Biosystems) specific for
each gene. GAPDH was used as internal control. A gene was considered
overexpressed if its expression value was higher than the cut-off value
established for each gene (mean * 5 SD), defined by the analysis of
10 normal BM samples.
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Cell culture and transfection

HEL, K562, 32Dcl3, and HEK293 cell lines were grown at 37°C in a 5%
CO, atmosphere. HEK293 cells were maintained in Dulbecco’s minimum
essential medium, HEL and K562 in RPMI-1640 (Invitrogen), and 32Dcl3
in RPMI 1640 + 10% conditioned medium of cell line WEHI-3B (DSM
ACC 26). Media were supplemented with 10% fetal bovine serum,
penicillin G (100 U/mL), and streptomycin (0.1 mg/mL). For transfection
experiments, HEK293 cells were seeded into 10-cm dishes and transfected
with 60 nL of Lipofectamine2000 (Invitrogen) and 12 pg of the plasmids
expressing SETBP1(SKI homologous region [SHR])-V5, SETBP1-GFP,
SETBP1(SETBD)-GFP, SET-GFP, or empty vector as control. HEL and
32Dcl3 cells were seeded in culture flasks and transfected using the
Nucleofector System (solution V; protocol X-005 for HEL, and E-032 for
32Dcl3; Amaxa), with 4 pg of plasmidic vectors or 75nM SET siRNA pool
designed and synthesized by Dharmacon RNA Technologies.

Plasmids

Human SET ¢cDNA was obtained by RT-PCR from K562 RNA using an
upstream primer containing an EcoRlI site followed by the first 19 nucleo-
tides of SET cDNA, and a downstream primer containing the last
21 nucleotides of SET linked to a BamHI site. The EcoRl/BamHI digested
PCR product was subcloned into the pEGFP-C2 vector leading to the
pEGFPC2-SET construct. Human SETBPI cDNA was obtained by RT-PCR
from peripheral blood and subcloned into the vector pPEGFP-C2 through
Xhol/Sall sites, resulting in the pEGFPC2-SETBP1 construct. The region
from amino acids 1167 to the end of SETBP1 was obtained by digestion
from the pEGFPC2-SETBP1 construct and subcloned into the vector
pEGFP-C2 through HindIll/Sacll sites, resulting in the pEGFPC2-
SETBPI1(SETBD) construct. The region from amino acids 449 to amino
acids 857 of SETBP1 was obtained by PCR from the pEGFPC2-SETBP1
and subcloned into the pcDNA3.1V5/His vector, leading to the
pcDNA3.1V5/His-SETBP1(SHR). All cloning procedures were verified by
sequencing.

Immunoprecipitation and Western blotting

Cells were lysed in 100 L of lysis buffer containing 1% Triton X-100 and
protease inhibitors (Complete Mini; Roche Diagnostics). After incubation
on ice (30 minutes), protein extracts were clarified (12 000g, 15 minutes,
4°C), denatured, and subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot. Antibodies used were goat polyclonal
anti-SET (Santa Cruz Biotechnology), mouse monoclonal anti-PP2A (clone
1D6, Upstate), rabbit monoclonal anti-PP2A Y37 (Epitomics), rabbit poly-
clonal anti-GFP (Santa Cruz Biotechnology), and mouse monoclonal
anti-Btubulin (Sigma-Aldrich). For immunoprecipitation, lysates were
precleared (1 hour, 4°C) on a rotating wheel and immunoprecipitated with
antibody-bound protein G-Sepharose (8 hours, 4°C). After washings,
immunoprecipitations were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Western blot. Proteins were de-
tected with the appropriate secondary antibodies by chemiluminescence
(ECL kit; GE Healthcare).

Proliferation assay, viability, and total cell counts

Cell proliferation was measured in triplicate wells by 3-(4,5 dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay in 96-well plates using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega). Cell viability and total counts were
measured in triplicate with the Nucleocounter (Biogen), and the results
confirmed by Trypan Blue method.

PP2A assays

PP2A assays were performed with cell lysates (50 g) using a PP2A
immunoprecipitation phosphatase assay kit (Millipore) as previously de-
scribed, !¢ except that we added the protease inhibitor cocktail Complete
(Roche Diagnostics) to the protein extraction mix.
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Statistical analysis

Statistical analyses were performed using SPSS 15 for windows (SPSS
Inc). OS was defined as the time from diagnosis to death of any cause or end
of follow-up. Disease-free survival (DFS) was defined as the time from
complete remission until relapse or death. Event-free survival (EFS) was
defined as the time from diagnosis until first event, in which failure to
achieve complete remission, relapse, death, or end of follow-up were
considered events. OS, DFS, and EFS were determined according to the
Kaplan-Meier method and survival comparisons were done with the
log-rank test if proportional hazard assumption was fulfilled, and Breslow
otherwise. The Cox proportional hazards model was used to assess patient
outcome for patient-stratified groups of age. The hazard model was adjusted
taking into consideration relevant parameters that included cytogenetic
group, complete remission, and SETBP1 overexpression. Good risk and
intermediate risk were analyzed together because of the small number of
patients with good-risk cytogenetics. A P value less than .05 was considered
statistically significant.

Bioinformatics analysis of the SETBP1 proximal promoter

Analysis of the proximal promoter of SETBPI was performed with
MotifScanner,'”" which scans DNA sequences with precompiled motif
models. This algorithm assumes that motifs are hidden in a noisy
background sequence represented by a higher-order Markov model. The
motif models of transcriptional factors were obtained from the public
version of Jaspar and Transfac databases. The proximal promoter of
SETBP1 was defined as 3000 bp upstream the transcription start site and
was extracted from Ensembl database release 53.

A
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Results

SETBP1(18q21) is overexpressed in a patient with a
translocation t(12;18) involving ETV6

Karyotype at diagnosis of a patient with AML-MS5 secondary to
myelodysplastic syndrome was 46,XY,t(12,18)(p13;q12)/
47,dem,+19. FISH showed that the breakpoint on 12p13 was
located between exons 2 and 3 of ETV6 (supplemental Figure 1).
To identify the fusion partner of ETV6, RACE-PCR experiments
were performed on RNA from BM of the patient. 3'RACE-PCR
identified 2 clones containing E7V6 exon 2 followed by sequences
that overlapped with the human cDNA clone BC051727 (Mamma-
lian Gene Collection Program Team) located in chromosome 18
(Figure 1). Alignment of these sequences to the human genome did
not reveal the presence of a known gene, but the novel sequences
were split into segments that were flanked by consensus splice
donor and acceptor sites. This indicated that these sequences could
be part of a novel gene, whose exact identity and complete cDNA
sequence were not further analyzed. Because the complete tran-
script is currently unknown, the different exons identified in this
sequence were arbitrarily named as follows: fusion transcript 1,

ETV6-exon-1 + ETV6-exon-2 + exon-“a” + exon-“b”; fusion tran-
script 2, ETV6-exon-1 + ETV6-exon-2 + exon-c” + exon-“d”” + exon-
“e.” Stop codons were found in the 3 different reading frames for exons

B SETBP1 mRNA EXPRESSION LEVELS

HORMAL DIAGHOSIS POST-TREATMENT RELAPSE

C Fusiontranscriptl (ETV6 exonl and 2 + chromosome 18 exona andb)
ATGTCTGAGACTCCTGCTCAGTGTAGCATTAAGCAGGAACGAATTTICA
MS ETU?P?PAQC 5 1 KQE R1S
Exon1ETV6 |Exon2 ETV6
TATACACCTCCAGAGAGCCCAGTGCCGAGTTACGCTICCTCGACGCCA
P P E S PV P SY AS ST P
CTTCATGTTCCAGTGCCTCGAGCGCTCAGGATGGAGGAAGACTCGATC
LHV?P VPRALUZBRMTEETDSI
CGCCTGCCTGCGCACCTGCIGCAGAAC, -\.—\C ACGTGGATTGCTCAGTAC
R L P A HLUIZIOQO N Tr''w I 4 i
Exon2ETV6 | Exon*a’ " chrom18
Au\.C TTGTTC ATC ACATCCTCCTGTICACTG: %,-\GAATT ATGG: %.-\AT %TTC
G

S 5 ¢ S X
TC TG -\GCTGCTTTC CTCCCTGCCCAAC G-\GTC A.TC IC TGTGTG«\AAGGC'
L Stop
CAAGCTTATAAATCCTGTGCTCCAGAACTTICTGGACTAGCTTTICA...
Exon*“a” chrom18| Exon“b” chrom18

Fusion transcript2(ETV6 exonl and 2 + chromosome 18 exonc,d and ¢)
ATGTCTGAGACTCCTGCTCAGTGTAGCATTAAGCAGGAACGAATTTCA
MS ETUPAOQTC S 1 KQE RIS
Exon1ETV6|Exon2 ETV6
TATACACCTCCAGAGAGCCCAGTGCCGAGTTACGCTTCCTCGACGCCA
¥ T P P E S P V P SY A S S T P
CTTCATGTTCCAGTGCCTCGAGCGCTCAGGATGGAGGAAGACTCGATC
LHV?P VPR ALUI RMEEDS I
CGCCTGCCTGCGCACCTGCGACTCCACGGGAACAGGGCTTITCTGTTGG
tel R L PAHLTRRLAHGNTRTALAFCHW

18q12
ceii BC051727 t SETBP1 ~
|_|E | E——
RP11-252G8
RP11-941F5 ]

breakpoint

Exon2 ETV6 | Exon*“c” chrom18
C -\TC TTCTCTACCC GTC TTAGAAGATTACTGGAAAAGTGGATGCAGGA
y P Stop

C TC -\C C TC AC CCTGGC AC TGTTTC TCTGGGCAGTATTTTACCAGGAAGA
Exon“c” | Exon“d”

AGAATTAACGGACATCTTAACGTCAGATGGATTAGGAGGTGAACACAG

Exon“d” | Exon“e”
AAGAGAGATCAAGTTCGTTGAGGACAGAAAAGACATAAGCTGCC...

Figure 1. Genetic characterization of a patient with AML-M5 and a t(12;18)(p13;q12) involving ETV6. (A) FISH analysis indicating the breakpoint on 18q12: probe
RP11-252G8 (green) splits and hybridizes in both der(18) and der(12). (B) Analysis by quantitative RT-PCR of the SETBP1 expression in samples of the patient at
diagnosis, posttreatment control, and relapse. (C) RACE results showing the 2 different fusion transcripts detected. Sequences from ETV6 are in italics; the putative exons

from chromosome 18 are underlined.
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“b” and “e,” indicating that these exons are part of a noncoding
transcript. The presence of these 2 fusions was confirmed by RT-PCR,
cloned, and sequenced (data not shown). Fusion transcripts predicted, in
both cases, truncated proteins resulting from the presence of premature
stop codons (Figure 1). Besides, the predicted new proteins showed no
homology with any known proteins. In these novel sequences, we found
no microRNAs that could be deregulated as a consequence of the
translocation. 5’"RACE-PCR failed to find any reciprocal fusion tran-
script. Taken together, these data suggest that no functionally significant
fusion transcripts were generated by the translocation.

To confirm the position of the breakpoint on chromosome 18,
bacterial artificial chromosomes located at 18q12 were used as
probes in FISH experiments. Analysis on BM cells of the patient
showed that one signal hybridized to the normal chromosome 18,
and the other split and hybridized to both der(18) and der(12)
(Figure 1). FISH showed that the breakpoint was located 5" and
close to the SETBP1 gene. Activation of SETBPI expression by
retroviral integration in hematopoietic progenitor cells has been
reported to confer a growth advantage leading to clonal expan-
sion.?’ Knowing that SETBPI was close to the breakpoint in the
t(12;18)(p13;q12) and taking into account that ectopic expression

BLOOD, 21 JANUARY 2010 - VOLUME 115, NUMBER 3

of oncogenes is a mechanism involved in leukemia, we analyzed
the expression of SETBP1 by real-time PCR (quantitative RT-PCR)
in this patient, and we found that SETBPI was overexpressed at
diagnosis and in the posttreatment samples (Figure 1).

Ectopic expression of SETBP1 leads to increased full-length
SET protein levels

SETBPI1 has been reported to specifically interact with the protein
SET,?! a potent inhibitor of protein phosphatase 2A (PP2A). To
assess whether the ectopic expression of SETBP1 affects SET
protein levels, HEK293 cells were transiently transfected with
SETBP1-GFP. We found that levels of the 39-kDa full-length form
of SET were strongly induced; moreover, an important decrease in
the levels of low molecular weight forms of SET was observed. As
controls, ectopic expression of the SETBP1-GFP protein was
detected by anti-GFP (Figure 2A) and quantitative RT-PCR (supple-
mental Figure 2A). Analysis by fluorescence microscopy of
SETBP1-GFP-transfected HEK293 cells confirmed a predomi-
nantly nuclear location of SETBP1 (supplemental Figure 2B).

A B 1 2 3 4 1: HEK293 + SETBP1-GFP
1 2 3 37kDa 3| W - 2: HEK293 + pGFP
37kDa | - 3: HEK293 + SETBP1(SHR)-V5
4: HEK293 + SETBP1(SETBD)-GFP
o SET 25kDa > A — a— s | SET
a> ”-—‘ e I O s
20kDa 3| ——-— 20kDa { & G -
B — T T 200 kDa ;‘H SETBP1-GFP
200 kDa N
> s | SETBP1-GFP  75kDa ») -J SETEG-GER
1: HEK293 SHR.S
2: HEK293 + pGFP SORDS iy
3: HEK293 + SETBP1-GFP S0KDA i s ws s | Tubulin
C D E
1 2 3 1 2 3
37kDa > oy = eas PP2A 37kba 3 . == | 0Y307/PP2A PP2A activity [%]_HEK293
S0kDa 3| WP s s | Tubulin  S0KDa S G S Tubulin

PP2A EXPRESSION LEVELS

Y-307 PHOSPHORYLATION LEVELS

Arbitrary units
Arbitrary units

HEK293

HEK293 + pGFP  HEK293 + pSETBP1

[T ]

=
:
}

1 2 3 1

1: HEK293
2: HEK293 + pGFP
3: HEK293 + SETBP1-GFP

1: HEK293

2: HEK293 + pGFP
3: HEK293 + SETBP1-GFP

Figure 2. Ectopic expression of SETBP1 induces increased full-length SET levels and inhibits PP2Ac. (A) Western blot showing endogenous SET expression in
HEK293 cells transfected with SETBP1-GFP, an empty vector as a control, or nontransfected cells. (B) Analysis by Western blot showing SET in HEK293 cells transfected with
different regions of SETBP1. SHR indicates SKI homologous region; and SETBD, SET binding domain. (C) Western blot and densitometry analysis showing the effect of
ectopic SETBP1 over PP2A expression in HEK293 cells. (D) Western blot and densitometry analysis showing the effect of ectopic SETBP1 over PP2A phosphorylation levels
of the tyrosine-307. (E) PP2A phosphatase assay in HEK293 cells transfected or not with SETBP1.
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To assess the origin of the proteins of different sizes detected by
anti-SET antibodies, HEK293 cells were transfected with SET-
GFP and harvested at different times. Full-length SET-GFP protein
of approximately 67 kDa could be detected by Western blot 9 hours
after transfection, and 2 additional bands of lower molecular
weight appeared gradually, together with the full-length form
(supplemental Figure 2C). Taking into account the molecular
weight of GFP, these bands would correspond to the endogenous
short SET forms (Figure 2A). Because SET-GFP is expressed from
a cDNA sequence, and alternative splicing cannot take place in the
absence of intronic sequences, these results suggest that the
endogenous SET protein of 39 kDa is cleaved by proteases,
resulting in truncated proteins with distinct sizes.

To analyze the region of SETBP1 that is critical to induce this
effect, we transfected HEK293 cells with the vector pcDNA3.1-
SETBP1(SHR)-V5, which expresses an internal region of SETBP1
that includes the SHR, and with the vector pEGFPC2-
SETBPI1(SETBD), expressing the carboxy-terminal region of
SETBPI1 that includes the SET binding domain (SETBD). We used
HEK?293 cells transfected with SETBP1-GFP as positive control,
with the empty vector as negative control. We found similar results
transfecting with SETBP1-GFP and with SETBD-GFP; however,
no effects were observed with SETBP1(SHR)-VS5, indicating that
the region containing SETBD is critical (Figure 2B). Taken
together, these results suggest that SETBP1 has a major effect on
the 39-kDa form of SET, probably increasing its levels by
impairing protease activity on the full-length SET protein.

SETBP1 inhibits PP2A activity through tyrosine
phosphorylation of its catalytic subunit

We next investigated the effect of SETBP1 overexpression on the
PP2A protein. Expression levels of the catalytic subunit of PP2A
(PP2Ac) were not affected in HEK293 cells transfected with
SETBP1-GFP, with respect to nontransfected cells (Figure 2C).
However, an increase in the phosphorylation of tyrosine-307 was
observed (Figure 2D). Of note, phosphorylation of tyrosine-307 is
responsible for more than 90% of the phosphatase activity of this
protein; indeed, it has been shown that PP2Ac is inactive when
tyrosine-307 is phosphorylated.?> These results suggest that ectopic
expression of SETBP1 leads to a reduced PP2A activity, which was
confirmed by a PP2A phosphatase assay (Figure 2E).

We next assessed whether the observations made in SETBP1-
transfected cells could be confirmed in the patient samples. As a
positive control for PP2A inactivation and SET overexpression,
protein extracts from K562 cells were included.”®> The patient
showed higher phosphorylation of tyrosine-307 of PP2Ac in both
relapse and posttreatment samples, compared with normal donors.
We also observed increased SET protein levels, with good correla-
tion between protein and mRNA (Figure 3; supplemental Figure 3).

SETBP1OVEREXPRESSION INAML 619

SETBP1 induces proliferation in HEL and 32Dcl3

To investigate the effect of SETBPI on cell growth, the HEL cell
line (AML-M6) was chosen as a cellular model. An increased
proliferation in cells transfected with SETBP1 compared with
mock-transfected cells was observed using the MTS assay (Figure
4A); furthermore, total cell counts and cell viability were deter-
mined by Nucleo Counter and confirmed with the Trypan Blue
method (data not shown). These results confirmed the higher cell
counts and better viability of cells transfected with SETBP1
compared with cells transfected with the empty vector. Similar
results were obtained with the 32Dcl3 cell line (Figure 4A). In
addition, we observed reduced PP2A activity in both HEL and
32Dcl3 cells transfected with SETBP1.

To confirm our hypothesis that SETBP1 inhibits PP2A through
SET, SET was down-regulated by SET-specific siRNAs (supplemen-
tal Figure 4). We observed that the effects of SETBP1 on cell
proliferation and PP2A activity were impaired in both HEL and
32Dcl3 cells after SET knockdown (Figure 4B).

SETBP1 forms a complex including SET and PP2A

It has been reported that SETBP1 interacts with SET and that the
region of SET that binds to SETBP1 is different from the PP2A
inhibitory region. Accordingly, it was postulated that SETBP1-SET
heterodimers interact with PP2A.2! However, no experimental
evidence to confirm this hypothesis has been provided yet. To
determine whether SET interacts simultaneously with SETBP1 and
PP2A, coimmunoprecipitation assays were carried out in HEK293
cells, transfected or not with SETBPI1-GFP. PP2A and SET
coimmunoprecipitated with SETBP1, suggesting the existence of a
SETBP1-SET-PP2A complex. Preclearing of SET using anti-SET
antibodies bound to Sepharose-protein G inhibited the coimmuno-
precipitation of PP2A and SET with SETBPI, indicating that PP2A
interacts with the SETBP1-SET heterodimer through SET and that
SETBP1 and PP2A do not directly interact with each other.
Interestingly, we found that the coimmunoprecipitated PP2A was
phosphorylated on its tyrosine-307 (Figure 5). Taken together,
these results suggest that the SETBP1-SET heterodimer interacts
with PP2A forming a SETBP1-SET-PP2A complex in which the
presence of SET is critical.

Prevalence of SETBP1 overexpression in AML

To study the prevalence of SETBPI overexpression and its
prognostic value in AML, we quantified the expression of SETBP1
in a series of 192 patients with AML at diagnosis, correlated these
values with the French-American-British classification, and cytoge-
netic and molecular markers, and studied the prognostic relevance
of this aberration. Patient characteristics are presented in Table 1,
and box-plots show the SETBPI expression levels in supplemental
Figure 5. Although patients were treated with different schedules,
all received regimens based on anthracycline and cytarabine as
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Figure 3. Comparison of the PP2A and SET protein levels by 37kDa
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Figure 4. Effect of SETBP1 on cell proliferation and PP2A activity. (A) MTS assays showing the effect of ectopic SETBP1 expression alone or with SET-specific siRNAs on
the growth of HEL and 32Dcl3. (B) PP2A phosphatase assay in HEL and 32DclI3 cells either not transfected or expressing the empty vector as a control, SETBP1 alone, or

SETBP1 with SET down-regulated by SET-specific sSiRNAs.

induction therapy. High-dose cytarabine, and autologous or allo-
genic stem cell transplantation when possible, were used as
consolidation therapy. All patients provided informed consent.
SETBPI was overexpressed in 53 of 192 patients (27.6%). The
prevalence in cytogenetic prognostic groups was as follows: good,
24% (7 of 29); intermediate, 18.5% (17 of 92); and poor, 40.8%

(29 of 71). We found genetic aberrations associated with SETBP]
overexpression: monosomy 7 (P = .007), chromosome 18 aberra-
tions (P = .031), and EVII overexpression (P = .001). An inverse
correlation was observed between SETBPI overexpression and
normal karyotype (P = .010), and NPMI mutations in patients
with wild-type FLT3 (P = .045; Table 2).
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Figure 5. PP2A interacts with SET-SETBP1 heterodimer but not directly with SETBP1. Cell extracts expressing SETBP1-GFP (lanes 2 and 3) were immunoprecipitated
with anti-GFP followed by Western blotting with anti-SET and anti-PP2A. Cell extract without SETBP1-GFP expression was used as negative control (lane 1). One of the cell
extracts expressing SETBP1-GFP was precleared of SET using anti-SET antibodies bound to Sepharose-protein G before the immunoprecipitation (lane 2).
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Table 1. Clinical and molecular characteristics of a series
of 192 patients with AML

Characteristic No. (%)
Sex
Male 99 (53)
Female 88 (47)
No data 5]
Age
Less than 60 years 92 (50.3)
More than 60 years 91 (49.7)
No data 9
Complete remission
No 47 (36.7)
Yes 81 (63.3)
No data 64
Diagnosis
AML-MO 21 (10.9)
AML-M1 35 (18.2)
AML-M2 38 (19.8)
AML-M3 7 (3.6)
AML-M4 33 (17.2)
AML-M5 36 (18.8)
AML-M6 12 (6.3)
AML-NOS 10 (5.2)
Secondary AML
No 130 (83.3)
Yes 26 (16.7)
No data 36
Cytogenetic group
Good 29 (15)
Intermediate 92 (48)
Poor 71 (37)
SETBP1 overexpression
No 139 (72.4)
Yes 53 (27.6)
WT1 overexpression
No 22 (16)
Yes 115 (84)
No data 55
EVI1 overexpression
No 132 (76.7)
Yes 40 (23.3)
No data 20
NPM1 mutated
No 18 (37.5)
Yes 30 (62.5)
No data 144
FLT3-ITD
No 99 (79.2)
Yes 26 (20.8)
No data 67

AML indicates acute myeloid leukemia.

Prognostic impact of SETBP1 overexpression in AML

Clinical follow-up data were available for 168 patients (supplemen-
tal Table 2), 91 men and 77 women, with a median age of 56 years.
Median OS of the global cohort was 31.7 (95% confidence interval,
21.5-41.9 weeks; supplemental Figure 5). As expected, significant
differences in OS according to age, cytogenetic group, and
complete remission rate were found in this series (P < .01). In
addition, we found significant differences in OS between patients
with and without SETBPI overexpression (P < .01; supplemental
Figure 6). Interestingly, the prognostic impact of SETBP1 overex-
pression was particularly evident in patients older than 60 years
(Figure 6A). Univariate analysis showed that only complete

SETBP1OVEREXPRESSION INAML 621

remission (P < .01) and SETBPI overexpression (P = .015), but
not cytogenetic group (P = .059), were significant in OS in the
group of patients older than 60 years. Multivariate analysis
demonstrated that SETBP1 overexpression was an unfavorable
independent factor associated with OS in elderly patients with
AML (Table 3).

Only 121 of this series of 168 patients received induction
therapy. We also found significant differences in age, cytogenetic
group, and complete remission (data not shown) in this series.
When we investigated the prognostic impact of SETBPI overexpres-
sion in this cohort, we found that patients with SETBP1 overexpres-
sion had significantly worse OS (P = .016) and EFS (P = .015;
Figure 6B). We found no differences in DFS (P = .366). Sixty-
six patients of this series were included in the intermediate
cytogenetic risk group, and 47 had normal karyotype. Patients with
SETBPI overexpression had a worse OS than those without
(median, 26 vs 45.9 weeks); however, differences were not statisti-
cally significant, probably because of the small number of SETBPI+
cases. A worse outcome in DFS (median, 20.9 vs 61.4 weeks) and
EFS (median, 23.3 vs 40 weeks) was also observed.

To analyze the molecular events that could lead to SETBPI
overexpression in the AML cases, we performed a bioinformatic
analysis of the proximal promoter of SETBPI. We identified
several hypothetical binding sites for transcription factors previ-
ously implicated in leukemia, such as GATA1, GATA2, EVII,
HMG-1, or AP-1 (supplemental Table 3). Moreover, there is a CpG
island within the putative proximal promoter of SETBP] that spans
1812 bp and could lead to the hypothetical epigenetic deregulation
of SETBPI in cases with overexpression of this gene. Interestingly,
6 of the 7 retroviral insertion sites described by Ott et al* are
located in a region of 200 bp (40513701-40513912), where this
CpG island is located (40512982-40514793).

Discussion

We report here a novel mechanism of transformation in acute
myeloid leukemia. We first investigated a t(12;18)(p13;q12) involv-
ing ETV6 in a patient with AML. Functionally significant fusions
could not be detected. Knowing that SETBP1 (18q12) was close to
the translocation breakpoint, and taking into account that ectopic
expression of oncogenes is a mechanism involved in leukemia, we
postulated that overexpression of SETBP! could be the major event
in this case. Indeed, SETBPI was overexpressed at diagnosis and in
the posttreatment samples of the patient (Figure 1). As activation of
SETBPI expression by retroviral integration in hematopoietic
progenitor cells had been reported to confer a growth advantage
leading to clonal expansion?® and we could establish that SETBPI
overexpression was a recurrent molecular event with poor prognos-
tic impact in AML, we decided to investigate the leukemogenic
mechanism of overexpression of this gene. In this paper, we show
that SETBP1 overexpression protects SET from protease cleavage,
increasing the amount of full-length SET protein, and leading to the
formation of a SETBP1-SET-PP2A complex that results in PP2A
inhibition, and therefore promotes the proliferation and expansion
of leukemic cells.

SETBP]I encodes a protein of 1542 amino acids and 170 kDa,
localized predominantly in the nucleus, as we have confirmed in
this study (supplemental Figure 2B). The physiologic function as
well as the molecular mechanism by which SETBP1 acts remains
unknown. The protein contains a region homologous to the
dimerization domain of SKI, and a SET-binding region, although
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Table 2. Association between SETBP1 overexpression and clinical and genetic parameters in 192 patients with AML at diagnosis

No. of cases SETBP1-, no. (%) No. SETBP1+, no. (%) P
SETBP1 192 139 (72.4) 53 (27.6)
Sex 187 136 51 511
Male 99 70 (70.7) 29 (29.3)
Female 88 66 (75) 22 (25)
Age 183 136 47 219
Less than 60 years 92 72 (78.3) 20 (21.7)
More than 60 years 91 64 (70.3) 27 (29.7)
Complete remission 128 180 50 .196
No 47 33 (70.2) 14 (29.8)
Yes 81 65 (80.2) 16 (19.8)
Secondary AML 156 247 56 .354
No 130 101 (77.7) 29 (22.3)
Yes 26 18 (69.2) 8(30.8)
Prognostic group 192 139 53 .006*
Good 29 22 (76) 7 (24)
Intermediate 92 75 (82.5) 17 (18.5)
Poor 71 42 (59.2) 29 (40.8)
Cytogenetic group 192 139 53
Normal karyotype .010*
Yes 63 53 (84) 10 (16)
No 128 85 (66.4) 43 (33.6)
Trisomy 8 .943
Yes 18 13 (72.2) 5 (27.8)
No 163 119 (73) 44 (27)
Chromosome 18 aberrations .031*
Yes 11 5 (45.4) 6 (54.6)
No 169 127 (75) 42 (25)
Monosomy 7 .007*
Yes 27 14 (51.9) 13 (48.1
No 155 119 (76.8) 36 (23.2)
der(7q) .318
Yes 16 10 (62.5) 6 (37.5)
No 166 123 (74.1) 43 (25.9)
WT1 overexpression 137 108 29 .345
No 22 19 (86.7) 3(13.6)
Yes 115 89 (77.4) 26 (22.6)
EVI1 overexpression 172 126 46 .001*
No 132 108 (81.8) 24 (18.2)
Yes 40 18 (45) 22 (55)
MDS1EVI1 overexpression 152 109 43 .012*
No 138 103 (74.6) 35 (25.4)
Yes 14 6 (42.9) 8 (57.1
NPM1 mutated and FLT3 wt 32 28 4 .014*
No 12 8 (66.7) 4 (33.3)
Yes 20 20 (100) 0 (0.0)
FLT3-ITD 125 100 25 .760
No 99 78 (78.8) 21 (21.2)
Yes 26 22 (84.6) 4 (15.4)

AML indicates acute myeloid leukemia.
*Significant values.

the functional significance of these interactions has not been
determined.?! The protein SET (I2PP2A/TAF-IB) inhibits PP2A
through the phosphorylation of the PP2Ac tyrosine-307.2* Indeed,
SET is overexpressed in multiple solid tumors* and in chronic
myeloid leukemia where its correlation has been demonstrated with
the expression and oncogenic activity of BCR-ABL, leading to
PP2A inhibition.?

Here, we demonstrate that SETBP1 overexpression increased
the 39-kDa full-length SET, probably because the SETBP1-SET
interaction protects SET from protease-mediated cleavage. As a
consequence, we detected a decrease in the 27-, 24-, and 20-kDa
SET forms (Figure 2A). It has been reported that SET inhibits
the DNase activity of the tumor suppressor NM23-H1 and that

the cleavage of SET by Granzyme A during the cytotoxic
T lymphocyte-induced apoptosis releases NM23-H1 from inhi-
bition and triggers NM23-H1 to translocate into the nucleus,
where it nicks the DNA.2627 Interestingly, the cleavage of SET
by Granzyme A generates 3 polypeptides with similar molecular
weight to those we detected. Although more studies are needed
to clarify this point, our results suggest a possible role for
SETBPI1 impairing the cleavage of SET by Granzyme A in the
apoptosis caspase-independent pathway induced by cytotoxic
T lymphocytes. This could point to a novel defense mechanism
in leukemic cells.

PP2A is a major protein phosphatase implicated in many cell
processes,?$-32 and its loss of function has been associated with cell
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Figure 6. SETBP1 overexpression and cumulative survival in AML. (A) Kaplan-Meier analyses of OS for SETBP1 in the series of age-stratified 168 patients with AML, and
clinical follow-up data available. Patients older than 60 years with SETBP1 overexpression showed a poorer outcome compared with patients with no SETBP1 overexpression.
(B) Kaplan-Meier analyses of OS, DFS, and EFS for SETBP1 overexpression in a series of 121 patients with AML and clinical follow-up data available who received induction
therapy (note that this group of 121 patients is included in the previous series of 168 patients in panel A).

transformation.’334 Because SET is a potent inhibitor of PP2A and
SETBP1 overexpression alters the level of SET, we analyzed the
effect of SETBP1 overexpression on PP2A. In addition to the
previously reported SETBP1-SET and SET-PP2A complexes, we
demonstrated the formation of a SETBPI-SET-PP2A heterotri-
meric complex, in which PP2A is phosphorylated and, therefore,
inhibited (Figure 5). Our results suggest that this is the molecular
mechanism by which PP2A is inhibited in patients with SETBP1
overexpression and AML because PP2A and SETBP1 did not
interact in the absence of SET (Figure 5). Interestingly, we only
detected the full-length SET form in the immunoprecipitate,
indicating that the shorter processed forms are not present in the
SETBP1-SET-PP2A complex. It has been reported that these forms
conserve their inhibitory activity of PP2A, but it remains unclear
whether this activity is similar to that of full-length SET?3; our
results suggest that the processed forms may have lower PP2A
inhibitory activity and that SETBP1 may increase the inhibition of
PP2A by protecting the full-length SET protein, and permitting its
interaction with PP2A.

Moreover, SET is a key modulator of DNA replication,
chromatin remodeling and gene transcription,’®37 differentiation,

Table 3. Multivariate analysis of clinical and biologic variables in
the group of patients with AML older than 60 years

Hazard ratio (95%

Variable Subset confidence interval) P
Complete remission Nolyes 1/0.218 (0.110-0.430) .001
SETBP1 overexpression No/yes 1/2.311 (1.173-4.553) .015

AML indicates acute myeloid leukemia.

and cell-cycle regulation.’® We postulate that the protecting role
that SETBP1 overexpression plays on SET might reflect changes in
the expression patterns of genes whose acetylation depends on the
presence of the full-length SET protein because 39 kDa SET, but
not the processed forms, has been reported to inhibit histone
acetylation and to bind to HuR, which stabilizes immediate early
gene mRNASs.233640 Qur results showed that the SETBD region is
critical for this function (Figure 2B); therefore, the interaction of
SETBP1 and SET could have other effects apart from the inhibition
of PP2A.

To assess the prevalence and the prognostic significance of
SETBP] overexpression, we analyzed the expression of this gene in
192 patients with AML at diagnosis, and we found that SETBPI
overexpression was a recurrent event in AML, accounting for
27.6% of all cases. Our results show that SETBPI overexpression
predicts shorter OS and that the impact on prognosis is especially
significant in patients older than 60 years (Figure 6A). AML is a
disease of the elderly, with a median age at diagnosis more than
60 years. However, the gradual improvements achieved in the last
2 decades have been mainly focused on the group of patients
younger than 60 years, whereas there has been no change in the OS
of patients older than 60 years, probably because of both patient-
and disease-specific factors, although this subgroup represents
two-thirds of the total number of cases.*! It is therefore important to
identify genetic markers that could predict prognosis in this
subgroup of patients, as well as to advance our knowledge of
disease biology to develop novel targeted therapies. Our data
suggest that SETBP1 overexpression could distinguish 2 subgroups
of AML elderly patients; furthermore, it could be a predictive factor
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of response to PP2A activators, such as FTY720, which has been
proposed as a future alternative for treating blast-crisis chronic
myeloid leukemia and Philadelphia-positive acute lymphocytic
leukemia.*?

Although multivariate analysis confirmed the negative prog-
nostic impact of SETBPI overexpression in our series, it was
associated with other poor prognostic markers, such as mono-
somy 7 and EVII overexpression. AML is a multistep genetic
disease, and the activation of SETBPI may cooperate with
additional mutations to induce leukemia.? In the patient with
t(12;18), we found no FLT3, NPMI, or JAK2 mutations,
although trisomy 19 was observed in the blast cells of the patient
as a secondary event that would cooperate in the progression of
the disease. Moreover, posttreatment samples showed overex-
pression of SET and ETV6, which could act synergistically with
SETBPI overexpression (supplemental Figure 3). The mecha-
nisms by which SETBP] is overexpressed in the series analyzed
remain unknown. However, bioinformatic analysis of the puta-
tive promoter region of SETBP1 allowed us to identify several
transcription factors previously implicated in leukemia (supple-
mental Table 3); so we postulate that their deregulation could
promote SETBPI overexpression. FISH analysis suggests that
the breakpoint in the patient with the t(12;18) is located
upstream to the transcription start site of SETBPI, close to the
retroviral insertion sites described by Ott et al.? Moreover, 6 of
the 7 retroviral insertion sites described in that paper are located
in a region of 200 bp (40513701-40513912), where we have
found a CpG island (40512982-40514793). Taken together, this
suggests that this is an important region for the transcriptional
regulation of the SETBPI gene and that epigenetic aberrations
could be another mechanism of SETBPI overexpression in
patients with AML without 18q aberrations. Further studies to
confirm this and to analyze the promoter region of SETBPI are
in progress.

In conclusion, we report a novel mechanism of leukemic
transformation. Overexpression of SETBP1 promotes an increase
in full-length SET levels, impairing the phosphatase activity of the
tumor suppressor PP2A through the formation of a SETBP1-SET-
PP2A complex, and promoting the proliferation of cells (Figure 7).
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Figure 7. Proposed molecular model for SETBP1 signal-
ing pathway. SETBP1 overexpression protects SET from
protease cleavage, increasing the amount of full-length SET
protein, and leading to the formation of a SETBP1-SET-PP2A
complex that results in PP2A inhibition and therefore pro-
motes the proliferation of leukemic cells.
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Besides, we demonstrate that SETBP1 overexpression protects
SET from protease cleavage, which could have important effects on
both the histone acetylation inhibitory activity of SET and Gran-
zyme A-mediated caspase-independent apoptosis induced by cyto-
toxic T lymphocytes. Furthermore, deregulation of SETBPI by
translocations or other unknown mechanisms seems to play a
crucial role in the leukemic transformation of AML. We have
shown that SETBP1 overexpression is a recurrent molecular event
with independent prognostic value in AML, especially in the
subgroup of elderly patients. Further research into the physiologic
function of this gene will contribute to a better understanding of the
multiple steps that give rise to AML.
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Figure S1. Genetic characterization of a patient with AML-MS5 and a t(12;18)(p13;q12) - (A)
Partial karyotype of the patient. Derivative chromosomes are indicated by arrows; (B) FISH

analysis of the patient showing that ETV6 was rearranged.
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Figure S2 - (A) Quantification of SETBP1 expression levels by QRT-PCR (AACt method) in
parental HEK293 cells and HEK293 cells expressing SETBP1 or the empty vector. (B)
SETBP1 shows mainly nuclear intracellular location. (C) HEK293 cells were transiently
transfected with SET-GFP and harvested at different times. SET-GFP expression began 9

hours after transfection, with two shorter forms were appearing progressively.
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Figure S3. Quantification of SET and ETV6 expression levels by QRT-PCR (AACt method)

in the patient samples at diagnosis, post-treatment control and relapse
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Figure S4 (A) Western blot analysis showing the levels of immunoprecipitated PP2A from the
cell lines used in the phosphatase assays showed in Fig. 2E and 4B; (B) Western blot analysis
and relative SET expression by QRT-PCR of HEL and 32Dcl3 cells transfected with a control
siRNA or siSET.
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Figure S5 (A) Survival graph of the 168 AML patients with follow-up data available; (B)
Box-plots showing SETBP1 expression levels in the groups of AML patients without
(n=139), and with SETBP1 overexpression (n=53).
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Figure S6. Kaplan-Meier analyses of overall survival in the cohort of 168 patients with
clinical follow-up data available show an inferior outcome (A) patients older than 60 years;
(B) patients included in the intermediate and poor prognosis groups; (C) patients who did not

achieve CR; (D) and patients with SETBP1 overexpression
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PP2A impaired activity is a common event in acute myeloid leukemia and its activation
by forskolin has a potent anti-leukemic effect

| Cristébal'?, L Garcia-Orti', C Cirauqui1, MM Alonso', MJ Calasanz® and MD Odero'"

'Division of Oncology, Center for Applied Medical Research (CIMA), University of Navarra, Pamplona, Navarra, Spain
and 2Department of Genetics, University of Navarra, Pamplona, Navarra, Spain

Protein phosphatase 2A (PP2A) is a human tumor suppressor
that inhibits cellular transformation by regulating the activity of
several signaling proteins critical for malignant cell behavior.
PP2A has been described as a potential therapeutic target in
chronic myeloid leukemia, Philadelphia chromosome-positive
acute lymphoblastic leukemia and B-cell chronic lymphocytic
leukemia. Here, we show that PP2A inactivation is a recurrent
event in acute myeloid leukemia (AML), and that restoration
of PP2A phosphatase activity by treatment with forskolin in
AML cells blocks proliferation, induces caspase-dependent
apoptosis and affects AKT and ERK1/2 activity. Moreover,
treatment with forskolin had an additive effect with Idarubicin
and Ara-c, drugs used in standard induction therapy in AML
patients. Analysis at protein level of the PP2A activation status
in a series of patients with AML at diagnosis showed PP2A
hyperphosphorylation in 78% of cases (29/37). In addition, we
found that either deregulated expression of the endogenous
PP2A inhibitors SET or CIP2A, overexpression of SETBP1, or
downregulation of some PP2A subunits, might be contributing
to PP2A inhibition in AML. In conclusion, our results show
that PP2A inhibition is a common event in AML cells and that
PP2A activators, such as forskolin or FTY720, could represent
potential novel therapeutic targets in AML.

Leukemia advance online publication, 14 January 2011;
doi:10.1038/leu.2010.294

Keywords: AML; PP2A; forskolin; therapy; SET

Introduction

Acute myeloid leukemia (AML) is a heterogeneous clonal
disease that disrupts normal hematopoiesis. Leukemic cells are
characterized by a block in differentiation and apoptosis,
together with an enhanced proliferation. Despite progressive
advances in our understanding of the molecular biology of AML,
patient outcomes are still very poor. Complete remission occurs
in up to half of these patients; however, relapse is generally
expected and prognosis is dismal." Therefore, it is necessary to
develop more effective treatment strategies to improve the
survival of these patients.”

The unrestricted growth of transformed cells is caused by the
cumulative deregulation of multiple cellular pathways involved
in normal growth control.® The ubiquitously expressed protein
phosphatase 2A (PP2A) is a major serine/threonine phosphatase
that accounts for most of the serine/threonine phosphatase
activity in eukaryotic cells, and participates in many mammalian
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signaling pathways.* PP2A represents a family of heterotrimeric
holoenzyme complexes consisting of an active core composed
of the scaffold PP2A-A subunit, the catalytic PP2A-C subunit
and a regulatory PP2A-B subunit. There are two
closely related isoforms of the PP2A-A (Ao/PPP2RTA and
AB/PPP2R1B),>® and of the PP2A-C (Co/PPP2CA and Cp/
PPP2CB) subunits.”® The scaffold subunit mediates interaction
of the core dimer with a wide variety of regulatory B subunits
that regulate both the specific substrate and the localization
of the holoenzyme. Four unrelated families of regulatory B
subunits have been identified, including at least 26 different
alternative transcripts and splice forms.? Therefore, PP2A has the
ability to form complexes with many different substrates.®'°
A variety of mechanisms that inhibit PP2A are present in
transformed cells, including alterations in structural or regula-
tory PP2A subunits, and also the overexpression of specific
endogenous inhibitors.>'® Somatic mutations of the PP2A
structural subunits Ao and AB have been described in several
types of cancer, causing a defective binding of the B and C
subunits and thus inhibiting PP2A activity."'2° Moreover,
suppression of PP2A AP expression permits immortalized
human cells to achieve a tumorigenic state through the
deregulation of RalA GTPase activity. Cancer-associated AP
mutants fail to reverse this tumorigenic phenotype, indicating
that these mutants function as null alleles.?’ In addition, both Aa.
mutants and Ao downregulation lead to a functional haplo-
insufficiency that seems to induce human cell transformation
by activating AKT/PI3 K signaling pathway.?** However, it is
likely that different sets of genetic aberrations during tumor
formation require the loss of different PP2A holoenzyme
complexes for the tumor progression, and this would involve
the regulatory subunits that are having a key role directing PP2A
to dephosphorylate and regulate key tumor suppressors or
oncogenes.” In this regard, several members of the B56 family of
regulatory PP2A subunits seems to have a main role in directing
PP2A potential tumor-suppressive activity.?*=°

With regard to the endogenous PP2A inhibitors, upregulation
of SET by the BCR/ABL oncogene leads to the suppression of
PP2A, and contributes to leukemogenesis in chronic myeloid
leukemia (CML) and Philadelphia chromosome-positive acute
lymphoblastic leukemia.?'? In addition, Junttila et al.>* provide
strong evidence that cancerous inhibitor of PP2A (CIP2A)
selectively targets PP2A associated with c-Myc to inhibit its
phosphatase activity and protect Ser62 from dephosphorylation.
Interestingly, CIP2A expression is upregulated in transformed
cell lines and cancer tissue samples. Finally, it has been reported
that JAK2 directly phosphorylate PP2A at tyrosine 307 of its
catalytic subunit, making PP2A inactive.**

Few studies have investigated the role of PP2A in AML. Gallay
et al.*® reported that the intensity of phospho-Akt on Thr308 in
AML was significantly correlated with high-risk cytogenetics,
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particularly with a complex karyotype, and they found correla-
tion between decreased PP2A activity and Thr308 phosphory-
lation in this subgroup (seven cases). Moreover, a recent study
shows that activating c-KIT mutations inhibit PP2A, and that
reactivation of PP2A effectively suppresses the in vitro and
in vivo growth of imatinib-sensitive and imatinib-resistant
c-KIT-positive cells, indicating that functional inactivation of
PP2A tumor suppressor activity could represent a key step in the
induction and maintenance of KIT-positive leukemias.>® Qur
group has previously reported that SETBP1 overexpression is a
recurrent event in AML, which impairs PP2A activity via SET
and promotes proliferation of AML cells.?” In addition, it has
been reported that the activity of PP1 and PP2A is enhanced in
the arsenic sulphide-induced differentiation of the AML cell line
HL-60,°® and that the alkylphosphocholine erucylphospho-
homocholine is cytotoxic to AML cells through JNK- and
PP2A-dependent mechanisms.>® Interestingly, PP2A activators
such as FTY720 in CML, acute lymphoblastic leukemia and
chronic lymphocytic leukemia, and forskolin in CML show
promising anti-leukemic effects in both in vitro and in vivo
models.

In this study, we show that PP2A activity is reduced in both
myeloid Philadelphia-negative cell lines and AML patient
samples. Treatment with the PP2A-activator forskolin restores
PP2A activity, affecting proliferation and inducing changes in
the phosphorylation status of AKT and ERK1/2. Moreover, we
found an additive effect between PP2A activation by forskolin
and the chemotherapy reagents Idarubicin and cytosine arabino-
side (Ara-c), suggesting that treatment with PP2A activators
could be a therapeutic target in AML in combination with
standard induction therapy. Finally, deregulated expression of
endogenous PP2A inhibitors, together with aberrations affecting
the expression of PP2A subunits, were identified as possible
mechanisms of PP2A inhibition in AML.

Materials and methods

Cell cultures

EOL-1, HL-60, Kasumi-1, OCI-AML2, MOLM13, MV4-11, HEL,
KG-1, KYO-1, K562 and MEG-01 cells were maintained in
RPMI-1640 (Invitrogen, Breda, The Netherlands) with 10% fetal
bovine serum (FBS); NOMO-1 and KU-812 in RPMI-1640 with
20% FBS; F-36P in RPMI-1640 with 20% FBS, and 10 ng/ml
GM-CSF; UT-7 in alpha-MEM (Invitrogen) with 20% FBS and
5ng/ml GM-CSF; MUTZ-3 in 80% alpha-MEM with 20% FBS
and 10ng/ml GM-CSF; and TF-1 in RPMI-1640 with 20% FBS
and 10 ng/ml GM-CSF. Cell lines were grown at 37 °C in a 5%
CO, atmosphere. Media were supplemented with penicillin G
(100 U/ml) and streptomycin (0.1 mg/ml). Cells were treated
with the following reagents: Idarubicin (15 nm) (Sigma-Aldrich,
St Louis, MO, USA), Ara-c (2.5 pM) (Sigma-Aldrich), forskolin
(40 pM) (Calbiochem, San Diego, CA, USA), FTY720 (10um)
(Calbiochem), Z-VAD-fmk (150 mm) (Promega, Madison, WI,
USA) and okadaic acid (2.5 nm) (Calbiochem).

Patient samples

The study comprised BM samples of 37 patients with AML at
diagnosis. All patients were treated with standard induction
chemotherapy. High-dose cytarabine, and autologous or allo-
genic stem cell transplantation, when possible, were used as
consolidation therapy. The BM samples of normal healthy
donors were used as controls. This study is part of a project
approved by the Comisién de Etica de Investigacion Clinica

Leukemia

(School of Medicine, University of Navarra) (037/2008).
The samples used in this study were anonymous.

Nucleic acid isolation and real-time RT-PCR

Total RNA was isolated using the RNeasy minikit (Qiagen,
Hilden, Germany). cDNA was synthesized with SuperScriptlll
Reverse Transcriptase (Invitrogen). Quantification of the expres-
sion of SETBP1, SET, CIP2A, PP2A catalytic subunits o (PPP2CA)
and B (PPP2CB), PP2A scaffold subunit PPP2R1B, and PP2A
regulatory subunits PPP2R5B and PPP2R5C were performed
using TagMan Gene Expression Assays (Applied Biosystems,
Foster City, CA, USA), specific for each gene. Glyceraldehyde
3-phosphate dehydrogenase was used as internal control. Ana-
lysis of relative gene expression data was performed using the
27AACT methOd/4O where AACT = (CT,target gene™ CT,GAPDH)CeII line™
(CT/target gene_CT,GAPDH)normal control- A gene was considered
deregulated if its expression value was higher or lower than the
cutoff value established for each gene (mean + 3 s.d.), defined by
the analysis of 10 normal BM samples.

Western blot analysis

Cells were lysed in 100 pl of Lysis buffer containing 1% Triton
X-100 and the protease inhibitor cocktail Complete Mini (Roche
Diagnostics, Mannheim, Germany). After incubation on ice
(30min), protein extracts were clarified (12000 x g, 15 min,
4°C), denatured and subjected to SDS-PAGE and western blot.
Antibodies used were mouse monoclonal anti-PP2A (clone 1D6,
Upstate, Temecula, CA, USA), rabbit monoclonal anti-
PP2AY307 (Epitomics, Burlingame, CA, USA), rabbit polyclonal
anti-Akt, rabbit polyclonal anti-ERK1/2 (Cell Signaling Techno-
logy Inc., Beverly, MA, USA), rabbit polyclonal anti-pAkt™3°®
rabbit polyclonal anti-pERK1/2™202Ty20% (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), mouse monoclonal anti-B-actin
(Sigma), rabbit polyclonal anti-CIP2A  (Novus Biologicals,
Littleton, CO, USA), goat polyclonal anti-SET (Santa Cruz
Biotechnology), goat monoclonal anti-PPP2R5B (Novus Biolo-
gicals) and rabbit polyclonal anti-PPP2R1B (Novus Biologicals).
Proteins were detected with the appropriate secondary
antibodies by chemiluminescence (ECL kit, GE Healthcare,
Piscataway, NJ, USA).

Proliferation assay and cell viability

Cell proliferation was measured in triplicate wells by MTS assay
in 96-well plates using the CellTiter 96 AQueous One Solution
Cell Proliferation Assay (Promega) and following the manufac-
turer’s indications. Results of cell viability were confirmed by
the Trypan Blue dye exclusion test.

PP2A phosphatase activity assays

PP2A assays were performed with cell lysates (50 ug) using
a PP2A immunoprecipitation phosphatase assay kit (Millipore,
Temecula, CA, USA) as previously described.?”

Analysis of apoptosis and caspase activation

Caspase 3/7 activities were measured on untreated and
forskolin-treated cells using the caspase Glo-3/7 assay kit
(Promega). Briefly, 5 x 10% cells were plated in a white-walled
96-well plate, and the Z-DEVD reagent, the luminogenic
caspase 3/7 substrate, containing a tetrapeptide Asp-Glu-Val-
Asp, was added in a 1:1 ratio of reagent to sample. After
90 min at room temperature, the substrate cleavage by activated
caspase-3 and -7, and the intensity of a luminescent signal was
measured by a FLUOstar OPTIMA luminometer (BMG Labtech,
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Figure 1

Analysis of PP2A activation and expression in 17 myeloid cell lines. Comparison of the PP2A-C expression and phosphorylation levels

on tyrosine 307 by western blot in normal donors and in myeloid cell lines. N1-3, normal donors.

Offenburg, Germany). Differences in caspase-3/7 activity in
forskolin-treated cells compared with untreated cells are expres-
sed as fold-change in luminescence. Apoptosis was measured
using the Annexin-V-FLUOS Staining Kit (Roche) and following
manufacturer’s instructions.

Statistical analysis

Data represented are mean of three independent experiments +
s.d. Statistical comparisons were carried out by t-test analysis
and significance was considered when P<0.05. Chou-Talalay
analysis was performed using the CalcuSyn Software (Biosoft,
Cambridge, UK) to determine additivity between forskolin and
Idarrubicin/Ara-c treatments.

Microarray analysis

RNA samples were processed following manufacturer protocols
(Affymetrix, Santa Clara, CA, USA) and hybridized to the
Affymetrix Human Genome-U133 Plus-2.0, which contains
54 676 probe sets (47 000 transcripts). Microarray data analysis
consisted in background correction and normalization using
RMA algorithm,*' and a filtering process to eliminate low-
expression probe sets. Linear Models for Microarray Data*? was
used to identify the probe sets with significant differential
expression. Samples were distributed in three different groups:
‘Control” including three normal control samples, ‘AML’
including the AML cell lines EOL-1, HL-60, Kasumi-1, OCI-
AML2, MOLM13, MV4-11, HEL, KG-1, NOMO-1, F-36P and TF-1,
and CML including the CML in blast crisis (BC-CML) cell lines
KU-812, KYO-1, K562 and MEG-01. Data represented are the gene
expression mean of each groupxs.d. Genes were selected as
significant between the different groups using a B-statistic cutoff
(B>0) or a less stringent adjusted P-value cutoff (P<0.05).

Results

PP2A is inactivated in AML cell lines

Phosphorylation of tyrosine-307 is responsible for more than
90% of the phosphatase activity of PP2A. Moreover, it has been
shown that this phosphatase is inactive when tyrosine-307 is
phosphorylated.*> Thus, we assessed the phosphorylation
levels on tyrosine-307 of PP2A by western blot in a panel of
AML BCR/ABL-negative cell lines. A total of 11 out of 13 cell
lines presented increased phosphorylation in this tyrosine.

Notably, the two cell lines (Kasumi-1 and MUTZ-3) that had
reduced PP2A phosphorylation were the only ones with reduced
expression of the catalytic subunit (PP2A-C) (Figure 1). Four
BCR/ABL-positive CML cell lines, including K562, were used as
positive controls for phosphorylation on PP2A tyrosine-307.%'
To confirm whether the differences observed in PP2A protein
expression in Kasumi-1 and MUTZ-3 were because of reduced
transcriptional levels of PP2A, we analyzed by real-time PCR
(qRT-PCR) the expression of the PP2A catalytic subunits PPP2CA
and PPP2CB separately (Supplementary Table 1). We found no
significant differences in PP2A-C transcriptional levels in these
two cell lines, indicating that differences observed in western
blot must be because of post-transcriptional regulation.

Treatment with forskolin leads to reduced proliferation
that is dependent on PP2A activation
To assess whether increased PP2A activity affects cell prolifera-
tion of AML cells, KG-1 and HEL cell lines were treated with the
PP2A activator forskolin or vehicle (dimethyl sulfoxide).
Phosphatase assays to quantify PP2A activity levels confirmed
that forskolin treatment activates PP2A: forskolin induced a
1.5- to 2-fold increase in PP2A activity (Figure 2a). To study
whether a higher PP2A activity was associated with activation of
PP2A protein, we pretreated KG-1 and HEL cells with the PP2A
inhibitor okadaic acid for 2h, followed by incubation with
forskolin or vehicle for 48 h. Forskolin-induced PP2A activity in
KG-1 and HEL cells was inhibited by okadaic acid (Figure 2a).
Western blot analysis showed that similar levels of PP2Ac
protein were immunoprecipitated in the PP2A phosphatase
assays (Figure 2b), suggesting that forskolin-induced PP2A
activity is not because of changes in PP2Ac expression levels.
We next analyzed the effect of PP2A activation on cell growth
using MTS assay. We observed a decrease in the proliferation of
forskolin-treated KG-1 cells compared with vehicle treated
(Figure 2c¢). In addition, total cell counts and cell viability were
confirmed with the Trypan Blue method (data not shown). These
results show that PP2A activation by forskolin treatment induces
toxicity in KG-1 cells. Similar results were obtained with the
HEL cell line (Figure 2c). In addition, we observed that the
impaired proliferation induced by forskolin was partially
rescued by the treatment with the phosphatase inhibitor okadaic
acid used at a concentration that inhibits PP2A but no other
phosphatases.**
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Figure 2 Forskolin treatment induces an inhibition of the proliferation that is dependent on PP2A activation. Forskolin was used at 40 um and
okadaic acid at 2.5 nM concentrations. Data represented are mean of three independent experiments *s.d. (a) Forskolin-induced PP2A activity in
KG-1 and HEL cell lines is inhibited by okadaic acid treatment. (b) Western blot analysis showing the levels of immunoprecipitated PP2A from the
KG-1 and HEL lysates used in the phosphatase assays. (c) Inhibited proliferation induced by forskolin treatment is partially rescued by okadaic acid;

*P<0.05; **P<0.01.

To confirm that the mechanism was mainly dependent on
PP2A activation, we performed the same experiments in HEL
and KG-1 cell lines using the PP2A-activator FTY720 observing
a similar effect with this drug than with forskolin (Supplementary
Figure 1). Moreover, treatment with the PP2A-activators,
forskolin and FTY720, had less effect in MUTZ-3 and Kasumi-
1, the cell lines with PP2A low expression, than in HEL and KG-
1, suggesting that the effect of those drugs in AML cells is mainly
by PP2A activation (Supplementary Figure 2).

Increased PP2A activity by forskolin induces apoptosis
in AML cells

To further investigate the biological effect of the forskolin-
induced PP2A activation in AML, KG-1 cells were treated with
forskolin for 48 h, and we assessed apoptosis with the caspase
Glo-3/7 assay kit. Vehicle-treated cells were used as controls.
Consistent with its ability to enhance PP2A activity and suppress
cell proliferation, forskolin had a caspase-dependent pro-
apoptotic effect, increasing caspase activity by 6.5-fold in
forskolin-treated KG-1 cells compared with vehicle-treated cells
(Figure 3a). In addition, caspase activity in forskolin-treated cells
was markedly reduced when cells were pretreated with okadaic
acid or the caspase inhibitor Z-VAD-fmk. Effect in apoptosis was
confirmed by an Annexin-V-based assay (Figure 3b).

Forskolin induces changes in the phosphorylation status
of PP2A targets

We next analyzed by western blot the effects of the forskolin-
induced PP2A activation at protein level. As expected, we
observed that phosphorylation on tyrosine 307 of PP2Ac was
negatively affected in cells treated with forskolin compared with
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cells treated with vehicle (dimethyl sulfoxide) (Figure 3c). These
data confirmed the results obtained with the PP2A phosphatase
assays (Figure 2a). In addition, PP2Ac phosphorylation was
restored when cells were pretreated with the PP2A inhibitor
okadaic acid. Consistent with previous reports about the effects
of PP2A activation in myeloid BCR/ABL-positive cells,®'
forskolin treatment in AML BCR/ABL-negative cells, decreased
phosphorylation (activity) of the PP2A targets AKT and ERK1/2,
without affecting their expression levels. Moreover, treatment
with okadaic acid rescued AKT and ERK1/2 phosphorylation in
forskolin-treated KG-1 cells (Figure 3c).

Additive effect of PP2A activation with Idarubicin and
Ara-c treatments in AML cells

To assess the effect of a combination between standard induc-
tion chemotherapy drugs in AML and a PP2A activator, we
treated KG-1 cells with either Idarubicin or Ara-c, alone or in
combination with forskolin. Of importance, we observed that
PP2A activation enhanced the anti-leukemic effects mediated by
both Idarubicin (Figure 4a) and Ara-c (Figure 4b) treatments in
KG-1 and Hel cell lines. Moreover, Chou-Talalay analyses
showed that PP2A activation has an additive anti-tumoral effect
when combined with either Idarubicin or Ara-c.

PP2A inhibition is a recurrent event in AML

To further evaluate the importance of PP2A in AML, we
analyzed at protein level the prevalence of PP2A inhibition in
a series of 37 patients with AML at diagnosis. Patient
characteristics are presented in Table 1. Increased phosphory-
lation of tyrosine 307 was observed in 29 out of 37 cases
(78.4%) (Figure 5a and Supplementary Figure 3). In addition,
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Figure 3 Forskolin induces caspase-dependent apoptosis together with changes in the phosphorylation status of PP2A targets. Forskolin was used
at 40pM and okadaic acid at 2.5nM concentrations. Z-VAD-fmk was used at 150mMm. Data represented are mean of three independent
experiments = s.d. (@) Caspase 3/7 assays in untreated, forskolin-treated, forskolin/okadaic acid-treated, Z-VAD-fmk-treated and forskolin/Z-VAD-
fmk-treated KG-1 cells. (b) Annexin-V/propidium iodide assays in untreated, forskolin-treated, forskolin/okadaic acid-treated and forskolin/Z-VAD-
fmk-treated KG-1 cells. (c) Western blot showing the effect of forskolin and forskolin/okadaic acid treatments in KG-1 cells on PP2A, AKT and
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Figure 4 PP2A activation boosts anti-leukemic effects of Idarubicin and Ara-c treatments. Data represented are mean of three independent
experiments = s.d.; *P<0.05; **P<0.01; (a) MTS assays showing the effect of PP2A activation by forskolin (40 pm) on the cell growth ratio of KG-1
and HEL cells treated with Idarubicin (15 nm). (b) MTS assays showing the effect of PP2A activation by forskolin (40 pm) on the cell growth ratio of
KG-1 and HEL cells treated with Ara-c (2.5 pm). Cells treated with vehicle (DMSO) were used as controls.

PP2A activity was compared between samples of eight AML
patients and three normal controls, and we observed a
significant reduction of PP2A activity in all the eight patient
samples analyzed (Supplementary Figure 4A). These results
would indicate that PP2A inhibition is a recurrent event in AML.
Moreover, we analyzed samples of three patients at diagnosis,
complete remission and relapse, observing that PP2A

phosphorylation decreases at complete remission and increases
at relapse (Figure 5b and Supplementary Figure 4B).

To investigate the possible causes of PP2A phosphorylation,
we analyzed the expression of SET, SETBP1 and CIP2A, and the
presence of the constitutive-activating mutation JAK2-V617F in
this series of patients. We found overexpression of SET and/or
SETBP1 in 55% cases with increased PP2A phosphorylation

o[-

Leukemia



PP2A inhibition in AML
| Cristobal et al

T

Table 1 Clinical and molecular characteristics of a series of
37 patients with AML

No. (%)

Sex

Male 22 (59.5)

Female 15 (40.5)
Age

<60 years 12 (33.3)

>60 years 24 (66.7)
Complete remission

No 9 (32.2)

Yes 19 (67.8)
Diagnosis

AML-MO 3(8.2)

AML-M1 7 (18.8)

AML-M2 5(13.6)

AML-M4 9 (24.3)

AML-M5 9 (24.3)

AML-M6 2 (5.4)

AML-M7 2 (5.4)
SAML

No 31 (83.8)

Yes 6 (16.2)
Cytogenetic group

Good 2 (5.4)

Intermediate 29 (78.4)

Poor 6 (16.2)
SETBP1 overexpression

No 25 (67.6)

Yes 12 (32.4)
SET overexpression

No 26 (70.9)

Yes 11 (29.7)
JAK2 (V617F)

No 31 (88.6)

Yes 4 (11.4)
FLT3-ITD

No 29 (82.8)

Yes 6(17.2)
NPM1 mutated

No 18 (62.2)

Yes 11 (37.8)
WTT1 overexpression

No 8 (23.6)

Yes 26 (76.4)
CIP2A overexpression

No 27 (90)

Yes 3 (10)

Abbreviation: AML, acute myeloid leukemia.

(16/29), and in none of the cases with low phosphorylated levels
(Table 2). CIP2A overexpression was detected only in two cases
with high phosphorylation. Analysis by western blot confirmed
CIP2A and SET overexpression also at the protein level
(Supplementary Figure 5). In addition, JAK2-V617F was detected
in one of the patients with high PP2A phosphorylation, although
also in three cases with low PP2A phosphorylation (Supple-
mentary Table 2). As detected in the cell lines, six out of eight
patient samples with low PP2A phosphorylation had a reduced

Leukemia

expression of PP2A-C (Figure 5a). Interestingly, two patients had
both PP2A inhibition and FLT3, constitutively activated by the
FLT3-ITD mutation (Supplementary Table 2), two aberrations
that led to the activation of the transduction pathways JAK/STAT,
ERK and AKT.*

Genome-wide gene expression analysis of PP2A
subunits in myeloid cell lines

The fact that 12 of the patients included in our series had no
known mechanism that could explain PP2A inactivation
prompted us to perform expression arrays of 16 myeloid cell
lines to obtain an overview of the expression of the PP2A
subunits. One of these cases had a deletion del(11)(q13g23), a
region in which the locus of the PP2A scaffold subunit PP2A-AB
(PPP2R1B) (11g23) and the regulatory subunit PPP2R5B (11q13)
are located. We hypothesized that as previously described,’
downregulation of some scaffold and regulatory subunits could
affect the activity of PP2A.

Expression arrays of the cell lines showed a significant
downregulation of the regulatory subunits PPP2R5B and
PPP2R5C in both AML and BC-CML cell lines when compared
with normal controls; interestingly, PPP2R5B was significantly
more downregulated in AML than in CML (Supplementary
Figure 6). Data were validated by qRT-PCR (Supplementary
Table 1). Moreover, analysis of the patient samples revealed that
PP2A-AB (PPP2R1B), PPP2R5B or/and PPP2R5C were down-
regulated in several AML patient samples (Supplementary
Table 3). We could analyze at protein level 16 cases that had
PPP2R5B downregulation by real time RT-PCR (qRT-PCR), and
15 out of 16 had decreased PPP2R5B protein expression.
Moreover, three cases with no PPP2R5B downregulation
(P17-19) were included in the study and had normal PPP2R5B
protein levels (Supplementary Figure 7A). We could not perform
the study of PPP2R5C at protein level. With regard to PPP2R1B,
there was no good correlation between mRNA and protein: only
8 out of the 17 cases analyzed had decreased PPP2R1B protein
levels, the other 9 were normal. Moreover, we included in the
study five cases with no PPP2R1B downregulation by qRT-PCR:
four had normal PPP2R1B protein levels (P6, P13, P17, P19),
and one case had PPP2R1B low (Supplementary Figure 7B).
Taken together, these results show that downregulation of these
subunits is a common event in AML that could contribute to
PP2A inactivation.

Discussion

PP2A is a human tumor suppressor that inhibits cellular
transformation by regulating the activity of several signaling
proteins critical for malignant cell behavior. We report here
that PP2A inhibition is a recurrent event that could have an
important role in AML. We demonstrate that PP2A activation by
forskolin induce growth inhibition, caspase-dependent apopto-
sis, and the modification of downstream targets such as AKT and
ERK1/2. Of importance, our data provides evidence that PP2A
activation could be a promising therapeutic target in combina-
tion with drugs used in standard induction therapy, such as
Idarubicin and Ara-c.

It has been reported that impaired PP2A activity has a key role
in BCR/ABL-positive leukemias, such as CML and acute
lymphoblastic leukemia,®'? in myeloid precursors expressing
imatinib-sensitive (V560G) and imatinib-resistant (D816 V)
mutant c-KIT,*® and also in chronic lymphocytic leukemia;*®
moreover, activation of PP2A by either FTY720 or forskolin
seems to have promising therapeutic effects in these diseases.
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Figure 5 Comparison by western blot of the PP2Ac expression and activity levels between patient samples and normal donors. (a) Analysis of
PP2A in 16 samples of AML patients at diagnosis. (b) Comparison of PP2A activation in samples of a patient with AML at diagnosis, complete
remission and relapse, including a densitometric analysis of the p-PP2A/PP2A ratio.

Table 2 Overexpression of SET and SETBP1, and presence of
JAK2-V617F in a series of 37 patients with AML

PP2A PP2A not Total
phosphorylated  phosphorylated

SET overexpression 4 0 4
SETBP1 overexpression 5 0 5
SET and SETBP1 7 0 7
overexpression

JAK2-VB17F 1 3 4
CIP2A overexpression 2 1 3
TOTAL 29 8 37

Abbreviation: AML, acute myeloid leukemia.

Many kinases have been reported to be deregulated in AML;
however, the role of phosphatases in the cellular transformation
of this disease remains underexplored.'® As indicated above,
only few studies have reported reduced PP2A activity in
AML.*>3¢ Our group has recently reported an impaired PP2A
activity by SET as a consequence of SETBP1 overexpression,
a recurrent event in AML (27%).%” This leads us to hypothesize
that PP2A inhibition could be a recurrent event in AML. Our
results in both cell lines and patient samples confirm this
hypothesis and show that PP2A inhibition has an important
role in AML transformation, as the pharmacological activation
of PP2A in vitro reverse some of the leukemogenic features
(Figures 2 and 3; Supplementary Figures 1 and 2). When we
investigated the PP2A status at protein level in 37 patients with
AML at diagnosis, we observed PP2A inhibition in 78% of cases.
Interestingly, we detected reduced PP2Ac expression in six out
of eight patient samples with no PP2A phosphorylation; this
observation is consistent with the reduced PP2Ac levels
observed in Kasumi-1 and MUTZ-3, and could suggest that a
reduced protein expression could be a mechanism to decrease
PP2A activity in AML. Furthermore, we also observed an
additive effect of PP2A activation by forskolin with the anti-
leukemic effects, induced by Idarubicin or Ara-c, in both KG-1
and HEL cells, suggesting that PP2A activation could be a new
alternative for treating AML in combination with standard
induction chemotherapy (Figure 4). It has been reported that
forskolin-induced effects on cell growth and apoptosis of AML
cells at the concentrations used in this study do not impair

viability of normal BM cells;*' this observation would support
the use of PP2A activators in future therapies for patients with
AML. Moreover, we show that forskolin suppresses Akt and
ERK1/2 function in an okadaic acid sensitive manner, indicating
that its action in AML is dependent on PP2A activation (Figure 3).
These results are also interesting, as several PP2A targets have
been reported to be deregulated in AML and some of them, as
AKT, have been associated to poor outcome.*®> OQur results
support the premise that PP2A inactivation might be one of the
events that contribute to these alterations, as PP2A has an
integral role in the regulation of a number of major signaling
pathways whose deregulation can contribute to cancer.’

Although evidence suggested that PP2A might be a tumor
suppressor protein, recent findings provide convincing evidence
that suppression of PP2A activity cooperates with other
oncogenic changes to cause transformation of multiple cell
types.”***” In our series, we found that 34% of patients with
PP2A inactivated, (10/29) had either FLT3 and/or NPMI
mutated (Supplementary Table 2). Interestingly, the constitutive
activation of FLT3 in cases with FLT3-ITD also activates
both Akt and ERK1/2,*® suggesting that in some patients PP2A
inactivation and FLT3-ITD could cooperate in the transfor-
mation of AML.

PP2A can be inhibited by the small-tumor antigen of DNA
tumor viruses, by upregulation of endogenous PP2A inhibitors,
through mutational inactivation of the structural subunits, or by
decreased expression of either the scaffold or the regulatory
subunits.”'® On the other hand, JAK2 constitutive activity“g'50
and SETBP1 overexpression in BCR/ABL-negative AML?” might
independently contribute to PP2A inactivation. Our results show
that the mechanisms of PP2A inactivation in AML might be the
overexpression of the physiological PP2A inhibitors CIP2A%
and SET,”" the overexpression of SETBP1, or the downregulation
of PP2A subunits, suggesting that dysfunction of several distinct
PP2A complexes may contribute to cell transformation. Over-
expression of CIP2A, SET or SETBP1 could explain the
mechanism of PP2A inactivation in 58% of our cases (17/29).
SET is upregulated in multiple solid tumors,®* and has been
reported to be fused to NUP214/CAN in a patient with AML.>?
Importantly, Neviani et al.>' demonstrated that PP2A inactiva-
tion in CML-BC results from increased expression of SET, which
is induced by BCR/ABL in a dose- and kinase-dependent manner
and, that like BCR/ABL, SET progressively increases during
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transition to blast crisis. In fact, imatinib treatment and SET
downregulation restored PP2A activity back to normal levels.
Our results show that high expression of SET also leads to PP2A
inactivation in AML, independently of BCR/ABL induction. In
addition, the activating mutation JAK2-V617F was detected in
one of the samples analyzed; however, three cases with JAK2-
V617F had no PP2A hyperphosphorylation, suggesting that
either this mutation would need other additional changes to
inactivate PP2A or that JAK2-V617F is not causal in activating
PP2A in AML.

As in 12 cases, the mechanism remained undetermined, and
one case had a deletion del(11)(q13¢23), a region in which the
loci of the PP2A scaffold subunit PP2A-AB (PPP2R1B) (11¢23)
and the regulatory subunit PPP2R5B (11q13) are located, we
hypothesized that downregulation of some subunits could affect
the activity of PP2A, as previously reported.’ Analysis of 16
myeloid cell lines and AML patient samples showed genetic
aberrations affecting PP2A subunits that could be having an
important role in the PP2A inhibition observed in AML.
We found downregulation of PPP2R5B and PPP2R5C in both
AML and CB-CML cell lines (Supplementary Figure 6). It has
been reported that PPP2R5B is a tumor suppressor that
negatively regulates Pim-1 protein kinase, which is known to
enhance the ability of c-Myc to induce lymphomas.?® Further-
more, it has been described that suppression of PPP2R5C
expression contributes to the experimental transformation of
human cells.?® Our data suggest that loss of PPP2R5B and
PPP2R5C could be having a role in AML development,
contributing to deregulate the correct PP2A function. We also
found that downregulation of the AB subunit is a common event
in AML. Most cellular PP2A holoenzymes contain the Ao
isoform of the scaffold subunit, but a small fraction (10%)
contain a second isoform-termed AB. Although mutations that
disrupt the ability of AR to form holoenzymes in vitro were
identified in several types of cancer,'***>* the report by Sablina
et al?' provides the first hard evidence that loss of functional
AB caused by these cancer-associated mutations contribute
to transformation.> Further studies are necessary to clarify the
importance of the downregulation of these PP2A subunits in AML.

Taking together, our results suggest that functional inactiva-
tion of the PP2A tumor suppressor is a recurrent event that seems
to represent an important mechanism in the leukemogenic
transformation of AML. We show that functional loss of PP2A
activity could occur through different contributing mechanisms
such as enhancement of endogenous PP2A inhibitors, decreased
PP2A expression of the structural or regulatory subunits of
PP2A. Moreover, although PP2A activators are not still clinically
available, the results obtained in this study suggest that PP2A
activation could be considered as a future therapeutic alter-
native for AML. The knowledge that pharmacological restora-
tion of PP2A activity is able to antagonize leukemogenesis and
has an additive effect with other drugs used in the treatment of
AML highlights PP2A as a potential target for future therapies
combined with PP2A activators.
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Supplementary Table 1 Quantification of the expression of PP2A-Ca (PPP2CA), P
PP2A-CB (PPP2CB), PP2A-AB (PPP2R1B), PPP2R5B and PPP2R5C by real-time PCR

in 17 myeloid cell lines. 2_AACT represents normalized gene amount in a cell line relative
y p g

to normal controls.

—-OAC —OACT —-OAC RAVAYS) —AACT
27 2 277 2 277

Cellline | pppoca) | (PPP2CB) | (PPP2R1B) | (PPP2R5B) | (PPP2R5C)
EOL-1 1.29 0.98 0.41 0.09 0.78
HL-60 0.82 0.48 0.23 0.05 0.63
Kasumi-1 118 0.48 0.28 0.05 0.26
MUTZ-3 1.39 0.43 0.50 0.06 0.46
OCI-

AML2 0.72 0.55 0.34 0.08 0.54
MOLM13 1.03 0.77 0.22 0.03 0.39
MV4-11 2.19 0.82 0.38 0.08 0.91
NOMO-1 0.83 1.04 0.46 0.04 0.56
F-36P 3.84 3.61 0.27 0.13 0.49
HEL 1.01 1.1 0.34 0.07 0.43
KG-1 0.85 0.42 0.72 0.09 0.59
TF-1 217 1.01 0.77 0.10 1.01
UT-7 1.77 1.72 0.60 0.18 0.96
K562 1.80 251 0.59 0.28 0.74
KU-812 1.91 239 0.54 0.36 1.23
KYO-1 3.14 277 0.63 0.77 0.56
MEG-01 3.39 1.80 0.50 0.42 0.61

Cut-off (downregulation): PPP2CA: 0.63; PPP2CB: 0.60; PPP2R1B: 0.67; PPP2R5B: 0.39;
PPP2R5C: 0.65




Supplementary Table 2 Clinical and molecular characteristics of the 37 patients with AML included in the study.

FAB PP2A hyper- PP2Ac SET | SETBP | CIP2A | JAK2- | PPP2R1B | PPP2R5SB | PPP2RS | FLT3- NPM1
Case Sex | Age AML type Karyotype protein
classification phosphorylation . OE 1 OE OE V617F DR DR CDR ITD mutated
expression
17695 M 56 AML-M2 de novo 47,XY,+8 no reduced no no yes yes yes no yes no no
19608 F 76 AML-M2 sAML 46,XX no reduced no no ND yes yes yes yes no no
48,XX,del(1)(p21),
24860 F 42 AML-M5 de novo +4,4+6,del(11)(q21), no reduced no no no no yes ND ND no no
der(11)add(11)(p15)

22271 M 66 AML-M1 sAML 46,XY no reduced no no no yes yes yes no no no
19820 F 46 AML-M4 de novo 46,XX no normal no no ND no ND ND ND yes ND
21507 F 53 AML-M4 de novo 46,XX no reduced no no no no yes yes yes no yes
25222 F 64 AML-MS de novo 46,XX no reduced no no no no yes yes yes no yes
26164 M 72 AML-M5 de novo 47,XY,der(3),+8 no normal no no no no ND ND ND no ND
22892 M 68 AML-M2 sAML 46,XY yes reduced no no no yes yes no no yes no
15619 M 74 AML-MS5 de novo 46,XY yes normal yes no no no yes yes yes no ND
19937 M 43 AML-MS de novo 46,XY yes normal yes no ND no yes no yes no yes
24415 M 73 AML-M4 de novo 46,XY yes reduced yes no no no yes ND no no yes




PP2Ac

FAB PP2A hyper- SET | SETBP | CIP2A | JAK2- | PPP2R1B | PPP2R5B | PPP2RS | FLT3- NPM1
Case Sex | Age AML type Karyotype protein
classification phosphorylation . OE 1 OE OE V617F DR DR CDR ITD mutated
expression
27578 M 71 AML-M1 de novo 46,XY yes normal yes no no no yes yes yes yes yes
18154 M ND AML-MO0 de novo 46,XY yes normal no yes yes no no no no no no
19449 M 76 AML-M1 de novo 46,XY/47,XY,+13 yes normal no yes ND no no no ND no no
24212 F 59 AML-MS de novo 46,XX yes reduced no yes no no yes no yes no no
25448 F 69 AML-M7 de novo 46,XX,add(3)(q?) yes normal no yes no no yes yes yes no no
32014 | M 76 AML-M6 denove | 46,XY,t(12;18)(p13;q22 yes normal no yes no ND yes yes yes ND no
)/47,XY,idem,+19
14412 F 61 AML-M4 de novo 46,XX yes normal yes yes ND no no ND yes yes yes
45,XY,-7,del(11)(q23),
18425 | M 64 AML-M1 de novo -14,-17,-21,+3mar/ yes normal yes yes no no yes no no no no
88,XXXX,ex
25297 F 69 AML-M7 de novo 46,XX/46,X)X,add(3)(q? yes normal yes yes no ND no no no ND ND
27101 M 40 AML-M4 de novo ND yes normal yes yes yes no no no no no no
27298 F 67 AML-M1 de novo 46,XX yes reduced yes yes no no yes no no yes yes
27990 M 41 AML-M4 de novo ND yes normal yes yes no no no no no no no
46,XY,t(11;12)(q13;p13
28685 | M 75 AML-M0 de novo ),der(12),del(17)(p13), yes reduced yes yes ND no yes no no no ND
der(17)
17393 M 67 AML-MS5 de novo 46,XY yes reduced no no no no no yes yes no yes




PP2Ac

FAB PP2A hyper- SET | SETBP | CIP2A | JAK2- | PPP2R1B | PPP2R5B | PPP2RS | FLT3- NPM1
Case Sex | Age AML type Karyotype protein
classification phosphorylation . OE 1 OE OE V617F DR DR CDR ITD mutated
expression
17619 F 65 AML-M4 de novo 46,XX yes normal no no no no yes yes yes no yes
18937 M 6 AML-M4 denove | 46,XY/46,XY,inv(7)(p2 yes reduced no no ND no yes yes no no ND
1q36),del(11)(q13q23)

20762 F 73 AML-M4 de novo 46,XX yes normal no no no no yes yes yes yes yes
21720 F 55 AML-M0 de novo 46,XX yes normal no no no no yes yes yes no no
23816 F 64 AML-MS SsAML 46,XX yes reduced no no no no yes yes yes no yes
24043 M 71 AML-M1 sAML 46,XY,+8 yes normal no no no no yes yes yes no no
24731 M 55 AML-M1 de novo 46,XY yes normal no no no no yes yes no no no
24756 F 59 AML-M2 de novo 46,XX yes normal no no no no yes yes yes no no
26916 M 64 AML-M2 de novo 47,XY,+8 yes normal no no no no yes yes yes no ND
27535 | M 71 AML-M6 sAML 47,XY,del(20)(q11)x2 yes normal no no no no yes yes yes no ND
28827 M 75 AML-MS5 de novo 47,XY,+19 yes reduced no no no no yes no yes no no




Supplementary Table 3 Downregulation of PP2A-AB (PPP2R1B), PPP2R5B and

PPP2RS5C in a series of 37 patients with AML.

Total number

of cases PP2A PP2A not
(No. 37) phosphorylated | phosphorylated
PP2A-AB (PPP2R1B)
No downregulation 7 (20%) 7 (24.2%) 0
Downregulation 28 (80%) 22 (75.8%) 6 (100%)
PPP2R5B
No downregulation 13 (41.6%) 11 (42.3%) 2 (33.3%)
Downregulation 19 (59.4%) 15 (57.7%) 4 (66.7%)
PPP2R5C
No downregulation 12 (36.4%) 11 (39.3%) 1 (20%)
Downregulation 21 (63.6%) 17 (60.7%) 4 (80%)
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Supplementary Figure 1

Supplementary Figure 1 FTY720-induced PP2A activity and impaired proliferation in
KG-1 and HEL cell lines is inhibited by okadaic acid treatment. FTY720 was used at
10uM and okadaic acid at 2.5nM. Data represented are mean of three independent

experiments = s.d.; * P <0.05; ** P <0.01.
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Supplementary Figure 2

Supplementary Figure 2 Forskolin and FTY720 treatments show a lesser effect on the
proliferation of the PP2A low cell lines MUTZ-3 and Kasumi-1. FTY720 was used at
10uM, forskolin at 40uM and okadaic acid at 2.5nM. Data represented are mean of

three independent experiments + s.d.; * P <0.05; ** P <0.01.
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Supplementary Figure 3

Supplementary Figure 3 Western blot and densitometric analysis showing PP2A

activation status in two AML patients with samples at diagnosis, complete remission

and relapse.
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Supplementary Figure 4

Supplementary Figure 4 PP2A show reduced activity in AML patients. (a) PP2A
activity in 8 AML patients at diagnosis compared to 3 normal controls; * P < 0.05; ** P
< 0.01; NI1-3: normal controls; P1-8: samples of AML patients at diagnosis (b)
Comparison of PP2A activation in two AML patients with samples at diagnosis,
complete remission and relapse, including densitometric analysis of p-PP2A/PP2A

ratios; N: normal control; D: diagnosis; CR: complete remission; R: relapse.
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Supplementary Figure 5

Supplementary Figure 5 Western blot analysis of CIP2A (a) and SET (b) expression

in AML patient samples at diagnosis; N: normal control; P: patient sample.
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Supplementary Figure 6

Supplementary Figure 6 Significant alterations affecting PP2A subunits observed
from analysis of expression array data. Samples were distributed in three different
groups: “Control” including 3 normal control samples, “AML” including 12 AML cell

lines, and “CML” including 4 CML cell lines. Data represented are the gene expression

mean of each group £ s.d.
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Supplementary Figure 7

Supplementary Figure 7 Western blot analysis of PPP2R5B (a) and PPP2R1B (b)

expression in AML patient samples at diagnosis; N: normal control; P: patient sample.
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