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1. Generalidades de las gammapatias monoclonales

Las discrasias de células plasméticas engloban un grupo de entidades neoplésicas caracte-
rizadas por la expansién y acumulacién descontrolada de células plasmaticas (CPs) clonales en
la médula 6sea (MO). Bajo esta definicién se incluyen fundamentalmente la gammapatia mono-
clonal de significando incierto (GMSI), el mieloma multiple asintomdtico también denominado
quiescente o smoldering (MMQ), el mieloma multiple (MM) y la leucemia de células plasmati-
cas (LCP). La senia de identidad de estas enfermedades es la produccién por las CPs clonales de
una inmunoglobulina (Ig) monoclonal, cominmente denominada componente monoclonal (CM) o
paraproteina, que puede ser detectada en suero y/u orina. Por este motivo, también se utiliza el
término de gammapatias monoclonales para referirse a estos trastornos. No obstante, en algunos

casos puede no detectarse el CM.

La GMSI se considera una entidad premaligna de CPs que cursa de forma asintomatica.
Alrededor del 50 % de las gammapatias monoclonales son GMSI'. Su prevalencia se incrementa
con la edad hasta llegar a un 6.6 % en personas mayores de 80 afios. El MMQ es también una
entidad premaligna y asintomatica, pero con un comportamiento clinico y biolégico intermedio
entre la GMSI y el MM?. Mientras que los pacientes con GMSI presentan un 1% por afio de
riesgo de progresion a MM, aquellos con MMQ tienen un 10 % de riesgo anual dentro de los 5
afios posteriores al diagnéstico®. Hay pacientes con MMQ que tienen un curso clinico similar al
de la GMSI con una baja tasa de progresion; en cambio, otros progresan a MM en los 2 primeros

afios desde el diagnéstico®.

El MM representa el 1% de todos los tipos de cdncer y aproximadamente el 10 % de las
neoplasias hematolégicas, por lo que es el segundo cancer hematolégico mas frecuente después del
linfoma no Hodgkin. En el 2020 la Agencia Internacional de Investigacion en Cancer estimé una
incidencia mundial de MM de 2.3 casos nuevos por cada 100 000 personas por ano. Concretamente
en Espana, se diagnosticaron 3 214 nuevos casos en el 2020, que representa una tasa de 6.9 por cada
100 000 individuos por afio (https://gco.iarc.fr). Es una enfermedad que afecta mayoritariamente
a personas de edad avanzada, con una mediana de edad al diagnéstico de 66-70 anos, aunque

el 37 % de los pacientes con MM son menores de 65 afios®.

Las manifestaciones clinicas mas comunes que definen el MM sintomatico derivan del dafio
de érganos producido por la expansion incontrolada de las CPs y por el exceso de inmunoglobulina
clonal. Estas manifestaciones se agrupan bajo el acréonimo “CRAB”: hiperCalcemia, insuficiencia
Renal, Anemia, y/o lesiones éseas (Bone lesions). La actualizacion de los criterios diagnésticos
del MM publicada en 2014 por el International Myeloma Working Group (IMWG)® incluyé
dentro de los eventos que definen el MM (myeloma defining events) la presencia de uno de los

tres biomarcadores de malignidad, independientemente de la presencia o no de signos CRAB
(Tabla 1).

La leucemia de células plasméticas (LCP) es una neoplasia poco frecuente y muy agresiva.

Representa menos del 3% de todas las neoplasias de CPs y su incidencia ha sido estimada


https://gco.iarc.fr/
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Tabla 1. Clasificacién y criterios diagnésticos de las gammapatias monoclonales segun el International Myeloma
Working Group (IMWG)®.

. % de CPs en Eventos
Gammapatia CM MO MDEs*
Gammapatia ?Illcc)ir;(;iloonal de estado <30 g/L <10% Ausentes
>30 g/L (6
Mieloma multiple quiescente >500 mg/24 h 10-60 % Ausentes
en orina)
>
Presente, o 1351312;711 o/ ma
Mieloma multiple ausente en el ((i)nﬁrma do vor Presentes
MM no secretor . P
biopsia)

*Eventos MDEs (myeloma defining events):
Sintomatologia CRAB (uno o mds de los siguientes):
« Hipercalcemia: calcio sérico >0.25 mmol/L (>1 mg/dL) del limite alto

de la normalidad o 2.75 mmol/L (>11 mg/dL).

o Insuficiencia renal: creatinina sérica >177 ymol/L (>2 mg/dL) o acla-
ramiento de creatinina <40 mL/min.

e Anemia: hemoglobina >2 g/dL por debajo del limite inferior de la
normalidad, o hemoglobina <10 g/dL.

o Lesiones 6seas: una o mas lesiones osteoliticas (>5 mm) detectadas
en la serie 6sea, por tomografia computarizada (TC) o tomografia por
emision de positrones (PET-TC).

(0}

Al menos uno de los biomarcadores de malignidad:

e >60% de CPs en MO.
« Ratio de cadena ligera libre implicada/no implicada >100.

e Deteccion de >1 lesion focal con didmetro minimo de 5 mm, detectada
mediante resonancia magnética nuclear de cuerpo entero o de columna
vertebral.
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en 0.04 casos por 100 000 personas por afio’. La LCP puede ser primaria (LCPp) cuando se
origina de novo, sin evidencia previa de MM, o secundaria (LCPs) cuando se produce una
progresién leucémica en el contexto de un MM en recaida o refractario. La LCPp representa
entre el 60-70 % de los casos de LCP y tienen una mediana de edad de 55 anos®”. En cambio, la
mediana de edad de los pacientes con LCPs es de 65 afos” . El ntimero de casos de LCPs se ha
incrementado en los tltimos afios debido al aumento de la supervivencia de los pacientes con
MM que experimentan multiples recaidas a lo largo del curso de la enfermedad. El prondstico de
las LCP, tanto primarias como secundarias, es infausto, si bien las LCPs se caracterizan por un

curso clinico peor y supervivencia més corta.

El diagnéstico de LCPp ha requerido la presencia en sangre periférica de mas de un
20% de CPs y un niimero absoluto de CPs superior a 2 x 109 CP/L'2. Sin embargo, varios
estudios han demostrado que los pacientes con un nimero menor de CPs circulantes tienen un
pronéstico igualmente desfavorable!3 1. Por ello, el IMWG ha publicado recientemente que la
LCPp se define por la presencia de un 5% o més de CPs en sangre periférica'®. La sintomatologia
asociada a la LCP incluye anemia, trombocitopenia, y un compromiso extramedular extenso
por infiltracién de CPs en 6rganos como el higado, el bazo, los ganglios linfaticos, o incluso el
sistema nervioso central. A diferencia del MM, las lesiones osteoliticas son excepcionales en la
LCPp!017-21

2. Alteraciones genémicas del mieloma miiltiple

Desde el punto de vista genético, el MM es una neoplasia muy heterogénea y compleja.
En el MM no existe una alteracién genética especifica que lo defina. Se han descrito eventos
genéticos primarios que comprenden los genes involucrados en la génesis de la enfermedad, y
eventos genéticos secundarios responsables de la progresion, pues confieren una ventaja en la

supervivencia y la proliferacion celular (Figura 1).

Los primeros estudios realizados con citogenética convencional y posteriormente, con
hibridacion in situ fluorescente (FISH) han revelado la mayoria de las anomalias cromosémicas
mas recurrentes del MM. Recientemente, las tecnologias genémicas mas avanzadas basadas en
microarrays y en la secuenciaciéon de nueva generacién (NGS) han contribuido a completar el
conjunto de alteraciones gendmicas, que se pueden clasificar en translocaciones, anomalias en el

nimero de copias (CNA) y mutaciones sométicas puntuales.

2.1. Traslocaciones cromosomicas

Las traslocaciones del gen IGH, localizado en la banda cromosémica 14q32, estan presentes
en casi el 60 % de los pacientes con MM. Como resultado de la traslocacién reciproca, el enhancer
o potenciador del gen IGH provoca un aumento en la expresién del gen que participa en la

traslocacion??. Las traslocaciones de IGH maés frecuentes en el MM son la t(11;14)(q13;q32),
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Iniciacion

N

Progresion
A

4 N

Centro germinal >>> GMSI

Afectacion extramedular

I
>>>> MMQ >> MM > > > > LCP

¢ Enfermedad intramedular

Eventos oncogénicos secundarios

Hiperdiploidia: Monosomias: Mutaciones:  Otras alteraciones:
Ganancia de los cromosomas 3, Cromosoma 13 KRAS -Traslocaciones
5,7,9,11,15,19y 21 Cromosoma 17 NRAS secundarias (MYC)
TP53
Traslocaciones cromosdmicas Deleciones: BRAF  -Hipometilacién del ADN
que involucran al gen IGH: del(17p) DIS3
del(1p) FAM46C -miRNAs
t(11;14)(q13;932) del(13q) SP140
t(4;14)(p16;932) FAT3
t(14;16)(932;923) Ganancias: EGR1
t(14;20)(932;912) Ganancia/ TRAF3
t(6;14)(p21;932) Amplificacion 1q ROBO1

Microambiente tumoral

Figura 1. Eventos genéticos implicados en la iniciacién y progresién del MM, desde la GMSI hasta la LCP.

que involucra al gen de la ciclina D1 (CCND1I), generalmente inactiva en las células B maduras;
la t(4;14)(p16;932), que implica al gen que codifica para la metiltransferasa NSD2 (anterior-
mente conocido como MMSET) y al que codifica para el receptor tirosina cinasa FGFR3;
y la t(14;16)(q32;q23) que implica al factor de transcripcién MAF. Las t(14;20)(q32;q12) y
t(6;14)(p21;q32) que afectan a los genes MAFB y CCND3, respectivamente, son muy infrecuen-

tes.

Las traslocaciones que involucran al oncogén MYC, provocando su sobreexpresién, son
consideradas eventos secundarios y se observan en aproximadamente el 15% de los pacientes
con MM de nuevo diagnéstico®®. Generalmente el oncogén se trasloca con los genes de las
inmunoglobulinas, aunque alrededor del 40 % de los reordenamientos de MYC' afectan a otros

genes?3.

2.2. Anomalias en el nimero de copias

Las CPs del MM ganan y pierden cromosomas completos o regiones cromosomicas que
hacen que casi todos los MM sean aneuploides. Segin el estado de ploidia, el MM se suele
clasificar en hiperdiploide y no hiperdiploide. La hiperdiploidia, que se observa en alrededor del
50 % de los casos, se caracteriza por trisomias de los cromosomas impares 3, 5, 7, 9, 11, 15, 19 y

212425 El grupo de pacientes con MM no hiperdiploide abarca casos hipodiploides de hasta 44/45
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cromosomas, pseudodiploides desde 44/45 hasta 46/47 cromosomas, y casos casi tetraploides
(més de 74). Los cromosomas més frecuentemente perdidos en el MM son el 13, el 14, el 16, y el
22%.

Por lo general los pacientes con traslocaciones de IGH, desde el punto de vista de la
ploidia, suelen ser no hiperdiploides, aunque en un porcentaje de casos menor del 10 % convergen

ambas alteraciones, las trisomias y las traslocaciones.

El cromosoma 1 es el més afectado por ganancias y pérdidas. Aproximadamente, en el
50 % de los casos de MM de nuevo diagndstico se observan ganancias (3 copias) o amplificaciones
(méas de 3 copias) del brazo largo del cromosoma 12927, Este porcentaje se ve incrementado hasta
un 68 % en los pacientes con MM en recaida o en progresién®’. La ganancia de 1q trae consigo la
sobreexpresién de genes como CKSIB (banda 1q21), relacionado con la resistencia al tratamiento

28,29 v de otros genes implicados en

dado que favorece la proliferacion y la supervivencia celular
la patogenia del MM como MUCI, MCL1, PSMD4 y PDZK13%33. La delecién del brazo corto 1p
se observa en mas del 30 % de los pacientes con MM?* 36, Las regiones minimamente delecionadas
en 1p incluyen 1p12, 1p21, 1p22.1 y 1p32.3, donde estan localizados los genes FAM46C, CDC14A,

MTF2 y CDKN2C, respectivamente’®37.

La monosomia del cromosoma 13 o delecién intersticial de 13q est4 presente en el 45-50 %
de los pacientes en el momento del diagnéstico®® %Y. La delecién del brazo corto del cromosoma 17
(del(17p)), donde se ubica el supresor tumoral TP53, se observa sélo en el 10 % de los pacientes
con MM en el momento del diagnéstico, si bien su incidencia aumenta en las recaidas y estadios

avanzados de la enfermedad!%-26:41

Tanto las traslocaciones del gen IGH como las trisomias se observan ya en las etapas
premalignas del MM, como son la GMSI y el MMQ*2. Por este motivo, se les considera eventos

genéticos primarios.

2.3. Mutaciones somaticas puntuales

La utilizacion de estrategias de NGS, tanto la secuenciacion del genoma y del exoma
completos, en miles de pacientes ha confirmado la heterogeneidad de la célula tumoral del
MM también a nivel mutacional. En efecto, en el MM no existe una mutacién puntual tnica y
especifica, sino que se han identificado varios genes recurrentemente mutados. Varios estudios de
NGS han coincidido en los genes que estdn mutados en mas del 5% de los pacientes con MM.:
KRAS y NRAS (20-25%), TP53 (8-15%), DIS3 (~11%), FAM46C (~10%), BRAF (6-15%),
TRAF3 (3-6 %), ROBOI1 (2-5%), EGR1 (4-6 %), SP140 (5-7 %) y FAT3 (4-7%)** 6. Otros genes
recurrentemente mutados en MM son PRDM1 (5 %)% y IRF4 (3.2%)*", que estan implicados
en la diferenciacién del linaje B. A pesar de la poca frecuencia de mutaciones en el gen TP53
en los MM de nuevo diagndstico, mas de la mitad de los pacientes con del(17p) tienen el otro

alelo mutado, provocando la inactivacién bialélica de este importante gen supresor tumoral?®.
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Aunque el papel patogénico de las mutaciones de RAS y TP53 ha sido muy estudiado, el efecto
de las mutaciones que afectan a los demas genes atn es bastante desconocido. Nuestro grupo
ha descrito recientemente que la inactivaciéon de FAM46C promueve la migracién celular en el
MM,

En consecuencia, las vias de senalizacién que habitualmente presentan mutaciones en
el MM son la via de las MAPK en el 45 % de los casos, la via NF-kB en el 15%, la via del
metabolismo del ARN en el 15 %, la via de diferenciacién de la CP en el 3-10 %, y las vias de

reparacién del ADN en el 10 % de los casos’.

3. Alteraciones en el transcriptoma del mieloma maultiple

La expresion génica del MM es también muy heterogénea. Sin embargo, la mayoria de
los estudios coinciden en que existen diferentes subgrupos con un perfil de expresién génica
especifica, que se asocia con un comportamiento clinico caracteristico. La expresién diferencial de
los genes codificantes para las ciclinas D: CCND1 (ciclina D1), CCND2 (ciclina D2), y CCND3
(ciclina D3), estd incrementada en la practica totalidad de los pacientes con MM y también en la
GMSI, independientemente de las alteraciones citogenéticas presentes. Esta desregulacion esta
considerada de hecho un evento comin y temprano en la patogenia del MM®!. No obstante, esta
caracteristica contrasta con el bajo indice proliferativo de las CPs clonales en la mayoria de los
MM.

Los primeros estudios utilizando microarrays proporcionaron la primera visién global del
transcriptoma de la CP tumoral y permitieron elaborar una clasificacién molecular integrada
por varios subgrupos de MM con un comportamiento clinico inico asociado a su firma gené-
ticaciteref:pmidZhan2006. Esta clasificacién se ha reproducido con minimos cambios en varios
estudios posteriores. Fundamentalmente, la componen siete subgrupos moleculares: PR, LB,
HY, MS, MF, CD-1 y CD-2°2. Los subgrupos MF, MS CD-1 y CD-2 se caracterizan por la
sobreexpresién de los genes MAF /MAFB, MMSET, CCND1/CCND3 y CCND2, respectivamente.
El grupo HY de hiperdiploidia se caracteriza por la sobreexpresion de los genes localizados en los
cromosomas impares con trisomias en el MM como el TNFSF10, FRZB y DKK]I1. Los casos de
MM incluidos en el grupo LB (low bone disease) se caracterizan por presentar una baja incidencia
de lesiones Oseas y elevada expresion de varios genes que incluyen la endotelina 1, el receptor
de quimiocinas CCR2, el gen pro-apoptdtico BIK, y el receptor de interleucina 6 (IL6LR); y
bajos niveles de los genes FRZB y DKK1, involucrados en el desarrollo de lesiones osteoliticas.
El grupo PR de proliferacién se caracteriza por tener una alta tasa de proliferacion y elevados
niveles de expresion de genes de ciclo y proliferacion celular como CCNB2, CCNB1, MCM?2,
BUBI y CDC2%.

El incremento de los niveles de la ciclina D1 y D3 es consecuencia directa de la t(11;14) y

la t(6;14), respectivamente. La polisomia del cromosoma 11, que se observa con frecuencia en
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el MM, también puede aumentar los niveles de expresién de la ciclina D1°27°*. En cambio, los
mecanismos desencadenantes de la desregulacion de la expresién de la ciclina D2 son atn en parte
desconocidos. Se ha descrito que los factores de transcripcion MAF y MAFB involucrados en la
traslocacion t(14;16) y t(14:20), respectivamente, inducen la expresién de la ciclina D2. Nuestro
grupo ha descrito que la sobreexpresion de la isoforma corta de la ciclina D2, que presenta
una regiéon 3° UTR mas corta debido a un sitio de poliadenilacién alternativo, es uno de los

mecanismos postranscripcionales responsables de la sobreexpresion de la ciclina D2 en el MM,

Por otra parte, muchos de los cambios observados en la expresiéon génica del MM, no
estan precedidos por alteraciones en el ADN genémico. Se sabe que los procesos de regulacion
postranscripcional son los responsables de buena parte de la desregulaciéon de la expresion
génica. Los microRNAs (miRNAs) han sido, sin duda, uno de los mecanismos de regulacién
postranscripcional mas ampliamente estudiado. En el MM se ha demostrado su implicacién
en el desarrollo normal de la CP y en la patogenia del MM®%°7. Ademés se ha observado que
la desregulacién de la expresion de los miRNAs estd asociada con alteraciones cromosémicas

’ |4
especificas®®.

4. Alteraciones genémicas en la leucemia de células plasmaticas

primaria

Las alteraciones cromosoémicas que se observan en las LCPp son en general las mismas que
se han descrito en el MM, aunque la frecuencia con la que aparecen algunas de ellas en las LCPp es
significativamente diferente®. Més del 50 % de las LCPp presentan un cariotipo no hiperdiploide

60,61 Ta monosomia o delecién del cromosoma 13

con una alta frecuencia de pérdidas cromosémicas
es la alteracién citogenética mas frecuente en la LCPp (se observa en aproximadamente el 85 %
de los casos)!?:6%03, Tgualmente, la ganancia/amplificacién de 1q est4 presente en una proporciéon
mayor de LCPp que de MM. Las ganancias de 1q se observan hasta en un 70 % de los casos de
las LCPp® %, La del(17p) llega a detectarse en aproximadamente un 50 % de las LCPp!%:62. En
cuanto a las traslocaciones que involucran al gen IGH uno de los resultados més consistente es
que la t(11;14) es significativamente mas frecuente en la LCPp que en el MM. Esta traslocacién
se observa en entre un 45 y un 70 % de las LCPp'0:61:62.66 Por el contrario, en la mayorfa de los
estudios se ha descrito que la t(4;14) es menos frecuente en la LCPp que en el MMO467:68 T as

traslocaciones que involucran a MYC aparecen hasta en un 33 % de los casos de LCPp'%:69,

Los genes afectados por mutaciones puntuales coinciden en su mayoria con los descritos
en el MM. Los més frecuentemente mutados en las LCPp son K/NRAS (20-50 %)'*" y TP53
(25 %)%7172 También se han reportado mutaciones en méas del 5% de los casos en los genes

IRF4 , FAM46C, DIS3 y PRMD16%71:73,

A nivel transcripcional, bien utilizando microarrays o bien mediante secuenciacién del

ARN (RNA-Seq), se han demostrado diferencias en el perfil de expresion génico de las LCPp
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respecto del MM. Se ha observado una expresion elevada de genes involucrados en la regulacion
del ciclo celular y algunas dianas del oncogén MYC, y baja expresién de genes implicados en la

via de sefalizacién de p53, de hipoxia y de la ruta biolégica de NF-xB"".

5. Repercusion de las alteraciones gendémicas en el pronédstico

de los pacientes
Determinadas alteraciones genéticas se han consolidado a lo largo del tiempo como uno
de los factores con mayor influencia en el pronodstico del MM. Sin embargo, hoy por hoy su
repercusion en las decisiones terapéuticas es escasa. Por otro lado, existe una buena proporcién de
pacientes con MM cuya supervivencia es impredecible utilizando estos biomarcadores. Incluso a
veces se puede dar la circunstancia de que en un mismo paciente coexistan marcadores genéticos

con un impacto en el prondstico de signo opuesto.

En la actualidad la técnica mas usada por su rapidez y nivel de estandarizacién para
detectar estas alteraciones genéticas es la FISH. No obstante, en los ultimos anos la NGS

utilizando paneles a medida se estda implantando cada vez en méas en los laboratorios.

Las traslocaciones t(4;14) y la t(14;16) se incluyen en la mayoria de las clasificaciones
pronésticas como marcadores genéticos de mal pronéstico’*(Tabla 2). No obstante, la introduccién
de los inhibidores del proteasoma en los esquemas terapéuticos ha mejorado la supervivencia
de los pacientes con t(4;14), y el doble trasplante podria superar el mal prondstico de la
t(14;16)™. En cambio, la t(11;14) no tiene una repercusién negativa en la supervivencia de
los pacientes con MM’%. Aunque no existe unanimidad en cuanto al valor pronéstico de las
alteraciones del oncogén MYC, los iltimos estudios demuestran supervivencias mas cortas en
los pacientes con reordenamientos de MYC, particularmente cuando implican a los genes de las

inmunoglobulinas?3°°.

Respecto a las CNA, la delecién de 17p, que ocasiona la pérdida de TP53, es probablemente

76-7 Las alteraciones del cromosoma, 1

uno de los marcadores genéticos asociados a peor pronéstico
también se han asociado con menor supervivencia, especialmente las pérdidas de 1p®’. En el
caso de las alteraciones de 1q, es la amplificacién, definida como la presencia de mas de tres
copias, la que peor pronéstico acarrea® 2. Por el contrario, los cariotipos hiperdiploides que
presentan trisomias como Unicas alteraciones se asocian consistentemente con las supervivencias

més prolongadas’®®3(Tabla 2).

Resulta curioso que todas estas alteraciones tienen un impacto significativo tanto en la
supervivencia libre de progresion (SLP) como en la supervivencia global (SG), sin apenas tener

repercusion en la respuesta al tratamiento.

Desde el punto de vista prondstico la coexistencia de mas de una alteraciéon de alto riesgo
supone un acortamiento significativo de la supervivencia respecto a la presencia de una de estas

alteraciones de manera aislada. Asi, los pacientes con una traslocacién de IGH de mal pronéstico,

10
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Tabla 2. Principales alteraciones genémicas en el MM y su valor prondstico. Modificada de Manier et al. y Morgan
et al.>**°,

Alteraciéon genética y genes implicados Frecuencia Va} or
en el MM | prondstico
Traslocaciones del gen IGH 40-50 %
- t(11;14)(q13;932): CCND1 15-20 % Neutral
- t(4;14) (p16;q32): FGFR3/NSD2 15 % Adverso
Traslocaciones | - t(14;16)(q32;q23): MAF <5% Adverso
- t(6;14)(p21;932): CCND3 1-4% Neutral
- £(14;20)(q32;q12): MAFB <2% Adverso
Traslocaciones de MYC 15% Adverso
Ganancias
- Trisomia de 3, 5, 7, 9, 11, 15, 19 6 21 50 % Neutral
- 1q: MCL1, CKS1B, ANP32E, BCL9 50 % Adverso
Anomalias en | - 8q: MYC 15% Neutral
el nimero de | - 11q: CCNDI 15% Neutral
oI Pérdidas
- Monosomia 13: RB1, DIS3 45% Neutral
- 1p: CDKN2C, MTF2, FAM46C 20 % Adverso
- 17p: TP53 10% Adverso
- Via MAPK: KRAS, NRAS, BRAF 45 % Neutral
1\-11\1?& NF-kB: CYLD, TRAF3, LBT, 150 Neutral
- Metabolismo del RNA: DIS3, FAM46C 15% Neutral
Mutaciones A_;/]\? jdqu ;}paracién del ADN: TP53, 10% Adverso
Ié?;ﬁegeg%zﬁlén de células plasmaticas: 310 % Favorable

11
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una delecién de 17p y una ganancia de 1q tienen una mediana de supervivencia global en torno
a nueve meses~*. Igualmente, la inactivacién bialélica de TP53 por la presencia simultdnea de

mutacién de un alelo y delecién del otro se asocia con un prondstico infausto.

Mientras la t(11;14) no influye negativamente en el prondstico del MM, un estudio reciente,
que analiza casi un centenar de casos con LCPp, muestra que la presencia de esta traslocacién
en la LCPp se asocia con una supervivencia significativamente mas larga®. Por otra parte, la
t(4;14), las traslocaciones que involucran a MYC, la del(1p), asi como las mutaciones de TP53,

se han asociado a un peor prondstico de las LCPp!0:62:6971,

6. Microambiente medular

El MM es una de las neoplasias donde el papel en la oncogénesis del microambiente
de la MO que rodea a las células plasmaticas estd mas demostrado. Se ha sugerido que el
microambiente medular contribuye de manera significativa en la progresiéon maligna del MM,
desde sus estadios asintomaticos, como la GMSI y el MMQ), hasta sus formas més agresivas
como la LCP, que presenta una mayor capacidad de diseminacién extramedular; asi como en los

procesos de resistencia a los medicamentos.

El microambiente de la MO estd compuesto por dos compartimentos: a) compartimento
celular que incluye células hematopoyéticas (linfocitos B, linfocitos T, células NK, células
mieloides, y osteoclastos) y no hematopoyéticas (células estromales mesenquimales, fibroblastos,
osteoblastos y células endoteliales); b) compartimento no celular que abarca la matriz extracelular
v el medio liquido compuesto por citocinas y factores de crecimiento que son producidos por las

diferentes poblaciones celulares dentro del microambiente de la MO.

Las células estromales mesenquimales de la MO son células precursoras de una variedad
amplia de tipos celulares presentes en la MO, como los adipocitos, osteoblastos y fibroblastos. La
interaccion bidireccional entre estas células y las CPs tumorales promueve el desarrollo de la
enfermedad activando diferentes vias de senalizacién en las CPs, que inducen la proliferacion y
migracién celular, asi como el aumento de la expresién de proteinas que contribuyen a evadir las

~ . . . 7’ 5
senales de muerte celular por apoptosis y la resistencia a farmacos®.

7. Tratamiento del mieloma miuiltiple

Antes del ano 2000 la mediana de supervivencia global de los pacientes con MM rondaba
los 30 meses®®, pero en los tltimos 20 afios el tratamiento del MM ha evolucionado notablemente,
pasando desde la quimioterapia convencional a estrategias terapéuticas més dirigidas basadas en
los mecanismos oncogénicos de la célula mielomatosa y en dianas concretas. Estos avances han
prolongado significativamente la supervivencia de los pacientes con MM y mejorado su calidad
de vida8"-88,

12
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El tratamiento del MM de nuevo diagnéstico estd definido en gran medida por la edad y
por el estado general del paciente, ya que en los enfermos menores de 65 6 70 anos después del
tratamiento de induccién a la remisién se lleva a cabo una consolidacién y/o profundizacion de
la respuesta mediante el trasplante aut6logo de progenitores hematopoyéticos (TAPH) con un

acondicionamiento basado en agentes alquilantes®6:8993,

Los farmacos disponibles y los que estan atin en fase de ensayo clinico se pueden agrupar
en diferentes clases: corticosteroides, quimioterapia, inhibidores del proteasoma, agentes inmuno-
moduladores, farmacos con mecanismos de accién especificos, y la inmunoterapia. La posibilidad
tan amplia de combinaciones que se pueden utilizar constituye todo un reto para los hematodlogos,
pero una gran esperanza para aquellos pacientes que desarrollan resistencias’® “7. Las diferentes
combinaciones de firmacos que constituyen los esquemas estandar en la actualidad han logrado
que la mediana de SG en el MM sea actualmente de unos 6 anos, y de hasta 10 anos si el paciente
es candidato a TAPH.

7.1. Corticosteroides y quimioterapia convencional

La dexametasona y el agente alquilante melfalan siguen siendo los fAirmacos mas utilizados
en el tratamiento del MM. La dexametasona forma parte de la mayoria de las combinaciones
utilizadas en la actualidad y el melfalan fue el primer farmaco quimioterapico en demostrar

094,987100

actividad antimieloma desde los afios 6 , v en la actualidad forma parte del régimen de

acondicionamiento para el TAPH. La quimioterapia convencional también abarca otros firmacos

como la vincristina, la ciclofosfamida y la bendamustina'9' 193,

7.2. Inhibidores del proteasoma

Los inhibidores del proteasoma como el bortezomib, el carfilzomib y el ixazomib, forman
parte ya de los estandares de tratamiento para el MM y han conseguido prolongar la supervivencia
de los pacientes. Estos tres compuestos son inhibidores de la subunidad catalitica 3-5 del
proteasoma, aunque el bortezomib y el ixazomib, ambos inhibidores reversibles, pueden también
unirse a las subunidades -1 y -2 con una menor afinidad y a elevadas concentraciones' 94105 E]
carfilzomib por su parte tiene una mayor afinidad que el bortezomib por la subunidad -5 y su

unién al proteasoma es irreversible!%°.

En general, la inhibicién del proteasoma da lugar a la acumulacién de proteinas no
plegadas en el reticulo endoplasmatico (RE), produciendo lo que se conoce como estrés del
RE que conduce a la activacién de senales antiproliferativas, desencadenandose una parada del
ciclo y activacién de la via de muerte celular por apoptosis'??. También se ha reportado que los
inhibidores del proteasoma bloquean la activacion de la via NF-kB, estimulan la infraexpresion
de moléculas de adhesién celular e inhiben los mecanismos de reparacion del ADN asi como la

angiogénesis!' 08109,

13



ELIZABETA DE LOS A. RoJAS RICARDO

7.3. FAarmacos inmunomoduladores

Los farmacos inmunomoduladores (IMiDs) utilizados en la actualidad son la lenalidomida
y la pomalidomida. Su mecanismo de accién es pleiotrépico y engloba un efecto antitumoral
directo, un efecto inmunomodulador y un efecto antiangiogénico. La actividad antitumoral de los
IMiDs se ejerce a través de la induccién de muerte celular por apoptosis, y la inhibicién de las
interacciones entre las células mielomatosas y las células del microambiente que son vitales para
la supervivencia y proliferacién celular. El efecto inmunomodulador de los IMiDs esté definido por
la produccién de interleucina 2 (IL2) e interfer6n gamma (IFNy) por parte de las células efectoras
del sistema inmune, lo que resulta en una potenciacién de la proliferacion de las células NKs
(natural killer) y la citotoxicidad de las células T'1?:!! Finalmente, el efecto antiangiogénico que
promueven los IMiDs se ha asociado con la disminucién del factor de crecimiento del endotelio
vascular (VEGF) y de la interleucina 6 (IL6)'2. En el 2010, se descubri6 que la proteina cereblén
(CRBN) es la diana directa de los IMiDs!''%!14, EI cereblén es uno de los cuatro componentes
del complejo de ligasa culina-RING E3 que media la ubiquitinacién y la degradacién de las
proteinas por el proteasoma. Cuando los IMiDs se unen al cereblén se altera la especificidad de
los sustratos del complejo ligasa culina-RING E3, que lleva a la degradacién de dos factores de
transcripcién vitales para la CP, Ikaros (IKZF'1) y Aiolos (IKZF3), asi como a la disminucién en

los niveles de sus respectivas dianas, Irf4 y c-Myc!'!®.

Los llamados moduladores de la ligasa cereblon E3 (CELMoDs), funcionalmente dife-
rentes a los IMiDs pero basados en sus caracteristicas, son también inmunomoduladores del
complejo de ligasa E3 como los IMiDs!'®. Dentro de los CELMoDs que estdn actualmente en
ensayos clinicos estan la iberdomida (IBER/CC-220) (NCT02773030)'', la avadomida (CC-122)
(NCTO01421524)17 y el CC-92480 (NCT03374085) 18119,

7.4. Inhibidores de dianas especificas

Entre los farmacos con dianas especificas estd el selinexor, un inhibidor de la exportina 1
(XPO1) que fue aprobado en el 2019 para el tratamiento de los pacientes con MM en recaida en
combinacién con el bortezomib y la dexametasona'??'?! También encontramos el panobinostat,
un inhibidor de deacetilasas de histonas aprobado también para el tratamiento de pacientes
con MM refractario o en recaida en combinacién con bortezomib y dexametasona. Sin embargo,
preocupa especialmente su seguridad y tolerancia, debido a los efectos secundarios que produce,

como trombocitopenia, y toxicidad gastrointestinal?%123,

El venetoclax es un inhibidor de la proteina Bcl-2, aprobado por la Administracién
de Alimentos y Medicamentos (FDA) en Estados Unidos en 2016, para el tratamiento de los
pacientes con leucemia linfocitica crénica (LLC) refractarios con delecién de 17p'?*. Este farmaco
se une a Bcl-2 inhibiendo su actividad como proteina antiapoptdtica con lo cual su efecto es

. .7 . 925 . ’
mayormente la induccién de apoptosis'?®. Es particularmente maés eficaz en aquellos casos de

14



TESIS DOCTORAL

MM con t(11;14) que suelen tener altos niveles de Bcl-2 comparado con los niveles de Bel-XL y

Mcl-1, otras 2 proteinas antiapoptéticas .

7.5. Inmunoterapia
Anticuerpos monoclonales

El uso de los anticuerpos monoclonales en el MM ha revolucionado el tratamiento de los
pacientesm?*wo. Destacan los que se dirigen de manera especifica frente a antigenos presentes en
la superficie de las CP tumorales, como el daratumumab!?!132_ el isatuximab/SAR-650984'%3, y
el felzartamab'3* que son anticuerpos anti-CD38; y el elotuzumab, que es un anticuerpo dirigido
a la molécula SLAMF7/CD3191357137,

Un avance mas en la tecnologia de los anticuerpos monoclonales con mayor interés y
crecimiento en los Ultimos anos es el desarrollo de los anticuerpos monoclonales conjugados a
drogas, en los que se aprovecha la especificidad del anticuerpo para liberar drogas citotéxicas
potentes en las células tumorales. Entre estos, el belantamab mafodotina compuesto por un
anticuerpo frente al antigeno BCMA (B cell maturation antigen) conjugado con el inhibidor
microtubular monometil auristatina F (MMAF) es el primero aprobado para el tratamiento del
MM. El BCMA, también denominado TNFRSF17 y CD269, se expresa exclusivamente en las
células con linaje B particularmente en la regién interfolicular del centro germinal, en los plasma-
blastos y las CPs diferenciadas'®®*14°. Dado que el BCMA est4 amplia y altamente expresado en
las CPs tumorales del MM!'"1:142 " constituye el antigeno ideal como diana para la inmunoterapia
en el MM. En desarrollo se encuentran otros anticuerpos conjugados a droga dirigidos a CD56

(lorvotuzumab mertansina)'*® y CD74 (milatuzumab-doxorrubicina y STRO-001)!44:145,

Otra estrategia de inmunoterapia consiste en inhibir los llamados checkpoints o puntos
de control inmunolégicos para potenciar la vigilancia inmunolégica del paciente frente a las
células tumorales. Las CPs tumorales contrariamente a las CPs normales expresan PD-L1'0 y
las células T de los pacientes con MM expresan niveles aumentados de su receptor, PD-1'47. Asi
la interaccién PD-1/PD-L1 promueve la inhibicién del linfocito T. Anticuerpos anti-PD-1, como
el pembrolizumab y el nivolumab, se han evaluado en monoterapia y en diferentes combinaciones

en el MM en recaida o refractariol*$150,

Anticuerpos biespecificos

El uso de anticuerpos biespecificos es una de las nuevas estrategias de inmunoterapia
con més desarrollo en estos momentos. Estos compuestos tienen dos dominios de unién, uno de
ellos se une a un antigeno de superficie en las células tumorales y el otro lo hace a las células
efectoras del sistema inmune como el CD3 en los linfocitos T, o el CD16 en las células NK'®!. Los

anticuerpos biespecificos se clasifican como de tipo IgG cuando tienen la region constante (Fc), y
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de tipo no IgG, cuando no tienen una regiéon Fc. Dentro de los de tipo no IgG, se encuentran los
BiTEs (Bispecific T cell Engager) que son un tipo de single-chain variable fragment (scFv) en
tandem, en el que los fragmentos sckFv estdan disenados para unirse a un antigeno de superficie
en las células tumorales y a su vez al CD3 en las células T, redirigiéndolas contras las células
tumorales'®?. El primer BiTE probado en el MM fue el BI 836909, dirigido a la activacién de
células T mediante la unién al CD3 y al antigeno BCMA. Los primeros estudios con el BI 836909
mostraron su efecto antimieloma selectivo en las células mielomatosas BCMA-positivas, in vitro
e in vivo, mientras que las células BCMA-negativas no fueron afectadas'®. AMG 701 es otro
BiTE anti-BCMA con una vida media més larga'®®, y CC-93269 es otro anticuerpo biespecifico

que se une de forma bivalente al BCMA y monovalente al CD3!%5.

Existen otros BiTE, con dianas distintas al BCMA, como son el cevostamab que es un
anti-FcRH5/CD3; y el talquetamab/JNJ-64407564 que esta dirigido al receptor GPRC5D (orphan
G protein—coupled receptor class C group 5 member D), que se expresa en la superficie de las
CPs en el MM y el MMQ6:157,

7.6. Terapia de células T con receptor antigénico quimérico

En la actualidad la terapia de células T con receptor antigénico quimérico o también
llamadas terapias de células CAR-T es un hito en el tratamiento del cancer. Los linfocitos T se
recolectan de la sangre del paciente, se modifican mediante ingenieria genética para que expresen

95

anticuerpos monoclonales contra antigenos especificos de un tumor”” en su superficie, y se vuelven

a administrar al paciente después de una quimioterapia de linfodeplecién.

Para el tratamiento del MM existen en la actualidad varios CAR-T dirigidos contra
diferentes dianas que se han evaluado en diferentes estudios clinicos. Concretamente existen mas
de 40 ensayos clinicos que han evaluado o estan evaluando terapias CAR-T en el MM. El antigeno
BCMA es la diana més utilizada®. El idecaptagene vicleucel (Ide-cel/Abecma/bb2121), fue la
primera terapia de células CAR-T dirigida contra el BCMA, que fue aprobada por la FDA en el
2021 para pacientes con MM en recaida o refractarios. E1 JNJ-4528 (JNJ-68284528 /ciltacabtagene

autoleucel /cilta-cel) es otro CAR-T con dos dominios de unién al BCMA %159,

Ademas de las terapias con CAR-T dirigidas contra el BCMA se estan evaluado varias
estrategias que difieren en el antigeno diana, utilizando otros como CD38, CD138, CD19 y
SLAMF7. También se ha probado la combinacién de antigenos o la incorporacién de moléculas
co-estimuladoras como por ejemplo 4.1BB y CD28, para obtener un CAR-T con una especificad

multiple!®0.

7.7. Reposicionamiento de farmacos

El cancer es la sexta causa de muerte en el mundo y la segunda en Europa, por detras

de las enfermedades cardiovasculares, segtin el informe de la Organizaciéon Mundial de la Salud
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(WHO) de 2019. Si bien los avances tecnolégicos han permitido el desarrollo de nuevas drogas
que aumentan la supervivencia de los pacientes oncoldgicos, también se han generado nuevos
mecanismos de resistencia a estos farmacos'%'. Por otro lado, el desarrollo de nuevos fairmacos es
un proceso largo y costoso. Algunos estudios han llegado a reportar un coste de 2 billones de
délares en promedio y de 13-15 afios de desarrollo'9%163. Asi, el llevar a la préctica clinica estas

nuevas formulaciones suele llevar mucho mas tiempo del esperado y a un coste muy alto.

El proceso de desarrollo de nuevos farmacos tiene varias etapas. Una fase de descubrimiento
o disefio de la droga, una posterior de experimentacién, tanto in vitro como in vivo, para evaluar
la eficacia antitumoral del farmaco y la seguridad, y dependiendo de los resultados experimentales
se valora la realizacion del ensayo clinico que consta principalmente de 3 fases, hasta la posterior
solicitud de aprobacién y registro del farmaco, aunque en realidad son pocos los nuevos agentes

terapéuticos que son capaces de pasar a fases clinicas de la investigacion.

El reposicionamiento de medicamentos en oncologia consiste en el uso de farmacos
originalmente formulados para otras indicaciones que han mostrado una potencial actividad
antitumoral. Esta estrategia de new uses for old drugs, no es nueva, sino que ha ido ganando
seguidores, tanto investigadores como médicos, en los ultimos afios, sobre todo por las ventajas
que presenta frente al desarrollo de nuevas drogas. El perfil farmacocinético, farmacodinamico
y de toxicidad ya han sido establecidos previamente en sus estudios originales preclinicos y
clinicos. Ademas, se conocen las dosis que se utilizan usualmente en humanos y se sabe si tienen
efectos secundarios asociados, con lo que en los ensayos clinicos estas drogas podrian progresar
rapidamente a una fase Il o III, reduciéndose significativamente el coste y ganando en tiempo.
Incluso, en la actualidad existen multiples herramientas y bases de datos con informacién sobre
los farmacos existentes, las interacciones entre ellos y la relacion entre la droga y la enfermedad,
asi como sobre las vias de sefializacién y proteinas celulares que podrian ser potenciales dianas
de farmacos existentes!%. El proyecto internacional de colaboracién ReDo (Repurposing Drugs
in Oncology) es uno de estos recursos que puede ayudar en el proceso de reposicionamiento de
)165

farmacos (www.redo-project.org)®?, o el también conocido repositorio online Drug Repurposing

Hub (www.broadinstitute.org/repurposing) que retine informacién sobre més de 3 000 drogas que

han sido testadas en ensayos clinicos'®.

La talidomida es el ejemplo clasico de reposicionamiento de drogas. Se utilizé en los
aflos 50 para el tratamiento de las nduseas en las mujeres embarazadas, pero anos después fue
totalmente proscrita por sus graves efectos teratégenos. Sin embargo, en el 2006 fue aprobada por
la FDA para el tratamiento en monoterapia del MM refractario’®’. La talidomida podia inducir
una elevada tasa de respuestas duraderas en algunos pacientes con MM, incluyendo los refractarios
después de altas dosis de quimioterapia'®”. Posteriormente, se demostré su eficacia en pacientes
jovenes con MM de nuevo diagnéstico combinada con la dexametasona como tratamiento de
induccién previo al TAPH!%®. También la combinacién de la talidomida con melfalan y prednisona
fue superior al estandar de melfalan mas prednisona en pacientes mayores de nuevo diagndstico

sin tratamiento previo!69170.
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El antiviral nelfinavir, un inhibidor de proteasas del virus de inmunodeficiencia humana,
tiene también actividad antimieloma y es capaz de superar la resistencia al bortezomib!". De
hecho, el ensayo clinico NCT01555281 en curso, esta evaluando la combinacién de nelfinavir con
lenalidomida/dexametasona en pacientes con MM refractarios a terapia previa con lenalidomida.
Otros farmacos utilizados para diferentes indicaciones que también presentan actividad anti-
mieloma son el antiinflamatorio celecoxib, el inmunosupresor leflunomida, el acido valproico, la

fluvastatina y el tofacitinib! ™17,

8. Procesamiento o splicing del pre-ARNm

Los ARN mensajeros (ARNm) son el resultado del proceso celular conocido como trans-
cripcién, donde la informacién contenida en el ADN genémico es transcrita a moléculas de
pre-ARNm, que seran procesadas, traducidas y expresadas en forma de proteinas para llevar a
cabo su funcién celular'™. El procesamiento o splicing constitutivo del pre-ARNm (denominado
a partir de ahora como splicing del pre-ARNm) consiste en la escisién de las zonas no codificantes
de la molécula de pre-ARNm, los intrones, y la consecutiva unién de las regiones codificantes, los
exones, generandose los ARNs mensajeros maduros. El splicing del pre-ARNm es un proceso

altamente regulado que es esencial para la expresién de mas del 95 % de los genes humanos!'""178.

8.1. Maquinaria del Spliceosoma

El splicing del pre-ARNm se lleva a cabo por el splicecosoma, que es una de las ma-
quinarias celulares mas complejas. En términos generales, este macrocomplejo estd compuesto
por 5 ribonucleoproteinas pequeiias nucleares (snRNPs) Ul, U2, U4, U5 y U6 que integran el
ntucleo catalitico, y alrededor de 200 proteinas que incluyen entre otras, a cinasas, fosfatasas y

helicasas (Figura 2).

Todas ellas interactiian dindmicamente entre si y con las 5 snRNPs, conformando cada uno
de los complejos que participan en el ensamblaje del spliceosoma sobre la hebra del pre-ARNm

para llevar a cabo su splicing'®" 182

El ensamblaje del spliccosoma es estrictamente dependiente de la presencia de secuencias
consenso ubicadas en los intrones y en sus limites con el exén: 1) el sitio de splicing 5’ (5’ss),
con secuencia GURAGU, y 2) el sitio de splicing 3’ (3’ss), que estd conformado por 3 secuencias
distintas localizadas en los 40 primeros nucledtidos previos a la unién exén-intrén, y que incluye
la secuencia YNURAY llamada branch point (BP), un tracto de polipirimidinas YYY (4-24 nt),
y el dinucleétido AG, en el extremo 3’ del intrén'®3 186, La escisién del intrén ocurre a través
de dos reacciones consecutivas de transesterificacion, que implican la ruptura y formacién de

enlaces fosfodiéster (Figura 3).

El ensamblaje del spliceosoma comienza con el reconocimiento y unién al 5’ss de la snRNP
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Figura 2. Estructura tridimensional y esquematica del spliceosoma. Se muestra la estructura secundaria de cada
una de las 5 snRNPs. Modificada de Frankenstein et al.'™

U1 snRNA

u4

U1, la unién del factor de splicing 1 (SF1, también denominado proteina de unién al BP) al BP, y
de las proteinas U2AF1 y U2AF2 al dinucle6tido AG del 3’ss y al tracto de polipirimidina YYY,
respectivamente, formando el complejo E o spliceosoma temprano. El siguiente paso conlleva
la unién estable, dependiente de ATP, de la snRNP U2 alrededor de la secuencia YNURAY
desplazando a la proteina SF1, y formdndose el complejo A o pre-spliceosoma. La proteina SF3B1
es un componente esencial de U2 que reconoce el BP y la hélice de U2-pre-ARNm, facilitando

la aproximacion de la adenosina del BP al 5’ss, para que se produzca el primer paso de la

2
. ; O,

£xen intron £Xon | 1er paso 2do paso ‘3,)

Mmoo odntron

catalitico /)o& catalitico O
__Bss . Iss %, YNURAY—YYY—AG
. .BP.__poliA © +
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Figura 3. Splicing del pre-ARNm. El proceso quimico de eliminacién del intrén ocurre a través de dos sucesivas
reacciones de transesterificacién, que implican la ruptura y formacién de enlaces fosfodiéster. El primer paso o
reaccién catalitica genera dos elementos intermedios: el exén 5’ y una estructura en forma de lazo que contiene un
inusual enlace 2’5 fosfodiéster que involucra el nucleétido 5’ del intrén y el residuo de adenosina interno (A).
En la segunda reaccién catalitica los dos exones se unen y el intrén es liberado en forma de lazo. Modificada de
Bonnal y Valcarcel et al.'®” Y es una pirimidina, N es cualquier nucleétido, A es la adenosina involucrada en el
segundo paso catalitico, y R es una purina.
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reaccion de splicing'®%13?. En este punto, la triada U4-U6-U5 se une formando el complejo B
o pre-catalitico e induciendo importantes cambios conformacionales e interacciéon de proteinas
participantes, que habilitan la formacion del ntucleo catalitico del spliceosoma, pasando por
las conformaciones cataliticamente activas del complejo B activado (primer paso catalitico) y
complejo C y C activado (segundo paso catalitico), para finalmente completar la reaccién de

190,191 (

splicing Figura 4). Es importante sefialar que cada uno de los complejos que se forman en

el ensamblaje del spliceosoma o ciclo del splicing tiene una composicién tnica, y la conversiéon
de los complejos es llevada a cabo por varias ATPasas/helicasas dependientes de ARN que son
altamente conservadas. Ademas, estos complejos pueden adoptar distintas conformaciones que

pueden variar su composicion.

) @ SF1 U2AF2 U2AF1
complejo E YNURAY—YYY—AG [
Q_, SF1

. E ; ? U2AF1 U2AF2
complejo A YNURAY—YYY—AGE=
QVUZAH

U2AF2
O

complejo B @
us)

o0

|
complejo

B activado/B* @@
-

~
complejo

Cactivado/C* % e 6J

Figura 4. Ensamblaje del spliceosoma. El 5’ss, BP y 3’ss son reconocidos por Ul, SF1 y U2AF (U2AF1 y U2AF2),
respectivamente, formando el complejo E. SF1 es desplazada por la snRNP U2, constituyendo el complejo A o
pre-spliceosoma, que seguidamente se asocia con la triada de snRNPs U4/U6-U5 para formar el complejo B o
pre-catalitico. De esta forma el complejo B constituye el primer complejo que incluye las 5 snRNPs del spliceosoma
acopladas al pre-ARNm. Existen adicionalmente al menos 6 complejos del spliceosoma distintos que se suceden
seguidamente: complejo B activado (spliceosoma activado), complejo B* (spliceosoma cataliticamente activado),
complejo C (primer paso catalitico), complejo C* (segundo paso catalitico), complejo P (complejo post-splicing y
el complejo ILS (spliceosoma unido al lazo del intrén) que culmina con la liberacién del intrén en forma de lazo.
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9. Splicing alternativo

No fue hasta afios después del descubrimiento del splicing constitutivo del pre-ARNm en
1977 por Phillip Allen Sharp'®? y Richard John Roberts'“?, lo que les valié el Premio Nobel de
Fisiologia y Medicina en 1993, cuando se descubrié que el splicing no sigue un patrén invariable,
sino que a partir de un gen se pueden obtener diferentes ARNm y en consecuencia producirse mas
de una proteina funcional. De manera que mientras que el splicing constitutivo del pre-ARNm es
un proceso de eliminacién de los intrones y unién de la mayoria de los exones que tiene un gen,
el splicing alternativo desvia o altera esa preferencia por generar una secuencia tnica, y se salta
determinados exones, dejandoles fuera de la secuencia del ARNm, resultando en otra variante o
transcrito distinto al constitutivo. Este proceso, definido bajo el término de splicing alternativo,
es uno de los responsables de la alta complejidad y heterogeneidad a nivel de transcriptoma y
proteoma celular. De hecho, el proceso de splicing alternativo puede llegar a tener un importante
efecto en la funcién de los genes, dado que los diferentes transcritos o isoformas generadas pueden
estar implicadas en procesos biolégicos distintos, o incluso llegar a tener funciones totalmente
opuestas aunque provengan del mismo gen. Con lo cual queda en evidencia su relevancia en
el mantenimiento de la homeostasis y la diferenciacion celular!”"'7®. Segiin el tltimo informe
(2021) de la anotacién de referencia GENCODE 39 (GRCh38.p13), que recoge la identificacion y
descripcién de los genes del genoma humano y de ratén, existen 61 533 genes anotados y 244 939
transcritos, también llamados isoformas y variantes del ARNm (www.gencodegenes.org). Asi,
por cada gen humano hay un promedio de 3-4 transcritos anotados, y de hasta 7 por cada gen

codificante a proteina.

Los patrones de splicing alternativo son diversos, aunque alguno es mas frecuente que
otros. El evento de exclusién de exén es el méas frecuente en mamiferos, pero también pueden
ocurrir otros como los sitios de splicing 3’ y 5’ alternativos, el uso de promotores o sitios de
poliadenilacién alternativos, y retencién de zonas intrénicas (Figura 5). También pueden darse
simultaneamente varios de estos eventos con lo cual las posibilidades de tener un vasto repertorio

de isoformas son bastante amplias.

10. Regulacion del splicing del pre-ARNm

El splicing del pre-ARNm es un proceso muy regulado. Ademés de las secuencias consenso
ubicadas en los intrones que son esenciales para el ensamblaje del spliceosoma, como se describié
en el apartado anterior, existen elementos reguladores adicionales en cis y en trans que regulan
la unién de otros factores del splicing (Figura 6). Los elementos reguladores en cis son secuencias
que incluyen los sitios ESEs y ESSs (exonic splicing enhancers y exonic splicing silencers), y
los sitios ISEs y ISSs (intronic splicing enhancers e intronic splicing silencers). Los 4 tipos de
secuencias pueden estar localizados en cualquier lugar dentro de la secuencia del pre-ARNm. Los

elementos reguladores en trans son factores proteicos de unién al ARN que incluye dos grandes
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Figura 5. Eventos de splicing alternativo mas comunes.

familias: la familia de proteinas SR, cuyo nombre hace referencia a los dominios carboxi-terminal
ricos en residuos de serina y arginina, y que generalmente se unen a los sitios ESEs y promueven
el splicing (estimuladores del splicing); y la familia de las proteinas hnRNPs (heterogeneous
nuclear ribonucleoproteins), que reconocen los sitios ESSs e ISSs e inhiben el splicing (inhibidores
del splicing)'*. De manera que los elementos reguladores exénicos e intrénicos pueden estimular
o inhibir el reconocimiento del 5’ss por la snRNP U1 o el 3’ss por las proteinas SF1, U2AF1,
U2AF2 o la snRNP U2, afectando la eleccién del sitio de splicing y por lo tanto las decisiones

del splicing alternativo.

Las proteinas SR son proteinas de unién al ARN caracterizadas por la presencia de
un dominio C-terminal rico en residuos de arginina (R) y serina (S) (dominio SR), que actta
facilitando la interaccién protefna-proteina y favoreciendo el ensamblaje del spliceosoma'®>1%6,
y uno o dos motivos con capacidad de reconocimiento y unién al ARN (dominio RRM) en el
dominio N-terminal. Ambos dominios estan unidos mediante un espaciador rico en residuos de
glicina y arginina (Figura 7). El dominio SR también actia como una sefial de localizacién nuclear,

afectando la localizacién celular de las proteinas SR'?7. Las proteinas SR estén evolutivamente
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Figura 6. Mecanismos de regulacién del splicing. (A) Las proteinas SR y las hnRNPs se unen a los elementos
exé6nicos (ESE, ESS) o intrénicos (ISE, ISS) reguladores, promoviendo o inhibiendo el reconocimiento del sitio
5’ss por la ribonucleoproteina U1, o del sitio 3’ss por las proteinas SF1, U2AF2, U2AF1 o U2. (B) Ejemplo de
como se regula la inclusién o exclusion de un exén a través de estos mecanismos de regulacién. La unién de las
proteinas hnRNPs a los elementos reguladores inhibe el reconocimiento de los sitios 5’'ss y 3’ss del ex6n alternativo,
resultando en la exclusién del exén alternativo de la secuencia del ARNm.

conservadas, la longitud del dominio SR y la adicién de otros dominios definen a los 12 distintos
miembros de la familia, desde el SRSF1 hasta el SRSF12'9%200 Esta familia no sélo participa
en el splicing constitutivo del ARNm y el splicing alternativo sino también en otras funciones
post-splicing como la exportacion nuclear de los ARNm, y la traducciéon del ARNm a proteina.
Asi, la mayoria de las proteinas SR se localizan exclusivamente en el nicleo celular, mientras que

otras pueden moverse y localizarse también en el citoplasma??1-203,

La fosforilacién es uno de los principales mecanismos de regulaciéon mejor estudiados de
esta familia de proteinas, aunque también pueden ocurrir otros eventos postraduccionales como

204 Los residuos de serina del dominio SR pueden ser fosforilados y

la metilacion y la acetilacion
de esta forma regular la localizacion celular de la proteina SR, y su interaccién con las proteinas
del spliceosoma. Entre las cinasas que fosforilan a las proteinas SR se encuentra la familia SRPK

(SR protein kinase)?°>2% | la familia Clk/Sty?’" y la topoisomerasa 2%,

Las ribonucleoproteinas heterogéneas nucleares (hnRNPs) forman parte de una extensa
familia de proteinas de unién al ARN, que participan en diferentes procesos del metabolismo de
los dcidos nucleicos como la estabilizacién del ARNm, la regulacién transcripcional y traduccional,
y el splicing alternativo, donde especificamente actiian con funcidon opuesta a la de las proteinas
SR. La estructura general de las hnRNPs consiste en multiples dominios de unién al ARN
conectados por regiones enlazadoras de longitud variable que han sido nombradas desde la
hnRNP A1 hasta hnRNP U (Figura 8). Las hnRNPs involucradas en el control del splicing mejor
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Figura 7. Estructura esquematica de los miembros de la familia de proteinas SR. En color azul se representan
aquellas que pueden localizarse en el nicleo y el citoplasma de la célula, mientras que el resto (en negro) se
encuentran exclusivamente en el nicleo. Entre paréntesis se referencia el nombre de la proteina.

caracterizadas hasta el momento son la hnRNP A/B y la hnRNP I, también llamada proteina
PTB (polypyrimidine tract-binding protein). Las hnRNPs tienen una distribucién més bien difusa
v pueden localizarse tanto en el niicleo como en el citoplasma celular gracias a la presencia en
su estructura de una secuencia de localizacién nuclear y/o dominios que permiten su traslado a

citoplasma para cumplir determinadas funciones?%?.

11. Desregulacion del splicing del pre-ARNm

La desregulacién del splicing del pre-ARNm se ha relacionado ampliamente con las
patologias humanas, desde las enfermedades genéticas y neurodegenerativas hasta el cancer. Se
han identificado numerosas alteraciones en las diferentes etapas del splicing del pre-ARNm que

pueden contribuir a la patogenia de algunas enfermedades.

Concretamente, las mutaciones en los sitios y factores reguladores del splicing, especifica-
mente las sustituciones de un solo nucleétido que afectan a los sitios 5’ss y 3’ss, es la mutacion
mas comun que afecta al splicing. Estas pueden dar lugar a la exclusién de exones del ARNm, la
activacion de un sitio de splicing criptico que en condiciones normales no se utilizaria, o a la reten-

ci6n de intrones (Figura 9). De igual forma, las mutaciones en zonas intrénicas y exdnicas pueden
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Figura 8. Estructura esquemadtica de los miembros de la familia de proteinas hnRNPs, donde se muestran los
principales dominios de cada uno de los miembros, incluyendo los dominios KH y RGG.

afectar el splicing a través de la ganancia o pérdida de sitios reguladores en cis, como los ESEs,
ESSs, ISEs e ISSs. Este tipo de alteraciones se han identificado asociadas a varias enfermedades
como la atrofia muscular espinal®'??!!, 1a fibrosis quistica®'?, la neuropatia hereditaria llamada di-
sautonomia familiar®'3, la distrofia muscular de Duchenne®'?'*, la demencia frontotemporal con
parkinsonismo-17 (FTDP-17) también conocida como enfermedad de Wilhelmsen-Lynch?!%216,

218,219 220,221

la progeria o sindrome de Hutchinson-Gilford?'”, la hipercolesterolemia , v el cancer

Las mutaciones en genes que codifican para componentes del spliceosoma y de la ma-
quinaria del splicing, asi como aquellas que afectan la biogénesis de las snRNPs, también se
han asociado a enfermedades y, particularmente, al cancer. Las mutaciones en los genes U2AF1,
U2AF2, SF1, SF3A1 y SF3BI1, cuyas proteinas participan en el reconocimiento del sitio 3’ss en el
pre-ARNm, y en la proteina SR, SRSF2, se han detectado en hemopatias como los sindromes
mielodispldsicos (SMDs), la leucemia mieloide aguda (LMA), la leucemia linfocitica crénica
(LLC) y la leucemia mielomonocitica crénica (LMMC). Pero sin dudas el factor de splicing
més frecuentemente mutado en céncer es el SF3B1%%%, alcanzando frecuencias de hasta un
85 % en los SMD con sideroblastos en anillo (SMD-SA), 6-26 % en la LLC, y 5% en la LMA y
LMMC??%224-228 Mutaciones en otros factores de splicing como LUCL7L2, PRPF40B, SRSF6,
SRSF'1, SRSF7, TRA2B, SRRM2, DDX1, DDX23, y CELF4 también se han identificado en

algunas neoplasias hematolégicas pero a muy baja frecuencia?’.
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Figura 9. Alteraciones genéticas de los factores del splicing. Desregulacién de la expresion génica y mutaciones
de factores de splicing en diferentes tumores humanos. Modificado de Urbanski, Leclair y Anczukéw??2.

El splicing del pre-ARNm también puede verse alterado por la expresién de los factores
de splicing. De hecho, méas del 70 % de los factores de splicing estan desregulados a nivel de
ARNm en varios canceres?39 233 (Figura 8). El factor de splicing SF2/ASF, fue el primero
en reportarse como sobreexpresado en varios tumores sélidos, incluido el de mama y pulmon,
debido fundamentalmente a la amplificaciéon de su gen SRSF1, evidencidndose su potencial como
protooncogén??**. Ademés, SRSF1 es una diana directa de MYC y su elevada expresion se ha visto
correlacionada con un incremento en la agresividad del tumor, la disminucién de la supervivencia

y la resistencia a la quimioterapia?34-236,

Las alteraciones en la expresion de los factores del splicing repercuten en la expresiéon y
funcién de sus pre-ARNm dianas. Una evidencia de esto son las alteraciones que se producen
en el splicing alternativo de los genes diana del propio SRSF1, que controlan importantes
procesos celulares, como el crecimiento, la supervivencia y la motilidad celulares, asi como la
muerte celular por apoptosis??2. SRSF1 controla el AS de los genes implicados en estas rutas
biolégicas favoreciendo la produccién de isoformas o transcritos de estos genes con propiedades
oncogénicas, como por ejemplo BCL2L1, BCL2L11, BIN1, RPS6KB1, MKNK2, RON, MCLI,
entre otros?*"?3® (Figura 10). Por ejemplo, en el caso del gen RPS6KBI que codifica para la
proteina p85/p70 S6K1, puede dar lugar a 2 isoformas: la isoforma 1 larga, RPS6KBI1-1, y la
isoforma 2 corta, RPS6KB1-2, debido a la inclusién de los exones alternativos 6a, 6b y 6¢. La
presencia de un codon de parada en el exén 6¢ genera una proteina truncada de 31 kDa que
tiene el dominio cinasa incompleto. Los altos niveles de la isoforma corta se han detectado

en tumores de mama y pulmén, y varios estudios han mostrado su capacidad oncogénica y
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contribucién en la proliferacién celular. Mientras que la isoforma larga tiene una funcién mas
de tipo antiproliferativa?3%237:239.240 ' MCL1 es otro de los genes cuyo patrén de splicing esta
regulado por SRSF1. Se han descrito 3 isoformas de MCLI con funciones opuestas. La isoforma
Mecll-L es antiapoptotica, mientras que las isoformas Mcll-S y Mcll1-ES favorecen la muerte
celular por apoptosis®*!?#2. La figura 10 muestra varios ejemplos de expresion de isoformas
asociadas a cancer que son reguladas por diferentes factores de splicing, evidenciado el potencial

del splicing del pre-ARNm como uno de los sellos distintivos de la tumorigénesis®*>.

12. Modulacion del splicing del pre-ARNm como terapia anti-

tumoral

Puesto que las isoformas especificas del AS tienen funciones esenciales en la biologia y
supervivencia de las células tumorales, y el cancer presenta una sensibilidad potencialmente
mayor a la alteracién global de la eficiencia del splicing comparado con las células normales, la
modulacion farmacolégica del splicing representa una estrategia terapéutica importante. Asi,
aquellos tumores con alteraciones en genes del spliceosoma o con sobreexpresién de isoformas
protumorales son mas susceptibles de ser abordados terapéuticamente a través de mecanismos que
regulen el AS?44246 Ademds, el hecho de que las mutaciones en componentes del spliceosoma sean
siempre mutuamente excluyentes y se expresen junto al otro alelo en su forma wild-type®*”, indica
que esas células que presentan mutaciones en el spliceosoma podrian ser incapaces de tolerar
simultaneamente otras alteraciones del splicing, y por tanto ser mas sensibles a la inhibicién

farmacologica.

Actualmente existen varios enfoques terapéuticos para modular el splicing del pre-ARNm
en cancer asi como en otras enfermedades (Figura 11). En este sentido, se han identificado “pe-
quenas moléculas” con potencial terapéutico que tienen como diana componentes del spliceosoma,

factores del splicing, o los productos del splicing como las isoformas.

12.1. Farmacos dirigidos contra componentes del spliceosoma

Entre los farmacos que tienen como diana componentes del spliceosoma se encuentran
3 familias quimicamente distintas, FR901464 (incluye la spliceostatina A/SSA, meayamicina
y thailanstatinas A-C), pladienolide B (incluye E7107, H3B-8800 y FD-895) y GEX1 (incluye
herboxidieno) que poseen un efecto antiproliferativo o pro-apoptético in vitro en varios modelos
murinos de cancer?*® 20, Estos compuestos se unen a la protefna Sf3bl, bloqueando su con-
formacién en forma abierta, lo que evita el reconocimiento y unién al sitio branch (5’ss) del
pre-ARNm. La conformacién cerrada de Sf3b1l es necesaria para que se produzca el primer paso
catalitico del splicing. Pero atin no se conoce la razén por la cual estos inhibidores tienen un
efecto antitumoral tan potente en vez de provocar una inhibiciéon general del splicing. Algunos

de estos compuestos se estan evaluando actualmente en ensayos clinicos: 1) el H3B-8800, cuya
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Figura 10. Ejemplos de isoformas asociadas a cancer. Las cajas coloreadas representan la expresién de las mismas

en el cédncer con el que han sido asociadas y a su derecha el factor de splicing al que se le ha atribuido la regulacién
del splicing del pre-ARNm del gen. Modificado de Urbanski, Leclair y Anczukéw??2.

diana es Sf3bl, en pacientes con SMD, LMA y LMMC (NCT02841540)?°; 2) el GSK3368715
o EPZ019997%°?, un inhibidor de la metiltransferasa 1, PRMT12%3, en pacientes con linfoma
B difuso de células grandes (LDCG) y tumores sélidos (de pancreas, de pulmén de células no
pequenas y de vejiga) (NCT03666988); 3) dos inhibidores de la metiltransferasa 5, PRMTS5,
GSK3326595%°* en pacientes con tumores sélidos y linfomas no Hodgkin (NCT02783300) y en
pacientes con cancer de mama (NCT04676516), y JNJ-6461917825° en pacientes con linfoma de
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Figura 11. Estrategias terapéuticas para modular el splicing del pre-ARNm. Puede ser regulado a diferentes
niveles, incluyendo inhibidores de componentes del spliceosoma y de factores del splicing asi como de proteinas de
unién al ARN, el uso de oligonucle6tidos antisentido (ASO) que induce cambios en los sitios de splicing, y el uso
de drogas o anticuerpos que inhiben una isoforma proteica especifica con funciones diferentes a las canénicas.

células B y tumores sélidos avanzados (NCT03573310); y 4) el PF-06939999, inhibidor también
de PRMT5%55257  en pacientes con tumores sélidos en estado avanzado o metastésico (cdncer de
pulmoén de células no pequenas, carcinoma de células escamosas de cuello y cabeza, cancer de
eséfago, endometrial, cervical y de vejiga) (NCT03854227).

12.2. Farmacos dirigidos contra factores del splicing y proteinas de unién al
ARNm

Dentro de este grupo de farmacos se encuentran varios compuestos con actividad antitumo-

ral como el NB-506%°%, el 4AbHWE (4B-hidroxiwitandlido E)?% la quercetina?®’, la amilorida?¢!:262,
las sulfonamidas incluyendo a E7820, indisulam (también llamado E7070 y HY-13650 y tasisu-

1264265 " entre otros. La actividad antitumoral de alguno de ellos

lam?%3, y los derivados del indo
como el NB-506, la amilorida y los derivados del indol se ha visto asociada con la inhibicién del
splicing, bien por la inhibicién de las cinasas responsables de la fosforilacién de las proteinas SR,
o bien por la alteracion en el patrén de splicing de genes implicados en cancer favoreciendo la

produccién de unas isoformas sobre otras.

También dentro de este grupo de drogas se encuentran las llamadas pequefias moléculas
que agrupa a inhibidores de diferentes grupos de proteinas. Por ejemplo, los inhibidores de cinasas
SRPKs, como SRPIN340 y SPHINX, y de las CLKs, como la clorhexidina, el TG003, CPD1-3, la

266-270

flunarizina y el clotrimazol, entre otros . Los inhibidores de la topoisomerasa I, como la
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diospirina y sus derivados®™!, y los de la fosfoinositol 3-cinasas (PI3K) como la tetrocarcina A",

De estos compuestos dirigidos contra factores del splicing y proteinas de unién al ARNm,
los tinicos que se han evaluado en ensayos clinicos son el ZEN003694, en pacientes con cancer
de préstata metastdsico resistente a la castraciéon, como tnico agente (NCT02705469), y en
combinacién con enzalutamide (NCT02711956), asi como en pacientes con cadncer de mama triple
negativo en combinacién con el talazoparib (NCT03901469); y el OTX105/MK-8628 (también
llamado birabresib y MK-8628), en pacientes con tumores sélidos avanzados (NCT02259114)%73:274,

Ambos son inhibidores de bromodominios BET ( Bromodomain and Extra Terminaldomain)?7>27.

12.3. Otras estrategias terapéuticas dirigidas a la regulacion del splicing del
pre-ARNm

Desde hace unos cuantos afios se estan explorando y desarrollando otras estrategias
completamente diferentes a las mencionadas anteriormente para modular la actividad del splicing.
Los oligonucleétidos antisentido (ASOs), es un abordaje terapéutico con un potencial enorme,

no sélo en cancer sino en muchas enfermedades?””

. Los ASOs, que se sintetizan quimicamente y
generalmente presentan una longitud de 12-30 nucledtidos, se disenaron con el objetivo de unirse al
ARN por complementariedad. De hecho, la longitud del ASO determina su especificidad de unién
a un tnico ARN, y de esta forma es capaz de regular las funciones del ARN mediante diferentes
mecanismos. En general pueden, o promover la escision y degradaciéon del ARN o realizar un

bloqueo estérico’™

. En el caso del splicing, los ASOs se unen a la secuencia del pre-ARNm,
especificamente a los sitios o motivos reguladores del splicing, evitando su reconocimiento por los
factores del spliceosoma y los reguladores del splicing, y por lo tanto, promueven el cambio de
los sitios de splicing. También pueden disefiarse para unirse a los sitios ESEs, que inducen la
exclusion de un exén a la secuencia del ARNm, y a los sitios ESSs que estimulan la inclusién del
ex6n. La primera terapia correctora del splicing que ha usado ASOs ha sido la spinraza™, dirigida
a tratar la atrofia muscular’”. Estudios preclinicos, en lineas celulares y modelos murinos in
vivo han mostrado que los ASOs pueden ser también aplicables al cancer. Por ejemplo, la cinasa
MKNK?2 puede producir dos isoformas, Mnk2a y Mnk2b, con propiedades antagénicas. Mnk2a
actia como supresor tumoral al favorecer la apoptosis mientras que Mnk2b es un factor de tipo
prooncogénico. Se ha disefiado un ASO capaz de mediar el cambio de isoformas y favorecer la
expresiéon de la isoforma Mnk2a sobre la otra. El uso de este ASO inhibié la oncogenicidad de las
células de glioblastoma, resensibilizé a las células a la quimioterapia e inhibié el crecimiento de

la linea celular de glioblastoma en un modelo murino®®.

13. Isoformas de TP53

El gen supresor tumoral y factor de transcripcién, T'P53, localizado en la banda 17p13.1 del

cromosoma 17, es probablemente el gen més estudiado en el cdncer, donde su ruta de senalizacién
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se encuentra inactivada con frecuencia. Aunque su disfuncién en cancer estd comunmente asociada,
a la presencia de mutaciones o deleciones del gen, existen otros mecanismos que pueden atenuar
la actividad de este importante supresor tumoral y favorecer la tumorigénesis. En el MM, las
mutaciones y deleciones de TP53 son eventos poco frecuentes en el momento del diagnédstico, si

bien su frecuencia aumenta en las recaidas posteriores.

El gen TP53 comprende 13 exones, 11 constitutivos y 2 alternativos, y se encuentra
altamente conservado en los organismos multicelulares?®!. Desde su descubrimiento, p53 se ha
considerado una tnica entidad proteica, pero el avance tecnolégico de los tltimos 20 afios ha
permitido la identificacién y caracterizaciéon de varios transcritos o isoformas de p53. La primera
evidencia de la existencia de las isoformas de p53 fue reportada en los afios 80, pero no ha sido
hasta mas de 20 anios después cuando se han detectado en diferentes especies, y se ha estudiado
su relevancia biolégica y clinica?®*2%3. Actualmente se sabe que las isoformas de p53 son el
resultado de la combinacién de: 1) promotores alternativos de inicio de la transcripcién, P1 y
P2; 2) splicing alternativo que retiene un trozo de los intrones 2 y 9; y 3) sitios alternativos de
inicio de la traduccién proteica?®*. De esta forma se han descrito 12 isoformas proteicas (TAp53a,
TAp533, TAp53y, A40p53a, A40p5303, A40p53y, A133p53a, A133p53P3, Al33p53y, A160p53a,
A160p53B y A160p53y) codificadas a partir de 9 transcritos de ARNm (Figura 12).
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Figura 12. Estructura esquemética del gen TP53 y de sus isoformas de ARNm. TP53 tiene 11 exones (codificantes
en verde, no codificantes en gris), y puede dar lugar a diferentes transcritos o isoformas debido al uso de promotores
alternativos (P1 y P2), a sitios alternativos de inicio de la traduccién (ATG1, ATG40, ATG133 y ATG160), y el
splicing alternativo de los intrones 2 y 9.

El ARNm de p53 que se transcribe usando el promotor P1 codifica para la isoforma
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proteica candénica, TAp53a, pero también para la isoforma A40p53a si se utiliza el sitio de la
traduccién alternativo AUG40. Estos transcritos a su vez pueden simultdneamente dar lugar a
otras isoformas si se retiene un trozo del intrén 9, generandose o un exén 93 o un exén 9y, que
codifican para TAp53f3 y/o A40p53B, y para TAp53y y/o A40p53y, respectivamente. Ambos
exones 93 y un 9y contienen un codén de parada de la traduccién, por lo que los exones 10 y 11
de las isoformas 3 y v no son codificantes. Otro ARNm de p53 puede transcribirse a partir del
promotor P1, pero conservando el intréon 2 en su secuencia. La retenciéon de este intréon produce
varios codones de parada de la traduccién, evitando la obtencién del transcrito TAp53a, pero la
traduccién alternativa en el codén 40 se puede llevar a cabo dando lugar exclusivamente a las
isoformas A40p53a, A40p533 y A40p53y. Los otros seis transcritos de p53 que usan el promotor
interno P2 localizado en el intrén 4, pueden iniciar su traduccién en el codén 133 o el 160,
dando lugar a las isoformas A133 y A160, respectivamente (A133p53a, A133p533, A133p53y y
A160p53c, A160p53R y A160p53y) (Figura 12)285:285-287,

Las isoformas de TP53 que comparten la mayor parte de su secuencia pueden agruparse
segn el mecanismo que dio lugar a su formacién, en isoformas o (TAp53a, A40p53a, A133p53a
y A160p53a), isoformas B (TAp5303, A40p533, A133p53B y A160p5303), isoformas v (TAp5H3y,
A40p53y, A133ph3y y A160p53y), isoformas TA (TAp53a, TAp533 y TAp53y), isoformas largas
(incluye las TApb53a, TAp53B, TAp53y, y A40p53a, A40p53B y A40p53y) e isoformas cortas
(A133pbH3a, A133p53B, A133p5H3y, A160p5H3a, A160p53B y A160p53y).

A nivel proteico, la isoforma TApb3a fue la primera en identificarse. Esta isoforma que
se corresponde con la proteina canénica, consta de 393 aminoédcidos (aa) con siete dominios
funcionales: 1) dos dominios de transactivacion (TAD, transactivation domain), TAD1 y TAD2
en la regién amino terminal (TAD1, 1-42 aa, y TAD2, 43-63 aa), que son requeridos para la
funcién de p53 como factor de transcripcién induciendo la expresion de sus genes diana, y para
la unién de su principal regulador, Mdm2, que tiene su sitio de unién a p53 en los residuos
13-29; 2) un dominio rico en residuos de prolina (PRD, proline-rich domain) (64-92 aa) que
puede afectar la estructura tridimensional de la proteina a través de la isomerizacién de prolinas;
3) un dominio de unién al ADN (DBD, DNA-binding domain) (101-292 aa) que es la regién mas
frecuentemente mutada en todos los canceres humanos, y que es requerido para la activacién
de la transcripcién de sus numerosos genes diana que regulan la proliferacion y supervivencia
celular; 4) un dominio de localizacién nuclear (NLS, nuclear localization signal) (305-322 aa);
5) un dominio de oligomerizacién (OD, oligomerization domain) (326-356 aa); y 6) un dominio de
region bésica (364-393 aa) encargada de la regulacion negativa del DBD, rico en residuos de lisina,
que son modificados postraduccionalmente (fosforilacién, metilacién, acetilacion, ubiquitinacion,

sumoilacién, nedilacién, etc.) para regular la actividad y estabilidad de TAp5302®® (Figura 13).

Las isoformas A40, A133, y A160, carecen de los primeros 39, 132 y 159 aminoéacidos,
respectivamente. Las variantes A40 han perdido el TAD1 pero conservan el resto de la estructura,
similares a las variantes TA; mientras que las isoformas A133 y A160 (isoformas cortas) carecen

de ambos dominios TAD y de un trozo del dominio DBD. Estas diferencias estructurales entre

32



TESIS DOCTORAL

e Isoformas proteicas de p53 N\
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Figura 13. Representacién esquematica de las isoformas proteicas de p53. Se muestran los dominios, y los residuos
aminoacidicos de inicio y final, en cada una de las isoformas. TAD1: dominio de transactivacién 1, [moradol;
TAD2: dominio de transactivacién 2, [violeta]); PRD: dominio rico en prolinas, [azul]), DBD: dominio de unién al
ADN [verde]; NLS: sefal de localizacién nuclear [naranjal; OD: dominio de oligomerizacién [rojo]; BR: regién bésica
[amarillo]. Se muestran las secuencias especificas de las isoformas  (DQTSFQKENC) y vy (MLLDLRWCYFLINSS),
asi como el peso molecular de cada isoforma.

las 12 isoformas proteicas de p53 determinan sus funciones.

13.1. Funciones de las isoformas de p53 y su implicacién en cancer

Las funciones de las isoformas de p53 se han investigado mediante la sobreexpresién
ectépica y/o silenciamiento de las mismas utilizando diferentes lineas celulares y modelos de
animales. Este tipo de experimentos han demostrado que las isoformas de p53 pueden estar
involucradas en la regulacion del ciclo celular, muerte celular, senescencia, inflamacion, invasién,
respuesta antioxidante, diferenciacion, etc. Estas funciones se han observado no solamente en un
contexto bioldgico sino en diferentes tejidos, tanto en condiciones normales como en un entorno
tumoral. De este modo, tras muchos afios de investigacién se ha establecido que la respuesta
celular mediada por p53 es la suma de las actividades intrinsecas no sélo de la isoforma canédnica,
sino del conjunto de las demas que pueden coexpresarse. Por ello, las alteraciones en la expresion
de las isoformas de p53 pueden afectar su via de sefializacion y en consecuencia tener un impacto
en el cancer y otras enfermedades. De hecho, en los tltimos anos varios estudios han demostrado
que las isoformas de p53 estan diferencialmente expresadas en distintos tipos de canceres, como
el de mama, colon, melanoma, cabeza y cuello, hepatico, pulmén, carcinoma renal, glioblastoma

y la LMA en comparacién con el tejido normal. También se ha descrito una asociacién entre la
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desregulacion de las isoformas de p53 y el pronéstico de los tumores?297,

En algunas neoplasias el valor prondstico de la mutacién de TP53 se acentiia cuando
se tiene en cuenta también la expresion de las isoformas de p53. Incluso las isoformas de p53
pueden llegar a anular la ganancia de funcién del TP53 mutado. Por ejemplo, la sobreexpresion
de la isoforma A133p53a en pacientes con cdncer de ovario, o TAp53y en cdncer de mama, que

289,298

tienen TP53 mutado, supera el impacto negativo de la mutacién . En pacientes con cancer

de ovario seroso o mucinoso con p53 en estado wild-type (wt), que expresan la isoforma A40p53a

tienen un mejor pronéstico clinico que aquellos con p53 wt que no la expresan??8:2%9,

Todos los hallazgos de los 1ltimos afios en torno a las funciones de las isoformas de p53
en diferentes contextos y usando distintas metodologias, han demostrado que sus actividades son
dependientes del tipo celular y que puede variar segin el escenario molecular. Ademas, algunas

de las isoformas de p53 pueden coexpresarse o ser mutuamente excluyentes.

Es importante senalar también que la mayoria de los estudios de las isoformas de p53
se basan en el andlisis a nivel de ARNm mediante PCR, cuantitativa en tiempo real y PCR
convencional®”?, y sélo algiin estudio ha analizado algunas isoformas proteicas en un bajo ntimero
de muestras de pacientes. El hecho de que las isoformas proteicas difieran entre si s6lo en secuencias
concretas que son realmente pequenas dificulta su analisis individualizado. No obstante, si que
se han logrado producir anticuerpos, algunos disponibles comercialmente, capaces de distinguir

algunas de ellas mediante inmunofluorescencia, inmunohistoquimica o western blot*!.
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El origen del cancer se ha relacionado tradicionalmente con modificaciones que se producen
en la secuencia del ADN de los genomas de las células cancerosas. Sin embargo, la mayoria de
los cambios en la expresiéon de los genes no estd aparentemente precedida por una alteracién del
ADN en forma de mutaciones, anomalias cromosémicas o incluso eventos epigenéticos. En los
ultimos 30 afios el estudio de la expresién génica a escala global se ha utilizado extensamente
para caracterizar todo tipo de neoplasias. El desarrollo de los microarrays de expresion y mas
recientemente de la RNA-Seq ha sido clave para disponer de una informacion detallada de los
patrones de expresién génica de los diferentes tumores. En algunas neoplasias, el estudio del
perfil de expresion génica ha permitido la identificacion de subtipos, ha ayudado a mejorar
la estratificacion de los pacientes e incluso ha contribuido a llevar a cabo tratamientos mas
personalizados o dirigidos. No obstante, la mayoria de estos estudios se han centrado en investigar
la expresién génica del transcrito candnico, sin tener en cuenta la expresion del resto de los
transcritos o isoformas que pueden obtenerse como resultado del splicing o procesamiento del
pre-ARNm a partir de un mismo gen. En este sentido, actualmente es bien conocido que las
diferentes isoformas pueden expresarse de forma desigual a la isoforma canénica y desempenar
funciones distintas, incluso divergentes, interviniendo de forma muy diferente en la patogenia
tumoral. De hecho, el splicing del pre-ARNm es uno de los mecanismos celulares de regulacion
postranscripcional mas importantes. Puesto que la mayoria de los genes pueden dar lugar a
multiples transcritos una consecuencia de este procesamiento es a veces, incluso, la producciéon
de proteinas con funciones opuestas. Este fenémeno esta bien ilustrado en el hecho de que varios
de los genes que codifican proteinas implicadas en rutas apoptéticas son capaces de dar lugar a

isoformas pro y anti apoptéticas mediante este proceso’??.

La expresion génica se ha analizado minuciosamente en el MM. Los primeros estudios ya
mostraron que los perfiles de expresion génica de las CPs tumorales eran claramente diferentes a
los de las CPs normales de donantes sanos, y que dentro del grupo de los mielomas se podian
encontrar subgrupos moleculares mas parecidos a las GMSI, y otros similares a las lineas celulares
de MM3%2, Posteriormente, se elabor6 una clasificacién molecular del MM basada en los perfiles de
expresién génica que identificaba siete subgrupos distintos®?. Estas subentidades moleculares con
algunas modificaciones se han confirmado en numerosos estudios posteriores, no solo utilizando

microarrays de expresion sino también mediante RNA-Seq.

En las neoplasias de CPs, al igual que sucede en otros cdnceres, la investigacién del
splicing del pre-ARNm y de la variedad de isoformas generadas mediante este mecanismo,
ha sido muy limitada, tanto a nivel del transcriptoma completo como enfocdndose en genes
particulares. Por este motivo, hemos pensado que resultaria interesante avanzar en el estudio de
cémo este mecanismo de regulacién postranscripcional puede influir en la patogenia del MM y
otras discrasias de células plasmaticas, e incluso averiguar si la modulacién farmacologica del

spliceosoma podria servir como abordaje terapéutico.

Hasta ahora no se ha descrito ninguna alteracién cromosémica ni mutacion o desregulacién

significativa de un gen o ruta molecular particular que esté presente en la LCPp, la forma mas
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agresiva de las neoplasias de CPs, y no lo esté en el MM. Esto indica que otros procesos bioldgicos
pueden ser los responsables de la trasformacion de la célula plasmatica en una célula tumoral
mucho més agresiva e incontrolable que la del MM. La busqueda de diferencias, tanto en el
patrén de splicing como en la expresion de las distintas isoformas, entre el MM y la LCPp podria
ayudarnos a identificar posibles mecanismos moleculares involucrados en el desarrollo de la LCPp,

vy que no sean dependientes de la presencia de las alteraciones genéticas ya conocidas.

TP53 es un conocido gen supresor tumoral que ha sido ampliamente estudiado. Concreta-
mente el splicing del pre-ARNm es uno de los mecanismos postranscripcionales que ha emergido
en los dltimos anos como uno de los procesos mas relevantes en la regulacién de p53. Se han
descrito al menos 12 isoformas proteicas codificadas a partir de 9 ARNm (TAp53a, TAp5303,
TAp53y, Ad0p53a, A40p53P, A40p53y, A133p53a, A133pb3B, A133p53y, A160p53a, A160p533
y A160p53y). Algunas de las isoformas difieren entre si en los dominios de transactivacién y en el
dominio C-terminal, lo que les permite regular diferencialmente la expresién de diferentes genes
dianas y ser reguladas también de forma variable por los reguladores de p53. Varios trabajos han
demostrado que la alteraciéon de los niveles de expresion de las isoformas de p53 puede inhibir
0 potenciar su propia actividad como supresor tumoral en diferentes neoplasias y por tanto,
influir en su respuesta al tratamiento y pronéstico. La expresion de las isoformas de p53 no se ha
investigado ain en el MM. Por este motivo, el analisis de las isoformas de p53, tanto a nivel de
proteina como de ARNm, en muestras de pacientes con MM tratados homogéneamente en el

marco de un ensayo clinico, podria proporcionar informacién novedosa de su valor pronéstico.

Actualmente se estan desarrollando estrategias terapéuticas dirigidas a modular la ma-
quinaria del splicing con resultados esperanzadores. De hecho, existen una serie de farmacos que
modifican los patrones de splicing del pre-ARNm, cuyo mecanismo de accién es bastante desco-
nocido. Algunos de ellos se estan investigando como drogas antitumorales en ensayos clinicos. En
este sentido, pensamos que la investigacion del efecto de estos agentes en las células mielomatosas
seria util para ampliar el espectro de farmacos con potencial utilidad en el MM y ademas, para

descifrar los mecanismos moleculares del proceso de splicing y de su regulacion en el MM.
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Objetivos:

Objetivo 1: Analizar el transcriptoma de casos de LCPp y de MM que
comparten un fondo genético similar y compararlos entre si.

e Analizar el perfil de expresién génica de muestras de LCPp y compararlo con el de las
muestras de MM.

o Explorar los eventos de splicing alternativo en las LCPp en relacion a los observados
en el MM.

o Identificar las isoformas de ARNm diferencialmente expresadas entre la LCPp y el
MM.

o Analizar la existencia de sitios reguladores de splicing alternativo en ambas neoplasias

de CPs mediante andlisis bioinformaticos.

Objetivo 2: Evaluar la expresiéon de las isoformas de p53 en pacientes
con MM.

e Identificar y cuantificar las isoformas proteicas de p53 en pacientes con MM.

e Analizar el efecto de la expresion de las isoformas proteicas de p53 en el prondstico de

los pacientes.

e Examinar los patrones de expresién de las isoformas de p53 a nivel de ARNm y

compararlo con lo observado a nivel de proteinas.

Objetivo 3: Investigar si la modulaciéon farmacolégica del spliceosoma,
mediante la amilorida, puede servir como abordaje terapéutico en el MM.

e Analizar el efecto citotéxico in vitro e in vivo de la amilorida en el MM.

¢ FEstudiar el mecanismo de accién de la amilorida en las células del MM.
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En esta seccién se describen las muestras biolégicas utilizadas, los materiales y métodos
empleados para su estudio, asi como los resultados obtenidos en relacién con cada uno de los

objetivos planteados en este trabajo doctoral.

La presentacion de todo ello se recoge en forma de tres articulos cientificos originales que
han sido publicados como consecuencia del trabajo realizado, los cuales estaran precedidos de un

breve resumen en espanol para facilitar una rapida revisién de su contenido.

La informacién suplementaria de cada uno de los tres trabajos estd disponible en formato

electronico en la pagina web de la revista, asi como en el apartado de ANEXOS.
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ARTICULO 1

“Transcriptome analysis reveals significant differences between primary plasma
cell leukemia and multiple myeloma even when sharing a similar genetic
background”

Elizabeta A. Rojas, Luis A. Corchete, Maria Victoria Mateos, Ramén Garcia Sanz, Irena

Misiewicz-Krzeminska y Norma C. Gutiérrez

Blood Cancer Journal
(2019), 9(12):90
DOI: 10.1038/s41408-019-0253-1
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El analisis del transcriptoma revela diferencias significativas entre los
pacientes con leucemia de células plasmaticas primaria y con mieloma maultiple
que comparten un fondo genético similar

Fundamento: La leucemia de células plasmaticas primaria (LCPp) es una neoplasia poco
frecuente y muy agresiva que continta teniendo un prondstico infausto. La delecién de 17p se ha
observado en aproximadamente el 50 % de las LCPp, mientras que en el MM no excede el 10 % en
el momento del diagnéstico. Aunque en el MM la delecién de 17p estd asociada con mal pronéstico
y enfermedad extramedular, su presencia no le confiere el grado de agresividad observado en la
LCPp. El estudio de otros mecanismos que pudieran estar alterados diferencialmente en ambas
discrasias, podria proporcionar nuevos datos sobre las diferencias biol6gicas entre estas dos
entidades. Por ello, en este trabajo nos propusimos analizar el transcriptoma de la LCPp y del

MM, en presencia de un fondo genético similar.

Metodologia: Los estudios del transcriptoma se llevaron a cabo en nueve muestras de
pacientes con LCPp y diez con MM. Las muestras fueron seleccionadas de manera que todas
tuviesen delecién de 17p y una distribucién homogénea del resto de alteraciones citogenéticas
entre ambos grupos (delecién de 13q, t(11;14), t(4;14), t(14;16), ganancia de 1q y delecién de
1p). El estudio global del transcriptoma se realizé utilizando los microarrays HTAs 2.0 (human
transcriptome arrays), partiendo del ARN total extraido de las muestras de LCPp y de MM. Se
analizd también el estado mutacional del otro alelo de TP53 mediante secuenciacién de Sanger.
El anélisis de los microarrays HTAs se llev6 a cabo a tres niveles: expresiéon diferencial génica,
expresion de transcritos y ocurrencia de eventos de splicing alternativo. Los resultados obtenidos
fueron validados mediante qRT-PCR.

Resultados: La secuenciacion de Sanger detecté mutaciones de TP53 en el 50 % de las
muestras de LCPp y en el 30 % de los MM, localizadas la mayoria de ellas en el dominio de unién

al ADN de p53 entre los exones 5 y 8, prediciendo una proteina inactiva.

El anélisis no supervisado de los HTAs de las 19 muestras permitié distinguir 2 grupos
bien diferenciados, el de las LCPp y el de los MM, segtn la expresién génica. En cambio, el analisis
no supervisado de los datos de RNA-seq de una serie de 73 pacientes con MM, pertenecientes al
estudio CoMMpass (MMRF), que presentaban todos delecién de 17p no mostrd ningin tipo de

agrupamiento.

Se encontraron 3 584 genes diferencialmente expresados entre las LCPp y los MM. La
mayoria de ellos estaban infraexpresados (3 217 genes) en las LCPp en comparacién con los
MM. Entre las rutas de senalizacién afectadas se encontraba el spliceosoma, la sintesis de ARNs
de transferencia y el procesamiento de proteinas en el reticulo endoplasmaético y transporte
de ARN. El andlisis a nivel de isoformas y de eventos de splicing mostré que habia 20 626
isoformas desreguladas entre ambos grupos y que el evento de splicing méas frecuente fue la
inclusion o exclusion de exones. Ademas, se detectaron diferencias significativas en la expresién

de componentes de la maquinaria del spliceosoma entre las LCPp y los MM, tanto a nivel génico
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como a nivel de isoformas y de eventos de splicing. De hecho, un andlisis de identificacién de
posibles sitios ESEs (exonic splicing enhancers) en la secuencia de exones desregulados entre
LCPp y MM, mostré que mas del 70% de los exones tenian sitios ESEs de unién para las
proteinas SRp40 y SC35, seguidas de SRp30a y SRp20, con 50 % y 42 %, respectivamente.

Los ensayos de qRT-PCR mostraron una correlacién positiva estadisticamente significativa
con los microarrays, a los tres niveles de analisis. Concretamente se confirmé que dos transcritos
del gen IKZF1 estaban infraexpresados en las LCPp, a pesar de que la expresion génica total se

mantuvo sin cambios significativos entre ambas discrasias.

Conclusiones: Nuestros datos revelaron diferencias significativas en la expresion de
genes, isoformas y eventos de splicing entre la LCPp y el MM, en presencia de la delecién de 17p.
Estos hallazgos resaltan la relevancia potencial del proceso de splicing del pre-ARNm y de la

sintesis proteica en la patogénesis de la LCPp.
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Abstract

Primary plasma cell leukemia (pPCL) is a highly aggressive plasma cell dyscrasia characterised by short remissions and
very poor survival. Although the 17p deletion is associated with poor outcome and extramedullary disease in MM, its
presence does not confer the degree of aggressiveness observed in pPCL. The comprehensive exploration of isoform
expression and RNA splicing events may provide novel information about biological differences between the two
diseases. Transcriptomic studies were carried out in nine newly diagnosed pPCL and ten MM samples, all of which
harbored the 17p deletion. Unsupervised cluster analysis clearly distinguished pPCL from MM samples. In total 3584
genes and 20033 isoforms were found to be deregulated between pPCL and MM. There were 2727 significantly
deregulated isoforms of non-differentially expressed genes. Strangely enough, significant differences were observed in
the expression of spliceosomal machinery components between pPCL and MM, in respect of the gene, isoform and
the alternative splicing events expression. In summary, transcriptome analysis revealed significant differences in the
relative abundance of isoforms between pPCL and MM, even when they both had the 17p deletion. The mRNA
processing pathway including RNA splicing machinery emerged as one of the most remarkable mechanisms
underlying the biological differences between the two entities.

Introduction

Plasma cell leukemia (PCL) is an uncommon and
aggressive plasma cell dyscrasia, characterised by the
presence of more than 20% of plasma cells (PCs) and an
absolute number of 22 x10°/L of PCs in peripheral
blood"? PCL is classified as primary (pPCL) when
detected de novo in patients with no evidence of previous
multiple myeloma (MM), or as secondary (sPCL) in
patients with relapsed or refractory MM that progresses
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to a leukemic phase®*. Around 60% and 40% of PCLs are
pPCL and sPCL, respectively’. pPCL accounts for less
than 3% of all malignant plasma cell disorders®™®. As a
consequence, the current knowledge regarding the
molecular basis of pPCL is quite limited by the small
number of cases included in most series.

Various studies have reported that pPCL patients show
different clinical and biological features from those of MM.
pPCL is associated with a dismal prognosis, whereby median
survival is about 10 months. Extramedullary plasmacytomas,
renal failure and massive bone marrow infiltration are more
frequently observed in pPCL than in MM. Conversely, pPCL
exhibits a lower prevalence of bone disease>*~".

Cytogenetic studies have shown that pPCL features
elevated genomic instability, especially with respect to,
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material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http//creativecommons.org/licenses/by/4.0/.
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karyotypic complexity, and higher prevalence of 17p13
deletions and 1q gains. Of the translocations involving the
immunoglobulin heavy chain locus (IGH), t(11;14) and t
(14;16) are more frequent in pPCL than in MM" ™% In
recent years, the development of high-throughput tech-
nologies has given rise to a detailed knowledge about
molecular characteristics of pPCL. Several studies have
investigated the gene mutation patterns', and differential
gene and miRNAs expression profiles'®™°, establishing
differences and similarities between pPCL and sPCL,
and MM.

Many of the genomic differences detected between
pPCL and MM could be attributed to the dissimilar dis-
tribution of genetic abnormalities between the two enti-
ties'®. For instance, the overrepresentation of 17p
deletions in pPCL could explain some of the differences
observed in the molecular and genomic patterns of pPCL
and MM. However, a more unfavourable genetic back-
ground does not fully explain the ominous prognosis of
this plasma cell neoplasm. In fact, although 17p deletion is
associated with poor outcome and extramedullary disease
in MM, the presence of this abnormality does not confer
the degree of aggressiveness observed in pPCL.

We surmised that the comparison of the transcriptome
profiles of pPCL and MM cases bearing similar cytoge-
netic abnormalities could provide valuable insights into
new molecular mechanisms responsible for the different
clinical outcomes of both diseases, and not reliant on
particular chromosomal abnormalities. For this purpose,
we analysed the transcriptome of pPCL and MM patients,
using samples with 17p deletion and a similar cytogenetic
profile, and focusing not only on gene expression profiling
previously studied by other authors, but also on isoform
expression and alternative splicing patterns.

Materials and methods
For more specific information, see the Online Supple-
mentary File.

Patients and samples

Nine patients with newly diagnosed pPCL and ten with
newly diagnosed MM were selected for the study based on
the presence of 17p deletion. The median age of patients
was 61 years (range: 54—89 years) for MM patients and 64
years (range: 45-83 vyears) for pPCL patients. The
research ethics committee of the University Hospital of
Salamanca approved the study in accordance with the
Declaration of Helsinki principles.

Plasma cells were isolated from bone marrow samples
using the AutoMACs immunomagnetic system (Miltenyi
Biotec), as previously described?. Purity was greater than
95% in all MM and pPCL cases. Interphase fluorescence
in situ hybridisation studies were performed as previously
described?!.
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Nucleic acid extraction, quantitative real-time PCR and
TP53 mutation analysis

RNA and DNA were extracted using AllPrep DNA/
RNA Mini Kit (Qiagen). RNA integrity was assessed using
Agilent 2100 Bioanalyzer. Total RNA (200ng) was
reverse-transcribed to cDNA using the SuperScript First-
Strand Synthesis System (Thermo Fisher). Gene expres-
sion was evaluated with TagMan (Applied Biosystems)
qRT-PCR assays, and isoform and exon expression were
evaluated using SYBR Green (Bio-Rad) qRT-PCR mRNA
assays. PGK1 and 18 S genes were used as endogenous
controls for gene and isoform/exon expressions, respec-
tively, and the relative expression was expressed as 27",

TP53 mutation status was determined using 100 ng of
genomic DNA by Sanger sequencing, as previously
reported®%.

Human transcriptome arrays

Total RNA was amplified, labelled and hybridised to
GeneChip® Human Transcriptome Array 2.0 from Affy-
metrix. Complete microarray data are available from the
Gene Expression Omnibus under accession number
GSE131216. Unsupervised multidimensional scaling
(MDS) was performed using the Euclidean distance as the
distance measure and the group average as the linkage
method. Samples in the MDS from the CoMMpass
dataset were classified in subgroups using model-based
methods from the mclust R package.

Differential expression was analysed using the samr
package (v2.0) in R. Gene and isoform level probesets with
expression values less than the mean of the microarray
antigenomic control expression values in all samples were
excluded from further analysis. Genes and isoforms with a
value of ¢<0.05 were considered statistically significant
and were selected for the KEGG pathway over-
representation analysis in the Webgestalt suite?>. Alter-
native splicing (AS) analysis was performed using the
Affymetrix Transcriptome Analysis Console (TAC) ver-
sion 4.0.1.36.

Computational RNA-binding site prediction

The SpliceAid database was used to identify potential
exonic splicing enhancer (ESE) motifs recognised by
human serine/arginine-rich (SR) proteins*.

Statistical analysis

The significance of differences in experiments was
assessed by the two-sided Student’s ¢ test for unpaired
samples. Pearson correlation coefficients were calculated
to measure associations between the results of HTA 2.0
and qRT-PCR assays. Fisher’s exact tests with two-tailed
were calculated using the GraphPad QuickCalcs website:
https://www.graphpad.com/quickcalcs/contingencyl/.
Values of p and g less than 0.05 were considered
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statistically significant. All statistical analyses were con-
ducted using IBM SPSS Statistics 22.0 and the SIMFIT
v7.0.9 package (Bardsley, University of Manchester, UK).

Results
Genetic abnormalities in pPCL and MM patients

All pPCL and MM samples carried the 17p deletion. A
balanced distribution of other genetic abnormalities in the
two entities was also taken into account when selecting
the samples. Genetic abnormalities analysed by FISH are
summarised in Table 1. The frequencies of IGH translo-
cations according to 14q32 partners, chromosome 1
abnormalities and 13q deletions are shown in Table 1.
Fisher’s exact test revealed no statistically significant dif-
ferences between MM and pPCL (Table 1).

To better characterise the TP53 status, mutations were
analysed in all patients with an available genomic DNA
sample (18/19 samples). TP53 mutations were identified
in four of eight pPCLs (50%) and three of ten MM (30%)
(p =0.63, Fisher’s exact test). Six of the seven identified
mutations were missense substitutions (86%), and were
localised in the DNA binding domain, distributed
between exons 5 and 8. The mutated amino acid residues
were in areas with hotspot properties and direct DNA
contact site. According to their functionality as tran-
scription factor the missense mutations detected in the
seven samples predicted an inactive p53 (Supplementary
Table 1).

Differentially expressed genes between pPCL and MM

To investigate the transcriptome signature of pPCL and
MM patients, Human Transcriptome Array 2.0 analysis
was performed. These microarrays allow us to explore
gene expression profile, as well as splicing events and
isoform expression, using millions of probes that cover
exon—exon splice junctions, and coding and non-coding
isoforms.

First, we explored the distribution of the samples in
clusters based on similarities in gene expression data

Table 1 Prevalence of genetic aberrations detected by
FISH in pPCL and MM

pPCL (n=9) MM (n=10) p-value (Fisher's exact test)
17p del  9/9 (100%) 10/10 (100%) 1.00
13q del  7/9 (78%) 6/10 (60%) 063
1q gain  5/9 (56%) 4/10 (40%)  0.65
1p del  2/9 (22%) 1/10 (10%) 058
t(11;14)  3/9 (33%) 2/10 20%) 063
t(4;14)  2/9 (33%) 0/10 (0%) 021
t(14;16)  1/9 (11%) 0/10 (0%) 047
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using unsupervised multidimensional scaling (MDS). The
first component in this analysis clearly separated MM
from pPCL samples (Fig. 1a), although two pPCLs were
closer to MM samples. We asked whether different
clusters could also be identified across a large series of
MM cases with dell7p. We used RNA-Seq data from
73 MM patients with dell17p from the MMRF CoMMpass
trial (NCT01454297) to address this question. We found
no clusters, but samples were apparently randomly dis-
tributed (Supplementary Fig. 1).

Gene expression analysis from HTAs identified a total
of 3584 genes differentially expressed between the pPCL
and MM groups, of which 367 were overexpressed and
3217 genes were underexpressed in pPCL relative to MM
patients (Fig. 1b). The list of the 40 genes with the greatest
and least fold change (FC) is shown in Fig. 1c. Functional
analysis using the KEGG pathway database revealed sta-
tistically ~ significant enrichment for spliceosome,
aminoacyl-tRNA biosynthesis, protein processing in
endoplasmic reticulum (ER) and RNA transport (Fig. 1d).
The heatmap, using only the genes from overrepresented
KEGG pathways, distinguished two entities with different
gene expression patterns and with a clear prevalence of
underexpression in pPCL compared with MM (Supple-
mentary Fig. 2).

Results of gene expression profiling were validated by
qRT-PCR. We chose 15 genes, eight components of the
spliceosome selected from the functional analysis using
KEGG database (SRSF1, SRSF3, SF3B1, DDX42, DHX1S,
HNRNPU, THOCI, and U2SURP), and seven genes from
the list of the 40 most deregulated genes, whose role in
cancer is less well understood (WARS, AHR, DUSPS,
CD79A, GADD45A, GADD45B, and PDE4B). TP53 gene
expression was also quantified. The primers used in these
assays are shown in Supplementary Table 2. As shown in
Fig. le, we observed a high concurrence in the FC
direction between HTA and qRT-PCR analysis for all the
16 genes considered. These results also revealed a strong
positive and statistically significant correlation (r=0.89,
p <0.0001) between the HTA microarray and qRT-PCR
results (Fig. le).

Differentially alternative splicing events in pPCL and MM
Next, we aimed to identify alternative splicing events
(ASEs) differentially expressed between pPCL and MM
patients. We detected 2873 genes affected by at least one
ASE, and the expression of 3303 splicing events (Fig. 2a).
The most abundant ASEs were the cassette exon, with 2225
exons included or excluded from mRNAs, followed by
alternative 5’ donor site, alternative 3’ acceptor site, and
intron retention (Fig. 2a). The differential expression of
these four types of ASEs in pPCL relative to MM is shown
in Fig. 2b. In this regard, among all ASEs we found a large
number of alternatively spliced exons differentially
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Fig. 1 Gene expression analysis. a Unsupervised analysis of gene expression in MM and pPCL samples using multidimensional scaling (MDS) of
19 samples (9 pPCL and 10 MM) based on the expression of 35,345 genes. Samples appear to be clustered in two groups, based on the Euclidean
distance. b Differential gene expression of pPCL relative to MM samples using the samr package in R. Genes with positive log, FC and p < 0.05 were
considered overexpressed, and genes with negative log, FC and p < 0.05 were considered underexpressed, in pPCL compared with MM samples.
c List of the 40 most deregulated genes: the 20 most overexpressed and the 20 most underexpressed genes in pPCL relative to MM samples.

d Pathway enrichment analysis at the gene level using Webgestalt suite. The number of affected genes in each pathway is shown. The statistical
significance of the enrichment is expressed as -log;o FDR using the Benjamini-Hochberg method. e Experimental validation of gene expression of
HTA microarray results. The mRNA levels of genes were assessed by qRT-PCR. The results are shown as the magnitude of change (log; FC) between
pPCL and MM samples, using 718 S rRNA as the endogenous control gene. The Pearson correlations of gene expression measured by gRT-PCR and by
HTAs in pPCL (n=9) and MM (n = 10) samples are also shown.

expressed between the two groups (Fig. 2b). KEGG pathway  Epstein—Barr virus (EBV) infection pathways were the most
analysis of genes affected by deregulation of alternatively  significantly enriched (Supplementary Fig. 3).

spliced exons, revealed that FoxO signalling, RNA trans- We validated the differential expression of the cassette
port, glucagon signalling, phospholipase D signalling and  exon event of 13 selected genes (TRA2B, TUBGI, BCL2,
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Fig. 2 Alternative splicing analysis. a Analysis of statistically significant alternative splicing events irrespective of gene expression changes between
pPCL and MM samples. ASEs were identified using Affymetrix TAC software and classified into four main types of pattern: cassette exon (inclusion or
exclusion of exons), alternative 5" donor site, alternative 3’ acceptor site, and retained introns. Only the events with an event estimation score > 0.1
and an ASE assigned according an absolute splicing index of 2 and exon p < 0.05 were considered. b Differential ASEs expression of pPCL compared
with MM samples using the TAC. ASEs with positive log, FC and p < 0.05 were considered as overexpressed, and ASEs with negative log, FC and p <
0.05 were considered as underexpressed, in pPCL compared to MM samples. ¢ Experimental validation of exon expression of HTA microarray results.
The results are shown as the magnitude of change (log, FC) between pPCL and MM samples, using PGKT as the endogenous control gene. The
Pearson correlation of exon expression measured by gRT-PCR and by HTAs in pPCL (0 =9) and MM (n = 10) samples are also shown.
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COA3, COGS8, PI4KB, PPM1B, RNF11, MERTK, SULF2,
CD27, KRAS and NEDD4L) by qRT-PCR (Supplementary
Table 3). The selection criteria were statistically sig-
nificant exons (p < 0.05) with the highest and lowest FC
between pPCL and MM, and longer than 70 nucleotides.
The primers used for these assays are shown in
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Supplementary Table 4. Thus, the downregulation of
exons of SULF2, CD27, NEDDL4, RNFI11, MERTK and
KRAS genes, and the upregulation of exons of TRA2B,
TUBGI1, BCL2, COA3, COGS, PI4KB, and PPM1B genes
observed in the HTA microarrays of pPCL were validated
by qRT-PCR (Supplementary Fig. 4). Furthermore, the
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Pearson correlation analysis revealed a strong, positive
and statistically significant correlation (r=0.9488,
p<0.0001) between HTA microarrays and qRT-PCR
results of the 13 selected alternatively spliced exons (Fig.
2¢).

It is well known that changes in the expression of dif-
ferent spliceosome genes can affect alternative splicing
profile of cancer cells® . In particular, some of the
components of the SR protein family have been shown to
be upregulated in various cancers, in which regulate the
splicing of many genes. These data strongly emphasise the
important role of alternative splicing in tumorigen-
esis?®??. Therefore, we investigated whether the deregu-
lated gene expression of spliceosome components found
in pPCL as compared to MM, was correlated with the
occurrence of deregulated splicing events detected in this
study. We focused on SRSFI and SRSF3 genes, whose
overexpression in pPCL was validated by qRT-PCR (as
shown in Fig. le and Supplementary Fig. 5A). A high
correlation between SRSFI and SRSF3 was observed
(Supplementary Fig. 5A), which is noteworthy because the
expression of SRSFI and SRSF3 genes is mutually regu-
lated and coexpressed in normal and tumour cells, and
SRSF3 is able to regulate the alternative splicing of SRSF1
gene®,

We next explored the correlation between SRSFI and
SRSF3 genes with the 13 validated exons (Fig. 5b) alter-
natively spliced and differentially expressed between
pPCL and MM (TRA2B, TUBGI, BCL2, COA3, COGS,
PI4KB, PPM1B, RNF11, MERTK, SULF2, CD27, KRAS,
and NEDD4L). We found a negative significant correla-
tion between SRSF1 and the expression of CD27 exon 2
(r=-0.71, p =0.0006), NEDD4L exon 3 (r=—0.55, p=
0.0130) and RNFI1I exon 3 (r=-—0.4755, p=0.0396)
(Supplementary Fig. 5B, C). In the case of SRSF3, a
negative significant correlation with CD27 exon 2 (r=
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—0.66, p =0.0019) and MERTK exon 3 (r=—0.5587, p =
0.0129) was also detected (Supplementary Fig. 5B, D).
These results indicate that the alternative splicing of
CD27, NEDD4L, and RNF11 genes could be regulated by
the splicing factor SRSF1, and the alternative splicing of
MERTK and CD27 genes could be controlled by SRSF3.

Differentially expressed isoforms between pPCL and MM

Alternative splicing, carried out by the spliceosome
machinery, leads to mRNA isoforms that encode different
proteins. Since we had observed differential expression of
ASEs between MM and pPCL, we searched for differences
in mRNA isoform expression. We identified 20033
deregulated isoforms associated with 6254 gene IDs
curated by the HGNC (Hugo Gene Nomenclature Com-
mittee), of which 1806 isoforms were overexpressed and
18227 were underexpressed in pPCL patients relative to
MM patients (Fig. 3a). The enrichment analysis identified
EBV infection, spliceosome and proteasome pathways,
among others, as statistically significantly overrepresented
KEGG pathways (Fig. 3b). In the unsupervised analysis
based on isoform expression, the samples tended to be
separated into two groups, as was the case with gene
expression analysis (Supplementary Fig. 6).

It should be pointed out that across the entire tran-
scriptome analysis we found significant differences in the
expression of the components of the spliceosomal
machinery between pPCL and MM. We found 15 spli-
ceosome genes differentially expressed between the two
groups. Moreover, 24 spliceosome components displayed
differential expression of some of their isoforms, and 36
were affected by AS events (Fig. 4).

In recent years, some studies have reported the advan-
tage of the analysis of isoform expression pattern com-
pared with standard gene expression profiling in cancer
research®®?, Therefore, we also focused on those
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Fig. 3 Differential isoform expression between pPCL and MM samples. a Isoforms with positive log, FC and p < 0.05 were considered
overexpressed, and isoforms with negative log, FC and p < 0.05 were considered underexpressed. b KEGG enrichment analysis based on genes with
deregulated isoforms. The statistical significance of the enrichment analysis is expressed as —log;o FDR using the Benjamini-Hochberg method.
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expressed genes (selection criteria for “expressed genes”
in Materials and Methods section) that were not differ-
entially expressed, but whose isoforms were differentially
expressed. We found 2727 deregulated isoforms belong-
ing to 1249 expressed genes, 1183 of which were coding
isoforms (Fig. 5a). A prevalence of underexpressed iso-
forms in pPCL patients relative to MM was also found.

To validate the differential isoform expression detected
by HTA, we focused on the coding isoforms, of which 64
were overexpressed and 1119 underexpressed in pPCL
compared to MM patients (Supplementary Fig. 7A). We
selected 12 coding isoforms differentially expressed (g <
0.05) and distributed according to high, medium and low
FC, to be validated by RT-PCR (Supplementary Fig. 7A).
In the case of genes with two or three deregulated iso-
forms a specific sequence was needed in each isoform for
primer design. The selected isoforms and the primers
used are shown in Supplementary Tables 5 and 6,
respectively.

The differential expression of ten of the twelve isoforms
tested by qRT-PCR was consistent with the results obtained
by HTA (Fig. 5b). Subtle discrepancies were observed for
isoforms ENST00000449494  (RPLI0 isoform) and
ENST00000612658 (IKZF1I isoform). A strong, positive and
statistically significant correlation (r=0.92, p<0.0001)
between the two methods was observed (Fig. 5c).
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The overexpressed isoforms ENST00000553436 (KLCI
gene), ENST00000443588 and ENST00000372393 (ASSI
gene), and ENST00000340491 (DLGAP4 gene) are iso-
forms coding for protein domains, which should be bio-
logically effective and able to exert their function. On the
other hand, the isoforms ENST00000413698 and
ENST00000646110 (IKZFI1 gene), ENST00000576366
(RPTOR gene) and ENST00000413725 (SFI gene) are
among the underexpressed isoforms, which include
regions coding for protein domains whose lack probably
lead to loss of some of the protein functions. We were
struck in particular by the IKZF1 gene (Ikaros protein),
which was among the genes containing various differ-
entially expressed isoforms. The IKZF1 gene is composed
of eight exons and produces 23 splice variants by alter-
native splicing, which are differentiated by alternative use
of exons and subsequently in their functional domain
composition, with distinct biological functions (Supple-
mentary Fig. 6B). Six IKZFI isoforms were under-
expressed (g < 0.05) in the HTA analysis comparing pPCL
and MM (Supplementary Fig. 7C). Among the four
protein coding isoforms, three could be quantified by
qRT-PCR, considering the specific sequences in each
isoform. The coding isoforms ENST00000413698 and
ENST00000646110 were significantly underexpressed in
pPCL (p < 0.01) as revealed by qRT-PCR, while the IKZF1
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(see figure on previous page)

Fig. 5 Identification of differentially expressed isoforms of genes without total expression changes. a Classification of deregulated isoforms
according to coding (in blue) and non-coding (in grey) isoforms among the non-differentially expressed genes. The right side shows the coding
isoforms that were overexpressed and underexpressed in pPCL relative to MM. The left side shows the non-coding isoforms that were overexpressed
and underexpressed in pPCL relative to MM. For both, coding and non-coding isoforms with positive log, FC and p < 0.05 were considered
overexpressed, and isoforms with negative log, FC and p < 0.05 were considered underexpressed. Genes with a value of p > 0.05 were considered
not to be differentially expressed. b Experimental validation of differential isoform expression from genes without total expression changes in the
HTA microarrays. The mRNA levels of isoforms (Ensembl ID) were assessed by qRT-PCR. The results are shown as the log, FC between pPCL and MM
samples, using the PGKT gene as the endogenous control. The expression difference of ten isoforms between pPCL and MM was statistically
significant, and the expression difference of ENST00000449494 (RPL10 isoform) and ENST00000612658 (IKZF1 isoform) between pPCL and MM were
not statistically significant. ¢ Pearson correlation of isoform expression measured by gRT-PCR and by HTAs in pPCL (n = 9) and MM (n = 10) samples.
d IKZF1 isoform analysis. The mRNA levels of ENST000004 13698, ENST00000646110, ENST00000612658 and IKZF1 gene were assessed by qRT-PCR. The
results are shown as the relative expression (calculated as 27 + s.d between pPCL and MM samples, using PGK1 as endogenous control gene.
Statistically significant differences between pPCL and MM samples are represented as **p < 0.01, *p < 0.05 and n.s. non-significant (unpaired two-
sided Student’s t test). Schematic representation of the three downregulated IKZF1 coding isoforms analysed by gqRT-PCR in pPCL compared with MM
samples is provided below. The longest isoform (ENST00000331340, NM_006060) contains four N-terminal zinc finger motifs (red), and two
C-terminal zinc fingers (green). Exons are numbered from 1 to 8. Coding exons are represented by blue boxes and UTR regions by black boxes.

gene expression was equally expressed in both plasma
cell dyscrasias, corroborating the HTA results (Fig. 5d).
However, we found similar expression of the isoform
ENST00000612658 in pPCL and MM (Fig. 5d).

Identification of potential exonic splicing enhancers

Alternative splicing produces different isoforms from a
single gene, contributing significantly to proteomic
diversity. This process is mediated by the splicing
machinery, the spliceosome, which comprises more than
300 splicing factors that bind to specific sequence ele-
ments in the pre-mRNA sequence. Among the splice site
signals in this sequence, exonic splicing enhancers (ESEs)
are short and degenerative sequences that enhance splice-
site recognition in constitutively and alternatively spliced
exons>>, ESEs act as binding sites for SR RNA-binding
proteins, a family of conserved splicing factors that par-
ticipate in multiple steps of the spliceosome assembly,
during RNA splicing®*. A broad range of sequences can
function as ESEs in a particular context, and distinct SR
proteins have different ESE specificities. The development
of several resources for identifying ESEs binding sites and
the global deregulation of the spliceosomal machinery
prompted us to use one of these databases®* to look for
potential ESE motifs recognised by human SR proteins in
our transcriptome dataset.

First, we examined exons differentially expressed
between pPCL and MM that were validated by qRT-PCR
assays. We only considered ESEs with a score of > 5 in the
SpliceAid database. The prediction algorithm used iden-
tified a very large number of ESEs. The analysis of the 13
exon sequences (TRA2B, TUBGI, BCL2, COA3, COGS,
PI4KB, PPM1B, RNF11, MERTK, SULF2, CD27, KRAS,
and NEDD4L genes) based on the SpliceAid database,
predicted that all of them had at least one binding site for
SR proteins (Fig. 6a). SRp40, SRp30a and SC35 proteins
had the highest number of binding sites on the 13 exons,
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while SRp75 and SRp46 SR proteins had one and zero,
respectively (Fig. 6a). These results indicate a possible
strong effect of SRp40, SRp30a and SC35 proteins of all
the SR proteins involved in the splicing of those pre-
mRNAs (with a greater number of binding sites). In fact,
SR proteins were overexpressed at the gene level in pPCLs
compared with MM patients, although the differences
were only statistically significant for SRSFI and SFSF3
(Supplementary Fig. 8).

Secondly, we analysed 104 exons differentially expressed
between pPCL and MM that were detected in KEGG
pathway analysis of genes affected by inclusion or exclu-
sion of exons (Supplementary Table 6). More than 70% of
exons had binding sites for SRp40 and SC35 proteins,
followed by SRp30a and SRp20, with 50% and 42%,
respectively (Fig. 6b).

Since ESEs can be highly heterogeneous, their compo-
sition probably influences the occurrence of pre-mRNA
splicing and thereby affects the transcriptome of cells. The
higher number of ESEs found using the database indicates
that prediction analysis needs to be validated experi-
mentally to identify those that genuinely act by binding to
SR proteins in the specific context of pPCL and MM.

Discussion

In this study, we compared the transcriptome profiles of
pPCL and MM using samples that shared 17p deletion
and a similar pattern of other cytogenetic alterations.
These selection criteria allowed us to investigate whether
molecular mechanisms other than those associated with
the simple predominance of a particular chromosomal
abnormality could contribute to determine the dramatic
aggressive outcome of pPCL. Using HTA microarrays we
were able not only to study the gene expression pattern, as
other authors have done, but also to investigate the iso-
form expression and the impact of alternative splicing on
the pathology of these diseases.
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Fig. 6 Predictive identification of exonic splicing enhancers using the SpliceAid database. a Detection of ESEs in the 13 experimentally
validated exons with differential expression between pPCL and MM, and on 104 exons with differential expression detected by KEGG pathway
analysis affected by inclusion or exclusion of exons. Only the ESEs with a score of >5 assigned by the SpliceAid database were considered. The legend
refers to the number of ESEs detected per exon for each SR protein. b Number of SR protein-binding sites in the 117 exons analysed.

In spite of the similar distribution of cytogenetic have a significantly different transcriptome profile from
alterations in the two groups, the unsupervised analysis that observed in the tumour PCs of MM, even though
based on gene expression data distinguished two differ- both diseases share the same tumour cells and have
entiated clusters. In contrast, the same kind of analysis  similar cytogenetic abnormalities. Indeed, we found a
using RNA-Seq data from the CoMMpass study did not large number of genes that are differentially expressed
identify any cluster in the set of MM patients with the 17p  between pPCL and MM, most of which are under-
deletion. These results suggest that tumour PCs of pPCL  expressed in pPCL patients. Our results are not
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comparable with those of previous studies of gene
expression profiling in pPCL and MM patients, since we
selected patients with a similar genetic background across
the two plasma cell dyscrasias'’. This probably explains
why the gene expression-based pathway enrichment
analysis showed seven affected pathways, including the
spliceosome, aminoacyl-tRNA biosynthesis and EBV
infection, which have not been described before. Never-
theless, SLAMF6, SULF2, STAPI, and AHR genes, four of
the 40 most significantly deregulated genes in pPCL were
among the list of 503 genes reported by Todoerti et al.'”
as being differentially expressed between the two groups.

Interestingly, six of the 20 most underexpressed genes
founded in pPCL (FRZB, DKK1, KIT, NCAM1, CTGF, and
CXCR4) are commonly associated with the bone marrow
microenvironment and bone disease in MM. For example,
the expression of the WNT inhibitors, FRZB and DKK1
genes, is associated with osteolytic bone lesions in mye-
loma patients®. In fact, ~80% of MM patients develop
osteolytic bone lesions, while in pPCL bone lesions are
less frequent®®,

WARS (tryptophanyl-tRNA synthetase) and AHR (aryl
hydrocarbon receptor) genes were the two most over-
expressed genes in pPCL. WARS is a housekeeping
enzyme that participates in the protein synthesis, cata-
lysing the specific ligation of tRNA with tryptophan®’.
The upregulation of WARS has been reported to be
included in a high-risk transcriptional signature for pPCL
correlated with shorter overall survival'’. Remarkably, a
recent study has demonstrated a novel non-canonical
function of WARS in antiviral defence, so it is rapidly
secreted in response to viral infection, leading to the
in vitro and in vivo inhibition of virus replication®. Pre-
vious studies have reported high levels of expression of
WARS in cells infected with human cytomegalovirus,
hepatitis B virus, and even in mouse intestines infected
with Cholera vibrio®**'. In our study, an unexpected
finding was the deregulation of the EBV infection pathway
as revealed by the KEGG analysis for gene, isoform and
alternatively spliced exon expressions. In addition, a few
studies have reported the use of cellular spliceosome
machinery by EBV for the transcription of viral proteins in
EBV-infected cells with splicing components*>*3, We can
speculate that the infection with EBV might lead to the
overexpression of the WARS gene as an antiviral defence
of the EBV-infected cells. However, the potential role of
this response in the pathogenesis of pPCL is unknown.
The AHR gene is a cytosolic ligand-activated transcription
factor considered as a chemical sensor of xenobiotic-
induced carcinogenesis*’. Several studies have demon-
strated that AHR is overexpressed and constitutively
active, even in the absence of environmental ligands in a
range of human tumours, such as cutaneous squamous
cell carcinomas®, breast cancer’®, adult T-cell
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leukemia®’, pancreatic cancer®®, and human glioma‘w.
Recently, AHR levels have been inversely associated with
survival of MM patients, indicating that AHR inhibition
may be an attractive therapeutic option for the treatment
of this disease.

We also investigated alternative splicing events and
isoforms expression in pPCL and MM patients. More
than 2000 events of alternative splicing, predominantly
inclusion or exclusion of exons, were detected. The use of
a transcriptome array allowed us to identify more than
1000 deregulated coding isoforms, mostly underexpressed
in pPCL, belonging to 658 genes whose expression did not
significantly differ between pPCL and MM. Of these, the
SF1 (Splicing Factor 1) gene is a RNA-binding component
of the spliceosomal machinery required for the ATP-
dependent first step of spliceosome assembly. The
deregulated SFI isoform is shorter than the canonical one
and lacks the essential protein domain expression
involved in their RNA binding functions. In this way, the
SFI isoform is probably unable of efficiently exert its
canonical function in spliceosome assembly, irrespective
of SFI gene expression. We also found two deregulated
ASSI (Argininosuccinate Synthase 1) isoforms that differs
in the number of protein domains and features. The Assl
protein is one of the enzymes of the urea cycle and cat-
alyses the penultimate step of the arginine biosynthesis
pathway. Thereby, ASSI gene is critical for the growth of
human cancers, due to the role of L-arginine in different
aspects of tumour metabolism and the immune sys-
tem®>*% We can reasonably speculate that the over-
expression of these two ASSI isoforms in pPCL patients
could be associated with an increased proliferation of
the PCs.

On the other hand, we detected six underexpressed
IKZF1I isoforms in pPCL patients in the HTA data, two of
which were validated by qRT-PCR. Ikaros, encoded by the
IKZFI gene, is a zinc-finger protein essential for lym-
phocyte development and which is important in MM
pathology®®. Their proteasomal degradation is a critical
event in the mechanism of action of immunomodulatory
drugs (IMiDs) against MM>*, The 23 IKZFI isoforms
produced by alternative splicing are differentiated by the
alternative use of exons and subsequently in their func-
tional domain composition, with distinct biological
functions. However, only the isoforms that contain at least
three of four N-terminal zinc fingers are capable of
binding to DNA efficiently, and exert their function as a
transcription factor. Nevertheless, the isoforms that con-
tain the C-terminal zinc fingers that are responsible for
dimerisation with other Ikaros isoforms and other family
members have dominant negative functions by which they
interfere with the DNA-binding functions of those pro-
teins, including the inhibition of the activity of the full-
length Ikaros protein®~>’. Interestingly, in this study the
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two validated IKZF1I isoforms are shorter than the cano-
nical isoform and are non-DNA-binding isoforms with a
distinct C-terminal compared with the canonical isoform.
Likewise, we hypothesised that these two IKZFI non-
DNA-binding isoforms could also bind to the other
members of the zinc-finger protein family through the C-
terminal domain and exert a dominant-negative effect by
interfering with the activity of those DNA-binding iso-
forms and, consequently, transcription would not be
activated®>®,

Overall, our results indicate that pPCL is a unique
biological entity, and therefore different from MM. Even
comparing MM and pPCL cases that share similar cyto-
genetic alterations, the transcriptome of pPCL is sub-
stantially and significantly different from that of MM.
This work is the first of its kind to explore the expression
of the spliceosomal components and the occurrence of
alternative splicing events in pPCL compared with MM
samples. Our findings also suggest the existence of a
significant connection between alternative splicing
deregulation and the molecular features of pPCL, and
provide evidence of candidate genes and as yet uni-
dentified pathways that could be pertinent to the biology
of pPCL and that could contribute to the more aggressive
clinical course of this neoplasm compared with that of
MM. A limitation of this study is the small sample size
related to the low incidence of pPCL. As such, further
research is needed to validate the most relevant findings
in other series of pPCL patients with dell7p.
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La expresion de las isoformas proteicas de p53 predice la supervivencia
de los pacientes con mieloma maultiple

Fundamento: La pérdida de la actividad del gen supresor tumoral p53, a través de
la delecion de 17p o de la mutacién del gen, estd asociada con una corta supervivencia y peor
pronostico en el MM. Sin embargo, la desregulacién de la via de p53 abarca un espectro mucho
mas amplio de alteraciones. Actualmente se sabe que existen al menos 12 isoformas proteicas de
p53 codificadas a partir de 9 isoformas de ARNm del gen TP53, como resultado de la combinaciéon
del splicing alternativo, el uso de promotores y/o sitios de inicio de la traduccién alternativos.
Las isoformas de p53 pueden agruparse en subclases dependiendo del mecanismo que dio lugar a
su formacién: subclase o, subclase 3, subclase v, subclase TA/A40, también llamadas isoformas
largas, y subclase A133 o isoformas cortas. Aunque la desregulaciéon de la expresion de las
isoformas de p53 se ha asociado con el prondstico en varios tipos de cancer, hasta ahora no hay
estudios que evaltien la expresion de las isoformas de pb3 en el MM. Por ello, nos propusimos
cuantificar la expresién de las isoformas de p53, tanto a nivel de proteina como de ARNm, en

muestras de pacientes con MM, y analizar su valor clinico.

Metodologia: Se utilizé la tecnologia de nanoinmunoensayo capilar para identificar y
cuantificar la expresion de las isoformas proteicas de p53. Para ello se utilizaron 156 muestras
de CPs CD138+4 purificadas de pacientes con MM de nuevo diagnéstico, incluidos en un ensayo
clinico del Grupo Espanol de Mieloma (PETHEMA/GEM2012). Los anticuerpos primarios
utilizados en el estudio fueron: el anticuerpo monoclonal DO-11 cuyo epitopo estd presente en
el dominio de unién al ADN, y que permite por tanto la deteccién de todas las isoformas de
p53 por su peso molecular; el anticuerpo monoclonal DO-1, cuyo epitopo esta situado en el
dominio de transactivacién 1, sélo presente en las isoformas TA (TAp53a, TAp5303, y TAp53y);
el anticuerpo policlonal A300-249A-T, que es especifico de las isoformas o (TAp53a, A40p53a,
A133p53a, y A160p53a); y el anticuerpo policlonal KJC8, que es especifico de las isoformas 3
(TAp533, A40p53B, A133p53B, y A160p53p3). El anticuerpo anti-GAPDH, fue utilizado como
control enddégeno. Todos los datos de expresiéon de proteinas fueron analizados utilizando el

programa Compass™ (ProteinSimple).

La expresién del gen y de las isoformas de p53 a nivel de ARNm fue analizada mediante
PCR cuantitativa en tiempo real (qRT-PCR) utilizando oligonucleétidos diseniados, estanda-
rizados y publicados previamente. Se cuantificaron las isoformas o, 3, cortas (A133/A160) y
largas (TA/A40), ademds del gen completo. Adicionalmente, para analizar la presencia de mu-
taciones puntuales del gen T'P53 se secuenciaron sus exones mediante secuenciacién de nueva

generacién (NGS) utilizando el método de captura.

La estimacion de las curvas de supervivencia se realizé6 mediante el método de Kaplan-
Meier y su comparacién con la prueba de log-rank. La prueba de chi-cuadrado y test de Fisher se
utilizé para el anélisis de asociacién entre las variables categéricas. Todos los andlisis estadisticos

se llevaron a cabo utilizando los programas SPSS v.22.0, Simfit v.7.5.1 y el paquete R.
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Resultados: El 76 % de los pacientes presentaban expresién de la proteina total p53,
donde la mayor proporcién correspondia a las isoformas largas, detectadas en el 72 % de las
muestras, y una menor proporcién correspondia a las isoformas cortas, sélo detectadas en el 18 %
de los casos. Las isoformas TA se encontraron en el 85 % de los casos: la isoforma TAp53a fue
mas abundante que TAp533 y TAp53y. El 15 % de los pacientes no presentaban expresién de las
isoformas TA. Por su parte, las isoformas o y 3 se identificaron en el 85 % y el 52 % de los casos,

respectivamente.

Se detecté mayor expresién de las isoformas largas y TAp533/y en los pacientes que tenfan
delecién de 17p. En cambio, la proteina total y el resto de las isoformas no mostraron cambios
en su expresiéon en funcién de la presencia de delecién de 17p. Ademés, los pacientes de MM
con alto riesgo citogenético expresaron mayores niveles de expresion de TAp53B/y que aquellos
pacientes con riesgo citogenético estandar. El anélisis de supervivencia puso de manifiesto que los
pacientes con baja y alta expresién de isoformas cortas e isoformas TAp533/y, respectivamente,

presentaban una supervivencia global (SG) y un tiempo hasta la progresién (SLP) més cortos.

Cuando se analiz6 la supervivencia de los pacientes combinando el riesgo citogenético
con la expresiéon de las isoformas, se observé que los pacientes con alto riesgo citogenético y
alta expresién de las isoformas cortas o baja expresiéon de la isoforma TAp533/y, tuvieron una
SG y SLP maés largas, comparable a la de los pacientes con riesgo estandar. El mismo analisis
considerando las alteraciones citogenéticas individualmente mostré un efecto beneficioso de la
expresion de isoformas cortas en el prondstico de los pacientes con t(4;14) o del(17p). En el
andlisis multivariante se observé que tanto el alto riesgo citogenético como los altos niveles de

expresion de la isoforma TAp53B3/y se mantuvieron como factores pronésticos independientes de
la SLP.

Conclusiones: Los cambios en la expresién de las isoformas proteicas cortas y las
isoformas TAp53@/y se asocian con el prondstico de los pacientes con MM. La estratificacién
pronodstica de los pacientes basada en las alteraciones citogenéticas mejora notablemente cuando

se incluyen los datos de expresion de las isoformas proteicas de pb3.

70



TESIS DOCTORAL

W) Check for updates

Received: 4 November 2021 Revised: 21 January 2022 Accepted: 15 February 2022

DOI: 10.1002/ajh.26507 '

(
09 WILEY

RESEARCH ARTICLE

Expression of p53 protein isoforms predicts survival in
patients with multiple myeloma

Elizabeta A. Rojas®?©® | Luis A. Corchete?® | Cristina De Ramén'® |

Patryk Krzeminski®>*© | Dalia Quwaider™” | Ramén Garcia-Sanz">*° |
Joaquin Martinez-Lépez*>®” © | Albert Oriol>® | LauraRosifiol®® | Joan Bladé>’® |
Juan José Lahuerta>'® | Jests F. San Miguel*>'! | Marcos Gonzalez!?* |

1245 | Jean-Christophe Bourdon? |

1,2,13 | 1,2,4,5

Maria Victoria Mateos

Irena Misiewicz-Krzeminska Norma C. Gutiérrez

1Hematology Department, University Hospital of Salamanca, IBSAL, Salamanca, Spain

2Cancer Research Center-IBMCC (USAL-CSIC), Salamanca, Spain

3Department of Nanobiotechnology and Experimental Ecology, Institute of Biology, Warsaw University of Life Sciences, Warsaw, Poland
“4Centro de Investigacién Biomédica en Red de Cancer (CIBERONC), CB16/12/00233, Salamanca, Spain

5Grupo Espariol de Mieloma (GEM), Barcelona, Spain

SMedicine Department, Complutense University, Madrid, Spain

7Spanish National Cancer Research Center (CNIO), Madrid, Spain

8University Hospital Germans Trias i Pujol, Barcelona, Spain

“Hospital Clinic of Barcelona, Instituto de Investigaciones Biomédicas August Pi i Sunyer (IDIBAPS), Barcelona, Spain

1%Hematology Department, University Hospital 12 de Octubre, Madrid, Spain

11Clinica Universidad de Navarra, Centro de Investigaciones Médicas Aplicadas (CIMA), Instituto de Investigacién Sanitaria de Navarra (IdiSNA), Pamplona, Spain
125chool of Medicine, University of Dundee, Dundee, UK

13Experimental Hematology Department, Institute of Hematology and Transfusion Medicine, Warsaw, Poland

Correspondence

Norma C. Gutiérrez, Hematology Department,

University Hospital of Salamanca, IBSAL, Paseo
San Vicente, 58-182, Salamanca 37007, Spain.

Email: normagu@usal.es

Funding information

The Instituto de Salud Carlos Ill, European
Union FEDER funds, Grant Numbers:
P116/01074 and P119/00674; The Asociacion
Espariola Contra el Cancer, Grant Number:
AECC, PROYE20047GUTI; National Science
Centre, Poland, Grant Number: UMO-2019/
35/B/NZ5/02824; The Consejeria de
Educacion de Castilla y Leén and FEDER
funds; AECC, Grant Number:
CLJUN18010DERA.

Abstract
Loss and/or mutation of the TP53 gene are associated with short survival in multi-
ple myeloma, but the p53 landscape goes far beyond. At least 12 p53 protein
isoforms have been identified as a result of a combination of alternative splicing,
alternative promoters and/or alternative transcription site starts, which are grouped
as a, B, vy, from transactivation domain (TA), long, and short isoforms. Nowadays,
there are no studies evaluating the expression of p53 isoforms and its clinical rele-
vance in multiple myeloma (MM). We used capillary nanoimmunoassay to quantify
the expression of p53 protein isoforms in CD138-purified samples from
156 patients with newly diagnosed MM who were treated as part of the PET-
HEMA/GEM2012 clinical trial and investigated their

prognostic impact.

Irena Misiewicz-Krzeminska and Norma C. Gutiérrez contributed equally to this study.
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Quantitative real-time polymerase chain reaction was used to corroborate the
results at RNA levels. Low and high levels of expression of short and TAp53p/y
isoforms, respectively, were associated with adverse prognosis in MM patients.
Multivariate Cox models identified high levels of TAp53p/y (hazard ratio [HR], 4.49;
p < .001) and high-risk cytogenetics (HR, 2.69; p < .001) as independent prognostic
factors associated with shorter time to progression. The current cytogenetic-risk
classification was notably improved when expression levels of p53 protein isoforms
were incorporated, whereby high-risk MM expressing high levels of short isoforms
had significantly longer survival than high-risk patients with low levels of these
isoforms. This is the first study that demonstrates the prognostic value of p53
isoforms in MM patients, providing new insights on the role of p53 protein dys-

1 | INTRODUCTION

Loss and/or mutation of the TP53 gene are associated with short
survival in multiple myeloma (MM). TP53 mutations are uncom-
mon at diagnosis, being present in less than 8% of cases, and dele-
tion of the 17p13 chromosomal region, del(17p), has been
identified in approximately 10% of newly diagnosed MM
patients.? Although del(17p) has been routinely examined in the
clinical setting for many years and TP53 mutations are considered
in present-day genetic studies, the p53 landscape covers a far
wider range of phenomena than just TP53 deletions and muta-
tions.>* Therefore, the study of other deregulations of the p53
pathway, particularly those that trigger defective p53 activity, are
also important.®~¢

The discovery of an alternative promoter in the TP53 gene in
2005 led to the identification and characterization of p53 isoforms.”
This finding has had a profound impact on our perspective on the
p53 pathway and the ways of researching p53 tumor suppressor
activity. The TP53 gene expresses at least twelve p53 protein
isoforms that are encoded by nine p53 mRNAs: TAp53a, TAp53p,
TAp53y, A40p53a, A40p53p, A40p53y, A133p53a, A133p53p,
A133p53y, A160p53a, A160p53p, and A160p53y proteins. The p53
isoforms arise from the combination of alternative promoter usage
(proximal and internal promoters), alternative initiation codons
(ATG1, ATG40, ATG133 and ATG160), and/or alternative splicing of
introns 2 (A40) and/or 9 (o, B, v) (Figures 1A and S6A,B). They can be
grouped into subclasses or variants, such as the o, B, y, from trans-
activation domain (TA), A40, and A133/A160 variants, based on the
molecular mechanisms that lead to their formation (Figures S1D and
S6A,B). The 12 p53 protein isoforms share a common region of the
DNA-binding domain (DBD) but have different transactivation and
oligomerization domains that allow them to differentially regulate
the expression of p53 target genes and, at the same time, to be dis-
tinctively modulated by their negative regulators, like the Mdm2 and

Mdm4 proteins.” 1!

regulation in MM biology.

Several studies have demonstrated that p53 isoforms are differ-
entially expressed in human cancers and that they affect the progno-
sis of some of these tumors. TP53 deletions have been associated
with low levels of p53 gene and protein expression in MM, using
microarrays and immunohistochemistry, respectively.®'%!* Moreover,
haploinsufficiency of p53 has been functionally demonstrated in MM
cell lines® and a low level of expression of TP53 gene has been associ-
ated with inferior outcome in MM patients. However, no studies have
so far evaluated the expression of p53 isoforms and its clinical signifi-
cance in MM 814-16

In this study, we investigated for the first time the relative expres-
sion of p53 isoforms in MM at the protein and mRNA levels. Using
samples from homogeneously treated MM patients, we found that
the differential expression of short and TA p53 isoforms influenced
survival. In addition, incorporating expression levels of p53 isoforms
improved the current cytogenetic-risk classification.

2 | MATERIALS AND METHODS
21 | Primary samples

A total of 156 protein samples from newly diagnosed MM patients
enrolled in the clinical trial GEM2012 (NCT01916252) were included
in the study. Although 458 patients were evaluated in this trial, fewer
than 40% of the purified MM samples had sufficient material available
to enable proteins and nucleic acids to be extracted. Details of the
GEM2012 trial and sample processing have been previously
reported.'”"18

Baseline characteristics of patients for whom data were available
are summarized in Table S1. No statistically significant differences
between the present cohorts and the whole series from the
GEM2012 trial (N = 458) were observed.

Fluorescence in situ hybridization (FISH) studies to detect IGH
rearrangements, 17p and 1p deletions, and 1q gains were available for
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all patients. Cytogenetic abnormalities were distributed as expected,
based on previously published data. The high-risk cytogenetic group
included those patients with t(4;14), t(14;16), and/or 17p deletion
(del17p), according to
criteria.!? The median follow-up of the GEM2012 patients in this
study was 72 months (range, 32-88 months). At the end of their
follow-up, 68 patients (47%) had progressed, and 34 patients (23%)
had died.

International Myeloma Working Group

1 a3 64 100 305

ws @

2.2 | Protein extraction and capillary
electrophoresis immunoassay

Proteins were extracted simultaneously with genomic DNA and RNA
by ice-cold acetone precipitation, as previously described.?® The total
protein assay was used to quantify protein concentration using WES™
system (ProteinSimple). Capillary electrophoresis immunoassay (CNIA)
analysis, also called Simple Western, was performed using a WES

364 393
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FIGURE 1

Schematic representation of human p53 protein isoforms, and the region containing the epitope for the p53 antibodies used in

this study. (A) The main domains of p53 protein isoforms and their locations are represented by colors and amino acid (aa) numbering,
respectively. The C-terminal sequences specific to the p (DQTSFQKENC) and y (MLLDLRWCYFLINSS) variants are also shown. The molecular
weight of each p53 isoform protein is indicated. The «, B, TA, long, and short protein isoforms are specifically recognized by A300-249A, KJC8,
DO-1, and DO-11, respectively. (B) Number of MM patients with and without expression of each p53 isoform. (C) Number of MM patients with
and without expression of TA isoforms, differentiating the two bands at 55-57 and 60-63 kDa that correspond to the TAp53a and TAp53p/y
isoforms, respectively. BR, basic region, aa 364-393 (yellow); DBD, DNA-binding domain, aa 101-292 (green); NLS, nuclear localization signal, aa
305-322 (orange); OD, oligomerization domain, aa 326-356 (red); PRD, proline-rich domain, aa 64-92 (blue); TAD1, transactivation domain

1, aa 1-42 (purple); TAD2: transactivation domain 2, aa 43-63 (violet) [Color figure can be viewed at wileyonlinelibrary.com]
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machine (ProteinSimple, San Jose, CA) in accordance with the manu-
facturer's protocols and as previously described.?%?* The primary anti-
bodies used in the study were: mouse monoclonal DO-11 (BioRad;
MCA1704, aa 181-190), whose epitope is present in the common
region DBD and allows detection of all p53 protein isoforms; mouse
monoclonal DO-1 (Santa Cruz Biotechnology; sc-126, aa 11-25),
whose epitope is situated in the transactivation domain 1 that is pre-
sent only in the TAp53a, TAp53, and TAp53y protein isoforms; rab-
bit polyclonal anti-p53 A300-249A-T (Bethyl Laboratories, Inc;
aa 375-393), which is specific to the a isoforms (TAp53a, A40p53a,
A133p53a, and A160p53a); and anti-GAPDH (Cell Signaling; rabbit
mAb #2118), which was used as the endogenous control. The rabbit
polyclonal KJC8 antibody, which is specific to the p isoforms (TAp53p,
A40p53B, A133p53B, and A160p53p), was provided by Prof. J-C.
Bourdon (aa 331-341).”

All protein data were analyzed with Compass™ software
(ProteinSimple), qualitatively at first, using the virtual blots (analogous
to the images of the long-established western blot) that show the pro-
tein band with the expected size and also quantitatively, measuring
the chemiluminescence peaks (peak area) that correspond to the
expression of a particular protein. The protein expression was
reported as relative to the endogenous control, GAPDH.

A more detailed protocol of the relative quantification of protein

by CNIA has been reported previously.'82%-21

2.3 | Plasmids and transfection

We used the null-p53 JJN3 myeloma cells nucleotransfected with
the specific expression vectors as positive controls for the p53a,
p53p, p53y, and A133p53a protein isoforms based on their migra-
tion profiles (Figure S1A-C). The commercial expression plasmids
containing each isoform were obtained from Origene: p53p isoform
(NM_001126114) SC322987, p53y isoform (NM_001126113)
S$C322990, and A133p53a isoform (NM_001126115) SC322927.
The pcDNA3 p53 WT, which codes for the canonical p53a, was a
gift from David Meek (Addgene plasmid # 69003).2 For transient
protein expression, the null-p53 JJN3 myeloma cell line was nucle-
ofected with 1 pg of each plasmid using the X005 program of the
Amaxa Il nucleofector (Lonza Bioscience). The proteins were col-
lected 24 h post-transfection.

24 | Nucleic acid extraction and quantitative real-
time polymerase chain reaction analysis

Total RNA was extracted from all samples using the AllPrep
DNA/RNA Mini Kit (Qiagen). RNA integrity was assessed using
Agilent 2100 Bioanalyzer (Agilent Technologies), and samples with an
RNA integrity number (RIN) = 6 were used. Total RNA (200 ng) was
reverse-transcribed to cDNA using the SuperScript First-Strand Syn-
thesis System, which uses oligo (dT) (Thermo Fisher). TP53 isoforms
(o, B, short [A133/A160] and long [TA/A40] isoforms) (Figure S6A,B)

BE wiLey L™

were examined by quantitative real-time polymerase chain reaction
(qRT-PCR), as previously described.?® We also measured the expres-
sion of the TP53 gene, detected at a region of mMRNA common to all
isoforms. The PGK1 gene was used as the endogenous control. Sam-
ples with a Ct value 235 were considered as not expressed. Values of
ACt, defined as Ct (housekeeping gene) — Ct (target gene), were also

calculated.

2.5 | Next-generation sequencing

Genomic DNA samples were purified before sequencing using Geno-
mic DNA Clean & Concentrator TM-10 (Zymo Research, Irvine, CA).
Generation of libraries was carried out by target enrichment SeqCap
EZ Choice gene panel (Roche NimbleGen Inc., Madison, WI) that
included the coding sequence of TP53 gene, which was designed by
NimbleDesign platform. The resulting pool (48-plex) underwent high-
throughput paired-end (101 bp) sequencing on an lllumina MiSeq Sys-
tem with 1500-fold coverage. Sequence alignment and variant calling
was performed using MiSeq Reporter software (lllumina Inc.). Annota-
tion of resulting variant call files (.vcfs) was performed with BaseSpace
Variant Interpreter software, filtering out single nucleotide variants
(SNVs) and small insertions/deletions with <100X reads and variant
allele frequency (VAF) of < 10%.

2.6 | Statistical analysis

All statistical analyses were carried out with IBM SPSS Statistics 26.0
(IBM Corp., Armonk, NY), the Simfit package (W.G. Bardsley, Univer-
sity of Manchester, Manchester, UK; v7.0.9 Academic 32 bit), and R
work packages. The Mann-Whitney U test was used to analyze the
continuous variables.

For survival analyses, probabilities of overall survival (OS) and sur-
vival without progression (abbreviated to TTP) were assessed for each
isoform using the Kaplan-Meier estimator. Patients who were not
enrolled in the GEM2014 maintenance protocol after completing the
GEM2012 clinical trial and who had not progressed, relapsed, or died
were excluded from these analyses. The TTP was defined as the time
from MM diagnosis to the day of disease progression. The survival
curves of the isoform groups were compared using the log-rank test.
The Cutoff Finder R package was used to determine the optimal cut-
off for all survival analyses, which was defined as the most significant
split discriminating between long and short survival when testing all
possible cutoffs using the log-rank test.

After checking that the assumptions of proportional hazards held
using Schoenfeld residuals and that there was no significant
multicollinearity, multivariable Cox regression models were fitted con-
sidering a set of covariates with clinical and biological interest.
Thus, the models included conventional covariates such as high-risk
cytogenetics, age at diagnosis (years), International Staging System
(ISS) stage (lll vs. I/1l), elevated lactate dehydrogenase (LDH),

plasmacytoma occurrence, and protein isoforms expression previously
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dichotomized by the Cutoff Finder R package. All these predictor
covariates were entered into the regression equation together. These
multivariable analyses were performed in R with the survival and car
packages and associated forest plots were depicted using the sur-
vminer package. The relative contribution of the covariates to the Cox
models was assessed by estimation of the proportion of the ;{2 statis-
tic accruing from each covariate using the rms package; the higher the
value of the statistic, the greater the contribution of the covariate to
the model.

3 | RESULTS

3.1 |
in MM

Expression patterns of p53 protein isoforms

The expression of the p53 protein isoforms, o isoforms (TAp53a,
A40p53a, A133p53a, and A160p53a); B isoforms (TAp53p, A40p53p,
A133p53p, and A160p53p); TA isoforms (from transactivation
domain: TAp53a, TAp53B, and TAp53y); long (includes TA and A40:
TAp53a, TAp53p, TAp53y, A40p53a, A40p53p, and A40p53y) and
short isoforms (A133 and A160: A133/A160 a, B, and y), as well as
the total p53 protein, was assessed in the 156 MM samples by capil-
lary nanoimmunoelectrophoresis using the specific antibodies
(Figures 1A and S1A-D, Table S2).

The qualitative analysis of CNIA assays showed expression of
the total p53 protein in 119/156 (76%) MM samples using the
DO-11 antibody, which recognizes identical epitopes present in all
the p53 protein isoforms. Based on the migration profile and the
recognition pattern of this antibody, we observed that the major
proportion of the total p53 protein corresponded to the long
isoforms, which were detected in 112 of the 156 MM samples
(72%), and the minor proportion corresponded to the short
isoforms, which were only present in 28 of the 156 MM samples
(18%) (Figure 1B).

The TA protein isoforms were detected in 128/151 MM sam-
ples (85%) using the DO-1 antibody, whose epitope is present in
the transactivation domain 1 (TAD1, aa 20 to 25) (Figure 1A).
Among the TA isoforms, we were able to distinguish the TAp53a
band at 60-63 kDa in 90/151 (60%) samples, and the bands
corresponding to TAp53p and TAp53y, which were observed mer-
ged as a single band at 55-57 kDa in 71/151 MM samples (47%).
Twenty-three patients (15%) did not show any of those isoforms
(Figure 1C). The a and B protein isoforms were identified in
132/156 (85%) and 81/156 (52%) samples, respectively, as mea-
sured by the antibodies A300-249A and KJC8, which were specific
to each isoform (Figure 1B).

The quantitative analysis revealed a high level of variability in
the expression of all the p53 protein isoforms analyzed
(Figure S1E). The expression of long isoforms was the most homo-
geneous, while the TAp53p/y and « isoforms showed the greatest
variability, as indicated by their higher coefficients of variation
(Figure S1F).

3.2 | Relationship between p53 protein isoforms
and cytogenetic abnormalities

We next analyzed the association between the expression of p53 protein
isoforms and the cytogenetic features of MM patients. We found no sta-
tistically significant differences in the level of expression of total p53 pro-
tein between MM patients with and without del(17p). In contrast, we
detected significant differences in the expression of long and TAp53p/y
isoforms between the two groups (Figure 2). We also noticed that none
of the 14 patients with del(17p) expressed short isoforms (Figure 2). The
expression of o and B protein isoforms was similar in all patients,
irrespective of the presence of del(17p). The analysis considering the
mutation status of TP53 showed comparable results. We found that the
expression levels of TA isoforms were significantly higher in patients with
mutated TP53 gene than in those with nonmutated gene. No significant
associations between the expression of the other p53 protein isoforms
and the presence of TP53 mutations were found (Figure S2).

On the other hand, no differences in the expression of any of the
p53 protein isoforms analyzed and the total p53 protein were found
to be associated with the presence of the gain of 1q, del(1p) or
t(4;14). Since the limited number of patients with specific high-risk
cytogenetic abnormalities may preclude the identification of signifi-
cant differences, we also analyzed the relationship between the levels
of p53 protein isoforms and cytogenetic alterations, grouping them
into high- and standard-risk categories. We found statistically signifi-
cant differences in the expression levels of TAp53f/y isoforms
between the two cytogenetic groups. High-cytogenetic-risk patients
expressed TAp53p/y isoforms significantly more strongly than did
standard-risk patients (Figure 2). No differences in the expression of
the other p53 isoforms and total p53 protein were found in either
cytogenetic-risk group.

3.3 | Effect of the expression of p53 protein
isoforms on MM patient survival

High levels of the short p53 isoforms were accompanied by a reduc-
tion of 75% (HR = 0.25, p = .004) in the risk of progression and an
88% (HR = 0.124, p = .014) drop in the risk of mortality (Figure 3A).
Conversely, high levels of TA isoforms were associated with shorter
TTP and OS (HR = 2.02, p = .008 and HR = 2.39, p = .018, respec-
tively) (Figure S3A). Nevertheless, only the high level of expression of
TAp53p/y isoforms, but not of TAp53a, was associated with negative
effects on TTP and OS (HR = 3.58, p < .001 and HR = 2.38, p = .022,
respectively) (Figures 3B and S3B). The expression levels of o and f
variants, as well as levels of total p53 protein had no influence on the
survival of MM patients (Figure S3C).

We further explored the impact of expression levels of p53 pro-
tein isoforms on the survival of MM patients according to the cytoge-
netic abnormalities. In the present cohort, MM patients bearing at
least one high-risk cytogenetic lesion, as well as those with the 17p
deletion, had significantly shorter survival than those patients without

these abnormalities, as described in previous studies (Figure S4A).
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FIGURE 2 Association of p53 protein isoforms with deletion of 17p and with standard and high cytogenetic risk. Distribution of the
expression of total p53 protein, long, TAp53p/y and short isoforms, based on the presence or absence of the 17p deletion. Expression levels of
the TAp53B/y in MM patients with standard and high cytogenetic risk. The statistically significant differences between groups were determined
by the Mann-Whitney U test (p values indicated) [Color figure can be viewed at wileyonlinelibrary.com]

When the cytogenetic-risk groups were analyzed with respect to the
expression of p53 isoforms two different survival categories were
identified within the high-risk group. Thus, MM patients with high-risk
cytogenetics and a high level of expression of short p53 isoforms had
significantly longer TTP and OS, which were comparable to those
attained by standard-risk patients (Figure 4A). However, the effect of
the TAp53p/y isoforms, and long isoforms were the opposite, in such
way that MM patients with high-risk cytogenetics and low-level
expression of TAp53p/y or long isoforms had longer TTP and OS, sim-
ilar to those patients with standard risk as demonstrated by FISH
(Figures 4B and S4B). These results indicate that high levels of short

isoforms, and low levels of TAp53p/y and long protein isoforms allow

the identification of a subset of MM patients with high cytogenetic
risk that showed a better prognosis than expected. Interestingly, a
positive influence of the short p53 isoforms was also observed when
t(4;14) or del(17p) were considered separately (Figure S5A). Further-
more, within the MM cases with t(4;14) the high levels of expression
of TAp53p/y and long p53 isoforms distinguished a group of patients
with significantly shorter TTP and OS (Figure S5B).

In the full multivariate Cox model for TTP, including p53 protein
isoform expression and the conventional variables of proven prognos-
tic impact on MM, we observed that high-risk cytogenetics and high
expression levels of TAp53p/y isoforms remained independent prog-
nostic factors (HR = 4.49, p <.001 and HR = 2.9, p <.001,
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respectively). High-risk cytogenetics and the age at diagnosis retained
their independent value in predicting adverse OS (Figure 4C). The
analysis of the contribution of the variables showed that high-risk
cytogenetics explained 28% and 44% of the variation in TTP and OS,
respectively. Significantly, the expression levels of TAp53p/y isoforms
explained 41% of the variation in TTP (Figure S5C).

3.4 | Expression patterns of p53 isoforms at the
mRNA level in MM

mRNA was available from 109 of the 156 MM samples. We quantified
the p53 isoforms by qRT-PCR using a well-established approach,?®
selecting the p53 mRNA variants that were homologous with those
identified at the protein level by CNIA, that is to say, the o, B, short

(A133/A160), and long (TA/A40) isoforms (Figure S6A,B). The main
limitation of this approach is the difficulty to quantify each specific
isoform individually.?® Therefore, our analysis of mRNA isoforms was
limited to identifying the group of six long isoforms and the three TA
isoforms were not distinguished. We also measured the expression of
the TP53 gene, detected at a region of MRNA common to all isoforms.
Samples with a Ct value 235 were considered as not expressed.

The TP53 gene and « isoforms were expressed in all the 109 MM
samples. The long isoforms were only absent from one MM sample,
while the short isoforms were the least frequently expressed, only in
72/109 (67%) MM samples, similar to the p53 protein isoforms levels
(Figure S6C). We wondered whether the low expression of the short
isoform detected in our cohort could be corroborated in another set
of MM patients. We took advantage of the availability of RNA-Seq
data from 780 MM patients included in the MMRF CoMMpass trial
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78



TESIS DOCTORAL

ROJAS ET AL.

~ | wiLEY-[ISE

(NCT01454297) to address this question. Even using a different
approach to quantify mRNA, such as RNA-Seq, we observed that the
number of MM patients expressing short mRNA isoforms was signifi-
cantly lower than that expressing long mRNA isoforms (Figure S6D).
The univariate survival analysis using qRT-PCR data from mRNA
revealed similar results to those observed at the protein level. MM
patients with high levels of short isoform expression had statistically sig-
nificant longer TTP and OS (median not reached) compared with patients
with lower levels (HR = 0.50, p = .021 and HR = 0.31, p = .005, respec-
tively) (Figure S6E). However, unlike p53 protein, the low levels of the
TP53 gene were associated with a shorter OS (HR = 0.27, p < .001) but
had no impact on the TTP of MM patients (Figure S6F). Nevertheless,
the expression of the a and p isoforms did not affect the survival of

patients, similarly to what was noted at the protein level.

4 | DISCUSSION

We have investigated for the first time the expression of p53 isoforms
at the protein and mRNA levels and analyzed their putative impact on
the outcome of a large cohort of homogeneously treated MM
patients. Currently, most of the information regarding expression of
p53 isoforms in tumors is based on mRNA levels quantified by reverse
transcription PCR. In fact, the quantification of p53 isoforms using
classical western blot assays would need a significant amount of pro-
tein, which is not available for most of the cases. Our previous imple-
mentation of the capillary nanoimmunoassay platform for protein

1820 jllowed us to explore the

quantification in the clinical setting
hitherto unknown general landscape of p53 protein isoform expres-
sion in MM. Although this technology is highly effective analyzing low
protein amounts, the genetic studies included in the evaluation of
MM patients at diagnosis consume the entire sample in many cases.

We found total p53 protein to be expressed in more than 70% of
MM samples, with the greater contribution of long than short isoforms,
the latter being detected in very few samples. The TA protein isoforms
were also expressed in most patients. Although qRT-PCR was able to
detect expression of TP53 gene in all the MM patients, and of p53
mRNA isoforms in the majority of cases, short mRNA isoforms were the
least frequently expressed subclass, as observed at the protein level.

The short isoforms, also known as N-terminally truncated variants
(the A133 and A160 variants), lack the first 132 amino acids, including
a small part of the DBD. The integrity of the DBD is essential to the
transcriptional factor functions of TAp53a, through which it can bind
to the p53 DNA consensus recognition element (RE) present in the
promoters of its target genes.?*?° The absence of TAD1, TAD2, and a
portion of the DBD from the short protein isoform structure entails
the lack of sensitivity to proteasomal degradation and the absence of
specific transactivation activity that characterize the TAp53a isoform.
The A133p53a isoform not only is defective in promoting apoptosis,
inhibiting

p53-mediated apoptosis.” Some studies have shown abnormal expres-

but also acts dominant-negatively toward TAp53a,

sion of short mMRNA isoforms in tumor cells relative to normal tissues.

In addition, a negative impact of the short mRNA isoforms on the

outcome of oncological patients has also been reported.”?°=32 In con-
trast to these findings, we observed a significant positive influence on
MM patient prognosis of a high level of expression of the short p53
isoforms, quantified at the protein or mRNA level. However, the
impact of the short isoforms on prognosis differs depending on
the tumor type. For example, the A133p53f expression has been
associated with adverse prognosis in breast cancer,?’” while with
better prognosis in mutant p53 ovarian cancer.?®3? Recently, the co-
expression of the p53 isoforms has been shown to differentially
regulate the p53-POLi-dependent DNA damage tolerance (DDT)
pathway.>* However, since only 12 MM patients with co-expression
of TAp53a and short isoforms were identified, we can speculate that,
in this particular cancer, it is less likely that the short isoforms are
affecting the DDT pathway. Accordingly, it can be said that there is
little information about the quantification of short isoforms in hema-
tological cancers, and their functions are not completely understood.
The TAisoforms (TAp53a, TAp53p, and TAp53y) possess the entire
N-terminal domain, which contains the two independent trans-
activation domains (TAD1 and TAD2), but a different C-terminal.
TAp53a, which is the canonical p53 protein and the most abundant
p53 isoform, contains the complete C-terminal region, including the
oligomerization domain (aa 326-356) and the basic domain (aa 364-
393), but the TAp53p and TAp53y isoforms are C-terminally truncated
variants. These structural differences determine their differential func-
tions. Our cohort featured a higher level of expression of TAp53a than
of TAp53p/y proteins. We also noted a negative impact of the high level
of expression of TAp53p/y proteins on the survival of MM patients.
These data are consistent with another study of acute myeloid leuke-
mia patients in which high levels of TAp53a and low levels of TAp53p/y
were associated with a greater sensitivity to valproic acid treatment.3”
Elevated TAp53y mRNA levels have also been associated with reduced
progression-free survival in uterine serous carcinoma.®® However,
opposite results showing an association between low levels of TAp53p
and TAp53y mRNAs and worse prognosis have also been reported.#3”
In more than 10 years of intensive research, several studies have dis-
played the differential and aberrant expression of C-terminally trun-
cated variants in various cancers. Nonetheless, their properties remain
controversial, as shown in several apparently contradictory reports”-*4
16.26.38-40 that do not provide enough and clear evidence for defining
the TAp53p/y functions. For example, a significant increase in p21 and
BAX promoter activities was found to be enhanced by overexpression
of the TAp53a isoform, but not by the overexpression of TAp53p and
TAp53y.** Moreover, an in vivo study revealed that the TAp53p and
TAp53y isoforms significantly increased the tumor growth of H1299
cells.*? Although the discrepancies among these studies cannot easily
be explained, it seems most plausible that the functions of the TAp53p
and TAp53y isoforms are dependent on the cellular and tissue context.
It was of particular note that considering the expression levels of
p53 isoforms made it possible to refine the prognostic significance of the
cytogenetic-risk classification. Thus, high-cytogenetic-risk patients who
expressed low levels of short p53 isoforms or high levels of TA/long p53
isoforms had shorter survival than expected, while the survival of the
group of high-cytogenetic-risk patients expressing high levels of short
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p53 isoforms or low levels of TA/long p53 isoforms was comparable to
that of patients with standard cytogenetic risk. These results were also
observed when each of the high-risk cytogenetic alterations was ana-
lyzed in conjunction with the expression of p53 protein isoforms.

In conclusion, short and TAp53p/y protein isoform expression is
associated with the clinical outcome of MM patients, and the prog-
nostic stratification of MM patients is notably improved when cytoge-
netic risk is combined with their expression levels. These novel
findings broaden the spectrum of the known actions of the p53 pro-
tein affecting MM outcome beyond the well-known unfavorable prog-

nosis of deletions and/or mutations of the TP53 gene.
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La amilorida, un antiguo diurético, es un agente terapéutico potencial
para el mieloma maultiple

Fundamento: El mieloma multiple (MM) continta siendo una enfermedad incurable.
Los pacientes con MM se caracterizan por presentar sucesivas recaidas que son cada vez mas
resistentes a los farmacos administrados. Por lo tanto, a pesar de los avances en el conocimiento
de su patogénesis y del desarrollo de farmacos dirigidos a mecanismos moleculares especificos,
sigue siendo necesaria la investigacién de otros agentes terapéuticos con actividad antitumoral
para poder abordar las sucesivas recaidas. En este trabajo se analiza si la amilorida, un farmaco
de tipo diurético aprobado para el tratamiento de la hipertensién y el edema asociado a la

insuficiencia cardiaca, puede ser utilizado como una droga antimieloma.

Metodologia: Se utilizaron nueve lineas celulares de MM (NCI-H929, JJN3, KMS12-BM,
KMS12-PE, RPMI-8226, U-266, MM1S, MM1R y RPMI-LR5), y 18 muestras de médula dsea
(MO) de pacientes con MM, para estudiar la citotoxicidad in vitro y el mecanismo de accién de
la amilorida. Ademaés, cuatro muestras de MO completas de donantes sanos fueron empleadas
para evaluar la citotoxicidad de la amilorida ex vivo, y un modelo murino de xenoinjerto de MM

(65 ratones) para evaluar la citotoxicidad de la amilorida in vivo.

La viabilidad y proliferacién celulares se evaluaron mediante ensayos de bromuro de
3-(4,5-dimetiltiazol-2-ilo)-2,5-difeniltetrazol (MTT) y ensayos de CellTiter-Glo. La muerte celular
fue analizada mediante citometria de flujo con doble marcaje con Anexina V y ioduro de
propidio. La despolarizacién de la membrana mitocondrial y el ciclo celular se midieron mediante
citometria de flujo utilizando un marcaje con DilC1(5) y con ioduro de propidio, respectivamente.

La actividad de las caspasas 3/7, 8 y 9 se analizé mediante ensayos de luminiscencia.

Se utilizé un panel de 5 anticuerpos para evaluar la citotoxicidad de la amilorida en las
poblaciones celulares de MO, junto con el marcaje de anexina V [linfocitos T (CD3+), linfocitos
B (CD19+), células NK (CD56+/CD3—), y granulocitos (SSChigh/CD45+dim)]. Para evaluar la
citotoxicidad de la amilorida en las CPs patolédgicas se utilizaron junto con el marcaje de anexina
V tres marcadores, CD38, CD45 y CD56 o CD19, dependiendo del fenotipo especifico de cada
paciente. Los mecanismos de acciéon de la amilorida fueron investigados mediante experimentos

de RNA-Seq, qRT-PCR, western blot y ensayos de inmunofluorescencia.

Resultados: La amilorida provocé la muerte celular por apoptosis en el panel de lineas
celulares de MM, asi como en el modelo murino de xenoinjerto, sin toxicidad sistémica asociada al
tratamiento. Se observé un efecto sinérgico al combinar la amilorida con dexametasona, melfalan,
lenalidomida, y pomalidomida. Los experimentos de RNA-Seq mostraron un elevado niimero
de isoformas, eventos de splicing alternativo y componentes de la maquinaria del spliceosoma
alterados después del tratamiento con la amilorida. La inhibicién de la viabilidad celular se
detect6 simultaneamente a la inhibicién de la maquinaria del splicing. La inducciéon de apoptosis

por la amilorida fue independiente de que p53 estuviese en su forma wild-type o mutado.

Conclusiones: Los resultados obtenidos demuestran una potente actividad antimieloma
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de la amilorida y proporcionan las bases para considerar a la amilorida una alternativa terapéutica
para los pacientes con MM refractarios o en recaida, especialmente para aquellos que presentan

delecién o mutacién de p53 que sean resistentes a los tratamientos actuales.
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Abstract

Purpose: The search for new drugs that control the continuous
relapses of multiple myeloma is still required. Here, we report for
the first time the potent antimyeloma activity of amiloride, an old
potassium-sparing diuretic approved for the treatment of hyper-
tension and edema due to heart failure.

Experimental Design: Myeloma cell lines and primary sam-
ples were used to evaluate cytotoxicity of amiloride. In vivo
studies were carried out in a xenograft mouse model. The
mechanisms of action were investigated using RNA-Seq
experiments, qRT-PCR, immunoblotting, and immunofluores-
cence assays.

Results: Amiloride-induced apoptosis was observed in a broad
panel of multiple myeloma cell lines and in a xenograft mouse
model. Moreover, amiloride also had a synergistic effect when
combined with dexamethasone, melphalan, lenalidomide, and
pomalidomide. RNA-Seq experiments showed that amiloride not

Introduction

Despite improvements in the survival of multiple myeloma
patients thanks to the introduction of novel therapeutic agents
(1, 2), it remains an incurable disease (3). Multiple myeloma
initially responds to chemotherapy but relapse and chemoresis-
tance usually occur (4), so subsequent recurrences are part of its
natural history. Therefore, the search for new drugs that control
the disease continues to be required.

Great efforts to develop new agents against multiple myeloma
have been made in recent years, to the extent that a wide array of
new agents with different mechanisms of action have recently
been approved. These include new mAbs, proteasome inhibitors,
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only significantly altered the level of transcript isoforms and
alternative splicing events, but also deregulated the spliceosomal
machinery. In addition, disruption of the splicing machinery in
immunofluorescence studies was associated with the inhibition
of myeloma cell viability after amiloride exposure. Although
amiloride was able to induce apoptosis in myeloma cells lacking
p53 expression, activation of p53 signaling was observed in
wild-type and mutated TP53 cells after amiloride exposure.
On the other hand, we did not find a significant systemic toxi-
city in mice treated with amiloride.

Conclusions: Overall, our results demonstrate the antimye-
loma activity of amiloride and provide a mechanistic rationale
for its use as an alternative treatment option for relapsed
multiple myeloma patients, especially those with 17p deletion
or TP53 mutations that are resistant to current therapies.
Clin Cancer Res; 23(21); 6602-15. ©2017 AACR.

immunomodulatory drugs and histone deacetylase inhibitors,
among others (5). However, their approval processes required
several years of research and major investment. An interesting
alternative by which this long process might be shortened is the
drug-repositioning approach, which involves using old drugs
approved for noncancerous diseases (6). One of the advantages
of this strategy is that the pharmacokinetic and pharmacodynamic
properties and toxicity profiles tend to be well known. The diuretic
drug, amiloride, is one such agent.

Amiloride is a potassium-sparing diuretic that has been
employed clinically for more than three decades in the treatment
of hypokalemia, hypertension, edema and congestive heart
failure (7). Some studies demonstrated its significant antitumor
and antimetastasis activities that were initially associated with
the inhibition of Na*/H" exchangers (8). Recently, amiloride
was found to modify alternative splicing (AS) in various human
cancer cells (9). Pre-mRNA alternative splicing is a highly reg-
ulated process, and numerous studies have demonstrated its
aberrations to be associated with cancer, tumor progression, and
metastasis. This mechanism has recently gained attention as a
potential therapeutic target for cancer due to the differential
splicing patterns identified in tumor cells and metastatic tumor
populations (10-14).

In this study, we evaluated for the first time the antimyeloma
(anti-multiple myeloma) effect of amiloride using in vitro, ex vivo,
and in vivo models. We found that amiloride had potent activity
against a broad panel of multiple myeloma cell lines regardless of

AACR
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Translational Relevance

The investigation of novel therapeutic agents is needed to
manage the multiple relapses arising from resistant clones in
multiple myeloma. In this study, we demonstrate for the first
time the antimyeloma activity of amiloride, a very well-known
drug used in the treatment of hypokalemia, hypertension, and
edema. This finding together with the manageable toxicity
profile of amiloride provide the rationale for conducting
clinical trials that support the repositioning of this old drug
for the treatment of multiple myeloma. Moreover, our results
showed that multiple myeloma cells either with WT or mutat-
ed TP53 were highly sensitive to amiloride, which makes this
drug an attractive candidate for high-risk myeloma patients
with TP53 abnormalities.

TP53 status. In addition, RNA-Seq experiments showed a strong
alteration of spliceosome functionality. These encouraging find-
ings, in conjunction with the manageable toxicity profiles of
amiloride, provide a framework for evaluating its utility in clinical
trials.

Materials and Methods

Reagents and multiple myeloma cells

The human myeloma cell lines, NCI-H929, MM 1S, MM1R, and
U266 were acquired from ATCC, RPMI-8226, KMS12-BM,
KMS12-PE, and JIN3 from DMSZ (Deutsche Sammlung von
Mikroorganismen and Zellkulturen). RPMI-LR5 cell line was
kindly provided by Dr. W.S. Dalton (Moffitt Cancer Center,
Tampa, FL). All cell lines were cultured in RPMI1640 medium
supplemented with 10% FBS and antibiotics (Gibco). Cells were
routinely checked for the presence of mycoplasma with MycoAlert
kit (Lonza). Cell line identity was confirmed periodically by STR
analysis with PowerPlex 16 HS System kit (Promega) and online
STR matching analysis (www.dsmz.de/fp/cgi-bin/str.html). All
multiple myeloma samples from patients and cells from healthy
donors were cultured in AIMV medium supplemented with 20%
FBS (Thermo Fisher Scientific). CD138" plasma cells from bone
marrow samples of 8 patients with multiple myeloma were
isolated using an autoMACS separation system (Miltenyi-Biotec).
Clinical information of the patients included in the study is
summarized in Supplementary Materials.

Amiloride and melphalan were purchased from Sigma-Aldrich,
bortezomib was from LC Laboratories, dexamethasone was from
Merck KGaA, and lenalidomide and pomalidomide from Sell-
eckchem. All multiple myeloma patients as well as healthy donors
involved in the study provided written informed consent in
accordance with the Helsinki Declaration. The research ethics
committee of the University Hospital of Salamanca approved the
study.

Cell viability assays

Cell viability and proliferation were evaluated using CellTiter-
Glo (Promega) and 3 (4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) colorimetric assay (Sigma-Aldrich),
respectively, as described previously (15, 16). Synergism between
amiloride and other drugs was evaluated with CalcuSyn software
(Biosoft; ref. 17; Supplementary Material).

www.aacrjournals.org

Antimyeloma Activity of Amiloride

Apoptosis and cell-cycle assays

Apoptosis using Annexin V-FITC/propidium iodide (PI) dou-
ble staining, mitochondrial membrane depolarization using
DilC1(5) (Immunostep) and cell-cycle analysis, were performed
by flow cytometry using Infinicyt software (Cytognos S.L.), as
described previously (15). Caspases-3/7, 8, and 9 activities were
evaluated by Caspase Glo 3/7, Caspase-Glo 8, and Caspase-Glo 9
assays (Promega), respectively, according to the manufacturer's
protocol.

Exvivo analysis of cytotoxicity in freshly total bone marrow cells

The experiments with patient's cells were performed in total
bone marrow samples from patients with multiple myeloma.
Immediately after extraction, total bone marrow samples were
lysed with ammonium chloride to remove red blood cells
(erythrocytes); the remaining white blood cells were maintained
for 48 hours in AIMV medium supplemented with 20% FBS
(Thermo Fisher Scientific) in the absence or presence of different
concentrations of amiloride. Then, the activity of amiloride was
investigated on plasma cells (PC) and on the main bone marrow
cell populations separately. To evaluate the cytotoxicity of
amiloride on PCs, samples were analyzed using Annexin V
(Immunostep) in combination with three markers that allowed
for the identification of pathologic PCs present in the sample.
With that aim, we used a fix combination of two mAbs (CD38
and CD45) plus a third one, chosen depending on the specific
phenotype of each patient's clonal plasma cells (usually CD56
or CD19). The cells were incubated for 15 minutes at room
temperature in the dark. A total of 5 x 10” cells were acquired on
a FACSCanto II flow cytometer (BD Biosciences). Finally, apo-
ptosis was analyzed in pathologic PCs (gated on CD38"" and
CD56™~, or CD19*/~ and FSC/SSC) using the Infinicyt soft-
ware. Annexin V-positive events among the target populations
were considered apoptotic cells.

Amiloride cytotoxicity on the other bone marrow cell popula-
tions, that is B and T lymphocytes, NK cells and granulocytes, was
assessed with the same aforementioned protocol described, but
including a panel of 5 antibodies in combination with Annexin V
to identify T lymphocytes (CD3 %), B lymphocytes (CD197), NK
cells (CD56%/CD37), and granulocytes (SSC"8"/CD45+4m).
Among each of these populations separately, we identified as
apoptotic the percentage being Annexin V positive using the
Infinicyt software.

Multiple myeloma xenograft murine model

All animal experiments were performed according to the insti-
tutional guidelines and the protocol previously approved by the
ethical committee of the University of Salamanca (Salamanca,
Spain). For the human subcutaneous plasmacytoma model, 65
CB17-SCID mice (The Jackson Laboratory) were subcutaneously
inoculated into the right flank with 3 x 10° MM1S cells in 100 uL
of RPMI1640 medium and 100 uL of Matrigel (BD Biosciences).
Treatment was initiated immediately after tumor cell inoculation
and mice were randomized to the following treatment cohorts,
each of five animals: vehicle-alone PBS (C); amiloride, 10 mg/kg
(A10); amiloride, 15 mg/kg (A15); dexamethasone, 0.5 mg/kg
(D); melphalan, 2.5 mg/kg (M), dexamethasone + melphalan
(DM); dexamethasone + amiloride, 10 mg/kg (DA10); melpha-
lan + amiloride, 10 mg/kg (MA10); dexamethasone + melphalan
+ amiloride, 10 mg/kg (DMA10); dexamethasone + amiloride,
15 mg/kg (DA15); melphalan + amiloride, 15 mg/kg (MA15);
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and dexamethasone + melphalan + amiloride, 15 mg/kg
(DMAT15). Amiloride was administered orally daily, and dexa-
methasone and melphalan intraperitoneally (i.p.) two days a
week. Tumor burden estimation and toxicity monitoring were
performed as described previously (18).

To estimate survival, mice were sacrificed when the diameter of
their tumor reached 2 cm or when they became moribund. Time
to endpoint (TTE) was estimated from the day of treatment
initiation. For in vivo mechanistic studies, six and four mice,
respectively, were subcutaneously inoculated in the right flank
with 3 x 10° MM1S cells and 3 x 10° RPMI cells. When the tumor
attained a large volume, mice were randomized to receive the
vehicle-alone PBS (control group) or amiloride (20 mg/kg) orally
for two consecutive days. On the third day, mice were sacrificed
and the tumors retrieved for analysis.

RNA sequencing

Poly A* RNA from KMS12-BM and JJN3 cells untreated or
treated with amiloride (0.1 mmol/L and 0.4 mmol/L, respective-
ly) for 24 hours was isolated and prepared for RNA sequencing
(RNA-Seq). Libraries were constructed following a TruSeq Strand-
ed mRNA Sample Preparation Guide (Illumina). The final cDNA
library was sequenced using Illumina HiSeq 2500 in combination
of 100 Paired-End at Lifesequencing S.L. (Supplementary
Material).

RNA-Seq analysis

Paired-end FASTQ files for 12 samples were used in the RNA-
Seq analyses. We analyzed the data in three stages: gene expres-
sion, isoform level, and splicing events. First, in the analysis of
differential expression at the gene level, the genes were consid-
ered to be differentially expressed for an absolute n-fold change
(FC) of >2 and a false discovery rate (FDR) of <0.05. Second, in
the analysis of isoform level, we focused on the isoforms with an
absolute value of FC > 2 and that corresponded to genes
without altered total expression. The criteria used to assign
genes as "no-change" were FDR > 0.05 and an absolute value
of FC < 2, when the DESeq2 package was applied. Third,
differential alternative splicing events were detected using
MATS version 3.0.9 (19), classifying these events into five
major types of pattern: skipped exon (SE), alternative 5’ splice
site (A5SS), alternative 3’ splice site (A3SS), mutually exclusive
exons (MXE), and retained introns (RI). IMATS also calculates
the difference in the ratio of these events between two condi-
tions, and produces an estimate of the FDR. Finally, all the
enrichment analyses were conducted using the Webgestalt web
tool (20), employing the Gene Ontology and KEGG databases
as data sources. The dataset is available at the Gene Expression
Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/
geo) under the accession number GSE95077.

Further details are provided in the Supplementary Material.

RNA extraction and quantitative real-time PCR analysis

RNA was extracted using the RNeasy Plus Mini kit (Qiagen).
The RNA integrity was assessed with an Agilent 2100 Bio-
analyzer (Agilent Technologies). Total RNA (1 ug) was
reverse-transcribed to ¢DNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Gene expres-
sion was quantified by TagMan gRT-PCR mRNA assays
(Applied Biosystems) and normalized relative to 18S5 using
the 274 method.
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Immunoblotting and immunofluorescence analysis

Western blot methods and the preparation of protein lysates
have been described elsewhere (15). The sources of the mAbs are
described in the Supplementary Material.

For immunofluorescence, cells were fixed in 4% paraformal-
dehyde, permeabilized with 0.25% Triton X-100/PBS, stained
with primary mouse anti-SC35 (Abcam) and goat anti-mouse
IgG (H+L) secondary antibody, and Alexa Fluor 488 conjugate
(Thermo Fisher Scientific). Fluorescence was measured under a
Leica confocal microscope.

Statistical analysis

All statistical analyses were carried out with IBM SPSS Statis-
tics 22.0 (IBM Corp.) and the Simfit package (W.G. Bardsley,
University of Manchester, Manchester, UK; v7.0.9 Academic
32-bit, http://www.simfit.org.uk/). P values were corrected for
multiple testing using the FDR, with values of <0.05 being
considered to be statistically significant. Differences in the
in vitro experiments are expressed as the mean + SD of at least
three determinations and were assessed by the two-sided Stu-
dent ¢ test or the Mann-Whitney U test. Differences in tumor
volumes between groups were evaluated fitting an exponential
regression model and the regression parameters were compared
using a t test for unequal variances. Survival curves were
plotted using the Kaplan-Meier method, and compared using
the log-rank test.

Results

Amiloride is cytotoxic for multiple myeloma and potentiates
the efficacy of various antimyeloma agents

Amiloride exhibited potent in wvitro antimultiple myeloma
activity in a dose- and time-dependent manner, as demonstrated
in a panel of seven myeloma cell lines with a wide range of
cytogenetic abnormalities and p53 status (Supplementary Table
S1; Supplementary Fig. S1A). The viability was significantly
reduced in both the TP53 wild-type (WT; H929, MM1S) and the
mutated TP53 cell lines (KMS12-BM, KMS12-PE, U-266, and
RPMI-8226) after exposure to amiloride (P < 0.01; Fig. 1A),
although viability reduction in the p53-null cell line JJN3 required
a higher dose and a longer time course (P < 0.01). The antimul-
tiple myeloma effect of amiloride was also observed in melpha-
lan- and dexamethasone-resistant cell lines, RPMI-LR5 and
MMIR, respectively (Supplementary Fig. S2A).

In the ex vivo study using bone marrow cells from 10
patients with multiple myeloma (six newly diagnosed and
four relapsed/refractory), we observed significant apoptosis
induction in plasma cells, even in three patients bearing
deletion of 17p, with minor cytotoxicity toward B and T
lymphocytes, NK cells, and neutrophils (Fig. 1B). Myeloma
cell cytotoxicity of amiloride was also confirmed on isolated
CD138% plasma cells from eight multiple myeloma patients
(Supplementary Fig. S1B). Interestingly, amiloride did not
induced cytotoxicity on normal plasma cells from healthy
donors (Supplementary Fig. S1C).

Next, we evaluated the cytotoxicity of double combinations
of amiloride with melphalan and dexamethasone, employing a
constant ratio between them. Subsequent isobologram analysis
revealed a combination index (CI) in the synergistic range for
the double combinations of amiloride with dexamethasone or
melphalan, ranging from 0.2 to 0.8, depending on the doses
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and cell lines used (Fig. 1C; Supplementary Fig. S2B). Further-
more, amiloride overcame the melphalan and dexamethasone
resistance of RPMI-LR5 and MM1R, respectively (Supplemen-
tary Fig. S2C and S2D). Amiloride was also combined with new
agents such as lenalidomide, pomalidomide and bortezomib. A
significant synergism was observed between amiloride and
lenalidomide or pomalidomide plus dexamethasone (Fig.
1D and E). In contrast, the combination of amiloride with
bortezomib was antagonistic in all cell lines tested (Supple-
mentary Fig. S2E).

To test whether amiloride was able to inhibit the protective
effect of the bone marrow microenvironment, MM1S-luc cells
were cocultured with mesenchymal stem cells (MSC) from six
multiple myeloma patients and treated with increasing concen-
trations of amiloride for 48 hours. Despite the proliferative
advantage to multiple myeloma cells conferred by MSCs, amilor-
ide abrogated the protective effect conferring by MSCs. In contrast,
MSCs were resistant to the cytotoxic effect of amiloride (Supple-
mentary Fig. S3).

Amiloride induces apoptosis and enhances mitochondrial
depolarization

To elucidate the mechanisms leading to the decrease of cell
growth induced by amiloride, we analyzed cell cycle and
apoptosis in multiple myeloma cell lines treated with increas-
ing concentrations of the drug (0.1-1.0 mmol/L). Amiloride
induced significant apoptosis after 24 and 48 hours in H929,
KMS12-BM and JJN3 cell lines (Fig. 2A; Supplementary
Fig. S4A), as well as in MM1S, U-266 and RPMI cell lines after
48 hours (Supplementary Fig. S4B). The apoptosis induction
was dose-dependent in all cell lines, with the highest levels in
the KMS12-BM cell line, even at 0.1 mmol/L after 24 hours of
treatment (Fig. 2A). It is of particular note that the apoptosis
induced by amiloride was also observed in cells with del(17p)
or TP53 mutations (JJN3 and KMS12-BM, respectively). No
significant effect of amiloride on cell cycle was observed (Sup-
plementary Fig. S5).

To evaluate the involvement of mitochondria in cell death, the
membrane potential (Ay,,) was measured. Amiloride caused a
decrease in Ay, particularly significantly in KMS12-BM, H929,
and RPMI-8226 cells (Fig. 2B; Supplementary Fig. $6). Using a
luminescent-proteolytic assay, we observed that the caspases 3/7,
8, and 9 were significantly activated in all the cell lines tested
(Fig. 2C; Supplementary Fig. S7A). The involvement of a caspase-
independent mechanism was also observed, as Z-VAD-FMK, a
pan-caspase inhibitor, was able to inhibit caspase-3/7 activity, but
unable to inhibit apoptosis induced by amiloride (Supplemen-
tary Fig. S7B).

In vivo antimyeloma efficacy of amiloride

We evaluated the in vivo efficacy of amiloride (A) in mono-
therapy and in combination with melphalan (M) and dexa-
methasone (D). As to the best of our knowledge, there are no
data concerning the antitumor efficacy of amiloride in the
animal model used here, we evaluated two doses of amiloride
(10 mg/kg and 15 mg/kg). Treatment of MM1S-inoculated
CB17-SCID mice with a double or triple combination of A
(regardless of the A dose applied), together with D and/or M,
enhanced tumor growth inhibition, although the differences
were only statistically significant for the combinations DA10,
DA15, and DMA15 (Fig. 3A; Supplementary Fig. S8A). With
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respect to survival, we observed a significant improvement in
TTE in the group of mice treated with the double combinations,
DA10 and MA10, and the triple combination, DMA10, com-
pared with the D, M, and DM groups, respectively (P < 0.05;
Fig. 3B). The mice treated with the triple combination DMA10
had a median overall survival (OS) of 115 days compared with
99 days for the combination DM (P < 0.05; Fig. 3B). The double
combinations, DA15 and MA1S5, also showed a statistically
significant benefit (P < 0.01) in terms of OS compared with
the single drugs (Supplementary Fig. S8B). The triple combi-
nation DMA15 also had a longer OS (median, 110 days) than
the double combination DM (median, 99 days), although the
difference was not statistically significant (P = 0.053; Supple-
mentary Fig. S8B). No significant toxicity, measured as body
weight loss, was observed in the mice receiving combinations
with amiloride (Supplementary Fig. S8C).

Amiloride induces gene and transcript isoforms expression
changes

To determine the molecular basis of the anti-myeloma
activity of amiloride, we performed RNA-Seq analysis in
KMS12-BM and JJN3 cell lines, the most and the least sensitive,
respectively, at the beginning of apoptosis (15%-25% cell
death, assessed by CellTiter-Glo luminescent assays) after
amiloride treatment. The study design is shown in Supplemen-
tary Fig. S9. RNA-Seq data were analyzed at three levels: gene,
isoform and splicing events. Although there were clearly more
deregulated genes in KMS12-BM (almost 5,000) than in the
JIN3 cell line (almost 1,000; Fig. 4A), significant enrichment of
functional categories, such as metabolic, MAPK, and Jak-STAT
signaling pathways, and endocytosis (Supplementary Fig.
S10A), were found among the genes deregulated in both cell
lines after amiloride treatment. The analysis of differential
expression at the isoform level identified a similar number of
deregulated transcript isoforms (over 15,000) in both cell lines
(Supplementary Fig. S10B).

Next, we focused our analysis on those genes with a total
expression that was not differentially modified after amiloride
treatment, but whose transcript isoforms were differentially
expressed. We found a considerable number of genes that were
significantly deregulated at the isoform but not the gene level in
both cell lines (Fig. 4B). Among the most significantly enriched
pathways with deregulated transcript isoforms, in both cell lines,
were those of the spliceosome, apoptosis, metabolic pathways,
and those associated with protein-processing in ER, oxidative
phosphorylation, cell cycle, RNA transport, and endocytosis
(Fig. 4C). Transcript isoforms belonging to different compo-
nents of the spliceosome and that are involved in the assembly
and regulation of the spliceosomal machinery were significantly
deregulated after amiloride treatment (Supplementary Table
S3). For example, the transcript ENST00000269601, which
encodes the canonical protein TXNL44, is upregulated in mye-
loma cells treated with amiloride, whereas the transcript
ENST00000588162, which encodes a smaller protein, was only
expressed in untreated cells. Notably, the p53 pathway was only
highly enriched in p53-expressing cell line, KMS12-BM, but not
in the p53-null cell line, JIN3 (Fig. 4C; Supplementary Table S4).

Finally, using Multivariate Analysis of Transcript Splicing soft-
ware we identified thousands of alternative splicing (AS) events in
both cell lines after amiloride exposure (Fig. 4D). Most of the
significant AS events (FDR < 0.05) involved genes whose total
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Figure 1.

Antimyeloma activity of amiloride in in vitro and ex vivo studies. A, The indicated multiple myeloma cell lines were incubated with increasing
concentrations of amiloride for 24, 48, and 72 hours. Cell viability was analyzed by CellTiter-Glo luminescent assays. The average luminescent values of
the untreated control samples were taken as 100%. Results are the means of three independent experiments. The statistically significant differences
between untreated and treated cell lines were determined with Student ¢ test. B, Bone marrow cells from patients with multiple myeloma, were treated
ex vivo with increasing concentrations of amiloride for 48 hours. After the incubation period, cells were stained with the combination of Annexin V-FITC
and three mAbs (CD45-PerCP-Cy5.5, CD38-APC and CD56 or CD19-PE) for the analysis of apoptosis in plasma cells. A panel of five antibodies in
combination with Annexin V was used for the analysis of apoptosis in T and B lymphocytes, NK cells, and granulocytes. Results are presented as

the percentage of Annexin V-positive cells. Statistically significant differences are represented as ***, FDR < 0.001 and **, FDR < 0.01 (Mann-Whitney

U test). (Continued on the following page.)

expression was not modified by amiloride, indicating that the
deregulation of alternative splicing could be a specific mechanism
of action of amiloride. The most common AS event in both cell
lines was the SE, which is the most common splice event in
mammalian pre-mRNAs.

Amiloride modulates alternative splicing machinery

Given that RNA-Seq results showed deregulation of alterna-
tive splicing and spliceosome components in myeloma cells,
we next evaluated whether the antimyeloma effect of amiloride
was associated with modulation of the splicing machinery. The
immunofluorescent staining for the SR (serine/arginine-rich)

6606 Clin Cancer Res; 23(21) November 1, 2017

protein SC35 demonstrated the amiloride-induced modulation
of the splicing machinery in myeloma cells with distinct TP53
status. Thus, the modulation of the splicing machinery was
accompanied by a reduction in cell viability in the H929 and
JIN3 cell lines (Fig. 5). In both settings, the number of speckles
was reduced but the remaining speckles increased in size and
intensity. This finding was confirmed in vivo (Supplementary
Fig. S11A) using xenografts inoculated with other multiple
myeloma cell lines. Structural changes of the nuclear speckles
induced by amiloride were also observed in CD138" cells from
one newly diagnosed multiple myeloma patient (Supplemen-
tary Fig. S11B). In addition, mRNA levels of the spliceosome
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(Continued.) RPMI-8226 cell line was treated with the indicated double combinations of amiloride with melphalan or dexamethasone (C) and triple combinations
with pomalidomide or lenalidomide plus dexamethasone (D, E). Cell viability was assessed by MTT assay, as represented in the graphs. The combination indexes (Cl)
were calculated with the CalcuSyn software. Cls of <0.3, 0.3-0.7, 0.7-0.85, 0.85-0.90, 0.90-1.10, and >1.10 indicate strong synergism, synergism, moderate
synergism, slight synergism, additive effect, and antagonism, respectively. C, control; A, amiloride; D, dexamethasone; M, melphalan; P, pomalidomide;

L, lenalidomide; d1, d2, and d3, drug concentrations used in the study; CR, constant ratio.
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The triple and double combination of dexamethasone and melphalan with amiloride displays superior anti-multiple myeloma activity and improves
median survival compared with single agents and double combinations in a subcutaneous plasmacytoma model. CB17-SCID mice subcutaneously
inoculated with 3 x 10% MM1S cells in the right flank were randomized to receive vehicle, amiloride (10 mg/kg, oral, daily), dexamethasone (0.5 mg/kg, i.p.,
2 days per week), melphalan (2.5 mg/kg, i.p., 2 days per week) in monotherapy and the respective double and triple combinations (n = 5/group). A, Evolution
of tumor volumes of the plasmacytomas. Statistical differences between groups were evaluated fitting an exponential regression model and the

regression parameters were compared using a t test for unequal variances.

Bars indicate SEM. B, Kaplan-Meier curves representing the survival of

each treatment group. Mice were sacrificed when their tumor diameters reached 2 cm or when they became moribund. Statistically significant differences

were analyzed by the log-rank test, and are represented as *, P < 0.05.

components (SNRNP27, SRSF4, SF3B1, LSM3, LSMI14A,
PRPF3, and PRPF4) were significantly overexpressed in mye-
loma cells from patients after amiloride treatment (Supple-
mentary Fig. S11C). Altogether, these results suggest the poten-
tial association between the antimyeloma activity of amiloride
and the modulation of spliceosomal machinery.

Antimyeloma activity of amiloride is associated with functional
p53 signaling

Our results showed that multiple myeloma cells either with WT
or mutated TP53 were highly sensitive to amiloride, although
higher doses and longer exposure to amiloride were required for
p53-null cells. Moreover, pathway enrichment analysis from
RNA-Seq data in mutated TP53 cells revealed a subset of deregu-
lated transcript isoforms involved in the p53 pathway. These
findings suggest an activation of p53 signaling pathway in mul-
tiple myeloma cells after treatment with amiloride. To test this
hypothesis, we used qRT-PCR to measure the expression of p53
targets, such as BAK1, BBC3, TNFRSF10B, FAS, CDKNI1B, and
CDKNI1A in multiple myeloma cell lines with different TP53
status. We observed a normal functional p53 response in the

WT/WT cell line (MM1S), whereas p53 signaling was abrogated
in JJN3 cells with no basal p53 expression (Fig. 6A). Interestingly,
the mutated TP53 cell lines (KMS12-BM and U-266) also
showed overexpression of p53 targets. Similar results were found
by RNA-Seq data analysis (Supplementary Fig. $12). The activa-
tion of p53 signaling pathway was confirmed in CD1387 cells
from eight multiple myeloma patients after treatment with
amiloride (Supplementary Fig. S13)

The cell lines with mutated TP53 showed deregulation of p53
targets after treatment with amiloride, so we decided to confirm
the involvement of p53 in amiloride-induced cytotoxicity of
multiple myeloma cells. The functionality of p53 signaling path-
way in mutated TP53 cell lines was confirmed using p53 activity
inhibitors: pifithrin-a (PFTa), a reversible inhibitor of p53-medi-
ated apoptosis and p53-dependent gene transcription (21), and
pifithrin-u (PFIW), an inhibitor of the p53-Bcl-xL interaction that
directly inhibits p53 binding to mitochondria (22). Amiloride
cytotoxicity was reduced in WT and mutated TP53 multiple
myeloma cell lines when used with p53 inhibitors. As expected,
the inhibitors had no effect on the death of JJN3 cells, which lack
p53 expression (Fig. 6B). These results imply that p53 signaling

Figure 2.

Amiloride induces apoptosis, activates caspases, and deregulates mitochondrial potential in multiple myeloma cell lines. H929, JIN3, and KMS12-BM

cells were treated with increasing concentrations of amiloride for 24 hours.

A, The induction of apoptosis was analyzed by flow cytometry after

Annexin-V/PI staining. B, Mitochondrial membrane depolarization was examined by flow cytometry after DilC1(5) staining. C, The activity of caspase-8,
caspase-9, and caspase-3/7 was analyzed by luminescent caspase assays. Results are expressed as the mean + SD of three independent experiments.
Statistically significant differences between untreated and treated cell lines are represented as **, P < 0.01 and *, P < 0.05 (Student ¢ test).
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has an important role in amiloride-induced apoptosis of multiple
myeloma cells that express either WT or mutated TP53. On the
other hand, the involvement of a mechanism other than p53
signaling activation would explain the antimyeloma effect of
amiloride on p53-null cells.

Discussion

In this study, we demonstrate for the first time the antimyeloma
activity of amiloride, an antihypertensive drug, through two novel
mechanisms of action, spliceosome deregulation and p53 signal-
ing pathway activation. Initially, we observed potent in vitro
antimyeloma activity of amiloride, both in TP53 wild-type and
mutated TP53 cells. Even in p53-null cells, viability was reduced
by using higher doses and longer exposures. The ex vivo study of

6610 Clin Cancer Res; 23(21) November 1, 2017

-logy, (adjusted P value)

myeloma cells from patients indicated that amiloride induced
cytotoxicity in plasma cells, including three cases bearing deletion
of 17p, whereas viability of other bone marrow cell populations
was not affected. Furthermore, amiloride in combination with
dexamethasone and melphalan was clearly synergic in vitro. A
synergic effect was also observed when amiloride was combined
with lenalidomide or pomalidomide plus dexamethasone. In this
context, amiloride has been described as potentiating synergisti-
cally the antiproliferative effect of other drugs like imatinib, the
first-line therapy for patients with chronic myeloid leukemia
(CML; refs. 23, 24). However, we did not find synergism between
amiloride and bortezomib, which could limit the use of amiloride
in bortezomib-based induction regimens.

The induction of apoptosis by amiloride in CML was accom-
panied by the increase in levels of caspases 9 and 3. Our results
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showed that the apoptosis induced by amiloride was mediated
by both caspase-dependent and caspase-independent mechan-
isms, which is consistent with other studies in glioblastoma
and breast tumor cells (25-27). Moreover, we observed
increased survival of mice bearing human subcutaneous plas-
macytomas treated with double or triple combinations includ-
ing amiloride compared with treatment with melphalan and/or
dexamethasone.

The anticancer effect of amiloride has previously been
described in several tumors, using in vitro and in vivo models
(9, 23-33). There is evidence for multiple mechanisms of
action of amiloride, including TRAIL-induced cytotoxicity
associated with the PI3K-Akt pathway (24, 28, 30, 33) and
alternative splicing deregulation of apoptotic genes (9, 23, 28).
The RNA-Seq allowed us to study its mechanism of action in
myeloma cells more extensively. In fact, RNA-Seq analysis in
two cell lines with distinct patterns of response to the drug, the
most and the least sensitive, revealed that amiloride signifi-
cantly altered the level of transcript isoforms and the alterna-
tive splicing events. It should be pointed out that the signif-
icant impact on the differential expression of isoforms from
genes whose total expression was not changed. In other words,
the traditional gene expression profiling would have over-
looked the substantial modifications of more than 10,000
transcript isoforms by amiloride treatment. These results are
consistent with the reported advantage of the analysis at the
genome-wide isoform level compared with gene expression in
cancer research (34, 35).

One of the most significantly enriched pathways in the
analysis of differentially expressed isoforms after amiloride
treatment was spliceosome. We found that amiloride induced
a general deregulation of spliceosomal machinery at the gene

www.aacrjournals.org

and transcript isoform levels that affected the early and late
stages of spliceosome assembly and several spliceosome-asso-
ciated proteins, including the catalytic steps of the splicing.
These findings, together with the large quantity of total tran-
script isoforms modified by amiloride, prompted us to inves-
tigate further the influence of amiloride in the pre-mRNA
splicing machinery. The small nuclear ribonucleoproteins
(snRNP) and splicing factors, like the SR protein family, are
organized in nuclear speckles (36). The changes in protein
SC35-staining speckles are used as a marker for the disruption
of the splicing machinery (37-40). Upon the inhibition of the
splicing machinery, the number of nuclear speckles decreases
but those remaining increase in size and intensity (36, 41).
Using this marker, after amiloride treatment, we identified a
similar pattern of nuclear speckle modifications that was asso-
ciated with cell viability inhibition. This finding indicates that
amiloride provokes the disruption of the splicing machinery
and that this could, in turn, induce cytotoxicity.

The RNA-Seq analysis at the transcript isoform level also
identified the p53 pathway as one of the most significantly
enriched functional categories. Remarkably, the p53 pathway was
highly overexpressed only in the cell line expressing mutated
TP53, and not in the p53-null cell line. In addition, upregulation
of p53 targets was observed in WT and mutated TP53 myeloma
cells treated with amiloride. These results, together with the fact
that the inhibition of p53 protein activity prevents amiloride-
induced cell death, even in two mutated TP53 cell lines, demon-
strate that amiloride-induced apoptosis in myeloma cells is
dependent on p53 activation and is independent of the muta-
tional status of TP53. Apart from that, the reduction in cell
viability in the amiloride-treated p53-null cell line supports the
notion that other mechanisms independent of p53, such as the
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Figure 5.

Amiloride affects the pre-mRNA splicing machinery in myeloma cells in vitro, independently of TP53 status. H929 (TP53 WT) and JUN3 (TP53 null) cells were treated
with increasing concentrations of amiloride. SC35-staining nuclear speckles were detected by immunofluorescence after 24 hours. Cell viability was analyzed
by CellTiter-Glo luminescent assays and expressed as the mean + SD. Statistically significant differences between amiloride-treated and untreated cells are
presented. P values were assessed by the two-sided Student ¢ test.
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Figure 6.

The p53 signaling pathway is activated in TP53 WT and MUT, but not in p53-null multiple myeloma cells. A, MM1S, KMS12-BM, JJN3, and U-266 cells were
treated with increasing concentrations of amiloride. mRNA levels of BBC3 (PUMA), BAX, BAKI, CDKNIA (p21), CDKNIB, TNFRSFI0B, and FAS (CD95),
were assessed by qRT-PCR 24 hours after amiloride treatment. The results are shown as the magnitude of change between treated and untreated cells
and correspond to the average of three experiments after normalization with 18S rRNA. Statistically significant differences between untreated and
treated cell lines are represented as **, P< 0.01and *, P < 0.05 (Student ¢ test). B, Cell viability upon amiloride (KMS12-BM at 0.1 mmol/L; H929 at 0.2 mmol/L;
JIN3 and U-266 at 0.3 mmol/L), pifithrin-oc (10 nmol/L) or pifithrin-p (2.5 nmol/L) treatment was analyzed by CellTiter-Glo luminescent assays, 24 hours
after amiloride treatment. Results are the mean of at least three independent experiments. Asterisks indicate statistically significant differences
between amiloride-treated cells and amiloride-pifithrin-o,/p-treated cells; **, P < 0.01; *, P < 0.05; N.S., no significant (Student ¢ test).
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spliceosomal machinery disruption observed in JJN3 cell line, are
involved in amiloride activity.

Amiloride has been used for many years as adjuvant treat-
ment with thiazide diuretics in congestive heart failure and
hypertension (42-45). Here, we demonstrate for the first time
the therapeutic potential of amiloride in multiple myeloma.
The concentration of amiloride used in the in vivo experiments
is higher than that commonly used as a potassium-sparing
diuretic, suggesting that a higher dose would be needed to
produce the anti-multiple myeloma effect. The toxicity profile
of this drug is very well known and the main side effect is
hyperkalemia, which could be the main factor that limits the
use of amiloride as an antimyeloma drug. To minimize this risk,
a careful electrolyte monitoring along with the coadministra-
tion of a kaliuretic agent or the use of new oral agents for the
hyperkalemia treatment, such as patiromer calcium (46-48)
and ZS-9 (zirconium cyclosilicate; refs. 48-50), could be
required. Moreover, attempts to develop amiloride analogues
that show reduced diuretic and antikaliuretic effects retaining or
enhancing anticancer activity are currently underway in differ-
ent laboratories. On the other hand, as reported in other studies
(23, 32), we did not find any significant systemic toxicity in the
mice treated with amiloride, and the viability of the lymphocyte
population either from multiple myeloma patients or healthy
donors was not affected, even at the highest dose.

Our results also revealed that the antimyeloma activity of
amiloride was mediated through spliceosome modulation
and involved the p53 pathway. In fact, p53 signaling was
activated after amiloride exposure, independently of the
mutational status of TP53. On the other hand, amiloride was
also able to induce apoptosis in myeloma cells that did not
express p53.

In conclusion, these findings together with the possibility of
combining amiloride with melphalan, dexamethasone, or lena-
lidomide or pomalidomide, support the initiation of clinical
trials including amiloride for patients with relapsed and refrac-
tory multiple myeloma, particularly for those with 17p deletion
or TP53 mutations who display a poor prognosis.
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El cancer es una enfermedad genética que agrupa una serie de entidades caracterizadas
por un crecimiento y una proliferaciéon celulares incontrolables. Las células tumorales aprenden a
evadir la muerte celular y adquieren otras capacidades biolégicas durante el desarrollo de los
tumores, los llamados hallmarks del cancer®?3. Entre ellos, los cambios en la expresién génica
que experimenta la célula tumoral han sido extensamente estudiados a lo largo de los afios.
Sin embargo, durante mucho tiempo se ha considerado que los genes s6lo producian un tinico
ARNm y este a su vez una unica proteina. Hoy dia sabemos que la mayoria de los genes pueden
dar lugar a distintos ARNm maduros y distintas proteinas a través del proceso de splicing
alternativo del pre-ARNm. Los avances tecnolégicos han permitido estudiar cémo ocurre este
complejo procesamiento de una molécula de pre-ARNm, asi como las proteinas que participan en
él y lo regulan. Pero el splicing del pre-ARNm no sélo afecta a més del 95% de los genes sino
que ademads puede afectar la regulacién de multiples procesos biolégicos. Es evidente que este
importante mecanismo de regulacién postranscripcional es responsable de la alta complejidad y
heterogeneidad a nivel de transcriptoma y proteoma celular, por lo que no resulta sorprendente
que su alteracién esté muy ligada a cancer. De hecho, en la actualidad se estan desarrollando
numerosas estrategias terapéuticas dirigidas a regular y corregir las alteraciones propias de este

mecanismo celular en distintas enfermedades, incluido el cancer.

El primer trabajo de la presente tesis doctoral se centrd en comparar el transcriptoma de

la LCPp con el del MM, en presencia de un fondo genético similar. La CP tumoral es aparentemente
la misma en ambas neoplasias de CP, sin embargo, las diferencias en el comportamiento clinico
v la respuesta terapéutica son muy acentuadas. El estudio de otros mecanismos biolégicos no
explorados hasta el momento que pudieran estar alterados diferencialmente entre ambas discrasias
podria ayudar a entender por qué las LCPp tienen un comportamiento significativamente mas
agresivo que los MM. Una de las razones que se ha esgrimido en este sentido es que en las
LCPp se concentran las alteraciones genéticas de alto riesgo, de forma aislada o en combinacién,
en mucha mayor medida que en el MM. Con el fin de eliminar el sesgo introducido por la
distribucién diferente de las alteraciones genéticas entre las LCPp y los MM, a la hora de
comparar su expresion génica global, abordamos el estudio seleccionando casos de MM y de LCPp
que presentaban alteraciones genéticas similares. Asi, tanto los pacientes con MM como con LCPp
tenian delecion de 17p y una distribucién muy parecida del resto de alteraciones citogenéticas.
Este diseno constituye uno de los planteamientos diferenciales respecto a los utilizados en los
trabajos anteriores en los que se comparaba el perfil de expresiéon génica de ambas neoplasias
de CP. La otra innovacién de este estudio fue la utilizacién de microarrays de transcriptoma
(HTA, Human Transcriptome Array) que permiten analizar no sélo el patrén de expression

61,304,305

génica estudiado previamente por otros autores , sino también explorar por primera vez

la expresién de isoformas y el impacto del splicing alternativo del pre-ARNm.

El anélisis no supervisado de los HTAs basado en la expresiéon génica nos permitié
diferenciar dos grupos, uno de ellos contenia los casos de LCPp y el otro, los de MM. Este

hallazgo sugeria que el transcriptoma de las LCPp se diferenciaba con claridad de el del MM,
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incluso habiendo seleccionado casos con alteraciones genéticas similares. En cambio, un anélisis
semejante utilizando datos de RNA-Seq provenientes de 73 pacientes con MM que tenian delecién
de 17p incluidos en el estudio CoMMpass no identificé ninguna agrupaciéon de muestras. Este
resultado indica que el hecho de que todos los MM portaran la delecién de 17p determinaba un
perfil de expresion génica parecido entre ellos, y que si habia otras caracteristicas genémicas
distintas entre los MM con delecién de 17p no eran lo suficientemente consistentes como para

que un analisis de clustering identificara agrupaciones.

El andlisis supervisado a nivel génico confirmé las diferencias entre los casos de LCPp y
MM, ya que se detectaron mas de 3 000 genes infraexpresados y alrededor de 300 genes sobreex-
presados en la LCPp en comparacion con el MM. Las vias del spliceosoma y del procesamiento
del ARNm estuvieron entre las més desreguladas entre ambas discrasias. La desregulacién de
estas vias no se habia descrito previamente, probablemente debido a los criterios de seleccién
de los pacientes, anteriormente mencionados. El andlisis de la expresiéon de las isoformas y de
los eventos de splicing alternativo en la LCPp y el MM confirmé la afectacion de las vias del
splicing de pre-ARNm, ya que se detectaron cambios significativos de expresién en componentes
del spliceosoma, como el factor de splicing 1 (SF1), y desregulacién de exones que tenian sitios

de unioén para las proteinas de regulacién del splicing.

Encontramos que el gen WARS, que codifica para una enzima que participa en la
sintesis proteica, y el gen AHR, un factor de transcripcion citoplasmaético, fueron los dos
genes significativamente mas sobreexpresados en los casos de LCPp. Este hallazgo unido a la
desregulacién detectada de la via de sefializacién de infeccién por el virus de Epstein Barr (EBV)
a nivel génico, de isoformas y de eventos de splicing alternativo en los casos de LCPp, nos
resulté particularmente interesante. Algunos trabajos previos han reportado elevados niveles de

306-308

expresiéon de WARS en células humanas infectadas con diferentes virus , asi como el uso de

la maquinaria celular del spliceosoma por el EBV para la trascripciéon de sus proteinas virales en

las células infectadag?09-310

, sugiriendo que WARS podria tener una funcién importante en la
defensa antiviral tras la infeccién con el EBV3''. AHR por su parte, es conocido también por
ser un regulador de la inmunidad antiviral®'?3'? y recientes evidencias sugieren su efecto en la
iniciacién, progresién e invasion de las células tumorales®'*. Otros estudios han demostrado la
sobreexpresién y activaciéon constitutiva de AHR en varios canceres, incluido el MM donde su
elevada expresién se asocié con una menor supervivencia de los pacientes®'®. Se podria hipotetizar
que la infeccién con el EBV podria estimular un incremento en los niveles de WARS yv AHR en

la LCPp como parte de la defensa antiviral de las células infectadas.

La investigacién de las isoformas a nivel global puede aportar, como hemos visto en el
primer trabajo, informacién pasada por alto cuando los estudios de expresién solo se centran
en el transcrito de ARNm canoénico o constitutivo. Asimismo, el analisis pormenorizado de las
isoformas generadas por el splicing alternativo en genes particulares ha ayudado a entender la
importancia de este mecanismo en la regulacién postranscripcional. En la tltima década se ha

estudiado y descrito el splicing alternativo de muchos genes asociados a distintas enfermedades
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que puede dar lugar a isoformas variadas con funciones distintas o incluso opuestas. Es el caso
de algunas que estimulan la invasién celular y la diseminacion metastasica en cancer como la
isoforma CD44v que incluye en su secuencia exones que normalmente se excluyen del ARNm
canénico. Se ha demostrado que otras contribuyen a la generacién de resistencias a los farmacos
como la isoforma proteica d16HER2, que resulta de la exclusion del exén 20 de la secuencia
del ARNm de HER2. Curiosamente, la expresién de d16HER2 en cdncer de mama disminuye
la sensibilidad al anticuerpo anti-HERZ2, trastuzumab, al inhibir la apoptosis que induce este

anticuerpo mediante la sobreexpresién de Bcl-2 y la activacién de la cinasa Src316:317,

El gen TP53 también da lugar a diversas isoformas, aunque estas han sido poco analizadas,
a pesar de que se trata de uno de los genes mas estudiados del genoma ya que su disfuncion e
inactivacion tienen un papel central en la patogenia del cancer y en su respuesta terapéutica. Las
isoformas de p53 se han estudiado sobre todo en el cancer de mama, en el que la sobreexpresion
de algunas de ellas®® se ha asociado con peor pronéstico®'®. Es el caso, por ejemplo, de la
isoforma A40p53a que se ha encontrado sobreexpresada significativamente en el tejido tumoral
de mama respecto del tejido normal, especialmente en aquellos casos de cancer de mama tripe
negativo®'®, y también de la isoforma A133p5303 que promueve la invasién en cancer de mama y

de colon, independientemente de que p53 esté mutado o no®'?.

En el MM no se han realizado estudios dirigidos a evaluar la expresién de las isoformas
de TP53. Teniendo en cuenta la importancia de las alteraciones de este gen en el prondstico del

MM, en el segundo trabajo, nos planteamos analizar la expresién de las isoformas de p53 y

evaluar su impacto en el prondstico de los pacientes. Para ello se utilizaron muestras de pacientes
con MM de nuevo diagnostico incluidos en el ensayo clinico GEM2012. La expresién de las
isoformas tanto de forma global como para un gen particular se ha analizado casi siempre a
nivel del ARNm, bien con técnicas de microarrays o RNA-Seq, en el primer caso, o con PCR
cuantitativa, en el segundo. Sin embargo, lo ideal seria cuantificar los niveles de las isoformas
proteicas, aun sabiendo la dificultad que entrafia conseguir muestra suficiente para analizar las
proteinas, especialmente en el MM en el que la purificacién de las muestras mediante seleccion de
CD138 resulta en concentraciones muy limitadas de proteina. En este trabajo se ha utilizado por
primera vez la tecnologia de inmunoelectroforesis capilar (CNIA) en el andlisis de la expresién
proteica de cinco subclases de isoformas de p53 (isoformas o, isoformas @, isoformas TA, isoformas
largas e isoformas cortas). Esta metodologia nos permitié cuantificar proteinas partiendo de
cantidades muy reducidas de muestra. Ademas, se analizé mediante PCR cuantitativa en tiempo
real (QRT-PCR) la expresién a nivel de ARNm de estas mismas cinco subclases de isoformas. Las
isoformas cortas también llamadas isoformas N-terminal truncadas carecen de los dos dominios
de transactivaciéon (TAD1 y TAD2) y de un trozo del dominio de unién al ADN (DBD), por lo
que son distintas a las isoformas largas, no solo estructural sino funcionalmente también. Dentro
de las llamadas isoformas TA, mientras que la isoforma canénica, TAp53a, posee el dominio de
oligomerizacion y regién basica completos, las isoformas TAp533 y TApb53y son isoformas con el

C-terminal truncado. Tal como ocurre con las isoformas cortas, las diferencias estructurales entre

107



ELIZABETA DE LOS A. RoJAS RICARDO

estas isoformas TA determinan sus funciones diferenciales.

En lineas generales los resultados de la cuantificacién de las isoformas de p53 a nivel
proteico y de ARNm fueron bastante congruentes. No obstante, mientras que la qRT-PCR
mostrd expresion del gen TP53 en todos los pacientes con MM, la proteina p53 fue detectada en
aproximadamente el 70 % de las muestras de MM. Tanto a nivel de proteina como de ARNm, las

isoformas largas y las cortas fueron las més y las menos expresadas, respectivamente.

Nuestros resultados también muestran que aquellos pacientes con elevada expresion de
las isoformas cortas presentan mejor pronéstico que aquellos con nula o baja expresiéon, tanto a
nivel de proteina como de ARNm. El hecho de que algunos trabajos hayan observado un impacto

284,298,319-322 i dica que la funcién

negativo de las isoformas cortas en la evolucién de los pacientes
de las isoformas cortas y su impacto en el prondstico podria depender del tipo de cancer, y
evidencia también la necesidad de méas estudios que profundicen en las funciones de las isoformas

de p53 que no estan definidas del todo.

Aunque la isoforma canénica TApb3a, estaba sobreexpresada en un mayor nimero de
pacientes con MM que las isoformas TAp533 y TAp53y, solamente estas tltimas, y no la isoforma
canonica, tuvieron una repercusién negativa en la supervivencia. Estos resultados son consistentes

323,324 289,318 " E] hecho de que una isoforma

con algunos estudios previos , pero discrepan de otros
se exprese mucho en un tumor respecto al tejido normal implicaria que puede tener una funcién
importante en la patogenia de la enfermedad? Los estudios existentes son controvertidos pero
refuerzan la hipétesis de que las funciones de las isoformas de p53 son muy dependientes del tipo

y contexto celulares.

Uno de los hallazgos mas destacados de nuestro estudio fue encontrar que los niveles
de expresion proteica de las isoformas de p53 mejoraban significativamente la estratificacién
pronéstica basada en las alteraciones citogenéticas de los pacientes con MM. Asi, dentro del
grupo de pacientes de alto riesgo citogenético, la alta expresién de las isoformas cortas o la baja

de las isoformas TA y largas identific6 un grupo de pacientes con una supervivencia maés larga.

Desde hace varios afios se estan desarrollando estrategias terapéuticas basadas en la
regulacion del proceso del splicing alternativo del pre-ARNm. Ademads, la secuenciaciéon masiva
de nueva generacion ha permitido identificar genes de la maquinaria del splicing y del spliceosoma
frecuentemente mutados, lo que les convierte en dianas atractivas para su regulacién farmacolégica.
Nuestros resultados han mostrado que este importante proceso celular se encuentra desregulado
diferencialmente entre el MM y la LCPp, v que las isoformas de p53 tienen valor prondstico en

los pacientes con MM. En este contexto, en el tercer trabajo nos planteamos investigar si la

modulacién farmacolégica del spliceosoma puede servir como abordaje terapéutico en el MM.

Existe una amplia variedad de farmacos dirigidos contra componentes del spliceoso-
ma, algunos de los cuales estan siendo evaluados en ensayos clinicos, como el ZEN003694 y
OTX105/MK-8628. Concretamente nos parecié interesante analizar la actividad antimieloma de

la amilorida, un diurético cominmente utilizado en el tratamiento de la hipertensién y el edema
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producido por la insuficiencia cardiaca. Este farmaco ya habia sido evaluado previamente en otras
neoplasias en las que se habia detectado que simultaneamente a su efecto antitumoral alteraba el
splicing de distintos genes involucrados en apoptosis y proliferacién celular?6:262. En nuestro
estudio utilizamos un panel de nueve lineas celulares de MM, un modelo murino de xenoinjerto,
y muestras de MO de pacientes con MM, tanto de nuevo diagndstico como refractarios o en
recaida, para evaluar la actividad antimieloma de la amilorida asi como su mecanismo de accién
en el MM.

Los estudios in vitro en el panel de lineas celulares con dosis crecientes de la amilorida
mostraron una potente actividad antimieloma. Este resultado fue observado también en los
ensayos er vivo, utilizando células mielomatosas de pacientes. La citotoxicidad producida por
el farmaco fue especifica de las células plasmaticas y no afecté al resto de poblaciones de la
MO. Ademads, se detecté un efecto sinérgico significativo cuando se combiné la amilorida con
distintos farmacos que tienen una actividad antimieloma contrastada, como la dexametasona,
el melfaldn, la lenalidomida y la pomalidomida. Adicionalmente, la eficacia de la amilorida in
vivo fue evaluada en el modelo murino de xenoinjerto en el que se observé una elevada eficacia
en combinacién doble y triple con la dexametasona y con el melfalan. De forma llamativa, en
nuestro estudio la amilorida no fue sinérgica con el bortezomib, lo cual podria limitar su uso
en aquellos regimenes terapéuticos basados en el bortezomib. La actividad antitumoral de la
amilorida se habia descrito previamente en otros tipos de canceres como la leucemia mieloide

261 "en el cancer de pancreas®?® donde también se reporté su sinergismo con el erlotinib, y

327,328

crénica

en céancer de mama’?® y glioblastomas’

Aunque los estudios realizados en este trabajo doctoral demostraron la actividad antimie-
loma de la amilorida, teniamos especial interés en comprobar también si contribuia a este efecto
la capacidad de la amilorida de modular el spliceosoma. Para profundizar en el mecanismo de
accién de la amilorida en el MM se realizaron experimentos de RNA-Seq en dos lineas de MM, la
maés y la menos sensible al farmaco. El andlisis del transcriptoma revelé que la amilorida producia
una desregulacién global de la maquinaria del spliceosoma y del proceso del splicing, afectando la
expresién, a nivel génico y de isoformas, de proteinas cruciales en el ensamblaje del spliceosoma
que participan en los pasos cataliticos del splicing, como SNRPC, SF3A2, U2AF1, EIF4A3,
SRSF1 y SRSF10. Para corroborar la inhibicién de la maquinaria del splicing se analiz6 el tamaio
y el nimero de los llamados focos o puntos nucleares (nuclear speckles) tras la exposicion a la
amilorida. Los nuclear speckles son estructuras nucleares enriquecidas de factores del spliceosoma
329

que participan en el splicing del pre-ARNm®<”. El incremento del tamafio y de la intensidad de

estos nuclear speckles se usa comtnmente como marcador de la alteracién del splicing®’ 333, Los
experimentos de microscopia fluorescente mostraron que la inhibicién de la viabilidad celular en el
MM tras la exposicién a la amilorida ocurria de forma simultdnea a la inhibicién de la maquinaria
del splicing, indicando que la citotoxicidad de la amilorida podria ser una consecuencia de la

inhibicién del splicing.

El anélisis de la RNA-Seq también mostré que la via de senalizacién de pb3 fue una de
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las mas alteradas tras el tratamiento con la amilorida. Curiosamente las lineas celulares con
p53 mutado también presentaron un incremento en la expresién de dianas de pb3, igualmente
que las lineas con pb3 wild-type, pero al contrario de la linea celular con pérdida de TP53.
Estos resultaron sugieren que la apoptosis inducida por la amilorida en las células de MM es
dependiente de la activacién de la ruta de p53, pero independiente del estatus mutacional de
p53. Sin embargo, el hecho de que en la linea celular con deleciéon de 17p, JJN3, también se
haya observado una disminucién de la viabilidad celular sin afectar la expresién de las dianas de
pH3, implica que existen otros mecanismos adicionales independientes de p53 responsables de
la actividad antimieloma de la amilorida, como pudiera ser la inhibicién de la maquinaria del
splicing demostrada en este trabajo. De hecho, los experimentos ez vivo en muestras de pacientes
con MM refractarios y/o con delecién de p53, mostraron que la amilorida también induce una

reduccién significativa en la viabilidad de las células plasméticas.

En resumen, los hallazgos encontrados en la presente tesis doctoral corroboran el interés
de estudiar en el MM y otras gammapatias monoclonales el mecanismo del splicing del pre-ARNm
v la expresiéon de las isoformas que genera. Por un lado, el andlisis global de la expresién génica
y de sus isoformas en las LCPp demuestra que su evolucién clinica, tan distinta a la del MM,
podria estar relacionada con las diferencias encontradas en el proceso de splicing alternativo
del pre-ARNm entre las dos entidades. Por otro lado, el andlisis més detallado de las isoformas
proteicas que se generan en el procesamiento de un gen concreto, como es el supresor tumoral
TP53, ha servido para revelar que existe una expresion diferencial de las isoformas proteicas de
p53 entre las muestras de MM con influencia en la supervivencia de los pacientes. Y lo que es
mas importante, la expresién de algunas de estas isoformas permite identificar pacientes que
siendo de alto riesgo citogenético tendrian una supervivencia similar a los pacientes con riesgo
citogenético estandar. Finalmente, hemos demostrado la actividad antimieloma de la amilorida,
un agente bien conocido por su actividad diurética y antihipertensiva. En estos momentos en
que el reposicionamiento terapéutico estd adquiriendo especial interés, este resultado podria ser
considerado a la hora de plantear ensayos clinicos que incluyan la amilorida en el tratamiento de
pacientes con MM en recaida o refractarios, especialmente los que tengan disfunciones del gen
TP53.
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En relacién con el capitulo 1, orientado al analisis del transcriptoma de la leucemia de

células plasméticas primaria (LCPp):

1)

2)

3)

Las células plasméticas (CPs) tumorales de la LCPp tienen un perfil transcriptémico
significativamente diferente al observado en las CPs del MM, aun compartiendo las

mismas alteraciones citogenéticas.

En la LCPp prevalece un patrén de infraexpresion de genes y de isoformas, en relacién

a lo observado en el MM.

El proceso de splicing del pre-ARNm y la maquinaria del spliceosoma son las vias
biologicas significativamente mas desreguladas entre la LCPp y el MM, tanto a nivel

génico como a nivel de isoformas y de eventos de splicing.

En relacién con el capitulo 2, centrado en el estudio de las isoformas de p53 a nivel de

proteina y de ARNm en pacientes con MM:

1)

2)

3)

Las isoformas largas de p53, y mas concretamente las isoformas TA, presentan niveles
altos de expresién en el MM, mientras que las isoformas cortas se expresan en un

grupo muy reducido de pacientes con MM.

La expresién disminuida de las isoformas cortas de p53 y la expresion aumentada de
las isoformas TAp533/y se asocian a una supervivencia mas corta de los pacientes con
MM menores de 65 anos tratados con el esquema VRd (bortezomib, lenalidomida y

dexametasona) y trasplante autélogo de progenitores hematopoyéticos.

La cuantificaciéon de las isoformas de pb3 en los pacientes con MM mejora la estra-
tificacion prondstica basada en el riesgo citogenético. Los pacientes con alto riesgo
citogenético y expresion elevada de las isoformas cortas o expresién disminuida de las
isoformas TAp5303/y, presentan una supervivencia mas prolongada, comparable a la

de los pacientes de riesgo estandar.
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En relacién con el capitulo 3, dirigido a la investigacion de la modulaciéon farmacoldgica

del spliceosoma como posible abordaje terapéutico en el MM:

1) La amilorida presenta una potente actividad antimieloma in vitro, ex vivo e in vivo,

sin provocar toxicidad sistémica en el modelo de ratén.

2) La reduccion de la viabilidad de las lineas celulares de mieloma es simultdnea a la

inhibicién de la maquinaria del splicing.

3) La apoptosis inducida por la amilorida en las células de mieloma depende de la

activacién de pb3 y es independiente del estado mutacional de TP53.

4) La amilorida muestra un efecto antimieloma sinérgico con la dexametasona, el melfalan,

la lenalidomida y la pomalidomida.
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Material suplementario correspondiente al Capitulo 1

“Transcriptome analysis reveals significant differences between primary plasma cell

leukemia and multiple myeloma even when sharing a similar genetic background”
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Supplemental Figures captions

Supplemental Figure 1. (A) Unsupervised analysis using multidimensional scaling (MDS) based on gene
expression data from the CoMMpas study. 73 MM samples with del17p were selected for the analysis. Only
the 35,345 genes interrogated by the HTA were considered for the analysis. (B) Sample classification in
subgroups in the MDS from the CoMMpass dataset was performed using model-based methods from the
mclust R package (v.5.4.1). The best model was chosen from a list of 14 methods according to their
Bayesian Information Criterion (BIC). The best fitted model according to the BIC was a spherical
multivariate normal model with one component. This model was selected as the best approximation
because it is a one component generalization of the top two models, Ell (spherical, equal volume) and VII
(spherical, unequal volume), that fitted CoMMpass data similarly well with a BIC = -1435.9.

Supplemental Figure 2. Heatmap of the 65 differentially expressed genes identified by KEGG enrichment
analysis based on gene expression. The heatmap was constructed using the freely available web tool
Heatmapper.

Supplemental Figure 3. KEGG enrichment analysis based on genes with deregulated exons detected in
pPCL and MM samples. Statistical significance of the enrichment is expressed as -log10 FDR using the
Benjamini-Hochberg method.

Supplemental Figure 4. Validation of differential expression of exons by qRT-PCR. The results are
represented as ACt between pPCL and MM samples, using PGK71 as endogenous control gene.
Statistically significant differences between pPCL and MM samples are represented as ***p < 0.001, **p <
0.01, *p < 0.05 and n.s no significant (two-sided Student's t-test for unpaired samples).

Supplemental Figure 5. (A) Gene expression analysis of SRSF1 and SRSF3 genes by qRT-PCR. The
results are represented as ACt between pPCL and MM samples, using 78S as endogenous control gene.
Statistically significant differences between pPCL and MM samples are represented as ***p < 0.001, **p <
0.01 (two-sided Student's t-test for unpaired samples). Pearson correlation of gene expression measured
by gqRT-PCR in pPCL and MM samples. (B) Pearson correlation analysis between gene expression of SR
protein family based on HTAS data and the 13 validated exons. Statistical significances are represented as
***n < 0.001, **p < 0.01, *p < 0.05. (C) Pearson correlation analysis between SRSF1 gene expression and
the expression of CD27 exon 2, NEDD4L exon 3 and RNF11 exon 3. (D) Pearson correlation analysis
between SRSF3 gene expression and the expression of CD27 exon 2 and MERTK exon 3

Supplemental Figure 6. Unsupervised analysis based on the expression of the expression of 158,625
isoforms in MM and pPCL samples using multidimensional scaling (MDS) of 19 samples (9 pPCL and 10

MM). Samples tend to be clustered according isoform expression in two groups.
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Supplemental Figure 7. (A) Coding isoforms overexpressed (upper-red) and underexpressed
(below-blue) from genes without total expression changes. The data is represented as the magnitude
of isoform change (log2 FC) between pPCL and MM samples. The selected isoforms for experimental
validation, based on higher, lower and medium FC are highlight in yellow. (B) Structure of the
analysed isoforms (IKZF1, SF1, KLC1, ASS1, RPTOR, IRF5, RPL10, RPL12 and DLGAP4 genes) is
highlighted in yellow. The two IKZF1 non-coding isoforms are highlighted in blue. The protein domains
are also indicates. The selected isoform for The yellow boxes Pictures were taken from the genome
browser Ensembl and modified. (C) Differential expression of IKZF1 isoforms detected in HTA
analysis. Coding isoforms are represented by blue columns and non-coding isoforms by dark grey.
The light blue column represents the coding isoform that does not have specific sequence for their
identification among the all isoforms.

Supplemental Figure 8. Gene expression of SR proteins in pPCL compared to MM patients from
HTA results. Columns in red, represents p-value < 0.05 and columns in pink, p-value > 0.05, for SR

gene expression.
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Supplemental table 1. TP53 status

Patient Group dele.:.i’:ig(%) P53 AA change Mutation M:ItI::ilgn Mutant p53 tl:apsactivation
by FISH status cDNA fraction activity
46061 MM 71 WT
46541 MM 83 WT
46363 MM 83 WT
45814 MM 75 WT
45627 MM 83 WT
44335 MM 95 WT
44522 MM 96 Mut pY126C  C3T7ASG R LNSEEN B EEEDD D Gkl e
an exon: splicing can be altered
47803 MM 98 Mut p.R213X ¢.637C>t 1009 'heactivity of truncated p53 is
assumed to be nil
44728 MM 93 Mut p.C275R c.823T>C 80% This mutant is inactive
47405 MM 94 WT
17012 pPCL 88 no gDNA
22335 pPCL 93 Mut p.H179R ¢.536A>G 100% This mutant is inactive
28262 pPCL 72 WT
30655 pPCL 87 Mut p.Y205D c.613T>G 80% This mutant is inactive
32186 pPCL 97 Mut p.R280T ¢.839G>C 100% This mutant is inactive
47555 pPCL 97 WT
45785 pPCL 84 WT
48401 pPCL 20 Mut p.L257Q c.770T>A 50% This mutant is inactive
20230 pPCL 89 WT

AA: aminoacid; WT: wild type TP53; Mut: mutated TP53; no gDNA: genomic DNA no available.
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Suplemental Figure 1
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Supplemental table 2. Primers used in gRT-PCR

Gene Assay ID Catalog number
SRSF1 Hs00199471_m1 4448892
SRSF3 Hs00751507_s1 4448892
SF3B1 Hs00961640 g1 4448892
DDX42 Hs00201296_m1 4448892
DHX15 Hs00154713_m1 4448892
HNRNPU Hs00244919 _m1 4448892
THOC1 Hs01018285 m1 4448892
U2SURP Hs01030366_m1 4448892
TP53 Hs01034249 m1 4331182
18S (endogenous control gene)  Hs99999901 s1 4331182
WARS Hs00188259 _m1 4448892
AHR Hs00169233_m1 4453320
DUSP5 Hs00244839 _m1 4453320
CD79A Hs00998119 _m1 4448892
GADD45A Hs00169255_m1 4453320
GADD45B Hs00169587_m1 4453320
PDE4B Hs00277080_m1 4448892
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Suplemental Figure 3
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Supplemental table 3. Validation of cassette exon (CE ) events

Gene
TRA2B
TUBG1

BCL2

COA3

COG8
PI4KB
PPM1B
RNF11

MERTK
SULF2
CcD27
NEDDA4L
KRAS

FC FC
HTAs qRT-PCR
27 1.5
3.1 1.6
25 3.0
4.9 2.8
27 1.7
3.1 1.4
34 2.6
-3.6 -2.1
-32.7 -2.4
-145.8 -9.1
-27.6 -9.4
-27.7 -4.5
24 -1.1

Splicing Event Estimate
More exon inclusion in pPCL (CE)
More exon inclusion in pPCL (CE)
More exon inclusion in pPCL (CE)
More exon inclusion in pPCL (CE)
More exon inclusion in pPCL (CE)
More exon inclusion in pPCL (CE)
More exon inclusion in pPCL (CE)
More exon exclusion in pPCL (CE)
More exon exclusion in pPCL (CE)
More exon exclusion in pPCL (CE)
More exon exclusion in pPCL (CE)
More exon exclusion in pPCL (CE)

More exon exclusion in pPCL (CE)

Supplemental table 4. Primers used in qRT-PCR (SYBR Green-based detection)

Gene
TRA2B

TUBG1

BCL2

COA3

COG8

PI4KB

PPM1B

RNF11

SULF2

MERTK

NEDDA4L

CcD27

KRAS

Oligo Name
TRA2B_Fw
TRA2B_Rv
TUBG1_Fw
TUBG1_Rv
BCL2_Fw
BCL2_Rv
COA3_Fw
COA3_Rv
COG8_Fw
COG8_Rv
PI14KB_Fw
PI4KB_Rv
PPM1B_Fw
PPM1B_Rv
RNF11_Fw
RNF11_Rv
SULF2_E5_Fw
SULF2_E5_Rv
MERTK_E3_Fw
MERTK_E3_Rv
NEDDA4L_E3_Fw
NEDD4L_E3_Rv
CD27_E2_Fw
CD27_E2_Rv
KRAS_oE4_Fw
KRAS oE4 Rv

Sequence 5' to 3’
GATGAAGCGTGAGTTTCCTGC
GTGACATTGGAGTCAATCGGC
CTGTCGCCAGTATGACAAGC
AGAAAGAGATGCGTGAGGTCC

TGCAGTTGGGCAACAGAGAA
ACATGTGTTGGGATTGCCCT
GCGTCAGGGTCCTAATCTGG
CACAGAGCTGCCACGTCTAA
GCTGATTTCCGGGGTCAGTT
GGGGTGGGAAATCTAGGAGC
TGGACAGTGAGATCCGTTGC
GGGGCAGATAGAAGTCCACG
CTTGCGGATTCCCAACGTTTT
ACGAGTATGCCTGAGGTTGG
CAATTCGATTTCTGCCGTGC
CAGTGCTGCATCAACTGGCT
ACCAATGACAGCGTGAGCTT
GCGTGAATATTGTGGGGCTG
CATAACCAGTGTGCAGCGTTC
ATGGGATCAGACACGATCTCTTC
CTTCTGCTCCATTGCTGTTGA

TGCTATTATCAGACTCACACTTGGT

AGCATAGAAAGGCTGCTCAGT
GTGCCGACAGCTCTCACAGT
ACATTGGTGAGAGAGATCCGA
ACACAGCCAGGAGTCTTTTCT
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Supplemental Figure 4
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Supplemental Figure 5

Pearson correlation, r= 0.8566, p <.0001
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DCt (CD27 exon)

ELIZABETA DE LOS A. RoJAS RICARDO

Supplemental Figure 5
C
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ASS1

Suplemental Figure 7
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Supplemental table 5. Summary of tested deregulated coding isoforms (from genes
without total expression changes)

HTA
GENE ISOFORM
HGNC Ensembl ID FC g-value Isoform Fold
Change g-value

RPTOR ENSG00000141564 1.0903 0.204 ENST00000576366 0.787 0.005
RPL10 ENSG00000147403 0.9421 0.204 ENST00000449494 0.817 0.005
IRF5 ENSG00000128604 0.9122 0.062 ENST00000464557 0.820 0.005
IKZF1 ENSG00000185811 0.8126 0.075 ENST00000413698 0.676 0.016
IKZF1 ENSG00000185811 0.8126 0.075 ENST00000646110 0.669 0.021
IKZF1 ENSG00000185811 0.8126 0.075 ENST00000612658 0.692 0.046
RPL12 ENSG00000197958 0.9923 0.374 ENST00000536368 0.745 0.028
DLGAP4 ENSG00000080845 1.0600 0.204 ENST00000340491 1.541 0.036
SF1 ENSG00000168066 1.0045 0.425 ENST00000413725 0.815 0.046
KLC1 ENSG00000126214 1.0131 0.420 ENST00000553436 1.518 0.046
ASS1 ENSG00000130707 1.0251 0.414 ENST00000372393 7174 0.046
ASS1 ENSG00000130707 1.0251 0.414 ENST00000443588 8.497 0.046
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Supplemental table 6. Primers used in qRT-PCR (SYBR Green-based detection)
ISOFORM VALIDATION

Gene
IKZF1

SF1

RPL10

RPL12

KLC1

IRF5

DLGAP4

RPTOR

ASS1

Isoform (ensembl anotation)

ENST00000413698

ENST00000646110

ENST00000612658

ENST00000413725

ENST00000449494

ENST00000536368

ENST00000553436

ENST00000464557

ENST00000340491

ENST00000576366

ENST00000372393

ENST00000443588

Oligo Name
IKZF1_698_Fw
IKZF1_698_Rv
IKZF1_110_Fw
IKZF1_110_Rv
IKZF1_658_Fw
IKZF1_658_Rv

SF1_Fw
SF1_Rv
RPL10_ENS682_Fw
RPL10_ENS682_Rv
RPL12_Fw
RPL12_Rv
KLC1_Fw
KLC1_Rv
IRF5_Fw
IRF5_Rv

DLGAP4_Fw

DLGAP4_Rv

RPTOR_Fw

RPTOR_Rv
ASS1_393_Fw
ASS1_393_Rv
ASS1_588_Fw
ASS1 588 Rv

Sequence 5' to 3’
CGTACGTGCATGTTCCTTCATC
TGTTACTCCACTGCCATGCT
AGCAGGACACTCTAACAAGTGAC
GCATCAAGACCAAGTAGCCG
ACCCGAGGATCAGTCTTGG
GTTGCCCTTCTGGGTGAAT
GCCCTCCTCCAATGGGTAAA
CTAGTTCTGTGGTGGAGGCG
TATCATGTCCATCCGCACCA
GAACGCCCTCTACGATGTGTT
CTGAGGTGCACCGGAGGT
TGTTTTTCTGTTTCTTTCTGTCTCTT
TGAGAACATGGAGAAGCGCA
TCTAGCACATGAGACAGGAGGA
TCCTAAGTGCTACCCGAATGC
ACCTCTCTAGGGCCATTCATCT
TGTCTCTTTGTCTCTGCCCTC
AGAACCCCCAAAGGATGTGC
GACACGGAAGATGTTCGACAAG
GAAGCAACGCTCTCAGTGT
CAGCGCACTGTATGAGGACC
CAGCTGAGCTCAAACCGGA
CAGTCCAGCGCACTGTATGA
GGGAGCAATGACCTTTCCTGT
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Supplemental Figure 7
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SF1: ENST00000413725
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ASS1: ENST00000443588 and ENST00000372393
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RPL10: ENST00000449494

protein
domains
e == r——
RPL10-217 >
retained intron
o117’
$PL10-202 >
grotein coding
o u]
RPL10-212 > > SNORA70-201 >
processed transcript  §snoRNA
o | SE—
RPL10-218 >
protein coding
g | SSS—
RPL10-204 >
protein coding
i
RPL10-207 >
protein coding
B | SE—
RPL10-201 >
protein coding
— 1
RPL10-216 >
retained intron
‘— |
RPL10-215 >
retained intron
rt LB -
RPL10-210 >
protein coding
1]
RPL10-214 >
retained intron
Eemei——y——
RPL10-213 >
retained intron
P =
RPL10-211 >
retained intron
-
RPL10-203
protein coding
(L 5= e =
RPL10-209 >
protein koding
[ 1
RPA10-206 >
pratein coding
Bl ———l
RP§10-205 >
prqtein coding
= ==
RPY10-208 >
pratein coding
protein protein
domains domains
N — R —_—1 T —
<RPLE2-204
procesded transcript
(i - - L — 3 —— - - g |
< RPL{2-201
orateirt codina
O+ —— — i i
< RPL{2-205
protein coding
—t 1 r— )
< RPL{2-203 5
procesged transcript
[co— S |

—3d
< SNORA65-201
snoRNA

< RPL12-202 :
processed transcript

163




ELIZABETA DE LOS A. ROJAS RICARDO

DLGAP4: ENST00000340491
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Supplemental Figure 7

c Deregulated IKZF1 isoforms (g-value < 0.05)
(HTA data)
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Supplemental table 7. Pathways affected by inclusion or exclusion of exons

No. of affected

infection

Pathway FDR Genes
genes
PLK2, PLK3, MAPK14, AKT1, GABARAPL1, FBX025, IKBKB,
FoxO sianaling bathwa 26 000175 _ARAF, KRAS, SMAD2, SMAD3, ATM, PCK2, PIK3CB, PIK3RY,
gnafing p Y : PRKAB2, PRKAG1, BCL6, SGK1, SOS2, BRAF, TGFB2, TGFBR1,
SETD7, HOMER2, HOMER1
SNUPN, SRRM1, RPP40, STRAP, DDX20, XPOT, NUP35,
NUP188, GEMINS, UPF2, RGPD4, NUP98, ELAC1, NUP133,
RNA transport 26 0.02720 NUP107, XPO5, RANBP2, RGPD3, DDX39B, RAE1, THOCS,
EIF3J, EIF2B4, EIF2B5, RBM8A, THOC1
Glucagon sianalin ATF2, AKT1, PLCB1, ACACA, ITPR1, PCK2, PDHB, PFKL,
gathwf 9 19 0.03300 PHKA2, PHKB, PHKG2, PLCB2, PLCB3, PPP3CB, PRKAB2,
P y PRKAG1, PPP4R3B, CREB3L2, CAMK2D
ADCY3, RAPGEF4, DGKQ, DNM2, AKT1, PTK2B, PLCB1,
Phospholipase D signaling PLA2G4D, GRM5, KRAS, PIK3CB, PIK3R1, PLCB2, PLCB3,
23 0.04650
pathway : PLCG2, AGPAT5, RALGDS, SHC1, SOS2, TSC1, PIP5K1A,
PLPP1, CYTH1
HDACS, POLR3A, RBPJL, ATF2, MAPK14, AKT1, DDX58
Epstein-Barr virus 2 004650  CTF2E2, HDACT, HLA-F, HLA-G, HSPA2, IKBKB, IRF3, ITGAL,

PIK3CB, PIK3R1, PLCG2, POLR3B, PSMD4, PSMD13, MAP2K4,
POLR3D, TBP, TNFAIP3, POLR1C, CD44, NCOR2, HDAC4
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“Expression of p53 protein isoforms predicts survival in patients with multiple
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Supplementary Figure 1
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Supplementary Figure 2
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Supplementary Figure 4
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273 (60%) 99 (63.5%)

0, 0,
107 (23%) 36 (23.1%) 0.957
69 (15.1%) 19 (12.2%)
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182 (40%) 62 (40.5%) 08
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Supplementary Material

Supplementary Figure 1. Detection of the ectopic expression of p53a, p53, p53y, and
A133p53a protein isoforms in null-p53 JUN3 myeloma cells by the DO-11 (A), DO-1 (B),
A300-249A and KJC8 (C) antibodies. (D) Schematic representation of human p53
protein isoforms, included in this study, grouped based on the molecular mechanisms
that lead to their formation as: a, 8, TA, long and short isoforms. The main domains of
p53 protein isoforms are represented by colors and amino acid (aa) numbering. TAD1:
transactivation domain 1, aa 1-42 [purple]; TAD2: transactivation domain 2, aa 43-63
[violet]); PRD: proline-rich domain, aa 64-92 [blue]), DBD: DNA-binding domain, aa 101-
292 [green]; NLS: nuclear localization signal, aa 305-322 [orange]; OD: oligomerization
domain, aa 326-356 [red]; BR: basic region, aa 364-393 [yellow]. The molecular weight
of each p53 isoform protein is indicated. (E) Protein isoform expression was assessed
for a, B, TA, long and short protein isoforms (left) and TAp53a and TAp53p/y isoforms
(right), by CNIA and normalized to GAPDH abundance in each case. The Y axis are
expressed on log scale. (F) Variability of each isoform protein measurement across all
the MM samples was measured and represented by percentage coefficient of variation
(CV%).

Supplementary Figure 2. Association of total p53 protein and TA isoforms with
mutations of TP53 gene. Distribution of the expression of total p53 protein and TA
isoforms based on the presence or absence of TP53 mutations assessed by next-
generation sequencing (NGS).

Supplementary Figure 3. Probability of survival without progression (TTP) and of
overall survival (OS) of MM patients by level of TA (A), TAp53a (B) and levels of a and

B isoforms, and total p53 protein (C).
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Supplementary Figure 4. (A) TTP and OS of MM patients by cytogenetic risk and
del(17p). (B) TTP and OS of MM patients by cytogenetic risk and level of long p53 protein
isoforms, simultaneously. The log-rank (Mantel-Cox) test p values are shown.
Supplementary Figure 5. (A) TTP and OS of MM patients by t(4;14) or del(17p) and
expression of short protein isoforms. (B) TTP and OS of MM patients by t(4;14) and
expression of TAp53B/y or long isoforms. (C) Contribution of variables to explaining the
model adjustment calculated by the relative proportion of x2.

Supplementary Figure 6. Schematic representation of the twelve p53 mRNA isoforms
structures. (A) The protypical TP53 gene is composed of 11 exons. Translated and
numbered exons for the full-length TAp53a protein are represented by light green boxes.
The B and y exons codifying the B and y isoforms are shown in red and blue. The 3’ and
5 UTR regions are represented by bright green ovals. The P1 and P2 promoters in
combination to the alternative splicing and start codons led to the TA, A40 and short
isoforms, respectively. (B) The p53 isoforms can be grouped into subclasses depending
on the molecular mechanisms that lead to their formation. The figure shows the groups
of isoforms included in this study at mRNA level: a, B, long (TA/A40) and short
(A133/A160) isoforms, as well as the primers’ location by arrows. (C) Number of MM
patients with and without expression of each p53 mRNA isoform (left), and the
distribution of the expression for each p53 mRNA isoforms in MM samples by qRT-PCR
(right). (D) Number of MM patients with and without expression of each p53 mRNA
isoform based on RNA-Seq data from 780 MM patients included in the MMRF
CoMMpass trial (NCT01454297). p53 mRNA expressions were dichotomized using the
95th percentile of the median expression of all genes within chromosome Y in women
samples. In the right panel is shown the distribution of the expression for each mRNA
isoform. TTP and OS of MM patients according to levels of short mMRNA isoforms (E) and

the TP53 gene (F).
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Material suplementario correspondiente al Capitulo 3

“Amiloride, an old diuretic drug, is a potential therapeutic agent for multiple

myeloma”

Clinical Cancer Research
(2017), 23(21): 6602-6615
DOI: 10.1158/1078-0432.CCR-17-0678
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Supplemental Figure 2
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Supplemental Figure 2
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Supplemental Figure 2
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Supplemental Figure 3
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Supplemental Figure 3
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Supplemental Figure 5
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Supplemental Figure 6
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Supplemental Figure 7
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Supplemental Figure 8
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Supplemental Figure 9
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Supplemental Figure 10
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Supplemental Figure 11
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Supplemental Figure 12
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Supplemental Material

Supplemental Experimental Procedures

1. Evaluation of the combinations of amiloride with other anti-myeloma agents
Cells were treated for 24, 48 and 72 hours with double combinations at different

doses of amiloride and other antimyeloma agents. Cell viability was analyzed by MTT

assay and a constant ratio experimental design was used. The potency of each

combination in different cell lines was quantified with the Calcusyn software (Biosoft,

Ferguson, MO, USA), which is based in the Chou Talalay method and calculates a

combination index (CI) with the following interpretation:

Combination index Interpretation
<0.3, strong synergism
0.3-0.7 synergism
0.7-0.85 moderate synergism
0.85-0.90 slight synergism
0.90-1.10 additive effect
>1.10 antagonism

2. Effect of MSCs on amiloride-induced growth inhibition

The methods for isolation and expansion of MSCs have been described by
Garayoa et al. (1). Next, the MSCs were plated in 96-well culture dishes (8000/well) (3
biological replicates) and allowed to reach confluence during 48 hours. Then, medium
was removed and 20,000 luciferase-expressing myeloma cells (MM1S-luc) in RPMI
1640 containing 10% fetal bovine serum were plated on top of the MSCs and treated
for 48 hours with different concentrations of amiloride. After the incubation period,
luciferin substrate (Caliper Life Sciences, Hopkinton, MA) at a final concentration of
150 g/mL was added for 10 minutes and bioluminescence (photons/sec) was analyzed

in a Xenogen IVIS Imaging System 50 Series (Caliper Life Sciences).
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3. MM xenograft murine model
To fit the tumor growth curves, we used the exponential model y = A*ekx resorting

to the EXFIT option of the SIMFIT package (www.simfit.org.uk). The k parameter
corresponds to the tumor growth rate and the A parameter to the initial tumor size. The
k parameter together with its standard error (Sk) were extracted for each condition to
compare the different drug experiments. The regression parameters comparison was
carried out using a t-test for unequal variances. The area under the curve (AUC) for
each growth curve was calculated by cubic splines fitting using the COMPARE option
of SIMFIT. Differences between each pair of AUCs were tested, inside the x-overlap
window of both curves, using COMPARE under the formula 200(A0)/(B1+B2), with AO
being the integral of the absolute difference between curves 1 and 2, B1 and B2 being
the AUC of both curves considering a zero-base line for the y values. Differences
between curves were expressed as percentages”
4. Immunoblotting

Whole cell lysates were collected using RIPA buffer (Santa Cruz Biotechnology)
containing protease and phosphatase inhibitors (Roche). Protein samples were
subjected to SDS-PAGE electrophoresis and transferred to 0.45 um polyvinylidene
fluoride (PVDF) membrane using iBlot® Dry Blotting System (Invitrogen). The
antibodies used for immunoblotting were: anti-p53 protein (Cell Signaling) and anti-B-
actin-HRP (Sigma-Aldrich) as control for protein loading. The chemiluminescence was
detected using Clarity Western ECL Substrate (BioRad).
5. RNA sequencing

Twelve total RNAs were measured for quantity and quality using Agilent 2100
Bioanalyzer (Agilent Technologies). All samples reached the minimum standards,
concentrations higher than 200 ng/ul and RIN values over 8.0. Libraries were
constructed following a TruSeq Stranded mMRNA Sample Preparation Guide (lllumina).
Briefly, mRNA was purified from 4 ug of total RNA using oligo (dT) magnetic beads.

The purified mRNA was fragmented into small pieces using fragmentation buffer in
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combination of heat treatment (94°C, 8 min). Taking these short fragments as
templates, first-strand cDNA was synthesized using reverse transcriptase and random
hexamer primers. The addition of Actinomycin D prevents spurious DNA-dependent
synthesis, while allowing RNA-dependent synthesis, improving strand specificity
detection. Second-strand cDNA synthesis was followed using RNase H, which
removes the RNA template, and a DNA polymerase | which synthesizes a replacement
strand, incorporating dUTP in place of dTTP to generate ds cDNA. The incorporation of
dUTP quenches the second strand during amplification, because the next polymerase
does not incorporate past this nucleotide in further amplification. At the end of this
process a blunt-ended cDNA is obtained. Indexes and sequencing adapters were
ligated to short cDNA fragments after purification with Ampure XP beads (Beckman
Coulter), and which were used to distinguish different sequencing samples.

The final cDNA library was generated with an amplification step and purification
process, then libraries were first quantified and validated with Agilent 2100 Bioanalyzer
(Agilent Technologies). Next, libraries were normalized and pooled for clustering
generation and sequencing using lllumina HiSeq™ 2500 with a configuration of 100
cycles Paired-end Reads, following manufacturer’'s instructions (lllumina), at Life
sequencing S.L. (Valencia, Spain).

6. RNA sequencing analysis

All sequencing software tools were run with the default or recommended settings.
RNA-Seq analysis was carried out in eight cores and 32 GB of RAM computer. The
operating system was Ubuntu 14.04.2 LTS using version of X_86 64 bits. Paired-end
FASTQ files for 12 samples were used in the RNA-Seq analyses. Adapter and quality
trimming was done by the cutadapt tool version vl4

(http://dx.doi.org/10.14806/ej.17.1.200) removing all bases with a Phred quality

average threshold <20 (Q < 20). FASTQ files quality was assessed using FASTQC

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) before and after the trimming

process. The trimmed reads were mapped against the Homo sapiens genome
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GRCh37 assembly obtained from Ensembl

(http://www.ensembl.org/data/ftp/index.html) using in a first step the Bowtie2 aligner

version 2.2.6 (2), in order to find the mean insert size to calculate the mean mate inner
distance for each sample. The reads were then re-aligned using the TopHat v2.0.11
aligner (3). TopHat writes read data in the BAM format which is the binary version of
the Sequence Alignment/Map (SAM) files, these files were used for downstream
analyses at gene and isoform levels.

Regarding the gene level analyses, HTSeq version 0.6.0 was used to count the
number of reads per gene from BAM files (4) considering the intersection-strict model
whereby the whole read must fall entirely inside the feature to be counted. Reads that
align multiple features are deleted to avoid double counting, and using GRCh37.82.gtf
file from Ensembl as gene model. Low expression genes (those whose sums of reads
were < 1 in all samples) were removed. After the filtering process, the remaining genes
were normalized dividing the counts by the sample-specific size factors, estimated
using the median ratio method (5). Based on normalized count data, DESeq2 R

package version 1.12.3 (6) (http://doi.org/10.1186/s13059-014-0550-8) modelled gene

expression according a negative binomial distribution and generated a list of genes
ranked based on the false discovery rate (FDR) using the Benjamini-Hochberg
procedure.

The alternative splicing isoforms were detected using cufflinks version 2.2.1
following the Tuxedo pipeline (7). The isoforms were analyzed following 2 sequential
approaches. First, a global analysis of isoforms was carried out considering all the
isoforms with an absolute value of fold change (|FC|) = 2 as differentially expressed
between the contrasted conditions and using them for further analysis. Second, only
the isoforms with a |FC| = 2 between contrasted conditions corresponding to genes
without expression modifications were considered. These genes were those not
identified as a significant (FDR > 0.05 and |FC| < 2) by the DESeq2 package. The

resulting isoforms were also used for downstream analysis.
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Differential alternative splicing events were detected using rMATS version 3.0.9 (8),
which identifies the number of observed reads that unambiguously support the
presence or absence of each splicing event. Most of the significant AS events (FDR <
0.05) were classifying into five main types of pattern: patterns: skipped exon (SE),
alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS), mutually exclusive
exons (MXE) and retained introns (RIs). rMATS also calculates the difference in the

ratio of these events between two conditions, calculating a false discovery rate.

The enrichment analysis was conducted through the Webgestalt web tool (9) in all

analysis levels, using as data sources the Gene Ontology and the KEGG databases.
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Supplemental tables

Supplemental Table 1. Molecular classification of human myeloma cell lines (HMCLS)

as previously described (10-12). OD: oligomerization domain; DBD: DNA-binding

domain.

HMCLs IGH TP53 Type of |Domain of
Name translocations | status mutation p33

NCI-H929
2 JIN3
3 KMS12-BM
4 KMS12-PE
5 U-266
6 MM1S
7  RPMI-8226

t(4;14)
t(14:16)
t(11;14)

t(11;14)

CCND1
insertion

t(14;16)

t(14;16)

wild type
(WT)
deletion
(DEL)
mutated
(MUT)
mutated
(MUT)
mutated
(MUT)
wild type
(WT)
mutated
(MUT)

207

R337L

R337L

A161T

E285K

missense

missense

missense

missense

oD

oD

DBD

DBD
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Supplemental Table 2. Patients’ characteristics

Code PatientNo. Age Gender Disease status Treatment FISH1Tp Experiments
P1 439 5 M Newly-dagnosed normal Ctetoxicty of amilonds on PC from total BM sample
P2 42532 97 M Newly-diagnosed normel Ciotoxicity of amiloride on PC from total BM sample
P3 42598 &7 F Newly-diagnosed normal Citotoxicty of amiloride on PC from total BM sample
P4 42869 83 M Newly-dagnosed deletion Citotoxicty of amilonde on PC from total BM sample
Pa 50393 83 F Newly-diagnosed normel Citotoxicty of amiloride on PC from total BN sample
P6 43449 63 M RefractoryProgression  VTDAVDL-PACE/pembrolizumab-LD deletion Ctetoxicty of amiloride on PC from total BM sample
PT 43226 63 M Refractory VTD-ASCT/ixazomib maintenanceRD  deletion Citotoicty of amilonde on PC from total BN sample
pPs 32588 72 M Relapse VP normal Ciotoxicty of amilonde on PC from total BM sample
PO 50616 76 M Newly-dagnosed normal Citotoxicty of amilonde on PC fromtotal BM sample
P10 47687 73 M Refractory WP normal Ctetoxicty of amilonds on PC from totdl BM sample
P11 50150 84 F Newly-diagnosed normel Cellviabity and RNA isolation of CD138+ fraction treated with amiloride
P12 50161 61 F Newly-Giagnosed normal Cellviabity and RNA isolation of CD138+ fraction reated with amiloride
P13 50160 46 M Newly-diagnosed normal Cellviabity and RNA isolation of CD138+ fraction treated with amilonde
P4 4420 8 M Relapse VWPLD normal Cellvigbilty and RNA isolation of CD138+ fraction reated with amiloride
P15 G0204 83 F Newly-diagnosed normeal Cellviability and RNA isolation of CD138+ fraction treated with amilonde
P16 50207 69 F Relapse WP normal Cellviabilty and RNA isolation of CD138+ fraction treated with amilonde
PIT 48686 38 F Refractory VD normal Cellviabiity and RMNA isalation of CD138+ fraction treated with amiloride
P18 50007 &4 F Newly-dagnosed normal Cellvigbity and RNA isolation of CD138+ fraction treated with amilode
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Supplemental Table 3. Amiloride-induced transcript isoforms expression changes of
genes which encode proteins involved in spliceosome complex and its regulation. Only
common transcript isoforms in both cell lines are shown. The direction of the change
upon amiloride treatment is indicated (FC = 2: upregulation or FC < -2:
downregulation), and the proteins are classified according to the spliceosome
complexes to which they belong. The transcript isoforms with a log2 (FC) = 99 were

those transcripts only expressed in amiloride treated-cells; and the transcript isoforms

with log2 (FC) = -99 were those transcripts only expressed in control cells.

KMS12-BM JIN3
Gene Symbol Transcript log2 (FC) log2 (FC) Protein Spliceosome complex
SNRPC ENST00000244520 7.14 1.22 159 aa Ul snRNP
SF3A2 ENST00000586396 -1.21 -1.69 135 aa U2 snRNP
U2AF1 ENST00000464750 6.22 99.00 75 aa U2 snRNP-related
EIF4A3 ENST00000576547 -9.93 -8.82 125 aa EJC/TREX complex
SRSF1 ENST00000258962 16.04 1.10 248 aa common component
(SR protein)
SRSF10 ENST00000259043 7.78 7.64 127 aa common component
(SR protein)
HNRNPC ENSTO00000556513 4.44 7.33 231 aa
HNRNPC ENST00000553753 1.01 1.49 288 aa
HNRNPC ENSTO00000420743 1.78 99.00 306 aa common component
(hnRNP protein)
HNRNPC ENST00000555215 99.00 4.14 187 aa
HNRNPC ENST00000557768 3.22 1.99 54 aa
TXNL4A ENST00000269601 99.00 99.00 142 aa
U5 snRNP and U4/U6-
TXNL4A ENST00000588162 -99.00 -99.00 57 aa U5 tri-snRNP complexes
8
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Supplemental Table 4. Amiloride-induced transcript expression changes of genes
involved in p53 pathway in KMS12-BM cell line. The direction of the change
upon amiloride treatment is indicated (FC = 2: upregulation or FC< -2: downregulation).
The transcript isoforms with a log2 (FC) = 99 were those transcripts only expressed in
amiloride treated-cells; and the transcript isoforms with log2 (FC) = -99 were those

transcripts only expressed in control cells.

Gene Symbol Transcript log2 (FC) Biotype Protein
CDK4 ENST00000547853 99.00 Protein coding 2 aa
CDK4 ENST00000550419 1.06 Nonsense mediated decay 201 aa
CDK4 ENST00000546489 -99.00 Protein coding 208 aa
CDK4 ENST00000552254 1.70 Protein coding 203 aa
CDK4 ENST00000549606 3.88 Protein coding 40 aa
CDK4 ENST00000547281 -1.21 Protein coding 186 aa
CDK4 ENST00000552862 3.26 Protein coding 115 aa
CDK4 ENST00000551800 -99.00 Protein coding 132 aa
CDK4 ENST00000312990 1.01 Protein coding 111 aa
CDK4 ENST00000257904 -4.83 Protein coding 303 aa
CDK4 ENST00000551888 6.00 Processed transcript no protein
CDK4 ENST00000552388 -1.48 Protein coding 170 aa
CDK4 ENST00000551706 3.52 Retained intron no protein
TP53 ENST00000514944 99.00 Protein coding 155 aa
TP53 ENST00000505014 99.00 Retained intron no protein
TP53 ENST00000269305 4.17 Protein coding 393 aa

CHEK1 ENST00000532669 1.08 Protein coding 192 aa
CHEK1 ENST00000438015 -2.05 Protein coding 476 aa
CHEK1 ENST00000544373 -7.36 Protein coding 382 aa
CHEK1 ENST00000532449 -99.00 Protein coding 442 aa
CHEK1 ENST00000278916 99.00 Protein coding 432 aa
CHEK1 ENST00000498122 -99.00 Nonsense mediated decay 89 aa
CHEK1 ENST00000427383 -99.00 Protein coding 492 aa
CHEK1 ENST00000528761 99.00 Processed transcript no protein
CHEK1 ENST00000524737 -99.00 Protein coding 476 aa
SHISA5 ENST00000417841 99.00 Protein coding 112 aa
SHISA5 ENST00000466424 -99.00 Processed transcript no protein
SHISA5 ENST00000426002 -4.64 Protein coding 137 aa
SHISAS ENST00000460758 1.62 Retained intron no protein
CCNB1 ENST00000506572 -2.40 Protein coding 401 aa
CCNB1 ENST00000508407 99.00 Protein coding 244 aa
CCNB1 ENST00000507798 1.87 Protein coding 185 aa
CCNB1 ENST00000505500 -10.47 Protein coding 396 aa
BID ENST00000473439 -1.53 Processed transcript no protein
BID ENST00000399765 2.57 Protein coding 99 aa
SESN1 ENST00000520364 5.51 Retained intron no protein
9
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SESN1 ENST00000523632 -5.86 Retained intron no protein
SESN1 ENST00000356644 1.30 Protein coding 492 aa
SESN1 ENST00000368971 -5.92 Retained intron no protein
CDK1 ENST00000519078 1.04 Protein coding 189 aa
CDK1 ENST00000373809 2.74 Protein coding 240 aa
CDK1 ENST00000395284 -99.00 Protein coding 297 aa
CCND1 ENST00000535993 -99.00 Retained intron no protein
CCND1 ENST00000542367 -99.00 Retained intron no protein
RFWD2 ENST00000367667 11.86 Nonsense mediated decay 113 aa
RFWD2 ENST00000367666 -1.58 Protein coding 566 aa
RRM2B ENST00000519125 -5.73 Retained intron no protein
RRM2B ENST00000519317 1.17 Protein coding 139 aa
BAX ENST00000345358 -99.00 Protein coding 192 aa
BAX ENST00000515540 -1.81 Nonsense mediated decay 41 aa
GTSE1 ENST00000491863 6.92 Retained intron no protein
ATR ENST00000383101 -1.74 Protein coding 2580 aa
PERP ENST00000421351 3.78 Protein coding 193 aa
CDKN2A ENST00000361570 99.00 Protein coding 170 aa
CDKN2A ENST00000498628 -1.15 Protein coding 105 aa
10
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Supplemental Figure Legends

Figure S1. (A) Protein expression of p53 in MM cell lines. Basal protein level of p53
was analyzed by Western blot in 7 MM cell lines. B-actin was used as loading control.
(B) Cell viability of isolated CD138+ cells from MM patients. Cells were treated with
the indicated doses of amiloride for 24 h and cell viability was analyzed by CellTiter-Glo
luminescent assays. The average of luminescent values of control untreated samples
was taken as 100%. The statistically significant differences between untreated and
treated cells were determined with Student's t-test and represented as ***p < 0.001 (C)
BM cells obtained from four donors were treated ex vivo with increasing concentrations
of amiloride for 48 h. After the incubation period, cells were stained with the
combination of annexin-V-FITC and five monoclonal antibodies (CD38-APC-H7, CD45-
OC515, CD56-PE, CD19-PECy7 and CD3-APC) for the analysis of apoptosis in
plasma cells and T lymphocytes (CD3+), B lymphocytes (CD19+), NK cells
(CD56+/CD3-) and granulocytes (SSChigh/CD45+dim). Results are presented as the
percentage of Annexin V-positive cells (Mann-Whitney U test).

Figure S2. (A) Melphalan resistant MM cell line RPMI-LR5 (panel left) and
dexamethasone resistant MM cell line MM1R (panel right) were treated with the
indicated doses of amiloride for 24, 48 and 72 h, and cell viability was analyzed by
CellTiter-Glo luminescent assays. The average of luminescent values of control
untreated samples was taken as 100%. Results are the means of three independent
experiments. The statistically significant differences between untreated and treated cell
lines were determined with Student's t-test. (B,C,D) MM cell lines were treated with the
indicated double combinations of amiloride with dexamethasone or melphalan or (E)
bortezomib. Cell viability was analyzed by MTT assay as represented in the graphs and
the combination indexes (Cl) were calculated with the Calcusyn software. Cls of < 0.3,
0.3-0.7, 0.7-0.85, 0.85-0.90, 0.9-1.10, and > 1.10 indicate strong synergism,

synergism, moderate synergism, slight synergism, additive effect, and antagonism,
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respectively. C: control; A: amiloride; D: dexamethasone; M: melphalan; B: bortezomib;
d1, d2 and d3: drug concentrations used in the study; CR: constant ratio.

Figure S3. (A) MM1S-luc cells were treated for 48 hours with the indicated
concentrations of amiloride in the presence or absence of MSCs derived from newly-
diagnosed (ND) and relapsed/refractory (RR) MM patients, and proliferation was
analyzed by bioluminescence (photons/sec). The statistically significant differences
between untreated and treated cocultured cells were determined with Student's t-test
and represented as **p < 0.01 (B) MSCs were cultured with different doses of amiloride
for 48 hours, and cell viability was analyzed by CellTiter-Glo luminescent assays. The
statistically significant differences between untreated and treated cells were determined
with Student's t-test and represented as **p < 0.01

Figure S4. Amiloride induced apoptosis in MM cells. H929, KMS12-BM, JIN3 cells
(A) and MML1S, U-266 and RPMI (B) were treated with increasing concentrations of
amiloride for 48 h, and the induction of apoptosis was analyzed by flow cytometry after
annexin-V/PI staining. Data are the means + SD of three independent experiments.
Statistically significant differences between untreated and treated cell lines are
represented as **p < 0.01 (Student's t-test).

Figure S5. Amiloride did not induce changes in the cell cycle profile of MM cells.
The indicated MM cell lines were incubated with increasing concentrations of amiloride
for 48 h and the cell cycle was analyzed by flow cytometry. (A) Data are the means +
SD of three independent experiments. (B) The histograms show the phases of the cell
cycle, including the subG1 peak. Statistically significant differences between untreated
and treated cell lines are represented as ***p < 0.001, **p < 0.01 and *p < 0.05
(Student's t-test).

Figure S6. Amiloride deregulated mitochondrial potential in MM cells. The
indicated MM cell lines were incubated with increasing concentrations of amiloride for
24 h and the mitochondrial membrane depolarization was examined by flow cytometry

after DIIC1(5) staining (MitoStep). Dark grey color represented the depolarized cells
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and grey color the cells without mitochondrial membrane depolarization. Data are the
means + SD of three independent experiments. Statistically significant differences
between untreated and treated cell lines are represented as **p < 0.01 and *p < 0.05
(Student's t-test).

Figure S7. Activity of amiloride through caspase-dependent and independent
mechanisms. (A) The activity of caspase 8, caspase 9 and caspase 3/7 was analyzed
by luminescent caspase assays in different MM cell lines. (B) Pharmacologic inhibition
of the activity of caspases with the pan-caspase inhibitor Z-VAD-FMK. MM1S and
KMS12-BM cells were preincubated with the pan-caspase inhibitor (50 nM) for one
hour and then were treated with amiloride (MM1S at 0.2 mM, and KMS12-BM at 0.1
mM) for 24 additional hours. The abrogated activity of caspase 3/7 was corroborated
by luminescent caspase assay. Bortezomib (MM1S at 5 nM, and KMS12-BM at 10 nM)
was used as positive control of caspase-dependent mechanism. Data are the means +
SD of three independent experiments. Statistically significant differences between
untreated and treated cell lines are represented as **p < 0.01 and *p < 0.05 (Student's
t-test).

Figure S8. The triple and double combination of dexamethasone and melphalan
with amiloride displayed superior anti-MM activity and improved median survival
compared with single agents and double combinations in a subcutaneous
plasmacytoma model. CB17-SCID mice subcutaneously inoculated with 3 x 10°
MMA1S cells in the right flank were randomized to receive vehicle, amiloride (15 mg/kg,
oral, daily), dexamethasone (0.5 mg/kg, i.p., 2 days weekly), melphalan (2.5 mg/kg,
i.p., 2 days weekly) in monotherapy and the respective double and triple combinations
(n = 5/group). (A) Evolution of tumor volumes of the plasmacytomas. Statistical
differences between groups were evaluated fitting an exponential regression model
and the regression parameters were compared using a t-test for unequal variances.
and represented as *p < 0.05. Bars indicate standard errors of the mean. (B) Kaplan-

Meier curves representing the survival of each treatment group. Mice were sacrificed
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when their tumor diameters reached 2 cm or when they became moribund. Statistically
significant differences were analyzed by the log-rank test, and represented as **p <
0.01 and *p < 0.05. (C) The toxicity profile of drugs in vivo, showed a lower body weight
loss in all treated mice. It is represented as percentage of mouse body weight variation
during the study in the xenograft plasmacytoma.

Figure S9. Experimental design for RNA-Seq assay. KMS12-BM and JIN3 cell
lines, untreated or treated with amiloride (0.1 mM and 0.4 mM, respectively) for 24 h.
The RNA was isolated and prepared for next-generation sequencing analysis.

Figure S10. Pathway enrichment analysis at gene level and differential transcript
isoforms expression. (A) Summary of the biologically relevant pathways significantly
enriched in KEGG analysis for amiloride-deregulated genes detected in KMS12-BM
and JIN3 cell lines. Statistical significance of the enrichment was expressed as -log10
(Benjamini-Hochberg adjusted p - value). (B) Differential expression of transcript
isoforms. Deregulates transcript isoforms were identified using Cufflinks following the
Tuxedo pipeline when untreated and treated cell lines where compared. Only the
isoforms that have a | FC| = 2 were considered as differentially expressed.

Figure S11. Validation of spliceosomal machinery alterations (A) CB17-SCID mice
were subcutaneously inoculated into the right flank with 3x108 MM1S (TP53 WT; n = 6)
cells or RPMI (TP53 MUT; n = 4) cells in 100 pL of RPMI-1640 medium and 100 pL of
Matrigel. After 11 weeks, when tumors had a large size, all mice were randomized into
2 groups, the control groups receiving the vehicle alone-PBS and the amiloride
treatment groups receiving 20 mg/kg/day for two consecutive days, orally. Mice were
sacrificed at third day and SC35-staining nuclear speckles detected by
immunofluorescence assays. The figure shows the results corresponding to all mice.
(B) CD138+ cells from one newly-diagnosed MM patient were treated with amiloride for
24 hours and SC35-staining nuclear speckles detected by immunofluorescence assay.
(C) CD138+ cells from MM patients were treated with amiloride for 24 hours and the

mMRNA levels of spliceosome components were tested. The results are shown as the
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magnitude of change between treated and untreated cells, using 18S rRNA as
endogenous control. Results are combined to those from RNA-Seq results.

Figure S12. Validation of gene expression. The mRNA levels of BBC3 (PUMA),
BAX, BAK1, CDKN1A (p21), CDKN1B, TNFRSF10B and FAS (CD95) were assessed
by gRT-PCR. Results are the mean of three independent experiments. The direction of
the fold change detected in the mRNA levels evaluated by both RNA-Seq data and
gRT-PCR, concur.

Figure S13. Validation of p53 pathway activation in patient cells. CD138+ cells
from MM patients were treated with amiloride for 24 hours and the mRNA levels of p53
signaling pathway were tested. The results are shown as the magnitude of change
between treated and untreated cells, using 18S rRNA as endogenous control.
Statistically significant differences between untreated and treated cell lines are

represented as ***p < 0.001, **p < 0.01 and *p < 0.05 (Student's t-test).
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