UNIVERSIDAD AUTONOMA DE MADRID
DEPARTAMENTO DE BIOLOGIA MOLECULAR

ESTUDIO DE BIOMARCADORES DE PRONOSTICO Y
RESPUESTA A TERAPIA EN CANCER GASTRICO

JONE BARGIELA IPARRAGUIRRE
MADRID, 2017



DEPARTAMENTO DE BIOLOGIA MOLECULAR
FACULTAD DE CIENCIAS
UNIVERSIDAD AUTONOMA DE MADRID

ESTUDIO DE BIOMARCADORES DE PRONOSTICO Y
RESPUESTA A TERAPIA EN CANCER GASTRICO

JONE BARGIELA IPARRAGUIRRE,
LIC. EN BIOQUIMICA

DIRECTORA DE TESIS
DRA. M? ISABEL SANCHEZ PEREZ

Departamento de Bioquimica. Instituto de Investigaciones
Biomédicas “Alberto Sols”

Madrid 2017



A mis padres
A mi abuela
A Mikel



ACRADECMIENTDS

En primer lugar agradezco a mi directora de tesis, a la Dra. Isabel Sanchez Pérez por ser un
referente de trabajo, apoyo y excelente guia en aspectos tanto académicos como personales
durante todo este tiempo. Por todo lo que me ha ensefiado y me ha ofrecido, sobre todo por
inspirarme y motivarme a disfrutar de la ciencia.

Segundo agradezco a mi tutora de tesis a la Dra. Carmela Calés Bourdet, por su implicacion
constante como tutora, por sus aportaciones, criticas constructivas, ensefianza y el apoyo continto
durante mi proyecto.

Agradezco también a mi tutor el Dr. Luis Alonso Herrera, y a todo su grupo de trabajo del
laboratorio de carcinogénesis por haberme acogido en él y darme asi la oportunidad de vivir una
experiencia Unica, la cual ha supuesto un enorme aprendizaje laboral y personal.

A la Dra. Rosario Perona y a todo su grupo por su ayuda, colaboracion y disponibilidad en todo
momento, asi como al Dr. Leandro Sastre y su grupo por sus aportaciones y ayuda durante todo
este tiempo.

Agradezco al Dr. José Manuel Gonzalez y a todos y a cada uno de mis compafieros del laboratorio
2.14, Nuria, Laura, Roberto, Natalia y Juan con los que he compartido momentos de trabajo, estrés
pero sobretodo alegrias y buenos momentos en estos cuatro afios.



RESUMEN
El céncer gastrico (CG) es una de las principales causas de muerte por cancer en todo el mundo,

la alta incidencia y la falta de un tratamiento eficiente y especifico hacen que sea un problema de
salud mundial. La gastrectomia complementada con radio-quimioterapia adyuvante es el
tratamiento curativo que se aplica a los adenocarcinomas de estdmago. Actualmente, la
guimioterapia se basa en combinaciones de 5-FU, Cisplatino y Taxanos. Sin embargo, la falta de
biomarcadores adecuados para el prondstico y respuesta a tratamiento hace que nos hayamos
planteado estudiar la respuesta molecular a estos agentes en un modelo de lineas celulares de
cancer gastrico. Los adenocarcinomas gastricos comparten las caracteristicas o hallmarks del
cancer, de las cuales la inestabilidad gendmica aparece en mas de la mitad de los CG. Dos de los
mecanismos celulares que evitan la inestabilidad genémica son el DNA Damage Response (DDR)
y Spindle Assemble Checkpoint (SAC), estos ademas estan involucrados en la respuesta al
tratamiento, por ello nuestro objetivo ha sido estudiar la implicacion de estas dos rutas de
sefializacion en el modelo y su implicacion en la respuesta a paclitaxel (PTX), irradiacion (IR) y
cisplatino (CDDP). En primer lugar hemos demostrado que el tratamiento combinado de CDDP
y PTX induce la catastrofe mitética en las células MKNA45 siendo més eficaz que los tratamientos
individuales. Demostramos que los genes MAD2L1 y BUB1B, los cuales codifican proteinas clave
de SAC, estan sobreexpresados en las lineas celulares derivadas de tumores diseminados, y su
disminucién afecta a la capacidad de proliferacion , migracion e invasion de estas células,
induciendo el fenotipo senescente y la resistencia a PTX. Ademas, los niveles elevados de
expresion de MAD?2 correlacionan con un peor prondstico en los pacientes con CG. Hemos
analizado el papel de CHKL1, quinasa principal del DDR, en la respuesta a terapia con IR,
identificando una sobreexpresion de la misma en células resistentes a IR y el agente
radiomimético bleomicina (BLM). El estudio en una serie de pacientes seleccionados por tumor
primario y tratamiento con IR, indica que aquellos pacientes que muestran CHK1 elevada en el
nicleo tumoral respecto al tejido sano presentan un menor tiempo libre de progresion. Hemos
observado que la sobreexpresién de CHK1 no se debe a una regulacién diferencial a nivel
trascripcional, sino postranscripcional, en la que pudieran estar implicados los miR-195 y miR-
503. Por otro lado hemos estudiado la reparacion y apoptosis generada por CDDP y BLM en
lineas celulares de CG. Las células resistentes a BLM son incapaces de inducir la expresion de la
proteina pro-apoptoticas (Bax, Bad and Puma) mientras que la sensibilidad a CDDP se produce
por degradacién de MCL-1. Hemos observado que una ineficiente ruta de reparacién de NER
puede ser la causa de la sensibilidad al CDDP. Todo ello hace que propongamos a CHK1 como
un marcador de respuesta a terapia a irradiacion y MAD2 un buen candidato de pronéstico en CG

y posible diana terapéutica.



SUMMARY
Gastric cancer (GC) still is the fourth main cause of cancer related death in all over the world, its

high incidence and lack of efficient personalized treatments makes it a public health problem. In
GC adenocarcinomas gastrectomy is the only curative treatment, frequently supplied with
adjuvant radio/chemotherapy. The chemotherapy regimen is based on combinations of 5-FU,
platinum compounds and Taxanes. There is still an imperative need to improve in GC treatment,
since there is a lack of good biomarkers for therapy response and patient prognosis we proposed
to study deeply the molecular response to therapy in gastric cancer cell model. Two mayor cellular
mechanisms involved in the maintenance of genome stability (DNA damage repair and SAC) may
be responsible of drug response. Firstly, our results demonstrate that the combined treatment of
cisplatin (CDDP) and paclitaxel (PTX) induces cell death by mitotic catastrophe. We found that
the central SAC genes MAD2L1 and BUB1B were the more prominently expressed members in
disseminated GC cell lines. Silencing MAD2 and BUBR1 decreased cell proliferation, migration
and invasion abilities, induced senescence phenotype and PTX resistance, moreover high levels
of MAD2 correlated with poor prognosis in GC patients. Since CHK1, essential kinase of DDR,
plays a critical function in cellular response to genotoxic agents, we aimed to analyze the role of
CHK1 in GC as a biomarker for radiotherapy resistance. We demonstrated that CHK1
overexpression specifically increases resistance to radiation in GC cells. Furthermore, we found
a correlation between nuclear CHK1 accumulation and a decrease in progression free survival in
patients. Moreover, we found that CHK1 expression is controlled by p53 and RB/E2F1 at
transcriptional level and miR-195 and miR-503 may be involved in posttranscriptional regulation.
On the other hand, in order to understand the role of MAD?2 controlling the cell fate in CDDP and
BLM response we analyze the process of apoptosis induction. Our data showed that resistant cells
in response to BLM are unable to induce the expression of pro-apoptotic proteins Bax, Bad and
Puma. In contrast, in this cells in response to CDDRP it is induced the degradation of MCL-1 and
increased Bid and Bad levels, as a result they showed BLM resistance and sensitivity to CDDP.
Additionally, we found that NER repair is impaired in sensitive cells due to the absence of XPA
and XPD translocation to the nucleus. In conclusion, the results presented here suggest that
MAD?2 could be used as prognostic markers of tumor progression and new pharmacological
targets in the treatment for GC, whereas CHK1 as a potential tool for optimal stratification of

patients susceptible to receive adjuvant radiotherapy after surgery.
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CLAVE DE ABREVIATURAS




5-FU: 5 Fluoracilo

APC/C: Anaphase promoting complex or ciclosome
BLM: Bleomicina

BUBL: Budding Uninhibited by Benzimidazoles 1
CDC20: Cell division cycle 20

CDDRP: Cisplatino

CG: Céncer géstrico

CHKZ: Checkpoint kinase 1

CHK2: Checkpoint kinase 2

CIN: Inestabilidad cromosémica

C-MAD2: Conformacién cerrada de MAD?2 (close-MAD?2)
DBS: Double strand breaks

DDR: DNA damage repair

ERCCL: Excision Repair Cross-Complementing group 1
ERCC2: Excision Repair Cross-Complementing group 2
GC-NER: Global Couple -NER

HR: Recombinacion homdéloga (Homologous Recombination)
IR: Irradiacion

MAD1: Mitotic Arrest Deficient 1

MAD2: Mitotic Arrest Deficient 2

MAD2L1: Mitotic arrest deficient —like 1

MCC: Mitotic Checkpoint Complex

NER: Nucleotide Excision Repair

NHEJ: Recombinacién no homdloga (Nonhomologous End-Joining)
O-MAD?2: Conformacion abierta de MAD2 (open MAD2)
PTX/PLX: Paclitaxel

RB: Retinoblastoma

SAC: Spindle assembly checkpoint

SASP: Senescence associate secretory phenotype
TC-NER: Transcription Couple -NER

TFHII: Basal transcription factor complex helicase 2

TP53: Tumor Protein 53



XPA: Xeroderma Pigmentosum, complementation group A
XPD: Xeroderma Pigmentosum, complementation group D
XPF: Xeroderma Pigmentosum, complementation group F

XPG: Xeroderma Pigmentosum, complementation group G
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1. CANCER GASTRICO

1.1. Epidemiologia

El céncer géstrico (CG) es una de las neoplasias malignas con mayor incidencia en el
mundo, situdndose en el cuarto puesto con un millén de nuevos casos diagnosticados en el 2015
y la tercera causa de muerte por cancer, con 785.558 muertes anuales. La mayor incidencia de
esta enfermedad se encuentra en paises de Asia del Este seguidos de Europa Central y América
del Sur ".Los factores de riesgo asociados al CG son ambientales y hereditarios. Entre los factores
de riesgo ambientales se encuentra en primer lugar la presencia o infeccion prolongada por la
bacteria H. pylori, el virus de Epstein Barr, asi como la dieta (alta en sal y nitratos, baja en frutas
y verduras) y el tabaco 2. Por otro lado, entre los factores de caracter hereditarios destacan la
presencia de pélipos gastrointestinales, historial de cancer familiar de estdmago, mutaciones en
BRAC1/2 y anemia de perniciosa ?. EI CG por su sintomatologia leve en etapas mas tempranas
puede pasar desapercibida o en ocasiones se confunde con gastritis y malas digestiones. Por ello,
un 80% de los pacientes son diagnosticados en etapas avanzadas 0 metastasicas. En esta situacion
la supervivencia global a 5 afios es de apenas el 20% en cambio en etapas tempranas es de un 90
%. El diagnostico precoz de la enfermedad parece ser una de las maneras mas eficaces de reducir
la mortalidad por CG. Es el caso de Japén, la incidencia del CG es la mas alta del mundo pero
presenta una supervivencia global a 5 afios del 60%, mientas que en Europa y USA es del 20%.%°
La incidencia ha disminuido en los Gltimos afios gracias a la erradicacion de la infeccion por

H.Pylori y se espera que los efectos sean mucho mas dréasticos en los préximos 10-20 afios.>

1.2. Clasificacion del cancer gastrico

El 90% de los canceres de estomago son de origen epitelial, es decir, adenocarcinomas, el 10 %
restante lo componen linfomas, tumores de origen neuroendocrino o carcinoides, tumores de
origen estromal (GIST) y de origen muscular. Existen diferentes criterios para clasificar el
adenocarcinoma, se pueden agrupar en dos grandes grupos: clasificaciones basadas en la
caracteristicas macroscépicas donde se valora la capacidad de invasiéon o la diseminacion a
nodulos cercanos (clasificacion TNM, Bormann) y las basadas en las caracteristicas

microscopicas o histoldgicas (WHO, Laurens, Ming, Goseki).

La clasificacion TNM es hasta el momento la clasificacion méas universal para el prondstico del

paciente, ya que en base a esta clasificacion se determina el estadio del tumor y se decide el
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abordaje clinico a seguir ', La clasificacion TNM se basa en el grado de invasion del tumor
primario asi como el grado de metéstasis. La letra T describe la extension del tumor primario
(cuanto ha crecido hacia el interior de la pared del estmago y hacia los 6rganos cercanos). La
letra N describe la propagacién a los ganglios linfaticos cercanos o nddulos regionales y por
altimo la letra M indica si existe metéstasis a partes distantes del cuerpo *?°. Por otro lado, la
clasificacion de Laurens segun la apariencia histol6gica distingue los tumores en intestinales o
difusos, y mixtos en el caso de haber un porcentaje de ambos 7. Esta clasificacion esta acorde en
la mayoria de los casos con el grado de diferenciacion, asi el tipo intestinal suele ser catalogado
como bien diferenciado, presenta una histologia definida y células mas diferenciadas. Son
tumores menos agresivos y en general estos pacientes presentan un mejor pronéstico, son mas
frecuentes en el cuerpo gastrico, presentan metastasis a higado y metaplasias del epitelio gastrico
(Ulceras). En cambio los tumores catalogados como difusos son tumores mas desdiferenciados,
presentan una histologia mas heterogénea, las glandulas han perdido su conformacion y aparecen
células arrifionadas o con una secrecién blangquecina (mucinosa). Los pacientes presentan un peor
prondstico, ya que los tumores son Mas invasivos, aparecen en personas mas jovenes y presentan

frecuentemente metastasis pleural 7.

Figura 1. Imagenes representativas de la clasificacion histoldgica de Lauren. A) Intestinal B) Difuso C)

Mixto. Yosep Chong et al.2014

En el afio 2014 se realiz6 una clasificacion molecular del CG por parte del Cancer Genome Atlas
(TCGA). Teniendo en cuenta la alta heterogeneidad entre tumores de CG pero también la
heterogeneidad intra-tumoral observada hasta el momento, se realiz6 una clasificacion integrando
la informacion de la secuenciacion masiva de DNA RNA y miRNAs, perfil de metilacion , y
estudio de inestabilidad microsatelital, agrupando asi 295 tumores en los siguientes 4 subtipos:
tumores asociados a EBV (Ebstein Barr virus), tumores con inestabilidad de microsatélites (MSI),
tumores con estabilidad genémica (GS) y tumores con inestabilidad cromosémica (CIN)?. Hasta
el momento esta y otras clasificaciones moleculares que se han realizado sobre el CG no se han

llevado a la préctica en la clinica.
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v' Ausencia de mutaciones en TP53
v’ Sobreexpresion de JAK2 / mutacion PIK3CA

¥ Hipermetilacién de promotores

. ) v" Amplificacién de genes reguladores
v Mutaciones en oncoproteinas

del ciclo celular
v Mutacién de TP53
v Tipo histolégico intestinal
v’ Aneuploidias

v' Mutacién de RHOA y CDHI
v Tipo histolégico difuso

Figura 2: Clasificacion molecular de 295 tumores de cancer gastrico por The Cancer Genome Atlas *:
46% chromosome instability (CIN), 24% Microsatelital instability (MSI), 21% Genome stability (GS), 9%
Epstein-Barr Virus (EBV).

1.3. Biomarcadores y tratamiento en cancer gastrico

Un biomarcador es cualquier variable medible que sea indicador de un proceso biolégico. En CG
se utilizan dos tipos: los de diagnoéstico como son el CEA (carcinoembrionic antigen) y el CA 19-
9 (carbohidrates antigens) y los de prondstico (inestabilidad de microsatélites). CEA fue utilizado
por primera vez en 1980 para el diagndstico precoz del cancer de estdbmago y actualmente es el
marcador mas valioso a pesar de estar presente en otros tipos de canceres. CA 19-9 (carbohidrates
antigens) especialmente se relaciona a adenocarcinomas pancreaticos y de estémago.* Por otro
lado , actualmente se han sugerido como biomarcadores de mal prondstico la sobreexpresion de
las vias de sefalizacion de factores de crecimiento EGFR, HER-2, VEGF, TGF, c-MET, la
expresion de citoquinas IL-6,IL-10 y la ciclina E y la sobreexpresion de las proteinas implicadas
en apoptosis (Bcl-2 , FasL, survivina) . Cada dia surgen nuevos estudios que intentan aportar
marcadores de prondstico para esta enfermedad y con facil implementacion en la clinica. Entre
ellos podemos destacar los miRNAs, alteraciones epigenéticas y polimorfismos. Los miRNAs
parecen ser biomarcadores prometedores por su expresion estable y robusta tanto en tejido como
en plasma, por ejemplo, la diminucion de Let-7g y miR-433 especialmente se han relacionado
con un mal prondstico en CG %¢. Aun asi, actualmente no existe un biomarcador Unico y fiable

para predecir el pronostico del paciente.

El tratamiento estandar del CG se basa en una gastrectomia subtotal o radical dependiendo de la

localizacion del tumor en el estdbmago, seguido de radio- quimioterapia adyuvante en la mayoria
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de casos y quimioterapia paliativa en etapas avanzadas. La quimioterapia por excelencia son
combinaciones de 5-Fluororacilo y Cisplatino. En caso de recurrencia (80% de los pacientes en
etapas avanzadas) se suelen incorporar farmacos derivados de taxanos como segunda linea de
terapia adyuvante ¥. Actualmente se esta implementado la quimioterapia neoadyuvante (platinos
y radiacion) y/o terapia perioperatoria (radiacién) con bastantes buenos resultados®. A dia de hoy
la alta resistencia intrinseca o adquirida al tratamiento sigue siendo el mayor obstaculo en el
manejo clinico de los tumores sélidos de estébmago, los cuales presentan ciertas caracteristicas

comunes que pueden ser responsables de dicho comportamiento ante una terapia clinica.

2. CARACTERISTICAS DE LOS TUMORES SOLIDOS DE ESTOMAGO

Las caracteristicas de las células tumorales se definen como el conjunto de capacidades
funcionales adquiridas que permiten la supervivencia, proliferacion y la diseminacion de las
células tumorales. Estas funciones se adquieren por mecanismos diferentes en un contexto
temporal distinto a lo largo de la carcinogénesis, en un proceso multi-etapa. En el afio 2000
Hanahan and Weinberg sugirieron que el crecimiento de las células malignas se debia a la
adquisicion de seis alteraciones fisioldgicas: generacion de factores de crecimiento ilimitado,
insensibilidad a las sefiales de inhibicidn del crecimiento, un potencial ilimitado de replicacion,
angiogénesis, resistencia a la muerte celular, y la capacidad de invasion y de metastasis “6. En el
afio 2011 se afiadieron cuatro procesos mas: la reprogramacién del metabolismo energético,
evasion del sistema inmune, ambiente pro-tumoral infamatorio y la inestabilidad genémica y

mutaciones *’ ( Fig. 3)
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Figura 3. Esquema de los Hallmarks del cancer descritos por Hanahan en el 2011. Resaltadas las dos

caracteristicas que se van a desarrollar en esta tesis: Inestabilidad genomica y resistencia a la muerte celular.

De todos ellos explicaré en mas detalle aquellos relacionados con el contenido de esta tesis:

inestabilidad genémica (inestabilidad cromosdmica) y resistencia a la apoptosis.

2.1. INESTABILIDAD GENOMICA

El DNA est4 constantemente expuesto a agentes que pueden lesionarlo, agentes externos (luz,
quimicos ambientales, fAirmacos...) o agentes internos debido al propio metabolismos celular que
genera especies reactivas de oxigeno (ROS)’. Las lesiones en el DNA pueden generar inestabilidad
genémica por acumulacién de mutaciones y por el bloqueo de la horquilla de replicacion.” Para
prevenir tales dafios las células eucariontes han desarrollado mecanismos de respuesta al dafio en el
DNA, o DNA Damage Response (DDR), que tiene como funcién mantener la integridad del genoma,
evitando la perpetuacion de la lesion y la segregacion de cromosomas dafiados o incompletos
(inestabilidad cromosémica)’®. Asi, DDR actlia como una barrera ante la tumorogénesis . A efectos
mecanisticos es una via de sefializacion que se compone por sensores que responden ante sefiales

intracelulares de dafio en el DNA, quinasas efectoras centrales y quinasas ejecutoras que controlan la
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parada del ciclo momentanea o permanente (senescencia)'”’

, € inducen la reparacion del dafio y/o la
apoptosis '**. La via DDR es capaz de dirigir el destino celular ante un estimulo, por lo que es

considerado un buen candidato como biomarcador de respuesta a tratamiento.

2.1.1 Respuesta al dafio en el DNA (DDR)

La via de sefalizacion DDR esta regulada por dos quinasas altamente conservadas desde levaduras a
mamiferos: Ataxia Telangiectasia mutated (ATM) y Ataxia Telangiectasia and Rad3 related (ATR)
5, ATM se recluta a los puntos de ruptura de doble cadena por el complejo Mrel1-Rad50-Nbs1
(MRN) donde se fosforila la variante de histona H2AX, asi se genera la sefial para el reclutamiento
del resto de los participantes de la via. En paralelo ATM media la reparacion de las hebras generando
una situacion intermedia de ruptura de hebra sencilla lo que a su vez activa a la quinasa ATR .
Mediante la fosforilacion y la consiguiente activacion de las quinasas efectoras CHK1y CHK2, ATM
y ATR son capaces de inducir la parada de ciclo celular y la reparacion de la lesion. Cuando el dafio
es excesivo o irreparable pueden también inducir la senescencia celular y /o la muerte celular. La
diana principal de ATR/ATM para la parada del ciclo celular y dictaminar el destino celular es la
proteina supresora tumoral p53 (Fig 4). En ausencia de estimulo los niveles totales de p53 se
mantienen bajos por la ubiquitin ligasa MDM2 (HDM2 en humanos) que continuamente envia a
degradar a p53 via proteasoma. Una vez activas ATM/ATR , fosforilan a p53, esta se disocia de
MDM2 y conlleva a la estabilizacion de la proteina ®, asi el factor de transcripcion puede inducir la
parada de ciclo, la reparacion del dafio en el DNA o la induccion de la muerte celular o senescencia

controlando la expresion de multitud de genes diana que participen en dichos procesos®.

Las quinasas efectoras de la via CHK1 y CHK2 se han relacionado con la resistencia a ciertos agentes
antineoplasicos y radiacion en cancer de mama, lo cual ha impulsado el estudio y la generacion de
inhibidores farmacolégicos > *°. Aunque la mayoria se encuentran en etapas iniciales de los ensayos
clinicos algunos de ellos presentan resultados favorables en la sensibilizacion a radiacion, pero con
gran toxicidad sistémica. La radioterapia y agentes citotoxicos como el cisplatino (CDDP), activan
esta ruta de sefializacion y los niveles alterados de CHK1 y CHK?2 pueden modular la respuesta final

a estos estimulos.”
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2.1.2 Proteina CHK1/ CHK2

La proteina CHK1 es una de las serina/treonina quinasa que se activa en presencia de diversos
agentes genotoxicos.® La activacion se produce mediante la fosforilacién en residuos especificos
de la proteina. La fosforilacién en la Ser-317 y Ser-345 de CHK1 resulta en un incremento en la
actividad catalitica de esta. La quinasa CHK1 activa, fosforila a p53 y proteinas de la familia de
fosfatasas CDC25 (A, B, C) induciendo asi una parada del ciclo celular. En concreto la
fosforilacién de CDC25C provoca la inactivacion de la fosfatasa, favoreciendo la parada en G2/M
del ciclo celular. Junto con la parada de ciclo celular, CHK1 participa en la reparacién del DNA,
activando la recombinacién homéloga (HR) mediante la fosforilacién de NEK6 que este as su vez
fosforila a RAD51 (proteina clave en HR) haciendo que pueda liberarse de BRCA2 y pudiendo
unirse al DNA.**2

La proteina CHK?2 es una serina/treonina quinasa que al igual que CHK1 se fosforila y activa ante
diversos estimulos que generan dafio en DNA. Hasta el momento se conocen 24 proteinas sustrato
de la quinasa CHK2 en humanos, los cuales forman parte de distintas mecanismos celulares que
se pueden agrupar de la siguiente manera: reparacion de DNA, regulacion del ciclo celular,
sefializacion de p53 y apoptosis®t. CHK2 participa directamente en las primeras etapas de la
reparacion de rupturas de doble hebra (DBS), fosforando a BRCA1 y BRCA2 2, con un balance
final de activacion de HR sobre NHEJ. Ambas quinasas responden ante multitud de lesiones en
el DNA y son claves en la via DDR para evitar la inestabilidad genémica. 2

VIA ATM VIA ATR
2| JRad17
SENSORES IE=3 T e Y
MRN
! }
ATM ATR
'@ '@
Chk2 Chkl
p53 @ Cdc25®
DESTINO CELULAR Apoptosis Activacién checkpoint
Reparacion No -
reparacién
| |
Proliferacion Senescencia

Figura 4: Esquema simplificado de la via de sefializacién DDR. Adaptacion de Nature Reviews®’

19

INTRODUCCION



z

INTRODUCCION

2.2 INESTABILIDAD CROMOSOMICA

La inestabilidad cromosémica (CIN), incapacidad de mantener un nimero constante de
cromosomas en cada division celular, es la disfuncién mas comdnmente asociada al cancer en
humanos, por lo que se ha convertido en una de las areas principales en el estudio del cancer *.
Las células diploides normales contienen un nimero invariable de 46 cromosomas. Sin embargo,
las células tumorales poseen un nimero anormal que puede alcanzar entre 60 y 90. Ademas estos
cromosomas suelen presentar aberraciones estructurales que rara vez se encuentran en células
normales: inversiones, deleciones, duplicaciones y translocaciones. Estas anormalidades

numéricas y estructurales definen la aneuploidia.

Por tanto la estabilidad genética de un organismo depende entre otras cosas, de la segregacion
precisa de las cromatidas hermanas durante la mitosis. La capacidad de distribuir correctamente
los cromosomas replicados es critico para la transferencia del material genético de una generacion
a la siguiente. Este proceso esta sometido a multiples puntos de control que aseguran la fidelidad
en la trasmision del material genético y previene la aparicidn de errores. La segregacion de los
cromosomas Y la division celular dependen de una formacion regulada del aparato del huso
mitdtico que es el responsable de los movimientos de los cromosomas durante la anafase. El huso
mitético es una estructura bipolar formada por microtibulos (MT) que emanan de dos centros
organizadores llamados centrosomas. Los cromosomas condensados se unen al conjunto de MT
dinamicos, a través de las estructuras macromoleculares denominadas cinetocoros, que se
ensamblan en las regiones centroméricas del cromosoma. Las crométidas hermanas se mantienen

unidas por un mecanismo de cohesién, que debe ser eliminado para que ocurra el anafase.

Por tanto, es factible pensar que cualquier fallo en este mecanismo o en sus componentes puede
generar aneuploidia y como consecuencia de ello cancer'®, EI mecanismo de vigilancia de este
proceso es el "Spindle Assemble Checkpoint” (SAC) que controla el estado de unién del MT y la

tension en los cinetocoros.
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2.2.1 SAC (Spindle Assemble Chechpoint)

El punto de control SAC es un mecanismo de supervivencia del ciclo celular que detecta la falta
de unién entre el cinetocoro y los microtibulos y/o la falta de tension entre ellos para retrasar la
transicion metafase a anafase 3. SAC se considera el mecanismo principal para evitar la
incorrecta segregacion de los cromosomas y por tanto la inestabilidad cromosémica. El cinetocoro
es la estructura formada por més de 100 proteinas que une los microtubulos y los cromosomas
por el centromero. Este “andamiaje” protéico es necesario para que se genere la tension fisica
adecuada entre los microtubulos y los cromosomas, asi los microttbulos literalmente tiran de ellos
y separan las cromatidas hermanas. Hasta el momento en el que se detecta la correcta union entre
el cinetocoro y el microtubulo la sefial de parada de SAC se encuentra activa (Fig 5A). El paso
imprescindible en la activacidn de SAC es la formacion del complejo MCC o Mitotic Checkpoint
Complex que incluye a las proteinas BUBR1, BUB1, Cdc20 y MAD2. La formacion de MCC
conlleva a la inhibicion de la E3 ubiquitin ligasa APC/C o complejo promotor de anafase [6,7]
mediante el secuestro de su coactivador, el Cdc20. La inhibicion de APC/Cdc20 estabiliza la
Securina y la Ciclina B1, asi retrasando el inicio de la anafase y por tanto la salida de mitosis. El
ensamblaje y desensamblaje de los componentes del complejo MCC son eventos clave en la
regulaciéon de APC/C por SAC, ya que en ausencia de MCC el Cdc20 libre activa a APC/C y esta
marca para degradacién a Ciclina B, activando asi a Cdk1 y promoviendo la salida de mitosis.
Por otro lado promueve la degradacion de securina que mantiene inhibida a la separasa, la
separasa activa degrada la cohesina que mantiene unida los crométidas hermanas (Fig 5A). Aln
no esta dilucidado como se produce el reclutamiento de las proteinas del MCC al cinetocoro, la
quinasa BUBL1 juega un papel importante en la fosforilacion y en el reclutamiento de las proteinas
del SAC al cinetocoro ** 7. En la formacion del complejo MCC por un lado se unen BUB1 y
BUBRL1 y por otro lado MAD2 y Cdc20, se cree que esta Ultima union es la etapa limitante del
proceso. MAD2 antes de que pueda unirse a Cdc20 debe de cambiar de una conformacion abierta
(O-MAD?2) a una conformacion cerrada (C-MAD2). Este cambio de conformacién ocurre cuando
previamente MAD2 y MAD1 forman un heterotetrdmero en el cinetocoro lo hace posible que un
nuevo monémero de O-MAD?2 se convierta en C-MAD2. C-MAD2 puede ya unirse a Cdc20 y
mantener la parada de mitosis activa*® 5'.La sefial de parada del SAC es rapidamente silenciada
cuando el ultimo microtibulo estd correctamente unido al cinetocoro. Esto ocurre por varios
mecanismos, como es la eliminacion de los componentes de SAC del cinetocoro por complejos

motores de dineina, o por la inhibicién de C-MAD2 mediante la proteina p31comet '*° (Fig 5B).
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Figura 5:A) Activacion de la sefial de SAC en ausencia de microtUbulos unidos al cinetocoro. En presencia
de microtubulos unidos el CDC20 libre activa a APC/C, el cual ubiquitina y manda a degradar a Securina
y Ciclina B dejando actuar a Separasa y Cdk1 para la segregacion de los cromosomas y la salida de mitosis.
B) Esquema representando el cambio conformacional de MAD2 lo que permite su unién con CDC20 y la
formacidon del MCC .Inactivacion de la sefial de SAC por la proteina p31comet desensamblando el complejo
MCC. MCC; Mitotic Checkpoint Complex.
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En numerosos tipos de tumores como en mama, ovario, pulmén y en tumores gastrointestinales
se han observado alteraciones tanto de la expresion de los genes como de los niveles de proteinas
implicadas en SAC'* 12, Se ha comprobado in vitro que la disminucién y/o la ausencia de alguna
de ellas generan aneuploidias, asi como resistencia a farmacos 8, También se ha observado in
vitro que una sefial débil de SAC puede generar resistencia a farmacos dirigidos contra la
dindmica de los microtubulos, como son los vincaloides y los taxanos . La familia de farmacos
conocido como Taxanos comprende al grupo principal de antineoplasicos que tienen como diana
a B-tubulina, ampliamente utilizado para tratar tumores solidos. Estos afectan la dindmica de la
tubulina y tienen como objetivo generar una sefial de blogueo prolongada en profase, lo que
finalmente provoca la apoptosis por catastrofe mitética 2. Dos de la principales proteinas clave

de la via SAC que estéan alteradas frecuentemente en tumores son MAD2 y BUBR1.

2.2.2 Proteina MAD?2

La proteina MAD?2 es una proteina esencial en la activacion de SAC. Estéa codificada por el gen
MAD2L1 situada en brazo corto del cromosoma 4. Es un gen altamente conservado desde
levaduras hasta mamiferos, siendo una proteina esencial en el desarrollo ya que su ausencia
provoca letalidad embrionaria 3. MAD2 de 111aay 24 kDa, presenta un dominio HORMA que
comprende el 80 % de la proteina, este dominio se ha relacionado con la unién a DNA. Como ya
se ha comentado anteriormente MAD?2 existe en dos conformaciones relativamente estables,
conocidas como O-MAD2 (open-MAD2) y la C-MAD2 (close-MAD2). El cambio
conformacional es necesario para que MAD2 se pueda unir a MAD1 y CDC20 vy parece ser el
mecanismo principal que regula la disponibilidad de MAD?2 activa en la célula *. La expresion
de MAD?2 es controlada mediante factores de transcripcion como es el E2F1 el cual promueve la
expresion del gen, factor que en cancer se han encontrado sobreexpresados. Ademas, la proteina

p53y el eje RB/E2F interactlian para regular a MAD2%.

La expresion de MAD2L1 asi como los niveles de proteina MAD2 estéan alterados en cancer. La
disminucion y la sobreexpresion de MAD2 conducen a una sefializacion de SAC inadecuada lo
gue genera aneuploidias tanto in vitro como en modelos animales los cuales desarrollan tumores
espontaneos 8 192, Existen numerosos trabajos en los que se han relacionado los niveles de MAD2
en tumores con el prondstico en los pacientes, con resultados contradictorios, asi mientras en
tumores de colon, boca, endometrio y vejiga los niveles altos de MAD2 correlacionan con un peor
prondstico del paciente, en pulmén y ovario se correlaciona con un mejor prondstico3® 5% 67: 110,
Lo mismo ocurre en cuanto a la influencia de MAD?2 y la respuesta a tratamiento in vitro, ya que

dependiendo de la linea celular y del farmaco los resultados en cuanto a resistencia o sensibilidad
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varian® 117, Ademas en los Ultimos afios se han descrito nuevas implicaciones de la proteina en
diversos mecanismos celulares como la senescencia®®, apoptosis y una posible relacion directa
con la via DDR mediante CHK12%, lo cual podria explicar su funcién en la respuesta a genotoxicos

como el Cisplatino.

2.2.3 Proteina BUBR1

BUBRL es otra de la proteinas clave de la ruta de SAC que frecuentemente esta sobreexpresada
en tumores 8. Es una proteina multidominio presente a lo largo de todo el ciclo celular,
participando en diversas funciones como la segregacion cromosomica, la reparacion del DNA, la
diferenciacion de neuronas, ciliogénesis y envejecimiento celular [17,18]. Existen evidencias de
que la reduccion de BUBRL1 genera un incremento notable en la incidencia de aneuploidias en
células hepaticas y acelera el envejecimiento celular, pero no desarrollan tumores. BUBRL1 esta
altamente fosforilado durante la mitosis por las quinasas Cdkl, Plk1, Mpsl y Aurora B. La
fosforilacion depende de la tensién de los microtubulos y /o de la unién del cinetocoro al
microtubulo. Ademas de su funcién principal formando parte del SAC, en D. Melanogaster
BUBR1 se ha relacionado con CHK1, retrasando la transicion de metafase a anafase en respuesta
al dafio en el DNA por radiacion. En mamiferos también existen evidencias de la implicacion de

BUBRL en la respuesta a agentes genotoxicos .

2.3. RESISTENCIA A LA MUERTE CELULAR

La resistencia a la muerte inducida por farmacos es otro de los “hallmarks” de las células
cancerosas*’, debido a una alta tolerancia a la lesién y/o un aumento en la capacidad de reparacion
por presentar rutas de reparacion potenciadas. La inhibicion de la ruta de apoptosis es una de las
causas mas frecuentes de resistencia a terapia. En esta tesis nos hemos centrado en el estudio de
la via candnica intrinseca de apoptosis y el estudio de la ruta de reparacién por escision de

nucleétidos (NER) para evaluar la respuesta al Cisplatino.
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2.3.1 La via intrinseca de apoptosis

La apoptosis es un tipo muerte celular controlada genéticamente. La activacion de las proteasas
especificas denominadas caspasas es el punto sin retorno de la apoptosis. Existen dos rutas
principales de muerte por apoptosis: extrinseca (o a través de receptores) e intrinseca. Nos
centraremos en estudiar la via intrinseca o via mitocondrial, la cual se inicia por estimulos de
estrés intracelulares como es el dafio en el DNA, provocado por antitumorales. Esta ruta de la
apoptosis esté regulada por el equilibrio entre los miembros de la familia Bcl-2. Dicha familia de
proteinas se clasifica en tres grupos: proteinas anti-apoptdticas ( BCL-2, BCL-XL,MCL-1,)
reguladoras (Bim, Bid, Puma, Bad, Noxa ,Bik, Bmf, Hrk) y pro-apoptéticas (Bax y Bak).Estas
Gltimas en presencia de estimulos apoptéticos forman en la membrana externa mitocondrial un
poro, permitiendo la salida del citocromo C al citoplasma, el cual junto con la procaspasa 9 y
APAF-1 forma el apoptosoma para provocar finalmente la activacion de la caspasa-3 y la muerte
celular (Fig 6). En CG se ha descrito la resistencia a tratamiento debida a la sobreexpresién de

algunos miembros anti-apoptéticos, como Bcl-2 [10].
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Figura 6: Esquema de la via intrisica de apoptosis. El dafio en el DNA por agentes antitumorales o estrés
oxidativo activan la via mediante un incremento de las proteinas BH3 only reguladoras (Puma , Noxa) que
se unen a las proteinas anti-apoptoticas Bcl-2,Bcl- XL, Mcl-1 y las inactivan. Estas una vez inactivas
permiten la oligodimerizacién de las proteinas pro-apototicas Bak y Bax para formar el poro en la
membrana mitocondrial y la salida del citocromo c. La formacién del apoptosoma proteoliza y activa la

caspasa 3 para que se ejecute la apoptosis.
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El cisplatino activa esta ruta de apoptosis. La resistencia intrinseca o adquirida al cisplatino es el
problema principal actualmente en el tratamiento de tumores sélidos, como ocurre en los tumores
gastricos. Los tumores de ovario y testiculares presentan una buena respuesta al tratamiento con
platinos''?, pero en cambio otros como el de pulmén, mama, piel presentan una alta resistencia.
El cisplatino en primer lugar activa la via DDR, la activacion de p53 seguido de una activacion
de la expresion de BAX y BAK conlleva a la muerte celular dependiente de caspasas. En la
resistencia a platinos, el nivel de expresion de los miembros de la familia Bcl-2 y caspasas juega
un papel muy importante ***. Solo unos pocos de estos factores se han correlacionado con la
resistencia a CDDP en ensayos clinicos, los cuales incluyen BLC-2, BCL-XL y MCL-1 y
survivina 24, La resistencia al CDDP también se ha asociado a defectos en varios transductores de
sefiales pro-apoptdticas como son mitogen-activated proteina kinase 14 conocido como
pP38MAPK y c-Jun, N-terminal kinase 1 # Pero ademas junto con la pérdida de sefializacion
apoptotica la alta tasa de reparacién/eliminacién del dafio causado en el DNA y/o la tolerancia al

dafio son también causas para la resistencia a este agente

2.3.2. Via de Reparacion por Escisién de Nucledtidos (NER)

La via de reparacién de NER o Nucleotide Excission Repair es un mecanismo versatil por el cual
se reparan la mayoria de puentes de timidina y fotoproductos producidos por la luz UV, asi como
aductos o torsiones en el DNA . La via de reparacion NER es el mecanismo principal de
eliminacion de las lesiones provocados por el CDDP. EI CDDP genera principalmente uniones
covalentes entre guaninas adyacentes (intra e inter hebra) en el DNA mitocondrial y nuclear
formando los denominados “aductos® 2°. Esto conlleva a un bloqueo de la replicacién y la
trascripcion por un impedimento fisico para desplazarse la maquinaria por el DNA. Ademas, estas
uniones generan tensiones en la doble hélice, distorsionandola y asi creando puntos con alta
probabilidad de rupturas de cadena simple o doble en el DNAM®, La via de reparacion se
caracteriza por la participacion de las proteinas de la familia XP (Xeroderma Pigmentosum) cuya
funcion se describi6 al observar que mutaciones en estas proteinas conducian a susceptibilidad a
padecer canceres de piel, fotosensibilidad y errores en la reparacién de DNA en los pacientes con
el sindrome Xeroderma Pigmentosum. El mecanismo de reparacion consiste en un primer
reclutamiento de proteinas de reconocimiento del dafio (XPC), sefializan el lugar del dafio para
reclutar a continuacion el complejo de trascripcion THFII con la helicasa (XPD) y las
endonucleasas (XPG y ERCC1), posteriormente se corta la hebra dafiada aproximadamente 20
nucledtidos alrededor del dafio y por altimo la polimerasa por complementariedad con la hebra
no dafiada sintetiza la nueva hebra °" 1%, Se conocen dos rutas de reparacion NER: la global o

GC-NER (Global Couple -NER), la cual repara continuamente en zonas transcripcionalmente no
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activas y en general por todo el genoma, y por otro lado la acoplada a la transcripcion o TC-NER
(Transcription Couple —~NER) que se encarga de la reparacion de genes que se estan transcribiendo
activamente®. La diferencia entre ambas principalmente consiste en las proteinas de
reconocimiento del dafio, asi la presencia de XPC y XPE se restringe a la GC- NER en cambio en
la TC -NER el bloqueo de la RNA polimerasa I11 es la sefial para el reclutamiento del resto de las

proteinas de la via (Fig 7).
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Figura 7: Ruta de reparacion GC-NER. Los aductos en el DNA son localizados por la proteina XPC, que
recluta al complejo proteico THFII, XPA y RPA estabilizan y orientan el complejo mientras la helicasa
XPD abre la cadena de DNA .Posteriormente las endonucleasas ERCC1-XPF y XPG cortan la hebra dafiada
entorno a unos 20 nucleétidos alrededor del dafio. Finalmente se elimina la hebra dafiada y se sintetiza la

nueva por la Pollll.

En muchos estudios se ha correlacionado la sobreexpresién de alguna de las proteinas de la ruta
NER con la resistencia/sensibilidad a platinos . En la mayoria de los estudios se han medido
niveles de MRNAs o niveles de proteina en tumores y en lineas celulares®. Los niveles elevados
de la proteina ERCC1 se han correlacionado con la mala respuesta a la quimioterapia adyuvante

con platino en pulmén y testiculo®® 112,

La proteina XPA (Xeroderma Pigmentosum group A) participa tanto en TC-NER como en

GG-NER, en ambas vias XPA se localiza en la zona lesionada por el complejo de factor de
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trascripcion (TFIIH). Tiene como funcién facilitar el posterior ensamblaje de las proteinas de
escision. XPA en coordinacion con RPA (proteina de union a ssDNA replicacion A) facilitan la
correcta colocacion de las endonucleasas marcando la orientacion del dafio y su reparacion®, Asi
RPA se une a la hebra sencilla no dafiada en direccion 5'—3' mientras que XPA se une a la hebra
dafiada. La localizacién de XPA en el nlcleo es una de las etapas limitantes de la ruta NER'® La
activacion de XPA se produce por fosforilacion en la Ser 196 a través de ATR lo que hace que se
incremente el paso al nicleo de la proteina™. Esta fosforilacion aumenta a su vez la estabilidad

de XPA, por la inhibicion de la ubiquitinacién de la E3 ubiquitin ligasa 2.

La proteina XPD (Xeroderma Pigmentosunm grupo D) es una helicasa dependiente de ATP
componente del complejo de factor de transcripcion TFIIH. Su implicacién en la via NER es
fundamental ya que se encarga de abrir la doble hélice del DNA alrededor del dafio para el
reclutamiento de endonucleasas y demas proteinas de la via reparacién L.Estudios in vitro han
demostrado que los polimorfismos asociados a XPD, por ejemplo, polimorfismo Lys751GIn
afecta a la capacidad de reparacion del DNA en respuesta a genotoxicos y en clinica se han
validado numeroso SNPs correlacionando con el pronéstico del paciente, en los cuales la mayoria

presentan una menor supervivencia global®® 124,

La proteina ERCCL1 (Excision repair cross-complementation group 1) forma un heterodimero
con XPF. XPF/ERCCL1 es reclutado a la burbuja NER mediante la union de ERCC1 con XPA.
ERCC1-XPF actua de manera cooperativa con otras proteinas necesarias para generar la incision
como son XPC-RAD23B, XPA, RPA, TFIIH y XPG®, Hasta el momento ERCC1 parece ser el
biomarcador con mejores resultados para predecir la respuesta a Cisplatino ®. Aun asi los niveles
de esta proteina son solo aceptados para dictaminar el tratamiento en cancer de testiculo, en el
resto de tumores existen aun resultados controvertidos. En CG se ha observado que los
polimorfismos ERCC1 rs3212961 A/C, ERCC5 rs2094258 A/G, DDB2 rs830083 C/G
correlacionan con un mejor prondstico del paciente con tiempos de OS mayores’?, lo que sugiere
que puedan ser considerados buenos biomarcadores de pronostico en CG. En un estudio en la
poblacion china se ha demostrado que el polimorfismo en ERCC1 rs11615 C/T y el genotipo
CT/TT estéa asociado significativamente con un peor pronoéstico comparado con el genotipo CC

en cuanto a la supervivencia global. >’
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El objetivo principal de este trabajo es estudiar el papel de proteinas clave en el punto
de control de ciclo celular G2/M, con el fin de identificar nuevos biomarcadores prondstico y

predictivos de respuesta a tratamiento en cancer gastrico.

Los objetivos particulares son los siguientes:

1. Evaluar la respuesta al tratamiento con cisplatino en lineas celulares derivadas de cancer
gastrico durante la fase de mitosis.

2. Investigar la implicacion y el valor pronéstico de las proteinas del punto de control de
mitosis en la carcinogénesis y respuesta a tratamiento con paclitaxel en cancer gastrico.

3. Estudiar otras funciones celulares de MAD?2 en respuesta al tratamiento con cisplatino:
Reparacion de dafio al DNA.

4, Evaluar la regulaciéon de la expresion de CHK1, y su correlacién con la respuesta a

tratamiento con radiacién como biomarcador predictivo de respuesta.
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RESUMEN

Targeting Chk2 improves gastric cancer chemotherapy by impairing DNA damage repair

Gutiérrez-Gonzélez A, Belda-Iniesta C, Bargiela-Iparraguirre J, Dominguez G, Garcia
Alfonso P, Perona R, Sanchez-Perez I.

Apoptosis. 2013 Mar;18(3):347-60. doi: 10.1007/s10495-012-0794-2.PMID:23271172

El cisplatino (CDDP) es un agente que se utiliza como terapia adyuvante en el tratamiento del
cancer gastrico, sin embargo, muchos pacientes recurren o son resistentes al mismo. En estos
casos se utilizan combinaciones de farmacos entre los que se encuentra el paclitaxel (PTX). El
cisplatino causa parada de ciclo en la fase G2/M, si esta parada falla las células continuaran el
cicloy se activara el punto de control de mitosis (Spindle Assambly Checkpoint- SAC), iniciando

la reparacion o la muerte celular.

En este trabajo hemos comparado el tratamiento de CDDP con el tratamiento con la combinacion
PTX-CDDP en dos lineas celulares derivadas de adenocarcinoma gastrico, y analizado el
mecanismo molecular de inducciéon de muerte celular. Hemos demostrado que la adicién de
CDDP en células en mitosis, por el previo tratamiento con PTX, es méas efectivo que los estimulos
en monoterapia en células de adenocarcinoma (MKN45) pero no en las células derivadas de
metastasis en noédulo linfatico (ST2957). Los estudios de microscopia “Time-Lapse” indican que
esta combinacion de tratamiento induce la muerte celular a través de la denominada catastrofe
mitdtica y apoptosis, ya que el inhibidor de caspasas z-VAD-fmk, protege de la misma. El anélisis
molecular indica que las células sufren una salida prematura de la parada de mitosis, caracterizada
por degradacion de Ciclina B, sin que el DNA se haya reparado, puesto que observamos una alta
fosforilacién de H2AX, indicativo de roturas en el DNA. El anélisis de la reparacion en cada una
de las condiciones, mediante el ensayo de cometa, demuestra que la reparacion se encuentra
disminuida cuando la lesion con CDDP se induce durante mitosis. Finalmente, observamos que
en esta situacién se produce la degradacion de la proteina CHK2, que participa de forma activa

en la reparacion en mitosis a través de la fosforilacion de BRCAL.

Estos resultados indican la modulacion de la muerte celular durante mitosis es una estrategia

efectiva en la terapia de cancer gastrico.
Participacion en el trabajo

Analisis molecular mediante WB de la degradacion de Chk2 por el proteosoma y su participacion
en la fosforilacion de BRCAL.
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Abstract Our results demonstrate that the addition of
cisplatin after paclitaxel-induced mitotic arrest was more
effective than individual treatment on gastric adenocarci-
noma cells (MKN45). However, the treatment did not
induce benefits in cells derived from lymph node metas-
tasis (ST2957). Time-lapse microscopy revealed that cell
death was caused by mitotic catastrophe and apoptosis
induction, as the use of the caspase inhibitor z-VAD-fmk
decreased cell death. We propose that the molecular
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mechanism mediating this cell fate is a slippage suffered by
these cells, given that our Western blot (WB) analysis
revealed premature cyclin B degradation. This resulted in
the cell exiting from mitosis without undergoing DNA
damage repair, as demonstrated by the strong phosphory-
lation of H2AX. A comet assay indicated that DNA repair
was impaired, and Western blotting showed that the Chk2
protein was degraded after sequential treatment (paclitaxel-
cisplatin). Based on these results, the modulation of cell
death during mitosis may be an effective strategy for gas-
tric cancer therapy.

Keywords
response

Cancer - Mitosis - Cisplatin - DNA damage

Abbreviations

CDDP  Cisplatin

PXL Paclitaxel

SAC Spindle assembly checkpoint

DDR DNA damage response
DSBs Double strand breaks

ATM Ataxia-telangiectasia mutated
ATR ATM- and Rad3-related
YH2AX  Phosphorylated H2AX

CIN Chromosome instability
BRCA1 Breast cancer 1
Introduction

Gastric cancer (GC) remains one of the leading causes of
cancer mortality worldwide, although its incidence has
been decreasing in recent years. Recent epidemiologic
studies estimate that approximately 0.9 million cases of GC
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are diagnosed annually worldwide. In more than half of all
cases, the disease has advanced by the time of diagnosis.
Despite potentially curative resection, only 45 % of
patients will be free of disease at 5 years [1]. Systemic
chemotherapy is therefore essential for the management of
advanced GC because it improves survival and quality
of life; however, there is no standard patient regimen.
Several chemotherapeutic regimens have been estab-
lished as first-line therapies, and they have contributed to
improved survival [2]. After this first therapeutic inter-
vention, 30-70 % of patients receive second-line chemo-
therapy. Among the various regimens, paclitaxel (PTX) or
docetaxel combined with fluorouracil plus cisplatin (PCF),
oxaliplatin combined with fluorouracil plus leucovorin
(FOLFOX-4) or with capecitabine and epirubicin [3] are
the most commonly used therapies [4, 5]. Furthermore,
there are patients whose tumors overexpress the epidermal
growth factor receptor isotype 2 (Her-2/neu/c-Erb-2) [6, 7].
In these cases, employing a platinum doublet and replacing
epirubicin or docetaxel with an antibody directed against
the extracellular domain of the transmembrane protein has
led to an overall increase in survival of over 30 % in a
recent clinical trial [8, 9]. Unfortunately, given that none of
these treatments have proven ideal in terms of overall
survival, schedule selection is based on patient perfor-
mance, previous experience with a particular drug combi-
nation and potential toxicity studies [10]. The taxanes,
paclitaxel and docetaxel, are microtubule-stabilizing agents
that induce cell-cycle arrest at the G2/M stage. Both agents
have been used to treat advanced gastric cancer. Several
clinical trials have shown an improvement in response to
drug combinations, using paclitaxel or docetaxel for first-
line and cisplatin and 5-FU for second-line treatments [11].
However, the reasons for the positive effects at the
molecular level of such combinations are not known, nor is
it known which new drugs against given therapeutic targets
would further improve the course of the disease.

DNA damage inflicted by genotoxic drugs triggers the
DNA damage response (DDR) pathway [12], [13]. The
DDR involves a complex network of proteins that coop-
erate to initiate and coordinate cell-cycle progression, DNA
repair and cell death. Two major phosphatidylinositol-3
(PIK)-like proteins, ATM and ATR, act in response to
DNA damage. Once activated, these proteins activate the
transducer proteins Chkl, Chk2, p53 and BRCA1, among
others [14, 15]. Chkl and Chk2 can phosphorylate several
key substrates, such as the Cdc25 family [16-18], leading
to G2 phase arrest, which protects cells from entering
mitosis in the presence of DNA damage [19]. The decision
by the cell to enter mitosis is mediated by a network of
proteins that regulate activation of the cyclin B—Cdkl
complex. Cyclin B levels are periodically regulated by
transcription and degradation cycles. Thus, Cdkl must be
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phosphorylated on its T loop for full activity, and Cdkl
T14 and Y15 phosphorylation is controlled by the balance
between Weel/Mytl kinases and Cdc25 phosphatases. In
human cells, high cyclin B levels are temporally restricted
to the G2 phase and early mitosis by regulated transcrip-
tion and protein degradation. Degradation of cyclin B is
regulated by the anaphase-promoting complex/cyclosome
(APC/C), a multisubunit E3 ligase that can polyubiquiti-
nate numerous mitotic regulators, and is therefore targeted
for destruction by the proteasome. Polyubiquitination of
cyclin B starts in the metaphase, when the spindle assem-
bly checkpoint (SAC) is silenced [20]. In addition to
direct regulation of Cdkl T14/Y15 phosphorylation, sev-
eral feedback mechanisms regulate cyclin B-Cdkl1 acti-
vation indirectly, such as PIKs and Aurora protein kinases
[21].

A number of studies have reported that after prolonged
treatment with microtubule-targeted drugs, cells overcome
the mitotic delay in a process termed mitotic slippage,
adaptation or leakage [22]. The degradation of cyclin B has
been shown to play an important role in mitotic slippage,
although the details of the molecular mechanisms are not
fully understood. Generally, cells treated with microtu-
bule-binding drugs undergo mitotic catastrophe due to
mitotic slippage. Mitotic catastrophe is characterized by
the appearance of enlarged micronucleated or multinucle-
ated cells [23]. The eventual fate of cells suffering from
mitotic catastrophe is usually apoptosis. Mcl-1 is a pro-
survival member of the Bcl-2 protein family, and its
function is to suppress apoptosis during mitosis. However,
under an apoptotic stimulus, this protein is phosphorylated
by JNK, p38 and CKII, which promotes degradation by the
proteasome and, as a consequence, induces cell death [24].
Cells exposed to genotoxic agents are arrested at different
phases of the cell cycle by activation of G1, S or G2/M
checkpoints in order to provide sufficient time for DNA
repair. In mammalian cells, homologous recombination
(HR) and non-homologous end joining (NHEJ) are the two
main pathways involved in the repair of DNA double-
strand breaks [25]. BRCA proteins act in the DNA repair
pathway that involves homologous recombination (HR)
and are essential for the repair of double-strand breaks [26].

Previously, we demonstrated that nocodazole sensitizes
cisplatin-induced apoptosis in colon carcinoma cells. We
showed that these cells suffer from chromosome instability
(CIN) due to increased levels of SAC proteins and defects
in the DNA damage response [27]. In this study, we used a
specific strategy for sensitizing GC cells to cisplatin, which
consists of sequential treatment with paclitaxel followed by
cisplatin. To gain insight into the molecular parameters that
determine cell fate after the mitotic arrest induced by this
treatment strategy, we analyzed the mechanisms triggering
cell death in tumor cell lines that respond differently to
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cisplatin. First, we demonstrated that adenocarcinoma
MKN45 cells die due to mitotic catastrophe once they
become trapped in mitosis. In contrast, lymph-node meta-
static ST2957 cells remained arrested in mitosis. We pro-
posed that MKN45 cells escaped from mitosis, a fact
attributable to the inactivation of the cyclin B-Cdkl com-
plex, and eventually died by apoptosis. Furthermore, we
found that Chk2 activity was impaired in response to the
treatment, and as a consequence, BRCA1-mediated DNA
repair decreases.

Materials and methods
Reagents

Cisplatin, paclitaxel and ChkII were purchased from Sigma
Aldrich CO LLC, Spain. z-VAD-fmk was purchased from
Vitro S.A., Madrid, Spain.

Cell culture

The MKN45 (poorly differentiated adenocarcinoma)
(DSMZ: Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH) cell line was maintained in RPMI
1640 supplemented with 10 % FBS and 2 mM L-Gluta-
mine. ST2957 cells (lymph node metastases) [28] (ATCC/
LGC Standards, Spain) were maintained in high glucose
Dulbecco’s Modified Eagle Medium (DMEM; Gibco),
supplemented with 2 mM L-Glutamine, 1 mM sodium
pyruvate and 10 % fetal bovine serum. All cell lines were
grown at 37 °C in a humidified atmosphere containing 5 %
CO,.

Cell viability assays

Viability was determined using a crystal violet-based
staining method, as described previously [29]. Briefly,
5 x 10* cells per well were seeded in 24 multiwell dishes,
treated with various amounts of the selected agent for 24 h
and fixed with 1 % glutaraldehyde. After they were washed
in 1X PBS, cells were stained with 0.1 % crystal violet. A
colorimetric assay using 595 nm Elisa was used to estimate
the number of cells per well.

Cell cycle analysis

After appropriate treatment, adherent and non-adherent
cells were harvested and fixed overnight in 70 % ethanol in
phosphate-buffered saline (PBS). For DNA content analy-
sis, the cells were centrifuged and resuspended in PBS
containing 1 pg/ml RNase (Qiagen Ltd., Crawley, UK) and
25 pg/ml propidium iodide, incubated at room temperature

for 30 min, and finally analyzed using a Becton—-Dickinson
Flow Cytometer (Cowley, UK). Data were plotted using
Cell Quest software, with 10,000 events analyzed per
sample.

Western blotting

Protein extracts (20 pg) were resolved on 4-20 % SDS-
PAGE (BioRad) and transferred to nitrocellulose mem-
branes. An immunoblot analysis was performed as described
previously [27]. The following antibodies were used in the
experiments: cyclin B (Santa Cruz), Chk2 (A-12, Santa
Cruz), Chk2%*"?, Chk2"™8 Histone H3%"'*, p-P38, (Cell
Signaling, Charlottesville, USA), BRCA1 (Santa Cruz Bio-
technology, Inc. Germany), p53°°'°, p53, H2A-X>'%
(Upstate), CDC25C5*2!¢, o-Tubulin (Sigma-Aldrich, USA),
ATM-S1081P (Rockland Immunochemicals) ATM (Novus
Biologicals), Mcl-1 (Santa Cruz Biotechnology Inc., Ger-
many) p-JNK (Promega Corporation, Spain), and secondary
antibodies conjugated to horseradish peroxidase (Biorad,
Spain). Blots were developed using enhanced chemilumi-
nescence detection system (ECL Santa Cruz Biotechnology,
USA).

Immunofluorescence

Cells were fixed and fluorescence microscopy was per-
formed using a NIKON Eclipse 90i. Image analysis was
performed with the Nikon NIS-Elements software pro-
gram and processed using Image J. For high-throughput
microscopy, cells were grown on micro-clear-bottom
96-well dishes (Greiner Bio One) and analyzed with a
bioimager (Pathway 855; BD). Image acquisition (ORCA
1394; Hamamatsu Photonics) was performed at room
temperature using oil as an immersion media and a
40 x 0.75 NA Plan Apo objective (HCX). Image analysis
was performed with imaging software (Altovision; BD).
All images for quantitative analyses were acquired under
nonsaturating exposure conditions. Primary antibodies
included y-H2AX>"'* (Millipore). Secondary antibodies
were conjugated with Alexa Fluor 488 (Invitrogen). DAPI
(Invitrogen) was used for DNA staining.

Time-lapse microscopy

For live-cell analyses, MKN45 cells were grown in an Ibidi
p-Slide 8-well chamber (IBIDI LLC Martinsried, Ger-
many) transfected with Lipofectamine 2000 (Invitrogen)
with 0.5 pg of pBOS-H4B-GFP per well (a gift from
Dr. M. Malumbres) followed by time-lapse microscopy
using the Cell Observer Z1 (Zeiss) at 37 °C and 5 % CO,/
95 % air, AxioVision 4.8 imaging software and a Cascade
1 k camera. Images were taken every 10 min and further
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processed using AxioVision digital image processing
software (Zeiss). Cells were filmed during a 24-h period,
and every 10 min a bright field and a fluorescent image
were captured.

Comet assay

We performed the comet assay under alkaline conditions as
described by Singh et al. [30]. CDDP was added at a
concentration of 10 pg/mL for 4 h. Cells exposed to the
sequential treatment were preincubated for 24 h with pac-
litaxel and then treated for 4 h with CDDP. For the repair
assay, cells were allowed to recover from the induced
damage by washing in PBS and incubating at 37 °C with
fresh media for 1, 2.5 and 4 h before harvesting. Experi-
ments were performed in duplicate. Fifty comets per
duplicate gel were scored and quantified by Komet 5.5
image analysis software (Kinetic Imaging Ltd., Notting-
ham, UK). Apoptotic cells (nondetectable cell nuclei, ghost
cells, clouds or hedgehogs) were not scored.

shRNA lentiviral particle transduction

Chk2 shRNA (h) and control shRNA lentiviral particles were
purchased from Santa Cruz Biotechnology, Inc. Transduction
was performed according to the manufacturer’s instructions.
Briefly, cells were seeded in 12 multiwell dishes, and
infection was performed in the presence of polybrene (5 ug/
ml) overnight. For the selection of stable clones, cells were
split and cultured in growth medium containing puromycin
3 pg/ml. Resistant clones were expanded and assayed for
stable shRNA expression. Reductions in gene expression
were analyzed by quantitative/real-time PCR (QPCR) and
compared to non-silencing shRNA. Protein levels were
analyzed by immunoblot.

cDNA preparation and QPCR

Total cellular RNA was extracted using Tri-Reagent (Life
Technologies, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions, and reverse transcription was per-
formed on 2 pg of total RNA using M-MLV reverse
transcriptase (Promega, Madison, WI, USA). The primer
sets used to amplify specific sequences were 5'- ATCCA
AAGGCACGTTTTACG-3' and 5'- ACAACACAGCAGC
ACACACA-3 for Chk2; and 5'-GAT GGT ACA TGA
CAA GGT GC-3' for GADPH. The quantitative expression
of each gene was measured by SYBR Green polymerase
chain reaction assay. Statistical analyses were performed
for each gene by using a paired ¢ test to compare mean
values. Values of p < 0.05 were considered significant.
Relative quantification (RQ) was achieved using the delta-
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Ct method in which each 1-Ct difference equals a 2-fold
change in transcript abundance.

Statistical analysis

Statistical significance was analyzed using a two-tailed
Student’s 7 test; * p < 0.05; ** p < 0.005.

Results

Paclitaxel sensitizes GC cells to cisplatin by mitotic
catastrophe and apoptosis induction

First, we assayed combination modalities of cisplatin
(CDDP) with paclitaxel (PXL) in various GC cell lines to
assess which treatment was more effective. We studied the
viability of MKN45 (poorly differentiated GC cells) and
ST2957 (lymph node metastases) adenocarcinoma GC cell
lines after exposure to two modalities of treatment. We
treated both cell lines either with serial concentrations of
CDDP (0-20 pg/ml) or sequentially by pretreating cells
with 0.1 pM PXL for 20 h and, after PXL removal, treating
them with CDDP as above (PXL-CDDP). We found a
modest but statistically significant toxic effect in MKN45
cells after sequential treatment with PXL and CDDP;
however, this combination did not have as deleterious an
effect on ST2957 cells after 24 h of treatment (Fig. 1a). In
order to visualize cell death, we performed immunofluo-
rescence studies with DAPI staining after treatment of GC
cells with the various drug combinations. We observed that
CDDP and PXL-CDDP led to an accumulation of cells
displaying morphological changes characteristic of apop-
tosis or mitotic catastrophe (MC), such as the formation of
apoptotic bodies, chromosome dispersion and micronu-
cleation at 24 h (Fig. 1b). After quantification of the cells
showing these morphological features, we found a steep
increase in MKN45 cells showing signs of death when
compared with ST2957 cells (21 vs 7 %) 24 h after the
sequential treatment. In mitotic catastrophe, a cell is
destroyed during mitosis or after a faulty mitosis. To follow
the behavior of individual cells, we transiently transfected
MKN45 cells with GFP-tagged histone H4B (Fig. 1c) and
studied the duration of the mitosis. We recorded this
information by measuring the duration of the interval
between the exact moment when a cell enters mitosis (the
interphase-prophase transition or IPT) and the moment
when it exits mitosis (the metaphase-anaphase transition
or MAT) using time-lapse microscopy. These transition
points were chosen because they represent the two key
steps in mitotic progression that are regulated by the cell
cycle machinery. We showed that the mitotic duration for
MKN45-untreated cells is 70 min on average. After
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cisplatin treatment the mitotic duration was 90 min. In
contrast, paclitaxel, which prolongs mitosis by activating
the spindle checkpoint, induced a delay in mitosis up to an
average of 120 min. However, sequential treatment with
PXL followed by CDDP increased the duration of mitosis
to nearly 200 min. We also studied the cells’ fate after
these treatments and detected that a number of the mitosis
processes were accompanied by mitotic catastrophe 4-6 h
after the treatments, and overall cell death increased by up
to 50 % (Fig. 1d). Collectively, our findings suggest that
the PXL-mediated mitotic arrest might have contributed to
an increased sensitivity to the proapoptotic actions of
CDDP in MKN45 cells.

MKN45 cells suffering from mitotic catastrophe die
via apoptosis

To better define the mechanisms of action of PXL-CDDP
treatment in inducing MC and/or apoptosis, DNA flow
cytometry analysis was performed to determine whether
cell cycle perturbations could be responsible for the
increase in cytotoxicity induced by the treatment (Fig. 2a).
Treatment of MKN45 and ST2957 cells with PXL for 20 h
induced an accumulation of cells in the G2/M phase of the
cell cycle (around 84 %), but 24 h after PXL removal, the
G2/M cell content decreased to 50 %, and the number of
apoptotic cells increased (18 %) in MKN45 cells. In con-
trast, ST2957 cells remained in G2/M (70 %) 24 h after
PXL removal. Cisplatin treatment induced apoptosis both
in MKN45 (28 %) and ST2957 (9 %) cells. Nevertheless,
after PXL-CDDP exposure, only MKN45 cells showed an
increase in the percentage of apoptosis (50 %), concomi-
tantly with an important reduction in G2/M cell con-
tent (19 %). Although an increase in apoptosis was also
observed in ST2957 cells after PXL-CDDP treatment, this
effect was not additive, at least at 24 h after treatment, as
the majority of cells remained in the G2/M phase (Fig. 2a).
Taking into account that these cell lines have chromosomal
instability, we did not observe a significant change in
aneuploidy population after treatment. Caspase activation
is a predictor of cell death and a clear feature of apoptosis.
Western blot analysis was used to confirm apoptosis as a
mechanism of cell death by analyzing caspase activation
through the harvesting of asynchronous cell cultures after
treatment with CDDP or PXL-CDDP over a time period of
1-24 h. We studied the activation of caspase-3 by immu-
noblotting with an antibody against cleaved PARP (a
substrate of caspase-3) and observed that CDDP strongly
induced PARP’s cleavage 24 h after treatment in MKN45
cells, while in PXL/CDDP-treated cells, the cleavage was
detected earlier, at only 9 h after drug exposure. In con-
trast, in ST2957 cells, the kinetics of PARP cleavage were
the same regardless of the treatment, and cleavage was

almost undetectable in these cells (Fig. 2b, left panel).
Accordingly, caspase-3 was strongly activated in MKN45
cells treated with PXL-CDDP (3 h) (Fig. 2b, right panel)
and was barely detected, at least at this time, in ST2957
cells (not shown). Mcl-1 is a pro-survival member of Bcl-2
protein family, and its function is to suppress apoptosis
during mitosis. However, under apoptotic stimulus this
protein is phosphorylated by JNK, p38 and CKII, pro-
moting degradation by the proteasome and, as a conse-
quence, the induction of cell death. The results we present
above encouraged us to study the status of Mcll in cells
treated with PXL-CDDP, where we observed a strong
activation of JNK and p38 stress kinases either after CDDP
or PXL-CDDP, with the same kinetics for both (Fig. 2c¢).
However, Mcl-1's small fragment was detected only in
MKN45 cells, indicating that the mechanism of apoptotic
induction is activated in these cells after PXL-CDDP
treatment (Fig. 2c). The additive effect observed in apop-
tosis induction for PXL-CDDP was abolished by the pan-
caspase inhibitor z-VAD-fmk (Fig. 2d). The inhibition of
apoptosis correlated with a net increase in the number of
cells that accumulated into the G2/M phase of the cell
cycle, strongly suggesting that cell death occurred during
the mitotic phase of the cell cycle.

Cisplatin-induced mitotic catastrophe is due to mitotic
slippage after a prolonged mitotic arrest in MKN45
cells

The results of the flow cytometry analysis did not clearly
elucidate the characteristics of the cell cycle arrest in G2/M
or mitosis. To determine whether the MKN45 cells were
arrested specifically in mitosis or G2 before dying and after
PXL-CDDP treatment, we examined the molecular status
of the G2/M checkpoint by analyzing the expression of
cell-cycle regulatory proteins. Mitotic histone H3 phos-
phorylation occurs at Ser10, and there is a close correlation
between H3 phosphorylation, chromosome condensation
and segregation during mitosis. Consistent with these
phenomena, H3%*"' phosphorylation, a marker of mitosis,
was stimulated (after PXL-CDDP treatment) for approxi-
mately 6 h in MKN45 cells and for 9 h in ST2957 cells
(Fig. 3a). Next, we analyzed the expression of the cell
cycle-related proteins Cdc2, Cdc25c and cyclin Bl that
control G2/M transition. Phosphorylated CDC25C52!°
and Cdc2™™° downregulate the activation of the cyclin
B1-cdc2 complex. Our Western blot analysis showed that
PXL induced an increase in Ser216 and Tyrl5 inhibitory
phosphorylation both on Cdc25C and Cdc2, which was
maintained for 6 and 9 h after CDDP exposure in MKN45
and ST2957 cells, respectively, indicating the activation of
the G2 checkpoint (Fig. 3b). Another mechanism regulat-
ing Cdc2 activity and thus progression into the mitotic
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<« Fig. 1 Survival of MKN45 and ST2957 cells after treatment with

CDDP or sequential treatment with PXL and CDDP. a MKN45 and
ST2957 cell lines were treated with increasing amounts of CDDP
(0-50 pg/ml) (filled circles), or pretreated with PXL (0.1 uM)
overnight and then washed and exposed to CDDP (open circles).
Viability was quantified using the crystal violet method 24 h after
treatment. The percentage is shown as relative to the number of cells
without treatment. Data represent the means of two experiments
performed in quadruplicate. Statistical analysis was performed using
Student’s # test (* p < 0.05; ** p < 0.005). b Cells were treated with
CDDP (15 pg/ml), PXL (0.1 uM), PXL-CDDP (0.1 pM-15 pg/ml)
for 24 h. Then, cells were fixed with PFA 3.7 % and stained with
DAPI. Arrows show cell death with fragmented DNA. Scale bar 10 p
C. MKN45 cells were transiently transfected with 0.5 pg of pBOS-
H4-GFP. 24 h after transfection cells were untreated or treated with
CDDP (10 pg/ml); PXL (0.1 uM) overnight, then washed and
changed to either fresh medium alone (PXL) or fresh medium plus
CDDP (PXL-CDDP). The progression through mitosis of cells
expressing GFP-tagged histone H4B was monitored by live-cell
microscopy, and typical examples of image sequences are given.
Scale bar 20 p. The graph bar represents n = 20 movies. Table
shows the quantification of the mitotic duration (MD) in the studied
conditions (n = 20 movies) and percentage of cell death in the cells
after the various treatments, n = 100 cells

phase is the complex formation with cyclin-B1. We then
determined endogenous levels of cyclin-B1 and detected an
accumulation of this protein after PXL-CDDP treatment in
both cell lines. However, in MKN45 cells, a slow and
continuous decrease still took place, probably due to the
incomplete inhibition of the APC/C, unlike ST2957 cells,
which only showed a decrease at 24 h. Together, the data
suggests that mitotic slippage in MKN45 cells might be
due to the inactivation of the cyclin B1-cdc2 complex after
treatment with PXL and then CDDP. This result suggests
an exit from mitosis before the cells manage to repair the
damage induced by the drugs.

Paclitaxel potentiated cisplatin-induced activation
of the DNA damage response (DDR)

To directly assess the consequences of PXL pretreatment in
the cellular response to DNA damage, we first analyzed the
levels of YH2AX®*"'* as a marker of DSBs after cisplatin
challenge using high-throughput imaging (HTI) analysis.
6 hours after cisplatin addition, a significant increase in
YH2AX foci was observed in PXL-pretreated MKN45 cells,
suggesting that these cells are able to detect the CDDP-
induced DSBs that remain unrepaired before they enter
mitosis, which is in agreement with our in vivo analysis
(Fig. 4a, left panel). To further evaluate this result, we
studied the kinetics of YH2AX phosphorylation by Western
blot comparing asynchronous cell cultures with mitotic cells
after cisplatin treatment. In MKN45 cells, DNA damage is
detected 9-24 h after treatment with CDDP (Fig. 4a, right
panel). However, in PXL-pretreated cells (arrested in the
prometaphase), damage is detected earlier (6 h), indicat-
ing PXL-potentiated cisplatin induction of DNA damage.

Altogether, these findings suggest that MKN45 cells are able
to detect DNA damage in mitosis and that this damage is
permanent, perhaps because DNA repair was compromised.
In contrast, 6 h after the administration of CDDP, ST2957
cells displayed a strong y-H2AX-signal that declines after
PXL/CDDP treatment, suggesting that damage detection by
these cells in mitosis may be compromised (Fig. 4a, right
panel). Next, we studied other events in the DDR. First, we
evaluated the activation of ATM by phosphorylation (ATM
Serl9%8ly in GC cells. We did observe CDDP-induced acti-
vation of ATM after 3 h of treatment. However, PXL
directly activated ATM for at least 24 h. Furthermore, the
kinetics of ATM phosphorylation was identical in both cell
lines (Fig. 4b). Next, we evaluated the activation of Chk2,
and the results showed a significant reduction in both
Chk2™"® and Chk25°""® phosphorylation levels after PXL-
CDDP exposure. The latter was more obvious in MKN45
cells, indicating that this pathway is impaired in this cell
line. This impairment may be due to a reduction in Chk2
protein levels, as shown (Fig. 4c). We next analyzed p53
phosphorylation as a measure of ATM activity and found
that in both GC cell lines, CDDP treatment induced a drastic
increase in p53°°", in both asynchronous and synchronic
cells with similar kinetics (Fig. 4d). Altogether, these results
suggest that PXL pretreatment increased chromosomal
damage after cisplatin-induced cell death in MKN45 cells,
resulting in extensive H2AX phosphorylation and a poten-
tiation of the DDR response in GC cells after cisplatin
treatment, which appears to be a direct cause of catastrophic
mitosis or apoptosis.

PLX/CDDP treatment induces proteasome-dependent
degradation of Chk2

To examine if proteasome activity is involved in the
decrease in Chk2 protein levels, we studied whether the
proteasome inhibitor MG132 modulated Chk2 protein
levels. MKN45 cells showed a reduction in Chk?2 in mitotic
cells treated with PXL-CDDP, which was inhibited by the
addition of MG132 (Fig. 5a). These results prompted us to
study whether the application of Chk2 inhibitors improves
therapy in GC treatment. In our experience, the selective
Chk2 inhibition greatly increased the percentage of apop-
tosis in GC cells after treatment. In combination with the
Chk2 inhibitor (ChkII), cisplatin treatment resulted in
approximately a 3-fold increase in apoptosis in MKN45
cells, compared to cisplatin alone. Surprisingly, this effect
was not observed in ST2957 cells. However, both cell lines
were more sensitive to PXL/CDDP treatment in combina-
tion with ChkII (Fig. 5b). These results demonstrate that
pharmacological inhibition of the Chk2 pathway may
enhance the therapeutic efficacy of platinum compounds in
the treatment of GC. To study the contribution of Chk2 in
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the response to therapy, we abolished Chk2 expression by
generating stable cell lines by transduction with Chk2
shRNA (h) lentiviral particles containing a target-specific
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<« Fig. 2 MKN45 cells die during mitosis by mitotic catastrophe and

apoptosis induction. a Cell cycle analysis of GC cell lines treated with
CDDP (10 pg/ml), PXL (0.1 pg/ml) or sequentially treated PXL for
18 h and then treated with CDDP for 24 h. The graph represents the
percentage of cells in apoptosis (AP), G1, S, G2/M and aneuploidy
>4 N (AN), indicated in the table below for each cell line in a
representative experiment. The experiment was performed three times
with similar results. b Cells treated with CDDP (10 pg/ml) or cells
pretreated with PXL (0.1 uM for 20 h), washed and then treated for
0-24 h with CDDP. Cell lysates were extracted and Western blots
were performed using antibodies against PARP and caspase 3. Similar
results were obtained in three independent experiments. ¢ Mcl-1 is
proteolytically processed after sequential treatment in MKN45 cells.
Western blots were performed using antibodies against phospho-JNK,
phospho-p38 and total Mcl-1 proteins. Similar results were obtained
in three independent experiments. d Cells were preincubated for 1 h
with zVAD-fmk (50 pM) before exposure to the indicated drugs. Cell
cycle analyses were performed as in (a)

nearly total abolishment of Chk2 mRNA levels and
ST2957 showed around 60 % reduction. (Fig. 5S¢ upper
graph). This result was confirmed by Western Blot analysis
of the cells (Fig 5 lower panel). These cells were used to
study the appearance of apoptotic cells after cisplatin
treatment. Our results showed that in the absence of Chk2,
both cell lines (MKN45 and ST2957) are more hypersen-
sitive to cisplatin, which confirms the pharmacological
result. (Fig. 5d).

One of the substrates described for Chk2 during mitosis
is BRCAL1 [31]. To study the influence of PXL/CDDP
treatment on BRCA1-phosphorylation status due to the
downregulation of Chk2 during the treatment, we per-
formed Western blot analysis by using a specific antibody
against BRCA1. The result showed that both treatments
(cisplatin and paclitaxel) individually increased BRCA1
(Ser988) (Fig. Se, lanes 3 and 4); however, the treatment

MKN45
PXL-CDDP

A
CDDP

with PXL/CDDP abolished the phosphorylation of this
residue (Fig. Se, lane 6). To specifically study the contri-
bution of Chk?2 to this effect on BRCA1, we used the ChkII
inhibitor and observed that the inhibition of Chk2 by ChkII
abolished the activation of BRCA1 (Ser988) after CDDP
treatment (Fig. Se, lane 5). These observations suggest
that, in the absence of Chk2, the recently identified con-
troller of chromosome segregation, the Chk2-BRCA1 sig-
naling pathway [32, 33], is absent and could increase
chromosome instability. The reason for the increased
sensitivity of cells to sequential treatment may involve
the DNA repair signaling pathway. DNA repair might
be impaired in mitosis, and consequently, cytotoxicity
may increase after chemotherapy. To investigate whether
MKN45 cells were able to repair damage caused by the
drugs, we performed a Comet Assay. No differences in
either TI or TM were observed in cells where the repair
process was not allowed, mainly due to the fact that CDDP-
induced adducts are not detected by the Comet Assay. The
repair experiments performed at different time points allow
the diverse repair systems to detect and excise the induced
adducts (these products are now detectable by the Comet
Assay). Thus, the values observed in these experiments
reflect both the severity of the damage and the repair
capability. After 1 h of repair, we observed a higher degree
of damage in those cells treated with the sequential treat-
ment than in those treated exclusively with CDDP. These
results support the fact that paclitaxel can induce DNA
breakage, as has been recently described, thus demon-
strating that paclitaxel induces DNA damage due to telo-
mere deprotection during mitotic arrest [34] or to another
non-described type of damage [35, 36]. As expected,
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Fig. 3 Cyclin Bl degradation and cdc2 downregulation correlated
with mitotic slippage in MKN45 cell after PXL-CDDP treatment.
Cells were pretreated or not with PXL (0.1 pM for 20 h), washed and
then treated for 0-24 h with 10 pg/ml CDDP. Whole cells extracts
were prepared and hybridized with antibodies against a HisH3*"'*

b cdc2¥'3, cdc25¢5216 or cyclin-B1. The blots were also probed for
o-tubulin to ensure equal protein loading. The experiments were
repeated three times with similar results. A representative experiment
is shown
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Fig. 4 Paclitaxel potentiated A
the DNA damage response after
Cisplatin treatment in MKN45

cells. a Intensity of the y-H2AX
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untreated cells showed the milder degree of damage. As the
repair progresses (2.5—4 h), the CDDP-induced damage is
almost completely repaired but not the damage induced by
the combination of PXL-CDDP, highlighting a deficiency
in the repair systems (Fig. 5f). The above results suggest
that the increased sensitivity to sequential treatment
observed in MKN45 cells is partly due to the inability to
induce the homologous repair system mechanism through
BRCAL.

Discussion

Despite current advances in the clinical management of
GC, there is no therapeutic combination that has proved to
be curative for this type of tumor. There have been
numerous in vitro studies that predict the prognosis of the
disease and studies that reveal molecular targets that, once
interfered with, result in increased cell death in response to
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chemotherapy. However, clinical trials conducted so far,
using various combinations of drugs, have not shown
an improvement in the management of the disease. The
experiments presented here direct us to a novel observa-
tion: eliminating cells during mitosis may be an ideal
strategy for sensitizing gastric cells to therapy. However,
the selected target depends on the subtype of cancer;
therefore, understanding the various mechanisms of action
of the drugs and discovering new therapeutic targets is
crucial to using this strategy successfully. We have dem-
onstrated that gastric adenocarcinoma cells are more sen-
sitive to cisplatin after a prolonged arrest in mitosis due to
treatment with paclitaxel; however, no differences were
found in lymph node metastases cells. We have attempted
to gain insight into the molecular mechanism involved in
this process, and our data has revealed that the treatment
induced cell death in mitosis (MC) and apoptosis and that
the strength of the G2/M checkpoint and the DNA repair
pathway are responsible for the fate of the cell.
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We found that after sequential PLX-CDDP treatment
GC cells acquire gross nuclear alterations that constitute
the most prominent morphological traits of MC. MC is a
term that has been widely used to describe a form of cell
death that occurs during mitosis (as reviewed in [37]).
There are controversial data in the literature regarding
whether apoptosis is induced during mitosis and, if so,
when it is induced. Our in vivo analysis confirms that the
above treatment induced cell death during mitosis, in
contrast with cells treated with cisplatin alone, which die
by apoptosis during the interphase. Our data also indicate
that this event is partially a caspase-dependent process,
because the use of pan caspase inhibitor z-VAD-fmk
reduced cell death in MKN45 cells. The fact that caspase
inhibitors fail to completely prevent cell death induced by
treatment with spindle poisons led us to conclude that other
mechanisms may play a role in mitotic cell death [37, 38].
This hypothesis agrees with recent reports showing that
mitotic slippage, due to the slow but progressive cyclin
B degradation in the presence of a prolonged mitotic
arrest, and caspase-dependent apoptosis are mechanisti-
cally independent processes [39]. Accordingly, our present
results show that cell fate after mitotic arrest seems to
depend on two main factors: the sustained activity of SAC,
which prevents cyclin B degradation and slippage, and the
ease of triggering the apoptotic machinery. This hypothesis
is supported by the fact that ST2957 cells, which showed
higher levels of cyclin B during the treatment, did not
activate cell death pathways. Another interesting observa-
tion is the fact that Mcl-1 is only degraded in MKN45 cells.
Mitotic cell death generally occurs via intrinsic or mito-
chondrial apoptosis, which is regulated by the Bcl-2 family
of proteins [40]. Pro-survival members, including Bcl-XI,
Bcl-2 and Mcll, antagonize apoptosis by blocking the
activity of pro-apoptotic regulators. Once Mcl-1 is phos-
phorylated by JNK, p38 or CKII, it is recruited to the SCF
and degraded by proteasome. Mcl-1 has also been reported
to be degraded by APC/C-cdc20 when it is phosphorylated
by Cdkl in mitotic arrested cells [41]. Given that we
observed an increase in JNK and p38 activities during
treatment, it would make sense to test whether other stimuli
that activate the stress response pathway could modulate
the percentage of cells that die in mitosis.

We demonstrated that sequential treatment in MKN45
cells caused the accumulation of DNA damage over time,
indicating the presence of unrepaired DSBs that may lead
to cell death. Two questions arise from this observation, the
first of which regards the reasons paclitaxel alone induces
injury to the DNA. This drug does not directly damage
DNA but causes chromosome segregation errors that can
increase DNA breaks [42]. The second question concerns
the reasons for the lack of repair. New insights are cur-
rently emerging on how DDR is controlled during mitosis

[43]. We found that BRCA1, a protein required for DNA
repair by homologous recombination (HR), is not phos-
phorylated on the S988 residue. However, we can only
hypothesize that Chk2 can phosphorylate BRCA1 on this
residue (S988) to mediate the DNA damage response [44]
and that this phosphorylation does occur during mitosis
[45]. Accordingly, the loss of BRCA1 or impairment of its
Chk2-mediated phosphorylation leads to spindle formation
defects and CIN in human somatic cells [32]. Our results
indicate that the event responsible for the absence of
BRCAT1 S988 phosphorylation could be the reduction in or
the absence of Chk2 activity. The role of BRCA1 during
mitosis warrants in-depth study, as does its role in repairing
DNA interstrand crosslinks induced by cisplatin, as it has
been reported that it plays a role independent of HR in
repairing these adducts [46]. One possibility is that if the
Chk2-BRCA1 pathway is deficient then there will be
increased mis-attachment of spindles or an influence on the
activity of the Aurora-B kinase, reducing the ability to
repair merotelic attachment. Whatever the mechanism, the
consequence may be increased chromosomal instability,
which may be incompatible with life. The influence of
BRCA1 mutations in GC after sequential PLX-CDDP
treatment still needs to be clarified. In this regard, Chk2
reactivation may underlie the absence of radiological
responses when bortezomib treatment was evaluated in GC
patients [47]. Our data suggest that the inhibition of Chk2
may be a useful therapeutic tool in GC treatment. However,
to generalize this concept, it is important to understand the
cells’ molecular background, given that contradictory
results have been described in the literature. For example,
antisense inhibition of Chk2 expression enhanced the
apoptotic activity of y-irradiation, and treatment with the
topoisomerase I inhibitor camptothecin had a similar effect
[48]. Furthermore, inhibition of Chk2 (with siRNA or
dominant negative mutants) also enhanced adriamycin-
induced apoptosis in a colon carcinoma mice model system
[49]. In contrast, it has been shown that inhibition of Chk2
can lead to protection from radio- or chemotherapy [50]
[51,], which may indicate that targeting Chk2 may not be
beneficial for anticancer treatment. However, our findings
refer to the function of Chk2 during mitosis, which has
been reported as necessary for proper mitotic spindle
assembly and maintenance of chromosome stability [32].
In contrast, it has been demonstrated that the loss of Chk2
promotes MC and cell death and results in suppressed
oncogenic transformation and tumor development in a
Mus814¢3~#4¢x3=4 packground [52].

Further studies are needed to explain the contribution of
p53 to cell death induced during mitosis in GC. We have
shown that p53 is phosphorylated at Serl5 in GC cells in
response to PXL-CDDP. There are various theories about
how p53 is activated during mitosis. Our data indicate that
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lacking 14-3-3c through the activation of the y-H2AX-path
ATM-p53 pathway, which subsequently causes the cells to
die [42]. Another possibility is that the cells die due to the
increased transcription of pro-apoptotic members of the Bcl2
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Fig. 5 Chk2 abolishment contributes to mitotic death in MKN45
cells. a Degradation of Chk?2 is proteasome dependent. MKN45 cells
were treated with PXL or PXL/CDDP in the presence or absence of
the proteasome inhibitor (10 pM MG132) for 3 h, and Chk2 protein
levels were detected as in Fig. 4c. b Cell cycle analyses were
performed in the presence or absence of the Chk2 inhibitor (ChkII)
5 uM 1 h before CDDP addition. Cells were then treated with 10 pg/
ml CDDP or PXL/CDDP (0.1 pM/10 pg/ml) for 24 h. The graph
shows the percentage of apoptotic cells in each condition in the
representative experiment. ¢ Control and shChk2 stable cells were
obtained by lentiviral infection, as described in ‘“Materials and
methods” section. Briefly, cells were transduced with lentiviral
particles for control or Chk2 gene silencing and selected with 3 pg/ml
puromycin. Graph shows the relative levels of Chk2 mRNA in the
stable cells used in Fig. 5d after selection. Western blot is also shown
to corroborate the absence of Chk2 (bottom panel). d Cells were
treated with CDDP (10 pg/ml), and apoptotic cells were quantified
24 h later. e MKN45 cells were treated with PXL (0.1 uM), CDDP
(10 pg/ml) or PXL/CDDP (0.1 uM/10 pg/ml) in the presence or
absence of 5 pM ChkII (indicated with minus and plus signals) and
harvested 6 h later. Extracts were probed by using specific antibodies
against BRCA15°"%% and BRCAL. The positions of the phosphory-
lated BRCA1 (pBRCAL1) and nonphosphorylated BRCA1 (BRCAI)
are indicated. The gel lanes are indicated by number. The experiments
were repeated twice with equivalent results. f The graphs show the
DNA damage in cells not treated (black bars), exposed to CDDP
(grey bars) or to the sequential treatment with PXL and CDDP (soft
grey bars) (left, TM; right, TI) after no repair time, or 1, 2.5 and 4 h
of repair. The tail moment (TM) is defined as the product of the
percentage of DNA in the comet tail and the distance between the
means of the tail and head fluorescence distributions. The tail
intensity (TI) is defined as the percentage of DNA (fluorescent) in the
tail. TM and TI are expressed in arbitrary units. Experiments were
performed in duplicate. Fifty comets per duplicate gel were scored
and quantified by Komet 5.5 image analysis software (Kinetic
Imaging Ltd., Nottingham, UK). Apoptotic cells (non-detectable cell
nuclei, ghost cells, clouds or hedgehogs) were not scored

family of proteins. Our data indicate an increase in ATM
activation in response to paclitaxel, very likely a conse-
quence of telomere dysfunction, as recently described [34].
After entering mitosis, the exit is controlled by the
spindle assembly checkpoint (SAC). The SAC ensures that
metaphase onset takes place when all the kinetochores are
properly attached to the mitotic spindle. When bipolar
conformation arises, the SAC is inactivated, and the pro-
teolysis of cyclin B and securin allows the chromatids to
separate and the cell to exit mitosis. In this study, we have
shown that MKN45 cells suffer mitotic slippage, in con-
trast to ST2957 cells. Mitotic slippage may occur in the
presence of an active SAC via cyclin B destruction.
Whether bypassing the SAC correlates with cyclin B
degradation in MKN45-treated cells and the influence on
ST2957 cells, will be the subject of further studies. Our
results suggest that GC cells treated sequentially with PLX/
CDDP induce degradation of Chk2 and MC. Given that
Chk?2 is overexpressed in GC (50 % of cases) [53], these
results suggest that combining Chk?2 inhibitors with CDDP
would improve therapeutic responses in this group of
patients, leading to a more individualized therapy.
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RESUMEN

Mad?2 and BubR1 modulates tumourigenesis and paclitaxel response in MKN45 gastric cancer
cells

Bargiela-lparraguirre J, Prado-Marchal L, Pajuelo-Lozano N, Jiménez B, Perona R, Sanchez-
Pérez I.

Cell Cycle. 2014; 13(22):3590-601. doi: 10.4161/15384101.2014.962952. PMID: 25483095

La inestabilidad cromosémica y la aneuploidia son caracteristicas comunes del cancer gastrico
pero su contribucién en la carcinogénesis y la respuesta a terapia es ain un campo en estudio. La
regulacion incorrecta de la expresion de las proteinas del punto de control mitético (Spindle
Assebly Chechpoint (SAC) generan errores en la segregacién cromosomica y participan en la

aneuploidia.

En este capitulo, estudiamos el papel de la inestabilidad cromosémica en la carcinogénesis.
Analizamos la expresion de los principales genes que participan en el punto de control de mitosis
en una serie de lineas celulares derivadas de cancer gastrico, y observamos que MAD2L1 y
BUB1B estan sobreexpresados en lineas células procedentes de tumores diseminados. La
disminucién de su expresion mediante sShRNAs en células MKN45 muestra un descenso en la tasa
de proliferacion, y menor capacidad de migracion e invasion de estas respecto a las células
control. Estos datos sugieren la participacion de MAD2 y BUBRL en la carcinogénesis tumoral.
Ademas, evaluamos el efecto de los niveles de estas proteinas en la respuesta al agente
antineopléasico paclitaxel (PTX). Mediante ensayos de viabilidad y Western Blot observamos que
las células con expresion interferida tanto de MAD2 como de BUBR1 muestran una mayor
resistencia al agente, y dicha resistencia no se debe a efectos en la induccion de apoptosis, ni a
diferencias en la respuesta al dafio en el DNA , ya que detectamos la activacion de las proteinas
principales de cada ruta de forma equivalente en células control o interferidas. Sin embargo, en
respuesta a PTX observamos una induccion de la senescencia al disminuir los niveles de las
proteinas de SAC, caracterizada por aumento de la tincion -Gal y un fenotipo secretor asociado
a senescencia (SASP), asi como por una elevacion de las interleuquinas 6 y 8. Nuestros datos
sugieren que MAD2 y BUBRL1 participan favoreciendo un fenotipo mas agresivo del tumor y
podrian considerarse como diana terapéutica en el tratamiento del cancer gastrico. La disminucion
de sus niveles en situaciones de sobreexpresion podria reducir el crecimiento y la metastasis en
los pacientes. Seria muy interesante analizar el efecto fisioldgico de la senescencia observada tras
la disminucion de la expresion de MAD2 y BUBR1, debido a la dualidad existente en la actualidad

sobre el papel de la senescencia como supresor tumoral o regulador del progreso del tumor.

Participacion en el trabajo: Realizar la parte experimental y analisis de resultados.
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Mad2 and BubR1 modulates tumourigenesis and
paclitaxel response in MKN45 gastric cancer cells

J Bargiela-Iparraguirre™?, L Prado-Marchal®, N Pajuelo-Lozano?, B Jiménez'?, R Perona®**, and | Sdnchez-Pérez

1,2,3,%

"Departamento Bioquimica; Facultad Medicina; UAM; Madrid, Spain; 2Instituto de Investigaciones Biomédicas Madrid; Madrid CSIC/UAM; Madrid, Spain; *Biomarkers and
Experimental Therapeutics Group; IdiPAZ; University Hospital La Paz; Madrid, Spain; “CIBER on Rare Diseases (CIBERER); Valencia, Spain

Keywords: apoptosis, BubR1, gastric cancer, Mad2, mitosis, paclitaxel, senescence

Abbreviations: BMC, bleomycin; BubR1, budding uninhibited by benzimidazoles 1 homolog B protein (gene BUB1B); CDDP,
cisplatin; CIN, chromosome instability; DDR, DNA damage response; Mad2, mitotic arrest deficient-like-1 protein (gene Mad2L1);
PTX, paclitaxel; SAC, spindle assembly checkpoint; SASP, senescence associate secretory phenotype; YH2AX, phosphorylated H2AX;

Monopolar Spindle kinase, MPS1.

Aneuploidy and chromosomal instability (CIN) are common features of gastric cancer (GC), but their contribution to
carcinogenesis and antitumour therapy response is still poorly understood. Failures in the mitotic checkpoint induced
by changes in expression levels of the spindle assembly checkpoint (SAC) proteins cause the missegregation of
chromosomes in mitosis as well as aneuploidy. To evaluate the possible contribution of SAC to GC, we analyzed the
expression levels of proteins of the mitotic checkpoint complex in a cohort of GC cell lines. We found that the central
SAC proteins, Mad2 and BubR1, were the more prominently expressed members in disseminated GC cell lines. Silencing
of Mad2 and BubR1 in MKN45 and ST2957 cells decreased their cell proliferation, migration and invasion abilities,
indicating that Mad2 and BubR1 could contribute to cellular transformation and tumor progression in GC. We next
evaluated whether silencing of SAC proteins could affect the response to microtubule poisons. We discovered that
paclitaxel treatment increased cell survival in MKN45 cells interfered for Mad2 or BubR1 expression. However, apoptosis
(assessed by caspase-3 activation, PARP proteolysis and levels of antiapoptotic Bcl 2-family members), the DNA damage
response (assessed by H2Ax phosphorylation) and exit from mitosis (assessed by Cyclin B degradation and Cdk1
regulation) were activated equally between cells, independently of Mad2 or BubR1-protein levels. In contrast, we
observed that the silencing of Mad2 or BubR1 in MKN45 cells showed the induction of a senescence-like phenotype
accompanied by cell enlargement, increased senescence-associated 3-galactosidase activity and increased IL-6 and IL-8
expression. In addition, the senescent phenotype is highly increased after treatment with PTX, indicating that
senescence could prevent tumorigenesis in GC. In conclusion, the results presented here suggest that Mad2 and BubR1

could be used as prognostic markers of tumor progression and new pharmacological targets in the treatment for GC.

Introduction

Gastric cancer (GC) is a highly lethal malignancy.' Surgery is
the main therapeutic option for patients with localized disease,
followed by adjuvant chemotherapy, which enhances clinical
responses.” However, many patients experience disease recur-
rence and eventually succumb due to chemotherapy resistance
and/or metastasis. Paclitaxel (PTX) is widely used in the treat-
ment of GC, usually in combination with other agents, depend-
ing on the state of the tumor at diagnosis.” This agent targets
microtubules and provokes mitotic arrest, causing cell death.
However, cells have developed various mechanisms to avoid apo-
ptosis during mitosis through a process called “slippage” and by
inducing senescence-like phenotypes due to abnormal mitosis in
a variety of tumor cells® or through mitotic catastrophe.”® The
spindle assembly checkpoint (SAC) is a regulatory mechanism

present in all eukaryotes, which prevents chromosome missegre-
gation during mitosis, thereby preventing aneuploidy.” SAC is
the checkpoint through which PTX and other microtubule poi-
sons exert their effects. The reduced expression of SAC proteins
such as BubR1 (budding uninhibited by benzimidazoles 1 homo-
log B; BUBIB) or Mad2 (mitotic arrest deficient-like-1;
Mad2L1) is associated with acquired paclitaxel resistance in ovar-
ian carcinoma cell lines.*”

Chromosome instability (CIN) and aneuploidy are hallmarks
of aggressive solid tumors such as GC.">'" Aneuploidy can result
from inaccurate chromosome segregation; therefore, SAC has a
crucial function in genetic integrity. Impaired SAC function has
been suggested as one of the causes of aneuploidy in human can-
cers.”'* SAC is a complex of proteins that includes Madl,
Mad2, Bub1, BubR1, Bub3, and MPS1."? Among all SAC com-
ponents, Mad2 and BubR1 have a pivotal function in checkpoint
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signaling due to their central role in the inhibition of the ana-
phase-promoting complex/cyclosome (APC/C). The discovery of
mutations in BubR1 and Bubl in a subset of colon cancer cell
lines'* and in mosaic variegated aneuploidy (a rare human disor-
der characterized by a predisposition to childhood cancers)'” sug-
gests that a weakened SAC contributes to the oncogenic process.
In addition, mouse models that carry mutations in the SAC genes
have been reported to develop spontaneous tumors. These het-
erozygous animals are viable and apparently healthy but develop
spontaneous tumors.'~** There are examples of no tumor induc-
tion, as seen in mice with reduced Bub3*® or BubR1 expres-
sion."® However, Mad2'? or Mad1?' haploinsufficiency caused a
mild increase in the rate of spontaneous tumors. At the other end
of the spectrum, Bubl—/H (null over hypomorphic)24 and
Mad2-overexpressing mice”” all displayed high rates of spontane-
ous tumourigenesis. Coincidently, aberrant expression of the
mitotic checkpoint proteins has been observed in human cancer
cells, suggesting that SAC protein levels play an important role in
cancer initiation and progression.

Senescence and apoptosis are two important mechanisms that
protect cells against cellular transformation and cancer develop-
ment. Cellular senescence is considered an alternative tumor sup-
pressor mechanism,” and a correlation has been reported
between senescence cells found in premalignant lesions (but not
in malignant tumors) after oncogene activation.”® However,
senescent cells can interfere with their microenvironment by
secreting proteases and mitogenic, antiapoptotic and antigenic
factors, which can promote carcinogenesis in neighboring cells.
This entity was recently described as the senescence-associated
secretory phenotype (SASP)*” and is gaining considerable interest
in cancer research.”®

We have previously demonstrated that pretreatment with
PTX, which induces a prolonged arrest in mitosis, increases cis-
platin (CDDP) sensitivity in MKN45 GC cells due to impaired
DNA repair.”” In this study, we hypothesized that SAC dysfunc-
tion would be associated with GC and with PTX therapy
response. We studied SAC protein levels in GC cell lines and
found that Mad2 and BubR1 are frequently overexpressed in gas-
tric adenocarcinoma. To clarify whether BubR1 or Mad2 levels
play a role in GC, we generated GC gastric cell lines with deple-
tion of these proteins. Our results show that these proteins are
involved in proliferation, migration and tumor progression.
However, after treatment with PTX the survival ratio of MKN45
cells lacking Mad2 or BubR1 is higher compared with MKN45
parental cells. We attempted to clarify the mechanism by which
cells acquired resistance to PTX, and surprisingly, PTX mono-
therapy induced the apoptotic pathway independently of Mad2
or BubR1 protein levels, indicating that this pathway is unaf-
fected. In the other hand, we observed that PTX treatment
induced a senescence phenotype, which is exacerbated in cells
that have been silencing for Mad2 or BubRI1. The results are
promising for the treatment of GC, as senescence could be acting
as a suppressor of cancer progression. Although further in vivo
studies are needed to clarify the role of senescence in this type of
tumor, our results raise the possibility of a new treatment based
on Mad2 or BubRlinhibitors in combination with PTX.

www.landesbioscience.com

Results

mRNA expression levels of SAC components in GC cell lines

One of the characteristics of GC is the presence of a high
number of aneuploidies.’® To analyze the potential role of
SAC defects in the generation of aneuploidies, we determined
the BUB1B, BUB3, MADIL1, MAD2L1 expression levels
that participate in SAC regulation in 7 different GC cell lines.
We also determined the levels of other genes linked to this
checkpoint, such as CENPE and AURKB. The transcript lev-
els of the selected genes were quantified by quantitative real
time reverse-transcription polymerase chain reaction (qRT-
PCR), and represented as fold changes between each GC cell
line and the normal human colon fibroblast CCD18Co cell
line. We compared the expression levels between primary
(AGS and HGC27) and metastatic (SNU1, SNUG638, Hs746t,
MKN45, ST2957) GC cell lines, and we observed that
MADI1L1 and BUB3 transcript levels were variable between
all of them. Thus, MADILLI is significantly downregulated in
HGC27 and BUB3 transcript levels were reduced in HGC27
and MNK45. However, MAD2L1 and BUBI1B appeared to
be upregulated in metastatic cells. Thus, MKN45 showed
3-fold greater expression of MAD2L1 and 1.5 fold times of
BUBI1B with respect to control fibroblasts. Moreover, ST2957
cells showed 4 times greater expression MAD2L1 and 2 times
greater for BUB1B. Also SNUG638 showed an increase of
3 times greater BUBIB expression. (Fig. 1A). We analyzed
MAD2L1, MADI1L1, BUBIB and BUB3 expression by using
several published databases from the publicly available Onco-
mine database.’’ > We required a P-value of below 0.05 and
a fold-change of 2 for gene expression compared to the con-
trol. The results indicated that a significant increase in
MAD2L1 and BUB1B mRNA level were observed in Gastric
Intestinal Type Adenocarcinoma vs. Normal Gastric in 3 dif-
ferent clusters (Fig. 1B). CENP-E transcription was reduced
in HGC27 and Hs746t and increased in ST2957. Finally,
when we studied AURK-B, we observed significantly increased
transcript levels in the HGC27 and Hs746t cell lines
(Fig. S1). These results suggest that MAD2L1 and/or BUB1B
overexpression should be a common feature in gastric tumors
and could be involved in modulating not only SAC activity
but also the ability of adenocarcinoma gastric cells to prolifer-
ate and ultimately, their fate after specific drug treatments.

Interference of Mad2 and Bub1R1 expression modulates
proliferation and cell migration in GC cells

To study the physiological functions of these proteins, we
knocked down Mad2 and BubR1 expression with shRNA lentivi-
rus (shMAD2L1 and shBUBI1B) in 2 different cell lines: MKN45
and ST2957. After selecting with puromycin, we were able to
obtain stable cultures of cells with reduced levels of Mad2L1 and
Bub1B genes. We conducted a qRT-PCR study to select those
clonal cultures with the highest knockdown of our genes of inter-
est. We therefore selected the following for further study:
MKN45-shBUB1B-2 and MKN45-shMAD2L1-2 from the
MKN45 cells and ST2957-shBUB1B-3 and ST2957-shMAD2-
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>

Figure 1. Relative levels of
mRNA transcripts for the
individual components of
SAC. (A) Real-time g-PCR was
performed to measure the
relative levels of MADI1L1,
MAD2L1, BUB1B, BUB3
mRNAs in the 7 GC cell lines
established from primary
tumor (white bars) and dis-
seminated tumor (black
bars). Each gene was normal-
ized with GAPDH. Data are
shown as relative to CCD18-
Co, and the statistical signifi-
cance was evaluated with
ANOVA. ** P < 0.05 and *** P
< 0.001. (B) Selected data-
sets from the Oncomine can-
cer microarray database
were used to determine the
alternations of MADILI,
MAD2L1, BUB3 and BUB1B in
MRNA expression levels. The
graph represents the fold in
gastric intestinal type adeno-
carcinoma versus normal
gastric tissue based on stud-
ies reported by Cho et al,
Derrico et al. and Wang et al.
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influence of MAD2L1
and BUBIB downregu-
lation on cell proliferation in 7-day cultures and found that
although there were no differences when knocking down
BUBIB, the reduction of MAD2L1 appeared to regulate cell
growth in both cell lines after 7 d However, there were no sta-
tistical differences (Fig. 2A). To confirm the role of Mad2 in
proliferation, we performed a colony-forming assay. As
expected, our results showed that the absence of Mad2
reduced the number of surviving colonies at the end of the
experiment (15 days) in both cells lines. We counted 25 col-
ony-forming units (CFUs) in sh-MAD2L1 versus 35 CFUs in
MKN45 and 15 CFUs in sh-MAD2L1versus 30 CFUs in con-
trol ST2957 (Fig. 2B). Surprisingly, although we did not
observe a change in proliferation at 7 days, the ability of the
cells to form colonies in the absence of BubR1 was also
reduced, with the reduction more significant in ST2957 cells
(9 vs. 30 CFUs) than in the MKN45 cells (28 vs. 35 CFUs)

3592 Cell Cycle

(Fig. 2B). To clarify this contradictory result, we compared
the replicative life span of MKN45 cells with that of the cells
with diminished Mad2 or BubR1 expression. Our experiment
showed that after 15 days, both cell lines achieved lower popu-
lation doubling levels (PDLs) than the parental MKN45 cells.
After another 15 days, however, the cells overcame the crisis
and were able to continue growing. Nevertheless, cells without
BubR1 achieved lower PDLs than control cells (Fig. 2C).
These results suggest that Mad2 and BubR1 play a role in pro-
liferation, which indicates that they act on the tumourigenesis
process.

SAC downregulation decreases cell migration and invasion
in MKN45 cells

The capacity for cells lacking Mad2 or BubR1 to migrate was
evaluated with an in vitro wound-healing assay. In control
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A invasion in the control MKN45 cells (30
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800 - 800 - cantly decreased to 18 cells/field in sh-
BUBIB and 15 cells/field in sh-MAD2L1
= 600- 600 - (Fig. 3C), demonstrating that the overex-
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o 400 400 properties to adenocarcinoma parental cell
s lines. These findings imply that activation
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Figure 2. Mad2 and BubR1 regulate cell proliferation. (A) The MKN45 and ST2957 cell lines were BubR1 levels appeared to sensitize cells,
transduced with lentivirus expressing sh—MAD?U ar.wd sh-BUB1B. The graphs s.how the prolifera- given that a reduction in IC50 was
tion rate measured every 24 h up to 7 d after infection, measured by crystal violet method. Data .. .
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Analysis of the accumulated number of duplications over time (PDLs) in the MKN45 cell line and (Fig. 4A). To support this observation, we
its transduced sh-BUB1R and sh-Mad?2 cell lines. Each condition was done in duplicate. studied the viability of cells after exposure

MKN45 cells, 88% of the wound area had been filled within
48 h postscratch. However, when BubR1 or Mad2 expression
was diminished in these cells, only 66% of the wound area was
filled during that time for both sh-MAD2L1 and sh-BUB1B cells
(Fig. 3A, Images and left graph). The right graph of Figure 3A
shows the speed at which cells were able to repopulate the
scratched area in arbitrary units: 659 % 100; 434 4= 160 and 388
£ 95 for MKN45, sh-MAD2L1 and sh-BUBIB, respectively.
The ST2957 cell line required more than 50 h to heal the scratch
completely. ST2957-shBUB1B and ST2957-shMAD2LI cells
showed impaired migration in the same time period in contrast
with the wild type ST2957 cells, with 36% of the area covered
compared with 73% for the control cells (Fig. 3; Fig. S3). These
observations were confirmed by migration assays (Fig. 3B). The
number of migrating cells was decreased in the absence of Mad2
or BubRl, compared with MKN45 cells. (Fig. 3B). Both
wound-healing and transwell migration assays revealed that
Mad2 overexpression contributed to cell migration in the
MKN45 cells. The invasive properties of the cells were assessed
by a matrigel-coated transwell assay. There was a basal level of
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to varying doses of PTX using the crystal

violet method and we achieved the same
result (Fig. 4C). To confirm these observations, we performed a
colony survival assay. MKN45, sh-MAD2L1 and sh-BUBI1B cells
were treated with solvent or PTX (100 nM) for 20 h. Ten days
later, the number of surviving colonies was recorded. We found
that the number of colonies in the absence of Mad2 was similar
to MKIN45, although the cells with reduced BubR1 had a lower
number of surviving colonies compared with the other cultures
(574 + 89, 575 £ 22 and 319 + 25.5 for MKN45, sh-
MAD2LI and sh-BUBI1B, respectively). The number of colonies
was higher (also in the absence of Mad2 or BubR1) after PTX
treatment than in the control cells (43 &= 1.4, 216 & 3.5 and 168
+ 8.5 for MKN45, sh-MAD2L1 and sh-BUBIB, respectively)
(Fig. 4B). However, our data show that migration is not modified
by PTX treatment (Fig. 4D). These results confirm the crucial
role of SAC in cell death induction in response to PTX treatment.

Silencing of Mad2 and Bub1b induces senescence in
MKN45 cells treated with PTX

After prolonged arrest in mitosis, cells can die by apoptosis
and re-enter on cycle G1 in a tetraploid state, through a process
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Figure 3. Silencing of Mad2 and A
Bub1B reduces migration and Control
invasion in MKN45 cells. (A) Rep- : .
resentative images of the first
(0 h) and last picture (48 h) of
control MKN45, sh-Mad2L1 and
sh-BUB1B cells taken during the Oh
wound healing experiment.
Images were taken at 10x mag-
nification, every 2 h for 48 h.
The yellow line represents the
wound border. Left panel: The
graph shows the percentage of
wound closure over the study
time using the ImageJ program.
Right panel: Assessment of 48h
speed variations within the inter-
fered cell lines and the control.
The table shows the average
speed for each line. The experi-
ment was performed twice, and
statistical ~ differences  were
assessed by one-way ANOVA (* 100~
P < 0.05, ** P < 0.005, *** P < Control

. . -+ sh-BUB1B
0.001). (B) Transwell migration 801 _o sh-MAD2L1
assay. The graph shows the
quantification of stained migra-
tory cells using the transwell
assay without chemoattractant
(basal migration control) and
30 ng/ml chemoattractant pres- 0
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known as slippage. Death in mitosis is principally mediated by a
caspase-dependent apoptotic pathway requiring mitochondrial
outer membrane permeabilisation. A flow cytometry analysis
demonstrated that the percentage of apoptosis was equivalent in
MKN45 cells in response to PTX, independent of SAC (data
not shown). We then studied the various molecular markers of
apoptosis after PTX treatment in MKN45 cells and those with
Mad2 or BubR1 depletion. We found that levels of the antia-
poptotic member of the Bcl-2 family Mcl-1 (myeloid cell
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leukemia-1), a key molecule in cell death during mitosis,
decreased 24 h after PTX exposure in MKN45 and sh-BUB1B.
However, in the absence of Mad2, the protein remains at basal
levels at least 48 h after treatment. Nevertheless, we observed
the same behavior in Bcl-xl, with a shift indicative of inhibitory
phosphorylation 24 h after PTX treatment (Fig. 5 A, left).
Mcll degradation is controlled by phosphorylation mediated by
Cdkl or the stress kinases p38 and JNK. Our WB analysis
showed that Cdkl1 is phosphorylated at Y15 (inactive), with the
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Figure 4. Interference of Mad2 and BubR1 expression increases survival to PTX in MKN45 cells. (A) Indicated cell lines were seeded on MW96 and treated
with increasing doses of CDDP, PTX or BMC. Graphs show survival curves measured by MTS 48 h after treatment. The experiments were performed in
quadruplicate and repeated twice. (B) Left panel: Clonogenic assay. The graph represents the average of all clones in each experimental condition, in 3
independent experiments performed in duplicate. Statistical significance was studied by a 2-way anova (* P < 0.05, ** P < 0.005, *** P < 0.001). Cells
were plated at low density and treated with 0.05 M of PTX. Right panel: Representative images of colonies from a 10-day assay in control MKN45, sh-
Mad2L1 and sh-BUB1B cell lines. (C) Control MKN45, sh-MAD2L1 and sh-BUB1B cells were treated with increasing concentrations of PTX (0-100 nM). Via-
bility was quantified using the crystal violet after 48 h of treatment. Results are presented as percentage of viable cells relative to untreated cells. Data
show the results from 3 independent experiments, performed in quadruplicate. Statistical differences were tested using Student’s t-test (* P < 0.05, ** P
< 0.005, *** P < 0.001). (D) The effect of PTX (0.1 .M) on control MKN45, sh-Bub1B and sh-Mad2L1 cell migration in the wound healing assay was mea-
sured up to 48 h. The wound closure was quantified every 2 h postwounding by measuring the remaining unmigrated area using ImageJ.

same kinetics in MKN45 cells and cells depleted of BubR1 or
Mad2, which achieved maximum levels 24 h after treatment.
We then examined the impact of PTX on the stress-related
JNK and p38 pathways. Treatment of cells with PTX resulted
in a transient increase in phospho-JNK at 24 h after PTX expo-
sure, with a modest increase in Mad2-depleted cells. Moreover,
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p38 showed persistent activation in MKN45 cells, transient acti-
vation in sh-BUBI1B and virtually no activation in sh-MAD2L1
cells (Fig. 5A, right). Treatment of cells with PTX induced
cleavage/activation of procaspase-3 and degradation of PARP to
an 85 kDa species in all cell lines 48 h after PTX exposure
(Fig. 5B). Given that Cyclin B levels control the mitotic state,
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we found Cyclin B degradation 48 h after PTX treatment, indi-
cating that apoptosis occurs after exit mitosis. A prolonged
arrest in mitosis could also induce DNA damage. Our data
showed that the marker of DNA damage H2Ax is activated in
MKN45 cells to a lesser degree than in the case of SAC com-
promised cells. These results suggest that arrest in mitosis
increases DNA damage and induces the intrinsic apoptotic
pathway in MKN45 cells, regardless of the strength of the SAC.
Mcl-1 degradation depends mainly on p38, and its degradation
is delayed in depleted Mad2 cells but probably not enough to
inhibit apoptosis.

To determine whether senescence was an alternative pro-
cess to explain the results obtained in survival, we performed
an in situ senescence-associated (SA) B-Gal assay. We
observed the induction of the senescence-like phenotype of
MKN45 cells, manifested by changes in morphology and
B-galactosidase (SA-B-gal) activation. With this experiment,
we determined that the fraction of SA-B-gal-positive cells
increases 3 d after Mad2 or BubR1 depletion (Fig. 5C, upper
panel). Moreover, SA-B-galactosidase activity staining showed
a clear increase in cellular senescence in these cells after PTX
treatment compared with control MKN45 cells (Fig. 5C,
bottom panel). PTX causes a prometaphase arrest cell cycle
that, if sustained, generates DNA damage and senescence.
p53 is a marker for both events. When we analyzed its activa-
tion after 72 h of PTX treatment, we observed an increase in
p53 mRNA levels in cells lacking Mad2 or BubR1 (Fig. 5D).
On the contrary, we observed no increase in p21™* WB
analysis confirmed these results, as well as a sharp increase in
p53°"%, induced by PTX. To determine whether the SASP
is also under SAC protein control, we monitored SASP IL-6
and IL-8 expression in control cells and after 50 d of gene
interference (Fig. SE). Both IL-6 and IL-8 mRNA levels were
increased during senescence in the absence of BUBI1B, but
only IL-6 (and not IL-8) expression was attenuated when
Mad2 was decreased. The results of this study suggest that
the weaker SAC in MKN45 cells increases the levels of a
senescent phenotype involved in the PTX response in these
cells.

Discussion

GC is a disease with a very poor prognosis at diagnosis. Find-
ing new targets that increase our understanding of the disease
presents a challenge for researchers, but can ultimately contribute
to improved and more personalized treatments. However, the
biology of this tumor is very complex at the molecular level, and
there is no defined pattern of markers.** Our results show that
GC cells undergo uncontrolled SAC protein expression, which is
the case in other types of cancers such as lung, breast, head and
neck, ovarian and cervical cancer.”® This study has shown that
two essential proteins in the mitotic checkpoint, Mad2 and
BubR1, are overexpressed in the majority of disseminated gastric
cancer cell lines, and these results are in agreement with the pub-
lic database ONCOMINE. (http:oncomine.org). We have
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characterized the effects of a reduction in Mad2 or BubRl
expression and found that these proteins control cell prolifera-
tion, migration and tumor progression in MKN45 and ST2957
cell lines. Accordingly, overexpression of BubR1 in bladder can-
cer®® or Mad2 in colorectal mucosa®” has been associated with
high proliferation. Moreover, ovarian carcinoma showed overex-
pression and correlation of Mad2 and BubR1, which are related
to cellular proliferation and time to recurrence’®. Taken together
our data indicated that overexpressed Mad2 and BubR1 partici-
pate in the carcinogenesis of GC and high Mad2 and Bub1B
could be used as a prognostic marker; in fact BubR1 have
recently been suggested as a prognostic marker in ovarian
cancer.”

There is some controversy in the literature regarding the
importance of correct SAC function and therapy response.
Mad2 downregulation in MCF7 and A2780 cells”* resulted in
resistance to PTX. Similarly, we also detected an increase in cell
survival after treatment with PTX in MKN45 cells. Inhibition
of apoptosis is a frequent cause of drug resistance, and it has
been suggested that Mad2 interference could inhibit anticancer
drug-induced apoptosis by upregulating Bcl-2 and interfering
with the mitochondria apoptosis pathway.*' Here, we demon-
strated that depletion of Mad2 delay Mcl-1 degradation, sug-
gesting that exit to mitosis is delayed; however, no differences
have been found in apoptotic induction because activation/pro-
teolysis of caspase-3/PARP occurs at the same time in cells,
regardless of the presence of Mad2 or BubR1. We could say
that the difference in survival among MKN45 cells is not due
to apoptotic inhibition. More importantly, our data show that
the molecular mechanism related to survival correlates with the
induction of cellular senescence-like phenotype. The contribu-
tion of these proteins to PTX therapy has been previously stud-
ied. For example, BubR1 downregulation has been related to
PTX sensitivity in esophageal squamous cell carcinoma,? but
BubR1 inhibition promotes resistance to microtubule inhibitors
in colorectal cancer (CRC).*> Mad2 and BubR1 suppression in
PTX-treated ovarian and breast cancer cells results in PTX resis-
tance.”” Our interpretation is that senescence in GC could act
as a tumor suppressor, although in vivo studies are needed in
order to confirm the contribution to cell death. Cellular senes-
cence can be induced by oncogenes (oncogene-induced senes-
cence [OIS]) and is a crucial anticancer mechanism that
prevents the growth of cells that are at risk of neoplastic trans-
formation. Signaling pathways known to regulate OIS include
the pl6/RB and p19/p53/p21 pathways. Our results show that
Mad2 depletion increases activation of the p53 pathway; how-
ever, p53 activation does not result in induction of p21 expres-
sion. These results do not agree with those from studies
showing that Mad2 partial depletion in IMR90 primary human
fibroblasts induces the p53-p21 pathway. However, other cells
(such as MCF10 A) show low activation of this pathway when
Mad2 is downregulated. Another possibility is that the p53 acti-
vation and stability is a reflection of DNA damage in cells, and
senescence is associated with the mTORCI route, through a
senescence-associated role for 4E-BP1 in crosstalk with the tran-
scription factor p53.** Further studies are warranted to explore
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this possibility. Recent studies have demonstrated that normal
human diploid fibroblasts (HDFs) exposed to various senes-
cence-inducing stimuli undergo a mitosis skip before entry into
permanent cell cycle arrest. This mitosis skip is mediated by
both, p53 and pRb family protein-dependent transcriptional
suppression of mitotic regulators,”> which could be the case in
our cells. On the other hand, we can argue that in the absence
of Mad2 or BubR1, the PTX treatment leads to a prolonged
arrest, probably increasing free radicals, which are crucial for
SASP regulation.*® The secretome of senescent cells is complex,
consisting of a range of cytokines, chemokines and proteases,
among other substances, and is associated with inflammation,
proliferation and modulation of the extracellular matrix
(ECM).” Our results show that senescent cells with Mad2 or
BubR1 depletion undergo IL-6 and IL-8 expression induction.
This led us to consider that an increase in IL-6 and IL-8 levels
could favor paracrine signaling and increase senescence and ulti-
mately cell death or, by contrast, that SASP contributes to cell
transformation, which could ultimately be an advantage for
tumor growth.?® Further studies are needed to clarify the clini-
cal outcome of patients in relation to Mad2 or BubR1 levels
and PTX response. On the other hand, a small population of
cells could instead become aneuploid, which could ultimately
be an advantage for tumor growth.”® In addition, we should
consider studying the relationship between the recenty
described protein LZTS1 (leucine zipper putative tumor sup-
pressor 1), which plays a critical role in resistance to paclitaxel,
by controlling Cdk1 activity, in breast cancer.*® Therefore,
understanding exactly how common environmental and cellular
stresses affect mitosis is critical to understanding how and why
some cancer cells are sensitive and others are resistant to this
important class of chemotherapy. The positive news is that sen-
sitivity to cisplatin or BMC appears to be unaffected in the
absence of these proteins, which opens the possibility of using
them in combination with new drugs that target Mad2 or
BubR1.

In conclusion, we have demonstrated that reduced Mad2
and BubR1 protein levels appear to contribute to cellular
senescence induction, a mechanism that could prevent
tumourigenesis. This is an exciting result because it opens a
new line of research, aimed at designing new drugs that can
target these proteins.

Material and Methods

Cell culture and drugs

The MKN45 (poorly differentiated adenocarcinoma; DSMZ:
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH) cell line was maintained in RPMI 1640, supplemented
with 20% FBS and 2-mM L-Glutamine. The ST2957 (lymph
node metastases) and HEK293 cells were maintained in high glu-
cose Dulbecco’s modified Eagle Medium (DMEM; Gibco), sup-
plemented with 2-mM L-Glutamine, 1-mM sodium pyruvate,
10% foetal bovine serum. All cell lines were grown at 37°C in a
humid atmosphere containing 5% CO,.

Chemicals and antibodies

Antibodies against H2AX phosphorylated at Ser 139, p38,
phosphorylated p38, caspase 3, cdk1 Y15, p53 and p53°""° were
purchased from Cell Signaling Technologies (http://www.
cellsignal.com). Antibodies against PARP, Cyclin B, Mcl-1 and
Bcl-xl were purchased from Santa Cruz Technology (http://
www.scbt.com). Antibody Anti-ACTIVE® JNK pAb, Rabbit,
(pTPpY) was acquired from Promega Corporation-Spain (http://
www.promega.es/). Paclitaxel and puromycin were acquired
from  Sigma-Aldrich  (http://www.sigmaaldrich.com/sigma-
aldrich/home.html). BMC was acquired from Calbiochem
(htep://www.merckmillipore.com/spain/life-science-research),
and CDDP was donated from Ferrer FARMA.

Western blotting

Protein extracts (20 jg) were resolved on 4%— 20%— SDS-
PAGE (BioRad) and transferred to nitrocellulose membranes.
Western immunoblot analysis was performed as described
previously.?

Viral transduction of cells

Viral particles were generated according to the manufacturer’s
instructions using GIPZ Lentiviral shRNA for Mad2 or BubR1
(Thermo Scientific Open Biosystems). Briefly, 4.5 x 10® HEK
293 cells/plate in DMEM medium were transfected using lipo-
fectamine 2000 (Invitrogen) with 15 pg of shMad2, 7 pug of
envelope plasmid (VSV-G) and 7 pg of Helper plasmid (pCD/
NL-BH). The supernatants were recovered 48 h and 72 h after
transfection and frozen in small aliquots at -80°C until use.

Figure 5 (See previous page). Interference of Mad2 o BubR1 expression induces senescence phenotype in MKN45. (A and B) Western blotting analysis
of MKN45, sh-MAD2L1 and sh-BUB1B cultures treated with 0.1 wM PTX during several time intervals. Twenty micrograms (20 ng) of WCE protein were
resolved in 15% or 8% SDS-PAGE. Expression/activation of Bcl-xI and Mcl-1 proteins (A-left panel), Cdk1Y'®, JNK1/2, phosphorylated P38 and total P38
(A, right panel), Caspase-3 proteolysis, H2AX (b-left panel), PARP, cleaved-PARP, cyclin-B1 (B, right panel) were detected by using specific antibodies
against each one. a-tubulin was used as a loading control. (C) Left upper panel: B-Galactosidase activity in MKN45 control and cells with Mad2 and
BubR1 knockdown in 3-day cultures. Down panel: PTX effect in senescence phenotype was studied measuring 3-Galactosidase activity in MKN45 control
and interfered cell lines. Cells were treated with PTX (0.1 wM) for 3 d. Bars represent average of 3 independent experiments. (* P < 0.05,** P < 0.005,
***p < 0.001. Representative images of B-Galactosidase stained cell culture with and without PTX in 3 d. Arrows point to senescent cells. (D) Q-PCR analy-
sis was performed using Tagman to measure p53 and p21 mRNAs levels in shBUB1B and sh-MAD2L1 knockdown cells referring to MKN45 cells. B-actin
was used as endogenous gene control. Western blotting analysis of p53 expression in cells treated with 0.1 wM of PTX for 72 h, using a specific antibody
against phosphorylated Ser15 and an antibody against the native protein. a-tubulin was used as a loading control. (E) IL-6 e IL-8 expression levels were
analyzed by Q-PCR using Tagman in all cell lines in the 3-day culture. 8- actin was employed as an endogenous gene control and the graph shows the
fold induction referred to the MKN45 control cell line.
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Transduction was conducted using 5 x 10° cells per well in a 6-
well plate. The cells were examined microscopically 48 hours
post-transduction for the presence of GFP reporter expression as
an indicator of transduction efficiency. Cells were assayed 72 h
later for reductions in gene expression by quantitative/real-time

PCR (qRT-PCR) and compared with nonsilencing shRNA.

RT-PCR

Total cellular RNA was extracted using Tri-Reagent, as previ-
ously described. One microgram was primed with poly-T and
cDNA synthesized with M-MLV reverse transcriptase following
the manufacturers’ instructions (Promega). The quantitative
expression of each gene was measured by SYBR Green polymer-
ase chain reaction assay, using the following specific primer sets:
5'- TCGTGGCAATACAGCTTCAC-3' and 5- GGTCAA-
TAGCTCGGCTTCC-3' for BUBIB; 5- GCTTGTAAC-
TACTGATCTTG-3' and 5'- GCAGATCAAATGAACAAGAA-
3" for Mad2L1; 5-GCTCAGCAACAAACCATGG-3" and 5'-
GGAATATTCAACATAACATG-3' for BUB; 5'- GGAGCTG-
GAGAACGAGAG -3’ and 5'- ACTGTGGTCCCGACTCTT
-3 for MAD1L1;5" GTTGATCTTGCAGGCAGTGA -3’ and
5'- TGAAACCACCAACTTGTCCA -3’ for CENP-E; 5
GGTGGTTCTGATGGCTTTGT -3’ and 5- GCAAGCG-
TAGTCCCATCATT -3’ for BUB3; 5 GGGAGAGCTGAA-
GATTGCTG -3’ and 5'- GCACCACAGATCCACCTTCT -3
for AURK-B 5-GAG; AGA CCC TCA CTG CTG-3' and 5'-
GAT GGT ACA TGA CAA GGT GC-3' for GAPDH. Relative
quantification (RQ) was performed using the delta-Ct method,
where each 1-Ct difference equals a 2 fold change in transcript
abundance. qRT-PCR analysis was employed to quantify the
expression levels of IL-6, IL-8 and p21 by using Tag-man probes
(Life technologies, https://www.lifetechnologies.com).

Cell viability, proliferation, clonogenic assay and PDLs

Viability and growth rate were determined using a crystal vio-
let based staining method, as previously described.*” Survival was
measured using an MTS assay (Promega). For the clonogenic
assay, cells were cultured in a 6-well plate at a very low concentra-
tion (2000 cells per well). After 14 days, the cells were fixed with
1% glutaraldehyde and stained with crystal violet. The number
of colonies was quantified directly using the 10x objective in 3
different areas per well. To measure the population doubling
level (PDL), 300,000 cells were plated in p60, and the number
of cells was quantified every 4 days. The calculation of the PDL
was performed using the following formula: PDL = 3/In(final
no. of cells /300000)+1).

Cell migration and invasion assays

For the wound-healing assay, a confluent monolayer of
MKN45 cells and ST2957 controls and knockdown for Mad2L1
or BUBIB cells was scratched into a 24-well plate with a sterile
tip. The cell migration’s ability to fill the wound was studied up
to 50 h. The relative distance traveled by the leading cell edge
was assessed by time-lapse microscopy using the Cell Observer
Z1 (Zeiss) at 37°C and 5% CO,/95% air, using the imaging

software Axiovision 4.8 and the Cascade 1 k camera. Images were

www.landesbioscience.com

taken every 2 h and further processed using the Digital Image
Processing Software AXIOVISION (Zeiss). The wound closure
was quantified by measuring the remaining unmigrated area
using Image]. Migration and invasion assays were performed in
modified Boyden chambers with polycarbonate filters (6.5 mm
diameter, 8.0 wm pore size) (transwell migration and invasion
assays) (Corning Inc., Corning, NY, USA) coated with 0.5% gel-
atin (migration assay) or 6 pg growth factor reduced Matrigel
(BD Biosciences, Bedford, MA, USA) (invasion assay). Prior to
the migration and invasion assays, cells were maintained for 16 h
in serum-free medium and 1.5 x 10° cells resuspended in
serum-free medium were seeded in the upper chamber. Serum-
free conditioned medium from NIH3T3 cells at 30 ng/ml was
used as chemoattractant and placed in the bottom chamber. Cells
were allowed to migrate or invade for 24 h at 37°C with 5%
CO,. Non-migrated and non-invaded cells were removed using a
cotton swab, and the filters were stained with Diff Quik (Dade
Behring, Newark, DE, USA). Migrated or invaded cells were
counted in 10 fields of maximum migration or invasion under a
light microscope at 40 x magnification.

Senescence Analysis

A total of 150 x 107 cells were seeded on 6 MW plates, and
the B-galactosidase (SA-B-Gal) activity was quantify using the
Senescence detection kit (Biovision, http://www.biovision.com/)

Oncomine analysis

We searched the public cancer microarray database, Onco-
mine, to identify studies with MAD1L1, MAD2L1,BUB3 and
BUBIB gene expression datasets and compared expression of gas-
tric intestinal type adenocarcinoma vs. normal gastric tissue. In
order to be included in our study, a data set was required to have
significant gene expression with a P-value < 0.001.

Statistical Analysis

All results were expressed as means £ SD of 3 independent
experiments. Statistical analyses were performed using Graph
path prims 5.0 ANOVA or Student’s 2-tailed t-test. Values of *P
< 0.05 were considered significant.
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MATERIAL SUPLEMENTARIO: Mad2 and BubR1 modulates tumourigenesis and
paclitaxel response in MKN45 gastric cancer cells
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Supplementary figure 1:

Real time PCR (g-PCR) was performed to measure relative levels of CENP-E and AURK-B
mRNAs in 7 GC cell lines, each gene normalized with GAPDH. Data are shown as relative to
AGS cell line, and statistical significance evaluated by ANOVA ** p<0.05 y *** p<0.005
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Supplementary figure 2: A) Selection of cell lines. ST2957 and MKN45 cell lines were
transduced with lentivirus expressing different shRNAs of MAD2L1 or BUB1B (listed form 1 to 3
in BUB1B, 1 and 2 in MAD2L1). Transduced cells were selected by using Puromycin (3ug/ml).
Stable cells were analyzed by Q-PCR for MAD2L1 and BUB1B mRNA quantization. The graph
represents the average of three different experiments. B) Verification by western blotting a
decrease of BUBR1 and MAD?2 proteins in transduced cell lines comparing to not transduced
MKN45 control cells, using specific antibodies against MAD2 and BUBR1. a-tubulin used as

loading control
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Supplementary figure 3: Donwregulation of MAD2 and BUB1B reduces migration in
ST2957. A) Representative images of the first (Oh) and last picture (48h) of ST2957 cell line
compering control cells and transduced cells, taken during wound healing experiment. Images
were taken at 10X magnification, every 2 h for 48 h. Yellow line represents the wound border. B)
The wound closure was quantified every 2h post-wound by measuring the remaining unmigrated
area using ImageJ.
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RESUMEN

CHK1 expression in Gastric Cancer is modulated by p53 and RB1/E2F1: implications in
chemo/radiotherapy response
Bargiela-lparraguirre J, Prado-Marchal L, Fernandez-Fuente M, Gutierrez-Gonzéalez A,
Moreno-Rubio J, Mufioz-Fernandez M, Sereno M, Sanchez-Prieto R, Perona R, Sanchez-Perez
I

Sci Rep. 2016 Feb 12;6:21519. doi: 10.1038/srep21519. PMID: 26867682

La radiacion ionizante (IR) provoca rupturas de doble hebra del DNA y se utiliza como terapia
adyuvante en el protocolo clinico del tratamiento del cancer gastrico. A pesar de sus limitaciones
presenta una mejora en el prondstico de los pacientes con adenocarcinomas gastricos localizados

aunque un elevado porcentaje de pacientes presentan resistencia al tratamiento y recurren.

La proteina CHK1 es clave en la via de sefializacion intracelular de respuesta al dafio en el DNA
y se ha demostrado su implicacion en la resistencia a varios agentes genotdxicos, por lo que en
este trabajo evaluamos la funcion de la proteina CHK1 en la respuesta a IR en cancer gastrico.
Observamos que la linea celular de adenocarcinoma MKN45 con niveles altos de CHK1 es mas
resistente a irradiacion en comparacion con la linea celular AGS, la cual presenta niveles normales
de CHK1. Hemos demostrado que inhibiendo la actividad de CHK1 con el compuesto UCN-01 o
disminuyendo los niveles de proteina mediante shRNAs se logra sensibilizar a las células
tumorales géastricas al tratamiento con irradiacion. Ademas el analisis de los niveles de proteina
CHK1 mediante inmunohistoquimica en una pequefia serie de pacientes seleccionados de acuerdo
a los criterios de tumor localizado y tratados con IR indica peor pronéstico (menor tiempo libre
de progresion) en aquellos pacientes con altos niveles nucleares de CHK1. Analizamos si la
expresion diferencial de CHKL1 entre las lineas celulares se debe a diferencias en la activacion
transcripcional. Nuestros resultados sugieren que la expresion del gen CHEK1 esta regulada por
el eje RB/E2F y p53 a nivel transcripcional, sin que existan diferencias entre las lineas que
justifiquen las diferencias de expresion. Sin embargo, nuestros resultados sugieren que los niveles
elevados de CHK1 se deben a una estabilizacién del RNA mensajero, sugiriendo que existen
modificaciones postranscripcionales implicadas en el proceso. Realizamos un analisis in silico
para identificar posibles miRNAs implicados en el proceso. Identificamos el miRNA-195 vy el
miRNA-503, cuya expresion correlaciona de forma inversa con los niveles de CHK1 en las lineas
celulares. Estos resultados sugieren que los niveles de expresion de CHK1 podrian utilizarse como
criterio de respuesta a irradiacion en pacientes de cancer gastrico. A su vez, sugerimos que los
miRNAs 195 y 503 podrian ser buenos candidatos para ser evaluados como biomarcadores de
respuesta a esta misma terapia.Participacion en el trabajo: Realizar los experimentos y anélisis

de resultados.
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SCIENTIFIC REPLIRTS

CHK1 expression in Gastric Cancer
Is modulated by p53 and RB1/E2F1:
Implications in chemo/radiotherapy
e, F@sponse

Published: 12 February 2016 . S g « .
vpishe epruary J. Bargiela-lparraguirre’”, L. Prado-Marchal'*, M. Fernandez-Fuente?, A. Gutierrez-

Gonzalez?, J. Moreno-Rubio®*, M. Mufioz-Fernandez®, M. Sereno?, R. Sanchez-Prieto®’,
R. Perona®®® & |. Sanchez-Perez'7:%9

Radiation has a limited but relevant role in the adjuvant therapy of gastric cancer (GC) patients. Since
Chk1 plays a critical function in cellular response to genotoxic agents, we aimed to analyze the role
of Chk1 in GC as a biomarker for radiotherapy resistance. We analyzed Chk1 expression in AGS and
MKN45 human GC cell lines by RT-QPCR and WB and in a small cohort of human patient’s samples.
We demonstrated that Chk1 overexpression specifically increases resistance to radiation in GC cells.
Accordingly, abrogation of Chk1 activity with UCN-01 and its expression with shChk1 increased
sensitivity to bleomycin and radiation. Furthermore, when we assessed Chk1 expression in human
samples, we found a correlation between nuclear Chk1 accumulation and a decrease in progression
free survival. Moreover, using a luciferase assay we found that Chk1’s expression is controlled by

p53 and RB/E2F1 at the transcriptional level. Additionally, we present preliminary data suggesting

a posttranscriptional regulation mechanism, involving miR-195 and miR-503, which are inversely
correlated with expression of Chk1 in radioresistant cells. In conclusion, Chk1/microRNA axis is involved
in resistance to radiation in GC, and suggests Chk1 as a potential tool for optimal stratification of
patients susceptible to receive adjuvant radiotherapy after surgery.

Gastric cancer (GC) is the fourth most common human malignant disease worldwide due to its frequency and
high rate of mortality’2. Classical adjuvant treatment in GC is based on MacDonald s protocol including a com-
bination of 5-Fluoruracil (5-FU) and radiation (IR) in stage IB-IVA patients. This regimen demonstrated an
increase of progression free survival (PFS) and overall survival (OS)>*. However, this combination is usually asso-
ciated with increased, severe toxicity®. Thus, identification of those patients more prone to benefit from adjuvant
radiation and 5-FU after curative surgery for GC to counteract such toxicity is an unmet need>®.

Radiation and chemotherapy routinely used to treat cancer do cause a variety of DNA lesions, which in
turn activate DNA damage response (DDR)’. Checkpoint Kinase 1 (Chk1), a key effector in DDR, is a multi-
functional Ser/Thr kinase protein highly conserved through evolution® and represents a crucial component in
all cell cycle checkpoints. Chkl activation must be finely regulated to ensure its adequate activity. The major
known to date mechanism controlling Chk1 regulation is the phosphorylation of specific residues Ser*'” and
Ser*®® (both in the C-terminal domain), which leads to catalytic activation. These reactions are catalyzed by
ATR and ATM kinases’~*. Deregulation of Chk1 expression has been previously described in cancer, i.e. Chk1 is
overexpressed”!?!? and has been correlated with radiotherapy resistance in some cancer types such as ovarian
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cancer’®, nasopharyngeal carcinoma!* and lung cancer. Accordingly, inhibition of Chkl increases sensitivity
to chemo-radiotherapy in multiple tumor models'®!”. Given this apparent relationship between Chk1 expres-
sion and resistance to certain therapies, some groups have made an effort to evaluate Chk1 as a novel target to
improve cancer therapy'® in patients that have been previously exposed to ionizing agents. Besides the well known
mechanisms regulating both activation and expression of Chk1 that have already been described!'®!*-*, Chk1 is
also regulated at the post-transcriptional level by microRNAs (miRNAs)**?* which are key regulators of tumor
growth and response to chemotherapy?®-2. In fact, some studies have already begun to identify miRNAs involved
in sensitizing or causing resistance to chemotherapy, thus providing potential new targets and mechanisms as
optimized treatment options®3!.

Previous studies from our laboratory suggested that Chk1 levels could be used as a predictive biomarker
of therapeutic response in colon cancer®. Furthermore, we demostratred that E1A upregulates Chk1 and this
correlates with glioblastoma radiosensitivity*. Here, we prove that Chkl is overexpressed in a disseminated GC
cell line, MKN45. We have shown that the inhibition of Chk1 results in increased IR sensitivity. Accordingly, we
observed nuclear accumulation of Chk1, which correlates with a lower PFS period, in a cohort of patients treated
with IR. The results we present here, suggest that Chkl1 protein levels are controlled at the transcriptional level
mainly through RB1/E2F1 and our preliminary data suggest that at the posttranscriptional level they are likely
regulated by miRNA-195 and -503. We conclude that Chkl is responsible for radiation resistance in GC, and
suggest Chk1 as a potential biomarker for the optimal stratification of patients susceptible to receive adjuvant
radiotherapy after surgery.

Results

Increased Chk1 expression correlates with resistance to genotoxic agents in GCcells.  We stud-
ied the sensitivity of the two most common human gastric adenocarcinoma cell lines (AGS and MKN45) to anti-
tumoral agents: cisplatin (CDDP), 5-FU, the radiomimetic agent Bleomycin (BLM) and IR. Dose response curves
using this set of drugs showed that after 48 hours of treatment, MKN45 cells are more resistant than AGS cells to
both BLM or IR treatment (Fig. 1A), with this increased resistance more evident after BLM treatment. To cor-
roborate this result we conducted a clonogenic assay, and observed that the percentage of colony formation was
higher on MKN45 cells than on AGS after 4 Gy irradiation (i.e: 89,6% vs 48.7% respectively) (Fig. 1B). Similarly,
when treated with BLM, AGS cells were unable to form colonies at all (Supplementary Fig. 1A); Furthermore,
we also observed morphological changes characteristic of cell death in irradiated AGS cells, which were com-
pletely absent in MKN45 cells (Fig. 1B). To support this finding we irradiated cells with 4 and 8 Gy for 24 hours.
We observed cleavage of PARP, and also a decrease in the full-length form of this protein in AGS cells in a dose
dependent manner. However, in MKN45 we only observed basal levels of PARP with no change in proteolysis.
Furthermore, the universal marker of apoptosis, activation of Caspase 3, is also observed in the AGS cell line, with
particularly strong activity after 8Gy treatment (Fig. 1B).

Given that Chk1 is one of the main effector proteins on the response to IR exposure, we examined the expres-
sion levels of Chkl in MKN45 and AGS cells by RT-QPCR and western blot (WB). Our results showed an increase
on Chkl mRNA and protein levels in both MKN45 and AGS cells when compared to normal tissue. Two differ-
ent isoforms of Chk1 have been described* and our WB analysis indicated that the more abundantly expressed
isoform in MKN45 is the classic Chk1 with higher molecular weight (Fig. 1C). We confirmed this result by
analyzing the expression of this gene, using public data available on Oncomine database (http//:oncomine.org)
(Supplementary Fig. 1B). Our semi-quantitative PCR analysis confirmed the expression of both full-length and
short forms of Chkl in these two cell lines (Supplementary Fig. 1C). Altogether, these results suggest that elevated
levels of Chkl in GC cells correlate with a lack of apoptotic response to IR or BLM treatment.

Chk1 inhibition reduces radioresistance in GC cell lines.  To confirm the effect of Chk1 on survival to
double strand breaks (DBS) induced by BLM or IR treatment in GC cells, we inhibited Chk1 activity by using the
chemical inhibitor UCN-01 prior to treatment. Inhibition of Chk1 with 100 nM UCN-01 (no toxicity observed)
increased mortality rate in combination with BLM treatment (0-100 pg/ml). Addition of UNC-01, significantly
decreased ICs, in both cell lines: from 2.45 to less than 1 pg/ml in AGS and from over 100 to 11 pug/mlin MKN45
cells (Fig. 2A-Left panel). On the other hand, treatment with BLM using 3 pg/ml for AGS cells and 10 pg/ml for
MKN45 followed by UCN-01 (0-600nM) also sensitized both cell lines (Fig. 2A- Right panels); however the dose
of UCN-01 required to increase sensitivity to BLM in MKN45 cells was highly toxic (>400nM). These results
suggest a potential synergistic or additive effect upon the combination treatment of BLM with UCN-01. We
therefore used the Combination Index (CI) equation method developed by Chou-Talalay®® using the CalcuSyn
program to study combinational synergistic effects. Our studies revealed that in AGS cells both drugs exhibit
a synergistic effect (CI < 1) at all the UCN-01 doses tested in combination with BLM. By contrast, when using
MKN45 cells we only observed that synergistic effect (CI < 1) at very high toxic doses of UCN-01. Furthermore,
in this cell line our drugs exerted an antagonistic effect (CI > 1) at lower doses. To further assess the contribution
of Chkl in the response to therapy, we downregulated Chk1 by pharmacological agents (UCN-01) or silenced
it using shRNA lentiviral particles. Next, we analyzed the cell cycle profile after challenge with BLM in cells that
had been pre-treated with UCN-01 or after interference on Chk1’s expression. We observed a drastic abrogation
of the G2/M checkpoint after both treatments, which was even more dramatic when Chkl is interfered with by
our lentivirus (Fig. 2B). Furthermore, we found that the percentage of apoptotic cells was increased in both cell
lines after the combination treatment (UCN-01+ IR) (Fig. 2C- Graph). The analysis of the G2/M and S indexes
indicated that UCN-01 abolishes the G2/M and Intraphase S checkpoint in GC cells further supporting the con-
tribution of Chkl to radiation resistance (Fig. 2C- Table). To confirm that UCN-01 inhibits Chk1, we monitored
Chk1 autophosphorylation on Ser296 as previously described (Supplementary Fig. 2A). As a control confirming
ChklI’s silencing we observed that after 72 hours, AGS cells showed almost complete abolishment of Chkl mRNA
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Figure 1. CHK1 mRNA levels are high in GC cells resistant to radiation (IR) and bleomycin (BLM).
(A) Survival of AGS and MKN45 cells after CDDP, 5-FU, BLM or IR treatment. AGS (O) and MKN45 (@)
cells were treated with increasing amounts of CDDP (0-10 pg/ml), 5-FU (0-1000 pM), BLM (0-100 p.g/ml)
or IR (0-8 Gy). 48 h after treatment, the percentage of viable cells was quantified by the MTS method. Data
represent the mean values obtained in two experiments performed in quadruplicate. (B) Clonogenic assay
in AGS and MKN45 cells 13 days after irradiation with different doses of Gy (0-8); the graph shows the
percentage of CFU (colony forming units). Representative images of AGS and MKN45 cells, 13 days after
irradiation (4 Gy) are shown. The arrows point to abnormal morphology in AGS cells. Cleavage of PARP-1
was detected by western blot (WB) in cells harvested 24 h after 4 and 8 Gy IR. Activation of Caspase 3 was
detected in the same extracts as above, running under the same experimental conditions. (Full length

blot is included in supplementary information). a.-Tubulin was used as a loading control. (C) RT-QPCR
analysis of CHK]I expression in asynchronous cultures of AGS and MKN45 cells. The graph shows the
relative levels of CHK1’s mRNA compared to normal tissue (NT), and using GAPDH as endogenous
control. WB for both Chk1 isoforms (Chk1 and Chk1-S) in whole cell extracts from asynchronous cultures
of AGS and MKN cells. a-Tubulin was used as a loading control.

expression and around a 60% reduction for MKN45 cells (Supplementary Fig. 2B). Taken together, the data pre-
sented here suggest that Chkl1 depletion results in enhanced sensitivity, lower survival rates following exposure to
radiation, and altered G2/and intra-S checkpoint responses to DSBs induced damage.

Transcriptional regulation of Chk1in GCcells. To study whether high levels of Chk1 occur due to alter-
ations at the transcriptional level, we cloned a fragment of Chk1 corresponding to the 5" Flanking region of the
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Figure 2. Chkl inhibition sensitizes GC cells to BLM or IR. (A) Survival rates in AGS and MKN45 cell lines,
after treatment with BLM (0-100 pg/ml) and in the presence (@) or absence (O) of 100 nM UCN-01. Histogram:
Viability percentage for AGS and MKN45 cells treated with increasing doses of UCN-01 (0-600nM) in the
presence or absence of BLM (3 pug/ml and 10 pg/ml for AGS and MKN45 cells respectively). (B) Cell cycle profile
after inhibition of Chk1 by treatment with the inhibitor UCN-01 (100 nM for AGS or 300 nM for MKN45 cells) or
after silencing Chk1’s expression by transient transduction with a lentivirus carrying shRNA- Chk1 for 72 hours.
One hour after, cells were treated with vehicle or with BLM (3 ug/ml) for 24 hours. Plots are representative of an
experiment performed twice in duplicate. AP: Apoptotic Cells, G2/M: cells in G2 or Mitosis. (C) Percentage of
apoptotic cells in both cell lines after irradiation, UCN-01 treatment and UCN-01 plus IR. Table containing G2/M
and S accumulation index in both cell lines after IR and with or without UCN-01 treatment.
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Figure 3. Chkl’s promoter activity is regulated by E2F1 and p53 in GC cell lines. (A) Cells were transfected
with increasing doses (0-1pg) of an E2F1 expression vector (p)CMV-E2F1), the corresponding empty control
expression vector, and 200 ng of pGL3-F0. The graph shows activity levels, relative to that of PGL3-F0. (B) AGS
and MKN45 cells were transfected with 200 ng of PGL3-F0, 500ng pCMV-E2F1 and increasing doses of p53’s
expression vector (0-1pg). Results are presented as activity level, relative to that of the empty pGL3-Luc reporter
in the presence of E2F1. (C) Left graph: MKN45 cells were transfected with 200 ng pGL3-F0 and expression
vectors for E2F1 (250 ng), E2F1 plus p53 or E2F1 plus DNp53. Right graph: Both MKN45 and AGS cells were
transfected with 200 ng pGL3-F0 and expression vectors for E2F1 (250 ng) or HEY1 (200 ng). All data are
presented as the average of at least three independent experiments assayed in triplicate &= SEM. p < 0,05 versus
empty vector control (Student’s ¢ test).

gene, (—1823 —284, as predicted by the Transfac tool) which contains the transcription factor (TF) and binds to
CHKT1’s promoter (Supplementary Fig. 3A), in the pGL3-Basic enhanced luciferase plasmid. We detected lucif-
erase activity after transient transfection in AGS and MKN45 cells; this occurred in both cell lines in a DNA- dose
dependent manner, confirming that the generated construct is functional (Supplementary Fig. 3B). First, we
focused on p53 and E2F1. E2F1 expression in AGS cells reached a 6-fold increase over pGL3-F0; however, only
a 2-fold increase was observed in MKN45 cells (Fig. 3A). Next, we analyzed if both E2F1 and p53 cooperate in
modulating Chk1 expression in GC cells. We verified that both cells lines are p53 wild type*”*® and also performed
a WB in order to evaluate the status of p53 in our specific experimental conditions, and our results indicated that
P53 activation is equivalent in both cell lines. We found a transient activation of p53 4 h after IR (8 Gy) which
returns to basal levels 24 hours after. We did not observe differences in p53 basal levels either (Supplementary
Fig. 3C). To analyze the contribution of E2F1 and p53 in Chkl expression, we performed an experiment in which
cells were co-transfected with E2F1 (250 ng) and pGL3-F0 (200 ng) expression plasmids and increasing doses of
the p53 (0-1pg) expression vector. Our results showed that p53 was able to inhibit the transcriptional activity
induced by E2F1 expression in GC cells, in a dose-dependent manner (Fig. 3C). We also tested the Dominant
Negative (DN) form of p53 that was indeed able to revert the p53-dependent down-regulation of Chkl when
co-transfected with E2F1 and pGL3-F0, which further supported the involvement of p53 in Chk1 promoter reg-
ulation (Fig. 3D). To confirm that p53 regulates Chkl promoter in vivo, cells were co-transfected with a plasmid
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Figure 4. The RB1/E2F1 axis controls activation of Chk1 promoter. (A) Schematic representation of the
constructs used in the transfection experiments. AGS and MKN45 were transfected with 250 ng of the indicated
construction, and luciferase activity was measured 24 h later. The histograms show relative activity normalized
to the empty vector in both AGS and MNK45 cells. (B) Expression of both RB1 and E2F1 was detected by WB
using specific antibodies in AGS and MKN45 cells. a-Tubulin was used as loading control. The experiments
were repeated three times with similar results. The graph on the center represents relative expression level

(log 2-copy number) of RB1 in control (Hs 7385t/Int) and tumoral AGS and MKN45 cells obtained from the
Oncomine database. The graph on the right shows luciferase activity measurements in AGS and MKN45 cells
after transfection with 250 ng of FO and 100 ng of PCEFL-E1A. The data are presented as activity relative to the
values found for the empty vector in transfected cells. The experiment was performed twice in triplicate.

encoding the Hey1 protein, which is an activator of p53* and pGL3-F0. Hey1 completely repressed the activity
of Chkl promoter after E2F1 expression in AGS cells and strongly inhibited it (50%) in MKN45 cells (Fig. 3D).
To verify that these TFs control Chk1’s expression in AGS cells, we quantified Chk1’s mRNA levels under the
above conditions. Our results suggest that E2F1 increases Chk1 expression and that activation of p53 reduces it
(Supplementary Figure 3D). These results suggest that transcriptional regulation in these cells could be differ-
entially modulated in GC adenocarcinoma through changes on E2F1 protein levels. The “in silico” analysis of
the promoter sequence, revealed the presence of different E2F1 binding sites; therefore, we performed different
deletions of the 5" UTR (F2) and (F3), taking into account the putative TF binding sites for E2F. F2 and F3 are
fragments that contain two and one E2F binding sites respectively (Fig. 4A). We found a drastic decrease in the
transcriptional activation in AGS cells dependent on the number of E2F1 binding sites; however, no significant
differences were observed in MKN45 cells. This suggests that the two E2F1 binding sites located in the area
between —1843 —1201 pb (lost in F2 and F3) play a pivotal role in the induction of the promoter activity, espe-
cially in the AGS cell line, which suggests that other mechanisms are involved in the regulation of CHKI mRNA
levels in MNK45 cells (Fig. 4A).

To further explore the mechanism involved in Chkl expression by E2F1 and to gain insight into the differ-
ences found in E2F1 regulation between these cell lines, we studied the basal expression of RB1 and E2F1 proteins
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CHKI Low | CHK1 High
GC Characteristic | n* (%) (%) X2 P
SEX
Male 19 68,5 31,5 1.709 0.539
Female 4 100 0
AGE (mean) 63,3 74 0.389
STAGE
I 3 100 0 2.841 0.417
1I 7 57,1 42,9
111 6 83,3 16,7
v 1 100 0
LAUREN
Intestinal 8 87,5 12,5 0.410 0.522
Difusse 8 75 25
HER2/erb-b2
Positive 2 50 50 0.647 0.421
Negative 17 70 30
PFS (Months)
<18 5 40 60 4.752 0.063
>18 11 90 10

Table 1. The association of Chkl nuclear expression with the clinicopathological characteristics of
Gastric Cancer patients. Results from a total of 23 patient samples. Correlation between clinicopathological
characteristics and Chk1 nuclear expression was assessed by Chi? or Fisher exact test and t-fest to compare the
mean age between groups. Statistical significance was considered when p < 0.05, using IBM SPSS Statistics 22
software. *Patients with missing clinicopathological information in their medical records.

in each cell line. Our results indicate that levels of both RB1 and E2F1 are higher in MKN45 than in AGS cells
(Fig. 4B). The expression of the RB gene through the Oncomine database (http//:oncomine.org), confirmed our
finding of high levels of RB1 mRNA in MKN45 cells (Fig. 4B middle graph). We took advantage of the ability of
adenovirus Ela protein to bind and block this tumor suppressor gene RB***!. Transfection of a plasmid encoding
the Ela protein in both cell lines, resulted in a clear increase on the activity of Chkl promoter, which was more
dramatic in MKN45 cells (Fig. 4B- right graph). These results indicate that the lack of transcriptional activation
of Chkl promoter in MKN45 cells and to a lower extent in AGS cells, could be due to effects exerted by the RB1
protein through binding to the TF E2F1.

The above results do not completely justify the high level of CHKI messenger in MKN45 cells. Therefore, we
investigated if the increase on CHKI mRNA level in MKN45 cells is a result of post-transcriptional regulation.
To investigate this possibility, we treated AGS and MKN45 cells with the transcriptional inhibitor Actinomycin D
(Act D). CHK1 mRNA level was reduced 9 hours after Act D treatment in AGS cells (0,75-fold). However, in the
MNK4S5 cell line, nRNA was accumulated at the same time (2,66-fold) (Supplementary Fig. 4A). These results
suggest that CHK1 mRNA stability is regulated at post-transcriptional level in MKN45 cells.

Therefore, we decided to investigate the expression of microRNAs in samples from human GC cells in order
to find miRNA candidates to regulate Chk1 expression. To this end, we analyzed the gene expression dataset
GSE30070%, and found that the levels of microRNA predicted by the online software TARGETSCAN for CHK1
were significantly different between cancer and control samples (Supplementary Fig. 4B). From the predicted
miRNAs that target CHK1, we investigated the potential role of miR-195 and miR-503 in the regulation of the
stability of CHKI mRNA. miR-195 belongs to the big miR-15 microRNA family. This family has been recently
described as radiosensitivity enhancer on breast cancer by targeting CHKI1* and miR-503 has been previously
shown to target CHKI*+*>. We then used real-time PCR to detect the expression of miR-195/503 in AGS and
MKN45 cell lines. Our results showed that miR-195 and -503 levels were significantly lower (P < 0.05) in MKN45
cells than in AGS cells (Supplementary Fig. 4B). Taken together, these data suggest an involvement of miR-195
and -503 in the upregulation of CHK1 mRNA in MKN45 cells.

Prognostic Relevance of Chkl Expression in gastric tumors. To assess the clinical significance of
these findings, we studied the levels of Chk1 protein in a small cohort of patients. The samples were selected from
patients that had received adjuvant therapy (Radiotherapy plus 5-FU) after surgery. The overall features of all
23 patients are summarized in Table 1. No significant association between Chk1 levels and age, sex, stage of the
tumor, Lauren and Her2+ expression or PFS was observed in patients with GC (p > 0,05). However, our analy-
sis detected 6 cases with positive Chkl nuclear staining versus 14 cases that did not show any staining for Chk1
(Fig. 5A). Interestingly, we observed that patients with nuclear Chk1l accumulation tended to have shorter PFS
than those with negative nuclear Chk1 staining (17,67 months vs 25,21 months; p = 0.059). The Kaplan-Meyer
curve showed early differences in PFS between both populations (Fig. 5B). Altogether these results suggest that
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Figure 5. Nuclear Chkl protein levels correlate with poor clinical outcome in human gastric cancer.

(A) Immunohistochemical staining of Chk1 in representative carcinoma GC specimens: Nuclear positive

and negative staining at 20 HPF (a,b respectively); nuclear positive and negative staining at 40HPF (a}b’
respectively). The arrows point to strong Chk1 staining in the nucleus. (B) Kaplan-Meier curves of progression-
free survival (PFS) in patients with high or low expression of nuclear Chkl in their gastric tumors. Survival
curves were statistically different when analyzed by the Breslow. IBM SPSS Statistics 22 software.

Chkl can be considered as a putative biomarker for radiotherapy response in GC patients, since Chk1 protein
level correlates with poor clinical outcome in human GC.

Discussion

Combining chemotherapy with radiation improves outcome in GC, but this strategy comes with the price of an
increased toxicity rate and furthermore, many of these tumors are resistant to radiation. To overcome this obsta-
cle, it is crucial to identify the key determinants of radioresistance, since this will enable us to develop safer and
more effective tumor radiosensitizers.

We have previously reported that CDDP-resistance in colorectal cancer cells correlates with high Chk1 lev-
els®2. Here, we have demonstrated a relationship between Chk1 expression and IR resistance in GC. Our results
indicate that in GC cell lines, Chkl is upregulated and specifically modulates sensitivity to radiation. This upreg-
ulation correlates with poor clinical prognosis in our patient cohort and can be explained by acquired resistance
to IR. Taking into account that GC is generally diagnosed at advanced stages, it is difficult to recruit a large cohort
of patients meeting our inclusion criteria (gastrectomy plus adjuvant therapy based on 5-FU plus IR). However,
it is necessary now to reproduce our results in a larger cohort of patients, to confirm the implication of Chkl on
therapy response and also to clarify other clinical and pathological outcomes. Our data indicate that inhibition of
Chk1 activity due to treatment with UCN-01, increases sensitivity to both BLM and IR. This evidence points to
Chk1 as a good target in GC treatment. Unfortunately, clinical development of UCN-01 has been halted due to
unfavorable pharmacology*. However, other inhibitors have been tested such as AZD7762 (a potent and selective
ATP-competitive Chk1 kinase inhibitor), which has shown strong chemosensitizing activity when used alongside
DNA-damaging agents. This has been evaluated both in in vitro and in vivo model systems?’. Increasing evidence
indicates that Chk1 inhibitors are able to synergize with antitumoral drugs in an specific molecular context, such
as tumors with defects in the DNA damage repair pathway, or those overexpressing specific oncogenes*.

According with data from the literature, transcriptional regulation of Chkl1 is controlled through p53 and
E2F1%%0, In our experimental model radioresistance of MKN45 cells is not dependent on p53, since in both cell
lines used in our study, p53 is wild type*”. We corroborated that p53 is equally activated and follows the same
kinetics in both cell lines after IR treatment. Our luciferase assays demonstrated that p53 regulates negatively the
transcriptional activation of Chk1; moreover, we also confirmed that overexpression of p53 by transfection, leads
to downregulation of Chkl mRNA in vitro.

We cloned the Chk1 promoter region which contains different E2F binding sites®’. The RB1-E2F1 pathway is
crucial for the regulation of cell cycle progression and tumorigenesis. RB1 is a tumor suppressor gene frequently
mutated or deleted in cancer, however in GC it is also amplified in an important percentage of samples®!. Our
results support a definitive role of RBI1-E2F1 in the regulation of Chk1 transcription in GC. We suggest that in
basal conditions E2F1 is sequestered by RB1, which is then unable to induce the expression of Chk1. This hypoth-
esis is supported by our experiment with E1A oncoprotein, which binds and inhibits RB family members by
disrupting E2F-RBI interactions®?, thus increasing Chk1 promoter activity, especially in MKN45 cells with higher
levels of RB1. In addition, in response to E2F1 overexpression these cells are unable to increase Chk1’s mRNA.

Several studies have shown that both miR-15 and miR-497 families modulate multidrug resistance in GC
cells by targeting BCl-2%3-%6. Furthermore, this family of miRNA controls Chk1 protein levels. For instance, over-
expression of the miR-15a/b and miR-16 family affects the radiosensititivity of human breast cancer by regulat-
ing Chkl and Weel proteins®*. On the contrary, it has been shown that downregulation of the miR-15 family
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regulates CDDP sensitivity by increasing Chk1 levels*. Other studies have demonstrated that dowregulation of
miR-424 contributes to cervical cancer progression via upregulation of its target gene Chk1''. Along these lines,
our results show a significant downregulation of miR-195 and miR-503 expression in MKN45 radioresistant
cells. Accordingly, NSCLC (non small cell lung carcinoma) shows lower miR-195 expression in the tumor than
in adjacent tissues, and this lower expression has been associated with poorer overall survival®’. However, in
addition to our preliminary results, more experiments are needed to specifically confirm the impact of this fam-
ily of microRNAs on Chk1’s expression and to define its influence on radioresistance. Nonetheless, the inverse
correlation between microRNAs and Chk1 would be a promising parameter to consider in the clinical setting. In
this regard, recent evidence confirms our findings in lung cancer®” which supports the universal character of our
observations. However, other putative targets of those microRNA should be taken into account, and also their
relationship with E2F1-RB%, in order to describe a possible feedback loop that could be regulating each member.

In summary, in this study we demonstrate that gastric tumors can be stratified into radiation resistant or
sensitive, according to the status of Chkl. Chkl protein levels could be modified by pRB-E2F1, p53 or miRNAs
that seem to regulate its expression Thus, the miR-195/Chkl axis may be used as a new biomarker tool to pre-
dict individual response to adjuvant radiotherapy. We previously described the possibility to sensitize advanced
tumoral gastric cancer cells by adjuvant chemotherapy based on paclitaxel and cisplatin®, as an alternative to
non-resecable tumors. The data presented here could mark a step forward allowing the design of improved ther-
apeutic interventions for GC patients.

Materials and Methods

Celllines. AGSand MKN45 human gastric adenocarcinoma cell lines were cultured in F12-Kaings and RPMI
mediums respectively (Gibco), and supplemented with FBS (10% for AGS and 20% for MKN45). Cultures were
maintained at 37 °C, 5% CO, and 95% humidity. AGS and MKN45 are wild type for TP53%"%,

Cloning. Genomic DNA was extracted from the colorectal cancer cell line HCT116 and the required sequence
(—1823 -284) was cloned into a pGL3-enhanced luciferase plasmid vector. See Supplementary Me+M for details.

PCR. Total RNA was extracted using Tri-Reagent (Life technologies). Gene expression levels were assessed by
Q-PCR, by using SYBR green-based chemistries for amplicon detection. For relative quantification (RQ) we used
the delta-Ct method. Statistical analyses was performed for each gene by using a paired t-test to compare mean
values, where p < 0.05 was considered significant.

Reagents and Plasmid Vectors. Cisplatin, 5-Fluorouracile, Actinomycin D and UCN-01 were pur-
chased from Sigma Aldrich. BLM was purchased from Calbiochem. pGL3 Basic and pGEMT easy (Promega),
pSG5-HEY]1, and pSG5 (Dr. B. Belandia), pPCMV-E2F1 (Dra. A. Zubiaga), pcdna-p53DN (Dr. I Palmero),
PCEFL-E1A, PEF1-p53 wt and pEF1 Dn (Dr. Sanchez-Prieto).

Luciferase activity assay. Constructs carrying the luciferase gene were cotransfected with 1 ng of Renilla
(transfecting control, 1:100) using lipofectamine 2000 (Invitrogen) in 24 well plates following the Manufacter’s
instructions. 24 hours after transfection, transcriptional activity was quantified using the Dual-Luciferase®
Reporter (DLR™) Assay System (Promega) using a Promega luminometer.

Cell viability Clonogenic assay. Viability was determined using a MTS (Promega) staining method, as
described®. To assess the effects of irradiation, cells were irradiated with different doses of Gy (0-8 Gy) using a
137Cs source (mark 1, model 30, JL. Shepherd & Associates San Fernando CA; Dose rate to 100 mm diameter sam-
ples is ~370 R/minute). 15 days after treatment, colonies containing more than 50 individual cells were counted
using a microscope and survival fractions were quantified as described®.

IC50 and Combination Index (CI).  IC50 were calculated by using the GraphPad Prism program. We used
nonlinear regression to fit the data to the log (inhibitor) vs response (variable slope) curve.

Effects of BLM and UCN-01 combination on growth inhibition were analyzed by the Combination Index (CI)
equation developed by Chou-Talalay*>** using the CalcuSyn program (Biosoft, Cambridge, UK). The general
equation for the classic isobologram is given by: CI=(D)1/(Dx)1 + (D)2/(Dx)2 where CI < 1 indicates syner-
gism; CI = 1 indicates additive effect, and CI > 1 indicates antagonism; (Dx)1 and (Dx)2 in the denominators are
the doses (or concentrations) of D1 (drug #1, for example, BLM) and D2 (drug #2, for example, UCN-01) alone
that gives x% inhibition, whereas (D)1 and (D)2 in the numerators are the doses of D1 and D2 in combination
that also inhibits x% The (Dx)1 and (Dx)2 can be readily calculated from the median-effect equation of Chou
Dx = Dm{(fa/(1-fa)]1/m where Dx is the median-effect dose, fa is the fraction affected, Dm is the median-effect
dose signifying potency and m is the kinetic order signifying the shape of dose-effect curve.

Western blotting. Twenty g of protein per sample were loaded in SDS-PAGE in 10% (for E2F1,Chk1
and p53) or 8% (for Rb or PARP-1) polyacrylamide gels, and then transferred onto nitrocellulose membranes.
Antibody dilutions were as follows: Chk1- 1:500 (sc-377231), E2F1- 1:1000 (sc-193), Rb- 1:200 (sc-102), PARP-
1- 1:1000 (H-300: sc-25780), Cleaved Caspase-3 (Asp175) Antibody #9661 1:1000, p53 Antibody #9282 1:1000
(Cell signaling) in 5% fat free milk 0°05% TTBS. HA Antibody- 1:2000 ( Boehringer mannheim), Flag antibody-
1:2000 ( Sigma)

Cell cycle analysis.  Cell cycle analysis was performed as previously described™. Supplementary Me~M for
details.
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Viral transduction of target cells.  Viral particles for infection were generated according to manufacturing
instructions using GIPZ Lentiviral shRNA for CHK1 (Thermo Scientific Open Biosystems). See Supplementary
Me&M for details.

miRNA analysis. RNA was purified from cultured cells using mirVana™ miRNA Isolation Kit (Ambion;
Life Technologies). RT: TaqMan® MicroRNA Reverse Transcription Kit and TagMan microRNA specific assays
(Catalog #: 4427975 ID: 00104; ID: 000494: ID: 001973) were used to perform the RT and quantitative PCR
(RT-qPCR) of triplicate samples. Real-time PCR was performed on an Applied Biosystems Step-one plus PCR
(Life Technologies) following the manufacturer’s instructions. Total RNA input was normalized using RNU6B
RNA as an endogenous control.

Gene expression profile analysis. The miRNA expression data in a large set of GC patient samples*? was
downloaded from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and analyzed using
custom R scripts for statistical programming http://www.r-project.org/“ Briefly, we compared probe values in

each sample group (“normal’, “pretreatment”, “post-treatment”) using a Student’s t-test and the resulting p-values
were adjusted for multiple testing by the Bonferroni method.

Patients and tumor samples. Patients (n = 23) were recruited from the Oncology Department at the
Infanta Sofia s Hospital between 2008 and 2015. We selected those patients diagnosed with GC, who underwent
radical surgery and received adjuvant therapy according to the MacDonald s treatment guidelines (5-FU and
radiation). The specimens were collected during tumor resection. Tissue samples were histologically confirmed
as tumoral or non-tumoral tissues, and were stored at —80 °C until analysis. This study was approved by the
Clinical Research Ethics Committee “IMDEA alimentacion” (code IMD: PI-010). All procedures were carried out
in accordance with the approved guidelines and after informed consent was obtained from all subjects included
in the study.

Immunohistochemical analysis. Immunohistochemistry was performed in 3-pm sections of
paraffin-embedded tissues. Samples were deparaffinized and rehydrated in water, after which antigen retrieval was
carried out by incubation in EDTA solution. Endogenous peroxidase and non-specific antibody reactivity were
blocked with peroxidase blocking reagent (Dako). The sections were then incubated with the Rabbit Monoclonal
Antibody against Chk1 (TA300658. Origene Technologies). Detection was carried out by using Envision Plus
Detection System (Dako). Negative controls were performed by replacing the primary antibody with goat serum.
The slides were finally mounted with DPX mountant for microscopy (VWR Int). Immunohistochemical analysis
was performed by the Pathology department’s staff at the same Hospital and the interpretation by a blinded expert
pathologist. Chk1 nuclear staining was assessed as a percentage of surface showing positive signal, relative to the
percentage of stained cells in the sample per surface area. A semi-quantitative score was assigned, as follows: 0:
<10%; 1: 10-25%; 2: 25-50%; 3: >50%. Positive staining was therefore considered 1, 2 or 3.
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Cloning and PCR.

The promoter sequences of interest were amplified by PCR and cloned into the
intermediate vector pGEMT-easy (Promega). Fidelity was verified by sequencing.
Promoter sequences were then subcloned upstream of the luciferase gene, into the final
vector pGL3-Luciferase Basic (Promega), using specific restriction sites for Bglll and
Mlul. The following primer pairs were used:

FO: Fw: 5> GGACGCGTAAGCCATTCTCCTGCCTCGC-3’

F1: Fw 5> GGACGCGTGGTGCAGCCTTTCAGGCCCA-3’

F2: Fw 5’- GGACGCGTGCGCTGTCTTGCTTTACGGC-3’

F3: Fw: 5- GGACGCGTAGAAGGAGTTCGGGGTCTAG-3’

Rv: 5’- GGAGATCTCCGGCGAACGACTGGGGAAG-3’

Primers used for the short isoform of CHEK1:
1F:5’-GACTGGGACTTGGTGCAAAC-3’

2F: 5>CTGAAGAAGCAGTCGCAGTG-3’

IR: 5’-GCAGGAAGCCAAATCTTCTG-3’

2R: 5’>-TGGGAGACTCTGACACACCA-3’



Viral transduction of target cells.

Briefly, 293T cells (4.5 x 10° cells/plate) were transfected using lipofectamine 2000
(Invitrogen) with 15 pg of shCHEK1, 7 pg of envelope plasmid (VSV-G), and 7 pg of
Helper plasmid (pCD/NL-BH). The supernatants were recovered 48h and 72h after
transfection and frozen in small aliquots at -80°C until used. Transduction was carried
out using 5 x 10° cells per well in a 6-well plate. 48 hours post-transduction cells were
examined microscopically for the presence of GFP-reporter expression as an indicator
of transduction efficiency. 72h after, cells were assayed for changes in gene expression

by quantitative/real-time PCR (QPCR), compared to non-silencing shRNA.
Cell cycle analysis.

Adherent and non-adherent cells were harvested and fixed overnight in 70% ethanol in
phosphate-buffered saline (PBS). For DNA content analysis, cells were centrifuged and
resuspended in PBS containing 1 pg/ml RNase (Qiagen Ltd., Crawley, UK) and 25
nug/ml propidium iodide (Sigma-Alcrich), then incubated at room temperature for 30
min, and finally analyzed using a Becton Dickinson Flow Cytometer (Cowley, UK).

Data were plotted using Cell Quest software, with 10,000 events analyzed per sample.

Supplementary figure legends

Supplementary Fig. 1

(A) Representative images of a Clonogenic assay of AGS and MKN45 cells at the end
of the experiment (13 days) after treatment with IR (0-8 Gy) or BLM (0-7,5 pug/ml). (B)
CHK1 mRNA expression in non tumoral cells (Hs 738.St/Int) and GC cell lines (AGS,
MKN45, KatolIl and Hs746t) was extracted from deposited CHK1 Copy Number data
in Rothenberg Cell Line data sets, analyzed in Oncomine and presented as bars. (C)
Schematic representation of the primers used to amplify the two isoforms of CHK1
(adapted from ') by RT-PCR. The picture represents the amplicons detected with each
primer set. Only one amplicon was detected using primers set 1 (lanel), whereas two
amplicons were obtained when using primer sets 2 or 3. (Lanes 2 and 3). Lane 4

represents the amplification of our endogenous control GAPDH.

Supplementary Fig. 2



(A) UCN-01 (100 nmol/L) was added 30 minutes before bleomycin (10 ug / ml)
treatment. Cells were harvested 3 hours later, and phosphorylation of Chk1-Ser296 was
studied by WB. (B) mRNA was extracted 72 h after transduction and Q-PCR showed
that Chk1 is depleted during the experimental process.

Supplementary Fig. 3

(A) Schematic representation of the constructs used in our transfection experiments. The
sequence -1843-287 contains promoter elements and the graph shows the predicted
(Transfact tool) transcription factors (TF) that bind to the cloned sequence. (B) Cell
lines were co-transfected with 250 and 500 ng of FO-pGL3 plasmid a luciferase reporter
construct carrying the Chkl promoter fragment (-1834-234). The graph shows the
expression levels relative to the empty PGL3 vector and normalized by Renilla. Bars
represent the average of at least three experiments performed in triplicate (*p<0,05).(C)
AGS and MKN45 cells were treated with IR (8 G). Cells were harvested at the indicated
times, and p53 stabilization was analyzed by using a specific antibody against p53. a-
Tubulin was used as a loading control. (D) AGS and MKN45 cells were transfected as
indicated in Figure 3, and mRNAs were extracted 24h after transfection. Chk1 levels
were quantified by RT-QPCR. The graph represents the relative levels of Chkl,
compared with normal control cells. Transfection of p53 and Heyl was followed by
western blot using a specific antibody against the flag epitope (Heyl) or HA epitope

(p53VT or p53 PN). Tubulin was used as a loading control.
Supplementary Fig. 4

CHK1 is controlled at posttranscriptional level by miRNA-195 and miRNA-503. (A)
Cells were treated with Act D (1 pg/ml) for the indicated periods (0-9 h) and CHK1
mRNA levels were determined by semi-quantitative RT-PCR. Data indicate the
intensity of CHK1 bands normalized with GAPDH, and are presented as mean = SD of
three independent experiments (*p < 0.05). (B) Table: differentially expressed miRNAs
in GC and normal stomach epithelium with CHK1 as a potential target. Alignment of
the selected miRNAs with the 3°’UTR sequence of CHK1. Fold changes of miR-195 and
miR-503 expression levels in AGS and MKN45 cells. Gene expression is presented as
the expression value relative to that of the U6 endogenous control. The experiment was

performed in triplicate. Data are presented as mean + standard deviation (SD).
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RESUMEN

DNA repair proteins, XPA and XPD and the spindle assembly checkpoint Mad2 coordinate cisplatin
response in Gastric Cancer cells
Bargiela-Iparraguirre J'*, Lozano-Pajuelo, N, Fernandez-Fuente M?, Dominguez-Gomez G
Perona R *®°and Sanchez-Perez 11789

Enviado a Oncogene 2017-0020

El régimen terapéutico para el tratamiento del cancer gastrico actualmente no esta optimizado
para tratar la alta heterogeneidad intra e inter tumoral que presenta la enfermedad. Como he
comentado anteriormente, cisplatino y radiacion son dos de los agentes mas utilizados en la
terapia para esta enfermedad. Entender la causa de la resistencia a los agentes antineoplasicos es
imprescindible para avanzar en la busqueda de biomarcadores mas efectivos y terapias

individualizadas.

En este trabajo hemos profundizado en el estudio de las diferencias que existen en la sensibilidad
a cisplatino y bleomicina en cancer gastrico. Hemos utilizado dos lineas celulares con sensibilidad
opuesta a estos agentes, la linea celular AGS, resistente a Cisplatino pero sensible a Bleomicina,
y la linea celular MKN45, sensible a cisplatino y resistente a bleomicina. Nuestros resultados
sugieren que la apoptosis inducida por cisplatino se produce por la degradacion de la proteina
anti-apoptética Mcl-1 y aumento de la expresién de las proteinas pro-apoptoticas Bid, Bim y Bad,
mientras la muerte por bleomicina lo rigen el aumento de proteinas pro-apotéticas Bax, Bad.
Ademas con la intencién de explicar la distinta sensibilidad al cisplatino hemos analizado la ruta
de reparacidn por escision de nucleétidos (NER), encargada de reparar distorsiones grandes en el
DNA. Hemos comprobado mediante la cuantificacion de aductos y la marca de dafio en el DNA,
y-H2AX, asi como por ensayo cometa que la linea celular MKNA45 presenta una menor eficiencia
de reparacion del dafio en comparacion con la linea AGS. Nuestros resultados sugieren que la
ausencia de translocacion de las proteinas XPA 'y XPD al ndcleo en presencia de cisplatino influye

negativamente en la eficiencia de reparacion de la ruta NER en las MKN45.

Con todo ello comprobamos que dependiendo del tipo de estimulo las proteinas implicadas que
dictaminan la muerte y la sensibilidad al agente pueden variar, reforzando la idea de la necesidad
de conocer las proteinas especificas involucradas en la respuesta para cada agente concreto. Asi
proponemos que las proteinas de la familia Bcl-2 podrian ser consideradas una buena diana
terapéutica y biomarcadores de respuesta en cancer gastrico. Por otro lado la eficiencia de NER
por fallos en la translocacion de las proteinas XPA y XPD al nucleo puede ser considerado

indicativos de una mejor respuesta al cisplatino cancer géstrico.

Participacion en el trabajo: Experimental y analisis de datos
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ABSTRACT

Gastric cancer (GC) is one of the most common cancers worldwide and it is also one with a
very poor prognosis. Resistance to apoptosis and impairment of DNA repair mechanisms
after therapy are the main causes of a poor response to the available drugs. Heterogeneity
between GC tumors makes it difficult to design a standard treatment protocol, which
reflects the urgent need to identify molecular biomarkers able to predict therapy response.
In this manuscript we aim to analyze the process of apoptosis induction in AGS and MKN45
cells, which show opposite sensitivities to the radiomimetic agent bleomycin (BLM) and
cisplatin (CDDP). Our data show that in response to BLM, MKN45 cells are unable to induce
the expression of pro-apoptotic proteins such as Bax, Bad and Puma. In contrast, in
response to CDDP, these cells induce MCL-1 degradation and also induction of Bid and Bad,
resulting in BLM resistance and sensitivity to CDDP in MKN45 but not in AGS cells.
Additionally, our experiments show that nucleotide excision repair is impaired in MKN45
cells after CDDP treatment due to the absence of translocation of XPA and XPD to the
nucleus. We also show that overexpression of the spindle assembly checkpoint protein
Mad2, could be involved in this process. Altogether, our results suggest that Bcl-2 proteins
could be good additional targets for GC treatment and Mad2 a good biomarker to predict

the response to the drugs used in the clinical setting.



INTRODUCTION

Gastric cancer (GC) is currently the fourth most diagnosed cancer worlwide?®. Despite
recent improvements in survival rates, there are still too many people diagnosed at
advanced stages, for which the current clinical regimen is not efficient. The standard
therapy regimen consists of gastrostomy and adjuvant radio-chemotherapy with cisplatin

(CDDP) and 5-Fluorouracile (5FU) treatment 2330,

Radiation (IR) and chemotherapy cause a variety of DNA lesions, which in turn activate the
DNA damage response (DDR) > 30, Checkpoint Kinase 1 (Chk1) and Chk2, key effectors in
DDR, are multifunctional Ser/Thr kinase proteins, which represent crucial components of all
cell cycle checkpoints 4. They are both involved in drug resistance and also coordinate the
crosstalk between different checkpoints to ensure genome stability > & °. For instance,
previous in vitro studies from our lab have demonstrated that in GC, elevated levels of Chk1
and MAD?2 confer resistance to radiotherapy and sensitivity to Paclitaxel (PTX) treatment
respectively 3.

CDDP forms special structures upon binding DNA called DNA adducts and IR induces DNA
double strand breaks (DSB), leading to cell death by apoptosis 4. CDDP and IR stimulate the
intrinsic apoptotic pathway controlled by the BCL-2 protein family > 24. This family includes:
the anti-apoptotic subfamily, (BCL-2, BCL-xL, BCL-w, MCL-1, BFL1/ A-1, and BCL-B proteins),
the pro-apoptotic subfamily,(BAK, BAX,) and the BH3-only protein subfamily, (BIM, BID, BIK,
BAD, BMF, HRK, PUMA, and NOXA proteins) &. Under stress, the relative expression of pro-
and anti-apoptotic Bcl-2 proteins is modified 7. BH3-only Bcl-2 proteins are activated either
transcriptionally or post-transcriptionally leading to the initiation of apoptosis. DNA damage
and growth factor withdrawal target Mcl-1, which will in turn be degraded by the ubiquitin-
proteasome system 22, Several studies have demonstrated that the overexpression of BCL-
2 is associated with chemoresistance to cytotoxic chemotherapeutic agents in patients with
GC 2% 36, The pro-apoptotic protein BAX has been demonstrated to predict clinical
responsiveness to chemotherapy in patients with GC 3%, Other BCL-2 family members (BCL-

XL, BAK, MCL-1) also have a role in the regulation of chemotherapy induced apoptosis & %7,



This indicates that proteins from the BCL-2 family play a pivotal role in the determination

of cell fate following chemotherapy, through interactions among its members.

Nucleotide Excision Repair (NER) is the main pathway responsible for the removal of bulky
lesions induced by CDDP. The Xeroderma Pigmentosum (XP) complementation group of
proteins XPA—XPG is involved in NER processes including damage recognition, unwinding,
excision, and refilling of DNA 32, Of particular importance for NER are the two helicase
subunits XPB and XPD, which are known to open the DNA helix around the lesion. Then
ERCC1 and XPG are recruited and cleave a fragment of the damaged strand. The final step
is to fill in the gap thanks to a DNA polymerase and a ligase. The overexpression of some of
the components of NER such as ERCC1 has been directly related to increased resistance to

CDDP in testicular cancer 33.

DSBs are repaired mainly through two pathways, non-homologous end joining (NHEJ) and
homologous recombination (HR). A pivotal role in the choice of NHEJ or HR is played by

BRCA1, tumor suppressor proteins involved in several cancers such as breast cancer.

During the development of cancer, tumor cells acquire different characteristics and
therefore, this intrinsic heterogeneity of the tumor makes it difficult to predict their
response to drugs. We have previously described CHK1 as a biomarker of response to
radiotherapy in GC 3. In this manuscript we have compared the process of apoptosis
induction in two gastric adenocarcinoma cell lines (AGS and MKN45), which show opposite
sensitivities to the radiomimetic agent BLM and CDDP. Our data strongly suggest that
resistance to BLM in MKN45 cells is due to the inability of cells to induce the expression of
the pro-apoptotic proteins Bax, Bad and Puma. However, these cells are highly sensitive to
CDDP when compared to AGS cells. When we studied the DNA damage repair NER in this
cell line, our results suggest that NER is impaired in MKN45 cells due the absence of
translocation of two key NER proteins (XPA and XPD) to the nucleus. In addition, the
molecular mechanisms suggest that the spindle assembly checkpoint (SAC) protein Mad2,

could be involved in this process. Altogether, these results increase the number of targets



that could be used as biomarkers to predict the response to drugs used in the clinical

setting.

RESULTS
1. Bcl2-family control CCPD-induced cell death in AGS and MKN45 cells.

We have previously reported that human adenocarcinoma AGS and MKN45 cell lines differ
in their sensitivity to some of the most popular antineoplastic agents such as Paclitaxel (PXL)
and BLM. MKN45 overexpress both MAD2 and CHK1, checkpoint proteins which are
responsible of resistance to PTX and BLM respectively % 3. Here, we study the viability of
these cell lines after treatment with CDDP in order to elucidate the main cellular pathways
ruling the unequal sensitivity to this agent in GC cells. Our results showed that survival
decreases in a dose dependent manner after CDDP exposure in both cell lines but with
different sensitivity, being AGS more resistant than MKN45 cells (ICsp 7,6 ug/ml vs ICso
2ug/mlin AGS and MKN45 cells respectively) (Figure 1A- upper graph). Then we studied the
molecular pathways involved in drug resistance: apoptosis, senescence and autophagy. We
detected PARP cleavage 24 hours after CDDP treatment in MKN45 but not in AGS,
suggesting that there is a difference in apoptosis induction (Figure 1A lower panel) between
cell lines. In order to study senescence we performed a 3-galactosidase activity assay in AGS
and MKN45 cells treated with CDDP (2, 5 u/ml) or BLM (3 p/ml) for 72 hours. Our results
showed a significant induction of senescence in both cell lines after CDDP and BLM
treatment (Figure 1B). Given that autophagy is also a pro-survival mechanism related to
drug resistance, we decided to study the main protein markers involved in this process: p62
and LC3-Il. Degradation of p62 occurs when the autophagy process is activated; in our
hands, GC cells showed similar behavior after treating with CDDP or BLM in p62 degradation
(Figure 1C). These results suggested that CDDP-induced apoptosis in MKNA45 is mediated by

different molecular targets.

The above results encouraged us to study in depth the involvement of Bcl-2 proteins in

apoptosis. To this aim, we investigated whether potential differences in the expression of



the pro-survival BCL2-like proteins (BCL-XL and Mcl-1), the pro-apoptotic factors and BH3
relatives: Bak, Bax, Bid, Bad and Puma could explain the differences in the survival rate
observed among the different GC cell lines after treatment with our drugs of study. AGS and
MKN45 cells were treated with CDDP and BLM for a number of time points, ranging from 0
to 24 hours. We observed that in response to CDDP, the expression of the anti-apoptotic
protein Mcll was induced almost 3-fold after 3 hours of treatment in AGS cells. In contrast,
this protein was downregulated in MKN45 (almost 70%) after 9 hours of exposure to CDDP.
Furthermore, the expression of pro-apoptotic proteins Bak, Bad and Bid was induced after
3 hours (Bak) and 9 hours (Bad and Bid) of treatment in MKN45 cells, whilst no effect was
observed in AGS cells. Finally, Puma protein which induction is controlled by p53, was
strongly induced in AGS cells and at a lesser extent in MKN45 cells (Figure 2A and
Supplementary Figure 1). These results suggest that the higher sensitivity of MKN45 to
CDDP is controlled by the downregulation of Mcl1, and by the upregulation of Bid and Bad.
Similar studies on BLM reveled that in AGS cells, Mcl-1 levels are not modified by the
treatment, while Bcl-XL is transiently decreased in MKN45 but not in AGS cells. In contrast
with the regulation of the proapoptotic proteins set by CDDP, BLM strongly increased Bax,
Bid, Bad and Puma expression in AGS Cells, while only Bax and Puma increased in MKN45
cells. These results suggest that resistance to BLM is controlled by an inability to upregulate
the proapoptotic proteins Puma and Bax (Figure 2B and Supplementary Figure 2). Our data
clearly support the hypothesis that specific Bcl2-family proteins control sensitivity to CDDP

or BLM depending on the background of each cell line.

Mcl-1 expression is controlled both at transcriptional and posttranslational level.
Phosphorylation of MCL-1 via JNK and p38 leads to ubiquitination-mediated MCL-1
degradation. We analyzed MAPKs activity in GC cells after CDDP treatment, and our data
indicated that ERK kinases are strongly activated in AGS cells, when compared with MKN45
cells. Surprisingly, CDDP activated the stress kinases JNK and p38 only in MKN45 cells.
Finally, we detected the expression of DUSP1, the main phosphatase responsible of
inactivation of JNK and p38, and showed overexpression of DUSP1 in AGS cells, which

explains the absence of JNK or p38 activation in this cell line. To analyze whether the p38



activity contributes to degradation of MCL1 in MKN45 cells, we used the pharmacological
inhibitors SB203580 and PD098059. Our results indicated that in MKN45 cells Mcll is
degraded in response to CDDP, while inhibition of p38 abolishes its degradation (Figure 2C),
but not after JNK inhibition. These results strongly suggest that CDDP-induced apoptosis in
sensitive MKNA45 cells is modulated by Mcl-1 degradation in a process that depends on p38

expression.

DNA damage repair is impaired in MKN45 treated with CDDP

After an insult, cells induce cell cycle arrest in order to have enough time to repair potential
lesions. DNA repair pathways are induced before apoptosis and improper DNA repair is one
of the reasons which sensitize cells to drugs. We analyzed the activation of DDR in AGS and
MKN45 cells after CDDP treatment and observed a transient activation of CHK1 and CHK2 3
hours after the initiation of this treatment (Supplementary Figure 2). These data indicate
that activation of DDR takes place in both cell lines in a similar fashion. Next, we performed
a set of experiments to study the DNA repair status in both cell lines. CDDP binds DNA and
forms intra and interstrand-crosslinks called adducts. We tested the amount of adducts
formed in AGS and MKN45 in order to evaluate the ability of CDDP to reach and react with
the DNA, and also the capability of cells to repair from DNA damage. To this end, AGS and
MKN45 cells were treated 3 hours with CDDP (10 ug/ml), washed and then allowed to
recover for an hour. We quantified the fluorescence intensity of the nuclei by using a
specific antibody which recognizes CDDP-adducts, and found that in both cell lines, nuclear
intensity increased after 3 hours of CDDP treatment. One hour after CDDP withdrawal,
intensity decreased in AGS cells, while no significant differences were observed in MKN45
cells (Figure 3A and Supplementary Figure 2B). To corroborate these data, we also carried
out immunofluorescence analysis using antibodies against y-H2AX>¢" 13°, which allowed us
to quantify the number of DNA damaged foci per cell. Our data showed that 3 hours after
CDDP treatment the number of foci per cell increased significantly on a range of 16 to 50

foci per nuclei. However, after 1 hour of recovery, we observed that DNA damage decreased



in AGS (range > 50 foci/nuclei) while it increased even more in MKN45 cells (Figure 3B).
Finally, we performed a comet assay to evaluate the repair rate in these cells after CDDP
and BLM treatment. Tail moment data showed that AGS cells were able to repair CDDP
adducts within one hour; in contrast, MKN45 cells needed at least 3 hours to remove the
damage. Accordingly, the percentage of Residual Damage (%RD) reached 7.93+ 1.4 in AGS
versus 65.21+2.9 in MKN45 cells. Taking advantage of the fact that we know that MKN45
cells are more resistant to BLM than AGS cells, we performed the same set of experiments
after exposure to BLM, and we observed that 45 minutes after treatment the RD is 10% in
MKN45 cells and still 100% in AGS cells (Figure 3C). These results strongly suggest that a
potential deficiency on NER repair mechanisms in MKN45 cells could also be one of the

reasons of increased sensitivity to CDDP.

In order to assess the occurrence of putative relationships between the expression of NER-
associated factors and CDDP resistance, we set out to determine the protein expression
levels of the respective DNA repair pathway factors in CDDP sensitive (MKN45) and resistant
(AGS) cells. To evaluate NER capacity, we first analyzed the levels of core NER factors XPA,
XPD and ERCC1 in both cell lines at different times after CDDP treatment, since previous
reports have demonstrated an increase in the expression of core NER factors including
ERCC1 in CDDP resistance. We observed a clear induction of ERCC1 from 12 to 24 hours of
treatment in both cell lines, with no significant changes in the expression of XPD.
Furthermore, XPA increased after CDDP treatment in both cell lines (Figure 4A). Since ATR
is known to increase NER activity by phosphorylating and thus stabilizing XPA in response
to DNA damage 2°, we analyzed ATR kinase activity indirectly by monitoring the level of
phosphorylation of its substrate proteins p53 and CHK1. Our results indicated identical ATR
activity in both cell lines, as no significant alteration in phosphorylation of p53 or CHK1 was

detected regardless of the cells type.

XPA suffers posttranscriptional modifications such us phosphorylation by ATR and MAPKSs.
In order to determine the effect of these kinases over XPA we treated MKN45 cells with
caffeine in the presence or absence of CDDP. Our experiments showed that pretreatment

with caffeine reduces the mobility shift of XPA, which points to a phosphorylated state of



this protein. To verify this, AGS and MKN45 cells were transfected with ATRWT and ATRPN
expression vector, and consistently with our previous data, XPA was again found to be
downregulated. No differences were found between cells treated with JNK or P38 inhibitors

(Supplementary Figure 2).

After damage, XPA translocates to the nucleus in order to exert its action. We therefore
examined XPA localization, and also that of other members of the NER pathway. Subcellular
fractionation and western blot analysis revealed that XPC was highly expressed in AGS cells
and its localization is restricted to the nucleus independently of CDDP challenge; however
the amount of XPC in MKN45 cells was considerably reduced. The same result was obtained
for XPD, which is concentrated in nucleus and increased after CDDP treatment in AGS cells;
However, in MKN45 cells the protein was strongly reduced, and no translocation to the
nucleus was observed. Finally, we observed that XPA, the key rate-limiting factor for NER
17 was translocated from the cytosol into the nucleus after DNA damage induced by CDDP
in AGS cells. Interestingly, we did not find relocalization of XPA in MKN45 cells where this

factor remains localized in the cytoplasm (Figure 4C and Supplementary Figure 2B).

It has been described that the SAC protein Mad2 interacts with XPD after CDDP treatment
in 293T cells. We therefore preformed co-inmunoinfluorescences to study MAD2 and XPD
localization and its possible interaction in AGS and MKN45 cells in the absence or presence
of CDDP. According with our subcellular localization results, we found that in AGS cells
Mad2 is mainly localized in the nucleus and colocalized with XPD after CDDP treatment.
However, in MKN45 cells Mad2 showed cytoplasmic and nuclear distribution, and in the
presence of CDDP its expression appeared to decrease in the nucleus without any signs of

translocation of XPD to the nucleus (Figure 4D).

Altogether, our results suggest that the different NER efficiency between these cell lines is
based on the absence of XPA and XPD translocation to the nucleus in the sensitive cells to

CDDP, in a process that is modulated by Mad?2.



Discussion

Resistance to therapy is a main obstacle for the effective treatment of GC. Even when we face the
same type of tumor, we have to consider that the response to a given drug could be dramatically
different from one patient to another. It is therefore imperative to gain insight into the mechanisms
that drugs use to kill cells in order to increase our arsenal of biomarkers which allow us to

personalize the treatment for every specific patient.

In this manuscript, we demonstrate that CDDP induces apoptotic cell death through the inhibition
of the anti-apoptotic protein Mcl-1, and an induction of the pro-apoptotic BH3-only protein Bad and
Bid in sensitive GC cells (MKN45). Our findings are in agreement with recent reports, revealing that
suppression of the FoxM1/Mcl-1 pathway impairs cell viability and thus increases sensitivity to CDDP
in GC cells 22, In contrast, sensitivity to BLM is controlled by induction of the proapoptotic proteins
Bax, Bad, Bid and Puma. We found that the induction of Puma and Bax is crucial in this process,
because the absence of these proteins correlates with the BLM resistant phenotype of MKN45.
Puma protein is a direct target of p53; the status of p53 in MKN45 cells is WT (wild type) and it is
activated in both cell lines (AGS and MKN45) 3. One possibility could be an epigenetic silencing of
the Puma promoter in these cells as it has been reported for other types of cancer 2. These data
reinforce the need to identify specific Bcl-2- family targets specific for the treatment. The
development of compounds mimicking the function of BH3-only proteins is an emerging area of
research. Thus, huge amounts of inhibitors had been developed in the last decade, and a number of

clinical trials are currently being performed to study their effects in combination with chemotherapy

8

Since NER is the major mechanism for removing intra-strand crosslinks induced by CDDP, NER
factors have been widely studied 6. However, the contribution of NER to CDDP resistance is not well
defined, and the effect of NER factors down-regulation on CDDP sensitivity has remained
contradictory. Our results show that the expression and translocation of XPD and XPA to the nucleus
in MKN45 cells is abolished, and as a consequence, DNA repair in response to CDDP is impaired, due
to a lack of ability to reach the DNA damage and NER machinery. Furthermore, our results strongly
suggest that this is not due to a postranslational modification of XPA, as it is equally controlled by

ATR after CDDP treatment in both GC cell lines.



XPD plays an essential role in DNA repair within the NER pathway. Additionally, it may also
interact with specific targets to mediate a diverse set of biological functions including cell
cycle regulation, mitosis, and mitochondrial function >. The loss of XPD expression caused
asynchronous cell division and chromosome instability and it also has been shown that the
absence of XPD, leads to improper chromosome segregation 2! .We observed that in
sensitive cells, XPD is not able to increase its levels inside the nucleus after CDDP treatment
as it does on resistant cells. In addition, we only detected colocalization of Mad2 and XPD
in AGS cells. This interaction has previously been described in 293T cells 1. Mad2 is a protein
which can adopt different structures thanks to the flexibility of its HORMA domain. During
mitosis, Mad2 switches between its opened and closed conformations, and during
interphase it resides at the nucleoporin complex (NPCs), where it interacts with Nup153 and
Trp 8. Our data support the idea that high levels of the SAC protein Mad2 abolishes the
proper interaction with XPD in MKN45 cells, which then either interferes with the access to
the DNA lesion or abolishes the helicase activity on XPD. Interestingly, we have
demonstrated that MKNA45 cells, which show high levels of Mad2, are resistant to IR and
this correlates with high levels of CHK1 3 2. Here we show that the DNA repair in response
to the radiomimetic agent BLM is highly efficient. We do suggest an important role of SAC
proteins in the control of the processes of DNA repair; although further studies should be carried
out in order to clearly identify their direct or indirect contribution. In favor of this new
function we propose for SAC proteins, the role of Bubl in promoting NHEJ activity in
response to DNA damage has recently described, and it is consistent with the existence of
synergistic interactions between DSB repair and SAC genes 19, as well as with the known

role of Bub1 in DDR signaling .

The relationship of these proteins with cancerogenesis further supports a broad
applicability of our findings to support future studies aimed at characterizing the
mechanistic function for these variants in gastric tumors and in the development of target-
and mechanism-based therapeutics. Therefore, targeting the key DNA repair pathways
involved in CDDP resistance may constitute an effective strategy for surmounting CDDP

resistance in GC cells.



MATERIAL AND METHODS

Cell lines. AGS and MKN45 human gastric adenocarcinoma cell lines were cultured in F12-
Kaings and RPMI mediums respectively (Gibco), and supplemented with FBS (10% for AGS
and 20% for MKN45). Cultures were maintained at 37 °C, 5% CO2 and 95% humidity. AGS
and MKN45 are wild type for TP53. 3

Chemicals and plasmid Vectors

BLM was acquired from Calbiochem (http://www.merckmillipore.com/spain/life-science-
research), and CDDP was kindly donated from Ferrer FARMA. Hidroxyurea was purchased
from Sigma Aldrich. DAPI (used for DNA staining) was purchased from Invitrogen.

ATR and ATR-dn were kindly donated by Dra. P. Mufioz-Canoves 34. Crystal violet used for
cell viability studies was purchased from Promega.

Cell viability.

Viability and growth rate were determined using a crystal violet based staining method, as
previously described . To assess the effects of irradiation, cells were irradiated with
different doses of Gy (0-8 Gy) using a 137Cs source (mark 1, model 30, JL. Shepherd &
Associates San Fernando CA; Dose rate to 100 mm diameter samples is ~370 R/minute.
Senescence assay.

A total of 15x103 cells were seeded on 6 MW plates. Cells were stimulated with CDDP Doses
and BLM for 48 and 72 hours. After the treatment period, cells were transferred fresh
medium and 3 days later B-galactosidase (SA-b-Gal) activity was quantified using the

Senescence detection kit (Biovision, http://www.biovision.com/). Ten areas were counted

with the objective 20x in a microscope Nicon Eclipse TS100 and ANOVA1 was performed
with IBM SPSS 22 software.

Western blotting.

Twenty pg of protein per sample were loaded in SDS-PAGE in 15% (for Bcl2-family), 10%
(MAPKs and NER Factors or 8% (PARP-1) polyacrylamide gels, and then transferred onto

nitrocellulose membranes, followed by inmunodetection using appropriate antibodies, as



follows: . Antibodies against Chk1 (1:500, sc-377231), PARP-1 (1:1000, sc-7150), MAD2L1
(1:1000, sc-28261) and Mcl-1 (1:1000, sc-819) were purchased from Santa Cruz Technology.
The following antibodies were all purchased from Cell signaling: Cleaved Caspase-3
(Asp175) (#9661), p53 (#9282). Bad (#9942), Bax ,(#9942), Bak (#9942), Puma (#9942), BID
(#9942), XPD (#4636), p62 (#5114) . The polyclonal Antibody Anti-ACTIVE® JNK pAb, Rabbit,
(pTPpY) was acquired from Promega Corporation-Spain. Finally, we purchased our Flag
antibody (1:2000) from Sigma. Unless otherwise specified, all the above antibodies were
used at a working dilution of 1:1000.

Inmunoflorescence.

Cells were fixed in formaldehyde for 20 min, washed with PBS and permeabilized with Triton
0,5% for 10 min, blocked with BSA 5% for 1 hour. Samples were incubated overnight with
the primary antibody at 4C, followed by a 1 hour incubation with the adequate secondary
antibody at room temperature. DNA was stained with DAPI. Fluorescence microscopy was
performed using a NIKON Eclipse 90i, and for the image analysis the software program
Nikon NIS-Elements and Image J were used. The primary antibodies used in our study were
y-H2AXSer139, purchased from Millipore, Mad2 -D8A7 (1:300; #4636) from Cell Signaling
and XPD (1:100; #1284) from Sigma Aldrich. All Secondary antibodies, conjugated with Alexa
Fluor 488, (1:500) were purchased from Invitrogen. y- H2ax foci were quantified with Cell
Profiler software and analyzed with IBM SPSS 22 with 2 way ANOVA test.

Comet assay.

We performed the comet assay under alkaline conditions as described by Singh et al %°.
Briefly, cells were treated for 3 hours with CDDP (10 ug/ml) or BLM (3 ug/ml). After
embedding in agarose, cells were irradiated at a dose of 2 Gy on ice and immediately
immersed in lysis buffer. For the repair assay, cells were then allowed to recover from the
induced damage by thorough washes in PBS and incubation at 37C in 5% fresh media for 30
minutes, 1, 2 and 3 hours for CDDP and 45 minutes, 90 minutes and for 3 hours when BLM
treatment was used. TM was calculated with Image) OpenComet plugin, data were analyzed

with IBM SPSS 22 with Kruskal-Wallis and Mann-Whitney tests



Scoring DNA damage. Immediately before imaging analysis, slides were stained with 60 pl
of a 1ug/mL ethidium bromide solution for 10 minutes and covered with coverslips before
imaging using a 20X objective under a fluorescence microscope (NIKON9O0i). Experiments
were performed in duplicate. One hundred consecutive cells (50 from each duplicate slide)
were randomly selected (carefully avoiding the borders of the slides), scored and quantified
by Image J analysis software. The extent of the damage was measured quantitatively by the
tail moment (TM), defined as the product of the percentage of DNA in the comet tail and
the tail length®® .For the analysis of repair kinetics, the percentage of residual DNA damage
(%RD) at time t after irradiation was calculated as follows: % RD=100 X [(DNA damage at
time t after irradiation — DNA damage in control cells before irradiation)/ (DNA damage
immediately after irradiation - DNA damage in control cells before irradiation)] 2.

Statistical analysis. The Kruskal-Wallis test, a non-parametric procedure was used to
compare responses, as measured by TMs. Repair ability was measured as the percentage of
residual damage at time t which was calculated as described above. All statistical analyses
were conducted using SSPS software. At least 100 nuclei were measured per condition in
inmunofluorescences assays. Statistical significance (at p < 0.05) was obtained using IBM

SPSS 22 software.
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Figure 1. AGS and MKN45 show different sensitivity to CDDP. A) Survival percentage of
AGS and MKN45 cells after 48h of CDDP treatment. Cells were treated with increasing
concentrations of CDDP (0- 20ug/ml). The percentage of viable cells was quantified by the
crystal violet method. Data represent the mean values obtained in three experiments
performed in quadruplicate. Lower panel: Cleavage of PARP-1 detected by western blot
(WB) in cells harvested at the indicated times after CDDP treatment (10 pg/ml). a-Tubulin
was used as loading control. B) Representative images of AGS and MKN45 senescence cells
after 72h of CDDP (2,5 pg/ml) and BLM at its IC50 dose (3 pg/ml for AGS and 10 pg/ml for
MKN45). The graph represents the percentage of senescent cells for each experimental
condition. C) AGS and MKN45 cells were treated with CDDP (10 pg/ml) or BLM (10 ug/ml)
for the indicated periods of time. Immunodetection of p62 protein was carried out by using

specific antibodies. a— tubulin was used as a loading control.

Figure 2. Bcl2-family controls CDDP and BLM induced apoptosis in AGS and MKN45 cells.
A) Bcl-2 protein family members were detected by western blot in AGS and MKN45 cells
treated with CDDP (10 pg/ml) at the indicated periods of time. B) Bcl-2 protein family
members detection performed by western blot in AGS and MKN45 cells treated with BLM
(10 pg/ml) at the indicated time points. C) Cells were treated as in A) ERK, JNK, p38 and
DUSP1 were detected by using specific antibodies. D) AGS and MKN45 cells were
pretreated during 30 minutes with 10 uM inhibitor p38 (SB203580) or JNK Inhibitor Il before
CDDP treatment. Mcl-1 was detected by WB at the indicated times after treatment. Q-

tubulin was used as loading control and for protein quantification.

Figure 3. DNA repair is impaired in MKNA45 cells. A) Graph represents nuclear fluorescent
intensity of DNA adducts formed after treating AGS and MKN45 with CDDP (10 pg/ml).
Control cells (white bars) were untreated, CDDP (grey bars) cells were treated with CDDP
for 3 hours. Repair (black bars) represents cells treated with CDDP for 3 hours and then
allowed to recover in normal media for 1h before harvesting. B) AGS and MKN45 cells were
treated as in A), and y-H2AX foci were detected by Immunofluorescence, using DAPI to stain

nuclear DNA. Graphs represent the percentage of nucleus within less than 15, between 15-



50 and more than 50 y-H2Ax/nuclei for each condition. D) Graphs represent the mean Tail
Moment ™measured in at least 50 cells per duplicated in each condition after CDDP
treatment (left graph) and BLM treatment (right graph). Tables present the percentage of
residual damage (RD) after the repair period that follows CDDP (left table) or BLM treatment
(right table)..

Figure 4. Nuclear translocation of XPA and XPD proteins is abolished in MKN45 cells after
DNA damage. A) XPD, ERCC1 and XPA were detected by western blot in AGS and MKN after
CDDP (10 pg/ml) treatment at the indicated times. a-tubulin was used as a loading control.
B) XPA levels in AGS and MKN45 cells after 6 hours of CDDP treatment (10 pg/ml) in the
presence of caffeine (80mM) and transfected with ATRWT or ATRPN plasmids. C) Nuclear and
cytoplasmic localization of NER proteins and MAD2 were detected by western blot in AGS
and MKN45 cells after 6 hours of CDDP treatment (10 pug/ml) and cellular fractioning. a-
tubulin was used as citoplasmatic protein loading control, and Lamin B1 was used as nuclear
protein control. D) Cellular localization of MAD2 and XPD in AGS and MKN45 control cells,
and cells treated with CDDP (10 ug/ml) for 6 horus were studied by immunofluorescence by
using specific antibodies. Images were taken with a 63X objective. Graphs represent nuclear

fluorescence quantification. A.U= Arbitrary Units.
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Supplementary figures:

S 1: Bcl2-family controls CDDP and BLM induced apoptosis in AGS and MKN45 cells.

A) Graphs represent the mean protein level quantification normalized with a-tubulin at
each time point after CDDP treatment of three independent experiments. B) Graphs
represent the mean protein level normalized with a-tubulin amount at each point after
BLM treatment on triplicate experiments. C) Western blots detecting ATF2 and p- cJUN
in AGS and MKN45 cells as SB203580 or JNK Inhibitor Il control.

S 2. CDDP induces equivalent stress signaling in AGS and MKN45.

A) DDR proteins were detected by western blot in AGS and MKN after CDDP (10 pg/ml)
treatment at the indicated times. o-tubulin was used as a loading control. B)
Immunofluorescence images of CDDP adducts formed in the DNA of AGS and MKN45
cells. Control cells were not treated, CDDP cells were fixed after 3h of CDDP treatment
and allowed to recover in normal media for one extra hour. Images were taken with 63x
objective NIKON Eclipse 90i . C) Western blots detecting phosphorylation of XPA in AGS
and MKNA45 after caffeine (80mM), SB203580, JNK Inhibitor Il and ERK inhibitor
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El cancer géstrico en una enfermedad con mal prondstico y dificil diagnostico. El régimen
del tratamiento actual es un protocolo estandar de radio y quimioterapia, poco efectivo si tenemos
en cuenta el alto porcentaje de recaidas y la mortalidad de la enfermedad 2. La heterogeneidad
de la enfermedad hace que sea dificil encontrar una clasificacion molecular idénea que permita
estratificar a los pacientes para elegir un tratamiento especifico y eficiente. La basqueda de nuevas
dianas terapéuticas y biomarcadores pronostico y diagnostico, es un reto imprescindible para el
avance hacia tratamientos mas personalizados. Este hecho indica la necesidad de encontrar nuevas
dianas terapéuticas que actien solos o0 en combinacion para sensibilizar a las células tumorales.
El primer paso, es comprender el mecanismo molecular activado por los farmacos relacionados
con la induccién de la muerte celular y la resistencia. En este sentido, nosotros hemos estudiado
el papel de ciertas proteinas clave implicadas en puntos de control del ciclo celular y en el
mantenimiento de la integridad del genoma en respuesta a genotoxicos, con el fin de identificar

nuevos biomarcadores pronostico y predictivos de respuesta a tratamiento en cancer gastrico.

Catastrofe mitdtica como estrategia para sensibilizar células de CG

El punto de control de mitosis es la Gltima fase del ciclo celular en la que las células tienen
la posibilidad de reparar las lesiones antes de dividirse y dar dos células hijas. Por ello, inducir la
catastrofe mitética es una estrategia atractiva para lograr una mayor eficiencia de muerte en las
células tumorales. ® Nosotros hemos demostrado que el tratamiento secuencial de paclitaxel-
cisplatino sensibiliza a las células tumorales gastricas induciendo la catastrofe mitdtica. Acorde
con este resultado, en pacientes diagnosticados de carcinoma nasofaringeo escamoso se observa
un mejor prondstico clinico en aquellos enfermos que reciben paclitaxel en el protocolo estandar
de quimioterapia ( cisplatino y 5FU) comparando con los que solo reciben cisplatino y 5FU .
Nuestros resultados demuestran que las lesiones que provoca el cisplatino en células mitéticas no
se puede reparar debido a una degradacion de la proteina CHK2, y por tanto una menor activacion
de BRCAL1 proteina fundamental en el proceso de reparacion de DBS %, La proteina CHK2 es
clave para coordinar el proceso de parada de ciclo y la induccion de la via de DNA Damage Repair
(DDR) para reparar DBS, fosforila y activa a sus dianas BRCA1/2 favoreciendo asi la reparacion
por recombinacion homéloga 3. Ademéas acorde con nuestros resultados en células HCT116 la
inhibicion de CHK2 o el descenso de sus niveles incrementa la muerte por catéastrofe mitética
ante el agente doxurrubicina 2. Estos resultados apoyan la muerte por catastrofe mitética como
una estrategia efectiva para sensibilizar a células de cancer géstrico, y una coordinacion entre el
punto de control G2/M vy la via de sefializacién DDR tal. Asi como la idea de que inhibidores de

la quinasa CHK?2 puedan potenciar la catastrofe mitdtica producida por agentes genotoxicos, y
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conseguir sensibilizar a células resistentes cuya activacion de CHK2 en mitosis este favoreciendo

la supervivencia 1%,

CHK1 biomarcador de respuesta a irradiacion

La sobreexpresion de las proteinas de la ruta DDR, CHK1 y CHK2 estd ampliamente
descrita en un gran nimero de tumores y se ha correlacionado con la resistencia a farmacos
antineoplasicos y a irradiacion 6. Nuestros resultados, demuestran que las lineas celulares con
elevados niveles de CHK1 presentan una mayor resistencia a la radiacion en comparacién con las
células sin sobreexpresion. Acorde con esto, lineas celulares radioresistentes de pulmén presentan
también niveles elevados de CHK1y el inhibidor de CHK1, AZD7762, es capaz de sensibilizarlos
101 Por otro lado hemos estudiando una pequefia cohorte de pacientes seleccionados por
tratamiento con radiacion, los niveles elevados de CHK1 en tumor correlacionan con un peor
prondstico del paciente (menor tiempo libre de progresién). Acorde con nuestro resultado, en
tumores de cerebro niveles elevados de CHK1 fosforilada se han correlacionado con un menor
tiempo libre de progresion 1%, Sin embargo, es necesario ampliar el tamafio muestral de nuestro
estudio y verificar el resultado en otra serie independiente de pacientes, para determinar la
potencia de las correlaciones clinicas-patoldgicas que permitan describir a CHK1 como una buena
diana terapéutica o utilizarla como criterio de seleccion de tratamiento de esta enfermedad. Por
otro lado, hemos observado que la inactivacion de CHK1 por el compuesto UCN-01 incrementa
la sensibilidad a BLM e IR. Desafortunadamente el farmaco UCN-01 no ha tenido muy buenos
resultados farmacoldgicos por su alta toxicidad, inespecificidad y mala farmacocinética. . Sin
embargo, se estan evaluando otros inhibidores en diversos ensayos clinicos, como es el AZD7762,
un potente y especifico inhibidor de CHK1, el cual ha demostrado la capacidad de incrementar la
sensibilidad a agentes genotoxicos . Los resultados obtenidos con el compuesto AZD7762 tanto
in vitro como in vivo, refuerzan la idea de que inhibidores de CHK1 son capaces de sinergizar
con los efectos de otros antitumorales en un contexto molecular concreto, por ejemplo en tumores
con defectos en la reparacion de DNA o sobreexpresando ciertos oncogenes como RAS 4,
Actualmente estan en curso 6 ensayos clinicos en fase | y Il de los inhibidores de CHK1/CHK?2
LY2606368 (Prexasertib) y CCT245737, solos 0 en combinacién con cisplatino en diferentes

tumores so6lidos como boca, mama, préstata, pancreas y pulmon. (www.clinicaltrials.gov)

La sobreexpresion de la proteina CHK1 puede producirse por amplificacion génica, aumento de
la transcripcion o modificaciones postranscripcionales 3. Entender la causa por la cual CHK1
esta sobreexpresada en lineas celulares de cancer gastrico puede ser fundamental para comprender
la respuesta y la resistencia a irradiacion. En la induccion de la expresion de CHK1 a nivel
transcripcional participan p53 y el factor de transcripcion E2F1 4, puesto que p53 se encuentra

mutado en el 50% de los tumores sélidos, podria afectar a la expresion de CHK1. En nuestro
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sistema modelo ambas lineas celulares (AGS y MKN45) presentan p53 wild type, y observamos
que la activacion transcripcional se produce a través de p53 y E2F1 tal y como esté descrito. Sin
embargo, el mMRNA de CHK1 tiene una vida media muy larga, lo cual sugiere la existencia de una
regulacion postranscripcional como responsable del aumento de la expresion. Actualmente, se
considera a los miRNAs como uno de los principales responsables de este proceso y cada vez
existen mas evidencias que muestran su capacidad de modular practicamente cualquier proceso
celular. Varios trabajos han demostrado que los miR-15 y miR-497 modulan la resistencia a
farmacos en cancer gastrico, teniendo como diana a Bcl-2 2 La sobreexpresion de la familia de
los mir-15 afectan a la radiosensibilidad en cancer de mama mediante la regulacion de punto de
control G2 1681, Al contrario también se ha observado que la sobreexpresion de la familia miR-
15 incrementa la sensibilidad a cisplatino al disminuir los niveles de CHK1 * Otros estudios han
demostrado que la disminucion del miR-424 contribuye a la progresién tumoral del cancer
cervical mediante el aumento de los niveles de CHK1'?®. Nosotros hemos identificado al miR-
195 y miR503 como posibles responsables de la expresion de CHK1, de tal manera que los niveles
bajos de estos podrian explicar la alta expresion de CHK1 en las MKN45. De acuerdo con esto,
en NSCLC (non small cell lung carcinoma) niveles bajos de miR-195 en tumor respecto al tejido
adyacente sano se correlaciona con un peor prondstico del paciente, y con una menor
supervivencia global ™. Es necesario realizar otros estudios bioquimicos y moleculares que
permitan evaluar el efecto de estos miRNAs en la expresion de CHK1 y en la respuesta a
radiacion. Ademas, seria de gran interés poder correlacionar los niveles de los miRNAs y CHK1
con el pronostico y respuesta a IR en pacientes.®® Una ventaja del uso de miRNA en la clinica es
la estabilidad de los miRNA en sangre periférica y muestras parafinadas, lo que permitiria un
método menos invasivo y eficaz de medicion del biomarcador y posiblemente mas facil para

aplicarlo en clinica.

Nuestros resultados abren un campo de estudio interesante, como es explorar nuevas posibles
dianas de miRNA-195y miRNA-503y su relacion con el eje E2F1-RB, podria describir un “loop”
de regulacién entre ellos y en consecuencia de la expresién de CHK1. Asi la expresién de CHK1
podria ser modulada al ser inducida también la expresion de estos miRNAs por E2F1 o RB. En
este sentido ya se conocen miRNASs cuya expresion esté reguladas por RB, como por ejemplo la
familia de miRNA106 en mama!'l. La regulacién por RB genera expresiones aberrantes de
miRNAs en tumor y niveles bajos del miRNA-106 en concreto se relacionan con tumores méas
agresivos. Estos miRNAs presentan ademas como diana a p21, lo que podria explicar un
mecanismo de regulacion de la fosforilacion de RB. Es decir, en una situacion en donde hay
niveles bajos de miRNAs que regulan p21 y por tanto niveles mas elevados de esta proteina, puede
suponer un incremento en la fosforilacion de RB, la liberacion de E2F1 e induccion de diversos

genes diana que pueden estar relacionados con resistencia y/ agresividad del tumor, como es el

127

DISCUSION



z

DISCUSION

caso de CHK1. Otros miRNAs cuya regulacion seria interesante estudiar son aquellos que
presentan como diana a varias proteinas claves de la via, como es el miRNA-16 ya que tiene como
diana a CHK1 y a su regulador E2F1°%. Por otro lado también resultan interesantes el miR-15 el
cual regulaa CHK1 y Bcl-2 122 %, asi como el miR-503 que se ha descrito como regulador de Bcl-
2 y nosotros sugerimos que también pueda regular los niveles de CHK1. Estos miRNAs pueden

jugar un importante papel en la resistencia al tratamiento y en el pronéstico del paciente.

Proteinas del SAC: biomarcadores prondstico y dianas terapéuticas

La aneuploidia e inestabilidad genémica son caracteristicas que distinguen a células tumorales de
las normales, lo que hace que sean considerados también dianas terapéuticas, ya gue un excesivo
nivel de inestabilidad genémica es insostenible y por tanto letal incluso para la célula tumoral®®.
En este sentido, actualmente se estan desarrollando inhibidores especificos de AURKA, PLK4 y
Mpsl, los cuales comprometen los centrosomas y SAC induciendo la muerte por catéstrofe
mitotica.®2. De acuerdo con esto, nuestros resultados demuestran que las células de cancer gastrico
presentan una expresion alterada de las proteinas del SAC, como ocurre en otros tumores sélidos
pulmén, mama, ovario y cabeza y cuello . Nosotros hemos observado que MAD2 y BUBR1,
estan sobreexpresados en la mayoria de las lineas celulares derivadas de adenocarcinomas
diseminados, favoreciendo la proliferacion celular, migracién e invasion celular 3. Existen
evidencias en la literatura que indican como la sobreexpresion de BUBR1 esté relacionada con la
diseminacion del tumor, la progresion de la enfermedad y una menor supervivencia de los
pacientes con cancer de vejiga y pulmoén 8. Ademas, la sobreexpresion de MAD2, en colon,
pulmén y en linfoma gastrointestinal esta relacionada con la alta proliferacion celular y peor
pronéstico de los pacientes *°. En relacion con la proteina MAD?2, se ha observado que ratones
con genotipo (MAD2 con sobreexpresion de MAD2) desarrollan tumores espontaneos vy
metastasis en pulmon %2, Nosotros hemos realizado el analisis de la expresion de MAD2L1 en
tumores gastricos resecados respecto al tejido normal contiguo, en una serie de pacientes con
adenocarcinomas gastricos primarios que no habian recibido tratamiento previo a la gastrectomia.
Hemos comprobado que los niveles elevados de MAD2L1 en el tumor correlacionan con un menor
tiempo de supervivencia global en estos pacientes (ANEXO 1). Este resultado también se ha
observado en otros tipos de tumor como osteosarcoma, cancer bucal o endometrial 6" 110 128 Sin
embargo, no hemos encontrado correlacion significativa con la respuesta al cisplatino, lo que
puede deberse al reducido nimero de pacientes que hemos sido capaces de recopilar que hubieran
recibido CDDP como Unica terapia. La gran mayoria de los casos reciben IR y como hemos
demostrado otros factores como los niveles de CHK1 pueden estar influyendo en la resistencia a
este tratamiento, lo que puede interferir con la correlacion entre la respuesta al CDDP y los niveles

de expresion de MAD2. A pesar de que se ha descrito el estudio de los niveles de proteina de
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MAD?2 en cortes de tejido parafinados mediante técnicas de inmunohistoquimica *° nuestros
datos indican que no es la técnica méas adecuada para valorar a MAD2 como biomarcador, ya que
no hemos encontrado una buena correlacion con los resultados obtenidos mediante QPCR. Sin
embargo, tal y como hemos mencionado anteriormente, consideramos que los miRNAs
especificos de MAD2 y CHKZ1 podrian dar una solucidon al problema, por sus caracteristicas de
expresion robusta, estable y de facil medicion hace que tengan mas probabilidad para la
incorporacion a la practica clinica.®® Todos los datos en la literatura y los nuestros propios indican
la posibilidad de considerar a MAD2 como una buena diana terapéutica, tanto es asi que ya se
estd estudiando la eficiencia en la disminucién de la expresion de MAD2 mediante la
incorporacién de siRNAs en nanoparticulas y su efecto en la induccién de la muerte en células de

cancer de pulmén 878,

La contribucién de las proteinas del SAC a la respuesta a antitumorales se ha estudiado
previamente por otros grupos, en ocasiones con resultados contradictorios, asi la disminucion de
BUBR1 se ha relacionado con la sensibilidad a paclitaxel en carcinoma escamoso de es6fago pero
la inhibicion de esta proteina induce la resistencia en cancer colorectal > 1%, Recientemente, se
han empezado a identificar funciones celulares de MAD?2 independientes de mitosis o SAC. Se
ha descrito su posible papel en la respuesta a dafio al DNA, o en el destino celular induciendo
apoptosis y senescencia % 16 | asi en cancer de ovario y mama la supresion de MAD2 y BUBR1
resulta en la resistencia a Paclitaxel 1. Nosotros también hemos observado que la disminucion
de MAD2 y BUBR1 confiere resistencia a paclitaxel en lineas de cancer gastrico ®. Aun asi cabe
resaltar que resultados contradictorios respecto a la respuesta a terapia y los niveles de estas
proteinas en tumores ¢, ponen de manifiesto que la heterogeneidad intra e inter tumoral en la
expresion esta detras de estos resultados. Por ello el estudio del “background” o estado basal
global de estos mecanismos (SAC y DDR) y de sus reguladores es necesario para poder explicar
el destino celular en un contexto concreto. En este sentido hemos demostrado que en nuestro
modelo hay una induccion de la senescencia como resultado de la bajada de las proteinas MAD2
y BUBR1, la cual se potencia en respuesta al paclitaxel. La implicacion de MAD2 en senescencia
ya se habia observado previamente, en la linea celular IMR90 %. Ademas también se ha visto que
la sobreexpresion de p31comet, inhibidor de SAC, induce la senescencia mediante la acumulacién
de p21 (Wafl/Cipl) y la disrupcion de MAD2 °. Nuestros resultados muestran que la
senescencia inducida es independiente de p21. Al contrario de lo que ocurre en las células IMR90,
fibroblastos primarios donde una disminucion de MAD?2 induce la senescencia mediante un
incremento de p53 y p21'" %, Nosotros interpretamos que en nuestro modelo la disminucién de
los niveles de MAD2 y BUBRL1 provoca una parada en mitosis prolongada, que aumenta el estrés
energético y oxidativo y esto induce la senescencia 4. Ademas observamos una potenciacion en

la induccidn de la senescencia al tratar las células interferidas con PTX lo que supone un doble
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reto y estimulo de estrés ante la incapacidad organizar el huso mitdtico. Podemos considerar que
la induccidn de senescencia en cancer gastrico puede ser un mecanismo supresor tumoral ante
una situacion en la que la mitosis estd comprometida, impidiendo asi que se incremente la
inestabilidad gendmica o trascienda a las células hijas. Aun asi, el secretoma de las células
senescentes es complejo, consiste en una gran variedad de citoquinas y proteasas, y estd
relacionado con la inflamacion, proliferacion y la modulacion de la matriz extracelular®®. Nuestros
resultados demuestran que el descenso en los niveles de MAD2 y BUBR1 induce un incremento
en la expresion de IL6 e IL-8 lo que nos hace pensar que los niveles elevados de IL pudieran esta
favoreciendo la sefializacion paracrina y el incremento de la senescencia®. Este resultado es
interesante, aunque hacen falta mas estudios para explicar la consecuencia fisiologica de esta
senescencia prematura. Nuestros resultados sugieren que la incapacidad resolver la segregacion
cromosémica por la alteracién de los niveles de MAD?2 es detectada como sefial de estrés lo que
genera una induccion prematura de la senescencia. Este fendmeno en tal situacién actia como
barrera ante la carcinogénesis evitando la ganancia de inestabilidades. Pero por otro lado la
senescencia podria tener efectos negativos en cuanto a la respuesta al tratamiento, ya que esta
poblacion de células tumorales no esta siendo eliminada como tal y podrian contribuir a la
resistencia que otros grupos y nosotros hemos observado ante PTX. El tratamiento adyuvante con
agentes antimitéticos en estos casos podria resultar contraproducente, ya podria conllevar a una
seleccion positiva de estas células y su capacidad secretora por el fenotipo SASP. Esto puede
contribuir a crear un ambiente tumoral favoreciendo la transformacion celular de las células
adyacentes y el crecimiento tumoral y recurrencia en los pacientes*?. Para demostrar esto, serian
interesantes ensayos in vivo mediante xenotransplantes en ratones inmunosuprimidos, en los que
comparasemos tumores con sobreexpresion de MAD2 o BUBR1 frente a tumores que no
presenten tal sobreexpresion y estudiar la influencia de la induccion del ambiente inflamatorio y

la poblacion de células senescentes en respuesta a PTX en cuanto a la recurrencia tumoral.

Implicacion de la familia BCL-2 en la apoptosis inducida por cisplatino

La inhibicidn de la apoptosis, hallmark de las células tumorales, es una de las principales
causas de resistencia a farmacos. Se ha sugerido que la disminucién de MAD2 genera resistencia
al inhibir la apoptosis mediante la elevacion de Bcl-2 3* 116 asi como la reduccién de los niveles
de las proteinas pro-apoptéticas y disminucion de la actividad de las caspasas **. Se ha descrito
también la correlacion entre bajos niveles de MAD?2 y la inhibicion de apoptosis en la linea celular
de tumor germinal 1411HP ¥, Ademas en lineas de cancer nasofaringeo la disminucion de MAD2
incrementa la resistencia a cisplatino por una modulacién en el ratio entre las proteinas Bcl-2/Bax

y los niveles de la caspasa activa 2. En cuanto a la respuesta y muerte inducida por el Cisplatino,
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hemos demostrado que se produce por una disminucién de la proteina anti-apopt6tica MCL-1 en
la linea celular sensible a este agente, al contrario que con el agente BLM el cual provoca la
muerte celular mediante la induccion de la proteina proapoptotica Bax y Puma en la misma linea
celular. Este hecho estd acorde con el reciente resultado en el que la supresion de la via
FoxM1/Mcl-1 afecta a la viabilidad celular e incrementa la sensibilidad a CDDP células de cancer
gastrico®®. Puma es sustrato de p53, el estado de p53 es wild type en ambas lineas celulares por lo
gue se esperaria el mismo comportamiento, aunque también se ha descrito que puede inducir la
apoptosis independientemente de p53 en respuesta a ROS y estrés del reticulo endoplasmico, en
cuya situacion factores de trascripcién como E2F1 regulan su expresion 121127 Serfa interesante
estudiar la regulacion de Puma en nuestro modelo asi como el estado de metilacion del promotor
de Puma ya podria estar silenciado epigenéticamente en las células MKN45 como se ha observado
en linfomas y correlacionarlo con la sensibilidad a este agente 1. Nuestros resultados fortalecen
la idea de que dianas especificas de la familia Bcl-2 para cada tratamiento pueden ser una buena
estrategia terapéutica. Actualmente estan en curso varios ensayos clinicos en distintas etapas en
las que se estudia el efecto de varios mimics de las proteinas BH3 only con numerosos inhibidores
21 Algunos con buenos resultados como es el caso del inhibidor de BCL-2 , ABT-199 o
Venetoclax, el cual ha pasado a ensayos de fase 111 por presentar buenos resultados reduciendo el
tamario del tumor y con menores efectos secundarios que otros inhibidores de BCI-2% .En nuestro
modelo seria interesante probar los inhibidores de MCL-1 en lineas resistentes a cisplatino o
inhibidores de Bax y Puma para las lineas resistentes a irradiacion, pero el hecho de que MCL-1
sea esencial para la supervivencia de muchos tipos celulares asi como la toxicidad que presenta
hace que hasta el momento el uso en clinica esté restringido %’. Ademas la combinacién con
quimioterapéuticos que producen dafio en el DNA puede generar diversos efectos secundarios en

tejidos sanos.

MAD?2 vy la eficiencia de NER como biomarcador de sensibilidad a cisplatino

La via de reparacion NER es el principal mecanismo que elimina el dafio producido por
el cisplatino, por ello las proteinas que participan en la ruta han sido ampliamente estudiadas en
relacion a la resistencia al agente *8. Nuestros resultados apoyan que los niveles y la localizacion
de XPA y XPD son las principales proteinas que modulan la eficiencia de reparacion de la ruta
NER en MKN45. Los resultados sugieren que la falta de translocacion al nlcleo de estas esta
comprometiendo la eficiencia de reparacién de los aductos. Precisamente la capacidad de estas
proteinas de llegar al DNA parece ser determinante en la ruta NER%, pacientes con la enfermedad
Xeroderma Pigmentosum que sufren de fotosensibilidad y un exceso de dafio en el DNA
presentan principalmente mutaciones en los dominios de unién al DNA, como es el caso de

XPA%, La helicasa XPD participa en diversos procesos celulares ademas de la reparacion en la
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via NER®. La pérdida de expresion de XPD genera divisiones asincronicas e inestabilidad
cromosomica . En un estudio previo se demostrd que XPD interacciona con MAD?2 en la linea
celular 293T 28, nosotros solo hemos observado colocalizacion entre MAD2 y XPD en la linea
AGS. Se ha sugerido que niveles elevados de MAD2 pueden sensibilizar a CDDP por el hecho
que esté interfiriendo en el reconocimiento del dafio por las proteinas de reparacion NER®, Seria
interesante analizar esta interaccion con técnicas de ligaciéon por proximidad o PLA, la cual
permite observar la interaccion de proteinas mediante anticuerpos unidos a sondas, a una distancia
menor a 40 A generan la denominada reaccion de amplificacién de circulo rodantes, una sefial
facilmente medible por microscopio de fluorescencia. Nuestro trabajo acorde con lo anterior
también refuerza la idea de que los niveles elevados de MAD2 interfieren en la acumulacion
nuclear de XPD pudiendo por tanto influir en su unién al DNA y haciendo que estas células sean
mas sensibles al CDDP. De cualquier forma hacen falta mas estudios para profundizar en el
mecanismo por el cual MAD2 pueda estar modulando la localizacién de XPD. MAD?2 es una
proteina flexible capaz de adoptar distintas conformaciones, durante la mitosis MAD2 cambia de
una conformacion abierta a una conformacién cerrada, estos distintos estados de la proteina
regulan claramente la disponibilidad para interaccionar con unas u otras proteinas, por lo que el
estudio del estado conformacional de MAD2 podria esclarecer la influencia de sus niveles en
distintos procesos celulares. Recientemente se han desarrollado anticuerpos monoclonales
especificos que reconocen las distintas conformaciones de MAD2 lo que podria ser de gran ayuda
en este area.'®.Durante la interfase, MAD2 interacciona con el complejo de nucleoporinas
(NPCs), concretamente con Nup153 y Trp .%. Experimentos in vivo para hacer un seguimiento
de la movilidad de estas proteinas asi como para estudiar la interaccién con proteinas en el paso
al nacleo podrian ser interesantes. Profundizar en los mecanismos que regulan la disponibilidad
intracelular de las proteinas de reparacion e incluso el tiempo de reclutamiento al punto del dafio
por técnicas de foto-bleaching podria ser de ayuda para estudiar la eficiencia de estas rutas. En
este sentido se ha observado que la disminucion de la nucleoporina NUP53 produce un descenso
de lainternalizacion de MAD1 al nlcleo *, lo que sugiere que podria ser posible también modular
la disponibilidad de MAD2 en el nlcleo y de esta manera influir tanto en SAC como en
mecanismos de reparacion de dafio.

Interesantemente y acorde a lo que ya habiamos encontrado en trabajos previos, la linea celular
MKN45 presenta también niveles elevados de CHK1 lo que le confiere la resistencia a IR, hemos
observado que la eficiencia de reparacion del dafio causado por el agente radiomimético BLM es
mas alta, pero dicho dafio se repara por otra via de reparacion 3, lo que podria estar indicando que
la misma linea celular tenga una robusta reparacién de HR o NHEJ pero deficiente en NER. Es
necesario profundizar en el papel que puedan presentar las proteinas involucradas en la estabilidad
gendmica en las vias de reparacion del dafio en el DNA. Recientemente se ha observado que la

proteina BUB1 juega un papel induciendo la reparacion por NHEJ en respuesta al dafio en el DNA
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lo cual apunta también en una sinergia entre las proteinas SAC y la reparacién por DSB*. En C.
Elegans en presencia de dafio MAD1 y MAD?2 co-localizan en la periferia nuclear, y son
necesarios para una reparacion eficiente , También MAD2 se localiza en esta zona en células de
mamiferos, lo que podria sugerir una funcion conservada en el cual MAD?2 participa en la
reparacion del DNA.

Cada vez son mas las evidencias de la interconexion entre las rutas de sefializacion DDR 'y SAC,
no son mecanismos independientes sino que cooperan para un mismo fin % %2, El dafio en DNA
induce la sefalizacion conjunta entre DDR y SAC para que se dé la parada en mitosis. En
Saccharomyces cerevisiae, uno de los modelos mas utilizados para el estudio de los
“checkpoints”, se vio por primera vez que existe una parada en mitosis por SAC en respuesta al
dafo en el DNA. Asi, recientemente se ha comprobado la necesidad de ciertos componentes de
DDR (ATR, RAD9, BRCA1, ATM) para la correcta activacion de SAC en metafase . Por
ejemplo la proteina BRCAL podria contribuir a la activacién de SAC induciendo la transcripcion
de BUB1, BUBRL, y MAD2. La falta de CHK1 conduce a la perdida de cromosomas,
alineaciones y células binucleadas. Por otro lado CHK1 también se localiza en el cinetocoro y la
ausencia de esta hace que Aurora B baje su actividad catalitica y Cdc20 y MAD?2 no se localicen
en el cinetocoro 1%, También se ha demostrado que CHK1 interacciona y fosforila in vitro a
MAD?2 %, todas estas evidencias refuerzan la idea de la participacion de DDR en la via candnica
de SAC y viceversa ante agentes que generan fallos en la segregacién cromosémica 2. Con todo
ello nuestros resultados refuerzan la idea de continuar en la basqueda de nuevas estrategias
terapéuticas ampliando la perspectiva de las interacciones entre distintos mecanismos celulares
que en un principio parecian ser independientes, para asi abordar el problema de la resistencia a

terapia de una forma mas efectiva y con una vision mas global.
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La muerte inducida en mitosis es una estrategia efectiva para sensibilizar la linea celular
MKN45 a cisplatino. El dafio en el DNA causado por el cisplatino en mitosis induce la
degradacion de CHK?2 via proteasoma impidiendo una reparacion del DNA efectiva y por
tanto induciendo la catéastrofe mitotica.

Los genes MAD2L1 Y BUB1B estan sobreexpresados en las lineas celulares procedentes
de adenocarcinomas géastricos avanzados/diseminados. La sobreexpresion de MAD2L1
en el tumor correlaciona con un menor tiempo de supervivencia global en los pacientes
con céncer gastrico.

La sobreexpresion de MAD2 y BUBR1 favorece la proliferacion celular, migracion e
invasion in vitro. El descenso de los niveles de MAD2 y BUBRL1 confiere resistencia a
paclitaxel e induce la senescencia en la linea celular MKN45.

Niveles elevados de CHK1 confieren resistencia a irradiacion en las lineas celulares de
cancer gastrico. La expresion nuclear elevada en el tumor correlaciona con un menor
tiempo libre de progresién en los pacientes con cancer gastrico.

Los niveles elevados de CHK1 en la linea celular MKN45 se deben a la estabilizacion
del RNA mensajero. Los miR-503 y miR-19 son candidatos como reguladores de CHK1.

La muerte causada por cisplatino mediante la via intrinseca de la apoptosis requiere la
degradacion de la proteina anti-apoptética MCL-1 y aumento de las proteinas pro-
apoptoticas Bad y Bid. La muerte inducida por bleomicina ocurre por la elevacién de las
proteinas pro-apoptoticas Bax, Bad, Bid y Puma.

La sensibilidad a cisplatino en MKN45 se debe a una ineficiente reparacion del DNA

provocada por la falta de translocacion de XPA y XPD al nucleo tras el estimulo.
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No 40 421
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Yes 60 57.9 0.021 0.884 )
-+ High MAD2L1-censured
No 433 10.5
DEATH
Yes 56.7 89.5 5.894 0.011

Table 1: Association of MAD2 expression with the clinicopathological characteristics of
Gastric Cancer patients. Results from a total of 61 patient samples. Correlation between
clinicopathological characteristics and MAD2 expression was assessed by Chi2 or Fisher
exact test and t-test to compare the mean age between groups. Statistical significance
was considered when p < 0.05, using IBM SPSS Statistics 22.

Figure: High MAD2L1 expression in tumor correlates with poor clinical outcome in
human gastric cancer.

A) Kaplan-Meier curves of overall survival (OS) period in patients with high or low
expression of MAD2L1. Survival curves were statistically analyzed by the Log-Rank test.
IBM SPSS Statistics 22 software.
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. MAD? is a key protein re'quifed for mitotic checkpoint function and for the Published Date: June 01, 2016
maintenance of accuracy on the mitotic process of every cell cycle. Deregulation of
MAD? is associated with both progression and poor prognosis in cancer disease. How- L.
ever, new evidence highlights the implication of MAD2 in other biological functions Cltat“_’n: Sanch'ez- Perez, I, et al.
besides its classical Mitotic checkpoint implication, such as apoptosis, senescence and MAD?2 in the Spotlight as a Cancer Ther-
also DNA damage repair, which can ultimately define the response to a specific treat- apy Regulator. (2016) Int J Cancer Oncol
ment. Development of novel therapeutic approaches and optimization of the existing 3(2):1-6.
therapies are now required for the design of successful treatments of cancer. MAD?2 is
emergipg as a new key target for the design of more effective and personalized treat- DOI: 10.15436/2377-0902.16.889
ments in cancer disease.

Keywords: MAD2; Chemotherapy; Cell cycle; Mitosis; Cancer; SAC; Biomarker;
Resistance

Abbreviations: SAC: Spindle Assembly Checkpoint; CIN: Chromosome Instability

Introduction

Mitosis is the last chance that cells have to avoid chromosome miss-segregation, and this can be achieved thanks to the
activation of the spindle assembly checkpoint (SAC). SAC is a conserved mechanism, which ensures the fidelity of chromosome
distribution in mitosis by preventing anaphase onset until the correct bipolar microtubule-kinetochore attachments are formed.
SAC controls Metaphase-Anaphase transition and delays anaphase until correct bipolar attachment of sister chromatids to the mi-
totic spindle is achieved, thus ensuring accuracy of the chromosome segregation in mitosis!!. This complex of proteins includes
MADI, MAD2, BUBI, BUB3, BUBRI, in association with the APC/C activator Cdc20?!. When SAC is activated, it inhibits the
anaphase-promoting complex/cyclosome (APC/C), ligase complex which induces degradation of specific cell cycle regulatory pro-
teins, such as securin, an inhibitor of anaphase initiation activation, and Cyclin B. Degradation of this proteins ultimately leads to
mitosis exit?4),

MAD?2 has a central role in the modulation of the mitotic checkpoint: it activates the “waiting signal” when the microtu-
bules are not correctly attached to the kinetochore in order to prevent unequal chromosome segregation™. The gene MAD2L1 (mi-
totic arrest deficient-like 1) localized in 4q27 encodes MAD2, a small protein that is highly conserved from yeast to humans. The
assembly and consequent activation of the Mitotic Checkpoint Complex (MCC) is initiated by the conversion of MAD2 from an
open (O-MAD?2) to a closed (C-MAD2) conformation, which then binds tightly to Cdc20. The C-MAD2-Cdc20 (MC) subcomplex
associates then with BUBR1-BUB3 to form the mitotic checkpoint complex MCC!®. Conversely, the disassembly of MCC that
takes place when the checkpoint is turned off leads to the conversion of C-MAD2 back to O-MAD2"#], Recently, a MAD2-inter-

Copyrights: © 2016 Sanchez- Perez, 1. This is an Open access article distributed under the terms of Creative

Commons Attribution 4.0 International License.
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acting protein, p31°™, has been characterized as a spindle checkpoint silencer during mitosis?'!l. This protein is a structural mimic
of O-MAD?2 (open state) and binds to C-MAD?2 (closed state). Binding of p31¢™ prevents dimerization of MAD2, which in turn
inhibits the conformational change of O-MAD?2 into C-MAD?2, its active form, and ultimately triggers the exit from the mitotic
process®'%. (FIGURE 1)

Figure 1:

The aim of this review is to highlight the relationship between MAD?2 protein levels and chemotherapy response. Although
the role of MAD?2 as a prognostic factor in solid tumors is now well established, the data we analyze here suggest that MAD2 could
be controlling other pathways apart from controlling SAC. These new functions could drive the ultimate fate of the cell: apoptosis,
senescence or DNA repair, as a consequence of the treatment with drugs routinely included in the therapeutic regimen for patients.
After careful analysis of this information, we discuss here the role MAD?2 as a potential new therapeutic biomarker.

Deregulation of MAD?2 levels in cancer and therapy response in vitro and in vivo

Deregulation of MCC protein level increases chromosome instability (CIN), a well known hallmark of cancer. Overexpres-
sion MAD?2 is commonly found in gastric, colorectal, lung, breast and human ovary tumors, and many authors have demonstrated
its correlation with tumorigenesis invasion and metastasis'>!3l. Using rodent models of the disease, it has been shown that reduced
levels of MAD2[', cause a mild increase in the onset of spontaneous tumors (around 30%). On the other hand, after generation of
mice over-expressing MAD2!), it was observed that all of them displayed high rates of spontaneous tumorigenesis. Despite the
inherent variations associated with this approach, it is important to note that a common feature of the tumorigenic process observed
in these mice models is that the tumors are always developed at old ages, which suggests that aneuploidy itself may be a promoting
factor rather than a tumor initiator. However, the involvement of MAD?2 on therapy response is still unclear, since some data suggest
that over expression of MAD?2 increases both sensitivity and resistance to a specific therapy.

In vitro analyses of tumor cell lines have shown that MAD?2 levels influence chemotherapy response. Low levels of MAD2
increase resistance to platinum compounds, vincristine and y- irradiation both in nasopharyngeal and Testicular Germ Cellular Tu-
mor (TGCT) cancer cells!!!"). In ovarian and gastric cancer cell lines, it has been demonstrated that through modulation of MAD?2
levels using specific ShRNAs, expression of p31¢m< 18 or micro-RNAs, cells become more resistant to PTX!%?2, Resistance to PTX
seems to be correlated with apoptosis inhibition or senescence induction™®’. This evidence suggests that a nonfunctional SAC caused
by insufficient kinetochore proteins would not be able to activate the apoptotic pathway. Moreover, we have also demonstrated that
in MKN45 gastric cancer cells, reducing MAD?2 protein levels confers resistance to PTX. Even though we did not observe any
modifications in apoptotic induction pathways, we did note a significant induction of senescence accompanied by an elevation in IL
6 and IL-8 levels, of a consequence of MAD2 downregulation. (Figure 2)
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Figure 2:

It is important to be aware of the fact that the in vitro cellular systems do not always mimic the cellular processes that oc-
cur in vivo; tumors are subjected to multifactorial changes and undergo dramatically different developments between patients and
therefore the expected response to a specific drug is not universal. Up until now, the available studies on MAD2 expression and
chemotherapy response in patients have often been controversial. In general, taking into account the most relevant clinical studies,
we can infer that elevated levels of MAD?2 correlate with poor prognosis, evidenced by lower overall survival (OS) and or PFS (table
1). In contrast, immunohistochemical analysis of MAD2 within a series of high-grade serous epithelial ovarian cancer cell lines from
patients who had previously been treated with CDDP and/or PTX, showed that low level MAD2 expressing patients had a shorter
survival period and slower tumor progression!®’. It has also been shown that elevated MAD2 expression may lead to resistance to
CDDP in advanced uterine cervical cancer patients, which is in clear disagreement with what seems to happen in the available in
vitro studies with PTXP4. However, we should take into account the following factors: On one hand, the criteria for gradation of
MAD?2 levels are not adequately standardized. This could explain the differences between the conclusions of the available studies.
On the other hand, the cell type or the nature of the tissues analyzed in these previous studies should be taken as well in consider-
ation.

Table 1:

TUMOR MAD2 LEVELS CLINICAL PARAMETERS REFERENCES

HIGH tPFS Furlong, Fitzpatrick et al., 2012
Ovary

LOW tPFS McGrogan B. et al. 2014
Colon LOW tos Liy Zhang , 2004

LOW tos Sotillo , Schvartzman et al., 2010
Lung HIGH tOS/WFS Tatsuya Kato et al. 2011
Urothelial Bladder HIGH toS Choi JW etal, 2013
Oral HIGH toS Teixeira et al.,2015
Endometria | HIGH toS Lin Lietal., 2013
Neuroblastoma HIGH toS Kohei Otake et al., 2011

After careful analysis of all available data, we propose a potential model where MAD?2 protein levels on the primary tu-
mor, would decide the effect of the given treatment (Figure 3). In resectable primary tumors with low MAD2 expression, surgery
followed by adjuvant chemotherapy continues to be the only curative option and presents a better outcome. However, in some cases,
the tumor relapses due to resistance to apoptosis and/or senescent phenotype induction in these conditions, which can complicate the
clinical landscape. On the contrary, resectable primary tumors with high MAD2 show a better clinical outcome after adjuvant ther-
apy, suggesting that MAD?2 is required for apoptosis induction in primary tumors diagnosed at early stages. However, in advanced
stage tumors with high levels of MAD2, presenting metastasis and therefore poor prognosis, treatment is inefficient and our model
suggests that downregulation of MAD2 could improve clinical outcome in this particular situation. (Figure 3)
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Figure 3:

The results available in the literature indicate that, although it is hard to predict the unique responses of a patient to therapy
based on its levels of expression of MAD?2 at the time of diagnosis, it is not clear whether altered MAD2 levels do affect therapy
response, as this seems to depend on the origin of the tumor.

MAD?2, more than a mitotic regulator?

The above data indicate that MAD?2 is acting as an Oncogene, and could be used as a prognosis marker. However, the role
of MAD?2 in response to therapy is unknown, since the data available from the literature are contradictory and the majority of them
are based on in vitro systems. MAD2 seems to be involved in various functions along the cell cycle, one of them being well char-
acterized and specific to mitosis, and another one which is involved in the control of the interphase. Additional functions should be
investigated, in relation with the control of cell fate after cellular damage, and also in the context of cancer therapy response.

The first evidence of MAD2 as a modulator of DNA damage response was obtained using Hela Cells, in a set of experi-
ments where the authors demonstrated that the delay in mitosis induced by DNA damage is not due to an ATM-mediated DNA dam-
age checkpoint pathway!?. Other groups observed an interplay between ATM and SAC activation®®. A novel connection between
both processes has been described, where a physical interaction between nuclear MAD?2 and Chk1 was detected in stress-free condi-
tions, being this interaction stronger when cells presented DNA damage. One possibility to explain these findings is to consider that
MAD? plays a role controlling the translocation of DNA damage repair proteins to the nucleus®”. In agreement with these results,
MAD?2 has been shown to be localized at the nuclear pore during interphase and to interact with TRp1 and Nup153 proteinsi**.. For
instance, in a work performed using HeLa cells, it was demonstrated that MAD?2 interacts with XPD and ERCCI, two key proteins
that participate in nucleotide excision repair pathway (NER). It was shown that in MAD2 overexpressing cells, XPD was localized
in the cytoplasm and its recruitment to the nucleus after CDDP treatment was weak, whereas XPA was over expressed and accumu-
lated in the nucleus. Some authors suggest that high levels of MAD2 can sensitize to CDDP through its ability to reorganize repair
proteins, which could play a role sequestering XPD in the cytoplasm and therefore making the NER pathway weaker or inefficient.
On the other hand, they did not find any relationship between MAD2 and Rad51, which are both involved in homologous recombi-
nation repairt?*.

Other observations suggest a role for MAD2 within the apoptosis signaling pathway, for instance MAD2 downregulation
correlates with a reduction on the expression of apoptotic proteins and on caspases activity within the mitotic cell population!..
Supporting these data, in the germ tumor cell line (GCT) 1411HP, low levels of MAD2 correlate with an inhibition of the MEK/ERK
and apoptotic pathways!!”). Furthermore, downregulation of MAD2 in GC and nasopharyngeal tumor cell lines increased cisplatin
resistance due to the fact that the ratio of anti-apoptotic protein Bcl-2 levels and pro-apoptotic protein Bax was increased, whereas
apoptosis was related to the expression of proteins such as cytochrome c, while cleaved caspase 3 maintained low levels®-%,

The first observation that correlates MAD2 with senescence, came from a study in which low doses of Doxorrubicine in-
duced senescencel®. In other studies, depletion of MAD?2 in human fibroblast cell line (IMR-90) confirmed the induction of senes-
cence through the p53 signaling pathway. These results suggest that aneuploidy induced by MAD?2 depletion, is sensed as a stress
signal by normal cells, which in turn will trigger premature cellular senescence that acts as a barrier to cell proliferation in cells with
unbalanced karyotypes, and not related with DNA damage. Supporting this data it has also been proved that overexpressing p31¢™,
which acts as a spindle checkpoint inhibitor, inducing tumor cell senescence by mediating accumulation of p21 (Wafl/Cipl) and
MAD?2 disruption™. In addition, our data corroborate this fact?’l.
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Conclusions and Future Perspectives

In this review, we have highlighted the relevant evidence of the implication of MAD?2 protein levels as a marker which
is in fact capable to define patients overall survival. To sum up, upregulation of MAD?2 protein levels correlates with low survival,
indicating that MAD?2 is a good prognosis biomarker. It is clear that MAD2 plays other functions beyond mitosis; however further
studies need to be done to clarify the partners and the real function of MAD2, since at the moment only in vitro correlations exist
between survival /dead and MAD2 levels. There is a lack of in depth studies characterizing the molecular mechanism involved in
this processes. The fact that MAD2 regulates the response to therapy, suggests that it could be a new therapeutic target. However,
some concerns should be raised, in order to facilitate the development of drugs targeting MAD2. These doubts come from the in
vitro analysis, where depletion of MAD2 confers senescence-like phenotype after treatment with agents used routinely in cancer
therapy. Sadly there are no clinical trials corroborating the effect of MAD2 function in patients. However, the silencing MAD2
expression using siRNAs, increases sensitivity to chitosan in non-small cell lung model®*3., In addition, new synthetic antimitotic
drugs showed that its main apoptotic potential is due to its ability to disrupt the SAC machinery and therefore provoking a mitotic
catastrophell.

There are many gaps to fill in the current knowledge of the processes regulating cell fate, so future studies will need to
answer some of this crucial question.

How is MAD2 regulated? Is it really the amount of protein what makes the difference or is it its availability to be in the
right place and the right conformation state? And, is this balanced by its interactions with other SAC proteins?

Does MAD?2 predict the potential response to therapy, or is it on the other hand specific for a certain drug and/or a certain
type of tumor?

How do MAD?2 levels influence the other mitotic complex proteins or its functionality?
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