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RESUMEN 

RESUMEN 

Los ARNs no codificantes, incluyendo microARNs y ARNs no codificantes largos (lncRNAs), 

son reguladores fundamentales de la biología celular cuya alteración está relacionada con 

el desarrollo de enfermedades como el cáncer. Sin embargo su papel y regulación en 

respuesta al tratamiento es aún desconocida. El tratamiento de elección para el cáncer de 

pulmón no microcítico (CPNM) y el cáncer de ovario es la quimioterapia basada en 

compuestos de platino. El cisplatino, además de provocar la muerte celular, induce 

numerosos cambios moleculares que desembocan en el desarrollo de resistencia al fármaco. 

En el presente trabajo hemos abordado el estudio de la regulación epigenética de 

microARNs y lncRNAs en CPNM y cáncer de ovario, dos tipos tumorales que desarrollan 

frecuentemente resistencia al cisplatino. Hemos realizado un análisis a gran escala del 

transcriptoma, mediante microarrays de expresión y del metiloma, mediante la 

secuenciación del genoma modificado por bisulfito, en cuatro líneas celulares de CPNM y 

cáncer de ovario, seguido por la validación de la expresión mediante PCR a tiempo real y la 

validación epigenética a través de la secuenciación por bisulfito dirigida. De todos los 

microARNs analizados, el microARN-7 (miR-7) fue el único cuya expresión se encuentra 

inhibida por metilación de su región reguladora en líneas tumorales resistentes a cisplatino. 

Nuestros ensayos funcionales mediante mutagénesis dirigida y actividad luciferasa, la 

sobreexpresión de precursores del miR-7, su silenciamiento por antago-miRs y ensayos de 

viabilidad celular demuestran la regulación directa del gen MAFG por el miR-7 y su 

implicación en el desarrollo de resistencia a cisplatino en líneas celulares humanas. Además, 

hemos determinado el estado de metilación del miR-7 en 291 muestras tumorales 

quirúrgicas y controles de pacientes con CPNM y cáncer de ovario, lo que se asocia a un peor 

pronóstico. El análisis de la expresión de MAFG en 99 muestras quirúrgicas y 2505 pacientes 

con CPNM y cáncer de ovario de bases de datos públicas, ha permitido definir la implicación 

de MAFG en estas patologías. En este trabajo proponemos que la resistencia al cisplatino 

mediada por MAFG podría estar asociada con la detoxificación en la situación de estrés 

oxidativo generado tras el tratamiento con cisplatino. Por otro lado, nuestros resultados en 

relación con los lncRNAs muestran que la alteración de la expresión es más frecuente en 

lncRNAs que actúan en cis aunque los patrones de metilación se ven comúnmente más 

alterados en los solapantes. Además, éstos contienen más islas CpG que, en su mayoría, 

están compartidas con las de sus genes codificantes asociados. Validamos estos resultados 

a nivel de expresión y metilación y encontramos cinco lncRNAs con posible implicación en 

la aparición de resistencia. Globalmente, nuestros resultados ofrecen una nueva visión 

sobre los mecanismos epigenéticos reguladores de ARN no codificantes y su implicación en 

la resistencia a cisplatino en cáncer de pulmón y cáncer de ovario. 
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ABSTRACT 

ABSTRACT 

Non-coding RNAs, including microRNAs and long non-coding RNAs, are critical regulators 

of cell biology whose alteration can lead to the development of diseases such as cancer. 

However, the potential role of non-coding RNAs and their regulation in response to 

platinum treatment is largely unknown. Chemotherapy for solid tumors based on platinum-

derived compounds, such as cisplatin, is the treatment of choice in most cases. Cisplatin 

triggers signaling pathways that lead to cell death, but it also induces changes in tumor cells 

that modify the therapeutic response, thereby leading to cisplatin resistance. In the current 

study, we sought to identify epigenetically regulated non-coding RNAs as novel biomarkers 

of platinum resistance in lung and ovarian cancers, the ones with highest ratios of associated 

chemo-resistance. We combined human microarray data on microRNAs, lncRNAs and 

mRNAs with whole genome bisulfite sequencing in a panel of four paired cisplatin-

sensitive/resistant non-small cell lung cancer (NSCLC) and ovarian cancer cell lines, 

followed by real-time expression and epigenetic validations for accurate candidate 

selection. Firstly, among all the microRNAs candidates analyzed, only miR-7 was 

downregulated and presented specific methylation in resistant cell lines. Our experimental 

results from functional assays of site-directed mutagenesis and luciferase activity, miR-7 

precursor overexpression, silencing by antago-miR and cell viability strongly support the 

direct regulation of MAFG through miR-7 and their involvement in the development of CDDP 

resistance in human tumor cells. We have also determined the methylation status of miR-7 

in 291 tumor-surgical samples and controls from patients with NSCLC and ovarian cancer, 

which was associated with poorer prognosis in ovarian cancer patients. The analysis of the 

expression of MAFG in 99 surgical samples and 2505 patients with NSCLC and ovarian 

cancer from public databases allow us to define for the first time the implication of MAFG in 

these pathologies. We propose that MAFG mediates resistance by decreasing the reactive 

oxygen species (ROS) production after cisplatin exposure. Second, our results regarding 

lncRNAs show that differential expression in response to therapy is more frequent in cis-

acting compared to overlapping lncRNAs, while significantly altered methylation profiles 

were more commonly associated with overlapping lncRNAs. Moreover, overlapping 

lncRNAs contain more CpG islands (CGIs) and the majority are shared with their associated 

coding genes CGIs. Validation in a selection of lncRNAs at methylation and expression levels 

showed five candidates under epigenetic regulation that appear to be involved in cisplatin 

resistance (AC091814.2, AC141928.1, RP11-65J3.1-002, BX641110 and AF198444). 

Finally, our novel findings provide new insights into epigenetic mechanisms regulators of 

non-coding RNAs and their implication in the acquired resistance to cisplatin in lung and 

ovarian cancer. 
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ABREVIATURAS 

ABREVIATURAS 
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INTRODUCCIÓN 

INTRODUCCIÓN 

1. Cáncer 

1.1 Definición y estadísticas. 

Cáncer es un término genérico que define un amplio y heterogéneo grupo de 

enfermedades que puede afectar a cualquier parte del organismo. Se considera una 

enfermedad multifásica, caracterizada por la aparición de células anormales en los tejidos, 

que crecen de forma descontrolada, más allá de sus límites, y que pueden invadir partes 

adyacentes del cuerpo, diseminándose a otros órganos (http://www.who.int/cancer/en/, 

2018).  

Según la Organización Mundial de la Salud, el cáncer es una de las principales causas 

de muerte siendo responsable de 8,8 millones de defunciones en 2015, lo que constituye un 

17% del total ocurridas en todo el mundo. Según la Organización Mundial de la salud, en su 

revisión más actual de 2014 los cinco tipos tumorales diagnosticados más frecuentemente 

a nivel mundial entre los hombres fueron el cáncer de pulmón, próstata, colorectal, 

estómago e hígado, mientras que entre las mujeres destacaron los cánceres de mama, 

colorectal, pulmón, cérvix y estómago (http://www.who.int/cancer/en/, 2018, Ferlay et al., 

2015). 

El cáncer se origina como consecuencia de la suma de alteraciones moleculares de 

origen genético y/o epigenético. Estas pueden ser iniciadas por la acumulación de daños en 

el ADN de tipo genético, afectando a la secuencia del ADN (como mutaciones y 

reorganizaciones cromosómicas) o bien modificaciones en el ADN,  histonas y el ARN no 

codificante que no conllevan cambio en la secuencia original (modificaciones epigenéticas). 

Todos estos cambios promueven la selección clonal de aquellas células que presentan un 

comportamiento cada vez más agresivo. 

En el año 2000 se establecieron las principales alteraciones que definen a las células 

cancerosas: autosuficiencia en señales de crecimiento, insensibilidad a señales de 

antiproliferativas,  evasión de la apoptosis, potencial replicativo ilimitado, mantenimiento 

de la angiogénesis e invasión celular y metástasis (Hanahan and Weinberg, 2000). 

Posteriormente, en 2009 se establecieron otras cinco, relacionadas con el estrés metabólico, 

proteotóxico, mitótico, oxidativo y por daño en el ADN (Luo et al., 2009). En el año 2011, 

Hanahan y Weinberg determinaron nuevas características y delimitaron la existencia de un 

microambiente tumoral que las células generan durante los múltiples pasos de los que 
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consta el proceso de tumorogénesis (Hanahan and Weinberg, 2011). En conjunto, todas 

estas propiedades definen, a día de hoy, la célula cancerosa. 

1.2 Cáncer de pulmón 

El cáncer de pulmón engloba aquellos tumores que surgen del epitelio respiratorio. 

Constituye una de las neoplasias más frecuentemente diagnosticadas y representa la 

principal causa de muerte en ambos sexos por cáncer en todo el mundo (Kasper, 2015). La 

incidencia del cáncer de pulmón en hombres ha disminuido en las últimas décadas, mientras 

que se ha incrementado en mujeres (Figura 1). Según el Cancer Statistics del año 2014, tiene 

una incidencia de 14% y 13% en hombres y mujeres, respectivamente, y constituye entre 

un 26% y un 28% de las muertes por cáncer (Kasper, 2015). 

 

Figura 1. Evolución de la incidencia de cáncer de pulmón en los 
últimos 35 años en hombres y mujeres. Modificado de (Kasper, 2015). 

Entre los factores de riesgo que se relacionan con la aparición del cáncer de pulmón, 

destaca el hábito tabáquico. Se ha demostrado que existe una relación dosis dependiente 

entre el riesgo de desarrollar un cáncer de pulmón y el número de cigarrillos consumidos. 

Existen otros carcinógenos pulmonares relacionados con la exposición a ciertos 

compuestos, como el asbesto, la radiación ionizante o la predisposición genética (Kasper, 

2015). Otros factores de riesgo están relacionados con ciertas enfermedades respiratorias 

como puede ser la enfermedad pulmonar obstructiva crónica (EPOC) (Takiguchi et al., 2014, 

Young et al., 2009, Ytterstad et al., 2016). 
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Clasificación 

El cáncer de pulmón se clasifica en dos tipos  principales: el cáncer de pulmón de 

células pequeñas o microcítico (CPM) y el cáncer de pulmón no microcítico (CPNM), siendo 

este último el de mayor incidencia, ya que da cuenta de aproximadamente el 85% de todos 

los cánceres de pulmón (Detterbeck et al., 2017, Kasper, 2015). Históricamente, el CPNM se 

subdivide en tres tipos histológicos: adenocarcinoma, el carcinoma escamoso o 

epidermoide y el carcinoma de células grandes (Herbst et al., 2008).  

El adenocarcinoma surge de las células que recubren los alveolos, se caracteriza por 

diferenciación glandular o producción mucinosa y puede presentar patrones acinares, 

papilares, sólidos o una mezcla de todos ellos. El carcinoma epidermoide o escamoso surge 

de las células escamosas de los bronquios, muestra una disposición en capas celulares y un 

proceso de queratinización. Está relacionado mayoritariamente con el hábito tabáquico. Es 

por ello que durante la primera mitad del siglo 20, éste era el tipo de CPNM más común 

entre la población. La disminución del número de fumadores a nivel global está haciendo 

que cambie esta tendencia, incrementando los casos de adenocarcinoma diagnosticados. El 

carcinoma de células grandes incluye todos aquellos CPNM no clasificables en los otros 

subtipos, ya que no presenta características citológicas o arquetípicas (Kasper, 2015, Herbst 

et al., 2008). Sin embargo, en la actualidad las nuevas técnicas diagnósticas han permitido 

su clasificación dentro de uno de los dos subtipos mayoritarios, disminuyendo el porcentaje 

de tumores inclasificables. 

La patología molecular del cáncer de pulmón es múltiple y variada. Entre las 

anormalidades cromosómicas destaca la sobreexpresión de los factores de transcripción de 

la familia MYC como consecuencia de amplificaciones cromosómicas o la alteración 

transcripcional. En adenocarcinomas destacan las mutaciones en el receptor del factor de 

crecimiento epidérmico (EGFR), KRAS, BRAF y PIK3CA, así como reordenamientos de ALK, 

ROS y RET. Los carcinomas epidermoides se caracterizan por la amplificación del gen 

FGFR1, la pérdida de PTEN, y mutaciones en DDR2 o PIK3CA. Sumado a ello, durante la 

patogénesis del cáncer de pulmón se producen numerosos cambios que derivan en la 

inactivación de genes supresores tumorales o la activación de genes oncogénicos (Herbst et 

al., 2008, Kasper, 2015). 
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Estadificación y tratamiento 

El cáncer de pulmón también se clasifica según la nomenclatura TNM, que indica el 

tamaño del tumor (T), la afectación ganglionar (N) y la presencia de metástasis (M), y según 

esta clasificación se distinguen distintos estadios tumorales. 

Tabla 1. Estadificación del cáncer de pulmón según la nomenclatura TNM (Kasper, 2015, 

Detterbeck et al., 2017) 

Estadio T N M 
Estadio IA T1a-T1c N0 M0 
Estadio IB T2a-T2b N0 M0 
Estadio IIA T2b N0 M0 

Estadio IIB 
T1-T2 

T3 
N1 
N0 

M0 
M0 

Estadio IIIA 
T1-T2 

T3 
T4 

N2 
N1 

N0, N1 

M0 
M0 
M0 

Estadio IIIB 
T1-T2 
T3-T4 

N3 
N2 

M0 
M0 

Estadio IVA Cualquier T Cualquier N M1a-M1b 
Estadio IVB Cualquier T Cualquier N M1c 

El tratamiento del cáncer de pulmón varía  en función del estadio tumoral 

diagnosticado. En la Tabla 2 se muestran los esquemas básicos de tratamiento según el 

estadio. 

Tabla 2. Régimen de tratamiento del Cáncer de pulmón (Kasper, 2015) 

Estadio I 
Ia Cirugía 

Ib Cirugía + Quimioterapia en pacientes seleccionados 
Estadio II  Cirugía + Quimioterapia postquirúrgica 

Estadio III 

IIIa – T3N1 Quimioterapia neoadyuvante + Cirugía 
IIIa – T3N2 Quimioterapia neoadyuvante + Cirugía (si baja a estadio N1-N0) 
IIIa – T4 Quimioterapia neoadyuvante + Cirugía 
IIIa – T4 Quimioterapia + Radioterapia (Tratamiento paliativo) 
IIIb Quimioterapia + Radioterapia 

Estadio IV  Quimioterapia + Radioterapia 

El esquema quimioterapéutico por excelencia para el CPNM se basa en una 

combinación de un fármaco derivado del platino (cisplatino o carboplatino) junto con otro 

fármaco antitumoral de acción concreta (Paclitaxel, Docetaxel, Gemcitabina, Vinorelbina, 

Irinotecan, Etoposido o Pemetrexed entre otros). 
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1.3 Cáncer de ovario 

Clasificación 

El cáncer de ovario es la malignidad ginecológica con mayor prevalencia  causante 

aproximadamente de 152.000 muertes por cáncer en mujeres. (Kasper, 2015, McGuire, 

2016). Entre los factores de riesgo de padecer cáncer de ovario se encuentran la exposición 

a ciertos compuestos químicos como el asbesto, la historia familiar y la predisposición 

genética asociada a los genes BRCA1 y BRCA2.  

La gran mayoría de los carcinomas ováricos se encuentran representados por el 

cáncer del epitelio del ovario, generado a partir del epitelio superficial de este órgano. La 

clasificación actual de los tumores epiteliales del ovario atiende a la histología, pudiendo 

ser de tipo seroso (60-80%), mucinoso (25%), endometrioide (20%) o de células claras 

(5%) (Kasper, 2015). Los carcinomas de tipo seroso se relacionan con la nuliparidad, la 

obesidad y tratamientos hormonales. Recientemente su origen se ha asociado con el epitelio 

de la fimbria de la trompa de Falopio (Jazaeri et al., 2011, Karst and Drapkin, 2010). Los 

carcinomas mucinosos están asociados con una historia fumadora y los endometrioides y 

los de células claras con una historia de endometriosis.  

Como toda neoplasia, hay factores genéticos que contribuyen a la aparición y el 

desarrollo del cáncer de ovario. Un 10% de las mujeres que cursan con esta enfermedad 

presentan mutaciones germinales o somáticas en el gen BRCA1 o en BRCA2;  también son 

frecuentes mutaciones en genes asociados a las roturas de cadena del ADN y que se 

encuentran relacionados con el síndrome de Lynch (MSH2, MLH1, MLH6, PMS1 o PMS2); un 

pequeño grupo de cánceres de ovario presentan mutaciones en genes asociados a BRCA, 

como RAD51 o CHK2 (Kasper, 2015, Amin et al., 2017). Además, recientemente se ha 

identificado que el 95% de las pacientes con carcinomas ováricos de mal pronóstico 

presentan mutaciones en el gen TP53 (Cancer Genome Atlas Research, 2011). 

Estadificación y tratamiento 

La estadificación se realiza siempre de forma postquirúrgica clasificándose según la 

Tabla 3. Pero además, la malignidad del tumor puede clasificarse por su similitud con las 

células normales según el grado de diferenciación. Así, tumores diferenciados o de grado 

bajo son más parecidos a las células normales y de mejor pronóstico, mientras que los 

tumores indiferenciados o de grado alto son más agresivos y en general poco respondedores 

al tratamiento quimioterapéutico (Kasper, 2015).  
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Tabla 3. Estadificación del cáncer de ovario y su relación con la supervivencia (Kasper, 2015)  

Estadio Localización Supervivencia a 5 años (%) 

I Confinado al ovario  90-95 

II Confinado a la pelvis 70-80 

III Diseminación intraabdominal 20-25 

IV Diseminación fuera del abdomen 1-5 

La cirugía es la primera opción de tratamiento en el cáncer de ovario y es necesaria 

para poder realizar la clasificación por estadios de la enfermedad.  Con la cirugía se realiza 

una citorreducción que puede ser óptima, cuando el tamaño del tumor residual es < 1cm, o 

subóptima, cuando el tamaño es ≥ 1cm. En el primer caso, se realiza una cirugía completa y 

en el segundo caso se procede a la administración de una quimioterapia neoadyuvante para, 

posteriormente reintentar la cirugía completa.  

En ambos casos, la cirugía se complementa con un régimen de quimioterapia basado 

en una combinación de compuestos derivados del platino junto con taxanos. Las tasas 

iniciales de respuesta a quimioterapia son de un 60 a un 75%. Sin embargo, 

aproximadamente un 75% de las pacientes respondedoras recaen en los primeros cuatro 

años tras el tratamiento. La enfermedad recurrente es tratada con una variedad de agentes 

quimioterapéuticos, aunque no se llega a conseguir la remisión completa (Kasper, 2015) 

1.4 Mecanismos de acción del tratamiento con cisplatino 

El cisplatino, cis-diamminedichloroplatino (II) o CDDP, es un agente reactivo 

derivado del platino, ampliamente utilizado como parte del tratamiento quimioterapéutico 

de múltiples tumores sólidos y es terapia de primera línea en cáncer de pulmón y de ovario, 

incluyendo cáncer de testículo y colorectal, entre otros. El cisplatino actúa entrando en la 

célula, formando especies acuosas que reaccionan con sitios nucleofílicos de las 

macromoléculas celulares, como son el ADN, ARN y las proteínas. En el ADN, reacciona con 

los sitios N7 de las purinas formando los denominados aductos, que consisten en la 

aparición de uniones cruzadas, principalmente entre guaninas, de tipo inter o 

intracatenario. La presencia de estos aductos induce una contorsión del ADN y desencadena 

múltiples vías de señalización que culminan en la reparación del ADN o en la apoptosis de 

la célula (Sanchez-Perez et al., 1998, Siddik, 2003, Kartalou and Essigmann, 2001). A nivel 

celular, el evento más característico de la acción del cisplatino es el aumento de estrés 

oxidativo mediante el incremento de los niveles de aniones superóxido, peróxido de 

hidrógeno y radicales hidroxilo (Deavall et al., 2012). En muchos tipos celulares, las 
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numerosas respuestas de estrés oxidativo parecen estar mediadas por el elemento de 

respuesta antioxidante (ARE, por sus siglas en inglés) y el factor de transcripción NRF2 

(Nuclear factor erythroid related factor-2). Este factor es un sensor redox que regula la 

activación transcripcional a través de ARE. En condiciones normales, NRF2 se encuentra 

secuestrado por KEAP1, quien media la ubiquitinación de NRF2, provocando su 

degradación. Cuando la célula se ve sometida al estrés oxidativo derivado de la acumulación 

de especies reactivas de oxígeno o de nitrógeno, NRF2 se trasloca al núcleo, donde se forma 

un heterodímero con una proteína Maf pequeña, activando la transcripción de genes 

implicados en la respuesta oxidativa (Kilic et al., 2013, Katsuoka et al., 2005). Sin embargo, 

se ha descrito la alteración de numerosas vías de señalización que contribuyen a la acción 

citotóxica del cisplatino (Dasari and Tchounwou, 2014).  

2. Epigenética y cáncer  

La epigenética es la disciplina que estudia los cambios heredables en la expresión 

génica que se producen sin que exista un cambio en la secuencia de bases del ADN, sino en 

alteraciones químicas de éste y en las histonas, así como la implicación de ARNs no 

codificantes, que provocan la remodelación de la cromatina, facilitando o impidiendo la 

expresión génica. El silenciamiento de la expresión génica a nivel de cromatina, es necesario 

para la vida de los organismos eucarióticos y es particularmente importante en la regulación 

de procesos biológicos como el desarrollo embrionario, la diferenciación o la impronta 

genómica. 

2.1 Mecanismos Epigeneticos 

Metilación del ADN 

La metilación del ADN es el mecanismo mejor estudiado y más asociado con la 

maquinaria epigenética. Por norma general, la metilación del ADN es sinónimo de 

silenciamiento génico, ya que conlleva a un estado de la cromatina difícilmente accesible 

para el proceso de transcripción. Esta modificación química consiste en la adición de un 

grupo metilo (CH3) en el carbono 5 de la citosina, preferiblemente en regiones de 

dinucleótidos CpG. La distribución de los dinucleótidos CpG es asimétrica a lo largo del 

genoma y su acumulación preferencial en regiones promotoras de los genes es denominada 

Isla CpG (Stirzaker et al., 2014, Moore et al., 2013). En el genoma humano, hay 

aproximadamente 30.000 islas CpG no metiladas que garantizan la configuración 

potencialmente activa de los genes constitutivos. El patrón de metilación del ADN es 
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responsable de la diferenciación celular y su desregulación conlleva a numerosas 

enfermedades, entre ellas el cáncer (Zampieri et al., 2015). 

Este proceso de metilación del ADN está catalizado por las ADN-metil transferasas 

(DNMTs, por sus siglas en inglés). Hay cuatro tipos de DNMTs, dos encargadas la metilación 

de novo durante el desarrollo (DNMTs 3A y 3B), una involucrada en el mantenimiento de 

dichos patrones de metilación tras la replicación del ADN (DNMT1), y una sin sitio catalítico 

que actúa junto con las metil-transferasas de novo para el reclutamiento de complejos 

remodeladores de la cromatina (Moore et al., 2013, Deplus et al., 2002). Este proceso es 

fundamental en el desarrollo embrionario, principalmente relacionado con la 

compensación de dosis cromosómica (inactivación del cromosoma X) (Brown, 1991, Ng et 

al., 2007, Boumil et al., 2006) y la impronta genómica (inactivación selectiva de genes según 

su procedencia parental) (Reik and Walter, 2001). El silenciamiento en estos mecanismos 

se encuentra mediado por la metilación del ADN, aunque es necesaria la participación del 

resto de la maquinaria epigenética para que se lleven a cabo correctamente.  

 Modificaciones de histonas 

Otro de los grandes conocidos mecanismos epigenéticos consiste en la modificación 

química de las histonas que forman parte de los nucleosomas de la cromatina. Las 

principales modificaciones de las histonas consisten en la adición de grupos NH3, mediante 

la acción de las Acetilasas de histonas (HAT, por sus siglas en inglés) y en la adición de 

grupos CH3, gracias a la acción de las Metilasas de histonas (HMTs, por sus siglas en inglés), 

en residuos concretos de las histonas. La cooperación entre  la metilación del ADN y las 

modificaciones de histonas inducen el reclutamiento de otras enzimas modificadoras de la 

cromatina y, de esta forma, promueven la conformación activa o inactiva de la cromatina 

(Tabla 4) (Bannister and Kouzarides, 2011):  

Tabla 4. Relación entre las modificaciones epigenéticas y el estado de la cromatina. 

 
Cromatina potencialmente 

activa 
Cromatina potencialmente 

inactiva 

ADN 
 Metilación en citosinas 

fuera de islas CpG 
 Metilación de citosinas 

en islas CpG de regiones 
promotoras 

Histonas 
 Acetiladas 
 No metiladas 
 Metilación en H3K4 

 Deacetiladas 
 Metiladas 
 No metilación en H3K4 

Conformación de la 
cromatina 

 Extendida, abierta  Condensada 
 Heterocromatina 

constitutiva 
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ARNs no codificantes 

Desde el establecimiento del denominado “Dogma central de la Biología molecular”, 

en el que se establece que la información genética se almacena en genes codificadores y 

considera que las proteínas son los elementos protagonistas en la biología de la célula, la 

molécula de ARN ha sido considerada como un simple intermediario entre el ADN y las 

proteínas. Esta idea se trasladó al proyecto genoma humano en el año 2001, mediante el 

cual se identificaron unos 20.000 genes codificantes, que constituyen aproximadamente un 

1,5% del genoma humano. A pesar de ello, el 98.5% restante que no codificaba para 

proteínas, se consideró ADN basura por no verse incluido dentro de este Dogma.  

Posteriormente, en el año 2011, con el desarrollo de proyectos como el ENCODE que 

permitieron dilucidar el transcriptoma humano, se estimó que entre un 70 y un 90% del 

genoma sufre una transcripción activa no codificante. A esa región del genoma que se la ha 

denominado ARN no codificante.  

Dentro del grupo de los transcritos de ARN no codificantes, podemos encontrar dos 

grandes grupos. Aquellos ARNs constitutivos, fundamentales para la célula y que incluye los 

ARNs ribosómicos, los transferentes, los nucleares y nucleolares pequeños. Por otro lado, 

encontramos los ARNs no codificantes reguladores, que se subdividen en pequeños 

(microARNs, los siARNs, los piwiARNs entre otros) y los largos o lncRNAs (por sus siglas en 

inglés) (Djebali et al., 2012, Ponting et al., 2009).  

2.2. Implicación de la epigenética en la aparición de cáncer 

Numerosos estudios muestran que las células cancerosas presentan cambios globales 

en la cromatina que afectan, por un lado, al epigenoma completo a través de un proceso de 

hipometilación generalizado, derivando en una inestabilidad genómica, y por otro llevan a 

la pérdida de función por hipermetilación de determinados genes que regulan vías de 

señalización implicadas en procesos de diferenciación celular, como son APC, GATA-4 o p16, 

permitiendo el crecimiento clonal y la supervivencia anormal de las células (Sanchez-Perez 

et al., 1998). 

Respecto a la implicación de los ARNs no codificantes y su regulación en cáncer,  ese 

conocimiento es más limitado, aunque en los últimos años se ha ampliado 

considerablemente (Gulyaeva and Kushlinskiy, 2016, Ha and Kim, 2014).  
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microARNs 

Los  microARNs  (miARNs) son genes pequeños de ARN, no codificantes, de entre 19-

23 nucleótidos en su forma madura, que regulan la expresión génica mediante 

complementariedad de bases, principalmente, con la región no traducible 3’ (3’UTR) de un 

ARN mensajero, al que se denomina “gen diana”.  

Los miARN se transcriben como miARN primarios (pri-miARN) por la acción de la 

ARN polimerasa II a partir de la secuencia de ADN. Después siguen un procesamiento 

especial, por el cual sufren dos cortes endonucleásicos mediados por las enzimas Drosha, 

en el núcleo, y Dicer, en el citoplasma. El corte mediado por Drosha genera una horquilla de 

60-100 nucleótidos, denominado precursor de miARN (pre-miARN), que sale al citoplasma 

por el transportador de membrana nuclear, Exportina-5. Una vez allí, Dicer corta esta 

estructura y genera ARN de doble cadena de 19-23 nucleótidos. El complejo RISC (RNA-

induced silencing complex) selecciona una de las dos cadenas, provocando la degradación 

de la otra, y busca la zona de homología en algún ARN mensajero, para impedir su 

traducción o favorecer su degradación (Davis and Hata, 2009). 

La primera vez que se describió la relación entre miARNs y cáncer fue en el año 2002. 

Se definieron como miARNs supresores de tumores a aquellos miARNs que se encuentran 

frecuentemente delecionados o con expresión disminuida en distintos tipos de cáncer. Este 

es el caso del clúster de los miR-15a/16-1en la leucemia linfocítica crónica (Calin et al., 

2002). Pero además, hay otro tipo de miARNs, como el clúster de los miR-17-92, cuya 

inducción resulta en un aumento de la proliferación celular, la supervivencia y la 

angiogénesis tumoral. La ganancia o pérdida de estos miARNs, por lo tanto, aumenta o 

disminuye la actividad de múltiples vías de señalización en las células cancerosas (Mendell 

and Olson, 2012). Por otro lado, los miARNs pueden estar implicados en la regulación 

epigenética mediante la activación o inactivación de las ADN-metiltransferasas. Un ejemplo 

de ello es el caso de la familia de los miR-29s (miR-29a, miR-29b y miR-29c) en cáncer de 

pulmón no microcítico, donde se ha visto que la disminución de la expresión de estos miARN 

está inversamente correlacionada con la expresión de las DNMT-3A y -3B, genes diana de 

los miR-29s. La inducción de la sobreexpresión de esta familia de miARNs produce la 

demetilación de distintos genes supresores de tumores, frenando de esta forma la 

tumorogénesis en ratones inyectados con líneas celulares de  cáncer de pulmón (Fabbri et 

al., 2007). 

Se conoce poco acerca de la regulación existente sobre la síntesis de los miRNAs, 

algunos de los miARNs conocidos se encuentran regulados por c-MYC, un oncogen que 
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codifica para un factor de transcripción implicado en cáncer. Parece ser que Myc contribuye 

a la oncogénesis mediante la inducción o represión de determinados miARNs, provocando 

alteraciones como la progresión del ciclo celular (miR-17, let-7), la inhibición de la 

apoptosis (miR-19a, miR-26a), variaciones en el metabolismo (miR-23a/b), angiogénesis 

(miR-18a) o metástasis (miR-9) (Bui and Mendell, 2010). También se ha descrito como 

mecanismo regulador de su expresión la metilación de islas CpGs cercanas al lugar de 

codificación de los miRNAs en regiones intrónicas o bien localizadas en regiones 

promotoras reguladoras de la expresión del gen en el que se encuentran codificados (Furuta 

et al., 2010, Balaguer et al., 2010). 

ARNs no codificantes largos 

Los lncRNAs son aquellos ARNs transcritos que tienen una longitud mayor de 200 

nucleótidos y que no codifican para proteínas o no tienen evidentes Pautas de Lectura 

Abierta (ORFs, por sus siglas en inglés) (Dey et al., 2014). Muchos se transcriben por la ARN 

polimerasa II y algunos sufren el procesamiento característico de los ARNs mensajeros 

como el procesamiento de regiones intrónicas (splicing) y la poliadenilación, aunque otros 

son funcionales sin sufrir estos procesos. Los lncRNAs se transcriben en niveles mucho 

menores que los ARN mensajeros, están pobremente conservados durante la evolución y su 

expresión parece ser más específica a nivel celular y tisular que la de los ARNm. Tienen una 

actividad dual, que les permite interaccionar tanto con proteínas como con otros ácidos 

nucleicos, y forman estructuras complejas que les permiten aumentar su capacidad 

regulatoria. Su implicación en la regulación génica es mucho más amplia que la que llevan a 

cabo los miARNs, por lo que su regulación también es mucho más estricta (Wilusz et al., 

2009, Mercer et al., 2009). 

Los lncRNAs se pueden clasificar según su posición cromosómica, localización y tipo 

de regulación con respecto a los genes codificantes asociados. Aquellos lncRNAs cuya 

secuencia coincide con la de un gen codificante se denominan solapantes u “overlapping”, 

pudiendo ser exónicos o intrónicos; por el contrario, aquellos lncRNAs que se encuentran 

entre genes son denominados intergénicos (lincARNs) (Wang and Chang, 2011, Ma et al., 

2013, Chen, 2016, Guttman and Rinn, 2012). La forma de acción de los lncRNAs puede ser 

en “cis”, cuando regulan la expresión de otro gen que se encuentra en el mismo cromosoma 

que el lncRNA, o en “trans”, cuando además pueden regular genes que se encuentren en 

cromosomas diferentes (Guttman and Rinn, 2012, Chen, 2016). Además, los lncRNAs cuya 

función se limita exclusivamente al núcleo celular, se encargan de guiar elementos 

modificadores de la cromatina, como las DNMTs, los complejos Polycomb o las HAT, para 
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reprimir o activar la transcripción. Hay además, otro grupo de lncRNAs que ejercen su 

función en el citoplasma, para regular la expresión de ARNm y microARNs de diversas 

formas (Wang and Chang, 2011, Ponting et al., 2009, Fatica and Bozzoni, 2014).  

La regulación de la transcripción de los lncRNAs es muy similar a la que ocurre para 

los ARN mensajeros y sus funciones son tan extensas en la biología celular que su 

desregulación conlleva al desarrollo de enfermedades como el cáncer. Uno de los lncRNA 

asociados al desarrollo de cáncer más estudiado es MALAT1 (Metastases Associated Lung 

Adenocarcinoma Transcript 1), un lncRNA involucrado en el proceso de splicing de los 

ARNm (Tripathi et al., 2010). MALAT1 se encuentra sobreexpresado en tumores 

metastásicos de CPNM y puede utilizarse como biomarcador pronóstico en estadios I de la 

enfermedad (Ji et al., 2003). Además se ha visto que la sobreexpresión de MALAT1 tiene un 

papel oncogénico en cáncer de ovario, aumentando la viabilidad, formación de colonias y 

migración, así como la aparición de fenotipos metastásicos en pacientes con cáncer de 

ovario (Zhou et al., 2016). 

3. Resistencia al tratamiento quimioterapéutico  

3.1 Mecanismos de resistencia a cisplatino 

La mayor limitación del uso del cisplatino como quimioterapéutico se debe a que, a 

pesar ser un potente inductor de la apoptosis, en muchos casos las células tumorales la 

evitan, apareciendo resistencia al fármaco. Los mecanismos por los cuales aparece 

resistencia a cisplatino, se agrupan en cuatro categorías: aumento de la reparación del ADN 

mediante el mecanismo de escisión de nucleótidos (NER) o la reparación de apareamientos 

erróneos (MMR); descenso en la retención del fármaco por aumento de la salida o por 

disminución de la entrada de éste al interior celular, como consecuencia de la presencia o 

ausencia de los transportadores de membrana encargados de su transporte; inactivación 

del cisplatino o imposibilidad de alcanzar el ADN, debido al incremento de moléculas 

implicadas en su detoxificación como son el glutatio y las metalotioneínas; y activación de 

factores de transcripción que inducen la proliferación celular, el aumento de proteínas 

antiapoptóticas como bcl-2 o la activación de ADN-metiltransferasas que modifican 

epigenéticamente la expresión de numerosos genes (Kartalou and Essigmann, 2001, Rabik 

and Dolan, 2007, Holzer et al., 2004, Wu et al., 2005). A pesar de que no se conoce el 

mecanismo concreto por el cual las células cancerosas desarrollan resistencia a cisplatino, 

se cree que se trata de un proceso multifactorial que incluye varios de los mecanismos 

mencionados.  
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3.2  Epigenética y resistencia a tratamiento 

Como se ha mencionado, la aparición de resistencia al cisplatino está relacionada con 

la activación de DNMTs. Este proceso de metilación del ADN en las células tumorales 

provoca el silenciamiento de determinados genes, necesarios en condiciones normales para 

el correcto funcionamiento celular. Este silenciamiento puede considerase directo, si se 

hipermetila el promotor del gen que se inactiva, o indirecto, en caso de que se hipermetilen 

genes reguladores del gen que se silencia, o bien regiones reguladoras de los miARNs y 

lncRNAs, silenciándolos y provocando la sobreexpresión de sus genes diana.  

Se ha descrito que el silenciamiento transcripcional de algunos genes, como el de la 

arginino-succinato-sintetasa, mediado por hipermetilación de los dinucleótidos CpG de su 

promotor, es un evento epigenético frecuente asociado al desarrollo de resistencia a 

cisplatino en cáncer de ovario (Nicholson et al., 2009). Otros estudios describen la pérdida 

de expresión del gen IGFBP-3 (Insulin-like Growth Factor Binding Protein-3) en células de 

CPNM, como efecto producido por la administración de CDDP. El silenciamiento de este gen 

se produce por la hipermetilación de su promotor en los fenotipos de células resistentes a 

cisplatino, lo que indica que la metilación del promotor de IGFBP-3 está mediando la 

aparición de resistencia a este fármaco (Ibanez de Caceres et al., 2010). Cada vez se conocen 

mejor los genes cuyos promotores están hipermetilados en cáncer y que se relacionan con 

la resistencia a cisplatino como consecuencia del silenciamiento epigenético al que están 

sometidos, sin embargo el número de genes identificados hasta la fecha es aún muy 

reducido (Chang et al., 2010). 

Las alteraciones en la expresión de las histona-desacetilasas y demetilasas, también 

contribuyen al desarrollo de resistencia a cisplatino en determinados tipos de cáncer. Un 

ejemplo de ello se produce en CPNM, en el que el aumento de expresión de estas enzimas, 

en concreto la Histona-Deacetilasa-6 (HDAC6), genera fenotipos resistentes además de 

disminuir la apoptosis en estas células (Wang et al., 2012).  Por otro lado, el estrés oxidativo 

provocado por el cisplatino, también induce cambios a nivel de histona-demetilasas, que 

alteran los patrones de metilación de las histonas y constituye un mecanismo de 

silenciamiento génico en algunos tipos de cáncer (Cortes-Sempere et al., 2013). 

La importancia de estudiar la relación que parece haber entre las modificaciones 

epigenéticas de los promotores de los ARNs no codificantes y el desarrollo de fenotipos 

resistenets a fármacos quimioterapéuticos, como el cisplatino, ha crecido enormemente en 

los últimos años. De hecho, uno de los mecanismos reguladores de la expresión de miARNs, 

es su silenciamiento debido a la metilación de sus regiones reguladoras que resulta en la 
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sobreexpresión de sus genes diana (Gulyaeva and Kushlinskiy, 2016, Ha and Kim, 2014). La 

hipermetilación del promotor del miR-200c es un ejemplo de este hecho. Estudios en líneas 

de CPNM, relacionan la disminución de la expresión  de este miARN con la resistencia a 

cisplatino, como consecuencia de la hipermetilación de su promotor (Ceppi et al., 2010). Por 

otro lado, estudios recientes han descrito por primera vez la relación entre la expresión de 

lncRNAs y la aparición de resistencia en distintos tumorales. Ejemplo de ello son HOTTIP, 

un lncRNA que regula la transcripción del grupo de genes de la familia HOXA en el extremo 

5’, y que se ha asociado a proliferación celular, invasión y quimioresistencia en 

osteosarcoma y cáncer de hígado y páncreas (Li et al., 2015, Quagliata et al., 2014). UCA1 o 

ROR son otros ejemplos de lncRNAs relacionados con la resistencia a compuestos derivados 

del platino en cáncer de vejiga y nasofaríngeos, respectivamente (Fan et al., 2014, Li et al., 

2016).  

3.3. Efecto del estrés oxidativo en la maquinaria epigenética 

El estrés oxidativo es un fenómeno común en múltiples tipos de cáncer que deriva del 

metabolismo aumentado de las células para promover y mantener su potencial 

tumorogénico. Por otro lado, se ha demostrado que el estado hipóxico de las células 

tumorales aumenta la situación de estrés oxidativo, lo que conlleva a cambios estructurales 

y epigenéticos mediados por el factor de hipoxia HIF-1 (Nishida and Kudo, 2013, Kreuz and 

Fischle, 2016). Otro de los elementos que más cambios provoca en el estrés oxidativo, y por 

tanto en la modificación de la maquinaria epigenética, es el humo del tabaco (Arita and 

Costa, 2014). Además, como consecuencia de la administración de cisplatino a las células 

tumorales, se producen elevadas cantidades de especies reactivas de oxígeno (EROs) y de 

nitrógeno (ERNs) que aumentan el estrés oxidativo (Marullo et al., 2013, Martins et al., 

2008, Schaaf et al., 2002). Todos estos cambios en el estado de oxidación de la célula 

conllevan a la remodelación de la maquinaria epigenética a todos los niveles. 

Efecto en la metilación del ADN 

Los cambios en la metilación del ADN derivados del estrés oxidativo radican 

principalmente en la alteración de la actividad y la función de las ADN-metil transferasas. 

Varios estudios sugieren que la inducción de estrés oxidativo mediada por peróxido de 

hidrógeno provoca el incremento de la actividad de la ADN-metil transferasa 1 y su unión a 

promotores de genes supresores tumorales como RUNX3 (Nishida and Kudo, 2013). Por 

otro lado, se ha descrito que el estado de estrés oxidativo provoca cambios en el ciclo 

catalítico del hierro que conlleva a la inhibición de las demetilasas de la familia TET, 

incrementando de esta forma los niveles de metilación del ADN  (Kreuz and Fischle, 2016). 
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Como se ha mencionado con anterioridad, uno de los compuestos oxidantes a los que más 

se exponen las células epiteliales de los pulmones es el humo del tabaco. A parte de ser un 

potente carcinógeno, el humo del tabaco provoca elevados niveles de especies reactivas de 

oxigeno que tienen como consecuencia la aparición de enfermedades como la EPOC, lo que 

conlleva a la alteración de los patrones de metilación del ADN (Sundar et al., 2013, Arita and 

Costa, 2014). 

Efecto en las modificaciones de histonas 

Es también sabido que el estrés oxidativo induce alteraciones en la acetilación y 

metilación de las histonas al actuar sobre las enzimas que mantienen el estado de la 

cromatina. Se ha descrito que el estrés oxidativo inducido por el peróxido de hidrógeno 

puede reclutar moduladores de histonas a promotores de genes supresores tumorales 

activos para inhibirlo (Nishida and Kudo, 2013, Kreuz and Fischle, 2016).  A pesar de que el 

estrés oxidativo influye en las modificaciones postraduccionales de las histonas que regulan 

el estado de la cromatina, no actúa sobre ellas de la misma forma, debido a la distinta 

sensibilidad de las enzimas metilasas, demetilasas y acetilasas de histonas a los productos 

derivados del estrés oxidativo (Kreuz and Fischle, 2016). Al igual que ocurre con la 

metilación del ADN, uno de los cambios más llamativos a nivel de las desacetilasas de 

histonas, reduciendo su actividad, se produce como consecuencia del humo del tabaco (Yao 

and Rahman, 2012). En pacientes con EPOC, se ha descrito un descenso de la actividad de la 

HDAC2 que aumenta la acetilación de las histonas H3 y H4 en el promotor de gen NF-κB, y 

por tanto la desregulación de genes proinflamatorios (Arita and Costa, 2014). 

Efecto sobre los ARNs no codificantes 

 Igual que el estrés oxidativo se ha visto implicado en la remodelación de la 

cromatina a nivel de modificaciones en el ADN y las histonas, la regulación de la 

transcripción por parte de los ARNs no codificantes también se ve alterada de diversas 

formas por este estímulo.  

Hasta la fecha se han identificado varios microARNs cuya alteración del patrón de 

expresión viene dado por cambios en el estrés oxidativo celular (Fuschi et al., 2017). Uno de 

ellos es el miR-200c cuya expresión aumenta en células epiteliales debido al incremento de 

las especies reactivas de oxígeno, lo que conlleva al aumento de la apoptosis y la senescencia 

celular (Magenta et al., 2011). Otros microARNs cuya expresión está inducida por la 

presencia de especies reactivas de oxígeno y nitrógeno son el miR-21 (Weber et al., 2010), 

el miR-24 (Bu et al., 2016) o el miR-181 (Liu et al., 2016). Sin embargo, hasta la fecha todas 
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estas alteraciones se han descrito en enfermedades vasculares o asociadas al estrés 

oxidativo como la diabetes o la aterosclerosis, sin estudiar el papel concreto de las EROs en 

cáncer y en la respuesta a cisplatino.  

Por otro lado, y a pesar de que los ARNs no codificantes largos son un 

descubrimiento relativamente reciente, se ha relacionado la alteración de algunos de estos 

ARNs no codificantes con el estrés oxidativo. OxyS es uno de estos ARNs no codificantes 

reguladores de la expresión que media la adaptación al peróxido de hidrógeno en 

situaciones de estrés oxidativo debido a su inducción como consecuencia del aumento de 

EROs (Amaral et al., 2013). De hecho, el estrés oxidativo parece inducir la transcripción de 

cientos de lncRNAs antisentido en detrimento de sus genes codificantes (Fuschi et al., 2017). 

Sin embargo, hasta la fecha, la regulación detallada de estos ARNs no codificantes mediante 

las especies reactivas de oxígeno y su papel en la transcripción global, así como su relación 

con la aparición de resistencia al tratamiento con quimioterapia es aún objeto de estudio.  

El estudio de los ARNs no codificantes y su relación con el cáncer y la 

quimioresistencia, están aumentando considerablemente el conocimiento que se tiene 

hasta la fecha de estos elementos reguladores de la expresión génica. Sin embargo, se 

necesita abordar su estudio de forma global a nivel del transcriptoma y el metiloma para 

poder implicar a estos elementos y a sus propios mecanismos de regulación epigenética en 

la respuesta a quimioterapia. 

Por todo ello, en este trabajo nos centramos en la importancia de estudiar la relación 

que parece haber entre las modificaciones epigenéticas, tanto a nivel de metilación como de 

ARNs no codificantes, y el desarrollo de fenotipos resistentes a quimioterapia, para 

contribuir a perfilar patrones de expresión e identificar posibles nuevas dianas diagnósticas 

y terapéuticas que permitirán el desarrollo de nuevas terapias para el tratamiento de esta 

enfermedad. 
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OBJECTIVES 

 

The main objective of the present work is to deepen on the molecular mechanisms 

underlying cisplatin resistance mediated by epigenetic changes that occurs at DNA 

methylation and non-coding RNAs levels, as well as the signaling pathways involved in the 

development of resistance to platinum-based chemotherapy. To that end, the specific 

objectives of the present work are: 

Objective 1: To study the role of the epigenetic regulation of miRNome in the acquired 

resistance to cisplatin in lung and ovarian cancer. 

- Identification of microRNAs under potential epigenetic regulation in the acquired 

resistance to cisplatin.  

- Identification of potential candidate target genes under microRNA regulation in 

the acquired resistance to cisplatin. 

- To study the molecular pathways regulated by the microRNAs target genes as a 

mechanism of cisplatin resistance.  

- To study the potential clinical applicability of identified microRNAs and target 

genes. 

 

Objective 2: Epigenetic characterization of lncRNAs in the acquired resistance to 

cisplatin in lung and ovarian cancer. 

- Transcriptome profiling of lncRNAs under epigenetic regulation in resistance to 

cisplatin.  

- To characterize the epigenetic regulation of lncRNAs involved in cisplatin 

resistance.  
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MATERIALS AND METHODS 

1. Cell culture, treatments and viability to CDDP  

Seventeen human cancer cell lines were purchased from ATCC (Manassas, VA) or ECACC 

(Sigma-Aldrich, Spain) and cultured as recommended. Cisplatin (CDDP) was purchased 

from Farma Ferrer (Spain). The CDDP-resistant variants H23R and H460R were established 

previously in our laboratory from the parental sensitive cell lines (Ibanez de Caceres et al., 

2010); OVCAR3R and A2780R variants were established using the same procedure (Levina 

et al., 2008, Plasencia et al., 2006). Briefly, cells were exposed to increasing doses of CDDP 

over the time until reaching a significant resistant index, calculated as the Inhibitory 

Concentration 50 (IC50) of the resistant over the IC50 of the sensitive cell line. The resistant 

variants H23R, H460R, A2780R and OVCAR3R were selected after a final exposure to 0.7, 

0.5, 0.5 and 0.05 μg/ml cisplatin, respectively. The additional 13 human cell lines, PC-3, 

LNCAP, H727, H1299, HT29, HEK-293T, A549, BT474, LoVo, IMIM-PC-2, SKOV3, SW780 and 

IMR90, were used to validate the results obtained from the paired sensitive-resistant cell 

lines established in our laboratory. All cell lines used were authenticated at the Genomics 

Core Facility of the ‘Instituto de Investigaciones Biomédicas Alberto Sols CSIC-UAM’. 

Authentication was performed by amplification SRT (Short Tandem Repeat) using the 

GenePreintR10 System kit (Promega, USA). This methodology allows co-amplification and 

three-color detection of ten human loci: TH01, TPOX, vWA, Amelogenin, CSF1PO, D16S539, 

D7S820, D13S317, D21S11 and D5S818. These loci collectively provide a genetic profile 

with a random match probability of 1 in 2.92 × 109 and are used for human cell line and 

tissue authentication and identification and human cell line cross-contamination 

determination. Results of the Authentication are shown in Table 5. 
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Table 5. Cell Authentication. Genomics Core Facility. IIBm CSIC-UAM. 

 
Note. # (Vila et al., 1995) 

For viability assays cells were seeded in 24-well plates at 40,000 cells/well, then treated 

with increasing doses of CDDP (0, 0.5, 1, 1.5, 2 and 3 µg/ml) over the next 72 hours and 

stained following a previously described method (Chattopadhyay et al., 2006). Briefly, cells 

were washed with PBS 1X, fixed with glutaraldehyde 1% (Sigma Aldrich, USA) and stained 

with crystal violet 0.1% (Sigma Aldrich, USA). Afterwards, cells were discolored with acetic 

acid 10% (Merck, USA) and the extract was measured by colorimetry at 595 nm. Cell 

viability comparing sensitive with resistant cell lines was estimated relative to the density 

recorded over the same experimental group without drug exposure during the same period 

of time (0 µg/ml). 
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5Aza-2deoxycytidine (5Aza-dC) and trichostatin A (TSA) (Sigma-Aldrich, Spain) are 

epigenetic reactivation drugs that were used for the reexpression studies following a 

previously described methodology (Ibanez de Caceres et al., 2006). TSA is a 

pharmacological treatment that inhibits the action of histone deacetylases (HDAC); 5Aza-

dC is a cytosine analogue that sequesters the DNMTs, blocking their action. The combination 

of both treatments facilitate the open conformation of chromatin and the transcriptional 

activation. The concentration of these drugs used in the present work are based on previous 

studies from our group, in which SW480 cells were treated with increasing doses of 5Aza-

dC (2.5 and 5 µM) and TSA (150, 300 and 500 nM) to determine that the best re-

expression/less mortality ratio was for 300 nM of TSA and 5Aza-dC at 5 µM. This study also 

studied the re-expression potential of both drugs alone or in combination, showing that 

combining both drugs produced higher re-expression levels (Ibanez de Caceres et al., 2006). 

For the present study, the resistant cancer cell lines H23R, H460R, OVCAR3R and A2780R 

were maintained in the absence of cisplatin for 20 days before the epigenetic treatment to 

avoid making note of transcriptional changes caused by the effects of the drug itself and to 

ensure that the resistance remained stable. The 4 resistant cell lines were seeded at 700,000 

cells/p60 and exposed to 5Aza-dC (5µM) and TSA (300nM), named therefore Resistant 

Treated cells (RT). Simultaneously, the 8 matched sensitive and resistant cell lines were 

seeded at the same concentration and treated with PBS and ethanol (mock cells). DNA and 

RNA were extracted from all the experimental groups to perform the miRNA/mRNA 

expression array assays, the confirmation of the expression changes by qRT-PCR and the 

epigenetic validations.  

2. Plasmids and bacteria transformation 

To carry out the outlined experimental functional assays, we used two types of plasmids: 

overexpressing and 3’UTR-region plasmids. Overexpression vectors carry the cDNA 

sequence of the genes MAFG (RC221486, OriGene), ELK-1 (RC208921, OriGene) or ABCA1 

(RC221861, OriGene) followed by the coding sequence of an epitope of Myc for the C-

terminus of the protein, to be subsequently detected with antibodies for western blot. The 

vector PCMV5 was generously donated by Dr. R. Perona (Centro de Investigación Biomédica 

Alberto Sols, CSIC-UAM) and used as negative control. 3’UTR-region plasmids carry the 

sequence of the Luciferase reporter gene followed by the 3’UTR region of MAFG (SC221766, 

OriGene), ELK-1 (SC213985, OriGene) or ABCA1 (SC220652, OriGene). A vector with a 

3’UTR region not regulated by any microRNA (PS100062, OriGene) was used as control.  
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In order to have enough amount of every vector for the efficient cellular transfection, we 

transformed E. coli DH5α cells with 100ng of each plasmid followed by incubation on ice at 

30 minutes and thermal shock at 42ºC for 2 minutes. Transformed cells were incubated 1 

hour at 37ºC in LB broth medium (Thermofisher, USA) prior to seeding in LB-agar (Sigma 

Aldrich, USA) + kanamycin or ampicillin (Roth, Alemania) plates. The next morning, colonies 

were collected and growth overnight in 400 ml of LB medium + kanamycin or ampicillin (10 

ng/ml) at 37ºC and shaking at 200 RPM. 16-20 hours later, the plasmidic DNA isolation and 

purification was performed with the Plasmid Maxi Kit (Qiagen, USA) following the 

manufacturer’s indications with minor modifications. 

3. Site-directed mutagenesis assay 

The full length MAFG-3’-UTR sequence (NM_002359.3 OriGene, USA) was used as a 

template to generate the mutants MAFG 3´UTR. Two different regions were identified as 

seed region of miR-7 binding site by more than six bioinformatic algorithms (diana, 

miranda, targetscan, miRmap and pita). Seven nucleotides within each seed region were 

mutated. Site-directed mutagenesis was carried out with QuikChange lightning site-

directed mutagenesis kit (Stratagene, USA) according to the manufacturer´s instructions. 

The presence of both mutated seed regions and the integrity of the remaining MAFG 3’UTR 

sequence of all constructs were validated by Sanger sequencing. The primers designed to 

introduce mutations were for Region2: Fw-5’-

caagtaaaccatgatatatagtgctacttccaccttaactttgcc-3’; Rv-5’-

ggcaaagttaaggtggaagtagcactatatatcatggtttacttg-3’; and for Region8: Fw-5’-

ggccaagcgttccctggccagtgctatctggcctcagctttgttc-3’, Rv-5’-

gaacaaagctgaggccagatagcactggccagggaacgcttggcc-3’. 

4. Cell Transfection and lentiviral transduction.  

cDNA plasmids transfection: a Myc-DDK-tagged ORF clone of MAFG, ELK-1 or ABCA1 and 

the negative control pCMV6 were used for in transient transfection (OriGene, USA). H23 and 

A2780 cells were plated onto 60-mm dishes at 6x105 cells/dish and transfected with a 

negative control, MAFG, ELK-1 or ABCA1 vectors using jet-PEI DNA Transfection Reagent 

(PolyPlus Transfection, USA). For stable overexpression, lentiviruses carrying ELK-1 cDNA 

(Applied Biological Materials, Canada) were obtained by cotransfecting 15 μg of the specific 

lentiviral vector (pGIPZ-nonsilencing or pLenti-GIII-CMV-hELK-1-GFP-2A-Puro) and 5 μg of 

each packaging vector (pCD-NL-BH and pMD2-VSV-G) in 10 million HEK 293T cells using 

Lipofectamine 2000 (Invitrogen, USA). Supernatants were taken at 48 hours 

posttransfection. A2780S cells were plated onto 60-mm dishes at 1x105 cells/dish and 
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transduced with supernatant carrying nonsilencing or ELK-1 lentivirus, and polybrene was 

added (5 μg/ml).  

Luciferase assay: HEK-293T cells were transfected with MAFG-3’-UTR, MAFG-3’-

mutated-UTR, ABCA1-3’-UTR or ELK-1-3’-UTR plasmids (OriGene, USA), and PremiR-hsa-

miR-7 or Negative Control as described above. Luminiscence was assayed 24 hours later 

using the Kit Renilla Luciferase Assay System (Promega, USA), according to the 

manufacturer’s instructions. Results were normalized to the Renilla luminescence from the 

same vector and shown as the ratio between the various treatments and cells transfected 

with control vector. 

miR-7 overexpression and silencing: Cell lines were seeded at 500,000 cells/p60 plate, 

then transfected with 40 or 50 nM of miR-7 precursor, anti-miR-7 or negative controls 

(AM17100, AM 17110, AM10047 and AM17010 Ambion, USA) and using Lipofectamine 

2000 (Invitrogen, USA) according to the manufacturer’s protocol.  

Transfection efficacy was measured by qRT-PCR, using the sensitive cell line transfected 

with the negative control as a calibrator. Two independent experiments were performed in 

quadruplicate. 

5. Clinical sample and data collection  

Formalin-Fixed Paraffin embedded (FFPE) and fresh-frozen ovarian cancer samples 

were collected from untreated patients and associated clinical data were obtained from 

Hospital Parc de Salut Mar (83 patients) and Biobank of IDIS-CHUS-HULP (55 patients) 

representing the most frequent ovarian cancer subtypes; all the patients underwent 

chemotherapy treatment after sample collection. In addition, 22 high-grade serous 

carcinoma (HGSOC), were obtained from the National Cancer Research Centre (CNIO) 

biobank in collaboration with Dr. J. Benitez, from a previously reported cohort of patients 

(Gayarre et al., 2016). Seven patients were also selected from stage III/IV patients from 

Hospital Madrid Clara Campal with a platinum treatment response classified as refractory 

or resistant..  

Formalin-Fixed Paraffin embedded (FFPE) and fresh-frozen tumor (T) and Adjacent-

tumor tissues (ATT) paired samples were obtained from 36 and 22 patients with NSCLC, 

respectively, from La Paz University Hospital. In addition, FFPE samples were obtained from 

39 patients with NSCLC from Hospital Parc de Salut Mar. All patients had both a 

perioperative PET-CT scan showing localized disease and a pathological confirmation of 
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stages after having undergone a complete resection for a histologically confirmed early 

NSCLC. 

We also collected 10 normal ovarian samples from patients who had undergone a sex 

reassignment surgery or tubal ligation and 10 peripheral blood mononuclear cells (PBMCs) 

to discard genomic imprinting. In addition, five saliva samples from healthy donors and two 

samples from non-neoplastic origin were used as controls. Follow-up was conducted 

according to the criteria of the medical oncology divisions from each institution. All samples 

were collected after the approval of the appropriate Human Research Ethics Committee at 

the contributing center, including an informed consent within the context of research. 

Clinical, pathological and therapeutic data were recorded by an independent observer, and 

a blind statistical analysis was performed on the data. Table 6 summarizes the total number 

of samples obtained and used in this work. 

Table 6. Summary of the samples obtained for this study including the tissue type, center of 

origin and sample preservation type.  

Tissue Type Hospital/Biobank 
Number of 

Samples 
Sample Type 

Characteristics 

Ovarian cancer Hospital Parc de Salut Mar 83 FFPE 

Representation of the most frequent 
ovarian cancer subtypes. All the 
patients underwent chemotherapy 
treatment 

Ovarian cancer Biobank of IDIS-CHUS 55 Fresh-Frozen 

Representation of the most frequent 
ovarian cancer subtypes. All the 
patients underwent chemotherapy 
treatment 

Ovarian Cancer 
National Cancer Research 

Centre (CNIO) biobank 
22 FFPE 

High-Grade Serous carcinoma from a 
previously reported cohort of patients 
(Gayarre et al., 2016)  

Ovarian cancer Hospital Madrid Clara Campal 7 FFPE 
Stages III/IV with a platinum treatment 
response classified as refractory or 
resistant 

     

NSCLC La Paz University Hospital 36 FFPE 

Lung cancer cohort of confirmed stages 
I/II from a previously reported cohort 
of patients (Ibanez de Caceres et al., 
2010) 

NSCLC Hospital Parc de Salut Mar 39 FFPE 
Lung cancer cohort of confirmed stages 
I-IV from a previously reported cohort 
of patients (Pernia et al., 2014) 

NSCLC La Paz University Hospital 22 Fresh-Frozen 
Lung cancer cohort of paired samples 
Tumor and Tissue Adjacent to the 
Tumor  

      

Peripheral Blood 
Mononuclear Cells 

La Paz University Hospital 10 Blood Negative Control cohort 

Normal Ovarian La Paz University Hospital 10 Fresh-Frozen 
Negative Control cohort belonging to 
patients who had undergone a sex 
reassignment surgery or tubal ligation  

Normal Lung /Normal 
saliva 

La Paz University Hospital 2/5 
FFPE/Bucal 

Swab 

Negative Control cohort of lung and 
saliva samples from non-neoplastic 
disease 

Note: FFPE, Formalin-Fixed Parafin Embedded; NSCLC, Non-Small Cell Lung Cancer 
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6. In silico databases: The Cancer Genome Atlas (TCGA) and Total Cancer Care (TCC) 

The Cancer Genome Atlas (TCGA) data: We obtained RNA sequencing data for the MAFG 

of 984 NSCLC tumors and 312 ovarian tumors from the TCGA. The raw reads were 

quantified by RSEM (Li and Dewey, 2011) in order to determine the read counts for each 

gene (calculated separately). Then, we filtered out genes having less than one count-per-

million reads in all samples. The normalization process was performed with trimmed mean 

of M-values (Robinson and Oshlack, 2010) to obtain the MAFG sequence count data in all 

patients. 

Total Cancer Care (TCC): We obtained MAFG gene expression data for 1035 lung cancer 

and 174 ovarian cancer samples from the Moffitt Cancer Center Total Cancer Care 

Biorepository (Fenstermacher et al., 2011) that were assayed on a custom Affymetrix 2.0 

microarray. Normalized intensity values for MAFG probe sets were obtained and the probe 

with highest average intensity was retained for gene expression analysis.  

7. RNA isolation 

Total RNA from sensitive (S), resistant (R) and resistant under epigenetic reactivation 

treatment (RT) cells was extracted by the guanidine thiocyanate method using TRIZOL 

reagent (Invitrogen, CA) and purified with the miRNeasy mini kit (Quiagen, CA), combined 

with DNAsa treatment as recommended by Agilent. RNA Integrity was determined by 

running samples in a 2100 Bioanalyzer (Agilent Technologies).  

8. miRNA/mRNA and lncRNAs array preprocessing 

miRNA microarrays: Labeling Kit (Agilent Technologies) was used to label RNA. Basically, 

100 ng of total RNA were dephosphorylated and Cyanine 3-pCp molecule was ligated to the 

3´ end of each RNA molecule by using T4 RNA ligase. For hybridization, 100 ng of Cy3 

labelled RNA were hybridized onto Human miRNA Microarray v2, 8x15K (G4470B) for 20 

hours at 55ºC in a hybridization oven (G2545A, Agilent Technologies) set to 15 rpm in a 

final concentration of 1X GE Blocking Agent and 1X Hi-RPM Hybridization Buffer, according 

to manufacturer's instructions (miRNA Microarray System Protocol, Agilent Technologies). 

Arrays were washed according to manufacturer's instructions (miRNA Microarray System 

Protocol, Agilent Technologies) and dried out using a centrifuge at 1000 rpm for 2 min. 

Finally, arrays were scanned at 5mm resolution on an Agilent DNA Microarray Scanner 

(G2565BA, Agilent Technologies) using the default settings for miRNA Microarray (miRNA 
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Microarray System Protocol, Agilent Technologies) and image provided by the scanner was 

analyzed using Feature Extraction software version 10 (Agilent Technologies).  

mRNA microarrays: One-Color Microarray-Based Gene Expression Analysis Protocol 

(Agilent Technologies, Palo Alto, CA, USA) was used to amplify and label RNA. Briefly, 1 µg 

of total RNA was reverse transcribed using T7 promoter Primer and MMLV-RT. Then cDNA 

was converted to aRNA using T7 RNA polymerase, which simultaneously amplifies target 

material and incorporates cyanine 3-labeled CTP. Subsequently, samples were hybridized 

to Whole Human Genome Microarray 4 x 44K (G4112F, Agilent Technologies). 1.65 mg of 

Cy3 labeled aRNA were hybridized for 17 hours at 65ºC in a hybridization oven  (G2545A, 

Agilent) set to 10 rpm in a final concentration of 1X GEx Hybridization Buffer HI-RPM, 

according to manufacturer's instructions (One-Color Microarray-Based Gene Expression 

Analysis, Agilent Technologies). Arrays were washed according to manufacturer's 

instructions (One-Color Microarray-Based Gene Expression Analysis, Agilent Technologies) 

and were dried out using a centrifuge. Finally, arrays were scanned at 5mm resolution on 

an Agilent DNA Microarray Scanner (G2565BA, Agilent Technologies) using the default 

settings for 4x44k format one-color arrays and the images provided by the scanner were 

analyzed using Feature Extraction software (Agilent Technologies). 

mRNA array data were normalized using quantiles normalization (Bolstad et al., 2003) 

while miRNA array data were normalized using the VSN method (Huber et al., 2002) which 

preserves the biological characteristics of the data while stabilizing the variance across the 

entire intensity range. Quality control was based on statistical outlier criteria implemented 

in the Bioconductor package ArrayQualityMetrics; there were no statistical outliers in terms 

of MA plots, dendrogram or boxplots.  After normalization, only those probes present in at 

least one sample from the microRNA-microarrays and at least 50% of all the samples from 

the mRNA-microarrays were considered for further analysis. Fifteen different 

bioinformatics algorithms were developed from GeneCard (www.genecards.org), miRBase 

(www.mirbase.org), mirwalk (www.umm.uni-heidelberg.de/apps/zmf/mirwalk) and Web 

gestalt (www.bioinfo.vanderbilt.edu/webgestalt) databases for studying the in silico 

complementarity between  miRNAs/mRNA (Wang et al., 2013, Dweep and Gretz, 2015, 

Kozomara and Griffiths-Jones, 2014).  (GEO reference: GSE84201). 

The criteria used for filtering the miRNA/mRNA data were according to the packages 

recommended by Agilent, and were analyzed by two independent bioinformaticians. 

miRNA/mRNA experiments had an average expression over the 20th percentile of all 

average expressions and changed across the different conditions (i.e. with a coefficient of 
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variation [CV] >5% across all samples). Global data were combined to identify those 

miRNAs, with inhibited expression after cisplatin treatment that were re-expressed after 

epigenetic reactivation, together with those genes that have in silico mRNA complementary 

sequences and opposite expression. Genes were considered as targets if selected with at 

least one of the 10 methods described by Alexiou et al (Alexiou et al., 2009). For the inverse 

expression profiles, only those pairs (miRNA, gene) with a negative Spearman correlation 

coefficient and a p-value for this correlation <0.1 were considered as potential targets. The 

databases GeneCard (http://www.genecards.org) miRBase (www.mirbase.org), mirwalk 

(www.umm.uni-heidelberg.de/apps/zmf/mirwalk) and Web gestalt 

(www.bioinfo.vanderbilt.edu/webgestalt) were used for bioinformatics analysis (Wang et 

al., 2013, Dweep and Gretz, 2015, Kozomara and Griffiths-Jones, 2014). (GEO reference: 

GSE84201). 

lncRNAs microarray: mRNA and lncRNA expression profiling was performed using the 

Arraystar Human LncRNA Microarray V3.0 (Arraystar) in two independent biological 

replicates per sample (GSE108139). This lncRNA microarray interrogates lncRNAs, 

together with mRNAs on the same chip, which are labeled along the entire length without 

3’ bias, even for degraded RNA at low amounts. LncRNAs as a population are ~10x less 

represented than mRNA. The overlapping lncRNAs have partial or total regions in common 

with their host gene (Ning et al., 2017). Thus, strand and transcript-specific detection is 

crucial to accurate detection of multiple transcript isoforms. The use of a specific exon or 

splice junction probe can specifically detect transcripts that overlap with other transcripts 

on the sense strand. The expression profiling was based on the manufacturer’s standard 

protocols with minor modifications. Briefly, mRNA was purified from total RNA after 

removal of rRNA (mRNA-ONLY™ Eukaryotic mRNA Isolation Kit, Epicentre). Next, each 

sample was amplified and transcribed into fluorescent cRNA along the entire length of the 

transcripts without 3’ bias, using a random priming method (Arraystar Flash RNA Labeling 

Kit, Arraystar). The labeled cRNAs were hybridized onto the Human LncRNA Array v3.0 (8 

x 60 K, Arraystar). The slides were washed and the arrays were scanned by the Agilent 

Scanner G2505C. Agilent Feature Extraction software (version 11.0.1.1) was used to analyze 

acquired array images. Quantile normalization and subsequent data processing were 

performed using the GeneSpring GX v12.1 software package (Agilent Technologies). After 

quantile normalization of the raw data, lncRNAs and mRNAs that, in at least 1 of 16 samples, 

had flags in Present or Marginal (“all targets value”) were chosen for further data analysis. 

Differentially expressed lncRNAs and mRNAs with statistical significance between the two 

groups were identified through fold change ≥1.5, p-value ≤ 0.05 
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9. Whole genome bisulfite sequencing 

The DNA from H23S/R, H460S/R, A2780S/R and OVCAR3S/R was isolated as described 

(Pernia et al., 2014) and sent to the National Centre for Genome Analysis (Centro de 

Nacional de Análisis Genómico [CNAG]) for WGBS (GSE109317). Briefly, 2 µg of genomic 

DNA was mixed with unmethylated DNA from lambda phage in a proportion of 5 ng for each 

µg of genomic DNA. Libraries were prepared using the “preparation samples kit” TruSeqTM 

DNA v2 (Illumina Inc.) following the manufacturer’s indications with minimum changes. 

DNA was sonicated using Covaris E220 (Covaris Inc.) to generate fragments of 50-500 bp. 

The selected size for library preparation was 150-300 bp. These fragments were purified 

using AMPure XP spheres (Agencourt Bioscience Corp). Following methodologies included 

end repair, adenylation and pairing with specific adaptors for the “paired-end” methodology 

from Illumina (Illumina Inc.) as described previously in-depth (Soto et al., 2014). After 

ligation, fragments were sodium-bisulfite modified using the EpiTect Bisulfite kit (Qiagen) 

following the manufacturer’s protocol. DNA was amplified in 7 PCR cycles using DNA 

polymerase PfuTurboCx Hotstart (Agilent Technologies). Quality control of the library was 

performed by Bioanalyzer 75000 (Agilent Technologies). The library was sequenced on 

HiSeq2000 (Illumina, Inc.) following the manufacturer’s protocol, in paired end mode with 

a read length of 2x101bp. Images analysis, base calling and quality scoring of the run were 

processed using the manufacturer’s software Real Time Analysis (RTA 1.13.48). The 

average million read-pairs was ~500 reads and the mean coverage was ~30X per sample. 

The mapping was carried out using GEM 1.242 and the methylation calling with BScall. 

10. RT-PCR and qRT-PCR 

Total RNA from cells and surgical samples was reverse transcribed and quantitative RT-

PCR analysis were performed as previously described (Ibanez de Caceres et al., 2010, Ibanez 

de Caceres et al., 2006). Briefly, 500 ng of total RNA isolated from cell lines were used for 

RT reaction using PrimeScript™ RT Master (Clontech-Takara, USA) and 5ul of the RT 

product was used for subsequent qPCR using Solis Biodyne Master Mix (Genycell, Spain) 

Samples were analyzed in triplicate using the HT7900Real-Time PCR system (Applied 

Biosystems, USA), and relative expression levels were calculated according to the 

comparative threshold cycle method (2-ΔΔCt) using RNU48 or RNU6B as an endogenous 

control miRNAs and GADPH or β-actin as an endogenous control genes. Primers and probes 

for expression analysis were purchased from Applied Biosystems. miRNAs probes are 

detailed in Table 7. Probes for gene expression are as follows: MAFG: Hs 01034678_g1; ELK-

1: Hs 00901847_m1; MAPKAP1: Hs 01118091_m1; ABCA1: Hs 01059118_m1; GADPH: 
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Hs03929097_g1; β-actin: Hs99999903_m1. Data are presented as the “change of expression 

in number of times” (Log10-RQ) and the error bars are expressed as the maximum estimate 

(RQmax) and the minimum estimate (RQmin) expression levels, representing the standard 

deviation of the average expression level RQ. miRNAs from human HEK-293T cell line were 

isolated using the miRNeasy kit (Quiagen, USA) and miR-7 expression analysis was carried 

out as described before, using RNU48 as endogenous control and the experimental groups 

transfected with 3’-UTR plasmid control and miR-NC as calibrators. 

Table 7. Baseline and statistical characteristics associated with the selected miRNAs. 

miRNA 
Name 

Accession 
Number 

Statistical 
contrast 

FDR 
RvsS 

FDR 
RTvsR 

Assay 
Number 

Validation 
confirmed 

CpG Island 
position / 

Methylation 
Status 

hsa-miR-7-
5p 

MIMAT0000252 
Lung & 
Ovarian 

0.0000 0.0000 268 H23/A2780 Intergenic / M 

hsa-miR-
132-3p 

MIMAT0000426 
Lung & 
Ovarian 

0.0207 0.0000 457 H23/A2780 Intergenic / U 

hsa-miR-
335-5p 

MIMAT0000765 
Lung & 
Ovarian 

0.0013 0.0048 546 H23/H460 Gene promoter / M 

hsa-miR-
148a-3p 

MIMAT0000243 Lung 0.0017 0.1007 470 H23/H460 Intergenic / U 

hsa-miR-
10a-5p 

MIMAT0000253 
Lung & 
Ovarian 

0.0159 0.0761 387 A2780 Gene promoter 

hsa-miR-
124-3p 

MIMAT0000422 
Lung & 
Ovarian 

0.0442 0.0000 1182 H23 Intergenic 

hsa-miR-9-
5p 

MIMAT0000441 Lung 0.0067 0.0112 583 H23 Intergenic 

Note: The table shows the list of miRNAs with accession number, selected following the cut off indicated 

in the FDR columns according to the statistical analysis performed in two contrasts: For both tumor 

types (Lung and Ovarian) or for each tissue origin (Lung or Ovarian). It is also indicated the assays 

numbers for the qRT-PCR validation and the confirmed cell lines. Finally, the CpG islands positions were 

obtained from CpG Island Searcher (http://cpgislands.usc.edu) and the ENCODE annotation data 

(http://www.genome.ucsc.edu/index.html). 

For semiquantitative RT-PCR, 500 ng of total RNA isolated from cell lines was used to 

generate cDNA with the High Capacity cDNA Reverse Transcription Kit (Life Technologies) 

and PrimeScript™ RT Master (Clontech-Takara). Briefly, 500 ng of total RNA were used for 

RT reaction, and 2 µl of the RT product (diluted 1:5) was used for subsequent semi-

quantitative PCR or qPCR reactions with either Promega Green Mix or Promega PCR Mix 

(Promega) and SYBR Green PCR Mix (Applied Biosystems), respectively. Real-Time PCR was 

performed under the following conditions: (a) 1 cycle of 95ºC for 2 min; (b) Number of 

amplification cycles are between 25 to 37 at 95°C for 1 minute and annealing temperatures 

between 56°C to 62°C for 1 min depending on each pair of primers (detailed in Table 8) and 

then 72ºC for 1 min; (c) an extension of 5 min at 72ºC. RT-PCR products were run on a 1.5% 

agarose gel, using the 100 bp Molecular size Marker (New England Biolabs) for appropriate 

identification of band size. Relative quantification was performed by measuring the 

intensity of band amplified using ImageJ software.  
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qRT-PCR relative quantification was calculated according to the 2-∆∆Ct using GAPDH as 

endogenous control and the sensitive-parental cell line as a calibrator and represents the 

change of expression in Log10. Deviation bars show the maximum estimate (RQ Max) and 

the minimum estimate (RQ Min) expression levels, representing the standard deviation of 

the average expression levels. Primers were designed flanking the probe on the array, when 

possible, in order to assure the correct transcript identification and for specific mRNAs and 

lncRNAs transcripts that significantly showed changes in the arrays; GAPDH was used as an 

endogenous control; all primers are listed in Table 8. The RNA obtained from the paired 

A2780/A2780CP and OV2008/OVC13 cell lines was generously donated from Dr. Cheng 

(Moffitt Cancer Center) and was used for further validations. 

Table 8. List of designed primers used for RT-PCR, indicating the length amplified and the PCR 
conditions 

 

11. Epigenetic validation: CpG island identification, DNA extraction, bisulfite 

modification, bisulfite sequencing, methylation-specific PCR and quantitative MSP 

The occurrence of CpG islands (CGIs) encompassing microRNA genes or being located 

nearby (2000 bp 5-upstream) was assessed using various CGI-revealing programs; we first 

used CGI Searcher, (http://bioinfo.itb.cnr.it/cgi-bin/wwwcpg.pl) under Takai and Jones 

parameters: GC ≥55%; Obs/Exp ≥65; and length ≥200 bp, because these situations exclude 

GeneSymbol cDNA Primer Forward (5’  3’) cDNA Primer Reverse (5’  3’) 
cDNA 

Amplification 
Length (bp) 

Annealing 
Temperature 

Cycles of 
amplification 

MAFG TCAGATTTCAGAGGAATACCCAGCAG TGATCACCAGTCAGAAGTGTACACAC 149 60ºC 30 

HMOX1 TGAGTTTCAAGTATCCTTGTTGACAC CTTGGTCTAACTTTTGTGTGAAATAA 270 60ºC 30 

AC091814.2 AGGATTATTCCAGCCTCTGTGATCAC AGTTCCAGCCTTGTGGACACATAGTC 285 59ºC 37 

RP11-65J3.1 002 AGAAAGTTCTTTCCCTGAGGACCATC TTTTGCAGATGTGAGAACTGAGGCTC 417 59ºC 36 

AC141928.1 AGGATGAAAACCATGGAAGGAAAGAGG TTTCACTTACAAGGACCCTGATGACAC 258 59ºC 36 

AF198444 TTTCTTGTTGGTTTGCAAGAGCTCTTTG TGTGTTAGGCAGAAAATGAATGGTAGG 283 59ºC 34 

BX641110 TAAAAAGCAGTCCACACTAACTTGTC TATAATCACTTTCTGCTAGAACGTGG 306 58ºC 31 

RP11-522B15.3 ATCGTTTGGGTAAACAGCCAAGCTTC TCACATGAATTCACATGTCTGGGCAG 353 59ºC 36 

RP11-532F12.5 TCCAAGATCCCTTCAGTGAACATGG TTCCTTTAGAGTCTCTCATCCTCCAG 190 59ºC 36 

RP11-65J3.1 003 AATACCCACCTTTCTGGTAATGCAGC AAGAACTTTCTCCACACGGTCATGTG 249 58ºC 36 

AC007040.5 AAAATCAACCAGACCCAAAACAGAGG TAAACTGTTGGGATTACAGGTGTGAG 368 62ºC 34 

RP11-1A16.1 TTTTCCACATCAGCCACAAGAATGACC AGAAAATTTAGGGTCAGAGCGAATCTTC 220 57ºC 34 

GS1-600G8.5 TTTGTCTTCTGCCGTGATTGTGAG TTCTGAGTCCATAGTCCATTCTGG 151 57ºC 34 

LA16c-83F12.6 TAAAGAGAGGTTATGGAGTCTGTAGC ACATCATGTTCTTCATTCTGCCCTTGC 156 57ºC 34 

TUBA4B AAGCAATCTATGACATCTGCCACTGC TACCTTTTCTGCAGAGATGACTGGTG 224 57ºC 34 

CTD-2026G22.1 ATTCAAGACTGTTTCTTGGACGTCCTC TATTCTTTGGCATAACACAGCTGTCTG 291 57ºC 34 

AP001439.2 AAAGCATTTCCTACCTCCTCCTCTG TAATCATGTCCTTCTGTCTTGGAGG 174 57ºC 34 

RP11-874J12.4 TCATCAAGAGATAGTGTCCGACACAC TTCCTTTACTGTTGTCCGTGTCAGTG 193 57ºC 34 

AC000035.3 TTAACCAGGAATGTCTCGATCTCCTG AAGGACATGGAGGATGAGGGAGAAAG 274 60ºC 30 

XLOC_005125 TCCATTTACCTCTGCCTGAACACAAG TCAAGTAGAGGATTTGTCAGCACAGTC 259 58ºC 34 

RP11-100E13.1 AGGAAACTTGAAGCCAGCAGTACAAG TGAAGTTCTCTCTGGAATGACTGGAC 266 59ºC 32 

CRNDE AAGTTCACTTCTGAACTAAGGGGTTCC ATATTTAAACCACTCGAGCACTTTG 269 56ºC 33 

PLAC2 TTTGCATGTCCCACCTTCTTTGTTTG TTTTATTCAGTACACTCTCAAAACAGC 283 57ºC 36 

RP11-6N17.4 TTGTCCTCATCTAATCCGTCAGTACC TACATAGGTATACATGTGCCATGTTG 259 56ºC 30 

ZNFX1-AS1 AGGCTTTGATTGAACCAGGATGAATG AGATCTTCACTTTCATGAAAGCACAG 272 61ºC 27 

AC007566.10 TAGAACCACCATCAAGTGAAAATTGCC AGTGACCTAAGTCTGTCTTCAATGGTC 276 56ºC 34 

HOXC-AS3 AGGCCACGAGCAAAGGCTGTTTCGGTCC TAGGCATAGGCATAGGTGTCTCAGC 263 56ºC 33 

RP11-333A23.4 AGTATAACCAGGTGCCAGATCTAAAG ATATTTGGAAAGGACACTGTTCCTCAG 326 57ºC 33 

RP11-384P7.7 TGTAAAACCATCAGATCTCGTGAGAC AGTATGTCCTTCTCAGTACCCAACTG 195 56ºC 32 

RP11-561O23.8 AAGAAATTAATGGTGAAGTGGTGACG AAAGTTAACAGTTGATTTGCCTGAGG 261 56ºC 32 

RP11-760H22.2 AGATTAGATGTGATCAACCTCACAC ACTTTTGGCTACATAGGAGAATCAG 321 57ºC 36 

AC003986.7 TCTCAAAAAATGGCTGGAGCTAGATAC TCTTTCATCAGTTATTCCAGCAACTC 271 57ºC 34 

GAPDH GAGAGACCCTCACTGCTG GATGGTACATGACAAGGTGC 135 58ºC 25 

http://bioinfo.itb.cnr.it/cgi-bin/wwwcpg.pl
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most of the Alu- repetitive elements (Takai and Jones, 2002, Takai and Jones, 2003). To 

confirm the CGI position, we used ENCODE annotation data 

(http://www.genome.ucsc.edu/index.html). CGIs containing repetitive elements were 

detected using the RepeatMasker Web Server (http://www.repeatmasker.org) and then 

excluded from the study. The possible gene in which the miRNA was encoded was also 

analyzed, followed by an analysis of the presence of 5´ CGIs located in the transcriptional 

site and at least 1000 bp upstream.  

The DNA from a total of 308 samples, including tumors, controls and cultured cell was 

isolated, bisulfite modified and used for Bisulfite Sequencing (BS), Methylation Specific PCR 

(MSP) and quantitative MSP (qMSP), as previously described (Ibanez de Caceres et al., 

2006). Briefly, 1 µg of DNA was denaturalized using NaOH (0.2 mol/l) (Sigma-Aldrich, 

Spain) for 10 minutes at 37ºC and bisulfite modified with Sodium Bisulfite and 

Hydroquinone (Sigma-Aldrich, Spain) for 16-18 hours at 50ºC. Sample was protected from 

evaporation with mineral oil (Sigma-Aldrich, Spain). Afterwards, modified DNA was 

purified using the Wizard DNAClean-Up system (Promega, USA) following an incubation 

with NaOH 0.3 mol/l for 10 minutes at room temperature, to maintain the single-strand 

DNA molecules. Modified DNA was precipitated with 100% Ethanol (Merk, USA), glycogen 

20 mg/ml (Roche, Spain) and Ammonium Acetate 10 mol/l (Sigma-Adrich, Spain) overnight 

at -20ºC. Finally, sample was centrifuged at 14,000RPM for 45 minutes at 4ºC and modified 

DNA was washed with 70% Ethanol following another centrifugation of 5 minutes. Modified 

DNA pellet was resuspended in 25 µl of DNase and RNase free water (Thermofisher, USA).  

Bisulfite Sequencing (BS) is an epigenetic validation technique that allows to analyze the 

methylation status of every cytosine in a specific region of the genome no larger than 500 

bp. For BS, primers were designed, when possible, to exclude binding to any CpG 

dinucleotide to ensure amplification of either methylated or unmethylated sequences. 

Primers are listed in Table 9. PCR reactions were used for cell lines and control studies, 

performed under the following conditions: (a) 1 cycle of 95ºC for 5 min; (b) 40–42 cycles of 

95ºC for 1 min, 56°C–62ºC for 1 min, 72ºC for 1 min; (c) an extension of 8 min at 72ºC. The 

PCR products were run on a 1.5% agarose gel, using the 100 bp Molecular size Marker (New 

England Biolabs) for appropriate identification of band size, then cut and cleaned by the 

MinElute gel extraction kit (Qiagen). Direct sequencing was performed on all the genes, 

rather than subcloning of a mixed population of alleles, to avoid potential cloning efficiency 

bias (Grunau et al., 2001) and artefacts (Sandovici et al., 2003). 

http://www.genome.ucsc.edu/index.html
http://www.repeatmasker.org/
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Table 9. List of designed primers used Bisulfite Sequencing, indicating the length amplified and 
the PCR conditions. 

 

Methylation Specific PCR (MSP) is a methodology that allows to detect DNA 

methylation or unmethylation in an order of one methylated allele over 1,000 unmethylated 

ones (Herman et al., 1996). Primers were design based on the results from the sequences 

obtained after BS and are specifically designed to bind methylated (F: 5’-

GGGTGGGGTTTTTTAAGAATC-3’; R: 5’-ACATTCTCCTCCTTCGATCG-3’) or unmethylated (F: 

5’-GGGGTGGGGTTTTTTAAGAATT-3’; R: 5’-ATAACATTCTCCTCCTTCAATCA-3’) modified 

DNA. PCR reactions were used for the primary tumor and control samples and performed 

for 35 cycles at 95°C denaturing, 57–59°C annealing and 72°C extension with a final 

extension step of 5 minutes. Each set of DNAs modified and PCR amplified, includes 

lymphocyte DNA from healthy donors as a negative control, and as a positive control DNA 

in vitro methylated with Sss I methylase (IVD) (New England Biolabs, USA). Water with no 

DNA template was used as a control for contamination. After PCR, samples were run on a 

6% nondenaturing acrylamide gel with 10 bp Molecular size marker (Invitrogen, USA), and 

the presence or absence of a PCR product was analyzed. For Image acquisition we used the 

Vision-Capt Software v16.11a. 

Quantitative methylation-specific PCR (qMSP) is an improved version of the MSP 

technique that allows to detect one single methylated allele over 10,000 unmethylated ones 

(Eads et al., 2000). This assay is based on a quantitative real time PCR by simultaneously 

using specific unmethylated and methylated probes in combination with the previously 

designed primers for MSP. We used the primer/probe set to detect levels of either 

methylation (F: 5’-GGGTGGGGTTTTTTAAGAATC-3’; R: 5’-ACATTCTCCTCCTTCGATCG-3’; 

Probe: 5’-FAM-ACCCCTCTTCGTTCTCGAT-3’) or unmethylation (F: 5’-

GGGGTGGGGTTTTTTAAGAATT-3’; R: 5’-ATAACATTCTCCTCCTTCAATCA-3’; Probe: 5’-VIC-

ACCCCTCTTCATTCTCAAT-3’). All assays were performed in duplicate using the QuantiTect 

Multiplex PCR Kit (Qiagen, USA), which allows running the methylated and unmethylated 

reactions in the same well of a PCR plate, and the HT7900 Applied Biosystems. The 

GeneSymbol 
Bisulfite sequencing Primer 

Forward (5’  3’) 
Bisulfite sequencing Primer 

Reverse (5’  3’) 

Bisulfite 
Amplification 
Length (bp) 

Annealing 
Temperature 

Cycles of 
amplification 

miR-7.3 A1 TTAGGAAGAAGTTAGGAGGGGAAA CAAACACCTCAAACCACCCTCT 372 60ºC 40 

miR-7.3 A2 TAGTTGGGGAAGTTTTTTTTAGGA TTTCCCCTCCTAACTTCTTCCT 428 60ºC 40 

miR-132 A1 GTTTTAGGTTTTTAYGGGAGTTTA TACRACCRCRACTCCTACACACT 441 60ºC 40 

miR-132 A2 AGGAGTYGYGGTYGTATGAATGA GTCTCCTAAAACRCCAACACCTT 441 60ºC 40 

miR-335 TGGGAAAGAGGAGGTGAGAAA CGCTTCCTAAAACCAAAAATTCT 528 60ºC 40 

miR-148 GTYGTTTTTTTTTTAGTTAGGAGATA CCRCTCCCTTCCATCTTAACT 560 60ºC 40 

C19MC GTAAGGTTGGTTTTTTTATTTGTAAA ATTCCAATTAAACAAATTCTAATCCCT 394 60ºC 42 

AC091814.2 GTAAATTGTTAAGTATATTTGGTGA AAAACTCCCCATTCTCTACTCT 374 62ºC 42 

RP11-65J3.1 GTTTTYGTAGGTAGATGGATAGA TTTTACATATATTTAAATCTCCTCT 408 56ºC 41 

AC141928.1 TGTATTTGTGTGTTATTAGTTTGGA CRTACRCAACTTAACCACT 305 63ºC 41 

AF198444 GTTTTTYGGGTTTTGGGATGGA RCRCRACACATACAACCCACT 422 64ºC 42 

BX641110 GGTYGGTTTTTATYGYGTAGGA ACCAACRCRATAAACCCRAACT 446 62ºC 42 
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percentage of methylation of each sample was calculated according to previously published 

reports (Eads et al., 2000).  

12. Western blot analysis 

Cell lines were cultured at a density of 600,000 cells per 60-mm plate, shifted into 

medium containing 10% fetal bovine serum for 24 h and 72 h. Twenty micrograms (20 μg) 

of whole-cell extracts were subjected to Western blot, performed as previously described 

(Sanchez-Perez et al., 1998). The primary antibodies employed were the c-Myc-A14 (Santa 

Cruz, USA) and β-tubulin (Sigma, Spain) antibodies. Western blot were performed to double 

check the transfection efficacy.  

13. ROS measurement 

H23/A2780 cells were cultured in 96-well black plates at density of 10,000 cells/well. 

Cells were treated with 6 different doses of CDDP for 24, 48 and 72 h in Roswell Park 

Memorial Institute (RPMI) medium, containing 10% fetal bovine serum (FBS). Then 

treatments were removed and cells were incubated with the fluorescent probe 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA) (10 µM) for 45 minutes in RPMI medium 

(FBS-free). Cells were washed twice with RPMI (10% FBS), and fluorescence was recorded 

in a Fluostar Optima at 520 nm after excitation at 485 nm, each hour, over a 4-hour period. 

At the end of the experiment, solutions were replaced for fresh media containing MTT (0.5 

mg/ml concentration) in order to determinate viability. ROS production was calculated 

dividing the mean H2DCFDA fluorescence by the mean viability. Data were normalized with 

respect to basal conditions that were considered as 100%. All experiments included cells 

treated with RPMI alone and one well without cells as basal fluorescence.  

14. Bioinformatics and statistical analysis of expression and methylation  

For the identification of differentially expressed miRNAs and genes from the microarray 

data, we used linear models (Smyth, 2004) as implemented in the Limma Bioconductor 

package. The fixed effects were the origin of the tissue (lung/ovarian), the cell line (H460, 

H23, OVCAR3, A2780) and the condition (sensitive, resistant, resistant treated). The 

replicate is the random effect. To identify the downregulated miRNAs in resistant cells and 

their opposite expressed target genes, we performed the following contrasts for all the 

tissues (lung and ovarian) or for each tissue origin (lung or ovarian): resistant vs. sensitive 

and resistant-treated vs. resistant. We then selected the candidates that fulfill the following 

conditions in at least 2 of the 4 cell lines interrogated: Log2(R/S) <0 AND Log2 (RT/R) >0; 
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RvsS or RTvsR statistically different p<0.05. As a statistical method we used the unpaired 

T-test algorithm with Benjamini Hochberg (BH) as the FDR correction method for multiple 

testing corrections with statistical significance of p<0.1 in the miRNA approach and p<0.05 

in the gene approach as an adjusted p-value.  

To identify differentially expressed lncRNAs and mRNAs with in silico complementarity 

and under potential epigenetic regulation, we interrogated the available databases with 

lncRNAs annotations (GENCODE (Harrow et al., 2012); RNAdb (Pang et al., 2007); NRED 

(Dinger et al., 2009); LncRNAdb (Amaral et al., 2011); LNCipedia (Volders et al., 2015), 

lncRNome (Bhartiya et al., 2013); NONCODE (Bu et al., 2012);  fRNAdb (Kin et al., 2007); 

lncrna2target (Jiang et al., 2015b)) and selected those lncRNAs and mRNAs that changed 

significantly at three different contrasts: (1) resistant vs. sensitive for each cell line; (2) 

resistant vs. sensitive for each tumor type; and (3) resistant vs. sensitive for all. Based on 

the chromosomal relationship of the lncRNA with the mRNA, we defined as overlapping 

lncRNAs those within the body of the gene or oriented head to head with a protein-coding 

gene within 1 kb; and as cis-acting lncRNAs those at least 1 kb away from the nearest 

protein-coding gene but no more than 300 kb (Guttman and Rinn, 2012, Chen, 2016), 

including enhancer-like function LncRNAs (Orom et al., 2010) – excluding overlapping 

lncRNAs of this group. Finally, for the identification of CGIs based on the characteristics of 

Takai and Jones (Takai and Jones, 2003) in our WGBS data, we interrogated a region from 

5000 bp upstream to the end of lncRNAs or mRNAs regions, and for individual CpGs from 

2000 bp upstream to 500 bp downstream of TSS (Supporting Dataset, Sheets 2-5). The 

selection of differentially methylated (DM) CpG positions was based on previous results 

from our laboratory that established an experimentally validated cut-off point for the CpG 

site methylation level (ratio of reads with methylation out of the total number of reads 

covering this position).  To be selected, the candidates must had to have a ratio of resistance 

> 0.4 and sensitivity < 0.23, with a minimum coverage of 10X, and at least five individuals 

DM CpGs. The association between qualitative variables was studied with the Chi-squared 

test with Yate’s continuity correction and was considered statistically significant with p-

value < 0.05. 

Patient’s clinical characteristics were described for the complete series with mean and 

standard deviation values or relative frequencies. The data were stratified for patients 

carrying methylated or unmethylated DNA, and their distributions compared with the Chi-

squared test or Fisher’s exact test for qualitative variables, and Student’s t test or the 

Wilcoxon-Mann-Whitney test (non-normal distribution) for quantitative variables. For in 

silico databases, the data were stratified for patients with high or low expression of MAFG 
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according to the median of the gene expression. Overall survival (OS) and Progression free 

survival (PFS) were estimated according to the Kaplan-Meier method and compared 

between groups by means of the Log-Rank test. All the p-values were two-sided, and the 

type I error was set at 5 percent. Statistical analyses were performed using Stata 10 

software. 
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1. Establishment of ovarian human cancer cell lines resistant to CDDP 

To perform our in vitro studies, we worked with four human cancer cell lines: two 

NSCLC, H23 and H460; and two ovarian cancer cell lines, A2780 and OVCAR3. We first 

confirmed that the CDDP-resistant subtypes, H23R and H460R, maintained their status of 

resistance to CDDP as previously described (Ibanez de Caceres et al., 2010). The two human 

ovarian cancer cell lines resistant to CDDP, A2780R and OVCAR3R, were selected after a 

final exposure to 0.5 and 0.05 μg/ml CDDP, respectively, showing approximately 2.5 times 

more drug resistance than the matched parental cell line (2.47 and 2.50 resistant index; 

p<0.001). Both cell lines showed a lower CDDP-resistant index than H23R and H460R 

NSCLC cancer cells (5.00 and 3.85, respectively; p<0.001) but enough to assume that similar 

events would follow (Figure 2). 

 
Figure 2  Effect of cisplatin on cell viability. Viability curves showing the acquired resistance of H23, 

H460, A2780 and OVCAR3 cell lines; Cells were exposed for 72 h to each drug concentration. Data were 

normalized to the untreated control, which was set at 100% and represent the mean + SD of at least 3 

independent experiments performed in quadruplicate at each drug concentration tested for every one 

cell analyzed. IC50, is the inhibitory concentration that kills 50% of the cell population. Resistant index 

(RI) calculated as IC50 resistant / IC50 sensitive cell line. SD: standard deviation. P < 0.001 was 

considered as a significant change in drug sensitivity (Student’s t-test). 

0

25

50

75

100

125

0,0 0,5 1,0 1,5 2,0 2,5 3,0

C
e
ll 

S
u

rv
iv

a
l 
(%

 o
f 
u

n
tr

e
a

te
d

 c
e

lls
)

CDDP concentration (µg/ml)

OVCAR3S OVCAR3R

00

25

50

75

100

125

0,0 0,5 1,0 1,5 2,0

C
e

ll 
S

u
rv

iv
a

l 
(%

 o
f 
u

n
tr

e
a

te
d

 c
e

lls
)

CDDP concentration (µg/ml)

A2780S A2780R

0

25

50

75

100

125

0,0 0,5 1,0 1,5 2,0

C
e

ll 
S

u
rv

iv
a

l 
(%

 o
f 
u

n
tr

e
a

te
d

 c
e

lls
)

CDDP concentration (µg/ml)

H23S H23R

0

25

50

75

100

125

0,0 0,5 1,0 1,5 2,0 2,5 3,0

C
e
ll

S
u

rv
iv

a
l
(%

 o
f 
u

n
tr

e
a

te
d

c
e

lls
)

CDDP concentration (µg/ml)

H460S H460R

RI: 5.00

p < 0.001

RI: 3.85

p < 0.001

RI: 2.47

p < 0.001

RI: 2.50

p < 0.001

A

C

B

D



 

~ 82 ~ 
 

RESULTS 

2. Identification of candidate miRNAs under possible epigenetic regulation 

As a first step to identify candidate miRNAs under epigenetic regulation and involved in 

the CDDP response, we searched for miRNAs showing a decrease of the expression in 

Resistant (R) versus Sensitive (S) cells and a recovered expression after epigenetic 

reactivation-treated (RT) versus R cells. First, 87 out of 723 miRNAs identified on the 

expression arrays showed a significant expression change (p<0.05) in at least one of the 

following conditions: R < S or RT > R; while 28 changed their expression with a False 

Discovery Rate (FDR) < 0.1 simultaneously in both situations R < S and RT > R. By analyzing 

the concurrence of CGIs with the characteristics described by Takai and Jones (Takai and 

Jones, 2003), candidates were reduced to 10 encompassing microRNA genes or being 

located nearby (less than 2000 bp 5´-upstream), together with the analysis of the presence 

of CGIs in the gene promoter region in which the miRNA is encoded. After a pair-base-

complementarity analysis in silico between miRNA and the candidate target genes that 

showed opposite expression profiles (5170 mRNAs that assembled in silico and 2420 

mRNAs that significantly changed expression) we made a functional web-based enrichment 

analysis with Gene Ontology Tree Machine (GOTM) tool and the selected genes. This 

approach identified seven miRNAs which potential target genes were involved in tumor 

progression: miR-7, miR-132, miR-335, miR-148a, miR-10a, miR-124 and miR-9 (Figure 3 

and Figure 4). Mature miR-7 is generated from three different miRNA precursors in the 

human genome, miR-7-1, miR-7-2, and miR-7-3; we assumed expression changes were 

tightly associated to miR-7-3 (hereafter called miR-7) as no changes were identified on miR-

7-1 and miR-7-2 probes represented in the array and it is the only precursor that presents 

two CGIs surrounding its genome location. We also found that some of the miRNAs showing 

the strongest upregulation were located at the C19MC cluster, previously linked with 

carcinogenesis (Augello et al., 2012). It presents a CGI located about 17kb from the first 

miRNA (Tsai et al., 2009) that was included to analyze its potential epigenetic regulation in 

drug resistance.  
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Figure 3. Selection of candidate miRNAs under epigenetic regulation and candidate target genes. The 

flowchart indicates the steps and criteria used for the selection of the final seven candidate miRNAs 

under epigenetic regulation and the final 4 candidate genes under possible regulation of miR-7. 
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Figure 4. miRNAs selection process. Final miRNAs selected are highlighted in yellow; miRNAs from the 

C19MC cluster are highlighted in orange. 

3. miRNA-7 as potential chemoresistance candidate under epigenetic regulation  

For miRNA validation, we first tested the expression profile of the three experimental 

conditions (S, R and RT) from each cell line (H23, H460, A2780 and OVCAR3) by qRT-PCR 
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assay, confirming the results from the microarray analysis for all seven miRNAs in at least 

one of the cell lines analyzed (Figure 5).  

Six of the seven miRNAs showed changes in their expression according to the 

microarray data in H23 cells, which were fully validated by qRT-PCR analysis (Figure 5A). 

In the H460 cell line, all the miRNAs selected after the analysis of the expression arrays 

accomplished the defined expression pattern; six shared with cell line H23. miR-335 and 

miR-148a were validated by qRT-PCR in both conditions, R vs. S and RT vs. R, whereas miR-

7, miR-132, miR-9 and miR-10a were upregulated in RT, without significant changes in the 

experimental group R. Conversely, miR-124 was downregulated in R but no reexpression 

was observed after epigenetic treatment (Figure 5B). For the A2780 ovarian cancer cell line, 

the data from the arrays showed the defined expression pattern in 4 candidate miRNAs. 

Three were validated by qRT-PCR: miR-7, miR-132 and miR-10a, whereas no significant 

changes in expression between S and R cells were found for miR-124, although it was 

upregulated in the epigenetically reactivated RT cells (Figure 5C). Finally, the cell line 

OVCAR3 had less significant changes according to the array data, and in fact, in this cell line, 

the expression changes were only partially validated; the miRNAs -132 and -124 were 

reactivated in RT but there was no decreased expression in R (Figure 5D). Table 7 compiles 

the results obtained for each miRNA both in the arrays and in the qRT-PCR validation assays. 

Four miRNAs were validated in at least two cell lines: miR-7 and miR-132 in the H23 and 

A2780 cancer cell lines; and miR-335 and miR-148a in the NSCLC cell lines H460 and H23. 

These four miRNAs were the ones selected for the epigenetic validation step by bisulfite 

sequencing (BS), together with the C19MC cluster’s CGI. 
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Figure 5. Relative expression levels of the selected miRNAs measured by qRT-PCR. Data are represented 

in log10 scale and are expressed using the corresponding sensitive (S) line as a calibrator. Each miRNA 

level was normalized to RNU48 as an endogenous control. Assays were made in the NSCLC cell lines H23 

(A) and H460 (B); ovarian cancer cell lines A2780 (C) and OVCAR3 (D) in all experimental conditions: 

S, R and RT. S: sensitive; R: resistant; RT: resistant treated with epigenetic reactivation drugs (5-Aza 

and TSA).The expression number assays for each miRNA are indicated in Table 7. 

The C19MC cluster’s CGI is on the long arm of chromosome 19 and has a CGI of 2255 bp 

from which we analyzed 394 bp that comprises the area with the highest density of CG 

positions in H23, H460, A2780 and OVCAR3 cell lines. We also tested DNA from normal 

tissues from lung (LC), ovary (OC) and PMBCs to discard imprinting. All analyzed CpG 

positions were densely methylated (Figure 6A), confirming a possible role in embryonic 

development as described (Court et al., 2014, Noguer-Dance et al., 2010), but excluding a 

relation between acquisition of DNA hypermethylation and drug-response.  
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Figure 6. Bisulfite sequencing (BS) of the miRNA potential regulatory CGIs. The figure shows the schemas 

of chromosome CGIs and miRNA location as well as representative images of corresponding BS. CGIs are 

represented in red boxes; each CpG position is represented by vertical black lines inside the boxes. The 

first nucleotide of each miRNA is indicated by +1. Facing arrows mark the primers position. Asterisks 

indicate methylated positions. LC: lung control; OC: ovary Control (A) Analysis of the potential 

regulatory C19MC cluster’s CGI. All the samples were fully methylated in all tested CpG positions. (B) 

The miR-132 CGI was unmethylated in all samples tested, with the presence of a T instead of a C previous 

to G.  

Referred to miR-132, the area analyzed was 866 bp in length, at a CGI comprising -

1847/+667bp at the short arm of chromosome 17 (Figure 6B). miR-148a is located on the 

short arm of chromosome 7, with a nearby CGI of 1663, located 137 bp upstream from the 

miRNA. A 560 bp area of the CGI was analyzed (Figure 7A). No methylation was found for 

both miRNAs either on the tumor cell lines or controls samples analyzed. miR-335 is located 

on the long arm of chromosome 7, on the second intron of the MEST002 gene transcript. A 

1123 bp CGI is located in the promoter region of this transcript. We analyzed a fragment of 
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528 bp initially in the H23S/R, H460S/R cells and LC. The results showed methylation only 

in H460S/R subtypes. We extended the analysis to the additional cell lines LoVo, OVCAR3 

and PC-3, and control samples, and no methylation was found in any of them (Figure 7B). 

Pairs of primers are listed in Table 9. 

 

 
Figure 7. Bisulfite sequencing of the miRNA potential regulatory CGIs. (A) The CGI located near miR-

148a was also unmethylated in all analyzed positions. (B) The miR-335 CGI was methylated in H460 

cells. Figure legend is described in Figure 6. 

miR-7 is located on the short arm of chromosome 19, with two potential regulatory 

CGIs: one located 861 bp before the first nucleotide of the miRNA sequence with a length of 

667 bp; the second has an extension of 269 bp and comprises the miRNA sequence (Figure 

8). Two overlapping pairs of primers were used to analyze the first CGI, covering 776 bp, 

which included the entire CGI and adjacent areas (Table 9). The analysis was performed on 

the ovarian cancer cells A2780S and A2780R. We found the presence of methylation 

specifically in the resistant cells. The specific aberrant methylation of miR-7 in resistance 



 

~ 89 ~ 
 

RESULTS 

was confirmed in H23R cells as well as in the cisplatin resistant cell lines IMIM-PC2 and 

LoVo, which present an IC50 over 2µg/ml CDDP (Figure 9). OC and LC were used as controls 

as well as nine additional tumor cell lines. In fact, the sensitive subtypes and controls 

presented an absence of methylation. A selection of these results is shown in Figure 8, left. 

This methylation pattern was used to design the MSP primers for the analysis of FFPE 

primary tumors. The second CGI, was fully methylated for all the samples tested (Figure 8, 

right). Therefore, the upstream CpG island of miRNA-7 was selected for our translational 

approach as it was the hypermethylated island in the platinum-resistant cells and therefore 

the candidate one regulating miR-7 expression. 

 
Figure 8. Bisulfite sequencing of miRNA-7 regulatory CGIs. Chromosomal location of miR-7 and their 

nearby CGIs, as well as representative images of corresponding bisulfite sequences (BS). CGIs are 

represented in red boxes; each CpG position is characterized by vertical black lines inside the boxes. The 

first nucleotide of each miRNA is indicated by +1. Facing arrows mark the primer positions used for BS. 

It is shown the methylation analysis of the two CGIs closely related to the encoded miR-7 region. For the 

first CGI, the three different fragments (left half of the Figure) corresponding to the most frequently 

methylated positions are shown. A representation of five of the 11 additional tumor cell lines 

interrogated, BT474, SKOV3, LoVo, IMIMPC2 and SW780, is also shown. All CpG positions interrogated 

at the second CGI were fully methylated in all the samples analyzed (right half of the Figure), as 

indicated by the presence of C preceding a G in the sites indicated by the asterisks. OC: ovary control; LC: 

lung control. Asterisks indicate methylated positions. 
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Figure 9. Effect of cisplatin on cell viability. Viability curves showing the acquired resistance of LoVo and 

IMIM-PC2 cell lines; Cells were exposed for 72 h to each drug concentration. Data were normalized to 

the untreated control, which was set at 100% and represent the mean ± SD of at least three independent 

experiments performed in quadruplicate at each drug concentration tested for every one cell analyzed. 

IC50, is the inhibitory concentration that kills 50% of the cell population 

 

4. MAFG is a direct target gene of miRNA-7 

To analyze if the methylation of miR-7 is affecting the cisplatin-cell viability through 

the silencing of its expression, we overexpressed miR-7 in the resistant subtypes at a final 

concentration of 40 nM (Figure 10A). No effect on drug sensitivity was observed although 

efficiency of the transfection was validated by qRT-PCR, confirming the miR-7 

overexpression after 72h in both cell lines (Figure 10B). The overexpression of higher 

concentration of pre-miR-7 (50 nM) resulted in a decrease in basal cell viability, reaching 

levels of 63% and 52%, respectively, compared with their parental sensitive and resistant 

cell lines, transfected with the mimic negative control (Figure 10C), making unfeasible to 

evaluate the response to CDDP, given no representative cell population was left from the 

cell culture after the miR-7 precursor overexpression.   
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Figure 10. Effect of miRNA-7 overexpression on cell viability at 40 and 50nM of microRNA precursor. 

(A) Cell viability assay on A2780 and H23 cell lines transfected with 40 nM of the negative control (blue, 

S miR-Control; red, R miR-Control) and overexpressing miR-7 precursor (green, R miR-7). Data were 

normalized to each untreated control and represent the mean ± SD of at least 3 independent 

experiments performed in quadruplicate for each cell line analyzed. (B) Relative miR-7 expression levels 

measured by qRT-PCR in the A2780 and H23 cell lines, represented in log10 scale. The resistant cell line 

transfected with the mimic negative control was used as a calibrator. (C) Cell viability assay on A2780 

and H23 cell lines transfected with 50 nM of the negative control (blue, S miR-Control; red, R miR-

Control) and overexpressing miR-7 precursor (light blue, R miR-7). Data were normalized to each 

sensitive subtype and represent the mean ± SD of at least 3 independent experiments performed in 

quadruplicate for each cell line analyzed. 

Thus, to fully understand the implication of miR-7 in the development of resistance, 

out of the 2420 genes that changed their expression in the arrays we investigated the role 

of the target candidate genes that showed a significant opposite expression to miR-7 and in 

silico complementarity (Figure 3). Out of the 1021 genes that accomplished both conditions 

we selected only those that were present in A2780 and H23 cell lines and which expression 

increased in R (resistant cells) compared to S (sensitive cells) and RT (resistant cells under 

epigenetic reactivation treatment) subtypes, with a p-value<0.05 adjusted by FDR 

correction. Further functional web-based annotation using the GOTM tool, grouped 149 

genes in 20 significant functional groups, from which we selected MAFG, MAPKAP1, ELK-1 

and ABCA1 genes because of their implication in biological functions related to tumor 

progression (Figure 3). The changes on the expression were confirmed by qRT-PCR in H23 

cells for MAFG and ABCA1 (Figure 11A left) and in A2780 cells for MAFG and slighter but 

following the expected expression pattern for ELK-1 (Figure 11A right). To probe whether 
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MAFG, ELK-1 and/or ABCA1 are target genes of miR-7, we overexpressed a precursor of 

miR-7 in the resistant subtypes to assess the changes in expression of the candidate target 

genes by qRT-PCR. As expected, the overexpression of miR-7 in H23R resulted in a decrease 

of the expression of MAFG and ABCA1, compared with the resistant cell line transfected with 

the negative control (Figure 11B). MAFG regulation was also confirmed in A2780R cells, in 

which the miR-7 precursor lead also to the decrease of the potential candidate gene ELK-1 

(Figure 11B). Efficiency of the miR-7 overexpresion was validated by qRT-PCR (Figure 11B, 

right). A summary of this selection in shown in Table 10. 

Table 10. Summary of the main characteristics of the candidate target genes and the followed 

selection steps. Note. In bold X are indicated the three validations needed as a criteria for 

inclusion for further analysis 

Gene MAFG ELK-1 ABCA1 MAPKAP1 

Accession Number NM_002359 NM_005229 NM_005502 NM_001006617 

Name/ 

Function 

v-maf 

musculoaponeurotic 

fibrosarcoma 

ETS 

domain-

containing 

protein Elk-

1 

ATP-

binding 

cassette 

transporter 

A1 

Mitogen-

Activated 

Protein Kinase 

Associated 

Protein 1 

Correlation -0.4266 -0.4545 -0.4615 -0.5175 

miR-7 FDR 0.0845 0.0702 0.0669 0.0443 

H23 

Array X X X X 

qRT-PCR X - X - 

After miR-7 

Overexpression 
X - X - 

A2780 

Array X X X X 

qRT-PCR X X - - 

After miR-7 

Overexpression 
X X - - 
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Figure 11. Candidate target genes under regulation of miR-7. (A) Relative expression levels of the 

selected genes measured by qRT-PCR. Data are represented in Log10 scale and are expressed using the 

corresponding sensitive (S) line as a calibrator. Each gene level was normalized to GAPDH or B-actin as 

an endogenous control. Assays were made in the NSCLC cell lines H23 (left) and ovarian cancer cell lines 

A2780 (right) in all experimental conditions: S, R and RT. S: sensitive; R: resistant; RT: resistant treated 

with epigenetic reactivation drugs (5-Aza and TSA).  (B) Effect of miRNA-7 overexpression on candidate 

target genes expression. Left, relative expression levels of MAFG, ELK-1 and ABCA1 measured by 

quantitative RT-PCR in the H23 and A2780 cell lines represented in Log10 scale. Right, relative miR-7 

expression levels measured by qRT-PCR in the H23 and A2780 cell lines, represented in log10 scale. Each 

bar represents the combined relative expression of two independent experiments measured in triplicate. 

The sensitive cell line transfected with the mimic negative control was used as a calibrator (S miR-NC, 

blue); R miR-NC, H23R and A2780R cells with same transfection (red); R miR-7, H23R and A2780R cells 

overexpressing miR-7 precursor (blue). 

Next, we cotransfected in HEK-293T cells the pre-miRNA-7 together with a 

luciferase reporter vector that carries the 3’-UTR region of each candidate gene as a 

functional study to identify real candidate genes under miR-7 regulation. The cotransfection 

with the 3’-UTR region of MAFG, induced a reduction of the luciferase activity at both 

concentrations, 15 and 30 nM of the precursor, effect that was not observed when 

cotransfecting 3’-UTR regions of ELK-1 and ABCA1 (Figure 12A, upper panel). 

Simultaneously, we confirmed through qRT-PCR that the pre-miR-7 was successfully 

transfected in the 293T cell line, for every experimental group (Figure 12B, lower panel).  
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Figure 12. Validation of the interaction of miR-7 and candidate target genes. Co-transfection of mimic 

miR-7 (miR-7) or mimic control (miR-NC) with the 3’ UTR of MAFG, ELK-1 and ABCA1 at different 

concentrations (15nM and 30nM). Data was analyzed after 24h of co-transfection.  The miR-NC co-

transfected with the 3’-UTR of the candidate genes was used as calibrator. Top, Relative luciferase 

activity. The figures represent the mean ± SD of at least three independent experiments after data 

normalization with Renilla and the data a negative control 3’-UTR. *p=0.004; **p=0.003 (Student’s t-

test) p<0.01 was considered as significant change in Luciferase activity. Bottom, relative miR-7 

expression levels measured by qRT-PCR in the after co-transfection. Each bar represents the combined 

relative expression of 2 independent experiments measured in triplicate. 

To fully confirm that MAFG is a target gene of miR-7, we performed directed-site 

mutagenesis at the predicted binding sites of miR-7 in the 3’ UTR of MAFG, at two different 

regions (Figure 13A), followed by luciferase reporter assays. The significant decrease of 

luciferase activity observed when using the WT 3’UTR of MAFG, disappeared when we 

cotransfected pre-miR-7 with both constructs containing the mutated regions (Figure 13B).  
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Figure 13 Site-directed mutagenesis for luciferase activity assay and effect of miR-7 silencing over MAFG 

expression. (A) Chromosomal localization of miR-7 predicted binding sites at 3’UTR of MAFG. Regions 2 

and 8 were identified by six or more bioinformatic algorithms. Sanger sequencing showed that the seed 

sequence of miR-7 was fully mutated at regions 2 and 8 of the 3’ UTR of MAFG. (B) Co-transfection of 

mimic miR-7 (miR-7) or mimic control (miR-NC) with the 3’ UTR of MAFG WT, mutated on region 2 

(MAFG 2*) and mutated on region 8 (MAFG 8*). Experiments were performed at 15nM and data was 

analyzed after 24h of co-transfection. (Upper panel) Relative luciferase activity. The figures represent 

the mean ± SD of at least three independent experiments after data normalization with Renilla and the 

data from the negative control 3’-UTR; p<0.01 was considered as significant change in Luciferase 

activity (Student’s t-test). (Lower panel) Relative miR-7 expression levels measured by qRT-PCR after 

co-transfection, as an internal control for the mimic transfection. Each bar represents the combined 

relative expression of two independent experiments measured in triplicate. The miR-NC co-transfected 

with the 3’-UTR of each tested group was used as calibrator.  

Moreover, to ultimately confirm this regulation, we silenced the expression of miR-

7 in A2780S that resulted in increased levels of MAFG (Figure 14A). A2780 cells express 

miR-7 at a low level, as we can observe in Figure 14B compared with the control cell line 

HEK-293T, which explains the low efficiency decreasing the miR-7 levels at 48h, although it 

was sufficient enough to observe a strong change over MAFG expression. 
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Figure 14. (A) Relative miR-7 and MAFG expression levels measured by qRT-PCR after silencing of miR-

7 with antago-miR in A2780S cells. Two different concentrations of Anti-miR-7 were tested, 20nM and 

40 nM. Data was analyzed at 48h after transfection. A2780S cells transfected with the Anti-miR 

Negative Control was used as calibrator. (B) Basal expression of miR-7 in HEK293T cells compared with 

A2780S cells. For (A) and (B) each bar represents the combined relative expression of two independent 

experiments measured in triplicate.  

 

5. The response to cisplatin is mediated, at least in part, by MAFG expression in 

human cancer cell lines  

To determine if the expression of the miR-7 candidate target genes was linked to 

CDDP response, we conducted their in transient overexpression in the sensitive cells 

comparing their response to CDDP with their parental resistant and sensitive cell lines, both 

transfected with an empty vector.  

MAFG overexpression resulted in an increase in the resistance to CDDP in H23S cells 

compared with the sensitive cell line transfected with the empty vector, showing a 

resistance index of 1.7 (p=0.01) (Figure 15A). The same effect was also confirmed in the 

sensitive cell line A2780S reaching a similar CDDP-RI of 1.6 (p<0.001) (Figure 15B). The 

overexpression of ABCA1 in H23S led to a RI of 1.5 compared with the sensitive cell line 

transfected with the empty vector, although it was not statistically significant (p=0.796) 

(Figure 15C). ELK-1 overexpression in A2780S did not change the response to CDDP after 

48 h of exposure to the drug (Figure 15D).  

-0.5

0.0

0.5

A2780S
Anti-miR-NC

Anti-miR-7
20nM (48h)

Anti-miR-7
40nM (48h)

R
e
la

ti
v
e

E
x
p
re

s
s
io

n
(L

o
g
1
0
) miR-7

MAFG

-1.0

-0.5

0.0

0.5

HEK-293T A2780S Anti-
miR-NC

A B



 

~ 97 ~ 
 

RESULTS 

 

Figure 15. Effect of overexpression of MAFG, ABCA1 and ELK-1 on cell sensitivity to CDDP in H23 and 

A2780 cell lines. Viability curves of H23 and A2780 cell lines transfected with pCMV6 (S-Ø and R-Ø) and 

with the overexpression vectors (S-MAFG, S-ABCA1 and S-ELK-1). Each experimental group was exposed 

for 48 h to 6 different test CDDP concentrations, and data were normalized to each untreated control, 

set to 100%. The data represent the mean ± SD of at least three independent experiments performed in 

quadruplicate at each drug concentration for each cell line analyzed. CDDP-RI (Resistant Index to 

CDDP) was calculated as “IC50 from the R-Ø / IC50 from the S-Ø" and “IC50 from the S-transfected with 

the gene / IC50 from the S-Ø” ± SD. p<0.01 was considered as significant change in drug sensitivity 

(Student’s t-test). 

In order to confirm the efficiency of the transfection, we analyzed the mRNA and protein 

levels by qRT-PCR and western blot of the overexpressed genes. Results confirmed ectopic 

overexpression of MAFG, ELK-1 and ABCA1 at 72 h in both cell lines (H23S-MAFG, A2780S-

MAFG, H23S-ABCA1 and A2780S-ELK-1) with an increase of 0.2, 7, 6416 and 28-folds 

respectively, compared with the sensitive cell lines transfected with the control vector 

(Figure 16A). No changes at protein level were found between 24 and 72 hours when 

analyzing MAFG and ABCA1 overexpression (Figure 16B). However, we observed a slightly 

protein levels of ELK1 at 24h that was not maintained at 72 h (Figure 16B, right). Therefore, 

we performed the stable overexpression of ELK-1 by transduction assays with a lentiviral 

vector and compare the response to CDDP with the parental-sensitive and resistant 
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subtypes harboring a nonsilencing vector (A2780S/R -NS). As previously observed in the 

“in transient” experimental assays, ELK-1 overexpression did not change the sensitivity to 

CDDP;  however, it induced an strongly increase in the number of cells at 0 µg/ml dose, that 

allowed to maintain higher ratios of survival fraction when treated with CDDP, compared 

with the control sensitive cell line. We also confirmed the success of the overexpression by 

qRT-PCR (Figure 16C).  

 
Figure 16. Validation of the transfection efficacy at mRNA and protein levels. (A) Relative expression 

levels of MAFG, ABCA1 and ELK-1 measured by quantitative RT-PCR, in the cell lines H23 and A2780, 

represented in Log10 scale; In each experimental group, the sensitive cell line transfected with pCMV6 

plasmid was used as a calibrator. Each bar represents the combined relative expression of two 

independent experiments measured in triplicate. (B) Total cell protein extracted from cells at 24 and 72 

hours was subjected to Western blot. The membranes were then hybridized with antibodies against c-

Myc and β-tubulin as loading control. S: Sensitive; S-G: Sensitive transfected with the gene; R: Resistant; 

β-tub: β-tubulin. (C) Stable overexpression of ELK-1 in A2780S cell line. Left, Viability assay after the 

nonsilencing plasmid infections (S-NS blue) and overexpressing ELK-1 plasmid (S-ELK-1 green). Each 

experimental group was exposed for 72 h to six different test CDDP concentrations, and data were 

normalized to each sensitive subtype. Data represents the mean ± SD of at least three independent 
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experiments performed in quadruplicate at each drug concentration for each cell line analyzed. Right, 

relative ELK-1 expression levels measured by qRT-PCR and represented in Log10 scale. The sensitive cell 

line infected with nonsilencing vector was used as a calibrator. Each bar represents the combined 

relative expression of two independent experiments measured in triplicate. 

 

6. MAFG overexpression might induce CDDP resistance, targeting ROS 

As MAFG is a transcription factor involved in the detoxification of ROS, whose 

expression is increased in the resistant cell phenotypes H23R and A2780R we explored 

whether MAFG influenced oxidative stress in our experimental model of paired 

sensitive/resistant cells by analyzing ROS production in these cell lines after CDDP 

exposure.  

First, we confirmed the response to CDDP at 24, 48 and 72 h after exposure to the drug 

for both cell lines H23S and H23R, analyzed by an MTT-based methodology rather than the 

traditional crystal-violet staining used previously in this work. H23R cells present a 

resistance index >3, in accordance with our previous results (Ibanez de Caceres et al., 2010) 

(Figure 17A). ROS levels were increased in sensitive cells after CDDP treatment compared 

with resistant cells, reaching 300% and 159% ROS production at 3.00 µg/ml CDDP, 

respectively, versus basal untreated cells, p<0.001 (Figure 17B). The response to CDDP and 

the differences in ROS production between sensitive and resistant cells were also confirmed 

in A2780S/R ovarian cancer cell lines (Figure 17C and 17D), in which we observed an effect 

of CDDP treatment after 48 h of exposure.  
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Figure 17. Viability assays and reactive oxygen species detection after CDDP treatment in H23 cell lines. 

(A and C) Viability to CDDP of H23 (A) and A2780 (C) in Sensitive (left) and Resistant (right) at 24, 48 

and 72 hours and six concentrations of CDDP measured by MTT assay; (B and D) Increment of ROS 

production of H23 (B) and A2780 (D) in Sensitive (left) and Resistant (right) after 24, 48 and 72 hours 

of CDDP treatment; Each bar represents the mean of at least two independent experiments measured 

by duplicate ± SD. $: p≤0.05 versus basal; $$: p≤0.01 versus basal; $$$: p≤0.001 were considered as 

significant change in CDDP resistance and ROS production. 
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Moreover, we found that the expression of ROS-detoxifying genes, such as HMOX1, 

NQO1, GSTO2 or GPX7 (Table 11), was upregulated in these resistant cell lines (p<0.05), 

according to the gene expression arrays (GEO GSE84201). We selected HMOX1 for 

semiquantitative real-time polymerase chain reaction (RT-PCR) expression pattern 

validation, which showed an increase in expression in resistant versus sensitive cells in 

H23SR and A2780S/R paired cells (Figure 18). 

Table 11. Differences in expression of Redox-detoxifying related genes between cisplatin-

resistant and sensitive cell lines. 

Symbol 
ALL 
RvsS 

Lung 
RvsS 

Ovarian 
RvsS 

H23 
RvsS 

A2780 
RvsS 

H460 
RvsS 

OVCAR3 
RvsS 

HMOX1 1.459 1.292 1.626 1.070 0.369 1.514 2.884 
GSTO2 0.777 0.830 0.723 1.965 1.461 -0.305 -0.015 
GPX7 1.236 2.112 0.360 4.422 2.069 -0.199 -1.348 
GPX1 0.658 0.487 0.830 1.111 -0.091 -0.137 1.751 
MOSC1 0.360 0.334 0.386 0.930 -0.203 -0.262 0.975 
PXDN 0.822 1.039 0.605 1.044 1.346 2.043 -0.136 
GPX5 0.758 0.768 0.748 0.960 0.768 0.576 0.729 
GPX4 0.222 0.146 0.299 0.319 -0.004 -0.027 0.601 
GSTM3 0.478 -0.606 1.561 -1.059 1.143 -0.152 1.980 
PRDX2 0.370 0.531 0.244 1.111 0.463 -0.118 -0.165 
GPX3 0.565 0.098 1.032 -0.078 0.870 0.274 1.194 
S100A9 1.266 0.091 2.441 -0.387 -0.745 0.568 5.628 
GSTM1 0.699 -0.259 1.657 -0.475 0.550 -0.042 2.765 
SOD3 0.662 -0.088 1.412 -0.703 0.759 0.526 2.064 
GSTM2 0.315 -0.676 1.305 -0.903 1.061 -0.449 1.550 
PTGS2 -0.604 -0.248 0.476 -1.688 3.646 1.192 -2.694 
MGST1 -0.050 -1.243 1.143 -2.607 1.494 0.122 0.791 
NXN 0.308 1.095 -0.478 2.310 -0.506 -0.121 -0.450 
NOS3 0.339 0.324 0.355 0.527 0.402 0.121 0.307 
LPO 0.534 0.389 0.678 0.902 0.300 -0.123 1.056 
TXNRD2 0.134 0.544 -0.276 0.994 -0.404 -0.360 -0.148 
NQO1 0.348 0.108 0.589 0.567 0.627 -0.352 0.551 
GSTK1 0.206 0.070 0.343 0.300 0.058 -0.161 0.627 
GSR 0.249 0.234 0.265 0.264 -0.558 0.204 0.948 
HP 0.053 0.638 -0.533 1.216 -1.029 0.061 -0.038 
APOE 0.080 0.359 -0.198 0.665 -0.770 0.052 0.374 
MGST2 -1.649 -4.126 0.829 -8.084 1.757 -0.169 -0.100 
APOA4 1.397 0.962 1.831 1.233 1.571 0.692 2.090 
SRXN1 0.072 0.170 -0.026 0.190 -0.076 0.150 0.024 
HBA2 0.452 0.556 -0.449 1.044 -1.114 0.312 0.632 
SELS 0.116 0.050 0.182 -0.041 0.683 0.140 -0.318 
TP53INP1 -0.513 -0.952 -0.073 -2.089 0.630 0.185 -0.777 
DUOX2 0.293 0.444 -0.721 0.294 -1.166 0.594 -0.275 
HBA1 -0.021 0.068 -0.109 -0.098 -1.082 0.233 0.863 
SLC30A1 -0.103 0.062 -0.269 -0.304 -0.772 0.210 0.354 
TXNRD1 -0.060 0.127 -0.247 0.019 0.193 0.235 -0.688 
SOD2 -0.101 0.259 -0.460 0.000 -0.579 0.517 -0.341 
C10orf58 -0.042 -0.093 0.010 -0.363 -0.185 0.177 0.204 
MT3 -1.573 -1.108 -2.038 -1.376 -3.690 -0.840 -0.386 
Note: Table shows the log Fold Change of  those genes that are significantly overexpressed (green) or 
downregulated (red) in resistant (R) vs sensitive (S). Uncolored cells indicate no significant 
differences. 
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RESULTS 

 
Figure 18. Semi-quantitative mRNA expression analysis of downstream genes involved in ROS 

detoxification regulated by MAFG, which showed expression changes for H23 and A2780 cell lines 

identified in the microarray data (GSE84201) (left panel). Representative images of MAFG and HMOX1 

RT-PCR comparing sensitive and resistant subtypes. Each assay was performed at least three times to 

confirm the results. (Right panel) Relative intensity quantification of the amplified band for each gene 

measured by ImageJ Software. Bars represent the mean of the three independent experiments using the 

intensity of GAPDH as endogenous control and the sensitive subtype of each cell line as calibrator. 

 

7. Clinical applicability of miR-7 methylation in NSCLC and ovarian cancer  

Response rates, overall survival or progression free survival are recommended by ASCO 

and ESMO Clinical Practice Guidelines Committees to assess the clinical benefit of 

chemotherapy treatment in cancer (Wright et al., 2016) (Ledermann et al., 2013). In 

addition, the Ovarian Cancer Consensus Meeting, defines ‘platinum-refractory’ as patients 

progressing during therapy or within four weeks after the last dose; ‘platinum-resistant’ 

patients progressing within six months of platinum-based therapy; ‘partially platinum-

sensitive, patients progressing between six and 12 months; and ‘platinum-sensitive’ 

patients progressing with an interval of more than 12 months (GCIG Consensus) 

(Friedlander et al., 2011). Following the international guidelines, we compared the miR-7 

methylation levels with the next clinical parameters: progression free survival (PFS) and 

the associated Overall survival (OS) on two cohorts of 83 and 55 ovarian cancer patients all 

of them treated with platinum (Table 6 and Figure 19). We studied the OS for all patients 

and the PFS in those patients that had recurred at the end of the study to analyze the 

relationship between platinum response and miR-7 methylation. 

We observed a 29% of methylation (24 out of 83 samples) in the cohort from Hospital 

del Mar (Table 12), which increased to 36% (20 out of 55) in the CHUS-HULP biobank 

samples, a cohort enriched in serous resistant tumors (HGSOC) (Table 13). We also 

observed a higher percentage of methylation in HGSOC samples from an additional cohort 
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RESULTS 

of patients from the CNIO (50% methylated samples 11 out of 22) (Table 14) and in a small 

group of additional seven resistant/refractory samples from H. Madrid (57%, four out of 

seven).  We also tested 10 ovarian control samples, a non-tumor cell line (IMR90) and 10 

PBMCs to discard imprinting. None of them were methylated (100% specificity) (Figure 

19A).  

Table 12. Demographic table with the clinicopathological characteristics of a cohort of 83 

samples from Hospital del Mar 
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Table 13. Clinicopathological characteristics in 55 patients from IDIS-CHUS/HULP biobank 

with ovarian cancer. 

 

 

  Complete Series (n=55) Unmethylated (n=35) Methylated (n=20)  

Characteristics No. of Patients % No. of Patients % No. of Patients % p 

Type               0.520 

  Adenocarcinoma 23 41.8 15 42.9 8 40.0   

  Carcinoma 19 34.5 10 28.6 9 45.0   

  Cystadenocarcinoma 12 21.8 9 25.7 3 15.0   

  Undetermined 1 1.8 1 2.9 0 0.0   

Tumor Grade       0.483 

 I 5 9.1 2 5.7 3 15.0  

 II 13 23.6 9 25.7 4 20.0  

 III 13 23.6 7 20.0 6 30.0  

 Undetermined 24 43.6 17 48.6 7 35.0  

Histology               0.125 

  Serous 30 54.5 19 54.3 11 55.0   

  Mucinous 3 5.5 1 2.9 2 10.0   

  Endometrioid 8 14.5 7 20.0 1 5.0   

  Clear Cell 3 5.5 1 2.9 2 10.0   

  Other 11 20.0 7 20.0 4 20.0   

Chemotherapy       0.474 

 Platinum+Taxane 37 67.3 23 65.7 14 70.0  

 Platinum+CTX 8 14.5 7 20.0 1 5.0  

 Platinum 3 5.5 1 2.9 2 10.0  

 Other 3 5.5 2 5.7 1 5.0  

 No 4 7.3 2 5.7 2 10.0  

Platinum Sensitivity             0.625 

  Sensitive 20 36.4 12 34.3 8 40.0   

  Refractory/Resistant 26 47.3 16 45.7 10 50.0   

  Undetermined 9 16.4 7 20.0 2 10.0   

Relapse        0.436 

 No 17 30.9 13 37.1 4 20.0  

 Yes 29 52.7 19 54.3 10 50.0  

Death         0.0   0.0 0.438 

  No 23 41.8 16 45.7 7 35.0   

  Yes 32 58.2 19 54.3 13 65.0   
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Table 14 . Clinicopathological characteristics in 22 patients from National Cancer Research 

Center (CNIO) biobank with HGS ovarian cancer. 

 

When correlating our results with the patient’s clinical histories we obtained significant 

data correlating methylation and cisplatin response in the group of 33 patients that 

recurred. Kaplan-Meier curves show that patients relapsing before 10 months, carried 

preferentially methylated miR-7 tumors (80% methylated versus 14% unmethylated) 

(Figure 19B) (p=0.004). No differences were found in CDDP-refractory and resistant 

patients. Moreover, after three years of follow up over the 83 patients cohort, the overall 

survival was significantly higher in the group of patients with an unmethylated tumor in 

comparison with those with a methylated one (67% vs 35%, p=0.004) (Figure 19C). Similar 

results showing a tendency in terms of PFS and OS were also observed in the CHUS-HULP 

biobank cohort, although these last results were not statically significant mainly because of 

a size-limitation (Figure 19D and 19E).  

  Complete Series (n=22) Unmethylated (n=11) Methylated (n=11)  

Características No. of Patients % No. of Patients % No. of Patients % P 

Age (mean) 58.6 55.1 62.1 0.236 

Familial Type               

  Familial 7 31.2 5 45.5 2 18.2 0.360 

  Sporadic 15 68.2 6 54.5 9 81.8   

Grade        

 I 3 13.6 1 9.1 2 18.2 0.070 
 II 4 18.2 0 0.0 4 36.4  

 III 9 40.9 6 54.5 3 27.3  

 IV 3 13.6 3 27.3 0 0.0  

 Undetermined 3 13.6 1 9.1 2 18.2  

Relapse               

  No 7 31.8 3 27.3 4 36.4 0.990 

  Yes 15 68.2 8 72.7 7 63.6   

Death        

 No 11 50.0 4 36.4 7 63.6 0.394 

  Yes 11 50.0 7 63.6 4 36.4   
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Figure 19. miRNA-7 methylation analysis in ovarian primary tumors and survival analysis. (A) 

Representative MSPs of miR-7 nearby CGI in DNA obtained from ovarian tumor tissues, normal ovarian 

tissues, non tumor cell line and PBMCs from healthy donors. For each sample, the PCR product in the M 

lane was considered as the presence of methylated DNA, whereas the amplification product in the U lane 

was considered as the presence of unmethylated DNA. In vitro methylated DNA was used as a positive 

control (+). (B) to (E) Kaplan-Meier comparison between cisplatin treatment and miR-7 proximal island 

methylation in ovarian cancer patients treated with platinum in terms of progression free survival (B 

and D) and overall survival in months (C and E). LogRank, Breslow and Tarone-Ware tests were used 

for comparisons and p<0.05 was considered as a significant change in OS or PFS. p values in (B) 

represent the significant difference between sensitive-unmethylated and sensitive-methylated patients.  

Finally, we observed a decrease in the number of patients with higher ECOG status when 

the promoter region of miR-7 was unmethylated in the higher cohort of patients (p=0.025). 

Accordingly, 62.5% of the patients who harbored the methylated promoter presented 

ascites compared with 80% of the patients who did not develop ascites harboring an 

unmethylated promoter region (p=0.025) (Table 12). Those results indicate that patients 
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carrying an unmethylated sample tended to have less aggressive tumors, with better 

progression free survival after platinum treatment and overall survival rates than those 

who carried the methylated DNA. 

To determine whether miR-7 methylation was also a frequent event in human lung 

primary tumors and was not limited or more common in tumor cell lines, we performed a 

methylation-specific PCR (MSP) analysis of 75 primary NSCLC tumors of the more common 

histologic cell types (adenocarcinoma and epidermoid carcinoma) from two different 

cohorts of patients belonging to La Paz University Hospital (Madrid) and Hospital del Mar 

(Barcelona). We first included 36 primarily organ-confined (stage I or II) NSCLC tumors in 

the study (Table 15), in which the response to CDDP had previously been measured in vitro 

(Ibanez de Caceres et al., 2010). We completed the analysis with a second cohort of 39 

specimens from patients (Table 16), including late stages with a complete clinical history 

that we have recently published (Pernia et al., 2014).  

Table 15. Clinicopathological characteristics in 36 patients from La PAZ University Hospital-
NSCLC.  

 
Complete series 

(n=36) 

Unmethylated 

(n=15) 
Methylated (n=21)  

Characteristics 
No. Of 

patients 
% 

No. Of 

patients 
% 

No. Of 

patients 
% p 

Age (mean, range) 66 (49-79)  66 (54-79) 41.7 65 (49-79) 58.3 0.64 

Gender       0.99 

 Male 34 94.4 14 93.3 20 95.2  

 Female 2 5.6 1 6.7 1 4.8  

Histology       0.22 

 Adenocarcinoma 10 27.8 5 33.3 5 23.8  

 
Epidermoid 

carcinoma 
22 61.1 10 66.7 12 57.1  

 Large Cell 4 11.1 0 0.0 4 19.0  

Stage        

 I 21 60.0 7 50.0 14 66.7 0.37 

 II 13 37.1 7 50.0 6 28.6  

 III 1 2.9 0 0.0 1 4.8  

CDDP response       0.49 

 Sensitive 18 50.0 9 60.0 9 42.9  

 Resistant 18 50.0 6 40.0 12 57.1  

Relapse       0.44 

 No 27 75.0 10 66.7 17 81.0  

 Yes 9 25.0 5 33.3 4 19.0  

Death       0.99 

 No 24 66.7 10 66.7 14 66.7  

 Yes 12 33.3 5 33.3 7 33.3  
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Table 16. Clinicopathological characteristics in 39 patients witH NSCLC from Hospital del Mar. 

Characteristics 

Complete series 

(n=39) 

Unmethylated 

(n=17) 

Methylated 

(n=22) 
 

No. Of 

patients 
% 

No. Of 

patients 
% 

No. Of 

patients 
% p 

Age (mean, range) 
63 (47-79)  63 (50-75) 43.6 

64 (47-

79) 
56.4 0.78 

Gender       0.63 

 Male 34 87.2 14 82.4 20 90.9  

 Female 5 12.8 3 17.6 2 9.1  

Smoking  0.0     0.81 

 Smoker 19 48.7 8 47.1 11 50.0  

 Ex-smoker 15 38.5 6 35.3 9 40.9  

 Non-smoker 5 12.8 3 17.6 2 9.1  

Histology  0.0     0.68 

 Adenocarcinoma 24 61.5 9 52.9 15 68.2  

 Epidermoid 

carcinoma 
12 30.8 6 35.3 6 27.3  

 Large Cell 2 5.1 1 5.9 1 4.5  

 BAC 1 2.6 1 5.9 0 0.0  

Stage  0.0     0.63 

 I 8 20.5 3 17.6 5 22.7  

 II 10 25.6 4 23.5 6 27.3  

 III 19 48.7 10 58.8 9 40.9  

Chemotherapy  0.0     0.34 

 CDDP-Vinorelbine 23 59.0 11 64.7 12 54.5  

 CBDCA-Vinorelbine 6 15.4 2 11.8 4 18.2  

 CDPP-Gemcitabine 6 15.4 1 5.9 5 22.7  

 CBDCA-Paclitaxel 4 10.3 3 17.6 1 4.5  

Radiotherapy  0.0     0.99 

 Yes 13 33.3 6 35.3 7 31.8  

 No 26 66.7 11 64.7 15 68.2  

Death       0.52 

  No 21 53.8 8 47.1 13 59.1  

  Yes 18 46.2 9 52.9 9 40.9  

Abbreviations: BAC, Bronchioalveolar carcinoma CDDP, Cisplatin; CBDCA, Carboplatin. 

We found a similar and very high miR-7 percentage of methylation between both 

cohorts: 21 out of 36 and 22 out of 39, 58% and 56%, respectively. We then compared these 

results with 10 emphysema samples that are traditionally considered normal tissues for 

this disease; however, the assessment of these samples showed also a high rate of 

methylation for this miRNA (50%). In contrast, no hypermethylation was observed in 

control DNA obtained from lung samples from patients with other nonrespiratory diseases. 

A representative selection of the MSP results in shown in Figure 20A. No significance was 

found in terms of stage, sex, histology, therapy response or overall survival in both lung 

cancer cohorts (Figure 20B-E).  
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Figure 20. miRNA-7 methylation analysis in primary tumors of NSCLC patients and survival analysis. 

(A) Representative MSPs of miR-7 nearby CGI in DNA obtained from NSCLC tumor tissues, emphysemas 

and normal lung tissues from healthy donors. For each sample, the PCR product in the M lane was 

considered as the presence of methylated DNA, whereas the amplification product in the U lane was 

considered as the presence of unmethylated DNA. In vitro methylated DNA was used as a positive control 

(+). (B) to (E) Kaplan-Meier comparison between miR-7 proximal island methylation status in NSCLC 

patients in terms of progression free survival (B and D), and overall survival in months (C and E). 

LogRank test was used for comparisons and p<0.05 was considered as a significant change in OS or PFS. 

 

8. Clinical applicability of MAFG in NSCLC and ovarian cancer  

To explore the involvement of the miR-7/MAFG axis in primary tumors, we first 

analyzed the quantitative DNA methylation levels of miR-7 and RNA expression levels of 

miR-7 and MAFG in a cohort of 22 paired samples from fresh frozen tumors (T) and 

adjacent-tumor tissue (ATT) from patients with NSCLC (Table 17). We also interrogated the 

cohort of 55 fresh frozen tumors from ovarian cancer patients from IDIS-CHUS/HULP 
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described previously (Table 6 and Table 13). Ten tubal ligation and five normal saliva 

samples were used as controls.  

Table 17. Clinicopathological data and hypermethylation frequency of 22 patients with NSCLC 

from La Paz University Hospital 

 
Abbreviations: ATT, Adjacent Tumor Tissue; T, Tumor; CDDP, cisplatin; CBDCA, carboplatin; NA, Not 

Available 

We observed an increase in the data dispersion for both tumor types versus the non-

tumor samples, in miR-7 methylation and expression levels (Table 18). Moreover, there is a 

higher percentage of methylation levels (17.95% vs 2.3%, p=0.00001), and a lower miR-7 

expression (1.43 vs 14.2, p=0.0001), in the NSCLC samples than in the ovarian ones. As 

expected, MAFG expression was higher in the NSCLC tissues compared to ovarian ones (0.9 

vs 0.2, p=0.0001) (Figure 21).  The higher dispersion was statistically significant in NSCLC 

groups only when compared with saliva samples from healthy donors (p=0.0002) (Figure 

21A and Table 18). 

  

 

 
     

miR-7 

methylation 

miR-7 

expression 

MAFG 

expression 
   

Patient Sex 
Age, 

years 
Histology Stage Chemotherapy 

ATT 

(%) 

T 

(%) 

ATT 

(2-∆Ct) 

T 

(2-∆Ct) 

ATT 

(2-∆Ct) 

T 

(2-∆Ct) 
Last Contact Status 

Overall 

Survival, 

months 

1 Female 56 Adenocarcinoma IA No 58.49 NA 0.50 0.19 0.62 0.43 18/05/2015 Alive 37 

2 Male 69 Epidermoid IB No 5.63 5.35 1.71 2.61 0.65 0.53 15/10/2014 Exitus 34 

3 Male 71 Adenocarcinoma IB No 14.98 13.12 1.16 0.31 0.59 0.28 01/08/2011 Exitus 1 

4 Male 79 Adenocarcinoma NA No 12.47 26.06 1.11 0.51 0.43 4.37 21/03/2013 Exitus 20 

5 Male 74 Large Cell IIB No 9.20 12.69 0.80 0.34 0.28 0.29 25/11/2011 Exitus 3 

6 Male 62 Adenocarcinoma IIIA Other 7.28 3.74 2.33 0.38 0.31 2.12 10/11/2011 Exitus 8 

7 Female 63 Epidermoid IB CDDP-other 8.47 5.69 1.65 1.77 0.58 0.05 29/04/2011 Exitus 7 

8 Female 41 Adenocarcinoma IIA CDDP-other 8.37 28.94 0.70 2.42 0.91 0.13 17/09/2016 Alive 56 

9 Male 86 Epidermoid IB No 9.41 8.09 1.07 1.17 5.59 0.29 04/05/2016 Alive 53 

10 Male 58 Adenocarcinoma IA No 8.19 38.79 1.00 0.09 1.00 0.04 30/08/2011 Exitus 7 

11 Female 61 Adenocarcinoma IIIA CBDCA-others 6.51 6.08 0.99 5.83 1.91 0.20 07/07/2016 Alive 53 

12 Male 62 Epidermoid IB CDDP-other 7.59 30.28 0.92 0.75 2.24 0.81 18/03/2016 Alive 52 

13 Male 79 Epidermoid IIA No 12.44 NA 0.77 1.51 0.70 0.09 07/11/2012 Exitus 10 

14 Male 81 Epidermoid IIA No 12.66 10.98 2.21 2.07 0.73 0.84 01/01/2012 NA 4 

15 Female 66 Adenocarcinoma IIIA CDDP-other 4.72 3.57 0.73 0.32 0.76 0.49 10/11/2016 Alive 57 

16 Male 74 Adenocarcinoma IIB Other 35.35 10.00 0.80 0.31 1.03 0.78 06/08/2013 Exitus 29 

17 Male 84 Epidermoid IIB CBDCA-others 8.24 53.19 1.35 1.05 0.57 0.03 10/12/2011 NA 9 

18 Female 55 Adenocarcinoma IB CDDP-other 10.29 9.42 1.19 2.86 0.38 1.52 23/04/2014 Exitus 31 

19 Male 57 Epidermoid IIB CDDP-other 13.67 9.52 1.50 2.87 0.99 0.50 27/05/2014 Exitus 40 

20 Male 74 Epidermoid IIIB CBDCA-others 4.06 13.45 0.80 1.33 0.22 0.43 01/09/2012 NA 20 

21 Male 65 Adenocarcinoma IIIA CDDP-other 9.55 63.07 1.14 0.65 1.11 2.57 25/03/2013 NA 14 

22 Female 35 Adenocarcinoma IIB CDDP-other 4.43 6.84 0.50 2.07 0.26 2.35 27/11/2012 NA 18 
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Table 18. Comparison of methylation and expression levels among a cohort of 22 paired 

samples from patients with NSCLC and 55 samples from patients with ovarian cancer. 

 miR-7 methylation (%) 

 Mean Median Minimum Maximum Dispersion 
p-value 

(Student’s t-test) 
Saliva 

samples 
0.54 0.69 0.18 0.88 0.7 

0.0002 
(Saliva vs ATT) 

ATT (NSCLC) 12.36 8.83 4.06 58.5 54.44 .22 (ATT vs T) 

Tumor 
(NSCLC) 

17.95 10.49 3.57 63.08 59.5 
0.0002 

(Saliva vs T) 

Tubal Ligation 1.31 1.10 0.03 3.23 3.20 
0.5196 

(Tubal vs Ovarian 
cancer) 

Ovarian 
Tumors 

2.31 0.13 0.01 70.30 70.29  

       
 miR-7 Expression (2-∆Ct) 

 Mean Median Minimum Maximum Dispersion 
p-value 

(Student’s t-test) 

ATT (NSCLC) 1.13 1.03 0.5 2.33 1.83 - 

Tumor 
(NSCLC) 

1.43 1.11 0.09 5.83 5.74 .34 (ATT vs T) 

Tubal Ligation 29.03 23.93 6.24 75.74 69.51 
0.02 (Tubal vs 

OvCa) 
Ovarian 
Tumors 

14.25 6.64 0.15 89.50 89.35  

       
 MAFG Expression  (2-∆Ct) 

 Mean Median Minimum Maximum Dispersion 
p-value 

(Student’s t-test) 
ATT (NSCLC) 0.99 0.68 0.22 5.59 5.38 - 

Tumor 
(NSCLC) 

0.87 0.46 0.03 4.37 4.34 0.7146 (NT vs T) 

Tubal Ligation 0.18 0.15 0.02 0.37 0.35 
0.8205 (Tubal vs 

OvCa) 
Ovarian 
Tumors 

0.19 0.10 0.00 1.25 1.25  

Note: p<0.01 was considered as statistically significant changes between the groups compared 

(Student’s t-test). ATT, Adjacent Tumor Tissue; T, Tumor. 
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Figure 21. Involvement of miR-7 and MAFG in patients with NSCLC and ovarian cancer. Assessment of 

miR-7 methylation levels measured by qMSP (A) and expression levels of miR-7 (B) and MAFG (C) 

measured by qRT-PCR in fresh samples from a cohort of 22 patients with NSCLC and a cohort of 55 

patients with ovarian cancer. Saliva and Tubal ligations were used as reference. ATT, Adjacent Tumor 

Tissue; T, Tumor. Asterisks are indicating the level of significance for each comparison according to 

table 22.  

A negative correlation between the percentage of methylation and expression levels 

of miR-7 was found only in the T samples (Figure 22A). The opposite tendency was found, 

towards more expression of MAFG in T samples, when the percentage of miR-7 methylation 

increased (Figure 22B). Interestingly, the two samples that showed the highest dispersion 

for MAFG expression presented a miR-7 methylation level over 20%. No correlation or 

tendency was found in tubal ligation or ovarian cancer samples (Figure 22C and 22D). 
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Figure 22. In vivo relationship between miR-7 and MAFG in patients with NSCLC and ovarian cancer. (A 

and C) Correlation between the methylation percentage of miR-7 and expression levels of miR-7 in 22 

NSCLC ATT samples (A left) and Tumor (A, right) and 55 ovarian cancer samples (C, right) and controls 

(C, left). (B and D) Correlation between the methylation percentage of miR-7 and expression levels of 

MAFG in 22 NSCLC ATT samples (B left) and paired Tumors (B, right) and 55 ovarian cancer samples 

(D, right) and controls (D, left).   For all the analyses, data represents the percentage of methylation 

according to a previous report (Eads et al., 2000) and expression levels in 2-∆Ct. 

To determine whether MAFG expression correlated with clinical outcome in patients 

with NSCLC and ovarian cancer, we investigated the gene expression levels in 984 and 312 

patients with NSCLC and ovarian cancer, respectively, from the TCGA database. In addition, 

we interrogated the gene expression of MAFG in 1035 and 134 patients with NSCLC and 

ovarian cancer, respectively, from the Total Cancer Care Biorepository at the Moffitt Cancer 

Center. When comparing data from both datasets, we observed statistical significance 
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according to the median level of MAFG expression in the group of NSCLC patients; patients 

with low expression levels had a clearly increased overall survival compared with the group 

of patients with high MAFG expression levels, with p-values of 0.020 and 0.011 for both 

cohorts, respectively (Figure 23A). We did not observed any significant differences between 

high or low expression of MAFG in ovarian cancer patients (Figure 23B) 

 

 
Figure 23. In silico analysis of mRNA expression of MAFG in two cohorts of patients with NSCLC and two 

cohorts of patients with ovarian cancer. (A) Survival analysis in 984 (left panel) and 1035 (right panel) 

NSCLC samples from the TCGA and TCC, respectively. (B) Survival analysis in 312 (left panel) and 174 

(right panel) ovarian samples from the TCGA and TCC, respectively. LogRank test was used for 

comparisons and p<0.05 was considered as a significant change in OS. NSCLC: non-small cell lung 

cancer; CPM: counts per million; TCGA, The Cancer Genome Atlas; TCC, Total Cancer Care.  

9. Approach followed for the epigenetic characterization of lncRNAs in the 

acquired resistance to cisplatin in lung and ovarian cancer. 

In the present thesis we also aimed to gain insight into the epigenetic characterization 

of a recently discovered group of RNA regulators, the lncRNA. Although their function and 

the classification begin to be clarified candidate by candidate, still the information we have 

got from most of them is very poor, Furthermore, there hse not been any global approach 

to understand their potential epigenetic regulation in cancer nor in response to therapy. 

Therefore, to identify candidate long non-coding RNAs under epigenetic regulation as an 

alternative mechanism involved in the response to platinum, we first explored the global 
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profile of lncRNAs and mRNAs that change their expression after platinum treatment 

through the analysis of the transcriptome and DNA-methylome of these cancer cell lines 

(Figure 24).  

 
Figure 24. Experimental design and general overview of expression changes. Pipeline of the steps 

followed for this study. Arrays combining lncRNAs and mRNAs probes were performed for four paired 

sensitive/resistant cell lines from lung and ovarian cancer. The threshold for selection was Fold Change 

≥1.5. Inclusion of WGBS data was used to identify lncRNAs under epigenetic regulation by DNA 

methylation. Selection and further validation of lncRNAs was performed to confirm observed changes 

in expression and methylome analysis. * Fold Change ≥ 1.5 

 

10. Transcriptome profiling of lncRNAs in the acquired resistance to cisplatin 

treatment.  

All data are based on eight CDDP-sensitive and CDDP-resistant NSCLC (H23S/R and 

H460S/R) and ovarian cancer (A2780S/R and OVCAR3S/R) cell lines previously established 

in our laboratory (Ibanez de Caceres et al., 2010, Vera et al., 2017) (Figure 2). We generated 
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a global transcriptome profile of lncRNAs and mRNAs to identify those that had a change in 

expression levels after the development of platinum resistance. 

 

Figure 25. General overview of expression changes. Venn diagrams of shared lncRNAs (A) and mRNAs 

(B) that change in resistance in both lung cancer cell lines (top), both ovarian cancer cells (middle) or 

when comparing lung and ovarian cells (bottom). 

Among the 30,586 lncRNAs (19,590 intergenic lncRNAs and 10,996 overlapping) and 

the 20,109 mRNA transcripts interrogated in the platform, we found a percentage of 

expression changes of approximately 1.5% and 2.0%, respectively, for all the contrasts 

analyzed, with a Fold Change ≥ 1.5 (Table 19). We also compared the common lncRNAs or 

mRNAs with detectable changes in expression between sensitive and resistant cell lines and 

tissue type, and found a similar percentage change (Figure 25A and 25B).  
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Table 19. Overall view of changes for lncRNAs (left) and mRNAs (right) observed in the arrays.  

 

We next selected a representative group of 30 lncRNA transcripts to validate the 

expression changes between resistant and sensitive cells observed in the array analysis by 

semi-quantitative PCR. Validation was successful in 11 out of 15 downregulated and 14 out 

of 15 upregulated lncRNAs in the cancer cell lines used for the array (Figure 26A – 26C). We 

further tested the expression of six transcripts in a selection of two additional paired CDDP-

resistant/sensitive cancer cell lines, a different pair A2780/A2780CP and the pair 

OV2008/OVC13 (Figure 26D). Table 20 summarizes the total lncRNAs analyzed and 

validated, as well as their associated coding genes.  

 
Figure 26. Semi-quantitative validation of lncRNA microarray in a selection of 30 lncRNAs based on 

statistical terms. Representative images of the downregulated and upregulated lncRNAs that were 

validated in the resistant subtypes compared with the expression of the sensitive parental cells in the 

lung cancer model, up and downregulated (A), in the ovarian model downregulated (B) and upregulated 

(C) and in two additional ovarian cancer cell lines (D). Each assay was performed at least three times 

to confirm the results. 
  

 lncRNAs  mRNAs 

Contrast Downregulated Upregulated  Downregulated Upregulated 

H23R vs 

H23S 
763 2.5% 387 1.3%  747 2.9% 793 3.0% 

H460R vs 

H460S 
194 0.6% 146 0.5%  142 0.5% 129 0.5% 

A2780R vs 

A2780S 
402 1.3% 823 2.7%  518 2.0% 514 2.0% 

OVCAR3R vs 

OVCAR3S 
629 2.1% 421 1.4%  447 1.7% 408 1.6% 

          

Lung R vs 

Lung S 
529 1.7% 253 0.8%  355 1.4% 272 1.0% 

Ovarian R vs 

Ovarian S 
376 1.2% 480 1.6%  359 1.4% 418 1.6% 

          

All R vs All S 363 1.2% 257 0.8%  290 1.1% 250 1.0% 
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Table 20. Summary of the selected lncRNAs 

  
Note: Contrast indicates lncRNA changes with statistical significance; seq.name is the transcript name 

of the lncRNA; GeneSymbol is the name of the lncRNA.  

We performed a gene ontology analysis with the described associated coding genes of 

the 25 validated lncRNAs, which are included into the Arraystar platform. Most of the 

lncRNA probes included in the array have at least one associated coding gene. Based on this 

GO analysis we selected 16 lncRNAs due to biological plausibility for their involvement in 

cancer, or published evidence of a role in cancer, as is the case of CRNDE (Ellis et al., 2012, 

Graham et al., 2011). We were able to confirm the expression changes by quantitative RT-

PCR for six out of seven downregulated (Figure 27A) and eight out of nine upregulated 

lncRNA candidates (Figure 27B). A summary of the selection process is detailed in Figure 

28. 

Contrast Cell line Seq.name GeneSymbol Chromosome Strand 
RNA 

Length 

Validation in Original/ 

Additional Cells 

Associated 

Coding Gene 

(ACG) 

Downregulated H23 ENST00000412084 AC091814.2 chr12 - 979 H23R OLR1 

Downregulated H23 ENST00000563217 RP11-532F12.5 chr15 - 250 H23R DNAJC17 

Downregulated H23 ENST00000558382 RP11-522B15.3 chr15 + 501 Undetermined NR2F2 

Downregulated A2780 ENST00000423122 RP11-65J3.1-002 chr9 + 545 A2780R & OVCAR3R IER5L 

Downregulated Ovarian ENST00000444125 RP11-65J3.1-003 chr9 + 783 A2780R & OVCAR3R IER5L 

Downregulated OVCAR3 ENST00000511928 AC141928.1 chr4 - 4525 OVCAR3R/A2780CP & OVC13 LRPAP1 

Downregulated OVCAR3 ENST00000449073 AC007040.5 chr2 + 625 OVCAR3R FIGLA 

Downregulated A2780R&OVCAR3R ENST00000556071 RP11-1A16.1 chr14 + 554 A2780R & OVCAR3R - 

Downregulated A2780R ENST00000412485 GS1-600G8.5 chrX - 1497 A2780R EGFL6 

Downregulated OVCAR3R ENST00000453395 LA16c-83F12.6 chr22 - 624 OVCAR3R - 

Downregulated OVCAR3R ENST00000490341 TUBA4B chr2 + 1380 OVCAR3R TUBA4 

Downregulated A2780R&OVCAR3R ENST00000529081 CTD-2026G22.1 chr11 + 578 Undetermined/A2780CP FOLH1 

Downregulated A2780R ENST00000455275 AP001439.2 chr21 + 392 Undetermined APP 

Downregulated A2780R ENST00000577848 RP11-874J12.4 chr18 + 1455 Undetermined DLGAP1 

Downregulated AllR_vs_All-S ENST00000419368 AC000035.3 chr22 - 570 H23R & OVCAR3R NF2 

Upregulated H23 uc021sxs.1 AF198444 chr15 + 3890 H23R & H460R ALDH1A3 

Upregulated H23 TCONS_00011636 XLOC_005125 chr6 + 1366 H23R FOXC1 

Upregulated Lung ENST00000437416 RP11-100E13.1 chr1 - 403 H23R CNIH3 

Upregulated A2780R&OVCAR3R uc003jsd.1 BX641110 chr5 - 3720 A2780R & OVCAR3R/A2780CP PDE4D 

Upregulated A2780R&OVCAR3R uc010vhb.2 CRNDE chr16 - 838 A2780R & OVCAR3R - 

Upregulated A2780R&OVCAR3R NR_027064 PLAC2 chr19 - 3693 A2780R & OVCAR3R ZNRF4 

Upregulated A2780R&OVCAR3R ENST00000577279 RP11-6N17.4 chr17 - 374 A2780R & OVCAR3R SP2 

Upregulated A2780R&OVCAR3R ENST00000450535 ZNFX1-AS1 chr20 + 1075 A2780R & OVCAR3R ZNFX1 

Upregulated OVCAR3R ENST00000441539 AC007566.10 chr7 + 395 A2780R & OVCAR3R/A2780CP PEX1 

Upregulated A2780R ENST00000567780 HOXC-AS3 chr12 - 2816 A2780R HOXC10 

Upregulated A2780R ENST00000520259 RP11-333A23.4 chr8 + 2367 A2780R - 

Upregulated A2780R ENST00000566968 RP11-384P7.7 chr9 + 3528 A2780R/A2780CP PRSS3 

Upregulated OVCAR3R ENST00000425587 RP11-561O23.8 chr9 + 340 OVCAR3R - 

Upregulated OVCAR3R ENST00000574086 RP11-760H22.2 chr8 + 522 OVCAR3R/A2780CP - 

Upregulated A2780R&OVCAR3R ENST00000417460 AC003986.7 chr7 + 692 Undetermined HDAC9 
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Figure 27. Quantitative validation of lncRNA microarray expression changes in 15 lncRNAs based on 

their possible biological implication in cancer. qRT-PCR to confirm the quantitative expression changes 

of the downregulated (A) and upregulated (B) lncRNAs that were validated in the resistant subtypes 

compared with the expression of the sensitive parental cells in the lung cancer model (H23S/R and 

H460S/R), in the ovarian cancer model (A2780S/R and OVCAR3S/R) and two additional ovarian cancer 

cell lines (A2780S-C/A2780CP and OV2008/OVC13). The data represent the results from at least two 

different experiments measured by triplicate in Relative Quantification (RQ) scale ± SD. * p < 0.05; ** p 

< 0.01; *** p < 0.001 (Student’s T-test). 

0.0

0.5

1.0

1.5

R
e
la

ti
v
e

E
x
p
re

s
s
io

n
(R

Q
)

GS1-600G8.5

*

0.0

1.0

2.0

AC141928.1

*** *

0.0

3.0

6.0

BX641110

***

**

0.0

3.5

7.0

CRNDE

**

0.0

0.5

1.0

1.5
R

e
la

ti
v
e
 E

x
p
re

s
s
io

n
 (

R
Q

)
AC091814

**

0.0

1.0

2.0

RP11-532F12.5

0.0

0.5

1.0

1.5

RP11-65J3.1-002

*** **

0.0

0.5

1.0

1.5

RP11-65J3.1-003

**

***

0.0

0.5

1.0

1.5

AC000035.3

*

0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 E

x
p
re

s
s
io

n
 (

R
Q

) AF198444

0.0

1.5

3.0

XLOC_005125

**

0.0

2.0

4.0

RP11-100E13.1

*

0.0

2.0

4.0

R
e
la

ti
v
e

E
x
p
re

s
s
io

n
(R

Q
) HOXC-AS3

**

0.0

2.0

4.0

RP11-384P7.7

**

0.0

2.5

5.0
PLAC2

**

***

0.0

2.5

5.0
RP11-6N17

***

***

A

B



 

~ 120 ~ 
 

RESULTS 

 

 

Figure 28. Summary of the selection and validation process followed in to identify lncRNAs under 

epigenetic validation involved in cancer. 

 

11. Expression of cis-acting lncRNAs is frequently altered in CDDP resistant cells 

compared with overlapping lncRNAs 

Further bioinformatics analyses allowed us to classify the lncRNAs that changed in 

resistance into two groups according to their relationship with the mRNA of a coding gene 

(Ma et al., 2013, Wang and Chang, 2011). These analyses included (a) transcript and lncRNA 

genomic annotations in order to designate their positional relation that could help 

determine their functional relationship with their possible associated coding gene (ACG) 

and (b) a restrictive statistical analysis selecting only those lncRNAs and mRNAs with 

statistically significant changes in expression (Figure 29). Those lncRNAs sharing a genomic 

location with an ACG and both showing statistically significant expression changes in the 

array were classified as “overlapping lncRNAs,” including sense, antisense and bidirectional 

lncRNAs. This group was represented by 176 unique lncRNA transcripts, which were 

associated with 185 unique mRNA transcripts. lncRNAs encoded in the 1 kb – 300 kb 

lncRNAs array
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upstream region that did not overlap with another coding gene were included in the “cis-

acting lncRNA” group (Guttman and Rinn, 2012, Chen, 2016). This group was represented 

by 613 lncRNA transcripts interacting with 662 mRNA transcripts (Figure 24). Among the 

lncRNAs represented on the arrays with known genomic location, the observed vs. expected 

ratio was increased for cis-acting lncRNA (78% vs. 64%) but decreased for the overlapping 

lncRNAs (22% vs. 36%). When analyzing the global expression changes from both groups, 

we observed that the majority of the overlapping lncRNAs showed the same expression 

pattern as the associated mRNA (Figure 29, top panel). For cis-acting lncRNAs, we observed 

both similar and opposing expression changes with their associated mRNAs in resistant 

compared to sensitive cell lines (Figure 29, bottom panel). 

 

Figure 29. Overall view of the lncRNAs with significant changes in expression between resistant and 

sensitive cell lines, according to their relationship with the associated mRNA transcript identified in the 

array. The upper panel represents overlapping lncRNAs, whereas the lower panel represents cis-acting 

lncRNAs. 
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12. Presence of CpG islands and associated aberrant methylation are more 

frequent in overlapping than cis-acting lncRNAs in CDDP resistance 

Next, we searched for canonical CpG islands (CGIs) by interrogating the WGBS data obtained 

from our experimental models, then classified the lncRNAs according to their CpG island 

position. We first observed that 44 of the 176 overlapping lncRNAs (25%) have a defined 

CGI for themselves or for their ACG, whereas a defined CGI was found in only 17% (105 of 

613) of the cis-acting lncRNAs. It is interesting to highlight that the majority of the 

overlapping lncRNAs with a defined CGI share this island with their ACG (21%, in green). 

Those lncRNAs are increased in the downregulated group of lncRNAs (Figure 30A). Only 3% 

have an exclusive CGI and a small percentage of these lncRNAs (1%) belonged to a group 

with one CGI for the lncRNA and a different CGI for the ACG (Figure 30A, left bars). 

Conversely, among the cis-acting lncRNAs there was a small percentage of lncRNAs sharing 

the CGI with the ACG (1%), with 6% showing an exclusive CGI and the majority represented 

by lncRNAs that have CGIs different from the CGI of their ACG (10%). This association 

between the presence or absence of CGIs and the lncRNA location (overlapping or cis-

acting) was statistically significant (Chi-square test, p = 0.02).  

 

Figure 30. Bioinformatic and in silico analysis of lncRNA epigenetic regulation in resistance. (A) 

Identification of possible regulatory regions under CpG island methylation and distribution according 

to overlapping or cis-acting groups. The graphic in the middle represents the number of lncRNAs 

grouped by expression pattern and according to the location of their CGI. (B) Distribution of the 
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methylation detected by WGBS in the six possible groups indicated with squares and comparison 

between cis and overlapping lncRNAs. Chi-squared test was used for statistical analysis and p < 0.05 

was considered statistically significant. 

Thus, to identify whether CGI methylation was associated with the observed changes 

in lncRNA expression, we divided them into lncRNAs carrying or not a CGI and another 

group based on where the CGI was located (Figure 31A). For overlapping lncRNAs, we 

included all the lncRNAs with a possible CGI at their regulatory region or at their ACGs in 

the first group (Figure 31A, top). For cis-acting lncRNAs, we included only those lncRNAs 

with a possible CGI in their regulatory region (Figure 31A, bottom). This contrast revealed 

that the overlapping lncRNAs are similarly represented in both groups, with and without 

CGIs (42% and 58%, respectively) but cis-acting lncRNAs are richer in lncRNAs without 

CGIs (17% vs. 83%). 

 
Figure 31. Bioinformatic and in silico analysis of lncRNA epigenetic regulation in resistance. (A) 

Experimental approach for the study of methylation in lncRNAs. For those lncRNAs without a described 

CGI, we explored a region comprising -2000 to +500 bp from the transcription start site represented in 

(B). (C) Presence of methylation detected by WGBS according to the expression pattern of the lncRNAs. 

Following the identification of the potential CGIs that could be involved in the 

regulation of expression changes, we analyzed the differentially methylated CpG positions 

identified by WGBS. To avoid losing any possible methylated candidates, we also included 

in our bioinformatic study the analysis of a longer region starting at -2000 bp and ending at 

+500 bp from the lncRNA transcription start site (TSS) for those lncRNAs without a CGI 

(Figure 31B). Among the overlapping lncRNAs with a CGI, 29% demonstrated differential 
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methylation (DM) between resistant and sensitive cells at more than one position, 

compared with 8% of cis-acting lncRNAs (Figure 30B). The difference in methylation by 

location of the lncRNAs (overlapping or cis-acting) was statistically significant (Chi-square 

test p-value < 0.001). For overlapping lncRNAs, the methylation pattern is associated with 

downregulation in platinum resistance, 73% of all differentially methylated overlapping 

lncRNAs in comparison with the 50% observed for cis-acting lncRNAs (Figure 31C). The 

results show that the -2000/+500 bp region was essentially the same for overlapping 

lncRNAs and their ACG; while the -2000/+500 bp region for cis-acting lncRNAs is far away 

(> 100,000 bp) from the -2000/+500 bp region observed in their ACG, assuming that the 

gene´s DM does not interfere with the cis-lncRNA epigenetic regulation. Analyses of the -

2000/+500 bp region for those lncRNAs without CGI revealed similar percentages of 

differential methylation for overlapping (10%) and for cis-acting (8%) lncRNAs (Figure 

31C). 

13. Whole-Genomic Bisulfite Sequencing validation confirms the selection 

criteria of our approach 

Finally, we validated the methylation observed by WGBS by alternative bisulfite 

sequencing in our experimental model. We selected eight candidates out of the 14 lncRNAs, 

which expression was validated previously by qRT-PCR, in order to confirm the 

differentially methylated positions observed by WGBS (Figure 24 and Figure 28). These 

candidates were AC091814.2, AC141928.1, RP11-65J3.1-002, RP11-65J3.1-003, BX641110, 

AF198444, XLOC_005125 and RP11-100E13.1 (Table 21).  

Table 21. Main characteristics of the selected lncRNAs for methylation validation.  

 

Our first approach included the validation of general changes in expression after 

epigenetic reactivation treatment (RT) in the resistant cells. RT-PCR (Figure 32) and qRT-

PCR (Figure 33)  confirmed our first expression results observed in the cell lines for the six 
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candidates, AC091814.2, AC141928.1, RP11-65J3.1-002, BX641110, AF198444 and 

XLOC_005125. 

 
Figure 32. Validation of epigenetic reactivation treatment in lncRNA expression. RT-PCR comparing 

expression changes among sensitive (S), resistant (R), and resistant treated with epigenetic reactivation 

(RT). Each assay was performed at least three times to confirm the results.  

 

 

 
Figure 33. Quantitative validation of epigenetic changes in lncRNA expression. qRT-PCR to confirm the 

quantitative expression changes for downregulated (A) and upregulated (B) lncRNAs in sensitive (S), 

resistant (R), and resistant treated with epigenetic reactivation (RT), only for those samples that 

showed differentially methylated positions by WGBS. The data represent the results from two different 

experiments in triplicate in Log10 scale ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001 (Student’s T-test). 
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Bisulfite sequencing of the differentially methylated positions between sensitive (S) 

and resistant (R) cells confirmed the gain of methylation in the resistant subtypes for 

candidates AC091814.2, AC141928.1 and RP11-65J3.1-002, and loss of methylation for 

AF198444 and BX641110 (Figure 34).  

 
Figure 34. Bisulfite sequencing validation of the differentially methylated positions identified by WGBS. 

Figure shows the genomic location of lncRNAs interrogated and the most representative positions after 

Sanger sequencing (left). Red asterisks indicate those positions with differential methylation between S 

and R cells. The right part of the panel shows the comparison with WGBS, where white squares indicate 

unmethylation, grey hemimethylation and black shows methylated positions. The crosses indicate an 

absence of information. Red chromosomal positions are marked with a red asterisk in the sequence. 

Discontinued-grey line indicates a distance greater than 30,000 pb between the end of the CGI and the 

start of the lncRNA. 
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DISCUSSION 

The search for new biomarkers for survival, prognosis and drug-resistance in cancer 

is a wide-open field for exploration and investigation. In fact, the findings described in the 

present work indicate that the function of a gene or a non-coding RNA cannot be considered 

uniquely responsible for the development, progression and resistance to chemotherapy 

drugs for cancer treatment.  

Epigenetics provides a new scenario to study and understand the transcriptional and 

post-transcriptional regulatory mechanisms involved in carcinogenesis, increasing our 

knowledge of the genes and non-coding RNAs involved in these processes. It is therefore a 

novel source for potential new markers that can improve current treatments and may allow 

to find new ones based on the genetic and epigenetic profiles, thus leading to personalized 

therapies.  

This study seeks to contribute to the understanding of drug-resistance and the 

identification of new epigenetic biomarkers in NSCLC and ovarian cancer, by studying the 

role and regulation of non-coding RNAs.  

 

1. The epigenetic silencing of microRNA-7 contributes to the development of 

cisplatin resistance  

The literature provides evidence that miRNA dysregulation can lead to the 

development of cancer (Calin et al., 2002, Mendell and Olson, 2012, Fabbri et al., 2007, Ceppi 

et al., 2010). Epigenetic alterations through DNA methylation can also regulate the 

expression of a number of microRNAs, diminishing in general and contributing to the onset 

of cancer (Wang et al., 2010). There are several studies that relate the dysregulation of 

various miRNAs to clinical outcomes. For tumor tissue, the expression of these regulators is 

generally downregulated (Gallardo et al., 2009, Jusufovic et al., 2012). To contribute to the 

molecular characterization of CDDP resistance in cancer, we intended to deepen our 

understanding of this aspect by approaching the regulation of microRNAs and their target 

genes with a large-scale expression study. For this type of studies, microarrays keep 

providing a powerful tool to specifically study the involvement of a large number of miRNAs 

simultaneously and their role in various tumor processes (Calura et al., 2013, Wang et al., 

2015). In the current study, we used this technology in a miRNA-microarray based strategy 

combined with an epigenetic reactivation treatment. The differential miRNA expression 

profile from sensitive, resistant and pharmacological treated cells was correlated with gene 
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expression from the same experimental groups in four paired cell lines to identify new 

miRNA-targets of promoter hypermethylation potentially involved in the development of 

resistance in lung and ovarian cancer. We established the ovarian cancer cell lines A2780R 

and OVCAR3R with a CDDP-resistant index in accordance with the previously established 

NSCLC cancer cell lines H23R and H460R, assuming that similar resistant events could 

follow (Ibanez de Caceres et al., 2010).  

We first identified 87 of the 723 miRNAs analyzed on the arrays (12%), whose 

potential epigenetic silencing could promote resistance. This percentage of miRNA 

epigenetic reactivation is in accordance with published data regarding when tumor cells are 

exposed to similar unmasking treatment using the same miRNA-expression-array 

technique (10%-15%) (Lujambio et al., 2008). In addition, some of the miRNAs showing the 

strongest upregulation were located in the miRNA cluster C19MC, results that are consistent 

with previous data and that support our experimental approach combining a microarray 

and pharmacologic unmasking strategy (Saito et al., 2009, Suzuki et al., 2010, Tsai et al., 

2009). A restrictive statistical analysis simultaneously achieving both conditions (R versus 

S<0 and RT versus R>0) in at least one of the four cell lines analyzed identified 28 of the 87 

miRNAs whose silencing could be a frequent event in CDDP-resistant cells, excluding those 

regulated by other non-epigenetic mechanisms. Of these miRNAs, we identified the 

presence of a CGI in the regulatory region in 36% (10 of 28), which is consistent with the 

results obtained in previous studies with a similar percentage of candidate miRNAs with 

proximal CGIs (Weber et al., 2007). In addition, regulation by promoter methylation has 

been described for two of 10 selected candidates, miR-200c and miR-23b, supporting again 

the strategy followed in our study (Ceppi et al., 2010, Geng et al., 2012). The potential 

epigenetic silencing of the selected candidates could, in fact, be involved in promoting 

resistance, given their expression levels were significantly lower in resistant cells than in 

sensitive ones, and these levels recovered after pharmacological treatment.  

Additionally, during the initial screening process we found a group of nine miRNAs 

(miR-498, miR-520f, miR-526b, miR-518f, miR-520b, miR-518c, miR-519d, miR-518e and 

miR-520h) that did not initially show any CGI in the 2000 bp previous and subsequent to 

their sequence. However, they belong to the C19MC cluster, which has been reported to 

have a distant regulatory CGI. It has been reported that the epigenetic regulation by DNA 

methylation at this distant island controls the expression of the miRNAs located at the 

C19MC cluster (Noguer-Dance et al., 2010, Tsai et al., 2009). Several studies link expression 

changes in this miRNA-cluster with brain tumors and liver carcinomas (Augello et al., 2012); 

thus, it was selected for further validation studies. However, we found a constitutive 
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methylation in all the sensitive and resistant cells and also in normal lung and ovarin tissues 

and in PBMCs, suggesting a possible role of this cluster in embryonic development, as has 

previously been shown (Court et al., 2014, Noguer-Dance et al., 2010). Our results show that 

there is no correlation between the downregulation of the selected nine miRNAs from the 

cluster in the resistant phenotypes initially identified on the arrays and the acquisition of 

hypermethylation in NSCLC and ovarian cancer cell lines after exposure to CDDP. 

Our screening included an ontological study of routes and processes related to the 

biological response to chemotherapy and tumor development for all target genes found in 

the mRNA expression strategy to be candidate target genes under epigenetic regulation by 

the 10 selected miRNAs. We identified a set of seven miRNAs containing a surrounding CGI 

that were complementary to target genes involved in cell growth, proliferation, cell 

migration, drug efflux, angiogenesis or apoptosis inhibition such MAFG, ELK-1, RAB6B, 

CAMK2G, MAPKAP1, ABCA1, ABL1 or STAT3 (Hanrahan et al., 2003, Iwasaki et al., 2010). All 

these processes might influence the acquisition of drug-resistance in the CDDP treated cells 

through the potential miRNA silencing.  

Changes in expression were validated for all seven candidates, but not in all the 

expected paired cell lines, indicating that qRT-PCR is a valuable and necessary validation 

method more restrictive than microarray, that still keeps providing a powerful tool to study 

the involvement of a large number of miRNAs simultaneously (Calura et al., 2013, Wang et 

al., 2015). The expression changes were more significant after unmasking treatment, 

probably because the pharmacologic combination exerts a synergistic and specific influence 

in mRNA and miRNA global re-expression, as described in different tumor types (Adi Harel 

et al., 2015). This effect can be stronger than the silencing observed as a secondary effect of 

CDDP on DNA methylation.  

The expression of miR-7, miR-132, miR-335 and miR-148a was validated in at least 

two cell lines, suggesting that their deregulation can be a common event in the development 

of CDDP resistance, which is why they were chosen for epigenetic validation. Although miR-

124, miR-9 and miR-10a were validated in one of the cell lines, they could also play a 

possible role in cancer and chemoresistance, thus explaining the clinical heterogeneity that 

characterizes these two tumor types. In fact, there are previous studies describing an 

epigenetic silencing of miR-124 and miR-9 in colon, breast and gastric cancer and in T cell 

tumors (Bueno et al., 2008, Lujambio et al., 2007, Tsai et al., 2011), and a downregulation of 

miR-10a has been described in acute myeloid leukemia (Jongen-Lavrencic et al., 2008). 

Therefore, although we have focused on the epigenetic regulation at miR-7, miR-132, miR-
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335 and miR-148, future studies are also warranted to explore their role in 

chemoresistance. 

The absence of methylation found at miR-148a and miR-132 at sensitive and 

resistant cells indicates that its differential expression is not regulated by DNA methylation. 

Previous studies link their epigenetic silencing with the development of pancreatic cancer 

and metastasis in lymph nodes (Lujambio et al., 2008, Hanoun et al., 2010, Zhang et al., 

2011). These results could be associated with a tumor-type specificity event; in fact, we have 

found the same unmethylated profile in lung and ovarian tumor cell lines and in normal 

tissues, suggesting no relationship between this epigenetic event and tumor progression 

and/or development of resistance in these malignancies. The expression of those miRNAs 

might be regulated by an upstream epigenetic mechanism or transcription factor 

reactivated by demethylation, as has been reported for gene expression upregulation in 

previous studies using similar epigenetic reactivation approaches (Ibanez de Caceres et al., 

2006, Ibanez de Caceres et al., 2010).  

miR-335 is located in the second intron of the MEST gene (Nishita et al., 1996), 

whose expression has been shown to be strongly regulated in cancer together with a 

silencing of miR-335 in different tumor types (Png et al., 2011, Sorrentino et al., 2008). We 

found specific methylation in the H460 cell line, in both sensitive and resistant cells. 

However, normal lung and H23 cells did not present this methylation pattern, suggesting 

that the downregulation for both resistant phenotypes compared with their parental 

sensitive is probably independent of the methylation profile, and therefore might be not 

related to the establishment of resistance. We also analyzed three additional cell lines from 

different tumor types and a saliva sample as an extra control. We found a lack of methylation 

in all of them, making methylation particular for H460 cells; nevertheless, miR-335 

methylation is probably an event in these cells that could be related to the occurrence of 

that particular tumor. In fact, in a previous study, 5-Aza epigenetic reactivation 

reestablished miR335 expression in another lung cancer cell line, MDA-231, suggesting a 

potential role in tumor progression in lung cancer and confirming our results, which were 

obtained from the unmasking strategy used (Png et al., 2011).  

The CpG island encompassing miR-7 showed constitutive methylation in all the 

normal and tumor samples analyzed. This result suggests the absence of a regulatory role, 

as has been reported for other potential regulatory CGIs in which the methylated status did 

not correlate with mRNA expression levels and that are preferentially methylated at 

nonregulating intergenic regions (Eckhardt et al., 2006, Lopez-Lera et al., 2014). However, 
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we found a specific methylation in the resistant A2780R and H23R subtypes at the distant 

CpG island compared with the parental cells and various controls from lung and ovarian 

control samples. This event appears not to be specific to ovarian and lung cancer resistant 

cells because we also found the same methylation profile in colon and pancreatic tumor cell 

lines (LoVo and IMIM-PC2) that also exhibit high resistance to cisplatin. These data suggest 

a potential epigenetic regulation of miR-7 at the DNA methylation level for this second CGI, 

a relatively common event in various tumor types, which can present intrinsic resistance to 

CDDP by epigenetic regulation.  

We sought then to confirm the role of miR-7 in the response to CDDP, in order to 

explore the potential therapeutic effect of miR-7 overexpression, as it has been developed 

for miR-34, the first microRNA mimic to be used in clinical testing as a theranostic marker 

(http://mirnatherapeutics.com). However, the ectopically overexpression of miRNA-7 in 

resistant cells did not change their sensitivity to CDDP, although it induced an increase in 

cell mortality; probably, due to the multifactorial effect that overexpression of miRNAs may 

cause on the cellular processes by regulating a high number of potential candidates genes. 

These results validate previous studies, which have shown its possible tumor suppressor 

role in cancer (Ma et al., 2014). Its expression has been also linked with sensitization to 

paclitaxel (Liu et al., 2014), although miR-7 regulation in this process was not defined. 

 

2. MAFG is directly regulated by miR-7 and it is potentially involved in cisplatin 

resistance through the modulation of reactive oxygen species.  

Due to the possible multifactorial effects of microRNAs, we believe that miR-7 might 

be involved in these processes through the regulation of its target genes, whose 

overexpression has been found in our experimental approach. Using a transcriptomic 

profile together with the in silico assembling of sequences, we identified a group of genes 

candidate to be targets of miR-7 that could provide cells with the oncogenic capabilities 

described by Hanahan and Weinberg (Hanahan and Weinberg, 2011). Further analysis of 

molecular pathways and cellular functions, led us to the selection of MAFG, ELK-1, ABCA1 

and MAPKAP1 genes. Validation by alternative techniques and overexpression of miR-7 in 

the resistant cell lines, revealed that MAFG, ABCA1 and ELK-1 recovered their levels of 

expression after epigenetic treatment and overexpression of miR-7, thus indicating a 

possible regulation of these genes by the methylation of this miRNA.  

http://mirnatherapeutics.com/
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However, our functional studies performed with luciferase vectors carrying a 

mutation in the conserved miR-7 binding site, revealed that only MAFG seems to be a direct 

candidate target gene under miR-7 regulation. Moreover, the silencing of miR-7 expression 

resulted in increased levels of MAFG and its overexpression is able to strongly increase the 

resistance to CDDP in sensitive cells. miR-7 may be an indirect regulator of ABCA1 and ELK-

1, in fact, it has been reported that miR-7 could act as modulator of chemoresistance by 

targeting the MRP1/ABCC1, a member of the ABC family proteins, and being involved in lung 

tumorogenesis by directly regulating the EGFR expression (Liu et al., 2015, Chou et al., 2010, 

Webster et al., 2009). Moreover, ABCA1 upregulation has been related to the decrease in 

chemotherapy response in breast cancer. However, we could not find a significant increase 

of resistance to CDDP after ABCA1 overexpression, possibly because of the different schema 

of treatment used in this study, based on sequential paclitaxel/neoadjuvant chemotherapy 

(Park et al., 2006). The inhibition of ELK-1 through the drug silodosin has been reported to 

increase the response to cisplatin in bladder cancer cells (Kawahara et al., 2015). Its 

overexpression in ovarian cancer cells did not change the sensitivity to CDDP; nevertheless, 

we observed an increase in the cell survival fraction. As ELK-1 is a nuclear target of the MAP-

kinases cascade and the EGFR-signaling pathway, and miR-7 is a direct regulator of EGFR 

gene, we believe that our results are a consequence of the highly implication of ELK-1 in cell 

proliferation and apoptosis through these signaling routes (Smedberg et al., 2002). 

MAFG is associated with detoxification in oxidative stress situations. This leads us to 

believe that its involvement in the acquired resistance to platinum resides in the protection 

it confers against free radicals generated in the cell after the administration of this drug 

(Katsuoka et al., 2005, Katsuoka and Yamamoto, 2016, Kilic et al., 2013, Li et al., 2008, 

Motohashi et al., 2006). Despite the fact that sMafs family, to which MAFG belongs, have 

been associated with cellular response, little is known about their involvement in human 

diseases. A number of studies have however linked these proteins with cancer, such as the 

study by Schembri et al. on MAFG regulation by miR-218 as an indicator of smoking-induced 

disease processes in the lungs (Schembri et al., 2009) and the study by Yang et al. on the 

relationship between increased MAFG and growth in colon cancer cell lines through the 

insulin-like growth factor-I actions (Yang et al., 2011). Taken together, our experimental 

results strongly support the direct regulation of MAFG through miR-7 and their involvement 

in the development of cancer. Moreover, the approach we used was aimed at directly linking 

the development of in vitro CDDP resistance with the overexpression of MAFG through the 

decrease of ROS production in our model of cancer cell lines. It has previously been shown 

that the resistance to CDDP in the A2780 cell line is an event caused by overactivation of the 

redox-detoxifying pathway (Bao et al., 2014). In line with these, the results obtained with 
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the ROS production assay in our experimental models indicate that CDDP-resistant 

subtypes have a lesser increase in ROS after CDDP exposure, probably due to its ability to 

detoxify the oxidative stress produced by the drug, as a consequence of an overexpression 

of MAFG. We also found a significant overexpression of reported redox-detoxifying-related 

genes  in the resistant cell lines harboring an increased expression of MAFG, reinforcing the 

idea that MAFG mediates the resistance to CDDP through the modulation of ROS (Chen and 

Kunsch, 2004). These results are summarized in Figure 35. 

 
Figure 35. Proposed mechanism for the acquired resistance to cisplatin in NSCLC and ovarian cancer 

cells through miR-7 methylation and MAFG overexpression. CDDP, cisplatin; ROS, Reactive Oxigen 

Species. 

 

3. miR-7 and MAFG are promising biomarkers and therapeutic targets in 

ovarian and NSCLC, respectively.  

Our basic results describe that the epigenetic alteration by DNA methylation can 

reduce the expression of a miR-7, altering the response to CDDP and contributing to the 

onset of more aggressive phenotypes. We intended to deepen our understanding of this 

aspect, focusing on miR-7 epigenetic regulation and the clinical outcome for patients with 

lung and ovarian cancer. We tested the specificity of aberrant miR-7 hypermethylation as a 
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potential epigenetic biomarker to detect the response to chemotherapy on 167 ovarian 

cancer patients, all of them treated with platinum-based therapy. An extensive clinical 

follow-up of 83 of those patients showed that those considered platinum-sensitive, 

harboring an unmethylated miR-7 had a better progression free survival rates than those 

patients with a methylated marker. These differences were not observed in platinum-

resistant patients, probably because in these patients the recurrence develop in short-time 

periods and in a small number of cases. We confirmed the same tendency in an additional 

smaller cohort of 55 patients. Furthermore, our analysis indicated that those patients 

carrying an unmethylated marker tended to have less aggressive tumors, with three times 

more overall survival after platinum treatment than those who carried the methylated DNA. 

In addition, the methylation percentage increased in tumor grades III/IV and when 

analyzing high-serous samples and Platinum-refractory/resistant tumors. Thus, miR-7 

methylation could play a role as a clinical tool predicting the aggressive behavior of this 

malignancy and the poorer response to platinum-based treatment.  

However, miR-7 silencing through DNA methylation appears to play a different role 

in lung cancer biology, primarily in terms of early development. We measured the 

methylation status of miR-7 in 75 NSCLC primary tumors from Hospitals la Paz and del Mar 

and correlated it with the patient’s clinical history. Our data are consistent within both 

cohorts of paraffin samples obtained from distant regions, such as Madrid and Barcelona, in 

terms of percentage of methylation, confirming the robustness of the MSP technology 

management. For NSCLC, differential expressions have been reported for various miRNAs, 

such as miR-138 in CDDP-resistant cell lines (Wang et al., 2011); and the downregulation of 

several miRNAs has been related to clinical outcomes in many tumor tissues (Diaz-Garcia et 

al., 2013, Jusufovic et al., 2012). However, there are few studies linking the role of miRNA 

methylation in NSCLC with tumor development and clinical outcomes, as reported for miR-

34a (Gallardo et al., 2009). Therefore, our results yielded remarkable data, enabling us to 

report for the first time that miR-7 methylation is occasional in normal DNA, whereas it is a 

common and relative early and frequent event in NSCLC samples, even at early stages I/II, 

which could play an important role in lung tumorigenesis. In addition, we found similar 

methylation levels of miR-7 in tumor samples and in normal adjacent tissues, and no 

association of methylation levels with therapy response or overall survival in a cohort of 22 

paired samples from patients with NSCLC. We observed, however, a higher dispersion of 

methylation and expression of miR-7 and MAFG in the T than in the ATT and in the control 

samples, suggesting that different molecular changes in miR-7 and MAFG could be 

mediating the carcinogenic process, as has been observed for other markers (Schmidt et al., 

2012). We have not specifically observed clear differences either in methylation or 
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expression of any candidate in NSCLC T vs. ATT samples, which could indicate that the 

samples adjacent to the tumor have already acquired molecular changes probably 

associated with tumor features. These results are similar to those of Jusufovic et al. who 

reported a lower expression of miRNAs let-7b and miR-126 in T and ATT from patients with 

NSCLC in comparison with corresponding non-tumor tissue (Jusufovic et al., 2012). 

Moreover, the methylation analysis of the ATT compared with the five normal saliva 

samples indicates that the methylation of this miRNA is an event that occurs in the early 

stages of the disease. This fact suggests that molecular changes such as miR-7 methylation 

within the tumor tissue and surrounding tissue generate the microenvironment necessary 

for tumor cells to grow and this event could be involved not only in tumorigenesis but also 

in other malignancies associated with smoking (Ostrow et al., 2013).  

There is an intense cross-talk between epigenetics and the environment; in fact, 

tobacco smoke and other environmental hazards deregulate the epigenome profile, which 

is closely related to the development of lung cancer (Guida et al., 2015). We also found a 

clear relationship between methylation levels and expression of miR-7 and MAFG, which 

confirm our in vitro results and suggest a relationship with MAFG in NSCLC, and indicates 

that higher accumulation of molecular changes are necessary in ovarian cancer to observe 

the same alteration of miR-7 and MAFG expression. The small sample size of our cohorts 

affords limited statistical power; thus a strength of the current study is that results are 

based on analysis of fresh tissues from patients with NSCLC and ovarian cancer, whereas 

most of the data in the literature report the expression of miRNAs and candidate genes 

performed in cultured cell lines. In accordance with our results, we observed a significant 

relationship between the expression of MAFG and survival in both largest NSCLC cohorts 

analyzed from TCC and TCGA, with a clear trend towards higher Overall Survival when 

MAFG expression is low. This suggests an oncogenic role of MAFG in lung cancer, supporting 

its potential as a prognostic biomarker. Nevertheless, MAFG seems not to correlate with 

clinical history when analyzing public data bases of ovarian cancer. The differential clinical 

outcomes regarding the methylation and expression profiles for miR-7 and MAFG observed 

in this study between lung and ovarian cancers could be due, in part, to the differential 

biology of both tissues. Lung is a tissue continuously exposed to external agents, some of 

which are highly toxic, such as tobacco smoke, which is closely related to the development 

of DNA methylation in lung cancer patients (Guida et al., 2015, Jin et al., 2016). In fact, we 

observed a higher percentage of methylated samples from patients with NSCLC than from 

patients with ovarian cancer who are protected from external hazards until their exposure 

to the oxidative stress that arises from chemotherapy treatment. In NSCLC patients, those 

higher methylation levels correlate in fact with increased MAFG expression that may play a 
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significant role in carcinogenesis. This situation could in part influence a differential 

response to chemotherapy treatment from both tumor types, as in ovarian cancer patients 

the observed percentage of miR-7 methylation is probably not enough to induce significant 

changes in MAFG expression. 

Taken together, in this work we introduce the epigenetic regulation of miR-7 as a 

mechanism involved in platinum-resistance in cancer cell lines directly regulating the action 

of MAFG, which is overexpressed in resistant phenotypes. Moreover, miR-7 methylation 

arises as a potential predictive biomarker for the identification of ovarian cancer patients 

that may present worst response to platinum-derived treatment in terms of OS and PFS. 

Furthermore, our functional assays strongly support the role of MAFG in the development 

of CDDP resistance through ROS detoxification. To the best of our knowledge, this is the first 

report linking the regulation of MAFG by miRNA-7 its role in chemotherapy response to 

CDDP and the possible role of MAFG expression as a potential therapeutic and diagnostic 

target in cancer and other pathologies. 

4. The epigenetic regulation of lncRNAs depends on their chromosomic location.  

To deepen in the molecular mechanism underlying CDDP resistance, we decided to 

complete our study by analyzing the expression patterns of other non-coding that could be 

under epigenetic regulation by comparing CDDP-resistant with their CDDP-sensitive 

parental cells.  

Consistent with previous reports on NSCLC (Yang et al., 2013) we observed a small 

percentage of expression changes among all the transcripts investigated, results that were 

consistent across all bioinformatics contrasts. Moreover, we found a similar percentage 

change between ovarian and lung human cancer cell lines and limited to a relatively small 

number of transcripts. In fact, some of the common lncRNAs are associated with coding 

genes that belong to GO categories involved in cancer initiation and progression such as the 

PLCE and PDE11A genes (Cui et al., 2014, Pathak et al., 2015). The validation of the 

expression changes in a selected group of lncRNAs was successful in 87% of the candidates 

analyzed by quantitative methodology, which is similar to the percentage found in a 

previous study (Rajeevan et al., 2001). The remaining lncRNAs are novel, with unknown 

associated coding genes, highlighting the potential utility of the methodology employed. 

Although they were not included in the GO analysis, these lncRNAs cannot be completely 

refuted and additional research is needed to confirm the functional involvement of these 

candidates in cancer and chemoresistance. Some of the targets identified in the current 

study, AC091814.2; AC000035.3; XLOC_005125; BX641110 and RP11-384P7.7, are 
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associated with coding genes that have been previously reported in the cancer literature; 

however, they have not been previously related to cancer development or cisplatin-

resistance, which increases their interest for further studies.  

Our bioinformatics analyses classified the lncRNAs that changed in resistance into 

overlapping and cis-acting lncRNAs according to their relationship with the mRNA of a 

coding gene (Wang and Chang, 2011, Ma et al., 2013, Chen, 2016, Guttman and Rinn, 2012). 

One lncRNA transcript can be associated with one or more mRNA transcripts, and the 

number of cis-acting lncRNAs that change in the development of CDDP resistance is 3.5 

times higher than the number of overlapping lncRNAs. This result is expected, because 

overlapping lncRNAs are encoded within the sequence of a coding gene, which represents 

less than 2% of the genome (Venter et al., 2001, Jiang et al., 2015a), whereas cis-acting 

lncRNAs can be found anywhere in a larger region (299 kb) on the same chromosome as an 

ACG. Trans-acting lncRNAs can exert a widespread action over the entire genome; thus, we 

limited our study to overlapping and cis-acting lncRNAs. The inclusion of trans-acting 

lncRNAs would necessitate a wider analysis in order to integrate all potential interactions 

between the transcriptome and the lncRNome, to discover new potential lncRNA-ACG pairs 

and to validate them. Therefore, this study is extensive and beyond the scope of the current 

work.  

In terms of global expression changes, our results suggest that in the development of 

CDDP resistance the expression of a lncRNA overlapping with a coding gene is directly 

related to the expression of mRNA. Presumably this is because their transcription is 

controlled by the same regulatory mechanisms. Conversely, cis-acting lncRNAs may 

promote or interfere with the expression of their ACG, as has been previously shown (Ozes 

et al., 2016, Wang et al., 2014). These results are in accordance with our bioinformatics 

methylation analysis performed on the data obtained from the WGBS, suggesting that the 

possible epigenetic regulation of overlapping lncRNAs can be mediated by CGIs located in 

their regulatory region or in one of their ACGs. By contrast, cis-acting lncRNAs could be 

primarily regulated by their own CGIs. Therefore, as overlapping lncRNA have a higher 

fraction of CGI, they are more likely to be unmethylated in normal/sensitive cells and more 

likely to be silenced by aberrant DNA methylation. Indeed, we found that the methylation in 

overlapping lncRNAs was more frequent than the cis-acting lncRNAs, reinforcing the idea 

that cis-acting lncRNAs could be regulated by mechanisms different from those of 

overlapping lncRNAs during the development of resistance to CDDP.  
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Although we observed that the occurrence of CpG islands in overlapping lncRNAs is 

higher than in cis-acting IncRNAs, this result doesn’t reach the estimated 50%–60% of 

coding genes showing defined CGIs (Deaton et al., 2011), suggesting that lncRNAs might be 

less regulated by DNA methylation. The inclusion of the -2000/+500 bp region surrounding 

the lncRNA and the mRNAs TSS in our analysis was an inefficient approach to increasing the 

number of possible candidates under epigenetic regulation because the scrutiny had to be 

extended to 508 cis-acting lncRNAs with a one-by–one candidate approach, to find only a 

8% of potential epigenetically-regulated candidates. Altogether, these results suggest that 

the overlapping lncRNAs could be epigenetically regulated through the CGIs shared with 

their ACGs, thus implying that these lncRNAs would be acting on regulatory loops with their 

ACG due to sequence complementarity. Although various studies have in silico analyzed the 

epigenetic regulation by DNA methylation of lncRNAs in cancer (Yang et al., 2017, Hu et al., 

2017), our experimental results obtained from in vitro assays are the first to identify 

differential epigenetic regulation for overlapping and cis-acting lncRNAs in cancer 

chemoresistance. 

Experimental validation at the level of lncRNA expression was successful for all the 

selected candidates, suggesting an epigenetic regulation of these lncRNAs in resistance. 

Furthermore, bisulfite sequencing of the regions identified by WGBS confirmed 

hypermethylation in resistance for AC091814.2, AC141928.1 and RP11-65J3.1-002 

lncRNAs. In addition, we identified several positions that lost methylation in the resistant 

subtypes of our models in the regulatory regions of AF198444 and BX641110, suggesting 

that CDDP also leads to epigenetic changes that decrease methylation levels. We found more 

differentially methylated positions by Sanger sequencing than those first identified by 

WGBS. The more restrictive analysis of coverage and reads for WGBS showed no 

information for various regions along the genome. However, it has been reported that the 

methylation patterns show the same behavior in proximal regions, explaining the results in 

our cell lines (Shoemaker et al., 2010, Guo et al., 2017). We could not validate the methylated 

positions of XLOC_005125, because they were widely separately located along the CGI and 

no pair of primers was available to cover more than two CGI positions in the entire region. 

However, we were able to validate the expected methylation pattern for 100% of the 

selected candidates. 

Our approach has allowed us to identify and characterize the molecular behavior of 

lncRNAs in the development of CDDP resistance in cancer. We have first shown that 

variation in lncRNAs and mRNAs after CDDP treatment leads to similar ratios of differences, 

thus identifying a small group of candidates whose expression is altered in both NSCLC and 
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ovarian tumor types as a result of platinum treatment. This outcome is of interest for future 

studies focused on the potential role of lncRNAs and mRNAs in acquired resistance. 

Moreover, our bioinformatic analyses have identified two groups of lncRNAs according to 

the relationship with their associated coding gene, supporting previous findings in this field. 

This genomic distribution may reinforce that overlapping and cis-acting lncRNAs could play 

different regulatory roles in response to chemotherapy treatment. Further, the whole 

methylome scope of our study revealed differences in methylation patterns for overlapping 

and cis-acting lncRNAs. We clearly observed that overlapping and cis-acting lncRNAs are 

differentially regulated by DNA methylation, suggesting that overlapping lncRNAs that 

show a positive correlation of expression with their host gene are probably regulated by the 

shared CGI. This regulation has been shown for miRNAs such as miR-335 and its host gene 

MEST and miR-31 and its host lncRNA LOC554202 (Dohi et al., 2013, Augoff et al., 2012); 

however, to the best of our knowledge, this is the first report providing this finding for 

lncRNAs. Furthermore, our results indicate that cis-acting lncRNAs are probably regulated 

by transcriptional mechanisms other than DNA methylation and thus, alternative analyses 

are required to study the regulation of these lncRNAs. Our research could be of great 

importance for future analyses involving the identification of new diagnostic and predictive 

cancer biomarkers based on epigenetics and lncRNA regulation. 
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CONCLUSIONES 

1. En este trabajo hemos identificado un grupo de siete microARNs (miR-7, miR-132, 

miR-335, miR-148a, miR-10a, miR-124 y miR-9) bajo potencial regulación epigenética que 

podrían estar jugando un papel en la aparición de resistencia a cisplatino.  

 

2. A partir de la combinación de las técnicas de arrays de expresión y el tratamiento de 

reactivación epigenética en los modelos celulares de sensibilidad y resistencia establecidos 

en nuestro laboratorio, hemos identificado que la metilación de la región reguladora del 

miR-7 provoca su silenciamiento.  

 

3. Además, describimos por primera vez que MAFG es un gen diana directo de la acción 

del microARN-7, cuya sobreexpresión induce el desarrollo de resistencia a cisplatino en las 

líneas celulares de cáncer de pulmón no microcítico y cáncer de ovario estudiadas.  

 

4. La resistencia al cisplatino inducida por MAFG está mediada, al menos en parte, por 

la detoxificación de las especies reactivas de oxígeno generadas tras el tratamiento con 

cisplatino. 

 

5. Nuestros resultados indican que la presencia de metilación en la región reguladora 

del miR-7 podrían utilizarse como un marcador predictivo de respuesta al tratamiento 

basado en platino en cáncer de ovario, prediciendo qué subgrupo de pacientes tienen mayor 

riesgo de recaída y por tanto habrían de someterse a un mayor seguimiento clínico o incluso 

beneficiarse de terapias alternativas.  

 

6. Por otra parte, encontramos aplicabilidad clínica en los niveles de expresión de 

MAFG en cuanto a su potencial uso como biomarcador pronóstico en cáncer de pulmón no 

microcítico. Estos resultados abren las puertas al desarrollo de nuevas estrategias 

diagnósticas y opciones terapéuticas alternativas para el tratamiento del cáncer de pulmón. 

 

7. Con este trabajo, hemos sentado las bases para el estudio bioinformático 

comparativo entre metiloma y transctriptoma, identificando y caracterizando por primera 

vez el perfil de regulación epigenética diferencial entre lncRNAs solapantes y los que actúan 

en cis, en el desarrollo de resistencia a cisplatino. Este resultado abre nuevas fronteras en 

el estudio de su posible papel como biomarcadores de respuesta a terapia en cáncer. 
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8. Nuestros resultados indican que los lncRNAs solapantes muestran una correlación 

positiva de la expresión con su gen hospedador, probablemente regulados por una Isla CpG 

común. Estos lncRNAs presentan mayor metilación diferencial en células resistentes a 

cisplatino comparados con los lncRNAs que actúan en cis.  

 

9. Sin embargo, los lncRNAs que actúan en cis están probablemente regulados por 

otros mecanismos transcripcionales distintos a la metilación del ADN y por tanto se 

necesitarían aproximaciones distintas para estudiar su regulación transcripcional. 

 

10. Finalmente, hemos identificado un grupo de lncRNAs bajo regulación epigenética 

cuya expresión se altera en respuesta a quimioterapia en nuestros modelos celulares de 

CPNM y cáncer de ovario. El interés clínico de estos lncRNAs así como de sus genes 

candidatos es prometedor, aunque aún queda por explorar en muestras clínicas. 
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CONCLUSIONS 

1. In the present work we have identified a group of seven microRNAs (miR-7, miR-

132, miR-335, miR-148a, miR-10a, miR-124 and miR-9) under potential epigenetic 

regulation that could be playing a role in the development of cisplatin resistance.  

 

2. Based on a combination of expression microarray methodology and the epigenetic 

reactivation treatment in our cellular models of sensitive and resistant cell lines established 

in our laboratory, we have identified that the methylation of the regulatory region of miR-7 

is involved in its silencing.  

 

3. In addition, we describe for the first time that MAFG is a direct target gene of the 

miR-7 and how its overexpression induces the development of cisplatin resistance in the 

non-small cell lung cancer and ovarian cancer cell lines of study.  

 

4. The cisplatin-resistant phenotype induced by MAFG is mediated, at least in part, by 

the detoxification of reactive oxygen species produced after cisplatin treatment.  

 

5. Our results indicate that the presence of methylation in the regulatory region of 

miR-7 can be used as a predictive biomarker for the response to cisplatin-based therapy in 

ovarian cancer, predicting which group of patients is more likely to relapse and therefore 

should have an intense clinical follow up or could benefit from alternative therapies. 

 

6. Additionally, we have found clinical applicability for MAFG expression levels as a 

prognostic biomarker in NSCLC, which have implication for the development of new 

therapeutic strategies for the treatment of lung cancer. 

 

7. We have also set up the base for the bioinformatics comparative study between 

methylome and transcriptome, identifying and characterizing for the first time the 

epigenetic regulatory profile of lncRNAs during the development of cisplatin resistance. 

These results provide new insights into the study of the potential use of lncRNAs as 

biomarkers in response to chemotherapy in cancer.  

 

8. Our results indicate that overlapping lncRNAs show a positive correlation with their 

associated coding genes, which are probably regulated by a common CpG island and present 

higher differential methylation in resistance versus sensitivity compared with cis-acting 

lncRNAs.  
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9. Nevertheless, cis-acting lncRNAs appear to be regulated by other transcriptional 

mechanisims different than DNA methylation and thus other approaches are needed for the 

study of their transcriptional regulation. 

 

10. Finally, we have identified a group of lncRNAs under epigenetic regulation whose 

expression is altered in response to cisplatin treatment in our cellular models of sensitive 

and resistant NSCLC and ovarian cancer cell lines. The clinical interest of these lncRNAs and 

their associated coding genes is promising, although further exploration in clinical samples 

is still needed.  
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Abstract 

One of the major limitations associated with platinum use is the resistance that almost invariably develops in 
different tumor types. In the current study, we sought to identify epigenetically regulated microRNAs as novel 
biomarkers of platinum resistance in lung and ovarian cancers, the ones with highest ratios of associated 
chemo-resistance.  
Methods: We combined transcriptomic data from microRNA and mRNA under the influence of an 
epigenetic reactivation treatment in a panel of four paired cisplatin -sensitive and -resistant cell lines, followed 
by real-time expression and epigenetic validations for accurate candidate selection in 19 human cancer cell 
lines. To identify specific candidate genes under miRNA regulation, we assembled “in silico” miRNAs and 
mRNAs sequences by using ten different algorithms followed by qRT-PCR validation. Functional assays of 
site-directed mutagenesis and luciferase activity, miRNAs precursor overexpression, silencing by antago-miR 
and cell viability were performed to confirm their specificity in gene regulation. Results were further explored 
in 187 primary samples obtained from ovarian tumors and controls. 
Results: We identified 4 candidates, miR-7, miR-132, miR-335 and miR-148a, which deregulation seems to be 
a common event in the development of resistance to cisplatin in both tumor types. miR-7 presented specific 
methylation in resistant cell lines, and was associated with poorer prognosis in ovarian cancer patients. Our 
experimental results strongly support the direct regulation of MAFG through miR-7 and their involvement in 
the development of CDDP resistance in human tumor cells. 
Conclusion: The basal methylation status of miR-7 before treatment may be a potential clinical epigenetic 
biomarker, predictor of the chemotherapy outcome to CDDP in ovarian cancer patients. To the best of our 
knowledge, this is the first report linking the regulation of MAFG by miRNA-7 and its role in chemotherapy 
response to CDDP. Furthermore, this data highlights the possible role of MAFG as a novel therapeutic target 
for platinum resistant tumors. 

Key words: miR-7, MAFG, DNA methylation, Cisplatin-resistance, cancer. 
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Introduction 
Platinum-based chemotherapy, in combination 

with other anticancer drugs, is one of the most potent 
and widely used chemotherapeutic treatments. 
Platinum analogues display clinical activity against a 
broad spectrum of malignancies, including testis, 
ovary, head, neck and lung cancers. However, one of 
the major limitations of the use of platinum-based 
chemotherapy is that the disease almost invariably 
progresses to a platinum-resistant state, primarily in 
lung and ovarian cancers [1, 2]. In fact, it is common to 
find many studies enclosing both pathologies from 
researchers working in the field of drug-resistance 
[3-6]. A number of events have been proposed to 
explain the phenomenon of cisplatin resistance in 
cancer, including alterations in the epigenetic 
regulatory machinery, such as the silencing of gene 
expression through promoter methylation [7, 8]. This 
process has been also reported in the silencing of 
regulatory regions of tumor suppressor microRNAs 
(miRNAs), thereby increasing the expression of their 
target genes in cancer [9]. In fact, miRNAs are the 
most recently discovered mechanism of epigenetic 
inheritance that acting with messenger RNA can alter 
gene expression status [10]. miRNAs were first related 
to cancer in 2002; those that were downregulated 
were defined as tumor suppressor miRNAs, such as 
the miR-15a/16-1 cluster in chronic lymphocytic 
leukemia [11]. The gain or loss of these miRNAs can 
increase or decrease the activity of several signaling 
pathways in cancer cells [12]. For instance, a number 
of miRNAs are regulated by c-MYC, an oncogene that 
codes for a transcription factor involved in cancer and 
regulates processes such as cell cycle progression 
(miR-17, let-7), inhibition of apoptosis (miR-19a, 
miR-26a) and metastasis (miR-9) [13]. Moreover, 
miRNAs can regulate the action of 
DNA-methyltransferases, which has been associated 
with tumorigenesis in mice injected with lung cancer 
cell lines [14]. DNA methylation is one of the 
epigenetic regulators of miRNA expression and 
therefore, might be also responsible for the 
development of resistance to chemotherapy. The 
silencing though DNA methylation can be reverted by 
combination of demethylating drugs and histone 
deacetylase (HDAC) inhibitors such as 5 
Aza-2deoxycytidine (5Aza-dC) and Trichostatine A 
(TSA). Both drugs act in synergy by depleting 
methyltransferase activity [15] and reversing the 
formation of transcriptionally repressive chromatin 
structure [16], Strategy previously described in many 
tumor types [17, 18]. However, our understanding of 
the regulation of miRNA expression and their role in 

chemoresistance is still poor [19]. In this study, we 
aimed to gain insight into the role of miRNA 
epigenetic regulation by DNA methylation over the 
response to cisplatin in cancer. We compared the 
global miRNA and mRNA expression profiles 
between sensitive/resistant-paired cancer cell lines 
under reactivation treatment and we analyzed 
whether those changes were due to DNA 
hypermethylation by further functional validation in 
different cell lines and cohorts of ovarian cancer 
patients.  

Materials and Methods 
Cell culture, treatments and viability to CDDP  

Fifteen human cancer cell lines were purchased 
from ATCC (Manassas, VA) or ECACC 
(Sigma-Aldrich, Spain) and cultured as 
recommended. The CDDP-resistant variants A2780R 
and OVCAR3R were selected after a final exposure to 
0.5 and 0.05 μg/ml cisplatin, respectively (Farma 
Ferrer, Spain), as previously described for H23R and 
H460R variants [20]. The additional 11 human cell 
lines, PC-3, LNCAP, H727, HT29, A549, BT474, LoVo, 
IMIM-PC-2, SKOV3, SW780 and IMR90, were used for 
further validations. For viability assays cells were 
treated with increasing doses of CDDP as described 
[21]. The epigenetic reactivation drugs 
5Aza-2deoxycytidine (5Aza-dC) and trichostatin A 
(TSA) (Sigma-Aldrich, Spain) were used at 5µM and 
at 300nM respectively as described [22]. Cell 
authentication and treatments are described in 
Supplementary Material and Methods and 
Supplementary Table 1. 

Clinical sample and data collection  
Formalin-Fixed Paraffin embedded (FFPE) and 

fresh-frozen ovarian cancer samples were collected 
from untreated patients and associated clinical data 
were obtained from Hospital Parc de Salut Mar (83 
patients) and Biobank of IDIS-CHUS-HULP (55 
patients) representing the most frequent ovarian 
cancer subtypes; all the patients underwent 
chemotherapy treatment after sample collection. 
Seven patients were also selected from stage III/IV 
patients from Hospital Madrid Clara Campal with a 
platinum treatment response classified as refractory 
or resistant. In addition, 22 high-grade serous 
carcinoma (HGSOC), were obtained from the 
National Cancer Research Centre (CNIO) biobank in 
collaboration with Dr. J. Benitez, from a previously 
reported cohort of patients [23]. We also collected 10 
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normal ovarian samples from patients who had 
undergone a sex reassignment surgery or tubal 
ligation and 10 peripheral blood mononuclear cells 
(PBMCs) to discard genomic imprinting. Follow-up 
was conducted according to the criteria of the medical 
oncology divisions from each institution. All the 
samples were processed following the standard 
operating procedures with the appropriate approval 
of the Human Research Ethics Committees at each 
contributing center, including informed consent 
within the context of research. Clinical, pathological 
and therapeutic data were recorded by an 
independent observer, and a blind statistical analysis 
was performed on these data. 

RNA extraction and miRNA/mRNA array 
preprocessing 

RNA extraction, assessment of quality and 
hybridization into Agilent platforms for microRNA 
and mRNA microarrays and data normalization is 
deeply described in Supplementary Materials and 
Methods. The criteria used for filtering the 
miRNA/mRNA data were according to the packages 
recommended by Agilent, and were analyzed by two 
independent bioinformaticians. miRNA/mRNA 
experiments had an average expression over the 20th 
percentile of all average expressions and changed 
across the different conditions (i.e. with a coefficient 
of variation [CV] >5% across all samples). Global data 
were combined to identify those miRNAs, with 
inhibited expression after cisplatin treatment that 
were re-expressed after epigenetic reactivation, 
together with those genes that have in silico mRNA 
complementary sequences and opposite expression. 
Genes were considered as targets if selected with at 
least one of the 10 methods described by Alexiou et al 
[24]. For the inverse expression profiles, only those 
pairs (miRNA, gene) with a negative Spearman 
correlation coefficient and a p-value for this 
correlation <0.1 were considered as potential targets. 
The databases GeneCard (http://www.genecards. 
org) miRBase (www.mirbase.org), mirwalk 
(www.umm.uni-heidelberg.de/apps/zmf/mirwalk) 
and Web gestalt (www.bioinfo.vanderbilt.edu/ 
webgestalt) were used for bioinformatics analysis 
[25-27]. (GEO reference: GSE84201). 

RNA isolation and quantitative RT-PCR 
Total RNA was retrotranscribed and quantitative 

RT-PCR analysis were performed as previously 
described [20, 22]. Samples were analyzed in triplicate 
using the HT7900Real-Time PCR system (Applied 
Biosystems, USA), and relative expression levels were 
calculated according to the comparative threshold 
cycle method (2-ΔΔCt) using RNU48 or RNU6B as an 

endogenous control miRNAs and GADPH or β-actin 
as an endogenous control genes. Primers and probes 
for expression analysis were purchased from Applied 
Biosystems. miRNAs probes are detailed in 
Supplementary Table 2. Probes for gene expression 
are as follows: MAFG: Hs 01034678_g1; ELK1: Hs 
00901847_m1; MAPKAP1: Hs 01118091_m1; ABCA1: 
Hs 01059118_m1; GADPH: Hs03929097_g1; β-actin: 
Hs99999903_m1. Data are presented as the “change of 
expression in number of times” (Log10-RQ) and the 
error bars are expressed as the maximum estimate 
(RQmax) and the minimum estimate (RQmin) 
expression levels, representing the standard deviation 
of the average expression level RQ. miRNAs from 
human HEK-293T cell line were isolated using the 
miRNeasy kit (Quiagen, USA) and miR-7 expression 
analysis was carried out as described before, using 
RNU48 as endogenous control and the experimental 
groups transfected with 3’-UTR plasmid control and 
miR-NC as calibrators. 

Site-directed mutagenesis assay 
The full length MAFG-3’-UTR sequence 

(NM_002359.3 OriGene, USA) was used as a template 
to generate the mutants MAFG 3´UTR. Two different 
regions were identified by more than six 
bioinformatical algorithms as seed region of miR-7 
binding site. Seven nucleotides within each seed 
region were mutated. Site-directed mutagenesis was 
carried out with QuikChange lightning site-directed 
mutagenesis kit (Stratagene, USA) according to the 
manufacturer’s instructions. The presence of both 
mutated seed regions and the integrity of the 
remaining MAFG 3ÚTR sequence of all constructs 
were validated by Sanger sequencing. The primers 
designed to introduce mutations were for Region2: 
Fw-5’-caagtaaaccatgatatatagtgctacttccaccttaactttgcc-3’; 
Rv-5’-ggcaaagttaaggtggaagtagcactatatatcatggtttacttg-
3’; and for Region8: Fw-5’-ggccaagcgttccctggcc 
agtgctatctggcctcagctttgttc-3’, Rv-5’-gaacaaagctgaggcc 
agatagcactggccagggaacgcttggcc-3’. 

Cell Transfection and lentiviral transduction  
miR-7 overexpression and silencing: Cell lines 

were seeded at 500,000 cells/p60 plate, then 
transfected with 40 or 50 nM of miR-7 precursor, 
anti-miR-7 or negative controls (AM17100, AM 17110, 
AM10047 and AM17010 Ambion, USA) and using 
Lipofectamine 2000 (Invitrogen, USA) according to 
the manufacturer’s protocol.  

Luciferase assay 
HEK-293T cells were transfected with 

MAFG-3’-UTR, MAFG-3’-mutated-UTR, ABCA1-3’- 
UTR or ELK-1-3’-UTR plasmids (OriGene, USA), and 
PremiR-hsa-miR-7 or Negative Control as described 
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above. Luminiscence was assayed 24 hours later using 
the Kit Renilla Luciferase Assay System (Promega, 
USA), according to the manufacturer’s instructions. 
Results were normalized to the Renilla luminescence 
from the same vector and shown as the ratio between 
the various treatments and cells transfected with 
control vector. 

cDNA plasmids transfection 
A Myc-DDK-tagged ORF clone of MAFG, ELK-1 

or ABCA1 and the negative control pCMV6 were used 
for in transient transfection (OriGene, USA). H23 and 
A2780 cells were plated onto 60-mm dishes at 6x105 
cells/dish and transfected with a negative control, 
MAFG, ELK-1 or ABCA1 vectors (IDs: RC221486; 
RC208921 and RC221861) using jet-PEI DNA 
Transfection Reagent (PolyPlus Transfection, USA). 
For stable overexpression, lentiviruses carrying ELK-1 
cDNA (Applied Biological Materials, Canada) were 
obtained by cotransfecting 15 μg of the specific 
lentiviral vector (pGIPZ-nonsilencing or 
pLenti-GIII-CMV-hELK-1-GFP-2A-Puro) and 5 μg of 
each packaging vector (pCD-NL-BH and 
pMD2-VSV-G) in 10 million HEK 293T cells using 
Lipofectamine 2000 (Invitrogen, USA). Supernatants 
were taken at 48 hours posttransfection. A2780S cells 
were plated onto 60-mm dishes at 1x105 cells/dish 
and transduced with supernatant carrying 
nonsilencing or ELK-1 lentivirus, and polybrene was 
added (5 μg/ml).  

Transfection efficacy was measured by 
qRT-PCR, using the sensitive cell line transfected with 
the negative control as a calibrator. Two independent 
experiments were performed in quadruplicate. 

Epigenetic validation: CpG island 
identification, DNA extraction, bisulfite 
modification, bisulfite sequencing and 
methylation-specific PCR  

The occurrence of CpG islands (CGIs) 
encompassing microRNA genes or being located 
nearby as well as the identification of repetitive 
elements were assessed using various programs for 
CGI-revealing, listed and described in Supplementary 
Material and Methods. The possible gene in which the 
miRNA was encoded was also analyzed, searching for 
the presence of 5´ CGIs located in the transcriptional 
site. The DNA from a total of 151 samples, including 
tumors, controls and cultured cell was isolated, 
bisulfite modified and used for BS, as previously 
described [22]. Primers design, PCR and 
electrophoresis conditions are detailed in 
Supplementary Material and Methods. Primers are 
listed in Supplementary Table 3. For BS, we prefer 

direct sequencing, to subcloning of a mixed 
population of alleles to avoid potential cloning 
efficiency bias [28] and artifact [29].  

Western blot analysis 
Cell lines were cultured at a density of 600,000 

cells per 60-mm plate, shifted into medium containing 
10% fetal bovine serum for 24 h and 72 h. Twenty 
micrograms (20 μg) of whole-cell extracts were 
subjected to Western blot, performed as previously 
described [30]. The primary antibodies employed 
were the c-Myc-A14 (Santa Cruz, USA) and β-tubulin 
(Sigma, Spain) antibodies. 

Statistical analysis 
For the identification of differentially expressed 

miRNAs and genes from the microarray data, we 
used linear models [31] as implemented in the Limma 
Bioconductor package. The fixed effects were the 
origin of the tissue (lung/ovarian), the cell line (H460, 
H23, OVCAR3, A2780) and the condition (sensitive, 
resistant, resistant treated). The replicate is the 
random effect. To identify the downregulated 
miRNAs in resistant cells and their opposite 
expressed target genes, we performed the following 
contrasts for all the tissues (lung and ovarian) or for 
each tissue origin (lung or ovarian): resistant vs. 
sensitive and resistant-treated vs. resistant. 

We then selected the candidates that fulfill the 
following conditions in at least 2 of the 4 cell lines 
interrogated: Log2(R/S) <0 AND Log2 (RT/R) >0; 
RvsS or RTvsR statistically different p<0.05. As a 
statistical method we used the unpaired T-test 
algorithm with Benjamini Hochberg (BH) as the FDR 
correction method for multiple testing corrections 
with statistical significance of p<0.1 in the miRNA 
approach and p<0.05 in the gene approach as an 
adjusted p-value.  

Patient’s clinical characteristics were described 
for the complete series with mean and standard 
deviation values or relative frequencies. The data 
were stratified for patients carrying methylated or 
unmethylated DNA, and their distributions compared 
with the chi-squared test or Fisher’s exact test for 
qualitative variables, and Student’s t test or the 
Wilcoxon-Mann-Whitney test (non-normal 
distribution) for quantitative variables. Overall 
survival and Progression free survival (PFS) were 
estimated according to the Kaplan-Meier method and 
compared between groups by means of the log-rank 
test. All the p-values were two-sided, and the type I 
error was set at 5 percent. Statistical analyses were 
performed using Stata 10 software. 
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Results 
Establishment of ovarian human cancer cell 
lines resistant to CDDP 

We have established 2 ovarian cancer cell lines 
resistant to CDDP, A2780-R and OVCAR3-R, that 
showed approximately three times more drug 
resistance than the paired parental cell line A2780 and 
OVCAR3 (3.00 and 2.96 Resistant-Index (RI); p<0.001) 
and a similar CDDP RI to H23R and H460R NSCLC 
cancer cells, that we established previously [20], (3.35 
and 2.50 respectively; p<0.001) (Figure 2A and 
Supplementary Figure 1A). 

Identification of candidate miRNAs 
As a first step to identify candidate miRNAs 

under epigenetic regulation and involved in the 
CDDP response, we searched for miRNAs showing a 
decrease of the expression in R versus S cells and a 
recovered expression after epigenetic 
reactivation-treated (RT) versus R cells. First, 87 
miRNAs identified on the expression arrays showed a 
significant expression change (p<0.05) in at least one 
of the following conditions: R < S or RT > R; while 28 
changed their expression with a p-value adj<0.1 
simultaneously in both situations. By analyzing the 
concurrence of CGIs with the characteristics described 
by Takai and Jones [32], candidates were reduced to 
10 encompassing microRNA genes or being located 
nearby (less than 2000 bp 5´-upstream), together with 
the analysis of the presence of CGIs in the gene 
promoter region in which the miRNA is encoded. 
After a pair-base-complementarity analysis in silico 
between miRNA and the candidate target genes that 
showed an opposite expression profiles 
(Supplementary Database Information); we made a 
functional web-based enrichment analysis with the 
selected genes by GOTM. This approach identified 7 
miRNAs which potential target genes were involved 
in tumor progression: miR-7, miR-132, miR-335, 
miR-148a, miR-10a, miR-124 and miR-9 (Figure 1 and 
Supplementary Table 4). Mature miR-7 is generated 
from three different miRNA precursors in the human 
genome, miR-7-1, miR-7-2, and miR-7-3; we assumed 
expression changes were tightly associated to miR-7-3 
(hereafter called miR-7) as no changes were identified 
on miR-7-1 and miR-7-2 probes represented in the 
array and it is the only precursor that presents two 
CGIs surrounding its genome location. We also found 
that some of the miRNAs showing the strongest 
upregulation were located at the C19MC cluster, 
previously linked with carcinogenesis [33]. It presents 
a CGI located about 17kb from the first miRNA [34] 
that was included to analyze its potential epigenetic 
regulation in drug resistance. 

miRNA-7 as potential chemoresistance 
candidate under epigenetic regulation  

Firstly, we validated the expression profile of the 
3 experimental conditions (S, R and RT) by qRT-PCR 
assay confirming the results from the microarray 
analysis for all 7 miRNAs in at least one of the four 
cell lines analyzed. Three of the seven miRNAs 
showed changes in their expression according to the 
microarray data in A2780 cells: miR-7, miR-132 and 
miR-10a, whereas no significant changes in expression 
between S and R cells were found for miR-124 (Figure 
2B). The cell line OVCAR3 showed changes in 
miR-132 and -124, according to the array data. 
Although both increased expression in RT, no 
differences between S and R were reported (Figure 
2C). For the lung cancer model, 6 miRNAs in H23 cells 
and 2 miRNAs in H460 cells miRNAs were fully 
validated (Supplementary figure 1B-C). 

miR-132, miR-148a miR-335, and miR-7, were 
validated in at least 2 cell lines and further selected for 
epigenetic validation by bisulfite sequencing (BS), 
together with the C19MC cluster’s CGI. This cluster is 
on the long arm of chromosome 19 and has a CGI of 
2255 bp from which we analyzed 394 bp that 
comprises the area with the highest density of CG 
positions in H23, H460, A2780 and OVCAR3 cell lines. 
We also tested DNA from normal tissues from lung 
(LC), ovary (OC) and PMBCs to discard imprinting. 
All analyzed CpG positions were densely methylated 
(Supplementary Figure 2A), confirming a possible 
role in embryonic development as described [35, 36], 
but excluding a relation between acquisition of DNA 
hypermethylation and drug-response. Referred to 
miR-132, the area analyzed was 866 bp in length, at a 
CGI comprising -1847/+667bp at the short arm of 
chromosome 17. miR-148a is located on the short arm 
of chromosome 7, with a nearby CGI of 1663, located 
137 bp upstream from the miRNA. A 560 bp area of 
the CGI was analyzed. No methylation was found for 
both miRNAs either on the tumor cell lines or controls 
samples analyzed (Supplementary Figure 2B and 2C). 
miR-335 is located on the long arm of chromosome 7, 
on the second intron of the MEST002 gene transcript. 
A 1123 bp CGI is located in the promoter region of this 
transcript. We analyzed a fragment of 528 bp initially 
in the H23S/R, H460S/R cells and LC. The results 
showed methylation only in H460S/R subtypes. We 
extended the analysis to the additional cell lines LoVo, 
OVCAR3 and PC-3, and control samples, and no 
methylation was found in any of them 
(Supplementary Figure 2D). Pairs of primers are listed 
in Supplementary Table 3. 
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Figure 1. Selection of candidate miRNAs under epigenetic regulation and candidate target genes. The flowchart indicates the steps and criteria used for the selection 
of the final 7 candidate miRNAs under epigenetic regulation and the final 4 candidate genes under possible regulation of miR-7.  
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Figure 2: miRNA relative expression on CDDP-sensitive and -resistant ovarian cancer cell lines. (A) Viability curves showing the acquired resistance of A2780 and 
OVCAR3 cell lines; Cells were exposed for 72 h to each drug concentration. Data were normalized to the untreated control, which was set at 100% and represent 
the mean + SD of at least 3 independent experiments performed in quadruplicate at each drug concentration tested for every one cell analyzed. IC50, is the inhibitory 
concentration that kills 50% of the cell population. Resistant index (RI) calculated as IC50 resistant / IC50 sensitive cell line. p<0.001 was considered as a significant 
change in drug sensitivity (Student’s t-test). (B-C) Relative expression levels of the selected miRNAs measured by qRT-PCR. Data are represented in log10 scale and 
are expressed using the corresponding sensitive (S) line as a calibrator. Each miRNA level was normalized to RNU48 as an endogenous control. Assays were made 
in the ovarian cancer cell lines A2780 (B) and OVCAR3 (C) in all experimental conditions: S, R and RT. S: sensitive; R: resistant; RT: resistant treated with epigenetic 
reactivation drugs (5-Aza and TSA). The expression number assays for each miRNA are indicated in Supplementary Table 2. 

 
miR-7 is located on the short arm of chromosome 

19, with 2 potential regulatory CGIs: one located 861 
bp before the first nucleotide of the miRNA sequence 
with a length of 667 bp; the second has an extension of 
269 bp and comprises the miRNA sequence (Figure 3). 
Two overlapping pairs of primers were used to 
analyze the first CGI, covering 776 bp, which included 
the entire CGI and adjacent areas (Supplementary 
Table 3). The analysis was performed on the ovarian 
cancer cells A2780S and A2780R. We found the 
presence of methylation specifically in the resistant 
cells. The specific aberrant methylation of miR-7 in 
resistance was confirmed in H23R cells as well as in 
the cisplatin resistant cell lines IMIM-PC2 and LoVo, 
which present an IC50 over 2µg/ml CDDP 
(Supplementary Figure 3). OC and LC were used as 
controls as well as nine additional tumor cell lines. In 
fact, the sensitive subtypes and controls presented an 
absence of methylation. A selection of these results is 
shown in Figure 3, left. This methylation pattern was 
used to design the MSP primers for the analysis of 
FFPE primary tumors. The second CGI, was fully 

methylated for all the samples tested (Figure 3, right). 
Therefore, the upstream CpG island of miRNA-7 was 
selected for our translational approach as it was the 
candidate downregulated through DNA methylation 
in CDDP-resistant cells. 

miR-7 methylation is a potential predictive 
biomarker for recurrence and overall survival 
in patients with ovarian cancer treated with 
platinum 

Response rates, overall survival or progression 
free survival are recommended by ASCO and ESMO 
Clinical Practice Guidelines Committees to assess the 
clinical benefit of chemotherapy treatment [37] [38]. 
Ovarian Cancer Consensus Meeting, defines 
‘platinum-refractory’ as patients progressing during 
therapy or within 4 weeks after the last dose; 
‘platinum-resistant’ patients progressing within 6 
months of platinum-based therapy; ‘partially 
platinum-sensitive, patients progressing between 6 
and 12 months; and ‘platinum-sensitive’ patients 
progressing with an interval of more than 12 months 
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(GCIG Consensus) [39]. Following the international 
guidelines, we compared the miR-7 methylation 
levels with OS and PFS clinical parameters on two 
cohorts of 83 and 55 ovarian cancer patients all of 
them treated with platinum. We studied the OS for all 
patients and the PFS in those patients that had 
recurred at the end of the study to analyze the 
relationship between platinum response and miR-7 
methylation. 

We observed a 29% of methylation (24 out of 83 
samples) in the cohort from Hospital del Mar (Table 
1), which increased to 36% (20 out of 55) in the 
CHUS-HULP biobank samples, a cohort enriched in 
serous resistant tumors (Supplementary Table 5). We 
also observed a higher percentage of methylation in 

HGSOC samples from and additional cohort of 
patients from the CNIO (50% methylated samples) 
(Supplementary Table 6) and in a small group of the 
resistant/refractory samples from H. Madrid (57%). 
We also tested 10 ovarian control samples a 
non-tumor cell line (IMR90) and 10 PBMCs to discard 
imprinting and none of them were methylated (100% 
specificity) (Figure 4A). When correlating our results 
with the patient’s clinical histories we obtained 
significant data correlating methylation and cisplatin 
response in the group of 33 patients that recurred. 
Kaplan-Meier curves show that patients relapsing 
before 10 months, carried preferentially methylated 
miR-7 tumors (80% methylated versus 14% 
unmethylated) (Figure 4B) (p=0.004). No differences 

 
Figure 3. Bisulfite sequencing of miRNA-7 regulatory CGIs. Chromosomal location of miR-7 and their nearby CGIs, as well as representative images of 
corresponding bisulfite sequences (BS). CGIs are represented in red boxes; each CpG position is characterized by vertical black lines inside the boxes. The first 
nucleotide of each miRNA is indicated by +1. Facing arrows mark the primer positions used for BS. It is shown the methylation analysis of the two CGIs closely related 
to the encoded miR-7 region. For the first CGI, the 3 different fragments (left half of the Figure) corresponding to the most frequently methylated positions are shown. 
A representation of 5 of the 11 additional tumor cell lines interrogated, BT474, SKOV3, LoVo, IMIMPC2 and SW780, is also shown. All CpG positions interrogated 
at the second CGI were fully methylated in all the samples analyzed (right half of the Figure), as indicated by the presence of C preceding a G in the sites indicated by 
the asterisks. OC: ovary control; LC: lung control. Asterisks indicate methylated positions. 
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were found in CDDP-refractory and resistant patients. 
Moreover, after 3 years of follow up over the 83 
patients cohort, the overall survival was significantly 
higher in the group of patients with an unmethylated 
tumor in comparison with those with a methylated 
one (67% vs 35%, p=0.004) (Figure 4C). Similar results 
showing a tendency in terms of PFS and OS were also 
observed in the CHUS-HULP biobank cohort, 
although these last results were not statically 
significant mainly because of a size-limitation 
(Supplementary Figure 5). Finally, we observed a 
decrease in the number of patients with higher ECOG 
status when the promoter region of miR-7 was 
unmethylated in the higher cohort of patients 
(p=0.025). Accordingly, 62.5% of the patients who 
harbored the methylated promoter presented ascites 
compared with 80% of the patients who did not 
develop ascites harboring an unmethylated promoter 
region (p=0.025) (Table 1). Those results indicate that 
patients carrying an unmethylated sample tended to 
have less aggressive tumors, with better progression 
free survival after platinum treatment and overall 
survival rates than those who carried the methylated 
DNA. 

MAFG is a direct target gene of miRNA-7 
To analyze if the methylation of miR-7 is 

affecting the cisplatin-cell viability through the 
silencing of its expression, we overexpressed miR-7 in 
the resistant subtypes at a final concentration of 40nM 
(Supplementary Figure 6A). No effect on drug 
sensitivity was observed although efficiency of the 
transfection was validated by qRT-PCR, confirming 
the miR-7 overexpression after 72h in both cell lines 
(Supplementary Figure 6B). The overexpression of 
higher concentration of pre-miR-7 (50nM) resulted in 
a decrease in cell viability, reaching levels of 63% and 
52%, respectively, compared with their parental 
sensitive and resistant cell lines, transfected with the 
mimic negative control (Supplementary Figure 6C), 
making unfeasible to evaluate the response to CDDP, 
given no representative cell population was left from 
the cell culture after the miR-7 precursor 
overexpression. Thus, to fully understand the 
implication of miR-7 in the development of resistance, 
we investigated the role of the target candidate genes 
that showed a significant opposite expression to 
miR-7 and in silico complementarity (Figure 1). Out of 
the 1021 genes that accomplished both conditions we 
selected only those that were present in A2780 and 
H23 cell lines and which expression increased in R 
compared to S and RT subtypes, with a p-value<0.05 
adjusted by FDR correction. Further functional 
web-based annotation using the Gene Ontology Tree 
Machine (GOTM) tool, grouped 149 genes in 20 

significant functional groups, from which we selected 
MAFG, MAPKAP1, ELK-1 and ABCA1 genes because 
of their implication in biological functions related to 
tumor progression (Figure 1, Supplementary 
Database information). The changes on the expression 
were confirmed by qRT-PCR in A2780 cells for MAFG 
and slighter but following the expected expression 
pattern for ELK-1 (Figure 5A) and in H23 cells for 
MAFG and ABCA1 (Supplementary Figure 7A). To 
probe whether MAFG, ELK-1 and/or ABCA1 are 
target genes of miR-7, we overexpressed a precursor 
of miR-7 in the resistant subtypes to assess the 
changes in expression of the candidate target genes by 
qRT-PCR. As expected, the overexpression of miR-7 
in A2780R resulted in a decrease of the expression of 
MAFG and ELK-1, compared with the resistant cell 
line transfected with the negative control (Figure 5B). 
MAFG regulation was also confirmed in H23R cells, in 
which the miR-7 precursor lead also to the decrease of 
the potential candidate gene ABCA1 (Supplementary 
Figure 7B). Efficiency of the miR-7 overexpresion was 
validated by qRT-PCR (Figure 5B and Supplementary 
Figure 7B). A summary of this selection in shown in 
Supplementary Table 7. Next, we cotransfected in 
HEK-293T cells the pre-miRNA-7 together with a 
luciferase reporter vector that carries the 3’-UTR 
region of each candidate gene. The cotransfection 
with the 3’-UTR region of MAFG, induced a reduction 
of the luciferase activity at both concentrations, 15 and 
30nM of the precursor, effect that was not observed 
when cotransfecting 3’-UTR regions of ELK-1 and 
ABCA1 (Supplementary Figure 8A, upper panel). 
Simultaneously, we confirmed through qRT-PCR that 
the pre-miR-7 was successfully transfected in the 293T 
cell line, for every experimental group 
(Supplementary Figure 8A, lower panel). To fully 
confirm that MAFG is a target gene of miR-7, we 
performed directed-site mutagenesis at the predicted 
binding sites of miR-7 in the 3’ UTR of MAFG, at two 
different regions (Figure 6A), followed by luciferase 
reporter assays. The significant decrease of luciferase 
activity observed when using the WT 3’UTR of 
MAFG, disappeared when we cotransfected 
pre-miR-7 with both constructs containing the 
mutated regions (Figure 6B). Moreover, to ultimately 
confirm this regulation, we silenced the expression of 
miR-7 in A2780S that resulted in increased levels of 
MAFG (Figure 6C). A2780 cells express miR-7 at a low 
level, as we can observe in Supplementary Figure 8B 
compared with the control cell line HEK-293T, which 
explains the low efficiency decreasing the miR-7 levels 
at 48h, although it was sufficient enough to observe a 
strong change over MAFG expression. 
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Table 1. Demographic table with the clinicopathological characteristics of a cohort of 83 samples from Hospital del Mar. 

Characteristics Complete series (n=83) Unmethylated (n=59) Methylated (n=24)  
No. of patients % No. of patients % No. of patients % p 

Age (median, range) 55 (17-84) 59 (17-80) 55 (18-84) 0.880 
Menopausal status       0.565 
 Premenopausal 34 41.0 23 39.0 11 45.8  
 Postmenopausal 49 59.0 36 61.0 13 54.2  
Parity       0.974 
 No 24 28.9 17 28.8 7 29.2  
 Yes 59 71.1 42 71.2 17 70.8  
Familiar history       0.684 
 No 58 69.9 42 71.2 16 66.7  
 Yes 25 30.1 17 28.8 8 33.3  
ECOG       0.025 
 0 21 25.3 20 33.9 1 4.2  
 1 36 43.4 22 37.3 14 58.3  
 2 20 24.1 12 20.3 8 33.3  
 3 6 7.2 5 8.5 1 4.2  
Ascites       0.025 
 No 47 56.6 38 64.4 9 37.5  
 Yes 36 43.4 21 35.6 15 62.5  
Tumor Grade       0.35 
 I 34 41 27 45.8 7 29.2  
 II 24 28.9 15 25.4 9 37.5  
 III 25 30.1 17 28.8 8 33.3  
Histology       0.883 
 Serous 40 48.2 27 45.8 13 54.2  
 Mucinous 9 10.8 7 11.9 2 8.3  
 Clear cell 8 9.6 5 8.5 3 12.5  
 Endometroid 4 4.8 3 5.1 1 4.8  
 Others 22 26.5 17 28.8 5 20.8  
Chemotherapy       0.956 
 Adjuvant 59 71.1 43 72.9 16 66.7  
 Neoadjuvant 6 7.2 3 5.1 3 12.5  
 Metastatic 18 21.7 13 22.0 5 20.8  
Platinum sensitivity       0.196 
 Sensitive 21 63.6 15 71.4 6 50.0  
 Resistant 12 36.4 6 28.6 6 50.0  
Relapse       0.286 
 No 49 59.0 37 62.7 12 50.0  
 Yes 34 41.0 22 37.3 12 50.0  
Death       0.119 
 No 49 59 38 64.4 11 45.8  
 Yes 34 41 21 35.6 13 54.2  

 

The response to cisplatin is mediated by MAFG 
expression in human cancer cell lines  

To determine if the expression of the miR-7 
candidate target genes was linked to CDDP response, 
we conducted their in transient overexpression in the 
sensitive cells comparing their response to CDDP 
with their parental resistant and sensitive cell lines, 
both transfected with an empty vector.  

MAFG overexpression resulted in an increase in 
the resistance to CDDP in A2780S cells compared with 
the sensitive cell line transfected with the empty 
vector, showing a resistance index of 1.6 (p<0.001) 
(Figure 7A). The same effect was also confirmed in the 
sensitive cell line H23S reaching a similar CDDP-RI of 
1.7 (p=0.01) (Supplementary Figure 9A). The 
overexpression of ABCA1 in H23S led to a RI of 1.5 
compared with the sensitive cell line transfected with 

the empty vector, although it was not statistically 
significant (p=0.796) (Supplementary Figure 9B). 
ELK-1 overexpression in A2780S did not change the 
response to CDDP after 48 h of exposure to the drug 
(Figure 7B).  

In order to confirm the efficiency of the 
transfection, we analyzed the mRNA and protein 
levels by qRT-PCR and western blot of the 
overexpressed genes. Results confirmed ectopic 
overexpression of MAFG, ELK-1 and ABCA1 at 72 h in 
both cell lines (H23S-MAFG, A2780S-MAFG, 
H23S-ABCA1 and A2780S-ELK-1) with an increase of 
0.2, 7, 6416 and 28-folds respectively, compared with 
the sensitive cell lines transfected with the control 
vector. No changes at protein level were found 
between 24 and 72 hours when analyzing MAFG and 
ABCA1 overexpression (Figure 7C and 
Supplementary Figure 9C). However, we observed a 
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slightly protein levels of ELK1 at 24h that was not 
maintained at 72 h (Figure 7C). Therefore, we 
performed the stable overexpression of ELK-1 by 
transduction assays with a lentiviral vector and 
compare the response to CDDP with the 
parental-sensitive and resistant subtypes harboring a 
nonsilencing vector (A2780S/R -NS). As previously 
observed in the “in transient” experimental assays, 
ELK-1 overexpression did not change the sensitivity to 
CDDP; however, it induced an strongly increase in the 
number of cells at 0 µg/ml dose, that allowed to 
maintain higher ratios of survival fraction when 
treated with CDDP, compared with the control 
sensitive cell line. We also confirmed the success of 
the overexpression by qRT-PCR (Figure 7D).  

Discussion 
Epigenetic alterations by DNA methylation can 

reduce the expression of a number of miRNAs, 
altering the therapeutic response in tumor cells and 
contributing to the onset of more aggressive 
phenotypes. We intended to deepen our 
understanding of this aspect, identifying new 
miRNA-targets of promoter hypermethylation 
involved in the response to cisplatin, by using an 
experimental model of paired sensitive and 
CDDP-resistant tumor cell lines. We established the 

ovarian cancer cells A2780R and OVCAR3R, with a 
CDDP-RI in accordance with the previously 
established H23R and H460R cell lines, assuming that 
similar resistant events could follow [20]. Then, we 
combined an epigenetic reactivation therapy with a 
global transcriptomic-based strategy. The epigenetic 
therapy induced an expected reactivation percentage 
of 12% (87 of the 723 miRNAs), in accordance with 
published data, using the same technology and 
pharmacologic unmasking strategy [40]. The 
differential miRNA expression profile from sensitive, 
CDDP-resistant and resistant cells under epigenetic 
reactivation treatment was correlated with the 
expression of those genes from the same experimental 
groups that showed complementary sequences. This 
screening, included an ontological study of routes and 
processes related to tumor biology for all candidate 
target genes. We identified a set of 7 miRNAs 
containing a surrounding CGI that were 
complementary to target genes involved in cell 
growth, proliferation, cell migration, drug efflux, 
angiogenesis or apoptosis inhibition such MAFG, 
ELK-1, RAB6B,CAMK2G, MAPKAP1, ABCA1, ABL1 or 
STAT3 [41, 42]. All these processes might influence 
the acquisition of drug-resistance in the CDDP treated 
cells through the potential miRNA silencing.  

 

 
Figure 4. miRNA-7 methylation analysis in primary tumors and survival analysis. (A) Representative MSPs of miR-7 nearby CGI in DNA obtained from ovarian tumor tissues, normal ovarian 
tissues, non-tumor cell line and PBMCs from healthy donors. For each sample, the PCR product in the M lane was considered as the presence of methylated DNA, whereas the amplification 
product in the U lane was considered as the presence of unmethylated DNA. In vitro methylated DNA was used as a positive control (+). Uncropped gels of Figure 4a are included in 
Supplementary Figures (Supplementary Figure 4). (B) and (C) Kaplan-Meier comparison between cisplatin treatment and miR-7 proximal island methylation in ovarian cancer patients treated 
with platinum in terms of progression free survival (B) and overall survival in months (C). LogRank, Breslow and Tarone-Ware tests were used for comparisons and p<0.05 was considered 
as a significant change in OS or PFS. p values in (B) represent the significant difference between sensitive-unmethylated and sensitive-methylated patients 
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Figure 5. mRNAarrays data validation and effect of miRNA-7 over-expression 
on candidate target genes in the ovarian cancer cell line A2780. (A) Relative 
expression levels of the selected genes measured by qRT-PCR. Assays were 
made in all experimental conditions: S, R and RT. S: sensitive; R: resistant; RT: 
resistant treated with epigenetic reactivation drugs (5-Aza and TSA). Sensitive 
cells were used as calibrator. (B) Relative expression levels of MAFG, ELK-1 and 
miR-7 measured by quantitative RT-PCR after miR-7 overexpression. The 
sensitive cell line transfected with the mimic negative control was used as a 
calibrator (S miR-NC, white). A2780R cells were transfected with same 
negative control (R miR-NC, stripped) or with miR-7 precursor (R miR-7, grey). 
For both (A) and (B), data are represented in Log10 scale obtained from the 
combined relative expression of 2 independent experiments measured in 
triplicate. Each gene expression level was normalized to GAPDH or B-actin as an 
endogenous control. 

 
Changes in expression were validated for all 7 

candidates, but not in all the expected paired cell 
lines, indicating that qRT-PCR is a valuable and 
necessary validation method more restrictive than 
microarray, that still keeps providing a powerful tool 
to study the involvement of a large number of 
miRNAs simultaneously [43, 44]. The expression 
changes were more significant after unmasking 
treatment, probably because the pharmacologic 
combination exerts a synergistic and specific influence 
in mRNA and miRNA global re-expression, as 

described in different tumor types [45]. This effect can 
be stronger than the silencing observed as a secondary 
effect of CDDP on DNA methylation.  

The expression of miR-7, miR-132, miR-335 and 
miR-148a was validated in at least two paired cell 
lines. Epigenetic validation of those candidates 
revealed that only one miRNA from our panel, miR-7, 
had specific methylation in CDDP-resistance. 
miR-148a and miR-132 expression might be regulated 
by an upstream epigenetic mechanism or 
transcription factor reactivated by demethylation, as 
has been reported for other candidates [20, 22]. 
miR-335 epigenetic reactivation has been reported in 
breast cancer cells, confirming the relevance of our 
approach to identifying miRNAs under epigenetic 
regulation, although the response after platinum 
treatment was not studied [46]. We found specific 
methylation in both, H460S/R cells, but not in the 
controls and additional cell lines analyzed, suggesting 
that the downregulation in the resistant phenotypes is 
probably independent of the methylation profile. We 
cannot conclude that the downregulation of miR-335 
is affecting the response to platinum, but the 
sensitivity to the drug seems not to be mediated by 
DNA methylation. 

We focused on the epigenetic regulation of 
miR-7 at the upstream CpG island analyzed, as the 
one encompassing miR-7 showed constitutive 
methylation, suggesting the absence of a regulatory 
role, as reported for other potential regulatory CGIs 
[47]. The same methylation profile was found in 
ovarian, lung, colon and pancreatic cisplatin-resistant 
cell lines. These data suggest a potential epigenetic 
regulation of miR-7 at DNA methylation level for this 
second CGI, a relatively common event in various 
tumor types, which can present intrinsic resistance to 
CDDP by epigenetic regulation. We therefore tested 
the specificity of aberrant miR-7 hypermethylation as 
a potential epigenetic biomarker to detect the 
response to chemotherapy on 167 ovarian cancer 
patients, all of them treated with platinum-based 
therapy. An extensive clinical follow-up of 83 of those 
patients showed that those considered 
platinum-sensitive, harboring an unmethylated miR-7 
had a better progression free survival rates than those 
patients with a methylated marker. These differences 
were not observed in platinum-resistant patients, 
probably because in these patients the recurrence 
develop in short-time periods and in a small number 
of cases. We confirmed the same tendency in an 
additional smaller cohort of 55 patients. Furthermore, 
our analysis indicated that those patients carrying an 
unmethylated marker tended to have less aggressive 
tumors, with three times more overall survival after 
platinum treatment than those who carried the 
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methylated DNA. In addition, the methylation 
percentage increased in tumor grades III/IV and 
when analyzing high-serous samples and 
Platinum-refractory/resistant tumors. Thus, miR-7 
methylation could play a role as a clinical tool 
predicting the aggressive behavior of this malignancy 
and the poorer response to platinum-based treatment. 

We sought then to confirm the role of miR-7 in 
the response to CDDP, in order to explore the 
potential therapeutic effect of miR-7 overexpression, 
as it has been developed for miR-34, the first 
microRNA mimic to be used in clinical testing as a 

theranostic marker (http://mirnatherapeutics.com). 
However, the ectopically overexpression of miRNA-7 
in resistant cells did not change their sensitivity to 
CDDP, although it induced an increase in cell 
mortality; probably, due to the multifactorial effect 
that overexpression of miRNAs may cause on the 
cellular processes by regulating a high number of 
potential candidates genes. These results validate 
previous studies, which have shown its possible 
tumor suppressor role in cancer [48]. Its expression 
has been also linked with sensitization to paclitaxel 
[49], although its regulation in this process has not 

 
Figure 6. Site-directed mutagenesis for luciferase activity assay and effect of miR-7 silencing over MAFG expression. (A) Chromosomal localization of miR-7 
predicted binding sites at 3’UTR of MAFG. Regions 2 and 8 were identified by six or more bioinformatical algorithms. Sanger sequencing showed that the seed 
sequence of miR-7 was fully mutated at regions 2 and 8 of the 3’ UTR of MAFG. (B) Co-transfection of mimic miR-7 (miR-7) or mimic control (miR-NC) with the 3’ 
UTR of MAFG WT, mutated on region 2 (MAFG 2*) and mutated on region 8 (MAFG 8*). Experiments were performed at 15nM and data was analyzed after 24h of 
co-transfection. (Upper panel) Relative luciferase activity. The figures represent the mean ± SD of at least 3 independent experiments after data normalization with 
Renilla and the data from the negative control 3’-UTR; p<0.01 was considered as significant change in Luciferase activity (Student’s t-test). (Lower panel) Relative 
miR-7 expression levels measured by qRT-PCR after co-transfection, as an internal control for the mimic transfection. Each bar represents the combined relative 
expression of 2 independent experiments measured in triplicate. The miR-NC co-transfected with the 3’-UTR of each tested group was used as calibrator. (C) 
Relative miR-7 and MAFG expression levels measured by qRT-PCR after silencing of miR-7 with antago-miR in A2780S cells. Two different concentrations of 
Anti-miR-7 were tested, 20nM and 40 nM. Data was analyzed at 48h after transfection. Each bar represents the combined relative expression of 2 independent 
experiments measured in triplicate. A2780S cells transfected with the Anti-miR Negative Control was used as calibrator.  
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being defined. miR-7 might be involved in these 
processes through the regulation of its target genes, 
whose overexpression has been found in our 
experimental approach. Using a transcriptomic profile 
together with the in silico assembling of sequences, we 
identified a group of genes candidate to be targets of 
miR-7 that could provide cells with the oncogenic 
capabilities described by Hanahan and Weinberg [50]. 
Further analysis of molecular pathways and cellular 
functions, led us to the selection of MAFG, ELK-1, 
ABCA1 and MAPKAP1 genes. Validation by 
alternative techniques and overexpression of miR-7 in 
the resistant cell lines, revealed that MAFG, ABCA1 
and ELK-1 recovered their levels of expression after 
epigenetic treatment and overexpression of miR-7, 
thus indicating a possible regulation of these genes by 
the methylation of this miRNA. However, our 
functional studies performed with luciferase vectors 
carrying a mutation in the conserved miR-7 binding 
site, revealed that only MAFG seems to be a direct 
candidate target gene under miR-7 regulation. 
Moreover, the silencing of miR-7 expression resulted 
in increased levels of MAFG and its overexpression is 
able to strongly increase the resistance to CDDP in 
sensitive cells. miR-7 may be an indirect regulator of 
ABCA1 and ELK-1, in fact, it has been reported that 
miR-7 could act as modulator of chemoresistance by 
targeting the MRP1/ABCC1, a member of the ABC 
family proteins, and being involved in lung 
tumorogenesis by directly regulating the EGFR 
expression [51-53]. Moreover, ABCA1 upregulation 
has been related to the decrease in chemotherapy 
response in breast cancer. However, we could not find 
a significant increase of resistance to CDDP after 
ABCA1 overexpression, possibly because of the 
different schema of treatment used in this study, 
based on sequential paclitaxel/neoadjuvant 
chemotherapy [54]. The inhibition of ELK-1 through 
the drug silodosin has been reported to increase the 
response to cisplatin in bladder cancer cells [55]. Its 
overexpression in ovarian cancer cells did not change 
the sensitivity to CDDP; nevertheless, we observed an 
increase in the cell survival fraction. As ELK-1 is a 
nuclear target of the MAP-kinases cascade and the 
EGFR-signaling pathway, and miR-7 is a direct 
regulator of EGFR gene, we believe that our results 
are a consequence of the highly implication of ELK-1 
in cell proliferation and apoptosis though these 
signaling routes [56]. 

MAFG is associated with detoxification in 
oxidative stress situations. This leads us to believe 
that its involvement in the acquired resistance to 
platinum resides in the protection it confers against 
free radicals generated in the cell after the 
administration of this drug [57-61]. Despite the fact 

that sMafs family, to which MAFG belongs, have been 
associated with cellular response, little is known 
about their involvement in human diseases. A 
number of studies have however linked these proteins 
with cancer, such as the study by Schembri et al. on 
MAFG regulation by miR-218 as an indicator of 
smoking-induced disease processes in the lungs [62] 
and the study by Yang et al. on the relationship 
between increased MAFG and growth in colon cancer 
cell lines through the insulin-like growth factor-I 
actions [63]. Taken together, our experimental results 
strongly support the direct regulation of MAFG 
through miR-7 and their involvement in the 
development of CDDP resistance in human tumor 
cells.  

In the present manuscript, we introduce the 
epigenetic regulation of miR-7 as a mechanism 
involved in platinum-resistance in cancer cell lines 
directly regulating the action of MAFG, which is 
overexpressed in resistant phenotypes. To the best of 
our knowledge, this is the first report linking the 
regulation of MAFG by miRNA-7 and its role in 
chemotherapy response to CDDP. Moreover, miR-7 
methylation arises as a potential predictive biomarker 
for the identification of ovarian cancer patients that 
may present worst response to platinum-derived 
treatment in terms of OS and PFS. Furthermore, this 
data captures the interest of researchers due to the 
possible role MAFG plays as a novel therapeutic 
target for platinum resistant tumors. 
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Figure 7. Effect of overexpression of MAFG and ELK-1 on cell sensitivity to CDDP in A2780 cell lines. (A-B) Viability curves of A2780 cell lines transfected with 
pCMV6 (S-Ø and R-Ø) and with the overexpression vectors (S-MAFG and S-ELK-1). Each experimental group was exposed for 48 h to 6 different CDDP 
concentrations, and data were normalized to each untreated control, set to 100%. The data represent the mean ± SD of at least 3 independent experiments 
performed in quadruplicate at each drug concentration for each cell line analyzed. The CDDP-RI (Resistant Index to CDDP) was calculated as “IC50 from the R-Ø 
/ IC50 from the S-Ø" and “IC50 from the S-transfected with the gene / IC50 from the S-Ø” ± SD. p<0.01 was considered as significant change in drug sensitivity 
(Student’s t-test). (C) Validation of the transfection efficacy at mRNA and protein levels. Top, Relative expression levels of MAFG and ELK-1 measured by quantitative 
RT-PCR, in the cell line A2780, represented in Log10 scale; In each experimental group, the sensitive cell line transfected with pCMV6 plasmid was used as a 
calibrator. Each bar represents the combined relative expression of 2 independent experiments measured in triplicate. Bottom, total cell protein (20µg) at 24 and 72 
hours was subjected to WB, membranes were hybridized with antibodies against c-Myc and β-tubulin as loading control. S: Sensitive; S-G: Sensitive transfected with 
the gene; R: Resistant; β-tub: β-tubulin. (D) Stable overexpression of ELK-1 in A2780S cell line. Top, Viability assay after the nonsilencing (NS) plasmid transductions 
(S-NS white; R-NS stripped) and overexpressing ELK-1 plasmid (S-ELK-1 grey). Each experimental group was exposed for 72 h to 6 different CDDP concentrations, 
and data were normalized to each sensitive subtype. Data represents the mean ± SD of at least 3 independent experiments performed with 4 wells at each drug 
concentration for each cell line analyzed. Bottom, relative ELK-1 expression levels measured by qRT-PCR and represented in Log10 scale. The sensitive cell line with 
nonsilencing vector was used as a calibrator. Each bar represents the combined relative expression of 2 independent experiments measured in triplicate. 
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ABSTRACT
Long noncoding RNAs (lncRNAs) areQ3 critical regulators of cell biology whose alteration can lead to the
development of diseases such as cancer. The potential role of lncRNAs and their epigenetic regulation
in response to platinum treatment are largely unknown. We analyzed four paired cisplatin-sensitive/
resistant non-small cell lung cancer and ovarian cancer cell lines. The epigenetic landscape of
overlapping and cis-acting lncRNAs was determined by combining human microarray data on 30,586
lncRNAs and 20,109 protein coding mRNAs with whole-genome bisulfite sequencing. Selected
candidate lncRNAs were further characterized by PCR, gene-ontology analysis, and targeted bisulfite
sequencing. Differential expression in response to therapy was observed more frequently in cis-acting
than in overlapping lncRNAs (78% vs. 22%, fold change �1.5), while significantly altered methylation
profiles were more commonly associated with overlapping lncRNAs (29% vs. 8%; P value <0.001).
Moreover, overlapping lncRNAs contain more CpG islands (CGIs) (25% vs. 17%) and the majority of
CGI-containing overlapping lncRNAs share these CGIs with their associated coding genes (84%). The
differences in expression between sensitive and resistant cell lines were replicated in 87% of the
selected candidates (P<0.05), while our bioinformatics approach identifying differential methylation
was confirmed in all of the selected lncRNAs (100%). Five lncRNAs under epigenetic regulation appear
to be involved in cisplatin resistance (AC091814.2, AC141928.1, RP11-65J3.1-002, BX641110, and
AF198444). These novel findings provide new insights into epigenetic mechanisms and acquired
resistance to cisplatin that highlight specific lncRNAs, some with unknown function, that may signal
strategies in epigenetic therapies.

Abbreviations: lncRNAs: long noncoding RNAs; WGBS: whole-genome bisulfite sequencing; NSCLC: non-
small cell lung cancer; CGI: CpG island; DM: differential methylation; CDDP: cisplatin; qRT-PCR: quantitative
real-time PCR; BS: bisulfite sequencing; GO: gene-ontology

KEYWORDS
lncRNA; DNA methylation;

15 cisplatin-resistance; lung/
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Introduction

The central dogma of molecular biology maintains that the
RNA molecule is merely an intermediary between DNA and

20 proteins, which are the main protagonists of cellular functions
[1,2]. This idea was reinforced after completion of the Human
Genome Project, which revealed a vast amount of genomic
space with no apparent function because this space is not occu-
pied by protein-coding genes [3].

25 However, data from the Encyclopedia of DNA Elements
(ENCODE) project revealed that more than 70% of the genome
is pervasively transcribed into noncoding RNAs. Many non-
coding RNAs had been characterized prior to the ENCODE
project, because they are involved in several cellular functions,

30 such as ribosomal or transcriptional RNA [4]. ENCODE, how-
ever, contributed to the identification of novel groups of

regulatory noncoding RNAs, including microRNAs and long
noncoding RNAs (lncRNAs) [5].

lncRNAs are RNA transcripts of more than 200 nucleotides
35in length that lack evident open reading frames [6]. The first

and best-known lncRNAs identified to date are involved in
chromosome dosage compensation (e.g., Xist) and the genomic
imprinting and silencing of maternal or paternal genes (e.g.,
H19), necessary for correct embryonic development [7–9].

40Because lncRNAs are involved in several processes important
to the normal functioning of the cell, alterations in lncRNAs
have been shown to contribute to the development and pro-
gression of various human diseases, including cancer. One of
the most studied cancer-associated lncRNAs is metastasis-asso-

45ciated lung adenocarcinoma transcript 1 (MALAT1), a lncRNA
involved in the mRNA splicing process [10]. MALAT1 is over-
expressed in non-small cell lung cancer (NSCLC) metastatic
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tumors and could be used as a prognostic biomarker in Stage I
disease [11]. Overexpression of MALAT1 plays an oncogenic

50 role in ovarian cancer, increasing cell viability, colony forma-
tion, and migration, together with a metastatic phenotype in
patients with ovarian cancer [12].

Recent evidence suggests that lncRNAs are involved in che-
moresistance to various anticancer therapies. One example is

55 HOTTIP, a lncRNA regulating 5’ HOXA gene transcription,
which has been associated with cell proliferation, invasion and
chemoresistance in osteosarcoma, liver, and pancreatic cancers
[13,14]. Other lncRNAs, such as UCA1 and ROR, have been
associated with the resistance of cancer cells to platinum-based

60 treatments in bladder and nasopharyngeal cancers, respectively
[15,16].

Cisplatin (CDDP) is the most widely used chemotherapeutic
for solid tumors, such as lung, ovarian, testis, and head and
neck cancers, among others. Although cisplatin is a first line

65 cancer treatment, CDDP resistance develops in a high percent-
age of cancer patients [17–20]. It has been previously shown
that CDDP treatment induces de novo methylation of gene and
miRNA promoters, which contributes to the development of
resistance to CDDP in several tumor types [21–24]. Although

70 our understanding of lncRNAs is increasing, little is known of
their regulation in the development of resistance to CDDP. In
the present study, we integrated a global methylation analysis
with lncRNA and mRNA transcriptomics to identify the

epigenetic regulation of lncRNAs that could contribute to the
75development of acquired CDDP resistance in NSCLC and ovar-

ian cancer cells.

Results

Approach to identify and validate lncRNAs regulated by
CDDP resistance

80All data are based on eight CDDP-sensitive and CDDP-resis-
tant NSCLC (H23S/R and H460S/R) and ovarian cancer
(A2780S/R and OVCAR3S/R) cell lines previously established
in our laboratory [22,24] (Supplementary Figure 1). We gener-
ated a global transcriptome and DNA methylome profile of

85lncRNAs and mRNAs to identify those that had a change in
expression levels after the development of platinum resistance
(Figure 1(A)).

Among the 30,586 lncRNAs (19,590 intergenic lncRNAs
and 10,996 overlapping) and the 20,109 mRNA transcripts, we

90found a percentage of expression changes of approximately
1.5% and 2.0%, respectively, for all the contrasts analyzed, with
a fold change �1.5 (Table 1). We also compared the common
lncRNAs or mRNAs with detectable changes in expression
between sensitive and resistant cell lines and tissue type, and

95found a similar percentage change (Figure 1(B and C)).

Figure 1. Experimental design and general overview of expression changes. (A) Pipeline of the followed steps for this study. Arrays combining lncRNAs and mRNAs
probes were performed for four paired sensitive/resistant cell lines from lung and ovarian cancer. The threshold for selection was fold change �1.5. Inclusion of WGBS
data was used to identify lncRNAs under epigenetic regulation by DNA methylation. Selection and further validation of lncRNAs was performed to confirm observed
changes in expression and methylome analysis. (B and C) Venn diagram of shared lncRNAs (B) and mRNAs (C) that change in resistance in both lung cancer cell lines
(top), both ovarian cancer cells (middle) or when comparing lung and ovarian cells (bottom).

2 O. VERA ET AL.
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We next selected a representative group of 30 lncRNA tran-
scripts to validate the expression changes between resistant and
sensitive cells observed in the array analysis by semi-quantita-
tive PCR. Validation was successful in 11 out of 15 downregu-

100 lated and 14 out of 15 upregulated lncRNAs in the cancer cell
lines used for the array (Supplementary Figure 2(A and C)).
We further tested the expression of six transcripts in a selection
of two additional paired CDDP-resistant/sensitive cancer cell
lines, a different pair A2780/A2780CP, and the pair OV2008/

105 OVC13 (Supplementary Figure 2D). Table 2 summarizes the
total lncRNAs analyzed and validated, as well as their associ-
ated coding genes. We performed a gene ontology analysis with
the described associated coding genes of the 25 validated
lncRNAs, which are included into the Arraystar platform. Most

110 of the lncRNA probes included in the array have at least one
associated coding gene. Based on this GO analysis we selected
16 lncRNAs due to biological plausibility for their involvement
in cancer, or published evidence of a role in cancer, as is the
case of CRNDE [25,26]. We were able to confirm the expres-

115 sion changes by quantitative RT-PCR for 6 out of 7 downregu-
lated (Figure 2(A)) and 8 out of 9 upregulated lncRNA
candidates (Figure 2(B)). A summary of the selection process is
detailed in Supplementary Figure 2E.

Cis-acting lncRNAs are more frequently altered in CDDP-
120 resistant cells than overlapping lncRNAs

Further bioinformatics analyses allowed us to classify the
lncRNAs that changed in resistance into two groups according
to their relationship with the mRNA of a coding gene [27,28].
These analyses included (a) transcript and lncRNA genomic

125 annotations in order to designate their positional relation that
could help determine their functional relationship with their
possible associated coding gene (ACG) and (b) a restrictive sta-
tistical analysis selecting only those lncRNAs and mRNAs with
statistically significant changes in expression (Figure 1(A)).

130 Those lncRNAs sharing a genomic location with an ACG and
both showing statistically significant expression changes in the
array were classified as “overlapping lncRNAs,” including
sense, antisense, and bidirectional lncRNAs. This group was
represented by 176 unique lncRNA transcripts, which were

135 associated with 185 unique mRNA transcripts. lncRNAs
encoded in the 1-300 kb upstream region that did not overlap
with another coding gene were included in the “cis-acting
lncRNA” group [29,30]. This group was represented by 613
lncRNA transcripts interacting with 662 mRNA transcripts

140 (Figure 3(A)). Among the lncRNAs represented in the arrays
with known genomic location, the observed vs. expected ratio
was increased for cis-acting lncRNA (78% vs. 64%) but

decreased for the overlapping lncRNAs (22% vs. 36%). When
analyzing the global expression changes from both groups, we

145observed that the majority of the overlapping lncRNAs
showed the same expression pattern as the associated mRNA
(Figure 3(A), left panel). For cis-acting lncRNAs, we observed
both similar and opposing expression changes with their
associated mRNAs in resistant compared to sensitive cell lines

150(Figure 3(A), right panel).

CpG islands and aberrant methylation are more frequent
in overlapping than cis-acting lncRNAs in CDDP resistance

To identify the role of epigenetic regulation of lncRNAs in
CDDP resistance we interrogated the whole-genome bisulfite

155sequencing (WGBS) data obtained from our lung and ovarian
experimental models (Supporting Dataset). We searched for
canonical CpG islands (CGIs) and then classified the lncRNAs
according to their island position. We first observed that 44 of
the 176 overlapping lncRNAs (25%) have a defined CGI for

160themselves or for their ACG, whereas a defined CGI was found
in only 17% (105 of 613) of the cis-acting lncRNAs. It is inter-
esting to highlight that the majority of the overlapping
lncRNAs with a defined CGI share this island with their ACG
(84%). Those lncRNAs are increased in the downregulated

165group of lncRNAs (Figure 3(B)). Only 14% have an exclusive
CGI and a small percentage of these lncRNAs (2%) belonged to
a group with one CGI for the lncRNA and a different CGI for
the ACG (Figure 3(B), left bars). Conversely, among the cis-act-
ing lncRNAs, there was a small percentage of lncRNAs sharing

170the CGI with the ACG (1%), with 6% showing an exclusive
CGI and the majority represented by lncRNAs that have CGIs
different from the CGI of their ACG (10%). This association
between the presence or absence of CGIs and the lncRNA loca-
tion (overlapping or cis-acting) was statistically significant

175(Chi-square test, P = 0.02). Thus, to identify whether CGI
methylation was associated with the observed changes in
lncRNA expression, we divided them into lncRNAs carrying or
not a CGI and another group based on where the CGI was
located (Supplementary Figure 3A). For overlapping lncRNAs,

180we included all the lncRNAs with a possible CGI at their regu-
latory region or at their ACGs in the first group (Supplemen-
tary Figure 3A, top). For cis-acting lncRNAs, we included only
those lncRNAs with a possible CGI in their regulatory region
(Supplementary Figure 3A, bottom). This contrast revealed

185that the overlapping lncRNAs are similarly represented in both
groups, with and without CGIs (42% and 58%, respectively),
but cis-acting lncRNAs are richer in lncRNAs without CGIs
(17% vs. 83%) (Figure 3(C)).

Table 1. Overall view of changes for lncRNA (left) and mRNAs (right) observed in the arrays.

lncRNAs mRNAs

Contrast Downregulated Upregulated Downregulated Upregulated

H23R vs. H23S 763 2.5% 387 1.3% 747 2.9% 793 3.0%
H460R vs. H460S 194 0.6% 146 0.5% 142 0.5% 129 0.5%
A2780R vs. A2780S 402 1.3% 823 2.7% 518 2.0% 514 2.0%
OVCAR3R vs. OVCAR3S 629 2.1% 421 1.4% 447 1.7% 408 1.6%
Lung R vs. Lung S 529 1.7% 253 0.8% 355 1.4% 272 1.0%
Ovarian R vs. Ovarian S 376 1.2% 480 1.6% 359 1.4% 418 1.6%
All R vs. All S 363 1.2% 257 0.8% 290 1.1% 250 1.0%
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Following the identification of the possible CGIs that could
190 be involved in the regulation of expression changes, we ana-

lyzed the differentially methylated CpG positions identified by
WGBS. To avoid losing any possible methylated candidates,
our bioinformatics study also included the analysis of a longer
region starting at -2000 bp and ending at +500 bp from the

195 lncRNA transcription start site (TSS) for those lncRNAs with-
out a CGI (Supplementary Figure 3B, drawing). Among the
overlapping lncRNAs with a CGI, 29% demonstrated

differential methylation (DM) between resistant and sensitive
cells at more than one position, compared with 8% of cis-acting

200lncRNAs (Figure 3(C)). The difference in methylation by loca-
tion of the lncRNAs (overlapping or cis-acting) was statistically
significant (Chi-square test P <0.001). For overlapping
lncRNAs, the methylation pattern is associated with downregu-
lation in platinum resistance, 73% of all differentially methyl-

205ated overlapping lncRNAs in comparison with the 50%
observed for cis-acting lncRNAs (Supplementary Figure 3C).

Figure 2. Quantitative validation of lncRNA microarray expression changes in 15 lncRNAs based on their possible biological implication in cancer. qRT-PCR to con-
firm the quantitative expression changes of the downregulated (A) and upregulated (B) lncRNAs that were validated in the resistant subtypes compared with the expres-
sion of the sensitive parental cells in the lung cancer model (H23S/R and H460S/), in the ovarian cancer model (A2780S/R and OVCAR3S/R) and two additional ovarian
cancer cell lines (A2780S-C/A2780CP and OV2008/OVC13). The data represent the results from at least two different experiments measured by triplicate in Relative Quan-
tification (RQ) scale § SD. �P < 0.05; ��P < 0.01; ���P < 0.001 (Student’s T-test).
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The results show that the -2000/+500 bp region was essentially
the same for overlapping lncRNAs and their ACG; while the
-2000/+500 bp region for cis-acting lncRNAs is far away

210 (>100,000 bp) from the -2000/+500 bp region observed in their
ACG, assuming that the gene DM does not interfere with the
cis-lncRNA epigenetic regulation. Analyses of the ¡2000/
+500 bp region for those lncRNAs without CGI revealed simi-
lar percentages of differential methylation for overlapping

215 (10%) and for cis-acting (8%) lncRNAs (Figure 3(C)).

Whole-genomic bisulfite sequencing validation confirms
the selection criteria of our approach

Finally, we validated the methylation observed by WGBS in our
cell lines. We selected eight candidates out of the 14 lncRNAs

220 validated by qRT-PCR based on the bioinformatics analysis,
the significant expression changes in both the lncRNA and the
candidate ACG, and the differentially methylated positions
observed by WGBS (Supplementary Figure 2E). These candi-
dates were AC091814.2, AC141928.1, RP11-65J3.1-002,

225 RP11-65J3.1-003, BX641110, AF198444, XLOC_005125, and
RP11-100E13.1 (Table 3). Our first approach included the
validation of general changes in expression after epigenetic
reactivation treatment in the resistant cells, combining
5-Aza-2-deoxycytidine (5Aza-dC), a demethylating agent,

230 and trichostatin A (TSA), a histone deacetylase inhibitor [24].
RT-PCR (Figure 4(A)) and qRT-PCR (Figure 4(B)) confirmed

our first expression results observed in the cell lines for the
six candidates, AC091814.2, AC141928.1, RP11-65J3.1-002,
BX641110, AF198444, and XLOC_005125.

235Bisulfite sequencing of the differentially methylated posi-
tions between sensitive (S) and resistant (R) cells confirmed the
gain of methylation in the resistant subtypes for candidates
AC091814.2, AC141928.1, and RP11-65J3.1-002, and loss of
methylation for AF198444 and BX641110 (Figure 5).

240Discussion

The main objective of the current study was to test the hypoth-
esis that differential regulation of lncRNAs underlies CDDP
resistance in NSCLC and ovarian cancer, which are frequently
treated with platinum-derived therapies. We sought to identify

245lncRNAs whose expression is different and could be under epi-
genetic regulation when comparing CDDP-resistant with their
CDDP-sensitive parental cells.

Consistent with previous reports on NSCLC [31] we
observed a small percentage of expression changes among all

250the transcripts investigated, results that were consistent across
bioinformatics contrasts. Moreover, we found a similar per-
centage change between ovarian and lung human cancer cell
lines and limited to a relatively small number of transcripts. In
fact, some of the common lncRNAs are associated with coding

255genes that belong to GO categories involved in cancer initiation
and progression, such as the PLCE and PDE11A genes [32,33].

Table 2. Summary of selected lncRNAs.

Contrast Cell line Seq.name GeneSymbol Chromosome Strand
RNA

Length
Validation in Original/

Additional Cells
Associated Coding

Gene (ACG)

Downregulated H23 ENST00000412084 AC091814.2 chr12 ¡ 979 H23R OLR1
Downregulated H23 ENST00000563217 RP11-532F12.5 chr15 ¡ 250 H23R DNAJC17
Downregulated H23 ENST00000558382 RP11-522B15.3 chr15 + 501 Undetermined NR2F2
Downregulated A2780 ENST00000423122 RP11-65J3.1-

002
chr9 + 545 A2780R & OVCAR3R IER5L

Downregulated Ovarian ENST00000444125 RP11-65J3.1-
003

chr9 + 783 A2780R & OVCAR3R IER5L

Downregulated OVCAR3 ENST00000511928 AC141928.1 chr4 ¡ 4525 OVCAR3R/A2780CP & OVC13 LRPAP1
Downregulated OVCAR3 ENST00000449073 AC007040.5 chr2 + 625 OVCAR3R FIGLA
Downregulated A2780R&OVCAR3R ENST00000556071 RP11-1A16.1 chr14 + 554 A2780R & OVCAR3R -
Downregulated A2780R ENST00000412485 GS1-600G8.5 chrX ¡ 1497 A2780R EGFL6
Downregulated OVCAR3R ENST00000453395 LA16c-83F12.6 chr22 ¡ 624 OVCAR3R -
Downregulated OVCAR3R ENST00000490341 TUBA4B chr2 + 1380 OVCAR3R TUBA4
Downregulated A2780R&OVCAR3R ENST00000529081 CTD-2026G22.1 chr11 + 578 Undetermined/A2780CP FOLH1
Downregulated A2780R ENST00000455275 AP001439.2 chr21 + 392 Undetermined APP
Downregulated A2780R ENST00000577848 RP11-874J12.4 chr18 + 1455 Undetermined DLGAP1
Downregulated AllR_vs_All-S ENST00000419368 AC000035.3 chr22 ¡ 570 H23R & OVCAR3R NF2
Upregulated H23 uc021sxs.1 AF198444 chr15 + 3890 H23R & H460R ALDH1A3
Upregulated H23 TCONS_00011636 XLOC_005125 chr6 + 1366 H23R FOXC1
Upregulated Lung ENST00000437416 RP11-100E13.1 chr1 ¡ 403 H23R CNIH3
Upregulated A2780R&OVCAR3R uc003jsd.1 BX641110 chr5 ¡ 3720 A2780R & OVCAR3R/

A2780CP
PDE4D

Upregulated A2780R&OVCAR3R uc010vhb.2 CRNDE chr16 ¡ 838 A2780R & OVCAR3R -
Upregulated A2780R&OVCAR3R NR_027064 PLAC2 chr19 ¡ 3693 A2780R & OVCAR3R ZNRF4
Upregulated A2780R&OVCAR3R ENST00000577279 RP11-6N17.4 chr17 ¡ 374 A2780R & OVCAR3R SP2
Upregulated A2780R&OVCAR3R ENST00000450535 ZNFX1-AS1 chr20 + 1075 A2780R & OVCAR3R ZNFX1
Upregulated OVCAR3R ENST00000441539 AC007566.10 chr7 + 395 A2780R & OVCAR3R/

A2780CP
PEX1

Upregulated A2780R ENST00000567780 HOXC-AS3 chr12 ¡ 2816 A2780R HOXC10
Upregulated A2780R ENST00000520259 RP11-333A23.4 chr8 + 2367 A2780R -
Upregulated A2780R ENST00000566968 RP11-384P7.7 chr9 + 3528 A2780R/A2780CP PRSS3
Upregulated OVCAR3R ENST00000425587 RP11-561O23.8 chr9 + 340 OVCAR3R -
Upregulated OVCAR3R ENST00000574086 RP11-760H22.2 chr8 + 522 OVCAR3R/A2780CP -
Upregulated A2780R&OVCAR3R ENST00000417460 AC003986.7 chr7 + 692 Undetermined HDAC9

Note: Contrast indicates lncRNA changes with statistical significance; Seq.name is the transcript name of the lncRNA; GeneSymbol is the name of the lncRNA.
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The validation of the expression changes in a selected group of
lncRNAs was successful in 87% of the candidates analyzed by
quantitative methodology, which is similar to the percentage

260 found in a previous study [34]. The remaining lncRNAs are
novel, with unknown associated coding genes, highlighting the
potential utility of the methodology employed. Although they
were not included in the GO analysis, these lncRNAs cannot be
completely refuted and additional research is needed to confirm

265 the functional involvement of these candidates in cancer and
chemoresistance. Some of the targets identified in the current
study, AC091814.2, AC000035.3, XLOC_005125, BX641110,
and RP11-384P7.7, are associated with coding genes that have
been previously reported in the cancer literature; however, they

270 have not been previously related to cancer development or cis-
platin-resistance, which increases their interest for further
studies.

Our bioinformatics analyses classified the lncRNAs that
changed in resistance into overlapping and cis-acting lncRNAs

275 according to their relationship with the mRNA of a coding

gene [27–30]. One lncRNA transcript can be associated with
one or more mRNA transcripts, and the number of cis-acting
lncRNAs that change in the development of CDDP resistance
is 3.5 times higher than the number of overlapping lncRNAs.

280This result is expected, because overlapping lncRNAs are
encoded within the sequence of a coding gene, which represents
less than 2% of the genome [35,36], whereas cis-acting lncRNAs
can be found anywhere in a larger region (299 kb) on the same
chromosome as an ACG. Trans-acting lncRNAs can exert a

285widespread action over the entire genome; thus, we limited our
study to overlapping and cis-acting lncRNAs. The inclusion of
trans-acting lncRNAs would necessitate a wider analysis in
order to integrate all potential interactions between the tran-
scriptome and the lncRNome, to discover new potential

290lncRNA-ACG pairs and to validate them. Therefore, this study
is extensive and beyond the scope of the current work.

In terms of global expression changes, our results suggest
that in the development of CDDP resistance the expression of a
lncRNA overlapping with a coding gene is directly related to

Figure 3. Bioinformatic and in silico analysis of lncRNA epigenetic regulation in resistance. (A) Overall view of the lncRNAs with significant changes in expression
between resistant and sensitive cell lines, according to their relationship with the associated mRNA transcript identified in the array. The left panel represents overlapping
lncRNAs, whereas the right panel represents cis-acting lncRNAs. (B) Identification of possible regulatory regions under methylation and distribution according to overlap-
ping or cis-acting groups. The graphic in the middle represents the number of lncRNAs grouped by expression pattern and according to the location of their CGI. (C) Distri-
bution of the methylation detected by WGBS in the six groups indicated with squares and comparison between cis and overlapping lncRNAs. Chi-squared test was used
for statistical analysis and P < 0.05 was considered statistically significant.
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295the expression of mRNA. Presumably, this is because their
transcription is controlled by the same regulatory mechanisms.
Conversely, cis-acting lncRNAs may promote or interfere with
the expression of their ACG, as has been previously shown
[37,38]. These results are in accordance with our bioinformatics

300methylation analysis performed on the data obtained from the
WGBS, suggesting that the possible epigenetic regulation of
overlapping lncRNAs can be mediated by CGIs located in their
regulatory region or in one of their ACGs. By contrast, cis-act-
ing lncRNAs could be primarily regulated by their own CGIs.

305Therefore, as overlapping lncRNA have a higher fraction of
CGI, they are more likely to be unmethylated in normal/sensi-
tive cells and more likely to be silenced by aberrant DNA meth-
ylation. Indeed, we found that the methylation in overlapping
lncRNAs was more frequent than the cis-acting lncRNAs, rein-

310forcing the idea that cis-acting lncRNAs could be regulated by
mechanisms different from those of overlapping lncRNAs dur-
ing the development of resistance to CDDP.

Although we observed that the occurrence of CpG islands in
overlapping lncRNAs is higher than in cis-acting IncRNAs, this

315result does not reach the estimated 50%–60% of coding genes
showing defined CGIs [39], suggesting that lncRNAs might be
less regulated by DNA methylation. The inclusion of the -2000/
+500 bp region surrounding the lncRNA and the mRNAs TSS
in our analysis was an inefficient approach to increasing the

320number of possible candidates under epigenetic regulation
because the scrutiny had to be extended to 508 cis-acting
lncRNAs with a one-by-one candidate approach. All together,
these results suggest that the overlapping lncRNAs could be epi-
genetically regulated through the ACG’s CGIs, thus implying

325that these lncRNAs would be acting on regulatory loops with
their ACG due to sequence complementarity. Conversely, cis-
acting lncRNAs appear to be regulated by their own CGIs, being
therefore able to regulate their ACG by other means. Although
various studies have analyzed the epigenetic regulation by DNA

330methylation of lncRNAs in cancer [40,41] our results are the first
to identify differential epigenetic regulation for overlapping and
cis-acting lncRNAs in cancer chemoresistance.

Experimental validation at the level of lncRNA expression
was successful for all the selected candidates, suggesting an epi-

335genetic regulation of these lncRNAs in resistance. Furthermore,
bisulfite sequencing of the regions identified by WGBS con-
firmed hypermethylation in resistance for AC091814.2,
AC141928.1, and RP11-65J3.1-002 lncRNAs. In addition, we
identified several positions that lost methylation in the resistant

340subtypes of our models in the regulatory regions of AF198444
and BX641110, suggesting that CDDP also leads to epigenetic
changes that decrease methylation levels. We found more dif-
ferentially methylated positions by Sanger sequencing than
those first identified by WGBS. The more restrictive analysis of

345coverage and reads for WGBS showed no information for vari-
ous regions along the genome. However, it has been reported
that the methylation patterns show the same behavior in proxi-
mal regions, explaining the results in our cell lines [42,43]. We
could not validate the methylated positions of XLOC_005125,

350because they were separately located along the CGI and no pair
of primers was available to cover the entire region. However,
we were able to validate the expected methylation pattern for
100% of the selected candidates.Ta
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Our approach has allowed us to identify and characterize the
355 molecular behavior of lncRNAs in the development of CDDP

resistance in cancer. We have first shown that variation in
lncRNAs and mRNAs after CDDP treatment leads to similar
ratios of differences, thus identifying a small group of candi-
dates whose expression is altered in both NSCLC and ovarian

360 tumor types as a result of platinum treatment. This outcome is
of interest for future studies focused on the potential role of
lncRNAs and mRNAs in acquired resistance. Moreover, our
bioinformatics analyses have identified two groups of lncRNAs
according to the relationship with their associated coding gene,

365 indicating and reinforcing that overlapping and cis-acting
lncRNAs could play different regulatory roles. Further, the
whole-methylome scope of our study revealed differences in
methylation patterns for overlapping and cis-acting lncRNAs.
We clearly observed that overlapping and cis-acting lncRNAs

370 are differentially regulated by DNA methylation, suggesting
that overlapping lncRNAs that show a positive correlation of
expression with their host gene are probably regulated by the
shared CGI. This regulation has been shown for miRNAs, such
as miR-335 and its host gene MEST and miR-31 and its host

375 lncRNA LOC554202 [44,45]; however, to the best of our
knowledge, this is the first report providing this finding for

lncRNAs. Furthermore, our results indicate that cis-acting
lncRNAs are probably regulated by transcriptional mechanisms
other than DNA methylation and thus, alternative analyses are

380required to study the regulation of these lncRNAs. Our research
could be of great importance for future analyses involving the
identification of new diagnostic and predictive cancer bio-
markers based on epigenetics and lncRNA regulation.

Materials and methods

385Cell lines and reagents

A total of 12 cell lines were purchased from ATCC and ECACC
(Sigma-Aldrich) and cultured as recommended. To analyze the
changes in the transcriptome as a result of CDDP treatment,
we established the CDDP-resistant variants of H23-R, H460-R,

390A2780-R, and OVCAR3-R from the parental-sensitive variants
H23, H460, A2780, and OVCAR3, after exposure to increasing
doses of CDDP treatment over a time period of 6-18 months
[21,22]. In order to unmask epigenetic silencing caused by cis-
platin, resistant cells received a combination of the epigenetic

395reactivation drugs 5-Aza-2-deoxycytidine (5Aza-dC) and tri-
chostatin A (TSA) [as previously described [22,46] as an

Figure 4. Validation of epigenetic changes in lncRNA expression. (A) RT-PCR comparing expression changes among sensitive (S), resistant (R), and resistant treated with
epigenetic reactivation (RT). Each assay was performed at least three times to confirm the results. (B) qRT-PCR to confirm the quantitative expression changes in the same
experimental groups, only for those samples that showed differentially methylated positions by WGBS. The data represent the results from two different experiments in
triplicate in Log10 scale § SD. �P < 0.05; ��P < 0.01; ���P < 0.001 (Student’s T-test).
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epigenetic reactivating treatment to generate the resistant-
treated subtypes (H23RT, H460RT, A2780RT and
OVCAR3RT)]. Cell authentication is provided in Supplemen-

400 tary Table S1.

RNA isolation and arraystar human LncRNA microarray
V3.0

Total RNA from S and R cells was extracted by the guanidine
thiocyanate method using TRIzol reagent (Invitrogen) and fol-

405 lowed by a DNAse treatment (Qiagen). RNA integrity and con-
centration were assessed by Nanodrop ND-1000 and 2100
Bioanalyzer (Agilent Technologies).

mRNA and lncRNA expression profiling was performed
using the Arraystar Human LncRNA Microarray V3.0 (Arrays-

410 tar) in two independent biological replicates per sample

(GSE108139). This lncRNA microarray interrogates lncRNAs,
together with mRNAs on the same chip, which are labeled
along the entire length without 3’ bias, even for degraded RNA
at low amounts. LncRNAs as a population are »10x less repre-

415sented than mRNA. The overlapping lncRNAs have partial or
total regions in common with their host gene [47]. Thus, strand
and transcript-specific detection is crucial to accurate detection
of multiple transcript isoforms. The use of a specific exon or
splice junction probe can specifically detect transcripts that

420overlap with other transcripts on the sense strand. The expres-
sion profiling was based on the manufacturer’s standard proto-
cols with minor modifications. Briefly, mRNA was purified
from total RNA after removal of rRNA (mRNA-ONLYTM

Eukaryotic mRNA Isolation Kit, Epicentre). Next, each sample
425was amplified and transcribed into fluorescent cRNA along the

entire length of the transcripts without 3’ bias, using a random

Figure 5. Bisulfite sequencing validation of the differentially methylated positions found by WGBS. Figure shows the genomic location of lncRNAs interrogated and
the most representative positions after Sanger sequencing (left). Red asterisks indicate those positions with differential methylation between S and R cells. The right part
of the panel shows the comparison with WGBS, where white squares indicate unmethylation, grey hemimethylation, and black shows methylated positions. The crosses
indicate an absence of information. Red chromosomal positions are marked with an asterisk.
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priming method (Arraystar Flash RNA Labeling Kit, Arrays-
tar). The labeled cRNAs were hybridized onto the Human
LncRNA Array v3.0 (8 £ 60 K, Arraystar). The slides were

430 washed and the arrays were scanned by the Agilent Scanner
G2505C. Agilent Feature Extraction software (version 11.0.1.1)
was used to analyze acquired array images. Quantile normaliza-
tion and subsequent data processing were performed using the
GeneSpring GX v12.1 software package (Agilent Technologies).

435 After quantile normalization of the raw data, lncRNAs and
mRNAs that, in at least 1 of 16 samples, had flags in Present
or Marginal (“all targets value”) were chosen for further data
analysis. Differentially expressed lncRNAs and mRNAs with
statistical significance between the two groups were identified

440 through fold change �1.5, P value �0.05.

Semi-quantitative RT-PCR and quantitative RT-PCR

Total RNA was isolated using TRIzol reagent following the man-
ufacturer’s protocol and was used to generate cDNA with the
High Capacity cDNA Reverse Transcription Kit (Life Technolo-

445 gies) and PrimeScriptTM RT Master (Clontech-Takara). Briefly,
500 ng of total RNA were used for RT reaction, and 2 ml of the
RT product (diluted 1:5) was used for subsequent semi-quantita-
tive PCR or qPCR reactions with either Promega Green Mix or
Promega PCR Mix (Promega) and SYBR Green PCR Mix

450 (Applied Biosystems), respectively. Real-Time PCR was per-
formed under the following conditions: (a) One cycle of 95�C
for 2 min; (b) Number of amplification cycles are between 25 to
37 at 95�C for 1 min and annealing temperatures between 56�C
to 62�C for 1 min depending on each pair of primers (detailed

455 in Supplementary Table 2) and then 72�C for 1 min; (c) Exten-
sion of 5 min at 72�C. RT-PCR products were run on a 1.5%
agarose gel, using the 100 bp Molecular size Marker (New Eng-
land Biolabs) for appropriate identification of band size. qRT-
PCR relative quantification was calculated according to the

460 2¡ΔΔCt using GAPDH as endogenous control and the sensitive-
parental cell line as a calibrator and represents the change of
expression in RQ and Log10. Deviation bars show the maximum
estimate (RQ Max) and the minimum estimate (RQ Min)
expression levels, representing the standard deviation of the

465 average expression levels of two experiments measured by tripli-
cate. Primers were designed flanking the probe on the array,
when possible, and for specific lncRNAs transcripts that signifi-
cantly showed changes in the arrays; GAPDH was used as an
endogenous control; all primers and specific amplification condi-

470 tions are listed in Supplementary Table 2. The RNA obtained
from the paired A2780/A2780CP and OV2008/OVC13 cell lines
was generously provided by Dr. Cheng (Moffitt Cancer Center)
and was used for further validations.

Whole-genome bisulfite sequencing

475 The DNA from H23S/R, H460S/R, A2780S/R, and OVCAR3S/
R was isolated as described [48] and sent to the National Centre
for Genome Analysis [Centro Nacional de An�alisis Gen�omico
(CNAG)] for WGBS. Briefly, 2 mg of genomic DNA was mixed
with unmethylated DNA from lambda phage in a proportion

480 of 5 ng for each mg of genomic DNA. Libraries were prepared
using the “preparation samples kit” TruSeqTM DNA v2

(Illumina, Inc.) following the manufacturer’s indications with
minimum changes. DNA was sonicated using Covaris E220
(Covaris, Inc.) to generate fragments of 50-500 bp. The selected

485size for library preparation was 150-300 bp. These fragments
were purified using AMPure XP spheres (Agencourt Bioscience
Corp). Following methodologies included end repair, adenyla-
tion and pairing with specific adaptors for the “paired-end”
methodology from Illumina, as described previously in-depth

490[49]. After ligation, fragments were sodium-bisulfite modified
using the EpiTect Bisulfite kit (Qiagen) following the manufac-
turer’s protocol. DNA was amplified in 7 PCR cycles using
DNA polymerase PfuTurboCx Hotstart (Agilent Technologies).
Quality control of the library was performed by Bioanalyzer

49575000 (Agilent Technologies). The library was sequenced on
HiSeq2000 (Illumina, Inc.) following the manufacturer’s proto-
col, in paired end mode with a read length of 2 £ 101 bp.
Images analysis, base calling and quality scoring of the run
were processed using the manufacturer’s software Real Time

500Analysis (RTA 1.13.48). The average million read-pairs was
»500 reads and the mean coverage was »30X per sample. The
mapping was carried out using GEM 1.242 and the methylation
calling with BScall.

Epigenetic validation: bisulfite modification and bisulfite
505sequencing

Isolated DNA from the H23S/R, H460S/R, A2780S/R, and
OVCAR3S/R samples was bisulfite-modified and used for bisul-
fite sequencing as previously described [50]. For bisulfite
sequencing, primers were designed, when possible, to exclude

510binding to any CpG dinucleotides to ensure amplification of
either methylated or unmethylated sequences. Primers are listed
in Supplementary Table 3. PCR reactions were used for cell lines
and were performed under the following conditions: (a) One
cycle of 95�C for 5 min; (b) Number of amplification cycles are

515between 40 to 42 of 95�C for 1 min, annealing temperatures
between 56�C to 62�C for 1 min depending on each pair of pri-
mers (detailed in Supplementary Table 3) and 72�C for 1 min;
(c) Extension of 8 min at 72�C. The PCR products were run on
a 1.5% agarose gel, using the 100 bp Molecular size Marker

520(New England Biolabs) for appropriate identification of band
size, then cut and cleaned by the MinElute gel extraction kit
(Qiagen). Direct sequencing was performed on all the genes,
rather than subcloning of a mixed population of alleles, to avoid
potential cloning efficiency bias [51] and artifacts [52].

525Bioinformatics analysis of expression and methylation

To identify differentially expressed lncRNAs and mRNAs with
in silico complementarity and under potential epigenetic regu-
lation, we interrogated the available databases with lncRNAs
annotations (GENCODE [53]; RNAdb [54]; NRED [55];

530LncRNAdb [56]; LNCipedia [57], lncRNome [58]; NONCODE
[59]; fRNAdb [60]; lncrna2target [61]) and selected those
lncRNAs and mRNAs that changed significantly at three differ-
ent contrasts: (1) resistant vs. sensitive for each cell line; (2)
resistant vs. sensitive for each tumor type; and (3) resistant vs.

535sensitive for all. Based on the chromosomal relationship of the
lncRNA with the mRNA, we defined as overlapping lncRNAs
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those within the body of the gene or oriented head to head with
a protein-coding gene within 1 kb; and as cis-acting lncRNAs
those at least 1 kb away from the nearest protein-coding gene

540 but no more than 300 kb [29, 30], including enhancer-like
function LncRNAs [62] – excluding overlapping lncRNAs of
this group. Finally, for the identification of CGIs based on the
characteristics of Takai and Jones [63] in our WGBS data, we
interrogated a region from 5000 bp upstream to the end of

545 lncRNAs or mRNAs regions, and for individual CpGs from
2000 bp upstream to 500 bp downstream of TSS (Supporting
Dataset, Sheets 2-5). The selection of differentially methylated
(DM) CpG positions was based on previous results from our
laboratory that established an experimentally validated cut-off

550 point for the CpG site methylation level (ratio of reads with
methylation out of the total number of reads covering this posi-
tion). To be selected, the candidates must had to have a ratio
of resistance >0.4 and sensitivity <0.23, with a minimum
coverage of 10X, and at least five individuals DM CpGs. The

555 association between qualitative variables was studied with the
Chi-squared test with Yate’s continuity correction and was con-
sidered statistically significant with P value <0.05.
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Methylation status of IGFBP-3 as a useful clinical
tool for deciding on a concomitant radiotherapy
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Abbreviations: ATCC, American Type Culture Collection; BS, bisulfite sequencing; CDDP cisplatin; ECACC, European Collection
of Cell Cultures; IGFBP-3, insulin-like growth factor binding protein-3; IR, Ionizing radiation; NSCLC, non-small cell lung cancer;

OS, overall survival; qMSP, quantitative methylation specific PCR.

The methylation status of the IGFBP-3 gene is strongly associated with cisplatin sensitivity in patients with non-small
cell lung cancer (NSCLC). In this study, we found in vitro evidence that linked the presence of an unmethylated
promoter with poor response to radiation. Our data also indicate that radiation might sensitize chemotherapy-resistant
cells by reactivating IGFBP-3-expression through promoter demethylation, inactivating the PI3K/AKT pathway. We also
explored the IGFBP-3 methylation effect on overall survival (OS) in a population of 40 NSCLC patients who received
adjuvant therapy after R0 surgery. Our results indicate that patients harboring an unmethylated promoter could benefit
more from a chemotherapy schedule alone than from a multimodality therapy involving radiotherapy and platinum-
based treatments, increasing their OS by 2.5 y (p D .03). Our findings discard this epi-marker as a prognostic factor in a
patient population without adjuvant therapy, indicating that radiotherapy does not improve survival for patients
harboring an unmethylated IGFBP-3 promoter.

Introduction

Non-small cell lung carcinoma (NSCLC) accounts for 1 of
every 6 cancer-related deaths worldwide.1 This mortality rate is
due to the advanced stage of the disease at diagnosis and its resis-
tance to all therapies. Surgery is the standard treatment in the
early stages, and platinum-based adjuvant therapy has been
shown to be effective in the advanced stages of the disease.2 Mul-
timodal therapy combining thoracic radiotherapy with chemo-
therapy after surgery also plays a role in the management of
NSCLC,3 primarily for patients at higher risk of local recurrence.
However, treatment outcomes vary widely in terms of survival,
and increased morbidity is strongly linked with therapy.

The mechanisms of drug resistance in cancer therapy have
been widely analyzed, particularly for NSCLC, in which plati-
num-based therapy has often failed. In fact, we have previously
reported that the loss of IGFBP-3 expression by promoter
hypermethylation results in reduced tumor cell sensitivity to

cisplatin in NSCLC, an effect that is mediated by the activation
of the IGF-IR/AKT pathway.4,5 Despite the promising results
regarding the usefulness of epigenetic alterations as potential
markers in chemotherapy response,6,7 these epi-markers have
not been studied extensively in radiotherapy, leading to scarce
data concerning epigenetics and radiosensitivity.8 The radiore-
sistance of tumor cells is a less explored and poorly defined field
compared with drug resistance, and the role of the IGF-I/
IGBP-3 axe on radiosensitivity in cancer is controversial
because of the differing results when various tumor types are
evaluated.9–11 Furthermore, the relationship between IGFBP-3
promoter hypermethylation and the response to radiotherapy
in NSCLC is unknown. Recent studies have reported that
radiotherapy induces global DNA hypomethylation,12 which is
why, in the present study, we evaluated both, the role of radio-
therapy on the biology of IGFBP-3 promoter methylation and
its clinical value as a potential tool for deciding on a concomi-
tant radiotherapy after NSCLC surgery.
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Methods

Cell lines and radiation-clonogenic cell survival assays
The resistant cell lines H23R and H460R were established

previously in our laboratory from the parental H23S and H460S
lung cell lines, and together with the cell line H1299 were pur-
chased from the ATCC (Manassas, VA); all were maintained in
RPMI supplemented with 10% FBS. The CDDP sensitive and
resistant ovarian cancer cell lines 41M and 41MR, hereafter
called 41S and 41R respectively, were provided by Dr. L Kelland
and were maintained in DMEM supplemented with 10% FBS.5

Each of the paired sensitive and resistant cell lines were irradiated
at doses of 0, 2, 4, 6 and 8 Gy using a Cesium-137 irradiator
Mark I30 (JL Shepherd and Associates, San Fernando, CA).
Immediately following irradiation, the cells were trypsinized,
diluted and seeded onto p100 plates. After 14 days, the cells
were stained by crystal violet, and colonies with over 50 cells
were counted with a ColCount colony counter (Optronix,
Oxford, UK). Individual assays were performed in triplicate and
repeated at least twice. The survival fraction was calculated as pre-
viously described.13 For DNA, RNA and protein extraction, cell
lines were cultured at a density of 400,000 cells by 60 mm plate
for 72 h after irradiation.

NSCLC clinical samples and data collection
Formalin-fixed, paraffin-embedded (FFPE) surgical specimens

were obtained from 40 NSCLC patients who received a chemo-
therapy schedule based on cisplatin/carboplatin with or without
concomitant radiotherapy. Histological slides obtained from
each block were reviewed by an expert pathologist (F. Rojo) to
confirm diagnosis, and to guarantee at least 90% tumoral con-
tent. Follow-up was performed according the criteria used in the
Medical Oncology Division from Hospital del Mar, including
clinical assessments and thorax CT every 3 months for 2 y and
every 6 months thereafter. Clinical, pathological, and radiological
data were recorded by an independent observer at the H. del Mar
and blinded for statistical analysis. In addition 10 samples
obtained from pulmonary biopsies with non-neoplastic lung
pathology were used as control tissues. We also included in the
study clinical/pathological and IGFBP-3 methylation data from
an external group of 36 patients from La Paz University Hospital,
as published previously,4,5 who did not receive any therapy after
surgery. The results from this group were adjusted by age, gender
and stage to establish a control group.

Western-blot analysis
Whole-cell extracts from the human cancer cell lines and

Western-Blot were performed as described.14 Briefly, 20 mg
from the 41S and 41R cell lines at 5 IR doses tested were sub-
jected to western blot and the membranes were hybridized with
antibodies against AKT (BD Biosciences, NJ, USA), pAKT-
Ser473, pERK1/2-thr202/Tyr204 (E10) (Cell Signaling, MA,
USA), ERK (C-14) (sc-154), IGFIR, anti-pIGFIR-Tyr1161
(Santa Cruz Biotechnology, Heidelberg, Germany), and anti-
a-tubulin (Sigma Aldrich) as a loading control.

DNA and RNA extraction, bisulfite modification,
quantitative methylation-specific PCR and qRT-PCR

DNA from human cancer cell lines, 40 paraffin-embedded
NSCLC primary specimens, and 10 non-neoplastic lung tissues
were isolated and bisulfite modified as described.5 We then mea-
sured the IGFBP-3 promoter methylation by qMSP using the
following primer/probe set: F:50-TTTTACGAGGTATATAC-
GAATGC-30; R:50-TCTCGAAATAAAATCTCCCTACG-30;
Probe:50FAM-CCGATATCGAAAAAACT-30. A primer/probe
set for the unmethylated ACTB gene promoter was used as refer-
ence.15 Serial dilutions of bisulfite-modified DNA from the
SW760 cell line that harbors a methylated promoter for IGFBP-
3 were used to construct calibration curves for IGFBP-3 and
ACTB genes. PCR reactions were performed in triplicate as
described.15

Total RNA from human cancer cell lines was isolated as previ-
ously described.16 Reverse transcription and qRT-PCR analysis
were performed as described.5 Samples were analyzed in triplicate
using the HT7900 Real-Time PCR system (Applied Biosystems,
USA), and relative gene expression quantification was calculated
according to the comparative threshold cycle method (2¡DDCt)
using GADPH as an endogenous control gene. Primers and
probes for IGFBP-3 and GADPH expression analysis were pur-
chased from Applied Biosystems (IGFBP-3: Hs 00365742_g1)
GADPH: Hs03929097_g1).

Infinium humanmethylation27 annotation and TCGA
NSCLC data

The Infinium HumanMethylation27 annotation (available
at ftp://ftp.illumina.com/Methylation/InfiniumMethylation/
HumanMethylation27/) used the National Center for Biotech-
nology Information (NCBI) relaxed definition of 200 bp length,
50% GC content and 0.6 ObsCpG/ExpCpG for identification
of CpG islands in genes in the Consensus Coding Sequence
(CCDS) database.17 We first obtained the sequence of the
probes from the TCGA Infinium HumanMethylation27 Bead-
Chip annotation in order to determine the position of the
probes within the gene IGFBP-3, and interrogate the Infinium
probes located within the bona fide CpG island at the IGFBP-3
promoter region. A probe was considered unmethylated if the
b-value was �0.15, as previously described.18 We correlate the
methylation score (raw b-value) of the TCGA NSCLC patients
with their clinical-pathological parameters.

Statistics and study approval
Discrete variables (histology, T, N, stage, gender, methylation

status at the IGFBP3 promoter and chemotherapy schedule)
were compared with the Chi2 test and corrections with Fisher´s
exact test were made when needed. DFS was defined as the time
from surgery to clinical, radiological or histological evidence of
relapse. Statistical significance was defined as P < 0.05.

Survival functions for patients diagnosed with NSCLC with
an unmethylated IGFBP3 promoter who were treated with
chemotherapy or with chemo-radiotherapy were plotted
using Kaplan-Meier methods, and were compared under 3
conditions the log-rank, Breslow and Tarone-Ware methods.
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For patients without any
evidence of survival at the
time of analysis, data on
OS were censored at the
time of the last contact.
Statistical analyses were
done by use the SPSS soft-
ware (version 17.0).

Samples were collected
following the ethical and
confidentiality issues by
Dr. Rojo and Dr. De
Castro. The present study
is approved by the Idi-
PAZ following rigorous
biosecurity and ethical
protocols in all proce-
dures, in accordance with
the Hospital’s Local Ethic
Committee.

Results and
Discussion

Cell line data and
discussion

To investigate the role
of IGFBP-3 methylation
in radiosensitivity, we
first developed radiation-
clonogenic cell survival
assays with 3 paired
CDDP-sensitive and
CDDP-resistant cell lines
harboring various IGFBP-
3 methylation profiles:
H23S/R, H460S/R and
41S/R.4 Each of the paired
cell lines was irradiated at
doses of 0, 2, 4, 6 and 8
Gy. The unmethylated
41S cells showed lower sen-
sitivity to radiotherapy
than the H23S cells, which
are semimethylated for
IGFBP-3, whereas both the
CDDP-resistant 41R and
H23R cell lines that harbor
an IGFBP-3 hypermethy-
lated promoter showed an
increased sensitivity to
radiotherapy (Figs. 1A, B) compared with their paired sensitive
cell lines. These results agree with reported data that show that
DNA hypermethylation of the tumor suppressor genes TIMP3,
CDH1 and MGMT predicts a better outcome in head and neck

cell squamous cell carcinoma and glioblastoma when treated
with radiotherapy.19,20 There was no significant change in the
radiotherapy sensitivity of the paired H460S/R cell lines, which
were used as a negative control experimental group, given we

Figure 1. Radiation clonogenic cell survival assays with 3 paired CDDP-sensitive and CDDP-resistant cell lines, 41S/R
(A), H23S/R (B) and H460S/R (C). The images are representative of 0, 4 and 8 Gy doses in each paired cell line using a
cesium-137 irradiator Mark I30. Individual assays were performed in triplicate and repeated at least twice. The survival
fraction (SF) was calculated by the following formula: SF D (number of colonies formed/number of cells seeded) x plat-
ing efficiency of the control group, in which plating efficiency was calculated as the ratio between the colonies
observed and the number of cells plated. Dose-response clonogenic survival curves were plotted on a log-linear scale.
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already reported that the resistance to cisplatin treatment
in H460R cells is not mediated by changes in IGFBP-3
expression and promoter methylation 4 (Fig. 1C). Our results
indicate that those NSCLC cells harboring an IGFBP-3
unmethylated promoter might receive less benefit from radio-
therapy-based therapy than those cells with a hypermethylated
promoter.

Radiotherapy is believed to function either by direct ioniza-
tion or indirectly by DNA interaction of radicals formed by
water ionization.21 inducing DNA damage and mitochondrial
production of ROS and RNS. The oxidative stress generated
results in a complex cellular response, such as the activation of
cell signaling, the inhibition of certain proteins and the
increased metabolism of chemical compounds in the cells. All
these events involve genetic and epigenetic alterations that lead
the biological balance toward either death or survival of the
treated malignant cells.22 Therefore, to investigate whether the

epigenetic regulation of
the axis IGFBP-3/IGFIR/
AKT is a mechanism that
influences radiosensitivity
in tumor cells, we studied
the changes in the
IGFBP-3 expression and
promoter methylation
levels associated with
radiotherapy treatment in
the 41S/R and H460S/R
paired cell lines. We also
used the additional lung
cancer cell line H1299,
purchased from the
American Type Culture
Collection (ATCC),
because these cells harbor
a hypermethylated pro-
moter for the IGFBP-3
gene and present an ele-
vated IC50 (6 ug/ml) to
cisplatin.5 We first
observed a reactivation of
IGFBP-3 expression in a
dose-response effect after
radiotherapy treatment in
the resistant cell line
41R, increasing from
102 (2 Gy) to 107.8 times
(at 8 Gy) in comparison
with the sensitive cell line
41S treated at the same
doses, in which there
were no noticeable
changes in IGFBP-3
expression (Fig. 2A),
probably due to the high
basal levels of IGFBP-3

expression in this cell line. As expected, there were no signifi-
cant changes between the negative control cell lines H460S
and H460R (Fig. 2B). These results are in agreement with
previous findings that the hydroxyl radicals generated by radia-
tion induce gene expression in mammalian cells.23 The
increase in IGFBP-3 expression in the 41R cells is probably
mediated by the decrease in IGFBP-3 promoter hypermethyla-
tion observed in this cell line after ionizing radiation. IGFBP-
3 promoter hypermethylation decreases by approximately 30%
at 2 and 4 Gy and 63% at 6 Gy compared with the non radi-
ated cells (0Gy) (Fig. 2C). As expected, we did not find any
decrease in the methylation levels in the cell line 41S after
radiation therapy, probably because those cells harbor at base-
line a completely unmethylated promoter for IGFBP-312

(Fig. 2C).
These results are not specific for the paired cell lines 41S

and 41R because the results obtained from the additional cell

Figure 2. (A, B, D) Quantification of IGFBP-3 expression levels in 41S/R, H460S/R and H1299 cells 72 h after IR treat-
ment using the resistant untreated controls (0Gy) as calibrators. (C, E) Methylation levels of IGFBP-3 in 41S, 41R and
H1299 cells 72 h after irradiation.. The calculation of the IGFBP-3 gene to b-actin ratios was based on the fluorescence
emission intensity values for both genes at 0, 2, 4 and 6 Gy. The data were normalized to each untreated control, set
to 100%, and represent the mean § standard deviation of at least 3 independent experiments performed in triplicate
at each concentration for every cell line analyzed. (F) Activation of the ERK and IGFIR/AKT axes 72 h after radiation in
the 41S and 41R cell lines at 5 IR doses.
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line H1299 also agree
with these observations;
there was an increase in
the IGFBP-3 mRNA lev-
els that is a dose-response
effect after radiotherapy
treatment, increasing
from 102.6 at 2 Gy to
106.4 times at 8 Gy in the
H1299 cells (Fig. 2D).
These results are concom-
itant with a reduction in
the methylation levels of
the IGFBP-3 promoter
after radiation exposure,
reaching similar values to
that observed in the 41R
cells (75% and 63%,
respectively) (Fig. 2E). In
the 3 experimental groups
treated at the higher con-
centration (8 Gy), we
could not obtain a DNA
template of sufficient
quality to perform the
qRT-MSP analysis. Sup-
porting our observation,
previous studies have
shown that radiotherapy
causes global hypomethy-
lation in vitro and
in vivo, possibly due to a
decreased expression of
epigenetic regulators12,24;
we did not observe
changes in the DNMT3B
expression levels between
the studied cell lines (data
not shown), but in fur-
ther studies, it would be necessary to get insight into the spe-
cific mechanisms responsible for IGFBP-3 demethylation after
radiotherapy treatment in cisplatin chemotherapy-resistant
cells.

We then analyzed whether the observed changes in IGFBP-
3 expression and promoter methylation were linked to modifi-
cations affecting the activation of the IGFIR/AKT cellular
pathway, which could explain the observed differential sensi-
tivity to ionizing radiation. The results confirmed our previ-
ously published results, showing at 0 Gy the phosphorylation
of both the IGFIR and AKT proteins in the resistant cell 41R
compared with the sensitive cell line 41S at the same dose
(Fig. 2F).4 The exposure to ionizing radiation decreased the
IGFIR and AKT phosphorylation levels in a dose response
manner from 0 Gy to 8 Gy in the 41R cells. These results
were concomitant with the dose-response increase in IGFBP-3
expression we observed in the resistant cell line 41R at the

same doses. This outcome indicates that the re-expression of
IGFBP-3 through promoter demethylation is probably mediat-
ing the decrease in the activation of the survival pathway IGF-
IR/AKT by sequestering the IGF-I factor, a mechanism that
we have already described in those cells.4 The re-silencing of
this survival pathway in cisplatin-resistant cells that initially har-
bored a methylated promoter for IGFBP-3 could result in a
gain in sensitivity to radiotherapy treatment. These findings
open the door to exploring radiotherapy as an alternative treat-
ment to cisplatin in those tumors that present the hypermethy-
lated promoter of IGFBP-3.

As expected, IR-treatment induced a dose-response increase
in the expression of ERK1/2 levels in both sensitive cells and
cisplatin-resistant cells. In fact, MAPK signaling can be stimu-
lated by treatment with IR in tumor cells,25,26 probably pro-
moting the activation of the ERBB family receptor, which in
turn increases the activity of downstream molecules in the

Figure 3. (A) Clinicopathological parameters of the entire population: Methylation status for the IGFBP-3 promoter,
gender, age, smoking status, histology, stages, chemo-radiotherapy schemes, disease-free survival (DFS) and overall
survival (OS). (B) Box plot for the IGFBP-3/ACTB ratios determined by quantitative methylation-specific PCR (qMSP), in
DNA from 40 paraffin-embedded tumors and 10 non-neoplastic lung tissue samples, the obtained ratios were multi-
plied by 1000 for easier tabulation, as described.15 The values designated as 0.1 and 0.01 are zero values, which can-
not be plotted correctly on a log scale. NSCLC-M: the samples considered methylated for IGFBP-3, with higher
promoter methylation levels than the controls; NSCLC-U: the samples considered negative, with methylation levels
less than or equal to those of the negative control group. (C) Kaplan-Meier. Comparison between IGFBP-3methylation
status (unmethylated) and cumulative survival (days) in 40 patients diagnosed with NSCLC who were treated with
chemotherapy (radiotherapy-) or with chemo-radiotherapy (radiotherapyC).
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RAS pathway such as RAF-1, MEK 1/2, ERK1/2 and p90rsk.27

The activation of the ERK pathway can either protect or
enhance radiation sensitivity, depending on the cell type ana-
lyzed.28-30 Our data indicate that this survival pathway is acti-
vated by radiotherapy treatment in IGFBP-3 unmethylated
41S cells alone, and although the synthesis of the ERK protein
is increased in 41R cells, its activation is inhibited. Therefore,
the radioprotection observed in the 41S cells after radiotherapy
exposure might be due to the activation of the ERK signaling
pathway, as previously reported in the DU145 and A431
human cancer cell lines.31,32 The ERK pathway activation
observed in the 41S cells could also be secondarily regulated
by the K-RaS/p38 pathway, given it has been proposed that a
sublethal dose of radiation can enhance the metastatic poten-
tial of cancer cells via the K-Ras pathway.33 These results indi-
cate the possibility of alternative treatments with specific
MERK inhibitors such as AZD6244, which enhance the radia-
tion responsiveness of diverse tumor types, including lung and
colorectal tumors.30

Primary tumor data and discussion
We next explored the IGFBP-3 methylation effect on overall

survival (OS) in a population of 40 patients with NSCLC who
received a chemotherapy schedule based on cisplatin or carbopla-
tin with or without concomitant radiotherapy (Figs. 3A, B and
Table 1). We also included an external group of 36 patients with
NSCLC who did not receive any therapy after surgery, whose
results were published previously.4,5 The NSCLC samples were
separated into 2 groups based on their IGFBP-3 methylation lev-
els; patients with methylation levels equal to those of the negative
control group were considered unmethylated (Fig. 3B). We then
analyzed the patients’ responses to radiotherapy and platinum-
based treatments in terms of methylation levels. The survival
functions were plotted using the Kaplan-Meier estimator and
were compared using log-rank under 3 conditions (Fig. 3C). We
found a statistically significant association (p D .03) between OS
and evidence of IGFBP-3 methylation. Twenty-6 of the 40
patients (65%), harbored an unmethylated promoter and, as
expected, approximately, 31% of them underwent combined
treatment with IR and Chemotherapy compared with the 69%,
who underwent a chemotherapy regimen based on cisplatin or
carboplatin without radiotherapy. Our results indicate that
patients with an unmethylated IGFBP-3 promoter had an OS of
6.57 y when receiving chemotherapy alone; however, when this
group of patients also received radiotherapy, their OS decreased
by approximately 2.5 y, confirming our experimental data from
human cancer cells. This result could be associated with the ini-
tial stage at diagnosis, given that patients with locally advanced
stages tend to receive radiotherapy; however, when we analyzed
the stages of the patients who received radiotherapy, we found
no correlation between stage at diagnosis and radiotherapy
(p D .329). There were unfortunately no patients with a regimen
of radiotherapy alone; therefore, although we observed a trend
toward better survival when patients with a methylated promoter
received a combined treatment with chemotherapy and

radiotherapy, it was not a statistically significant event (data not
shown).

We also interrogated the methylation status of IGFBP-3
in silico using The Cancer Genome Atlas (TCGA) database
(http://cancergenome.nih.gov/). We found that most probes
hybridized within the area located from ¡600 to ¡450 bp
from the TSS, which is a hot spot for methylation at the CpG
island located in the IGFBP-3 promoter.5 When we examined
the raw b-value (probe methylation), the histology, the sur-
vival factors and the chemotherapy schedule in the TCGA
dataset of 149 patients with NSCLC, (32 adenocarcinoma and
117 squamous cell carcinoma), we found that in the absence
of methylation patients live longer when receiving chemother-
apy as a unique treatment, whereas concomitant treatment
with radiotherapy decreases the survival by half (p D .034).

Finally, the identification of a predictor for therapy could
reflect biological changes in cancer cells that are independent of
any type of therapy used. To evaluate this possibility, we tested
IGFBP-3 methylation status in a cohort of patients diagnosed
with early-stage NSCLC who underwent an R0 resection without
any adjuvant therapy. In this regard, there was no statistical sig-
nificance (p D .09) in OS according to the methylation status
(data not shown). In summary, our results indicate that the
unmethylated IGFBP-3 promoter is associated with resistance to
radiotherapy in NSCLC. Specifically, the differences in survival
suggest that patients harboring an unmethylated IGFBP-3 pro-
moter would not benefit from adding radiotherapy to adjuvant
chemotherapy.

The limitations of this study are associated with the small
number of patients analyzed, due mainly to different treatment
arms, which limited the number of patients in each group; how-
ever, our findings are promising given there is currently no DNA
methylation marker or marker panel that can predict radiother-
apy response.34 Future prospective multicentric studies including
additional and larger NSCLC cohorts need to be performed in
future. Nevertheless, IGFBP-3 methylation status is worth con-
sidering prior to using radiation therapy after surgery for patients
with NSCLC.
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Resumen  En  el  contexto  de  la  medicina  personalizada,  la  epigenética  cobra  importancia  como
base de  prevención,  diagnóstico,  prognosis  y  tratamiento  de  enfermedades  como  el  cáncer.  De
los distintos  procesos  de  control  epigenético,  el  silenciamiento  génico  por  metilación  del  ADN
es el  más  frecuente  en  esta  patología  y  aporta  aplicaciones  clínicas  muy  variadas  como  predic-
ción de  respuesta  terapéutica,  prognosis  asociada  a  las  características  moleculares  del  tumor
y el  seguimiento  de  pacientes  tras  la  intervención  quirúrgica  o  el  tratamiento  con  quimiotera-
pia. Una  de  las  principales  ventajas  clínicas  de  estas  alteraciones  epigenéticas  es  que  pueden
revertirse  mediante  tratamientos  farmacológicos,  aunque  se  asocien  con  múltiples  efectos
secundarios.  Es  por  ello  de  gran  importancia  continuar  con  el  estudio  de  la  regulación  epi-
genética en  cáncer,  complementado  con  la  biología  de  sistemas,  lo  que  aportaría  conocimiento
sobre la  implicación  biológica  real  de  estos  biomarcadores,  y  la  identificación  de  fármacos
específicos  que  disminuyan  estos  efectos  adversos  y  nos  acerquen  a  la  realidad  de  una  medicina
personalizada.
© 2014  AEBM,  AEFA  y  SEQC.  Publicado  por  Elsevier  España,  S.L.  Todos  los  derechos  reservados.
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Cancer;
Personalised
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Biomarkers  in  cancer.  contribution  of  epigenetics  in  personalised  medicine

Abstract  In  the  context  of  personalised  medicine,  epigenetics  has  an  important  role  as  regards
the prevention,  diagnosis,  prognosis,  and  treatment  of  diseases  such  as  cancer.  Of  the  diffe-
rent epigenetic  control  processes,  gene  silencing  by  DNA  methylation  is  most  frequent  in  this
disease, and  contributes  to  a  wide  variety  of  clinical  applications  such  as,  prediction  of  the  the-
rapeutic response,  the  prognosis  associated  with  the  molecular  characteristics  of  the  tumour,
and the  follow-up  pf  patients  after  treatment  by  surgery  or  chemotherapy.  One  of  the  main
advantages  of  these  epigenetic  alterations  is  that  they  can  be  reversed  with  pharmacological
treatments,  although  they  are  associated  with  multiple  side  effects.  It  for  this  reason,  it
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is  of  great  importance  to  continue  studying  epigenetic  regulation  in  cancer,  complementing
with biological  systems,  as  well  as  the  identification  of  specific  drugs  that  may  decrease  these
adverse effects,  and  which  should  help  to  determine  the  real  biological  implications  of  these
biomarkers  and  may  lead  to  achieving  personalised  medicine.
© 2014  AEBM,  AEFA  y  SEQC.  Published  by  Elsevier  España,  S.L.  All  rights  reserved.

Introducción

El  Instituto  Nacional  de  Cáncer  en  Estados  Unidos  define
la  medicina  personalizada  como  una  forma  de  medicina
que  utiliza  la  información  acerca  de  los  genes  y  proteínas
de  un  individuo  y  el  ambiente  que  la  rodea  para  pre-
venir,  diagnosticar  y  tratar  una  enfermedad.  La  medicina
personalizada  utiliza  conceptos  tradicionales  y  conceptos
emergentes  sobre  las  bases  genéticas  de  una  enfermedad
para  individualizar  la  prevención,  diagnóstico  y  tratamiento.
Los  resultados  de  multitud  de  proyectos  de  investigación
sobre  la  relación  entre  los  cambios  genéticos  y  epigenéti-
cos,  así  como  en  las  rutas  de  señalización  inducidas  por  los
fármacos  y  aquellos  presentes  en  tumores  de  los  pacientes,
han  sido  esenciales  en  la  determinación  de  algunos  mar-
cadores  de  interés  que  han  permitido  administrar  el  mejor
tratamiento  oncológico  para  cada  paciente.

Las  aplicaciones  de  la  genética  y  la  epigenética  en
la  medicina  personalizada  incluyen  áreas  básicas  de  la
medicina  como  son  la  prevención,  diagnóstico,  prognosis  y
tratamiento  (tabla  1).  El  trayecto  que  va  desde  un  concepto
hasta  la  aplicación  clínica  en  cada  una  de  estas  áreas  invo-
lucra  investigación  básica,  traslacional,  clínica  y  también
aspectos  regulatorios1.  En  el  estudio  de  la  relevancia  de  las
terapias  personalizadas  en  el  tratamiento  del  cáncer  y  el
impacto  de  estas  nuevas  alternativas  terapéuticas  hay  que
tener  en  cuenta,  por  una  parte  el  valor  que  puede  repre-
sentar  para  el  paciente  en  términos  de  sufrimiento  (efectos
secundarios,  faltas  de  respuesta),  para  el  sistema  nacional
de  salud  en  términos  de  coste  farmacéutico  (terapias  tradi-
cionales  vs.  personalizadas  que  incluyen  análisis  genéticos,
etc.)  y  por  último  el  coste  social  y  personal  que  implican
las  horas  de  trabajo  no  ejercido,  horas  de  ocio  no  disfru-
tado,  tiempo  y  dedicación  de  los  familiares  en  el  cuidado
del  paciente,  etc.

Aporte de la epigenómica

Epigenómica

Los  procesos  epigenéticos  tienen  un  papel  fundamental  en
fenómenos  fisiológicos  como  la  embriogénesis,  la  impronta  y
la  inactivación  del  cromosoma  X,  pero  también  en  el  desarro-
llo  de  enfermedades,  entre  ellas  el  cáncer.  En  esta  última
década,  se  han  establecido  los  diferentes  niveles  meca-
nísticos  que  participan  en  la  regulación  epigenética,  entre
los  que  se  incluyen  la  metilación  del  ADN,  la  modificación
postraduccional  de  histonas  y  los  micro  ARN  regulatorios  de

la  expresión  génica2.  De  todos  estos  mecanismos,  el  mejor
conocido  es  la  metilación  del  ADN.

Metilación  y  cáncer

La  primera  vez  que  se  demostró  una  relación  entre  la  metila-
ción  del  ADN  y  el  cáncer  fue  en  1983,  cuando  se  observó  que
las  células  tumorales  tenían  un  grado  de  metilación  menor
que  las  células  originales  no  tumorales.  Este  fenómeno  está
relacionado  con  una  pérdida  de  metilación  en  las  regiones
repetitivas  del  genoma  provocando  inestabilidad  cromosó-
mica  en  estas  células  tumorales.  Sin  embargo  el  principal
evento  que  está  involucrado  en  el  origen  de  un  gran  número
de  cánceres  es  la  hipermetilación  de  islas  CpG  en  los  pro-
motores  de  genes  supresores  de  tumores  (GST)3.  Estos  genes
pueden  mediar  diferentes  funciones  celulares  implicadas  en
el  desarrollo  del  cáncer,  como  son  la  regulación  del  ciclo
celular,  la  reparación  del  ADN,  la  interacción  célula-célula,
la  apoptosis  y  la  angiogénesis4.

Hoy  en  día,  no  hay  duda  de  que  alteraciones  en  la
metilación  del  ADN  tienen  un  papel  importante  en  la  tumoro-
génesis.  Una  metilación  aberrante  de  las  islas  CpG  de  genes
específicos,  es  un  mecanismo  epigenético  tan  común  como
las  mutaciones  puntuales  o  pérdidas  de  heterozigosidad
(LOH)  que  causan  el  silenciamiento  de  los  GST  en  cánceres
humanos.  Entre  los  diferentes  genes  alterados  por  la  meti-
lación  en  diversos  tipos  tumorales  encontramos,  RASSF1,
BRCA1,  GSTP1,  CDKN2A,  CDH13,  MLH1,  VHL,  APC,  MGMT,
DAPK,  IGFBP-3  o  TIMP3  entre  otros  (tabla  2).

ADN  metilado  como  biomarcador

La  contribución  de  la  epigenética  al  estudio  del  cáncer
es  evidente,  ya  que  la  metilación  aberrante  de  determi-
nados  genes  ocurre  muy  temprano  en  la  carcinogénesis,
incluso  cuando  las  muestras  quirúrgicas  son  histológica-
mente  negativas5. Los  marcadores  para  ADN  metilado  son
por  tanto  indicadores  perfectos  para  la  enfermedad  ya  esta-
blecida.

Además,  debido  a lo  ubicuo  que  es  el  ADN  hipermeti-
lado  y  gracias  a  las  nuevas  tecnologías,  capaces  de  detectar
cambios  de  metilación  en  el  ADN  en  diversos  fluidos  bio-
lógicos,  hacen  que  este  área  de  estudio  se  considere  una
de  las  grandes  promesas  no  solo  para  la  detección  del  cán-
cer,  sino  como  fuente  de  identificación  de  biomarcadores
para  prognosis  e  incluso  predicción  de  respuesta  a  fármacos.
La  epigenética  proporciona  gran  flexibilidad  biológica  a  la
célula  tumoral,  sin  embargo  estas  características  pueden  ser
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Tabla  1  Biomarcadores  genéticos/epigenéticos  de  uso  clínico

Nombre  Aplicación  clínica  Tipo  tumoral  Resultado

BluePrint® Predictivo  Mama  Diversas  terapias  individuales
BRCA1/2 Predictivo/pronóstico  Mama  Medida  de  riesgo  presintomático
BRAF Predictivo/pronóstico  Melanoma  Inhibidores  de  RAF
EGFR Predictivo  Pulmón  (CPNM)  Inhibidores  tirosina  quinasa  (TKI)  para  EGFR
K-RAS Pronóstico  Colorrectal  Elección  de  uso  de  cetuximab
MammaPrint® Pronóstico  Mama  Estadio  y  agresividad  del  tumor
Therascreen

MGMT PyroKit®
Predictivo  Glioblastoma  Decisión  clínica  sobre  agentes  alquilantes

OncoTypDX Predictivo/pronóstico Mama,  ER+,  HER2-  y
colon

Quimioterapia  sí/no

VeriStrat® Pronóstico  Pulmón  con  bevacizumab
y  erlotinib  en  primera
línea

Decisión  clínica  sobre  TKIs  para  EGFR

modificadas  farmacológicamente  gracias  al  uso  de  agentes
desmetilantes  e  inhibidores  de  acetilasas  de  histonas.  Esta
posibilidad  nos  permite  identificar  dianas  terapéuticas  con
uso  potencial  en  clínica,  ya  que  existen  en  la  actualidad  cua-
tro  fármacos  distintos  aprobados  con  estas  características,
de  los  que  hablaremos  más  adelante.

Las  características  que  han  de  tener  las  secuencias  de
ADN  metilado  para  poder  ser  consideradas  biomarcadores
clínicos  se  han  definido  conjuntamente  por  el  National  Can-
cer  Institute’s  y  el  Early  Detection  Research  Network6.

La  mayoría  de  los  marcadores  epigenéticos  se  han
identificado  mediante  aproximaciones  puntuales  a  genes
candidatos;  sin  embargo  en  los  últimos  años,  han  surgido
numerosos  estudios  combinando  arrays  de  expresión  con

tratamientos  epigenéticos  de  reactivación  de  la  expresión
génica.  Estos  estudios  permiten  identificar  nuevos  genes
bajo  regulación  epigenética  con  significado  en  progresión
tumoral,  que  pudieran  eventualmente  comportarse  como
biomarcadores  en  diferentes  tipos  tumorales  como  el  de
vejiga,  colorrectal  esofágico,  renal  o  pulmón7.  Recien-
temente  se  han  sumado  a  estas  aproximaciones  otros
estudios  apoyados  en  técnicas  de  secuenciación  masiva  del
genoma  completo,  combinada  con  perfiles  de  expresión
diferencial,  que  se  han  enfocado  en  tumores  de  origen  epi-
telial,  identificando  marcadores  que  pudieran  iluminar  las
rutas  moleculares  involucradas  en  tumorogénesis.  De  los
diferentes  estudios  realizados  podemos  resaltar  los  siguien-
tes  candidatos:  BCN1,  MSX1,  CCNA1,  ALDH1A3,  genes  cuya

Tabla  2  Genes  supresores  tumorales  bajo  regulación  epigenética  en  diferentes  tipos  tumorales

Gen  Función  Tipos  tumorales

APC  Regulatión  negativa  del  ciclo  celular  esofágo,  renal,  mama,  pulmón,  colon  y  otros
ATM Respuesta  a  daño  en  el  ADN  linfoma,  leucemia
BRCA1 Regulatión  negativa  del  ciclo  celular  mama,  ovario
CDH1 Adhesión  celular  gastrico.  endmetrio,  vejiga
CDH13 Adhesión  celular  mama,  ovario,  pulmón
CHFR Regulatión  mitótica  Gastrico,  Colon
DAPK1 Apoptosis  Pulmón.  cervix,  próstata,  mama,  esofágo  y  otros
ESR1 Receptor  de  estrógenos  Prostate,  ovario
FHIT Regulatión  de  ciclo  celular  esofágo,  gástrrico,  colon,  pulmón
GSTP1 Transformatión  de  sustancias  electrofílicas  Prostate,  gástrico,  hígado
HIC1 Factor  de  Transcriptión  mama,  pulmón,  liver,  medulloblastoma
hMLHl Reparación  del  ADN  Colorectal,  endometrio,  astrocitoma
IGFBP3 Señalización  de  fatores  de  crecimiento  Pulmón,  renal,  próstata,  ovario,  gástrico,  hígado
MGMT Reparación  de  guaninas  metiladas  pulmón,  colon,  cabeza  y  cuello
pl4NK4a Regulación  del  ciclo  celular  Colon,  astrocitoma,  mama
pl5NK4a Regulación  del  ciclo  celularr  Leucemia,  linfoma,  vejiga
pl6NK4a Regulación  del  ciclo  celular  pulmón,  renal,  colorectal
RARbeta Regulación  del  crecimiento  y  ciclo  celular  próstata,  vejiga,  mama,  pulmón
RASSF1A Homologo  de  RASS  renal,  mama
S0CS2 Supresor  de  citoquinas  ovario,  mama,  melanoma
TIG1 Regulación  negativa  del  proliferation  celular  próstata,  digestivo
VHL Regulación  negativa  del  ciclo  celular  renal
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expresión  está  bajo  regulación  epigenética,  y  que  han  sido
validados  en  más  de  cien  muestras  quirúrgicas  procedentes
de  diferentes  tipos  tumorales  como  mama,  colon,  próstata  y
pulmón.  Estos  resultados  indicarían  que  diversos  tipos  tumo-
rales  de  origen  epitelial  pueden  compartir  alteraciones  en
las  mismas  rutas  celulares.  Actualmente  se  argumenta  que
los  patrones  de  ADN  metilado  podrían  estratificar  el  cáncer
de  pulmón  no  microcítico  en  dos  subtipos  fenotípicamente
diferentes  capaces  de  predecir  respuesta  a  inhibidores  de  la
ruta  del  EGFR8.

Por  otra  parte,  la  eficacia  de  un  ensayo  con  biomarcado-
res  viene  determinada  por  su  sensibilidad  y  especificidad.
Para  un  ensayo  con  biomarcadores  de  hipermetilación  del
ADN,  la  sensibilidad  se  describe  como  la  cantidad  mínima
de  ADN  metilado  (diana)  capaz  de  ser  detectada  por  el
ensayo.  En  términos  clínicos,  se  describe  como  la  propor-
ción  de  pacientes  con  enfermedad  confirmada,  para  los
cuales  el  test  con  el  biomarcador  resulta  positivo;  mien-
tras  que  la  especificidad  del  ensayo  viene  determinada  por
la  proporción  de  sujetos  controles  para  los  que  el  test
resulta  negativo.  La  sensibilidad  óptima  se  alcanza  cuando
el  número  de  falsos  negativos  se  aproxima  a  cero.  Por  otra
parte,  la  especificidad  es  alta  cuando  el  número  de  falsos
positivos  es  bajo.

Actualmente,  la  sensibilidad  en  cuanto  a  la  detección
de  los  biomarcadores  de  metilación  de  ADN  recae  princi-
palmente  en  las  técnicas  de  PCR  de  metilación  específica
(MSP)  o  en  la  versión  cuantitativa  de  esta  técnica  (qMSP),
junto  con  el  origen  y  la  calidad  del  ADN  de  la  muestra  de
partida.  La  orina  o  la  saliva,  parecen  ser  los  fluidos  bio-
lógicos  que  proporcionan  mayor  sensibilidad  clínica  para
detectar  cánceres  de  vejiga  y  de  pulmón  respectivamente;
sin  embargo,  son  el  suero  y  el  plasma  las  fuentes  que  mejo-
res  datos  proporcionan  en  cuanto  a  la  especificidad  tumoral.
Desafortunadamente,  surge  un  problema  inherente  asociado
a  la  alta  sensibilidad  que  proporcionan  estos  biomarcado-
res  de  ADN  metilado,  y  es  que  esta  es  mayor  que  la  que
actualmente  proporcionan  los  métodos  diagnósticos  por  lo
que  se  podrían  tener  casos  de  falsos  positivos.  Por  lo  que  si
un  caso  clínico  es  detectado  por  un  marcador  de  metilación
de  alta  sensibilidad,  antes  que  por  cualquier  otra  tecnología
existente,  lo  más  frecuente  es  que  este  caso  sea  clasificado
como  un  falso  positivo,  restándole  futura  aplicabilidad  al
biomarcador  identificado.

Modificación  de  histonas  y  cáncer

Las  modificaciones  de  histonas  consisten  en  reacciones  cova-
lentes  que  afectan  a  sus  regiones  amino-terminales.  Estas
modificaciones  incluyen  la  acetilación,  la  metilación,  la
fosforilación,  la  ubiquitinación,  la  sumoilación,  y  la  ADP-
ribosilación  y  pueden  tener  efectos  directos  sobre  diferentes
procesos  nucleares,  incluyendo  la  transcripción  génica,  la
reparación  y  replicación  del  ADN  y  la  organización  de  cro-
mosomas.  Las  enzimas  que  catalizan  estas  reacciones  son
las  histonas  acetiltransferasas  (HAT),  las  desacetilasas  de
histonas  (HDAC),  las  histonas  metiltransferasas  (HMT)  y
las  histonas  desmetilasas  (HDMT).  Estas  pueden  funcionar
como  activadores  o  represores  transcripcionales  depen-
diendo  del  residuo  sobre  el  que  actúen.  Generalmente
la  acetilación  de  histonas  está  asociada  con  la  activación

transcripcional,  en  cambio  la  metilación  de  histonas
depende  del  tipo  de  aminoácido  que  se  metile  y  de  su  posi-
ción.  En  cáncer,  la  modificación  más  común  de  histonas  es  la
reducción  en  la  acetilación  de  la  lisina  16  de  la  histona  H49,
reacción  mediada  por  las  HDAC,  que  se  encuentran  sobre-
expresadas  o  mutadas  en  diferentes  tipos  tumorales10,11.
Además  en  algunos  tipos  de  cáncer  (colon,  útero,  pulmón
y  leucemia)  se  han  observado  translocaciones  que  dan  lugar
a  la  formación  de  proteínas  aberrantes,  mutaciones  o  dele-
ciones  de  HAT  y  de  genes  relacionados,  contribuyendo  a
una  acetilación  aberrante  de  histonas12.  Las  modificaciones
postranscripcionales  de  histonas  están  íntimamente  relacio-
nadas  con  metilación  y  participan  en  la  regulación  de  la
expresión  génica,  mostrando  un  valor  pronóstico  y  predic-
tivo  en  muchos  tipos  de  cáncer,  entre  los  que  se  encuentra
el  cáncer  de  pulmón  y  ovario.  En  los  últimos  años  se  ha  visto
como  estas  modificaciones  pueden  contribuir  a  la  tumoro-
génesis  y  se  ha  comprobado  la  existencia  de  un  patrón  de
expresión  alterado  de  enzimas  modificadoras  de  histonas  en
los  tumores  humanos.

miARN  y  cáncer

El  control  epigenético  más  recientemente  descubierto  es  la
regulación  génica  postranscripcional  mediada  por  miARN13.
Esta  regulación  se  lleva  a  cabo  gracias  a  la  unión  por  comple-
mentariedad  de  secuencias  del  miARN  a  la  región  3’UTR  de
sus  ARNm  diana,  provocando  la  degradación  de  dicho  ARNm
o  inhibiendo  la  traducción  proteica.  Existen  más  de  1.000
miARN  maduros  en  el  genoma  humano  (mirbase.org), cada
uno  de  los  cuales  presenta  múltiples  tránscritos  diana.  La
especificidad  entre  miARN  y  ARNm  diana  viene  determinada
por  la  complementariedad  de  secuencia  entre  ambas  molé-
culas.  Un  solo  miARN  puede  tener  como  diana  cientos  de
ARN  mensajeros  que  pueden  estar  implicados  en  numerosos
procesos  biológicos  incluidos  diferenciación,  ciclo  celular,  y
apoptosis14.  A  su  vez,  un  ARNm  puede  ser  diana  de  distintos
miARN.  Por  lo  tanto,  la  capacidad  de  alterar  la  expresión
en  una  célula  que  posee  un  solo  miARN  depende  tanto  de
su  propia  concentración  como  de  la  concentración  de  sus
ARNm  diana,  y  pequeños  cambios  en  la  expresión  de  un
miARN  puede  tener  efectos  importantes  sobre  el  fenotipo,
puesto  que  puede  influir  simultáneamente  en  la  expresión
de  cientos  de  genes.

La  primera  evidencia  de  la  correlación  entre  cáncer  y
miARN  apareció  en  el  año  2002  cuando  se  observó  que  el
miR-15a  y  el  miR16-1  estaban  codificados  por  una  región
frecuentemente  delecionada  del  cromosoma  13,  en  leuce-
mia  linfocítica  crónica  de  células  B.  Actualmente  se  conocen
miARN  que  se  expresan  de  forma  aberrante  o  que  están
mutados  en  una  gran  variedad  de  tumores,  lo  cual  sugiere
su  implicación  en  iniciación  y  progresión  del  cáncer,  además
estos  tienen  una  función  dual,  ya  que  pueden  actuar  como
oncogenes  o  genes  supresores  de  tumores  en  función  de  sus
ARNm  diana.

Las  alteraciones  en  la  expresión  de  los  miARN  se  han
estudiado  en  diversos  tipos  tumorales  como  en  cáncer  de
pulmón15 y  ovario14,  permitiendo  distinguir  entre  subtipos
celulares.  Los  miARN  no  solo  sirven  para  perfilar  distintos
tipos  tumorales,  sino  que  también  pueden  servir  para  prede-
cir  respuesta  a  fármacos.  Se  ha  comprobado  que  en  tumores
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de  ovario  aparecen  regulados  negativamente  el  miR-100
y  miR-214,  habiéndose  demostrado  que  este  último  tiene
como  diana  al  gen  supresor  tumoral  PTEN  asociado  con  la
resistencia  a  platino16.  También  se  ha  descrito  el  papel  de
determinados  miARN,  como  el  miR-34c,  como  posibles  bio-
marcadores  de  riesgo  en  estudios  de  quimio-prevención  en
cáncer  de  pulmón17.  Es  necesario  remarcar  que  la  expre-
sión  de  los  miARN  puede  estar  regulada  epigenéticamente  a
través  de  la  metilación  de  islas  CpG  localizadas  en  regiones
reguladoras  de  la  expresión  del  miARN,  pero  a  su  vez,  los
miARN  pueden  actuar  regulando  la  maquinaria  epigenética.
Por  ejemplo,  en  CNMP  se  encuentra  disminuida  la  expresión
de  la  familia  miR-29,  que  tiene  como  diana  el  ARNm  de  las
metiltransferasas  DNMT3A  y  -3B.  Cuando  se  restablecen  los
valores  normales  de  estos  miR-29s  se  obtienen  unos  patro-
nes  normales  de  metilación  de  ADN,  inhibiendo  en  parte  la
tumorigenicidad  celular.

Aplicaciones  clínicas

Detección  y  estratificación  del  cáncer
Entre  las  aplicaciones  clínicas  de  los  marcadores  de  meti-
lación  se  incluyen  la  predicción  de  respuesta  terapéutica
(marcadores  predictivos),  la  capacidad  pronóstica,  asociada
con  las  características  intrínsecas  de  cada  tumor  (marca-
dores  pronósticos)  y  la  monitorización  de  pacientes  para
identificar  la  presencia  de  recidivas  de  la  enfermedad  tras
intervención  quirúrgica,  o  tras  tratamiento  con  quimiote-
rapia  para  evaluar  su  efectividad,  especialmente  si  se  ha
definido  el  biomarcador  de  antemano  por  biopsia.

Se  han  descrito  unos  30  GST  regulados  epigenéticamente,
aunque  pocos  de  ellos  son  específicos  para  un  tipo  tumoral
en  concreto,  por  ejemplo,  DAPK  y  p16  son  posibles  marca-
dores  pronósticos  de  fenotipos  más  agresivos  en  cáncer  de
pulmón,  colorrectal  y  tumores  cerebrales;  mientras  que  VHL
por  ejemplo  parece  específico  de  carcinoma  de  células  rena-
les  y  BRCA1  de  cáncer  de  mama  y  de  ovario.  Sin  embargo,
algunos  genes  muestran  diferentes  grados  de  metilación
según  el  tipo  tumoral:  GSTP1  está  metilado  en  un  90%  de
cáncer  de  próstata,  30%  de  cáncer  de  mama  y  25%  de  cáncer
hepático.  Esta  última  característica  de  algunos  marcado-
res  de  metilación  ha  permitido  a  los  científicos  desarrollar
paneles  de  metilación  con  GST  diferentes,  cubriendo  en  la
mayoría  de  los  casos  la  detección  del  100%  de  las  mues-
tras  tumorales;  por  ejemplo,  para  la  detección  precoz  del
cáncer  de  mama  se  han  testado  diferentes  paneles  de  meti-
lación  en  muestras  con  diferente  origen  como  aspirado  de
mama,  lavado  ductal  o  suero.  Evron  et  al18,  compararon  la
metilación  de  los  promotores  de  ciclina  D2,  Twist  y RAR-ˇ
utilizando  células  procedentes  de  lavado  ductal.  Estos  inves-
tigadores  encontraron  metilación  anormal  en  las  células  de
algunas  mujeres  sanas,  que  luego  desarrollaron  cáncer  de
mama,  proporcionando  una  evidencia  directa  del  uso  de  los
marcadores  de  metilación  para  la  detección  del  cáncer  en
individuos  asintomáticos.  El  cáncer  de  mama  también  se  ha
podido  identificar  a  través  del  análisis  de  los  genes  RASSF1A,
APC,  DAPK, GSTP1, beta  RAR, p16  y  p14  en  muestras  de
suero  y  aspirado  de  mama.  También  se  han  descrito  diferen-
tes  aproximaciones  para  la  detección  molecular  de  cáncer
de  ovario.  El  estado  de  hipermetilación  de  los  genes  BRCA1
y  RASFF1A  se  ha  valorado  en  50  pacientes  con  cáncer  de

ovario  o  con  tumores  primarios  peritoneales.  La  hipermeti-
lación  de  uno  o  ambos  genes  se  encontró  en  un  68%  del  ADN
tumoral.  Un  examen  adicional  de  uno  o  más  de  los  siguientes
GST;  APC,  p14,  ARF,  p16  y  DAPK  completó  el  100%  de  cober-
tura,  encontrándose  un  patrón  idéntico  de  hipermetilación
del  gen  en  el  ADN  de  origen  sérico  (82%  de  sensibilidad),
incluyendo  estadios  de  enfermedad  I  y  II19.

La  alteración  epigenética  más  común  en  el  cáncer  de
próstata  es  la  pérdida  de  la  expresión  del  gen  GSTP1  aso-
ciada  a  la  presencia  de  hipermetilación  en  su  promotor.
Esta  puede  valorarse  en  orina,  pudiendo  discriminar  entre
diferentes  grados  de  malignidad  tumoral20.  También  se  ha
descrito  la  correlación  entre  metilación  del  gen  RARb  y  dis-
criminación  entre  tejido  neoplásico  o  no  neoplásico.

Uno  de  los  problemas  asociados  al  cáncer  de  pulmón  es  el
fracaso  en  su  diagnóstico  temprano.  Sin  embargo,  el  mate-
rial  biológico  presente  en  esputo  o  en  aspirado  bronquial
permite  nuevas  aproximaciones  diagnósticas.  Los  genes  APC,
p16  y  RAR  ̌ están  frecuentemente  metilados  en  este  tipo
tumoral,  lo  que  ha  hecho  que  se  diseñen  diferentes  ensayos
utilizando  la  técnica  de  MSP  para  diagnóstico  temprano  en
pacientes  con  este  tipo  tumoral.  Por  ejemplo,  la  metilación
aberrante  en  los  genes  p16  y  MGMT  en  el  ADN  de  esputo
se  identificó  en  un  100%  de  los  pacientes  con  carcinoma  de
pulmón  de  células  escamosas  hasta  3  años  antes  de  su  diag-
nóstico  clínico.  Por  otra  parte,  el  descenso  en  la  expresión
del  gen  IGFBP3, mediada  por  la  metilación  de  su  promotor
es  un  evento  temprano  en  la  carcinogénesis  de  pulmón.  Más
recientemente  se  ha  descrito  que  la  metilación  de  este  gen,
no  solo  sirve  para  detección  temprana  de  cáncer  de  pulmón,
sino  que  también  es  un  marcador  de  respuesta  terapéutica
al  agente  CDDP7.

La  alteración  epigenética  más  común  en  gliomas  afecta  a
la  enzima  O6-metilguanina-ADN  metiltransferasa  MGMT,esta
actúa  eliminando  el  grupo  metilo  añadido  a  la  posición  O6

de  las  guaninas  del  ADN.  Se  ha  descrito  que  la  metilación  de
las  islas  CpG  localizadas  en  la  zona  del  promotor  de  este  gen
reprime  la  expresión  génica;  en  el  caso  de  los  gliomas  malig-
nos,  el  promotor  de  MGMT  está  metilado  en  un  40-68%  de  los
casos  por  lo  que  gana  eficacia  en  tratamiento  quimioterápico
basado  en  agentes  alquilantes  y  metilantes21.

La  ventaja  clínica  que  tiene  la  pérdida  de  la  expre-
sión  génica  por  metilación  del  ADN  es,  en  contraste  con
las  mutaciones  genéticas,  la  posibilidad  de  revertir  el
estado  de  metilación  mediante  tratamiento  farmacológico
con  inhibidores  de  la  desacetilación  de  histonas  y  agentes
desmetilantes.  En  la  actualidad  hay  cuatro  medicamentos
aprobados  por  la  FDA  con  acción  epigenética:  los  inhibidores
de  la  ADN  metiltransferasa  5-azacitidina  (Vidaza)  y  deci-
tabina  (2-desoxi-5-azacitidina,  Dacogen)  y  los  inhibidores
de  acetilasas  de  histonas  (HDAC),  ácido  hidroxámicosube-
roilanilida  (SAHA,  Zolinza)  y  romidepsina  (Istodax).  Varios
fármacos  adicionales  desmetilantes  e  inhibidores  de  HDAC
se  están  evaluando  en  estudios  preclínicos  y  en  ensayos  clí-
nicos.  Sin  embargo,  no  hay  en  la  actualidad  ningún  ensayo
clínico  con  fármacos  candidatos  dirigidos  contra  otros  obje-
tivos  epigenéticos.

Tanto  5-azacitidina  como  decitabina  han  demostrado  un
beneficio  clínico  significativo  en  el  tratamiento  del  sín-
drome  mielodisplásico  y  en  leucemia  mieloide.  Aunque  se
haya  confirmado  por  varios  estudios  que  se  produce  una
desmetilación  en  los  pacientes  tratados,  sin  embargo,  aún
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no  se  ha  podido  demostrar  una  relación  directa  entre  la
desmetilación  del  ADN  y  la  respuesta  clínica,  ya  que  no
hay  establecidos  biomarcadores  de  metilación  del  ADN  que
predigan  con  precisión  las  respuestas  del  paciente22. Este
hecho  tan  relevante  tiene  abiertos  muchos  frentes  de  estu-
dio  en  busca  de  biomarcadores  para  establecer  la  prueba
de  concepto  que  falta  con  la  terapia  epigenética  de  estos
fármacos.

Los  fármacos  epigenéticos  más  utilizados  en  la  clínica  son
5-azacitidina  y  decitabina.  La  incorporación  de  las  bases  de
azacitosina  en  el  ADN  y  ARN  induce  la  formación  de  aductos
covalentes  con  las  metiltransferasas,  resultando  en  la  deple-
ción  de  las  DNMT,  y  en  la  consecuente  reducción  global  de  la
metilación  del  ADN.  Este  descenso  en  los  niveles  globales  de
metilación  tiene  efectos  antitumorales  según  se  ha  descrito
en  diferentes  modelos  murinos.  En  general  se  supone  que
el  beneficio  terapéutico  de  la  desmetilación  global  del  ADN
está  relacionado  con  la  desmetilación  y  la  reactivación  de  los
genes  aberrantemente  silenciados.  Sin  embargo,  como  vere-
mos  más  adelante,  la  desmetilación  global  no  es  selectiva
de  los  marcadores  tumorales  que  se  encuentran  metilados
en  cáncer,  efecto  que  podría  restringir  severamente  la  espe-
cificidad  de  la  terapia  con  estos  fármacos.

Los  inhibidores  de  HDAC,  SAHA  y  romidepsina  se  han  apro-
bado  para  el  tratamiento  de  linfoma  cutáneo  de  células  T23.
En  la  actualidad  hay  numerosos  inhibidores  de  HDAC  que
se  están  testando  en  diferentes  ensayos  clínicos,  debido
a  la  gran  farmacobilidad  de  la  familia  de  enzimas  HDAC,
que  permite  el  desarrollo  de  potentes  inhibidores  específi-
cos.  Es  importante  resaltar  que  la  desacetilación  de  histonas
interactúa  sinérgicamente  con  la  metilación  del  ADN  en  el
silenciamiento  epigenético  en  cáncer,  por  lo  que  se  han  jus-
tificado  diferentes  ensayos  clínicos  combinando  inhibidores
de  HDAC  y  DNMT.  Sin  embargo,  los  estudios  no  han  revelado
efectos  clínicos  sinérgicos,  que  podrían  estar  relacionados
con  la  complejidad  de  los  modos  de  acción  de  los  fárma-
cos  que  aún  no  se  han  dilucidado.  Por  una  parte,  cada  vez
está  más  claro  que  la  actividad  enzimática  de  HDAC  no  está
restringida  a  las  proteínas  histonas,  ya  que  el  tratamiento
de  líneas  celulares  de  cáncer  humano  con  inhibidores  de
HDAC  altamente  específicos,  inducen  la  hiperacetilación  de
1.750  proteínas24.  Este  hallazgo  sugiere  fuertemente  que  la
gran  mayoría  de  los  sustratos  de  los  fármacos  de  HDAC  son
proteínas  no-histonas.

Efectos  secundarios  sobre  la  desmetilación  global  del
ADN
El  tratamiento  de  reactivación  epigenética  basado  en  agen-
tes  desmetilantes,  puede  inducir  como  efectos  secundarios
inestabilidad  genómica  y/o  aumento  de  la  expresión  de  pro-
tooncogenes  como  resultado  de  la  hipometilación  inducida
por  estos  fármacos.

Además,  la  hipometilación  global  del  DNA  se  ha  asociado
tradicionalmente  con  inestabilidad  cromosómica  y  propen-
sión  al  desarrollo  de  neoplasias,  y  también  se  ha  relacionado
más  recientemente,  una  desregulación  en  los  elementos
repetitivos  del  genoma25.  La  desmetilación  de  una  región
LINE-1  situada  en  un  intrón  del  protooncogen  cMet, resulta
en  un  transcrito  aberrante  de  cMET, que  se  asocia  con  la
reducción  de  la  expresión  de  la  proteína  y  de  la  señalización
del  receptor  de  cMET. Estos  resultados  proporcionan  una

importante  fuente  de  información,  por  ejemplo  sobre  la
alteración  de  la  regulación  transcripcional  que  se  induce  por
la  desmetilación  de  elementos  repetitivos,  lo  que  sugiere
que  muchos  loci  genómicos  podrían  estar  sujetos  a  los  efec-
tos  secundarios  de  la  desmetilación  epigenética  global  del
ADN26. Por  otra  parte,  es  bien  sabido  que  la  desmetilación  de
ADN  está  estrechamente  controlada  durante  la  diferencia-
ción  celular,  por  lo  que  la  desmetilación  global  que  inducen
estos  fármacos  epigenéticos  y/o  la  pérdida  de  las  modifi-
caciones  de  histonas  podrían  afectar  negativamente  a  las
funciones  en  las  poblaciones  de  células  progenitoras  en  los
pacientes27.  Por  lo  que  es  crítico  la  identificación  de  dro-
gas  epigenéticas  con  dianas  más  específicas  que  no  actuaran
sobre  las  DNMT,  sino  sobre  otros  factores  o  rutas  epigenéti-
cas,  como  podrían  ser  enzimas  que  actúan  sobre  metilación
de  novo  específica  en  cáncer.  Por  ejemplo,  la  metiltransfe-
rasa  EZH2  es  una  enzima  crítica  en  la  metilación  de  la  lisina
27  de  la  histona  3,  involucrada  en  el  desarrollo  de  distin-
tos  tipos  tumorales.  Una  terapia  dirigida  contra  esta  diana
podría  redirigir  el  establecimiento  de  programas  epigenéti-
cos  específicos  en  cáncer28.

La  medicina  personalizada  está  tomando  cada  vez  más
fuerza  dentro  de  los  sistemas  hospitalarios  público  y  pri-
vados,  ya  que  su  uso  permite  optimizar  e  implementar
tratamientos  que  disminuyen  tanto  el  coste  de  los  gastos
médicos  asociados  a la  quimioterapia  como  al  coste  personal
y  social  que  deriva  de  estos  tratamientos  y  del  desarrollo  de
la  enfermedad.  Gracias  a  la  introducción  de  las  nuevas  téc-
nicas  genómicas  y  epigenómicas  de  nueva  generación  como
la  secuenciación  masiva,  se  está  acelerando  exponencial-
mente  la  identificación  de  nuevos  parámetros  moleculares;
sin  embargo  sigue  siendo  de  gran  importancia  dedicarle
tiempo  y  esfuerzo  al  estudio  de  la  biología  de  sistemas,  ya
que  puede  explicar  la  implicación  biológica  real  de  cada  uno
de  estos  potenciales  biomarcadores,  así  como  las  rutas  celu-
lares  que  se  alteran  en  cada  caso,  que  en  definitiva  es  lo
que  puede  permitir  la  identificación  y  selección  de  fármacos
específicos.
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