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1. Resumen

Los glioblastomas (GBM) son los tumores primarios mas frecuentes y agresivos del
sistema nervioso central (SNC). Debido a que tienen una incidencia diferencial en hombres
respecto a mujeres (en proporcion 3:2), ha sido de gran interés el estudio del rol que las
hormonas sexuales tales como el estradiol, la progesterona y la testosterona tienen en el
surgimiento y la progresion de los GBM. Trabajos anteriores han demostrado que el
estradiol (E2) incrementa la proliferacion, invasion y migracion de células derivadas de
GBM humanos; sin embargo, los mecanismos mediante los cuales el E2 ejerce su efecto
sobre los GBM no han sido totalmente dilucidados.

Previamente ha sido demostrado que el E2 regula la expresion de la enzima Homoéloga
del Enhancer de Zeste 2 (EZH2) en cancer de mama. EZH2 es el nucleo catalitico del
complejo represor de Polycomb 2 (PRC2) y cataliza la mono, di y trimetilacion de la
histona 3 en la lisina 27 (H3K27mel/me2/me3). H3K27me3 es una marca epigenética
asociada a heterocromatina facultativa y represion transcripcional de genes
tejido-especifico, tales como aquellos involucrados en el desarrollo embrionario y la
diferenciacion celular. EZH2 estd sobre-expresado en varios tipos de cancer, incluidos los
GBMs y varios estudios funcionales han sugerido que la expresion de EZH2 esta
correlacionada con un aumento en la proliferacion, migracion e invasion de células
derivadas de GBM, mismos procesos que son regulados por el E2. Sin embargo, no se ha
investigado si existe una relacion directa entre EZH2 y E2 en GBMs.

En este trabajo, se determind la expresion basal de EZH2 en tres lineas celulares
derivadas de GBMs humanos (U251, U87 y D54) mediante RT-qPCR, Western Blot e
Inmunofluorescencia, y se encontr6 que las tres lineas expresan EZH2 de forma basal y en
cantidades mayores que astrocitos humanos procedentes de un tejido sano. La linea U251
mostro el nivel mas alto y la U87 el mas bajo tanto a nivel de mRNA como de proteina.
También observamos que el E2 induce la expresion de EZH2 (a nivel de mRNA) en la linea
US87 después de 12 horas de tratamiento. Sin embargo, no se observaron cambios
significativos en las células U251 ni D54. A nivel de la proteina no se observaron cambios
significativos inducidos por el E2 a ninguno de los tiempos evaluados.



Para evaluar la posible mediacion de EZH2 en los efectos inducidos por E2 en células
derivadas de GBM, se silenci6 la expresion de EZH?2 en la linea celular U251 y se evalu¢ la
proliferacion, migracion e invasion de las células después de ser tratadas con E2. Se observo
que al silenciar EZH2, se inhibe el aumento en la proliferacion, migracion e invasion celulares
inducido por el E2.

Los resultados sugieren que el E2 induce la proliferacion, invasion y migracion de lineas
celulares derivadas de GBM y que estos efectos podrian estar mediados por la enzima EZH2,
posiblemente a través de la represion epigenética que ejerce sobre sus genes diana.



2. Introduccion

Los astrocitomas son tumores del Sistema Nervioso Central (SNC) que se generan por
la malignizacién de células gliales, progenitoras gliales, o células troncales neurales
transformadas. La OMS clasifica estos tumores en cuatro grados de acuerdo con sus
caracteristicas histopatoldgicas, donde el grado IV o glioblastoma (GBM) es el mas
agresivo y frecuente [Louis et al., 2016]. Los GBMs se caracterizan por ser altamente
invasivos y de rapido crecimiento, por lo que los pacientes tienen baja expectativa de vida
(12 a 16 meses posteriores al diagnostico). Desafortunadamente, las terapias disponibles
actualmente (cirugia, quimioterapia y radioterapia) no resultan efectivas, ya que la tasa de
supervivencia a 5 afios es menor al 5 % [Hamza and Gilbert, 2014, Ostrom et al., 2018].

En tiempos recientes ha cobrado relevancia el papel que las hormonas sexuales; tales
como la progesterona, el estradiol y la testosterona; desempefian en la incidencia y
progresion de los GBMs [Gonzalez-Arenas et al., 2012, German-Castelan et al.,
2014, Rodriguez-Lozano et al., 2019]. En particular, se ha reportado que la concentracion
de estradiol (E2) es elevada en biopsias de pacientes con GBM con respecto a gliomas de
menor grado [Duefias Jiménez et al., 2014], ademas de que el E2 promueve la proliferacion,
invasion y migracion de células derivadas de GBM humanos [Gonzalez-Arenas et al.,
2012, Wan et al., 2018], por lo que esta hormona y sus mecanismos de accion son de gran
interés para el estudio de los GBMs.

En céncer de mama, ha sido demostrado que el E2, por medio de su receptor
intracelular, regula directamente la expresion del Homologo del Enhancer de Zeste 2
(EZH2) [Bhan et al., 2014]. Esta enzima forma parte de un complejo miembro del Grupo
Polycomb (PcG), que es un conjunto de represores transcripcionales que modifican la
cromatina, controlan la progresion del ciclo celular y participan en el mantenimiento de la
diferenciacion celular [Sauvageau and Sauvageau, 2010]. Este grupo estd representado por
los complejos represores de Polycomb 1 y 2 (PRC1 y PRC2). PRC2 es el complejo
encargado de mono, di y trimetilar a la lisina 27 de la histona 3 (H3K27me1/2/3) [Yin et al.,
2016]. La marca H3K27me3 estd asociada a promotores de genes que se encuentran en
heterocromatina facultativa [Margueron and Reinberg, 2011], y es leida por PRC1 el cual se



une a la cromatina impidiendo que se lleve a cabo la transcripcion. La composicion de
ambos complejos es variable, sin embargo, PRC2 tiene tres componentes constantes: EZH2
que funge como metiltransferasa debido a que posee un dominio catalitico SET; EED que
contiene dominios WD40 que sirven para identificar marcas adyacentes en histonas
(metilaciones, acetilaciones, etc.) asi como para anclar el complejo a la cromatina; y SUZ12
que es una desacetilasa de histonas [Wiles and Selker, 2017]. PRC2 es requerido para
mantener la identidad y diferenciacion celular mediante la represion de genes
tejido-especifico e inhibidores de la proliferacion [Sauvageau and Sauvageau, 2010].

Se ha visto que EZH2 se encuentra desregulado en diversos tipos de cancer [Scelfo
et al., 2015], entre ellos los tumores cerebrales. En GBMs, la sobre-expresion de este gen
estad directamente relacionada con la malignidad del tumor [Zhang et al., 2015a] y se ha
relacionado con un mal pronostico de vida. Por otra parte, EZH2 es requerido para el
mantenimiento y renovacion de las células troncales de glioma (GSC), las cuales se piensa
que son responsables de la resistencia a farmacos y de la reincidencia del tumor [Louis
et al., 2016]. Lamentablemente, ain no se sabe mucho acerca de los factores que estan
implicados en la regulacion de la expresion del gen EZH2 y de la localizacion de la marca
H3K27me3.

Dado que EZH2 se encuentra sobre-expresado en biopsias de GBMs y que el E2
participa en diversos procesos importantes para el desarrollo y progresion de estos tumores,
es probable que este gen se exprese en lineas celulares derivadas de este tipo de tumores y
que su expresion sea regulada por hormonas sexuales, lo cual se vera reflejado en cambios
en la expresion génica de genes asociados a la represion transcripcional mediada por
Polycomb.



3. Antecedentes

3.1. Gliomas

3.1.1. Generalidades

La palabra cancer se refiere a un conjunto de enfermedades caracterizadas por
proliferacion celular excesiva como resultado de la alteracion de procesos involucrados en
la regulacion del ciclo celular, muerte y diferenciacion de las células [Chow, 2010, Hanahan
and Weinberg, 2011]. De acuerdo con la Organizacion Mundial de la Salud (OMS), el
cancer es una de las principales causas de muerte en el mundo ya que tan sélo en 2018 se
registraron alrededor de 18 millones de nuevos casos y 9.6 millones de defunciones
relacionadas a algln tipo de cancer [Ferlay et al., 2019].

Los gliomas son los tumores primarios mas frecuentes del SNC con una incidencia de
6.6 por cada 100,000 individuos en Estados Unidos [Ostrom et al., 2018]. Atn no es claro el
linaje celular a partir del cual se originan, sin embargo, debido a las caracteristicas de los
tumores se cree que proceden de células del SNC tales como las células troncales
cancerosas, las células progenitoras oligodendrociticas (OPCs) o los astrocitos [Zong et al.,
2015]. Los gliomas se encuentran entre los canceres con peor prondstico, y se clasifican de
acuerdo con sus caracteristicas histologicas, inmunohistoquimicas y moleculares en
astrocitomas, oligodendrogliomas y oligoastrocitomas [Furnari et al., 2007].

Los astrocitomas, los gliomas mas comunes [Ostrom et al., 2018], son tumores que poseen
caracteristicas histopatoldgicas similares a las de los astrocitos y son clasificados por la OMS
en cuatro grados de malignidad que se asignan de acuerdo con caracteristicas histologicas y
alteraciones genéticas [Louis et al., 2016] y que a continuacion se describen:

Los astrocitomas de grado I (también conocidos como pilociticos) son neoplasias
benignas, delimitadas, de lento crecimiento que se presentan preferencialmente en nifios y



adultos jovenes [Weller et al., 2015]. Al ser tumores con bordes muy definidos y poco
infiltrantes, el tratamiento usual es la remocion quirtrgica y la supervivencia a 5 afios es
superior al 90% [Ostrom et al., 2018]. La principal caracteristica estos tumores son
mutaciones en genes que codifican para diversas proteinas involucradas en la activacion de
la via de cinasas activadas por mitdgenos (MAPK), a tal grado de que se les conoce como
“enfermedad de una sola via” [Reifenberger et al., 2017].

Los astrocitomas de grado II, también conocidos como difusos, son los astrocitomas
mas comunes en adultos jovenes. Se caracterizan por difusion infiltrante hacia el
parénquima cerebral y su tendencia a la recurrencia y progresion maligna [Weller et al.,
2015]. Actualmente, son divididos en dos grupos de acuerdo con su perfil molecular, los
que presentan un genotipo astrocitico estan caracterizados por mutacion en el gen supresor
de tumores TP53, mientras que los de origen oligodendrocitico presentan co-delecion de los
brazos cromosoémicos lp y 19q. Ambos genotipos poseen mutaciones en el gen de la
enzima isocitrato deshidrogenasa (IDH1), la cual forma parte del ciclo de Krebs y podria
representar la alteracion que da inicio al tumor. También es caracteristico de este tipo de
tumores la mutacion en los genes HISTIH3B o H3F3A (codificantes para la histona H3), la
cual consiste en la sustitucion de la lisina 27 por metionina (H3K27M) [Louis et al.,
2016, Reifenberger et al., 2017]. Ha sido demostrado que dicha modificacion inhibe al
Complejo Represor de Polycomb 2 provocando una disminucion global de la marca
H3K27me3 [Mohammad et al., 2017].

Los astrocitomas de grado III o anaplésicos usualmente se presentan en adultos de entre
40 y 60 afios. Histologicamente se caracterizan por atipia nuclear, aumento en el tamafio
celular y alta actividad proliferativa, ademas de células multinucleadas con anormalidades
en la mitosis y positivas a la proteina acidica fibrilar glial (GFAP). Comunmente presentan
mutaciones en los genes IDH y TP53 [Zhao et al., 2007, Weller et al., 2015].

Los astrocitomas de grado IV, llamados también GBMs, son los astrocitomas mas
frecuentes y también los mdas agresivos ya que la expectativa de vida de los pacientes
raramente excede los 14 meses posteriores al diagnostico. Cominmente se presentan en
adultos entre las edades de 45 a 70 afios [Kim et al., 1991]. Se localizan principalmente en
la corteza cerebral [Sarkar et al., 2009], son altamente anaplasicos y estan compuestos de
células con diversas morfologias. Alrededor de la mitad de los astrocitomas diagnosticados
son clasificados como GBMs [Reifenberger et al., 2017], sin embargo, las estrategias
disponibles para su tratamiento (cirugia, quimioterapia y radioterapia) no resultan efectivas,
ya que aumentan s6lo unos meses la esperanza de vida de los pacientes [Hamza and Gilbert,
2014].



3.1.2. Glioblastomas

Los GBMs o astrocitomas grado IV, son los tumores malignos mas frecuentes del SNC,
representan del 60 al 75 % de los astrocitomas y tienen una incidencia de 3.21 por cada
100,000 habitantes en Estados Unidos. Pueden presentarse a cualquier edad, sin embargo, la
mayoria de los pacientes son adultos entre 45 y 75 afios, ademas de que estos tumores son
mas frecuentes en varones que en mujeres a razon de 3:2 [Ostrom et al., 2018].

La historia clinica de los pacientes con GBM es corta (menos de 3 meses en mas de
50% de los pacientes), los sintomas incluyen dolor de cabeza, niuseas y voOmito
ocasionados por el aumento en la presion intracraneal. En algunos pacientes se pueden
presentar episodios epilépticos y/o cambios en el comportamiento [Kleihues et al., 2002].
Algunos sintomas menos frecuentes son demencia, problemas con la memoria, el
aprendizaje, la concentracion y problemas motores, éstos Gltimos varian de acuerdo con la
localizacion del tumor [Louis et al., 2016].

Existen dos tipos de GBM: los primarios; son los que se generan de novo, es decir, sin
evidencia de un tumor previo de menor malignidad, representan aproximadamente el
80-90% de los casos, mientras que los secundarios son aquellos que surgen por la
progresion de astrocitomas de menor malignidad [Furnari et al., 2007]. Los GBMs
primarios y secundarios son morfoldégicamente indistinguibles entre ellos. Sin embargo, se
presentan en distintos rangos de edad y poseen mutaciones especificas que permite
identificarlos.

Los GBMs primarios generalmente se presentan personas mayores de 50 afios [Louis
et al., 2016] y se caracterizan por la amplificacion y sobre-expresion del receptor del factor
de crecimiento epidérmico (EGFR) junto con la delecion del locus INK4a/ARF que codifica
para las proteinas p16 y p14 que pueden arrestar el ciclo celular en la fase G1 y G2, ademas
de mutaciones en el gen que codifica para la fosfatidilinositol 3,4,5-trisfosfato 3-fosfatasa
(PTEN), amplificacion del gen MDM2 y pérdida de heterocigosidad en el cromosoma 10
[Ivanchuk et al., 2001].

Los GBM secundarios se presentan principalmente en pacientes jovenes y se derivan de
astrocitomas grado II (difusos) o de grado III (anaplasicos), presentan diversas mutaciones
en TP53, la sobre-expresion del factor de crecimiento derivado de plaquetas (PDGF) y de su
receptor, asi como mutaciones en el gen IDH, ademas de pérdida alélica de los cromosomas
19q y 10q [Godard et al., 2003].

Los pacientes con GBM tienen una sobrevida corta y generalmente fallecen dentro del
primer afio posterior al diagndstico [Louis et al., 2016]. Estos tumores son resistentes a la
radioterapia y a la quimioterapia y debido a su alta capacidad para infiltrarse, en especial al



parénquima cerebral, no es posible realizar reseccion quirtirgica total, por lo que hay una alta
tasa de recurrencia de los tumores [Hadjipanayis and Van Meir, 2009].

3.1.3. Subtipos de Glioblastomas

En 2010 Verhaak y colaboradores clasificaron a los GBMs en cuatro categorias basadas
en la gendmica de los tumores y en patrones de expresion génica [Verhaak et al., 2010]. Los
cuatros subtipos son los siguientes:

Clasico

Este subtipo estd caracterizado por pérdida o mutaciéon de PTEN, pérdida del gen
CDKN2A que codifica para el inhibidor 2A de cinasa dependiente de ciclina (pl6),
amplificacion, mutacion o sobreexpresion de EGFR y pérdida del cromosoma 10. Ademas
de tener completa funcion de IDH y p53. Es frecuente la activacion de las vias Notch y
Hedgehog.

Mesenquimal

Entre las marcas bioquimicas que lo caracterizan se encuentra la pérdida o mutacion de los
genes NF1 (regulador negativo de la via de ras), TP53 y PTEN, ademas de la sobreexpresion
de diversos genes involucrados en las vias activadas por el factor de necrosis tumoral (TNF).

Neural

Este subtipo se caracteriza por ser similar a las células neurales, presenta amplificacion
o sobreexpresion de EGFR, y expresion de diversos marcadores neurales tales como
componente de neurofilamento (NEFL), un receptor de acido gamma-aminobutirico
(GABRAUI), una proteina de vesiculas sindpticas (SYT1) y un canal K-CI (SLC12A5). Cabe
mencionar que ha surgido controversia sobre este subtipo debido a que un estudio a nivel
transcriptomico sugiere que las muestras del estudio de Veerhak y colaboradores estaban
contaminadas con células no tumorales, por lo que el subtipo neural es inexistente [Wang
etal., 2017].

Proneural

Se caracteriza por ser IDH mutante y por tener pérdida o mutacion de TP53, CDKN2A,
PTEN y amplificacion o sobreexpresion del factor de crecimiento derivado de plaquetas
(PDGFRA).



3.1.4. Hormonas sexuales y Glioblastomas

Los GBMs son més frecuentes en hombres que en mujeres con una relacion 3:2 [Ostrom
et al., 2018], lo cual sugiere que las hormonas sexuales pueden tener un papel importante en
la progresion de estos tumores. Ademas, debido a que se ha detectado la expresion de los
receptores a hormonas sexuales en astrocitomas, la terapia hormonal ha sido propuesta como
una alternativa terapéutica [Atif et al., 2015].

Diversos estudios han demostrado que la progesterona (P4) y la testosterona (T)
promueven la proliferacion, invasion y migracion de células derivadas de GBMs humanos
[Germén-Casteldn et al., 2014, Pifia-Medina et al., 2016, Rodriguez-Lozano et al., 2019].
También se ha reportado que la alopregnanolona, un metabolito de la P4 induce la expresion
de genes relacionados con la reparacion de dafio al DNA, invasion, migracion y transporte
de moléculas [Zamora-Sanchez et al., 2018].

Se ha demostrado que el estradiol (E2) induce proliferacion, angiogénesis y resistencia a
la terapia en células derivadas de GBMs humanos [Gonzalez-Arenas et al., 2012, Lappano
et al., 2014]. Se sabe que el tratamiento con E2 aumenta la expresion del receptor
intracelular a P4 en GBM [Hansberg-Pastor et al., 2017] y se ha reportado que tanto la P4
como el E2 pueden regular la transcripcion de diferentes RNAs no codificantes, que entre
otras cosas regulan la expresion de genes involucrados en procesos de proliferacion, ciclo
celular, resistencia a la terapia invasion y migracion, ademas de que pueden modular la
actividad del complejo represor de Polycomb 2 (PRC2), el cual estd encargado de la
regulacion de la expresion de genes tejido-especificos [Smits et al., 2010, Finlay-Schultz
etal., 2015, Tao et al., 2015].



3.2. EZH2y H3K27me3

3.2.1. Epigenética

El término epigenética significa “por encima de la genética” y fue acuiado
originalmente por Conrad Waddington en los afios 50s para referirse a cambios en el
fenotipo celular que son heredables e independientes de alteraciones en la secuencia de
DNA [Berger et al., 2009]. Waddigton observo que los embriones de mosca de fruta pueden
presentar diferencias en la estructura del térax y alas como respuesta a cambios en la
temperatura de incubacion o a estimulos quimicos. El siguiente paso en su experimento fue
seleccionar y criar entre si a los animales que mostraban la nueva caracteristica. Expuestos
al mismo estimulo ambiental, estos dieron lugar a una progenie con mayor proporcion de
adultos que muestran el nuevo fenotipo. Después de un nimero relativamente pequefio de
generaciones, descubrié que podia reproducir a los animales y obtener una herencia s6lida,
incluso sin aplicar el estimulo ambiental. Llamé a este proceso asimilacion genética y
concluyd que dichos fenotipos no dependian de la aparicion de una mutacion en la
secuencia de DNA, sino de la activacion de alelos pre-existentes, por lo tanto, cred el
término epigenética y la describidé como el estudio de las interacciones de los genes con su
entorno que dan vida al fenotipo [Noble, 2015].

Actualmente la epigenética se describe como la ciencia que estudia los cambios en la
expresion de genes que no involucran modificaciones en la secuencia de DNA [Berdasco
and Esteller, 2019]. Este término es usado generalmente para describir eventos relacionados
con la estructura de la cromatina (Figura 1), los cuales incluyen la modificacion covalente
de DNA ¢ histonas, el cambio en la posicion de los nucleosomas, asi como la actividad de
RNAs largos no codificantes (IncRNAs), entre otros [Dawson and Kouzarides, 2012].

La cromatina es el complejo macromolecular de DNA e histonas que provee de un
andamiaje para el empaquetamiento del material genético dentro de la célula. El DNA se
encuentra compactado dentro del nicleo gracias a su interaccion con las histonas, que
poseen carga positiva debido a que son ricas en residuos de lisina y arginina. Los
eucariontes poseen cinco tipos de histonas: H1, H2A, H2B, H3 y H4. Las histonas H2A,
H2B, H3 y H4 forman un octamero compuesto por dos dimeros H2A-H2B y un tetramero
H3-H4; alrededor del cual se enrolla el DNA formando una estructura denominada
nucleosoma, que es la unidad funcional de la cromatina. La histona HI se conoce como
“linker” ya que forma asas de cromatina entre nucleosoma y nucleosoma, lo que facilita la
compactacion del material genético [Felsenfeld and Groudine, 2003, Turner, 2005].

El estudio de los nucleosomas ha demostrado que todos sus componentes pueden ser
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Figura 1: Representacion de la estructura de la cromatina. La unidad fundamental es el nucleosoma,
compuesto por DNA e histonas. Los extremos amino terminales de las histonas sobresalen, lo que los hace
accesibles a los complejos que regulan las marcas epigenéticas. EL DNA puede ser metilado también, marca
que ha sido asociada a represion transcripcional.

modificados covalentemente, lo que altera la organizacion y funcion de la cromatina. En
términos generales, la cromatina se divide en dos grandes tipos: heterocromatina, la cual
esta altamente compactada y contiene principalmente genes inactivos y eucromatina, que se
encuentra relativamente relajada y contiene la mayor parte de los genes activos. A su vez,
la heterocromatina se divide en facultativa y constitutiva. La primera contiene genes cuya
expresion se encuentra reprimida, pero puede reactivarse bajo las circunstancias adecuadas,
mientras que la segunda es méas compacta y tiene funciones principalmente estructurales [Liu
et al., 2020].

El estado de la cromatina es dinamico y puede ser regulado mediante la modificacién
covalente de los extremos amino-terminal de las histonas que sobresalen del nucleosoma y
son accesibles a enzimas que los modifican quimicamente mediante un sistema de
complejos escritores, lectores y borradores (Figura 2) [Felsenfeld and Groudine, 2003].
Estas modificaciones conforman una especie de codigo que funciona en conjunto con la
secuencia del DNA para determinar el estado de la cromatina, asi como establecer y
estabilizar los patrones de expresion génica [Esteller, 2011].

Los residuos modificados son las lisinas que pueden ser acetiladas (ac) metiladas (me) o
ubiquitinadas (ub), las argininas pueden ser metiladas y las serinas son fosforiladas, entre
otros (ver Tabla 1) [Dawson and Kouzarides, 2012]. Las modificaciones postraduccionales
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Figura 2: Modificaciones postraduccionales de histonas. La compactacion del DNA esta regulada por las
marcas postraduccionales de las histonas. Los escritores catalizan la insercion de estas marcas. Los borradores
son enzimas que remueven las marcas y los lectores son proteinas con dominios de reconocimiento para
modificaciones de histonas. Imagen modificada de Helin y Dhanak, 2013.

de histonas se regulan de forma dindmica, ciertas modificaciones pueden afectar a otras y
muchas estan positiva o negativamente relacionadas. La acetilacion es la unica marca que
por si misma tiene una funcidén, ya que al neutralizar la carga de los aminodcidos
positivamente cargados (lisina y arginina) disminuye la interaccion del nucleosoma con el
DNA (negativamente cargado por los grupos fosfato) favoreciendo un estado de cromatina
relajado, caracteristico de la eucromatina y los genes transcripcionalmente activos. El resto
de las marcas dependen del sistema de escritores y lectores para llevar a cabo su funcion
[Felsenfeld and Groudine, 2003].

Para identificar las modificaciones postraduccionales, éstas reciben un codigo que inicia
con el nombre de la histona, el residuo que es modificado, la posicién que este ocupa en la
secuencia de aminoacidos, el tipo de modificacion y el nimero en caso de que puedan ser
varias. Por ejemplo, la acetilacion del residuo 4 de lisina en la histona 3 se abrevia H3K4ac
y la trimetilacion de la lisina 27 de la histona 3 es H3K27me3.
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Tabla 1: Modificaciones postraduccionales de histonas

Modificacion
. Residuo Nomenclatura Funcion atribuida
postraduccional
o, .. Activacion
Acetilacion Lisinas K ac .
- transcripcional
Activacion o
represion
L Lisinas K mel, K me2, K me3 transcripcional
Metilacion - - - .
dependiendo
del residuo
. Activacion
Argininas R mel, R me2s, R me2a .
- - - transcripcional
Serinas S ph Activacion
., . transcripcional,
Fosforilacion Treoninas T ph p ~
reparacion de dafio al
Tirosinas Y_ph DNA, Ciclo celular
Poliubiquitinacion:
Reparacion de dafio
e, .. al DNA
Ubiquitinacién Lisinas K ub e,
- Monoubiugitinacién:
represion
transcripcional
Sumoilacion Lisinas K su Desconocido
o e, .. Reparacion de dano al
ADP ribosilacion Lisinas K ar p
- DNA
Citrulinacion Argininas R ci Apoptosis celular
C e, . . . Represion
Biotinilacion Lisinas K bio P .
- transcripcional

3.2.2. El complejo represor Polycomb

Las proteinas que forman parte del Grupo Polycomb (PcG) son modificadores

postraduccionales de histonas y su accién generalmente estd asociada a represion de la
expresion de genes tejido-especificos. Este grupo estd conformado por los complejos
represores de Polycomb 1 y 2 (PRC1 y PRC2). PRC2 es el complejo que actia como
escritor ya que estd encargado de mono, di y trimetilar a la lisina 27 de la histona 3
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(H3K27me3) [Margueron and Reinberg, 2011]. Esta marca estd asociada a promotores de
genes silenciados y a heterocromatina facultativa. La H3K27me3 es reconocida por PRCI
(lector) que se une a la cromatina, monoubiquitina a la lisina 119 de la histona H2A
(H2AK119ub), e impide que se lleve a cabo la transcripcion al bloquear el reclutamiento de
la RNA polimerasa II [Wiles and Selker, 2017].

La composicion multiproteica de ambos complejos es variable, aunque, algunos
elementos se mantienen constantes. El nucleo catalitico de PRC2 (Figura 3) se compone
del homoélogo de Enhancer de Zeste (EZH). En humanos existen dos homologos del
enhancer de Zeste (codificados por genes independientes y denominados EZH1 y EZH?2),
sin embargo, ha sido reportado que EZH2 tiene mayor actividad catalitica que EZH1
[Margueron and Reinberg, 2011]. EZH1 se expresa principalmente en tejidos diferenciados
y células que no se encuentran en division, mientras que EZH2 es poco detectable en tejidos
adultos normales, pero esta altamente expresado en células troncales y progenitoras.

Union a ncRMA

Union a
PTM

Unidn a Union a
PTM histonas

Union a DMA
rico en GC

Figura 3: Complejo Represor de Polycomb 2. Este complejo tiene tres componentes principales; enhancer
de Zeste 2 (EZH2)), Desarrollo de Ectodermo Embrionario (EED) y Supresor de Zeste 12 (SUZ12). Los otros:
jumonyji, dominio interactivo de sitios ricos en GC 2 (JARID2), proteina de union potenciadora de adipocitos
(AEBP2) y las proteinas Polycomb-like (PCL) son variables y funcionan como anclaje y reconocimiento de
otras marcas epigenéticas. Modificado de Margueron et al., 2011).

Se ha reportado que EZH1 tiene los mismos blancos que EZH2 y puede formar el
complejo PRC2. Sin embargo, el complejo PRC2-EZH1 tiene diferente actividad que
PRC2-EZH2. EZH1 se expresa tanto en células en division activa como en tejidos
diferenciados, mientras que EZH2 se expresa mayoritariamente en células troncales
[Margueron and Reinberg, 2011]. Por lo tanto, se ha sugerido que EZH2 se expresa en
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niveles altos en células capaces de diferenciarse y participa activamente en la diferenciacion
celular, estableciendo los patrones de metilacion de H3K27 que silencian genes
tejido-especificos y otorgan identidad a la célula. Por otra parte, la subunidad EZH1 se
encarga de mantener la represion de genes establecida por EZH2 y por lo tanto protege la
identidad celular de los tejidos diferenciados [Margueron et al., 2008].

Los otros componentes constantes del complejo PRC2 son el factor de desarrollo
ectodérmico embrionario (EED) y el supresor de zeste (SUZ12). EED contiene dominios
WD40 que reconocen la marca H3K27me3 y se cree que participa en la expansion de la
marca. SUZ12 modula la actividad de PRC2 mediante el dominio VEFS, aunque su papel
exacto aun no esta definido. De igual forma se ha reportado que eliminar a cualquiera de los
genes que codifican para los tres componentes principales de PRC2, el complejo no puede
formarse y se pierde la marca H3K27me3 [Margueron and Reinberg, 2011, Mohammad
etal., 2017, Scelfo et al., 2015].

Por otra parte, los demas componentes variables de PRC2 funcionan como puntos de
anclaje para el complejo. Por ejemplo, Jarid2, proteina miembro de la familia Jumonji de
desmetilasas de histonas, que, a pesar de carecer de actividad catalitica, posee un dominio de
unioén a regiones de DNA ricas en GC reclutando a EZH2 al promotor de diversos genes. Otra
subinidad de PRC2, RbAp46/48, se une a las histonas H3 y H4, mientras que las proteinas
PCL reconocen otras modificaciones postraduccionales de las histonas [Troselj et al., 2016].

Las funciones de PRC2 han sido estudiadas en dos direcciones, una es su rol en el
desarrollo, la otra su implicacién en la proliferacion celular y la tumorigénesis. El
incremento en la actividad de EZH2 esta asociado a un pronoéstico negativo en diversos
tumores, mientras que la delecion de EZH2 en embriones de raton resulta letal o produce
defectos en el desarrollo [Scelfo et al., 2015]. EZH2 esta involucrado en procesos como
embriogénesis, inactivacion del cromosoma X, modificacion de la cromatina, desarrollo de
células troncales y progresion tumoral [Lu et al., 2016]. Entre los blancos mejor conocidos
de EZH2 se encuentran los genes Hox, que son un conjunto de 39 genes que codifican para
factores de transcripcion. Estos definen los patrones de desarrollo en las extremidades de
los vertebrados, controlan la identidad celular del eje anteroposterior del plano corporal y
estan conservados en todos los animales con simetria bilateral [Comet et al., 2016, Lappin
et al., 2006].

Ademés de los genes Hox, se ha reportado que PRC2 reprime la expresion de diversos
genes involucrados en la regulacion del ciclo celular, entre ellos el ejemplo més importante
es la inhibicion del locus INK4a/ARF. Este locus codifica para las proteinas pl5, p16, and
p19AREF, las cuales son represoras de la transicion de la fase G1 a la fase S del ciclo celular.
PRC2 regula también la reparacion del DNA, la sobre-expresion de EZH2 genera una
dramatica disminucién en la expresion de RADS1 que es una proteina requerida para la
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recombinaciéon homologa y reparacion de rupturas de doble cadena. La represion de la
expresion de este gen mediada por Polycomb tiene como consecuencia el decremento en el
numero de loci de DNA reparados, aumento de aneuploidias y reduccion en las tasas de
supervivencia de células expuestas a estrés genotoxico [Sauvageau and Sauvageau, 2010].

El papel de EZH2 en la diferenciacion de ESCs estd ampliamente estudiado. Mediante
ensayos genomicos se ha descubierto que los complejos Polycomb reprimen varios genes que
codifican para reguladores importantes del desarrollo y sefializacion en ESCs [Zhao et al.,
2007]. Es caracteristico de ESC que en los promotores de los genes tejido-especificos exista
una bivalencia de marcas, es decir coexista la H3K27me3 que es asociada a represion junto
con la H3K4me3, marca regulada por el complejo Trithorax y que se asocia a cromatina
transcripcionalmente activa. Este estado se conoce como “listo para el arranque” ya que los
genes pueden ser activados rapidamente, lo que es fundamental en la diferenciacion celular
al permitir que los genes que daran la identidad y linaje a la célula se expresen o repriman
seglin sea el caso [Sauvageau and Sauvageau, 2010].

Debido a que las proteinas que pertenecen a Polycomb reprimen locus asociados a
progresion del ciclo celular, replicacion y reparacion del DNA, se ha sugerido que cambios
en la expresion de PRC2 podrian romper el equilibrio entre la represion y activacion
transcripcional, alterar la homeostasis celular, y provocar diversas patologias, entre ellas el
cancer. Se ha observado que la expresion de EZH2 se encuentra desregulada en diversos
tipos de cancer, entre ellos los tumores cerebrales [Scelfo et al., 2015].

Asi pues, PRC2 es importante para la célula ya que ayuda a mantener la identidad celular
al conservar reprimidos a los genes que se silencian durante el desarrollo embrionario [Wiles
and Selker, 2017]. Se ha sugerido que en un ambiente estable y controlado este complejo
no es requerido para preservar la diferenciacion celular, es decir en una célula totalmente
diferenciada que se encuentra en homeostasis, PRC2 no es indispensable para mantener su
patron de expresion génica. Sin embargo, cuando las células se ven expuestas a cambios en
el medio extracelular se vuelve importante su papel para mantener el patron de expresion
génica que da identidad a la célula [Scelfo et al., 2015, Comet et al., 2016].

3.2.3. Mecanismo de accion de EZH?2

La estructura de la proteina EZH2 est4 conservada evolutivamente entre especies, desde
organismos unicelulares eucariotas hasta plantas, este grado de homologia sugiere que tiene
un rol importante en la biologia celular [Wiles and Selker, 2017]. EZH2 se compone de cinco
dominios, tal como se muestra en la Figura 4. SANT (Siglas de: proteina de conmutacion
defectuosa 3 (Swi3), adaptador 2 (Ada2), correpresor del receptor nuclear (NCoR), factor
de transcripcion I1IB) es el dominio responsable de la localizacion subcelular de EZH2 en
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el nicleo y es importante para el remodelado de la cromatina al promover la unién a los
extremos terminales de las histonas [Yan et al., 2017]. El dominio SET es el que le confiere
la actividad enzimatica de histona metiltransferasa (KMT), el dominio recibe este nombre por
las siglas de Suv(var)3-9, Enhancer-of-zeste y Trithorax [Margueron and Reinberg, 2011], los
tres son proteinas con actividad de KMT, y tienen en comtn este dominio catalitico altamente
conservado [Katoh, 2016].

EED RNA SUZ12 Acidos Nucleicos

Y Y () ( iy

EZH2 ( Csant ( @erenl (sant(

Figura 4: Dominios caracterizados de la proteina EZH2. Los dominios de EZH2 caracterizados con
funciones potenciales estan indicados. CXC es un dominio de unién a DNA rico en cisteina; ncRBD, dominio
de union a RNA no codificante; SANT, dominio de uniéon de SWI3, ADA2, N-CoR y TFIIIB; SET, Su (var)
3-9, enhancer de zeste, trithorax. Modificado de Margueron et al., Nature (2011).

Una vez reclutado, EZH2 puede mono, di, y trimetilar a la lisina 27 en la histona H3. Al
ser una KMT, la accion de EZH2 es dependiente de la disponibilidad de S-adenosil
metionina (SAM), molécula donadora de grupos metilo. H3K27me3 es reconocida por
PRCI1, este complejo se une a la cromatina y monoubiquitina la lisina 119 de la histona
H2A (H2AK119ub) e impide que la RNA polimerasa II se una a los promotores, ademas de
que compacta la cromatina [Lu et al., 2016].

La secuencia del dominio SET de EZH2 es similar a la de otras proteinas con actividad
de KMT. Este dominio consiste en un sitio catalitico formado principalmente por
estructuras de hoja (-plegada y contiene dos secuencias de aminoacidos altamente
conservadas: HXCXPN y ELXFDY. El dominio CXC o post-SET contiene residuos de
lisina esenciales para la actividad de KMT [Dillon et al.,, 2005]. En estudios de
cristalografia se ha encontrado que EZH?2 en solitario no puede unirse al cofactor SAM ni al
residuo de lisina ya que el dominio SET se encuentra muy abierto, por lo que se sugiere que
es necesaria la union de SUZI12 y EED para que el dominio catalitico adquiera la
conformacion necesaria para albergar el cofactor junto al nitrégeno correspondiente a la
lisina que serd metilada [Wu et al., 2013]. También se ha descrito que el complejo PRC2
reconoce elementos como la histona conectora H1, ademas de discriminar entre
mononucleosomas y oligonucleosomas artificiales, teniendo mayor actividad cuando se une
a éstos ultimos [Martin et al., 2006].

El mecanismo exacto por el cual PRC2 es reclutado hacia los promotores de los genes que
son silenciados mediante H3K27me3 no se conoce. En Drosophila se ha descrito que PRC2 y
PRC1 pueden ser reclutados a través de secuencias de DNA de respuesta a Polycomb (PRE)
que son reconocidos por Pho, una proteina con dominios de union a DNA que pertenece a
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PcG. YY1 es un factor de transcripcion presente en vertebrados y tiene 90 % de homologia
con Pho, sin embargo, no existe evidencia suficiente para afirmar que recluta a PRC2 o PRCI1
de forma similar a como actua Pho en Drosophila [Kassis and Brown, 2013].

EZH2 puede unirse a diversos RNA largos no codificantes (IncRNA) mediante el
dominio de uniéon a RNA no codificante (IncRBD), ademés de que el mismo dominio
podria estar involucrado en el reclutamiento del complejo a sitios transcripcionalmente
activos mediante la uniéon a mRNAs nacientes [Holoch and Margueron, 2017]. Se estima
que cerca de 3,000 RNAs pueden unirse al complejo y regular su actividad. Algunos de los
mas sobresalientes son el IncRNA HOTAIR, cuya expresion estd relacionada con el
silenciamiento del locus HOXD en fibroblastos humanos procedentes de extremidades
distales posteriores [Rinn et al., 2007]. Ademds, TUGI, un IncRNA inducido por dafio a
DNA, recluta a PRC2 para inhibir genes que regulan mitosis, formacion del huso mitdtico y
progresion del ciclo celular [Khalil et al., 2009]. Adicionalmente, PRC2 puede unirse a una
gran variedad de RNAs nacientes, lo que inhibe su actividad e impide el silenciamiento de
genes que se encuentran transcripcionalmente activos [Kaneko et al., 2013, Davidovich
etal., 2013].

Por otra parte, ha sido sugerido que la metilacion del DNA es una marca que impide la
union del complejo PRC2 (Holoch and Margueron, 2017). En una gran variedad de lineas
celulares la pérdida de metilacion del DNA causada por la inhibicion de las enzimas DNA
metiltransferasas resulta en una acumulacion de H3K27me en regiones previamente
marcadas por 5-metilcitosina [Lindroth et al., 2008, Wiles and Selker, 2017]. Estos estudios
son consistentes con datos que muestran que las islas CpG no metiladas pueden reclutar a
PRC2 [Jermann et al., 2014]. Ademés de la metilacion del DNA, se ha reportado que la
metilacion de H3K27 es inhibida por la presencia de marcas caracteristicas de cromatina
activa, tales como H3K36me3 y H3K27ac [Schmitges et al., 2011]. Por el contrario, la
unién de EED a H3K27me3 estimula la actividad enzimatica de EZH2, promoviendo la
trimetilacion de H3K27 en los nucleosomas vecinos lo cual contribuye en gran medida a la
propagacion de la marca a lo largo de amplios dominios de cromatina [Lee et al., 2018].
Estos hechos indican que Polycomb responde al ambiente de la cromatina y depende de este
para establecer los dominios de H3K27me3.

EZH2 y STAT3

La actividad catalitica de EZH2 puede ser regulada por la fosforilacion de varios
residuos. Se ha reportado que la activacion de la via de AKT/PI3K promueve la
fosforilacion de EZH2 en el residuo Ser2l, lo que disminuye su actividad de
metiltransferasa de histonas e impide que PRC2 se una a la cromatina, ocasionando pérdida
de la trimetilacion de H3K27 y des-represion de los genes blanco [Cha et al., 2005, Ott
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et al., 2012]. Por ejemplo, en la linea celular MCF-7 derivada de cancer de mama, ha sido
descrito que la expresion de el gen anti-apoptdtico BCL2 se encuentra reprimida por la
presencia de la marca H3K27me3 en su promotor. Sin embargo, el tratamiento con E2
activa la via de AKT, lo que provoca que EZH2 se fosforile en el residuo Ser21 (pSer21)
inhibiendo la trimetilacion de H3K27. Esto permite la unidon del receptor a estrogenos alfa
(ERq) a los elementos de respuesta a estrogenos (EREs) que se encuentran en el promotor
de BCL2 lo que finalmente activa la expresion este gen [Svotelis et al., 2011].

Ademas de inhibir la metilacion de H3K27, la fosforilacion de Ser21 incrementa la
afinidad de EZH2 por varios sustratos no-histonicos, un ejemplo es el activador de
transcripcion inducido por senales 3 (STAT3) [Troselj et al., 2016]. Se ha demostrado que
EZH2 al fosforilarse en la Ser21 por medio de la activacion de la via de sefializacion
AKT/PI3K, metila a STAT3 e incrementa su actividad transcripcional (Figura 5) [Chang
et al., 2017]. Este proceso fue descrito por Kim y colaboradores en células troncales de
glioma (GSC) [Kim et al., 2013], en céancer de prostata [Majumdar et al., 2019] y
recientemente ha sido reportada en Xenopus laevis [Loreti et al., 2020].

STAT3 es uno de los factores de transcripcion oncogénicos mas estudiados en los ultimos
afnos, que se ha asociado a diversos procesos tales como iniciacion del cancer, progresion,
metastasis, resistencia a quimioterapia y evasion del sistema inmune. Se ha propuesto que
STAT3 puede ser el punto de convergencia de varias vias de sefializacion involucradas en
diversos procesos neoplasicos como el receptor del factor de crecimiento epidérmico (EGFR),
el receptor al factor de crecimiento derivado de plaquetas (PDGFR) y la familia de cinasas
Janus (JAK) [Qu et al., 2019].

3.2.4. Papel EZH2 y H3K27me3 en cancer

La importancia de H3K27me3 en el mantenimiento a largo plazo de los patrones de
expresion génica apropiados se ha demostrado por la amplia variedad de mutaciones en los
miembros del complejo PRC2 y de su sustrato H3K27 en cancer. Las regiones del genoma
que poseen la marca H3K27me3 varian entre diferentes etapas del desarrollo, tipos
celulares y en tejidos normales con respecto a los patologicos [Wiles and Selker, 2017]. Se
ha reportado que EZH2 se encuentra mutado en varios tipos de cancer como melanoma,
linfoma, cancer de mama y de prostata [Serensen and Orntoft, 2010, Margueron and
Reinberg, 2011]. Ademads, en céancer de préstata resistente a la castracion y tumores
paratiroideos se ha detectado sobre-expresion de EZH2 y amplificacion del numero de
copias del gen.

La activacion aberrante de EZH2 promueve procesos neoplasicos tales como la
transicion epitelio-mesénquima (con la subsecuente invasion y metastasis), incremento en
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la proliferacion, el mantenimiento de inflamacion cronica y establecimiento de tolerancia a
la respuesta inmune [Katoh, 2016]. La promocion del crecimiento tumoral mediante las
proteinas del complejo Polycomb esta asociada frecuentemente a su habilidad para reprimir
el locus Ink4a/Arf, un supresor de tumores y regulador negativo de la progresion del ciclo
celular [Scelfo et al., 2015, Yin et al., 2016]. Ademas, EZH2 esta relacionado con la
resistencia a la quimioterapia y promueve la angiogénesis, la invasion, proliferacion y
migracion de diversas células tumorales [ Yan et al., 2017].

Han sido descritos diversos mecanismos transcripcionales y postranscripcionales
mediante los cuales la expresion de EZH2 es regulada en distintos tipos de cancer. Varios
factores de transcripcion inducen la expresion de esta KMT, por ejemplo, la oncoproteina
c-Myc incrementa la expresion de EZH2, asi como otros factores de transcripcion
conocidos como SOX4, NF-Y, STAT3, ETS y E2F. Se ha reportado también que una gran
cantidad de miRNAS regulan directamente la expresion de EZH2 en cancer, tales como
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Figura 5: Mecanismo de activacion de STAT3 mediado por EZH2 en glioblastomas. P y M representan
fosforilacién y metilacion, respectivamente. GSC: Células troncales de glioma. GBM: Glioblastoma.
Modificado de Chang et al., 2017.
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miR-26, miR-32, miR-101, miR-137, miR-138 y miR-506 [Lu et al., 2016]. A nivel de
proteina existen también distintas modificaciones postraduccionales que modifican la
actividad de EZH2. Por ejemplo, en cancer de mama, la fosforilacion en la Ser2 mediada
por Akt disminuye los niveles de H3K27me3 y promueve el desarrollo del tumor mediante
los blancos no-histona de EZH2 presentes en el citoplasma, tales como STAT3 que es un
factor de trascripcion involucrado en la respuesta celular a interleucinas y factores de
crecimiento [Kim et al., 2013].

En adicidn a las mutaciones o alteraciones que provocan ganancia de funcion, también se
han descubierto mutaciones que conducen a pérdida de la actividad de EZH2. Esto en tumores
malignos originados a partir de células mieloides, la mayoria de estas mutaciones localizadas
en el dominio catalitico SET lo que promueve el desarrollo de leucemia, y demuestra que
el papel de esta KMT en el desarrollo del cancer es mas complejo de lo que se piensa. Hay
algunos estudios donde se ha asociado la pérdida en los niveles de H3K27me3 a un mal
pronostico en diferentes tipos de cancer, incluidos de mama, ovario y pulmonar [Scelfo et al.,
2015, Troselj et al., 2016].

La inhibicion de EZH2 en los tumores donde se ha demostrado un aumento de H3K27me3
podria ser una estrategia atractiva para el tratamiento del cancer; en diversos estudios se ha
reportado que el knockdown, knockout o inhibicién de EZH2 reduce la proliferacion de lineas
celulares derivadas de varios tipos de cancer como leucemia, linfoma, cadncer de prostata,
entre otros [Scelfo et al., 2015, Comet et al., 2016]. En los tltimos afios se han desarrollado
y probado gran diversidad de farmacos inhibidores de EZH2, todos con moderado éxito en
el tratamiento de leucemias [Yan et al., 2017]. Sin embargo, es importante tener en cuenta
que existen reportes que indican que la inhibicion prolongada de EZH2 en GBM causa un
profundo cambio en la célula, induciendo proliferacion, mecanismos de reparacion de dafio a
DNA vy activacion de genes relacionados con pluripotencialidad que resultan en la alteracion
de la identidad celular y la progresion tumoral [de Vries et al., 2015].

Por lo tanto, el papel de EZH2 como oncogén o supresor de tumores esta determinado
por el contexto celular, el tipo de cancer y la identidad de la célula que da origen a la
transformacion. De igual forma, este doble rol que tiene EZH2 sugiere que el papel de esta
enzima en el cancer es complejo por lo que requiere de un estudio cuidadoso y detallado
que permita conocer sus mecanismos de accion a fin de entender como afecta al desarrollo
tumoral.

3.2.5. Alteraciones epigenéticas en Glioblastomas

El estudio de los GBM ha revelado perfiles epigenéticos caracteristicos que permiten su
clasificacion en distintos subtipos moleculares que han sido integrados en la clasificacion
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de Tumores del Sistema Nervioso 2016 de la OMS [Louis et al., 2016]. Mutaciones en
reguladores epigenéticos como IDH1 o IDH2 y en los genes de la histona H3 (H3F3A o
HIST1H3B) son biomarcadores clave que han enfatizado la relevancia de las alteraciones
epigenéticas en la evolucion de los gliomas [Gusyatiner and Hegi, 2018].

En GBMs, son frecuentes las mutaciones en los genes IDH1 o IDH2 que codifican para
la enzima isocitrato deshidrogenasa que forma parte del ciclo de Krebs. Los gliomas con
mutaciones en los genes IDHI o IDH2 (IDHmt) tienen un perfil de metilacion del DNA
completamente diferente al de aquellos tumores que contienen el gen silvestre (IDHwt) y se
les ha denominado Glioma con fenotipo metilador de islas CpG (G-CIMP por sus siglas en
inglés). Los tumores IDHmt adquieren actividad enzimdatica para convertir el
a-cetoglutarato a D-2-hidroxiglutarato (2-HG). El 2-HG es inhibidor de una gran variedad
de enzimas desmetilasas de histonas dependientes de a-cetoglutarato, asi como las enzimas
oxigenasas de DNA, por lo que el G-CIMP se caracteriza por la hipermetilacion local de
CpGs. En adultos mayores, alrededor de la mitad de los casos de GBM son IDHwt
[Reifenberger et al., 2017].

La temozolomida es el agente alquilante mas utilizado en el tratamiento de los GBMs
[Hamza and Gilbert, 2014]. Este farmaco induce el aducto 6-O-metilguanosina (O6-meG)
en el DNA el cual provoca rupturas de doble cadena y promueve la muerte celular. Este
efecto puede ser revertido mediante diferentes sistemas de reparacion del DNA. Uno de los
principales marcadores asociados a la resistencia a temozolomida es el gen que codifica
para la O-6-Metilguanina-DNA Metiltransferasa (MGMT), esta enzima puede restaurar la
integridad de las bases O6-meG al transferir el grupo metilo a una cisteina en su sitio
catalitico [Johannessen and Bjerkvig, 2012]. Por lo tanto, los niveles de expresion de
MGMT corresponden a la capacidad celular de reparacion de O6-meG. La metilacion del
promotor de MGMT ocurre en menos de la mitad de GBM IDHwt y es considerada como
un buen prondstico ante la terapia con temozolomida [Reifenberger et al., 2017].

En gliomas pediatricos se ha sugerido que una mutacion en la histona H3.3 (H3F3A) que
sustituye la lisina 27 por metionina (H3K27M) es importante en el desarrollo de estos tumores
ya que reduce bloquea la actividad de PRC2, asi como los niveles globales de H3K27me3 y
contribuye al desarrollo tumoral, por lo que bajo este contexto EZH2 actia como supresor
de tumores [Mohammad et al., 2017]. Sin embargo, en GBMs de adultos no son comunes las
mutaciones en H3F3A, ademas de que las mutaciones en IDH1 y H3F3A son mutuamente
excluyentes y presentan diferentes patrones de metilacion del DNA [Kondo et al., 2014].
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3.2.6. EZH2 en Glioblastomas

El papel de EZH2 ha sido ampliamente estudiado en gliomas, ha sido descrito que en
biopsias de GBM, la sobre-expresion de este gen esta directamente involucrada en la
malignidad del tumor y una menor esperanza de vida [Zhang et al., 2015a]. EZH2 participa
en la regulacion de genes involucrados en la invasion y migracion de células derivadas de
GBM como el receptor tipo tirosina-cinasa AXL [Ott et al., 2012, Yen et al., 2017].
También se ha visto que influye en la proliferacion ya que el silenciamiento de EZH2
provoco un arresto en la fase G1 del ciclo celular y disminuy6 el volumen de tumores
formados por células derivadas de GBM después de su implantacion en ratones desnudos
[Yin et al., 2016].

En las células derivadas de GBMs humanos resistentes a temozolomida, se ha descrito
que EZH2 se encuentra sobre-expresado en comparacion con las células que son sensibles
a este farmaco. Ademas de que el knockdown de EZH2 disminuyo6 la expresion de varios
transportadores ABC involucrados en la resistencia de los tumores a la quimioterapia [Fan
etal., 2014].

Los IncRNA también participan en la regulacion de vias de sefializacion en GBM [Han
et al., 2012]. HOTAIR es un IncRNA que se une a EZH2 mediante el dominio ncRBD y
recluta a PRC2 hacia los genes HOX que estan involucrados en el desarrollo embrionario
y la diferenciacion celular [Marsh et al., 2014]. HOTAIR se encuentra sobre-expresado en
GBM, causando progresion acelerada del ciclo celular, ademés de que es un indicador de
pobre prondstico para el paciente [Zhang et al., 2015b].

Por otro lado, varios miRNAs estan involucrados en la regulacion de la actividad de
EZH2, la expresion de varios de miRNAs se encuentra desregulada en GBM, un ejemplo es
miR-708 cuya expresion en lineas celulares de GBM est4 disminuida en comparacion con
tejido normal, la sobrexpresion de este miRNA reduce la expresion de EZH2 e inhibe la
proliferacion e invasion de lineas celulares de GBMs humanos. De manera similar,
miR-138 inhibe la expresion de EZH2 tanto en biopsias de GBM como en lineas celulares
derivadas de estos tumores [Yin et al., 2016].

Recientemente se ha sugerido que las células troncales de glioma (GSC) son en parte
responsables de la resistencia de los GBM a la remocion quirurgica y la resistencia a la
quimioterapia ya que son capaces de autorrenovarse, diferenciarse y generar nuevos
tumores similares al de origen [Singh et al., 2004]. EZH2 es requerido para el
mantenimiento y renovacion de las células troncales de glioma [Yin et al., 2016], en GSC
obtenidas de biopsias de pacientes y tratadas con el inhibidor farmacolégico de EZH2,
3-Deazaneplanocin A (DZNep), disminuy6 significativamente la proliferacion y
autorrenovacion de éstas [Suva et al., 2009] lo que apunta a que efectivamente Polycomb
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podria tener un papel relevante en el mantenimiento de las GSC.

Aunado a esto, ha sido demostrado que STAT3 se encuentra activo en mas de 50 % de los
GBM y que esta sobre-activado en comparacion con el tejido normal, ademas de que hay una
correlacion positiva entre el grado del tumor y el grado de activacion [Chang et al., 2017].
Esto es interesante debido a que EZH2 puede metilar a STAT3 lo que incrementa su actividad,
como ya se menciond anteriormente.

Interesantemente, se tienen evidencias de que las hormonas sexuales pueden regular la
expresion de EZH2 en diferentes tipos celulares, sobre todo en tumores sensibles a
hormonas como el cancer de mama y de prostata [Shi et al., 2007, Tamm-Rosenstein et al.,
2013, Bhan et al., 2014, Tao et al., 2015]. Estos datos sugieren que E2 podria regular la
actividad y/o expresion de EZH2 en GBM ya que son tumores que han demostrado ser
sensibles a tratamientos hormonales, ademas de que se caracterizan por una alta expresion
de EZH2 y de los receptores intracelulares a hormonas esteroides, en especial el receptor
intracelular a estrogenos [Gonzalez-Arenas et al., 2012].
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3.3. Estradiol (E2)

3.3.1. Generalidades

El estradiol (E2) es una hormona sexual esteroide que se sintetiza principalmente en los
ovarios a partir de la testosterona por la enzima aromatasa, aunque puede ser sintetizado
también en las glandulas adrenales, en tejido adiposo y en cerebro [Brown, 2006]. E1 E2 puede
ser sintetizado a partir del colesterol, que al entrar a la célula es translocado a la mitocondria
y convertido a pregnenolona, la cual se transporta al reticulo endoplasmico liso donde se
metaboliza a E2 [Miller, 2013, Rossetti et al., 2016].

El E2 es considerado un neuroesteroide, lo que significa que puede ser sintetizado de novo
en tejidos neurales, donde regula la plasticidad sindptica, la diferenciacion sexual del cerebro,
el comportamiento reproductivo y el aprendizaje [Rossetti et al., 2016]. La sintesis local de
estrogenos en el cerebro es un proceso dindmico y regulado que varia se acuerdo a la edad, el
sexo, el estado fisioldgico y difiere entre regiones cerebrales [Mani and O’Malley, 2002]. La
enzima aromatasa (CYP19A1) ademas de las gonadas, se expresa en diversas regiones del
cerebro relacionadas con la reproduccion, como la amigdala y el hipotdlamo [Azcoitia et al.,
2011], principalmente en neuronas y astrocitos. Los receptores a estrogenos se expresan en
células normales de glia de ratas, asi como en cultivos de astrocitos de rata [Kabat et al.,
2010] y ha sido demostrado que el E2 modula la diferenciacion neuronal, al influenciar la
migracion celular, supervivencia y plasticidad sinéptica [Giretti and Simoncini, 2008].

Se conocen dos mecanismos de accioén para el E2, el clasico (o gendmico), y el no
clasico (o no gendémico). El mecanismo clasico involucra la interaccion de la hormona con
su receptor intracelular, el cual es un factor de transcripcion activado por ligando, que
puede unirse a elementos de respuesta a estrogenos activando la transcripcion de genes
blanco [Heldring et al., 2007]. Los efectos rapidos o no gendémicos del E2 estan mediados
por receptores membranales. A continuacion se describen ambos mecanismos de accion:

3.3.2. Mecanismo genéomico del estradiol

Este mecanismo estd mediado por los receptores intracelulares a estrogenos (ER)
[Melmed and Conn, 2007]. Se han descrito dos tipos de ER los cuales son transcritos de
diferentes genes; ER« identificado en 1986 y ER[ identificado en 1996 [Kabat et al.,
2010]. En ausencia de ligando, el ER se encuentra inactivo y asociado a diversas proteinas
chaperonas [Mani and O’Malley, 2002]. Ambos receptores se pueden unir a E2, lo cual
ocasiona un cambio conformacional en el receptor, este se disocia de las proteinas
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chaperonas y forma heterodimeros o dimeros que son translocados al nucleo, donde
funciona como factor de transcripcion al unirse a regiones con elementos de respuesta a
estrogenos (ERE) (Figura 6) [Schwartz et al., 2016]. Los ERE son secuencias altamente
conservadas compuestas por dos medios sitos hexaméricos separados por tres bases. ERa 'y
ERf( se unen a los mismos ERE, sin embargo, ERa se une con al menos el doble de
afinidad que ER [Gruber et al., 2004].

Canales idnicos o

Mecanismo Receptores tirosina-cinasa Mecanismo
genomico no genomico

—— Receptores
membranales
a estrogenos

Nucleo

Figura 6: Mecanismos de accion de los receptores a estréogenos. El mecanismo clésico (o genémico) incluye
la activacion del receptor a estrogenos (ER) por la union a E2, el ER se dimeriza y transloca a nucleo donde
se une directamente a elementos de respuesta a estrogenos (ERE) estimulando la transcripcion de genes. El
mecanismo no clasico (o no genémico) implica cascadas de sefializacion que son activadas por la unién del E2
al receptor de estrogenos acoplado a proteina G (GPER o GPR) o al ER translocado a membrana que se dimeriza
en respuesta al E2, lo que da como resultado una rapida activacion de proteinas G que a su vez activan cinasas
como la proteina cinasa activada por mitdgeno (MEK); inositol 1,4,5-trisfosfo cinasa (PI3K); cinasas reguladas
extracelularmente (ERK). TF: Factor de transcripcion. Imagen modificada de Silveyra y Fuentes, 2019.

La respuesta transcripcional mediada por los ERs depende de diversos factores
correguladores y de las caracteristicas de los promotores de los genes [Heldring et al.,
2007]. La actividad transcripcional de los ERs esta ligada a su interaccion con
coactivadores que son reclutados por los receptores activados. Los principales reguladores
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son la familia de coactivadores de receptores a esteroides (SRC) que consiste de tres
miembros: SRC-1, SRC-2 y SRC-3 [Gebhart et al., 2019].

El papel de ERa en diversas neoplasias ha sido ampliamente estudiado, y se ha
observado que participa en una gran variedad de procesos carcinogénicos, sin embargo,
poco se sabe acerca del ERS [Tavares et al., 2016]. ERa ha sido propuesto como un
promotor de tumores y ha sido descrito que el E2 a través de ER«a en lineas celulares
cancerosas puede inducir remodelacion de la cromatina y cambios en la regulacion
epigenética de sus genes blanco [Kundakovic, 2017]. ERa y ER/3 tienen acciones opuestas
en genes involucrados en proliferacion, por lo que se ha sugerido que cuando ambos ERs
estan expresados en la misma célula, ERJ podria antagonizar la activacion transcripcional
dependiente de ERa mediante mecanismos que actualmente se encuentran en investigacion,
pero se sugiere que es mediante la alteracion del reclutamiento de coactivadores. Se ha
observado que cuando ERa y ERfS se expresan en la misma célula, este ultimo puede
antagonizar las acciones de ERa mediante la formacion de heterodimeros [Heldring et al.,
2007].

Existen varios genes que claramente son regulados por estrégenos pero no contienen ERE,
hay evidencia de que tanto ERa como ER 3 pueden ser reclutados a los genes blanco mediante
la interaccion directa con otros factores de transcripcion como la proteina de especificidad
1 (SP-1), la proteina activadora 1 (AP-1) y p300 que contienen dominios de unién a DNA
[Heldring et al., 2011, Mani and O’Malley, 2002]. También ha sido descrito que existe una
via de activacion de los ERs que no es dependiente de ligando. La sefializacion de factores
de crecimiento conlleva a la activacion de cinasas como PKC, MAPK o PKA que podrian
activar ERs por medio de la fosforilacion de residuos especificos de serina y tirosina, lo que
podria contribuir al crecimiento independiente de hormonas en algunos tumores [Kastrati
et al., 2019].

3.3.3. Mecanismo no genomico del estradiol

La via denominada no genomica de E2 estd implicada en la generacion de respuestas
rapidas a estrégenos y estd mediada por subpoblaciones de ERs que después de una serie de
modificaciones postraduccionales (como la palmitoilacion) se anclan a la membrana celular.
Por proximidad, los ERs interactuan con proteinas G, varios receptores membranales como
el receptor a insulina, EGFR y cinasas como Src, PI3K o Shc [Romano and Gorelick, 2018].
Las interacciones con estas moléculas promueven la activacion de las vias de sefalizacion de
MAP cinasas y AKT lo que afecta la regulacion transcripcional (Figura 6) [Levin, 2008].

Adicionalmente, existe un receptor de E2 acoplado a proteina G (GPER) que regula la
expresion génica indirectamente, al activar proteinas que cambian la actividad de factores
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de transcripcion, en conjunto con la activacion de cascadas de sefializacion intracelular que
involucran cinasas como Src, MAPK y PI3K [Barnes et al., 2004]. Ejemplos de los factores
de transcripcion regulados por este receptor incluyen Elk-1, CREB, C/EBPa, NF-xB y la
familia de STAT de activadores de la transcripcion [Fuentes and Silveyra, 2019]. Se ha
descrito que la activacion de GPER mediada por E2 induce diversos procesos como el
crecimiento celular, migracion e invasion de células tumorales [Lappano et al., 2014].
También se ha localizado a GPER en el cerebro y su activacion por E2 promueve
neuroproteccion en el hipocampo, asi como liberacion del factor liberador de
gonadotropinas (GnRH). La actividad de GPER es independiente de ERa y ER/3, aunque se
ha descrito que la convergencia de ambas vias resulta en un aumento de la actividad
transcripcional inducida por E2 [Bjornstrom and Sjoberg, 2005].

3.3.4. Estradiol y Glioblastomas

Los estrogenos son hormonas oncogénicas en diferentes tipos de cancer, tales como
mama, prostata, endometrio y pulmoén. Sin embargo, atin no se ha dilucidado el papel de
estas hormonas en la biologia de los GBMs. Recientemente, se reportd que la linea celular
U87 derivada de un GBM humano y la linea C6 derivada de GBM de rata pueden
metabolizar testosterona y androstenediona a E2, ademds que se demostrd que dichas
células sintetizan testosterona a partir de colesterol [Pinacho-Garcia et al., 2020]. Lo
anterior sugiere que el E2 podria estar presente en este tipo de tumores y desempefiar un
papel crucial en su progresion maligna.

Duenas y colaboradores han reportado que la concentracion de E2 es mayor en GBM
que en astrocitomas de grado II, ademds de que la aromatasa, enzima que metaboliza la
testosterona a estradiol, se encuentra sobre-expresada en biopsias de GBM
[Duefias Jiménez et al., 2014]. En la linea U373 derivada de GBM el tratamiento con E2
aumento la proliferacion celular, mientras que el tratamiento con PPT (agonista selectivo de
ER«) pero no DPN (agonista selectivo de ERf) increment6 el nimero de células U373
[Gonzélez-Arenas et al., 2012]. Otro estudio reporta un aumento en la migracién e invasion
de las lineas celulares U87 y T98G al ser tratadas con E2 [Wan et al., 2018]. Aunado a esto,
la tibolona (fairmaco agonista de los receptores intracelulares a progesterona, y estradiol)
induce la proliferacion, de las células U887 y U251 [Gonzélez-Arenas et al., 2019]. De forma
contraria, el tratamiento con tamoxifen, un firmaco antagonista de ER, induce muerte por
autofagia e incrementa la accion citotéxica de la temozolomida [Baritchii et al.,
2016, Graham et al., 2016].

En cuanto a la expresion de los ERs, los reportes indican que en GBM, ER« se expresa
en mayor cantidad que ER [Duefias Jiménez et al., 2014]. La activacion de ER« en la linea
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US87 aumenta el numero de células, asi como la expresion de ciclina D1, EGFR y VEGF
[Gonzalez-Arenas et al., 2012]. Duefias y colaboradores observaron que la expresion de ER«
esta negativamente correlacionada con el grado del tumor y positivamente correlacionada con
la esperanza de vida [Duefias Jiménez et al., 2014]. Se ha identificado que alta expresion de
la variante 66 de ER(3 (ER-/366) est4 asociada a resistencia a temozolomida posiblemente a
través de la regulacion de procesos de autofagia [Qu et al., 2019].

Por otra parte, se ha reportado que ERJ se expresa en tumores astrociticos y su
expresion se relaciona negativamente con el grado del tumor, ademas de que la baja
expresion de este receptor es asociada a pobre expectativa de vida [Batistatou et al., 2004].
Varios farmacos selectivos para ER/ han sido sintetizados y probados para el tratamiento
de gliomas ya que el tratamiento de células derivadas de GBMs con agonistas de este
receptor redujo el crecimiento tumoral y la proliferacion, ademas de inhibir los mecanismos
de reparacion de DNA, por lo que se piensa que este receptor actia como supresor de
tumores [Sareddy et al., 2012, Zhou et al., 2019]. Interesantemente, Liu y colaboradores
demostraron que a pesar de que la expresion de ER 5 disminuye proporcionalmente al grado
del tumor, la isoforma ERf3S incrementa y estd involucrada en la activacion de la via de
AKT/mTOR [Liu et al., 2018].

Un estudio en xenotrasplantes de la linea celular U87 en cerebros de ratas
ovariectomizadas observo que estas tienen una supervivencia media menor a los controles,
lo que sugiere que el E2 es un agente protector. No obstante, en el mismo estudio el E2
aumento significativamente la proliferacion celular in vitro, por lo que los autores sugieren
que esta hormona regula el microambiente del tumor al modular la respuesta inflamatoria
inducida por la implantacion ([Barone et al., 2009].

También se ha observado que en lineas celulares derivadas de GBM, el E2 regula la
expresion tanto del receptor a progesterona (PR) como de los receptores membranales a
progesterona, en ambos casos se observo que al tratar las células con E2 se incrementa la
expresion de estos receptores [Valadez-Cosmes et al., 2015, Hansberg-Pastor et al., 2017],
por lo que el E2 podria potenciar los efectos de la progesterona (P4) en la progresion de los
gliomas. Estudios de nuestro grupo han demostrado que la P4 y sus metabolitos promueven
la invasion, migracion y proliferacion de lineas derivadas de GBM [Valadez-Cosmes et al.,
2015, Pifia-Medina et al., 2016, Zamora-Sanchez et al., 2018].

3.3.5. Estradiol y EZH2

En cancer de mama se ha reportado que el E2 participa en la regulacion de la actividad
de EZH2. La activacion de cinasas a través de los receptores membranales a E2 (via no
genomica) provoca la fosforilacion de EZH2 lo que regula la actividad catalitica de esta
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enzima [Qin et al., 2019]. Majumdar y colaboradores reportan que, en células troncales de
cancer de préstata, ambos ERs (ER« y ERf activan cascadas de senalizacion que regulan
la actividad de metiltransferasa de EZH2. Sin embargo, la via activada depende del subtipo
de receptor. ER« activa la via de PI3K/Akt que favorece la actividad de metiltransferasas de
H3K4, mientras que ER/3 activa la via de MAPK que conduce a la fosforilacion de EZH2
en el residuo de Ser21, inhibiendo la actividad de metiltransferasa de histonas de este altimo
[Majumdar et al., 2019].

Ademas de la regulacion postranscripcional, el gen EZH2 posee tres EREs en su
promotor, lo que sugiere que su expresion puede ser regulada por estrogénos. En lineas
celulares derivadas de cancer de mama se ha demostrado que la expresion de EZH2 es
inducida por E2, asi como por diversos xenoestrogenos [Bhan et al., 2014]. Aunado a esto,
un estudio realizado en las lineas celulares derivadas de cancer de mama MCF-7 y T47D,
encontro6 que ERa puede ser co-inmunoprecipitado con EZH2, por lo que se sugiere que
ERa puede formar parte de PRC2 [Shi et al., 2007].

También hay una relacion entre las hormonas y los RNAs no codificantes, por ejemplo, en
carcinoma de cé€lulas renales, la expresion de IncRNA HOTAIR est4 regulada directamente
por ERj [Ding et al., 2018] y como se mencion6 anteriormente (seccion 3.2.3), HOTAIR
es un IncRNA que se une directamente a EZH2 y recluta al complejo PRC2 al promotor
de diversos genes [Margueron and Reinberg, 2011]. En el articulo de Ding y colaboradores
se sugiere también que ERS promueve la progresion del carcinoma de células renales al
incrementar la expresion de HOTAIR, el cual podria incrementar la actividad represora de
PRC2 o actuar como esponja de miRNAs supresores de tumores [Ding et al., 2018]. Ademas,
el E2 a través de GPER induce la expresion de HOTAIR, un IncRNA que se une directamente
a EZH2 y recluta el complejo Polycomb hacia diversos genes blanco [Tao et al., 2015].
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4. Justificacidn

Los glioblastomas son los tumores primarios mas frecuentes y agresivos del sistema
nervioso central. Desafortunadamente, debido a la falta de estrategias terapéuticas
adecuadas, la mayoria de los pacientes no sobrepasan el afio de supervivencia posterior al
diagnostico. Debido a que tienen una mayor incidencia en hombres que en mujeres (3:2), el
estudio del papel de las hormonas sexuales en estos tumores es de vital importancia.
Trabajos anteriores han demostrado que el estradiol (E2) incrementa la proliferacion,
invasion y migracion de células derivadas de GBM humanos; sin embargo, los mecanismos
mediante los cuales el E2 ejerce su efecto sobre los GBM no han sido totalmente
dilucidados.

Previamente ha sido demostrado que el E2 regula la expresion de la enzima Homologa del
Enhancer de Zeste 2 (EZH2) en cancer de mama. Varios estudios funcionales han sugerido
que la expresion de EZH?2 esta correlacionada con un aumento en la proliferacion, migracion
e invasion de células derivadas de GBM, mismos procesos que son regulados por el E2. Sin
embargo, no se ha investigado si existe una relacion directa entre EZH2 y E2 en GBMs.
Asi pues, los datos sugieren que E2 podria regular la actividad de EZH2 en GBM ya que
son tumores que han demostrado ser sensibles a tratamientos hormonales, ademas de que se
caracterizan por una alta expresion de EZH2 y de ERa.
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5. Planteamiento del problema

Se sabe que la subunidad catalitica del complejo represor PRC2, EZH2, se encuentra
sobre-expresada en biopsias de GBM y que sus niveles estan directamente correlacionados
con el grado del tumor. También se ha reportado que el E2 induce la expresion de EZH2
en cancer de mama y promueve la progresion tumoral de GBMs humanos. Sin embargo, se
desconoce si el E2 regula la expresion de EZH2 en GBM, asi como la participacion conjunta
de E2 y EZH2 en procesos fundamentales para la progresion tumoral como la proliferacion,
migracion e invasion de GBM.
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6. Hipotesis

Tanto el estradiol (E2) como EZH2 regulan procesos similares en glioblastomas (GBM)
tales como proliferacion, migracion e invasion. Por lo tanto, la administracion de E2
incrementara la expresion de EZH2 en células derivadas de GBM lo que resultard en un
aumento de la represion mediada por Polycomb sobre sus genes blanco aumentando la
proliferacion, migracion e invasion de células derivadas de GBMs humanos.
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7. Objetivos

7.1. Objetivo general

Evaluar los efectos del Estradiol (E2) sobre la expresion de la subunidad catalitica de
PRC2, EZH2, asi como su influencia sobre la proliferacion, migracion e invasion en células
derivadas de glioblastomas humanos.

7.2. Objetivos particulares

» Determinar la expresion basal de EZH2 en las lineas derivadas de GBM humanos:
U251, D54 y U87.

= Evaluar el efecto del Estradiol (E2) sobre la expresion de EZH?2 en las lineas celulares
U87, U251 y D54.

» Evaluar los efectos del silenciamiento de EZH2 sobre la proliferacion, invasion y
migracion de células derivadas de GBM tratadas con E2.
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8. Metodologia

8.1. Cultivo Celular y tratamientos hormonales

Las células U87, U251 y D54 derivadas de GBM humanos se cultivaron en medio
DMEM con rojo de fenol suplementado con suero fetal bovino al 10 % (SFB), piruvato 1
mM, glutamina 2 mM y aminoécidos no esenciales 0.1 mM, a 37°C en una atmosfera de
CO; al 5% humidificada. Una vez alcanzada una confluencia de aproximadamente 80 %, se
sembraron 1x10° células por pozo, 24 horas antes de los tratamientos, el medio fue
cambiado por DMEM sin rojo de fenol y suplementado con suero fetal bovino filtrado con
carbon activado. Las células se trataron con E2 soluble en agua (10 nM, Sigma Aldrich,
MO, USA) y Vehiculo (V) 0.02 % de ciclodextrina (CDX) durante 3, 6, 12 y 24 horas. Para
la curva de concentraciones las células se trataron con E2 (1 nM, 10 nM, 100nM y 1 uM) o
V (0.02 % de CDX) por 12 y 24 horas.

8.2. Extraccion de RNA y RT-qPCR

El RNA fue extraido utilizando TRI Reagent, se separo la fase acuosa con cloroformo,
el RNA se precipitd con isopropanol y se lavd con etanol. Se cuantificd con el equipo
NanoDrop 2000 Spectrophotometer y su integridad fue determinada mediante electroforesis
en un gel de agarosa al 1.5%. Para la sintesis de cDNA se utiliz6 la enzima M-MLV
Reverse Transcriptase (ThermoFisherScientific, MA, USA). En tubos Eppendorf se
colocaron los siguientes componentes (cantidades para una reaccion): 1 pL de oligo
(dT)5.15 (500 pg/mL), 1 ug de RNA total y 1 uLL de INTPMix (dATP, dGTP, dCTP y dTTP
a una concentracion de 10 mM cada uno). La mezcla anterior fue calentada a 65°C durante
5 min y rdpidamente transferida a un bafio de hielo. Posteriormente, se agregaron 4 uL. de
buffer de reaccion (5X First-Strand Buffer), 2 pL de ditiotreitol (DTT, 0.1 M) y 1 uL de
agua. Se homogenizo e incubd a 37°C durante 2 min. Finalmente, se agregé 1 uL de la
enzima M-MLV RT a cada tubo de reaccion y se incubd a 37°C durante 50 min. Para
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inactivar la reaccion se calentd a 70°C durante 15 min. Como control de expresion se utilizd
RNA total de cultivo primario de astrocitos humanos (ScienCell, cat #1805).

El mRNA se cuantifico mediante qPCR usando el sistema LightCycler y el reactivo
FastStart DNA Master SYBR Green I de acuerdo a las especificaciones del fabricante. 2 pLL
del cDNA obtenido anteriormente fueron utilizados como templado. El programa utilizado
fue el siguiente:

= Un ciclo de desnaturalizacion a 95°C por 10 minutos
= 45 ciclos de amplificacion (95°C 10s, 60°C 10s, 72°C 10s)

= Melting Curve (95°C 0s, 65°C 15s, rampa de temperatura 0.1°C/s hasta 95°C)

El analisis de los resultados se realizo por el método de ACT [Schmittgen and Livak,
2008]. Los resultados obtenidos se normalizaron con respecto a la subunidad ribosomal
18S, de ahi que los resultados sean expresiones relativas. Se realizaron 4 experimentos
independientes.

8.2.1. Oligonucleotidos

Para amplificar al gen EZH2, se utilizo la secuencia de oligonucleotidos previamente
reportada por Fuji, et al en 2008. Se comprobod la selectividad de éstos mediante la
herramienta  PrimerBlast de NCBI disponible en la pagina electronica:
https://www.ncbi.nlm.nih.gov/tools/ primerblast/.

Los oligonucleotidos para la amplificacion del gen 18S se disefiaron con PrimerBlast.
Para ambos oligos (EZH2 y 18S) se verificaron los parametros fisicoquimicos con NetPrimer
disponible en: http://www.premierbiosoft.com/netprimer/. Se tomd en cuenta que la longitud
de los oligonucleotidos no excediera 24 bases, que su contenido de CG estuviera entre el 50
y 60 %, que la Tm calculada estuviera entre 57 y 60°C y que no hubiera complementariedad
entre cada par. Ademas, se considerd que cada par hibridara en una unién exén-exon. Los
oligonucleétidos usados fueron los siguientes:

18S

= Tamafo del amplificado: 167 pb

» QOligonucledtido sentido (5" — 37): AGTGAAACTGCAATGGCTC
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= Oligonucledtido antisentido (5° — 3"): CTGACCGGGTTGGTTTTGAT
EZH2 [Fujii et al., 2008]

» Tamafio del amplificado: 120 pb
= Oligonucleoétido sentido (5" — 37): CCCTGACCTCTGTCTTACTTGTGGA

» Oligonucledtido antisentido (5° — 3"): ACGTCAGATGGTGCCAGCAATA

8.3. [Extraccion de proteinas y Western Blot

Después de los tratamientos las células fueron lisadas con buffer RIPA (50 mM Tris-HC1
(pH=7.5), 150 mM NacCl, 1 % TRITON y 0.01 % SDS). Los lisados se cuantificaron con el
reactivo Pierce® 660 nm ProteinAssay (ThermoScientific, IL, USA) en el equipo NanoDrop
2000%. 20 mg de proteina total fueron separados mediante SDS-PAGE en un gel de acrilamida
al 10 % con voltaje constante (100 V). Las proteinas se transfirieron a una membrana de
nitrocelulosa utilizando una cdmara semi-seca a 60 mA por membrana durante 2 horas y
media.

La membrana se bloqued con una solucion de albimina sérica bovina (BSA) al 5% en
TBS tween 0.1 % durante dos horas y media a 37°C. Se cortdé la membrana verticalmente
con ayuda del marcador de peso molecular para obtener dos secciones, una con proteinas
con peso molecular menor a 60 kDa (mitad inferior) y la otra con pesos mayores a 60 kDa
(mitad superior). La mitad superior se incubd con el anticuerpo primario anti-EZH?2
(CellSignaling, Rabbit mAb #5246) en dilucion 1:1000. La mitad inferior se incubd con el
anticuerpo secundario contra ~y-tubulina (SIGMA, Rabbit #T3195) en dilucion 1:1000,
ambos anticuerpos se incubaron durante toda la noche a 4°C y se lavaron con TBS-Tween
0.1% (5 lavados de 5 min). Como anticuerpo secundario en ambos casos se utilizd uno
dirigido contra IgG de conejo, acoplado a peroxidasa de rabano (Santa Cruz, Goat sc-2004)
en dilucion 1:4500, y se incubd durante 45 minutos a temperatura ambiente. Las membranas
se lavaron nuevamente con TBS-Tween y se revelaron por quimioluminiscencia mediante el
kit SuperSignal® West Femto Maximum Sensitivity Substrate (ThermoScientific, IL, USA),
las imagenes se obtuvieron con el equipo C-DiGit® Blot Scanner (LI-COR, USA).

El analisis densitométrico se realizé con el software Image]® [Schneider et al., 2012].
Como control de carga se utilizd y-tubulina, los resultados se muestran como el cociente
entre la densidad de la banda correspondiente a EZH?2 y la densidad de la ~-tubulina.
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8.4. Inmunofluorescencia

Las células U87, U251 y D54 derivadas de GBM humanos se cultivaron en cajas de 4
en condiciones basales (medio DMEM con rojo de fenol, 37°C y 5% de CO,). Las células
se fijaron con paraformaldehido (PFA) al 2 % durante 20 minutos a temperatura ambiente,
posteriormente se realizaron 3 lavados de 5 minutos con PBS. Posteriormente se bloquearon
y permeabilizaron las células con 200 pL una disolucién de PBS con 1% de glicina, 0.2 %
de Triton y 1 % de BSA. Se incubo por 20 minutos a temperatura ambiente, después de este
tiempo se retir6 la solucion y se coloc6 el anticuerpo primario anti EZH2 en dilucién 1:200,
se dej6 incubar una noche a 4°C posterior a lo cual se lavé 3 veces con PBS. Como anticuerpo
secundario se utilizd uno contra IgG de conejo acoplado a Alexa Fluor (ThermoFisher, Goat
#A-11011) en dilucion 1:1000. Se incub6 1 hora a temperatura ambiente, posteriormente se
lavo 3 veces con PBS. Los nucleos se tifieron con Hoesch (ThermoScientific, IL, USA) a
concentracion 1.7 uM, se incubd por 7 minutos y se lavo 3 veces con PBS. Las preparaciones
se montaron con la solucion Aqua-Poly/Mount (Polysciences, PA, USA) y se observaron en
el microscopio de fluorescencia confocal Nikon A1R.

8.5. Prediccion de elementos de respuesta a estrogenos

La secuencia del gen EZH2 fue obtenida de la base de datos de National Center for
Biotechnology Information (NCBI), Estados Unidos. Se obtuvieron las matrices de
probabilidad para ERE de las plataformas JASPAR [Khan et al., 2018], HOMER [Heinz
et al.,, 2010] y HOCOMOCO [Kulakovskiy et al., 2018]. Los datos se analizaron con el
paquete TFBSTools [Tan and Lenhard, 2016] para R v.3.5. Unicamente los sitios con score
mayor a 0.9 y predichos usando al menos dos matrices se consideraron como posibles
EREs. Los archivos .bed generados fueron visualizados con el software Integrative
Genomics Viewer (IGV) v.2.6.3 [Thorvaldsdottir et al., 2013].

8.6. Silenciamiento de EZH?2

El silenciamiento de EZH2 en las células U251 se llevd a cabo sembrando 200,000
células en cajas de 6 pozos en medio DMEM suplementado con 10% de SFB. Tras 24
horas, el medio fue reemplazado por medio DMEM sin suplementar. Las células fueron
transfectadas con siRNA control (10 nM, Santa Cruz, CA, #37007) o EZH2 siRNA (10 nM,
Santa Cruz, CA, #35312) usando el reactivo Lipofectamine RNAIMAX (Thermo Scientific,
USA) de acuerdo con las indicaciones del proveedor, el medio de transfeccion fue removido
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después de 12 horas y reemplazado por medio DMEM suplementado con SFB libre de
hormonas. Se incubaron las células por 24 horas antes de realizar los ensayos
correspondientes. La eficiencia de la transfeccion fue determinada mediante Western Blot
de la forma descrita en la seccion 8.3.

8.7. Ensayos de proliferacion celular

Posterior a la transfeccion, las células fueron tratadas con E2 10 nM o Vehiculo (DMSO
0.01 %) por 48 horas, posteriores a las cuales se evalu6 la proliferacion usando el kit BrdU
Labeling and Detection I (Roche, USA) de acuerdo con las instrucciones del proveedor. El
colorante fluorescente Hoechst 33342 (Thermo Scientific, USA) se utilizd para tefiir los
nucleos. La sefial fue observada con el microscopio de fluorescencia Olympus Bx43F. El
nimero de células con incorporacion de BrdU fue medido usando el software Imagel
(National Institute of Healt, USA), el porcentaje de células BrdU-positivas fue calculado
considerando el nimero de ntcleos tefiidos con Hoechst como el 100 %.

8.8. Ensayos de migracion

Después del silenciamiento, las células fueron cultivadas por 24 horas en medio DMEM
libre de rojo de fenol suplementado con 10 % SFB libre de hormonas posteriores a las cuales
se realiz6 una herida en la monocapa de células usando una punta de pipeta. El medio fue
removido para eliminar las células flotantes y se reemplaz6 por medio DMEM suplementado
con SFB libre de hormonas y adicionado con a-D-arabinofuranosida (Ara-C, 10 uM; Sigma-
Aldrich, USA). El Ara-C es una molécula que inhibe la transicion de la fase G1 a S del ciclo
celular, por lo que es afiadido al medio a fin de evitar que los efectos observados sean debido
aun aumento en el nimero de células y no a la migracion o invasion per se (Miiller and Zahn,
1979). Las células fueron tratadas con E2 10 nM o Vehiculo (DMSO 0.01 %) por 24 horas.
Fotografias de la herida a las 0 y 24 horas post-tratamiento fueron tomadas con el microscopio
invertido Olympus CKX41 y la cdmara Infinity 1-2C (Lumenera, CAN). El area de la herida
se determiné con el software ImageJ [Schneider et al., 2012].
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8.9. Ensayos de invasion

Las células se cultivaron en las condiciones mencionadas anteriormente y 24 horas
antes de comenzar el ensayo se cambido el medio por medio DMEM sin rojo no
suplementado. El dia del ensayo, se diluy¢ el gel de matriz celular (ECM, Sigma-Aldrich,
USA) a una concentracion final de 2 mg/mL con medio DMEM sin rojo fenol y sin SFB. Se
colocaron los insertos (Corning, USA) en cajas de cultivo de 24 pozos y se afiadieron 50 pL
de la dilucion de ECM en cada uno. Los insertos se incubaron por dos horas a 37°C y 5%
de CO, para permitir la gelificacion de la matriz. Se sembraron en la parte superior de cada
inserto 25,000 células en 150 pL de medio DMEM sin rojo de fenol y sin SFB con Ara-C
10 uM, al cual se le fue afiadido el tratamiento correspondiente. En la parte inferior, se
adicionaron 500 pL. de medio DMEM sin rojo de fenol y 10 % de SFB libre de hormonas.
La placa se incubo por 24 horas a 37°C. Transcurrido ese tiempo se elimind el medio y el
gel de ECM. Se fijaron las células con paraformaldehido (PFA, 4 %) por 20 minutos. El
exceso de PFA se removi6 con un lavado de PBS seguido por un lavado con metanol al
100 %. Las células se lavaron nuevamente con PBS y se tifieron con cristal violeta al 1%
durante 20 minutos, posteriores a los cuales se lavd 3 veces con PBS. Finalmente, el inserto
se observo con la camara Infinity 1-2C acoplada al microscopio invertido Olympus CKX41
a un aumento de 200X. Tres fotografias al azar se tomaron de cada inserto. El nimero de
células se cont6 con el software ImagelJ [Schneider et al., 2012].

8.10. Analisis de datos de secuenciacion masiva de RNA
(TCGA y GTEXx)

Datos de RNA-seq pertenecientes a tumores primarios de los proyectos gliomas de bajo
grado y GBMs (TCGA-LGG y TCGA-GBM) fueron descargados del portal Genomic Data
Commons del Instituto Nacional del Cancer (USA, https://gdc.cancer.gov/) usando el
paquete “TCGAbiolinks” para R v.3.5 [Colaprico et al., 2016]. Se obtuvieron datos de 196
gliomas de bajo grado (LGG) y 139 GBM. Como tejido normal se utilizo el transcriptoma
de 249 muestras de tejido sano de corteza cerebral obtenidas de la base de datos GTEx
(https://gtexportal.org/home/). La normalizacion de datos y el andlisis de expresion
diferencial se llevaron a cabo con el paquete DESeq2 v.1.22.2 [Love et al., 2014]. Los
graficos fueron construidos con el paquete ggplot2 v3.2.1 [Wickham, 2016].

El anélisis de enriquecimiento de sets de genes (GSEA) se llevd a cabo en el software
del mismo nombre: GSEA v.4.01 [Subramanian et al., 2005]. Se utilizaron 4 sets de genes
validados y reportados en la pagina web de GSEA
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https://www.gsea-msigdb.org/gsea/index.jsp, los cuales se listan en la Tabla 2

Tabla 2: Sets de GSEA usados

Nombre Descripcion Referencia
sesvonar ettt 20
PRC2 TARGETS identificados por : en células en-Porath et al.,

troncales embrionarias
FALLMARK ESTROGEN rcéts}nlelsestarteelr?lc i;);r?j Zsestr(c')oznosuna [Musgrove et al., 2008]
RESPONSE EARLY P P &
HALLMARK IL6 Genes regulados al alta por IL-6 a
R 1., 201
JAK/STAT3 SIGNALING través de STAT3 [Ramadoss et al., 2010}

Genes regulados al alta por la
activacion de la via de sefializacion [Grazia et al., 2014]
PI3K/AKT/MTOR

HALLMARK PI3K AKT
MTOR SIGNALING

Labase de datos Enrichr (http://amp.pharm.mssm.edu/Enrichr/) fue utilizada para realizar
la busqueda de términos de Ontologia Génica (GO) para los genes regulados al alta o a la baja
con un valor de P<0.05 en cada una de las comparaciones realizadas. Se utiliz6 la anotacion
de la base de datos KEGG 2019 HUMAN. Los gréficos presentan el top 10 de procesos
biologicos de GO en cada condicion.

Labase de datos Enrichr (http://amp.pharm.mssm.edu/Enrichr/) fue utilizada para realizar
la bisqueda de términos de Ontologia Génica (GO) para los genes regulados al alta o a la baja
con un valor de P<0.05 en cada una de las comparaciones realizadas. Se utilizé la anotacion
de la base de datos KEGG 2019 HUMAN. Los graficos presentan el top 10 de procesos
bioldgicos de GO en cada condicion.

8.11. Analisis estadistico

Los datos de expresion basal de EZH?2 tanto de mRNA como proteina fueron analizados
con el software GraphPad Prism 5 para Windows mediante estadistica paramétrica, se uso
ANOVA de una via seguida de la prueba post hoc de Tukey. Se consideraron significativos
los valores de p<0.05. Para los experimentos con E2, asi como las mediciones basales con y
sin rojo de fenol, los datos se analizaron con una ANOVA de dos vias seguida de la prueba
post hoc de Bonferroni. Se consideraron significativos los valores de P<0.05.
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9. Resultados

9.1 EZH?2 se expresa de forma basal en lineas celulares derivadas de GBMs humanos

Para evaluar el nivel de expresion de la subunidad catalitica de PRC2, EZH2, en tres
diferentes lineas celulares derivadas de GBM humanos, éstas se cultivaron en medio DMEM
con rojo de fenol y suplementado con 10 % de SFB. Como control se utilizé una muestra de
RNA proveniente de un cultivo de astrocitos humanos sanos. La expresion relativa a 18S se
muestra en la Figura 7. Las tres lineas celulares derivadas de GBM humanos (U87, U251
y D54) expresan EZH2 bajo condiciones basales y la expresion en U251 y D54 es mayor a
la del cultivo primario de astrocitos. También se encontraron diferencias significativas entre
ellas, siendo U251 la linea que mostré la mayor expresion y U87 la menor.

0.3+ *

0.2

0.1

0o 22

HA us? U251 D54

Expresion relativa con
respecto a 18S

Linea celular

Figura 7: Expresion basal del mRNA de EZH2 en células derivadas de GBM humanos. La cantidad de
RNA mensajero correspondiente a EZH2 fue determinada mediante RT-qPCR en tres diferentes lineas celulares
derivadas de GBM humanos (U87, U251 y D54) cultivadas bajo condiciones basales y una muestra de astrocitos
humanos (HA). *P<0.05 vs U87 y HA. La expresion relativa de EZH2 se calculd por el método de ACT
usando como referencia al RNA ribosomal 18S. Cada barra representa la media + E.E. de tres experimentos
independientes.

Debido a que se sabe que el rojo de fenol es un ligando del ER [Berthois et al., 1986] y que
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el SFB contiene hormonas esteroides [Milo et al., 1976] decidimos evaluar la expresion basal
de EZH2 en células cultivadas por 24 horas en medio DMEM sin rojo de fenol y suplementado
con SFB filtrado con carbdn activado (libre de hormonas) a fin de comparar con los resultados
obtenidos anteriormente. En este caso se confirmo que la expresion de EZH2 es diferencial
entre las lineas celulares, siendo U87 la que tiene la menor expresion y U251 la mayor, sin
embargo, al comparar entre las dos condiciones se observaron diferencias significativas en la
expresion de EZH2 en la linea U251 (Figura 8).
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Figura 8: Expresion basal del mRNA de EZH?2 en células derivadas de GBM humanos cultivadas en
medio sin rojo de fenol. La cantidad de RNA mensajero correspondiente a EZH2 fue determinada mediante
RT-qPCR en tres diferentes lineas celulares derivadas de GBM humanos (U87, U251 y D54) cultivadas en medio
sin rojo de fenol y suplementado con SFB filtrado con carbon activado y comparada contra células cultivadas
en medio DMEM con rojo de fenol suplementado con SFB completo. La expresion relativa de EZH2 se calculo
por el método de ACT usando como referencia al RNA ribosomal 18S.

*P<0.05. Cada barra representa la media = E.E. n=3.

Para corroborar que los cambios en los niveles de mRNA de Ezh2 correlacionan con el
nivel de proteina, se evalué por medio de Western blot la expresion basal de EZH2 en las
lineas celulares derivadas de GBM humanos U87, U251 y D54 cultivadas en medio DMEM
con rojo de fenol. Se observé que todas las lineas expresan la proteina EZH2 en condiciones
basales y que la U251 es la que presentd el mayor contenido de esta, mientras que la linea
U87 tuvo el menor contenido de dicha proteina (Figura 9a). La misma determinacion se
realizo en células cultivadas en medio sin rojo de fenol y suplementado con SFB filtrado con
carbon activado (Figura 9b), en este caso no se encontraron diferencias significativas entre
las lineas celulares.

Con el fin de observar la localizacion intracelular de EZH2, inmunofluorescencia se

evaluo la localizacién celular de EZH2 en células derivadas de GBM humanos, se observo
que en las tres lineas celulares U87, U251 y D54 la proteina se expresa en la totalidad de las
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Figura 9: Niveles basales de la proteina EZH2 en células derivadas de GBM humaneos. La cantidad de
EZH2 fue determinada a nivel proteina mediante Western blot en tres diferentes lineas celulares derivadas de
GBM humanos (U87, U251 y D54) cultivadas bajo condiciones basales. a) Determinacion con medio DMEM
con rojo de fenol y 10 % SFB completo *P<0.05 vs. U87 y D54 . Cada barra representa la media + E.E. n=3.
b) Determinacion con medio DMEM sin rojo de fenol y 10 % SFB sin hormonas. La densidad de cada banda
se calculd con el software Imagel, y-tubulina se usé como control de carga. Cada barra representa la media +
E.E. n=3.

células y se encuentra en el nucleo, ya que co-localiza la sefial del anticuerpo con la del
colorante Hoechst utilizado para tefiir el nicleo, como se muestra en la Figura 10. Como
control negativo se cultivaron células en condiciones basales y se realizo la
inmunofluorescencia sin el anticuerpo monoclonal contra EZH2 (Ver Figura
suplementaria I en pagina 81). No se detect6 sefial para EZH2 en el control negativo.

En resumen, se encontr6 que las tres lineas evaluadas expresan a EZH2 de forma basal y
en niveles mayores que los astrocitos humanos (HA). Las lineas D54 y U251 son las que
presentan mayor expresion tanto a nivel de mRNA como de proteina. Ademas, por medio
de inmunofluorescencia se establecid que en las tres lineas celulares EZH2 se encuentra
localizado mayormente en el nucleo.

9.2 E2 no incrementa la expresion de EZH2 en GBM humanos

Con el fin de determinar si la expresion de EZH2 puede ser regulada por E2, se realizo
un analisis in silico para buscar sitios de union a ERE (Figura 11), donde se encontr6 que la
region promotora del gen tiene dos posibles ERE, ademas de tres probables elementos de
respuesta a progesterona (PRE) y dos a andrégenos (ARE). Las secuencias de los sitios de
union se muestran en la Tabla 3. También se buscaron en la bibliografia EREs previamente
validados en el promotor de EZH2. En particular, Bhan y colaboradores reportaron tres
posibles EREs y los validaron mediante ensayos de luciferasa [Bhan et al., 2014].

Para evaluar el efecto in vitro del estradiol en la expresion de EZH2 se trataron las células
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Figura 10: Localizacion subcelular de EZH2 en las células U87, U251 y D54. Se cultivaron células en
condiciones basales y se realizo la inmunofluorescencia utilizando un anticuerpo monoclonal contra EZH2 y
un anticuerpo secundario acoplado a Alexa Fluor. Se observa que EZH2 se encuentra en el nticleo ya que co-
localiza con la marca obtenida con el colorante Hoechst.
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Figura 11: Analisis in silico de la presencia de EREs en el promotor del gen EZH2. Representacion visual
del gen EZH2 (azul). Los ERE predichos por el analisis in silico estan marcados con flechas verdes. El analisis
se realiz6 en tres plataformas diferentes (JASPAR, HOCOMOCO y HOMER), se considerd un posible sitio de
union aquellos predichos por dos o mas bases de datos con un valor de score de 9 0 mas y P<0.05. Las flechas
amarillas sefialan los sitios de unién predichos y validados por [Bhan et al., 2014].



Tabla 3: Elementos de respuesta a estrogenos en la secuencia promotora del gen EZH2

Elemento Posicion Hebra Secuencia
EREI -354 a -368 - ATGTCTCCCGGTCCC
ERE2 +1599 a + 1586 - TAATAACTTGCTTG
Sitios reportados por Bhan y colaboradores
1 -846 a -859 - GACCAGCCTGACC
2 -1238 a -1251 - CGATCTCCTGACC
3 -1488 a -1501 - AGGTAGCTTGACC

U251, U87 y U251 con E2 (10 nM) por 3, 6, 12 y 24 horas posteriores a las cuales se evalud
la expresion de EZH2 a nivel de mRNA mediante RT-qPCR. Los datos muestran que el E2
induce la expresion de EZH?2 en la linea U87 después de 12 horas de tratamiento, sin embargo,
no se observaron cambios significativos en las células U251 ni D54 (Figura 12).
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Figura 12: Efecto del E2 en la expresion de EZH2 en lineas celulares derivadas de GBM humanos. Los
cambios en la expresion de EZH2 fueron cuantificados mediante RT-qPCR después de que las células fueron
tratadas con E2 10 nM o V (CDX 40 nM) por 3, 6, 12 y 24 horas. La expresion relativa de EZH2 se calculo
por el método de ACT usando como referencia al RNA ribosomal 18S. *P<0.001 vs V. Cada barra representa
la media + E.E. n=3.

Dado que no se observé efecto del E2 en la linea celular U251, se realizd una curva de
concentraciones de E2 y se evalu6 la expresion de EZH2 por medio de RT-qPCR a las 12 y
24 horas posteriores al tratamiento. Sin embargo, no se detectaron cambios significativos en
la expresion del gen EZH2 (Figura 13).

Para corroborar los datos obtenidos mediante RT-qPCR, los niveles de proteina se
determinaron mediante Western blot, sin embargo, no se observaron cambios significativos
inducidos por el E2 en ninguna de las lineas celulares a ninguno de los tiempos evaluados
(Figura 14). Por lo que se concluye que el E2 no regula la expresion de EZH?2 en las lineas
celulares U87, U251 y D54.
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Figura 13: Efecto del E2 en la expresion de EZH2 en la linea celular U251. Los cambios en la expresion de
EZH2 fueron cuantificados mediante RT-qPCR después de que las células fueron tratadas con con E2 (1 nM,
10nM, 100 nM y 1 uM) o V (CDX 40 nM) por 12 y 24 horas. La expresion relativa de EZH2 se calcul6 por el
método de ACT usando como referencia al RNA ribosomal 18S. Cada barra representa la media + E.E. n=3.
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Figura 14: Efecto del E2 sobre la cantidad de proteina EZH2. Los cambios en la cantidad de EZH2 fueron
evaluados mediante Western blot después de que las células fueron tratadas con E2 10 nM o V (CDX 40 nM)
por 3, 6, 12 y 24 horas. Cada barra representa la media = E.E. n=4.
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9.3 Elsilenciamiento de EZH2 inhibe la proliferacion, invasion y migracion inducida
por E2

Debido a que se sabe que el E2 puede modular la actividad de EZH2 sin modificar su
expresion y que ambas proteinas tienen efectos similares en la proliferacion, migracion e
invasion de las células derivadas de GBM, decidimos evaluar el impacto del silenciamiento
via RNAi de EZH2 sobre los efectos inducidos por E2 en la linea celular U251. Por medio
de Western blot se comprobo la eficacia de los siRNAs utilizados en el silenciamiento, se
obtuvo un 54 % de disminucién en la expresion a EZH2 (Figura 15a).

Para evaluar el efecto del silenciamiento de EZH?2 en las células U251 tratadas con E2,
se realizd un ensayo de BrdU. Brevemente, el ensayo consiste en incubar las células con un
analogo de timina (5-bromo-2’-desoxiuridina o BrdU) el cual serd incorporado al DNA
durante la replicacion, las células que han pasado por mitosis pueden ser detectada por
inmunofluorescencia usando anticuerpos a-BrdU. Mediante este ensayo, se encontrd que en
el grupo transfectado con el siRNA control, el E2 indujo la proliferacion de las células
U251 transfectadas en comparacion con V, sin embargo, en el grupo donde fue silenciado
EZH2 no se observaron diferencias significativas entre los tratamientos con V o E2 (Figura
15b,¢). Estos resultados sugieren que EZH2 podria tener un papel importante en la
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Figura 15: Efecto del silenciamiento de EZH2 en la proliferacion inducida por E2. a) La validacion
del silenciamiento se realizd mediante Western BlotB lot. * P <0.05. vs los demas grupos. b) Fotografias
representativas de las células U251 en proliferacion con siRNA control o siRNA contra EZH2, tratadas con
E2 (10 nM) o V (CDX 40 nM) por 48 horas. c) Porcentaje de células positivas a BrdU en cada tratamiento,
*P<0.05. vs los demads grupos.
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induccion de la proliferacion mediada por E2 en la linea celular U251.

Ademas de la proliferacion, se ha reportado que el E2 induce la migracion e invasion de
lineas celulares derivadas de GBM. Para evaluar si estos procesos son mediados por E2, se
realizaron ensayos de migracion en la linea celular U251, en los cuales se observo que en el
grupo transfectado con el siRNA control, el tratamiento con E2 presenta una mayor cantidad
de células que migraron hacia el interior de la herida en comparacion a las células tratadas
con V. Por otra parte, en el grupo donde fue silenciado EZH2 no se observaron diferencias
significativas entre los tratamientos con V o E2 (Figura 16a,b). El mismo efecto se observo
en los ensayos de invasion realizados en cdmara de Transwell; mientras que en el grupo
transfectado con el siRNA control se observa un mayor nimero de células invasoras al tratar
con E2, al silenciar a EZH2 no se observan diferencias significativas entre los tratamientos
con Vo E2. (Figura 16¢,d). Las observaciones anteriores indican que la migracion e invasion
inducidas por E2 en la linea celular U251 podrian estar mediadas en parte por EZH2.

9.4 EZH2y ERs en biopsias de GBM

Debido a que las observaciones previas sugieren que puede haber una interaccion entre
las acciones de EZH2 y la de los ERs en GBMs, se analizaron los datos transcriptomicos
disponibles en la plataforma de TCGA y GTEx. En total se obtuvieron y analizaron 196
muestras de gliomas de bajo grado (LGG) y 139 de GBM. Como tejido normal se utilizaron
249 muestras de tejido sano proveniente de corteza cerebral.

En las muestras evaluadas, la expresion de ERa es menor en LGG y GBMs con respecto
al tejido normal (Figura 17a). De manera interesante, la expresion de este receptor en GBM
es mayor que en LGG. En cuanto a ER/3, los GBM tienen mayores niveles de este receptor
que el tejido sano y los gliomas de bajo grado (Figura 17b). Ya que es la primera vez que
la expresion de ERa y ERf es reportada en un set de muestras tan amplio y los analisis
bioinformaticos son susceptibles a errores debidos al procesamiento de datos, se incluy¢ la
expresion de EZH2 como control de la anotacion de genes y preprocesamiento de cuentas. Es
observable que la expresion de EZH2 aumenta conforme progresa el grado del tumor (Figura
17¢), tal como reportaron Zhang y colaboradores en 2015.

Al comparar los niveles de estos receptores, se encontré que tanto en los tejidos
tumorales como en tejido sano la expresion de ERa es mayor que la de ERS (Figura 17d).
Para comprobar lo anterior, se dividi6 la expresion de ER« entre la de ER en cada tumor y
se graficd esta relacion. En la mayoria de los casos el valor es mayor a 1, lo que indica que
hay una mayor cantidad de ERa. No se encontraron diferencias significativas, pero se
observa una ligera tendencia negativa con respecto al grado del tumor (Figura 17e).
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Figura 16: Efecto del silenciamiento de EZH2 en la migracion e invasiéon inducidas por E2. a) Imagenes
representativas de los ensayos de migracion realizados en la linea celular U251 transfectadas con siRNA control
o siRNA contra EZH2, tratadas con E2 (10 nM) o V (CDX 40 nM). b) Comparacion del area invadida por
las células en los diferentes tratamientos. *P<0.05. vs los demas grupos. ¢) Fotografias representativas de las
células invasoras en los tratamientos previamente descritos. d) Conteo de células invasoras. *P<0.05. vs los
demas grupos.
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Figura 17: Expresion de EZH2, ERca y ER[ en biopsias de gliomas humanos. Datos de RNA-seq obtenidos
de TCGA. Se analizaron 335 gliomas primarios (196 gliomas de bajo grado (LGG) y 139 GBM). 249 muestras
procedentes de corteza cerebral sana fueron utilizadas como control (tejido normal, NT). a,b,c) Niveles de EZH2
ERa y ERf respectivamente en diferentes grados de glioma. *P<0.05, **P<0.01, ***P<0.001. d) Comparacién
entre los niveles de ERa y ERf n tejido sano y gliomas humanos. ***P<0.001 vs ER«. ) Relacion ERa/ERf
en tejido normal, LGG y GBM.
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Debido a que se observa que los GBM presentan heterogeneidad en la expresion de ER«
y ERf se calculo el valor de Z score con el fin de observar la distribucion de los datos en
las muestras de GBM vy tejido normal. Las muestras fueron estratificadas usando el método
de agrupamiento jerarquico. Nuestro andlisis demostrd que son distinguibles tres grupos o
clisteres de muestras, como se observa en la Figura 18a: el grupo 1 se caracteriza por baja
expresion de ERa y ERf con respecto a tejido normal; el grupo 2 por expresion normal de
ER( y baja de ERa mientras que el grupo 3 por alta expresion de ERS solamente (Figura
18b, ¢). Los tres grupos tienen alta expresion de EZH2 en comparacion con tejido normal,
sin embargo, no hay diferencias significativas entre ellos (Figura 18d).

A fin de identificar los genes diferencialmente expresados en los tres grupos de
muestras, se condujo un andlisis de expresion diferencial para obtener una lista de genes
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Figura 18: Clusteres de expresion de EZH2, ERa y ER/3 en biopsias de GBM humanos. Datos de RNA-seq
obtenidos de TCGA. Se analizaron 139 GBM primarios. a) Mapa de calor que muestra la expresion de ER«
y ERf en cada uno de los GBM primarios estudiados. b, ¢) Niveles de ERa y ER/3 respectivamente en los
diferentes grupos formados en el inciso a. *** P<0.001. d) Expresion de EZH2 en los diferentes grupos. *** P
<0.001 vs el resto de los grupos.
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ordenada (de mayor a menor) de acuerdo con la tasa de cambio en su expresion entre los
grupos identificados mediante el agrupamiento. Dicha lista fue utilizada para un analisis de
Enriquecimiento de Sets de Genes (GSEA) a fin de observar el comportamiento de cuatro
sets de expresion previamente reportados.

En primer lugar, para saber si los ERs se encuentran activos en los grupos formados, se
utilizo un set de genes validados, caracteristicos de la respuesta a estrogenos. Se observo que
el grupo 3 tiene un mayor enriquecimiento de este set en comparacion con los grupos 1y
2. El grupo 1 también presenta mayor expresion en los genes correspondientes a respuesta
a estrogenos en comparacion con el grupo 2 (Figura 19). Para evaluar la expresion de los
genes susceptibles a regulacion por PRC2, se us6 un set de genes que contiene blancos del
complejo PRC2 en células troncales derivadas de GBM, validados mediante ChIP de la marca
H3K27me3 y que poseen en sus promotores a SUZ12 y EED [Ben-Porath et al., 2008]. Sin
embargo, en ninguna de las comparaciones existen diferencias significativas, tampoco se
observo una clara tendencia en cuanto a la regulacion a la baja o alta de los genes blanco de
PRC2 (Figura 19).

Se ha reportado en diversos trabajos que la activacion de la via PI3K/AKT promueve la
fosforilacion de EZH2, inhibiendo su actividad de KMT e induciendo la metilacion de
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Figura 19: Analisis de Enriquecimiento. Se realizo un analisis de expresion diferencial a fin de identificar
los genes que se encuentran principalmente regulados a la alta o baja en los tres grupos de GBMs establecidos.
Se evaluaron genes relacionados con la respuesta a estrégenos y blancos comprobados del complejo PRC2.
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STAT3 [Kim et al., 2013, Chang et al., 2017, Qin et al., 2019, Loreti et al., 2020]. También
es sabido que los receptores a estrogenos a través de su mecanismo de accioén no cléasico
activan esta via [Fuentes and Silveyra, 2019]. Ya que el grupo 3 presenta un mayor
enriquecimiento en la expresion de genes responsivos a estrogenos, se evalud la expresion
de un set de genes caracteristicos de la activacion de la via de sefnalizacion JAK/STATS3, asi
como genes regulados al alta por PI3K/AKT (Figura 20a). Es observable que, con respecto
a tejido normal, el grupo 3 presenta mayor enriquecimiento en los sets previamente
mencionados.

Debido a que previamente se demostro que el E2 promueve la proliferacion y migracién
de células derivadas de GBM y a que el grupo 3 de muestras es el que presenta mayor
enriquecimiento de genes caracteristicos de la respuesta a estrégenos, se utilizaron dos sets
de genes provenientes de la plataforma Gene Ontology y que estan relacionados con los
procesos de proliferacion (GO:0008283) y migracion (GO:0016477) celulares. El grupo 3
presenta mayor enriquecimiento en estos sets en comparacion con los grupos 1 y 2 (Figura
20b), lo que sugiere que las muestras pertenecientes al cluster 3 tienen una mayor actividad
de ER.

Finalmente, para obtener una idea competa de los procesos regulados diferencialmente
en el cluster 3 con respecto a los otros dos, se realizo un andlisis de expresion diferencial y
la correspondiente anotacion de los genes con expresion diferencial.

En las Figuras 21 y 22 se presentan los 10 procesos con menor valor de P tanto a la
baja como al alta. En el grupo 3 respecto a los grupos 1 y 2, se encuentran regulados al
alta genes involucrados en la adhesion focal, en la interaccion con la matriz extracelular,
diversos procesos relacionados con linajes hematopoyéticos, e interesantemente, la via de
senalizacion PI3K/AKT. Por otra parte, a la baja se encuentran procesos relacionados con
estrés oxidativo, ya que los principales genes estdn involucrados en la cadena respiratoria o
pertenecen al metabolismo mitocondrial.
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Figura 20: Analisis de Enriquecimiento en grupo 3 de muestras de GBM. a) Se realizo el andlisis de
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10. Discusion

Las lineas celulares U87, U251 y D54 expresan EZH?2 de forma basal

En este trabajo se evalu6 el efecto del E2 en la regulacion de la expresion y actividad
de la enzima metiltransferasa EZH2 en células de GBM humanos. Anteriormente ha sido
reportado que EZH?2 se encuentra sobreexpresado en biopsias de pacientes con GBM y que
dicha expresion estd directamente relacionada con el grado del tumor [Zhang et al., 2015a].
EZH2 se ha visto involucrado en procesos como proliferacion, invasion y migracion [Yin
etal., 2016], mismos que se ven afectados por tratamientos hormonales en células derivadas
de GBM humanos [Gonzalez-Arenas et al., 2012, Pifia-Medina et al., 2016].

Para demostrar que EZH2 se expresa en lineas celulares derivadas de GBMs humanos,
se evalud su expresion basal en las lineas U87, U251 y D54 utilizando RNA procedente de
astrocitos humanos como control de tejido sano. Se encontrd que las tres lineas evaluadas
expresan a EZH2 de forma basal y en mayor cantidad que el control. La observacion anterior
concuerda con las funciones que ya se han reportado para EZH2 y PRC2, en especial, se ha
demostrado que PRC2 estd implicado en la proliferacion celular y la tumorigénesis [Scelfo
etal., 2015], ademas de que se sobreexpresa en diversos tipos de tumores, incluyendo GBM
por lo que las lineas celulares U87, U251 y D54 concuerdan con lo reportado para biopsias
de GBM [Zhang et al., 2015a]. Las lineas D54 y U251 presentan mayor expresion de EZH2
que la linea U87, lo que podria estar relacionado con el tiempo de duplicacion de las células,
ya que para U87 se ha calculado en 30.6 horas [Oraiopoulou et al., 2017] mientras que para
U251 y D54 es de 24 horas [Cowley et al., 2014]. Debido a que EZH2 regula varias proteinas
involucradas en checkpoints del ciclo celular, particularmente la transicion G1/S [Sauvageau
and Sauvageau, 2010], es factible pensar que una alta expresion de EZH2 involucraria una alta
tasa de proliferacion. Por medio de inmunofluorescencia se estableci6 que en las tres lineas
celulares EZH?2 se expresa en la totalidad de las células y se encuentra localizado mayormente
en el nucleo, lo que sugiere que la proteina es funcional y por lo tanto, se esperaria un aumento
en la marca H3K27me3 en los promotores de los genes blanco de PRC2 en comparacion con
tejido no neoplésico.
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Por otra parte, se sabe que el rojo de fenol es un ligando del ER [Berthois et al., 1986]
y que el SFB contiene hormonas esteroides [Milo et al., 1976], se comparoé la expresion de
EZH2 en células cultivadas por 24 horas en medio DMEM con rojo de fenol y suplementado
con SFB contra células cultivadas en medio DMEM sin rojo de fenol y suplementado con SFB
filtrado con carbdn activado (libre de hormonas). Se observaron diferencias significativas en
las células cultivadas en medio libre de hormonas contra las cultivadas en medio con rojo de
fenol y SFB completo. Este fendmeno no puede ser adjudicado en su totalidad a la presencia
o ausencia de rojo de fenol, sino que debe tomarse en cuenta que la composicion del SFB
filtrado con carbon activado varia en gran medida con la del SFB completo respecto a la
cantidad de factores de crecimiento, hormonas y citocinas presentes que son removidas por
el proceso de filtrado [Sikora et al., 2016]. Debido a las diferencias encontradas, el resto
de los experimentos se condujeron estrictamente en medio DMEM libre de rojo de fenol y
suplementado con SFB filtrado con carbon activado.

Efecto del E2 sobre la expresion de EZH?2 en lineas celulares derivadas de GBM

Mediante un analisis in silico, se encontraron dos potenciales EREs en la region
promotora de EZH2 adicionales a los previamente reportados por Bhan y colaboradores. En
el mismo trabajo, se demostré que el tanto el E2 como una coleccion de xenoestrégenos
inducen la expresion de EZH2 en células derivadas de cancer de mama [Bhan et al., 2014].
Esto sugiere que la transcripcion de EZH2 puede ser regulada por E2. Para evaluar lo
anterior experimentalmente, se realizaron tratamientos con E2 (10 nM) ya que en estudios
previos se ha reportado que a esta concentracion se induce la proliferacion, migracion e
invasion de células derivadas de GBM humanos [Gonzalez-Arenas et al., 2012, Wan et al.,
2018], ademas de que es cercana a los niveles encontrados de forma natural en el torrente
sanguineo de humanos. No se observaron cambios significativos inducidos por el E2 en las
lineas celulares a ninguno de los tiempos evaluados tanto a nivel del RNA como de la
proteina. Diferentes concentraciones de E2 (1nM a 1uM) se probaron a 12 y 24 horas en la
linea celular U251 a fin de comprobar que el E2 no induce la expresion de EZH?2, incluso a
diferentes dosis de la hormona. La observacion anterior es contraria a lo descrito por Bhan y
colaboradores previamente, sin embargo, es importante remarcar que sus observaciones
fueron realizadas en lineas celulares de cdncer de mama. Si bien tanto los GBMs como el
cancer de mama son tumores responsivos a estrégenos, se encuentran embebidos en
contextos biologicos distintos, por lo que es altamente probable que los mecanismos que
regulan la expresion de EZH2 sean diferentes entre ambos tipos de tumor. Anteriormente se
ha manejado la idea de que la expresion de EZH2 depende tanto del contexto bioldgico en
el que se encuentran las células neoplasicas como de la célula de origen [Margueron and
Reinberg, 2011]. Dicha hipdtesis surgio a partir de observacion de que EZH2 actia como
oncogén en diversas neoplasias como cancer de mama, de prostata, GBMs entre otros
[Serensen and Drntoft, 2010], pero es un supresor de tumores en varios linfomas, cancer de
ovario y gliomas pediatricos [Scelfo et al., 2015, Mohammad et al., 2017]. Por las razones
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anteriores, es factible pensar que la expresion de EZH2 esta regulada por finos mecanismos
que son dependientes del contexto celular.

Por otra parte, se ha descrito que el E2, a través de sus receptores membranales, puede
activar cascadas de cinasas que conducen a la fosforilacion de EZH2, lo que regula su
actividad [Lu et al., 2016]. Teniendo en cuenta lo anterior, es probable que no sea necesario
que aumente la cantidad de EZH2 total para que se vea un efecto en el cambio de actividad
de KMT, en especifico, existen reportes de que la fosforilacion de EZH2 disminuye la
afinidad de esta proteina por H3K27, por lo que podria disminuir la cantidad global de
H3K27me3 [Qin et al., 2019].

EZH2 es indispensable para la induccion de migracion, invasion y proliferacion
dependiente de E2

A pesar de no observar un efecto del E2 sobre la expresion de EZH2, trabajos previos
han demostrado, que esta hormona induce la proliferacion, migracion e invasion de lineas
celulares derivadas de GBM humanos, mismos procesos que son regulados por EZH2
también en GBM. Por tal motivo, se decidio evaluar el impacto del silenciamiento de EZH2
en procesos inducidos por E2. Como a se ha descrito previamente, el tratamiento con E2
indujo la migracion, invasion y proliferacion de la linea U251. Al tratar con E2 10 nM las
células U251 transfectadas con siRNA control, se observd un aumento significativo en la
proliferacion, migracion e invasion con respecto al grupo tratado con Vehiculo.
Interesantemente, al silenciar a EZH2 se abate el efecto inducido por E2 10 nM en la
migracion, proliferacion e invasion celulares. Esto es un indicio de que los efectos de E2
sobre los procesos mencionados anteriormente podrian estar en parte mediados por EZH2.

Como ya se menciond anteriormente, la actividad de EZH2 puede ser regulada por la
modificacion postraduccional de varios residuos. Entre las modificaciones de EZH2 mas
estudiadas, se encuentra la fosforilacion de la Ser21. La activacion de la via de AKT ha sido
comprobada como necesaria para la fosforilacion de EZH2 en este residuo [Cha et al.,
2005], misma via que es activada por la unién de E2 a los ERs anclados a membrana. Esta
modificacion disminuye la afinidad de EZH2 por H3K27 pero favorece que esta enzima
metile sustratos no histonicos, entre ellos al factor de transcripcion STAT3 [Fouse and
Costello, 2013].

STAT3 es uno de los factores de trascripcion oncogénicos mas estudiados en los tltimos
afios, ya que estd involucrado en varios procesos clasicos del cancer como metastasis,
resistencia a la quimioterapia y evasion del sistema inmune [Qin et al., 2019]. La activacion
persistente de STAT3 podria ser crucial para la progresiéon tumoral y la transicion
epitelio-mesénquima [Chang et al., 2017]. Por consecuencia, el estudio de los mecanismos
que regulan la actividad de este factor es necesario para el entendimiento de los GBM vy el
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desarrollo de nuevas terapias.

EZH?2 podria promover la proliferacion, migracion e invasion de células derivadas de
GBM a través de STAT3

Para tratar de aclarar un poco la relacion entre EZH2 y los ERs en GBMs, se analiz6 el
transcriptoma de un set de muestras de glioma procedentes de TCGA y se compard la
expresion de ERa, ERZ y EZH2 entre LGG, GBM vy tejido normal. En un primer
acercamiento se aprecia que la expresion de ERa es menor en LGG y GBM con respecto al
tejido normal, mientras que la expresion de ER 3 es mayor en GBM respecto a LGG y tejido
normal. Estudios anteriores han indicado que, en gliomas, la expresion de ERa esta
negativamente relacionada con el grado del tumor [Duefias Jiménez et al., 2014], tal y como
se observo en este set de muestras. De forma contraria, en la literatura se ha establecido que
la expresion de ERfS es menor en muestras de GBM que en gliomas de bajo grado
[Batistatou et al., 2004, Liu et al., 2018]. Cabe recalcar que en los estudios mencionados
anteriormente se han utilizado grupos de muestras reducidos, la cuantificacién de los
receptores se ha hecho principalmente a través de WB y no se han utilizado controles de
tejido sano. Hasta ahora no se habia reportado el analisis de la expresion de los receptores
en el set de muestras disponibles en la base de datos de TCGA y GTEX. Se observo también
que en GBM, LGG y en tejido sano la expresion de ERa es mayor a la de ERS lo cual
concuerda con reportes previos [Gonzalez-Arenas et al., 2012, Duenas Jiménez et al.,
2014]. A modo de control positivo del analisis realizado, se presenta la expresion de EZH2
debido a que ya ha sido reportado en otro trabajo que utiliz6é el mismo grupo de muestras
que este gen esta sobre-expresado en GBM con respecto a tejido normal y que la expresion
es dependiente del grado del tumor [Zhang et al., 2015a].

Contrariamente al caso de EZH2 en el que la sobre-expresion de este es evidente en
GBM, la expresion de ERa y ER3 parece ser un tanto heterogénea, con varias muestras con
expresion similar al tejido sano. Por tal motivo se realizé un agrupamiento jerarquico de las
muestras de GBM tomando en cuenta la expresion de ambos ERs, encontrandose que estas
pueden ser organizadas en tres grupos. El grupo 1 se caracteriza por expresion de ERa y
ER mas baja que el tejido normal. El grupo 2 por baja expresion de ERa (menor que en
los grupos 1y 3) y niveles de ER3 similares a los del tejido sano. Finalmente, el claster 3 se
caracteriza por alta expresion de ERS y baja de ERa respecto a tejido sano. En
concordancia con los datos experimentales, no hay diferencias en la expresion de EZH2
entre los grupos, lo que sugiere que, en biopsias, la expresion de EZH2 no esta relacionada
con los ERs.

Al realizar el analisis de enriquecimiento de vias, el grupo 3 presenta enriquecimiento de

los genes regulados por estrégenos comparado con los grupos 1 y 2, sin embargo, al comparar
la expresion de genes blanco de PRC2, no hay diferencia entre los grupos, por lo que podria
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ser posible que la actividad de metiltransferasa de EZH2 no se vea afectada por la actividad
de los ERs.

Debido al mecanismo antes ya mencionado sobre la regulacion de STAT3 mediante la
trimetilacion del residuo K180 mediada por EZH2 [Fouse and Costello, 2013] (ver Figura
5 en pagina 20), se realizdé un andlisis de enriquecimiento con un set validado de genes
regulados al alta por la activacion de la via de JAK/STAT en el grupo 3, el cual presenta el
mayor enriquecimiento en genes responsivos a estrogenos. También se incluy6 un set de
genes sobre-expresados cuando se encuentra activa la via de PI3K/AKT. Interesantemente,
el grupo 3 presenta enriquecimiento de ambos sets. La via de PI3K/ AKT puede ser
activada por accion de los receptores de estrégenos anclados a membrana [Saczko et al.,
2017]. En especifico, se ha descrito que él ERa anclado a la membrana al unirse a E2,
activa a PI3K, que a su vez fosforila a AKT [Majumdar et al., 2019]. AKT activo fosforila a
EZH2 de acuerdo con Kim y colaboradores, mientras que pEZH2 metila a STAT3
aumentando su actividad de factor de transcripcion [Fouse and Costello, 2013]. Sin
embargo, en un trabajo mas reciente, se reportd que la sobreexpresion de la isoforma 5 de
ERS (ERf(35) provoca la fosforilacion de AKT y la activacion de STAT3, ademas de
promover la migracion de células derivadas de GBM humanos [Liu et al., 2018]. Esto es
importante tomando en cuenta que el grupo 3 es el que presenta mayor expresion de ERS en
el set de muestras de GBM evaluado, por lo que podria ser probable que las acciones de E2
en GBM sean en parte mediadas por el mecanismo extranuclear de EZH?2.

Al analizar la expresion de un set de genes relacionados con la proliferacion y migracion
celular, se observa que el grupo 3 tiene un mayor enriquecimiento comparado con los grupos
1 y 2. Al ser el grupo con mayor respuesta a estrogenos, concuerda con las observaciones
experimentales que sugieren que el E2 promueve dichos procesos.

Finalmente, al evaluar los procesos bioldgicos en los cuales estan involucrados los
genes sobre-expresados o sub-expresados en el grupo 3 de GBMs en comparacion con el 1
y 2, es notable que los procesos al alta incluyen en su mayor parte regulacion de la adhesion
a matriz extracelular, lo cual concuerda con los procesos de migracion e invasion. Muy
notablemente, se encuentra la via de PI3K/AKT en los primeros lugares, lo cual refuerza la
hipotesis de que esta via se encuentra activa por accion de los ERs. Cabe senalar que
ademds de las vias mostradas (correspondientes al top 10), también se encontraron
enriquecidos diferentes grupos de genes relacionados con la regulacion de la respuesta
inmune y el control de la proliferacion celular. Estos procesos estan regulados por la accion
de STAT3, debido a que este factor de transcripcion tiene como blancos genes que
promueven el escape de la respuesta inmunoldgica por parte de los tumores, al
mantenimiento del fenotipo de célula troncal y la progresion del ciclo celular [Qin et al.,
2019].
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Figura 23: Modelo propuesto para la accion de E2 via EZH2 en GBMs humanos.

En resumen, los datos obtenidos sugieren que el E2 promueve la proliferacion, migracion
e invasion de GBMs humanos y dichos efectos estin mediados por EZH2 a través de la
activacion del factor de transcripcion STAT3 (Figura 23).

Sin duda el estudio de la regulacion hormonal del gen EZH2 presenta una gran
oportunidad de dilucidar los mecanismos epigenéticos involucrados en la malignidad de los
glioblastomas y por consiguiente es una oportunidad para encontrar nuevos blancos
terapéuticos. Dado que los tratamientos disponibles para los glioblastomas no resultan
efectivos, el estudio del papel que desempefian las hormonas sexuales y los mecanismos
mediante los cuales actian en GBMs humanos podrian aportar informacion valiosa para el
desarrollo de nuevas terapias e incluso dar un nuevo enfoque al estudio de los
glioblastomas. Actualmente se ha evaluado al tamoxifen (inhibidor de los ERs) como
posible terapia para los pacientes con GBM [Graham et al., 2016, Balga-Silva et al., 2015] y
se han obtenido resultados prometedores. De la misma forma, numerosos farmacos
inhibidores de EZH2 se encuentran en desarrollo (fases clinicas II y III) con resultados
positivos en leucemia [Yin et al., 2016], por lo que en el futuro podria ser de utilidad
evaluar la posibilidad de que exista un efecto sinérgico en combinacion de inhibidores de
ER y EZH2, el cual podria contribuir a mejorar la expectativa de vida de los pacientes.
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11.

Conclusiones

EZH?2 se expresa en lineas celulares de GBM humanos y se encuentra localizado en
nucleo.

La expresion de EZH2 no es regulada por E2 en lineas celulares ni en biopsias de GBM.

El E2 induce la proliferacion, migracion e invasion de las células de la linea U251
derivada de GBM humanos y dicha induccion es mediada por EZH2.

El E2 en GBM humanos podria ejercer sus efectos en migracion, proliferacion e
invasion a través de la fosforilacion de EZH2 y la subsecuente metilacion del factor
de transcripcion STAT3.
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12. Perspectivas

Ya que los efectos del E2 sobre la migracion, invasion y proliferacion de lineas celulares
derivadas de GBMs humanos depende de la represion de EZH2 resulta interesante evaluar los
cambios en la expresion y en la localizacion de la marca H3K27me3 al tratar la célula con E2
a fin de obtener un mejor panorama de los genes cuya expresion se ve afectada directamente
por el cambio en la actividad de EZH2 inducido por E2.

De la misma forma, para comprobar que STAT3 es parte fundamental del mecanismo
de accion de EZH2 en el contexto de este estudio, resultaria ttil repetir los experimentos de
proliferacion, migracion e invasion utilizando esta vez un siRNA contra STAT3, ademas de
verificar la fosforilacion de esta proteina al afiadir E2.
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14. ANEXOS

14.1. Figuras suplementarias

Figura suplementaria 1

Hoechst EZH2 Contraste de Fases Merge

Control negativo del anticuerpo primario contra EZH2 Se cultivaron células en condiciones basales y se
realiz6 la inmunofluorescencia sin el anticuerpo monoclonal contra EZH2, se utiliz6 un anticuerpo secundario
acoplado a Alexa Fluor. Se observa que no se detectd sefial en el canal correspondiente a EZH2 pero si se
distinguen los nucleos marcados con el colorante Hoechst.



14.2. Articulos relacionados con el proyecto publicados en
revistas indizadas.
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Abstract: Glioblastomas (GBM) are the most frequent and aggressive brain tumors. In these
malignancies, progesterone (P4) promotes proliferation, migration, and invasion. The P4 metabolite
allopregnanolone (3c-THP) similarly promotes cell proliferation in the U87 human GBM cell line.
Here, we evaluated global changes in gene expression of U87 cells treated with 30-THP, P4, and the
5a-reductase inhibitor, finasteride (F). 3«-THP modified the expression of 137 genes, while F changed 90.
Besides, both steroids regulated the expression of 69 genes. After performing an over-representation
analysis of gene ontology terms, we selected 10 genes whose products are cytoskeleton components,
transcription factors, and proteins involved in the maintenance of DNA stability and replication to
validate their expression changes by RT-qPCR. 3-THP up-regulated six genes, two of them were also
up-regulated by F. Two genes were up-regulated by P4 alone, however, such an effect was blocked by
F when cells were treated with both steroids. The remaining genes were regulated by the combined
treatments of 3o-THP + F or P4 + F. An in-silico analysis revealed that promoters of the six up-regulated
genes by 3a-THP possess cyclic adenosine monophosphate (cCAMP) responsive elements along with
CCAAT /Enhancer binding protein alpha (CEBP«x) binding sites. These findings suggest that P4 and
3o-THP regulate different sets of genes that participate in the growth of GBMs.

Keywords: allopregnanolone; progesterone metabolites; finasteride; astrocytomas; glioblastomas

1. Introduction

Astrocytomas represent 40-50% of all primary Central Nervous System (CNS) neoplasms and
at least 70% of all gliomas. The World Health Organization (WHO) classifies astrocytomas into four
grades of malignancy (I-IV) [1]. Grade IV astrocytomas, also known as glioblastoma (GBM), constitute
the most common and aggressive brain tumors due to their highly proliferative and infiltrative
potential [2]. Steroid hormones such as progesterone (P4), participate in stimulating astrocytomas’
growth [3,4].

Neurons and glial cells metabolize P4, and its metabolites exert numerous actions in the
CNS. The main metabolic pathway of P4 comprises two reduction reactions: First, the enzyme
S5a-reductase (5a«R1/2), which irreversibly reduces the double bond on C4-C5 of P4, metabolizes the
hormone to 5a-dihydroprogesterone (50-DHP). Subsequently, 5a-DHP is reduced by the enzyme
3a-hydroxysteroid dehydrogenase (3HSD) into allopregnanolone (3x-THP) [5,6].
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3«-THP is one of the most extensively studied neurosteroids, given its neuroprotective and
myelination effects [7,8], and its role in regulating neural stem cells proliferation [9-11]. Regarding its
mechanisms of actions, three main pathways have been described: (1) y-aminobutyric acid receptor
A (GABAAR) positive modulation [12]; (2) membrane P4 receptors (mPRs) direct activation [13,14];
and (3) pregnane xenobiotic receptor (PXR) interaction. Different reports show that GABAAR and
mPRs signaling pathways increase cyclic adenosine monophosphate (cCAMP) levels thus activating the
transcription factor cAMP response binding element protein (CREB) [15], even a crosstalk between
both has been suggested [13]. As a ligand-activated transcription factor, PXR induces target gene
expression by binding to specific response elements [16].

Recently, we reported that the human GBM cell line U87 expresses 5aR1 and 2. Besides, 3x-THP
induces GBM cell proliferation and regulates oncogene expression [17]. Despite these effects, neither
the mechanisms of action involved in promoting GBM cell proliferation nor its role in modulating
gene expression have been elucidated. Here we report the effects of 3a-THP, P4, and the 5aR
inhibitor finasteride (F) on the gene expression profile of U87 cells. Interestingly, both 30-THP
and F induced the expression of genes involved in the maintenance of DNA integrity, DNA replication,
and cytoskeleton reorganization.

2. Results

2.1. 3a-THP and F Promote Gene Expression Changes in U87 Cells

Recently, we reported that both 3-THP and P4 promote U87 cell proliferation after 72 h of
treatment [17]. In line with such results, we evaluated the gene expression profile in U87 cells at 72 h
of treatment with 3a-THP (10 nM), P4 (10 nM), and F (100 nM). We performed a differential expression
analysis by comparing all treatments against the vehicle. The data discussed in this publication have
been deposited in NCBI's Gene Expression Omnibus [18] and are accessible through GEO Series
accession number GSE108998 at [19]. Our results show that 3a-THP and F changed the expression
of 137 and 90 genes respectively, while P4 modified only six (Figure 1a). Most of the differentially
expressed genes were up-regulated by 3«-THP and F (132 and 86, respectively), whereas only five and
four genes were down-regulated by each steroid, respectively. P4 up-regulated three genes and
down-regulated another three (Figure 1a). Additionally, we performed the comparisons between
P4 vs. F, 3a-THP vs. P4, and 30-THP vs. E. In the first comparison, P4 up- and down-regulated
five genes. In the second analysis, 3a-THP up-regulated 33 genes, while in the third comparison
it up-regulated two and down-regulated three genes (Figure 1a). Then, we investigated if there
were transcripts whose levels were regulated by more than one steroid. Interestingly, 3a-THP and F
changed the level of 69 transcripts, while 3a-THP and P4 changed the level of one gene. Furthermore,
66 genes were regulated by 3x-THP alone, 20 by F, and four by P4. One gene was regulated by
the three steroids (Figure 1b). The lists of the differentially expressed genes are included in the
Tables 51-56. Principal Component Analysis (PCA) graph of normalized files and heatmaps are in
the Supplementary Material (Figure S1). PCA reveals that samples were tightly grouped by steroid
treatments except P4, which showed a similar distribution as compared with vehicle (Figure Sla).
Heatmaps were performed to determine hierarchical clusters of genes up- or down-regulated by
3a-THP, P4, or F in comparison with vehicle (Figure S1b—d) or by the comparison between steroids
(Figure Sle-g). These results are summarized in Figure 1a.
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Figure 1. Progesterone (P4), allopregnanolone (3x-THP), and finasteride (F) promote changes in
the gene expression profile of U87 cell line. (a) The number of differentially expressed genes with
a Fc > £1.5 and p < 0.05 between different treatment comparisons. The table shows the number of up-
and down-regulated genes. (b) The genes that changed their expression under the treatment of P4,
3a-THP, and F vs. vehicle (V), respectively were used to build a Venn’s diagram with the program
Venny. 3x-THP and F differentially regulated 69 genes while 3a-THP and P4 regulated one, and the
three steroids regulated the expression of one transcript.

2.2. 3a-THP and F Increase the mRNA Levels of Proteins Involved in Several Cellular and Metabolic Processes

We performed an enrichment analysis of gene ontology categories using the database PANTHER
to identify possible biological processes altered by 3&-THP or F at 72 h of treatment in U87 cells.
Cross-examination using the DAVID enrichment algorithm [20,21] confirmed the results. 125 out
of the 132 genes up-regulated by 3«-THP treatment were classified under one or more Gene
Ontology (GO) categories. The most enriched categories were “cellular process” and “metabolic
process”, which included 51 and 32 genes, respectively. Other enriched categories were “biological
regulation” (23 genes), “cellular component organization or biogenesis” and “localization” each with
16 genes, and “response to stimulus” (15 genes) (Figure 2a,b). Among the 51 enriched genes in the
“cellular process” category, a sub-classification analysis showed that twelve genes code for proteins
relevant for cell communication, and eleven for cell cycle processes. The rest of the genes were
enriched in the sub-categories “chromosome segregation” (3), “cellular component movement” (7),
and “cytokinesis” (2). The analysis for the “metabolic process” category showed that among the
32 enriched genes, 27 were sub-classified into “primary metabolic process”. The remaining genes were
classified into the next categories: biosynthetic process (14), nitrogen compound metabolic process
(17), phosphate-containing compound metabolic process (9), and catabolic process (10) (Figure 2a).

According to the GO over-representation analysis for F up-regulated genes (Figure 2a,c),
the enriched categories were “cellular process”, “biological regulation”, and “metabolic process”,
represented by 51, 23, and 32 genes respectively. The analysis of the “cellular process” category showed
the enrichment of nine genes in “cell cycle” and in “cell communication” categories, respectively.
The remaining genes were sub-classified in “cellular component movement” (7), “cytokinesis” (3),
and “chromosome segregation” (2). Moreover, genes grouped in the category of “metabolic process”
were sub-classified into the categories: biosynthetic process (10), nitrogen compound metabolic process

85



Int. J. Mol. Sci. 2018, 19, 864 4o0f16

(10), catabolic process (6), and primary metabolic process (17). These data show that both 3a-THP and
F could regulate the same type of genes.

a) Gene ontology terms
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Figure 2. Enrichment analysis of the group of genes regulated by 3«-THP and F. The proteins coded
by the differentially expressed genes after 3«-THP and F treatments were analyzed with PANTHER.
(a) The diverse biological processes (categories) in which the gene products participate are shown in the
left table. As the categories of cellular process and metabolic process were ones of the most enriched
by 3a-THP and F, we performed a second analysis to determine sub-categories. In the three different
tables, the number of genes in each category (column #), and the percentage of gene hits against the
total number of genes (column %H) for each treatment are indicated. (b,c) The pie charts show the
enriched categories (marked with roman numbers) for the two treatment comparisons.

2.3. 3a-THP and F Increase the Expression Level of Genes Selected for Validation

Considering the results of both the microarrays and the GO over-representation analyses, we chose
ten interesting genes that participate in diverse cell processes for validation (their function is described
in Table S7). We selected the genes according to their Fc and p values, as well as for their occurrence in
the most enriched categories (Table 1). However, among the selected genes, ESF1 and RIF1 caught
our interest due to their high Fc (ESF1: Fc = 3.7, p = 0.010, RIF1: Fc = 2.69, p = 0.015) despite not
being included in any PANTHER protein class. Besides, CCDC91 (Fc = 1.68, p = 0.037) was enriched
in a Golgi-proteins cluster when the gene enrichment analysis was performed in DAVID, but not
in PANTHER.

For the gene expression validation, we included the treatments used for the microarray analysis
(V, 3-THP, P4, and F) as well as the combined treatments of P4 + F and 3x-THP + F. The latter two were
used to determine if 5aR inhibition interfered with the effects of P4 and to discard the fact that F could
affect the actions of 3o-THP. The RT-qPCR experiments shown in Figure 3 denote with grey bars the
gene expression changes obtained by the microarray analysis. Accordingly, 3«-THP increased the
expression of six out of the ten genes chosen for validation, and F changed the expression levels of
only one gene (Figure 3).
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Figure 3. 3&-THP, P4, and F regulate the expression of genes selected for validation. RT-qPCR was
used to validate ten genes with a Fc > 1.5 in the microarray analysis. U87 cells were treated for
72 h with 3a-THP (10 nM), P4 (10 nM), F (100 nM), 3a-THP + F, and P4 + F. The internal control
gene 18S ribosomal RNA was used to calculate the relative expression of each gene according to

the ACt mathematic method. The grey bars represent the microarray results of the up-regulated
genes by 3a-THP and/or F. Each column represents the mean + standard error of mean (SEM),
n=3.+p<0.05vs. V;#p<0.05vs. V,and P4 # p <0.05vs. V, P4, and P4 + F; * p < 0.05 vs. all other
treatments; *’ p < 0.05 vs. V and single treatments; *” p < 0.05 vs. V, P4, and E.
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Table 1. The microarray data (Fc and p-value) and the ontogeny analysis of the selected genes
for validation.

Gene Full Name Treatment vs. V (Fc) Treatment vs. V (p-Value) Ontogeny Categories
3a-THP F 3a-THP F
ESF1 nucleolar pre-rRNA processing
protein homolog (ESF1) 3.07 2.01 0.0103 0.044 ND
e  Biological regulation
) e  Cellular component
Translocated promoter region, 275 R 0.010 R organization or biogenesis
nuclear basket protein (TPR) ) : e Cellular process
e Localization
Replication timing regulatory
factor 1 (RIF1) 2.69 - 0.015 - ND
e  Biological regulation
e Cellular component
organization or biogenesis
RADS50 doublg—strand break repair 231 216 0.010 0.022 o Cellular process
protein (RAD50) e Metabolic process
e Reproduction
e Response to stimulus

Cellular process

1.94 2.04 0.009 0.018 e Developmental process
. Localization

Rho-associated coiled-coil containing
protein kinase 1 (ROCK1)

e Cellular process

Rho—associa}ted-coiled—coil containing 1.94 18 0.041 0.034 e  Developmental process
protein kinase 2 (ROCK2) e localization

REV3-like, DNA directed polymerase 1.86 ) 0.014 i e  Cellular process
zeta catalytic subunit (REV3L) ! ) e Metabolic process

e  Biological regulation
. . . e  Cellular component
Pencentnf)lar material 1.68 1.54 0.037 0.044 organization or biogenesis
1 protein (PCM1) . Cellular process

e  Localization

Dynein cytoplasmic 2 heavy . Cellu!ar process
chain 1 (DYNC2HT) 1.64 1.55 0.001 0.023 e  Localization

Coiled-coil domain containing 91,
P56 protein (CCDCI1)

Note: ND = not determined; - = no changes in gene expression under this comparison.

1.63 - 0.04 - ND

The microarray experiments showed that ROCK1 and ROCK2 expression increases with 3o-THP
and F treatments. Remarkably, the RT-qPCR data indicate that only 3a-THP regulates the expression of

these two genes and that F blocked such an effect as shown in the 3o-THP + F treatment (Figure 3a,b).

DYNC2HI1 expression regulation coincides with the microarray data, and the P4 + F treatment also
up-regulated this gene (Figure 3c). Interestingly, the expression level of CCDC91 did not change with

any of the single treatments, but it significantly decreased with 3x-THP + F and P4 + F (Figure 3d).

The levels of REV3L mRNA augmented with 3c-THP as in the microarray data, and an increase was
also observed for both combined treatments (Figure 3e). Concerning RAD50, its expression levels were

modified only by 3&-THP + F, but not by the single treatments of 3-THP and F as expected (Figure 3f).

The expression of RIF1 was elevated by 3a-THP according to the microarray results, although F also
augmented its expression (Figure 3g). ESF1 was expected to be up-regulated by 3a-THP and F according to

the microarray analysis, but the validation showed an increase with the combined treatments (Figure 3h).
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Lastly, neither 3a-THP nor F modified the expression of PCM1 or TPR (Figure 3ij, respectively) as in the
microarray data. In the case of both genes, P4 promotes an increase in their expression and F significantly
abolished this effect as seen in the combined treatment of P4 + F. As 3&-THP up-regulates the expression
of six genes chosen for validation, we explored through a bioinformatic analysis the possible mechanism
by which 3a-THP could regulate the expression of such genes.

2.4. CREB1 and CEBPa Could Mediate 3a-THP-Dependent Transcriptional Effects

As 3x-THP regulates the expression of six out of the ten genes chosen for validation, we performed
an in-silico analysis for putative transcription factor binding sites (TFBS) in their promoter regions.
The bioinformatic analysis focused on the transcription factors CCAAT/Enhancer binding protein
alpha (CEBP«), CREB1, and PXR, which are known to participate in 3«a-THP mechanisms of action.
Four bioinformatic tools were used for the prediction of the TFBS: JASPAR, Unipro UGENE v.1.26.3,
UCSC Genome Browser, and TRANSFAC. UGENE software was used to compile the data. Only the
binding sites predicted by two or more programs (similarity score > 0.8, p < 0.05) were considered as
positive hits. The selected genes for this analysis were DYNC2H1 (Figure 4a), ESF1 (Figure 4b), REV3L
(Figure 4c), RIF (Figure 4d), ROCK1 (Figure 4e), and ROCK2 (Figure 4f). In every analyzed gene
regulatory region, the most abundant TFBS were for CREB1 and CEBP« and few for PXR. Except for
REV3L, most of the binding sites are located in the promoter regions. These data suggest that these
factors should regulate the 3a-THP-dependent transcription of the selected genes.

CREB1
a) DYNC2H1 1 CEBPa
= PXR
5’ ! 1 . — r:ROlMOYER - — r ! 3‘
—
b) ESF1 1kb
5’ ! :j PROMOTER Lt r 3,
—_
¢) REV3L 1kb
5, L L | | | v : 1p1m PRoMoTERq I‘II ] 3,
—
d) RIF1 1kb
5’ 1 r PROMOTER — r ! - 3‘
—_
e) ROCK1 1kb
5’ - 1 = PROIMOITER I - 3’
—
f) ROCK2 1kb
5 — { — P.R(.')MOTER - } 3
1kb

Figure 4. In silico analysis of the regulatory region of the genes up-regulated by 3a-THP. Six of the validated
genes were analyzed for their promoter regions and scanned for putative transcription factor binding sites
with several bioinformatic tools: JASPAR, UCSC Genome Browser, UGENE, and TRANSFAC. For each
gene, a white rectangle indicates the promoter region, and the continuous black lines represent the adjacent
regulatory region. Black arrows indicate the transcription start site and the gene transcription direction.
The putative binding sites for CREBI (grey box), CEBP« (black box), and PXR (black lined grey box) are
denoted. According to each gene, the scale bar of 1 kb is defined.
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3. Discussion

This study aimed to evaluate the gene expression profile changes produced by 3a-THP, P4,
and F in U87 cells, and correlate them with our previous proliferation data [17]. First, we performed
a PCA of the microarray data after their normalization. Displaying the principal components of the
microarray data allows possible batch effects to be identified, such as technical variables affecting the
interesting biological variability between conditions [22], in this case, 3x-THP, P4, and F treatments.
This analysis let us identify some additional changes in gene expression more precisely related
to 3a-THP and F treatments, than with the simple normalization without determining principal
components. We found a tight grouping between treatments, except for P4 and V. This correlates with
the fact that P4 and vehicle treatments display a very similar expression profile, since P4 altered the
expression of only six genes as compared with vehicle. Moreover, the microarray analysis showed that
3a-THP promotes more changes in the gene expression profile of U87 cells than P4. This difference
could be due to their specific mechanisms of action. There are two main mechanisms of action of P4:
the classical and the non-classical. The first one depends on the binding of P4 to its intracellular receptor
(PR) that functions as a transcription factor, and the second one is mediated by mPRs, which are G
protein-coupled receptors that activate different signaling pathways involving the production of
second messengers (for review see [23]). We and others have reported that P4 induces the expression
of cyclins, growth factors such as vascular endothelial growth factor (VEGF) or epidermal growth
factor (EGF), and receptors like EGF(R) through PR activation [24]. However, these effects had been
detected at 12 h or less of treatment [24,25]. The few changes in gene expression with P4 at 72 h of
treatment could be associated with its mechanism of action: once PR is active, the ligand-dependent
phosphorylation of the receptor that increases its transcriptional activity [26,27] also promotes its
degradation by de 26S proteasome. PR degradation has been reported to occur between 4 and 12 h in
breast cancer cells [28], whereas in the human astrocytoma cell line U373 takes 3-5 h [26]. Nevertheless,
we have previously reported that 3«-THP promotes U87 cell proliferation in a very similar manner as
P4 at 72 h of treatment [17], despite not presenting affinity to PR [29].

Another interesting observation of our microarrays results is that groups of 3«a-THP and F are
more related in the PCA analysis. According to this, we found many regulated-genes by both
F and 3x-THP, than those discovered with a simple normalization and gene expression analysis.
F regulates 69 genes also modified by 3a-THP. When the gene ontology analysis of up-regulated
genes by 30-THP or F was performed, we found a higher enrichment in the category of “cellular
process”, specifically in the subcategories of “cell cycle”, “cell communication” and “cell component
movement”. The category of “metabolic process” was highly enriched in all the subcategories reported.
Despite F being a well-known 5aR inhibitor, it also modifies the expression of a wide range of genes
in different biological systems [30-32]. However, the mechanisms by which F exerts its agonistic
effects are not fully elucidated. Wu (2013) and coworkers proposed that, due to their steroid-based
structure, F could interact with the androgen receptor (AR) and modulate the expression of target
genes such as the prostate-specific antigen in prostate cancer cell lines. Nevertheless, these effects
might depend on the inherent cellular characteristics. Another hypothesis suggests that F and/or
other 5aR inhibitors with steroid structure could interfere with the formation of the active complex of
the AR and its natural ligand, dihydrotestosterone [33,34]. Besides, F could modify the levels of other
steroids susceptible to 5x-reduction including testosterone, androstenedione, aldosterone, cortisol,
and deoxycorticosterone. These steroids modulate gene expression, and their effects could be affected
by the F treatment [35]. Additionally, there are other P4 metabolites whose synthesis does not directly
depend on 5aR. For example, there is 3x-hydroxy-4-pregnen-20-one (3cHP), which is the product of
the direct reduction of P4 by the enzyme 3xHSD. This metabolite has a similar mechanism of action as
3a-THP [36], and it is also a positive modulator of GABAAR [37]. Therefore, F treatment could enhance
alternative P4 metabolic pathways as described. Despite the fact that F did not increase proliferation
in U87 GBM cell line in our previous work [17], here we suggest that F and 3«-THP should enhance
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the malignancy of the cells since the genes regulated by these steroids are related with cell migration,
DNA repair and cell cycle.

Particularly interesting is the 3a-THP-dependent regulation of ROCK1 and ROCK2 expression,
which are key regulators of cell morphology, cell invasion, migration, and proliferation [38-40].
In fact, Rho/ROCK is one of the most important pathways that favors GBM cell migration, as ROCK
phosphorylation targets include essential proteins involved in actomyosin contraction [41,42]. Recently,
reports show that 3a-THP promotes rat Schwann cell migration in culture [43], suggesting that the
induction of ROCK expression should increase GBM cell migration.

Remarkably, both 3-THP and F regulated RIF1, indicating that other metabolites besides 3x-THP,
whose levels might be modified by the treatment of F, could be responsible for this increase. Besides,
the promoter of this gene presented many CREB1 binding sites. CREB acts downstream of the
signaling pathway of GABAAR, a receptor targeted by 3a-THP and other P4 metabolites. RIF1 is of
particular interest, given its relevance for the maintenance of the DNA stability and induction of DNA
replication [44,45].

In contrast, 3a-THP, F, and the combined treatment of P4 + F regulate DYNC2H1 expression,
suggesting different mechanisms of action promoted by other P4 metabolites such as the ones
synthesized by 3&«HSD. The cytoplasmic localization of DYNC2H1 protein has been associated with
resistance to the primary GBM chemotherapeutic agent temozolomide [46].

Furthermore, REV3L and ESF1 were regulated by 3a-THP and by the two combined treatments,
suggesting that the effect of 3o-THP is maintained even with F treatment. Besides, 5aR-independent P4
metabolism could contribute to the up-regulation of such genes when treated with P4 + E. Interestingly,
at least one of the combined treatments induced the expression of genes such as CCDC91 and RADS50,
and thus, they might be regulated differently. In the case of TPR and PCM1, both involved in cell division,
P4 alone increased the expression of both genes, and its effect was blocked by F as observed in the
combined treatment. This result also indicates that the P4-dependent expression of PCM1 and TPR could
be mediated by other 5x-reduced metabolites such as 5a-DHP, which can directly activate PR [29].

As mentioned before, reports indicate that 3«-THP could bind to specific mPRs. These receptors
comprise the class II of the progesterone and adipoQ receptor family (PAQR) which includes
five members: PAQR7 (mPR«), PAQR8 (mPRf{3), PAQR5 (mPRy), PAQR6 (mPRS), and PAQR9 (mPR¢).
It has been suggested that the first three members are coupled to inhibitory G-proteins (G;), whereas the
lasts two activate stimulatory G-proteins (Gs) (for review see [47]). The high affinity of 3&-THP for
mPRS [14] could lead to the activation of the adenylyl cyclase, followed by an increase of intracellular
cAMP levels, activation of the protein kinase A (PKA), and phosphorylation of CREB transcription
factor. In fact, Shimizu and coworkers (2015) reported that H-89, a PKA inhibitor, blocked the effect of
3o-THP on the drebrin clusters density, an important protein in the formation of dendritic spines [15].
The prediction of a high number of CREB binding sites in the promoter region of the validated
genes suggests that 3«-THP promote gene expression in a CREB-dependent manner in GBM. Besides,
CREB expression and activation is directly related with the astrocytoma grade [48] and participates
in the up-regulation of genes involved in DNA repair such as RAD50 as well as genes promoting
cell proliferation and cytokinesis in PC12 cells [49]. Interestingly, 3&-THP (10 nM) induces CREB
phosphorylation in rat Schwann cells [50]. Also, CREB binding sites are commonly found near CEBPx
and CEBPp sites, and both transcription factors are required to obtain a robust expression of different
genes [51,52]. In U87 cells, there is evidence of a high CEBP« expression [53], which led us to determine
the presence of CEBP« sites along with CREB sites in the promoter of the validated genes.

Regarding PXR, we cannot discard the possibility that this receptor regulates the expression of the
evaluated genes, given that 3o-THP can directly activate it in vivo [16]. PXR modulates the expression
of genes whose products are mainly involved in xenobiotic metabolism [54].

This work shows the importance of determining 3&-THP mechanisms of action in GBMs, and to
take into consideration steroid hormone metabolism when studying its effects. Besides, it opens new
questions regarding the activation of CREB and its participation along with CEBP in regulating the
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expression of the validated genes. Nevertheless, it is crucial to determine the role of the studied genes
in the molecular and cellular biology of GBMs while considering physiological P4 levels and their
metabolites, since they could participate in cancer progression.

4. Materials and Methods

4.1. Cell Culture and Treatments

U87 human glioblastoma cell line (purchased from ATCC, Georgetown, WA, USA) was cultured in
phenol red and high glucose Dulbecco’s Modified Eagle’s medium (DMEM, In vitro, Mexico City, Mexico)
supplemented with 10% fetal bovine serum (FBS), 1 mM pyruvate, 2 mM glutamine, and 0.1 mM
non-essential amino acids, at 37 °C in a humidified 5% CO, atmosphere. 2 x 10° cells were plated
in 12-well plates for the microarray experiments. 8 x 10* cells were plated in 6-well plates to validate the
microarray data. 24 h before steroids treatments, the medium was changed for phenol red-free and high
glucose DMEM (In vitro, Mexico City, Mexico), supplemented with charcoal-stripped FBS. Treatments for
microarray analysis were: vehicle (V, 0.1% DMSO), P4 (10 nM), 3a-THP (10 nM), F (100 nM). Treatments for
gene expression validation by RT-qPCR were: (V, 0.1% DMSO), P4 (10 nM), 3x-THP (10 nM), F (100 nM),
P4 + F and 3x-THP + F (same concentrations) for 72 h; all hormones were purchased from Sigma Aldrich
(St. Louis, MO, USA).

4.2. RNA Extraction and Microarrays

After 72 h of treatment, total RNA was extracted by the phenol-guanidine isothiocyanate-chloroform
method using TRI Reagent (Molecular Research Center Inc., Cincinnati, OH, USA) according to the
manufacturer’s recommendations. RNA concentration and purity were determined with the NanoDrop
2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was assessed on
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and the software 2100 Expert.
Samples with an RNA integrity number (RIN) value above 8.0 were used for further processing.
Microarray experiments were performed in the Microarray Core Facility at the National Institute of
Genomic Medicine (INMEGEN, Mexico City, Mexico). The WT cDNA Synthesis and Amplification kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used to obtain the double strand cDNA, while the
cRNA was obtained by in vitro transcription. The hybridization was performed with the GeneChipTM
Human Gene 1.0 ST arrays (Thermo Scientific, Waltham, MA, USA) according to the standard protocol,
and exogenous controls were included.

Raw microarray intensity data were pre-processed and quantile normalized using the
Transcriptomic Analysis Console (TAC) Software 4.0.1. (Thermo Fisher Scientific). The principal
component analysis of the normalized data is shown in Figure S1. We performed an unpaired one-way
ANOVA and a false discovery rate (FDR) analysis. For further confirmation, we used different
Bioconductor packages in the statistical platform R. We first employed a robust multiarray analysis
(RMA) to transform and normalize the data into log2 data. Then, differential expression analysis with
the Linear Models of Microarray Data (LIMMA) package was performed using the moderated ¢-test
and the Benjamini-Hochberg FDR as statistical analyses. Here, we report the results obtained with the
TAC Software 4.0.1. Differential gene expression with a fold change (Fc) <—1.5 or >1.5 and p < 0.05 was
considered as statistically significant and non-random. After the normalization and statistical analysis
of the raw microarray data, all steroid treatments were compared against the vehicle (V, 0.1% DMSO).

The lists of differentially expressed genes among conditions were then exported to Venny 2.1.0 [55],
and then to the Protein Analysis Through Evolutionary Relationships (PANTHER) database [56-58]
(available at [59]) to determine the biological processes enrichment. With the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 [20,21], available at [60], the ontology results
were also confirmed.
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4.3. Validation of Selected Differentially Expressed Genes by RT-qPCR

The genes with the highest Fc among treatment comparisons and with relevance in the enriched
biological processes were selected. To validate the expression of the chosen genes, we designed
oligonucleotides in the primer-BLAST tool from the National Center for Biotechnology Information
(NCBI) database available at [61]. The oligonucleotide sequences and the amplicon lengths are shown
in Table 2.

Total RNA was extracted after 72 h of treatment with vehicle, P4, 3«-THP, F, P4 + F, and 3a-THP +
F as described. The concentration and purity of RNA were determined using the NanoDrop, as well
as its integrity in a 1.5% agarose gel electrophoresis. cDNA was synthesized from 1 pg of total RNA
using the M-MVL reverse transcriptase according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA) with oligo-dT1,-1g as primers. qPCR was performed in a LightCycler 1.5 using
the FastStart DNA Master SYBR Green I reagent (Roche Diagnostics, Mannheim, Germany) according
to the manufacturer’s protocol. Briefly, 1 ug of cDNA of the previous reaction was used to perform
gPCR, and each gene was amplified (Table 2) along with the endogenous reference gene 18S ribosomal
RNA to quantify the relative expression by the ACt method [62,63]. Duplicate samples for each of the
three independent experiments were included.

Table 2. Designed primers used for different gene amplifications.

Gene Primer Sequence 5 —3’ Amplified Fragment (bp)

. FW: GCTCCTCGTGCTGATGAGATTA e
RV: TGCTCTTCCTTCATCCTCTCCT

eui FW: TCAAGACAAGAAAAGCGTCTGC 150
RV: GGGCTGAATGTCTGTTCCTACT

PR FW: TTTGGCACAGTTTCGGCTAC »
RV: TCTTCCTCAGTTCCTACAGGTG

RIE1 FW: TAATAAGGTTCGCCGTGTCTCC .

RV: CCTTTGGCTGAAGTGGTATTATGC

REVAL FW: TGAGAAATGAGGTGGCTCTAAC Lo

RV: CACGGACACGGCTAACATAA
FW: GCCTCACTCATCATTCGCCT

RAD50 RV: AAGCTGGAAGTTACGCTGCT 168

ROCKI FW: ATGGAACCAGTACAACAAGCTGA 5
RV: GCATCTTCGACACTCTAGGGC

ROCK FW: GAAGAGCAGCAGAAGTGGGT o

RV: GGCAGTTAGCTAGGTTTGTTTGG
FW: AAGTCAGGAAACTGTTAAGGCAG

CCDCI1 RV: ACAGGCTTCTTTGGCGGAT 152
FW: GCTTGGCGGAGCAGATTAAA

DYNC2H1 RV: CCAGGATGCCCGATTCAGTAT 159

155 FW: AGTGAAACTGCAATGGCTC o

RV: CTGACCGGGTTGGTTTTGAT

Note: FW = forward primer; RV = reverse primer. Official full names of the genes are shown in Table 1.

The data were analyzed and plotted in the GraphPad Prism 5 software for Windows XP
(GraphPad Software, Version 5.01, La Jolla, CA, USA). The statistical analysis of the relative gene
expression levels was one-way ANOVA followed by a Tukey post-hoc test. Values of p < 0.05 were
considered statistically significant.
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4.4. Bioinformatic Analysis of Transcription Factor Binding Sites

The putative transcription factor binding sites (TFBS) analysis for the selected genes was
performed using several bioinformatic tools. First, promoters and gene sequences were obtained
from the NCBI database [64]. Then, the promoter regions and transcription start site (TSS) were
determined with the Ensembl database [65] and confirmed by the Eukaryotic Promoter Database
(EPD) [66]. We searched for putative binding sites for CREB1, CEBPx and PXR using JASPAR [67],
UCSC Genome Browser [68], Unipro UGENE v.1.26.3 software [69], and TRANSFAC software [70].
For all analyzed genes, we established as potential TFBS the ones predicted by two or more databases
with a matrix similarity score greater than 0.8 and a value of p < 0.05.

5. Conclusions

In this work, we show that 3«-THP promotes the expression of genes involved in DNA stability
maintenance and replication, in the reorganization of the cytoskeleton, and the transport of different
cargo compounds in U87 GBM cell line. Besides, F blocked the effects of P4 on the expression of genes
involved in cell division (TPR and PCM1), suggesting that the inhibition of 5xR should affect GBM
progression. Further investigation is necessary to determine whether F could enhance the malignancy
of GMB cells since many genes related to this process were regulated by both 3«-THP and F.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/3/864/s1.
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ARTICLE INFO ABSTRACT

Aims: In women, uterine alterations have been associated with sex steroid hormones. Sex hormones regulate the
expression of thyroid hormone receptors (TRs) in the uterus, but an inverse link is unknown. We analyzed the
impact of hypothyroidism on histological characteristics, vascular endothelial growth factor (VEGF-A), pro-
gesterone receptors (PR), estrogen receptors (ER), thyroid hormone receptors (TRs), perilipin (PLIN-A), and lipid
content in the uterus of virgin rabbits.

Main methods: Twelve Chinchilla-breed adult female rabbits were grouped into control (n = 6) and hypothyroid
(n = 6; 0.02% of methimazole for 30 days). The thickness of endometrium and myometrium, number of uterine
glands, and infiltration of immune cells were analyzed. The expression of VEGF-A, PR, ERa, and PLIN-A was
determined by RT-PCR and western blot. The uterine content of triglycerides (TAG), total cholesterol (TC), and
malondialdehyde (MDA) was quantified.

Key findings: Hypothyroidism promoted uterine hyperplasia and a high infiltration of immune cells into the
endometrium, including macrophages CD163+. It also increased the expression of VEGF-A, TRA, and ERa-66
but reduced that of PR and ERa-46. The uterine content of PLIN-A, TAG, and TC was reduced, but that of MDA
was augmented in hypothyroid rabbits.

Significance: Our results suggest that uterine hyperplasia and inflammation promoted by hypothyroidism should
be related to changes in the VEGF-A, PR, ER, and TRs expression, as well as to modifications in the PLIN-A
expression, lipid content, and oxidative status. These results suggest that hypothyroidism should affect the
fertility of females.

Keywords:

Estrogen receptor

Progesterone receptor

Thyroid hormone receptor
Perilipin

Malondialdehyde

Vascular endothelial growth factor

1. Introduction with dyslipidemias and body weight gain [8], and recently with hy-
pothyroidism [9-12].

In women, endometriosis, uterine hyperplasia, dysfunctional Particularly, the impact of hypothyroidism on the uterus has been

uterine bleeding and myomas have been associated with alterations in
serum levels of estradiol (E2), testosterone, and progesterone (P4)
[1,2], as well as with changes in the uterine expression of progesterone
(PRs) and estrogen (ERs) receptors [3,4]. Uterine alterations have also
been related to a high expression of vascular endothelial growth factor
(VEGF) [5], immune cells infiltration [5,6], and significant uterine lipid
peroxidation [7]. Furthermore, uterine abnormalities are correlated

mostly studied in pregnant laboratory animals. In rats, this thyroid
dysfunction increases gestational length, modifies myometrial con-
tractions, and decreases litter size [13]. It also modifies the expression
of thyroid hormones receptors (TRs) [14], promotes inflammation and
alters the immune profile in the uterus affecting the trophoblast mi-
gration [15]. In rabbits, hypothyroidism reduces the thoracic size of
embryos and increases the thickness of the endometrium, as well as
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reduces the content of total cholesterol (TC) and triacylglycerol (TAG),
and the expression of 3B-hydroxysteroid dehydrogenase (33-HSD) in
the uterine horn [16]. However, there are limited studies about the
effect of hypothyroidism on the uterus from non-pregnant animal
models. In young rats, hypothyroidism induces a low uterine anti-oxi-
dative status [17]. A reduction in the uterus volume and luminal epi-
thelium thickness have been found in hypothyroid non-pregnant rats
[18]. It is necessary to perform more studies to analyze the impact of
hypothyroidism on the uterus of non-pregnant animals.

The TRs and thyrotropin receptors (TSHR) are present in the en-
dometrium and myometrium [19,20]. The expression or activity of
these receptors can be modified by circulating E2 and P4 [16,21,22]. In
contrast, the influence of thyroid hormones on the uterine expression of
ERs and PRs is little known.

The present study aimed to analyze the impact of hypothyroidism
on the histology, immune cells infiltration, vascularization, and ex-
pression of VEGF-A, PRs, ERa, TRs, and perilipin (PLIN-A), as well as
the lipid content and lipid peroxidation in the uterus of adult virgin
female rabbits.

2. Material and methods

Twelve chinchilla-breed nulliparous female rabbits (Oryctolagus
cuniculus, 8-9 months of age) were housed under controlled tempera-
ture (20 *+ 2°C) and light: dark cycle of 16:8 h. This condition main-
tained most females in early proestrus [23]. They were daily provided
with pellet food (120 g/day) and tap water ad libitum. Hypothyroidism
was induced with a one-month administration of 0.02% methimazole
(Sigma, MO, USA; approximate diary dosage of 10 mg/kg) in drinking
water for 30 days. This treatment is useful to induce hypothyroidism in
female rabbits [24]. At the end of this treatment, control (n = 6) and
hypothyroid (n = 6) rabbits were anesthetized with sodium pento-
barbital (90 mg/kg, i.p.), and subsequently euthanized with an over-
dose of the same anesthetic. Cardiac blood was obtained and serum
concentrations of total triiodothyronine (T3), thyroxine (T4) and free
T4 were quantified using chemiluminescence by the Diagnéstico Mo-
lecular y Servicio de Referencia S.A. de C.V. (Diagmo laboratory;
México). Immediately after death, right and left uterine horns were
excised. The Ethics Committee from the Universidad Auténoma de
Tlaxcala approved this experimental design, according to the Guide-
lines of the Mexican Law for Production, Care and Use of Laboratory
Animals.

A piece from the middle portion of the left uterine horn was col-
lected and histologically processed to be cut in the cryostat at 5um.
Another piece from the middle portion of the left uterine horn was
embedded in paraplast X-tra (Sigma, MO, USA) and transversally cut at
a thickness of 5um using a microtome (Thermo Scientific, Model
Finesse 325, MA, USA). The middle portion of the right uterine horn
was frozen at —80 °C for biochemical measures.

2.1. Morphometry of the uterine horns

One slide with six slices of the left uterine horn cut with microtome
per animal was deparaffinized, rehydrated and stained with Masson's
trichrome. Slides were observed and photographed. In the best-stained
slice, pictures at 4 x (Zeiss Axio Imager Al, Oberkochen, Germany)
were taken. The area covered by endometrium and thickness of en-
dometrium and myometrium (in 20 microscopic fields from one slice
per animal) were measured using the software AxioVision 4.8 (Carl
Zeiss Micro Imaging, Inc.). Histograms of the measurements for the
thickness of endometrium and myometrium were obtained, and the
percentage of the measurements >1400um for endometrium
and > 1000 um for myometrium were calculated. In pictures at 400
magnifications, randomly pictures from 16 microscopic fields of the
endometrium were taken per rabbit. The number, thickness and ex-
ternal cross-sectional area (CSA) of closed uterine glands were
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measured. The number of uterine fused glands was also counted.
Moreover, the number of blood vessels and areas covered by them were
quantified in 8 random fields per uterus. Additionally, other slides were
stained with hematoxylin-eosin to detect the presence of immune cells
inside epithelium in pictures at 1000 magnifications in 30 microscopic
fields randomly selected.

Other slides were deparaffinized and processed for im-
munohistochemistry. Endogenous peroxidases were quenched, and
endogenous binding was blocked with 10% of donkey serum (Jackson
Immuno Research Inc. PA, USA). Independent sections were incubated
with primary antibody to detect macrophages CD163 positives (1:20,
goat polyclonal antibody Santa Cruz Biotechnology, TX, USA; sc-18794)
for overnight at 4°C. Subsequently, they were incubated with sec-
ondary antibodies (1:250; donkey anti-goat antibody Santa Cruz
Biotechnology, TX, USA) and diluted in PBST for 2h at 37°C.
Immunostaining was developed using the ABC method and sections
were washed and counterstained with Mayer's hematoxylin.
Macrophages CD163 positives secrete both pro- and anti-inflammatory
cytokines and pro-angiogenic factors [25].

2.2. Expression of VEGF, ERa, PR, TRA, TRB, and PLIN in the uterine
horns

A portion of the right uterine horn (~50 mg) was homogenized in
trizol reagent (Invitrogen, CA, USA) according to manufacturer's pro-
tocol. The quantity and purity of RNA were measured using a NanoDrop
2000 spectrophotometer (Thermo Scientific, MA, USA). The RNA in-
tegrity was determined by electrophoresis. For this, 1 ug of each RNA
sample in a 1.5% agarose gel with 0.5 X tris-borate buffer (TB), and
only total RNA samples with 260/280 and 230/260 relations close to
2.0, and integrity represented by two defined 28S and 18S bands
without smear visualized on an agarose gel were used for RT-PCR.
Then, 1 pg of RNA was used to synthesize the first-strand cDNA with the
Moloney murine leukemia virus (M-MLV) reverse transcriptase
(Thermo Scientific, MA, USA) following the manufacturer's instruc-
tions. Posteriorly, 2 pl of this reaction were subjected for PCR to amplify
VEGF-A, PR, ERa and thyroid hormone receptors (alpha, TRA; and
beta, TRB). Sense and antisense primers were purchased from Sigma-
Aldrich (MO, USA). Table 1 contains all the information of the primers
for PCR. Negative controls without cDNA were included in all experi-
ments. The PCR reaction was performed as follows: an initial PCR ac-
tivation step at 94 °C (5 min), 30 cycles of denaturation at 94 °C (20 s),
annealing at 60 °C (30s), and elongation at 72 °C (30s). A final exten-
sion cycle was performed at 72 °C (3 min). The number of cycles per-
formed was within the exponential phase of the amplification process.
PCR products were separated by electrophoresis in a 1.5% agarose gel
at 70V for 120 min and stained with EpiQuik (Epigentek, NY, USA).
The gel image was captured under a UV trans-illuminator and analyzed
for band densitometry using the Image J software (National Institute of
Health, USA). The expression of VEGF-A, PR, ERa, TRA, and TRB was

Table 1
Primers used for gene amplifications.

Gene Primer sequence Amplified fragment
VEGF-A FW: 5-CCACACCGCCACCACCGACA-3’ 149
VEGF-A RV: 5-CCAATTCCAAGAGGGCCCGT-3’

PR FW: 5"-GTCCTTGGAGGGCGAAAGTT-3’ 163
PR RV: 5-ACAGGTTGATTAGAGGGGGA-3’

ERa FW: 5"-AGGGTTCCAGGCTTTGTGGA-3’ 181
ERa RV: 5” CCACCATGCCCTCTACACATT-3"

THRA FW: 5"-ACAGTGCCAGGTCACCAGAT-3" 195
THRA RV: 5-GGATTGTGCGGCGAAAGAAG-3’

THRB FW: 5"-~ACCTTGAACGGGGAAATGGC-3’ 170
THRB RV: 5-CCTGGGCGATCTGAGGACAT-3’

185 FW: 5"-AGTGAAACTGCAATGGCTC-3’ 167
188 RV: 5-CTGACCGGGTTGGTTTTGAT-3"

100



J. Rodriguez-Casteldn, et al.

Life Sciences 230 (2019) 111-120

15000- E 1500 E 80
& £
BE 5 £3
o & 5 2 I 60]
9 ‘= 100001 4 1000 T
®S & E S8 4l
o & —T— 3 8 €
o o] c o
s m 5000 P 500 o m e
0 204
z8 5 <2
(0] Q > @
R =
0 r = 0 T m 0 T
Q C Hypo C Hypo ._" C Hypo
£ 1500 W 309 Q@ 3o
W IS o A_r.v
= = o
m — — 20 S 601
S 1000 Tn 2 B o
>~ € o 25 =55
EE O += = C 404
53 25 s
@ 500 SeEa 2
2 c 2 * @ 20
X =] o
S =2 = -
=]
_nm 0 T a_m.v 0 ! =4 0 4
C Hypo : C Hypo . C Hypo
Q) 15+ , 20007 8 80
-4 S s
g s — — ©
Le 2 15001 O . 60-
= W 104 o __ W 1S
o2 = E 1000 To a0
0 = = E Lo 404
&S L5 5o
c o 54 S o
S S 5004 2 A 201 .
2 < < 8=
3 2 5
0 : L 0 :
C Hypo C Hypo
o 20 ” m 30
3 o2
£ o
5 15 S®
o o 20
[o %) I £ =
o
o) €
ZE 10 ES
G o m L 104 s s
5] 54 g =3
o S
s EQ
= 0 E
v " ; N m T
C Hypo k= C Hypo

Fig. 1. Histological characteristics of the uterine horn from control (C, white bars) and hypothyroid (hypo, black bars) rabbits. Endometrium (endo; a, area covered;
b, thickness; and ¢, percentage of measurements > 1400 um). Myometrium (myo; d, thickness; e; percentage of measurements > 1000 pm). Uterine glands (f,
number of closed glands; g, thickness of epithelium; h, CSA of glands; i, percentage of large glands; j, examples of fused glands; k, number of fused glands; and 1,
infiltration of lymphocytes). Results are expressed as mean + S.E.M. *p < 0.05; **p < 0.01. Other abbreviations: g, uterine gland; st, stroma, e, epithelium. Scale:

b = 400 um and j = 50 pm. Arrow indicates a fused uterine gland.

normalized to that of the internal control 18S rRNA.

A portion of the right uterine horn (~50 mg) was disrupted in lysis
buffer as reported elsewhere [26]. Total proteins were obtained by
centrifugation at 15000 rpm, at 4 °C for 30 min and quantified using a
NanoDrop 2000 spectrophotometer (Thermo Scientific, MA, USA).
Protein extracts (VEGF-A, 20 ug; ERa, 30 ug; PR, 60 ug; and PLIN-A,
30 pg) were resolved onto SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad Laboratories Headquarters, CA, USA). The PLIN-A
regulates the lipid storage into droplets on tissues [27], and its ex-
pression is regulated by hypothyroidism in the ovary [26]. Membranes
were stained with Ponceau's Red to confirm that protein content was
equal in all lines. Membranes were soaked as indicated: 3.0% nonfat
dry milk plus 2.0% bovine serum albumin (BSA) (PLIN-A, PR, and ERa)
or 15% non-dry milk (VEGF-A), all diluted in PBS containing 0.2%
Tween-20 (PBST). Then, they were incubated overnight at 4 °C with the
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following antibodies: rabbit polyclonal anti VEGF-A (0.5 pg/ml; Santa
Cruz Biotechnology, sc-152); goat polyclonal anti PLIN-A (1 pg/ml,
Abcam, MA, USA; ab60269), mouse monoclonal anti-PR (1 pg/ml,
Abcam, ab58565) and mouse monoclonal anti-ERa (0.5 pg/ml; Santa
Cruz Biotechnology, TX, USA; sc-8002). Following an incubation with a
secondary antibody (VEGF-A: 1:20000 mouse anti-rabbit; Santa Cruz
Biotechnology, sc-2357; PLIN-A: 1:2000 mouse anti-goat, Santa Cruz
Biotechnology, sc-2354; PR and ERa: 1:5000 goat anti-mouse; Pierce,
1,858,413) conjugated with horseradish peroxidase at room tempera-
ture under constant agitation for 45 min. Chemiluminescent signals
were detected exposing membranes to Kodak Biomax Light films
(Sigma-Aldrich, MO, USA) using a chemiluminescence kit (West Pico
Signal, Thermo Scientific, MA, USA). The band density for the antigen-
antibody complex was calculated in a semi-quantitative way using a
14.1 megapixels digital Canon camera (SD1400IS, Canon, Mexico) and
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Fig. 2. Characteristics of the endometrium (endo) and myometrium (myo) of control and hypothyroid rabbits. Compared to control (a), hypothyroidism promoted
the thickening of the glandular epithelium and the fusion of uterine glands (glan; b-d). A great infiltration of immune cells (black arrows) into the endometrium was
observed in hypothyroid rabbits (f-g), even showing some points of inflammation (h) that were not observed in the uterus from control rabbits (e). Many of these
immune cells were macrophages CD163+ (+) (control, i; hypothyroid, j-1). The organization of smooth muscle fibers of the myometrium was compacted in the
control group (m) but separated in the hypothyroid group (n). Also, groups of smooth muscle cells were observed into the endometrium (white arrows; o-p) near
inflammatory points. The picture p is the enlargement from the white square of the picture h. Scale a—d, g, i—j, and o-p = 50 um; e-f, h, and m-n = 500 um;

k-i = 20 um.

the Image J 14.45S software (National Institute of Health, USA). To
correct differences in the total protein loaded in each lane VEGF-A, PR,
ERa, and PLIN-A, protein content was normalized to that of a-tubulin.
Therefore, blots were stripped with a 0.1 M glycine solution (pH 2.5,
0.5% SDS) for 2h at 37 °C and incubated with mouse monoclonal anti-
a-tubulin (0.7 pg/ml, Santa Cruz Biotechnology, sc-5286) at 4°C
overnight. Blots were then incubated with a goat-anti-mouse secondary
antibody (1:5000; Pierce, 1,858,413) at room temperature for 45 min
under constant agitation. Immunoblot chemiluminescent signals were
detected as described.
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2.3. Lipids in the uterine horns

The quantification of TC and TAG were done in samples of the right
uterine horn (~100mg) by using the method of Folch as reported
elsewhere [16]. Enzymatic method-based kits of ELITech Clinical Sys-
tems (Sees, France) were used to measure TC (CHSL-0507) and TAG
(TGML-0425). Uterine TC and TAG concentrations were expressed as
mg of TC or TAG per gram of the uterus.

A portion of the right uterine horn (25 mg) was homogenated in ice-
cold tris-buffer (20 mM, pH 7.4) and centrifuged at 300(1 Iy én for 10 min
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at 4 °C, and then the supernatant was collected and immediately tested
for lipid peroxidation with ALDetect lipid peroxidation assay kit (BML-
AK170-0001, Enzo Life Sciences, Ann Arbor, MI, USA). The kit uses a
chromatographic reagent which reacts with malondialdehyde (MDA) at
70 °C, yielding a stable chromophore with maximum absorbance at
586 nm. Uterine MDA concentrations were expressed as pM de MDA/
mg of the uterus.

Additionally, a slide with left uterine horn slices cut in cryostat was
stained with Sudan black to detect oxidative lipids, counterstained with
Harris hematoxylin, and mounted in glycerol. Sections were observed in
a light microscope (Zeiss Axio Imager Al, Oberkochen, Germany) and
pictures were made with a digital camera (ProgRES, Jenoptik, Jena
Germany) at 400 and 1000 magnifications. The presence of granules of
oxidative lipids in the endometrium (luminal epithelium, uterine
glands, and stroma) was evaluated semi-qualitatively as previously
described [26]. Categories were established: (+ + +) for a high pro-
portion of stained granules; (+ +) for a moderate proportion of stained
granules; and (+) for a low proportion of stained granules.

2.4. Statistical analysis

Statistical analyses were performed with the GraphPad Prism v 5.01
software (GraphPad Sofware, Inc., CA, USA). Results were expressed as
mean * S.E.M. Student t-tests were performed to determine significant
differences between control and hypothyroid rabbits. The values of
p < 0.05 were considered statistically significant.

3. Results

The area covered by the endometrium and their media thickness
was similar between control and hypothyroid groups (Fig. 1a-b; see in
the picture the measurements for the thickness of endometrium and
myometrium). However, the percentage of the measurements of the
thickness of the endometrium (> 1400 pm) was significantly high in
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the hypothyroid group (Fig. 1c). No differences were found in the
thickness of myometrium between groups (Fig. 1d), but a low percen-
tage of measurements > 1000 um were found in the hypothyroid group
(Fig. 1le). The number of closed uterine glands was higher in hy-
pothyroid dams (Fig. 1f), but the thickness and the CSA of closed
uterine glands were not modified (Fig. 1g-h). The percentage of large
uterine glands (> 2000 um?) was higher in the hypothyroid group
(Fig. 1i). Hypothyroidism also increased the number of fused uterine
glands, which were commonly found near the luminal epithelium
(Fig. 1j-k). The number of lymphocytes into the luminal epithelium of
the uterine horn from hypothyroid rabbits was higher than in control
ones (Fig. 11).

Tissue characteristics for endometrium and myometrium from
control and hypothyroid rabbits are shown in Fig. 2. Compared to
controls (Fig. 2a), hypothyroidism promoted the thickening of the
glandular epithelium and the fusion of uterine glands (Fig. 2b-d). Al-
though the infiltration of immune cells in the endometrium from con-
trol rabbits is common (Fig. 2e), a great infiltration was observed in
hypothyroid rabbits (Fig. 2f-g). Even it was possible to observe some
points of inflammation (Fig. 2h). Many of these immune cells infiltrated
into the endometrium were macrophages CD163 + (Fig. 2i; for controls;
and Fig. 2j-1 for hypothyroid). For the control group, myometrium was
observed uniform and the smooth muscle fibers were together
(Fig. 2m). However, the hypothyroid group showed myometrium with
separated muscle fibers (Fig. 2n). Even some groups of smooth muscle
cells were observed into the endometrium near of inflammatory points
forming circle or oval forms (Fig. 20-p). The number and area covered
by capillaries were similar between females from the control and hy-
pothyroid groups (Fig. 3a-b). However, the expression of VEGF-A
mRNA and protein levels was higher in the hypothyroid group
(Fig. 3c—d).

Hypothyroidism decreased PR mRNA expression in the uterine horn
(Fig. 4a) as well as the content of its two isoforms (PR-A and PR-B)
(Fig. 4b). The expression of ERa mRNA was unmodified by
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Fig. 4. Hypothyroidism affects the PR and ERa expression in the uterine horn of rabbits. Representative PCR (upper panel) and densitometry analysis showing PR (a)
or ERa (¢) mRNA expression of control (C, white bars, n = 6) and hypothyroid (Hypo, black bars, n = 6). Representative western blot detection of PR (b) and ERa (d)
in control (C, white bars, n = 6) and hypothyroid (Hypo, black bars, n = 6). Results are expressed as mean + S.E.M. *p < 0.05.

hypothyroidism (Fig. 4c). However, uterine expression of the large
isoform (66 kDa) of ERa in hypothyroid female rabbits was higher than
that in controls, the opposite was found for the truncated isoform
(46 kDa, Fig. 4d).

In addition, hypothyroid rabbits showed a tendency to have a lower
concentration of T4 and free T4 index (p = 0.06) and presented a sig-
nificant reduction in the concentration of T3 as compared to control
animals (Fig. 5a-c). Hypothyroid rabbits showed an increased expres-
sion of TRA (Fig. 5d) and a tendency to present a high expression of
TRB (Fig. 5e; p = 0.06).

The expression of PLIN-A in the uterine horn in the hypothyroid
group was lower compared to controls (Fig. 6a). The content of TAG
and TC was also lower in hypothyroid rabbits (Fig. 6b—c). In contrast, a
high concentration of MDA was found in the hypothyroid group
(Fig. 6d). The presence of oxidative lipids identified by Sudan black
stain in the epithelium, uterine glands, and stroma in the hypothyroid
group was lower than in controls (Fig. 6e-g). However, the gland se-
cretion showed higher staining to Sudan black in the hypothyroid
group.

4. Discussion

Our results show that in the uterine horn of virgin rabbits, hy-
pothyroidism promoted several histological alterations such as
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endometrial hyperplasia, with high infiltration of immune cells that in
some cases can be observed as points of inflammation. This in-
flammation is associated with high epithelial proliferation and fusion of
glands. Even a detachment of epithelial tissue can be found. Our results
are essential considering the involving of thyroid hormones in the de-
velopment of possible myomas and uterine adherent tissues affecting
the fertility of hypothyroid females [9,10,12]. In general, endometrial
fibrosis has been associated with intrauterine adhesions, in which there
is a differentiation between epithelium, fibroblasts, and myoblasts
promoted by transforming growth factor (TGF)-f, and remodeling of
the extracellular matrix [28]. In this regard, hypothyroidism stimulates
the proliferation of epithelium from the intestine, oviduct, lung, and
thyroid [24,29], now we extended this finding in the uterus of virgin
females. In concordance to our results, endometrial hyperplasia caused
by prenatal hypothyroidism was confirmed by the vast number of fused
uterine glands [16]. This could be considered as mild cystic hyperplasia
of superficial glands [30]. Additionally, a low thickness in the myo-
metrium layer was observed. This could be related to the abnormal
uterine contraction patterns reported in non-pregnant hypothyroid rats
[31]. In this regard, T3 regulates the expression of alpha-smooth muscle
actin in cardiomyocytes [32] and aorta [33]. In addition, thyroid hor-
mones can modulate chemotaxis, lipoperoxidation, and cytokines pro-
duction in several immune cells [34]. A great infiltration of CD163+
macrophages was observed in hypothyroid uterine hlo()lh suggesting
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*p < 0.01; +p = 0.06.

endometritis [6]. Macrophages CD163+ secrete TNF-a, IL-6, MCP-1,
and VEGF-A [25], supporting the presence of uterine inflammation.

Although hypothyroidism did not affect the number nor the area
covered by blood vessels, a high expression of VEGF-A in the uterine
horn was found. Uterine hyperplasia and pyometra are associated with
a major expression of VEGF-A, improving the blood flow and reducing
the vascular resistance [35]. Moreover, VEGF is regulated by P4 [36]
and E2 [37]. Uterine hyperplasia and inflammation are related to an
increase in ER and a decrease in PR expression [2-4,9,38]. In contrast,
P4 has opposite effects on the hyperplasia induced by E2 [39]. In ad-
dition, we reported that hypothyroidism causes endometrial hyper-
plasia in pregnant rabbits, associated with an increase in the 3f-hy-
droxysteroid dehydrogenase (33-HSD) [16], this is hypothyroidism may
affect the local synthesis of sex hormones in the uterus.

As we confirmed in the present study, the methimazole dose
(10 mg/kg) used is effective to reduce thyroid hormones concentrations
in serum [24]. Besides, the expression of TRs was higher in hypothyroid
animals. In contrast, hypothyroidism down-regulates the expression of
TRs and TSHR in the uterine horn at the implantation period in rats
[41]. In this regard, it is known that the expression of TRs in the rat
uterus varies with the phase of the estrous cycle, being lower at the
proestrus and diestrus [40]. This suggests differential regulation of TRs
depending on the sex hormones status. According to other studies [23],
our rabbits were at proestrus, and we have previously shown that hy-
pothyroidism does not modify the concentration of estradiol and pro-
gesterone in non-pregnant rabbits [24]. This suggests that the incre-
ment in the expression of uterine TRs should depend on the reduced
concentrations of thyroid hormones in serum and on the modifications

117

+

S.E.M. *p < 0.05;

in the expression of sex hormones receptors in the uterus.

Thus, the direct effects of thyroid hormones on TRs to regulate the
expression of mRNA and protein of PR and ER in the uterus [19-21]
may be proposed. In this regard, a decrease in the PR-A is necessary for
implantation [42], an excessive reduction in the expression and activity
of PR promotes a shortened luteal phase affecting the endometrial de-
velopment [42]. A decrease in the synthesis of P4 and expression of PR
has been associated with a higher activity of pro-inflammatory cyto-
kines, metalloproteases and chemokines [42] Also, a deficiency in P4
and PR-aberrant is related to miscarriage and myomas [43]. Two iso-
forms of ERa (one large of 66 kDa, and other short of 46 kDa) were
found in the uterus of rabbits, as previously reported in women [44].
Hypothyroidism increased the long form of ERa and diminished the
short one. In concordance, it has been reported that ERa-46 modulates
the expression of ERa-66 in the mammary gland and endometrium
[44,45]. In the mammary gland, hypothyroidism affects the expression
of PR (A and B) and ERa involving the regulation of nuclear receptor
co-activator (NCOA) [46].

Hypothyroidism in female rabbits induces hypercholesterolemia
[47]. However, it reduces the content of TAG and TC, the expression of
PLIN-A, and the presence of oxidized lipid granules in virgin rabbits.
The importance of these results lies in the role of cholesterol as a cell
membrane component and precursor of sex hormones. The uterus has a
novo synthesis of cholesterol since express lanosterol 14alpha-de-
methylase, which can be regulated by estrogens [48]. The triglycerides
reduction in hypothyroid rabbits could affect prostaglandin synthesis
[49]. The content of oxidized lipids may have an important role in the
implantation [50]. In contrast, a great lipoperoxidation was observed in
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the hypothyroid uterus. In agreement, the high content of MDA with
low activity of antioxidant enzymes has been reported in women with
hyperplasia [7]. Changes in the uterine lipoperoxidation have been
observed in young hypothyroid rats [17]. The content of uterine lipids
and oxidative status of the endometrium could be affected by local
synthesis of E2 and P4 or their respective receptors [51].

These variations in the lipid content of the uterus from the hy-
pothyroid group could be related to modifications in the steroidogen-
esis, considering that hypothyroidism modifies the expression of
P450scc [52], 33-HSD [16] and 17p3-HSD [53], and aromatase [47] in
the ovaries and uterine horn of virgin or pregnant females. Both ster-
oidogenesis and sexual hormones signaling may have an important role
in the uterine hyperplasia and inflammation observed in hypothyroid
rabbits, possibly mediating the expression of steroidogenic factor 1
(SF1), which has been related to abnormal uterine gland morphogen-
esis, an inhibition of steroid hormone signaling, and activation of an
immune response [54].

In contrast to rats, rabbits reflex ovulatory and can stay in con-
tinuous early proestrus by light/dark cycle regulation [23]. This per-
mits to manipulate the levels of thyroid hormones, with a stable con-
centration of sex hormones [24]. Moreover, rabbits have been chosen as
an animal model for uterine adenocarcinoma, knowing the normal and
pathology histology of their uterus [55]. Our study suggests that hy-
pothyroidism is another cause of uterine hyperplasia.

5. Conclusion

Findings of the present study confirm that the hypothyroidism in-
duces uterine hyperplasia and inflammation in virgin females, which is
associated with an increase in the VEGF-A, a decrease in the expression
of PR (A and B), and modifications in that of ERa. Also, hyperplasia
involves changes in the uterine content of lipids and lipoperoxidation.
Therefore, our findings indicate a direct effect of thyroid hormones on
the uterine horn, regulating actions of sex hormones. Present results
might be helpful to clarify the relationship between hypothyroidism
and abnormal bleeding and miscarriage in females. Even female sec-
ondary infertility may be linked to hypothyroidism.
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Abstract

Glioblastomas (GBM) are the most frequent and aggressive primary tumor of the central nervous system. In recent years, it has
been proposed that sex hormones such as progesterone play an essential role in GBM biology. Membrane progesterone receptors
(mPRs) are a group of G protein—coupled receptors with a wide distribution and multiple functions in the organism. There are five
mPRs subtypes described in humans: mPR«, mPR 3, mPRy, mPR9, and mPRe. It has been reported that human-derived GBM
cells express the mPRo, mPRf3, and mPRy subtypes, and that progesterone promotes GBM progression in part by mPR«x
specific activation; however, it is still unknown if mPR and mPRe are also expressed in this type of tumor cells. In this study, we
characterized the expression and hormonal regulation of mPR& and mPRe in human GBM cells. We also analyzed a set of
biopsies from TCGA. We found that the expression of these receptors is dependent on the tumor’s grade and that mPRS
expression is directly correlated to patients’ survival while the opposite is observed for mPRe. By RT-qPCR, Western blot,
and immunofluorescence, the expression of mPRd and mPRe was detected for the first time in human GBM cells. An in silico
analysis showed possible progesterone response elements in the promoter regions of mPR& and mPRe, and progesterone
treatments downregulated the expression of these receptors. Our results suggest that mPRS and mPRe are expressed in human
GBM cells and that they are relevant to GBM biology.

Keywords Membrane progesterone receptors - Glioblastoma - Brain tumors - Progesterone - Astrocytoma

Introduction

Glioblastoma multiforme (GBM) is the most frequent and
aggressive central nervous system (CNS) tumor that arises
from the malignization of glial cells, glial progenitor cells, or
transformed neural stem cells [1]. These tumors are character-
ized as fast-growing due to their high proliferative and inva-
sive capabilities and for the low survival time of the patients
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after diagnosis, which goes from 12 to 16 months [1-3].
Therefore, it is crucial to elucidate the molecular mechanisms
involved in the progression of GBM. Moreover, it is known
that these tumors are more frequent in men than in women, in
a proportion of 3:2; however, the factors involved in this gen-
der bias have not been elucidated [1]. Regarding this issue, in
recent years, it has been proposed that sex hormones, such as
progesterone (P4), play an essential role in GBM biology [4].

P4 is a steroid hormone produced in ovaries, adrenal
glands, and placenta, and is involved in the regulation of crit-
ical reproductive functions, including menstrual cycle and
maintenance of pregnancy [5]. Also, it is synthesized and
metabolized in various regions of the CNS [6], where it regu-
lates sexual behavior, mood, neuroprotection, myelination,
learning, and memory, as well as tumor growth in pathological
conditions [6, 7]. P4 exerts its effects on target cells by two
mechanisms: the genomic and the non-genomic ones.
Through the genomic pathway, P4 permeates the plasmatic
membrane to attach to its intracellular progesterone receptor
(PR), which functions as a transcription factor that binds to
specific DNA sequences named progesterone response
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elements (PRE), which are commonly localized in various
promoter regions, thus regulating the expression of several
genes [8—10]. Meanwhile, the non-genomic pathway of P4
is associated with rapid cell signaling changes induced via
PR ligand-independent activation by membrane-associated ki-
nases, or via the activation of different G protein—coupled
membrane receptors to progesterone (mPRs) [11-13].

mPRs are G protein—coupled surface receptors that belong
to the progestin and AdipoQ receptor family (PAQR). There
are five mPRs subtypes described in humans: mPR«x
(PAQR7), mPRP (PAQRS8), mPRy (PAQRS), mPRS
(PAQR6), and mPRe (PAQRY); the mPRa«, mPRf3, and
mPRYy subtypes are paired to inhibitory G proteins while the
mPRO and mPRe are associated to stimulatory G proteins
[14-17]. Activation of these mPRs by P4 or by some of its
metabolites such as dihydroprogesterone and
allopregnanolone initiates intracellular signaling cascades
linked to the modulation of cAMP levels, mobilization of
intracellular Ca2+, or the activation of kinases such as
MAPKSs, PI3K, Akt, and c-Src [11, 13, 14]. These mPRs reg-
ulate physiological processes involved in reproduction, devel-
opment, immunological, and neuroendocrine responses [16,
18-22], and its participation in breast and ovarian cancer pro-
gression has also been demonstrated [23-25].

Previous works have suggested that P4 contributes to the
tumor progression of GBM since human-derived GBM cells
express several PR; plus, this hormone increases proliferation,
migration, and invasion of GBM cells in both in vitro and
in vivo models [26, 27, 28]. Additionally, it has been demon-
strated that P4 enhances the infiltration of GBM cells from the
tumor area into healthy tissue in the cerebral cortex [2930].
However, the use of the pharmacological antagonist of the PR
mifepristone (RU486) partially blocks P4 effects on GBM
cells [27282930], suggesting the participation of other mech-
anisms triggered by P4 in these cells, such as those activated
by mPRs.

Our group has demonstrated that human-derived GBM cell
lines U87 and U251 express the mPR«, mPRf3, and mPRy
subtypes [31]. Furthermore, it was demonstrated that mPRo
activation by the specific mPR agonist 10-ethenyl-19-
norprogesterone (Org OD 02-0) promotes the proliferation,
migration, and invasion in these cells, and that these effects
are mediated by the phosphorylation of Akt and Src kinases
[32]. Despite this, it is still unknown if the mPR& and mPRe
subtypes are expressed in GBM and if these receptors could
have any role in this type of cancer.

For this reason, in the present study, we characterized the
mPR& and mPRe subtypes expression in human GBM by
using a set of biopsies data obtained from The Cancer
Genome Atlas (TCGA), and in experiments carried out in
the cell lines U87 and U251 derived from human GBM. The
hormonal regulation of these receptors by P4 was also studied
in the mentioned cell lines. Our results showed that the
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expression of mPR® is positively correlated to the patients’
survival, while mPRe levels are negatively correlated to clin-
ical outcome. We also found out that both receptors are
expressed in GBM cell lines and that their expression is down-
regulated by P4.

Material and Methods
TCGA Data Analysis

RNA-Seq counts from normal tissue (5), and human astrocy-
toma primary tumors (55 grade I1, 112 grade I1I, 155 grade IV)
were obtained from the Glioblastoma and Low-Grade Glioma
projects of The Cancer Genome Atlas (TCGA) repository
(https://portal.gdc.cancer.gov/). The data were downloaded
and processed using TCGAbiolinks package version 2.12.6
[33] for R. DESeq2 version 1.34.1 [34] was used for the
differential expression analysis and data normalization.
Samples were stratified according to gene expression into
three groups: “low” corresponding to the first quartile,
“medium” for the second and third quartile, and “high” for
the upper. Survival plots were generated with TCGA _
analyze survival tool from TCGAbiolinks.

Cell Culture and Treatments

U87 and U251 human GBM cell lines (purchased from ATCC,
Georgetown, WA, USA) were cultured in phenol red and high
glucose Dulbecco’s modified Eagle’s medium (DMEM,
In vitro, Mexico City, Mexico) supplemented with 10% fetal
bovine serum (FBS), 1 mM pyruvate, 2 mM glutamine, and
0.1 mM non-essential amino acids, at 37 °C in a humidified 5%
CO, atmosphere. Both cell lines were tested for mycoplasma
contamination using the Universal Mycoplasma Detection Kit
(ATCC, Georgetown, WA, USA); all samples were negative
(Supplementary Material 1). 2 x 10° cells were plated into 6-
well plates. Twenty-four hours before treatments, the medium
was changed for phenol red-free and high glucose DMEM
(In vitro, Mexico City, Mexico), supplemented with charcoal-
stripped FBS (HyClone, PA, USA). Treatments for RT-qPCR
and Western blot were P4 (coupled to cyclodextrin, 1 nM,
10 nM, 100 nM, and 1 uM) and vehicle (V, 0.02% cyclodex-
trin) for 12 and 24 h; P4 was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

RNA Isolation and RT-qPCR

After treatments, total RNA was extracted using TRIzol LS
Reagent (Thermo Fisher Scientific, MA, USA) according to
the manufacturer’s protocol. RNA concentration and purity
were assessed through the NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, MA, USA).
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The integrity of the samples was determined with a 1.5%
agarose gel electrophoresis. Healthy human astrocyte (HA)
total RNA was obtained from ScienCell (cat: 1805,
ScienCell, CA, USA). One microgram of total RNA was re-
verse transcribed to cDNA using the M-MLV reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA) and oligo-dT;,_;g
as primers. Two microliters from the previous reaction was
subjected to qPCR using the FastStart DNA Master SYBR
Green [ reagent kit for LightCycler 1.5 (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s proto-
col. The relative abundance of PAQR6 (mPRd) and PAQR9
(mPRe) mRNA was calculated using 18S mRNA as an en-
dogenous reference. Relative expression levels were calculat-
ed by the ACt method. Three biological replicates for each
experiment were done. Primers used and the sequences of
the fragments amplified are addressed in Supplemental
Material 2.

Western Blot

After treatments, cells were detached from culture plates with
PBS-EDTA and centrifuged. Cell pellets were lysed with
RIPA buffer plus protease inhibitors (1 mM EDTA, 2 pg/ml
leupeptin, 2 pg/ml aprotinin, | mM PMSF). Total protein was
obtained by centrifugation at 14,000 rpm (4 °C for 5 min). The
concentration of each sample was determined using Pierce
660 nm Protein Assay reagent (Thermo Fisher Scientific,
MA, USA) and NanoDrop 2000 Spectrophotometer
(Thermo Scientific, MA, USA) according to the manufac-
turer’s protocol. Thirty micrograms of protein were subjected
to SDS-PAGE in a 12% acrylamide gel. Proteins were trans-
ferred to a PVDF membrane for 2 h (60 mA at semi-dry
conditions). Membranes were blocked with 5% bovine serum
albumin (BSA; In Vitro, Mexico City, Mexico) and then in-
cubated at 37 °C for 3 h with one of the following antibodies:
mPRS (cat: NBP1-59428; Novus Biologicals, CO, USA) in
dilution 1:1000 or mPRe (cat: ab185466; Abcam, USA) in
dilution 1:400. Blots were then incubated with a 1:7500 dilu-
tion of goat anti-rabbit secondary antibody conjugated to
horseradish peroxidase (cat: sc-2004 Santa Cruz
Biotechnology, TX, USA) at room temperature for 45 min.
mPR content was normalized to y-tubulin. Blots were stripped
with glycine (0.1 M, pH 2.5, 0.5% SDS) at room temperature
for 30 min, and incubated with anti-y-tubulin antibody (cat:
T3195-.2ML, Sigma-Aldrich, MO, USA) at 4 °C overnight.
Membranes were incubated with a 1:7500 dilution of goat
anti-rabbit secondary antibody as previously described.
Bands were detected exposing blots to Kodak Biomax Light
Film (Sigma-Aldrich, MO, USA) after incubation with Super
Signal West Femto Maximum Sensitivity Substrate (Thermo
Scientific, MA, USA). Densitometry of the bands was per-
formed with Imagel 1.45S software (National Institutes of

Health, WA, USA). Three independent cultures for each ex-
periment were done.

Immunofluorescence

U87 and U251 cells were fixed using 4% paraformaldehyde
solution at room temperature for 20 min, followed by three
washes in PBS. Then, for intracellular detection of the mPRs,
fixed cells were permeabilized and blocked with 1% BSA and
0.2% Triton X-100 (Sigma-Aldrich, MO, USA) in PBS at
room temperature for 30 min, while for cell membrane detec-
tion, fixed cells were just blocked with 1% BSA in PBS at
room temperature for 30 min. Next, permeabilized and non-
permeabilized cells were incubated with primary antibody
rabbit anti-mPRo (cat: NBP1-59428; Novus Biologicals,
CO, USA) or anti-mPRe (cat: ab185466; Abcam, USA) in
dilution 1:100 at 4 °C for 24 h. Cells were washed three times
in PBS and then incubated with secondary antibody goat anti-
rabbit Alexa Fluor 568 (Thermo Fisher Scientific, MA, USA)
in dilution 1:500 at room temperature for 60 min. Cells were
rinsed three times in PBS, and nuclei were stained with
1 mg/ml Hoechst 33342 solution (Thermo Fisher Scientific,
MA, USA). Finally, cells were coverslipped using fluores-
cence mounting medium (Polysciences Inc., PA, USA), and
visualized in an Olympus Bx43 microscope.
Immunofluorescence negative controls consisted of cells in-
cubated without the primary antibody.

Bioinformatic Analysis of Progesterone Response
Elements

Gene sequences were obtained from the Human Genome
Resources at NCBI (https://www.ncbi.nlm.nih.gov/genome/
gdv/browser/?context=genome&acc=GCF_000001405.38).
The promoter regions and transcription start site (TSS) were
determined through the Ensembl database [35]. Putative bind-
ing sites for PR were searched with JASPAR [36], Unipro
UGENE software v.1.26.3 [37], and TRANSFAC [38] algo-
rithms. For all analyzed genes, the binding sites predicted by
two or more databases with a matrix similarity score higher
than 0.8 or P value <0.05 were established as potential pro-
gesterone response element (PRE).

Statistical Analysis

Data from TCGA were plotted and analyzed using R version
3.5.2. To examine the relation between tumor grade and the
level of expression of each mPR, a chi-square test of indepen-
dence was performed. Experimental data were analyzed and
plotted using the GraphPad Prism 5.0 software (GraphPad
Software, CA, USA). Statistical analysis between groups
was performed using a one-way ANOVA with a Tukey post-
test. A P value < 0.05 was considered statistically significant.
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Results

mPR& and mPRe Expression in GBM Is Dependent
of Tumor Grade and Correlates to Clinical Outcome

Expression data from TCGA were analyzed in order to find
out the mPRs that are differentially expressed in GBM with
respect to healthy tissue. In total, expression profiles from 5
normal tissues and 155 GBM were compared. Differential
expression analysis shows that mPRf3, mPRd, and mPRe are
downregulated in GBM (Fig. 1a). As mPRf3 expression and
hormonal regulation in GBM have been previously described
[31], we decided to focus on mPR& and mPRe. In order to find
out if their expression is dependent on the astrocytoma grade,
data from 55 grade II, 112 grade III, 155 grade IV tumors
(GBMs), and 5 normal tissue samples were stratified by quar-
tiles according to the expression level of mPR and mPRe,
where quartile 1 has the samples with the lowest levels of
expression and quartile 4 the highest (Fig. 1b). A chi-square
test of independence was performed to examine the relation
between the quartile the samples belong to and the tumor’s

grade. We found that mPR& expression is negatively correlat-
ed to the tumor grade X2 (9, N=327)=86.454, P value <
0.0001, while mPRe expression is independent of the tumor
grade, X2 (9, N=327)=17.388, P value =0.043.

To further analyze the possible clinical outcome of mPRs
expression, samples were classified into low (first quartile),
medium (second and third), and high (fourth quartile). Low
expression of mPR& was correlated to poor prognosis,
while the opposite is observed regarding mPRe, where pa-
tients with low expression live longer than those with
higher levels (Fig. 1¢). Since gender bias in GBM incidence
is well known and expression levels of mPR& and mPRe are
relevant to patient clinical outcomes, samples were strati-
fied by gender in order to test for differences in survival
time. No differences were detected for mPR& since both
females and males have a better prognosis if they have a
high expression of this gene (Fig. 2a, Supplementary
Material 3); on the contrary, males with high levels of
mPRe have a significantly lower survival time after diag-
nosis, while women’s prognosis is independent of mPRe
expression. (Fig. 2b, Supplementary Material 3).
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Fig. 1 mPRs expression in human astrocytoma primary tumor biopsies.
RNA-Seq data from 322 astrocytoma primary tumors (55 grade II, 112
grade 111, 155 grade IV, or GBM) and 5 normal tissues were obtained from
TCGA repository. a Log2 fold change of mPRs in GBM compared with
normal tissue, significant changes (P <0.05) are denoted in red. b
Samples were stratified in quartiles according to expression of mPR or

@ Springer

Time since diagnosis (days)

mPRe expression =+ high (n =77) =+ low (n =77) =+ medium (n = 152)

mPRe and plotted by tumor grade, and a chi-square test of independence
was performed in order to evaluate the correlation between the quartile
the samples belong to and the tumor grade. ¢ Survival plots of patients
with low (first quartile, blue), medium (second and third, black), and Aigh
(fourth quartile, red) expression of mPR& or mPRe
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Fig. 2 Differences in survival by patients’ gender. Samples from TCGA
repository were classified into high and low levels of a mPR& or b mPRe
expression and stratified by gender in order to test for differences in

mPR& and mPRe Are Expressed in Human GBM Cells
Under Basal Conditions

In order to confirm the observations made, basal expres-
sion levels of mPR6 (PAQR6) and mPRe (PAQRY9) were
analyzed by RT-qPCR and Western blot in human GBM
cell lines and compared with those in healthy human astro-
cytes (HA). Interestingly, mPR$ expression was lower in
U251 and U87 cells as compared with that in HA. In
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4 ==
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g’- 2 % mPRS
X 1 (|
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0.00

HA 87 U251

Cell line

Fig. 3 mPRs mRNA and protein expression in human astrocytoma cell
lines. a RNA extraction followed by RT-qPCR was carried out in U87 and
U251 cells cultured under basal conditions. mPRs relative expression
(normalized to 18S ribosomal RNA by ACt method) is shown. Healthy
human astrocytes total RNA (HA) was used as normal tissue control. b

Time since diagnosis (years)

survival time. P values were obtained by a log-rank test performed with
the TCGADiolinks package for R version 3.5.2

contrast, mPRe expression was higher in both GBM cell
lines with respect to that in HA. Furthermore, mPRd levels
were 100 times higher than those of mPRe in both cell
lines (Fig. 3a). It is important to address that this is the first
time that the expression of mPR6 and mPRe is demonstrat-
ed in human GBM cells. Western blot experiments showed
a band of around 35 kDa for both receptor subtypes (Fig.
3b) in U87 and U251 cells. Both proteins had similar ex-
pression patterns in U887 and U251 cells; no significant

mPR$ mPRe

b)
~35kDa
J

us7 U251 us7 U251
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51.04
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§%0.]
akE
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Cell line

U251 and U87 cells were lysed, and mPRs were evaluated by Western
blot. Densitometry of each band was plotted. Three independent cultures
for each experiment were done. Results are expressed as the mean +
S.EMM. (%) P value <0.001 vs all groups. (#) P value <0.001 vs U87
and HA, (%) P value <0.001 vs U251 and HA
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differences were found between the mPR& and mPRe pro-
tein content (Fig. 3b).

Intracellular and cell membrane localization of mPRo and
mPRe was also analyzed by immunofluorescence in GBM
permeabilized and non-permeabilized cells (Fig. 4). For both
receptors, U87 and U251 permeabilized cells showed positive

Fig. 4 Cellular localization of
mPRS and mPRe in GBM cells.
Intracellular and cell membrane
localization of mPR& and mPRe
was detected in U87 and U251
cells by immunofluorescence.
Nuclei (blue), mPR positive stain
(red), and merge are shown in
permeabilized and non-
permeabilized cells. All images
were captured with a x 600
amplification
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staining distributed in the cytoplasm and the nucleus, while in
non-permeabilized cells, positive staining resulted in punctu-
ated marks distributed across the plasmatic membrane.
Permeabilized and non-permeabilized GBM cells incubated
without primary antibody were used as negative controls
(Supplementary Material 4).

Hoechst mPR3 Merge

Hoechst mPRe Merge

Permeab
cells
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P4 Regulation of mPRX and mPRe in U87 Cells

As previously described by Valadez-Cosmes et al. [30], mPRs
expression can be regulated by sex hormones such as P4. In
order to predict a possible regulation of mPR$ and mPRe by
this hormone, an in silico analysis was performed to find pu-
tative PRE. Promoter sequences of PAQR6 (mPRS) and
PAQRY9 (mPRe) genes were obtained from ENSEMBL (core
promoter region, as indicated in the database) and analyzed
with several bioinformatic tools (JASPAR, TRANSFAC,
UGENE). Only PRE predicted by two or more algorithms
(identity score >0.8 or P value <0.05) were considered as
positive hits. In both promoters, potential PRE were found;
according to the analysis, PAQRG6 has three possible PR bind-
ing sites, whereas PAQRY presents only one (Fig. 5).
RT-qPCR assays were performed in order to evaluate the
P4 regulation of mPR& and mPRe expression in U87 cells.
Cells were treated with P4 at different concentrations (1 nM,
10nM, 100 nM, and 1 pM) or vehicle (V, 0.02% cyclodextrin)
for 12 or 24 h. mPR& mRNA levels were reduced by P4
100 nM and 1 puM after 12 h of treatment as compared with
V; this inhibition was maintained after 24 h of treatment only
by P4 100 nM (Fig. 6). mPRe expression was inhibited by P4
10 nM, 100 nM, and 1 uM after 12 h of treatment. At 24 h, all
the concentrations of P4 inhibited mPRe expression (Fig. 6).
Western blot analysis in U87 cells showed that P4 (1nM
and 100 nM) decreased mPRb content after 12 h of treatment

PAQRS6 promoter (MPRS)

compared with V; however, only P4 (1 uM) significantly de-
creased mPRd content after 24 h. No significant changes in
mPRe protein content were observed after 12 h with any of the
P4 concentrations; however, after 24 h, P4 1 nM, 100 nM, and
1 uM decreased mPRe content as compared with the V

(Fig. 7).

Discussion

GBMs are the most aggressive primary tumors of the CNS
due to their poor prognosis. Recent studies have suggested
that P4 and its receptors are relevant for GBM progression
[26-29]. 1t has been demonstrated that P4 enhances the infil-
tration of GBM cells from the tumor area into healthy tissue in
the cerebral cortex [29, 30] and that increases proliferation,
migration, and invasion of human GBM cell lines [26-28].
However, the use of the pharmacological antagonist of the PR
mifepristone (RU486), only partially blocks P4 effects on
GBM cells [27, 28, 30], suggesting the participation of other
mechanisms triggered by P4 in these cells such as those acti-
vated by mPRs.

In particular, our group has focused on mPRs, which are a
group of G protein—coupled receptors associated with rapid
cell signaling changes induced by P4. There are five mPRs
subtypes described in humans: mPRo, mPR 3, mPRy, mPRS,
and mPRe [12, 15, 17]. By analyzing the data from the
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Fig. 5 In silico analysis of promoter sequences of PAQR6 (mPR&) and
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Fig. 6 P4 effects on mPR& and

mPRe expression. U87 GBM 1.5
cells were treated with P4 at
different concentrations (1 nM,
10 nM, 100 nM, and 1 uM) or V
(0.02% cyclodextrin) for 12 or
24 h. PAQR6 and PAQR9 mRNA
levels were quantified by RT-
qPCR. Three independent

1.01

0.5

Relative expression

experiments were performed for 0.0
each sample. mPRs relative
expression (normalized to 18S
ribosomal RNA by ACt method)
is shown. Results are expressed as
the mean + S.E.M. (*) P value <
0.05vsV, (#) Pvalue<0.05vs V
and P4 1 nM, (%) P value <0.05
vs 'V, P4 1 nM and P4 10 nM, (&)
P value <0.05 vs P4 100 nM
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TCGA, it was observed that mPRf3, mPR9Y, and mPRe are
downregulated in GBM with respect to healthy tissue, which
suggests that these receptors are relevant to tumor progression.
Previous studies from our group have demonstrated that
human-derived GBM cell lines U87 and U251 express
mPR«&, mPR{3, and mPRy [31] and that mPRx activation
increases cell proliferation and invasion by Akt and Src phos-
phorylation [32]. However, no research was conducted before
on mPRo and mPRe subtypes in GBM.

It was found that mPR& and mPR e expression is dependent
on the tumor grade. There is evidence that mPRS mRNA is
upregulated in prostate cancer cells and this correlates with
lower survival rates, suggesting that mPR& expression in pros-
tate cancer should be considered as a predictor of malignancy
[39]. However, in this study, it was shown that patients with
high expression of mPRo have a better prognosis than those
with lower levels regardless of gender. On the contrary, high
levels of mPRe are associated with poor prognosis, and this
effect depends on the patients’ gender, which suggests a pos-
sible hormone regulation.

By using RT-qPCR and Western blot approaches, we
detected the expression of both receptors at mRNA and
protein levels in U87 and U251 cell lines with predominant
expression of the PAQR6 mRNA in both cell lines (100
times greater) as seen by RT-qPCR. This differential ex-
pression had been previously described by Pang et al. in
several regions of the human brain such as the forebrain,
corpus callosum, hypothalamus, and spinal cord [14]. It is
also important to denote that this is the first time that the
expression of these receptors is described in GBM cell
lines. Expression levels of both receptors were compared
in GBM cell lines and normal tissue. mPR& expression was
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lower in U251 and U87 cells compared with HA. However,
mPRe expression was higher in both GBM cell lines with
respect to HA, which suggests that these receptors have a
different role in GBM biology. Analysis of TCGA data of
the low-grade glioma and GBM projects confirmed that
mPRe expression is lower than that of mPR$ in both as-
trocytoma and normal tissue, and that the expression of
both receptors is correlated to the tumor grade. However,
Western blot assays revealed no significant differences in
the expression of both receptors. It is essential to mention
that mPR& and mPRe signals detected in Western blot un-
der basal conditions appeared as a single band in the ex-
pected molecular weight (~35 kDa); interestingly, the
Western blot for the P4 treatments shows a double band
which has already been observed for the mPRf3 in glioma
spheroids by Hiavaty et al. [40].

Meanwhile, by immunofluorescence, we detected in non-
permeabilized U87 and U251 cells positive marks of mPRo
and mPRe in the cell membrane of both cell lines. As reported
before, mPR& is mainly detected in membrane preparations,
and it is associated with Gs «-subunits [14]. Remarkably, we
also detected positive marks of both mPRs expression in cy-
toplasm and nucleus which is not unexpected since mPRoc and
mPRf} intracellular localization has been reported in GBM
cells due to the synthesis, transport to membrane, or degrada-
tion pathways that occur in membrane receptors [31].

P4 downregulates mPRS and mPRe in U87 GBM cells
after 12 h of exposure; furthermore, we observed by an in
silico analysis that mPR and mPRe gene promoter regions
contain PRE sequences, which explains their regulation by P4.
One of the molecular functions of P4 in its target cells is to
regulate the expression of its own receptors; previously we
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Fig. 7 P4 effects on mPRS and mPRe protein content in U87 human
GBM cells. Cells were treated with P4 (1 nM, 10 nM, 100 nM, and
1 uM) or V (0.02% cyclodextrin) during 12 or 24 h. Cells were lysed,
and proteins (30 pg) were separated by electrophoresis on 12% SDS-

have reported that P4 downregulates the expression of the PR
and the mPR«, whereas it upregulates the expression of the
mPRf3 in human GBM cells [31, 41]. Gonzalez-Orozco et al.
demonstrated that the activation of mPRo« in U87 and U251
cells by the specific mPR agonist Org OD 02-0 increases cell
proliferation, migration, and invasion [32].

Respecting the mechanisms of action of mPR& and mPRe,
it has been shown that these receptors mediate the neuropro-
tective effects of P4 and its metabolite allopregnanolone in
neurons of the hippocampus in a model of starvation, by in-
creasing the intracellular levels of cAMP, indicating that both
membrane receptors are coupled to stimulatory G proteins.
Interestingly, in that study, it was also observed that recombi-
nant human mPR& and mPRe expression in transfected MDA -
MB-231 breast cancer cells diminished starvation-induced ap-
optosis [14].

Both mPRo and mPRe have high affinity for P4 (Kd ~
3 nM) [14], and it has been shown that allopregnanolone
increases proliferation of GBM cells, which suggests that
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PAGE gel, transferred to a PVDF membrane, and incubated with an
antibody against mPRS or mPRe. Each experiment was performed three
times. Results are expressed as the mean + S.E.M. *P value <0.05 vs V;
**P value <0.01 vs V

this metabolite should exert its effects by mPRd binding,
since it has been reported that allopregnanolone has a
higher affinity for this receptor subtype compared with
PR [42]. These data suggest that P4 and allopregnanolone
should induce rapid P4 signaling in GBM cells through the
activation of mPR& or mPRe.

Conclusion

mPR& and mPRe are relevant to GBM biology. An anal-
ysis of TCGA data revealed that mPR& expression is di-
rectly correlated to patients’ survival, while the opposite is
observed for mPRe. We also demonstrated that human
GBM cell lines U87 and U251 express the mPR6 and
mPRe subtypes, showing that mPR& exhibits high content
and membrane localization. Moreover, in the U87 cell
line, both mPRs are downregulated by P4.
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Abstract: Oligodendrocytes are the myelinating cells of the central nervous system (CNS).
These cells arise during the embryonic development by the specification of the neural stem cells
to oligodendroglial progenitor cells (OPC); newly formed OPC proliferate, migrate, differentiate,
and mature to myelinating oligodendrocytes in the perinatal period. It is known that progesterone
promotes the proliferation and differentiation of OPC in early postnatal life through the activation
of the intracellular progesterone receptor (PR). Progesterone supports nerve myelination after spinal
cord injury in adults. However, the role of progesterone in embryonic OPC differentiation as well
as the specific PR isoform involved in progesterone actions in these cells is unknown. By using
primary cultures obtained from the embryonic mouse spinal cord, we showed that embryonic OPC
expresses both PR-A and PR-B isoforms. We found that progesterone increases the proliferation,
differentiation, and myelination potential of embryonic OPC through its PR by upregulating the
expression of oligodendroglial genes such as neuron/glia antigen 2 (NG2), sex determining region
Y-box9 (SOX9), myelin basic protein (MBP), 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNP1),
and NK6 homeobox 1 (NKX 6.1). These effects are likely mediated by PR-B, as they are blocked
by the silencing of this isoform. The results suggest that progesterone contributes to the process of
oligodendrogenesis during prenatal life through specific activation of PR-B.

Keywords: oligodendrocyte progenitor cells; oligodendrogenesis; myelination; progesterone;
progesterone receptor

1. Introduction

Central nervous system (CNS) myelination is a process that begins in late stages of mammalian
prenatal life and extends to adulthood [1,2]; however, the oligodendrocytes responsible of this process
arise earlier in embryonic neurodevelopment by the specification of neural stem cells (NSC) into
oligodendroglial progenitor cells (OPC) after the neurogenic phase [3], which occurs approximately on
day 12.5 of the mouse embryonic development and between gestational weeks 16-18 in the human [4,5].

The first site of OPC specification during mammalian neurodevelopment has been identified
in the ventral region of the neural tube, in the prospective cervical portion of the spinal cord [4,6,7].
In this region, after the first wave of generation of the motoneurons of the spinal cord, the morphogen
sonic hedgehog (Shh) promotes the induction of the NSC into OPC by upregulating the expression of a
transcriptional program associated to the oligodendroglial lineage [6,8]; among the upregulated genes
in this early specification stage are the transcription factors sex determining region Y-box9/10 (50x9/10),
oligodendrocyte transcription factor 1/2 (Olig1/2), NK6 homeobox 1/2 (Nkx 6.1/6.2) and the receptor «
for the platelet-derived growth factor (PDGFRa) [8-10]. Then, newly specified OPC actively proliferate
and migrate to establish a homogenous distribution [4,7,11].
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The proliferation and migratory phenotype of early OPC is maintained by the platelet-derived
growth factor (PDGF) and the fibroblast growth factor 2 (FGF2) [7,12], whereas mitotic arrest
and subsequent oligodendrocyte differentiation is promoted by several elements such as thyroid
hormones [13,14], the ciliary neurotrophic factor (CNTF), the extracellular matrix component
laminin o2 (merosin), and the presence of neuronal activity [15-17]; final maturation to myelinating
oligodendrocytes is induced by the upregulation of promyelinating genes such as the myelin basic
protein (MBP), myelin proteolipid protein (PLP), and 2’,3’-cyclic-nucleotide 3’-phosphodiesterase
(CNP1) [17,18].

Along with these elements, some studies have shown that progesterone also has a role in
developmental oligodendrogenesis and the myelination process [19]; in fact, because the main
role of this hormone lies in the maintenance of pregnancy, progesterone is constitutively present
in the maternal and embryo-fetal circulation throughout development [20], and continues to be
synthesized in the CNS of both females and males after birth [21]. In the adult, it regulates different
functions such as neuroprotection, neurogenesis, neuronal plasticity, sexual behavior, mood, learning,
and memory [22,23].

Progesterone exerts its effects mainly through two pathways: a directly genomic pathway and
a non-genomic pathway. Through the genomic pathway, it interacts with its intracellular receptor
(PR), a transcription factor that, once activated, binds to specific DNA sequences named progesterone
response elements (PRE) that are mainly located in gene promoter regions, thus regulating their
expression [24,25]. Meanwhile, the non-genomic pathway is related to rapid cellular responses triggered
by the activation of different G protein-coupled membrane receptors to progesterone (mPRs) or PR
ligand-independent activation [26,27].

There are two PR isoforms, PR-A and PR-B, which are encoded in the same gene but from different
transcription start sites [28], which makes the PR-A isoform an N-terminally truncated form of the
complete PR-B isoform [29,30]. In the brain and the spinal cord, they present a different expression
pattern, regulation, and function [31-35]. Generally, given that the PR-B is a more potent transcription
activator than the PR-A, the former is the positive regulator of the genomic effects of progesterone,
whereas PR-A is mainly a transcriptional repressor [36-38].

The effects of progesterone on developmental oligodendrogenesis and myelination have been
documented in cerebellar organotypic cultures obtained from postnatal rats and mice. It was demonstrated
that the addition of progesterone to the culture medium immediately increases OPC proliferation,
and after 1 week it increases the number of differentiated oligodendrocytes and its potential of
nerve myelination, as seen by an increasing in MBP expression, effects that were found to be
mediated by a genomic mechanism of action because the use of the PR antagonist mifepristone
blocked them [39,40]. In addition, it was reported that OPC from the brain of newborn rats actively
synthetizes and metabolizes progesterone during its proliferative phase prior to its differentiation
into oligodendrocytes, suggesting that autocrine and paracrine actions of progesterone contribute to
oligodendrocyte development and nerve myelination [41].

Moreover, progesterone also has effects on CNS remyelination in adulthood because it increases
the number of differentiated oligodendrocytes and upregulates the expression of genes involved in
myelin repair in adult rats with spinal cord injury. Therefore, progesterone has been proposed to treat
demyelinating lesions [42,43].

Despite these studies, it is unknown if progesterone also promotes differentiation of OPC during
embryonic life, as well as the specific PR isoform involved in progesterone actions in these glial cells,
which is relevant to understand the mechanisms underlying the developmental oligodendrogenesis and
thus elaborate therapeutic strategies to treat demyelinating lesions in postnatal life. In this work, we studied
the effects of progesterone and the role of PR in the proliferation, differentiation, and myelination potential
of OPC, as well the effects of progesterone on the regulation of genes associated with developmental
oligodendrogenesis by using isolated OPC from the embryonic mouse spinal cord. Finally, we studied
the specific role of PR-B in the embryonic OPC.

121



Cells 2020, 9, 960 30f18

2. Materials and Methods

2.1. Animals

Female CD-1 mice with 14.5 days of pregnancy were used in this study. For this purpose,
female mice purchased from the animal facility of Instituto de Investigaciones Biomédicas
(UNAM, México) were mated with expert male mice for 12 h, and then maintained in individual cages
with free access to food and water until the day of use. Day 0 of pregnancy was defined as the day on
which the vaginal plug was observed. Animals were euthanized by cervical dislocation and embryos
were extracted and transferred to a cold sterile phosphate-buffered saline (PBS) solution. All animals
used in this study were handled following the bioethical guidelines approved by the internal committee
for the care and use of laboratory animals (CICUAL) of Facultad de Quimica (UNAM, México).

2.2. OPC Culture

The cervical segments of the spinal cord of E14.5 mouse embryos were dissected and disaggregated
in 0.1% trypsin (ThermoFisher Scientific, Waltham, MA, USA) during 20 min at 37 °C. Cellular suspension
was centrifuged at 1000x g for 3 min and then resuspended in DMEM/F-12 (Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12) with HEPES buffer, no phenol red culture medium
(ThermoFisher Scientific) supplemented with B-27 (ThermoFisher Scientific). Then, 10 pL per 1 mL
of disaggregated cells were mixed with 10 uL of trypan blue (ThermoFisher Scientific) and manually
counted on a hemocytometer. Approximately 5 x 10° cells were plated per well in 12-well plates, with the
addition of FGF2 (20 ng/mL) and the epidermal growth factor (EGF; 20 ng/mL) (Peprotech, Rocky Hill,
NJ, USA), which were added every 2 days. After 1 week, the formation of cell spheroid aggregates
(neurospheres) was observed. Then, neurospheres were disaggregated with 0.025% trypsin during 10 min
at 37 °C; cells were counted as described before and 1.5 x 10° cells were plated under the same conditions;
however, from the second day on culture, the growth factor PDGF (10 ng/mL) (Peprotech) was added
in replacement of EGE. OPC selective expansion was obtained by platting 8 x 10* cells (derived from
the disintegration of second passage neurospheres) per well in 12-well plates pretreated with 0.01%
poly-L-lysine (Merck, Kenilworth, NJ, USA) with the addition of the growth factors FGF2 (10 ng/mL) and
PDGEF (10 ng/mL). Approximately 1 week later, cell confluence was observed; then, OPC were detached
with 0.025% trypsin during 10 min at 37 °C and subcultured under the same conditions for approximately
1 week. Cells from the 3rd to 10th passage were used to perform the experiments. To perform the
cell proliferation and differentiation experiments, the following pharmacological agents were used:
triiodo-L-thyronine (T3; Sigma-Aldrich, St. Louis, MO, USA), progesterone (P4; Sigma-Aldrich),
RU486 (mifepristone; Sigma-Aldrich), R5020 (promegestone; PerkinElmer Inc., Waltham, MA, USA),
and Org OD 02-0 (10-ethenyl-19-norprogesterone; Sigma-Aldrich).

2.3. Immunofluorescence

Cells were fixed using 4% paraformaldehyde solution (Sigma-Aldrich) at room temperature
for 20 min followed by three washes in PBS. Then, cells were permeabilized and blocked in a PBS
solution with 1% bovine serum albumin (BSA; In Vitro, MEX), 1% glycine (Sigma-Aldrich), and 0.2%
Triton X-100 (Sigma-Aldrich) at room temperature for 30 min. Cells were incubated at 4 °C for
12 h with primary antibodies at the following dilutions: 1:500 mouse anti- sex determining region
Y-box2 (Sox2) (Santa Cruz, Dallas, TX, USA; sc-365964), 1:200 mouse anti-neuron/glia antigen 2
(NG2) (Millipore, Burlington, MA, USA; mab5384), 1:300 mouse anti-oligodendrocyte marker O4
(Millipore; mab345), 1:500 mouse anti-myelin basic protein (MBP) (Millipore; 05-675), 1:100 rabbit
anti-microtubule-associated protein 2 (MAP2) (Invitrogen, Waltham, MA, USA; pa5-17646), 1:200 rabbit
anti-Ki67 antigen (Millipore; ab9260), and 1:500 rabbit anti-glial fibrillary acidic protein (GFAP)
(Abcam, Cambridge, UK; ab7260). Cells were rinsed three times in PBS and then incubated with
secondary antibodies goat anti-mouse Alexa Fluor 488 or goat anti-rabbit Alexa Fluor 568, both at
dilution 1:500 (ThermoFisher Scientific) at room temperature for 60 min. Nuclei were stained for 5 min
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with 1 mg/mL Hoechst 33,342 solution (ThermoFisher Scientific). Finally, cells were coverslipped
with fluorescence mounting medium (Polysciences Inc., Warrington, PA, USA) and visualized in
an Olympus Bx43 microscope (JPN). All immunofluorescence images were captured with a 400X
magnification from three random fields per coverslip in each independent experiment. All images
were captured under the same gain, exposure time and light intensity conditions. The percentage of
immunopositive cells was calculated considering the nuclei stained with Hoechst as the total (100%)
number of cells using the “Cell counter” plugin in the Image] software ver. 1.51 (NIH, Bethesda, MD,
USA). Fluorescence density was measured as “Integrated density” from the Analyze menu of Image],
whereas oligodendrocyte branching was measured as “Area” from the same menu options.

2.4. RNA Isolation and PCR Experiments

Total RNA was extracted using TRIzol LS reagent (ThermoFisher Scientific) following the
manufacturer’s instructions. One microgram of total RNA was used to synthesize the first strand
of complementary DNA using the Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase
(TermoFisher Scientific) following the manufacturer’s protocol. Two microliters from the previous
reaction was used to perform RT-PCR or RT-qPCR experiments using the Platinum Taq DNA Polymerase
(ThermokFisher Scientific) and the FastStart DNA Master SYBR Green I reagent kit (Roche, Basel, Switzerland),
respectively. RT-PCR results were visualized in a 1.5% agarose (Sigma-Aldrich) gel electrophoresis.
RT-qPCR experiments were performed on a LightCycler 1.5 (Roche) and relative expression levels were
calculated by the ACt method. The used primers were: NG2: FW 5-GCCCGTGCCCTCAGC-3’
RV 5-CAAGTCTGACCTGGAGGCAT-3’; PDGFRa: FW 5-GGAAGAGGATGACTCTGCCAT-3’
RV 5-CGAAGCCTTTCTCGTGGACA-3’; OLIGl: FW 5-GCAGCCACCTATCTCCTCAT-3’
RV 5'-GTGGCAATCTTGGAGAGCTT-3’; SOX9: FW 5-GAGCTGGAAGTCGGAGAGC-3' RV
5-CTCTCGTTCAGCAGCCTCCA-3’; SOX10: FW 5-AGCCCAGGTGAAGACAGAGA-3’ RV
5-AGTCAAACTGGGGTCGTGAG-3’; MBP: FW 5-TCACAGAAGAGACCCTCACA-3' RV
5-GCCGTAGTGGGTAGTTCTTG-3’; CNP1: FW 5-TCCACGAGTGCAAGACGCTATTCA-3" RV
5-TGTAAGCATCAGCGGACACCATCT-3’; NKX 6.1: FW 5-CTTCTGGCCCGGAGTGATG-3’
RV 5-GGGTCTGGTGTGTTTTCTCTTC-3’; NKX 6.2: FW 5-CTTCTGGCCCGGAGTGATG-3’
RV 5-CGGTTGTATTCGTCATCGTC-3’; PR-B: FW 5-ACCTGAGGCCAGATTCAGAAG-3’ RV
5’-GTATCCCCCACATGCACGTAT-3’ and 18S ribosomal RNA: FW 5'-AGTGAAACTGCAATGGCTC-3’
RV 5'-CTGACCGGGTTGGTTTTGAT-3'.

2.5. Analysis of Potential Progesterone Response Elements

The promoter sequences and transcription start sites were obtained from the Eukaryotic Promoter
Database (EPD) (https://epd.epfl.ch//index.php); potential binding sites for PR were searched using the
algorithms contained in JASPAR [44], TRANSFAC [45], and NUBIscan [46] databases. The binding
sites predicted by two or more databases with a matrix similarity score higher than 0.8 were established
as potential PRE.

2.6. Western Blot

OPC were detached from culture plates using PBS-EDTA (ethylenediaminetetraacetic acid;
Sigma-Aldrich) and cell scraper (Corning, New York, NY, USA). Cells were centrifuged and obtained
pellets were lysed with radioimmunoprecipitation assay (RIPA) buffer and protease inhibitors
(1 mM EDTA, 2 ug/mL leupeptin, 2 ug/mL aprotinin, 1 mM phenylmethanesulfonyl fluoride (PMSEF);
Sigma-Aldrich). Total protein was extracted by centrifugation at 20,817x g at 4 °C for 15 min.
The protein concentration of each sample was measured using the Pierce 660 nm Protein Assay reagent
(ThermoFisher Scientific) and NanoDrop-2000 Spectrophotometer (ThermoFisher Scientific). A total
of 100 g of total protein was separated on 10% SDS-PAGE at 80 V for 2 h and then transferred to a
polyvinylidene fluoride (PVDF) membrane (Merck) for 1 h at 25 V in semi-dry conditions at room
temperature. Membranes were blocked overnight with 5% BSA (In Vitro) and then incubated at 4 °C
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with primary antibodies mouse anti-PR in dilution 1:300 (Abcam; ab58568) or rabbit anti-« tubulin in
dilution 1:1000 (Santa Cruz; sc-5286) for 48 h. Blots were incubated with goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (HRP) in dilution 1:4500 (Santa Cruz; sc-2004) or mouse
IgG kappa binding protein (mIgGk BP) conjugated to HRP in dilution 1:5000 (Santa Cruz; sc516102) at
room temperature for 45 min. Immunoreactive species were detected by chemiluminescence exposing
blots to Kodak Biomax Light Film (Sigma-Aldrich) after incubation with Super Signal West Femto
Maximum Sensitivity Substrate reagent (ThermoFisher Scientific). Blot images were captured with
a digital camera (Sony, Tokyo, Japan); the densitometric analysis was performed using the Image]
software ver. 1.51 (NIH).

2.7. siRNA-Mediated PR-B Silencing

Cultured OPC at 60-80% confluence were subjected to siRNA (small interfering RNA) transfection.
The day of transfection, the cell medium was replaced with DMEM/F-12, HEPES phenol-red free
without B27, antibiotics, and growth factors. Then, the cells were transfected with a PR-B siRNA duplex
(150 nM) or with a control siRNA (150 nM) without any specific nRNA target sequence (Sigma-Aldrich)
using the reagent Lipofectamine RNAiIMAX (ThermoFisher Scientific) and following the manufacturer’s
instructions. Then, 24 h later, the transfection medium was exchanged with DMEM/F-12 and HEPES
phenol-red free supplemented with B27 and growth factors. PR-B silencing was corroborated 48 h
after transfection by RT-qPCR. The sequence of the employed mouse PR-B siRNA duplex was sense
5-AUGACUGAGCUGCAGGCAA-3, antisense 5'-UUGCCUGCAGCUCAGUCAU-3'.

2.8. Statistical Analysis

All data were analyzed and plotted with the GraphPad Prism 5.0 software (GraphPad, San Diego,
CA, USA). Plotted data are representative of three independent experiments (i.e., from three different and
independent cell cultures). Statistical analysis between comparable groups was performed using a one-way
ANOVA with a Bonferroni post-test. RT-qPCR, Western blot, and siRNA silencing data were analyzed
with a two-tail unpaired Student’s t-test. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Oligodendrocyte Progenitor Cultures Derived from the Mouse Embryonic Spinal Cord

The cervical segments of the spinal cord of E14.5 mouse embryos (Figure S1A) were isolated
to prepare primary neurosphere cultures (Figure 1A), as previously described [47]. The obtained
neurospheres were mainly composed of cells positive for the stem cells marker Sox2 (Figure S1B,C).
Then, OPC were selectively expanded by disaggregation of the neurospheres and plating the cells in
adherent conditions supplemented with the growth factors FGF2 and PDGF (each one at 10 ng/mL);
the effectiveness of obtaining cells from the oligodendroglial lineage by following this procedure
has been previously demonstrated [48,49]. Highly proliferative cells with bipolar morphology were
observed shortly after plating (Figure 1B and Figure S1D), which is the morphology associated with
the OPC phenotype [49]. To confirm the oligodendroglial lineage, cells were immunostained with the
typical OPC marker NG2 (Figure 1C); as shown, most of the cells were NG2 positive, and the signal
was mainly detected in their nuclei and processes. Furthermore, the expression of oligodendroglial
lineage genes was detected in OPC by RT-PCR experiments (Figure 1D). To determine whether the
cultured OPC responded to well-known differentiation stimuli, cells were cultured without growth
factors and treated for 3 days with the thyroid hormone T3 (40 ng/mL). After treatment, morphological
changes were observed; additionally, the cells were immunostained positively for O4, a typical marker
of differentiated oligodendrocytes. Some MBP (myelin marker)-positive cells were spotted (Figure 1E).
Additionally, immunofluorescence to detect MAP2- or GFAP-positive cells after culturing the cells
for 3 days without growth factors showed the presence of a low number of neurons or astrocytes,
respectively (Figure S1E). With these results, the efficacy to obtain a large amount of highly pure
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functional OPC from the spinal cord of E14.5 mouse embryos was demonstrated by following the
described procedure.

A)

Figure 1. Oligodendroglial progenitor cells (OPC) cultures derived from the spinal cord of E14.5
mouse embryos. (A) Primary neurosphere cultures generated from the mouse embryonic spinal cord.
(B) Selective OPC expansion from the neurospheres. The arrows in the zoomed area shows the bipolar
processes. Scale bars: 100 um. (C) Immunodetection of the typical OPC marker NG2 in the cultured cells.
Nuclei stained with Hoechst are shown in blue, anti-NG2 primary antibody is shown in green, and merge
panel shows the combination of blue and green colors. (D) The expression of the oligodendrogial genes
NG2 (143 bp), PDGFRa (524 bp), OLIG1 (309 bp), SOX9 (820 bp), and SOX10 (146 bp) was detected in
the cultured cells by RT-PCR. (E) The OPC were cultured without growth factors and treated for 3 days
with T3 hormone (40 ng/mL); differentiation was evaluated by immunodetection of the oligodendrocyte
marker O4 and the myelin marker myelin basic protein (MBP). All immunofluorescence images were
captured with 400X magnification.
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3.2. Progesterone Promotes the Proliferation and Differentiation of Mouse Embryonic OPC and Increases Its
Potential of Myelination through the PR

Once the protocol for obtaining OPC from the mouse embryonic cord was established, the effects of
progesterone on cell proliferation were evaluated. For this purpose, OPC were cultured with the addition
of growth factors (FGF2 and PDGEF at 10 ng/mL each one) and treated for 3 days with progesterone
(10 nM), the competitive PR antagonist RU486 (1 uM), or progesterone and RU486. As shown in
Figure 2, progesterone increased the percentage of Ki67/NG2-positive cells as compared with the
vehicle control, whereas the treatment with only RU486 did not induce any change. RU486 blocked
progesterone effect, suggesting that progesterone promotes OPC proliferation through its PR. To further
confirm this statement, cell proliferation was assessed treating the OPC with the PR agonist R5020
(10 nM), or with the mPRs-specific agonist Org OD 02-0 (100 nM). As observed with progesterone,
the agonist R5020 increased the number of proliferating Ki67/NG2 cells, whereas the mPRs agonist did
not increase it (Figure 52).

Progesterone also promoted the differentiation of OPC that were cultured without growth
factors and treated for 3 days, as seen by a striking increase in the number of O4-positive cells
in immunofluorescence preparations (Figure 3A,B). With this approach, it was also observed
that progesterone significantly increased the branching area of the differentiated oligodendrocytes
(Figure 3C), and all these effects were mediated by the PR because the treatments with RU486 blocked
them (Figure 3). Moreover, R5020 induced similar results as compared with progesterone, whereas Org
OD 02-0 did not induce any effect (Figure S3).

Regarding the potential of myelination, progesterone increased the expression of the myelin
marker MBP in the differentiated OPC, and RU486 blocked this effect (Figure 4). Moreover, the PR
agonist R5020 exerted similar effects to those of progesterone. In contrast, Org OD 02-0 did not produce
any significant change in MBP expression (Figure 54). These results suggest that progesterone through
a genomic mechanism of action regulates the proliferation and differentiation of mouse embryonic
OPC, also increasing their myelinating function.

3.3. Progesterone Upregulates the Expression of Oligodendroglial Genes

Considering that progesterone promoted the proliferation and differentiation of the cultured
OPC through the specific activation of the PR (i.e., by a genomic mechanism of action), the effects
of progesterone on the regulation of the expression of various genes associated with the embryonic
oligodendrogenesis were studied. After 24 h of exposure, progesterone upregulated the expression
of the transcription factor Nkx 6.1, as well as the expression of the myelin marker Cnp1 in the OPC,
whereas after 48 h, the upregulated genes by progesterone were NG2; the transcription factor Sox9;
and, as expected, the myelin marker MBP. Although it was not observed that progesterone significantly
increased the expression of the genes of PDGFRa, Sox10, and Nkx 6.2, an increasing trend was observed
in cells exposed to the hormone (Figure 5). The PR works as a transcription factor that binds to DNA
sequences known as PRE, which are usually located in promoter regions of target genes. In order to
detect potential PRE sequences in the promoter regions of the progesterone-upregulated genes, an in
silico analysis was performed. The promoter sequences of the NG2, Sox9, Nkx 6.1, Cnp1, and MBP genes
were obtained from the EPD and confirmed by a BLAST (Basic Local Alignment Search Tool) analysis
(https://blast.ncbinlm.nih.gov/Blast.cgi). By using the algorithms from the JASPAR, TRANSFAC,
and NUBIscan databases, it was identified that all genes have potential PRE in their promoter regions
(Figure S5). Based on these results, it was confirmed that the effects of progesterone on embryonic OPC
were mediated by a genomic mechanism of action, and that in addition, progesterone can differentially
regulate the expression of genes associated with oligodendrogenesis throughout embryogenesis.
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Figure 2. Progesterone increases embryonic OPC proliferation. (A) NG2/Ki67 immunostaining in OPC
cultured with growth factors and treated with progesterone (P4; 10 nM), RU486 (1 uM), P4 (10 nM)
and RU486 (1 uM), and vehicle (DMSO 0.01%), for 3 days. (B) Graph derived from the percentage
of NG2/Ki67-positive cells observed in the immunofluorescence experiments. The percentage of
NG2+/Ki67+ cells was determined as a percentage of the total number of cells stained with Hoechst.
Results are expressed as the mean + standard error of the mean (S.E.M.); n = 3; ** p < 0.01 vs. the rest of
the groups.
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Figure 3. Progesterone promotes oligodendrocyte differentiation. (A) O4 immunofluorescence in OPC
cultured without growth factors and treated for 3 days with P4 (10 nM), RU486 (1 uM), P4 (10 nM)
and RU486 (1 uM), and vehicle (DMSO 0.01%). (B) Percentage of O4-positive cells observed in the
immunofluorescence experiments. The percentage of O4+ cells was determined as a percentage of
the total number of cells stained with Hoechst. (C) Cellular branching measured in O4-positive cells.
Results are expressed as the mean + S.EM. n =3; *p < 0.05 and ** p < 0.01 vs. the rest of the groups.
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Figure 4. Progesterone increases the potential of myelination of differentiated OPC.

(A) MBP immunofluorescence in OPC cultured without growth factors and treated for 3 days with P4
(10 nM), RU486 (1 uM), P4 (10 nM) and RU486 (1 uM), and vehicle (DMSO 0.01%). (B) MBP expression

measured as a fluorescence density. Results are expressed as the mean + SEM. n = 3; *p < 0.05 vs.

vehicle and RU486.
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Figure 5. Progesterone upregulates the expression of oligodendroglial genes. The graphs show the
relative gene expression (normalized to the 18S gene expression) of the NG2, PDFGR, SOX9, SOX10,
MBP, 2/,3’-cyclic-nucleotide 3’-phosphodiesterase (CNP1), NKX 6.1, and NKX 6.2 genes obtained by
RT-qPCR after treating OPC with P4 (10 nM) and vehicle (DMSO 0.01%) for 24 and 48 h. Results are
expressed as the mean = SEM. n = 3;* p < 0.05 vs. vehicle.

3.4. The Mouse Embryonic OPC Express the PR-A and PR-B Isoforms and the Oligodendrogenic Actions of
Progesterone are Mediated by the PR-B

Because PR expression in embryonic OPC is not yet reported, we first searched in the
“Mouse Organogenesis Cell Atlas” (MOCA), using the “Genes” tool (https://oncoscape.v3.sttrcancer.org/
atlas.gs.washington.edu.mouse.rna/landin) [50], if PR expression in mouse embryonic oligodendroglial
cells was spotted by single-cell RNA sequencing (RNA-seq) during the assembly of this database.
According to this database, radial glial cells, OPC, and premature oligodendrocytes from whole mouse
embryos between 9.5 and 13.5 days of gestation express the PR; moreover, the expression of the PR
increases when radial glial cells are specified towards OPC, and then decreases when they differentiate
into oligodendrocytes (Figure 6A), suggesting a particular role of the PR in OPC. We detected the
expression of PR-A and PR-B isoforms in the cultured embryonic OPC by Western blot, noticing that
PR-B is expressed in a higher proportion than PR-A (Figure 6B). Given that PR-B is a more potent
transcription activator than PR-A, and because it was observed that the effects of progesterone in the
proliferation and differentiation of the OPC were mediated by a genomic mechanism, the expression of
PR-B was silenced by siRNA transfection in order to study the role of this isoform in the mouse OPC.
PR-B silencing was corroborated by RT-qPCR, observing that the transfection with the PR-B siRNA
diminished PR-B expression by more than 60% as compared with the control siRNA (Figure 6C).

Twenty-four hours after transfection, the OPC were treated for 3 days with progesterone, and then
cell proliferation and differentiation were determined by immunofluorescence. We noticed a significant
lower percentage of NG2/Ki67 and O4-positive cells in the PR-B siRNA-transfected cells as compared
with the control siRNA-transfected cells (Figure 7). This indicates that the oligodendrogenic effects of
progesterone are mediated by PR-B.
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Figure 6. The OPC from the mouse embryonic spinal cord express both progesterone receptor (PR)
isoforms. (A) PR gene expression analyzed by single cell RNA-seq in radial glial cells, oligodendrocyte
progenitors, and premature oligodendrocytes from E9.5-E13.5 whole mouse embryos obtained from
the “Mouse Organogenesis Cell Atlas” [50]. (B) PR-A and PR-B expression detected by Western blot in
the cultured OPC derived from the spinal cord of E14.5 mouse embryos. (C) PR-B silencing by siRNA
transfection in the cultured OPC corroborated by RT-qPCR. Results are expressed as the mean + S.E.M.
n=23;*p<0.05vs. PR-B; * p < 0.05 vs. control siRNA.
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Figure 7. The silencing of PR-B blocks the oligodendrogenic effects of progesterone. (A) NG2/Ki67 and
(B) O4 immunofluorescence in OPC transfected with a control siRNA or with a PR-B siRNA and treated
for 3 days with P4 (10 nM). (C) Graphs derived from the percentage of NG2/Ki67 and O4-positive cells
observed in the immunofluorescence. Results are expressed as the mean + S.EM. n = 3;* p < 0.05 and
** p < 0.01 vs. control siRNA.
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4. Discussion

Progesterone functions extend beyond the regulation of female reproduction. In fact, because it is
synthesized in the CNS of both males and females, it is referred as a neurosteroid and regulates several
neural functions including neuroprotection, neuromodulation, neurogenesis, neuronal plasticity, and nerve
remyelination [22,23]. Moreover, progesterone also participates in critical development events such as
neuronal differentiation, neural circuit organization, brain sex differentiation, and oligodendrogenesis [51].

The effects of progesterone on nerve myelination were first documented in peripheral nerves,
where progesterone promotes the remyelination after traumatic injury [52]. These observations
were later expanded to the CNS. It has been reported that progesterone has neuroprotective and
promyelinating effects on adult individuals with spinal cord injury [42,43], leading to the proposal of
the therapeutic use of progesterone for the treatment of demyelinating lesions [43,53]. Regarding the
developmental oligodendrogenesis, it is documented that OPC from the brain of newborn rats
synthesizes progesterone [41], and that this hormone also promotes, through the activation of its
PR, the proliferation and differentiation of the OPC, while also increasing the developmental nerve
myelination, as has been observed in the cerebellum of postnatal rodents [39,40]. Nonetheless, it is
unknown if progesterone also promotes the proliferation and differentiation of OPC during early
oligodendrogenesis in embryonic life, as well as the PR isoform involved in progesterone effects,
which is relevant in order to understand the mechanisms that underlie embryonic oligodendrogenesis,
and thus develop more efficient therapies to alleviate demyelinating diseases and lesions in postnatal
life. Therefore, we studied the effects of progesterone and the role of PR-B isoform in OPC primary
cultures derived from the spinal cord of E14.5 mouse embryos.

The developing mouse spinal cord is an accessible embryonic tissue that contains diverse CNS
progenitor cells and a reliable study model because the spatial and temporal events underlying the
neurogenesis and gliogenesis in this tissue are well defined [54,55]. The specification of the NSC into
OPC during mouse neurodevelopment occurs on the embryonic day 12.5 [4]; in addition, it has been
reported that NSC isolated from the mouse embryonic spinal cord are more oligogenic than NSC
isolated from the developing brain [56]. Thus, we were able to obtain a large amount of highly pure
OPC from neurosphere cultures formed primarily of Sox2-positive NSC isolated from the spinal cord
of E14.5 mouse embryos. In this study, we showed that progesterone increased the rate of proliferation
of the cultured embryonic OPC and promoted its differentiation into oligodendrocytes as previously
reported in OPC from the cerebellum of postnatal rodents [39,40]. In addition to this, we observed that
progesterone enhanced the potential of myelination of the embryonic OPC, as seen by an increase in
MBP protein expression. We were able to observe this latter expression because it has long been known
that mouse oligodendrocytes do not need the presence of active neurons to start expressing myelin
markers in vitro [57]. The oligodendrogenic effects of progesterone were mediated by the PR because
PR agonist R5020 exerted similar effects to those of progesterone, whereas the PR antagonist RU486
blocked them. Likewise, the mPR agonist Org OD 02-0 did not induce any effect. This suggests that
progesterone participates in the oligodendrogenesis during prenatal development through a genomic
mechanism of action. The genomic effects of progesterone in the OPC were confirmed by evaluating the
expression of various genes associated with the specification and maintenance of the oligodendroglial
phenotype; specifically, we observed that progesterone increased the expression of Nkx 6.1 and Cnpl
genes 24 h after exposure, whereas the expression of NG2, Sox9, and MBP genes was augmented at 48 h
without inducing changes in the expression of Nkx 6.1 and Cnpl, therefore suggesting that progesterone
regulates the expression of oligodendroglial genes in a time dependent-manner. Previously, it was
reported that progesterone upregulates the expression of the oligodendroglial genes Olig1/2, Nkx 2.2,
MBP, myelin proteolipid protein (PLP), and myelin-oligodendrocyte glycoprotein (MOG) in adult rats
with complete spinal cord injury, whereas it also increases the number of myelinating oligodendrocytes
by promoting the proliferation of the adult remnant OPC and its subsequent differentiation in these same
animals [42]. In a similar study, it was also shown that progesterone upregulates the expression of MBP,
PLP, Nkx 2.2, and Oligl in the spinal cord of a murine model of multiple sclerosis. This upregulation
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was associated with the observed neuroprotective and remyelinating effects of progesterone in these
animals [58]. These studies, together with ours, demonstrate that the role of progesterone in the
OPC and myelination process during the development or demyelinating lesions is mediated by the
upregulation of key oligodendroglial genes. Furthermore, the fact that OPC from the spinal cord of
adult individuals are responsive to progesterone, especially during injury, indicates that these cells
retain their sensitivity to this hormone since the prenatal state, and it then expands to adulthood.

Previously, the total expression of the PR has been detected in cultured astrocytes and
oligodendrocytes isolated from the brain of newborn rats [59], and additionally the expression
of the PR-B has been observed by immunohistochemistry in neurons and glial cells of the rat spinal
cord with no significant sex differences [60]. In this work, we were able to detect the expression of
both PR isoforms in the embryonic OPC by Western blot, with the particular observation that PR-B
expression is higher than that of PR-A. Additionally, we examined in the MOCA database [50] the
expression of the PR in oligodendroglial cells directly derived from E9.5-E13.5 whole mouse embryos.
According to this database, the expression of the PR increases when radial glial cells are specified
towards OPC, and then decreases when they differentiate into oligodendrocytes, indicating that PR
plays a key role during the OPC stage. Therefore, we demonstrate that early OPC from the embryonic
spinal cord of mouse constitutively express PR. Furthermore, because we noticed that the PR-B is
more abundant in the OPC, and it is a more potent transcription activator than PR-A, we silenced its
expression. Then, we observed that the effects of progesterone on OPC proliferation, differentiation,
and myelination potential were significantly blocked, indicating that PR-B is the active mediator of
progesterone and its effects on oligodendroglial cells. Nevertheless, we do not discard the possibility
that the oligodendrogenic effects of progesterone could be synergistically mediated by both PR isoforms;
for example, as transcriptional repressor, PR-A could inhibit the expression of genes that in turn
repress the expression of the oligodendroglial genes regulated by PR-B. Thus, this issue deserves to be
addressed in future studies.

Our results suggest that progesterone should participate in prenatal oligodendrogenesis. This is
plausible because the expression of PR and the expression and activity of the enzymes required for
progesterone synthesis have been found from the early embryo ages of the mammalian development in
several regions of the developing CNS [61]. Additionally, pregnancy is characterized by an increase in
maternal progesterone levels, and there is evidence that progesterone from the maternal circulation enters
the embryo/fetal circulation and binds its PR in the developing rat CNS [62]. Remarkably, the levels
of progesterone in fetal circulation and in the brain progressively increases throughout pregnancy,
especially during late pregnancy [63], coinciding with the time in which the CNS undergoes critical
processes such as neural circuits organization and myelination [64].

As mentioned above, the therapeutic use of progesterone to treat CNS injuries and demyelinating
lesions has been proposed [43,53], and clinical studies have already been conducted [65].
However, phase 3 clinical trials in patients with traumatic brain injury have failed to replicate
the positive outcomes observed in phase 2 trials and in animal models [66]. It is relevant to mention
that these clinical trials, as well those previously performed in animal models, did not contemplate the
expression or specific function of PR isoforms. Here, we showed that PR-B is predominantly expressed
in the embryonic OPC and that it mediates the oligodendrogenic effects of progesterone. These results
suggest that the expression and regulation of PR isoforms should determine the oligodendrogenic and
promyelinating actions of progesterone in a tissue and developmentally dependent manner.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/4/960/s1:
Figure S1: OPC cultures generated from Sox2-positive neurospheres derived from the spinal cord of E14.5 mouse
embryos. Figure S2: Effects of the PR agonist R5020 and the membrane receptors to progesterone (mPR) agonist
Org OD 02-0 on OPC proliferation. Figure S3: Effects of the PR agonist R5020 and the mPR agonist Org OD 02-0 on
OPC differentiation. Figure S4: Effects of the PR agonist R5020 and the mPR agonist Org OD 02-0 in the potential
of myelination. Figure S5: In silico analysis to identify potential progesterone response elements (PRE) sites in the
promoter sequences of NG2, SOX9, NKX 6.1, CNP1, and MBP genes.
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