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RESUMEN

2 RESUMEN

La alopregnanolona (3a-THP), es uno de los metabolitos mas estudiados de la
progesterona (P4), una hormona esteroide. La 3a-THP tiene diversos efectos en el
sistema nervioso central (SNC). Algunos de ellos son: promover la proliferacion de
células neurales y progenitoras gliales, inducir cambios en el citoesqueleto y aumentar la
migracion en las células gliales. Estos procesos celulares también se ven alterados en el
cancer, sin embargo, el efecto de la 3a-THP sobre estas enfermedades se ha estudiado
muy poco. Los glioblastomas (GB) son los tumores primarios malignos mas frecuentes y
agresivos del SNC. Estos se caracterizan por una alta capacidad de proliferacion,
migracion e invasion. Se ha reportado que la 3a-THP promueve la proliferacion de las
células de GB e induce la migracién de células de cadncer ovarico. En el presente trabajo
se investigaron los efectos de la 3a-THP sobre la migracion y la capacidad invasiva de
células derivadas de GB humanos. También se evalud la participacion del metabolismo
de la 3a-THP a través de las enzimas 3a-hidroxiesteroide deshidrogenasas (3a-HSD),
que catalizan la oxidacion de la 3a-THP a 5a-dihidroprogesterona (5a-DHP). Asimismo,
se determiné el efecto de la inhibicion de la cinasa cSrc, que esta involucrada en la
migracion e invasion, en los efectos de la 3a-THP. La 3a-THP (100 nM) aumento la
migracion e invasién de las lineas celulares U251, U87 y LN229, tres de las lineas
celulares mas utilizadas para ensayos in vitro con células de GB. Las células U251 y
LN229 presentaron altos niveles de las 3a-HSD en comparacion con astrocitos humanos.
El silenciamiento de dichas enzimas no modificd los efectos de la 3a-THP sobre la
migracion e invasion. Por otro lado, la 3a-THP aumento los niveles de la proteina cSrc
fosforilada en el residuo Y416 a los 10 min de tratamiento en las células U251 y a los 15
min en las células U87 y LN229. Dicha marca de fosforilacion estd asociada a una mayor
actividad de la proteina cSrc. Ademads, la inhibicién farmacologica de cSrc con el

farmaco PP2 disminuy¢ el efecto de la 3a-THP sobre la migracién y la capacidad

10



RESUMEN

invasiva de las células de GB. Estos resultados sugieren que la 3a-THP promueve la
malignidad de los GB al incrementar la migracion e invasion celulares mediante la
activacion de la cinasa cSrc y que dicho efecto es independiente de su metabolismo a

través de las 3a-HSD.
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ABSTRACT

3 ABSTRACT

Allopregnanolone (3a-THP) is one of the most studied metabolites of the steroid
hormone progesterone (P4). 3a-THP has many effects on the Central Nervous System
(CNS). It promotes the proliferation of neural and glial progenitor cells. Moreover, in
glial cells, it induces cytoskeleton rearrangement and augments migration. Such cellular
processes are often found to be altered in cancer. However, the effects of 3a-THP in such
pathologies have been poorly studied. Glioblastoma (GB) is the most frequent and
aggressive primary malignant tumor of the CNS. GB cells are characterized by a highly
migrative potential and invasion of the brain parenchyma. It has been described the
positive effects of 3a-THP on GB cell proliferation. It also promotes cell migration of
ovarian cancer cells. Here, the effects of 3a-THP in the cell migration and invasion of
cell lines derived from human GB cells were evaluated. Also, the relevance of 3a-THP
metabolism by the 3a-hydroxysteroid dehydrogenases (3a-HSD), which catalyzes the
interconversion of 3a-THP to 5a-Dihydroprogesterone (5a-DHP) was studied. Besides,
we determined the role of cSrc kinase, a key regulator of cell migration and invasion
processes, on the effects of 3a-THP. 3a-THP (100 nM) augmented migration and
invasion of the human GB cell lines U87, U251, and LN229. Besides, the cell lines U251
and LN229 express higher levels of the 3a-HSD enzymes when compared to normal
human astrocytes. In addition, 3a-HSD silencing did not modify the effect of 3a-THP on
cell migration and invasion. 3a-THP also promoted the cSrc phosphorylation at the
Y416 residue, associated with a hyper-activation of cSrc kinase at 10 (in the U251 cell
line) and 15 min (U87 and LN229 cells) of treatment. The pharmacologic inhibition of
cSrc decreased the effects of 3a-THP on cell migration and invasion. Together, these
data suggest that 3a-THP promotes GB malignancy by increasing GB migration and

invasion through the c-Src activation and independently of its 3a-HSD metabolism.
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4 INTRODUCCION

Los glioblastomas (GB) son uno de los tumores mas frecuentes y agresivos del sistema
nervioso central (SNC). Estos representan més del 49% de todos los tumores malignos
del SNC y se caracterizan por su alta actividad mitotica, capacidad invasiva y
vascularizacién [1,2]. A pesar del tratamiento, la media de supervivencia de los
pacientes con GB no es mayor a los 8 meses [3]. Ademas, los GB son mas prevalentes en
hombres que en mujeres, en una razon de 3: 2 [2]. Este comportamiento dimorfico, ha
llevado al estudio de factores como las hormonas sexuales sobre la progresion de los GB.
Las hormonas sexuales, y particularmente la progesterona (P4), promueven Ila
malignidad tumoral al aumentar procesos como la proliferacion, migracion e invasion
en lineas celulares de GBs humanos y en modelos in vivo [4-6].

La P4 se metaboliza en diversos tejidos, tales como las gonadas, placenta,
glandulas adrenales y el SNC. Ademas de la P4, sus metabolitos también tienen efectos
y diversos mecanismos de accion diferentes a los de la P4 en el SNC [7]. Sin embargo, la
relevancia de dichos metabolitos se ha estudiado poco en cdncer siendo el cancer de
mama en el que mas se ha explorado el papel de dichos esteroides. En este tipo de
cancer, los metabolitos de la P4 desempenan un papel importante en el desarrollo
tumoral, especialmente los a-reducidos como la 5a-dihidroprogesterona (5a-DHP) y la
alopregnanolona (3a-THP). Cabe destacar que su sintesis se encuentra aumentada en el
tejido tumoral con respecto al tejido no tumoral [8].

La 3a-THP es considerada un neuroesteroide, ya que se sintetiza activamente en las
células del SN donde ejerce sus efectos de manera autocrina y paracrina: La 3a-THP es
un esteroide inmunomodulador, promotor de la proliferacion celular, agente
mielinizante, ansiolitico y regulador de la funcién de diversos neurotransmisores [9-11].
Por el contrario, los niveles bajos de 3a-THP correlacionan con la presentacion de

patologias como Parkinson, Alzheimer, depresion y la depresion posparto [7]. Si bien,
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estos efectos han llevado al desarrollo de terapias farmacoldgicas con 3a-THP o sus
analogos sintéticos para el tratamiento de enfermedades neuroldgicas, también es cierto
que algunos de dichos efectos pueden ser claves para favorecer la progresion tumoral.
En GB, hemos reportado que la 3a-THP aumenta el numero y la proliferacion de
células U87 derivadas de un GB humano. Ademas, en dicho estudio, el tratamiento con
finasterida, un inhibidor de la produccion de 3a-THP, disminuy6 parcialmente la
proliferacion de las células U87 [12]. La 3a-THP también regula la expresion de genes
que promueven la proliferacion y la migracion celular [13]. En células Schwann de rata,
se ha observado que la 3a-THP promueve la migracion celular a través de la activacion
de la cinasa cSrc, una tirosina cinasa que regula la migracion e invasién celulares [14].
Ademas de la 3a-THP, otros catabolitos de la P4 también son moléculas bioactivas.
La 5a-DHP, el precursor directo de la 3a-THP, promueve la proliferacion y la migracion
de las células de GB. Dicho efecto estd mediado parcialmente por el receptor intracelular
de P4 (RP) [15]. El catabolismo reversible de 5a-DHP a 3a-THP e incluso, de 3a-THP al
metabolito menos activo y de desecho, 5a-pregnan-3a,20a-diol, estd regulado por
enzimas con actividad de 3a-hidroxiesteroide deshidrogenasas (3a-HSD). Existen 4
isoformas en el genoma humano con dicha actividad: las AKR1C1, AKR1C2, AKR1C3 y
AKR1C4 (abreviadas asi por el nombre de la superfamilia de las aldo-ceto reductasas).
Dichas enzimas se expresan en el SNC y pueden alterar la disponibilidad de la 3a-THP
o enmascarar sus efectos al contribuir a la oxidacién de la 3a-THP a 5a-DHP, cuyo
efecto sobre la migracién ya se report6 [13]. Por todo lo anterior, en el presente trabajo se
determin¢ el efecto de la 3a-THP sobre la migracion e invasion de células U251, U87 y
LN229 de GB humano, tres de las lineas celulares mas utilizadas en la literatura.
Ademas, se determind si dicho efecto es mediado por la activacion de la cinasa cSrc.
También se evalud si el efecto de la 3a-THP se debe o no a su metabolismo a través de

las 3a-HSD.
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5 ANTECEDENTES

5.1 Caracteristicas de los tumores del sistema nervioso central (SNC)

El término “tumores del sistema nervioso central (SNC)” se utiliza para englobar a mas
de 120 entidades patoldgicas localizadas en el parénquima cerebral, médula espinal, el
revestimiento ependimal de la zona ventricular y las meninges. Cada uno tiene un
espectro propio de presentacidn clinica, tratamiento y prondstico. En primera instancia,
estas neoplasias se clasifican en primarias si se originan de novo en el SNC, o en
secundarias si son producto de la metastasis de un tumor surgido en un sitio diferente al
SNC [2]. La nomenclatura de los tumores primarios del SNC esta originalmente basada
en las similitudes histoldgicas del tumor con las células normales del tejido de origen
[16]. Actualmente, con el constante avance cientifico y tecnoldgico, ademas de la
caracterizacion histopatologica de los tumores también se consideran aspectos
moleculares y anatémicos para un mejor diagnostico y tratamiento. En la presente
seccion se enfatiza en la informacidn actual sobre el diagndstico y tratamiento de los

gliomas difusos de tipo adulto.

Los tumores del SNC se diagnostican a nivel mundial siguiendo el Sistema de
Clasificacion de los Tumores del Sistema Nervioso Central de la Organizacién Mundial
de la Salud (OMS). La mas reciente actualizacion de dicho sistema fue en 2021. De
acuerdo con esta clasificacion los tumores se organizan en “tipos” por su parecido con
las células normales, asi como por la edad de presentacion de la enfermedad. Por
ejemplo, la OMS hace distincion entre: glioma difuso de tipo adulto, o glioma difuso de tipo
pedidtrico (de bajo o de alto grado) tomando en cuenta si el tumor tiene caracteristicas
histopatoldgicas similares a las de las células gliales, y si se presenta en poblacién adulta
o infantil. Ademas, se propone que el diagnostico incluya el nombre histopatologico de

la enfermedad seguido de una coma y la o las caracteristicas genotipicas de relevancia
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clinica detectadas [17,18]. Por ejemplo: Glioblastoma, IDH-silvestre u Oligodendroglioma,

IDH-mutante y 1p/19g-codeletados.

Una vez determinado el sitio anatomico del tumor, éste se clasifica
histopatologica y molecularmente, y se establece el tipo de glioma y su grado del tumor.
Los gliomas difusos de tipo adulto son los astrocitomas, oligodendrogliomas y los
glioblastomas (GB). Los astrocitomas en adultos pueden presentarse como tumores de
grado 2, 3, o 4. Los oligodendrogliomas sdlo son clasificados como tumores de grado 2 o

3, mientras que los GB constituyen tumores de grado 4 de malignidad [18].

El grado del tumor se determina a nivel histopatologico por la celularidad, la
cantidad de eventos mitoticos, el indice de proliferacion, la proliferaciéon de la
microvasculatura y la presencia de necrosis [19]. La presencia de varias de estas
caracteristicas estd asociada con un crecimiento y diseminacién mayor y, por lo tanto,
con un mayor grado. Ademds de las caracteristicas histoldgicas, se consideran

marcadores moleculares que se resumen en la Figura 1 [18,20].

Determinacion de las caracteristicas
histolégicas de glioma difuso de tipo

adulto
|
IDH-mutada IDH-normal
|
v M Histologia: ¢ i i
3 P gia: ¢Hay presencia de necrosis
aiRtnonnal Perdidaide ATRX y/o proliferacién de microvasculatura?
1p/19g-codeletados Histologia: Anaplasia i l
; ' Y i No
Histologia: ;Hay presencia de necrosis No Si
y/o proliferacion de microvasculatura? | ¥ TERT-mutada; TERT-mutada; EGFR-
l Histologia: actividad EGFR-amplificado amplificado
v v Histologia: Baja Histologfa: mitética, necrosisy/o ~ ¥/©+7/-10q y/0 +7/-10g-normal
No Si actividad mitética actividad mitética proliferacién de . 7
microvasculatura Dx: G%'D:'"f’ma b Considerar otro Dx
radao
Dx: Oligodendroglioma Dx: Oligodendroglioma v v ]
IDH-mutada, 1p/19g- IDH-mutada, 1p/19g- is i6
codeletados; Grado 2 codeletados; Grado 3 gg’;ﬂ%‘x%de geDtsplcle;:Bde CDKN2A/B"

Dx: Astrocitoma IDH-  Dx: Astrocitoma IDH-  Dx: Astrocitoma IDH-
mutada; Grado 2 mutada; Grado 3 mutada; Grado 4

Figura 1. Caracteristicas fenotipicas y genotipicas de los gliomas difusos de tipo adulto
importantes a considerar para su diagndstico. IDH: isocitrato deshidrogenasa; ATRX: ATRX
remodelador de la cromatina; TERT: telomerasa transcriptasa reversa; EGFR: receptor del factor
de crecimiento epidérmico; CDKN2A/B: Inhibidor de la cinasa dependiente de ciclina 2A/B.
Imagen modificada de Antonelli et al., 2022 [20].
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Las caracteristicas histologicas de los gliomas difusos de tipo adulto por lo
general son faciles de identificar: Los astrocitomas son tejidos ricos en células
astrociticas con escaso citoplasma, elongadas o con forma irregular y con nucleos
hipercromaticos. Los oligodendrogliomas presentan células densamente compactadas
con nucleo redondeado y con “forma de huevo estrellado.” Ademads, presentan densas
ramificaciones de vasos sanguineos y microcalcificaciones. Los GB presentan un alto
numero de células astrociticas, tejido muy desdiferenciado con células gigantes y
granulares o con alto contenido lipidico [20,21]. En la Figura 2 se presentan algunas de

las imagenes tipicas para el diagnostico de los gliomas difusos de tipo adulto.
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Figura 2. Imagenologia y caracteristicas histologicas de un astrocitoma de bajo grado de
malignidad, y un glioblastoma. En las imagenes se indica la localizacion del tumor (flechas blancas).
Tl+contraste: Resonancia Magnética nuclear con agende de contraste (gadolinio); T2: Resonancia
magnética potenciada en T2; FET-PET: Tomografia por emision de positrones con *F-fluoro-etil

tirosina como agente de contraste; Histologia: Cortes histologicos tefiidos con hematoxilina &

eosina. Imagen modificada de Weller et al., 2015 [21].
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De todos los tumores de SNC, los gliomas difusos de tipo adulto son los mas
comunes en la poblacion mayor de 30 afios. Dichos tumores tienen como caracteristica
comun la infiltracion difusa en el SNC. Los tumores que son diagnosticados
originalmente con un grado de malignidad bajo tienden a progresar a grados mas
avanzados cuando recurren después del tratamiento [20]. Las caracteristicas generales y
clinicas de los gliomas difusos por grado de malignidad se presentan en la Tabla 1.
Como se puede observar, los grados mas avanzados tienden a ser mucho mas

infiltrantes hacia el tejido cerebral.

Tabla 1. Caracteristicas generales de los gliomas difusos de tipo adulto de acuerdo con su grado

de malignidad.
Grado d Poblacion afectada y ti d . .
r-a 0, < ObiaciOi aecte .a y tietipo ¢e Caracteristicas Tratamiento
malignidad sobrevida
Invasivos, pero con baja
Adultos entre 30-40 afos. proliferacion. Con atipia celular
Sobrevida de 5-10 afios. Progresan (variacion en el tamafo y la
a grados de mayor malignidad. forma del nticleo) e
hipercromasia.
Adultos entre 40-60 afios. Reseccion
Originados de novo (primarios) o uirargica
& . (P . ) Infiltrantes, alta actividad q L. &
Grado 3 de un tumor preexistente. Tienden . . maxima y
mitotica, atipia celular. ..
a progresar. quimio y/o
Sobrevida: 2-3 anos. radioterapia.

Adultos entre 45-75 afios. Alta proliferacion, infiltracion,

Originados de novo (primarios) o
de un tumor preexistente.
Sobrevida < 14 meses.

vascularizacion.
Resistencia a la apoptosis.
Inestabilidad genodmica, necrosis,

pleomorfismo.
Tomado de [2,20].

En México existen pocos estudios epidemioldgicos con respecto a la incidencia de
los tumores cerebrales. En datos recabados sobre México hasta el afio 2020 la incidencia
de los tumores cerebrales era de 1.6 % (el décimo octavo mas comun en la poblacion
mexicana). Lo anterior, sin hacer distincion entre el tipo de neoplasia cerebral. Al mismo
tiempo, la mortalidad era del 2.8 % de todos los tipos de cancer, ocupando el décimo
tercer lugar en mortalidad debida a cancer, de acuerdo con datos recabados por la base

de datos GLOBOCAN (Global Cancer Observatory, por sus siglas en inglés) [22].
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Asimismo, en la poblacién mexicana entre 2000 y 2017, se ha reportado uno de los picos
de mayor mortalidad por dichos tumores en el grupo etario entre los 65 y 69 afos de

edad y con una incidencia 1.2 veces mayor en hombres con respecto a mujeres [23].

Por otro lado, en Estados Unidos y Puerto Rico, la incidencia de las neoplasias
cerebrales malignas es de 7.06 por cada 100,000 habitantes (en la poblaciéon con mas de
20 anos de edad). De estos tumores malignos, los mas frecuentes son los glioblastomas
(GB, 14.3 % de todos los tipos de cancer, 49.1 % de todos los tumores malignos del SNC
y con una incidencia de 3.23 por cada 100,000 habitantes), de acuerdo con el Registro
Central de Tumores Cerebrales de Estados Unidos (CBTRUS, por sus siglas en inglés:

http://www.cbtrus.org/index.html) [2,24].

5.2 Caracteristicas de los glioblastomas (GB)

Los GB son tumores de grado 4 y constituyen el tumor maligno de SNC mas
comun en adultos. Los pacientes con GB tienen una media de sobrevida de 8 meses
después del diagndstico [2]. El pico de incidencia a nivel mundial de los GB esta entre
los 74 y 85 afios, ademads, los hombres presentan una incidencia 1.6 veces mayor con
respecto a las mujeres de cualquier edad. Lo que sugiere que hay factores inherentes al
sexo involucrados en la incidencia de los GB [2]. Se ha visto que la expresion dimorfica
de genes autosomicos, asi como sexuales, aumenta el riesgo del sexo masculino a
desarrollar GB (asi como de otros tipos de cancer) [25]. En el caso particular de los GB,
se ha visto que genes supresores de tumores como ATRX (remodelador de la
cromatina), KDM6A (desmetilasa)) KDM5C (desmetilasa), y DDX3X (helicasa),
codificados en el cromosoma X escapan a la inactivacion de dicho cromosoma en
individuos XX y confiere proteccion en individuos con este cariotipo ante la posible

mutacion heterocigota de dichos genes, con respecto a individuos XY [26].
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Con respecto a las diferencias hormonales entre hombres y mujeres, se ha visto que
los andrégenos promueven la progresion de los GB, mientras que el efecto de los
estrégenos y progestagenos sobre estos tumores depende de los niveles de dichas
hormonas y de la expresion de sus receptores. De manera general, se puede decir que a
concentraciones fisioldgicas tanto estrogenos como progestagenos inducen la progresion

de la enfermedad [27].

Hasta el momento se sabe poco sobre los factores de riesgo ambientales y genéticos
para la presentacion de los GB. El tinico factor de riesgo de origen ambiental asociado al
aumento en la incidencia de los GB es la radiacion. Esta puede ser ionizante, como la
generada por bombas nucleares, o terapéutica y administrada durante la nifiez o
juventud para el tratamiento de tinea capitis y algunos tipos de cancer como la leucemia
[28,29]. Como factores de riesgo genéticos, se sabe que algunos sindromes familiares
aumentan al doble el riesgo de desarrollar GB (y de gliomas difusos en general), tales
como el sindrome de Li Fraumeni, Neurofibromatosis 1 y el sindrome de Lynch [30].
Dichos sindromes también estan relacionados con una mayor predisposicion hacia otros

tipos de cancer (Tabla 2).

Tabla 2. Sindromes Familiares asociados a mayor riesgo de presentar un GB.

Tipo de

Sindrome familiar Genes afectados Predisposicion a patologias

herencia

. . . GB y otros canceres cerebrales, cancer
Li Fraumeni TP53 Dominante
de mama y sarcomas.
MSH?2, MLH1, i GB, cancer endometrial y
Lynch Dominante . .
MSH6, PMS?2 gastrointestinal.

Tumores del sistema nervioso:

Neurofibromatosis 1 NF1 Dominante Neurofibromas, Schwannomas,
Astrocitomas y GB.
FAMMM: Familial
Atypical Multiple Mole CDKN2A Dominante Melanoma y gliomas difusos.

Melanoma
Tabla modificada de: Tonn et al., 2010 [30].
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Por el contrario, patologias de caracter inmunoldgico, como el asma, el eczema y la
rinitis alérgica son factores asociados a un menor riesgo para el desarrollo de GB. Esto
ha llevado al planteamiento de la hipotesis de que la respuesta exacerbada del sistema
inmune en estas patologias, aumenta la respuesta para la deteccion y destruccion
temprana de células transformadas que pudieran resultar en la formacion de los GB

[28].

Diversos estudios indican que los GB surgen de la transformacion maligna de
células troncales neurales o células progenitoras de células gliales a células troncales
cancerosas [31]. Por experimentos con cultivos primarios se ha visto que esta pequefia
poblacién de células troncales tumorales tiene el potencial de autorrenovarse y dividirse
asimétricamente. Lo anterior promueve la proliferacion de diversos linajes celulares que
recapitulan las caracteristicas de proliferacién, migracion, resistencia al tratamiento y
heterogeneidad intratumoral [32]. En modelos murinos, ademas, la introduccion de
mutaciones en genes supresores de tumores Nrfl, Trp53, y Pten, induce la
transformacion celular solo en células progenitoras neurales y preprogenitoras, y no en

células maduras y con un linaje mucho mas restringido como las neuronas [33-35].

La localizacién mas frecuente de los GB es la region frontotemporal del cerebro, los
lobulos parietal y occipital, asi como los ganglios basales [36-38]. Los GB se observan
como grandes masas de tejido con un nucleo necroético y hemorragias intratumorales
internas evidentes, rodeados de una zona periférica altamente infiltrante y con el drea
peritumoral edematosa [30]. La sintomatologia de los pacientes con GB es inespecifica,
incluye déficit neurologico progresivo, debilidad, cefalea con o sin aumento de la
presion intracraneal que empeora por las mananas, al toser, realizar esfuerzo o
inclinarse hacia adelante. También puede incluir dolor de cabeza similar al tensional,
naduseas y vomito. La presentacion de sintomas adicionales depende de la localizaciéon

del tumor y puede incluir: Cambios en el comportamiento y la personalidad,
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hemiparesia y disfasia (localizacion o dano en Ilobulo frontal); convulsiones,
alucinaciones auditivas, olfativas o deja vus (localizacién o dano en el 16bulo temporal);
afectaciones en el lenguaje (localizacion o dafo en el 16bulo parietal); o afectaciones en la

vision (localizacion o dafio en el 16bulo occipital) [30].

A nivel histologico, los GB se caracterizan por una alta cantidad de células
astrociticas, alta celularidad, pleomorfismo, atipia nuclear, alta actividad mitdtica,
proliferacion de la microvasculatura y necrosis (Figura 3) [21,30]. Dadas las
caracteristicas histopatologicas su diagnostico es muy sencillo, sin embargo, la
determinacién de marcadores moleculares que permitan su subclasificacion es cada vez

mas importante para determinar el origen, el pronodstico, e incluso, un mejor tratamiento

de la enfermedad [39,40].
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Figura 3. Imagenes representativas de las caracteristicas tipicas de los GB. A: Estructuras en
pseudoempalizadas formadas por células tumorales alrededor de areas necrdticas. B: Células
gigantes pleomorficas y multinucleadas. C: Inmunohistoquimica donde se muestra en color marrén
la marca positiva del marcador de células gliales GFAP. D: Inmunohistoquimica donde se muestra
en color marrdn la marca positiva del marcador de proliferacion celular Ki67. E: Proliferaciéon de la

microvasculatura. Imagen modificada de: Perry et al., 2016 y Tan et al., 2020 [39,40].
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Actualmente la OMS considera la determinacion del estado del gen de la enzima
isocitrato deshidrogenasa (IDH) como uno de los marcadores mds importantes para el
diagndstico de los GB [18]. Como se menciono anteriormente, dentro de los gliomas
difusos de tipo adulto, solo hay dos tipos de tumores de grado 4: Los GB y los
astrocitomas de grado 4. La ausencia de mutaciones en cualquiera de los genes de la
IDH (IDH1 o IDH?2) junto con la identificacion histologica de las caracteristicas tipicas de
un tumor de grado avanzado de malignidad (Figura 1 y Tabla 1), son suficientes para el
diagnostico de los GB. Ademas, los GB no poseen mutaciones adicionales clasicas de
astrocitomas u oligodendrogliomas de bajo grado de malignidad tales como mutaciones
en el gen ATRX y la codelecion de 1p/19q, tipicas de los astrocitomas u
oligodendrogliomas respectivamente (Figura 1). En la Tabla 3 se presentan las

diferencias entre los GB y los astrocitomas de grado 4.

Tabla 3. Caracteristicas generales de los GB primarios y los astrocitomas de grado 4.

Astrocitoma grado 4; IDH-

GB; IDH-silvestre

Origen Primario Primario o secundario

., No identificable; desarrollo de Astrocitoma grado2 o 3
Lesion precursora
novo

90 % de los casos totales 10 % de los casos totales
Raz6n Hombre: Mujer 1.6 1.05
Tiempo medio de historia clinica 4 meses 15 meses

Sobrevida media con TX:

mutante

e (Cirugia + radioterapia 9.9 meses 24 meses
e Cirugia + radioterapia + 15 meses 31 meses

quimioterapia

TX = tratamiento. Modificada de [17].

Ademas, los GB se subclasifican en subtipos moleculares. La subclasificacion esta
basada en las diferencias a nivel gendémico identificadas gracias a los datos genomicos
de cientos de muestras de GB depositadas en la base de datos del TCGA (The Cancer

Genome Atlas, por sus siglas en inglés) [41]. Aunque los primeros estudios de clustering
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para determinar las firmas gendmicas de los GB definen 4 subtipos moleculares: clasico,
neural, proneural y mesenquimal [41,42], otro estudio evalud la expresion génica de
células unicas para diferenciar las células del microambiente tumoral. Bajo estas
condiciones, se considera al subtipo molecular neural como resultado de la
contaminacion de las muestras con tejido normal neuronal, de alli que consideren
unicamente 3 subtipos moleculares: clasico, proneural y mesenquimal [43]. En dicho
estudio Wang y colaboradores resaltan que mas de un subtipo molecular puede ser
identificado dentro de un solo tumor. Asimismo, se observé que hay una correlacion
inversa entre la cantidad de firmas génicas de los subtipos moleculares de GB y el

pronostico de los pacientes [43].

Esta ultima clasificacion ha sido validada en otros estudios. Se ha visto que los
subtipos clasico y neural presentan una mejor sobrevivencia y respuesta al tratamiento,
con respecto al subtipo mesenquimal [44,45]. En relaciéon con el dimorfismo sexual y los
subtipos de GB también se ha visto una incidencia 2:1 en hombres respecto a mujeres, en
los subtipos mesenquimal y neural, mientras que el subtipo cldsico presenta una

incidencia 1:1 [46].

El tratamiento estandar de los GB es el protocolo implementado por Stupp y
colaboradores desde el ano 2005. Como se menciond en la Tabla 1, el tratamiento
incluye la reseccion quirdrgica maxima posible del tumor, junto con la administracion
concomitante de radioterapia con quimioterapia [47,48]. El agente quimioterapéutico
utilizado es la temozolomida, un profarmaco de administraciéon oral que se ioniza
espontdneamente a pH fisioldgico originando especies altamente reactivas que forman

aductos con el DNA [49].

A pesar de lo anterior, existen diversos mecanismos de resistencia para revertir el
dafio inducido por la temozolomida. Uno de los principales es la sobreexpresion de

enzimas reparadoras del dano al DNA. La O-6-metilguanina-DNA metiltransferasa
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(MGMT) es la principal enzima involucrada en reparar el dafio al DNA causado por la
temozolomida [49,50]. La expresion de la MGMT esta correlacionada con un peor
pronostico para los pacientes con GB debido a la poca respuesta al tratamiento estandar
[51]. Si bien, los GB rara vez causan metdstasis, tienden a recurrir después del

tratamiento debido a su alta capacidad de proliferacion e invasion [43].
5.3 Migracion e invasion de las células de GB humanos

Dos de las caracteristicas mas significativas de los GBs, como ya se menciono, son
el potencial proliferativo y la capacidad de migracion e invasion del parénquima
cerebral. La migracion e invasion son dos procesos altamente relacionados entre si. La
migracion celular se define como la capacidad celular de cambiar de posicion dentro de
un tejido, mientras que la invasion es la capacidad de penetrar por barreras tisulares
tales como la membrana basal o el intersticio estromal, por ejemplo [52]. Para que ocurra
la migracion, el cuerpo celular debe modificarse a fin de adaptarse y adherirse a la
superficie de transito, mientras que la invasion requiere de la secrecion de enzimas que
favorezcan la protedlisis de los componentes de la matriz extracelular (MEC) [52,53].
Ademas, el proceso de migracion puede llevarse a cabo por células individuales o de

manera colectiva.

Los GB rara vez producen metdstasis en otros érganos. Se han propuesto por lo
menos tres hipdtesis que explican por qué los GB tienen una baja tasa de metastasis: Si
bien, las células tumorales se adhieren a los vasos sanguineos, no son capaces de romper
la membrana basal y entrar a la vasculatura. Otra hipdtesis indica que los tejidos
extracerebrales no tienen los factores de crecimiento necesarios para promover el
crecimiento de los GB. Finalmente, los individuos con GB suelen no sobrevivir el tiempo

suficiente para que la metdstasis extracraneal sea evidente [54], muchos de los casos
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reportados en la literatura sobre metastasis extracraneales de dichos tumores reportan

una sobrevida de los pacientes por arriba de la promedio [55,56].

Histologicamente, se ha podido observar que las células tumorales presentan
diversos fenotipos dependientes del contexto en el que se localicen [57,58]. Lo anterior
se debe a que el cerebro es un 6rgano con caracteristicas estructurales y bioldgicas
variadas inherentes a la topologia y funcion especializada neuronal, y las células
tumorales adquieren propiedades plasticas que les permiten invadir y adaptarse. La alta
capacidad invasiva de las células de GB es ain mads evidente tras la recurrencia local o
distante del tumor después de la reseccion quirargica. Las células que recurren guardan
una relacion filogenética con las clonas tumorales primarias. Esto indica que tras la
reseccion, las células remanentes pueden proliferar, migrar e incluso invadir el

hemisferio contralateral al sitio del tumor primario [59].

Las células de GB tienen tres vias de invasion principales: a través de los vasos
sanguineos, los tractos cerebrales y los espacios subaracnoideos [54]. Diversos modelos
in vivo, asi como analisis de reportes clinicos sefialan que el método de migracién mas
comun es a través de los tractos cerebrales. En un alto porcentaje de los GB estudiados,
dicho movimiento tiende a evitar la invasion de areas anatomicas cerebrales especificas
como la zona amigdalo-hipocampal [58]. Para que este proceso ocurra se requiere que

las células tumorales tengan activados mecanismos de migracion e invasion celulares.

Histologicamente, la capacidad invasiva de las células de GB se hace patente en
las diversas estructuras organizacionales de las células tumorales alrededor de tejido
cerebral (Figura 4) [60]. Dichas estructuras fueron descritas por Scherer en los 80’s [61].
Scherer clasifica dichas estructuras en secundarias al tumor primario cuando las células
tumorales se encuentran agrupadas alrededor de células del tejido cerebral pre-
existente. Algunos ejemplos de lo anterior es el arreglo perineuronal y la satelitosis. Esta

ultima se refiere a la neurofagia reactiva que ejercen las células tumorales localizadas
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alrededor de las neuronas, principalmente observado alrededor del soma y las dendritas
de neuronas en la corteza cerebral. Algunas otras estructuras secundarias son el
crecimiento superficial de las células tumorales sobre la corteza cerebral en la region
subependimal de manera perivascular, intracortical o delimitado por los tractos de
mielina, entre otras. Las estructuras terciarias son las que se pueden observar por la

interaccion de las células tumorales con las células mesenquimales.

Figura 4. Representacion esquematica del crecimiento de un GB. a) Las células tumorales se
representan en azul, los vasos sanguineos en rojo, neuronas en verde y células tumorales
mitdticas en negro. Se pueden observar diversas estructuras reportadas por Scherer, como la
acumulacién perivascular de las células tumorales y la satelitosis neuronal, ademds del
crecimiento subpial (b), el crecimiento intrafascicular a través del cuerpo calloso (c) y el arreglo
en pseudo-palizada de las células tumorales alrededor del 4rea necrética (drea gris oscuro), de
manera adyacente a esta zona, se observa proliferacion tipo glomerulada de la microvasculatura
(d). Modificada de Claes et al., 2007 [60].

Por otro lado, también se describen estructuras propias como aquellas que no
dependen de la arquitectura del SNC, sino que son producto del potencial de
crecimiento de las células tumorales. Tales como la formacion de fibrosarcomas o la
organizacion en pseudo-palizadas de las células tumorales alrededor de un &rea de
necrosis [61]. Dichas estructuras, también pueden indicar caracteristicas fenotipicas de

las células tumorales que se encuentran ubicadas en un contexto particular. Por ejemplo,

27



ANTECEDENTES

las células en pseudo-palizadas localizadas alrededor de areas necroticas son celulas
tumorales que migran de forma colectiva hacia zonas menos hipdxicas y que expresan

factores pro-angiogénicos como VEGF, IL-8 o HIF-1a [58, 63].

Como ya se menciond, la migracion celular puede ocurrir de manera individual o
colectiva. De forma individual se distinguen dos grandes fenotipos de células
migratorias: ameboide y mesenquimal. Dichos fenotipos son facilmente distinguibles
dada la morfologia celular. Las células con fenotipo ameboide tienen una morfologia
circular mas o menos definida, las células mesenquimales presentan una forma alargada
tipo fibroblasto. Sin embargo, pueden observarse también transiciones entre el espectro
ameboide-mesenquimal debido a la respuesta adaptiva de las células hacia su
microambiente [52,63,64]. El movimiento individual es un proceso rapido, mientras que
el movimiento colectivo ocurre mas lento ya que implica la coordinacion entre un
grupo de células que se mantienen adheridas entre si y que rearreglan su citoesqueleto
coordinadamente para crear la fuerza de traccion necesaria para moverse hacia la misma

direccion [63]. Ambos tipos de migracion celular se han identificado en los GB.

Uno de los factores mas importantes para que las células de GB puedan migrar
depende de la adhesion de las células a la MEC y a los componentes celulares de su
entorno. El movimiento celular se mantiene por la interaccion asimétrica entre la célula
migratoria a través de la formacion de protrusiones membranales —seudopodos,
lamelipodia, filipodia o invadopodia— en el borde frontal de avance, y la MEC [65]. La
forma, el tipo de protrusiones y la dindmica del citoesqueleto estd regulado por
proteinas de la familia de pequenas GTPasas: RhoA, Rac y Cdc42. Dichas estructuras
membranales se adhieren a la MEC y determinan la direccion de la migracion celular a
través de la formacion de los complejos de adhesion focal [66]. Los complejos proveen
de fuerza de traccion necesaria para el movimiento y son puntos de transduccion de

senales hacia el interior y exterior de la célula.
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La formacion de los complejos de adhesion focal depende de la interaccion de un
gran namero de proteinas. Rac induce el ensamblaje de los polimeros de actina y la
union de integrinas y proteinas adaptadoras entre los filamentos de actina y la MEC. Las
cinasas cSrc y FAK promueven la maduracion del complejo y la transduccion de sefiales
necesarias para generar tension entre la actina cortical y la fuerza de traccion hacia el
frente celular unido a la MEC [65]. La fuerza de traccion es generada por RhoA, que
induce la contractilidad de actomiociona y el desensamblaje de las integrinas y las
proteinas adaptadoras. Mientras que Cdc42 regula la direccion de la migracion y
también participa en el ensamblaje de los polimeros de actina [67].

Las integrinas son receptores heterodiméricos formados por subunidades a y 3
que se localizan en la superficie celular y se unen a componentes de la MEC como la
fibronectina, laminina y coldgena [52]. En el caso de los GB, se observado una
sobreexpresion de las subunidades a5 y (31 que correlaciona con un aumento en la
invasion celular a lo largo de los vasos sanguineos [68,69]. En la cara interna de la
membrana celular, las integrinas se unen a las proteinas adaptadoras. Algunas de las
proteinas adaptadoras son paxilina (PAX), talina, vinculina, tenascina, o-actinina y
p130Cas. Otras proteinas que no forman parte de las integrinas pero que también
interactuan con componentes de la MEC son marcadores de superficie, los mas comunes
en las células troncales de GB son CD133, CD15 y CD44 [45].

Ademas, las células de GB modifican la MEC cerebral para favorecer la invasién
del tejido cerebral sano. Las células de GB secretan al medio extracelular diversas
metaloproteasas de matriz (MMPs), enzimas proteoliticas que degradan a las proteinas
de la MEC tales como coldgena, glicoproteinas y proteoglicanos como la fibronectina y
la laminina [54,70]. Se ha visto que las MMPs mayormente expresadas en GB son MMP-
2 y MMP-9, entre otras [70]. Otras metaloproteasas secretadas por las células de GB son
las ADAMS (A Disintegrin and metalloproteinase, por sus siglas en inglés) y catepsinas

[71,72].

29



ANTECEDENTES

5.4 Cinasa cSrc en la migracion e invasion celular de los GB

La cSrc es la tirosina cinasa prototipo de la familia de tirosina cinasas no asociadas a
receptores membranales (SFK, Src family kinases por sus siglas en inglés). Otras cinasas
de la misma familia son Fyn, Lyn, Yes, entre otras [73]. cSrc es una de las cinasas mas
estudiadas y cuyo mecanismo de accion ha sido mejor descrito en la fisiopatologia del
cancer. La cinasa cSrc promueve la progresion del cdncer ya que su activacion
desencadena la activacion de diversas vias de sefializacion involucradas en promover la
proliferacion, el crecimiento celular y la migracion e invasion celulares. En GB se ha
visto que los genes de varios miembros de la familia SFK, asi como cSrc, no presentan
mutaciones ni sobreexpresion del mRNA, sino que han demostrado ser mucho mas
activos en las células de GB con respecto al tejido cerebral normal tanto por un aumento
en su fosforilacion (residuo Y416), como por ensayos de actividad, lo cual indica que la
hiperactivacion de dichas cinasas se debe a una sefializacion aberrante mediada por las
proteinas activadoras de cSrc, tales como receptores de tipo tirosina cinasa o integrinas

[74-76].

Los miembros de la SFK comparten similitud estructural. La zona con mayor
variacion entre los miembros de las SFK es su dominio N-terminal (NTD), que contiene
al dominio SH4. Las modificaciones postraduccionales como la miristoilacion o la
palmitoilacion de dicho residuo son determinantes para el anclaje de la proteina a la
cara interna de la membrana celular. Seguido del dominio SH4 se localizan los dominios
SH3 y SH2, que regulan interacciones proteina—proteina y la actividad catalitica de la
cinasa, respectivamente. Las interacciones entre el dominio SH3 con otras proteinas son
fundamentales para regular la funcion de las SFK [77,78]. Ademas, el dominio SH2 est4
unido al dominio SH1 por una region linker. El dominio SH1 es el centro catalitico de las
SFK. El SH1 esta unido al dominio C-terminal (CTD), misma que contiene una region de

fosforilacién autoinhibitoria (residuo Y530, en el caso de cSrc). De tal manera que
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cuando la region C-terminal esta fosforilada, se encuentra fuertemente unida a SH2,

manteniendo un estado de inhibicidén enzimatica [77].

Las SFKs, adquieren una conformacion activa si ocurre la desfosforilacion del
residuo inhibitorio Y530 del CTD, o si ocurren cambios conformacionales debidos a la
interaccion de los dominios SH2 o SH3 con los motivos de poli-prolina de otra proteina
[77]. Dichos cambios conformacionales inducen la exposicion del residuo Y416 de cSrc
susceptible a autofosforilacion. Esta fosforilacion promueve una estabilizacion
permisiva para la union de sustratos. En el caso de la cinasa cSrc, la desfosforilacion del
residuo Y530 puede ser catalizado por tirosina fosfatasas como la proteina-tirosina
fosfatasa 1B [79], o la proteina tirosina fosfatasa a [80]. Mientras que las proteinas
activadoras de cSrc son receptores a factores de crecimiento, integrinas, otras cinasas
como FAK y receptores nucleares como el receptor a progesterona (RP) o a estrégenos
(RE) o receptores a neurotransmisores [81-83]. Cabe destacar que mas de uno de estos
mecanismos es activado para regular la activacion de cSrc en respuesta a un unico
estimulo. A través de estas interacciones cSrc regula diversos procesos celulares

incluyendo la organizacion del citoesqueleto, la adhesion celular y la motilidad.

En la formacion de los complejos de adhesion focal, las proteinas adaptadoras
como PAX se unen a las integrinas y sirven como andamiaje para otras cinasas y
pequenas GTPasas. La fosforilacion de PAX (residuos Y118 y Y31) promueve el
reclutamiento de otras proteinas adaptadoras y la regulacion de la sefializaciéon a otras
proteinas, tales como FAK. La cinasa FAK fue inicialmente identificada como una
proteina tirosina asociada a cSrc y que colocaliza con las integrinas de los complejos de
adhesion focal. FAK se activa por autofosforilacion (residuo Y397) y la interaccion de
dicha fosforilacion y sus dos motivos de poli-prolina con el dominio SH3 de cSrc
promueven la activaciéon de ésta ultima. Ademas, cSrc fosforila a FAK en su CTD

(residuos Y576 y Y577), induciendo un aumento en su actividad de cinasa [76]. Ambas
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cinasas ya activas sirven como un punto de activacion de otras proteinas que participan
en diversas vias de sefializacion como Ras/Raf/MAPK y PI3K/Akt y Jak1/Jak2/STAT3
[83].

La activacion transitoria de FAK y cSrc regula la migracion e invasion en las
células de GB al reclutar a otras proteinas a los complejos de adhesion focal [84].
Algunas de estas incluyen a las proteinas adaptadoras p130CAS, vinculina, talina y
tensina [79]. Ademads, inducen la formacion de los invadopodia en los GB [85]. El
ensamblaje y desensamblaje dindmico de los complejos de adhesion focal y de
estructuras como los lamelipodia, depende de la activacion de proteinas efectoras de
cSrc y de otras SFK. En la Figura 5 se presenta un esquema de la estructura de los

complejos de adhesion focal.
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Figura 5. Estructura de un complejo de adhesion focal. Un contacto focal constituye un sitio de
contacto entre la Matriz extracelular (MEC) y la célula. Las integrinas (heterodimeros de
subunidades « y ) mantienen el contacto estrecho entre la MEC y el interior celular y sirven
como punto de transduccién de sefiales. En la cara interna de la membrana celular las
integrinas se unen a proteinas adaptadoras: Paxilina, Talina, Vinculina y p130Cas. Estas sirven
como andamio para la unién y activacién de las cinasas cSrc y FAK, mismas que promueven
la unién y estabilizacion de las fibras de actina y entrecruzadas con otras proteinas de

citoesqueleto como a-Actinina y la Miosina. Imagen modificada de Mitra et al., 2005 [84].
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5.5 Generalidades sobre la alopregnanolona (3a-THP)

La alopregnanolona (3a-Tetrahidroprogesterona, 3a-THP) es un metabolito 5a-reducido
de la progesterona (P4). La P4 se sintetiza en las gonadas, corteza adrenal, placenta y el
SN. La P4 fue la primera hormona identificada secretada por el cuerpo luteo
involucrada con el mantenimiento del embarazo [86]. La 3a-THP y otros de sus
isomeros como la pregnanolona fueron aislados de la orina de mujeres embarazadas en
1937 [87]. Dado que la P4 y sus metabolitos participan en el mantenimiento del

embarazo, a estas moléculas se les denomina progestagenos [86].

En el SNC, la P4 puede ser sintetizada a partir del colesterol o de la pregnenolona.
La pregnenolona fue uno de los primeros neuroesteroides identificados —esteroides con
gran actividad biologica en el SNC—. En la década de los 80s se observé que los niveles
de pregnenolona en SNC eran mayores que sus niveles plasmaticos, incluso en animales
cuyos oOrganos esteroidogénicos habian sido resecados [88]. De alli que aumentara el
auge en la investigacion sobre el efecto de dichos esteroides en el cerebro mas alla de la

funcién reproductiva obvia que tienen.

La 3a-THP es por mucho, uno de los metabolitos de la P4 mas estudiado. Dicho
metabolito participa en el mantenimiento de la gestacién y el proceso de lactancia
[89,90], también participa en la regulacion del eje hipotalamo-pituitaria-adrenales [90].
Ademas, tiene efecto antiinflamatorio [91,92]. En el SN, la 3a-THP induce el
neurodesarrollo en mamiferos como los roedores y las ovejas [93], e induce la
proliferacion y la migracion de neuronas y células gliales [14,94]. En enfermedades como
el Parkinson, Alzheimer, trastorno de ansiedad generalizada, depresion y la depresion
postparto, por mencionar algunas, se ha descrito una disminucion en la expresion de las

enzimas involucradas en la sintesis de 3a-THP o bien en sus niveles [11,95]. Dados los
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efectos neuroprotectores y pro-proliferativos de la 3a-THP, puede especularse que

también puede tener algin efecto promotor de la malignidad tumoral.

5.6 Sintesis de alopregnanolona (3a-THP)

La sintesis de la 3a-THP depende de la disponibilidad de P4 en la célula
esteroidogénica. La P4 es producida por las células del SN a partir del colesterol o la
pregnenolona [96]. Ademas, su catabolismo requiere enzimas de fase 1 del metabolismo
de xenobidticos: monooxigenasas de la familia P450, oxidorreductasas de cadena corta
(SDR), miembros de la familia de las aldo-ceto reductasas (AKR), asi como otras
enzimas del metabolismo de fase 2 [97]. La 3a-THP, es sintetizada principalmente en las

gbénadas y la corteza adrenal y el SNC.

La 3a-THP entonces, es un producto del catabolismo de la P4 que comienza con
el paso de la reduccidn irreversible de la P4 a 5a-Dihidroprogesterona (5a-DHP). Este
paso metabdlico estd regulado por la una enzima perteneciente a las SDR, la enzima 5a-
reductasa (5a-R, también denominada 3-oxo-5a-esteroide deshidrogenasa). En el
genoma humano hay tres isoenzimas de la 5a-R con alta homologia codificadas por los
genes SRD5A1 (5a-R1), SRD5A2 (5a-R2) y SRD5A3 (5a-R3). Sin embargo, solo las
isoenzimas 5a-R1 y 5a-R2 estan involucradas en la reduccion de la P4, mientras que la

5a-R3 participa en la glicosilacion de proteinas [98,99].

Cabe mencionar que la P4 no es el tinico sustrato de la 5a-R. Los sustratos de la
5a-R son moléculas con estructura de 3-oxo (3-ceto), A*> C 19/21 esteroides, es decir,
esteroides de 19 a 21 atomos de carbono con un grupo radical en C3 —preferentemente
un grupo cetona- y un doble enlace entre C4 y C5. Algunos ejemplos de esteroides con
dichas caracteristicas moleculares son la testosterona, el cortisol y la aldosterona [98]. En

la Figura 6 se presenta un esquema de la sintesis de la 3a-THP a partir del colesterol.
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Figura 6. Sintesis de la 3a-THP a partir del colesterol. La sintesis comienza con el ingreso del
colesterol a la matriz mitocondrial a través de un complejo proteico en intimo contacto entre las
gotas lipidicas del reticulo endoplasmatico con la mitocondria. Aunque el complejo suele variar de
forma dependiente al tipo celular, algunos de los componentes comiinmente encontrados son: la
proteina reguladora de la esteroidogenesis aguda (STARD1), la proteina traslocadora de 18 kDa
(TSPO) y ATAD3A (ATPase family AAA-domain-containing protein A3, por sus siglas en inglés).
Este complejo se encuentra unido o cercano al CYP11A1: el citocromo P450 encargado de la ruptura
de la cadena lateral del colesterol para generar isocaproaldehido y pregnenolona. La pregnenolona,
generada en la matriz mitocondrial es deshidrogenada e isomerizada a P4 por la 3f3-
hidroxiesteroide deshidrogenasa (33-HSD). La P4 difunde hacia el reticulo endoplasmatico donde
es reducida a 5a-dihidroprogesterona (5a-DHP) por la enzima 5a-Reductasa (5a-R). En el
citoplasma, la 5a-DHP es reducida a alopregnanolona (3a-THP) por las enzimas con actividad de
3a-hidroxiesteroide deshidrogenasas (3a-HSD). Ademads, la 3a-THP puede ser reducida a 5a-
pregnan-3a,20a-diol a través de enzimas con actividad de 20a-hidroxiesteroide deshidrogenasas
(20a-HSD). Imagen modificada de Zamora-Sanchez et al., 2022 [104].

Las isoenzimas 5a-R1 y 5a-R2 catalizan una reaccion irreversible, por lo tanto,
reguladora del catabolismo de la P4. La reacciéon que regulan es la reduccion del doble
enlace entre el C4 y el C5 (A*°) de la estructura de la P4 utilizando como cofactor una
molécula de NADPH. Ocurrida la ruptura del doble enlace, un ion de hidrogeno (H) es

insertado en la posicion a del C5, mientras que un proton (H*) es insertado en la cara 3
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del C4 [98]. Esta reaccion se lleva a cabo en el reticulo endoplasmatico liso, dado que la
5a-R presenta alto contenido de aminoacidos hidrofobicos organizados en una
estructura rica en a-hélices que la mantienen anclada y estable en dicha membrana

[100,101].

A pesar de que las dos isoenzimas catalizan la misma reaccién, su localizacion
tisular y su pH optimo de reaccion son diferentes. Ademas, la 5a-R1 presenta una
afinidad por sus sustratos de orden milimolar, mientras que la 5x-R2 presenta una
afinidad en el rango de concentraciones nanomolares [102]. En la Tabla 4 se presentan
las caracteristicas de las dos isoenzimas. Cabe destacar que, en el SNC, la 5a-R1 juega un
papel muy importante en la sintesis de esteroides neuroactivos, como la 5a-DHP y la

3a-THP.

Tabla 4. Caracteristicas de las isoenzimas 5a-R1 y 5a-R2 involucradas en la reduccion de P4 a
5a-DHP

Caracteristicas 5a-R1 5a-R2

SDR5A1/5p15.31 SRD5A2/2p23.1
7 ;
29.4kDa 28.4kDa

Casi exclusivo de sistema

Cerebro (en adultos), tracto reproductor masculino, higado,

Localizacion tisular

gastrointestinal, higado, piel pulmones, cerebro (durante periodo

embrionario y recién nacidos), y piel

Tabla modificada de Zamora-Sanchez et al., 2022 [104].

En la linea celular C6 derivada de un glioma de rata, asi como en cultivos
primarios de neuronas y astrocitos derivados de ratas recién nacidas, se observd una
mayor sintesis de metabolitos de la P4 con respecto a los niveles de metabolitos de la
testosterona, como la dihidrotestosterona, mientras que la 5a-R2 parece jugar un papel
mas importante en la prostata y testiculos para la produccion mayoritaria de

metabolitos de la testosterona [103].
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En el SNC adulto, hay una mayor expresion de la isoenzima 5a-R1 con respecto a
la 5a-R2. En roedores, se ha reportado mayor expresion de dicha enzima en tractos
cerebrales ricos en mielina con respecto a otras areas cerebrales —mesencéfalo, cuerpo
calloso, comisura anterior y quiasma optico, por ejemplo— [105]. Ademas, esta presente

principalmente en oligodendrocitos, neuronas, microglia y en células troncales [105,106].

Con respecto a las células de GB, también se ha reportado la expresion de dichas
enzimas. En la linea celular U87 se reportd una expresion significativamente mayor del
Mrna de la 5a-R1 con respecto a la 5a-R2 [12]. Mientras que los niveles de proteina
fueron detectados en las células U87 y LN229, ambas de GB humanos, ademads de la
linea celular C6 de glioma de rata [107]. Ademas, la funcionalidad de la 5a-R ha sido
demostrada en la linea celular U87 por Pinacho-Garcia y colaboradores, quienes
confirmaron que el tratamiento farmacoldgico con finasterida y dutasterida, ambos
inhibidores de la 5a-R, disminuyeron la sintesis de metabolitos 5a-reducidos de la

testosterona, y corticosteroides [108].

Por otro lado, la 5a-DHP producida por la 5a-R, es interconvertida a 3a-THP a
través de las enzimas con actividad de 3a-hidroxiesteroide deshidrogenasas (3a-HSD).
En el genoma humano existen cuatro miembros de la superfamilia de aldo-ceto
reductasas (AKR, por sus siglas en inglés) subfamilia 1C (AKRICI-AKRIC4), con
actividad de 3a-HSD [109]. El mecanismo catalitico de dichas enzimas esta altamente
conservado a lo largo de la evolucion, a pesar de que la cinética y/o afinidad de los
sustratos de cada enzima sea diferente. Las AKR1C1-4 catalizan reacciones reversibles
de oxido-reduccién en las posiciones C3, C5, C11, C17 y C2 del nucleo esteroide o sus
cadenas laterales. Esto lo hace de manera dependiente de NAD(P)(H), de la reaccién

quimica preferente de cada isoforma y de la afinidad por su sustrato.

Algunos de los sustratos naturales de las AKR1C1-4 incluyen andrdgenos,

estrogenos y progestigenos, ademds de metabolizar algunos xenobioticos,
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prostaglandinas y retinaldehido [97]. En la Tabla 5 se presentan las caracteristicas de

cada isoenzima.

Tabla 5. Caracteristicas de las diferentes isoformas de la 3a-HSD.

Isoenzima: AKRI1C1 AKR1C2 AKR1C3 AKR1C4

Locus (no.

10p15.1 (9) 10p15.1 (14) 10p15.1 (10) 10p15.1 (9)
de exones)

Nombre de . . .
. 20a-(3a)-HSD 3a-HSD tipo 3 3a-(178)-HSD tipo 2 3a-HSD tipo 1
la proteina

1. 3B-cetoreductasa
1. 3a-cetoreductasa

aNwihak s 2 20a-cetoreductasa  3a-cetoreductasa 3a-cetoreductasa

2. 17B-cetoreductasa
Wi 3. 3a-cetoreductasa

4. 17B-cetoreductasa

3. 20c-cetoreductasa

SN, pulmén,
poRTmrRy SN, pulmén, higado, P, Prostata, pulmon,
tisular glandulas mamarias, testiculos, ttero, higado, glandulas Higado
testiculos glandulas mamarias, utero, SN
mamarias

HSD = Hidroxiesteroide deshidrogenasa; SN = sistema nervioso. Tabla modificada de Zamora-
Sanchez et al., 2022 [104].

Las enzimas de la familia AKRIC tienen una estructura terciaria de barril (/)8 —
de manera alterna, a-hélices y laminas-3 que se repiten 8 veces hasta formar el barril —.
En la parte trasera del barril se localizan 3 giros largos que definen la especificidad de
cada enzima por diferentes sustratos [109,110]. Las isoenzimas que se expresan
principalmente en el SNC son las AKR1C1-2. Por anos se ha considerado a la AKR1C2
como la isoenzima mds importante responsable de la sintesis de 3a-THP en el cerebro,
mientras que la AKRIC4 se encarga del mismo proceso con alta eficiencia casi
exclusivamente en higado [11]. A pesar de que la isoenzima AKR1C3 también se expresa
de manera significativa en el SNC, presenta mayor afinidad por andrdgenos y
estrogenos que por la reduccion de progestagenos. Ademads, las isoenzimas con

actividad de 20a-hidroxiesteroide deshidrogenasa (AKRIC1 y AKR1C3) pueden reducir
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a la 3a-THP en el grupo cetona del C20 para producir 5a-pregnan-3a,20a-diol, un

metabolito menos activo y de desecho [111,112].

Mas recientemente se ha detectado también la sintesis de 3a-THP en el colon de
rata [113]. Se ha hipotetizado que la sintesis de dicho metabolito en intestino participa
en la regulacion de las funciones del SN a través del eje intestino-cerebro. Hasta el
momento, Liang y colaboradores han hipotetizado las posibles proteinas a nivel sérico
involucradas en el transporte de 3a-THP a través del torrente sanguineo con base en su
estructura quimica. Las proteinas propuestas son: la albumina, la transcortina o

globulina de union a corticosteroides y la globulina fijadora de hormonas sexuales [96].

Con respecto a la presencia de las AKR1C1-4 en GB atin se sabe poco. La presencia
y funcionalidad de dichas enzimas fue indirectamente demostrada en la linea celular
U87 por Pinacho-Garcia y colaboradores al detectar la sintesis de progestagenos como la
3a-THP, andrégenos y corticosteroides a partir del colesterol [108]. Ademas de
participar en el metabolismo de los esteroides en GB, las AKR1C1-4 podrian favorecer la
resistencia a la temozolomida. En un modelo de resistencia a temozolomida con las
lineas U373 y T98G se observd la sobreexpresion de la AKR1C3 en las células resistentes

con respecto a las células no resistentes [114].

5.7 Mecanismos de accion de la 3a-THP

Los mecanismos de accion de la 3a-THP pueden ser agrupados en mecanismos
gendmicos y no gendmicos. Si bien los mecanismos no genémicos son mecanismos
rapidos que desencadenan la regulacion de diversas vias de sefalizacién, debe
considerarse que a largo plazo también pueden inducir la expresidon de genes tal como
los mecanismos gendmicos. Cabe destacar también que los mecanismos descritos en esta
seccidn han sido descritos en diversas células del SNC tanto en condiciones fisioldgicas

como fisiopatoldgicas.
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A nivel gendémico, la 3a-THP es un ligando del Receptor X de Pregnano (PXR,
también llamado Receptor de Esteroides y Xenobioticos [SXR]). El PXR es un factor de
transcripcion activado por ligando que presenta diversas variantes. Cada variante tiene
diferencias en la afinidad por ligandos, dimerizacién y actividad transcripcional [115].
Este receptor presenta mayor flexibilidad estructural en el dominio de unioén a ligando
con respecto a otros receptores nucleares, lo cual le confiere mayor promiscuidad por

ligandos hidrofobicos como los esteroides, entre los que destaca la 3a-THP.

La activacion del PXR a través de su interaccién con la 3a-THP se ha demostrado
por ensayos de actividad de la luciferasa. En dichos ensayos, los efectos de la 3a-THP
fueron significativamente mayores con respecto a la actividad inducida por la
deshidroepiandrosterona, un androgeno que también ha sido identificado como ligando
del PXR [115]. Ademas, en el modelo murino 3xTgAD de la enfermedad de Alzheimer,
la 3a-THP incremento la expresion de PXR a los 9 meses del establecimiento de la
enfermedad, sin embargo, se desconoce a través de qué mecanismo de acciéon se debe

dicho efecto [116].

Una vez que el PXR es activado, y localizado en el ntcleo celular, se une a
elementos de respuesta a xenobidticos en la region promotora de sus genes blanco.
Ademads, recluta a coactivadores o correpresores de la transcripcion. Algunos de los
genes blanco del PXR, estan involucrados en el metabolismo del colesterol o forman
parte de sistemas de detoxificacion de xenobidticos, tales como genes de las subfamilias
de citocromos P450: CYP3A, CYP2B y CYP20, asi como transportadores del tipo ATP-

binding cassette (por su nombre en inglés) [117,118].

Se sabe que dicho receptor participa en la regulacion de procesos fisiologicos como
también en cancer. El PXR se expresa en diversos organos: higado, tracto
gastrointestinal, goénadas, utero, glandulas mamarias y adrenales, cerebro y piel

[115,119]. Su expresién también ha sido reportada en diversas lineas celulares
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cancerosas como en adenocarcinoma gastrico (células SNU719), adenocarcinoma de
colon (células SW403), adenocarcinoma ductal pancreatico (ASPC1) y hepatoblastoma
(Células HepG2) [119]. Asimismo, se ha visto implicado tanto en procesos de
carcinogénesis como de promocion y progresion del cancer y resistencia a la terapia

[119].

Los mecanismos no gendmicos activados por la 3a-THP, tienen efectos rapidos
sobre las células. Sin embargo, a tiempos largos (de horas a dias), estos mecanismos
también pueden llevar a la regulacion de la transcripcion. Los mecanismos rdpidos que
son activados por la 3a-THP, el mejor caracterizado hasta el momento es mediado por el

receptor A del dcido y-aminobutirico (GABAAaR).

El GABAAR es un canal ionotrdpico activado por ligando. Para ser funcional, éste
estd constituido como un canal pentamérico. Este se puede formar de 19 posibles
subunidades: a (1-6), 3 (1-3), Y (1-3), d, &, 0, m, y 0 (1-3). Todas las subunidades estan
conformadas por un dominio extracelular largo, cuatro dominios transmembranales
(TMD1-4), un loop largo entre TMD3 y TMD4, a través del cual interactia con proteinas
intracelulares y un dominio extracelular corto en el extremo C-terminal de la proteina
[120]. La mayoria de los receptores GABA4R estan formados por dos subunidades a,
dos 3 y una adicional de la cual depende la funcion y localizacion del receptor [121]. Los
GABAAR sindpticos generalmente estdn constituidos por subunidades vy, y los

receptores extrasinapticos comuinmente presentan una subunidad o.

La 3a-THP es un modulador alostérico del receptor GABAAR y presenta mayor
afinidad por los receptores que contienen subunidades ® o y1 [122]. Ademas, la
presencia de la subunidad al también parece ser determinante para los efectos de la 3a-
THP [120]. Chen y colaboradores en 2018 demostraron que, aunque existen hasta cuatro
sitios de union de la 3a-THP en el receptor GABA4R conformado solo por subunidades

al y B3, no todos estan involucrados en la modulacién alostérica positiva o activacion

41



ANTECEDENTES

del mismo [120]. Existen dos sitios de union de la 3a-THP en el receptor a través de los
cuales dicho esteroide modula positivamente la GABAAR. Esto quiere decir que en
presencia de la 3a-THP, el ligando natural de GABAAR, el GABA, activa de forma con
mayor potencia al receptor en con respecto a cuando la 3a-THP se encuentra ausente.
Dichos sitios alostéricos se localizan entre las subunidades a y [ en la region
transmembranal adyacente a los dominios extracelulares de ambas subunidades [120].
Ademas, un sitio de union de 3a-THP ha sido identificado en al, entre los dominios
transmembranales TM1 y TM4 de dicha subunidad. La unién de la 3a-THP con estos
tres sitios alostéricos aumentan la potencia de GABA al promover la estabilizacion del

canal en su forma activa, es decir, abierta [123].

El efecto de la 3a-THP sobre los GABAAR depende de la concentracion. Estudios
electrofisiologicos indican que a concentraciones de orden nanomolar (100 nM), la
3a-THP actdia como modulador alostérico positivo del receptor. Mientras que a
concentraciones micromolares (1-10 uM), la 3a-THP promueve la activacion directa del
GABAAR sin embargo, se desconoce cudl, o cudles sitios de unién de la 3a-THP estan
involucrados en este efecto independiente del GABA [123,124]. Ambos efectos tienen
consecuencias inmediatas en las células blanco. El tratamiento con otro esteroide con
una estructura quimica y afinidad por el GABAAR muy similar a la 3a-THP, la
tetrahidrodesoxicorticosterona (THDOC), promueve la fosforilacion mediada por la
cinasa PKC, de la subunidad a4 de GABAA4R, lo que favorece su permanencia en la

membrana celular y promueve su sefializacion [125,126].

El efecto de la 3a-THP mediado a través de los GABAAR depende del tipo celular y
la expresion de cotransportadores como SLC12A2. En células maduras y con baja o nula
expresion de SLC12A2, la activacion o modulaciéon positiva de GABAaR promueve el
influjo de iones cloruro (CI"). Esto provoca la hiperpolarizacion de la membrana, una

seflal de inhibicion celular. Sin embargo, en células troncales neurales o pre-
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progenitoras de oligodendrocitos con alta expresion del cotransportador SLC12A2, la
concentracion basal de Cl intracelular es elevada. En ellas, se promueve la
despolarizaciéon de la membrana al activarse GABAAR [124]. Lo anterior, activa a canales
de calcio tipo L dependientes de voltaje e incrementa los niveles de los segundos
mensajeros: Ca? y adenosin monofosfato ciclico (AMPc). El incremento en los niveles de
AMPc promueve la activacion de la proteina cinasa A (PKA) con la consecuente
activacion de la proteina 1 de unidn a elementos de respuesta a AMPc (CREB1), un
factor de transcripcion [94,127]. CREB1 regula la transcripcion de genes que promueven
la sintesis de DNA y la proliferacion celular [94], asi como genes que promueven la

sintesis de GABA [128].

Con respecto a la migracion celular, se ha visto que el neurotransmisor GABA, a
concentraciones de orden femtomolar induce la migracion celular en neuronas de rata
entre los dias E15 y E20 del desarrollo embrionario a través del GABAAR [129]. Sin
embargo, también se ha reportado el incremento de la migracion neuronal en la corteza
parietal de ratas recién nacidas en un modelo in vitro con el tratamiento de metiodido de
bicuculina, un antagonista del GABAAR, lo cual implica que dicho receptor puede tener
efectos dependientes del tipo celular en el SNC durante el desarrollo [130]. El efecto
positivo del GABAA4R sobre la migracion celular también parece estar mediado por la
presencia del cotransportador SLC12A2 en neuroblastos de raton [131]. Sin embargo, no
se han descrito qué cascada de sefializacién regulada por GABAAR promueve la
migracion de dichos tipos celulares. En GB, una alta expresién de SLC12A2 correlaciona
con un fenotipo mas invasivo e induce la transicion epitelio a mesénquima en la linea

celular U87 [132].

En células completamente diferenciadas, la 3a-THP induce cambios en el
citoesqueleto de actina y el aumento de la migracion celular, a través de activacion de

las proteinas cinasas en los complejos de adhesion focal. Melfi y colaboradores
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reportaron en las células Schwann de rata, que la 3a-THP promueve la migracion
celular y el rearreglo del citoesqueleto de actina. Estos efectos dependen de la actividad
de cSrc, ya que el inhibidor farmacoldgico de cSrc, el PP2, bloqueado la migracion
celular inducida por la 3a-THP a las 2, 6 y 24 h de tratamiento. Ademas, el tratamiento
con 3a-THP 1 uM indujo una disminucién seguida de un incremento en los niveles de
cSrc y FAK fosforiladas a los 30 y 60 min de tratamiento [14]. De manera interesante, el
tratamiento conjunto de 3a-THP y bicuculina, un antagonista de los GABAAR indujo un
aumento significativo de los niveles de FAK fosforilada [14]. La 3a-THP ademas, induce
la proliferacién, angiogénesis y el aumento de la actividad de las 3a-HSD de manera

dependiente del GABAAR en un modelo de rata del plexo ovarico [133,134].

La 3a-THP también puede activar la transduccion de sefiales mediada por los
receptores membranales de progesterona (mPR). Los mPR son cinco proteinas que
forman parte de la familia del receptor de progestinas y adipoQ: mPRa (PAQR7), mPRf3
(PAQRS), mPRy (PAQRS5), mPRd (PAQR7) y mPRe (PAQRY). Todos presentan de 7 a 8
dominios transmembranales [135,136]. Atn no esta del todo dilucidado su mecanismo
de accion, algunos autores proponen que estos receptores actian como enzimas
activadas por ligando con actividad de ceramidasa y producen como segundos
mensajeros bases esfingoides que activan a proteinas G [136,137]. Otros estudios indican
que los receptores estan directamente acoplados a proteinas G: mPRa, mPR y mPRy
estan acoplados a proteinas de tipo G inhibitorias (Gi) en humanos y a proteinas G
olfatorias (Gor) en teledsteos, mientras que los mPRd y mPRe estan acoplados a

proteinas G estimulatorias (Gs) [138,139].

La afinidad de la 3a-THP por los mPR se ha determinado a través de ensayos de
union en los que se ha observado el papel de la 3a-THP como agonista de mPRd (100
nM), y mPRa y mPR@ (~400-500 nM) [139]. Por lo anterior, el efecto de la 3a-THP

depende de la presencia de los mPRs. La expresion de los mPRO y mPRp es
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particularmente alta en algunas areas cerebrales como el hipotdlamo, hipocampo,
amigdala y corteza cerebral, zonas donde también son comunes los GB. Asimismo, la
expresion de los cinco receptores membranales también ha sido reportada en las lineas

celulares U251 y U87 de GB humano [140,141].

En neuronas hipocampales, el tratamiento de 3a-THP (20 y 100 nM) por 15 min
incremento los niveles de AMPc en las células, 1o cual correlaciona con la activacion de
proteinas Gs [139]. En este mismo estudio, se sobreexpresé al mPRo en células MDA-
MB-231 de adenocarcinoma mamario. Cuando las células fueron tratadas con 3a-THP
durante 20 min, se observod el aumento de AMPc y la activacion de la cinasa ERK, junto
con la disminuciéon de la apoptosis celular [139]. Por otro lado, en las células
inmortalizadas de hipotalamo de rata GnRH GT1-7 se observd una alta expresion de
mPRa y mPR{ con respecto a los demds mPR. En ellas, el tratamiento con 3a-THP

disminuyo los niveles de AMPcy la muerte celular [142].

Se ha propuesto una interrelacion entre los mecanismos de accién de la 3a-THP.
Melfi y colaboradores reportaron que la 3a-THP induce cambios en el citoesqueleto y un
aumento en la migracién celular a través de la activacion de cSrc y FAK, como ya se
menciond [14]. Sin embargo, cuando las células fueron tratadas con 3a-THP vy
bicuculina, un inhibidor de GABAAR, la fosforilacion de dichas cinasas aumento
significativamente con respecto al tratamiento solo de 3a-THP o el agonista de
GABAAR, muscimol sélo. Otro estudio con el agonista de los mPR, el ORG-02-0, también
demostr6é un aumento en la fosforilacion de cSrc [143]. Lo anterior puede indicar que los
efectos de la 3a-THP son el resultado de la activaciéon de multiples mecanismos que
pueden compensarse entre si cuando alguno de ellos estd bloqueado. En la Figura 7 se

presentan resumidos, los mecanismos de la 3a-THP mas estudiados hasta el momento.
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Figura 7. Mecanismos de accion y efectos de la 3a-THP. Por sus caracteristicas hidrofdbicas, la 3a-
THP atraviesa la membrana celular por difusion y activa al PXR, un factor de transcripcion. A
nivel de membrana, la 3a-THP modula positivamente al canal ionotrépico GABAAR. En células
que conjuntamente expresan GABAAR y el cotransportador SLC12A2, se activa una via de
senalizacion dependiente del segundo mensajero adenosin monofosfato ciclico (AMPc) para
activar al factor de transcripcion CREB1. En células completamente diferenciadas, la 3a-THP
induce la activacion de las cinasas cSrc y FAK a través de GABAaR. Ademas, la 3a-THP es un
agonista de los mPRs, a través de los cuales induce cambios en los niveles de AMPc y la
activacion de cSrc/FAK y ERK. Imagen modificada de Zamora-Sanchez et al., 2022: [104].

Ademds de los mecanismos anteriormente descritos, hay otros receptores de
neurotransmisores que también son modulados por la 3a-THP, tales como los

receptores dopaminérgicos D1 [144] y los receptores glutamatérgicos de N-metil-D-

aspartato (NMDA)[145].

Adicionalmente, hay autores que hipotetizan que la 3a-THP indirectamente puede

activar al receptor a progesterona (RP). Lo anterior, a través de la interconversiéon de la
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3a-THP a 5a-DHP a través de las AKR1C1-4 [11,146]. Se ha reportado la alta afinidad de
la P4 (0.35 nM) y la 5a-DHP (22 nM) por el RP. Sin embargo, por ensayos de uniéon y de
gen reportero, se ha visto que la 3a-THP presenta muy baja afinidad directa por dicho
receptor ( >500 nM por el RP de pollo y no detectable en humanos) [146]. E1 RP es un
factor de transcripcion que pertenece a la superfamilia de receptores nucleares [147].
Ademas de su funcion como regulador de la transcripcion de genes especificos, también
se sabe que a nivel citoplasmatico regula la activacion de vias de sefializacion rapidas en
el citoplasma a través de su interaccion con proteinas que reconocen los motivos ricos en
poliprolina localizados en el NTD del RP. Un ejemplo de este tipo de proteinas es la

cinasa cSrc [83,148].

5.8 Efectos de la 3a-THP en cancer

Hasta el momento hay pocos estudios sobre el papel que tiene la 3a-THP en la
fisiopatologia del cancer. En la linea celular U87 de GB humano, previamente se reporto
que la 3a-THP (10 nM — 1 uM) induce un aumento en el nimero de células a través de
un ensayo dosis-respuesta durante 6 dias, asi como la proliferacion a los 3 dias de
tratamiento. De manera interesante en este estudio, el tratamiento con P4 y la
finasterida, un inhibidor farmacoldgico de las 5a-R, disminuyd significativamente el
efecto de la P4 sobre el aumento en el numero de células [12]. Lo anterior fue uno de los
primeros indicios de que no so6lo la P4, sino sus metabolitos, pueden promover la
malignidad de los GB. En otro estudio, a través de microarreglos en la linea celular U87,
se demostr6 que la 3a-THP (10 nM) promueve la sobrexpresion de genes relacionados

con la proliferacion celular, reparacion del DNA y el rearreglo del citoesqueleto [13].

Ademas, en otros modelos de cancer, la 3a-THP también promovid la malignidad
tumoral a bajas concentraciones. En células PC12 derivadas de un feocromocitoma de

rata y que no expresan al GABAAR ni a receptores NMDA, la 3a-THP indujo un
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aumento en la expresion de proteinas anti-apoptoticas como Bcl-2 y Bcl-xl, asi como un
aumento en activacion de la cinasa PKC, involucrada también en la regulacion de
diversas vias de senalizacion y una disminucion en la apoptosis celular [149]. Por otro
lado, en la linea celular de cancer ovarico humano IGROV-1, la 3a-THP indujo la
proliferacion, migracion, invasion y la clonogenicidad a bajas concentraciones (10 pM- 1

uM) [150].

Contrario a lo anterior, se ha visto que altas concentraciones de 3a-THP inducen la
muerte celular o una disminucién de procesos relacionados con la progresion del cancer.
En las lineas celulares de cancer de mama MCF-7 y T47D, la 3a-THP (50 uM) disminuy6
la viabilidad celular igual que la P4 y la 5a-DHP, mientras que concentraciones
relativamente bajas de 10 uM estimularon la supervivencia celular [151]. En las lineas
celulares T98G y A172 de GB humanos, la 3a-THP (20 — 60 pM) promovio la muerte
celular por si sola y potencid el efecto de la temozolomida sobre la muerte celular, la
migracién, invasion y la disminucién de la expresion de genes relacionados con la
proliferacion celular y la sefializacion mediada por integrinas [152]. Todos estos estudios
indican que la 3a-THP a concentraciones que van de 1 nM a 10 uM, inducen la
malignidad de diferentes modelos cancerosos in vitro. Mientras que concentraciones
mayores a 20 pM inducen la muerte celular y la disminucion de la migracion e invasion

de las células cancerosas.

Ademas de la 3a-THP, también sus andlogos han sido estudiados en el contexto
del cancer. La ganaxolona es un andlogo 3-metilado de la 3a-THP que fue aprobado
recientemente por la Food and Drugs Administration de Estados Unidos para el
tratamiento de epilepsia. Este fdrmaco tiene alta afinidad por el GABAAR y también
presenta cierta afinidad por los mPRs [153]. La ganaxolona disminuyo la apoptosis y
muerte celular de la linea de cancer de mama MDA-MB-231 que no expresan al

GABAAR. En estas células utilizadas como modelo para sobreexpresar al mPR9, la
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ganaxolona y la 3a-THP (100 nM) indujeron un aumento en la fosforilacion de la cinasa

ERK [153].

Taleb y colaboradores, en la busqueda de andlogos de la 3a-THP sin efectos pro-
proliferativos, sintetizaron diversos compuestos. Estos autores reportaron que la
3o-THP y sus andlogos sintéticos BR351 (O-alil-alopregnanolona) y BR338 (12-oxo-
alopregnanolona), a concentraciones de 250 nM a 1 uM aumentaron la viabilidad celular
en las células SH-SY5Y de neuroblastoma humano [154]. Mientras que el andlogo BR297
(O-alil-epi-alopregnanolona) no presentd dichos efectos. Todos los esteroides evaluados
por dichos autores presentaron efectos neuroprotectores y aumentaron la conductancia
de GABA [154,155]. En la Figura 8 se presentan algunas de las estructuras quimicas de

los analogos de la 3a-THP.

Alopregnanolona Ganaxolona 0-alil-alopregnanolona 12-oxo-alopregnanolona
(3a-THP) BR351 BR338

Figura 8. Estructura quimica de los andlogos sintéticos de la 3a-THP. Se presenta la estructura
base de la 3a-THP, asi como de sus analogos sintéticos con modificaciones: La ganaxolona
presenta un metilo como grupo sustituyente en el C3. El andlogo BR351 presenta grupo alilo como
sustituyente en oxigeno del C3, mientras que BR338 presenta un grupo cetona en el C12.
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6 PLANTEAMIENTO DEL PROBLEMA

Se sabe que los metabolitos de la P4, como la 3a-THP, promueven la proliferacion y la
expresion de genes clave para el crecimiento de los GB. La 3a-THP, ademas, induce
cambios en el citoesqueleto y la migracion de células del SNC. Sin embargo, se
desconocen los efectos de la 3a-THP, asi como la repercusion de su metabolismo a
través de las 3a-HSD sobre la migracion e invasion de células de GB humanos y las vias

de sefalizacion implicadas en la regulacion de estos procesos.

7 HIPOTESIS

La 3a-THP promoverd la migracion e invasion, asi como cambios en la activacion de la
cinasa cSrc en células derivadas de GB humanos, independientemente de su

metabolismo a través de las 3a-HSD.
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8 OBJETIVOS

8.1 OBJETIVO GENERAL

Conocer el papel de la 3a-THP y de su metabolismo mediado por las 3a-HSD en
la migracion e invasion de células derivadas de GB humanos y determinar si el
efecto de la 3a-THP sobre la migracion e invasion estd regulado a través de la

activacion de la proteina cinasa cSrc.

8.2 OBJETIVOS PARTICULARES

a)

b)

d)

Determinar el efecto de la 3a-THP sobre la migracién e invasién de células
derivadas de GB humanos.

Caracterizar la expresion de las 3a-HSD.

Determinar el efecto de la 3a-THP sobre la migracion e invasion de las células de
GB con la expresion de las 3a-HSD silenciada.

Estudiar el efecto de la 3a-THP sobre los niveles de la proteina cinasa cSrc
fosforilada en el residuo Y416 en las células de GB.

Evaluar si el efecto de la 3a-THP sobre la migracion e invasion estd mediado por

la cinasa cSrc.
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9 METODOLOGIA

9.1 Cultivo celular

Las lineas celulares U87, U251 y LN229 derivadas de GB humanos se obtuvieron de la
Amercian Type Culture Collection (ATCC). Las tres lineas celulares son IDH WT, la cual
corresponde con una caracteristica genotipica de GB. Ademas, las tres lineas presentan
una firma génica que corresponde con los subtipos proneural/mesenquimal [156,157].
Las lineas celulares U251 y U87 provienen de GB extirpados de hombres caucésicos,
mientras que la linea celular LN229 proviene de una mujer blanca. Algunas otras de sus
caracteristicas particulares se presentan en las Tablas 7 y 8 de la seccion de 14.1 de
Anexos. Las células de GB fueron cultivadas en medio Eagle Modificado Dulbecco
(DMEM) alto en glucosa, con rojo fenol y suplementado con suero fetal bovino (SFB, 10
%), piruvato y aminoacidos no esenciales y en condiciones de COz al 5 % y a 37 °C. El
medio fue cambiado cada 48 h hasta obtener una confluencia de 70 — 80 %. A las 24 h
previas a comenzar con los diferentes ensayos, el medio de cultivo fue reemplazado por

DMEM sin rojo fenol y suplementado con SFB sin hormonas (10 %).
9.2 Ensayos de migracion

Para determinar el efecto de la 3a-THP sobre la migracion de células derivadas de GB,
se realizaron ensayos de cierre de herida. Para ello, se sembraron 3.5 x 10° células por
pozo en cajas de 6 pozos de las lineas celulares U251, U87 y LN229. El dia del ensayo, se
realizo una herida lineal sobre la monocapa del cultivo celular con una punta de pipeta
de 200 MI. Se eliminaron el medio de cultivo (DMEM sin rojo de fenol y SFB sin
hormonas) y las células despegadas de la monocapa con 700 Ml de PBS. El medio se
reemplazo y se agregd arabindsido de citocina (AraC, 10 Mm) 1 h antes de agregar los

tratamientos hormonales, con el fin de inhibir la progresion del ciclo celular.
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» Tratamientos utilizados para determinar el efecto de la 3a-THP sobre la
migracion celular: vehiculo (V; etanol [EtOH] a una concentracion en el
medio de cultivo de 0.1 %), P4 (10 nM) y 3a-THP (10, 100 nM y 1 uM). La
concentracion de P4 utilizada previamente demostré promover la migracion
de las células de GB por articulos del laboratorio [158,159].

» Tratamientos para determinar el efecto del silenciamiento de las 3a-HSD
sobre la migracion de células de GB inducida con 3a-THP: vehiculo (V;
etanol [EtOH] 0.1%) y 3a-THP 100 nM. Estos fueron agregados a los
cultivos celulares 24 h después de realizado el protocolo de transfeccion y
silenciamiento de las 3a-HSD descrito en la seccion 8.4.

» Tratamientos para evaluar si el efecto de la 3a-THP sobre la migracion
celular esta mediado por la cinasa cSrc: V (EtOH 0.1 %), V (dimetilsulféxido
[DMSQO] 0.001 % como concentracion final en el medio de cultivo), 3a-THP
100 nM, el inhibidor farmacolodgico de cSrc, 1-tert-Butil-3-(4-clorofenil)-1H-
pirazolo[3,4-d]pirimidin-4-amina (PP2, 1 uM), y el tratamiento conjunto de

3a-THP+PP2 a las mismas concentraciones.

Posteriormente, se tomaron fotografias del area de la herida con la cdmara Infinity
1-2C (Lumenera) acoplada al microscopio invertido Olympus CKX41 a un aumento de
10x a las 0, 6, 12 y 24 h de tratamiento. El procesamiento de las imagenes de migracion
se realizo con el macro MRI Wound Healing Tool del software Image] versiéon 1.15r. Los
datos se analizaron con la férmula del porcentaje de cierre de herida, que considera el
area inicial (0 h de tratamiento) como 0% de migracion y el area de los tiempos
consecutivos evaluados (6, 12 y 24 h) como un porcentaje del cierre del area inicial. Se
realizé un minimo de 3 experimentos por linea celular y se analizaron estadisticamente
con el software GraphPad Prism 5 (ANOVA de una via seguido de una prueba de
Tukey).
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9.3 Ensayos de invasion

Para determinar el efecto de la 3a-THP sobre la capacidad de invasion de las células
U251, U87 y LN229, se utilizé una modificacion de la cdmara de Boyden: Se colocé un
inserto con una membrana porosa de policarbonato (tamafo de poro = 8.0 um) sobre la
que se agregd Matrigel® (Sigma Aldrich), un gel de proteinas de matriz extracelular
derivado de células de sarcoma murino Engelbreth-Holm-Swarn. Cuando la matriz se
gelifica, las células cultivadas en medio DMEM sin SFB y los tratamientos, se colocan en
el compartimento superior de la cdmara. En la parte inferior se coloca medio DMEM con
SFB, como agente quimioatrayente. Después de 24 h de cultivo con los tratamientos, el
Matrigel es retirado y las células con capacidad de invadir, es decir, aquellas que

atravesaron la membrana porosa, son tefiidas y cuantificadas.

Las células fueron cultivadas en cajas de 40 mm. Al obtener una confluencia de 80
%, el medio se reemplazd por DMEM sin rojo fenol y suplementado con 10 % SFB sin
hormonas. El Matrigel se descongel6 a 4°C una noche antes de comenzar el ensayo. Se
realizé la dilucion del Matrigel (2 mg/Ml) en medio DMEM sin rojo fenol y sin SFB.
Posteriormente, 100 Ml de Matrigel se colocaron sobre los insertos y se dejaron gelificar
a 37 °C durante 3 h en una atmdsfera con 5 % CO:. A continuacién, en el compartimento
inferior de la cdmara se agregd 600 Ml de medio DMEM sin rojo fenol con 10 % SFB sin
hormonas. En el compartimento superior se colocaron 3x10* células en medio DMEM

sin rojo fenol y sin SFB, AraC (10 Mm), y los tratamientos de interés en un volumen de

150 Ml.

» Tratamientos para determinar el efecto de la 3a-THP sobre la invasion
celular: vehiculo (V; EtOH, 0.1%), P4 (10 nM) y 3a-THP (100 nM).

» Tratamientos para evaluar el efecto del silenciamiento de las 3a-HSD sobre
la invasidén celular inducida con 3a-THP: V (EtOH, 0.1%) y 3a-THP 100 nM.

Estos tratamientos fueron agregados a los cultivos 24 h después de
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realizado el protocolo de transfeccion y silenciamiento de las 3a-HSD
descrito en la seccion 8.4.

> Tratamientos para evaluar si el efecto de la 3a-THP sobre la migracion
celular esta mediado por la cinasa cSrc: V (EtOH, 0.1 %), V (DMSO, 0.001
%), 3o-THP 100 nM, PP2 1 uM, y 3a-THP+PP2 a las mismas

concentraciones.

Transcurridas 24 h de cultivo se eliminaron los medios de cultivo y el inserto se
lavo suavemente con PBS para retirar el Matrigel. Después, las células en el inserto
fueron fijadas con paraformaldehido (PFA, 4 %) durante 20 min a temperatura
ambiente. Posteriormente se realizaron 3 lavados de 5 min cada uno con PBS en
agitacion moderada. Las células fueron tefiidas con cristal violeta al 1 % durante 20 min,

nuevamente se realizaron 3 lavados con PBS (10 min cada lavado) y se dejaron secar.

Los insertos ya secos, se observaron al microscopio. Se tomaron imdagenes
representativas de cada experimento con la camara Infinity 1-2C acoplada al
microscopio invertido a un aumento de 10x. Se determind el numero de células que
atravesaron el matrigel con el software Image] version 1.15r. Los datos obtenidos se
analizaron en el programa GraphPad Prism 5. El andlisis estadistico realizado fue un
ANOVA seguido de una prueba post hoc Tukey. Todos los resultados mostrados se

expresan como la media * el Error Estandar de la Media (E.E.M).

9.4 Transfeccion y silenciamiento de las 3a-HSD

A fin de determinar si el efecto observado de la 3a-THP sobre la migracion e invasion
celulares se debe a la 3a-THP per se y no a su interconversion a 5a-DHP, la expresion de
las 3a-HSD se silenci6 de forma transitoria en la linea celular U251 utilizando un siRNA
comercial disefiado para las isoenzimas AKR1C1-3 considerando que en el SNC se ha

reportado una baja expresion de la isoenzima AKR1C4.
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Un nimero de 2x10° células U251 por pozo fueron cultivadas en cajas de 6 pozos
en medio DMEM con rojo fenol y suplementado. Transcurridas las 24 h, el medio de
cultivo fue reemplazado por DMEM sin rojo fenol y sin suplementar para evitar
cualquier posible interferencia de las proteinas contenidas en el SFB con la formacion
del complejo lipofectamina-siRNAs, asi como la accion de posibles RNAasas en el SFB, y
se realizd la transfeccion. El agente de transfeccion utilizado fue lipofectamina 7.5 %
(Lipofectamine RNAiIMAX; Thermo Fisher Scientific) diluida en medio DMEM sin rojo
fenol y sin suplementar. Una vez preparado el agente de transfeccion, se realizé la

dilucion de los siRNA comerciales:

» Como control del silenciamiento (siRNA control): Silencer Select Negative
Control #1 (no. de catdlogo: 4390844, Thermo Fisher Scientific) a una
concentracion de 100 nM, diluido en DMEM sin rojo fenol y sin
suplementos.

> siRNA que reconoce a las isoenzimas AKR1C1-3 (sAKR1C1-3): siRNA
comercial (no. de catdlogo 4392420; ID: s3988, Thermo Fisher Scientific), a
una concentracion de 100 nM y diluido en DMEM sin rojo fenol sin

suplementos.

Los siRNA utilizados y el agente de transfeccion fueron incorporados por medio de
agitacion e incubados a temperatura ambiente durante 20 min antes de ser agregados a
los cultivos celulares. Las células U251 fueron incubadas durante 12 h con los agentes de
transfeccion. Después, las células se cultivaron durante 24 h en el medio de
recuperacion: DMEM sin rojo fenol suplementado como se indica en la seccion de
Cultivo celular. Posteriormente, se evalud a través de Western blot la eficiencia del

silenciamiento y se realizaron los correspondientes ensayos de migracion o invasion.
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9.5 Extraccion de RNA total y RT-qPCR

Para determinar la expresion de las 3a-HSD en las células de GB humano, 2.5x10°
células de las lineas U87, U251, y LN229 fueron cultivadas en pozos de 40 mm.
Transcurridas 24 h de cultivo, las células fueron lavadas con 600 puL de PBS y lisadas con
600 pL de TRIzol (fenol, acido tiocidnico y guanidina; Ambion). Se incubaron a -20°C
por 5 min y se transfirieron a un tubo Eppendorf donde se les agregd cloroformo (200
uL). Después de homogenizar las muestras durante 20 s en el vortex, se centrifugo6 a

14,000 rpm a 4 °C por 15 min y se obtuvieron 2 fases.

A la fase acuosa se le agrego isopropanol en un volumen equivalente. E1 RNA se
precipité a -20 °C durante toda la noche. Posteriormente, colectd por centrifugacion 15
min a 14,000 rpm a 4 °C. La pastilla color blanco de RNA se observo en el fondo del
tubo. El sobrenadante se decanto y el pellet fue lavado dos veces: con etanol al 75 % en
agua grado biologia molecular y con etanol al 80 %, entre cada lavado se centrifugd a
7500 rpm a 4 °C durante 8 min. Se dejo secar la pastilla de RNA y se resuspendié en 30
uL de agua.

La cantidad y pureza del RNA se cuantificd en el espectrofotometro NanoDrop
2000 (Thermo Scientific, MA, USA). Su integridad se determiné por electroforesis en un
gel de agarosa al 1.5 % en buffer TB 0.5x (Tris base, acido bodrico), donde se observaron
las bandas correspondientes a los RNAr 28 y 18S, asi como su intensidad y la ausencia

de barrido que indicara degradacion de los acidos ribonucléicos.

Para la sintesis de cDNA se utilizé 1 ug del RNA total extraido, la enzima M-
MLV Reverse Transcriptase (ThermoFisher Scientific, MA, USA) y oligo dT (500 ug/mL)
de acuerdo con las recomendaciones del fabricante: 20 pL de reaccién se incubaron por
50 min a 37 °C para la sintesis de cDNA y 15 min a 70 °C para la inactivacion de la

enzima. 2 pL de la reaccidon anterior se utilizaron para realizar una qPCR para
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determinar la expresion de las isoformas de la 3a-HSD (AKR1C1 y AKR1C2, por los
nombres de los genes). En la Tabla 6 se presentan la secuencia de los oligonucledtidos

disefiados para este trabajo.

Tabla 6. Secuencia de los oligonucledtidos disefiados y tamafio del producto de qPCR a

amplificar por cada par utilizado.

Gen Oligonucleotidos (5'—3") Fragmento amplificado (pb)
AKR1C1-2 FW: GTTGCCAGCTCATTGCTCTT 165
RV: CTTTTAGGAACCTCTGCAGGC
RV: AGTCCAACCTGCTCCTCATT

AKR1C3-4 FW: ACCTCCAGAGGTTCCGAG 114
- RV: AGTCCAACCTGCTCCTCATT
18S FW: AGTGAAACTGCGAATGGCTC 167
RV: CTGACCGGGTTGGTTTTGAT

Para obtener una reaccion de 20 pL se utilizd el kit LightCycler FastStart DNA
Master SYBR Green I (Version 18, Roche) y el equipo LightCycler 1.5 (Roche). Las
condiciones de reaccion para la determinacion de las AKRI1C1-2 fueron:
desnaturalizacion a 95 °C por 10 min, 45 ciclos de: 10 sa 95 °C, 10sa 62 °Cy 10 s a 72
°C. Las condiciones de amplificacion para determinar la expresion de AKR1C3-4 fueron:
desnaturalizaciéon a 95 °C por 10 min, 45 ciclos de: 10 s a2 95 °C, 10sa 58 °Cy 10 s a 72
°C. Como control negativo de la reaccién se adiciond agua grado Biologia Molecular en
lugar del volumen de cDNA. Los resultados se presentan como expresion relativa los
transcritos de interés con respecto a la expresion del RNAr 18S calculada por el método
de 2-2¢T [160]. Todos los resultados mostrados se expresan como la media + E.E.M. Para

el andlisis de resultados se realizo un ANOVA seguido de una prueba de Tukey.

9.6 Extraccion de proteina y Western Blot

Las células U87, U251 y LN229 se sembraron en cajas 100 mm (2x10° células), bajo las

condiciones mencionadas en la seccion de Cultivo Celular. Para determinar los niveles
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basales de las 3a-HSD o la eficiencia del silenciamiento de las mismas, los cultivos

celulares se mantuvieron 24 h en medio DMEM sin rojo fenol y suplementado.

Transcurrido el tiempo de cultivo, las células fueron colectadas y homogenizadas
con buffer RIPA con inhibidores de proteasas (AEBSF, aprotinina, clorhidrato de
bestatina, E-64, leupeptina, dilucién 1:100) y 1 mM de EDTA. Las muestras se
mantuvieron en agitacion a 4 °C durante toda la noche, posteriormente se centrifugaron
a 14,000 rpm durante 15 min. El sobrenadante con las proteinas totales fue colectado. La
cantidad de proteinas se determind con el ensayo colorimétrico de Pierce, detectado a
660 nm utilizando el espectrofotdémetro NanoDrop 2000. Después, 20 ug de proteina se
llevaron a ebullicion durante 5 minutos con buffer de Laemlie (1 puL de buffer de
Laemlie por cada 10 uL de muestra). A fin de comparar los niveles de las 3a-HSD en las
lineas celulares de GB con respecto a un linaje celular sano del SNC, se cargaron 20 g
de proteinas totales de un cultivo primario de astrocitos humanos (nimero de catalogo:

1806, ScienCell, Carlsbad, CA, USA).

Las proteinas se separaron por electroforesis en un gel SDS-PAGE (12 %) a 80 V.
Posteriormente, fueron transferidas a una membrana de nitrocelulosa en una camara de
transferencia semihimeda a 30 mA durante 1:30 h. La membrana se incubd con solucion
de bloqueo (3 % albumina sérica bovina y 3 % leche libre de grasa en buffer TBS-tween
0.1 %) durante 1:30 h a 37 °C. Dicha solucion se retird y después se incubd el anticuerpo
primario a una diluciéon 1:1000 del anticuerpo monoclonal de ratén anti-3aHSD (sc-
390419, Santa Cruz, CA, USA) a 4°C durante toda la noche. Se realizaron 3 lavados de 5
minutos cada uno con buffer TBS-Tween 0.1 %. Posteriormente, se incubd con el
anticuerpo secundario acoplado a peroxidasa (IgG de cabra anti-raton; Santa Cruz, CA,
USA) en una dilucién 1:5000, a temperatura ambiente durante 50 min. Nuevamente se
realizaron lavados y se detecté a las proteinas de interés por quimioluminiscencia,

mismas que fueron reveladas en placas sensibles a quimioluminiscencia. Después, el
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anticuerpo primario se elimind de la membrana con un buffer de glicina (0.1 M, pH 2.5)
durante 30 min a 50 °C, se realizaron 5 lavados de 4 min cada uno con buffer TBS.
Posteriormente, se incub6 con solucion de bloqueo y se repitio el protocolo anterior para
la deteccion de la proteina a-tubulina como control de carga. El anticuerpo primario

monoclonal para la deteccion de la a-tubulina fue agregado en una dilucién 1:1000

(T9026, Sigma Aldrich, St. Louis, MO, USA) e incubado durante 24 h a 4 °C.

Para determinar el efecto de la 3a-THP sobre los niveles de la proteina cSrc
fosforilada en el residuo Y416, mismo que se asocia a un estado activo de la cinasa cSrc,
se cargaron 30 pg de proteina total por muestra. La separacién de las proteinas se
realizé por electroforesis de SDS-PAGE (8.5 %), a 80 V. Las proteinas fueron transferidas
a una membrana de nitrocelulosa en una cdmara de transferencia semihuimeda a
condiciones de 25 V durante 30 min. Después, la membrana se incubd con solucion de
bloqueo (albiimina sérica bovina [BSA] al 5 % a 37 °C durante 2 h). Se utilizéd un
anticuerpo primario para el residuo fosforilado Y-416 de cSrc (1:1000; Ref. 2101; Cell
Signaling, Massachusetts, MA, USA) que fue incubado durante 48 h a 4 °C. El
anticuerpo secundario acoplado a peroxidasa para la deteccion del anticuerpo primario
fue un IgG de cabra anti-conejo a una dilucién 1:10,000. Una vez revelada la sefial de la
proteina buscada, los anticuerpos fueron retirados de la membrana con una solucion de
Tris-HCI (pH 6.8 a 0.06 M), SDS al 2 % y -mercaptoetanol al 0.7 % durante 30 min a 50
°C en agitacion. Posteriormente, las membranas fueron incubadas nuevamente con la
solucion de bloqueo: BSA 5 % durante 2h a 37 °C. Para determinar los niveles de cSrc
total se utiliz6 la dilucion 1:1000 de anticuerpo primario (Ref. 2108, Cell Signaling,
Massachusetts, MA, USA). Se utilizé el anticuerpo secundario de cabra anti-conejo a una

dilucion 1:10,000 para la determinacion de cSrc fosforilada.

La densidad de las bandas obtenidas se cuantificO a través de su analisis

densitométrico en el programa Image] versién 1.15r. Los datos obtenidos de los
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experimentos de Western blot para medir los niveles de las AKR1C1-4 se analizaron
estadisticamente por un ANOVA de una via seguida de una prueba Tukey utilizando el
programa GraphPad Prism 5. Los datos de los niveles de la proteina cSrc fosforilada se
analizaron estadisticamente con una t de Student, se presentan como la media + el

E.E.M.

10 RESULTADOS

10.1 Efecto de la 3a-THP sobre la migracion de las células de GB

Se determin¢ el efecto de la 3a-THP (10 nM, 100 nM y 1 uM) sobre la migracion de las
células U251, U87 y LN229 derivadas de GB humanos. Las caracteristicas de cada linea
celular se pueden localizar en la secciéon de Anexos (14.1). Los efectos de la 3a-THP
fueron comparados con respecto a los de la P4 (10 nM), cuyos efectos promotores de la
migracion celular en GB se reportd anteriormente en otros trabajos del laboratorio
[158,159].

La P4 indujo la migracidn significativamente so6lo en la linea celular U251 a partir
de las 12 h de tratamiento (Figura 9). En esta misma linea celular, la 3a-THP a la
concentracion de 100 nM también indujo la migracién a partir de las 12 h, mientras que
las concentraciones de 10 nM y 1 uM aumentaron significativamente la migraciéon hasta
las 24 h de tratamiento. En la linea celular U87 todas las concentraciones de 3a-THP
indujeron la migracién celular hasta las 24 h de tratamiento (Figura 10). En esta linea
celular, la P4 presenta una tendencia a aumentar la migraciéon celular, aunque dicho
valor no fue estadisticamente significativo. En las células LN229, las concentraciones de
10 nM y 1 uM de 3a-THP disminuyeron significativamente la migracion a las 12 h de
tratamiento, sin embargo, dicho efecto no se mantuvo hasta las 24 h de tratamiento. En
estas células, sélo la concentracion de 100 nM indujo significativamente la migracion a

las 24 h de tratamiento (Figura 11).
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Figura 9. Efecto de la 3a-THP sobre la migracion de la linea celular U251. Las células fueron
tratadas con el vehiculo (V; EtOH, 0.01 %), P4 (10 nM) y 3a-THP (10, 100 nM, and 1 pM). a)
Imagenes representativas de los ensayos de cierre de herida realizados en la linea celular U251 a
las 0, 12 y 24 h. b) Grafica del porcentaje de cierre de herida de las células U251. # p <0.05 P4 y 3a-
THP 100 nM vs. V; * p < 0.05 P4 10 nM, 3a-THP 10 nM, 100 nM y 1 uM vs. V. Cada punto

representa la media + el error estdndar de la media (E.E.M.); n =3.
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Figura 10. Efecto de la 3a-THP sobre la migracion de la linea celular U87. Las células fueron
tratadas con el vehiculo (V; EtOH, 0.01 %), P4 (10 nM) y 3a-THP (10, 100 nM, and 1 uM). a)
Imagenes representativas de los ensayos de cierre de herida realizados en la linea celular U87 a las
0, 12 y 24 h. b) Gréfica del porcentaje de cierre de herida de las células U87. * p < 0.05 3a-THP 10
nM, 100 nM y 1 uM vs. V. Cada punto representa la media + E.E.M.; n =3.
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Figura 11. Efecto de la 3a-THP sobre la migracion de la linea celular LN229. Las células fueron
tratadas con el vehiculo (V; EtOH, 0.01 %), P4 (10 nM) y 3a-THP (10, 100 nM, and 1 uM). a)
Imagenes representativas de los ensayos de cierre de herida realizados en la linea celular LN229 a
las 0, 6, 12 y 24 h. b) Grafica del porcentaje de cierre de herida de las células LN229. + p < 0.05
3a-THP 10 nM y 1 uM vs. V; * p < 0.05 3a-THP 100 nM vs. V. Cada punto representa la media *
E.EM;n=4.
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Figura 12. Efecto de la 3a-THP sobre la invasion de las células de GB. Las células fueron tratadas con el
vehiculo (V; EtOH, 0.01 %), P4 (10 nM) y 3a-THP (100 nM) durante 24 h. Imagenes representativas de
los ensayos de invasion realizados en las células: a) U251, ¢) U87, y e) LN229. Todas las imagenes
fueron tomadas a un aumento de 10x. Graficos del nimero de células que invadieron por campo para

las lineas celulares: b) U251, d) U87, y f) LN229. Cada columna representa la media + el error estandar
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Dado que la concentracion de 3a-THP 100 nM indujo la migracion en todos los modelos
celulares, ésta fue utilizada en subsecuentes experimentos de migracion e invasion. Cabe
destacar que los experimentos anteriores demuestran que la 3a-THP a concentraciones

de orden nanomolar, induce la migracion de las células de GB.

10.2 Efecto de la 3a-THP sobre la capacidad de invasion de las células de
GB

Posteriormente, se evalud el efecto de la 3a-THP 100 nM sobre la capacidad de invasion
de las lineas celulares U251, U87 y LN229 a las 24 horas de tratamiento. Nuevamente se
utilizo la P4 10 nM como control positivo por su efecto previamente determinado sobre
la invasion de las células de GB. La P4 incremento significativamente la invasion de las
células U251 y LN229 (Figura 12), mientras que la 3a-THP indujo la invasion celular en

las tres lineas celulares (Figura 12).
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10.3 Caracterizacion de las 3a-HSD (AKR1C1-4) en las lineas celulares de
GB

Considerando que la 5a-DHP producto del metabolismo de la 3a-THP puede inducir la
migracién e invasion, se determiné la presencia de los transcritos para las 3a-HSD. Estas
son codificadas por cuatro genes diferentes (AKR1C1-4). En este trabajo, los niveles del
mRNA vy la proteina de dichas enzimas en las lineas celulares de GB se comparé con los
niveles en muestras comerciales de RNA total y proteina de astrocitos humanos. Debido
a la homologia que tienen, se disenaron dos pares de oligonucledtidos. Cada uno
reconoce especificamente a dos isoenzimas (AKR1C1-2 y AKR1C3-4). Por ello no se
determino individualmente la expresion de las AKR1C1-4. Al evaluar la expresion de
dichas enzimas a nivel de mRNA se encontré que las células U251 presentaron una
amplificacion significativamente mayor de transcritos detectados con los
oligonucleotidos para las AKR1C1-2 y AKR1C3-4 con respecto a los astrocitos. Las
células LN229 presentan una amplificacion significativa de los transcritos detectados
AKR1C3-4 con respecto a los astrocitos humanos. La linea celular U87 no presentd

diferencias significativas en los niveles de las AKR1C1-4 con respecto a las células
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Figura 13. Expresion diferencial de las AKR1C1-4 en astrocitos y células de GB humano. El RNA total
de las células de GB fue extraido después de 24 h de cultivo en medio DMEM sin rojo fenol y
suplementado con 10 % de SFB libre de hormonas. La técnica de determinacion fue RT-qPCR. La
expresion de las AKR1C1-4 en las lineas celulares se compar6 con la de una muestra comercial del
RNA total de astrocitos humanos (HA). Las columnas representan la media + E.EM. n=3; * p <0.05 vs.
HA y U87.
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normales (Figura 13).

Para evaluar los niveles de la proteina, se utilizé un anticuerpo monoclonal que
reconoce a los aminodcidos 1-78 de la region N-terminal de las cuatro isoenzimas.
Nuevamente, las lineas celulares U251 y LN229 presentaron niveles significativamente
mayores de las 3a-HSD con respecto a la muestra de astrocitos y a la linea celular U87
(Figura 14). Cabe destacar que con los resultados actuales no se puede determinar cudl o
cuales de las 4 isoenzimas son las sobreexpresadas en cada una de las lineas celulares

utilizadas en este proyecto.
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Figura 14. Niveles protéicos de las 3a—ﬁSD en ;strocit:)s y las’\lineas celulares de GB. Las 3a-HSD
fueron detectadas a partir de la extraccion de proteinas totales de astrocitos humanos (HA), y de
las lineas celulares de GB humanos: U251, U87 y LN229. a) Western blot representativo de 3a-HSD
y de a-Tubulina detectada como control de cambio. b) Grafica del andlisis densitométrico de los
experimentos de Western blot. Cada columna representa la media + EEM. n=3; * p<0.05 U251 y
LN229 vs. HA y U87.

10.4 Efecto del silenciamiento de las 3a-HSD sobre la migracion de células

de GB tratadas con 3a-THP
Para determinar el efecto del metabolismo de la 3a-THP a través de las 3a-HSD, se
silencio la expresion de dichas enzimas en la linea celular U251 y se evalu6 la migracion

celular mediante los ensayos de cierre de herida. Primero se determind el silenciamiento
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de tres de las isoenzimas al momento de comenzar los ensayos de migracion mediante el
uso de un siRNA comercial disefiado para el silenciamiento de AKR1C1, AKR1C2 y
AKR1C3 (AKR1C1-3). Se considerd el uso de dicho siRNA ya que la isoenzima AKR1C4
no se expresa en el SNC (Figura 15a). Bajo esta condicion de silenciamiento, la 3a-THP
indujo significativamente la migracion celular, tanto en las células que fueron tratadas
con un SiRNA control (Control siRNA), como en las células U251 con la expresion de las
AKR1C1-3 silenciada (sSAKR1C1-3) a las 24 h de tratamiento (Figura 15). Con lo anterior
se demuestra que el efecto de la 3a-THP no depende de los productos de su

metabolismo para inducir la migracion de las células de GB.
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Figura 15. Efecto de la 3a-THP y el silenciamiento de las AKR1C1-3 sobre la migracion de la linea celular U251. a)
Western blot representativo del silenciamiento de las AKR1C1-3 al inicio de los experimentos de migracion. b)
Imdgenes representativas de los ensayos de migracion con las células transfectadas con un siRNA control del
silenciamiento (Control siRNA) o con el siRNA para las AKR1C1-3 (sAKR1C1-3). Las células fueron tratadas con V
(EtOH) y 3a-THP. Fotos tomadas a un aumento de 10x. c) Grifica del porcentaje del cierre de la herida de las células

U251. Cada punto representa la media + E.E.M. * p < 0.05 3a-THP (Control siRNA y sAKR1C1-3) vs. V (Control
siRNA y sAKR1C1-3); n =3.
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10.5 Efecto del silenciamiento de las 3a-HSD sobre la invasion de células

de GB tratadas con 3a-THP

Bajo las mismas condiciones de silenciamiento anteriores, se determiné el efecto de la
3a-THP sobre la capacidad de invasion de las células U251. Nuevamente la 3a-THP
indujo significativamente la invasion tanto en las células tratadas con el SiRNA control
como en las células donde las AKR1C1-3 fueron silenciadas (Figura 16). Lo anterior
indica que la 3a-THP induce la capacidad de invasién independientemente de la

expresion de las AKR1C1-3.
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Figura 16. Efecto de la 3a-THP y el silenciamiento de las AKR1C1-3 sobre la invasion de la linea
celular U251. a) Imdagenes representativas de los ensayos de invasion de las células U251
transfectadas con un siRNA control negativo (Control siRNA) o con el siRNA especifico para las
AKR1C1-3 (sAKR1C1-3) y tratadas con 3a-THP (100 nM) o V (EtOH, 0.01 %). Fotos tomadas a un
aumento de 10x b) Grafica del nimero de células que invadieron por campo. Cada punto representa
la media + EEEM. * p < 0.05 3a-THP (Control siRNA y sAKR1C1-3) vs. V (Control siRNA y

10.6 Efecto de la 3a-THP sobre la activacion de la cinasa cSrc

La participacion de la cinasa cSrc en la transduccion de senales inducida por la 3a-THP
ha sido reportada por diversos autores anteriormente [14,153]. Ademas, la marca de
fosforilacion del residuo Y416 de cSrc se asocia al estado activo de la proteina. Para
determinar la participacién de dicha enzima en los efectos de la 3a-THP sobre la

migracion e invasiéon de las células de GB, se determind por Western blot, la
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fosforilacion del residuo Y416 de cSrc a los 5, 10, 15 y 30 min de tratamiento con 3a-THP
en las lineas celulares U251, U87 y LN229. Bajo las condiciones anteriormente descritas,
se observd un aumento significativo en la fosforilacion de cSrc a los 10 min de
tratamiento con 3a-THP con respecto al vehiculo (V) en las células U251 (Figura 17) y a

los 15 min de tratamiento en las lineas celulares U87 (Figura 18) y LN229 (Figura 19).
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Figura 17. Efecto de la 3a-THP sobre los niveles de cSrc fosforilada (Y416) en las células U251. La
fosforilacion de cSrc (Y416) fue determinada mediante Western blot con los tratamientos de V (EtOH; 0.01 %)
y 3a-THP (100 nM) a: a) 5 min, b) 10 min, ¢) 15 min y d) 30 min de tratamiento. En cada inciso se muestran
los Western blots representativos de la cSrc fosforilada [p-cSrc (Y416)], cSrc total y a-Tubulina, junto con la

grafica del andlisis densitométrico de p-Src/cSrc total. Cada columna representa la media + E.EEM. * p < 0.05
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Figura 18. Efecto de la 3a-THP sobre los niveles de cSrc fosforilada (416) en la linea celular U87. La
fosforilacion de cSrc (Y416) fue determinada mediante Western blot con los tratamientos de V (EtOH;
0.01 %) y 3ac THP (100 nM) a: a) 5 min, b) 10 min, c) 15 min y d) 30 min de tratamiento. En cada inciso
se muestran los Western blots representativos de la cSrc fosforilada [p-cSrc (Y416)], cSrc total y a-
Tubulina, junto con la grafica del analisis densitométrico de p-Src/cSrc total. Cada columna representa
la media + E.EM. * p <0.05 3a-THP vs. V; n=3.
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Figura 19. Efecto de la 3a-THP sobre los niveles de cSrc fosforilada (Y416) en la linea celular LN229.
La fosforilacion de cSrc (Y416) fue determinada mediante Western blot con los tratamientos de V
(EtOH; 0.01 %) y 3a THP (100 nM) a: a) 5 min, b) 10 min, ¢) 15 min y d) 30 min de tratamiento. En

cada inciso se muestran los Western blots representativos de la cSrc fosforilada [p-cSrc (Y416)], cSrc

total y a-Tubulina, junto con la grafica del andlisis densitométrico de p-Src/cSrc total. Cada columna
representa la media + E.EM. * p <0.05 3a-THP vs. V; n =3.
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10.7 Efecto de la 3a-THP y el PP2 sobre la migracion de las lineas celulares
de GB

Dado que la 3a-THP induce cambios en la activacion de cSrc en las células de GB, se
evalud si el efecto de la 3a-THP sobre la migracion también estd mediado por cSrc. Para
ello se llevaron a cabo ensayos de migracion con 3a-THP, el inhibidor farmacologico de
cSrc, el PP2 (1-tert-Butil-3-(4-clorofenil)-1H-pirazolo[3,4-d]pirimidin-4-amina), y el
tratamiento conjunto de 3a-THP+PP2. Dichos ensayos fueron realizados en las lineas

celulares U251 y U87.

En la linea celular U251, la 3a-THP indujo la migracion a partir de las 12 h de
tratamiento (Figura 20). El tratamiento conjunto (3a-THP+PP2), aumento la migracién a
partir de las 12 h de tratamiento con respecto al vehiculo EtOH. Ademas, mostro
diferencias estadisticamente significativas con respecto al tratamiento con 3«a-THP.
Mientras que el PP2 sélo no tuvo efecto sobre la migracion celular en la linea U251
(Figura 20). Lo anterior indica que el efecto de la 3a-THP sobre la migracion de las

células U251 esta mediado de manera parcial por la cinasa cSrc.

En las células U87, la 3a-THP indujo la migracidn celular a partir de las 12 h de
tratamiento (Figura 21). El tratamiento conjunto disminuyd completamente el efecto de
la 3a-THP. Ademas, tanto el PP2 como el tratamiento de 3a-THP+PP2 disminuyeron
significativamente la migracién celular con respecto al vehiculo (Figura 21). Lo anterior
indica que el efecto de la 3a-THP sobre la migracion de la linea celular U87 si estd

mediado por la cinasa cSrc.
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Figura 20. Efecto de la 3a-THP y el inhibidor farmacoldgico de cSrc, el PP2, sobre la migracion de
las células U251. a) Imagenes representativas de las células U251 tratadas con 3a-THP (100 nM),
PP2 (1 uM), 3a-THP+PP2, y los vehiculos V (EtOH 0.01 % y DMSO 0.001 %) a las 0, 12 'y 24 h de
tratamiento. b) Gréfica del porcentaje de cierre de herida con la linea celular U251. Cada punto

representa la media + E.EEM.; n=3. * p <0.05 3a-THP vs. Todos los demas tratamientos; + p <0.05
3a-THP+PP2 vs V (EtOH) y 3a-THP+PP2 vs. 3a-THP.
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Figura 21. Efecto de la 3a-THP y el inhibidor farmacologico de cSrc, el PP2, sobre la migracion de las
células U87. a) Imagenes representativas de las células U87 tratadas con 3a-THP (100 nM), PP2 (1
uM), 3a-THP+PP2, y los vehiculos V (EtOH 0.01 % y DMSO 0.001 %) a las 0, 12 y 24 h de tratamiento.
b) Grafica del porcentaje de cierre de la herida. Cada punto representa la media + EEEM.;n=4.*p <
0.05 3a-THP vs. V (DMSO), 3a-THP+PP2 y PP2; ** p < 0.05 3a-THP vs. todos los demas tratamientos;
+p <0.05 PP2 y 3a-THP + PP2 vs. V (EtOH); ++ p <0.05 PP2 vs V (EtOH) y 3a-THP+PP2 vs V (EtOH).

75
—



RESULTADOS

10.8 Efecto de la 3a-THP y el PP2 sobre la invasion de las lineas celulares
de GB

Dada la estrecha relaciéon entre los mecanismos de migracion e invasion celular, y que
los efectos de la 3a-THP sobre la migracion estdn mediados por la cinasa cSrc, se
realizaron ensayos de invasion con 3a-THP, el inhibidor farmacolégico de cSrc, el PP2, y el
tratamiento conjunto (3a-THP+PP2). Estos ensayos se realizaron en las lineas celulares

U251 y US7.

En la linea celular U251 y U87, la 3a-THP indujo significativamente la invasion
celular. El tratamiento conjunto 3a-THP+PP2 abatié completamente el efecto de la
3o-THP (Figura 22 y 23). Ademas, el PP2 no tuvo efecto sobre la invasion celular. Lo
anterior indica que el efecto de la 3a-THP sobre la invasion de las células de GB también

esta mediado por la cinasa cSrc.
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Figura 22. Efecto de la 3a-THP y el inhibidor farmacolédgico de cSrc, el PP2, sobre la invasion de
la linea celular U251. Las células fueron tratadas con V (EtOH, 0.01 %), V (DMSO 0.001 %), 3a-
THP (100 nM), PP2 (1 uM), o el tratamiento conjunto (3a-THP+PP2) durante 24 h de tratamiento.

a) Imagenes representativas de los ensayos de invasiéon con las células U251, tomadas a un

PP2

No. células/campo

aumento de 10x. b) Grafico del nimero de células que invadieron por campo. Cada columna
representa la media + E.E.M. * p <0.05 3a-THP vs. V (EtOH, DMSO), y 3a-THP+PP2; n = 3.
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Figura 23. Efecto de la 3a-THP y el inhibidor farmacologlco de cSrc, el PP2, sobre la invasion de la
linea celular U87. Las células fueron tratadas con V (EtOH, 0.01 %), V (DMSO 0.001 %), 3a-THP
(100 nM), PP2 (1 uM), o el tratamiento conjunto (3a-THP+PP2) durante 24 h de tratamiento. a)
Imagenes representativas de los ensayos de invasion con las células U87, tomadas a un aumento
de 10x. b) Grafico del nimero de células que invadieron por campo. Cada columna representa la

media + E.E.M. * p <0.05 3a-THP vs. todos los demas tratamientos; n = 4.

11 DISCUSION

Si bien es cierto que el papel de los metabolitos de la P4 en el desarrollo del cancer se ha
estudiado poco, particularmente en los GB, si hay algunos estudios que revelan su
importancia en diferentes modelos. En tejido tumoral mamario, por ejemplo, se ha visto
una mayor concentracion de metabolitos 5a-reducidos (como la 5a-DHP y la 3a-THP),
con respecto al tejido no tumoral de los mismos pacientes [161]. Lo anterior sugiere que
dichos esteroides pueden tener relevancia en la fisiopatologia de este tipo de
enfermedades. En lineas celulares de cancer de mama receptor a estrogenos (ER)-/PR-,
los 5a-pregnanos promueven un aumento en la viabilidad celular, lo cual indica que en
dichos modelos, no so6lo el PR juega un papel importante en la malignidad tumoral, sino
también la activacion de otros mecanismos independientes del PR y mediados,

posiblemente, por mas de un progestageno [162,163].
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Aunque los GB no son considerados tumores dependientes de hormonas
sexuales, se ha visto que éstas, a concentraciones bajas, influyen en el desarrollo de la
enfermedad [27]. Esto cobra relevancia al considerar que el cerebro es un drgano
esteroidogénico cuyo proceso de sintesis es independiente de la esteroidogenesis en las
gonadas. Lo anterior ha sido demostrado en modelos de roedores gonadectomizados
donde los niveles de hormonas sexuales y sus metabolitos son detectables a largo plazo

después de la reseccion de las gonadas [164].

Con respecto a los GB, previamente se reporto el aumento de la viabilidad y la
proliferacion de lineas celulares con el tratamiento de P4, 5a-DHP y 3a-THP [12,15,165].
En el presente trabajo, se comprobd que la 3a-THP a concentraciones de orden
nanomolar induce la migracion e invasion de las células de GB humanos, lo cual puede
promover la rdpida progresion de este tipo de tumores. Ademads, estos resultados
concuerdan con el trabajo de Pelegrina y colaboradores, quienes reportaron que a
concentraciones que van del rango picomolar al nanomolar, la 3a-THP induce la
migracion e invasion de la linea celular IGROV-1 de cancer ovdrico [150]. Lo anterior
corresponde con los niveles de 3a-THP en el cerebro reportados en la literatura. Bixo y
colaboradores indicaron que la concentracién de 3a-THP y en general de progestagenos
varia dependiendo del area cerebral, sin embargo, la concentracion de 3a-THP se
encuentra en rangos de 40 — 100 nM en el tejido cerebral de mujeres de diferentes
edades, siendo mas alta en el hipotdlamo y ganglios basales [166]. Mientras que en otro
se reportd en la corteza prefrontal de hombres sin déficits cognitivos, una concentracion
de 105 nM con respecto a 47 nM en la misma zona en individuos con Alzheimer

[167,168].

En contraste con lo anterior, otros autores reportaron que la 3a-THP a altas
concentraciones (20-60 uM) disminuye la expresion de proteinas que participan en la

tumorigénesis de diversos tipos de cancer cerebral (DPYSL3, S100A11 y S100A4), e
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induce apoptosis per se. Ademas, la 3a-THP incrementd el efecto que tiene la
temozolomida sobre la inhibicion de la migracion en las lineas celulares T98G y A172,
también derivadas de GB humanos [152]. Lo anterior apunta a que la 3a-THP presenta
un comportamiento similar al previamente descrito para la P4 por Atif y colaboradores.
Dichos autores han demostrado que altas concentraciones de P4 promueve la

senescencia y muerte de las células de GB [169,170].

La 5a-R y la 3a-HSD regulan la disponibilidad de metabolitos de la P4 en las
células. La 5a-R regula irreversiblemente la reduccion de P4 a 5a-DHP. En un estudio
previo en la linea celular U87, la inhibicidon farmacoldgica de la enzima 5a-R bloqued el
efecto de la P4 sobre el aumento en el numero de células inducido por la P4, lo que
apunta a la importancia del estudio de los metabolitos 5a-reducidos en los GB [12]. Por
otro lado, la reduccién de la 5a-DHP a 3a-THP mediante las 3a-HSD es un proceso
reversible que puede ocurrir en las células de GB. En este trabajo se observd que las
células U251, LN229 y en menores niveles, las U87 expresan a dichas enzimas. Ademas,
se comprobd que los niveles de la proteina son consecuentes con los niveles del RNAm
de las diferentes isoenzimas. Otros autores también han reportado la presencia de
dichas enzimas en la linea celular C6 de glioma (de rata), las células 1231N1
(astrocitoma humano), las células U373 y T98G (astrocitoma grado 3 y GB,

respectivamente) y en las U87 [103,108,114].

En este proyecto se observé que la expresion de dichas enzimas es baja en astrocitos
humanos con respecto a las lineas celulares de GB, lo cual era esperado considerando
que en general, se ha visto que la expresion de las isoenzimas AKR1C1-4 es baja en SNC
con respecto a otros organos como el higado y pulmones [171]. Otro punto en
consideracion es que se sabe que la expresion de dichas enzimas es heterogénea en el
SNC. Por datos colectados a través de microarreglos, se ha reportado una expresion

significativamente menor de las AKR1C1-4 en biopsias de GB con respecto a tejido
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cerebral normal [114]. Sin embargo, otros autores también han reportado diferencias
entre sus hallazgos con respecto a los niveles de RNAm y proteina de las AKR1C1-4
[172], por lo que el estudio de dichas enzimas en cancer debe ser monitoreada a través
del uso de diferentes estrategias metodoldgicas. Ademads, cabe destacar que la
sobreexpresion de las AKR1C1-4 generalmente correlaciona con un mal prondstico en

pacientes con cancer [173].

Dado que las AKR1C1-4 regulan los niveles de 5a-DHP y 3a-THP, entonces,
podrian modular indirectamente a los mecanismos que activan los progestagenos en las
células de GB. Como ya se menciono, tanto la P4 como la 5a-DHP presentan afinidad
por el PR [146]. En células de GB ambos progestdgenos regulan la proliferacion y
migracion celular parcialmente a través de dicho receptor [15,158,159]. Sin embargo, por

otro reporte, se sabe que la 3a-THP no presenta afinidad por dicho receptor [146].

Considerando que al realizar tratamientos con 3a-THP los efectos de ésta podrian
ser mediados por su interconversion a 5a-DHP, en este proyecto se utilizo la estrategia
del silenciamiento de las 3a-HSD antes de realizar el tratamiento con 3a-THP en las
células U251. Asumiendo un fenotipo normal de las 3a-HSD en las células de GB, se
esperaria que la oxidacion de 3a-THP a 5a-DHP esté mediada principalmente por las
isoenzimas AKR1C1-2, ya que se ha reportado que la isoenzima AKR1C3 tiene baja
actividad de oxidacion [171]. Sin embargo, el estado mutacional, asi como la actividad
de dichas enzimas en el caso particular de los GB puede ser un punto de partida para
determinar el estado del metabolismo de esteroides en este tipo de cancer. Ademas, la
AKRI1C1, podria reducir el grupo cetona del C20 de la 3a-THP para producir 5a-
pregnano-3a,20a-diol [174].

Este tltimo esteroide, es un agonista parcial del GABAAR y tiene menor afinidad
por el sitio alostérico del receptor con respecto a la 3a-THP [112]. En este trabajo, el

silenciamiento de las 3a-HSD no modificod el efecto inductor de la 3a-THP sobre la
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migracion e invasion, lo cual indica que este metabolito promueve la malignidad de los
GB de forma independiente de su interconversién a 5a-DHP, o 5a-pregnano-3a,20a-
diol. Cabe destacar que existen otras enzimas que también pueden metabolizar a la
3a-THP en el SNC. La 17B-hidroxiesteroide deshidrogenasa 10 (173-HSD10) codificada
por el gen SRD5C1 (o HSD17B10) y localizada principalmente en la mitocondria, puede
catalizar la oxidacién de 3a-THP a 5a-DHP [175]. La expresion de dicha enzima en GB
ha sido asociada a resistencia al tratamiento con bevacizumab un anticuerpo dirigido
para el VEGF [176]. Sin embargo, se desconoce aun el papel que esta enzima puede
desempenar en el metabolismo de la 3a-THP en GB. Dado que la 3a-THP es un
metabolito que tiene diferentes mecanismos de accion es necesario determinar en las
células de GB, qué mecanismos activa y si éstos podrian ser regulados por otros

metabolitos hormonales con una estructura quimica similar a la 3a-THP.

Los mecanismos de accién de la 3a-THP descritos en la literatura pueden tener
efectos a corto plazo (segundos-minutos) o largo plazo (horas-dias). Los mecanismos de
accion a corto plazo de la 3a-THP dependen de la modulacion de receptores de
membrana como GABAAR y los mPR [14,139]. Mientras que los mecanismos de accion
de la 3a-THP a largo plazo dependen de la activacion del factor de transcripcion PXR
[177], u otros mediados por los receptores membranales. El tipo de mecanismo activado

depende de la expresion de los receptores y de sus efectores en las células de GB.

Ademds de modular positivamente al GABA4R, la 3a-THP modula otros aspectos
de la transduccion mediada por el neurotransmisor GABA. La 3a-THP promueve la
expresion de dos isoformas de la enzima glutamato descarboxilasa, la enzima
reguladora de la sintesis de GABA [128]. Ademas, la expresion de las subunidades d y
v(2-3) del GABAAR aumentan la afinidad de la 3a-THP por el receptor [122]. A pesar de
que la 3a-THP no tiene afinidad por los receptores metabotropicos del GABA

(GABAGSR), la 3a-THP aumenta la expresion de 3 de las isoformas de dicho receptor
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[178]. Hay estudios que indican que la expresion de las subunidades de GABAAR es baja
en los GB [179]. Sin embargo, en la linea celular U251 se expresan diversas enzimas
involucradas en el metabolismo de GABA vy el tratamiento con este neurotransmisor

aumenta significativamente la proliferacion celular [180].

Ademas del GABAAR, la 3a-THP presenta afinidad por los mPR6, mPRa y mPRf.
El receptor mPR® activa a proteinas de tipo Gs, mismas que promueven la activacion de
la enzima Adenilato Ciclasa y la produccion del segundo mensajero AMPc [135]. En la
linea celular de cancer de mama MDA-MB-231, la activacion de esta via de senalizacion
promueve la activacion de la cinasa ERK, y en las células H19-7 (neuronas hipocampales
de rata), a través de este mismo mecanismo se disminuyd el porcentaje de células
apoptoticas [139]. La 3a-THP también tiene afinidad por los receptores mPRa y mPRf3,
mismos que activan a proteinas de tipo Gi y disminuyen la produccion de AMPc [142].
Lo anterior activa a cSrc y la via de PI3K-Akt junto con la migracién e invasion de

células humanas tipo Schwann diferenciadas a partir de células troncales adiposas [181].

En las células de GB se ha caracterizado la expresiéon y localizacidon tanto a nivel
membranal como citoplasmatico de los cinco mPRs [140,141]. Asimismo, el tratamiento
con el agonista del mPRa ORG-OD 02-0 en las lineas celulares U87 y U251 promovid la
proliferacion, migracion e invasion celular. Dicho tratamiento ademads, promovié un
aumento en la fosforilacion de cSrc (Y416) y p-Akt (T-308), asociadas con un aumento en
la actividad de dichas cinasas [182]. El mecanismo anterior podria ser activado por la
3a-THP en dichas lineas celulares. Otros autores también se ha propuesto una
interrelacion entre los mecanismos regulados por GABAAR y los mPRs, por lo que esta

interrelacion podria ocurrir también en las células de GB.

La 3a-THP ademas regula la transcripcion génica a través del factor de transcripcion
PXR. A través de la activacion de este receptor, la 3a-THP puede regular positivamente

la expresion de enzimas esteroidogénicas, afectando su propia sintesis [177]. Se ha visto
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que el tratamiento con dexametasona, un glucocorticoide administrado cominmente
para el tratamiento del dolor y del aumento de la presion intracraneal, podria estar
aumentando la expresion de transportadores asociados a la resistencia a fdrmacos a
través de su interaccion no solo con el receptor a glucocorticoides, sino también por la
activacion del PXR en cultivos primarios de células endoteliales [183]. Sin embargo, no

se sabe si este mismo proceso ocurre en las células de GB.

En este proyecto, se observé que la 3a-THP indujo un aumento en la cantidad de
cSrc fosforilada en el residuo Y416, a 10 y 15 minutos de tratamiento en las células de
GB. La fosforilacion del residuo Y416 se asocia con un aumento en la actividad de cinasa
de cSrc [83]. Sin embargo, atin no hay evidencia experimental que indique a través de
qué mecanismo, la 3a-THP induce la activacién de dicha cinasa. Ademas, el tratamiento
conjunto del inhibidor PP2 y la 3a-THP en las células U251 y U87 revel6 que la
migracion e invasion inducida por la 3a-THP esta mediado por la activacion de la cinasa
cSrc. En células Schwann de rata, la migracion celular inducida por la 3a-THP también
estuvo mediada por la cinasa cSrc y FAK [14]. En el drea ventromedial del hipotdlamo,

la 3a-THP también induce la activacion de MAPK y cSrc [184].

El efecto de la 3a-THP sobre la migracion de linea celular U87 fue totalmente
mediado por la cinasa cSrc, sin embargo, dicho efecto fue parcial en las células U251. Lo
anterior nuevamente indica que el efecto de la 3a-THP depende de la expresién y estado
de los efectores de los mecanismos de acciéon que regula la 3a-THP en las lineas
celulares de GB. Los GB son tumores caracterizados por su alta heterogeneidad
genomica intra- e inter-tumoral. Si bien la linea celular U87 presenta caracteristicas
fenotipicas de un GB neuronal y la U251 presenta caracteristicas de un subtipo
mesenquimal [184], es notable que en ellas, ademas de la linea celular LN229, la 3a-THP

haya inducido los mismos efectos sobre la migracion e invasion, por lo que se puede
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hipotetizar que en un modelo in vivo de la misma patologia, la 3a-THP tenga los

mismos efectos.

12 CONCLUSIONES

1. A concentracion fisioldgica, de 100 nM, la 3a-THP promueve la migracion e
invasion de las células de GB humano.

2. Las células de GB expresan a las enzimas 3a-HSD, lo cual sugiere que estas
células pueden metabolizar activamente a la 3a-THP.

3. Los efectos de la 3a-THP sobre la migracion e invasion celulares son
independientes del metabolismo de dicho esteroide a través de las 3a-HSD.

4. Los efectos de la 3a-THP, estdn mediados por la activacion de la cinasa cSrc en

las células de GB.
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13 PERSPECTIVAS

1. Caracterizar el estado de las 3a-HSD en tejido tumoral de GB con respecto al
tejido cerebral sano junto con los niveles de metabolitos de la P4 generados por
ambos tejidos.

2. Establecer los mecanismos de accion de la 3a-THP a través de los cuales se
induce la activacion de cSrc en las células de GB.

3. Dilucidar qué proteinas regulan el efecto de la 3a-THP sobre la migracion e
invasion celulares.

4. Caracterizar el tipo de migracion que es inducida por la 3a-THP en las células de
GB.

5. Determinar el efecto de la 3a-THP sobre la expresion y actividad de las
metaloproteasas en células de GB.

6. Evaluar el efecto de la inhibicion farmacoldgica de las 3a-HSD y el tratamiento

con P4 y 3a-THP sobre la proliferacion, migracion e invasion celular.
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ANEXOS

15 ANEXOS

15.1 Caracteristicas de las lineas celulares utilizadas

Tabla 7. Origen y caracteristicas generales de las lineas celulares utilizadas.

U251 Cerebro Caucasico/M 75 Obtenidas de paciente en
1973
HTB- us7 Cerebro Caucasico/M 44 Depositadas en 1966;
14™ Clasificadas como tipo- GB
en 2007
CRL- LN229 | Cerebro/corteza  Blanco /F 60 Obtenidas de paciente en
2611™ derecha frontal 1979

parieto-occipital
M: Masculino; F: Femenino

Tabla 8. Caracteristicas morfologicas y genéticas de las células utilizadas.

Linea Morfologia Subtipo de GB mas Caracteristicas genéticas

celular (Tiempo de parecido
duplicacion)

CDKN2A delecién homocigota

Tipo Proneural/ Amplificacion del locus de EGFR
U251 fibroblasto; Mesenquimal PTEN mutada
adherentes p16 deletado
p14ARF deletado
Hipodiplide. Numero modal de
Epiteliales; cromosomas: 44 en el 48 % de las células.
U87 a dherentes, Proneural CDKN2A mutada (471del471)
PTEN mutada (+1G > T, codon 209)
CDKN2C mutada (507del507)
p53 + mutada (CCT [Pro] > CTT [Leu],
LN229 Epiteliales; Proneur.al/ l‘i(,)rc]lzol\r; ?-i)ﬂvestre
adherentes Mesenquimal
p16 deletado

p14ARF deletado
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ARTICLE INFO ABSTRACT

Keywords: Glioblastomas (GBMs) are the most common and deadliest intracranial tumors. Steroid hormones, such as
Progesterone metabolites progesterone (P4), at physiological concentrations, promote proliferation, and migration of human GBM cells in
Dihydroprogesterone vivo and in vitro. Neuronal and glial cells, but also GBMs, metabolize P4 and synthesize different active me-
Cancer tabolites such as 5a-dihydroprogesterone (5a-DHP). However, their contribution to GBM malignancy remains
I(\;lllliflir;::z:; unknown. Here, we determined the 5a-DHP effects on the number of cells, proliferation, and migration of the

U87 and U251 human GBM-derived cell lines. Of the tested concentrations (1 nM-1 pM), 5a-DHP 10 nM sig-
nificantly increased the number of U87 and U251 cells from day 2 of treatment, and proliferation (at day 3) in a
similar manner as P4 (10 nM). The treatment with the progesterone receptor (PR) antagonist RU486 (mife-
pristone), blocked the effects of 5a-DHP on the number of cells and proliferation. Besides, in U251 and LN229
GBM cells, 5a-DHP promoted cell migration (from 12 to 24 h). We also determined that GBM cells expressed the
3a-hydroxysteroid oxidoreductases (3a-HSOR), which reversibly reduce 5a-DHP to allopregnanolone (3a-THP).
These data indicate that 5a-DHP induces proliferation and migration of human GBM through the activation of

Progesterone receptor

PR.

1. Introduction

High-grade astrocytomas (WHO grade IV), also known as glio-
blastomas (GBMs) are the most common primary malignant brain tu-
mors [1]. Progesterone (P4) has been considered as a vital steroid
hormone involved in the maintenance of GBMs because it promotes
proliferation, migration, and invasion at physiological concentrations
[2-5].

Neuronal and glial cells have steroidogenic activity. In the central
nervous system (CNS), steroid hormones are synthesized from inter-
mediaries present in the circulation such as pregnenolone, or by de
novo biosynthesis from cholesterol [6-8]. P4 is formed throughout the
brain tissue and metabolized in neuroactive steroids such as 5a-dihy-
droprogesterone (5a-DHP), and 3a, 5a-tetrahydroprogesterone (3a-
THP, allopregnanolone) [8-11]. Such metabolites participate in a wide
variety of physiological and pathological processes within brain tissue,
due to the regulation of different mechanisms of action [12,13].

5a-DHP is a C21-steroid with two ketone groups at C3 and C20. It is
synthesized by the 5a-reductase (5aR) by neurons and glial cells [14].

* Corresponding author.

5aR reduces the double bond between the C4 and C5 of P4, giving rise
to 5a-DHP. Besides, 5a-DHP is reversibly reduced to 3a-THP by the
enzymes 3a-hydroxysteroid oxidoreductases (3a-HSOR) [15]. During
menstrual cycle and pregnancy, the levels of 5a-DHP present fluctua-
tions similar to those of P4 in plasma and the brain tissue [16-18], and
both steroids accumulate in brain areas such as hypothalamus and
cortex [19,20]. Although the function of 5a-DHP has been less studied
than that of P4 or 3a-THP, there are reports indicating that 5a-DHP
promotes the expression of myelination proteins [21], and exhibits anti-
seizure actions [22]. In a study conducted in 1998 by Melcangi et al.,
the formation of 5a-DHP in rat C6 glioma cells and 1321 N1, a subclone
of the human GBM cell line U-118MG, was significantly greater that in
rat astrocytes and neurons [11]. Nevertheless, the influence of P4 me-
tabolites in such malignancies is understudied until now.

Little is known about the role of 5a-DHP in the regulation of in-
tracellular signaling pathways and gene expression in the CNS, neither
its effects on brain malignant tumors. 5a-DHP binds with a high affinity
to the intracellular progesterone receptor (PR) [23,24], a ligand-acti-
vated transcription factor, which also has extranuclear effects by
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activating transduction pathways as Src/Ras/MEK/ERK and Rho/Rho-
associated kinase complexes [25-28]. Moreover, 5a-DHP binds to the
membrane progesterone receptor a (mPRa), which regulates the acti-
vation of different signaling pathways by the generation of second
messengers that act through transactivation of coactivators and tran-
scription factors [29,30]. There is evidence about PR expression in
high-grade astrocytomas, suggesting that PR-positive tumors have a
high proliferative potential [31,32]. We have reported the content of
PR-B and PR-A proteins as well as their transcriptional activity at 48 h
of treatment with P4, besides, such activity was correlated with an
augment in PR phosphorylation by PKC [33]. We also have reported the
expression of mPRs in human GBM cell lines [34,35], and the in-
volvement of the mPRa in promoting cell proliferation, migration and
invasion along with the activation of Src and Akt [36]. Considering that
5a-DHP also binds to both PR and mPR, it is likely that this metabolite
has effects on the malignancy progression of GBM. In this study, we
determined the impact of 5a-DHP via PR, on the number of cells,
proliferation, and migration of human GBM cells.

2. Material and methods
2.1. Cell culture and treatments

The human glioblastoma cell lines U251, U87, LN229, and T98G
(ATCC, VA, USA) were cultured in Dulbecco’s Modified Eagle's medium
(DMEM) High Glucose (In vitro, Mexico City), supplemented with 10%
fetal bovine serum (FBS), one mM pyruvate, two mM glutamine, and
0.1 mM of non-essential amino acids, at 37 °C in a humidified 5% CO2
atmosphere. A different number of cells was plated, as indicated in each
performed method. Twenty four h before steroid treatments, the culture
medium was replaced with DMEM high glucose phenol red-free
medium supplemented with 10% charcoal-stripped FBS. Treatments for
cell growth experiments were: P4 (10 nM), 5a-DHP (1, 10, 100 nM, and
1 uM), and vehicle (ethanol 0.1%). Treatments for cell proliferation,
and migration assays were: P4 (10 nM), 5a-DHP (10 nM), RU486
(1 uM), 5a-DHP + RU486 (10 nM and 1 pM, respectively), vehicle
(ethanol 0.1%). When conjunct treatments were performed, RU486 was
added one h before to the 5a-DHP stimulus. All steroids were purchased
from Sigma Aldrich (St. Louis, MO, USA), whereas ethanol was pur-
chased from AMPEX CHEMICALS (NL, Mexico).

2.2. Cell growth

10 x 10* cells of each line were plated in 24-well plates. Cells were
harvested with 1 mL PBS-EDTA 1 mM every day during five consecutive
days of treatment. After resuspension, ten uL of 0.4% trypan blue so-
lution was added to each well. We determined the number of live and
dead cells by the trypan blue dye exclusion assay with a hemocytometer
and the microscope Olympus BX41 (Olympus, PA, USA).

2.3. Cell proliferation assays

3 x 102 cells of each line were plated in 4-well glass slides. Cells
were treated during 72 h with: P4 (10 nM), 5a-DHP (10 nM), RU 486
(1 uM), 5a-DHP + RU486, and vehicle (V, ethanol 0.1%). Cell pro-
liferation was determined with the 5-Bromo-2’-deoxyuridine (BrdU)
incorporation kit (11296736001 Roche, IN, USA) according to the
manufacturer's recommendations. Besides, nuclei were stained with
Hoechst 33342 solution (1 pg/mL). The fluorescence signal of Hoechst
33342 and positive BrdU cells was observed in the Olympus Bx43F
microscope (Olympus, PA, USA). Cell counting of total and BrdU po-
sitive cells was done with the ImageJ software 1.455 (National
Institutes of Health, USA).
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2.4. Migration

The wound-healing assay was performed to determine cell migra-
tion in U251, U87, and LN229 glioblastoma cells. In 6-well slides 2x10°
were plated in each well. After 24 h of cell culture in phenol red-free
DMEM supplemented with 10% charcoal-stripped FBS. The scratch was
performed with a 200 pL pipette tip, and the removed cells were wa-
shed with PBS. Before cells were treated with P4 (10 nM), 5a-DHP
(10 nM), RU486 (1 uM), 5a-DHP + RU486, and vehicle (V, ethanol
0.1%), a pre-treatment with cytosine p-p-arabinofuranoside hydro-
chloride (AraC, ten uM, Sigma Aldrich) during 1 h was added to inhibit
cell proliferation. Four random fields were chosen per treatment to
determine the cell migration after 0, 3, 6, 12, and 24 h of treatment.
Photographs of each area were taken with an Infinity 1-2C camera
(Lumenera, CA) attached to the inverted microscope Olympus CKX41
(Olympus, JPN).

2.5. RT-qPCR

To characterize the expression of aldo-ketoreductase isoforms
(AKR1C1-4) involved in the metabolism of 5a-DHP and allopregnano-
lone, we performed the cell culture of U251, U87, LN229, and T98G
cells as described in the cell culture section. 24 h before total RNA
extraction, cells were cultured in DMEM phenol red-free medium sup-
plemented with 10% charcoal-striped FBS. To compare the expression
of AKR1C1-4 in GBM cell lines and normal astrocytic cells, total RNA
from normal human astrocytes was purchased (ScienCell Research
Laboratories, CA, USA). Total RNA of the cell lines, was extracted with
TRIzol® LS Reagent (Invitrogen, CA, USA) by the phenol-guanidine
isothiocyanate-chloroform according to the manufacturefs re-
commendations. The quantity of total RNA was determined with a
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, MA,
USA), and the purity and integrity were determined by electrophoresis
on a 1% agarose gel in 0.5 X TB buffer. cDNA was synthesized with 1 ug
of the samples with the M — MLV Reverse Transcriptase (Invitrogen, CA,
USA), and oligonucleotides (dT)12-18 Primer (Invitrogen, MA, USA).
2 pL of such reaction were employed to perform qPCR with the
LightCycler® FastStar DNA Master SYBR Green I, and the LightCycler
1.5 (Roche Molecular Systems, IN, USA) as manufacturefs re-
commendation. Due to their high homology, each pair of designed
primers recognize two isoforms of AKR1C1-4, also the expression of the
18S ribosomal gene was detected as an expression control. The oligo-
nucleotide sequences for AKR1C1-2 (165 bp) were: 5-GTTGCCAGCTC
ATTGCTCTT-3’ forward primer; 5-CTTTTAGGAACCTCTGCAGGC-3’
reverse primer. The oligonucleotides for AKR1C3-4 (114 bp) were: 5’
ACCTCCAGAGGTTCCGAG-3’ forward primer; 5-AGTCCAACCTGCTCC
TCATT-3’ reverse primer. The oligonucleotides for 18S (167 bp) were:
5’-AGTGAAACTGCAATGGCTC-3’ forward primer; 5-CTGACCGGGTTG
GTTTTGAT-3’ reverse primer. As a negative control, a reaction without
RT was performed. The relative expression of AKR1C1-4 was calculated
with the 2"2¢T method [37,38].

2.6. Statistical analysis

All statistical analysis of the obtained data was performed and
plotted in the GraphPad Prism 5.0 software for Windows XP (GraphPad
Software, CA, USA). All assays were performed at least by triplicate, the
number of experiments made is indicated in each figure legend. The
statistical analysis was one-way ANOVA, followed by a Tukey post hoc
test. Values of p < 0.05 were considered statistically significant.
3. Results
3.1. 5a-DHP increases the number of human GBM cells

To establish if there are differences in the number of human GBM
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Fig. 1. Effects of 5a-DHP on the U251 and U87 number of cells. a) The number of U251 human GBM cells treated with different concentrations of 5a-DHP.
n=5+p < 0.055a-DHP (1 nM) vs V; *p < 0.05 5a-DHP (10 nM) vs V; **p < 0.05 P4 and 5a-DHP (1-100 nM and 1 uM) vs V; ***p < 0.05 P4 and 5a-DHP
(1-100 nM and 1 uM) vs V, and P4 vs 5a-DHP (1-100 nM and 1 pM). b) The number of U87 human GBM cells treated with different concentrations of 5a-DHP. n = 4;
+p < 0.055a-DHP 10 nM vs V; **p < 0.05 5a-DHP (10-100 nM, 1 uM) and P4 vs V. All data are expressed as the mean = SEM.

cells when they are exposed to 5a DHP, we treated GBM cells with
different concentrations of this steroid (1, 10, 100 nM, 1 uM), and
compared them with P4 10 nM, whose positive effect over cell number
has been described [2,39]. In the U251 cell line, 5a-DHP 1 nM sig-
nificantly increased the number of cells at day two of treatment, and
5a-DHP 10 nM did it on day 3. P4 and all the 5a-DHP tested con-
centrations increased the number of cells since day 4 (Fig. 1a). In U87
cells, 5a-DHP 10 nM significantly increased the number of cells since
day 3. P4 10 nM and 5a-DHP (100 nM and 1 pM) augmented the
number of cells until day 4 (Fig. 1b), while 5a-DHP 1 nM had no effect
on the number of cells. The lowest concentration of 5a-DHP that
showed the most consistent effect on the number of both cell lines was
10 nM therefore, subsequent experiments were performed with this
concentration.

3.2. The effect of 5a-DHP on the number of cells and proliferation is
mediated by PR

It has been reported that 5a-DHP exerts some of its effects through
the PR. In this line, we determined the effect of 5a-DHP combined with
a PR antagonist (RU486, 1 uM) in time-course experiments. 5a DHP
10 nM significantly increased the number of U251 and U87 cells since
day 2, and 3 of treatment, respectively. Such effect was blocked by
RU486, as seen in the conjunct treatment (5a-DHP + RU486) in U251
cell line since day 2 of treatment (Fig. 2a). Remarkably, 5a-DHP in-
creased the number of cells even more than P4 at days 4 and 5 in the
U251 cell line (Fig. 2a). In U87 cells, 5a DHP had a very similar effect
to that of P4, but RU486 blocked their effect only at day 3 of treatment
(Fig. 2b).

Then, we decided to test if the effect at day 3 of 5a-DHP alone or
with RU486 was due to changes in cell proliferation. BrdU incorpora-
tion assay was done to determine cell proliferation. In such experi-
ments, P4 and 5a-DHP similarly increased the cell proliferation of the
evaluated cell lines, and RU486 also blocked the effect of 5a-DHP.
RU486 alone presented a tendency to increase cell proliferation in U251
cells (Fig. 3a, b) and significantly increased it in the U87 cell line
(Fig. 3¢).

3.3. 5a-DHP promotes migration of human GBM cell lines

We determined the effect of 5a-DHP and the blockage of PR on the
migration capacity of the human GBM cell lines U251, U87, and LN229.
The percentage of wound closure was measured after 3, 6, 12, and 24 h

of treatment with 5a-DHP, P4, RU486, and 5a-DHP + RU486. P4
significantly promoted migration of the U251 and U87 cell lines since
12 h of treatment, while it presented a non-significant tendency to do so
at 12 h in LN229 cells. 5a-DHP significantly augmented cell migration
of the three cell lines at 24 h of treatment. RU486 showed a tendency to
block the effect of 5a-DHP, although this blockage was significant just
in the LN229 cell line (Fig. 4a-d).

3.4. Expression of 3a-HSOR in GBM cell lines

To investigate if human GBM cells could reversibly reduce 5a-DHP
to 3a-THP, we determined the expression of 3a-HSOR. In humans,
there have been characterized four isoforms, AKR1C1-4. Due to the
high homology of sequences, we could only design oligonucleotides
which identified each pair of two of the isoforms. Only U251 cells ex-
pressed higher levels of AKR1C1-2 isoforms than those of human
normal astrocytic cells. The U251 cell line presented the highest ex-
pression of AKR1C1-2 enzymes of all the evaluated GBM cell lines.
Interestingly, U251, T98G and LN229 cell lines expressed higher levels
of AKR1C1-4 than normal astrocytes. The U87 cell line was the only one
which a similar AKR1C1-4 expression profile as that of normal human
astrocytes. All GBM cells exhibited different expression levels of
AKR1C1-4.

4. Discussion

About 48% of malignant brain tumors in the United States are
GBMs. Such tumors are more common in middle to old age, and have a
higher incidence in men than in women with a 1.6:1 (men: women)
odds ratio, which is accentuated in patients with more than 50 years old
[1]. Besides, women present better survival and response to therapy
[40,41]. Regarding sex steroid hormones, Huang et al. reported the risk
factor for reproductive hormones. This study reveals that women are
more susceptible to developing GBMs after menarche, however, this
risk decreases after menopause [42]. Also, one study reported that 44%
of women with high-grade gliomas shows cancer progression during
pregnancy, when progesterone levels are very high [43]. These data
suggest that progestins participate in GBM pathophysiology. Here, we
reported the relevance of 5a-DHP in the of proliferation and cell mi-
gration of GBMs. Until now, there is no information about plasmatic
levels of progestins in GBM patients nor in tumor biopsies, despite this,
it is known that the brain is a steroidogenic organ that produces neu-
roactive P4 metabolites such as 5a-DHP during all life stages (for
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Fig. 2. Effects of 5a-DHP and RU486 on the U251 and U87 number of cells. a) Number of U251 cells: n = 4; *p < 0.05 5a-DHP vs V and 5a-DHP + RU486;
**p < 0.05 5a-DHP vs all other treatments (Day 3), or P4 and 5a-DHP vs all other treatments (Day 5); +p < 0.05 P4 vs V (Day 3); #p < 0.05 P4, 5a-DHP, or

RU486 vs all other treatments; b) Number of U87 cells: n =

#p < 0.05 P4, 50-DHP, and 5a-DHP + RU486 vs V. All data are expressed as the mean =+

review see [13,44]). GBM cells also express the enzymatic machinery to
do so, opening the possibility that once initiated cancer, P4 and its
metabolites promote GBM progression. Moreover, beyond sex hor-
mones, different genomic profiles associated to sex has been identified,
suggesting that other differences inherent to each sex, are involved in
glioma pathogenesis, such as epigenetic regulation [40,45].

Beyond reproductive functions, P4 exerts essential functions in-
volved in the maintenance of glial and neuronal cells, such as the
control of myelination, or neural plasticity [13,46]. Besides, such ef-
fects are also regulated by its metabolites. Although 5a-DHP is one of
the main P4 metabolites produced in the brain, little attention has been
paid to it [47]. 5a-DHP is accumulated in the medial basal hypotha-
lamus, the pituitary, and the cerebral cortex of rats even more than in
uterus or plasma, which suggests its relevance in regulating progestin
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effects in hormonal axis regulation areas [19]. Few evidences remark
the relevance of studying the physiopathology of P4 metabolism in
GBMs until now. Von Schoultz et al., reported lower levels of P4 in
brain tumors (mostly astrocytomas grades III and IV) than in normal
brain tissue, hypothesizing the high metabolism of this steroid in brain
tumors [48]. Melcangi and collaborators showed that rat glioma C6
cells and the subclone 1321N1 derived from the U-118MG, a human
glioblastoma cell line, produce higher levels of 5a-DHP rather than
normal rat astrocytes. Besides, the reduction of P4 by 5aR was greater
than that of testosterone to dihydrotestosterone [11], which is in line
with von Schoultz hypothesis. In addition, we have reported the pre-
sence of the 5aR enzyme in U87 cells, which suggests that such cells
metabolize P4 to its 5a-reduced metabolites. In such study, we found
that in GBM cells, the 5aR-inhibitor, finasteride, blocked the effects of
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Fig. 3. Effects of 5a-DHP in the BrdU incorporation of the U251 and U87 cells. a) Representative images of BrdU incorporation assays in the U251 cell line. b) U251
cells: *p < 0.05 5a-DHP vs V and 5a-DHP + RU486, **p < 0.05 P4 vs V, RU486 and 5a-DHP + RU486; c) U87 cells: *p < 0.05 P4, 5a-DHP, and RU486 vs V and

5a-DHP + RU486. All data are expressed as the mean = SEM; n = 3.



C.J. Zamora-Sdnchez, et al.

2
<

%Wound closure (U87)
IS
S

Steroids 163 (2020) 108708

=t M
-6~ P410 nM
=& 5¢-DHP 10 nM
b) - RU486 1 uM
-%- 5¢-DHP+RU486
07 *
& I
=
e
=
g
3
2
3
2 204
=
* : = P P
Hours
1004
*

804

60

404

%Wound closure (LN229)

204

0 6 12
Hours

Fig. 4. Effect of 5a-DHP on the migration of the human GBM cells. a) Representative images of wound healing assays in the U251 cell line after 12 and 24 h of
treatment with P4 10 nM, 5a-DHP 10 nM, RU486 1 uM, 5a-DHP + RU486, and V. b) Percentage of wound healing assay closure (U251 cells): n = 5; +p < 0.05P4
vs. V and RU486; *p < 0.05 5a-DHP and P4 vs. V and RU486. c) Percentage of wound healing assay closure in the LN229 cells; n = 3; *p < 0.05 5a-DHP vs all
other treatments. d) Percentage of wound healing assay closure (U87 cells): n = 5; *p < 0.05 P4 vs. all other treatments; & p < 0.05 5a-DHP vs. V. All data are
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P4 on the number of cells and proliferation [39]. Wiebe et al., found
similar results when breast cancer cells were treated with P4 and fi-
nasteride or dutasteride, another 5aR-inhibitor. Interestingly, the effect
of P4 was reestablished when 5a-DHP was added to the cells [49,50].
The relevance of P4 metabolites in the maintenance of other cancer
types has been reported. Wiebe and collaborators were pioneers in
determining differences between the levels and the opposite effects of
P4 metabolites in normal vs. breast cancer biopsies [51]. They found
that P4 metabolites with a chemical structure of 4-pregnene, promotes
the inhibition of cancer cell growth, while 5a-pregnanes, such as 5a-
DHP, promotes growth and cell proliferation [52]. Other studies de-
monstrate the relevance of 5a-DHP in initiating tumor in breast cancer
models, since the treatment with finasteride, blocked the effects of P4

on promoting tumor formation [50,53]. More recently, other authors
reported the levels of P4 and 5a-pregnanes in prostate cancer cell lines,
which were even higher than those of androgens, also when cells were
treated with 5a-pregnanes, they promoted cell proliferation [54]. In
concordance with such results, here, we demonstrate that 5a-DHP at
different concentrations augments the number of U251 and U87 cells,
derived from two different human GBMs (Fig. 1).

Since 2017 when we described the expression of 5aR in the U87 cell
line, we did not discard the importance of the endogenous metabolism
of P4, however, we started very recently to investigate the role of P4
metabolites in GBM cell lines. We chose the tested concentrations of 5a-
DHP in this study because they are very similar to those reported by
other authors evaluating normal levels of P4 metabolites in the brain or
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in cell lines [16,18,19,55,56], which means that chosen concentrations
are at physiological levels. We did not evaluate the levels of 5a-DHP or
other progesterone metabolites since we assume that the levels of 5a-
DHP or steroids in general, are low since before performing the ex-
periments, cells were cultured in DMEM phenol-red medium supple-
mented with charcoal/dextran filtered fetal bovine serum for 24 h.
Also, it is inferred that steroid levels are around picomoles according to
Cheney DL and cols [57], and our control groups reflect the endogenous
low levels of P4 or 5a-DHP. Interestingly, Pinacho-Garcia et al., have
reported this year that U87 cell line synthesize steroids, particularly, P4
rather than testosterone, when cells are supplemented with 3H-cho-
lesterol for 24 h or 48 h, however, due to the employed technique, it
was not possible to quantitatively determine the amount of P4 or its
metabolites when a precursor is present in the cell culture medium
[58]. The effect on the number of cells is tightly related with an aug-
ment of cell proliferation determined in this study at day 3 of treatment
(Fig. 3). These results are in line with our previous reports, where we
demonstrated that the positive effect of P4 10 nM on the number of cells
and proliferation is promoted not only by P4 but by its metabolites, as
seen when the effect of P4 on the number of cells was blocked by the
5aR inhibitor, finasteride [39,59]. In U251 cells, it seems that even the
lowest concentration of 5a-DHP tested, induces a significant augment
in the number of cells. Besides, in both cell lines, the effect of 5a-DHP
on the number of cells appear at least one day before that of P4, which
could be related with the differences in the mechanisms of action of the
two steroids. Here, we focused our study on the effects of 5a-DHP
through PR because 3a-THP does not have affinity to this receptor. We
demonstrated the expression of 3a-HSOR. There have been character-
ized four isoforms of such enzymes of the aldo-keto reductases
(AKR1C1-4) family which function as 3-, 17- and 20-ketosteroid re-
ductases and 3a-17p3- and 20a-hydroxysteroid oxidases, although they
have different kinetic constants [60]. Owing to the fact that U87 cells
present a very low expression of such enzymes, the effects of S5a-DHP on
cell proliferation and migration are mostly due to this steroid. Almost
all the results in the U87 cell line were very similar in the studied cell
lines, however, more studies are necessary to fully understand the im-
plication of P4 and its metabolites in GBMs etiology.

Little is known about the mechanism of action of 5a-DHP. Its in-
teraction with PR has been determined in many species [23,24]. In
humans, 5a-DHP has a high affinity to PR [23,61,62]. In this study, the
effect of 5a-DHP on the number of cells and proliferation seems to be
entirely mediated by the PR, since the effects of 5a-DHP were blocked
by RU486 when the conjunct treatments were performed (Figs. 2 and
3). We decided to use a relatively high dose of RU486 due to the
duration of cell viability and proliferation assays (5 and 3 days). We
observed an increase in cell viability in U87 cells, and proliferation at
day 3 of treatment with RU486 which is an agonist-antagonist drug
that has a greater affinity for PR than for glucocorticoid and estrogen
receptors, thus, it can modulate the activation of these receptors
[63,64]. This could explain the effect of RU486 alone on the number of
cells and proliferation. This led us to consider the dose-dependent
agonist-antagonist function of 5a-DHP and RU486 on the activation of
the PR and its relevance in inducing the proliferation of both cell lines
(Figs. 2 and 3) when compared with the effect of 5a-DHP alone. Such
phenomenon was also reported in different models [65,66]. Since the
observed effects of 5a-DHP were almost totally blocked by RU486, we
propose that in GBM cells, 5a-DHP effects are mainly mediated by PR.
With the presented experimental data, we cannot discard the partici-
pation of both genomic and non-genomic mechanisms mediated by PR
activation when cells are treated by 5a-DHP. In rat astrocytes, there
have been reported changes in gene expression after 2 h of treatment
with 5a-DHP [67]. Moreover, the activation of ERK1/2 5a-DHP has
also been reported in the rat brain [68]. To determine which is the
predominant effect of 5a-DHP in promoting genomic or non-genomic
mechanisms through PR, and to establish a better model of progestins,
more functional assays are needed. Our research group has reported the
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role of steroid hormones in the regulation of gene transcription in
human GBM cells [39,59,69,70]. P4 and estradiol induce the expression
of the vascular endothelial growth factor (VEGF), epidermal growth
factor receptor (EGFR), and cyclin D1 through the recruitment of
coactivators such as those of the steroid receptor coactivator (SRC)
family [69,70]. Besides, we have reported that P4 and 3a-THP regulate
the expression of different sets of genes involved in cell cycle promo-
tion, DNA repair and changes in actin cytoskeleton which correlates
with aun augment in cell viability and proliferation [39,59]. Regarding
other types of cancer, it has been reported that 5a-DHP promotes the
expression of Bcl-2, which is correlated with an antiapoptotic effect in
breast cancer cell lines [71]. Whereas in brain tissue, it has been re-
ported that P4, 5a-DHP, and 3a-THP promote the gene expression of
relevant genes for the neural cytoskeleton in certain areas [28]. In the
Central Nervous System, it has been reported the relevance of such
progestins in promoting cell proliferation and myelination. In such
studies, the authors identified some genes which expression is regulated
by 3a-THP and P4 through the activation of different mechanisms [13].
Given the present data, and the broad spectrum of mechanisms acti-
vated by P4 metabolites, it is possible that they regulate the expression
of different sets of genes involved in cell proliferation and migration,
specially 3a-THP with respect to P4 and 5a-DHP.

Interestingly, the migration process induced by 5a-DHP was par-
tially regulated by PR since RU486 presented a clear tendency to di-
minish the increase in migration induced by 5a-DHP in U251 and U87
cell lines, and significantly decreased 5a-DHP effect in LN229 cells.
(Fig. 4a-d). Pina-Medina also reported a partial decrease in migration
and invasion processes when PR expression was diminished in the
human GBM cell line D54 [5]. These data indicate that different me-
chanisms regulate the effects of progestins, such as P4 or 5a-DHP on
migration and invasion. There are reports that progestins could pro-
mote cancer progression in either PR-positive or -negative cancer cells.
In PR-negative non-tumorous breast cell lines (MCF10A and MCF12A)
expressing mPRs, treatment with mPRs agonists, or 5a-DHP, promoted
activation of the ERK, JNK, and p38 kinases [72]. While in the PR-
negative breast cancer cell lines SKBR3 and MDA-MB-468, expressing
mPRa, mPR, and mPRy, the mPR agonist ORG-02-0 has antiapoptotic
effects [73]. Recently, we have reported the role of mPRs subtypes in
GBM progression [35,36,74]. Our group also reported that the agonist
ORG-02-0 promotes proliferation, migration, and invasion of U87 and
U251 cell lines [36]. In ovarian cancer cells lacking PR, activation of
JNK172 and p38 signaling was reported along with the expression of
mPRs [75]. It would be interesting to determine the contribution of
such receptors in 5a-DHP positive effects on the migration and invasion
of GBM cells. Also, it has been reported the relatively high affinity of
5a-DHP for mPRa [30]. So, we consider as a perspective of the present
study, to evaluate the possible involvement of mPRs in 5a-DHP effects
through different genetic and pharmacological strategies.

Interestingly, in PR-positive T47D breast cancer cell lines, PR has
fast effects due to its interaction with Src, leading to the positive reg-
ulation of the MAPK signaling pathway [25,26]. Also, in T47D cells PR
induces the fast rearrangement of the actin cytoskeleton by the acti-
vation of FAK in a dependent manner of the Src/PI3K pathway, along
with the activation of the Rho/ROCK pathway [27,28]. Finally, in the
Central Nervous System, there has been hypothesized a crosstalk be-
tween the genomic and non-genomic mechanisms of P4 and its meta-
bolites 5a-DHP, and allopregnanolone [76,77]. Although there is in-
formation about 5a-DHP and its interaction with mPRs, more research
is needed to understand how P4 metabolites, such as 5a-DHP, main-
tains the malignancy of GBMs or if interrupting their metabolism, an
improvement in GBM therapy could be obtained.

We focused our study on P4 metabolites since many authors had
described the potential of glioma cells for synthesizing P4 metabolites
rather than testosterone metabolites due to the same enzymatic com-
plex (5a-R-3a-HSOR) [11,58]. There is no evidence about the conver-
sion of 3a-THP to 5a-DHP in glioma cells, however, it is known that
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Fig. 6. General mechanisms of action of P4 and its metabolites in human GBM
cell lines. In black arrows it is indicated the irreversible reduction of P4 to 5a-
DHP and the reversible reduction of 5a-DHP to 3a-THP. Purple, blue, and green
arrows indicate the mechanisms of actions of P4, 5a-DHP, and 3a-THP, re-
spectively. PR promotes the expression of target genes participating in the
regulation of cell proliferation and migration, through its genomic mechanism,
while in the cytoplasm, it induces the activation of signal transduction path-
ways involved in cell migration and invasion. Also, in GBM cells, the presence
of mPR has been detected. Particularly, mPRa activation promotes cell viabi-
lity, proliferation, invasion, and migration.

their oxidative potential is inhibited by NADPH [15]. In the Central
Nervous System it has been described the preferential oxidative activity
of 3a-HSOR under pharmacological conditions or availability of sub-
strates [78,79]. Now, we have added to our manuscript the character-
ization of 3a-HSOR in human GBM cell lines (Fig. 5). We found a high
expression of 3a-HSOR in our cell lines except in U87 cells. We cannot
discard that GBM cells actively interconvert 5a-DHP and 3a-THP to
sustain a juxtacrine/autocrine loop that promotes proliferation and
migration through different mechanisms of action. In the Fig. 6 is
summarized all the findings we have performed about P4 metabolism
and the effect of P4 metabolites in human GBM cell lines. Another in-
teresting finding reported by Melcangi and collaborators is that neurons
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change their P4 metabolic profile when they are exposed to the culture
media of glioma cells [11]. Thus, a more detailed study of P4 meta-
bolism in the microenvironment of GBM cells is needed.

Together, in this study, we show that 5a-DHP contributes to GBM
malignancy by increasing the number of cells proliferation, and mi-
gration through the PR. With this study, we wanted to point out the
relevance of P4 metabolites in the pathophysiology of GBMs. We have
reported that P4, 5a-DHP, 3a-THP at physiological concentrations,
influence the growth of GBMs through different mechanisms of action.
Nowadays, some clinical studies with RU486 prove to have positive
effects on patients with such malignancy. However, due to the multiple
mechanisms of action of P4 and their metabolites, more integral stra-
tegies have to be planned. Regarding P4 metabolism, 3a-HSOR re-
versibly reduces 5a-DHP to 3a-THP which is involved in maintaining
proliferation and migration of different types of cancer, such as prostate
and lung [80-82]. 3a-HSOR has also been detected in different brain
tumors and in GBM cells its high expression is associated with re-
sistance to temozolomide, such agent is the standard treatment for such
tumors [83]. A plausible alternative that needs to be investigated is the
regulation of PR by 5a-DHP, and P4 metabolites.
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Abstract: Glioblastomas (GBs) are the most aggressive and common primary malignant brain tu-
mors. Steroid hormone progesterone (P4) and its neuroactive metabolites, such as allopregnanolone
(8x-THP) are synthesized by neural, glial, and malignant GB cells. P4 promotes cellular proliferation,
migration, and invasion of human GB cells at physiological concentrations. It has been reported that
3a-THP promotes GB cell proliferation. Here we investigated the effects of 3-THP on GB cell migra-
tion and invasion, the participation of the enzymes involved in its metabolism (AKR1C1-4), and the
role of the c-Src kinase in 3x-THP effects in GBs. 3-THP 100 nM promoted migration and invasion
of U251, U87, and LN229 human-derived GB cell lines. We observed that U251, LN229, and T98G
cell lines exhibited a higher protein content of AKR1C1-4 than normal human astrocytes. AKR1C1-4
silencing did not modify 3«-THP effects on migration and invasion. 3«x-THP activated c-Src protein
at 10 min (U251 cells) and 15 min (U87 and LN229 cells). Interestingly, the pharmacological inhibition
of ¢-Src decreases the promoting effects of 3a-THP on cell migration and invasion. Together, these
data indicate that 3a-THP promotes GB migration and invasion through c-Src activation.

Keywords: allopregnanolone; progesterone; neurosteroid; steroidogenesis; Aldo-keto reductase;
c-Src; glioblastoma; glioma; cancer progression

1. Introduction

Glioblastomas (GBs) are the most common tumors in the central nervous system
(CNS) malignancies and have the worst overall survival, which makes them clinically
relevant. GBs are often diagnosed at 50-65 years old [1]. According to data between 1995
and 2021, they have an incidence of 3-7 per 100,000 inhabitants depending on the nation,
even though their frequency rises in many countries [2—4]. The survival time of patients
with GBs is about 2—4 months without treatment [4,5] due to the highly proliferative and
invasive capacity of GB cells [1]. GBs present a higher incidence in men than in women
at 1.60:1, which remain unchanged for years [3,4]. This datum has brought attention to
the study of sex-specific components that contribute to GB development, such as steroid
hormones [6]. Gonadal steroids, like progesterone (P4), participate in the progression of
GBs. At physiological concentrations, P4 promotes proliferation, migration, and invasion
of GB cells, and it also augments the number of primary gliomaspheres [7-11]. In addition,
it has been reported that GB cells actively metabolize P4 [12-14], although the effects of
its reduced metabolites have been scarcely studied in cancer. Regarding the effects of
5a-reduced P4 metabolites, only a few studies on breast and ovarian cancers have been
made [15-17].
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The first step in the synthesis of active P4 metabolites is the irreversible reduction of
P4 to 5x-dihydroprogesterone (5x-DHP) through the enzyme 5x-reductase (5aR) [12,13,18].
Then, 5x-DHP is reversibly reduced to allopregnanolone (3x-THP) by the 3x-hydroxysteroid
dehydrogenases (3x-HSD), whose activity has been reported in four members of the Aldo-
keto reductase enzyme superfamily (AKR1C1-4 by their coding genes) [19,20].

The steroid 3a-THP has been, by far, the most studied neuroactive metabolite of P4.
3o-THP is synthesized in the CNS by glial progenitors, neurons, and glial cells in different
brain regions such as the cortex, olfactory bulb, hippocampus, thalamus, cerebellum, and
amygdala [13,19,21-23]. 3x-THP increases the expression of proliferating markers, along
with the cellular proliferation of rat and human neural progenitor cells [24]. Besides, it has
cytoprotective properties against cytotoxic insults in oligodendrocytes [25]. Interestingly,
it promotes migration and changes in the morphology of rat Schwann cells through the
activation of kinases like c-Src and FAK [26]. 3a-THP also promotes proliferation and the
expression of different cell cycle and cytoskeleton regulators, such as the Rho-associated
protein kinase (ROCK) in the U87 human GB cell line [18,27].

P4 metabolism enzymes and the active production of 3o-THP have been reported in
GB cells [12,14,18,28]. In human-derived GB cell lines, it has been reported that P4, 56-DHP,
and 3a-THP promote GB malignancy by increasing cell proliferation. Moreover, this effect
could be independent of the classical P4 receptor (PR), particularly in the case of 3o-THP,
since it has a very low affinity to PR [18,27,28].

The proto-oncogene non-receptor tyrosine kinase c-Src is a hub protein involved in
many cell transduction signals, promoting inflammation, cell survival, proliferation, migra-
tion, invasion, and tumor resistance to treatment in GB [29-31]. As we have mentioned,
some of the effects of 3a-THP are mediated by c-Src. However, the 3a-THP effect on GBs
progression is poorly known. Here, we report the effects of 3&-THP on cell migration and
invasion of different human-derived GB cell lines, the relevance of its metabolism, and the
interplay between c-Src and 3x-THP in GB progression. Consult the abbreviations of this
manuscript to see a list of the most used abbreviations in this study.

2. Results
2.1. 3a-THP Promotes Migration and Invasion of Human GB Cells

First, we determined the effect of different concentrations of 3a-THP (10 nM, 100 nM,
and 1 pM) on cell migration of the three human GB cell lines U251, U87, and LN229. The
effect of 3&-THP was compared to P4 10 nM, due to its previously reported promotion of
migration in these cells [8]. In Figure 1, we show that P4 10 nM promoted the migration
of U251 cells after 12 h of treatment. Also, we observed that all concentrations of 3oc-THP
promoted the migration in U251 and U87 cells at 24 h (Figures la—c and S1). In LN229 cells,
only 3a-THP 100 nM increased migration at 24 h of treatment (Figures 1d and S1). In all
cell lines, 3x-THP 100 nM promoted cell migration; therefore, we used this concentration
in the subsequent experiments.

Then, we evaluated the invasion capacity of the different human GB cell lines treated
with 30-THP 100 nM for 24 h. The invasion assays showed that P4 10 nM significantly
increased the number of invading cells in U251 and LN229 lines but not in U87 cells
(Figure 2), whereas 3a-THP 100 nM significantly increased the number of invading cells in
the three evaluated cell lines (Figure 2a—f). In U251 and LN229 cells, the effect of 3a-THP
was similar to that of P4 (Figure 2a,b,e,f).
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Figure 1. Effect of 3a-THP on human GB cell migration. (a) Representative images of the scratch
area from U251 cells treated with vehicle (V, ethanol 0.1% in the medium), progesterone (P4; 10 nM),
or allopregnanolone (3x-THP; 10, 100 nM and 1 uM). Percentage migration graphs of (b) U251,
(c) U87, and (d) LN229 human GB cell lines. Each point represents the mean 4+ SEM. U251 (Graph b):
#p <0.05 for P4 and 30-THP 100 nM vs. V; * p < 0.05 for P4 and all concentrations of 3a-THP vs. V.
U87 (Graph c): * p < 0.05 for 3«-THP 10 nM, 100 nM and 1 uM vs. V. LN229 (Graph d): + p < 0.05
30-THP 10 nM and 1 uM vs. V; * p < 0.05 for 30.-THP 100 nM vs. all other treatments. n = 3 for U251
and U87 cells; n = 4 for LN229 cell line.

2.2. Human GB Cell Lines Express 3a-THP Metabolism Enzymes

30-HSD are necessary for 3a-THP metabolism. Previously, we have reported, the
expression of the Aldo-keto reductases at the mRNA level, called AKR1C1-4 by the name
of their genes (35): AKR1C1 (20cHSD), AKR1C2 (3x-HSD type 3), AKR1C3 (3x-HSD type
2), AKR1C4 (3x-HSD type 1) [32,33]. They have a high amino-acid sequence identity, and a
similar weight (32-46 kDa) [34]. Here, we determined the protein content of such enzymes
in human GB cell lines and compared it with that of normal human astrocytes (HA). All of
them were detected as a single Western blot band with a primary antibody designed for
the 1-78 amino acids at their N-terminus. The content of AKR1C1-4 enzymes of the HA
lysate and U87 cells was low and nearly detected (Figure 3), whereas their content was
significantly higher in U251, LN229, and T98G cells when compared with HA (Figure 3).
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Figure 2. Effect of 3a-THP on the invasion of human GB cell lines. Cells were treated with vehicle (V;
ethanol, 0.1% in the medium), P4 (10 nM), and 3a-THP (100 nM) for 24 h. Representative images
of (a) U251; (c) U87, and (e) LN229 invasion assays. All photographs were taken at 10x augment.
Graphs of the invading cells number per field: (b) U251; (d) U87; and (f) LN229 cell lines. Each
column represents the mean + SEM. n = 3 for all cell lines evaluated; * p < 0.05 vs. V.
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Figure 3. AKR1C1-4 are differentially expressed in GB cells. The expression of AKR1C1-4 was
detected in a total protein extract from normal human astrocytes (HA) and different human GB cell
lines. (a) Representative Western blots of AKR1C1-4 and «-Tubulin, which was used as a loading
control. (b) Densitometric analysis graph. Each column represents the mean + SEM. n = 3; * p < 0.05
U251, T98G, and LN229 vs. HA and U87 cell lines.

2.3. Role of AKR1C1-3 Silencing in the Effect of 3a-THP on GB Cell Migration and Invasion

To determine the effect of 3o-THP metabolism in the migration of human GB cells in
the U251 cell line, we silenced the expression of the Aldo-keto reductases AKR1C1-3, which
mainly participates in metabolizing 3a-THP in the brain. First, we ensured that AKR1C1-3
isozymes were silenced during the wound healing assays (Figure 4a). 3a-THP promoted
cell migration in the sSAKR1C1-3 U251 cells and the Control siRNA group compared to the
V sAKR1C1-3 and Control siRNA groups (Figure 4b,c); this indicates that 3o-THP promotes
cell migration of U251 cell line independently of its metabolism by the enzymes AKR1C1-3.
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Figure 4. Effect of 3«-THP and the silencing of AKR1Cs on the migration of U251 cells. (a) AKR1C1-3
silencing for 24 h and at the beginning of migration assays. (b) Representative images of U251 cells
without transfection, transfected with the negative control siRNA (Control siRNA), and transfected
with de the siRNA against AKR1C1-3 (sSAKR1C1-3). Cells were treated with V or 3&-THP. (¢) Graph
of the percentage of U251 migrating cells. Each point represents the mean + SEM. * p < 0.05 3«-THP
(control siRNA, and sAKR1C1-3) vs. V (control siRNA, and sAKR1C1-3); n = 3.

Next, we determined the effect of 3o-THP metabolism on the human GB U251 cell
line invasion. 3o-THP promoted the invasion of the U251 cell line in Control siRNA, and
sAKR1C1-3 groups when compared with V (Control siRNA and sAKR1C1-3). We did not
find any significant differences in cell invasion between groups treated with V (Control
siRNA and sAKR1C1-3), nor between those treated with 3u-THP (Control siRNA and
sAKR1C1-3) (Figure 5a,b). This points out that 3o-THP promotes cell invasion per se and
not by generating other progestin products from AKR1C1-3 activity in GB cells.

b)
== IAV)
400+ *
- * B 30-THP
n
]
= 300
B
2
=
B 200
©
o
‘s 1004
[}
=
0 =
& N & N
& N & N
< +‘Z~ < 43‘
\’a?. ‘.)Y.

Figure 5. Effect of 3a-THP and the silencing of AKR1Cs on the invasion of U251 cells. (a) Representa-
tive images of U251 cells transfected with the negative control siRNA (Control siRNA), the siRNA
against AKR1C1-3 (sSAKR1C1-3) and treated with V or 3a-THP. (b) Graph of the number of invading
U251 cells per field. Each point represents the mean & SEM. * p < 0.05 THP (control SiRNA and
sAKR1C1-3) vs. V (control siRNA and sAKR1C1-3) n = 4.
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2.4. 3a-THP Promotes c-Src Activation in Human GB Cell Lines

The involvement of c-Src in the transduction signals induced by 3x-THP has been
reported [26]. To elucidate the participation of c-Src in the effects of 3&-THP on human
GB cells, we first determined the phosphorylation of Y416 residue of c-Src at (5-60 min).
Phosphorylation increased at Y416 of c-Src residue was correlated with an augment of
c-Src activity. We found a significant augment in Y416 phosphorylated c-Src after 10 min
of 3-THP 100 nM treatment in U251 cells compared to V (Figure 6). We also observed a
significant increase in Y416 phosphorylated c-Src with 3a-THP treatment at 15 min in U87
and LN299 cells (Supplementary Figures S2 and S3).
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Figure 6. Effect of 3a-THP on c-Src activation in U251 GB cells in time-course experiments. The
phosphorylation of c-Src (Y416) was determined under the treatments of 3&x-THP 100 nM or Vehicle
(V, EtOH 0.01%) at (a) 5 min; (b) 10 min; (c) 15 min; (d) 30 min by Western blot. The upper panel of
each section shows a representative Western blot experiment of p-c-Src, total c-Src, and a-Tubulin
as a loading control. Each lower panel presents the densitometric analysis of p-c-Src/c-Src. Each
column represents the mean + SEM., n = 3; * p < 0.05 3a-THP vs. V.

2.5. Influence of c-Src Inhibition in the Effect of 3a-THP on Cell Invasion

Since we observed changes in c-Src phosphorylation, then we evaluated if 3«-THP
effects on invasion were mediated by this enzyme. We performed invasion assays with the
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c-Src pharmacological inhibitor PP2 1 pM, alone or in combination (3«-THP + PP2). Again,
we showed that 3«-THP promoted invasion in U251 and U87 cell lines. Interestingly, the
effect of 3a-THP was significantly decreased by PP2 (Figures 7 and S4).
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Figure 7. Effect of 3&-THP and the pharmacological inhibitor of ¢-SRC PP2 on U251 and U87 cell
invasion. (a) Representative images of U251 cell invasion assays. All photographs were taken at
10x augment. (b) Graph of the number of invading U251 cells per field. Each column represents
the mean + SEM., n = 4; * p < 0.05 30-THP vs. V (EtOH, and DMSO); ** p < 0.005 3x-THP vs.
3a-THP + PP2. (c) Graph of the number of invading U87 cells per field. Each column represents the
mean + SEM., n = 4; * p < 0.05 3«-THP vs. all other treatments.

3. Discussion

In recent years the evidence of sexual dimorphism and gonadal steroids participation
in the GB pathophysiology has substantially increased (for review, see [6,35]). Moreover,
it has been reported that such hormones are actively metabolized in GB cells [14], and by
neural and glial cells in the CNS [19]. This is important because GBs are more frequent
in aging patients when the gonadal steroidogenesis is practically null. However, many
studies point out that steroidogenic enzymes expression is maintained in different brain
areas during aging [36]. Recently, a study based on the transcriptomic information of nearly
900 GB isocitrate dehydrogenase (IDH)-wt patients included in four databases showed that
the expression of steroidogenic enzymes by the cells in the core tumor correlates with poor
prognostic of GB patients [37].

Despite this, the relevance of many steroid metabolites has been poorly studied in
cancer, particularly in glioblastomas. In breast cancer, higher levels of 5x-pregnanes than
in normal tissue have been reported, suggesting that progestins like 5-DHP and 3«-THP
have relevance in cancer pathophysiology [38]. In breast cancer cell lines, 5x-pregnanes
promote an augment in the cell viability, even in an estrogen receptor (ER)-/PR-cell line,
suggesting that such metabolites exert their actions independently of PR [16,39]. Regarding
GB, we have reported that P4, 5¢-DHP, and 3a-THP promote cell viability and prolifera-
tion of human GB cell lines [27,28,40]. Here we report that 3a-THP promotes migration
and invasion in three human GB cell lines (Figures 1 and 2). It is important to notice
that the concentrations used in this protocol are relatively low and in concordance with
physiological concentrations. Our results are similar to those in the human ovarian cancer
cell line IGROV-1, where 3x-THP promotes cell migration and invasion [17]. In contrast,
other authors have recently reported that high concentrations of 3o-THP (20-60 uM) in-
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creased temozolomide-inhibited migration in human T98G and A172 GB cells [41]. This
points out that 3a-THDP, similar to P4, differently affect GB progression depending on the
concentration, at least in vitro [42].

The Aldo-keto reductases AKR1C1-4 modulate the catabolism of many drugs and
gonadal steroids. Along with the 5aR, Aldo-keto reductases regulate the levels of many
steroids, and therefore, their local availability. In the particular case of P4 metabolism, the
reduction to 5a-DHP through the action of 5xR is irreversible. However, the catabolism
of 5-DHP to 30-THP is reversible. Besides their 3a-HDS activity, AKR1C1-3 isozymes
also have 17§3- and 20x-HDS activity. We have reported before that GB cell lines express
5aR and AKR1C1-4 at a transcriptional level [18,28]. Since a tiny band was found in the
Western blot for either HA or U87 cells, we cannot discard their presence (Figure 3). In a
previous work, we have evaluated the expression of such isozymes by RT-qPCR, and we
found concordant results between them and those reported in the present study: both HA
and U87 cells present the lower expression levels of such enzymes. When compared with
other steroidogenic tissues, the expression of all isozymes in the human brain is low, so
we expect that the levels of such enzymes, were also low in human astrocytes [32]. It has
been reported that the activity of such enzymes is highly cell type dependent in the CNS.
In rat-derived cells, greater significant activity of 3a-HSD was detected in a very particular
subtype of astrocytes (type 1 astrocytes), rather than in type 2 astrocytes or neurons [43].
We consider these results cannot be entirely extrapolated or compared to humans, because
until now, only one AKR1C family member with 3a-HSD activity has been characterized
in rats [44]. Besides, many authors determined the activity of such enzymes on different
glioma cell lines such as C6 (rat origin), 1231N1 (human astrocytoma), and U87 cells [12,14].
Here we report AKR1C1-4 protein levels in four human GB cell lines compared with
those of human astrocyte lysate (Figure 3). Remarkably, the levels of such enzymes were
higher in GB cells than in the normal human astrocyte lysate, except for the U87 cell line.
Some microarrays analyses suggest that the expression of AKR1C1-3 transcripts levels are
significantly lower in GB biopsies compared to normal brain tissue [45]. Discrepancies
between AKR1C1-4 mRNA and protein levels have been reported, and they emphasize
the importance of better strategies to detect and determine the functional status of such
enzymes [46]. The expression of AKR1C1-4 commonly is correlated with a poor prognostic
in patients with different types of cancer [34].

As we mentioned, AKR1C1-4 regulates the availability of P4 and its metabolites to
activate different signaling pathways. While P4 and 5¢-DHP promote the activation of
intracellular PR, 3a-THP has no affinity to such receptors [18,27,28]. Previously, the role of
PR in migration and invasion has been described [8,40]. Here, the silencing of AKR1C1-3
isozymes was necessary to ensure a low conversion of 3-THP to metabolites like 5x-DHP
with different mechanisms of action from that of 3a-THP. Considering a normal phenotype
of AKR1C1-4 enzymes in the GB cell lines, it is expected that isozymes AKR1C1-2 are the
main involved in the oxidation of 3a-THP to 5x-DHP. It has been reported that AKR1C3
isozyme has low oxidation activity of 3&-THP [32]. Additionally, 3«-THP is catabolized
to Sa-pregnane-3«,20-diol (5x-pregnanediol) by AKR1C1 enzymes [47]. This metabolite
possesses activity as a partial agonist of the y-aminobutyric acid (GABA) receptor type A
(GABAR), although with less affinity for the same allosteric site than that of 3o-THP [48].
In this study, we found that AKR1C1-3 silencing did not alter the effect of 3a-THP on
GB cell migration and invasion (Figures 4 and 5), which indicates that 3&-THP promotes
cell migration and invasion independently of its interconversion to 5a-DHP or other P4
metabolites such as 5x-pregnanediol. Since many mechanisms of action have been detected
for 3o-THP, it is important to determine them in glioblastoma.

The most described mechanisms of 3a-THP so far can be divided into rapid mecha-
nisms mediated by membrane receptors or genomic and slow ones, which depend on the
activation of transcription factors. The first implies the modulatory function of neurotrans-
mitters receptors and the activation of membrane P4 receptors (mPR). Regarding rapid
mechanisms, 3x-THP is a positive allosteric modulator of the ionotropic receptor type A of
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GABA neurotransmitter (GABA4R); such effect is enhanced in extra-synaptic GABAAR
containing 6 and y2-3 subunits [49]. Besides, the physiological concentration of 3o-THP
regulates other aspects of GABA neurotransmission by promoting the expression of three
isoforms of the metabotropic GABA receptor type B (GABAgR) in rat Schwann cells from 4
to 24 h of treatment [50]. Also, 3&-THP promotes GABA metabolism by upregulating the
expression of two isoforms of the glutamate decarboxylase, the rate-limiting step enzyme
of GABA synthesis [51]. It has been suggested that GABAAR levels in GB are lower than
in low-grade gliomas [52]. 3«x-THP also has a high affinity to mPR$ and « subtypes. Such
receptors are members of the progestin and adipoQ receptor family. mPR? is coupled
to Gs proteins that activate adenylyl cyclase (AC) and favors the increase of AMPc and
the activation of ERK in MDA-MB-231 human breast adenocarcinoma cells [53]. With a
lesser affinity to that of mPRé, 3-THP also binds to mPR« and mPR(3, which are coupled
to G; proteins that promote a decrease in AMPc in GT1-7, a mouse hypothalamic GnRH
neuronal immortalized cell line [54]. Also, these mechanisms involve the activation of
rapid signaling pathways, particularly of c-Src, and PI3K-Akt signaling to promote cell
proliferation and migration of human Schwann cell-like differentiated from adipose stem
cells [55].

As indicated before, 3a-THP also modulates gene transcription due to the activation of
the pregnane xenobiotic receptor (PXR). Such receptors mainly promote the expression of
transporters and metabolic enzymes, affecting the biosynthesis of 30-THP itself [56]. Here,
we observed that 3a-THP (100 nM) treatment induced the rapid phosphorylation of c-Src at
10 and 15 min in U251, U87, and LN229 cell lines (Figures 6, S2 and S3), although it remains
unclear which component of the described 3x-THP mechanisms of action promote the
rapid activation of the non-receptor tyrosine kinase c-Src in human GB cell lines. Moreover,
when U87 and U251 cell lines were treated with the c-Src inhibitor PP2, the effect of 3a-THP
on GB cell invasion was suppressed and dependent on c-Src activation (Figures 7 and S4).
This suggests that 3a-THP effect depends on the expression status of its possible effectors.
Regarding the normal SNC cells, Melfi and cols. reported that low 3&-THP concentrations
promote migration in Schwann rat cells due to activation of c-Src and FAK activation [26].

4. Materials and Methods
4.1. Cell Culture and Treatments

Human GB cell lines U251, LN229, T98G, and U87 (unknown origin) were purchased
from ATCC. U251 and U87 cells were authenticated before by STR profiling. All cell lines
were cultured in high glucose phenol red Dulbecco’s Modified Eagle Medium (DMEM,
Biowest, FRA) supplemented with 10% Fetal Bovine Serum (FBS, Biowest, FRA), pyruvate
1 mM (InVitro SA, MEX), non-essential amino acids 0.1 mM (InVitro SA, MEX), and
10 mL/L of antibiotic-antimycotic (Catalog number: L0010; Amphotericin B, Penicillin G
Sodium Salt, and Streptomycin Sulfate; Biowest, FRA). Cells were maintained in a 5% CO,
humidified atmosphere at 37 °C. Before steroid treatments, the medium was replaced by
DMEM supplemented with charcoal dextran filtered 10% FBS (without steroid hormones)
for 24 h. Cells were treated with vehicle (V; 0.1% ethanol), progesterone (P4; 10 nM), and
different concentrations of 3a-THP (10, 100 nM, and 1 uM), or as indicated in each section.
P4 was purchased from Sigma Aldrich (St. Louis, MO, USA), and 3x-THP was purchased
from MP Biomedicals (Santa Ana, CA, USA). To evaluate the involvement of ¢-Src in the
30-THP effects on migration and invasion, c-Src was pharmacologically inhibited with
pyrazolopyrimidine (PP2, 1 uM) (Sigma Aldrich, MO, USA).

4.2. Migration Assays

To determine the effects of 3&-THP on GB cell migration, wound-healing assays were
performed. 3.5 x 10° U251 or U87 cells, and 2.5 x 10° LN229 cells were seeded in 6-well
plates. After 24 h of culture in the red-free DMEM supplemented as indicated in the Cell
Culture section, the wound was made in the cell monolayer with a 200 pL fine pipette
tip. The culture medium and the detached cells were washed out with PBS. The cell
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culture medium was replaced, and 10 pM of cytosine 3-D-arabinofuranoside (AraC) was
added 1 h before vehicle and steroid treatments to inhibit cell cycle progression. First,
we tested different concentrations of 3a-THP: 10 nM, 100 nM, and 1 uM to determine
the concentration with effect on cell migration. For subsequent experiments, the chosen
concentration of 3a-THP was 100 nM.

To determine the participation of AKR1C1-4 in 3x-THP on cell migration, the silencing
was performed first as indicated in the siRNA Silencing of AKR1C1-3 section. 24 h after the
silencing protocol, the migration assays with V, and 3a-THP 100 nM, were carried out.

Immediately after adding treatments, photographs of four different fields were taken
with an Infinity 1-2C camera (Lumenera, Ottawa, ON, Canada) coupled to the inverted
microscope Olympus CKX41. Then, images of the previously selected fields were taken
at0, 6,12, and 24 h. Images were processed in the Image] software with the MRI Would
Healing Tool macro.

4.3. Invasion Assays

To determine the effects of 3a-THP on GB cell invasion, we used a modified Boyden
chamber assay. Matrigel (1 mg/mL; extracellular matrix of Engelbreth-Holm-Swarn murine
sarcoma, Sigma-Aldrich, St. Louis, MO, USA) diluted in phenol red-free DMEM without
supplements were added to the membrane inserts (pore: 8.0 um; Corning, New York, NY,
USA) and incubated at 37 °C and 5% CO, atmosphere for 2 h. Phenol red-free DMEM
supplemented with 10% FBS was added as a chemoattractant in the lower chamber, and
2 x 10* U251, U87, or LN229 were incubated on the top of the inserts in phenol red-free
DMEM without supplements, with cytosine 3-D-arabinofuranoside (AraC; 10 uM), and
the pharmacological treatments (V, and 3o-THP 100 nM).

To determine the effect of the pharmacological inhibition of c-Src on the 3«-THP effect
on cell invasion, cells were treated with V, 3a-THP 100 nM, the c¢-Src inhibitor PP2 (1 uM),
and the conjunct treatments of 3o-THP + PP2.

Silencing of Aldo-keto reductases AKR1C1-3 was performed as indicated in the siRNA
Silencing of AKR1C1-3 section before the invasion assays with the pharmacological treat-
ments were performed.

After 24 h of culture at 37 °C and 5% CO; atmosphere, the cell culture medium was
retired, and the inserts were gently washed with PBS to eliminate Matrigel and uninvaded
cells. Invading cells were fixed to the membrane in the insert with 4% paraformaldehyde
for 5 min and stained with crystal violet 1%. After mounting samples with synthetic resin,
four fields per treatment were photographed in the Olympus Bx43F microscope (Olympus,
Center Valley, PA, USA). Invading cells were counted in the Image] software (National
Institute of Health, Seattle, WA, USA).

4.4. siRNA Silencing of AKR1C1-3

To determine if the effect of 3a-THP on cell migration and invasion is mediated
through the Tyrosine-Protein Kinase c-SRC, its expression was silenced with one siRNA. To
determine the influence of 3&-THP metabolism on GB cell migration and invasion, AKR1C1-
3 were silenced using one siRNA. 2 x 10° U251, U87, or LN229 cells were plated per well
in 6-well plates. Cells were grown in phenol red-free DMEM without supplements to
perform the transfection. Separately, cells were transfected with a negative control siRNA
(control siRNA, 100 nM; Silencer Select Negative Control #1 siRNA1, catalog number:
4390844; Thermo Fisher Scientific, Bannockburn, IL, USA), and the sAKR1C1-3 (100 nM,;
catalog number: 4392420; ID: s3988; Thermo Fisher Scientific, Bannockburn, IL, USA). The
transfection agent was Lipofectamine RNAIMAX (7.5%; Thermo Fisher Scientific, IL, USA);
siRNAs were incubated with the transfection agent at room temperature before transfection
for 20 min. Then, cells were incubated with siRNA dilutions for 12 h. After transfection,
cells were cultured with supplemented phenol red-free DMEM for 24 h. Western blot
verification of silencing was performed for the migration or invasion assays.
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4.5. Protein Extraction and Western Blotting

To determine the protein content of the Aldo-keto reductases AKR1C1-4 in the human
GB cell lines, 2 x 10° U251, U87, LN229, and T98G cells were cultured in 100 mm cell
culture plates, as mentioned in the cell culture and treatments section. Before the cellular
lysis, cells were cultured in red phenol-free DMEM supplemented with 10% charcoal
dextran-filtered SFB for 24 h. Cells were collected and homogenized in RIPA buffer (50 mM
Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton, 0.01% SDS, and ethylenediaminetetraacetic acid
EDTA, 0.5M, 1 mL) with a protease inhibitors mixture (p8340, Sigma-Aldrich, St. Louis,
MO, USA). Samples were maintained in agitation at 4 °C for 1 h, and then centrifuged
at 14,000 rpm for 15 min. The supernatant was obtained and stored at —20 °C until
quantification with the Pierce Protein Assay reagent (Thermo Scientific, Waltham, MA,
USA) according to manufacturer’s instructions, and the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, IL, USA) at 660 nm. For Western blot determination of AKR1C1-4
(37 kDa), 20 pg of normal human primary astrocytes lysate (HA; 1806, ScienCell, Carlsbad,
CA, USA), and 20 pg of protein lysate of the cell lines were mixed with Laemmli 2X
buffer (100 mM Tris-base pH 6.8, 20% glycerol, 4% SDS, 10% p-mercaptoethanol, and
bromophenol blue) were boiled for 5 min and separated in a 12% SDS-PAGE gels at
80 V. The separated proteins were then transferred to nitrocellulose membranes (Millipore,
Burlington, MA, USA) by electrophoresis in semi-dry conditions at 30 mA per membrane
for 2 h. Membranes were blocked in agitation at 37 °C with a blocking solution (TBS
buffer-0.1% Tween with 5% bovine serum albumin; InVitro, MEX) for 2 h; then, membranes
were incubated with a mouse monoclonal AKR1C1-4 antibody (1:1000; sc-390419, Santa
Cruz, CA, USA) overnight. Also, blots were incubated with the conjugated to horseradish
peroxidase secondary antibody (1:10,000; goat anti-mouse IgG, Santa Cruz, CA, USA) for
45 min. To correct the protein amount loaded in each line, the content of AKR1C1-4 was
normalized to that of «-Tubulin. Blots were stripped with a glycine solution (0.1 M, pH
2.5, 0.5% SDS) in agitation for 30 min at 50 °C, and incubated with a mouse anti-a-Tubulin
monoclonal primary antibody (T9026, Sigma Aldrich, St. Louis, MO, USA) overnight,
and with the goat anti-mouse secondary antibody in agitation for 45 min. For AKR1C1-4
silencing, the same Western Blot conditions were used.

To determine c-Src in GB cell lines, 30 ug of total protein were separated in 8.5% SDS-
PAGE gels at 80 V, transference to a nitrocellulose membrane was performed at semi-dry
conditions at 25 V for 30 min. When c¢-Src activation was evaluated, the membranes were
first incubated with the primary antibodies for the phosphorylated or total forms of c-Src:
phospho c-Src Tyr-416 (1:1000; Ref. 2101; Cell Signaling, Massachusetts, MA, USA), and
c-Src (1:1000; Ref. 2108, Cell Signaling, Massachusetts, MA, USA). In both cases, blots were
incubated with the conjugated to horseradish peroxidase secondary antibody (1:10,000; Ref:
1858415, goat anti-rabbit IgG, Thermo Scientific, Waltham, MA, USA). The total content of
proteins was normalized to that of x-Tubulin.

Chemiluminescence signals of the membranes were detected with the SuperSignal
West Femto Maximum Sensitivity (Thermo Scientific, Waltham, MA, USA) kit, according
to the manufacturer’s instructions, and in Kodak Biomax Light Films (Sigma-Aldrich, St.
Louis, MO, USA). Western blot images were captured with a digital camera (SD1400IS,
Canon), and densitometric analysis was performed in the Image] software (National Insti-
tute of Health, Seattle, WA, USA).

4.6. Statistical Analysis

All graphs and statistical analysis were performed in GraphPad Prism 8 Software
(GraphPad Software Inc., La Jolla, CA, USA). Each experiment was performed at least
in triplicate or as indicated in each figure legend. A one-way ANOVA and the post hoc
Bonferroni test with a confidence interval of 95% were performed. A value of p < 0.05 was
considered significant and was indicated in each figure.
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5. Conclusions

Our work indicates that 3-THP at low concentration participates in the regulation of
glioblastoma (GB) malignancy by promoting cell migration and invasion. Such effects are
mediated by the rapid activation of c-Src. Besides, GB cells express AKR1C1-4 isozymes,
involved in the metabolism of 3oc-THP and other steroids, which indicate that such metabo-
lites are actively generated by GB. These data point out the relevance of P4 metabolites
in the pathophysiology of GB since they promote the rapid progression of GB through
different mechanisms from that of P4.
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3x-HSD 3a-Hydroxysteroid dehydrogenase
20x-HSD 20x-Hydroxysteroid dehydrogenase

3a-THP Allopregnanolone
50-DHP Dihydroprogesterone
5aR 5x-Reductase

AKRIC1 Aldo-keto reductase family 1 member C1 (also 200(3x)-HSD)
AKR1C2 Aldo-keto reductase family 1 member C2 (also 3a-HSD type 3)
AKR1C3 Aldo-keto reductase family 1 member C3 (also 3x(173)-HSD type 2)
AKR1C4 Aldo-keto reductase family 1 member C4 (also 3x-HSD type 1)

AraC cytosine -D-arabinofuranoside

c-Src SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase
ERK Mitogen-activated protein kinase

FAK Focal adhesion kinase

GABA y-aminobutyric acid

GABAAR y-aminobutyric acid type A receptor
GABAgBR Y-aminobutyric acid type B receptor

GB Glioblastoma

HA Human astrocytes

mPRx Membrane progesterone receptor « (PAQR-7)
mPRp Membrane progesterone receptor 3 (PAQR-8)
mPRy Membrane progesterone receptor y (PAQR-5)
mPRb Membrane progesterone receptor & (PAQR-6)
mPRe Membrane progesterone receptor ¢ (PAQR-9)
P4 Progesterone

PR Progesterone receptor

sAKR1IC1-3  GB cells with silenced expression of the Aldo-keto reductase family 1 member C1-3
A\ Vehicle, ethanol 0.1% in the medium
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Abstract: Allopregnanolone (3x-THP) has been one of the most studied progesterone metabolites for
decades. 3«-THP and its synthetic analogs have been evaluated as therapeutic agents for pathologies
such as anxiety and depression. Enzymes involved in the metabolism of 3«-THP are expressed in
classical and nonclassical steroidogenic tissues. Additionally, due to its chemical structure, 3a-THP
presents high affinity and agonist activity for nuclear and membrane receptors of neuroactive steroids
and neurotransmitters, such as the Pregnane X Receptor (PXR), membrane progesterone receptors
(mPR) and the ionotropic GABA, receptor, among others. 30-THP has immunomodulator and
antiapoptotic properties. It also induces cell proliferation and migration, all of which are critical
processes involved in cancer progression. Recently the study of 3a-THP has indicated that low
physiological concentrations of this metabolite induce the progression of several types of cancer,
such as breast, ovarian, and glioblastoma, while high concentrations inhibit it. In this review, we
explore current knowledge on the metabolism and mechanisms of action of 3a-THP in normal and
tumor cells.

Keywords: allopregnanolone; pregnanolone; progesterone; neuroactive steroids; cancer; glioblas-
toma; membrane progesterone receptor (mPR); PXR; GABA receptor

1. Introduction

Allopregnanolone (3x-THP) is a 5x-reduced metabolite of the steroid hormone pro-
gesterone (P4), which was the first hormone characterized in the corpus luteum to maintain
pregnancy in mammals [1]. The P4 metabolite 3a-THP and its isomer pregnanolone were
isolated from the urine of pregnant women in 1934 [2]. Later, a correlation between the
chemical structure and sedative effects of 3a-THP and other steroids was determined [3].
Since then, the synthesis of P4 metabolites, the consequences of their impairing synthesis,
and their widely diverse mechanisms of action have been described as a never-ending story
in both physiological and pathological conditions [4].

The 5a-reduced P4 metabolites were first described as central regulators of female
reproductive function, gestation maintenance, and lactation [5-7]. However, other relevant
actions of these metabolites, particularly 3o-THP, have been described in females and males.
30-THP has anti-inflammatory effects [6-10] and, in the central nervous system (CNS),
it induces cell proliferation and migration of neural and glial cells [11,12] and promotes
neurodevelopment in different vertebrates like rodents and sheep [13]. The impairment of
3a-THP synthesis in the CNS has been associated with pathologies such as Parkinson’s and
Alzheimer’s diseases, anxiety, and depression [14]. Significantly, such effects are mediated
through different mechanisms of action from those of P4.

The pioneering work of Wiebe and coworkers in 2000 indicated that levels of 5o-
reduced metabolites of P4 are increased in breast cancer [15,16]. Moreover, such steroids
promote tumor progression through different mechanisms of action [17]. Along with
this, knowledge of 30-THP’s effects on neuroprotection and as a proliferative agent in
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the CNS leads to its study in cancer pathophysiology. In this review, we will focus on
the synthesis and mechanisms of action described for the P4 metabolite 3a-THP and
summarize evidence of the 3x-THP effects, or their impaired synthesis and mechanisms of
action, on the progression of diverse cancer types, particularly glioblastomas. We wrote
our literature review according to guidelines proposed by Marco Pautasso in 2013 [18] and
the IJMS guidelines.

2. Allopregnanolone Metabolism in Normal Tissues

The synthesis of 3o-THP depends on P4 availability in steroidogenic cells. The first
rate-limiting step of P4 synthesis is the transport of cholesterol from the endoplasmic
reticulum or the cytoplasm to the outer mitochondrial membrane, and then to the inner
mitochondrial membrane. In the latter, the P450 side chain cleavage (CYP11A1) catalyzes,
as indicated by its name, the cleavage of the C20-C22 side chain from cholesterol to produce
pregnenolone and isocaproaldehyde [19]. The mechanism and the proteins involved in
the cholesterol transport to the mitochondria are not well defined. Some studies point
to a huge complex of proteins that maintain close contact between the membranes of the
endoplasmic reticulum and mitochondrial membranes of steroidogenic cells.

Although the mitochondrial cholesterol transport complex differs between steroido-
genic tissues, some essential proteins have been identified in tight contact with CYP11A1.
Examples of this are the steroidogenic acute regulatory protein (StAR) and the translocator
protein of 18 kDa (TSPO) [20,21]. Diverse StAR-related lipid transfer domain-containing
proteins have been identified. However, in humans, only two bind sterols: STARD1 and
STARD?3 [22,23]. In this review, we will focus on STARD]1, which is a hydrophobic ~37 kDa
protein. Although STARD1 has been broadly detected in the whole mitochondria, studies
in the mouse MA-10 tumoral Leydig cell line suggest that STARD1 imports cholesterol only
when it is located at the outer mitochondrial membrane [24]. To be functional, STARD]1 first
enters from the intermembrane space to the mitochondrial matrix to be processed into a
~30 kDa shorter form [25,26]. The structural analysis of such proteins indicates that their N-
terminal includes a mitochondprial localization sequence, seconded by the classical o/ 3 grip
domain from StAR proteins, and a C-terminal, which comprises the cholesterol-binding
pocket [27]. STARDL is highly hydrophobic and conformationally labile, so deciphering its
structural changes for importing cholesterol from the endoplasmic reticulum or cytoplasm
to the outer mitochondrial membrane has been difficult. However, its interaction with the
oligomerized TSPO channel at the outer mitochondrial membrane and the ATPase family
AAA-domain-containing protein 3A (ATAD3A), the link between TSPO, STARD]1, and
CYP11A1, which is located at the inner mitochondrial membrane, have been described [20].

As amonomer, TSPO is abundantly expressed in steroidogenic cells. It has a five alpha-
helix structure with a cholesterol recognition sequence at its C-Terminal. Its location has
been detected as a polymer either at the outer or the inner mitochondrial membrane [22,28].
Besides cholesterol transport, levels of TSPO correlate with changes in fatty acid metabolism
in steroidogenic cells [29]. Moreover, the inhibition of TSPO directly decreases 3«-THP lev-
els in the Ventral Tegmental Area of female rodents’ brains [30]. ATAD3A also participates
in the complex of cholesterol transport. It contains two transmembrane domains (TM):
TM1 (a.a. 225-242), involved in its spanning in the outer mitochondrial membrane, and
TM2 (a.a. 264-274), for its transmembrane location at the inner mitochondrial membrane,
and colocalizes with CYP11A1 [31].

Once cholesterol is transported to the inner mitochondrial membrane, its C20-C22 side
chain is cleaved by the CYP11A1. CYP11A1l depends on NADPH as a cofactor to produce
pregnenolone and isocaproaldehyde through the catalysis of three subsequent reactions.
The first and limiting step in steroid synthesis is the 22-hydroxylation of cholesterol, sec-
onded by its 20-hydroxylation to finally produce pregnenolone as the product of oxidative
cleavage [32,33]. Although we focused on cholesterol catabolism, some of its derivatives
have also been identified as substrates of CYP11A1 for synthesizing pregnenolone [33].
In addition, in tissues and cells with a barely detected expression of CYP11A1, like brain
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and glial cells, pregnenolone production is detectable and secreted to the culture medium.
In such tissues, pregnenolone production was attributed to the metabolic activity of P450
cytochrome other than CYP11A1 [34].

Then, pregnenolone is isomerized to P4 by the 33-hydroxysteroid dehydrogenase
(3B-HSD), which presents two 33-HSD isozymes: 33-HSD1 and 33-HSD2. They are located
in the smooth endoplasmic reticulum and the mitochondria [35]. 33-HSD has been found
at the transmembrane inner mitochondrial membrane and in the intermembrane space,
where it could be more active due to its structural configuration being sensitive to the pH
conditions [36]. P4 is mainly synthesized in the classical steroidogenic tissues: adrenal
glands, testis, ovaries, and placenta [35,37,38], although the presence of P4 metabolism
machinery has also been reported in tissues such as lungs, skin, and colon, among others,
in humans, rodents and monkeys [39—41]. Notably, the 33-HSD2 isozyme has less affinity
for its substrates. In addition, 33-HSD2 is mainly located in steroidogenic tissues, while
3B-HSD1, which presents high substrate affinity, is mainly expressed in other tissues such
as the CNS [19].

The synthesis of 3a-THP from P4 begins with the regulatory step of the reduction of
P4 hormone to 5x-Dihydroprogesterone (5a-DHP) by the 5x-reductase enzymes (5x-R),
also named 3-oxo-5-alpha-steroid 4-dehydrogenases. In humans, three 5a-R isozymes
present homology and are expressed in different tissues (Table 1). However, only 5x-R1
and 5x-R2 have a well-described activity of 5a-reductases, whereas 5x-R3 participates in
the N-glycosylation of asparagine residues of membrane proteins [42,43]. In addition, two
other proteins have been reported with 5x-reductase activity: the glycoprotein synaptic
2 (GSPN2) and the GSPN2-like. However, less is known about such proteins [44]. Here we
will focus on the relevance of 5«-R in 5¢-DHP synthesis.

Table 1. Comparative characteristics of the 5x-R isozymes involved in the 5x-reduction of steroids.

Isozyme: 5a-R1 5x-R2
Gen/localization SRD5A1/5p15.31 SRD5A2/2p23.1
Exons number 7 9
Protein weight 29.4 kDa 28.4 kDa
Optimum pH 6-8.5 ~5

Almost exclusive in the male
reproductive system, liver,
and lungs. It is also reported
in the brain (mainly in
developmental stages: fetal
and newborns), and skin.

Brain (mainly in adulthood),
Human tissue localization gastrointestinal tract, liver,
and skin.

The data summarized in this table are from the references [45-47].

The 5x-Rs have an a-rich structure due to their highly hydrophobic amino acid content.
They are embedded in the endoplasmic reticulum [48,49]. 5a-R enzymes catalyze the 5o-
reduction of the double bond between C4 and C5 of P4 (A4,5-ene position), using NADPH
as a cofactor and introducing a hydrogen atom with 5 alpha stereochemistry into the C5 of
P4 [48,50]. Besides P4, other steroid hormones, such as testosterone and corticosteroids, are
substrates for these isozymes. The two main differences in the biochemical properties of
5x-Rs are their optimum pH for synthesizing 5x-reduced steroids (Table 1) [51] and their
affinity for substrates. While 5x-R1 presents a substrate affinity in micromolar ranges, the
50-R2 presents a significantly higher affinity in a nanomolar range. Additionally, 5x-Rs
have a preferred affinity for P4 over testosterone and corticosteroids [52]. According to
some authors, such isozymes present tissue specificity, which could explain the relevance
of the preferred synthesis of some hormone metabolites over others in specific tissues. For
example, the role of 5-DHP and 3a-THP on the CNS has been broadly investigated. They
maintain neural function and inflammation in males and females throughout life, and their
synthesis is mainly attributed to 5x-R1 in adulthood [45]. In contrast, the sexual maturation
and function of the reproductive system in males are maintained by testosterone and its
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most potent metabolite in humans, the 5x-dihydrotestosterone, whose synthesis is favored
by 5x-R2 [46].

Once the 5x-DHP is synthesized, it is then interconverted to 3o-THP by 3-hydroxysteroid
dehydrogenases (3-HSD). Isozymes with 3a-HSD activity are members of the Aldo-
keto reductases family (AKR), subfamily 1C, which in humans comprises four members
(AKR1C1-4) with a protein length of ~37 kDa. They all have a highly conserved structure
composed of (x/3)8-barrels with three loops conferring their substrate specificity. They
are all coded at the same chromosome by different adjacent genes and share a very high
sequence identity [53,54]. The reaction directionality of these enzymes depends on the levels
of NAD(P)(H), their cofactor, and the availability of substrates. The AKR1C1-4 isozymes
act mainly as reductases because the NAD(P)H is usually higher than the NAD(P)+ in
the cells. It has also been demonstrated that NAD(P)H inhibits the oxidative reaction of
AKRI1C2 [55]. Additionally, it has been reported that AKR1C3 has very little oxidative
activity [56]. The reduction of 5¢-DHP to 3x-THP is mainly promoted by AKR1C1-2 and
AKRI1C4, as indicated by kinetic analyses [57]. Figure 1 presents the pathway of the 3a-THP
metabolism in most steroidogenic human cells.

5a-R

Progesterone
(P4) o

5a-Dihydroprogesterone
(Sa-DH P)0

HO e ,::fm\ .
P\ \m.ﬂ’}fsp-uso

Isocaproaldehyde + Pregnenolone

3a-HSD

Matrix
Inner membrane

Allopregnanolone
(3a-THP) |

20a-HSD

Outer membrane

Figure 1. Allopregnanolone (3x-THP) synthesis in normal tissues. The 3x-THP synthesis begins when
cholesterol is imported from the cytoplasm or the endoplasmic reticulum (purple) to the mitochon-
drion (pink) by a protein complex formed by the steroidogenic acute regulatory protein (StARD1),
the translocator protein of 18 kDa (TSPO), and the ATPase family AAA-domain-containing protein
3A (ATAD3A), which are in close contact with the P450 side chain cleavage (CYP11A1l). CYP11Al,
at the inner mitochondrial membrane, catalyzes the cleavage of cholesterol to pregnenolone and
isocaproaldehyde. Pregnenolone, either in the inner mitochondrial membrane or at the endoplasmic
reticulum, is then isomerized to progesterone (P4) by the 33-hydroxysteroid dehydrogenase (3[3-
HSD). At the endoplasmic reticulum, P4 is irreversibly reduced to 5x-Dihydroprogesterone (50-DHP)
by the isozymes 5a-reductases (5x-R). At the cytoplasm, 5a-DHP is reversibly reduced to allopreg-
nanolone (3a-THP) by 3o-hydroxysteroid dehydrogenases (3x-HSD) coded by the AKR1C1-4 genes.
Finally, 3«-THP can be a substrate of the 20x-hydroxysteroid dehydrogenase (20x-HSD), coded by
AKR1C1, to produce 5x-Pregnan-3«,200-diol.

AKRI1C1-4 isozymes regulate the metabolism of many steroids (androgens and
prostaglandins) and xenobiotics. As well as their 3x-HSD activity at the C3 carbonyl
group of 5a-DHP, they also promote the reduction or oxidation of other carbonyl groups in
the C17 and C20 of the cyclopentanoperhydrophenanthrene structure or at the side chain
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of steroid substrates. They also have different preferred activities for reducing the other
mentioned carbonyl groups (Table 2). Under normal conditions, the AKR1C4 isozyme is
the most active, and its expression is restricted to the liver; however, this differs in certain
cancers, as will be discussed in the next section [58]. AKR1C1-3, in contrast, presents
a wider distribution in classical steroidogenic and nonclassical steroidogenic tissues. In
human lymphatic endothelial cells, the synthesis pathway of 3a-THP is favored due to a
high expression of the involved enzymes [59].

Table 2. Comparative characteristics of the AKR1C1-4 isozymes involved in the 3o-reduction
of steroids.

Isozyme (Gene Name): AKR1C1 AKR1C2 AKR1C3 AKR1C4
Gene location (exon
number) 10p15.1 (9) 10p15.1 (14) 10p15.1 (10) 10p15.1 (9)
Protein name 20c-(30)-HSD 3a-HSD type 3 3a-(17B)-HSD type 2 3a-HSD type 1

Preferred activity

Human tissue localization

1. 3p3-keto reductase
2. 20x-keto reductase

3. 3a-keto reductase Sa-keto reductase

1. 3a-keto reductase
2. 17B-keto reductase
3. 20x-keto reductase

3a-keto reductase

4. 17p-keto reductase

NS, lungs, liver, NS, lungs, prostate, Prostate, lungs, liver,
mammary glands, testis, uterus, prostate, mammary Liver
testis mammary glands glands, uterus, NS

The data summarized in this table are from references [58,60,61]. NS: Nervous system.

Once 3x-THP is synthesized, it also serves as a substrate for AKR1C1. 30-THP has a
ketone group at C20, reduced by AKR1C1, the isoenzyme with the most significant activity
of 20a-keto reductase. The produced metabolite 5x-Pregnan-3c,20x-diol is much less
active than 3«-THP and comprises the first step before conjugation to be excreted [62,63].
Additionally, 3x-THP also serves as a substrate for CYP17A1 to produce androsterone as
part of the called “backdoor pathway” to promote the synthesis of the potent androgen
5a-dihydrotestosterone [64].

3. Allopregnanolone Metabolism in Cancer

One of the best-described phenomena that differentiate normal from malignant tissues
is the Warburg effect, which is also considered one of the classic hallmarks of cancer [65,66].
The Warburg effect is characterized by the enhanced processing of glucose as the principal
energy source through glycolysis and lactate production, even in the presence of normal
levels of oxygen. In such conditions, normal cells produce pyruvate for further oxidative
phosphorylation [67]. It is still under discussion when such a metabolic shift in cancer cells
occurs: in the carcinogenesis process, or the progression of cancer. However, overexpression
of glycolytic enzymes and glucose transporters has been reported in cancer tissues. In
addition, several metabolite regulators of glycolysis, such as fructose 2,6-biphosphate, are
overproduced to evade the inhibition mechanisms of glycolysis [68]. It has been described
that several changes in the mitochondrial function in cancer cells are essential to this
process [69,70].

As mentioned in the first section above, the mitochondria are involved in several
limiting steps of steroidogenesis. One of the main changes identified in tumoral mitochon-
dria is the overproduction of reactive oxygen species, which leads to carcinogenesis when
they reach the cellular nucleus and cause DNA damage. One important source of reactive
oxygen species is the deregulated expression of the respiratory chain complexes [70].

Regarding cholesterol, in the 1950s, cholesterol was studied as a carcinogen [71]. It
is now accepted that hypercholesterolemia and a high-cholesterol diet promote cancer
development. Additionally, high levels of lipoproteins involved in cholesterol transport
are associated with the worst survival rates in gastric cancer, among others [72]. The
synthesis de novo of cholesterol is enhanced in the cancer context. Cholesterol is needed
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as a cellular membrane component in highly proliferative cells and for steroidogenesis.
Besides, cholesterol is the precursor of all steroid hormones involved in the progression of
endocrine and nonendocrine cancers. This section describes current data about alterations
in 30-THP synthesis during cancer. However, it is essential to add that 3«-THP could
also regulate the transcription of several enzymes involved in cholesterol processing and
steroidogenesis, as will be reviewed in subsequent sections.

As previously mentioned, a rate-limiting step in the 3o-THP synthesis is cholesterol
transport to the mitochondria, along with the expression and correct function of CYP11A1.
Regarding CYP11A1, the presence of specific single nucleotide polymorphisms in its gene
has been associated with a higher risk of endometrial cancer [73]. Moreover, Fan et al.
reported that expression of CYPP11A1 was downregulated in 2754 samples of different
types of cancer, such as prostate and colon adenocarcinoma, renal clear cell, hepatocellular,
lung squamous cell, and uterine corpus endometrial carcinoma, all of them located at
The Cancer Gene Atlas (TCGA) repository [74]. However, even if the level expression of
CYP11A1 is low, pregnenolone synthesis could also occur in tumor cells independently of
the CYP11A1. It must be considered that the recent work of Christina Lin et al. included
both immortalized and glioblastoma cell lines, so that pregnenolone synthesis could be car-
ried out not just in normal but tumor cells as well. Lin and colleagues found the production
of pregnenolone in two cell lines (MGM-1 and MGM-3) of glioblastoma, the most common
primary malignant brain tumor. In these models, levels of CYP11A1 were low. However,
the production of pregnenolone was observed and associated with the activity of a different
CYP family protein [34]. In the MA-10 mouse tumoral Leydig cells, the synthesis of preg-
nenolone and P4 was significantly decreased when ATAD3A was silenced [75]. Together,
this evidence indicates that the P4 metabolism is active in different types of cancer, even
when the well-characterized enzymes involved in P4 synthesis, such as CYP11A1, have not
been detectable. This points to the relevance of a better characterization of the cholesterol
transport and its cleavage to pregnenolone, especially in nonclassical steroidogenic tissues.
Additionally, in MGM-1 and MGM-3 human glioblastoma cells, 33-HSD, 5«-R1, 5x-R2,
and AKR1C1-3 expression were observed, indicating that besides pregnenolone, other
steroids could be synthesized by these cancer cells. Another study in MGM-3 cells reported
the production of P4. However, 3o-THP levels were not measured [76].

Significantly, steroidogenesis in the cancer context could be altered in tumor cells
but also in the tumor microenvironment components, such as immune cells. In the B16-
F10 melanoma and the orthotopic EO771 breast cancer models in mice, Mahata et al.
reported that interleukins commonly found in tumor cells and their environment, such as
IL-4, promote Cypllal upregulation and an increase in pregnenolone synthesis in tumor-
infiltrating immunosuppressive Th2 lymphocytes. The silencing of Cyp1llal in such cells
was correlated with significant tumor growth inhibition [77].

Regarding 33-HSD, its expression and involvement in many malignancies have been
reported. In ovarian cancer, the protective effects of P4 have been reported, and the StAR,
CYP11A1, and 33-HSD expression have been correlated with better patient prognosis [78].
In a breast cancer study with a cohort of 161 patient samples, 33-HSD1 expression was
correlated with breast cancer ER-positive tumors. Interestingly, the expression of 3f3-
HSD1 was positively associated with a better prognosis and low risk of cancer recurrence.
However, such data must be taken cautiously because the cohort is too small [79]. In
breast cancer cell lines, positive feedback was reported between the upregulated expression
of 33-HSD1 and the expression of IL-4 in ER-positive and ER-negative breast cancer
cells [80]. In patients with hepatocellular cancer, 33-HSD expression is higher than in the
normal liver. Additionally, the expression of 33-HSD1 and 33-HSD2 isozymes is present in
hepatocellular human cancer cell lines. By functional assays, 33-HSD silencing diminishes
the clonogenicity of such cells [81]. In prostate and testis cancer, its activity is enhanced, and
it is even considered as a therapeutic approach in treating prostate and breast cancer [82].
Despite this, in such types of cancer, little is known about the relationships between 3(3-
HSD expression, the synthesis or levels of 3a-THP in plasma or tumoral tissue, and their
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pathophysiological relevance. The expression of StAR, CYP11A1 and 3BHSD has also been
reported in human endometrial cancer cell lines HHUA (estrogen (ER) and intracellular
progesterone receptors (PR) positive; differentiated phenotype) and HOUA-1 (ER and PR
negative, undifferentiated phenotype). In both cell lines, the production of pregnenolone
and P4 was evident [83]. P4 detection in the cell culture medium appears earlier in HHUA
than in HOUA-1 cells. This could be explained by differences in P4 metabolism.

Besides the production of 5a-DHP, the 5x-R isozymes are responsible for synthesizing
the potent androgen 5x-dihydrotestosterone. In this sense, the relevance of such isozymes
in prostate cancer has been evaluated as a therapeutic target [84,85]. However, 5x-R
inhibitor treatment has been associated with the decreased synthesis of 5a-DHP and 3«x-
THP in the CNS, favoring some cases of depression and the risk of high-grade prostate
cancer and decreased libido [86]. Interestingly, it has been reported that P4 promotes the
transactivation of the androgen receptor in prostate cancer [87], which cannot discard other
P4 metabolites that could activate and exert actions in such types of cancer. The role of
5o-reduced progesterone metabolites in malignancies has been mainly reported in breast
cancer by Wiebe and collaborators. These authors reported an augmented synthesis of 5x-
DHP and 3«-THP levels in infiltrating ductal breast carcinoma, compared with nontumoral
tissue from the same patients [15]. Such data could indicate that 5x-R expression or its
activity differs in cancerous versus normal tissue. Comparing the human breast cancer
cells MCF-7, T47-D, and MDA-MB-231 with the nontumorigenic breast epithelial MCF-10A
cells, the expression of 5x-R and AKR1C1-3 isozymes were higher, and lower respectively
in the breast cancer cell lines [88]. Interestingly, subcutaneous administration of 5a-DHP
promoted tumor growth in a MDA-MB-231 ER-/PR- breast cancer model implanted into
mice [89]. This indicates that P4 metabolites could act through other mechanisms apart
from activating PR.

As mentioned above, glioblastoma cells also express 5x-R and AKR1C1-3 isozymes.
Their functionality was assumed to be due to the high steroid metabolite levels produced
when cells are incubated with cholesterol, testosterone, pregnenolone, or P4. The presence
of 3a-THP has also been reported among other steroid metabolites [90-92]. In human U87
and U251 glioblastoma-derived cells, 5a-DHP induced cell proliferation and migration
through the PR [93]. Additionally, in colorectal cancer biopsies and cell lines, the expression
of 5x-R1 is significantly elevated compared with that in normal tissue. Such data correlate
the high expression of 5x-R1 with the worst prognosis in patients [94]. The levels of P4
metabolites synthesized by colorectal tissue in humans are yet unknown. However, high
50-DHP and 3x-THP levels were observed in the adult rat colon. In such tissue, the levels
of P4 metabolites were superior to those of testosterone [95]. Figure 2 summarizes the
correlation between the overexpression of enzymes involved in 3x-THP synthesis and the
prognosis detected in different kinds of cancer patients.

AKR1C1-4 involvement in cancer has been reported, although its association with
5x-DHP to 3x-THP conversion has been poorly studied. AKR1C1 levels are higher in
small-cell and other lung cancers in stages I to III than in the adjacent nontumoral tissue.
In such contexts, overexpression of AKR1C1 induced an increase in cell viability, migra-
tion, invasion, and overexpression of metalloproteases MMP2 and MMP?9, involved in
extracellular matrix degradation and invasion in the human small-cell lung cancer cell line
H446 [96]. In breast cancer samples, the expression levels of AKR1C1-2 were lower when
compared with the paired nontumoral tissue of the same patients [16].

Interestingly, AKR1C1 and AKR1C1-2 silencing in the T47-D breast cancer cell line
enhanced the effect of P4 on decreasing cell numbers, which indicates that P4 metabolism
could affect cellular death or proliferation processes in such cells [97]. AKR1C2 in esophageal
squamous cell carcinoma is overexpressed relative to paired normal tissue, and its high
expression was related to a reduced survival time. AKR1C2 silencing in the KYSE410 and
EC109 esophageal cancer cell lines diminished cell migration and viability, along with de-
creasing tumor growth, when cells were subcutaneously injected in a nude mice model [98].
In prostate cancer, 3&-THP conversion to 5a-DHT has been hypothesized, but yet, un-
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confirmed [99]. In the human glioblastoma T98G and U373 cell lines, a temozolomide
resistance model—the standard chemotherapeutic agent for such types of cancer—has
been developed. AKR1C3 overexpression was observed here and proposed as one of the
mechanisms involved in the temozolomide resistance [100]. AKR1C4 was also highly
expressed in 58% of a cohort of nasopharyngeal carcinoma, which is associated with a high
possibility of relapse [101].
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Figure 2. Synthesis of 3a-THP from pregnenolone and the alteration of the expression of the in-
volved enzymes in different types of cancer. Enzymes participating in each metabolic step are
indicated by purple squares. On the left side (blue), the association between the high expression
of 33-HSD, 3x-HSD, and good prognosis of patients with different types of cancer is indicated.
In the right side (red space), the different types of cancer in which the high expression of 3f3-
HSD, 30-HSD, and 30-HSD isozymes are related to poor prognosis and cancer progression are
presented [16,78,79,81,82,88,89,94,96,100,101].

Regarding the study of AKR1C1-4, some considerations must be taken to study the role
of such isozymes in the metabolism of cancer. First, some animal models, especially rodents,
do not accurately represent AKR1C1-4 activity in humans, because aldo-keto reducase
murine isozymes have different preferred substrates and activities [102]. Additionally,
some discrepancies have been reported between the expression levels of the AKR1C1-4
mRNA and their protein content [103]. Some other catalytic-independent activities for such
enzymes have been described [104].
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4. Allopregnanolone Mechanisms of Action

The mechanisms of action described for 3a-THP could be grouped into genomic or
nongenomic due to the nature of its binding receptor in different cells. It is also important
to mention that such effects and mechanisms have mostly been described in the context of
neurodevelopment and pathologies of the CNS [105,106].

The PR is a transcription factor of the nuclear receptor superfamily, coded by the
PGR gene (also named NR3C3). Two main PR isoforms, coded by such gen under the
control of two different promoter sequences, have been reported [107,108]. In addition to
its function as a transcription factor, PR interacts with other cytoplasm proteins through the
polyproline-rich motifs at their N-terminal domains. An example of this is its interaction
with the kinase ¢Src [109].

One of the most notable differences between progestogens is their PR affinity, which
has been described for P4 (0.35 nM) and 5x-DHP (22 nM). However, binding and gene-
reporter assays showed that 3x-THP presents a low direct affinity (>500 nM for the chicken
PR, and nondetectable in humans) for PR [110]. Despite this, it has been hypothesized that
30-THP could regulate the effects of PR due to its interconversion to 5a-DHP in tissues
expressing 5x-R and AKR1C1-4 [106,110]. In this section, other reported mechanisms
directly activated by 3o-THP will be described.

At the genomic level, 3a-THP has been proposed as a ligand for the Pregnane X
Receptor (PXR, also known as Steroid and Xenobiotic Receptor, SXR). PXR is a ligand-
activated transcription factor of the nuclear receptors superfamily, coded by the gene
NR1I2 [111]. Some variants of PXR have been reported, with different influences on their
ligand affinity, dimerization, and transcriptional activity [112]. Although it is constituted
by a DNA-binding Domain (DBD) at its N-terminal, and a hinge region, which connects
the DBD with the Ligand Binding Domain (LBD) at the C-terminal, its LBD is more flexible
than those of other nuclear receptors. Due to its unique pocket binding site, PXR is highly
promiscuous to hydrophobic ligands such as steroids. The expression of PXR has been
detected by RT-qPCR and RNAseq or microarrays in many tissues, mainly the liver. It
has also been detected in the gastrointestinal tract, gonads, uterus, breast, adrenals, bone
marrow, smooth muscle, brain, and skin [112,113].

To be functional, PXR forms homodimers and heterodimers, mainly with the retinoic
acid receptor (RXR). However, other interactions of PXR with nuclear receptors such
as the androgen receptor (AR) have been proposed to promote gene silencing [113,114].
Once activated and in the cellular nuclei, PXR dimers bind to xenobiotic response ele-
ments in the promoter or regulator regions of target genes. They recruit coactivators or
corepressors for regulating transcription. Many of PXR’s classic targets are involved in
cholesterol metabolism and the detoxification of xenobiotics, such as the CYP3A, CYP2B,
and CYP20 gene subfamilies [115]. Other targets of PXR are ATP-binding cassette drug
transporters [116]. Moreover, it also regulates inflammatory responses and the cell cycle,
which are undoubtedly essential processes in the physiopathology of cancer [117]. RNAseq
data indicate that PXR is highly expressed in some human cancer cell lines: gastric tubular
adenocarcinoma SNU719 cells, colon adenocarcinoma SW403 cells, pancreatic ductal ade-
nocarcinoma ASPC1 cells, and the hepatoblastoma HepG2 cell line [113]. PXR has been im-
plicated in all steps, from carcinogenesis to cancer progress and resistance to therapy [113].
In cancer stem cells from colon cancer, it is overexpressed, and its high levels correlate with
the worst survival time and probability of cancer relapse [118]. The expression of PXR was
reported in the human ovarian cancer cell lines SKOV-3 and OVCAR-8. When activated,
classic PXR targets are overexpressed, along with augmented cell proliferation and tumor
weight, in mouse xenografts [119].

The transcription factor function of PXR is activated by 3o-THP, as demonstrated
by luciferase activity assays. Interestingly, 3a-THP effects were more significant than
those of dehydroepiandrosterone, one androgen metabolite which is a PXR ligand and has
similar reported effects to those of 3a-THP in the CNS [112]. This was also observed by
Langmade et al. in the cerebellar tissue of the mouse Niemann-Pick C disease npcl—/—
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model and Chinese hamster ovary cells [120]. It is worth mentioning that Niemann-Pick C
disease is characterized by the impairment of cholesterol metabolism and accumulation, in
which 3x-THP treatment improved animal survival and reduced inflammatory mediators
in a GABA, receptor-independent way [120]. This study clarifies the broad actions of
3a-THP other than the GABA 4 receptor, which is by far the most characterized mechanism
described for 3a-THP, as reviewed below. To our knowledge, there have been no affinity
studies performed for 3a-THP to PXR so far.

Moreover, positive feedback between PXR and 3o-THP has been reported. Frye et al.
reported that in the Ventral Tegmental Area of female rodents, silencing of PXR with
antisense oligonucleotides decreases the levels of 5a-DHP and 3a-THP measured in other
brain areas such as the hippocampus [121]. Additionally, in the mice 3xTgAD model of
Alzheimer’s disease, 3a-THP significantly increased the expression of PXR and the Liver X
receptor (LXR) after 9 months of the establishment of pathology, but decreased it at month
12 [122]. There is no evidence, to date, that 3a-THP could also bind LXR.

30-THP could rapidly activate or modulate membrane receptors. Although these
mechanisms are considered nongenomic, as their primary effects are to modify ion conduc-
tance, second messengers, and diverse signaling pathways, they ultimately modify gene
expression in a relatively more extended lapse. 3a-THP modulates gamma-aminobutyric
acid (GABA) neurotransmission through its GABA receptor. Notably, neither P4 nor
50-DHP present affinity for GABA, receptors, as determined by binding assays [123].
The GABA 4 receptor is a ligan-gated ionotropic channel. A functional GABA4 receptor
comprises a pentameric channel constituted of five from 19 possible different subunits:
al-6, p1-3, v1-3, §, ¢, 6, m, and p1-3. Most receptors are composed of two «, two 3, and
a fifth subunit which depends on the function and location of the receptor [124]. The
subunit composition of the receptor impacts its functional and pharmacological properties.
While the y subunit is most often located in synaptic GABA receptors, & subunits are
commonly part of extrasynaptic GABA4 receptors, for example, in astrocyte cells. Notably,
the presence of § or y1 subunits favors 3&-THP affinity for the receptor. However, 3«-THP
and other pregnanes bind it allosterically into two putative steroid binding sites in the
transmembrane space between the o and {3 subunits of the receptor [125].

The effects of 3x-THP on such receptors depend on its concentration. At nanomolar
concentration (100 nM), 3x-THP is a positive allosteric modulator of the GABA receptor,
while micromolar concentrations (1 to 10 uM) directly activate it [126]. Such effects have
immediate consequences in the cells, due to the activation of different signaling pathways
and the production of second messengers. The neuroactive steroid tetrahydrodeoxycorti-
costerone (THDOC), which presents a similar structure and affinity for the GABA A receptor
as 3o-THP, promotes the phosphorylation of the common extrasynaptic subunit «4 in its
residue 5443 depending on the protein kinase PKC activity. Importantly, this favors the
membrane localization of the GABA 4 receptor [125,127].

Once 3a-THP binds to GABA receptors, the cellular response depends on the ex-
pression and activity of effectors, modulators, and cotransporters such as SLC12A2. In
mature cells of the CNS, activation or positive modulation of GABA 5 receptors promotes
the influx of Cl- ions, and thus, hyperpolarization, which is an inhibitory signal. This
has been the most exploited mechanism of 3¢-THP and its pharmacological analogs to
induce anxiolytic, anticonvulsive, and sedative effects [123,128]. However, in neural stem
cells and pre-progenitor oligodendrocytes, which express cotransporter SLC12A2 that
triggers high basal intracellular levels of Cl-, 3a-THP leads to an efflux of Cl- ions when
it activates GABA4 receptors, and thereby promotes cell depolarization [126]. This effect
leads to the activation of voltage-dependent L-type calcium channels, and thus, an increase
in the intracellular levels of Ca2+ and cyclic-AMP, promoting the activation of protein
kinase a (PKA) and, thus, the activation of transcription factor cyclic AMP-responsive
element-binding protein 1 (CREB1) [12,129]. CREBI1 regulates the expression of target
genes involved in promoting DNA synthesis and cell proliferation [12]. In human Schwann
cells, 3o-THP also increases the phosphorylation of CREB, and the expression of glutamate
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decarboxylase, an enzyme involved in the synthesis of GABA. This is also correlated with
an increase in GABA levels [130]. Melfi et al. have reported in the same model that 3o-
THP treatment induces a rearrangement of the actin cytoskeleton and cell migration in a
GABA receptor-dependent way and through the activation of Src/p-FAK [11]. Besides
this mechanism, 3a-THP also favors the release of gonadotropin-releasing hormone (GnRH)
in mouse-immortalized GnRH GT1-1 cells [131]. In physiological conditions, in the rat
ovarian nerve plexus—-ovary system, these authors also demonstrated that 3o-THP induces
the proliferation, angiogenesis, and enhanced activity of the 3-HSD through the GABA
receptor [132,133]. Besides the CNS, GABA 4 receptors are also expressed in several tissues
in physiologic conditions. They are particularly relevant in controlling the liberation of
cytokines by immune cells, along with their proliferation and migration [134]. In murine
glioma models and human glioblastoma cell lines, GABA 5 receptors are functional. When
treated with its antagonist bicuculine, cell proliferation is highly promoted, compared with
cells treated with the agonist muscimol or vehicle conditions [135]. This suggests that
GABA  receptors negatively regulate glioblastoma growth.

Importantly, 3a-THP presents a high affinity for membrane P4 receptors (mPRs). The
mPRs are membrane proteins of the progestin and adipoQ receptor family (PAQR) with five
members: mPRa (PAQR7), mPR{ (PAQRS), mPRy (PAQRS5), mPR6 (PAQR7), and mPRe
(PAQRY) with a similar weight of ~40 kDa. Although they are not part of the G protein-
coupled receptors family, mPRs present a structure of transmembrane domains [136,137]. To
date, modeling and experimentally determining their structure has been complex. However,
it is proposed that they are constituted of seven to eight transmembrane domains with a
large C-Terminal domain involved in activating G proteins. Moreover, some studies have
suggested that some progestogens’ and progestins’ effects mediated by mPRs could also be
independent of the activation of G proteins, and they could act more as ligand-activated
enzymes with ceramidase activity that produce sphingoid bases as second messengers
capable of secondly activating GPCRs [137,138]. Several studies indicate that mPRx, mPRf,
and mPRy are coupled to inhibitory G-proteins (G;) in human cells or olfactory stimulatory
G-proteins (Ggj¢) in teleost, while mPRS and mPRe seem to be coupled to stimulatory
G-proteins (Gs) [139,140].

By binding assays, the affinity of 3a-THP for mPR& (100 nM) and, to a lesser extent,
mPR«x and mPRf3 has been demonstrated (~400 to 500 nM) [140]. 3«-THP is an agonist
of mPRS, mPR«, and mPRf3, and some of its effects depend on mPRs expression levels.
The expression of mPRS and mPR}f is particularly high in several CNS areas such as the
hypothalamus, hippocampus, amygdala, and cerebral cortex. In hippocampal neuronal
cells, 3a-THP treatment for 15 min increases cAMP levels, which are correlated with
the positive modulation of adenylyl cyclase by G proteins. When triple-negative MDA-
MB-231 breast adenocarcinoma cells were transfected with mPR$ and treated with 3o
THP for 20 min, the activation of ERK kinase was observed along with a decrease in
apoptosis [140]. In GT1-7 hypothalamic mouse GnRH cells, where mPRo and mPRf} are
the most expressed receptors, treatment with 3a-THP in concordance with the activation
of G; proteins decreases cAMP levels and cell death [141]. In Figure 3, the most studied
mechanisms of 3a-THP to date are presented.

Additionally, crosstalk among the three mechanisms activated by 3&-THP has been
proposed. When Melfi et al. reported the effects of 3a-THP on cell migration, a correlation
between augmented migration and a dynamic change in the levels of Src and Fak kinases
phosphorylation was observed. Interestingly, cotreatment with 3a-THP and the GABA4
inhibitor bicuculine promotes higher phosphorylation levels of such kinases than 3«-THP
alone or the GABA 5 agonist muscimol [11]. Additionally, when mPRs were stimulated
with the agonist ORG-02-0, migration was promoted in Schwann cells, along with increased
activation of Src [142]; this could indicate a complicated activation of several mechanisms
involved in the effects of 3&-THP that could compensate each other when one of them
is blocked.
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Figure 3. 3a-THP mechanisms of action. Due to its lipophilic structure, 3o-THP crosses the cellular
membrane and directly activates the Pregnane X receptor (PXR), a transcription factor. It also
modulates to the ionotropic pentamer GABA 5 receptor, which, depending on the expression of the
cotransporter SLC12A2, induces changes in the current of chloride ions (C17), augments cAMP levels
and promotes the activation of the PKA kinase and the subsequent activation of the transcription
factor CREB. 30-THP is also a ligand of the membrane P4 receptor mPRb (green membrane receptor),
a transmembrane receptor coupled to G proteins that augments cAMP. It is hypothesized that both
the latter mechanisms interact and regulate the activation of the Src/FAK pathway. Additionally,
3a-THP also binds mPRo and mPRf (red membrane receptor), which are coupled to G; proteins, and
their activation with 3«-THP decreases cAMP levels.

Moreover, 3o-THP, but not 5a6-DHP or 5x-reduced androgen metabolites, could mod-
ulate other neurotransmitter receptors. 3a-THP enhances the activation of dopamine D1
receptors. This was analyzed in a mice model of prepulse inhibition of startle, which is
helpful in determining the function of the dopamine receptor. It was reported that D1
receptor agonists, like SKF-82958, impair the prepulse inhibition of startle, and cotreatment
with 3a-THP potentiates the effect of SKF-82958. The effect of SKF-82958 was not mod-
ified by the pharmacological antagonist of the GABA 4 receptor bicuculine, or the PXR
silencing, suggesting that 3a-THP effects are produced directly through the regulation of
the D1 receptor [143]. 30-THP could also act through glutamate N-methyl-D-aspartate
(NMDA) receptors. The release of GnRH and glutamate was induced by a micromolar
concentration of 3a-THP in the medium basal hypothalamus and the anterior preoptic area
slices of ovariectomized rats. In this study, the NMDA receptor antagonist AP-7 decreased
the 3&-THP effect of inducing GnRH and glutamate release, suggesting that the effect of
30-THP is mediated by its interaction with NMDA receptors [144].

5. Effects of Allopregnanolone on Cancer Models

In some in vitro models, the effects of 3o-THP have been determined. In the human
U87 glioblastoma-like cells, the metabolite 30-THP significantly increases the number of
cells over 6 days of treatment and promotes proliferation at 72 h of treatment. Interestingly,
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in such studies, cotreatment with P4 and the 5aR inhibitor, finasteride, almost completely
inhibits the effect of P4 [92]. This indicates that besides P4, its metabolites contribute to
glioblastoma progression. Using microarrays in the U87 cell line, changes in the gene
expression profile under 3&-THP were also assessed. 3a-THP at nanomolar concentration
promotes the overexpression of proliferation, DNA reparation, and cytoskeleton rearrange-
ment genes [145]. In addition, in U87 and other glioblastoma cell lines such as U251 and
LN229, 3«-THP promotes Src-mediated migration and invasion [146], although the mecha-
nism by which 3«-THP induces Src activation in this model needs to be elucidated. In PC12
rat pheochromocytoma cells, which lack GABA 5 or NMDA receptors, 3x-THP decreases
apoptosis through overexpression of the antiapoptotic proteins Bcl-2 and Bcl-x1. It also
induces the activation of PKC [147]. In the breast cancer cell lines MCF-7 and T47D, high
concentrations (50 pM) of 3-THP decreased cell viability, while lower concentration (12 uM)
stimulated the augmentation of cell numbers, similar to P4 or 5a-DHP [148].

Conversely, in T98G and A172 human glioblastoma cell lines, high micromolar concen-
trations of 3&-THP alone promote cell death and potentiate the effect of temozolomide, the
standard chemotherapeutic agent used for glioblastoma treatment. Such cotreatment also
diminished cell migration and invasion through the downregulation of proteins involved
in proliferation and integrin signaling [149].

The effects of 3a-THP have been reported in other cancer models. In the human
ovarian cancer cell line IGROV-1, 3&-THP promotes proliferation, migration, and clono-
genicity at low concentrations [150]. However, the 3a-THP-activated mechanisms in these
models are still understudied. Together, the cited in vitro studies analyzed in this review
indicate that 1 nM to 20 pM 3x-THP concentrations could induce cancer progression, while
higher concentrations inhibit it. Furthermore, changes in the in vivo levels of 3«-THP,
and specifically, plasmatic levels of 30-THP, are not necessarily related to or the cause of
cancer. However, the local expression or activity of many enzymes involved in the 3o-THP
metabolism is altered in different types of cancer. This could be traduced in an altered syn-
thesis (and levels) of such metabolites in cancer tissues. To state specific concentrations of
3o-THP and their real impact on the tumoral microenvironment, more studies are needed.

In addition to 3x-THP, its synthetic analogs have also been studied in the cancer
context. As in the case of 3a-THP, these studies point out that Ganaxolone, a 3-metylated
analog, and others promote cell proliferation in different cancer cell lines. Ganaxolone has
been proposed as a therapeutic agent for epilepsy because of its high affinity to GABA
receptors, although it also activates mPRs. Ganaxolone has a similar affinity to mPRb to
that reported for 3a-THP (~100 nM) [140,151]. In MDA-MB-231 breast cancer cells (with no
expression of GABA 4 receptors) transfected with mPR$, Ganaxolone decreased apoptosis
and cell death at the same concentration as 3x-THP. In the same model, Ganaxolone
also activated the same signaling pathways as 3a-THP: increasing cAMP and activating
ERK kinase [151]. Taleb et al. propose the synthesis of 3a-THP analogs with GABA
receptor-agonist effects, but low pro-proliferative action. These authors reported that low
concentrations (250 nm to 1 pM) of 3x-THP and its synthetic analogs, BR351 (O-allyl-
Allopregnanolone) and BR338 (12-oxo-Allopregnanolone), increase cell viability of the
human neuroblastoma cell line SH-SY5Y. The analog BR297 (O-allyl-epi-Allopregnanolone)
lacks pro-proliferative activity. All tested steroids, however, present neuroprotective effects
and augment GABA conductance [152]. A similar effect for these analogs was observed in
primary cultures of mice neural stem cells [153].

To our knowledge, there are no specific reports about sexually dimorphic 3«-THP
levels and cancer. However, there are sex differences in cancer prevalence and in neuros-
teroids, specifically, 3«-THP levels and actions. Although these aspects are not necessarily
related, it would be interesting to study them. Regarding many types of cancers, including
glioblastomas, their overall incidence is higher in men than women in a proportion of 3:2
(men: women) [154]. Cancer’s aggressiveness, response to treatment, and prognosis are
unequal due to the sex effect. It has been reported that genetic sexual differences related to
autosomic and sexually specific gene expression influence cancer [155]. However, differ-
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ences between males and females regarding long-lasting levels of exposure to the endogen
sexual hormones and synthetic progestins throughout life in cancer prevalence have been
broadly studied. At least in the case of glioblastoma, the most common primary malignant
brain tumor, sex hormones impact cancer differently [156-158]. While androgens induce
glioblastoma progression, the effect of estrogens and progestins depends on their levels,
receptor expression, and long-lasting exposure to the hormonal stimulus [156]. Regarding
30-THP in humans, its plasmatic levels in fertile females vary similarly to P4 and 5x-DHP
according to the menstrual cycle phase. The 3&-THP plasmatic levels of females at the
follicular phase of the menstrual cycle are similar to those found in healthy adult males
(~1 nM). Interestingly, Genazzani et al. evaluated 3x-THP plasmatic levels in males and
females of different age ranges (19-39, 40—49, 50-59, and >60 years old). They found that
the 3a-THP plasmatic levels of males proportionally decrease as men age. However, female
30-THP levels at the follicular phase of the menstrual cycle do not vary with age [159].

The evidence presented in this article shows that tumoral cells display very similar
responses to those of normal cells when they are exposed to 3a-THP or its analogs at
nanomolar to low micromolar concentrations: an increase in cell proliferation, protection
against insults, and migration. Although such effects could be beneficial for patients in
neurodegenerative states [14,106], cancer cases have to be studied vigilantly [152]. It is
worth mentioning that estrogens, and progestins act as inductors of cancer progression and
not as carcinogens, at least in glioblastoma, as recently reviewed by Bello-Alvarez et al. [156].
In this line, the P4 metabolite 3a-THP and its analog Ganaxolone display very similar effects
to progestins once tumoral growth is established. Moreover, neurological diseases like
epilepsy require chronic treatments to improve symptoms and patient quality of life [160].
Under such treatment conditions, the local levels of Ganaloxone could be higher than those
needed to induce cancer cell proliferation, although this needs to be investigated.

6. Conclusions and Perspectives

State-of-the-art evidence about 3ax-THP synthesis and its mechanisms of action in
cancer was presented in this review. 3a-THP has been one of the most studied neuroactive
steroids with broad actions in neuroprotection, proliferation induction, and immunomod-
ulation. Such characteristics could be exploited by cancer cells. To date, the synthesis of
30-THP and other P4 metabolites has been confirmed in patient tissue of breast cancer,
colon, ovarian, and glioblastoma cell lines, among others. These data suggest an altered
synthesis of P4 metabolites in at least some types of cancer, which points to the urgency
of generating more data on the P4 metabolism in cancer patients. Moreover, there is little
information about the role of other P4 metabolites, 3&-THP, and its analogs, as agents that
favor the initiation, promotion, and progression of cancer. This is particularly relevant
because analogs of 3«-THP, like Ganaxolone, are approved by the FDA for the long-lasting
treatment of epilepsy [160].

To date, few studies about 30c-THP’s role in cancer progression exist. Additionally, 3oc-
THP presents affinity for a broad class of receptors that could be simultaneously expressed
in the same cell or tissue, which makes it difficult to study them. There are plenty of data
about 30-THP effects mediated by its binding to GABA 5 receptors. However, the crosstalk
between GABA 4 receptors and other mechanisms, like mPRs or PXR activation along with
their signaling pathways, needs to be clarified. Additionally, in models where physiological
concentrations of P4 induce cancer progression, such as glioblastoma and ovarian cancer,
30-THP also promotes cellular malignancy, which could reinforce the possible crosstalk
between P4, and its 5x-reduced metabolites previously described in breast cancer. Together,
these data point to the urgency of illuminating 3o-THP’s effects in cancer pathophysiology
by measuring steroid metabolites in cancer patients and studying the potential role of
30-THP in the progression of cancer malignancy.
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Abstract. Glioblastomas are the most aggressive and common
primary brain tumors in adults. Glioblastoma cells have a
great capacity to migrate and invade the brain parenchyma,
often reaching the contralateral hemisphere. Progesterone (P4)
and its metabolite, allopregnanolone (3a-THP), promote the
migration and invasion of human glioblastoma-derived cells.
P4 induces migration in glioblastoma cells by the activation
of the proto-oncogene tyrosine-protein kinase Src (cSrc) and
focal adhesion kinase (Fak). In breast cancer cells, cSrc and Fak
promote invasion by increasing the expression and activation
of extracellular matrix metalloproteinases (MMPs). However,
the mechanism of action by which P4 and 3a-THP promote
invasion in glioblastoma cells remains unclear. The effects of
P4 and 3a-THP on the protein expression levels of MMP-2 and
-9 and the participation of cSrc in progestin effects in U251 and
U87 human glioblastoma-derived cells were evaluated. It was
determined by western blotting that the P4 increased the protein
expression level of MMP-9 in U251 and U87 cells, and 3a-THP
increased the protein expression level of MMP-9 in U87 cells.
None of these progestins modified MMP-2 protein expression
levels. The increase in MMP-9 expression was reduced when
the intracellular progesterone receptor and cSrc expression were
blocked with small interfering RNAs. Cell invasion induced by
P4 and 30-THP was also blocked by inhibiting cSrc activity
with PP2 or by cSrc gene silencing. These results suggest that P4
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and its metabolite 30-THP induce the invasion of glioblastoma
cells by increasing MMP-9 expression through the cSrc kinase
family. The results of this study provide information of interest
in the context of targeted therapies against molecular pathways
involved in glioblastoma invasion.

Introduction

Glioblastomas are the primary tumors of the central nervous
system that cause the most deaths and therefore have the
highest fatality rate. The median survival time of patients with
this disease is <15 months, and this statistic has not changed
for more than two decades (1). Glioblastoma cells' high migra-
tion and invasion capacity into areas of the brain parenchyma
adjacent to the tumor, even reaching the contralateral hemi-
sphere, makes it impossible to perform a complete surgical
resection, resulting in tumor recurrence (2).

Proto-oncogene tyrosine-protein kinase Src (cSrc) is a
non-receptor tyrosine kinase that participates in diverse biolog-
ical activities, including cell migration. Furthermore, it has been
broadly associated with controlling the expression of metallo-
proteinases (MMPs) and tumor invasiveness (3). cSrc and focal
adhesion kinase (Fak) kinase activity inhibition in the breast
cancer MCF-7 cell line, was reported to have blocked MMP-9
secretion (4). Gautam et al (5) reported that, in triple-negative
MDA-MB-231 breast cancer cells, the inhibition of cSrc activity
decreased MMP-9 levels and cell invasion. Within the high
molecular complexity of the mechanisms that regulate invasion
in glioblastomas, MMPs serve a fundamental role in degrading
the extracellular matrix (ECM). Upregulation of MMP-2 and
-9 in glioblastomas is associated with poor prognosis (6). The
involvement of MMP-2 and -9 in the progression of glioblas-
tomas has been studied for >20 years. In 1999, Forsyth et al (7)
reported that the levels and activity of MMP-2 and -9 were
higher in glioblastomas than in normal brain tissue. The expres-
sion level of MMP-9 also showed a strong correlation with the
tumor grade in gliomas. Later, Kondraganti et al (8) reported
that impaired expression of MMP-9 reduced glioblastoma cells'
invasiveness. More recently, in 2019, Zhou et al (6) reported that
MMP-2 and -9 expression was higher in recurrent glioma than
in primary glioma.
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Progesterone (P4) has been associated with increased
invasiveness capacity in numerous malignant processes (9-11).
In breast cancer cells, P4 increases the formation of the
protrusions associated with focal adhesion complex, and
migration and invasion processes through cSrc kinase
activation (12). Although glioblastoma is not a cancer of the
reproductive system, it is sex-dependent since there is a higher
prevalence in men than in women, as evidenced by epidemio-
logical data (13). In the context of P4, the results of previous
studies indicate that this hormone induces glioblastoma
progression when administered at 10-50 nM (14,15). Notably,
in terms of glioblastoma, Pifia-Medina et al (16) reported that
P4 increased the number of invasive and migrating cells. More
recently, Bello-Alvarez et al (15) demonstrated that P4 acti-
vates cSrc kinase and Fak, which are fundamental components
of focal adhesion complexes. It has also been reported that
3a-tetrahydroprogesterone (3a-THP), an active P4 reduced
metabolite, increased cell proliferation of glioblastoma cells.
In addition, finasteride, an inhibitor of Sa-reductase, the
rate-limiting enzyme for the P4 transformation to 3a-THP,
partially inhibited this effect (17). Moreover, 3a-THP regulates
migration in glioblastoma cells, and this effect is dependent on
the activation of cSrc (18). In rat Schwann cells, the 3a-THP
induction of cell migration is regulated by cSrc and Fak (19).
However, it is not known whether P4 and 30-THP regulate
MMP-2 and -9 expression through cSrc activity and whether
this effect is reflected in the migration and invasiveness of
glioblastoma cells.

Materials and methods

Cell culture and treatments. U251 (astrocytoma cell line)
and U87 (HTB-14; glioblastoma of unknown origin) cells
were purchased from the American Type Culture Collection
(ATCC) and were previously authenticated by STR profiling
using an AmpFISTR® Identifiler™ kit (cat. no. 4322288)
and Genetic Analyzer 3130x]1 (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Mycoplasma contamination
was routinely monitored using a Universal Mycoplasma
Detection Kit (cat. no. 30-1012K; ATCC). Cells were plated
in 35 mm culture dishes and maintained in DMEM medium
(Vitro SA) supplemented with 10% fetal bovine serum (FBS;
Biowest), | mM pyruvate, 2 mM glutamine, 0. mM MEM
Non-Essential Amino Acids Solution (Gibco; Thermo Fisher
Scientific) and 1 mM antibiotic (streptomycin 10 g/lI; peni-
cillin G 6.028 g/l; and amphotericin B 0.025 g/1, Biowest,
cat. no. L0010) at conditions of 37°C and 5% CO,. Culture
medium was replaced by DMEM phenol red-free (Biowest)
and supplemented with 10% charcoal-stripped serum FBS
(sFBS; HyClone; Cytiva), to avoid additional hormone
supplementation, ~24 h before treatment. On the day of
treatment, cells were treated with 50 nM P4 (0.001% DMSO
vehicle; cat. no. P-8783; MilliporeSigma) or 100 nM 3a-THP
(0.01% ethanol vehicle; cat. no. 195886; MP Biomedicals,
LLC) for 3 or 6 h at 37°C to assess the protein expression
levels of MMP-2 and MMP-9.

Cell migration (wound healing assays). For evaluating cell
migration, wound healing assays were performed. A total
of 3.5x10° U251 or U7 cells were seeded per well in 6-well

plates and cultured as aforementioned. After 24 h of culture
conditions free of phenol red and 10% sFBS (20), a scratch
wound was made in the 90% confluent cells with a fine
pipette tip. After washing the detached cells with 1X PBS
(137 mM Nac(l, 2.7 mM KCl, 1.8 mM KH,PO, and 10 mM
NaHPO,), the cell cultures were treated with 10 M cytosine
p-D-arabinofuranoside (Ara-C; Sigma-Aldrich; Merck KGaA)
to inhibit cell proliferation 1 h before adding either 50 nM
P4 (0.001% DMSO vehicle), 1 uM 1-tert-Butyl-3-(4-chlorop
henyl)-1H-pyrazolo[3,4-d] pyrimidin-4-amine (PP2, a Src
family kinase inhibitor; 0.001% DMSO vehicle), P4 + PP2 at
the aforementioned concentrations, 100 nM 3a-THP (0.01%
ethanol vehicle) or 3a-THP + PP2 at the aforementioned
concentrations. To determine the percentage of cell migration,
images of four fields of view per treatment condition were
taken at 0, 6, 12 and 24 h with an Infinity 1-2C camera attached
to an Olympus CKX41 inverted microscope. Image processing
was performed using the macro-MRI Wound Healing Tool in
ImageJ 1.45S software (National Institutes of Health).

Invasion assays. Cells were grown according to the afore-
mentioned method. The invasion assays were performed
using Transwell inserts (8.0 ym membrane; Corning, Inc.) and
6-well plates with Matrigel (2 mg/ml; Engelbreth-Holm-Swarn
murine sarcoma extract; MilliporeSigma) diluted in DMEM
phenol red-free without FBS or antibiotics. This dilution was
incubated in the inserts at conditions of 37°C and 5% CO,
atmosphere for 2 h. In the upper insert, 3x10* cells suspended in
DMEM without phenol red, FBS or antibiotics but with 10 uM
Ara-C were seeded. DMEM supplemented with 10% FBS
(Biowest) as a chemoattractant was added to the lower wells.
Cells in the upper Transwell inserts received the following
steroid treatments: 50 nM P4, 100 nM 3a-THP or 1 uM PP2.
The incubation conditions were 37°C and 5% CO, atmosphere
for 24 h. To evaluate the specific role of cSrc on cell inva-
sion, cSrc expression was first downregulated as described in
the small interfering (siRNA) transfection subsection of this
manuscript, followed by vehicle, P4 or 3a-THP treatments.
After incubation, the non-invading cells were washed from
the upper surface of the insert. Invasive cells at the membrane
were fixed, stained, visualized and quantified as described
previously by Pifia-Medina ez al (16).

Senescence assays. Based on preliminary results, growth
pattern and cell size, a total of 5x10* U87 cells or 3x10*
U251 cells were plated per well in 6-well plates with phenol
red-free DMEM and 10% sFBS for 24 h at 37°C. After 24 h,
the following treatments were added: 50 nM P4, 1 yuM PP2,
50 nM P4 + 1 uM PP2, 100 nM 3a-THP, 100 nM 3a-THP +
1 uM PP2 or vehicle (0.01% DMSO for PP2 and P4 or 0.01%
ethanol for 3a-THP). After a further 24 h, cells were washed
with PBS and senescence was evaluated using the Senescent
Cells Staining Kit (cat. no. CS0030-1KT; MilliporeSigma),
according to the manufacturer's instructions, to determine the
expression of (3-galactosidase in senescent cells. Incubation
with B-galactosidase staining solution was performed over-
night at 37°C. A total of three independent experiments were
performed for each cell line. After staining, images of four
fields of view per treatment condition were taken with an
Infinity 1-2C camera attached to an Olympus CKX41 inverted
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microscope. Imagel] 1.45S software (National Institutes
of Health) was used to perform the image processing and
counting of B-galactosidase positive cells to determine the
proportion of senescent cells.

siRNA transfection. A total of 2.5x10° U251 cells were plated in
35-mm culture dishes with DMEM and 10% FBS for 24 h. After
incubation, the medium was replaced with DMEM without
phenol red, FBS, or antibiotics. Transfection was performed
with 100 nM commercial c¢Src siRNA (cat. no. 4392420; ID,
s13412; Thermo Fisher Scientific, Inc.) or with 100 nM control
siRNA (Silencer Select Negative Control #1; cat. no. 4390844
Thermo Fisher Scientific, Inc.), an aleatory sequence that did
not recognize a specific target in the cell, using Lipofectamine
RNAiIMAX (Thermo Fisher Scientific, Inc.) for 48 h at 37°C.
This commercial cSrc siRNA was also used to evaluate the
effect of P4 on MMP-2 and MMP-9 expression promoted by
cSrc. After transfection with the cSrc siRNA or control siRNA,
the medium was refreshed for 12 h. Cells were harvested for
protein extraction to evaluate transfection efficiency 48 h
after the addition of siRNAs, and the wound healing assays
were performed. Commercial siRNA against progesterone
receptor (PR) (Ambion, PGR Silencer Select, Pre-designed;
cat. no. 4392420) and control siRNA (Silencer Select Negative
Control #1; cat. no. 4390844) (both Thermo Fisher Scientific,
Inc.) was used to evaluate the effect of PR on MMP-2 and -9
expression 48 h after the addition of siRNAs. The transfection
protocol was performed as previously described (15,18).

Protein extraction and western blotting. The protein expres-
sion levels of MMP-2, MMP-9, cSrc and PR were determined
by western blotting. After any hormone treatment or trans-
fection procedure described above was performed, cells
were homogenized in RIPA buffer with protease inhibitors
(cat. no. P8340; Sigma-Aldrich; Merck KGaA). Proteins
were obtained as described by Bello-Alvarez et al (15). For
protein electrophoresis, 40 pg of total extracted proteins were
loaded on an 8.5% SDS-PAGE gel. Proteins were transferred
to nitrocellulose membranes in semi-dry conditions (Bio-Rad
Laboratories, Inc.) at 25 V for 1 h (MMP-2, MMP-9 and
¢Src) or 2 h (PR). Membranes were blocked with 5% bovine
serum albumin (cat. no. A-420-100; Gold Biotechnology)
in Tris-buffered saline with 0.1% Tween, at 37°C for 2 h.
Membranes were then incubated with primary antibodies
against MMP-2 (cat. no. 4042; Cell Signaling Technology,
Inc.), MMP-9 (cat. no. 3852; Cell Signaling Technology,
Inc.), cSrc (cat. no. 2108; Cell Signaling Technology, Inc.),
PR (cat. no. B-30 sc-811; Santa Cruz Biotechnology, Inc.) or
the a-tubulin loading control (cat. no. sc-398103; Santa Cruz
Biotechnology, Inc.). The dilution of all primary antibodies
was 1:1,000 and antibodies were incubated for 24 h at 4°C.
Secondary antibodies were against rabbit (cat. no. 1858415;
Thermo Fisher Scientific, Inc.) or mouse (cat. no. sc-516102;
Santa Cruz Biotechnology, Inc.), and were incubated at a dilu-
tion of 1:10,000 at room temperature for 45 min. Finally the
signal was detected with Super Signal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, Inc.) (15).
Densitometric analysis was performed with ImagelJ 1.45S soft-
ware (National Institutes of Health). To determine changes in
the protein expression levels of MMP-2 and MMP-9, the same

membrane was re-probed three times, alongside the a-tubulin
loading control.

Statistical analysis. All statistical analyses were performed
using Graph Pad Prism 5 software (GraphPad Software;
Dotmatics). A one-way ANOVA and Bonferroni post hoc test,
or unpaired Student's t-test were used to analyze differences
between comparable groups. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

P4 and 3a-THP enhance cell migration through activation of
the Src family of kinases. The impact of the Src kinase family
on the actions of P4 and 3a-THP in cell migration using the
kinase inhibitor, PP2, which has a high affinity for many
members of the Src kinase family, was evaluated. Both proges-
tins (P4 and 30-THP) induced cell migration (Figs. 1 and 2).
The effect of P4 in the U251 and U87 cell lines was signifi-
cative compared to the vehicle following 24 h of treatment
(Figs. 1A-C and S1). 3a-THP also promoted cell migration but
significance compared with vehicle was only demonstrated at
12 and 24 h of treatment in both cell lines (Figs. 2A-C and S2).
The inhibitor PP2 completely blocked the effect of P4 in
U251 cells and significantly blocked the effect of P4 in U87
cells (Fig. 1A-C). PP2 significantly, partially blocked the
effect of 3a-THP at 12 and 24 h of treatment in U251 cells
(Fig. 2A and B); whereas in U87 cells, PP2 completely blocked
its effect (Fig. 2C). No marked changes in cell migration were
observed for any treatments at 6 h (Figs. 1, 2, S1 and S2).
Furthermore, the potential of any of the treatment condi-
tions to induce senescence was evaluated in both cell lines
using a [-galactosidase staining assay (f-galactosidase
catalyzes the hydrolysis of [3-galactosidase only in senescent
cells). In U251 cells, the proportion of -galactosidase posi-
tive cells was 0% for any treatment (Figs. S3 and S4). In U87
cells, the proportion of B-galactosidase positive cells in each
treatment was 0.88-1.5%. However, no significant differences
between treatments were demonstrated (Figs. S5 and S6).

cSrc activity participates in the invasion induced by P4 and
3a-THP in human glioblastoma-derived cells. Considering
that the addition of P4 increased cell migration, the effect of
cSrc on the invasiveness of P4-stimulated human glioblastoma-
derived cells was evaluated. A Transwell invasion assay was
performed to determine whether inhibiting Src kinase family
activity with PP2 altered the invasion triggered by P4 in U251
and U7 cells. In P4-treated cells, a significant enhancement of
invasion compared with the vehicle group was observed at 24 h
in both U251 (Fig. 3A and B) and U87 cells (Fig. 3C and D).
This enhancement was significantly suppressed by PP2 in U87
cells (Fig. 3D). In U251 cells, the effect of PP2 on invasiveness
was not significant; however, there was a marked trend towards
a decrease in invasion (Fig. 3B). This result demonstrated that
the Src kinase family modulates the invasion of glioblastoma
cells triggered by P4.

The effect of cSrc silencing on the invasiveness of U251 cells
after treatment with P4 or 3a-THP was also assessed. Silencing
in U87 was not performed due to limited siRNA availability).
As with the PP2 experiments, P4 significantly induced U251
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Figure 1. The pharmacological inhibition of cSrc interferes with the effect of P4 on glioblastoma cell migration. (A) Representative images of U251 cells
treated with P4 (50 nM), PP2 (1 uM) and the P4 + PP2 conjunct treatment at 0, 6, 12 and 24 h. Percentage cell migration graphs of (B) U251 ("P<0.05, P4 vs. V
at 24 h) and (C) U87 cells (‘P<0.05, P4 vs. all other treatments at 24 h; *P<0.05, P4 + PP2 vs. V at 24 h). Each point represents the mean + SEM, n=4. All
images were taken using a 10X magnification lens. P4, progesterone; V, vehicle; PP2, 1-tert-Butyl-3-(4-chlorophenyl)-1H-pyrazolo[3,4-d] pyrimidin-4-amine.

cell invasion compared with the untreated group and this effect
was significantly reduced by cSrc silencing (Fig. 4A and B)
compared with the siRNA control. 3a-THP also significantly
promoted cell invasion compared with the untreated group
and this effect decreased significantly when cSrc was silenced
compared with the siRNA control (Fig. 4C and D). Notably,
marked inhibition of cell invasion by cSrc silencing was evident
in vehicle-treated cells (Fig. 4D). When treatment with 3o-THP
was administered to the cells, invasion returned to basal levels.

P4 and 3a-THP increase the protein expression level of
MMP-9 in human glioblastoma-derived cells. MMPs perform
a vital role in ECM degradation to promote cell invasion and
are frequently upregulated in malignant tumors (21). MMP-2
and MMP-9 are upregulated in glioblastomas and are associ-
ated with poor prognosis (6). Therefore, the effect of P4 and
3a-THP on MMP-2 and MMP-9 protein expression levels in
human glioblastoma-derived cell lines was evaluated. U87 and
U251 cells were treated with 50 nM P4 and 100 nM 3a-THP
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Figure 2. cSrc inhibition blocks the effect of 3a-THP on glioblastoma cell migration. (A) Representative images of U251 cells treated with 3a-THP (100 nM),
PP2 (1 uM) and the 3a-THP + PP2 conjunct treatment at 0, 6, 12 and 24 h. Percentage migration graph of (B) U251 cells ['P<0.05, 3a-THP vs. all other treatments
; *P<0.05, 30-THP + PP2 vs. V (EtOH); n=3] and (C) U87 cells ['P<0.05, 3a-THP vs. V (DMSO 0.001%), 3a. -THP + PP2, and PP2; “P<0.05, 3a-THP vs. all other
treatments; *P<0.05, PP2 and 3a-THP + PP2 vs. V (EtOH 0.01%); **P<0.05, PP2 vs. V (EtOH), and 3a-THP + PP2 vs. V (EtOH)]; n=4. Each point represents the
mean + SEM. EtOH, ethanol; V, vehicle; PP2, 1-tert-Butyl-3-(4-chlorophenyl)-1H-pyrazolo[3,4-d] pyrimidin-4-amine; 3a-THP, allopregnanolone.
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Figure 3. The pharmacological inhibition of cSrc reduces cell invasion induced by P4 in glioblastoma cells. (A) U251 and (C) U87 cells treated with V (0.001%
DMSO), P4 (50 nM), PP2 (1 uM) or the P4 + PP2 conjunct treatment for 24 h. Representative images of the Transwell invasion assay are shown. Graphs
presented the number of invasive (B) U251 and (D) U87 cells. Data are presented as the mean + SEM; n=4. ‘P<0.05. P4, progesterone; V, vehicle.

for 3 or 6 h (Figs. 5 and 6). P4 and 30-THP did not significantly
increase MMP-2 protein expression levels compared with the
control in U251 and U87 cells (Figs. SA and B, and 6A and B).
However, P4 significantly increased MMP-9 protein expres-
sion levels compared with the control at 3 and 6 h in U251 cells
and at 6 h in U87 cells (Fig. 5C and D). 30-THP significantly
increased MMP-9 protein expression levels compared with the
control in U87 cells at 3 h (Fig. 6D).

cSrc is involved in the regulation of MMP-9 expression in human
glioblastoma-derived cells treated with P4. It has previously
been reported that the inactivation of cSrc inhibits triple-negative
breast cancer progression through the downregulation of MMP-9
expression (5). Therefore, the role of cSrc in the expression of
MMP-9 in P4-treated glioblastoma cells was evaluated. A
commercial siRNA against cSrc or a control siRNA were used
to transfect U251 and U7 cells. After transfection, cells were

treated with 100 nM 3o-THP or 50 nM P4 for 6 h, respectively
(Fig. 7). c¢Src silencing caused a significant reduction in cSrc
protein expression levels compared with the siRNA control
(Fig. 7A and B). In cells transfected with siRNA against cSrc, the
increase in MMP-9 expression triggered by P4 was significantly
reduced compared with cells that received the control siRNA.
This result suggested that, at least partially, cSrc participated in
the induction of MMP-9 expression by P4 (Fig. 7C and D).

PR regulates the expression of MM P-9. Bello-Alvarez et al (15)
previously reported that P4 promoted interaction between the
PR and c¢Src, which led to the activation of cSrc. To assess the
effect of PR on MMP-2 and MMP-9 expression, cells were
transfected with an siRNA against PR (Fig. 8§). MMP-9 protein
expression levels were significantly reduced upon PR silencing
compared with control siRNA, whereas no significant change
was demonstrated for MMP-2 (Fig. 8B and C).
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Figure 4. cSrc expression mediates invasion induced by P4 and 30-THP in U251 cells. cSrc was silenced in the U251 cell line and was treated with P4 (50 nM),
3a-THP (100 nM) or their respective vehicles (0.001% DMSO or 0.01% ethanol) for 24 h. Representative images of cell invasion assays of transfected U251
cells treated with (A) P4 or (C) 3a-THP. Graphs representing the number of invasive U251 cells treated with (B) P4 or (D) 3a-THP. Data are presented as the
mean + SEM; n=3. "P<0.05. P4, progesterone; siRNA, small interfering RNA; V, vehicle; 30-THP, allopregnanolone.

Discussion

According to the Global Cancer Observatory database
(https://gco.iarc.fr/) (22), central nervous system tumors are
the 13th leading cause of mortality among all known types of
cancer. Glioblastoma is the most malignant and frequent entity
among adult brain tumors (1). Due to glioblastoma's migratory
and invasive nature, the treatments available are insufficient
and tumor recurrence is invariably manifested (23). The
migration and subsequent degradation of the ECM is one of
the critical events for a malignant cell to colonize areas distant
from the tumor's site of origin (24). Proteases are members of
the group of molecules that, in a coordinated manner, orches-
trate this event to gain cancer aggressiveness (25). MMPs are
among the most relevant families of proteases in glioblastoma
invasion. The expression of 11 members (MMP-1, -2, -7, -8, -9,
-10, -11, -14, -15, -19 and -23) of this group have been reported
to be elevated in glioblastomas (26). However, according to the
results of several studies (6,27-29), MMP-2 and MMP-9 are
essential in the progression of glioblastomas. The expression

of these proteins are increased in recurrent gliomas compared
with primary gliomas (6). In addition, the expression of both of
these MMPs correlates with the tumor grade (7). In the case of
MMP-9, its low expression is related to an improved prognosis
and response to Temozolomide (30).

The role of P4 at physiological concentrations (10-100 nM)
in the development of glioblastomas has been extensively
reported. In addition to inducing glioblastoma cell prolif-
eration (23-25), P4 promotes migration and invasion in both
in vitro and in vivo models (15,16,31-33). P4 is one of the most
prominent examples of the hormesis effect, a dose-response
phenomenon in which stimulation occurs at low concentra-
tions and inhibition at high concentrations (34). In the context
of glioblastomas, it has been reported that P4 concentrations
>20 uM promoted apoptosis and decreased tumor growth,
while concentrations <10 yM promoted the opposite effect (35).
Previous results published by our laboratory support this
observation as concentrations of 10 and 50 nM promoted
glioblastoma cell progression by increasing proliferation,
migration and invasion (14-16).
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Figure 5. The effect of P4 on MMP-2 and MMP-9 protein expression levels in human glioblastoma-derived cell lines. U251 and U87 cells were treated with P4
(50 nM) or V (0.001% DMSO) for 3 and 6 h. The upper panels show the representative western blots for MMP-2 (proenzyme, 72 kDa; active enzyme, 64 kDa)
in (A) U251 and (B) U87 cells, and for MMP-9 (proenzyme, 92 kDa; active enzyme, 84 kDa) in (C) U251 and (D) U87 cells. a-tubulin (55 kDa) was used as
the loading control. The lower panels show the densitometric analysis. Data were normalized with respect to V and are presented as the mean + SEM; n=4.

“P<0.05. MMP, metalloproteinase; P4, progesterone; V, vehicle.

The previous study by Pifia Medina et al (16), from our labo-
ratory, reported that PR was partially implicated in the induction
of migration and invasion processes in glioblastoma cells, which
suggested alternative activation of other regulatory mechanisms
mediated by P4 or its metabolites. In that study, when P4 were
added to cells treated with antisense oligonucleotides against
PR expression, the P4-induced effect was partially reduced.
Recently, Bello-Alvarez et al (15) reported that, in glioblastoma
cells, P4 promoted PR-cSrc interaction, which led to cSrc auto-
phosphorylation and subsequent Fak activation and migration.

Notably, 3a-THP possesses different mechanisms of action
than those reported for P4. One of the main differences between
these progestins is that 3a-THP lacks affinity for the classical
PR (36). This metabolite induces rapid cellular changes by
activating membrane PR (mPR) & and mPRa (37,38). At the
genomic level, 3a-THP activates the pregnane X receptor,
which is a transcription factor (39,40). The progestin 30-THP
also modulates the action of neurotransmitters due to its
interaction with their receptors, such as the ionotropic channel
receptor, GABA R (41). It has recently been reported that
3a-THP promotes the migration of glioblastoma cells inde-
pendently of the oxidation of other P4 metabolites with high
binding affinity from the PR. In addition, the activation of cSrc
kinase by 3a-THP has been reported (18,42). Melfi er al (19)
reported that, in rat Schwann cells, induced cell migration was
dependent on cSrc activation. An additional study reported

that 3a-THP promoted cSrc activation at the ventromedial
hypothalamus, although the mechanism involved in this acti-
vation has not been fully elucidated (43). In the present study,
an increase in glioblastoma cell migration induced by P4 is
reported. This effect was completely blocked with the addi-
tion of the cSrc kinase family inhibitor, PP2, in U251 cells
and partially blocked in U87 cells. Glioblastomas are among
the tumors with the greatest intra- and inter-tumor heteroge-
neity (44,45). Therefore, it can be assumed that the established
cell lines derived from these tumors have significant differ-
ences in their genetic signature. The U87 cell line has a
neuronal-like phenotype with a high proliferative capacity,
while the U251 cell line has a mesenchymal-like phenotype
with a lower proliferative activity (46). The results in the
present study demonstrated a difference in the migration rate
of both cell lines, which may be related to the aforementioned
differences. Considering that, despite the differences in migra-
tion rate, the results showed the same trend in both cell lines, it
can be hypothesized that the effects of P4, in general, not cell
line-dependent but pathology-dependent.

Regarding 3a-THP, in the present study, an increase in cell
migration partially blocked by PP2 in U251 and U87 cells was
demonstrated. Considering that PP2 is not a specific inhibitor
of cSrc, but of the entire Src family, this result suggested that,
in addition to cSrc, other members of the Src kinase family
may interact with P4 or 3a-THP effectors. For example, the
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Figure 6. The effect of 3a-THP on MMP-2 and MMP-9 protein expression levels in human glioblastoma-derived cell lines. U251 and U87 cells were treated
with 3a-THP (100 nM) or V (0.01% ethanol) for 3 and 6 h. The upper panels show the representative western blots for MMP-2 (proenzyme, 72 kDa; active
enzyme, 64 kDa) in (A) U251 and (B) U87 cells, and for MMP-9 (proenzyme, 92 kDa; active enzyme, 84 kDa) in (C) U251 and (D) U87 cells. a-tubulin
(55 kDa) was used as the loading control. The lower panels show the densitometric analysis. Data were normalized with respect to V and are presented as the
mean = SEM; n=4. "P<0.05. MMP, metalloproteinase; V, vehicle; 3a-THP, allopregnanolone.

high expression of Lyn, a member of cSrc kinase family, has
been reported in glioblastoma cells and is linked to increased
tumor progression (47).

The invasiveness of glioblastoma cells depends on the
dynamic activation of at least two essential processes: Cell
migration and ECM degradation. Until recently, no information
on the role of cSrc in the regulation of proteins directly involved
in ECM degradation in glioblastoma cells treated with P4 or any
of its metabolites was available. In the present study, the effect
of P4 and 3a-THP on the expression of MMP-2 and MMP-9
was evaluated. The results demonstrated that in P4-treated cells,
the protein expression level of MMP-9 was increased in U251
and U87 cells, and in 3a-THP-treated cells, the protein expres-
sion level of MMP-9 was increased in U87 cells. These results
indicated that increased MMP-9 expression may be one of the
mechanisms implicated in P4- and 3a-THP-induced invasion of
glioblastoma cells. MMP-2 upregulation is also associated with
poor prognosis and progression of glioblastoma (48). Notably,
no significant changes in MMP-2 expression were demonstrated
with P4 and 30-THP treatments. In fibroblast cells, the increase
in the protein expression levels of MMP-9 but not MMP-2 were
reported to be dependent on the activation of the cSrc-Fak
signaling pathway (49). In MCF-7 breast cancer cells, cSrc and
Fak activity inhibition blocked MMP-9 secretion (4). A recent

article reported the anti-inflammatory property of quercetin that,
through the inhibition of TNF-a, decreased MMP-9 expression
and activity in the gastric mucosa epithelial GES-1 cell line. This
study also reported that the addition of PP1 (a Src family kinase
inhibitor) decreased the activity of MMP-9 but not MMP-2 (50).
The occurrence of this phenomenon in cells of different lineages
suggests that it is independent of cellular context and that it is
regulated by highly conserved molecular mechanisms.

Interactions between cSrc and Fak have been widely
reported. It is known that cSrc phosphorylates residues Y576
and Y577 of Fak, which are indispensable for full activation
of the latter (51,52). Sex steroid receptors are primarily known
for their function as transcription factors. However, PR and the
androgen receptor are also known to function in the activation
of signaling cascades in the cytoplasm through the interaction
of their polyproline motifs with the SH3 domains of cyto-
plasmic molecules, such as cSrc (53). In a recent publication by
Bello-Alvarez et al (15), it was demonstrated that P4 activates
cSrc kinase through the PR, for the first time in glioblas-
toma-derived cells. This, in turn, induces the phosphorylation of
Fak at residues Y397, Y576 and Y577, which provided evidence
of the non-genomic function of the PR in this brain tumor.

In the present study to assess the role of cSrc in the regula-
tion of MMP-9 expression by P4 and 3a-THP, an siRNA against
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cSrc expression was used. The silencing of cSrc blocked the
increase in MMP-9 protein expression levels induced by P4 in
U251 and U87 cells. Only a partial effect was demonstrated in
U251 cells, possibly due to lower efficiency of the silencing.
These results indicated that cSrc mediates P4-induced MMP-9
expression and suggest that, in the context of glioblastoma cells,
P4 treatment activates the cSrc-Fak signaling pathway, which
modifies the expression of MMP-9 but not that of MMP-2.

Notably, Liu et al (54) reported that the PR” condition in
zebrafish follicular cells decreased the expression of MMP-9 but
not MMP-2. In the present study, transfection with an siRNA
against the PR decreased MMP-9 but not MMP-2 protein expres-
sion levels, which suggested that the difference in the effect
of P4 on the regulation of MMP-9 and MMP-2 also involved
the PR. However, another study reported that, in a rat model of
blood-brain barrier breakdown, P4 and 3a-THP downregulated
the expression of MMP-9 and MMP-2 (55); this could be related
to differences in the progestin concentration. At the level of
transcriptional regulation, these differences could be related to
the composition of the MMP-2 and MMP-9 promoters (56).

In the present study, PP2 was used to evaluate the effect of
the cSrc family of kinases on P4-induced invasion in human
glioblastoma-derived cells. The results of the present study
demonstrated that inhibition of cSrc activity decreased inva-
siveness in both U251 and U87 cell lines, as measured using
a Matrigel Boyden chamber assay. A similar effect of 3a-THP
has also been recently reported by our laboratory (18).

In conclusion, the results of the present study suggest that
the effect of P4 and 3a-THP on the invasion of human glio-
blastoma-derived cells involves the activation of cSrc and its
regulatory role in MMP-9 expression. Experimentation on cell
lines is an important limitation of this study since it implies
a study model that is far from reality. However, the results
obtained broaden the knowledge for the future development of
targeted therapies against migration and invasion processes in
an underestimated area in the study of glioblastomas, namely,
signaling through sex hormones and their receptors.
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Background. Ovarian steroid hormones are involved in modulating the growth of glio-
blastomas (the most common, aggressive, and lethal brain tumor) through the interaction
with their intracellular receptors. Activation of sex hormone receptors is involved in glio-
blastomas progression. Tibolone (TIB) is a selective tissue estrogenic activity regulator
widely prescribed to treat menopausal symptoms and to prevent bone lost. The effects
of TIB on the growth of glioblastoma are unknown.

Aim of the study. To evaluate the effects of TIB on cell number, migration, and invasion
of two derived human glioblastoma cell lines (U251 MG and U87), as well as the role of
this steroid in estrogen and progesterone receptors activity and content.

Methods. U251-MG and U87 human glioblastoma cell lines were grown with different
doses of TIB. The number of cells was determined and migration and invasion tests were
carried out. Protein expression was performed by Western blot.

Results. We observed that TIB (10 nM) increased the number of cells by inducing pro-
liferation with no effects on cell migration or invasion. The increase in cell proliferation
induced by TIB was blocked by estrogen (ERs) or progesterone receptor (PRs) antago-
nists, ICI 182, 780 and RU 486, suggesting that these receptors mediate proliferating ac-
tions of TIB; TIB also modified the content of ERs and PRs by increasing ER-o,, ER-f3,
and PR-B, while decreased PR-A.

Conclusion. Our results suggest that TIB increases cell number and proliferation of hu-
man glioblastoma cells through the regulation of ERs and PRs actions and con-
tent. © 2019 IMSS. Published by Elsevier Inc.

Key Words: Tibolone, Human glioblastoma, Estrogen receptor, Progesterone receptor, U251-MG
cells, U7 cells.
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Introduction

Glioblastomas (GBM) are a kind of astrocytoma and repre-
sent the most common and aggressive primary intracerebral
tumors that are derived from astrocytes, glial progenitor
cells or cancer stem cells (1—5). Chemotherapy, radio-
therapy, as well as neurosurgery, are currently used in the
treatment of glioblastomas, obtaining very poor results in
the survival and quality of life of patients, which have a
mean survival of 15 months (6—8).

Several studies indicate that sex steroid hormones, pro-
gesterone (P4), estradiol (E2) and dihydrotestosterone
(DHT), are involved in the regulation of several physiolog-
ical and pathological processes in the brain including tumor
cell growth (9—13). These hormones exert many effects
through the interaction with their intracellular receptors
(PR, ER, and AR, respectively) which are ligand-
activated transcription factors (14,15). After binding to
their ligands, steroid receptors enter cell nucleus to interact
with sequences called hormone response elements in the
promoter regions of target genes to initiate their transcrip-
tion. ER is synthesized as two protein subtypes, ERa and
ER( (14,15), while PR and AR are each expressed as two
isoforms (A and B) with different functions (16,17).

It has been shown that 2-hydroxyestradiol treatment
increased cell proliferation of U373 MG astrocytoma cell
line and that the treatment with PPT (ERa agonist) but not
DPN (ERP agonist) increased the number of U373 cells
(18) PR isoforms have been detected in several cell lines
and biopsies derived from human astrocytomas (19—23).
In astrocytoma cell lines (U373 and D54), P4 increased pro-
liferation, migration, and invasion through its intracellular
receptor (11,22). Interestingly, a direct relation between the
content of PR and the tumor grade has been reported (23).
Moreover, the administration of the PR antagonist, RU486,
or antisense oligonucleotides against PR blocks P4 effects
in in vivo experiments in U373 cells implanted in the motor
cerebral cortex of the rat. In these studies, the P4 administra-
tion significantly increased both the area and the infiltration
length of the tumor (24,25). It has also been reported that
RU486 improves the efficacy of chemoradiotherapy in glio-
blastoma xenografts in mice (26). As in the case of PR, AR
expression is increased in tumor tissue of astrocytoma pa-
tients according to the progressing WHO grades. 5a-DHT
significantly blocked the inhibitory effect of TGFB1 on
GBM growth (27). Moreover, AR antagonist inhibited prolif-
eration in vitro and in vivo of U87 cells derived from glio-
blastoma (28), and gene silencing and pharmacological
inhibition of this receptor induced GBM cell death in vivo
and in vitro (28,29).

Tibolone (TIB) is a selective tissue estrogenic activity
regulator that is widely prescribed to treat menopausal symp-
toms and to prevent bone lost (30). TIB is metabolized into
three biologically active metabolites, the 3-o-hydroxyestro-
genic metabolite, the 3-B-hydroxyestrogenic metabolite,

and the A4-keto isomer. The 3-hydroxy-metabolites bind
ERs while the A4-isomer shows an affinity for PRs and AR
(31). Previous reports have indicated that the 3o~ and 3B3-hy-
droxy-TIB are the predominant free metabolites in the brain
of ovariectomized (OVX) cynomolgus monkeys (32). A ran-
domized, placebo-controlled, double-blind trial demonstrated
that TIB increased breast cancer recurrence (33) and a litera-
ture review points out that this synthetic hormone increases
the risk of endometrial cancer, even when the treatment lasts
less than 5 years (34,35). These data suggest that TIB partic-
ipates in tumor progression processes; however, the participa-
tion of TIB in the progression of glioblastomas is unknown. In
this work, we studied the effects of TIB on cell number,
migration, and invasion, as well as on the content of ERs,
PRs, and ARs in cell lines derived from human glioblastomas.

Experimental
Cell Cultures

U251-MG and U87 human glioblastoma cell lines were used.
Cells were grown in 10 cm dishes and maintained in Dulbec-
co’s modification of Eagle’s medium (DMEM), supplemented
with 10% fetal bovine serum (FBS), 1 mmol pyruvate, 2 mmol
glutamine, 0.1 mmol nonessential amino acids (GIBCO, NY)
at 37°C under a 95% air, 5% CO, atmosphere.

Cell Number and Treatments

Cells were grown on 48 well plates (5 x 10> cells) and main-
tained as indicated in the Cell cultures section. Twenty-four
hours before treatments, medium was changed by DMEM
phenol red free medium supplemented with 10% FBS without
steroid hormones (Hyclone, UT, USA), 1 mmol pyruvate,
2 mmol glutamine, 0.1 mmol nonessential amino acids (GIB-
CO, NY, USA) at 37°C under a 95% air, 5% CO, atmosphere.
The following treatments were applied on day O: (1) vehicle
(0.02% cyclodextrin in sterile water); (2) TIB (10 nM); (3)
TIB (100 nM); (4) TIB (1 uM); (5) TIB (10 uM); (6) RU
486 (1 uM, RU); (7) TIB (10 nM) +RU; (8) ICI 182, 780
(2 uM, ICI); and (9) TIB (10 nM) +ICI. Each experiment
was performed in four independent cultures. Cyclodextrin
and TIB were purchased from Sigma-Aldrich, MO, USA.
Cells were harvested from incubation every day during six
consecutive days with PBS 1X 4+ EDTA (1 mmol). The num-
ber of living cells, evaluated by a blind observer, was
measured by trypan blue dye exclusion using an inverted mi-
croscope (Olympus CKX41, PA, USA).

BrdU Incorporation Assay

5-Bromo-2'-deoxyuridine  (BrdU) incorporation  Kit
(11296736001 Roche, IN, USA) was used according to
the manufacturer’s recommendations to determine
U251 MG cell line proliferation. Cells cultured in four-well
glass slides were treated for 24 h and afterward cell culture
medium was replaced by the BrdU labeling medium for
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45 min. After cell fixation, BrdU incorporation was de-
tected by immunofluorescence using a monoclonal anti-
body against it and a fluorochrome-conjugated secondary
antibody. Additionally, nuclei were stained with Hoechst
33342 solution (1 pg/mL). Cell nuclei stained with
Hoechst, and positive BrdU cells were visualized in an
Olympus Bx43 F microscope (Olympus, PA, USA). Cell
counting was done with the Imagel] software 1.45S (Na-
tional Institutes of Health, USA).

Migration Assay

To evaluate whether TIB induces migration, we used the
scratch-wound assay. Cells (300,000) were seeded with
DMEM medium in six-well plates when the 70% of conflu-
ence was reached, the medium was changed for phenol red
free DMEM medium supplemented with 10% FBS without
hormones. After 24 h, the culture reached approximately
90% of confluence, and the formation of a uniform monolayer
was observed. With a 200 pL pipet tip, two parallel scratches
by well were made. The detached cells were washed by
aspiration. Cells were incubated with phenol red-free DMEM
medium with DNA synthesis inhibitor cytosine $-D-arabino-
furanoside hydrochloride (10 uM, AraC; Sigma-Aldrich, MO,
USA). One hour later, TIB (10 nM) was added, and images of
the scratch area were taken with an AxioCam (Carl Zeiss,
GER) attached to an inverted microscope Axio Vert Al (Carl
Zeiss, GER) at 100X magnification at0, 12 and 24 h. The num-
ber of migrating cells in the scratch areas was counted from
four random fields using the ImageJ software (National Insti-
tute of Health, WA, USA).

Invasion Assay

Invasion experiments were performed as described by Pina-
Medina V, et al. (22). Briefly, Transwell chambers (Corning,
NY) were covered with 2 mg/mL of Matrigel supplemented
with the DNA synthesis inhibitor AraC (Sigma Aldrich, St.
Louis, MO) and left at room temperature for gelation.
U251 MG and U87 cells (300,000) were suspended in
1.5 mL serum-free medium and treatments were added to
the upper chambers. The lower chambers were filled with
2 mL DMEM with 10% FBS. The chambers were incubated
at37°C, 5% CO, for 24 h. After incubation, the Matrigel with
the non-invading cells was removed from the upper surface
of the transwell membrane. The invading cells were fixed
in 4% paraformaldehyde for 20 min and stained with 0.1%
crystal violet for 20 min. The inserts were observed under
an inverted microscope (Olympus CKX41) and the images
of five randomly selected fields were captured with an
Infinity1-2C camera at 20X magnification.

Western Blot

U251 MG cells (2 x 10° cells) were grown in 10 cm dishes
and maintained as described in the Cell cultures section.

Twenty-four hours before treatments, the medium was
changed by DMEM phenol red free medium at 37°C under
a 95% air, 5% CO, atmosphere. Vehicle (cyclodextrin
0.02%) and TIB (10 nM) were applied for 24 h. Each exper-
iment was performed in four independent cultures. After
the treatments, cells were homogenized in 500 pl of RIPA
lysis buffer with protease inhibitors (1 mM EDTA, 2 pg/mL
leupeptin, 2 pg/mL aprotinin, | mM PMSF). Proteins were
obtained by centrifugation at 20,000x g, at 4°C for 15 min,
and quantified by the method of Bradford (Bio-Rad Labo-
ratories, TX, USA). Proteins (70 pg) were separated by
electrophoresis on 8% SDS-PAGE at 20 mA. Colored
markers (Bio Rad, CA, USA) were included for size deter-
mination. Gels were transferred to nitrocellulose mem-
branes (Amersham, NJ, USA) for 2 h at 60 mA to detect
ERa, ERB, ARs, epidermal growth factor receptor (EGFR),
insulin-like growth factor receptor (IGFR) and vascular
endothelial growth factor (VEGF); the transfer for PRs
detection was done for 7 h at 30 mA, at room temperature
in semi-dry conditions. Membranes were blocked at room
temperature with 3% nonfat dry milk and 1% bovine serum
albumin for 2 h. Membranes were then incubated with
0.8 pg/mL of antibodies against ERo. (Santa Cruz sc-
8002, TX, USA), ERp (Santa Cruz sc-, TX, USA), EGFR
(Santa Cruz sc-003), VEGF (Santa Cruz sc-152), IGFR
(Santa Cruz sc-81464, TX, USA), 3 pg/mL of mouse
anti-PR monoclonal antibody (ab58565, Abcam, Cam-
bridge, ENG), 4 ng/mL of mouse anti-AR monoclonal anti-
body (Santa Cruz sc-815, TX, USA), both recognize PR
and AR isoforms, respectively, at 4°C overnight. Blots were
then incubated with 400 pg/mL of secondary antibody con-
jugated to horseradish peroxidase (Santa Cruz Biotech-
nology, TX, USA) for 45 min.

To correct for differences in the amount of total protein
loaded in each lane, ERa, ERB, PRs, ARs, VEGF, EGFR,
and IGFR content was normalized to that of o-tubulin.
Blots were stripped with glycine (0.1 M, pH 2.5, 0.5%
SDS) at 4°C overnight and at room temperature for
30 min, and reprobed with 0.2 pg/mL of mouse anti-o-
tubulin monoclonal antibody (sc-5286, Santa Cruz Biotech-
nology, TX, USA) at 4°C overnight. Blots were incubated
with a 1:3000 dilution of goat anti-mouse IgG conjugated
to horseradish peroxidase (Santa Cruz Biotechnology, TX,
USA) at room temperature for 1 h. Enhanced chemilumi-
nescence (ECL) signals were detected exposing membranes
to Kodak Biomax Light Film (Sigma-Aldrich, MO, USA)
using Supersignal West Femto as peroxidase substrate
(Thermo Scientific, MA, USA). The antigen—antibody
complex was detected as the area under a peak correspond-
ing to a band density (the area is given in inches with a
default scale of 72 pixels/inch) in a semiquantitative way
using HP Scanjet G3110 apparatus (Hewlett-Packard Com-
pany, CA, USA) and the Image J 1.45S software (National
Institutes of Health, USA). In order to minimize inter-assay
variations, all Western blots were carried out in parallel.
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Statistical Analysis

All data were analyzed and plotted using the GraphPad
Prism 5.0 software for Windows XP (GraphPad Software,
CA, USA). Statistical analysis between comparable groups
was performed using a one-way ANOVA with a Bonferroni
post-test. For invasion and western blot assays a t-student
test was applied. A value of p <0.05 was considered statis-
tically significant.

Results

Effects of TIB on the Cell Number of Human
Glioblastoma Cell Lines

To study the effects of TIB on cell number of U251-MG
and U87 human glioblastoma cell lines, we performed a
time-course study over a period of six days by using
different concentrations of TIB (10 nM, 100 nM, 1 mmol,
10 mmol). In U251-MG and U87 cells, all TIB treatments
increased the number of cells on the fifth and sixth day of
culture (Figure 1).

Effect of ERs and PRs Inhibition on Glioblastoma Cell
Proliferation Increase Induced by TIB

TIB and its metabolites have affinity for ERs and PRs (31). To
study the role of ERs and PRs in cell proliferation induced by
TIB (10 nM), we carried out a time-course study to count glio-
blastoma cells for six days and a BrdU incorporation assay
with TIB. In U251-MG, TIB treatment increased the number
of proliferating cells from the fourth to the sixth day of culture
(Figure 2A). This increase was blocked by RU 486 (PRs
antagonist) and ICI 182, 780 (ERs antagonist) applied
30 min before TIB treatment (Figure 2A). Interestingly, in
BrdU assays, ICI 182, 780 treatment without TIB diminished
cell proliferation under the vehicle value (Figures 2B and 2C).
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Effects of TIB on Migration and Invasion of Glioblastoma
Cell Lines

To assess whether treatment with TIB (10 nM, 24 h) modify
the migration (Figure 3) and invasiveness (Figure 4) of
U251 and US87 cells, we performed the scratch-wound
and transwell assays. It was observed that there was a sig-
nificant increase in the number of U251 cells in the scratch
area of cells treated with TIB with respect to the vehicle,
however, when cells were further treated with the inhibitor
of DNA replication AraC, no significant differences in the
number of migrating cells in the scratch area were
observed. In U87 cells no differences were observed be-
tween TIB treatment and vehicle with or without AraC.
These results demonstrate that TIB treatment increases cell
number but has no effect on the motility of the U251 and
U87 cells (Figure 3). Besides cell migration, we also eval-
vated cell invasion after TIB treatment, our results show
that TIB did not modify the invading capabilities of both
cell lines in comparison with vehicle (Figure 4).

TIB Specific Effect on the Content of Sex Steroid Hormone
Receptors and Growth Factors Receptors in U251-MG
Cell Line

To determine the effect of TIB on the content of PRs, and
ERs, we performed Western blotting of total protein ex-
tracted from U251-MG cells after 24 h of treatment with
10 nM of TIB. We observed that in U251-MG cells, TIB
treatment increased PR-B content meanwhile decreased
PR-A (Figure 5A). ERa and ERp content increased after
TIB treatment (Figures 5B and 5C). To evaluate whether
TIB could regulate other proteins involved in glioblastoma
progression such as androgen receptor (AR), VEGF, EGFR
and IGFR-1, the content of these proteins was evaluated;
we found that treatment with this steroid did not modify
the content of these proteins (Supplementary Figure 1).
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Figure 1. Effects of TIB on the number of human glioblastoma cells. U251-MG and U87 cell lines were treated with: (1) vehicle (V) (0.02% cyclodextrin in
sterile water) (2) TIB (100 nM); (3) TIB (1 mmol); (4) TIB (10 mmol) and (5) TIB (10 nM) for six days. Every day cells were harvested, and the number of
cells was determined by trypan blue dye exclusion using an inverted microscope. Data are mean = S.E.M. n = 4; *p <0.05 vs. all TIB concentrations.
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Figure 2. Effect of ERs and PRs inhibition on glioblastoma cell proliferation increase induced by TIB. (A) U251-MG with: (1) vehicle (V) (0.02% cyclo-
dextrin in sterile water); (2) TIB (10 nM); (3) RU 486 (1 mmol, RU); (4) TIB + RU (5) ICI 182, 780 (2 mmol, ICI); and (6) TIB + ICI during 6 days.
Every day cells were harvested, and cell number was determined by trypan blue dye exclusion using an inverted microscope. Data are mean = S.E.M.
n = 4; *p <0.05 vs. all treatments. (B,C) U251-MG were treated with V or TIB; Cell incorporating BrdU were determined as a percentage of the total
number of cells stained with the nuclei dye Hoechst. Values were normalized to V = 1. Histograms represent the mean £ SEM of the relative increase
(RI) compared to V, n = 4. *p <0.05 vs. all groups except RU; **p <0.05 vs. all groups.

Discussion

In the present study, we examined the effect of TIB on cell
number, proliferation, migration, and invasion of the human
glioblastoma cell lines: U251-MG and U87, as well as on
the activation and content of sex steroid hormone receptors
and other proteins involved in cancer progression. The re-
sults showed that TIB increased the number and prolifera-
tion of cells, with no effects on cell migration or invasion.

Previous reports indicate that E2 is involved in the regula-
tion of several physiological and pathological processes in
the brain and may play a role in the control of brain tumor
growth (10,36). It has been reported that estrogen biosyn-
thesis inhibition decreased the growth of C6 mouse glioma
cells (37). Barone TA, et al. (36) found that E2 decreased tu-
mor growth in nude rats intracerebrally implanted with
U373 MG glioblastoma cell line; however, cell proliferation
increased at 72 h after 10 nM of 2-hydroxyestradiol treatment

in in vitro experiments (38,39). Moreover, previous studies
indicate that in U373 cell line, the number of cells signifi-
cantly increased after PPT (ERa agonist) treatment but not
after DPN (ERp agonist) treatment (37). All these data indi-
cate a proliferative effect of E2 in vitro; however, the effects
of this hormone in vivo are completely different. Some re-
ports describe that estrogens could be related to the inhibition
of tumor growth (38,39). Our results do not correlate with
those obtained by Altinoz MA, et al. (37), who demonstrated
an inhibitory effect of TIB on the cell number of rat C6 ma-
lignant glioma cells and primary cultures of glioblastoma tu-
mors cultured in vitro. These discrepancies could be due to
differences in the cell lines used in both works; U251 cell line
shows several genetic alterations similar to human GBM tu-
mor, including alterations in key tumor suppressors and
oncogenic pathways. Furthermore, magnetic resonance im-
aging features of the U251 mouse model correlate with hu-
man GBM, including a necrotic center, poorly demarcated
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Figure 3. Effects of TIB on the migration of cells derived from human glioblastomas. U251-MG and U87 cells were treated with Tibolone (TIB 10 nM),
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and infiltrative tumor borders (40). In contrast, in C6 cell line,
some mutations in tumor suppressors as P53 and PTEN are
missing (41); also, when these cells are implanted in
Sprague—Dawley or Long—Evans rats, the tumor loses its
invasive characteristics and grows encapsulated, no longer
resembling the diffusely infiltrative nature of GBM (41). In
primary cultures, many kind of cells, besides glioblastoma
cells, could be present. Therefore, this heterogeneity could
lead to different responses to TIB treatment. The present re-
sults were obtained in a homogeneous population of U251
immortalized cell line. These results together suggest that
TIB effects will depend on the cell and tumor
microenvironment.

Some studies report that the use of different compounds
does not necessarily promote proliferation, invasion, and
migration as a combo, but promote those effects indepen-
dently (42,43). TIB promotes proliferation without effects
on migration or invasion. This could be related to the fact
that this steroid did not have effects over proteins involved
in these processes that are overexpressed in glioblastomas,
such as VEGF, EGFR or IGFR (44—46).

TIB and its metabolites have affinity for ERs and PRs
(47); estradiol and progesterone treatments induce prolifer-
ation of glioblastoma cells and the inhibition of their

receptors blocked this effect (11,18,48). Our results showed
that the inhibition of ERs and PRs blocked the proliferative
effect of TIB in globlastoma cells, suggesting that TIB ex-
erts its effect on cell proliferation through these steroid
receptors.

TIB decreases reactive gliosis and death after wound
injury in neurons from the cerebral cortex in female mice
(49), and in the T98 G cell line (derived from glioblas-
toma), by protecting them from glucose deprivation (50).
These results suggest that TIB induces survival processes
in normal or tumorigenic brain cells, which should explain
its effect on the cell number and BrdU incorporation in
U251 and US87 cell lines. Interestingly, this induction
could be mediated by ERs and PRs. Also, it has been re-
ported that estradiol prevents death induced by glucose
deprivation through its interaction with ERs in cultured
rat hippocampal neurons and after 8§ weeks of progesterone
treatment (51).

In a cell line derived from PC-3 (human prostate cancer)
that was genetically modified to express AR stably, TIB
modified this receptor activity through its metabolites:
Ad4-tibolone increased its transcriptional activity, while
30-OH-tibolone diminished it (47). Although AR levels
in glioblastomas are higher compared to periphery normal
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Figure 5. Effect of TIB on the content of AR, ER and PR isoforms on U251-MG cells. U251-MG cells were treated with TIB (10 nM) or vehicle (V) (0.02%
cyclodextrin in sterile water); after 24 h, cells were lysed and proteins (70 ng) were separated by electrophoresis on 10% SDS-PAGE. Gels were transferred to
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detected by ECL. The densitometric analysis was performed using the o-tubulin signal to correct for differences in the amount of total loaded protein.
Representative blots (upper panel) and the densitometric analysis (lower panel) are shown. Data are normalized to V, bars represent mean + S.E.M.

n =4; *p <0.05 vs. V.

brain tissue (52), our findings showed that TIB did not
modify the content of ARs.

We observed that TIB increased ERa and ER B content
in U251-MG cells. A study reported that 3-hydroxytibolone
metabolites were stronger ligands and activators of estrogen
receptors (ERs) with greater affinity for ERa than for ER3
(53). Concomitantly with these data, it has been reported
that U737 cell line expresses estrogen receptors, being
ERoa the predominant subtype, and that E2 and ICI 182,
780 (ER antagonist) down-regulated the ERa content in this
cell line (18). These results suggest that the effect of TIB
and its metabolites could be mediated by their binding to

ERs. Although an estrogenic effect of TIB on the cell num-
ber could be suggested, a progestogenic effect cannot be
excluded. A previous report indicates that P4 induces pro-
liferation of cell lines derived from human astrocytomas
grades IIT and IV (11). It has also been reported that PR iso-
forms are expressed both in human astrocytoma biopsies
and glioblastoma cell lines (11,23), where PR-B was the
predominant isoform (11). Moreover, PR-A overexpression
in an astrocytoma cell line significantly diminished the in-
crease in U373 cells number produced after progesterone
treatment, suggesting that PR-A inhibits proliferation,
while PR-B induces it (19). In this work, we observed that
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TIB (10 nM) increased PR-B content but decreased that of
PR-A in U251-MG cells.

We have reported that both estradiol (18) and progester-
one (11,22) stimulate the proliferation, migration, invasive-
ness and expression of growth factors in these cell lines
derived from human glioblastoma, while TIB has an effect
only on the proliferation and the expression of hormone re-
ceptors. These in vitro results indicate that further in vivo
studies are necessary to interpret the possible meaning of
these findings and their clinical relevance for this type of
tumors.

Our results suggest that TIB increases cell number and
proliferation of human glioblastoma cells without affecting
migration or invasion through the regulation of the content
and activity of ERs and PRs.
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Abstract

It is well known that peripheral sex steroid hormones cross the blood-brain barrier
and control a broad spectrum of reproductive behaviors. However, their role in other
essential brain functions was investigated since the 1980s, when the accumulation
of pregnenolone and dehydroepiandrosterone in the brain of mammalian species
was determined. Since then, numerous studies have demonstrated the participation
of sex hormones in brain plasticity processes. Sex hormones through both genomic
and non-genomic mechanisms of action are capable of inducing gene transcription
or activating signaling cascades that result in the promotion of different physiological
and pathological events of brain plasticity, such as remodeling or formation of dendritic
spines, neurogenesis, synaptogenesis or myelination. In this chapter, we will present the
effects of sex hormones and proteins involved in brain plasticity.
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1. Brain plasticity
1.1 What is brain plasticity?

The concept of brain plasticity (BP) is used to summarize the intrinsic abil-
ities of the brain cells to change under physiologic or pathologic conditions
in an adaptive way. Such processes occur at different timescales, from a few
minutes to years. These changes involve molecular and structural character-
istics of neurons and glial cells and their interactions. In this chapter, we will
focus on the effects of sex steroid hormones over some plastic elements in
brain synapses.

1.2 Structural and chemical changes during brain plasticity

The neural structure is continually changing. Cytoskeleton participates
in regulating morphogenesis of neurons and the maintenance of mature
synapses. The regulation of actin filaments (F-actin) and microtubules are
essential for dendritic spines. F-actin are polymers of actin globular mono-
mers (G-actin), their arrangement is carried out through dynamic events of
polymerization and depolymerization of F-actin, which is controlled by the
activity of proteins such as members of the Rho GTPases family and their
effectors (Gonzalez-Billault et al., 2012; Jan & Jan, 2010), whereas micro-
tubules are polymers of o~ and p-tubulin. Besides, neuronal microtubules
display a dynamic instability in neurites (Kuijpers & Hoogenraad, 2011).
The structures with more changes among life course are dendrites and
axonal ends of neurons. Dendritic spines are small membranous protrusions
of the neuronal surface connected to the cell by a thin neck; these can arise
from the soma, dendrites, or axons, and contain the postsynaptic machinery
necessary to respond to neurotransmitters (Rochefort & Konnerth, 2012).
Dendrites compute the information received from the axons of other
cells. The number of dendrites, their length, diameter, and branches, limit
the range and speed of information that a neuron can integrate. Moreover,
dendritic spines are associated with the biochemical isolation of one synapse
to another in the same dendrite (Nimchinsky, Sabatini, & Svoboda, 2002).
These structures are critical because they can rapidly change their structure
and even disappear due to changes in the F-actin content in a time-lapse
of 2-3min (Honkura, Matsuzaki, Noguchi, Ellis-Davies, & Kasai, 2008).
Dendritic spines are of particular interest in neuroscience because they par-
ticipate in synaptic plasticity and regulate mental processes such as cognition,
learning, and memory (Bruel-Jungerman, Davis, & Laroche, 2007).
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1.3 Brain plasticity during developmental stages

Neurogenesis and gliogenesis are the two processes that originate mature
neurons and glial cells, respectively, from neural stem cells (NSC). While
neurogenesis occurs early during embryonic development and early postna-
tal life, gliogenesis starts at late embryo developmental states and continues
in postnatal life. Neurogenesis begins when neuroepithelial cells are
symmetrically divided, and numerous cell layers of them are formed. The
neurogenesis switch at the ventricular zone where downregulates tight
junction proteins such as occludin in embryo models of chick and mice
(Aaku-Saraste, Hellwig, & Huttner, 1996). Then, neuroepithelial cells give
rise to radial glial cells, which eventually originates neurons, astrocytes, and
oligodendrocytes in humans (Howard, Chen, & Zecevic, 2006; Mo et al.,
2007). Several transcription factors regulate the differentiation of NSC in
both embryo telencephalon, and adult NSC population at subventricular
zone such as Pax6 or Gsx2 in mice (Brill et al., 2008; Lopez-Juarez et al.,
2013). Besides, it has been proposed that a quiescent state of the adult
NSC is promoted by differences between neurogenic niches during embryo
life (Fuentealba, Obernier, & Alvarez-Buylla, 2012).

1.4 Brain plasticity during childhood and adulthood

In the brain at the moment of birth, each neuron has 7500 connections, and
these connections will reach the maximal number at 2 years old. Half of
these synapses are pruning through programmed cell death. This phenom-
enon is explained by the Hebb Rule, which says that only synapses that have
been constantly stimulated will be preserved (Mundkur, 2005). During
childhood, BP is present through several mechanisms, including the persis-
tence of neurogenesis, elimination of some neurons, refinement of synaptic
connections, and proliferation and pruning of synapses (Johnston, 2004).
During several years, BP had been seen only as an event predominantly
in childhood, but nowadays, thanks to improvements in the field of imaging
techniques is clear that BP takes place throughout the entire life (Pauwels,
Chalavi, & Swinnen, 2018).

In a newborn, the brain is very immature, and in humans, this organ is
entirely mature at 20 years old. All this period is known as “critical period”
because all experiences have a significant impact on learning and develop-
ment, which results in a healthy behavior accordingly to a particular envi-
ronment in which an individual is exposed. For example, in the case of
language acquisition, the critical period is during the first 6 years of life, this
ability decreases drastically after 12 years old (Vaegan & Taylor, 1979).
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Although BP is maximal in childhood, it does not disappear in adulthood, it
rather decreases and is activated in a more specific context (Mundkur, 2005).
The most convincing data about BP in adults comes from the fact that stroke
patients with severe damage have shown the highest recovery after contin-
uous therapy (Ramanathan, Conner, & Tuszynski, 2006).

Mpyelination is a mechanism of BP that has been underappreciated. The
first steps in myelination begin at the last period of fetal development and
continue during the first days of life and into early adult life. In the same
way, the environment influences BP, and evidence of improvement of mye-
lination in a context-dependent way has been documented (Fields, 2005).

1.5 Abnormalities in brain plasticity

BP is a fundamental event for the healthy development of cognitive and social
activities. Dysfunctions in any of its molecular or structural elements lead to
some neurological and psychiatric impairments. Neurodegenerative diseases
such as Alzheimer’s (AD), Parkinson’s, and Huntington’s disease or neuropsy-
chiatric disorders like schizophrenia or major depression are closely related to
synaptic dysfunction (Martella, Bonsi, Johnson, & Quartarone, 2018).

AD is the principal cause of dementia in older people, and it is charac-
terized by the loss of cholinergic neurons in the basal forebrain. Although an
effective treatment for AD is not yet available, some treatments consist are
using agents that enhance the action of endogenous glutamate, nonsteroidal
anti-inflammatory drugs, and estrogens (Gooch & Stennett, 1996).

Tuberous sclerosis, neurofibromatosis, Fragile X syndrome, or cerebral
palsy are among neurological disorders that are a concern of pediatrics with
frequency. Signaling pathways associated with processes like learning and
memory are linked with most of these disorders. For example, Fragile
X syndrome has been associated with a deficiency in the FMRP protein,
implicated in the regulation of activity-dependent protein translation during
synapsis. In mouse with Fragile X syndrome, dendritic spines present abnor-
malities in shape and size. These mice also show alterations in signaling
through AMPA receptors and a more perdurable long-term depression
(Comery et al., 1997).

2. Sex hormones and brain

2.1 General mechanisms of sex hormone actions

The sex hormones (SH) progestins, estrogens, and androgens exert their
actions through a classic mechanism that involves the activation of nuclear



Sex hormones and proteins involved in brain plasticity 149

receptors, progesterone receptor (PR), estrogen receptor (ER) and andro-
gen receptor (AR), respectively. Also, there are non-classic mechanisms
that can be activated by SH modulating difterent signaling pathways.
These mechanisms are mediated by specific membrane progesterone recep-
tors (mPRs), membrane estrogen receptors (mERs), membrane androgen
receptors (mARSs), or some neurotransmitters receptors (Camacho-
Arroyo, Hansberg-Pastor, Vazquez-Martinez, & Cerb6n, 2017; Lai, Yu,
Zhang, & Chen, 2017) (Fig. 1).

2.2 Actions of progesterone, estradiol, and testosterone in
the brain

Actions of SH in the brain can be observed at different levels, such as cell
differentiation, synaptogenesis, axon guidance, myelination, neurogenesis,
cell migration, among others. Together, these actions result in changes in
the number of cells, the cytoarchitecture, cellular activity, synaptic connec-
tivity, and the content of neurotransmitters (Catenaccio, Mu, & Lipton,
2016; McEwen & Milner, 2017).

Progesterone (P4), estradiol (E2), and testosterone (T) are SH derived
from cholesterol mainly synthesized in the adrenal gland and the gonads, also
are synthesized within the brain, and their levels vary in different areas of the
brain of males and females (Kato et al., 2013; Konkle & McCarthy, 2011).
Changes in BP occur as a result of the action of SH produced by the gonads
and adrenal glands, as well as by the local synthesis in the brain (Do Rego
et al., 2009; Mellon & Grittin, 2002).

The effects of SH in the brain can be classified into two main groups:
reproductive and non-reproductive. In the case of the reproductive effects,
it is known that SH levels are differentially modified throughout life,
resulting in various changes in the anatomy of the brain as well as in its phys-
iology, and consequently in sexual behavior (Hillerer, Jacobs, Fischer, &
Aigner, 2014; Nugent et al., 2012). Among the non-reproductive effects
are neuroprotection, learning, and memory, sleep, the course of different
mental and neurological diseases in response to physical damage, or the
modulation of the immune system (Colciago, Casati, Negri-Cesi, &
Celotti, 2015; Klein & Flanagan, 2016).

3. Sex hormones and brain plasticity
3.1 Progesterone in brain plasticity

P4 is known for its essential role in the reproductive process and the estab-
lishment and maintenance of pregnancy. However, since the discovery of P4
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Fig. 1 General mechanism of sexual hormones action and brain plasticity. Sexual hor-
mones such as progesterone (P4), estradiol (E2), and testosterone (T) can be synthesized
de novo in the brain and exert a group of actions through their nuclear or membrane
receptors (nR, mR, respectively). Once within the cell, these hormones can interact
with their nR and activate the transcription of a group of genes related with specific
processes of brain plasticity, for example, E2 induce the transcription of synaptophysin
(synapse formation), spinophilin (formation and function of the dendritic spine) or BDNF
(enhancement of dendritic spines and synaptogenesis). P4 induces the transcription of
myelin basic protein (MPB; the protein component of the myelin sheat). Once activated
by their respective hormones, nRs can also induce non-genomic effects through the
activation of Src-MAPKs or PI3K-AKT signaling pathway. Besides, these hormones induce
non-genomic effects trough their mRs, which are G-protein-coupled receptors, and
therefore induce the activation of PKC or PKA. The activation of all these kinases finally
conduces to the enhancement of FAK, Moesin, and WAVE phosphorylation (pFAK,
pMoesin, pWAVE). All of these events lead up to the remodeling and formation of den-
dritic spines, neurogenesis, synaptogenesis, or myelination (* enhancement of expres-
sion, ** enhancement of phosphorylation, # signaling pathway activation).

metabolism in the CNS, plenty of studies determining its participation in BP
processes has been made. Neurons and glial cells are capable of synthesizing
P4 from cholesterol (Schumacher et al., 2012; Tsutsui, Ukena, Sakamoto,
Okuyama, & Haraguchi, 2011). Several authors have reported the expres-
sion of PR-A/B receptors, mPRs, and PGRMC1 in neurons and glia
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(Cabrera-Munoz et al.,, 2009; Camacho-Arroyo, Hansberg-Pastor,
Cabrera-Munoz, Hernandez-Hernandez, & Gonzalez-Arenas, 2012;
Gonzalez-Aguero, Ondarza, Gamboa-Dominguez, Cerbén, & Camacho-
Arroyo, 2001; Gonzalez-Orozco & Camacho-Arroyo, 2019; Valadez-
Cosmes etal., 2015). The expression of PR has been associated with changes
in the size and or formation of new dendritic spines, cytoskeleton reorgani-
zation, myelination, and neurogenesis (Ghoumari et al., 2003; Kato et al.,
2013; Montes et al., 2019; Sanchez, Flamini, Genazzani, & Simoncini,
2013; Zhang et al., 2010).

Different research groups have studied the effect of hormones on den-
dritic spines. One of the most evident effects of P4 on dendritic spines
has been observed during the estrous cycle in which a positive correlation
between the levels of P4 in the hippocampus of rats and the density of
dendritic spines has observed. Thus, when P4 locally reaches the highest levels,
the highest density of dendritic spines is observed (Kato et al., 2013). Although
the mechanisms by which these effects occur have not been described in detail,
authors such as Sakamoto and collaborators have shown that in cerebellar
Purkinje cells of newborn rats, P4 increases the number of dendritic spines
in a dose-dependent manner, and the administration of a PR antagonist
(RU486) blocked the effect of P4. These findings suggest that the mechanism
by which these events occur is the genomic one (Sakamoto, Ukena, &
Tsutsui, 2002). Besides, P4 administered for 2 h in hippocampus slices of adult
male rats significantly increases the density of dendritic spines (Murakami et al.,
2017), suggesting the participation of non-genomic mechanisms.

Morphological changes in dendritic spines depend on the cytoske-
letal rearrangements, which can be dynamically regulated by hormones
(Hansberg-Pastor, Gonzalez-Arenas, Pila-Medina, & Camacho-Arroyo,
2015; Kaech, Parmar, Roelandse, Bornmann, & Matus, 2001). Although
most of the SH eftects on actin cytoskeleton remodeling have been observed
with estrogens, P4 also induces cytoskeleton changes. Sanchez and collab-
orators demonstrated that P4 increases the phosphorylation as well as
the distribution of the proteins moesin, focal adhesion kinase (FAK), and
Wiskott-Aldrich syndrome protein family member 1 (WAVE1). Thus,
promoting an increase in the density and the number of dendritic spines
in primary cultures of rat cortical neurons (Sanchez et al., 2013) (Fig. 1).
Another essential process in BP is myelination, in which P4 has been shown
to have effects. In slices of rat cerebellum organotypic cultures, P4 by acti-
vating PR promotes in a dose-dependent manner, the expression of myelin
basic protein (Ghoumari et al., 2003) (Fig. 1).
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Finally, we cannot talk about P4 effects on BP without considering
neurogenesis. Different groups have shown that P4 treatment improves neu-
rogenesis during pathological conditions, such as cerebral ischemia. When
P4 is administered to male mice after being subjected to an ischemia process,
a higher density of new neurons in the dentate gyrus was observed (Zhang
et al., 2010). These observations were confirmed by other groups. Recently
by Montes and cols, they administered P4 to male rats after their induction of
cerebral ischemia. It was observed a significant number of proliferating neu-
rons in the dentate gyrus; additionally, these rats show a better performance
in the Morris water maze test compared to rats that were treated with vehicle
(Montes et al., 2019).

3.2 Estrogens in the brain plasticity

The first work about presence and activity of aromatase, the enzyme respon-
sible for E2 synthesis, in the brain appeared beginning the 70s (Naftolin,
Ryan, & Petro, 1971). Nowadays, it is known that E2 and aromatase have
a vital role in physiological events during embryonic development such as
sexual differentiation (Bakker & Baum, 2008) and through adulthood, on
cognition, by its capacity to regulate synapses formation (Hara, Waters,
McEwen, & Morrison, 2015). Also, E2 has been associated with neuro-
protective functions in the context of some pathologic conditions such as
perinatal asphyxia (Saraceno, Bellini, Garcia-Segura, & Capani, 2018).

E2 is in a sixfold higher concentration in the hippocampus than in plasma
(Kretz et al., 2004). The main cells in which have been detected the aroma-
tase expression are neurons (Yague et al., 2008). Some glial cells, including
astrocytes in brain areas suffering different types of injuries, also present aro-
matase immunoreactivity (Azcoitia, Sierra, Veiga, & Garcia-Segura, 2003;
Garcia-Segura et al., 1999).

There is a positive correlation between aromatase and expression
of estrogen receptor alpha (ERa) and beta (ERP) (Azcoitia, Yague, &
Garcia-Segura, 2011). ERa and ERf are widely distributed along human
telencephalon, despite their different pattern of distribution. They are
detected first during the fetal development, and their localization within
the cell are different (Gonzalez et al., 2007).

Neurogenesis has been mainly explored in the dentate gyrus of the hip-
pocampus and the subventricular zone (Spalding et al., 2013). However,
there are other areas such as the amygdala and hypothalamus, where newly
proliferated neurons have been detected. In the hippocampus, treatments
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with specifics ERa (propyl-pyrazole triol) or ER  (diarylpropionitrile) ago-
nists increased cell proliferation in adult ovariectomized Sprague-Dawley
rats (Mazzucco et al., 2000). In the amygdala and hypothalamus of fetal
rat, E2 induced the proliferation and survival of new neurons (Chowen,
Torres-Aleman, & Garcia-Segura, 1992). Various factors have been attrib-
uted to the role of E2 in the enhancement of neuronal proliferation. One
of these factors is associated with the reduction of oxidative stress. In an
Alzheimer’s disease model, mice that received E2 during the initial stage
of the disease exhibited a reduction in the levels of nitric oxide and reactive
oxygen species. In addition, the treatment of E2 in these mice reduced
the activation of the cytochrome-¢/Bax/Bcl-2/caspase-3 pathway (Zheng
et al., 2017). The effect of E2 in the neurogenesis has also been associated
with its role through the activation of its nuclear receptors in changing
the expression of genes related to different physiological processes
(Aenlle, Kumar, Cui, Jackson, & Foster, 2009; Coyoy, Guerra-Araiza, &
Camacho-Arroyo, 2016). Other authors have associated the proliferative
effects of E2 with the activation of the extracellular ERK/MAPK signaling
(Fig. 1) (Wang, Liu, & Brinton, 2008).

Synaptogenesis and synaptic plasticity are processes involving synapse
formation, maintenance (stabilization), and activity-dependent refinement
and elimination (Cohen-Cory, 2002). In the 90s, several studies demon-
strated the role of E2 in synapses remodeling. Ovariectomy in rats for 6 days
caused the decrease in density of dendritic spines (Gould, Woolley,
Frankfurt, & McEwen, 1990): This effect was reverted by E2 replacement
(Woolley & McEwen, 1993). E2 not only changes the density of the spine
but also the shape of spines. For example, rats in the proestrus period (when
E2 levels are the highest) showed more thin and fewer mushroom spines
than rats in the estrus period (Gonzilez-Burgos, Alejandre-Gomez, &
Cervantes, 2005). Interestingly, E2 increased the frequency of multiple
synapse boutons in CA1 neurons in the presynaptic terminal. These exper-
iments were conducted in female ovariectomized rats (Woolley, Wenzel, &
Schwartzkroin, 1996). Besides, other authors have demonstrated the
relationship between E2 and proteins highly enriched in the presynaptic
and postsynaptic areas such as synaptophysin I or spinophilin, respectively
(Fig. 1). In both cases, immunoreactivity for the proteins was enhanced after
E2 treatment, and this increase was reverted by ER antagonists (Rune et al.,
2002). Synaptophysin is a synaptic vesicle protein ubiquitously expressed
throughout the brain. Some pieces of evidence point to a role in synapse
formation since the extent of synapses decreased in synaptophysin-mutant
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cultured hippocampal neurons (Tarsa & Goda, 2002). Spinophilin is a den-
dritic spine protein closely related to the formation and function of the
dendritic spine (Feng et al., 2000). E2 promotes the synthesis of neuro-
trophic factors such as insulin-like growth factor-1 (IGF-1) and brain-
derived neurotrophic factor (BDNF) (Fig. 1). Both neurotrophic factors
have been associated with the enhancement of dendritic spines (Luine &
Frankfurt, 2013) and synaptogenesis (Sato, Akaishi, Matsuki, Ohno, &
Nakazawa, 2007). Then, what are the molecular mechanism responsible
for the rapid or non-genomic activation during events related to syn-
aptogenesis? After binding to E2, ERs translocate to the plasma membrane.
Once in the membrane, they interact with metabotropic glutamate
receptors (mGluRs) and activate the ERK/MAPK pathway, which in turn
induces the activation of the transcription factor cAMP response element-
binding protein (CREB). These events have been associated with the
increase in dendritic spines density in the rat somatosensory and prefrontal
cortex (Khan, Dhandapani, Zhang, & Brann, 2013). In the hippocampus,
non-genomic effects of E2 are associated with the stimulation of NMDA
receptors (NMDAR), which activate PKA. Then, PKA induces the phos-
phorylation of ERK, finally resulting in the modulation of dendritic spines
and synaptic functions (Lewis, Kerr, Orr, & Frick, 2008). Another kinase
that has been linked to synapse formation by E2 action is mTOR. Once
E2 interacts with its receptors, PIBK-mTOR pathway can be activated,
inducing protein synthesis and actin polymerization (Briz & Baudry, 2014).

Long-term potentiation (LTP) and long-term depression (LTD) are nec-
essaries events to consolidate BP and, therefore, learning, and short and
long-term memories. LTP is characterized by structural changes that let
to enlargement of a thin spine while in LTD, the changes result in shrinkage
of spines. E2 has been associated with LTP induction but no with LTD.
Molecular events associated with LTP involve the activation of the
NMDAR, followed by postsynaptic Ca2+ influx and actin polymerization.
Several studies have proved the central role of E2 in the induction of LTP.
Grassi and cols demonstrated that inhibition of aromatase or ER blockage
decreases the high-frequency stimulation-induced LTP in male rat brainstem
slices (Grassi, Frondaroli, Dieni, Scarduzio, & Pettorossi, 2009). PI3K/Akt
pathway has been widely associated with LTP induction (Horwood,
Dufour, Laroche, & Davis, 2006; Kelly & Lynch, 2000). In this way, E2
participates in the LTP regulation through the PI3K/Akt signaling and other
kinases. Hasegawa and cols found that in the hypothalamus of young adult
male Wistar rats, inhibitors of Erk MAPK, PKA, PKC, PI3K, NR2B, and
CaMKII blocked the E2-LTP induction (Hasegawa et al., 2015).
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In addition, the mechanism by which the E2 induces LTP implicates,
first, the interaction with ERa or ERf, which in turn can activate to
PI3K that stimulates ERK through Akt. Then, NMDAR is activated,
and the influx of Ca2+ induces the phosphorylation of AMPA receptors
and, finally, the enhancement of the LTP (Mannella, 2006). In 2004, it
was demonstrated that E2 induces a lateral movement of NR 1/NR 2B along
the synapsis in the aged hippocampus, specifically in the CA1 region of
female Sprague-Dawley rats. This change in the distribution of NR1/
NR 2B was related to a more dynamic profile of this receptor, which is more
similar to the physiologic state in a young rat (Adams, Fink, Janssen, Shah, &
Morrison, 2004). Therefore, E2 can induce molecular changes not only
related to expression or activation of proteins but also with their subcellular
localization. As it was mentioned, the actin polymerization is an essential
event for the formation and stabilization of LTP. Kramar and cols described
one of the possible mechanisms by which E2 regulates the cytoskeletal
remodeling in the LTP context. These authors found that latrunculin, a
toxin that prevents F-actin assembly, inhibited the LTP induced by E2.
Moreover, an antagonist of RhoA kinase was administered to acute hippo-
campal slices, and the previously plasticity effect induced by E2 was blocked.
Besides, E2 induced the phosphorylation (inactivation) of cofilin, a protein
that disassembles F-actin. These authors proposed that E2 can induce
actin polymerization through the pathway: RhoA-ROCK-LIM kinase-
cofilin (Kramar et al., 2009).

All these molecular and plastic changes allow the consolidation of a
variety of physiological events fundamental to maintain a healthy status of
cognitive processes. For example, in the prefrontal cortex and hypothala-
mus, modification in the pre-existing synapsis such as strengthening and
weakening have been associated with the learning of new information
(Bourne & Harris, 2007). Administration of E2 to Long-Evans hooded
female rats, results in improvement of the working memory through the
increase of NMDAR' binding in CA1 neurons (Daniel & Dohanich,
2001). In the case of young and middle-aged females C57BL/6 mice, E2
enhanced the object recognition memory through the PI3K/Akt and
ERK signaling (Fan et al., 2010). The enhancement of this kind of memory
was observed in young and middle-aged but not in aged mice. What could
be the causes of this difference? Aging is associated with the lowest expres-
sion of IGF-1, and the interaction between ERa and IGF-1 receptor is
implicated in activating PI3K/Akt signaling pathway (Cardona-Gomez,
DonCarlos, & Garcia-Segura, 2000). Thus, it has been proposed that young
and middle-aged mice have a better response to E2 than aged mice.
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The object recognition and memory consolidation are related to the
activation of the classical Wnt signaling pathway by E2 (Fortress, Schram,
Tuscher, & Frick, 2013). Zhang and cols demonstrated that E2 could
stabilize the Wnt pathway through inhibition of dickkopf-1 (Dkk1), a neg-
ative regulator of the Wnt/beta-catenin pathway (Zhang, Wang, Khan,
Mahesh, & Brann, 2008).

Many neurodegenerative diseases such as AD (Caricasole, 2004),
Parkinson (Dun et al., 2012), stroke (Seifert-Held et al., 2011), and temporal
lobe epilepsy (Busceti et al., 2007) are closely related to Dkk1 overexpression.
As mentioned, E2 can stabilize the Wnt pathway through Dkk1 inhibition.
Then, E2 might exert meaningful participation in neuroprotection. In a
model of global cerebral ischemia, the treatment with E2 protected the
hippocampus CA1 through the decrease in the expression of Dkk1, which
induced the elevation of beta-catenin in the nucleus. In this study, E2
induced survivin expression after 24 and 48h of cerebral ischemia and atten-
uated tau hyperphosphorylation (Zhang et al., 2008). Taking into account
these facts, E2 could prevent the development of a group of neurodegener-
ative diseases or contribute to the recovery of patients.

3.3 Androgens in the brain plasticity

T is the most abundant male sex hormone, mainly produced in Leydig cells
of the testis, in ovaries, and in the adrenal gland cortex. Conversion of T into
dihydrotestosterone (DHT) is a clue in the modulation of the effects of
androgens. T and its metabolite DHT are important androgens implicated
in brain plasticity throughout human life. However, it is crucial to consider
that some of the effects of T on learning, memory, and BP could be mediated
by T aromatization to E2 by the aromatase enzyme (Bimonte-Nelson et al.,
2003). In the previous section, it has been addressed the relevance of aroma-
tase expression and the aromatization of T to E2. Effects of androgens on BP
have been experimentally determined by using aromatase inhibitors or using
the non-aromatizable androgen metabolite DHT. Other androgen metab-
olites, such as androstanediol (5a-androstane-3a,17p-diol), are considered
neurosteroids (Reddy, 2008) because they are synthesized in the brain,
and induce BP through different mechanisms of action. Androstanediol,
for example, is a positive modulator of GABA-A receptors (Reddy &
Jian, 2010).

The AR regulates the expression of target genes through their classic
mechanism of action. AR also could interact with other intracellular
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signaling molecules such as MAPKs (Foradori, Weiser, & Handa, 2008).
T and DHT play a critical role during prenatal life, due to the activation
of AR. Since prenatal life, AR is highly expressed in the hypothalamus,
hippocampus, amygdala, olfactory bulb, and cortex (Genazzani, Pluchino,
Freschi, Ninni, & Luisi, 2007). During fetal life of rodents, it has been
reported that the dimorphic sex area of the preoptic area of females could pre-
sent male characteristics, such as enhanced volume, due to T administration.
This effect may be independent of proliferative events of such zone, since
changes in POA/HA morphology begins after neurogenesis and at the same
time of the beginning of T release from fetal testis (Clayton, Kogura, &
Kraemer, 1970).

As the hippocampus is one of the most dimorphic brain areas in mam-
mals, differences between androgenic and estrogenic eftects in BP in both
males and females have been broadly studied in this area. In adult male rats,
T and DHT but not E2 could maintain neuronal survival in the hippocam-
pus and dentate gyrus (Hamson et al., 2013; Spritzer & Galea, 2007), which
suggest that both androgens actively participate in the survival and differen-
tiation of neurons. Besides, AR promotes neurogenesis in the male rodent
hippocampus (Okamoto et al., 2012).

Interestingly, there are reports that T or DHT but not E2, increase spine
dendritic density in orchidectomized rodent males similar to that observed in
intact animals. This finding contrasts with the fact that dendritic spines in
females are highly augmented due to the eftect of estrogens. In ovariecto-
mized females, dendritic spines are induced by T. However, concomitant
administration of T, with the aromatase inhibitor letrozole, abolish dendritic
spines formation (MacLusky, Hajszan, Prange-Kiel, & Leranth, 20006;
Okamoto et al., 2012). In female canaries, treatment with T increases the
volume of the high vocal center (HVC), involved in the learning and control
of song due to the enlargement of soma and the number of fusiform mor-
phology of neurons. Interestingly, treatments with DHT or E2 alone did not
exert similar results, although they do so when they are simultaneously
administered (Yamamura, Barker, Balthazart, & Ball, 2011). All these data
suggest that T or DHT actions in females or males are AR-dependent,
and AR is highly expressed in the hippocampus. However, afferent inputs
to the hippocampus need to be considered. For example, in female ovari-
ectomized rats with contralateral transected fimbria/fornix area whose most
afferences are located in the hippocampus, the subcutaneous treatment with
E2 did not increase the dendritic spines number (Leranth, Shanabrough, &
Horvath, 2000; Yamamura et al.,, 2011). Other reports demonstrate that
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T modifies dendritic spines morphology in hippocampus slices between 0.5
and 2h of treatment. This effect was due to the non-genomic mechanism of
the AR, which involves the activation of signaling cascades of MAPKs,
PKA, and LIMK (Fig. 1). DHT displays similar eftects, however, within
the time-lapse of 2h, the metabolism of T to DHT or E2 did not contribute
to the effects of T alone, as seen when this hormone was concomitantly
administered with letrozole or the 5aR inhibitor, finasteride (Hatanaka
et al., 2015).

It has been mentioned that the expression of 5aR is elevated in myelin-
rich brain zones. T and DHT promote myelination in the cuprizone model
of multiple sclerosis in rodents (Hussain et al., 2013). Also, in a ventral spinal
cord demyelination model, T induces peripheral myelination through AR,
and also promotes the recruitment of astrocytes into the demyelinated
lesion and the recruitment and maturation of oligodendrocyte progenitors
(Bielecki et al., 2016).

Other androgens such as dehydroepiandrosterone (DHEA) possess
several mechanisms of actions additional to AR binding. DHEA is an allo-
steric modulator of the GABA-A receptor and thus, potentiating the antag-
onism of GABA in a long-term way in the hippocampus, which is related to
learning and memory processes, remarkably in the older population (Wolf,
Naumann, Hellhammer, & Kirschbaum, 1998).

4, Conclusions and future directions

After concluding this chapter, it is clear that sex hormones such as
P4, E2, and T can be metabolized and exert a variety of functions in the
CNS. Once in the brain, these hormones can interact with several kinds
of receptors and activate a variety of signaling pathways, which included
the regulation of gene transcription through their nuclear receptors or the
activation of a plethora of signaling pathways through their mRs.

All of these actions are transcendental to confer the brain the capacity
of remodeling and form dendritic spines, as well as regulate neurogenesis,
synaptogenesis, or myelination. The specific mode of action of sex hor-
mones on BP depends on sexual, age, and brain area. Based on the important
role of sex hormones in the brain, they represent a promising field in the
comprehension of BP, as well as in the therapeutic approach to the treatment
of neurodegenerative diseases.
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Abstract: The mesenchymal phenotype of glioblastoma multiforme (GBM), the most frequent and
malignant brain tumor, is associated with the worst prognosis. The epithelial-mesenchymal transition (EMT)
is a cell plasticity mechanism involved in GBM malignancy. In this study, we determined 17[3-estradiol
(E2)-induced EMT by changes in cell morphology, expression of EMT markers, and cell migration and
invasion assays in human GBM-derived cell lines. E2 (10 nM) modified the shape and size of GBM cells due
to a reorganization of actin filaments. We evaluated EMT markers expression by RT-qPCR, Western blot, and
immunofluorescence.We found that E2 upregulated the expression of the mesenchymal markers, vimentin,
and N-cadherin. Scratch and transwell assays showed that E2 increased migration and invasion of GBM
cells. The estrogen receptor-o (ER-o)-selective agonist 4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol
(PPT, 10 nM) affected similarly to E2 in terms of the expression of EMT markers and cell migration,
and the treatment with the ER-x antagonist methyl-piperidino-pyrazole (MPP, 1 uM) blocked
E2 and PPT effects. ER-p-selective agonist diarylpropionitrile (DNP, 10 nM) and antagonist
4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazole[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 uM) showed no
effects on EMT marker expression. These data suggest that E2 induces EMT activation through ER-o
in human GBM-derived cells.

Keywords: epithelial-mesenchymal transition (EMT); glioblastoma multiforme (GBM); 173-estradiol
(E2); estrogen receptors (ERs)

1. Introduction

Malignant tumors of the central nervous system (CNS) are among the cancers with the worst
prognosis. Glioblastoma multiforme (GBM) comprises approximately half of the malignant primary
brain tumors and causes 3—4% of cancer-related deaths [1]. The World Health Organization defines
GBM as a grade IV astrocytoma tumor characterized by uncontrolled proliferation, necrosis propensity,
angiogenesis, deep infiltration, apoptosis resistance, genomic instability, and extensive heterogeneity
at the cellular and molecular levels [2,3]. The Cancer Genome Atlas (TCGA) network identified four
molecular subtypes of GBM on the basis of the gene expression profile of neural progenitor cells
(proneural, PN), neurons (neural, N), proliferative cells with activation of the tyrosine kinase receptor
(classical, CL), and mesenchymal tissue (mesenchymal, MES) [4]. The mesenchymal phenotype of
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GBM tends to have the worst survival rates compared to the other subtypes, and it is associated with a
highly invasive behavior [5-7].

Epithelial-to-mesenchymal transition (EMT) is a mechanism of cellular plasticity that regulates a
set of transient states between the epithelial and mesenchymal phenotype. During EMT, epithelial cells
lose their junctions with other cells and the apicobasal polarity while they acquire a mesenchymal
phenotype with migratory and invasive properties [8]. EMT is a highly dynamic and transient
mechanism induced by diverse signals and orchestrated by EMT-inducing transcription factors
(EMT-TFs), which act in close association with the epigenetic machinery by repressing epithelial genes
and activating mesenchymal genes [9]. The reverse process is the mesenchymal-epithelial transition
(MET) [10]. EMT is essential in diverse physiological and pathological processes [11]. This mechanism
is associated with embryogenesis [12-14], heart regeneration [15], wound healing, fibrosis, and organ
repair [16]. In tumor cells, the activation of EMT-TFs promotes the mechanisms of migration, invasion,
metastasis, apoptosis inhibition, resistance to radio- and chemotherapy, as well as maintenance of the
plasticity of cancer stem cells [17].

Although EMT is typical in epithelial tumors, evidence suggests that EMT-TFs also lead to a
gain in mesenchymal properties and the promotion of malignancy of non-epithelial tumors, including
brain tumors, hematopoietic malignancies, and sarcomas [18,19]. Currently, the classic description of
EMT as a process of change between two alternative states (epithelial and mesenchymal) has been
replaced by a new concept of cellular plasticity and transient states, which proposes that cells move
through a spectrum of various intermediate phases, which means that cells can carry out partial EMT
programs [20]. Several studies have shown the role of EMT in GBM progression. Large-scale expression
analysis of 85 highly diffuse glioma tumors revealed a set of genes associated with mesenchymal tissue
overexpressed in GBM biopsies [21]. Tso et al. showed that a subset of primary GBM tumors expresses
cellular and molecular markers associated with mesenchymal stem cells [22]. Then, the definition of the
GBM mesenchymal subtype convincingly showed the clinical importance of the EMT program in tumor
diagnosis and treatment [4,5]. Molecular profile analysis of the four GBM subtypes demonstrated
that the mesenchymal subtype, unlike the other subtypes, presents the molecular characteristics of
EMT [23].

Determination of the complete molecular network of the EMT program, as well as the fundamental
mechanisms necessary to activate it, could provide new therapeutic approaches for GBM treatment.
Autocrine and paracrine interactions within the GBM microenvironment induce EMT through
intracellular signaling pathways that activate EMT-TFs. Although different studies have described
several signaling pathways that induce EMT in GBM, the role of the different factors within the
tumor microenvironment, as well as all the interactions that coordinate this cellular program, is still
not understood.

Sex steroid hormones such as estrogens participate in a wide variety of functions throughout
the nervous system. These hormones are mainly synthesized in the gonads and the adrenal glands,
but they can also be produced de novo within the brain [24,25]. Estrogens include estrone (E1),
17B-estradiol (E2), and estriol (E3). E2 is involved in many brain functions, such as brain development
during sexual differentiation [26], differentiation of neurons and glial cells [27,28], and regulation of
neurite growth and synaptic patterns [29,30], and it interacts with the glutamatergic, dopaminergic,
and serotonergic neurotransmission pathways that influence the generation of memory, learning,
and emotional state [31-33]. Estrogens act by binding specific intracellular and membrane receptors.
There are two estrogen-specific intracellular receptor subtypes, estrogen receptors o and 3 (ERx and
ERf), which are ligand-activated transcription factors that directly regulate gene expression. Moreover,
these receptors are associated with the plasma membrane, where they activate intracellular signaling
pathways [34].

E2 concentrations, as well as ERs expression and activity, are determinant in the malignant
progression of tumors growing in estrogen-sensitive tissues [35-38]. On the basis of these studies,
ER-« promotes cell proliferation, whereas ER-3 has anti-proliferative effects [39]. ER expression status
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in GBM is controversial. Some studies have reported the absence of ER in GBM [40,41], while other
researchers have determined that ER expression varies according to malignancy degree, suggesting that
these receptors are involved in GBM malignant progression [42-50]. ER subtypes have shown different
effects in GBMs. E2 and 4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT), a selective agonist
of ER-«, increased the number of cells derived from human GBM [45], while ER-3-specific agonists
decreased GBM cell proliferation [44]. However, the molecular mechanisms of E2 related to GBM
malignant progression are still unclear.

E2-promoted signaling is known to be related to EMT induction in estrogen-responsive tissues.
In ovarian and prostate cancer, E2 treatment induces ER-x-dependent EMT, while receptor silencing
inhibits EMT [51-53]. Nevertheless, loss of ER-« expression in breast and endometrial cancer promotes
morphological changes, motility, and improved invasion, as well as increased expression of EMT
markers [54-58]. These investigations demonstrate the importance of specific cell context in the
E2-induced EMT. However, E2 involvement in the EMT program in GBM is unknown.

To increase the knowledge regarding the EMT program of GBM, in this study, we investigated
the participation of E2 on EMT induction in human GBM-derived cells expressing both ER subtypes.
Our results showed that the treatment with E2 (10 nM) promoted: (1) changes in cell morphology and the
structure of the actin cytoskeleton, (2) increased expression of mesenchymal markers such as vimentin and
N-cadherin, and (3) increased migratory and invasive capacity of GBM cells. These effects were dependent
on ER-«, since the treatment with its agonist, PPT (10 nM), produced similar results to E2, while the
treatment with its antagonist methyl-piperidino-pyrazole (MPP, 1 uM), blocked the effects of E2 and PPT.

2. Materials and Methods

2.1. TCGA Data Analysis

Ribonucleic acid sequencing (RNA-Seq) counts were obtained from low-grade gliomas (LGG,
n = 167) and glioblastoma (GBM, n = 155) 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 for R [59]. Additionally, expression profiles were obtained from healthy brain
cortex samples (1 = 249) in the GTEx database (https://gtexportal.org/home/). Data were normalized
by DESeq?2 version 1.22.2 [60] and plotted. TCGA_analyse_survival utility from the TCGAbiolinks
package for R performed survival analysis.

2.2. Cell Cultures

Human GBM-derived cell lines U87, U251, T98, and LN229 (American Type Culture Collection,
ATCC,Manassas, VA, USA) were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, L0107-500)
high glucose supplemented with 10% fetal bovine serum (FBS; 51650), 1.0 mM pyruvate (L0642-100),
1.0 mM antibiotic (streptomycin 10 g/L; penicillin G 6.028 g/L; and amphotericin B 0.025 g/L, L0010),
and 0.1 mM non-essential amino acids (X0557-100, Biowest, Nuaillé, PDL, France). Cell cultures
were maintained at 37 °C in a humidified atmosphere with 5% CO,. At 60% confluence (24 h before
treatments), cells were culture in DMEM no phenol red (ME-019 Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% charcoal/dextran-treated FBS (SH30068.03, Thermo Fisher Scientific),
1.0 mM pyruvate, 1.0 mM antibiotics, and 0.1 mM non-essential amino acids. When indicated, cells
were treated with E2 (10 nM, E4389, Sigma-Aldrich, St. Louis, MO, USA), ER-a-selective agonist
PPT (10 nM, 1426, Tocris, Bristol, UK, England), ER-3-selective agonist diarylpropionitrile (DNP,
10 nM, 1494, Tocris), ER-a-selective antagonist MPP (1 uM, 1991, Tocris), and ER-[3-selective antagonist
4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazole[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 uM, 2662, Tocris).
In combined treatments, antagonists MPP and PHTPP were added 2 h before the addition of agonist.
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2.3. Cell Morphology Analysis

The epithelial phenotype is characterized by a polygonal shape, while the mesenchymal phenotype
is spindle-shaped. Therefore, the geometric characteristics of both phenotypes differ from each other.
Geometric characteristics can be quantified using high-performance software for the analysis of cell
images [61-64]. The morphological changes of the U251, U87, T98G, and LN229 cells treated with
vehicle and E2 at 0, 48, and 72 h were determined by phase contrast microscopy (IX71, inverted
microscope Olympus, Shinjuku, TY, Japan), digitally capturing six arbitrary fields with a 400X
magnification for each of the treatments. Adobe Photoshop CS6 software (Adobe Systems Inc., San Jose,
CA, USA) was used to process the background correction and illumination of the captured images.
Subsequently, the orientation, shape, and position of each of the cells in each image was determined
to segment them with the Image-Pro software 10.0.6 (Media Cybernetics Inc., Rockville, MD, USA),
which has automated algorithms to identify, separate, and quantify each of the cells that appear in the
image. This quantification allows the extraction of various geometric characteristics that determine
morphological parameters of the cells segmented in the two-dimensional plane.

2.4. RT-qPCR

Total RNA was extracted from cells by guanidine-thiocyanate—phenol-chloroform method
with TRIzol LS Reagent (10296028, Thermo Fisher Scientific, Waltham, MA, USA), following the
supplier’s protocol, and was measured by spectrophotometry (Nanodrop 2000 spectrophotometer,
Thermo Fisher Scientific). RNA integrity was checked by electrophoresis with 1.5% agarose gel in
Tris-Borate-ethylenediaminetetraacetic acid (EDTA) buffer (TBE: 89 mM Tris, 8 mM boric acid, 2.0 mM
EDTA (pH 8.3)) detected by fluorescence with GreenSafe (MB13201, NZYTech, Lisboa, PT, Portugal).
Human astrocyte RNA was purchased from ScienCell Research Laboratories (1805, Carlsbad, CA, USA).
Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT, 28025013, Thermo Fisher Scientific)
was used to obtain the complementary DNA (cDNA) from one microgram of extracted RNA following the
protocol recommended by the provider. Gene expression relative to the 185 ribosomal RNA (rRNA) gene
was quantified through the quantitative polymerase chain reaction (qPCR) using standardized primers for
each gene: ESRI1 (estrogen receptor 1/xx) (FW-5’-agcaccctgaagtctctgga-3’, RV-5'-gatgtgggagaggatgagga-3’);
ESR2 (estrogen receptor 2/f3) (FW-5'-aagaagattcccggcetttgt-3’, RV-5'-tctacgcatttceecteate-3’); VIM (vimentin)
(FW-5’-ggaccagctaaccaacgaca-3’, RV-5'-aaggtcaagacgtgccagag-3’); CDH2 (cadherin-2/N-cadherin) (FW-5'-
ctggagacattggggacttc-3’, RV-5’'-gagccactgecttcatagt-3’); TJP1 (tinght junction protein 1/zonula occludens 1
(ZO-1)) (FW-5'-gccattcccgaaggagttga-3', RV-5"-atcacagtgtggtaageg-3”); RNA18S (FW-5"-agtgaaactgcgaa
tggcte-3’, RV-5'- ctgaccgggttggttttgat-3"). FastStart DNA Master SYBR Green I kit (12239264001, Roche,
Basel, Switzerland) was used to perform gene amplification in a LightCycler 2.0 instrument (03531414001,
Roche). Relative expression was quantified by the comparative 224t method [65,66].

2.5. Western Blot

U251, U87, T98G, and LN229 cells were detached from culture plates using cold phosphate-buffered
saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10.0 mM Na,HPO,, 1.8 mM KH,POy, (pH 7.4)) and
cell scraper. The pellet obtained from the centrifuged cells at 45 x g for 3 min were lysed with
radioimmunoprecipitation assay buffer (RIPA: 50 nM Tris-HCI, 150 nM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS) (pH 8.0)) supplemented with protease inhibitor cocktail (P8340,
Sigma-Aldrich, St. Louis, MO, USA). Total proteins were extracted by centrifugation at 20,817 X g at4 °C
for 15 min and quantified by spectrophotometry (NanoDrop 2000 spectrophotometer, Thermo Fisher
Scientific, Waltham, MA, USA) using the Pierce 660 nm protein assay reagent (22660, Thermo Fisher
Scientific). Thirty ug of total protein was separated on 10% SDS-polyacrylamide gel electrophoresis
(PAGE) at 80 V for 4 h and then transferred to a polyvinylidene fluoride (PVDF) membrane (IPVH00010,
Merck, Kenilworth, NY, USA) at 20 V in semidry conditions at room temperature for 45 min. Membranes
were blocked with 5% bovine serum albumin (BSA, A9418, Sigma-Aldrich ) in Tris-buffered saline-Tween
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(TBST: 150 mM NaCl, 50 mM Tris-HCl, 0.1% Tween (pH 7.6)) with constant agitation at 37 °C for
2 h, and then incubated with primary antibodies: anti-ER« (2 ug/mL, rabbit polyclonal, ab3575,
Abcam, Cambridge, UK, England), anti-ERf3 (0.4 pg/mL, mouse monoclonal 1531: sc-53494), anti-ZO-1
(0.6 pg/mL, rat monoclonal R40.76: sc-33725), anti-N-cadherin (0.8 pg/mL, mouse monoclonal D-4:
sc-8424), anti-vimentin (0.4 pg/mL, mouse monoclonal V9: sc-6260), and «-tubulin (0.4 pg/mL, mouse
monoclonal A-6: sc-398103) (Santa Cruz Biotechnology, Dallas, TX, USA), diluted with 5% BSA in
TBST at 4 °C for 48 h. Subsequently, the membranes were washed with TBST three times every 5 min
and incubated with secondary antibodies conjugated to horseradish peroxidase (HRP): anti-rabbit
(0.06 ng/mL, goat polyclonal Immunoglobulin G (IgG) containing two heavy chains (H) and two light
chains (L) (H+L), 65-6120; Thermo Fisher Scientific), anti-mouse (0.013 pug/mL, purified recombinant
mouse IgGk light chain: sc-516102; Santa Cruz Biotechnology), and anti-rat (0.06 pg/mL, goat polyclonal
IgG (H+L), ab97057, Abcam) at room temperature and constant agitation for 45 min, and again washed
with TBST three times every 5 min. Finally, Super Signal West Femto Maximum Sensitivity Substrate
reagent (34096, Thermo Fisher Scientific) was incubated in the membranes, and immunoreactive
bands were detected by chemiluminescence exposing blots to Kodak Biomax Light Film (2370371,
Sigma-Aldrich) captured by a digital camera of 14.1 megapixels (SD1400IS, Canon Inc., Ota, TY, Japan).
Image] software (1.52u, National Institutes of Health, NIH, Bethesda, MD, USA) performed the
densitometric analysis of blot images.

2.6. Immunofluorescence

U251 and U87 cells were fixed with 4% paraformaldehyde (4% PFA) at room temperature
for 20 min, washed with PBS, and then incubated in permeabilizing blocking solution (1% BSA,
1% glycine, 0.2% Triton X-100, diluted in PBS) at room temperature for 90 min. Subsequently, cells were
incubated with primary antibodies: anti-Actin (4 ng/mL, goat polyclonal C-11, sc-1615), anti-ZO-1
(8 ug/mL, rat monoclonal R40.76: sc-33725), anti-N-cadherin (8 ug/mL, mouse monoclonal D-4:
sc-8424), and anti-vimentin (4 pg/mL, mouse monoclonal V9: sc-6260) (Santa Cruz Biotechnology,
Dallas, TX, USA) at 4 °C overnight, and then rinsed three times every 5 min with PBST (PBS with 0.05%
Tween). Later, cells were incubated with secondary antibodies: anti-mouse (4 ng/mL, goat polyclonal
IgG (H+L) Alexa Fluor 488: A11001, Thermo Fisher Scientific, Waltham, MA, USA), anti-rat (4 ug/mL,
goat polyclonal IgG (H+L) Alexa Fluor 488: ab150157, Abcam, Cambridge, UK, England), and anti-goat
(8 ug/mL, donkey IgG-FITC: sc-2024, Santa Cruz Biotechnology) at room temperature for 90 min,
and again rinsed with PBST three times every 5 min. Nuclei were stained with Hoechst 33,342 (1 mg/mL,
62249, Thermo Fisher Scientific) at room temperature for 7 min and rinsed three times every 5 min with
PBST. Finally, cells were coverslipped with mounting medium (18606-20, Polysciences, Warrington,
PA, USA) and visualized by fluorescence microscopy (Bx43, light microscope, Olympus, Shinjuku,
TY, Japan), digitally capturing six arbitrary fields with a 400X magnification. Fluorescence density was
measured as integrated density from the Analyze menu of Image]J software.

2.7. Migration Assay

Wound healing assays were performed to determine the migratory capacity of cells. U251 and U87
cells grew in DMEM high glucose supplemented until reaching 70% confluence. Then, the medium was
changed to DMEM no phenol red supplemented 10% charcoal/dextran-treated FBS, 1.0 mM pyruvate,
1.0 mM antibiotics, and 0.1 mM non-essential amino acids, and incubated at 37 °C in a humidified
atmosphere with 5% CO;. Upon 90% confluence, a scratch was made using a 200 pL pipette tip.
Cells floating were rinsed with PBS and DMEM no phenol red-supplemented 10% charcoal/dextran
treated-FBS, 1.0 mM pyruvate, 1.0 mM antibiotics, and 0.1 mM non-essential amino acids were added
again. One hour before adding the experimental treatments, we incubated the cells with cytosine
-D-arabinofuranoside hydrochloride (10 uM, Ara-C, C1768, Sigma-Aldrich, St. Louis, MO, USA),
a selective inhibitor of DNA synthesis. Images of the wound area captured at 100X magnification with
an Infinity 1-2C camera (Lumenera, Otawa, ON, Canada) connected to an inverted microscope (CKX41,
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Olympus, Shinjuku, TY, Japan) at 0, 12, and 24 h of treatment were analyzed using the MRI Wound
Healing Tool plugins of Image ] software.

2.8. Invasion Assay

Transwell assay determined the invasion potential of cells. Transwell inserts with 10 pm membrane
thickness and 8 um pore size (3422, Corning, Corning, NY, USA) were placed in 24-well plates, and each
well was covered with 50 puL of ECM Gel from Engelbreth-Holm-Swarm murine sarcoma (2 mg/mL,
matrigel E1270, Sigma-Aldrich, St. Louis, MO, USA) diluted in DMEM no phenol red without
supplement, and immediately incubated at 37 °C for 2 hours. Then, 15,000 U87 cells or 10,000 U251
cells suspended in 150 uL. DMEM no phenol red and without supplement with 10 uM Ara-C and
treatments (vehicle or E2 10 nM) were added to the upper insert, while the lower wells were filled
with 500 uL DMEM supplemented with 10% FBS as a chemoattractant were incubated in a humidified
atmosphere with 5% CO; at 37 °C for 24 h. Transwell inserts were rinsed with PBS, fixed with 4% PFA
for 20 min, and stained with 0.1% crystal violet dye for an additional 20 min. Inserts were washed three
times with PBS for each 15 min in order to remove excess dye. Finally, images of invasive cells captured
at 100x magnification with an Infinity 1-2C camera (Lumenera, Otawa, ON, Canada) connected to an
inverted microscope (CKX41, Olympus, Shinjuku, TY, Japan) were analyzed using the Cell Counter
plugin in the Image] software.

2.9. Statistical Analysis

Data were analyzed and plotted with the GraphPad Prism 5.0 software (GraphPad, San Diego,
CA, USA). Statistical analysis between comparable groups was performed using a one-way ANOVA with
a Tukey post hoc-test. Time course analysis was performed using a two-way ANOVA test followed by
Bonferroni post-test to compare replicate means by row. Values of p < 0.05 were considered statistically
significant. Plotted data are representative of three independent experiments for each treatment.

3. Results

3.1. Differential Expression of ERa and ERS Subtypes in Human GBM-Derived Cells

We evaluated the mRNA expression levels of ESR1 (ER-«) and ESR2 (ER-3) genes in astrocytoma
samples with different histological grades from the data obtained of the low-grade gliomas (LGG) and
glioblastoma (GBM) projects from the TCGA repository, as well as samples of healthy cerebral cortex
in the GTEx database. Low ESR1 expression levels were observed in GBM and LGG when compared
to healthy tissue. A slight but significant increase was found in ESR1 expression in GBM as compared
with LGG. These data highlight two critical points: (1) ESR1 expression was lower in gliomas compared
to healthy tissue, (2) but also was higher in GBM compared to LGG, suggesting an important oncogenic
role of ER-« in development of low- and high-grade gliomas. In contrast, ESR2 expression levels
were higher in GBM as compared with LGG and healthy tissue (Figure 1A). Next, we compared ESR1
and ESR2 expression among the four GBM subtypes defined by Verhaak et al. [4]. The mesenchymal
subtype showed higher levels of ESR1 mRNA expression compared to the classical and neural subtypes,
without significant differences when compared with the proneural subtype. ESR2 expression in the
mesenchymal subtype showed a tendency to be the highest, although it was only significantly higher
when compared with the neural subtype (p < 0.05) (Figure 1B). It is interesting to highlight that
our results showed that expression of both ER subtypes was enriched in the mesenchymal subtype.
Analysis of expression in cell lines showed a similar trend to the TCGA data: the expression of both
ESR1 and ESR2 in four cell lines derived from human GBM (U251, U87, T98G, and LN229) was found to
be lower compared to the expression of normal human astrocytes (NHA). Among GBM cells, the ESR1
gene was expressed in a higher proportion in U251 cells, while ESR2 had a higher expression in U87
cells (Figure 1C). We evaluated the expression of both ERs subtypes at the protein level in GBM cells,
and a higher content of ER-c than that of ER-3 was observed in all cell lines. Moreover, we found two
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isoforms of ER-f3 (ER-1 and ER-(35) expressed in GBM cells; ER-$1 was more abundant than ER-35
(Figure 1D). An analysis of the clinical outcome of ER expression in GBM patients showed that the
higher expression of ER-« and ER-f3 was correlated with a poor prognosis. Therefore, patients with a
low expression of both ER subtypes live longer than those with higher levels of expression (Figure 1E).
Importantly, although lower ER-x expression was observed in GBM TCGA data compared to healthy
tissue, survival analysis showed that high ER-a expression is a poor prognostic factor for the patients,
which suggests that ER-a expression levels in GBM may not always be proportional to its oncogenic
activity. These results suggest that ER-« and ER-3 expression differentially changes among healthy
tissue, LGG, and GBM, both in vivo and in vitro, and it also varies among GBM subtypes.
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Figure 1. The estrogen receptor-« (ER-«) and estrogen receptor-f3 (ER-3) subtype gene expressions in
human glioblastoma multiforme (GBM). (A) Ribonucleic acid sequencing (RNA-Seq) counts obtained from
low-grade gliomas (LGG, n = 167) and GBM (n = 155) projects from The Cancer Genome Atlas (TCGA) and
expression profiles obtained from healthy brain cortex samples (normal tissue, NT; n = 249) in the GTEx
database. LGG includes grade I, II, and III gliomas. * p < 0.05; ** p < 0.01; *** p < 0.001. (B) RNA-Seq counts
from GBM subtypes: classical (CL), mesenchymal (MES), neural (N), and proneural (PN) obtained from
TCGA. * p < 0.05. (C) RT-qPCR quantified gene expression of estrogen receptor 1/cc (ESR1) and estrogen
receptor 2/f3 (ESR2) relative to the reference gene 18S ribosomal RNA (rRNA) using the comparative 2AACE
method in total RNA from normal human astrocyte (NHA) and U251, U87, T98G, and LN229 human
GBM-derived cells. Both receptor subtypes were less expressed in GBM cells than in NHAs. * p < 0.05 vs. all
other groups; mean + standard error of the mean (SEM), n = 3. (D) ER-« and ER-{3 content analyzed by
Western blot using a-tubulin as load control. The two main isoforms of ER-f3 expressed in GBM are shown:
ER-B1 and ER-B5. Representative blot image and the corresponding densitometric analysis for ERx and
ERp expression in human GBM-derived cells. * p < 0.05 ER-a vs. ER-B and ER-31 vs. ER-35; mean + SEM,
n = 3. (E) Survival analysis for ER-a and ER-f3 expression in GBM using TCGA data.
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3.2. Changes in Cell Morphology During E2-Induced EMT

Morphological changes associated with EMT in U251 and U87 cells were evaluated after E2 (10 nM)
treatment. At the beginning of the treatments, U251 cells presented a typical star-like morphology, and U87
cells a polygonal shape. Interestingly, the cells treated with E2 showed a spindle-shape and the typical
features of mesenchymal cells at 48 and 72 h (Figure 2). Table 1 details the geometric parameters quantified
in this work. Values close to the unity of the circularity and box XY (width/height) measurements
are characteristic of a polygonal shape, while a high aspect (major/minor axis) and perimeter denote
a fusiform shape. Plots show that E2 decreased circularity and box XY, while increased aspect and
perimeter (Figure 2). This effect on the cellular morphology was consistent in T98G and LN229 cells
(Figures S1 and S2). These results show that E2 promotes morphological changes associated with EMT.
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Figure 2. 17(3-Estradiol (E2)-induced morphological changes in human GBM-derived cells. (A) U251 and
(B) U87 cells observed by phase-contrast microscopy with a magnification of 400x at 0, 48, and 72 h after
adding 17-estradiol (E2, 10 nM) and the vehicle (V, 0.01% cyclodextrin). Magnification white bar = 100 pm.
Plots represent the quantification of the geometric parameters (circularity, box XY, aspect, perimeter) in this
study. Results are expressed as the mean + standard error of the mean (SEM); n =3;*p <0.05vs. V.
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Table 1. Geometric parameters of Image-Pro software.

Parameter Description Image
Area The area included in the polygon that defines the figure contour ‘

Axis major Major axis length of an imaginary ellipse surrounding figure @
Axis minor Minor axis length of an imaginary ellipse surrounding figure 0
Aspect The ratio between the major and minor axis of an ellipse 6)
Bound box height Bounding box height of the figure '..j
Bound box width Bounding box width of the figure a

Box XY The ratio of width to height of bounding box

Circularity The ratio of figure area to the diameter of a circle around it @
Perimeter Length of the region surrounding the figure 8

3.3. E2-Induced Reorganization of Actin Filaments

To determine whether the morphological changes observed above were related to changes in
the arrangement of actin filaments, we performed immunofluorescence assays in U251 and U87 cells.
In U251 cells treated with vehicle, the actin filaments were predominantly organized into bundles of
dense reticulated mesh, characteristic of cortical actin. In contrast, in cells treated with E2 (10 nM),
the actin filaments assembled in parallel along the ventral surface of the cell, forming long projections
towards the leading edge, which in the extreme showed focal sites with a high concentration of actin
(Figure 3). In U87 cells, we observed a higher proportion of concentrated actin focal points, both in
vehicle and E2 treated cells. However, cells incubated with E2 showed long parallel filament projections
with a high concentration of actin around the edge (Figure 3). Thereby, the morphological changes
induced by E2 in GBM cells were related to a reorganization of the actin filaments.

U251 cells
Hoechst

U87 cells
Hoechst

Figure 3. E2 rearranged the actin cytoskeleton of human GBM-derived cells. Actin immunostaining
in U251 and U87 cells treated with 17(3-estradiol (E2, 10 nM) and vehicle (V, 0.01% cyclodextrin) for
48 h. Representative images captured under a fluorescence microscope at a magnification of 400x.
Magnification white bar = 100 um and gray bar = 30 pm.
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3.4. E2 Regulated EMT Marker Expression

We analyzed the effects of E2 on EMT marker expression and distribution in GBM cells by RT-qPCR,
Western blot, and immunofluorescence. We evaluated the peripheral membrane protein zonula occludens
1 (ZO-1, encoded by the TJP1 gene) as an epithelial marker, and the evaluated mesenchymal phenotype
markers were N-cadherin (encoded by the CDH2 gene) and vimentin (encoded by the VIM gene). In U251
cells, E2 increased TJP1 expression only at 48 h, CDH2 expression from 24 to 72 h, and VIM expression from
48 h (Figure 4A). Importantly, ZO-1 protein content showed no changes due to E2 treatment, while the
hormone increased the content of N-cadherin and vimentin proteins at 72 h (Figure 4B). E2 effects on U87
cells were like those of U251 cells. E2 upregulated TJP1 and ZO-1 expression from 48 h, CDH2 expression
from 24 h, and N-cadherin expression from 48 h; VIM expression increased at 24 h, and decreased at 72 h,
while the vimentin protein content increased at 72 h (Figure 4C,D).
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Figure 4. E2-regulated epithelial-to-mesenchymal transition (EMT) marker expression of human
GBM-derived cells. (A,B) U251 and (C,D) U87 cells were treated with 17p3-estradiol (E2, 10 nM) and
vehicle (V, 0.01% cyclodextrin) for 24, 48, and 72 h. (A,C) Epithelial gene (tight junction protein 1
(TJP1)) and mesenchymal genes (vimentin (VIM) and cadherin-2/N-cadherin (CDH2)) expression was
quantified by RT-qPCR using the comparative method 224t concerning the reference gene 185 rRNA.
(B,D) Zonula occludens 1 (ZO-1), N-cadherin, and vimentin content was determined by Western blot.
Densitometric analysis of EMT marker expression with their respective representative bands using
o-tubulin as a load control showed that E2 increased EMT marker expression with different temporal
dynamics. Results are expressed as the mean + standard error of the mean (SEM); n =3; *p < 0.05 vs. V.



Cells 2020, 9, 1930 11 of 23

The analysis of EMT markers by immunofluorescence showed that in U251 and U87 cells
treated with the vehicle, ZO-1, and N-cadherin proteins were expressed in localized regions of the
plasmatic membrane, particularly at cell-binding sites. In contrast, in E2-treated cells, these proteins
were shown along the entire cell surface, especially in long projections at the cell ends (Figure 5A,B).
Vimentin filaments formed a network within the cytoplasm in cells without E2, whereas in E2-incubated
cells, vimentin filaments were arranged in parallel along the ventral surface of the cell, particularly at
the borders, similar to actin filaments (Figure 5A,B). Overall, the fluorescence intensity of EMT markers
significantly increased in E2-treated U251 and U87 cells (Figure 5C). These results show that E2 induces
EMT marker expression and its redistribution in GBM cells.
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Figure 5. E2 modified EMT marker distribution and immunoreactivity in human GBM-derived
cells. ZO-1, N-cadherin, and vimentin immunostaining in (A) U251 and (B) U87 cells treated with
17p-estradiol (E2, 10 nM) and vehicle (V, 0.01% cyclodextrin) for 48 h. Representative images were
captured under a fluorescence microscope at a magnification of 400x. (C) EMT marker expression
measured as a fluorescence density. Results are expressed as the mean + standard error of the mean
(SEM); n=3;*p <0.05vs. V.
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Furthermore, the increase in both epithelial and mesenchymal markers suggests that E2 promotes
the induction of a partial EMT, which expresses both phenotypes. Nevertheless, the increase in ZO-1 in
U251 cells was not as evident as in U87 cells, and thus these results are not sufficient to determine the
status of E2-induced EMT. However, these results showed that E2 significantly induced the expression
of mesenchymal markers, promoting the mesenchymal phenotype of cells derived from GBM.

3.5. E2 Promoted Migration and Invasion of Human GBM-Derived Cells

We evaluated cell migration by wound healing assay, and we observed that E2-treated U251 and
U87 cells showed a higher migratory capacity by rapidly closing the wound compared to cells without
E2 (Figure 6A,B). We also evaluated invasive capacity through transwell assay. E2 increased the number
of invading U251 and U87 cells as compared with the vehicle (Figure 6C,D). These data show that E2,
in addition to changing cell morphology and regulating EMT marker expression, also increased the
migratory and invasive capacity of GBM-derived cells.
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Figure 6. E2 increased migration and invasion of human GBM-derived cells. (A,B) Wound healing
assays were performed in U251 and U87 cells treated with 17(3-estradiol (E2, 10 nM) and vehicle (V,
cyclodextrin 0.01%). Representative images of wound closure at 0, 10, and 20 h and quantification of
the wound area are shown. (C,D) Transwell assays were carried out in both cell lines. Quantification of
cells staining with 0.1% crystal violet dye shows the number of invasive cells. Results are expressed as
the mean + standard error of the mean (SEM); n = 3;* p <0.05 vs. V.
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3.6. ER-a Mediated E2 Effects on EMT

To determine the intracellular receptor subtype involved in E2 effects, we used specific agonists
and antagonists” ER subtypes and assessed the expression of EMT markers. PPT, a selective ER-x
agonist, increased TJP1, CDH2, and VIM gene expression in a similar way to E2 in U251 and U87
cells, and ER-« antagonist MPP blocked E2 effects in both cell types (Figure 7A,B). Treatment with
antagonist alone did not show a significant effect on the expression of EMT markers, consistent with
characterization of the effects of MPP in vitro, which showed that the antagonist does not behave
as a partial or inverse agonist when administered in absence of an agonist. Treatments with the
ER-B-selective agonist DNP and the antagonist PHTPP did not show any significant statistical effect on
the regulation of EMT marker expression in either U251 or U87 cells (Figure 7A,B). These data suggest
that E2 regulates EMT marker expression through the ER-a subtype. To functionally assess the role of
ER-oc in the EMT process, we performed wound healing assays using PPT and MPP. PPT-treated U251
cells rapidly closed the wound compared to cells treated with the vehicle, while the antagonist MPP
blocked the PPT effect. Similarly, PPT increased the wound closure rate of U87 cells, and MPP blocked
the agonist effect (Figure 8).
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Figure 7. Effect of selective ER-« and ER-3 agonists and antagonists on the EMT marker expression
in GBM cells. U251 (A) and U87 (B) cells were treated with vehicle (V, 0.01% cyclodextrin
+ 0.01% DMSO), 17p-estradiol (E2, 10 nM), 4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol
(PPT, 10 nM, selective ER-x agonist), methyl-piperidino-pyrazole (MPP, 1 uM, selective ER-o
antagonist), E2 + MPP, diarylpropionitrile (DPN, 10 nM, selective ER-(3 agonist), 4-[2-phenyl-5,7-bis
(trifluoromethyl)pyrazole[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 uM, selective ER-f3 antagonist), and
E2 + PHTPP for 48 h. Epithelial gene (TJP1) and mesenchymal gene (VIM and CDH2) expression
were quantified by RT-qPCR using the comparative method 224Ct concerning the reference gene 18
rRNA. Results are expressed as the mean =+ standard error of the mean (SEM); n = 3; * p < 0.05 vs. all
other groups.
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Figure 8. Effect of the selective ER-« agonist and antagonist on the migration of GBM cells. (A) U251 and
(B) U87 cells that were treated for 20 h, with PPT (10 nM, selective ER-« agonist), MPP (1 uM, selective
ER-« antagonist), PPT + MPP, and vehicle (V, DMSO 0.01%). Wound healing assays determined the
migratory capacity of the U251 and U87 cells. Representative images show wound closure at 0, 10, and
20 h and quantification of the wound area. Results are expressed as the mean + standard error of the
mean (SEM); n = 3; * p < 0.05 vs. all other groups.

4. Discussion

The present study provides evidence of E2 effects on EMT-related molecular and cellular processes
in human GBM-derived cells. EMT comprises a set of states between the epithelial and mesenchymal
phenotypes, and its activation could be closely related to the high degree of phenotypic heterogeneity
of GBM.

GBM is a highly heterogeneous tumor at both the molecular and cellular levels. The TCGA
determined the existence of four main subtypes with different molecular expression profiles [4],
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and some studies have shown the simultaneous presence of these subtypes within the same tumor [67,68].
GBM cells with proneural and mesenchymal expression are the most consistent subtypes in the literature.
The proneural subtype is related to a more favorable prognosis, and the mesenchymal subtype tends
to have the worst survival rate [5,69,70]. It has been shown that recurring GBM tumors that initially
showed proneural expression presented mesenchymal expression profile after radiotherapy and
chemotherapy [6,71,72], which has led to the proposal of a proneural-mesenchymal transition (PMT),
whose molecular events are equivalent to those of EMT [7,73]. The transition between the two
molecular subtypes is closely related to an enrichment of cells of the immune system within the GBM
tumor microenvironment, which activate various signaling pathways that promote PMT/EMT [74-76].
The data shown in these studies highlight the importance of the factors found within the tumor
microenvironment that promote phenotypic transitions between GBM subtypes. Immune system
cells produce chemokines, cytokines, growth and angiogenic factors, immunosuppressive molecules,
and extracellular matrix-modifying enzymes, which make the surroundings favorable for tumor
progression [77]. Among the many factors found within the GBM tumor microenvironment, in this
work, we focused on E2, which is produced by microglial cells, astrocytes, and GBM cells [78-81].
In this study, we evaluated E2 effects on the mesenchymal transition of human GBM-derived cells.
Both ER subtypes are predominantly expressed through healthy CNS; however, in human
astrocytomas, both ER-o [45,47-49] and ER-f [44] expression decreases as the grade of tumor
malignancy increases. Therefore, different researchers have proposed that ER expression may
be reduced or lost during tumor development, although it is not clear if this represents a cause or
consequence of tumor development. Much remains to be investigated on this topic, since determining
the mechanisms underlying ER decrease during the development of gliomas could better understand
the malignant tumor progression. Our results regarding the decrease of ER-x expression in gliomas
compared with healthy tissue show agreement with that observed in other investigations. Likewise,
we showed that ER-« subtype expression is higher in GBM than LGG (Figure 1A), which suggests
an important oncogenic role of such receptor in the development of low- and high-grade gliomas.
Among gliomas, a higher expression of ER-« could be involved in developing a high-grade glioma
(GBM), while lower ER-x expression is associated with LGG development. The decrease or loss
of ER expression during tumor development supposes the homeostatic imbalance of the normal
functions of ERs in cells. Although this topic is not yet well studied in GBM, in breast cancer,
it has been determined in more detail that in the most malignant tumors with multiple metastases,
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«kB) represses ER-« transcription
through the enhancer of zeste homolog2 (EZH2), which negatively regulates ER-o transcription [82].
However, NF-kB also improves the recruitment of ER-u to estrogen response elements (EREs) of
its target promoters and increases its transcriptional activity [83,84]. The change in ER-o functions
may also be due to other factors, such as altered structural conformations that increase interaction
with transcriptional coactivators, point mutations that promote active forms of the receptor in the
absence of an agonist, or variations by alternative splicing that change receptor transactivation
mechanisms [85-87]. These data suggest that ER-oc expression levels may not always be proportional to
its activity. The positive correlation of ER-3 expression concerning the GBM malignancy grade observed
in this work does not correspond to other studies that find the opposite. However, we must consider
that these studies do not specify the brain region of the used healthy tissue. We used expression data
from the cerebral cortex, but there are other regions with a higher abundance of ESR2, such as the pons,
cerebellum, thalamus, basal ganglia, and hypothalamus. Nevertheless, ESR1 and ESR2 expression on
human GBM-derived cell lines were lower compared to healthy astrocytes, reinforcing the hypothesis
of the studies above, which establish that the expression of both ER subtypes is inversely proportional
to the tumor evolution degree. Different actions have been observed between ER subtypes in GBM.
E2 (10 nM) and PPT (1 nM), the selective ER-« agonist, increased the number of cells derived from
GBM [45], while treatment with different ER-3-specific agonists decreased GBM cell proliferation [44].
Within the cancer context, a positive correlation has been determined between EMT activation and
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increased cell proliferation [88-91]. Previously, our group determined in GBM-derived cells that E2
induces cell growth and the expression of vascular endothelial growth factor (VEGF), epidermal growth
factor receptor (EGFR), and cyclin D1 genes, which are involved in cell proliferation. These effects
depended on ER-« activation [45]. This previous study represents the primary antecedent of our
work. Once we demonstrated that E2 induces cell growth in GBM cells, we decided to investigate the
relationship between E2 and canonical cellular processes of EMT activation, such as morphological
and actin cytoskeleton organization changes, EMT marker expression, as well as cellular migration and
invasion, which represent the main functional consequences of cells that undergo EMT. Additionally,
it is worth mentioning that recently Castruccio et al. demonstrated that E2 significantly increases cell
proliferation in U87 cells [92], which is consistent with our previously published results [45]. Still,
our survival analysis showed that both ER-a and ER-f3 expression was positively correlated with
a poor prognosis. It is interesting to highlight that our results showed that expression of both ER
subtypes was enriched in the mesenchymal subtype concerning the other subtypes since this data led
us to investigate the role of ERs on the induction of the mesenchymal phenotype.

EMT is a transition process between cellular phenotypes; therefore, it involves cellular
morphological changes. To characterize the effects of E2 on EMT-related processes, in this study, we first
evaluated changes in the morphology of cells treated with E2. Our results showed that E2 significantly
changed the morphology of the four GBM-derived cells, towards an elongated mesenchymal phenotype.
Moreover, these changes were correlated with an actin filament rearrangement. E2 regulates the
reorganization of actin filaments through phosphorylation of actin-binding proteins such as cofilin
and moesin in neurons, fibroblasts, and breast and endometrial cancer cells [93-96]. During EMT,
actin filaments progressively reorganize from thin cortical bundles to thick contractile filaments that
withstand stress fibers. The mesenchymal phenotype presents distribution of actin filaments in a
front-rear polarization, with a network of short actin filaments branched at the leading edge, and long
filaments arranged in different types of fibers behind the leading edge, which are associated with
adhesion structures. This arrangement of the mesenchymal actin network allows cells to carry out
migratory and invasive processes [97-99]. Thus, in this study, we demonstrated that E2 promotes
a morphology change in GBM cells towards a mesenchymal phenotype due to the rearrangement
of actin filaments, which were assembled in parallel along the ventral surface with long projections
toward the leading edge. These changes in cellular morphology and reorganization of actin filaments
suggest that E2 provides GBM-derived cells migratory and invasive capabilities.

All molecular events that occur during EMT are spatially and temporally coordinated during
the transition. Therefore, the reorganization of the actin filaments is coupled with the expression
changes that modify the cellular phenotype. Previously, the EMT definition described a complete
transition between two different states, the epithelial and mesenchymal phenotype. Therefore,
the primary experimental model for EMT evaluated the decrease in epithelial markers and the increase
in mesenchymal markers. However, this perspective has generated extensive debate about the
presence of EMT in certain circumstances, such as in cancer progression, which tends to create hybrid
epithelial/mesenchymal (E/M) phenotypes that exhibit both epithelial and mesenchymal characteristics
in a process known as partial EMT. Hybrid E/M phenotypes in cancer cells present better migratory
and invasive capacities, as well as higher resistance to therapy [100-102].

We showed that E2 increased the expression of the epithelial marker ZO-1 and the mesenchymal
markers N-cadherin and vimentin in U251 and U87 cells. However, the ZO-1 expression regulation
was variable between cell lines, since in U251 cells, it only was increased by E2 at the mRNA level
at 48 h, while in U87 cells, the expression increased both at the mRNA and protein levels at 48 and
72 h. ZO-1 marker is an adapter protein that binds to multiple components, such as integral proteins
of the plasma membrane [103,104], and its presence is essential for assembly of tight and adherent
junctions of epithelial cells [105,106]. Therefore, tumor cells from epithelial tissues decrease ZO-1
expression by activating EMT. The implications that ZO-1 expression may have on GBM have not yet
been studied. Furthermore, our results showed that the regulation of E2 on ZO-1 expression varies



Cells 2020, 9, 1930 17 of 23

between different human GBM-derived cell lines, possibly due to the different expression profiles
among these cells [107,108].

N-cadherin is a transmembrane protein that belongs to the calcium-dependent cell adhesion
molecule (CAMs) family that is characteristic of mesenchymal tissue. Increased N-cadherin expression
promotes cells to form elongated multicellular chains that migrate faster and more persistently, with a
higher proportion of actin stress fibers that provide contractile forces during cell migration [109-111].
EMT activation in GBM cells leads to increased expression of N-cadherin, which is associated with
increased migratory and invasive capacities. Vimentin is a type III intermediate filament protein
that has an essential role in integrity maintaining of mesenchymal cells by providing support and
anchorage to organelles, in addition to offering flexibility to cells by stabilizing dynamic interactions
of the cytoskeleton during cell migration [112-114]. During EMT, there is an extensive change in the
composition of intermediate filaments of epithelial cells, which generally express cytokeratin and
initiates the expression of vimentin when they differentiate towards the mesenchymal phenotype.
Our results showed that E2 promotes the mesenchymal phenotype by increasing the expression of
N-cadherin and vimentin both at the mRNA and protein levels in two different human GBM cell
lines. Although it was observed that E2 increased the expression of both epithelial and mesenchymal
markers, we cannot affirm the induction of a partial EMT, since doing so requires the analysis of
more epithelial and mesenchymal markers. However, our results open new perspectives regarding
the determination of the status of E2-induced EMT in cells derived from GBM, since estradiol may
promote partial EMT. Regardless of the status of EMT induced by E2, our results convincingly showed
the acquisition of mesenchymal characteristics in GBM cells by E2 effect, since the changes in the
expression of N-cadherin and vimentin are sufficiently forceful in the two cell lines studied.

Taken together, the effects promoted by E2 on GBM cells, such as reorganization of actin filaments
as well as increased expression of N-cadherin and vimentin, are related to increased migratory and
invasive capacities of U251 and U87 cells. These effects, associated with EMT activation, were replicated
with PPT, a selective ER-o agonist that has a 410-fold relative binding affinity for ER-« over ER-f3 [115],
suggesting that the E2 effects on EMT are regulated through ER-«. The latter was verified when using
a highly selective ER-a antagonist (MPP, K; = 2.7) [116], which blocked effects produced by E2 on EMT
marker expression, as well as the increase of the migratory capacity provided by PPT. Furthermore,
neither agonist DNP nor antagonist PHTPP, both selective for ER-f3 [117], showed significant effects on
the expression of EMT markers. Therefore, we conclude that E2 effects observed on the expression of
EMT markers are mainly produced by ER-o activation. Much remains to be known about the actions
of both ER subtypes during the GBM’s malignant progression. A more in-depth study of the molecular
mechanisms of E2 signaling on GBM and its interaction with other signaling factors in specific cellular
contexts is necessary for understanding E2 effects on this tumor, which could provide new strategies in
GBM treatment.

In this work, we characterized E2-induced EMT in human GBM-derived cells. We found that E2
induces changes in cell morphology through actin filament reorganization and by increased expression
of mesenchymal markers. These effects are related to the increased migratory and invasive capacities
of GBM cells. Furthermore, E2 effects were mediated by ER-«, since the treatment with its agonist PPT
produced similar results to E2, while the treatment with its antagonist MPP blocked these effects. Thus,
E2 induces a mesenchymal phenotype through ER-« in cells derived from human GBM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/1930/s1,
Figure S1: E2-induced morphological changes in human GBM-derived T98G cells. Figure S2: E2-induced
morphological changes in human GBM-derived LN229 cells.
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Abstract: Lysophosphatidic acid (LPA) induces a wide range of cellular processes and its signaling
is increased in several cancers including glioblastoma (GBM), a high-grade astrocytoma, which is
the most common malignant brain tumor. LPA; receptor is expressed in GBM cells and its signaling
pathways activate protein kinases C (PKCs). A downstream target of PKC, involved in GBM
progression, is the intracellular progesterone receptor (PR), which can be phosphorylated by this
enzyme, increasing its transcriptional activity. Interestingly, in GBM cells, PKC« isotype translocates
to the nucleus after LPA stimulation, resulting in an increase in PR phosphorylation. In this study,
we determined that LPA; receptor activation induces protein-protein interaction between PKCax and
PR in human GBM cells; this interaction increased PR phosphorylation in serine400. Moreover, LPA
treatment augmented VEGF transcription, a known PR target. This effect was blocked by the PR
selective modulator RU486; also, the activation of LPA; /PR signaling promoted migration of GBM
cells. Interestingly, using TCGA data base, we found that mRNA expression of LPARI increases
according to tumor malignancy and correlates with a lower survival in grade III astrocytomas. These
results suggest that LPA; /PR pathway regulates GBM progression.

Keywords: glioblastoma; LPA; receptor; protein kinase C o; progesterone receptor

1. Introduction

Glioblastoma (GBM), an astrocytoma grade IV, represents the maximal evolution
grade of astrocytomas and it is among the most lethal human malignancies [1,2]. The
median survival for GBM patients with the best therapy is 12-15 months and only a
minor percentage of the patients (3-5%) survive for more than three years. In the Mexican
population, it has been estimated that the mean age of incidence is 45 & 15 years, compared
to the global estimate of 60 £ 15 years [3,4].

The lysophosphatidic acid (LPA) is a small molecule with a phosphate head group
and an acyl (or alkyl) chain at the sn-1 (or sn-2) position of the glycerol backbone [5].
It interacts with at least six GPCRs (i.e., LPA;_4) coupled to the Ga proteins: Gaq/11,
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Gai/0, Gxl12/13, Gas; LPA can exert an extensive range of physiological effects such
as wound healing, proliferation, neurogenesis, angiogenesis and survival, depending
on the cellular context [6,7]. LPA is mainly synthesized by the cleavage of membrane
phospholipids into lysophospholipids by removing a fatty acid chain through phospholi-
pase A (PLA1 or PLA2) [8]. Subsequently, autotaxin (ATX) cleaves the head group (e.g.,
choline, ethanolamine, or serine) on the lysophospholipids and turns them into LPA [8,9].
ATX (also known as ENPP2) is a 125 kDa enzyme from the family of ectonucleotide py-
rophosphatases/phosphodiesterases. This enzyme is secreted to the extracellular space
in a constitutively activated form and is the responsible for the main LPA production in
many pathologies [8,10].

Aberrant LPA signaling has been linked to diverse conditions such as cancer [8,11];
besides, the high expression of the LPA; receptor has been associated with malignant
progression by enhancing proliferation, migration, angiogenesis and cancer stem-cell
maintenance in several tumors such as breast cancer, pancreatic cancer, ovarian cancer and
GBM [12-15]. In GBM cells, the LPA; receptor is redistributed in the cell membrane, increas-
ing its coupling to Gaq and G12 proteins. This activates protein kinases C (PKCs) [16,17]
and turns on a signaling pathway to induce malignant progression [17-20].

The role of PKCs in cancer progression is well-known [21]. In GBM, the kinase with
the highest expression is PKCe, [16,22]. This PKC isotype induces a pro-survival and
proliferative effects in GBM cells [23,24]; however, since this kinase has a wide range of
actions, its contribution to GBM progression through specific signaling pathways is poorly
understood [21]. We have previously demonstrated that LPA, through its LPA; receptor,
promotes PKC«x nuclear translocation, inducing progesterone receptor (PR) phosphoryla-
tion at 5400 [25].

In previous work, we have demonstrated that activation of PKCs phosphorylates PR at
5400 and that this phosphorylation induces PR transcriptional activity [24,25]. The activation
of PR is known to increase proliferation, migration and invasion of GBM cells [26-28] through
the transcription of essential factors for tumor growth, such as VEGF, cyclin D1 and
EGER [29]; however, it is unknown whether PR phosphorylation by PKC is through a direct
or an indirect interaction and if this posttranslational modification results in activation of
PR targets transcription.

Therefore, this study aimed to evaluate if LPA induces PKCo /PR interaction and if
this association phosphorylates and activates PR, thereby increasing GBM cell migration.
Using the TCGA database, we correlated patient survival with mRNA expression of LPAR1,
LPAR3 and ENPP2 genes.

2. Materials and Methods
2.1. Cell Culture and Treatments

Human glioblastoma-derived cell lines U251 and LN229 (American Type Culture
Collection, Manassas, VA, USA (ATCC)) were grown in 10-cm dishes and maintained in
DMEM medium (In Vitro, CDMX, Mexico), supplemented with 10% fetal bovine serum
at 37 °C under a 95% air, 5% CO2 atmosphere. 1-Oleoyl Lysophosphatidic Acid (LPA;
62215; Cayman Chemical, Ann Arbor, MI, USA) was used to activate LPA receptors and
subsequently PKCax. LPA; /3 receptor antagonist Kil6425 (SML(0971; Sigma-Aldrich, St.
Louis, MO, USA) was added 30 min before the LPA treatment when used. Progesterone
(P4) (SML0971; Sigma-Aldrich, St. Louis, MO, USA) was used to activate PR; selective PR
modulator, RU486 (M8046; Sigma-Aldrich, St. Louis, MO, USA), was added 30 min before
the P4 treatment when used.

The National Institute of Genomic Medicine in Mexico City did proof of cell validation
for the U251 cell line and for LN229, we get the ATCC certificate analysis.

2.2. Proximity Ligation Assay

PLA experiments were performed using Duolink® kit (DU092101, Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s instructions. A total of 4000 cells
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were plated in 16 well chambers (178599, Nunc Lab-Teck, Thermo Scientific, Waltham,
MA, USA) in DMEM medium with 10% fetal bovine serum for 24 h. Eighteen hours
before treatments, the medium was changed for phenol red-free DMEM without fetal
bovine serum and cells were incubated at 37 °C under a 95% air and 5% CO, atmosphere.
Afterward, cells were stimulated for 0, 5 and 15 min with LPA 100 nM, washed twice
with ice-cold PBS, fixed for 15 min with PBS/Paraformaldehyde 4% and permeabilized
with 0.5% Triton X—100 for 30 min. Then, cells were blocked with 40 pL of blocking
solution for 1 h at 37 °C in a humidity chamber and incubated overnight at 4 °C with
the primary antibodies: monoclonal mouse antibody against PKC«x (2 ug/mL; sc-8393;
Santa Cruz Biotechnology, Dallas, TX, USA) and polyclonal rabbit antibody against total
Progesterone Receptor (2 nug/mL; sc-7208; Santa Cruz Biotechnology, Dallas, TX, USA).
To detect the primary antibodies, secondary proximity probes binding rabbit and mouse
immunoglobulin (PLA probe rabbit PLUS and PLA probe mouse MINUS, Olink Bioscience,
Sigma-Aldrich, St. Louis, MO, USA) were diluted 1:15 and 1:5 in blocking solution,
respectively. The cells were then incubated with the proximity probe solution for 1 h at
37 °C, washed three times in 50 mM Tris pH 7.6, 150 mM NaCl, 0.05% Tween-20 (TBS-
T) and incubated with the hybridization solution containing connector oligonucleotides
(Olink Bioscience, Sigma-Aldrich, St. Louis, MO, USA) for 45 min at 37 °C. Samples were
washed with TBS-T and subsequently incubated in the ligation solution for 45 min at 37 °C.
The ligation solution contained T4 DNA ligase (Fermentas, Sigma-Aldrich, St. Louis, MO,
USA), allowing the ligation of secondary proximity probes and connector oligonucleotides
to form a circular DNA strand. Subsequently, the samples were washed in TBS-T and
incubated with the amplification solution, containing phi29 DNA polymerase (Fermentas,
Sigma-Aldrich, St. Louis, MO, USA) for the roller cycle amplification for 90 min at 37 °C
and washed three times with TBS-T. Finally, the samples were incubated with the detection
mix solution (containing Texas Red-labeled detection probes that recognize the amplified
product, Olink Bioscience, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 °C, washed
twice in SSC-T buffer (150 mM NacCl, 15 mM sodium citrate, 0.05% Tween-20, pH 7) and
were coverslipped with a fluorescence mounting medium (Biocare Medical, Pacheco, CA,
USA). Fluorescent signals were detected by laser scanning microscopy (Nikon TE2000,
Amsterdam, Netherlands) and PLA-positive signals were quantified using MetaMorph
software. At least 50 nuclei were measured for each experimental condition.

2.3. RNA Extraction and RT-gPCR

To evaluate the effect of LPA on the gene expression induced by PR, we quanti-
fied VEGF, EGFR, TGFfB1 and cyclin D1 expression 24 h after LPA or P4 stimulation.
2 x 10° U251 cells were plated per well in six-well plates. At 24 h before treatment,
the growth medium was replaced by phenol red-free DMEM supplemented with 10%
charcoal-dextran filtered SFB. Then, cells were treated for 24 h with LPA (100 nM), P4
(10 nM), RU 486 (1 uM) and the conjunct treatments LPA + RU486 or P4 + RU486 (same
concentrations). After treatment, cells were washed with PBS and TRIzol® LS Reagent
(Invitrogen, Carlsbad, CA, USA) was added to detach cells from the plate. The RNA
extraction was performed according to the manufacturer recommendations by the phenol-
guanidine isothiocyanate-chloroform method. After extraction, RNA quantity and purity
were measured with the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Additionally, optimal RNA integrity was assessed by the electrophore-
sis of 1 pg of total RNA in a 1% agarose gel in 0.5x TB buffer. cDNA was synthesized
from 1 ug of total RNA with the M-MLV Reverse Transcriptase (Invitrogen, Carlsbad,
CA, USA) and oligonucleotides (dT)12-18 Primer (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol. A total of 2 pL of such reaction was used to
determine the expression of VEGF, EGFR, or the 185 ribosomal gene as expression control
by qPCR with the LightCycler® FastStar DNA Master SYBR Green I and the LightCycler
1.5 (Roche Molecular Systems, Pleasanton, CA, USA) according to the manufacturer’s
protocol. Oligonucleotide sequences were: 5'-CCACACCATCACCATCGACA-3’ for-
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ward VEGF primer, 5-CCAATTCCAAGAGGGACCGT-3' reverse VEGF primer (amplified
fragment of 153 bp); 5'-GCCTTGACTGAGGACAGGCAT-3' forward EGFR primer, 5'-
TGGTAGTGTGGGTCTCTGCT-3' reverse EGFR primer (amplified fragment of 152 bp); 5'-
AGTGAAACTGCAATGGCTC-3' forward 18S primer, 5-CTGACCGGGTTGGTTTTGAT-3'
reverse 18S primer (amplified fragment of 167 bp). A reaction without RT was performed
as a negative control. The relative gene expression was calculated with the 274t [30,31].
One-way ANOVA and a Tukey test were performed to determine statistical differences
between treatments by using the GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA, USA).

2.4. Immunofluorescence

Eight thousand cells per well were plated in Millicell EZ 4-well glass slides (Millipore,
Burlington, MA, USA). Eighteen hours before treatments, the medium was changed for
phenol red-free DMEM without fetal bovine serum and cells were incubated at 37 °C under
a 95% air, 5% CO, atmosphere. After the treatments, cells were fixed for 20 min in 4%
paraformaldehyde solution at 37 °C and permeabilized with 100% methanol for 6 min at
—4 °C. Next, fixed cells were blocked with 1% bovine serum albumin in PBS for 1 h at room
temperature and incubated at 4 °C for 24 h with 1ug/mL of rabbit anti-pS400PR (ab60954,
Abcam, Cambridge, UK) in 0.5% bovine serum albumin in PBS. The samples were rinsed
thrice in PBS for 5 min each and incubated in the dark with 0.5 ug/mL anti-mouse Alexa
Fluor 488-labeled secondary antibodies (A11034, Invitrogen, Carlsbad, CA, USA) for 45 min.
Nuclei were stained with 1 pg/mL Hoechst 33342 solution (Thermo Scientific, Waltham,
MA, USA). The cells were coverslipped with a fluorescence mounting medium (Biocare
Medical, Pacheco, CA, USA). The samples were visualized in a Nikon A1R + STORM
confocal microscope.

Specific characteristics of the antibodies described in Sections 2.2 and 2.4 can be
consulted in Table S1.

2.5. Migration Assay

To evaluate if blocking LPA; /PR signaling pathway affects migration, the scratch-
wound assay was used. 300,000 cells were plated with DMEM medium in six-well plates
until 90% confluence and the formation of a uniform monolayer were observed. With a
200 mL pipet tip, a scratch per well was made in a previously marked well to allow the
identification of 4 separate segments of scratch.

The detached cells were washed by aspiration. Cells were incubated with DMEM
medium with DNA synthesis inhibitor cytosine (3-D-arabinose-furanoside hydrochloride
(10uM, AraC; Sigma-Aldrich, St. Louis, MO, USA). One hour later, RU486 and Ki16425
were added and the scratch images were taken with an inverted microscope Olympus IX71
(Olympus Corporation, Shinjuku City, Tokyo, Japan), at 4X magnification at 0 and 24 h.
The percentage of wound closure from migrating cells in the scratch area was calculated as
the mean of four fields using the Image] software (National Institutes of Health, Bethesda,
MD, USA) and the formula:

AtOh — AtAh

Wound closure % = { 0%

} x 100 1)

where: AtOh = total area at time 0; AtAh = total area after “ x” hours.

2.6. LPAR1/3 and ENPP2 Gene Expression Evaluation

For LPAR1, LPAR3 and ENPP2 (ATX gene) mRNA determination, we used the California
University, Santa Cruz platform: UCSC Xena (XenaBrowser.net; accessed on 18 March 2021)
and the database from TCGA. After applying the filters and deleting the duplicated ones, we
obtained 258 samples for grade II (GII), 271 for grade III (GIII) and 166 for grade IV astrocytomas
(GIV or GBM). mRNA levels were obtained and plotted on Graph Pad Prism 5.0.
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2.7. Survival Curves

For the evaluation of LPAR1, LPAR1 and ENPP2 (ATX gene) mRNA relationship with
patient survival, Kaplan-Meier curves were performed using the platform of the California
University, Santa Cruz: UCSC Xena (XenaBrowser.net; accessed on 18 March 2021) and
the database from TCGA for tumor tissue. We obtained the following data from “TCGA
low-grade astrocytoma and glioblastoma” and after applying the filters and deleting the
duplicated ones: for LPARI: Grade II: 65 samples, Grade III: 132 samples and Grade IV:
166 samples. For LPAR3: Grade II: 129 samples, Grade III: 134 samples and Grade IV:
96 samples. For ENPP2: Grade II: 254 samples, Grade III: 265 samples and Grade IV:
153 samples. Statistical analysis between high and low expression was performed with a
Log-rank (Mantel-Cox) test. A value p < 0.05 was considered statistically significant, as
stated in figure legends. All these analyses were performed in GraphPad Prism 8.0 (Graph
Pad Software, San Diego, CA, USA).

2.8. Spearman Correlations

To obtain the correlation between the degree of expression of PGR and LPAR1 or
ENPP?2, the gene expression database called “TCGA Glioblastoma (GBM)” was extracted
from which the samples that did not have data for both genes were eliminated; 155 samples
were used for each graph and the Spearman coefficient was determined using the GraphPad
Prism 8.0.2 program.

2.9. Statistical Analysis

All data were analyzed and plotted using the GraphPad Prism 5.0 software for Win-
dows XP (GraphPad Software, San Diego, CA, USA). Statistical analysis of comparable
groups was performed using a one-way ANOVA with a Bonferroni or Tukey’s post-test. A
value of p = 0.05 or less was considered statistically significant, as stated in figure legends.

3. Results
3.1. PKCu Interacts with PR after LPA; Receptor Activation

Our previous work showed that PKCx immunoprecipitated with total and phospho-
rylated PR at residue 5400 [25]; we have also demonstrated that LPA induces PKCo nuclear
translocation [26]. To investigate if these proteins could interact in the same compartment
after LPA; receptor activation, a Proximity Ligation Assay (PLA) was performed (Figure 1).

Our results show that in the U251 cell line, the stimulation with LPA at 5 and 15 min
induced a protein-protein interaction between PKCax and PR with a peak at 15 min. Addi-
tionally, the puncta were located both in the cytoplasmatic and the nuclear compartments.
Interestingly, a scarce basal interaction of both proteins was observed.

3.2. PR Phosphorylated in Serine 400 (PRpS400) Has a Nuclear Localization

We have previously demonstrated LPA stimulation-induced PRpS400 and PKCo
nuclear translocation [25]. We were interested in knowing if PRpS400 was cytoplasmic
or/and nuclear since PKCx and PR interaction occurred in both compartments.

To assess the phosphorylation of PRpS400, we used immunofluorescence after 15 min
of stimulation with 100 nM of LPA and/or 2.5 uM of Ki16425 in U251 and LN229 cell
lines (Figure 2).

Interestingly, our results show nuclear puncta of PRpS400 in both cell lines at 15 min
after LPA stimulation. We measured the signal at 15 min because we have previously
demonstrated that PRpS400 reaches its maximum level at this timepoint [25].

In contrast, Kil6425, an inhibitor of LPA; /3 receptors, blocked this effect on both cell
lines. We have previously demonstrated that U251 cells express the LPA; receptor at a
protein level and LN229 cells express LPA;/LPAj receptors [25]. In the LN229 cell line,
PRpS400 could be promoted by both LPA receptors; meanwhile, in U251, this phosphoryla-
tion is induced through the LPA; receptor.
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Figure 1. LPA induces the interaction of PKCx and PR. Top panel: representative images of the PLA assay. The red dots
denote the proximity (distance less than 40 nm) of PKCx and PR at 0, 5 and 15 min of stimulation with 100 nM of LPA in
the U251 cell line. Lower panel: graphic representation of the interactions. Results are expressed as the mean + S.E.M.
of 30 cells nuclei per condition. A one-way ANOVA statistical test followed by a Tukey’s post-test was used. * p < 0.001,
compared to control (0) and 15 min, ** p < 0.001 compared to control (0).
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A U251
Control LPA LPA + Ki16425 Ki16425

Merge

B LN229
Control LPA + Ki16425 Ki16425

Figure 2. Localization of PRpS400 in GBM cell lines. PRpS400 localization in cell nuclei. The treatment with Ki16425 (2.5 uM)

inhibited the effect of LPA (100 nM) on the phosphorylation of PR at S400 at 15 min of stimulation in the GBM cell lines
(A) U251, (B) LN229. PRpS400 (Green puncta), Hoechst (Blue). Representative images from 3 independent experiments.
The photographs were taken at 60 x magnification.

3.3. PR Induces the Expression of VEGF after Its Activation via the LPA; Receptor

In previous work, we showed that activating the LPA; receptor with its ligand induces
PKC translocation to the nucleus at 5 and 15 min [26]. Since this kinase interacts with PR
and induces its phosphorylation at 5400 [25], we wanted to test whether PR gene targets
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could be induced by LPA treatment. We chose two important PR (VEGF and EGFR) targets
known to contribute to GBM progression.

To evaluate whether LPA receptors activation modulates the expression of PR target
genes, we measured their respective mRNAs with RT-qPCR after 24 h of stimulation with 10
nM of P4, 100 nM of LPA, 1 uM of RU486 (selective modulator of PR) and the combination
of RU486 with P4 or LPA in U251 cell line (Figure 3).
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Figure 3. LPA modulates VEGF but not EGFR mRNA expression levels in GBM cells. U251 cells were treated with P4,
LPA, RU486 and the combination of these treatments: P4 + RU486, LPA + RU486, or V (Vehicle; 0.1% ethanol) for 24 h,
subsequently the gene expression of (A) VEGF and (B) EGFR was determined by RT-qPCR. Each column denotes the
mean £ S.E.M. of each treatment, n = 4. The one-way ANOVA statistical test followed by a Tukey post-test determined

the statistical difference * p < 0.02 P4 and LPA vs. V; + p < 0.009 vs. V and the combined treatments; ** p < 0.01 P4 vs. all
other treatments.

The results show that LPA modulated VEGF expression, similarly to P4, after 24 h of
stimulation. The mRNA expression was downregulated when stimuli were combined with
the selective PR modulator, RU486. However, this modulator acted as a receptor agonist
when used alone. EGFR mRNA expression increased after P4 treatment and RU486 blocked
this effect; however, no regulation by LPA was observed (Figure 3B).

3.4. LPA/PR Pathway Induces Migration

VEGE, a PR downstream target, is known to promote tumor progression. Migration of
cancer cells and new vessel formation are vital factors in sustaining a growing tumor [32].
In GBM, a highly vascular tumor, VEGF is an important growth factor known to induce
migration of both: GBM and endothelial cells [33].

We were interested in assessing if the LPA /PR pathway could induce migration in
U251 and LN229 cell lines. We evaluated this process through a wound-healing assay with
10% FBS as LPA source combined with Ki1645 and /or RU486 at 0 h and 24 h (Figure 4).

The percentage of wound closure without or after treatment with DMSO or EtOH was
85% for U251 and 70% for LN229. In the U251 cell line, the effect of Ki16425 and RU486, in
wound closure was 60 and 65%, respectively; meanwhile, in LN229 was 35% with Kil6425
and 49% with RU486. Interestingly, both compounds (RU486 and Ki16425) caused a 55%
closure in U251 and a 30% in LN229, suggesting a slightly additive effect of both inhibitors.

Ki16425 is an antagonist for LPA /3 receptors. We have previously demonstrated that
U251 cells express the LPA; receptor at a protein level and LN229 cells express LPA; /LPA3
receptors [25]; thus, in the LN229 cell line, inhibition of migration could be promoted by
both LPA receptors.
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A U251

Ki16425
+ RU486

Control DMSO EtOH Ki16425

24H

Figure 4. LPA /PR pathway signaling induces migration in GBM cells. (A) U251 and (B) LN299 cells were incubated for
24 h with complete medium (10% FBS), vehicles (DMSO and EtOH) and complete medium with Kil6425 (2.5 uM), RU486
(1 uM), or its combination. FBS was used as an LPA source. A total of 4 sections of the wound assay were analyzed per
experiment and treatment. Representative images of two independent experiments are shown.

3.5. LPA;, LPA3 and ATX Expression in the Survival of GBM Patients

Our results showed that LPA; /PR pathway induced PR targets transcription and
migration of GBM cells; therefore, it is probable that this signaling pathway enhances
tumor progression. Thus, we questioned whether LPA receptors (LPAR1, Figure 5A; LPAR3,
Figure 6A) or ATX (ENPP2; Figure 7A) expression is modified at mRNA level in different
astrocytoma grades. Additionally, we were interested in studying the correlation between
these genes’ expression and patient survival. Therefore, we constructed Kaplan—-Meier
graphs using TCGA data for astrocytoma grades II, IIl and IV with low and high expression
of LPAR1 (Figure 5B-D), LPAR3 (Figure 6B-D) and ENPP2 (Figure 7B-D).
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Figure 5. LPART mRNA expression and astrocytoma patient’s survival. (A) LPART mRNA expression
(RNA-seq Illumina HiSeq, log2(norm count + 1)) in TCGA datasets + SEM in different grades (G) of
astrocytomas. The one-way ANOVA statistical test followed by a Tukey post-test determined the
statistical difference * p < 0.05 GIII vs. GII and GIV, ** p < 0.05 GIV vs. GII and GIII. The Kaplan-Meier
graphs show survival curves in patients that express low or high levels of LPAR1 in astrocytomas
(B) GII, (C) GIII and (D) GIV (GBM). Statistical analysis between high and low expression of LPAR1
was performed with a Log-rank (Mantel-Cox) test. A value p < 0.05 was considered statistically
significant, (B,D) were non-significant.
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Figure 6. LPAR3 mRNA expression and astrocytoma patient’s survival. (A) LPAR3 mRNA expression
(RNA-seq Illumina HiSeq, log2(norm count + 1)) in TCGA datasets £ SEM in different grades (G) of
astrocytomas. The one-way ANOVA statistical test followed by a Tukey post-test determined the
statistical difference. The Kaplan—Meier graphs show survival curves in patients that express low or
high levels of LPAR3 in astrocytomas (B) GII, (C) GIII and (D) GIV(GBM). Statistical analysis between
high and low expression of LPAR3 was performed with a Log-rank (Mantel-Cox) test. No statistical
difference was observed.
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Figure 7. ENPP2 mRNA expression and astrocytoma patient’s survival. (A) ENPP2 mRNA expression
(RNA-seq Illumina HiSeq, log2(norm count + 1)) in TCGA datasets £ SEM in different grades (G) of
astrocytomas. The one-way ANOVA statistical test followed by a Tukey post-test determined the
statistical difference. * p < 0.05 GII vs. GIII and GIV, ** p < 0.05 GIII vs. GII and GIV. The Kaplan—-Meier
graphs show survival curves in patients that express low or high levels of ENPP2 in astrocytomas
(B) GII, (C) GIII and (D) GIV (GBM). Statistical analysis between high and low expression of ENPP2
was performed with a Log-rank (Mantel-Cox) test. No statistical difference was observed.

These results showed that the expression of LPARI among the different grades of
astrocytomas is increased with tumor malignancy (Figure 5A) while LPAR3 and ENPP2
expression does not (Figures 6A and 7A); in fact, ENPP2 expression decreases according to
tumor malignancy. For Kaplan—-Meier curves, we found that LPART low expression is the
only one related to overall survival in astrocytoma grade III patients (Figure 5C).

3.6. Correlation between PGR and ENPP2 Gene Expression

Although LPART mRNA expression was associated with poor prognosis only in grade
III astrocytomas, we were interested in evaluating whether there was a correlation between
PGR and LPAR1 expression (Figure 8A).
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Figure 8. Correlation between LPARI/PGR and ENPP2/PGR expression in GBM. The Spearman
correlation coefficient was calculated to measure the association between (A) LPAR1/PGR and
(B) ENPP2/PGR in GBM samples from the TCGA database.
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Our results show that there was no correlation between the expression of LPART and PGR
genes. Since LPA production is mainly due to the enzyme ATX [8-10], it is possible that the
expression of this enzyme could impact the LPA; /PR signaling pathway. Therefore, we also
analyzed if there was a correlation between ENPP2 (ATX gene) and PGR mRNA expression. In
this case, there was a positive correlation between these genes’ expression (Figure 8B).

Additionally, by using PROMO-ALGGEN software (http:/ /alggen.Isi.upc.es/; ac-
cessed on 5 March 2021), we investigated if ENPP2 had possible progesterone response
elements (PRE) in its promoter (ENPP2 promoter sequence was obtained at the Eukaryotic
Promoter Database (https://epd.epfl.ch//index.php; accessed on 5 March 2021) for PR
binding that could, further, explain their correlation. We found seven possible binding sites
in the ENPP2 promoter with over 90% probability and one with over 95% (Figure 9) for
both PR receptor isoforms (PRA and PRB).
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Figure 9. Possible binding sites for PR receptor in the ENPP2 promoter sequence. Seven potential sequences were found for
(A) PR isoform A and (B) PR isoform B in the ENPP2 promoter.

4. Discussion

In this work, using the PLA assay, we evaluated whether there is a protein-protein
interaction between PR and PKC«. The in situ PLA assay identifies the physical proximity
of proteins; a signal will only be produced if two proteins are at a distance of less than
40 nm; this provides high selectivity for protein—protein interaction detection [34].

This assay demonstrated that after 5 and 15 min of 100 nM LPA stimulation, the
proximity between PR and PKCw increased in a time-dependent manner. This result
suggests a direct interaction of the kinase with the receptor that leads to the latter’s
phosphorylation. It is interesting to point out that U251 cells reached a high level of
interaction between PR and PKCux at 15 min after LPA treatment, at the same time in
which the highest accumulation of PKCo in the nucleus and the phosphorylation peak of
PRpS400 were observed [25]. Furthermore, the protein-protein interaction location was
cytoplasmatic and nuclear; this result proves that the PKCo/PR association could occur in
both compartments, although the accumulation of PRpS400 was mainly nuclear.
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Additionally, we wanted to evaluate whether the LPA; /PKCo/PRpS400 pathway
could modulate PR target genes’ expression. Previous work from our laboratory reported
that activation of PKC« increased PR phosphorylation that induced its transcriptional
activity. In turn, PR increased the mRNA expression of the blocking factor induced
by progesterone (PIBF) [27], a known PR target gene that causes cellular proliferation
of GBM [24].

Other genes involved in GBM cell proliferation and migration are EGFR and VEGF,
which are regulated by PR [29]. Therefore, we analyzed whether PR activation by LPA
could modulate the expression of these two genes. We observed that VEGF expression was
upregulated after LPA treatment similarly as P4 did it. In contrast, EGFR expression was
only increased when the cells were treated with P4.

EGFR and VEGF are differentially regulated. VEGF has PRE consensus sites in addition
to AP1 and SP1 sites in its promoter [35,36]. In previous work, we demonstrated that PKC
activation induced a two-fold increase in PR transcriptional activity when GBM cells (U251)
were transfected with the MMTV-Luc reporter plasmid carrying two PRE [24]; thus, LPA
treatment induces PKC« activation (through LPA; receptor), that in turns phosphorylates
PR, modulating VEGF expression by PRE.

Conversely, EGER has SP1 sites but does not have canonical PREs. It is known that PR
can activate MAPK or c-Src after its stimulation with P4 and that these signaling cascades
promote receptor phosphorylations in different sites. Phosphorylations can promote
PR binding to SP1 sites (e.g., PRpS345 by MAPK), inducing the transcription of genes
without PRE in their promoters [37-39], which also explains the lack of RU486 effects on
EGFR expression.

Although the selective modulator RU486 combined with P4 and LPA inhibits VEFG
expression, we observed an increase in this gene transcription when used alone. This may
be due to the role of RU486 as a partial agonist [40,41].

In addition, RU486 is a modulator of the glucocorticoid receptor, which could also
induce VEGF transcription [42].

Additionally, the wound healing assay showed that inhibition of LPA; /PR reduces
cell motility. Interestingly, the inhibitors” combined effect had a slight additive impact
suggesting that other pathways such as MAPK could contribute to cell migration through
LPA; receptor signaling cascade or non-canonical PR pathways. It is worth noting that
despite using a complete medium as a source of LPA, which includes growth factors, the
effects of inhibiting LPA; /PR or both were marked. Thus, due to the invasiveness nature
of GBM, these results suggest that targeting both proteins is potentially beneficial at a
therapeutical level. Moreover, the signaling from both proteins impacts more than just
migration; although further studies are needed to corroborate our findings, they could also
affect invasion, proliferation, survival and other important tumor progression features. It
would be essential to point out that U251 cells express the LPA; receptor at a protein level
and LN229 cells express LPA; /LPAj receptors [25]; thus, the results found in the LN229
cell line could be promoted by both LPA receptors; meanwhile, in U251, LPA; receptor
would be the main receptor involved in PR phosphorylation by PKC and in promoting
cell migration.

We were also interested in analyzing if the mRNA of these LPA receptors and autotaxin
could function as a predictor of patient survival among astrocytomas. Remarkably, LPAR1
increases with tumor malignancy. However, it was only linked to survival in astrocytomas
grade III. LPAR3 mRNA expression did not vary among grades and ENPP2 (ATX gene)
decreased with malignancy; neither mRNAs had a link to patient prognosis. It is worth
noting that the TCGA database does not harbor data of mutations of LPA receptor or ATX;
therefore, we cannot account for mutants derived from LPAR1, LPAR3 and ENPP2 that
could impact patient survival.

Additionally, GBM differences between the transcriptome and proteome have been
found, suggesting that mRNA levels do not always reflect protein content. Lemeé et al.
found a poor correlation between mRNA and protein content of the neurofilament light
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polypeptide and synapsin 1 in GMB patient samples [43]. Moreover, Song et al. performed
a proteomic and genomic profiling of GBM and normal brain tissue and found mRNA
expression rarely correlated with protein content [44]. The latter suggests that despite de
levels of LPAR3 and ENPP2 gene expression, we cannot disregard their protein role in GBM
progression. In contrast, it would seem that LPARTI mRNA levels could be correlated with
high protein levels, as demonstrated previously [25] and it has a functional role in tumor
progression. However, none of the mRNA evaluated in this work could be markers for
survival prognosis in GBM.

Furthermore, in a recent work from our lab, we have shown that PR protein expression
increases with tumor malignancy, although mRNA levels seemed to decrease with tumor
grade [45]. Moreover, PR mRNA does not correlate with survival prognosis in GBM.
Several critical factors implicated in mRNA translation into its protein can be altered in
GBM (e.g., regulatory proteins and siRNAs that need to be investigated [46]; therefore, the
causes of mRNA /protein inconsistency in GBM remain unknown.

Despite the latter, our data suggested a possible correlation of ENPP2 regulation by
PGR, which could be through a positive feedback loop since we found probable PRE in the
ENPP2 promoter; thus, PRpS400 through LPA; receptor activation may upregulate ATX in
GBM. However, the evidence so far is insufficient and requires further investigation.

5. Conclusions

LPA stimulates PKCa-PR interaction inducing receptor phosphorylation at 5400,
mainly in the cell nucleus. LPA; /PR signaling cascade upregulates VEGF expression and
induces cell migration contributing to GBM progression.

The expression of LPAR3 and ENPP2 mRNAs is not a biomarker for prognosis in
patients” survival.
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Abstract: The nuclear progesterone receptor (PR) is mainly known for its role as a ligand-regulated
transcription factor. However, in the last ten years, this receptor’s extranuclear or rapid actions have
gained importance in the context of physiological and pathophysiological conditions such as cancer.
The PR’s polyproline (PXPP) motif allows protein—protein interaction through SH3 domains of several
cytoplasmatic proteins, including the Src family kinases (SFKs). Among members of this family, cSrc
is the most well-characterized protein in the scenario of rapid actions of the PR in cancer. Studies in
breast cancer have provided the most detailed information on the signaling and effects triggered by
the cSrc-PR interaction. Nevertheless, the study of this phenomenon and its consequences has been
underestimated in other types of malignancies, especially those not associated with the reproductive
system, such as glioblastomas (GBs). This review will provide a detailed analysis of the impact of the
PR—cSrc interplay in the progression of some non-reproductive cancers, particularly, in GBs.

Keywords: nuclear progesterone receptor; cSrc; rapid actions; breast cancer; glioblastoma

1. Introduction

Progesterone (P4) is one of the most studied and characterized female sex hormones
in the scenario of cancer [1-3]. P4 actions can be exerted by a diverse group of receptors,
including nuclear progesterone receptors (PRs), membrane progesterone receptors (mPRs),
and membrane-associated progesterone receptor components (PGRMCs). The mechanisms
of P4 actions are classified as genomic or non-rapid effects when involving the transcription
of P4-responsive genes and non-genomic or rapid effects when P4 effects are mediated by
signaling through cytoplasmatic proteins [4,5].

Although the PR is primarily known for its function as a ligand-activated transcription
factor, its interaction with P4 also triggers rapid or transcription-independent effects.
Immediate effects mainly occur through the activation of mPRs [6] and PGRMCs [7-9],
whereas nuclear actions are exerted by the PR [10], but the latter is the only one that can
exert both effects. In addition to the domains involved in its function as a transcription
factor, the PR possesses a polyproline-rich (PXPP) motif between aa 421 and 428 that
binds to the SH3 domains of several cytoplasmic molecules, including cSrc (Figure 1),
hematopoietic cell kinase (HCK), Fyn, and other kinases or adapter proteins such as the
regulatory subunit of PI3K (p85), CRK proto-oncogene adaptor protein (Crk), and growth
factor receptor-bound protein 2 (Grb2) [11]. cSrc is one of the most well-studied and well-
characterized non-receptor tyrosine kinases in cancer progression. Unlike other proteins
associated with the hallmarks of cancer, cSrc has no mutations but exhibits high enzymatic
activity [12].
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Figure 1. Activation of SFKs by SH3-PXPP interaction. In the cytoplasm or even anchored to the
plasma membrane, PR interacts with other cytoplasmic molecules leading to the activation of various
signaling cascades. Via PXPP, this receptor interacts with the SH3 domains of several molecules
such as cSrc kinase. A direct interaction between cSrc and PR causes a conformational change
in cSrc towards its active form and promotes the activation of other signaling cascades such as
mitogen-activated protein kinases (MAPKSs) that favor cancer progression by enhancing cell survival,
proliferation, and migration.

PR—cSrc interaction has mainly been studied in breast cancer. Since the late 1990s,
a large body of evidence has accumulated about the effect of P4 on breast cancer cells
through rapid PR actions [13,14]. In several breast cancer-derived cell lines, it has been
described that once stimulated by P4, the PXPP motif of the PR binds to the SH3 domain
of cSrc, promoting a conformational change in this kinase that exposes its autocatalytic
domain, followed by its activation (Figure 1) [15,16]. The interplay between the PR and
cSrc in breast cancer leads to the activation of signaling pathways involved in proliferation
(ERK-MAPKs) (19), migration, and invasion (focal adhesion kinase (Fak)—focal adhesion
complexes) (Figure 1) [17,18]. In breast cancer, some evidence suggests that the nuclear
estrogen receptor (ER) mediates the PR—cSrc interaction [13,14]. However, many elements
in the mechanism of cSrc activation through the PR remain to be elucidated, for example,
whether other proteins stabilize the PR—cSrc interaction. Another aspect of interest is to
elucidate the PR regulation by cSrc. In this review, we aimed to discuss these aspects, the
unknown processes in this mechanism, and the impact on cancer progression.

2. SH3 Domain-PXPP Motif Interaction: Structural Basis and Functions

The protein—protein interactions mediated by SH3 domain—-PXPP motifs are one of
the most abundant and studied processes in cells since they are necessary for activating
signaling pathways and for protein subcellular localization. Although the SH3 domain was
first described as an extra-catalytic domain of the Src family kinases (SFKs) in the 1980s,
they are present in a wide variety of proteins: other tyrosine kinases such as the Abl family
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and cytoskeletal proteins such as actin and myosin [19,20]. Around 300 SH3 domains have
been identified in the human genome and in more than 200 different proteins [21].

In the case of SFKs, the protein—protein interaction mediated by the SH3 domain
promotes their activation. Once activated, such kinases regulate diverse signaling pathways
whose final effect is inducing cellular proliferation, cell survival, and migration, among
other effects. Their broad cross-talk with many different transduction pathways makes
them key regulators in pathologies such as cancer [22].

The SH3 domains consist of approximately 55-85 amino acids with a conserved
structure folding [23]: five to six 3-strands arranged as antiparallel (3-sheets or as (3-barrels
connected by three loops and one helix. In addition, the SH3 domain is rich in aromatic
amino acid residues that stabilize the binding site interaction with their ligand. These last
elements are relevant to peptide ligand recognition [24]. The canonical ligands of SH3
domains are the PXPP left-handed helices [25].

The PXPP motifs are highly abundant in the human proteome [26]. Such protein
motifs have a pseudo-symmetrical structure, which could be recognized in two different
orientations by the PXXP-binding site of the SH3 domain. There are two classes of the PXPP
motifs ligands which differ in the consensus sequence orientation: The class I consensus
sequence is RXLPPXP, whereas class II is constituted of the consensus sequence XPPLXPR
(the opposite orientation from class I) [27]. Positive amino acids such as arginine and lysine
are necessary for the recognition of the polyproline motif by the SH3 domain. Such residue
is recognized by the specificity pocket of the SH3 domain, formed by negative amino acid
residues adjacent to the PXPP motif binding site [28,29]. In the particular case of SFKs, it
was reported that they bind to the class I consensus sequence of polyproline motifs [27].

The Src kinases family is constituted by nine members whose structural organization
is highly conserved in humans. Near their N-terminal domain (NTD), the SH4 domain
is located, and its post-translational modifications such as myristoylation and palmitoy-
lation are involved in attaching the kinase to the cell membrane. The SH4 domain is
also one of the most variable regions among SFKs. Aside from SH4, the SH3 and SH2
domains regulate protein—protein interactions and the catalytic activity of the Src family.
Interactions mediated by SH3 domain—-PXPP motifs are key regulators in the function of
SFKs. The SH2 is attached with a linker section to the SH1 domain, which is the enzyme’s
catalytic center. It is followed by the C-terminal short section containing an autoinhibitory
phosphorylation residue.

When the C-terminal residue is phosphorylated, it remains bound to SH2, maintaining
Src in an inactive conformation. The SFKs will change to their active form if dephosphory-
lation of such residue occurs or if a protein—protein interaction occurs in the SH2 or SH3
domains and induces their conformational change [30]. Many protein substrates can recruit
and activate SFKs by interacting with the SH3 and/or SH2 domains. Some ligands of Src
are growth factor receptors, integrins, other kinases such as Fak, and intracellular steroid
receptors such as the PR (Figure 1) [31,32].

The PR belongs to the superfamily of nuclear receptors, which are best characterized
by their function as transcription factors. The PR is part of the nuclear receptor subfamily
3, which comprises other steroid receptors such as ER, androgen (AR), glucocorticoid,
and mineralocorticoid receptors. This family of receptors has very high variability in the
NTD, favoring their interaction with specific proteins such as coactivators, other nuclear
receptors, and hub proteins of different signaling pathways such as the Src family [33].
Two main PR isoforms in humans have been reported: PR-A and PR-B. Although their
transcription is regulated by two distinct promoters, they are coded by the same gene
(11g22-23). Structurally, the PR-B is the longer isoform and has 164 more amino acids than
the PR-A in the NTD region [34].

The membrane or cytoplasmatic localization of steroid receptors is crucial to their
participation in activating rapid non-transcriptional pathways. In the case of the PR, ER,
and AR, their attachment to caveolae lipid rafts of the plasma membrane is mediated by
their palmitoylation at the ligand-binding domain (LBD) [35,36]. This post-translational
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modification is promoted by the heat shock protein 27 (Hsp27) in the ER [36]. Once
attached to the plasmatic membrane, steroid receptors can interact with other proteins of
the focal adhesion complexes. These stable structures at the plasma membrane interact
with extracellular matrix components that mediate cellular responses to the external and
inner signals regulating metabolic activity, proliferation, and motility [35].

In the PR-B, the PXPP motif is located between the 421 and 428 amino acids in the NTD
region. When a direct interaction exists between cSrc and the PR, the former transits to
its active form and promotes the activation of other kinases such as the mitogen-activated
protein kinases (MAPKSs) [16] (Figure 1). The activation of such signaling cascades has high
repercussions in the cells, particularly, in different cancers, as described in the incoming
sections (Figure 1). It is also important to mention that other steroid receptors also promote
the activation of such signaling cascades, although their interaction with cSrc proteins could
be different from the PR. The interaction between the AR and cSrc is also mediated by the
interaction of SH3-PXPP, but the ER interacts with this kinase at the SH2 domain [37,38].

3. Functions of the Polyproline Motif of PR in Breast Cancer

Most research about rapid PR actions has been conducted on hormone-dependent
cancers. Most PR rapid effects depend on the activation of cSrc by SH3-PXPP motif
interactions or through its indirect interaction mediated by the ER [13-15].

In the first half of the 1990s, the molecular mechanisms involved in breast cancer
progression by the action of sex hormones were still unknown. In 1998, Migliaccio et al.
first reported progestin-dependent activation of cSrc and that this effect was dependent
on the formation of the ER—cSrc-PR complex [13]. Interestingly, three years later, Boon-
yaratanakornkit et al. reported that activation of cSrc by the synthetic progestin R5020 was
not dependent on the presence of the ER and that the PR could directly interact through
the PXPP motif-SH3 domain [15]. Subsequent studies have shown that the PR and ER can
directly interact with cSrc; however, the mechanisms that allow this interaction are specific
for each receptor [11]. The dynamic of the interaction in cells expressing both receptors
is not known. Answering in which contexts the participation of the ER is essential for
activation of cSrc through the PR (Figure 2) would provide valuable information for the
development of more effective therapies against breast cancer.

In vitro models of breast cancer have enlightened the relevance of PR interaction with
kinases attached to the plasma membrane. The cell proliferation enhanced by progestins
has been extensively reported in breast cancer [39]. In the T47D breast cancer cell line,
Skildum et al. demonstrated that the mutant form of the PR-B (S294A PR-B) with low
transcriptional activity and diminished proteasomal degradation [40] could activate the
Ras/Raf/MAPK cascade in a ligand-dependent manner. In addition, the 5294A PR-B and
wt-PR induce cell cycle progression [41]. This is interesting considering that only about 5%
of the PR is at the plasma membrane [15]. The direct cSrc activation by the PR is as fast as 5
to 10 min, and apart from MAPK activation, such effects activate ERK and EGFR, which
in T47D also activate transcription factors such as Sp1, which promotes the expression of
genes without PRE, like p21 protein [41,42].

Moreover, the positive feedback between PR rapid signaling and growth factor-
activated pathways was reported in breast cancer cell lines. The co-localization of EGFR,
PR, and cSrc has been reported in the focal adhesion complexes. In this context, the
activation of EGFR depends on the ligand-dependent activation of the PR-B [42]. In addi-
tion, the Jak /STAT pathway is activated by PR—cSrc in T47D and the mammary-induced
tumor model with C4HD cells. In such models, the progestin medroxyprogesterone in-
duces the rapid activation of cSrc with the subsequent activation of the signal cascade
Jakl/Jak2/STATS3.
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Figure 2. Potential extranuclear effects of PR. In breast cancer cells, cSrc kinase has been reported
to bind PR through SH3-PXPP interaction. This interaction promotes the activation of cSrc by a
conformational change that exposes the tyrosine residue 416. Other SH3-domain proteins could
interact with the PR. Although its main localization is nuclear and cytoplasmic, the PR has been
found to be anchored to the plasma membrane. However, there is still a lack of knowledge about
many of the proteins and effects involved in the extranuclear signaling of the receptor. 1: What role
does P4 concentration play in the induction of rapid PR effects? 2: What other kinases of the SFKs
family can be activated by their interaction with the PR? 3: What is the role of cSrc and other SFKs in
PR phosphorylation? 4: Which other proteins with SH3 domains can interact with the PR, and what
effects are triggered? 5: In what context is the ER essential for the activation of cSrc through the PR? 6:
What are the mechanisms allowing PR anchoring to the plasma membrane? What protein complexes
would form in this area? Furthermore, is this PR localization essential for extranuclear signaling?

Additionally, in the longer term (48 h), medroxyprogesterone also promotes an aug-
ment in STAT3 levels [43]. In T47D breast cancer cells, P4 enhances breast cancer cell
migration and invasion via activating Fak through extranuclear actions of the PR [17].
The Fak kinase also contains an SH3 domain that mediates the interaction with several of
the components of focal adhesions, including cSrc [44]. However, it is unknown whether
the SH3 domain of Fak has an affinity for the PXPP motif of the PR and its role in PR
localization in the plasma membrane near the focal adhesion complexes.

4. Role of PR and cSrc in Glioblastoma Progression
4.1. Contribution of cSrc to Malignancy of Glioblastoma

Glioblastoma (GB) is the most frequent and aggressive malignant brain tumor in
adults. The current standard of care for patients with GB does not offer a survival of
more than 15 months [45]. cSrc is one of the oldest proto-oncogenes associated with the
progression of cancer. For a long time, it was thought that the central role of this kinase
(cSrc) was related to cellular proliferation and tumor growth. However, in the last two
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decades, interest in this kinase has emerged in the context of cell adhesion, invasion, and
motility [12]. cSrc activity has been reported to be higher in GBs than in normal brain
cells [46,47]. One of the first studies on the role of cSrc in GBs was performed in transgenic
mice constitutively expressing the mutated variant of cSrc lacking the negative regulatory
domain at the C-terminal end (v-SRC). In these animals, glial tumors grew with molecular
and morphological characteristics closely resembling those of a human GB [48]. The role
of cSrc in regulating GB cell motility was reported by Angers-Loustau et al. in 2004. They
implanted spheroids of the human GB cell line (U251) in three-dimensional type I collagen
matrices. It was observed that specific pharmacological inhibitors of the Src family, PP2
and SU6656, significantly reduced cell invasion. In addition, PP2 interfered with actin
filament rearrangement in lamellipodia formation [49]. In 2015, Lewis-Tuffin et al. found
that the silencing of cSrc, Fyn, Yes, and Lyn decreased proliferation and migration in human
GB-derived cell lines LN229, U87, U251, TP483, and SF767 [50]. In GB cells with positive
expression of the stemness marker CD133, the inhibition of expression and activity of
cSrc and Fyn decreased these cells” migratory and invasive capacity [51]. In 2017, it was
shown that in patient-derived GB (SOX2+/Nestin+) stem cells, the addition of a penetrating
peptide, whose sequence corresponded to amino acids 266-283 of the connexin 43 sequence,
significantly reduced the motility and invasive capacity of these cells through the inhibition
of cSrc and Fak [52]. Although the evidence suggests that cSrc is a potent drug target,
clinical trials with cSrc inhibitors have not been satisfactory [53]. One of the factors analyzed
is the failure of Src inhibitors to cross the blood—brain barrier. In this regard, it may be
helpful to address proteins that participate in the activation of cSrc which have inhibitors
or antagonists that can cross the blood-brain barrier.

4.2. PR: An Underappreciated Villain in GB Progression

Since 1997, several studies have correlated PR content with gliomas” malignancy.
Khalid et al. found that the protein content of the PR was higher in GBs (grade IV gliomas)
than in grade I and II gliomas from the biopsies of 86 patients [54]. Recently, Arcos-Montoya
et al. reported that the PR content, determined with immunofluorescence, was higher in
samples derived from patients with GBs than in samples from patients with lower-grade
gliomas or normal tissue [55]. In addition to the positive correlation between protein
expression and grade of malignancy in gliomas, there is functional evidence of the PR’s role
in the progression of GBs. Gonzalez-Aguero et al. treated human GB-derived cell lines with
P4 (10 nM) and observed a significant increase in the proliferation rate compared to the
vehicle. When RU486, a PR antagonist, was added to the cells, the effect of P4 was blocked,
suggesting that this hormone induces GB cell proliferation through the PR [56]. The effects
mediated through PRs on GB cells are not limited to modifying proliferation-associated
events. Pifa-Medina et al. found that P4 increased the migratory and invasive capacity of
the GB-derived cell line, U251. This effect was partially blocked when RU486 or antisense
oligonucleotides against the expression of PRs were added [57]. However, these effects
have generally been associated with the transcriptional activity of the receptor without
considering its extranuclear role in the activation of signaling pathways in the cytoplasm.
In breast cancer, PR extranuclear functions have been extensively characterized; however,
in other types of tumors not associated with the reproductive system, such as GBs, this
aspect has been underestimated.

4.3. PR—cSrc Interaction in GBs: Experimental Evidence and Future Perspectives

In breast cancer, the interplay between PR and cSrc has been widely characterized [13-15];
however, in other non-reproductive cancer, knowledge about this phenome is scarce. In the
GB context, accumulating evidence suggests that the PR participates in the progression of
the tumors when stimulated with low concentrations of P4 [56-59]. However, these effects
have been primarily associated with transcriptional activity [60]. Recently, Bello-Alvarez et al.
identified rapid effects induced by low P4 doses (50 nM) in GB-derived cell lines. Firstly, P4
induced cSrc activation after ten minutes of stimulation. When a siRNA against PR expression
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was added, this effect was abolished, suggesting the role of the PR in the kinase activation.
In addition, P4 activated Fak after twenty minutes of treatment, and this effect was partially
suppressed when a siRNA against cSrc expression was incorporated. These results suggest
that once stimulated by P4, the PR induces rapid signaling in GB-derived cell lines through
the activation of cSrc and Fak, both essential proteins that regulate the focal adhesion complex
assembly and disassembly, and contribute to migration and invasion.

The authors also reported the PR—cSrc interaction by co-immunoprecipitation as-
say [59]. In summary, the findings of this publication propose that in GBs, the PR operates
via a rapid mechanism as in the case of breast cancer [61]. Nevertheless, there are still many
missing elements in this mechanism that need to be elucidated. For example, the activation
of other Src family proteins by the PR (Figure 2), especially Lyn, whose activity is the high-
est in GBs [62]. According to Boonyaratanakornkit et al., in breast cancer cells expressing
PRs and ERs, the activation of cSrc by P4 involves the formation of an ER—cSrc-PR ternary
complex [11]. In GBs, the expression of both receptors and their participation in the pro-
gression of these tumors has been verified [63]. Hernandez-Vega et al. demonstrated that
E2 stimulated epithelial-mesenchymal transition, migration, and invasion of glioblastoma
cells. Interestingly, these effects were only mediated by the ERa subtype [64]. It would be
of great interest to determine the specific ER subtype that participates in the activation of
cSrc through the PR in GB cells (Figure 2).

In breast cancer cells, it was reported that cSrc phosphorylates the Tyr537 residue
of ER«, which in vitro and in vivo enhances ERx binding to EREs [65]. In silico analysis
performed by Bello-Alvarez et al. proposed the residue Tyr87 of the PR as a putative site
for cSrc phosphorylation [59]. This result encourages us to extend this field of research
to find out which kinases of the Src family are involved in PR phosphorylation and their
effects on the transcriptional activity of this receptor (Figure 2).

Kawprasertsri et al. reported in lung cancer cells without progestin stimulation that
the rapid PR signaling interferes with the activation of the EGFR-ERK1/ERK2 pathway.
Through its PXPP motif, the PR can bind to the adaptor protein GrB2, which is essential
for signaling through EGFR. Although not demonstrated, these authors suggested that the
PR limits the availability of GrB2 to EGFR [66], which has signaling that is one of the most
studied phenomena in the context of GB and is known to contribute to its progression [67].
However, there is no information about the possible cross-talk between extranuclear PR
activity and EGFR-mediated effects in GBs. This result is exciting because it highlights the
possibility that the PR could promote glioblastoma progression depending on the type of
SH3-domain interacting protein. These findings lead us to the following question: which
other proteins with SH3 domains can interact with the PR, and what effects are triggered?
(Figure 2).

5. Relevance of Possible c¢Src—-PR Interaction in Other Cancers

Lung and colorectum carcinomas are non-reproductive cancers with the highest in-
cidence and mortality (Global Cancer Observatory—https://gco.iarc.fr/, accessed on 20
April 2022). As SRC is one of the most studied and characterized proto-oncogenes, the role
of cSrc in the progression of both entities has been widely reported [68-71].

Non-small cell lung cancer (NSCLC) is the most prevalent form of lung cancer and is
regulated by a complex signaling network [72]. In NSCLC, the role of cSrc is closely linked
to EGFR. Zhang et al. reported that in two EGFR-dependent NSCLC cell lines (HCC827 and
H3255), the phosphorylation of SFKs was higher than in non-EGFR-dependent cell lines.
In both cell lines, treatment with the SFK inhibitors PP1 or SKI-606 induced apoptosis [73].
Although outside the context of non-reproductive cancers, the role of the PR is less well-
known, there is evidence about its function in NSCLC. In contrast to cSrc, PR expression in
NSCLC has been associated with a favorable prognosis [74,75]. Kawprasertsri et al. found
the presence of the PR-B, but not that of the PR-BASH3 (PR variant with a mutation in
the PXPP motif which inhibits the interaction with SH3 domains), and a decrease in EGF-
induced A549 proliferation and ERK1/2 activation, suggesting the role of the extranuclear
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function of the PR through its PXPP motif in EGFR signaling [66]. cSrc is one of the main
downstream regulators of EGFR signaling [71]. The PR has been reported to participate
in EGFR transcription [60,76]. It would be interesting to evaluate whether there is a
cooperation among cSrc, EGFR, and PR. A possible scenario would include the activation
of cSrc by its interaction with EGFR, and once activated, the phosphorylation of different
tyrosine residues in the PR, which could modify its transcriptional activity.

cSrc has been extensively investigated in colon cancer. Evidence suggests that in this
malignancy, instead of inducing proliferation, cSrc promotes the assembly of integrin adhe-
sions, strengthening the ability of cells to spread on a substrate. The proposed mechanism
regulates focal adhesions through its interaction with integrins and other focal proteins,
including paxillin [70]. In colorectal cancer cell lines, it was found that the PR induced folic
acid-mediated antiproliferative effects through cSrc activation [77]. Considering that P4
effects differ according to the concentration used, favoring (10-50 nM) [57,59] or decreasing
(80-300 uM) [78,79] GB progression, it would be of great interest to evaluate its effects at
different concentrations (Figure 2) on PR extranuclear functions in non-reproductive cancers.

Sex steroid receptors, including the PR, have been located in the plasma membrane.
Among the events regulating this phenomenon is palmitoylation in the ligand-binding
domain. In the case of the ER, the heat shock protein Hsp27 is essential for membrane
tethering [36], but in the case of the PR, the proteins involved in translocation and anchoring
to the membrane have been poorly studied. Another new aspect, even in breast cancer,
is whether the PR needs to be associated with the plasma membrane to initiate signal
transduction and the complex of proteins associated with the PR once it is anchored to
the membrane.

6. Conclusions and Perspectives

In addition to its role as a transcription factor, the PR activates signaling cascades in the
cytoplasm through its PXPP motif with the SH3 domain of a diverse group of proteins. This
mechanism has been widely studied in breast cancer cells [11,13-15]. However, its potential
involvement in the progression or arrest of other malignancies has been underestimated.
In the context of the rapid actions of the PR, there remain numerous unanswered questions.
First, it is unknown which proteins with SH3 domains interact with the PR and the effect of
this interaction. It is unknown how the PR’s stability and transcriptional activity can be
regulated through its phosphorylation at different tyrosine residues by the SFKs. Another
aspect to consider is to evaluate the effect of P4 concentration in PR extranuclear actions. In
in vitro and in vivo models of prostate cancer, the addition of a PXPP peptide targeting the
AR—cSrc association decreased cell proliferation in the LNCaP cell line and tumor growth in
mice compared to the effects of the control peptide [80]. This result suggests the potential
of this type of strategy for cancer treatment and the importance of extending the study
of the rapid mechanism of the PR and other members of the nuclear receptor family to
non-reproductive cancers.
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