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ABSTRACT

The endometrial response to progesterone (P4) is mediated by both classical P4 receptors
(classical PGRs) and non-classical P4 receptors (non-classical PGRs). While significant research
has been conducted on certain non-classical PGRs, such as P4 receptor membrane component
1 (PGRMC1), the role of P4 receptor membrane component 2 (PGRMC2), another non-
classical PGR with structural similarity to PGRMC1, remains unexplored in humans, particularly
in the context of P4 signalling and endometrium establishment for embryo implantation.
Considering this, the main objective of this PhD thesis was to provide a detailed
characterization of PGRMC2 expression across different phases of the human natural
menstrual cycle and to explore its specific functional role in human endometrial stromal cells
(hEnSCs) during decidualization, a process essential for successful embryo invasion and

pregnancy establishment.

To achieve this, a comprehensive prospective study was designed, incorporating 77
endometrial biopsies from 66 oocyte donors. Total endometrial PGRMC2 expression was
evaluated across different phases of the menstrual cycle using immunohistochemistry, RT-
gPCR, and western blotting. In vitro decidualization of hEnSCs was induced by treatment with
cyclic adenosine monophosphate (cAMP) and medroxyprogesterone acetate (MPA) during 4
days. In addition, PGRMC2’s role during decidualization was further examined through
transcriptomic (performing RNA-seq technique) and proteomic (using SWATH-MS procedure)
analyses following siRNA-mediated PGRMC2 silencing. Prolactin (PRL) secretion was measured
not only as a marker of decidualization but also to evaluate whether PGRMC2 silencing
affected the decidualization process of hEnSCs, while a trophoblast outgrowth model, where
decidualized hEnSCs (d-hEnSCs) with and without PGRMC2 silencing were co-cultured with
human trophoblastic spheroids (JEG-3), were carried out to assess PGRMC2’s involvement in
embryo invasion-related processes. Additionally, immunofluorescence analysis of Ki-67
expression was conducted to determine whether the transfection process affected hEnSCs

proliferation during in vitro decidualization.

Results showed that PGRMC2 gene expression fluctuates significantly throughout the human
menstrual cycle, with its levels being significantly higher during the mid-secretory phase

compared to the late secretory phase (P < 0.05), coinciding with the window of implantation,



where both glandular and stromal cells exhibited elevated PGRMC2 protein staining. d-hEnSCs
revealed a marked increase in PGRMC2 expression at both the mRNA (P < 0.0001) and protein
(P < 0.001) levels compared to non-decidualized hEnSCs (nd-hEnSCs), particularly in cell
membranes and organelles. Interestingly, PGRMC2, along with its structurally similar
counterpart PGRMC1, was found to be expressed at significantly higher levels than the
classical PGRs during all phases of the menstrual cycle and during both d- and nd-hEnSCs (P <
0.05).

The silencing of PGRMC2 in d-hEnSCs led to the identification of 4687 differentially expressed
genes (DEGs) and 28 differentially expressed proteins (DEPs) in d-hEnSCs. Functional
enrichment analysis of the DEGs revealed that the 2420 upregulated genes after PGRMC2
silencing were primarily associated with processes such as endoplasmic reticulum function,
vesicular transport, cell morphogenesis, angiogenesis, cell migration and cell adhesion. In
contrast, the 2267 downregulated genes were linked to key biological pathways, including
aerobic respiration and protein biosynthesis. At the proteomic level, enrichment analysis of
the altered proteins highlighted their roles in aerobic respiration, cellular responses,

metabolism, localization of endoplasmic reticulum proteins, and ribonucleoside biosynthesis.

As transfection processes can sometimes interfere with normal cellular behavior, Ki-67
immunofluorescence staining was performed to assess cell proliferation in d-hEnSCs after
PGRMC2 silencing. No statistically significant differences were found in the proliferation rates
between negative control, scramble (Sc), and PGRMC(C2-silenced (iPGRMC2) d-hEnSCs,

suggesting that PGRMC2 silencing does not impair cell proliferation in this context.

Finally, PRL levels showed a significant increase in iPGRMC2 d-hEnSCs compared to Sc d-
hEnSCs (P < 0.05). This suggests that PGRMC2 absence may trigger a compensatory rise in PRL
levels, potentially indicating impaired decidual function. Given this results along with
transcriptomic findings showing that decidualization-related pathways were affected, we
conducted an in vitro trophoblast outgrowth analysis where showed that PGRMC(C2 silencing

compromised the ability of d-hEnSCs to support trophoblast invasion (P < 0.05).

In summary, we conclude that PGRMC2 is a pivotal regulator of decidualization in hEnSCs,
with broad implications in modulating endometrial receptivity and supporting embryo

invasion. These findings provide valuable insights into the non-classical PGRs signalling



mechanisms in the human endometrium, with potential relevance for understanding fertility

disorders and improving therapeutic approaches for implantation failure.






RESUMEN

. INTRODUCCION
1. Elsistema reproductor femenino

1.1. Anatomia vy fisiologia del sistema reproductor femenino

El sistema reproductor femenino estd formado por drganos internos, que incluyen los
ovarios, las trompas de Falopio y el Utero; y por drganos externos, compuestos por la vagina,
la vulva, el perineo y la uretra. Los ovarios, ademas de albergar los ovocitos, producen las
principales hormonas sexuales femeninas: estradiol o estrégeno (E2) y progesterona (P4). Las
trompas de Falopio son responsables de transportar los ovocitos hacia la cavidad uterina,
donde ocurre la fertilizacién y la formacion del cigoto. Por su parte, el utero facilita la

implantacion, la formacién de la placenta y el desarrollo embrionario hasta el parto.

Asimismo, la pared uterina consta de tres capas con funciones diferenciadas: el perimetrio,
capa externa delgada; el miometrio, capa muscular que soporta el embarazo y genera las
contracciones necesarias para el parto; y el endometrio, capa interna mucosa, cuya

complejidad sera abordada en la siguiente seccion.
1.2. Elendometrio humano

El endometrio humano es un tejido regulado hormonalmente que desempefa un papel
esencial en la implantacién del embriéon y el mantenimiento del embarazo. Ademas, en
ausencia de embarazo, este tejido es responsable del proceso de menstruacién. Dado que el
endometrio es fundamental para la implantacién embrionaria, cualquier alteracion puede

comprometer directamente la fertilidad femenina.
1.2.1  Composicién celular y organizacion del endometrio

El endometrio humano estd formado por células epiteliales (hEnECs) y estromales (hEnSCs),
sostenidas por una red vascular, células inmunitarias endometriales [células natural killers

uterinas (uNK), macrdfagos y linfocitos T] y un nicho enddgeno de células madre (MSCs). El



compartimento epitelial esta dividido en epitelio luminal y glandulas epiteliales, ambos
formados por células columnares. Su principal funcidn es regular y permitir la implantacién
del embridn. Por otra parte, el compartimento estromal contiene células tipo fibroblasto. La
red vascular endometrial, que se origina en el miometrio, es esencial para la formacién y el
desarrollo de nuevos vasos sanguineos (angiogénesis) que ocurre regularmente a lo largo del
ciclo menstrual, facilitando la implantacién embrionaria y la placentacién si se alcanza la

fecundacion.

El endometrio se divide en dos capas: el estrato funcional (stratum functionalis), la cual es la
porcidn que sufre los mayores cambios y se desprende durante la menstruacién; y el estrato
basal (stratum basalis), el cual permanece intacto, proporcionando los vasos sanguineos y la

regeneracion necesaria para formar una nueva capa funcional en el siguiente ciclo menstrual.
1.2.2  Funcion del endometrio y el ciclo menstrual

En respuesta al E2 y la P4, el endometrio experimenta cambios fisioldgicos que lo preparan
para la implantacion del embrién, lo que se conoce como la "ventana de implantacion” (WOI).

Esta ventana ocurre entre los dias 19-22 del ciclo menstrual.

El ciclo menstrual se divide en: la fase proliferativa (dias 0-14) y la fase secretora (dias 15-
28), con una duracién promedio de 28 dias. La fase proliferativa incluye la menstruacién (dias
0-4) y la ovulacién (alrededor del dia 14). La fase secretora comienza con la diferenciacién del
endometrio gracias al aumento de los niveles de P4. Si no ocurre la implantacién embrionaria,

el descenso de P4 induce la menstruacion, iniciando un nuevo ciclo.

1.3.  Mecanismos moleculares en la implantacion y el desarrollo fetal temprano

Tras la fertilizacion, el cigoto experimenta divisiones mitdticas mientras es transportado por
la trompa de Falopio hacia la cavidad uterina, convirtiéndose en blastocisto a los 5-6 dias, el
cual es capaz de implantar en el endometrio. Este blastocisto consta de dos componentes: la
masa celular interna (ICM), que dard lugar al feto, y el trofoectodermo (TE), que formara la

placenta.



La implantacion embrionaria se puede dividir en tres etapas principales: aposicion, adhesion
e invasion, en las cuales intervienen diversas moléculas clave como citoquinas, factores de
crecimiento, prostaglandinas, enzimas y moléculas de adhesidn. El proceso de implantacion

es seguido por el desarrollo fetal temprano durante el primer trimestre.

1.4. Omicas endometriales

El estudio del endometrio a nivel molecular, conocido como "dmicas del endometrio", se
centra principalmente en dos areas: la transcriptémica y la protedmica, que han avanzado

considerablemente en los ultimos anos.

1.4.1  Transcriptomica endometrial

La transcriptomica estudia la expresién génica y su relacidén con procesos biolégicos, como
la receptividad endometrial y la implantacién embrionaria. A través de estudios
transcriptomicos, se han identificado perfiles de expresién génica que distinguen estados
receptivos de no receptivos del endometrio. Este enfoque ha permitido identificar genes
clave, como el factor inhibidor de leucemia (LIF), el cual facilita la interaccidon entre el embrién
y hEnSCs, promoviendo la decidualizaciéon y regulando procesos como la adhesién y
diferenciacién celular. Sin embargo, la variabilidad experimental y las alteraciones en
patologias como los fallos de implantacion recurrentes (RIF) y endometriosis dificultan su
aplicacion clinica. La combinacién de transcriptdmica con otros enfoques "dmicos" podria
mejorar el diagndstico y tratamiento de problemas de fertilidad, optimizando los resultados

clinicos.

1.4.2 Protedmica endometrial

La protedmica se centra en la identificacidon y cuantificacién de proteinas, asi como en el
analisis de sus modificaciones post-traduccionales, siendo clave para caracterizar el ciclo
endometrial e identificar biomarcadores de receptividad y patologias. Estudios iniciales
revelaron 186 proteinas diferencialmente expresadas durante el ciclo menstrual, asociando
proteinas del citoesqueleto a la fase proliferativa y metabdlicas a la fase secretora. Avances
como la espectrometria de masas han mejorado estos andlisis, destacando proteinas como el

componente 1 del receptor de membrana de la progesterona (PGRMC1), cuya reduccién se



relaciona con receptividad, y la proteina SI00A10, cuya sobreexpresion afecta la implantacion.
Aunque persisten desafios por la variabilidad experimental, la integracién con otras
tecnologias "0micas" ofrece una vision mas completa de las patologias endometriales, como

la endometriosis y el cancer de endometrio.
2. El proceso de decidualizacion

La P4 induce la diferenciacion del endometrio, haciendo que sea receptivo para la
implantacion embrionaria. Un evento dependiente de P4 esencial en este proceso es la
decidualizacién, caracterizada por la diferenciacion de las hEnSCs en células deciduales,
caracterizado por un aumento en la secrecidn de prolactina (PRL) y de la proteina vinculada al
factor de crecimiento similar a la insulina 1 (IGFBP1), marcadores de decidualizacién. La
decidualizacidon comienza aproximadamente 6 dias después de la ovulacién y se caracteriza
por cambios morfoldgicos en las hEnSCs, en la secrecién de las glandulas uterinas, un aumento

en la presencia de uNK, y remodelacién vascular para soportar el crecimiento embrionario.

El proceso de decidualizacion esta sincronizado por la convergencia de las vias de
sefializacion del adenosin monofosfato ciclico (AMPc) y la P4, siendo el AMPc intracelular
crucial para lograr y mantener el estado decidualizado de las hEnSCs. Ademas, investigaciones
recientes han sefialado que la reprogramacién metabdlica, en particular en el metabolismo
de aminodcidos y esfingolipidos, es crucial para este proceso, asi como el estado de
decidualizacion del endometrio, afectando la motilidad del trofoblasto. Por lo tanto, un fallo
en la decidualizacion puede llevar a infertilidad, abortos recurrentes y trastornos
uteroplacentarios, como la preeclampsia, vinculada a una decidualizacién defectuosa vy
alteraciones en la expresién de genes clave, como la anexina A2 (ANXA2). Ademas de la
preeclampsia, también se asocia con endometriosis, infertilidad anovulatoria y pérdida

recurrente del embarazo.
2.1  Modelos de la decidualizacion in vitro

Durante la decidualizacion, ademas de la secrecién de PRL e IGFBP1, se sabe que dentro de
las hEnSCs, los niveles de AMPc aumentan tras varios dias de tratamiento con una forma

sintética de la P4 (llamada progestina). Este proceso ha sido ampliamente estudiado en



cultivos celulares, donde se han desarrollado diversos protocolos para inducir la
decidualizacién in vitro. Estos protocolos comunmente incluyen tratamientos con E2 y P4, o
progestinas, que inducen la expresién de AMPc intracelular, o directamente con un andlogo
de AMPc. La duracion del tratamiento varia considerablemente entre los estudios, desde solo

unas horas hasta mas de 10 dias.

En el contexto de la decidualizacién in vitro, la respuesta de las hEnSCs a estos compuestos
esta asociada con una modulacién temporal del ciclo celular: un arresto inicial en la fase GO/G1
del ciclo celular, seguido por un arresto posterior en las fases G2/M. Es importante destacar
que la cinética de sefializacion de AMPc y P4 varia entre ambas. Mientras que la sefializacion
de AMPc muestra una respuesta decidual rapida e inmediata, induciendo un fenotipo decidual
completo en los primeros tres dias de tratamiento, la sefializacién de P4 genera un efecto mas

gradual pero persistente en el tiempo, requiriendo entre 14 y 23 dias de tratamiento.

Recientemente, un estudio encontrd que los cambios involucrados por tratamientos con
AMPc (solo o combinado con progestinas) resultaron en aproximadamente el doble de genes
diferencialmente expresados (DEGs) en comparacidon con los encontrados usando solo
progestinas o combinado con E2. El uso de AMPc influyé significativamente en funciones
celulares asociadas con la angiogénesis, la inflamacidn, la respuesta inmune y la implantacion
embrionaria, mientras que el uso de las progestinas afectd las vias de sefalizacion de la

insulina.

Como se puede comprobar, la seleccién de compuestos adecuados para los estudios de
decidualizacidn in vitro es crucial para replicar mejor las condiciones in vivo y mejorar nuestra

comprension de la biologia endometrial y la salud reproductiva.
3. La hormona progesterona

La P4, producida por la placenta, ovarios y glandulas suprarrenales, regula procesos clave del
ciclo menstrual, como la ovulacidn, la fertilizacion, la implantacidn, el desarrollo embrionario
y la preparacion para el parto, ademds de tener funciones no reproductivas en el sistema

cardiovascular, nervioso central y mantenimiento dseo.



Durante el periodo periovulatorio, es esencial para procesos como la capacitacion
espermatica, la hiperactivacién, la quimiotaxis y la reaccién acrosémica, los cuales son
esenciales para una fertilizacidn y desarrollo embrionario 6ptimos. Sin embargo, alteraciones
en la sefializacion de ésta pueden causar complicaciones ginecoldgicas como miomas,
sangrado menstrual anormal, endometriosis y adenomiosis, asi como una relaciéon con el
cancer de mama y de endometrio. Ademads, la actuacién inadecuada de P4 se asocia con
abortos espontdneos y partos prematuros, lo que refuerza su importancia para lograr un

correcto embarazo.

3.1 Mecanismos de accion de los receptores de progesterona (PGRs)

Los efectos fisioldgicos de la P4 son mediados por su unién a los receptores de P4 (PGRs) en
las células diana. Los PGRs se clasifican en dos tipos: clasicos y no clasicos, cada uno con

funciones y roles diferentes.

Los receptores clasicos se han identificado en numerosos érganos y tejidos, como los ovarios,
el utero, las trompas de Falopio, la placenta, el cerebro, el pancreas, los huesos, las glandulas
mamarias y el tracto urinario. Tras unirse a la P4, estos receptores se transforman en factores
de transcripcién que regulan la expresién de genes modulados por esta hormona, lo que

genera respuestas celulares sostenidas que se manifiestan en el transcurso de varias horas.

Sin embargo, estudios en ratones knockout que carecen de PGRs cldsicos han demostrado
que las células aun pueden responder a la P4 a través de receptores de membrana no clasicos.
Estos receptores facilitan efectos hormonales rapidos mediante la activacién inmediata de
mensajeros secundarios y vias de seializacidn. Las vias de sefalizacidn de los PGRs clasicos y
no cldsicos generan diversas respuestas celulares, cuyos efectos varian segun el tipo de tejido

y la etapa del ciclo menstrual.
3.1.1  PGRs clasicos

Los receptores cldsicos de la P4 presentan dos isoformas principales: PGR-a (94 kDa) y PGR-
B (120 kDa), transcritas a partir del mismo gen en el cromosoma 11 y diferencidndose por el

uso de distintos promotores. Su transcripcion depende principalmente del E2, que activa



elementos de respuesta en la regidon promotora, aunque también existen mecanismos

independientes de E2.

Estructuralmente, los PGRs clasicos cuentan con un dominio de unién al ADN (DBD), ubicado
en la region N-terminal con una funcién de activacién (AF1), y un dominio inhibidor (ID). En su
extremo C-terminal se encuentra el dominio de unién al ligando (LBD), con un segundo
dominio de activacion (AF2). En el caso de PGR-B incluye un dominio adicional (AF3) debido a
una regioén extra en su extremo N-terminal. También se ha descrito una tercera isoforma, PGR-
v (60 kDa), localizada en la placenta humana, cuyo rol preciso es aun desconocido, aunque

influye en las actividades transcripcionales de PGR-a y PGR-8.

En ausencia de su ligando, los PGRs clasicos permanecen en el citoplasma dentro de un
complejo de proteinas chaperonas. Al unirse la P4 al dominio LBD, provoca cambios
conformacionales que liberan al receptor del complejo chaperona, permitiendo su
translocacién al nucleo. Una vez en el nucleo, los PGRs se dimerizan y se unen a las secuencias
especificas de respuesta hormonal (HRE) en los promotores de los genes diana, activando su

transcripcion.

Las isoformas de PGRs clasicos interactian entre si modulando su actividad. PGR-a inhibe a
PGR-B mediante su ID, regulando asi el impacto de la P4 en las células diana. En las células
luteinicas, altos niveles de P4 inducen una mayor expresion de PGR-a, que a su vez reprime la
transcripcion de PGR-8. Por el contrario, niveles bajos de P4 reducen la expresién de PGR-a,

incrementan la de PGR-8 y, en consecuencia, potencian la accion de la P4.

3.1.2 PGRs no clasicos

Los PGRs no cldsicos estan localizados en la superficie celular, lo cual les permiten mediar
respuestas rapidas tras la unién de la P4, activando segundos mensajeros, como la quinasa
MAP (MAPK), y vias de sefializacién en cuestion de segundos. Estas respuestas inmediatas

contrastan con las acciones mas prolongadas mediadas por los PGRs clasicos.

Los receptores no clasicos se dividen en dos familias principales: los receptores de
membrana de la P4 (mPRs) y los componentes de los receptores de membrana de la P4

(PGRMCs). La familia de los mPRs, también conocida como receptores progestina y AdipoQ



(PAQR), incluye las variantes mPRa, mPRB, mPRy, mPRd y mPRe (también denominadas
PAQR7, PAQR8, PAQRS5, PAQR6 y PAQRY, respectivamente). Por su parte, la familia PGRMCs
incluye a PGRMC1, PGRMC2, neudecina y neuferricina. Recientemente, se han senalado
interacciones entre PGRMC1 y mPRa, lo que sugiere un posible crosstalk entre ambas familias

de receptores no clasicos.

A pesar de su menor afinidad de unién a P4 en comparacién con los PGRs clasicos, los PGRs
no cldsicos estan implicados en una variedad de procesos bioldgicos. Entre estos se incluyen
la modulacion del comportamiento sexual en ratones, la maduracidn meidtica en ovocitos de
Xenopus, la reaccidon acrosémica en espermatozoides humanos y la regulacion del flujo idnico
en tejidos como neuronas murinas, miocitos vasculares y células epiteliales de rata. La
relevancia de estos receptores radica en su capacidad de generar respuestas rapidas y
diversificadas en tejidos especificos. Aunque su estudio aun estd en desarrollo, los PGRs no
cldsicos representan un componente crucial en la sefializacién hormonal, con implicaciones

en la reproduccién y otros procesos biolégicos esenciales.

4. Receptores clasicos y no clasicos de la progesterona en tejidos

reproductivos

La accion de la P4 es mediada por los PGRs cldsicos y no clasicos, que influyen en procesos
como el desarrollo folicular y la ovulacién. En el desarrollo folicular, los PGRs clasicos son
fundamentales para la ovulacién, pero no son esenciales en las etapas tempranas del ciclo
folicular. En cambio, los PGRs no clasicos, como PGRMC1, son clave para el desarrollo de los
foliculos antrales y la reserva ovarica. También estan involucrados en la maduracion del
ovocito y la competencia reproductiva, procesos fundamentales para el éxito reproductivo.
Los PGRs orquestan una variedad de procesos reproductivos en el tracto femenino, abarcando

desde la ovulacidn hasta la preparacion del endometrio para la implantacion embrionaria.
4.1 PGRsen el Utero

Los PGRs afectan a diversos tipos celulares en el Utero, como las hEnECs y las hEnSCs, asi

como a las células del miometrio. A través de su accidn, los PGRs son esenciales en la



proliferacién celular, la diferenciacion y la remodelacidén del endometrio, preparando el tejido

para la implantacidn embrionaria.

411 PGRsen el endometrio

Los PGRs median la accion de la P4 en el endometrio. De hecho, durante la fase folicular, el
E2 induce la expresion de los PGRs clasicos, lo que facilita la preparacién del endometrio para

la posterior accidn de la P4 en la fase lutea.

La P4, a través de los PGRs, actua sobre diferentes capas celulares en el endometrio. En las
hEnECs, los PGRs inician la receptividad endometrial mediante la activacion de vias de
sefializacion como WNT y la regulacion de factores clave como SOX17 y HOXA10, esenciales
para la diferenciacién celular y la remodelacién del endometrio. Ademas, la P4 modula la
expresion de COX2, que estd involucrada en la produccion de prostaglandinas, esenciales para

la decidualizacion y la receptividad del endometrio.

En las hEnSCs, los PGRs cldsicos regulan la sefializacion a través de vias de sefalizacién como
la del hedgehog, que implican factores de transcripcion como IHH y GLI1. Estas sefiales
coordinan lainteraccidn entre las hEnSCs y las hEnECs, promoviendo los cambios estructurales
y bioquimicos necesarios para la implantacién. Ademas, el factor de transcripcion FOXO1,
activado por vias como PI3K/AKT, juega un papel clave en la regulacion de la decidualizacion,

promoviendo la expresidn de los principales marcadores de este proceso, PRL e IGFBP1.

Por otro lado, los PGRs no clasicos, como PGRMC1 y PGRMC2, actuan a través de cascadas
de sefializacién rapidas, incluyendo las vias AMPc/PKA y MAPK, e interactian con otros
reguladores clave, como SERBP1 y NOTCH1. Estas vias no solo regulan la decidualizacién, sino
gue también modulan la expresién de genes relacionados con la remodelacion de la matriz
extracelular, la migracién celular y la adhesion. Ademas, se ha demostrado que PGRMC1
influye en la expresion de los marcadores de decidualizacién PRL e IGFBP1, reforzando aun

mas su papel en la preparacion del endometrio para la implantacion.

Aunque los mecanismos exactos de estos receptores no clasicos aln no se han estudiado en
profundidad, su contribucidn a la decidualizacion vy la receptividad endometrial sugiere que

son objetivos prometedores para futuras investigaciones.



Por otro lado, el equilibrio entre las isoformas clasicas de PGR-a y PGR-B también es crucial.
En la fase proliferativa, el E2 promueve la expresiéon de ambos receptores en hEnECs y hEnSCs,
pero al final de la fase secretora, los niveles de PGR-a disminuyen en hEnECs, mientras que los
de PGR-B permanecen constantes, favoreciendo la secrecién glandular. Por el contrario, las
hEnSCs mantienen consistentemente la expresion de PGR-a, que es vital para la funcién
uterina normal y la implantacién embrionaria. Un exceso de PGR-a puede inducir
hiperproliferacidn en el epitelio luminal y glandular, causando infertilidad, mientras que una
sobreexpresion de ambas isoformas en células estromales inhibe la decidualizacién en
hEnSCs. Una alteracidon en los niveles de PGRs clasicos se asocia con complicaciones, como

preeclampsia, RIF y pérdidas gestacionales recurrentes.

Los PGRs no clasicos también deben de mantener un equilibrio en su expresién en el
endometrio humano. Por ejemplo, los transcritos de PGRMC1, mPRy y mPRe aumentan
durante la fase proliferativa, mientras que los de mPRa y PGRMC2 se elevan en la fase
secretora, coincidiendo con los picos de P4. Aunque el mPRB es mas abundante que el mPRa,
su expresion permanece relativamente estable durante el ciclo menstrual, salvo por una
disminucion observada en mujeres con abortos espontaneos recurrentes. Del mismo modo,
una alteracidon en la expresién de estos receptores afecta la fertilidad femenina. Pues la
sobreexpresidon de PGRMC1 durante la fase secretora inhibe la decidualizacién, mientras que
su baja expresion puede comprometer la receptividad uterina. Ademads, se ha visto que la
disfuncién de los PGRs no cldsicos en el endometrio se asocia con trastornos reproductivos

como la endometriosis.

5. PGRMC2

PGRMC2 se encuentra en el cromosoma 4, es estructuralmente similar a PGRMC1 y se
expresa en varios tejidos reproductivos, como el Utero, los ovarios y la placenta. PGRMC2
cumple funciones especificas que incluyen la inhibiciéon de la migracién de células de cancer
de ovario SKOV-3, la regulacion del metabolismo de esteroles, la participacion en la
proliferacion celular mediante la activacién de la via ERK, y su asociacién con el estado de
reserva ovarica en mujeres jovenes. Ademas, esta involucrada en la regulacion del ciclo celular

y en la progresion de la endometriosis, donde inhibe la proliferacién celular.



En modelos animales, la deficiencia de PGRMC2 ha demostrado consecuencias importantes,
como la aparicidén prematura de senescencia uterina, diferente de la senescencia fisiolégica
que ocurre durante la decidualizacion, y fallos en la implantacién y post-implantacién
embrionaria. Sin embargo, existe poca informacién sobre la expresién de PGRMC2 a lo largo
del ciclo menstrual humano y su papel en la receptividad endometrial o en la decidualizacién.
Por otro lado, PGRMC2 también ha sido identificado como un posible biomarcador en ciertos

tipos de cancer, como en cdncer de ovario y cancer de endometrio.

El conocimiento limitado sobre PGRMC2 en los tejidos reproductivos resalta la necesidad de
investigaciones mds profundas. En este contexto, nuestro estudio busca cubrir esta laguna
mediante la caracterizacion de la expresion de PGRMC2 en el endometrio humano a lo largo
del ciclo menstrual y en hEnSCs sometidas a un modelo de decidualizacion in vitro. Ademas,
evaluamos las implicaciones funcionales de PGRMC2 mediante ensayos de silenciamiento,
integrando analisis transcriptdmicos y protedémicos. También exploramos su papel en el
proceso de invasidn embrionaria utilizando un modelo in vitro; y finalmente, comparamos la
expresion de PGRMC2 con PGRMC1 y los PGRs cldsicos, proporcionando un analisis exhaustivo

sobre su relevancia funcional en el endometrio.
II. HIPOTESIS

Basado en la evidencia de que PGRMC2 esta presente en diversos tejidos reproductivos y
parece desempefiar un papel clave en el endometrio humano, nuestra hipétesis sugiere que
PGRMC2 actua como regulador en la decidualizacion de las hEnSCs, contribuyendo
significativamente a la formacién de un nicho éptimo para que ocurra una correcta
implantacion embrionaria. Ademas, planteamos que la presencia de PGRMC2 endometrial es
indispensable en el proceso de invasidn embrionaria, desempefiando asi un papel crucial en

las primeras etapas del embarazo.
IIl. OBJETIVOS

El objetivo principal de esta tesis fue caracterizar PGRMC2 a nivel endometrial a lo largo del

ciclo menstrual en mujeres sanas y estudiar su papel durante la decidualizacién in vitro de las



células estromales endometriales y la implantacion embrionaria. Los objetivos especificos

constan de:

e Describir la expresién génica y la abundancia de proteina de PGRMC2 en el endometrio

humano, localizandolo a lo largo del ciclo menstrual.
e Comparar la expresién de PGRMC2 en el endometrio con la de PGRMC1 y los PGRs clasicos.

e Estudiar el comportamiento y la localizacion celular de PGRMC2 durante el proceso de

decidualizacion in vitro y compararlo con la expresién de PGRMC1 y los PGRs cldsicos.

e Evaluar las implicaciones funcionales de PGRMC2 mediante un ensayo de silenciamiento
en células estromales endometriales humanas decidualizadas, integrando técnicas

transcriptomicas y protedmicas.

e Corroborar si la invasion trofoblastica se ve afectada al silenciar PGRMC2 en células
estromales endometriales humanas decidualizadas utilizando un modelo in vitro de invasion

embrionaria.
IV. DISENO EXPERIMENTAL

La tesis se divide en dos grupos de experimentos. En el primero se incluyen aquellos
experimentos que tienen como objetivo la caracterizacion de PGRMC2 en el endometrio
humano a lo largo del ciclo menstrual (experimentos in vivo). El segundo grupo, abarcan los
estudios funcionales de PGRMC2 en células estromales endometriales (experimentos in vitro

y funcionales).

V. MATERIALY METODOS
1. Aprobacion ética
El estudio, aprobado por el comité ético de IVIRMA Valencia (protocolo 1911-FIVI-103-FD),

contd con participantes que dieron su consentimiento informado y cumplieron con las

normativas de proteccion de datos.



2. Participantes

Entre 2020 y 2022, se reclutaron donantes de 18-35 afios con IMC normal, ciclos regulares y
fertilidad comprobada en las clinicas de IVIRMA Valencia. Se excluyeron casos con patologias
uterinas, tratamientos hormonales recientes o factores que alteraran los resultados. Esta
investigacion fue financiada por el Instituto de Salud Carlos Il (ISCHlI) mediante las ayudas
concedidas a F.D. (P120/00405 y PI123/00860), cofinanciada por la Union Europea, una beca
predoctoral de la Generalitat Valenciana (ACIF/2019/262) y fondos internos de la Fundacién
IVI (1911-FIVI-103-FD).

3. Recoleccion de tejido endometrial

Se recolectaron 77 muestras de tejido endometrial de 66 donantes mediante biopsias con

canula Pipelle de Cornier®.

Las muestras endometriales del grupo 1 se obtuvieron a lo largo del ciclo menstrual natural
y se clasificaron en cinco fases: proliferativa temprana (EP; n = 9; dias 3-8), proliferativa tardia
(LP; n = 8; dias 9-14), secretora temprana (ES; n = 9; dias 15-18), secretora media (MS; n = 8;
dias 19-22) y secretora tardia (LS; n = 7; dias 23-28). Cada muestra se dividié para analisis de
mRNA, proteinas e inmunohistoquimica, priorizando mRNA y proteinas en caso de que el

tamano fuera insuficiente.

Las muestras del grupo 2 de experimentos se recolectaron durante ciclos de estimulacién
ovdrica controlada en el dia de la extraccidn ovocitaria. Se utilizaron para analisis de mRNA (n
= 15), proteinas (n = 15), localizacidn celular y subcelular de PGRMC2 (n =10 y n = 7,
respectivamente), ensayos de invasion trofobldstica (n = 6), RNA-seq (n = 4) y SWATH-MS (n =
5). Algunas muestras permitieron usarse para multiples andlisis para maximizar los datos

obtenidos.
4. Inmunohistoquimica de PGRMC2 en tejido endometrial humano

Para los analisis de inmunohistoquimica (n = 14), las muestras del grupo 1 se fijaron en

paraformaldehido al 4%, se incluyeron en parafina, y se cortaron en secciones de 5 um. Tras



la desparafinizacién, las secciones se incubaron con un anticuerpo policlonal anti-PGRMC2
(dilucién 1:300) validado previamente. Los controles negativos se realizaron sin el anticuerpo
primario y los positivos utilizaron tejido intestinal humano. La inmunorreactividad se visualiz
con DAB y se contrastdé con hematoxilina. Las secciones se montaron con SafeMount y se

analizaron con un microscopio Nikon Eclipse 80i.
5. Aislamiento, cultivo celulary decidualizacion in vitro de hEnSCs

Se aislaron células estromales endometriales (hEnSCs) de las muestras del grupo 2 de
experimentos tras digerir tejido con colagenasa IA. Las células estromales se separaron por
sedimentacion gravitacional y se cultivaron en placas de cultivo antes de ser inducidas a
decidualizacién in vitro con bromo-AMPc y medroxiprogesterona (MPA) durante 4 dias. Las

células control no recibieron tratamiento hormonal.

El levantamiento de las células de la placa de cultivo para los analisis posteriores se realizd
con TrypLE Select 1X. La decidualizacién se verifico mediante la medicion de PRL en el medio
celular (ELISA, n=15) y la reorganizacién del citoesqueleto con tincién de F-actina (n = 10). Las

imagenes de F-actina se obtuvieron con un microscopio fluorescente Zeiss AXIO.
6. Inmunofluorescencia de PGRMC2 en hEnSCs

Para analizar la localizacion de PGRMC2 en hEnSCs de muestras del grupo 2, las células
decidualizadas (d-hEnSCs, n = 10) y no decidualizadas (nd-hEnSCs, n = 10) se fijaron,
permeabilizaron y bloquearon para prevenir uniones inespecificas de otras proteinas.
Posteriormente, se incubaron con un anticuerpo primario anti-PGRMC2 (0.4 pg/mL) y un
anticuerpo secundario fluorescente Alexa Fluor 488. Los nucleos se tifieron con DAPI. Las
imagenes se obtuvieron mediante un microscopio de fluorescencia Zeiss, lo que permitiod

observar y comparar la distribucion de PGRMC2 en ambas condiciones celulares.
7. Extraccion del proteoma subcelular en hEnSCs

Se empled un kit comercial para fraccionar las proteinas citoplasmaticas, de

membrana/organulos y nucleares de d-hEnSCs y nd-hEnSCs obtenidas de las muestras del



grupo 2 de experimentos (n = 7 por fraccidn subcelular). La pureza de las fracciones se verificd
mediante western blot (WB) usando marcadores especificos: Hsp70 para el citoplasma, CD98
para membranas/organulos e histona H3 para el nucleo. La expresién de PGRMC2 en estas
fracciones se cuantific6 mediante WB, utilizando B-actina como control de carga, y los
resultados se expresaron como abundancia relativa de proteinas (PGRMC2/B-actina) +

desviacién estandar (SD).
8. Extraccion de proteinasy WB

Se analizaron los niveles de PGRMC2 (=28 kDa) en tejido endometrial a lo largo del ciclo
menstrual (grupo 1, n = 35) y en d-hEnSCs (grupo 2, n = 15). Las proteinas se extrajeron con
un tampon de lisis RIPA, seguido de centrifugaciéon para recuperar el sobrenadante. La

concentracion de proteinas se determiné mediante el ensayo de Bradford.

Las proteinas (15 pug por muestra) se separaron por SDS-PAGE, se transfirieron a membranas
PVDF y se detectaron con anticuerpos especificos contra PGRMC2, PGRMC1 y receptores
clasicos de la P4 (PGR-a y PGR-B). La B-actina se usé como control de carga. Las bandas se
visualizaron mediante quimioluminiscencia y se analizaron con Imagel, expresando los
resultados como abundancia relativa normalizada (media + SD). Esto permitié comparar los
niveles de PGRMC2 entre fases del ciclo menstrual y condiciones de decidualizacién in vitro,

proporcionando informacidn clave sobre su funcion en el endometrio.
9. Extraccion de RNA, transcripcion inversa y gPCR a tiempo real.

Se evalué la expresion relativa de mRNA de PGRMC2 en las distintas fases del ciclo menstrual
(n=38;EP,n=8;LP,n=8;ES,n=8; MS,n=7;LS,n=7)yenhEnSCs (n = 15) bajo condiciones
de decidualizacion in vitro mediante PCR cuantitativa a tiempo real (RT-gPCR), comparandola

con PGRMC1 y PGRs clasicos.



9.1 Extracciény cuantificacion de RNA

El RNA se extrajo con Trizol (en el caso de los tejidos endometriales) o el kit de RNeasy Mini
(en el caso de hEnSCs) y se cuantificd con un espectrofotémetro NanoDrop. Posteriormente,

se sintetizd cDNA a partir de 0.5 pg de RNA por muestra.

9.2 RT-gPCR

Se utilizo el sistema StepOnePlus y el PowerUp SYBR Green Master Mix. Las reacciones se
realizaron por duplicado con primers especificos para PGRMC2, PGRMC1, PGRs clasicos y otros

genes para la validacién de la transcriptémica.

9.3 Analisis de datos y expresion relativa génica

La expresion relativa se calculé mediante el método 2722¢T, normalizando con GAPDH como
control enddégeno. Los resultados se expresaron como fold change (FC) y se compararon entre

fases del ciclo y condiciones decidualizadas.

10. Silenciamiento de PGRMC2 en hEnSCs

Para evaluar el papel de PGRMC2, se realizd un silenciamiento génico en hEnSCs mediante
siRNA especifico. Las células transfectadas con siRNA para PGRMC2 (iPGRMC2 d-hEnSCs) se
compararon con controles internos (scramble; Sc d-hEnSCs) y células control negativo no
transfectadas (control d-hEnSCs). La eficacia del silenciamiento se verific6 mediante RT-qPCR

y WB.

10.1 Inmunofluorescencia de Ki-67 después del silenciamiento de PGRMC2 en

hEnSCs

Se evalud si la proliferaciéon celular se veia afectada tras el silenciamiento de PGRMC(C2
mediante tincion del marcador de proliferacion Ki-67 (n = 3). Las células se fijaron,
permeabilizaron y se tifleron con anticuerpos especificos. A continuacion, la proliferacion se
cuantificd6 como porcentaje de células Ki-67 positivas sobre el total (células marcadas con

DAPI) £ SD.



10.2 Niveles de PRL después del silenciamiento de PGRMC2 en hEnSCs

Se midieron los niveles de PRL en el medio de cultivo de las d-hEnSCs tras el silenciamiento
de PGRM(C2 mediante la técnica de ELISA (n = 14), expresando los resultados como porcentaje

relativo respecto al control.

10.3 Analisis transcriptdmico mediante RNA-seq

Se compard Sc d-hEnSCs e iPGRMC2 d-hEnSCs mediante un conteo bruto obtenido de las
bibliotecas de datos de RNA-seq. Posteriormente, la matriz fue procesada y sometida a un

analisis estadistico exhaustivo.
10.3.1 Andlisis de genes diferencialmente expresados (DEGs)

Se identificaron DEGs entre Sc d-hEnSCs e iPGRMC2 d-hEnSCs mediante DESeq2,

seleccionando DEGs con P valor ajustado < 0.01y FC >2 0 <0.5 (n = 4).
10.3.2 Andlisis de enriquecimiento funcional

Los DEGs se analizaron con g:Profiler y Cytoscape, identificando procesos bioldgicos,
componentes celulares y funciones moleculares afectados. Los resultados se representaron
mediante mapas funcionales de enriquecimiento. Cytoscape utiliza los valores de P de
g:Profiler para representar la significancia de cada nodo mediante su color, calculado con -
logio(P valor)*sign(NES). EI NES permite comparaciones estandarizadas entre conjuntos de

genes, facilitando la interpretacion visual del enriquecimiento.
10.3.3 Validacion de RNA-seq

Los resultados de RNA-seq se validaron mediante RT-qPCR en genes seleccionados por su
relevancia en la reproduccién femenina (como CXCL14 y HGF), normalizando los datos con

GAPDH y expresandolos como FC = SD (n =4).



10.4 Analisis protedmico mediante SWATH-MS

Se realizé el anadlisis SWATH-MS en d-hEnSCs (n = 5) y se agruparon para construir una
biblioteca espectral utilizando un sistema Ekspert nanoLC 425 y un espectrémetro de masas
nanoESI qQTOF MS 6600. Los datos se procesaron con ProteinPilot v5.0 para identificar y

cuantificar proteinas.

10.4.1 Andlisis de expresion diferencial de proteinas (DEPs)

Se cargaron 20 ug de proteina total por muestra en geles 1D-SDS-PAGE para su una mejor
concentracion y purificacion. Los archivos obtenidos fueron analizados con Peak View y
Marker View (FDR < 1%), normalizando las dreas proteicas con respecto al total de areas
cuantificadas. Las proteinas con P < 0.05 se consideraron DEPs entre Sc d-hEnSCs e iPGRMC2

d-hEnSCs.

10.4.2 Anadlisis de enriquecimiento funcional

Los DEPs comunes se analizaron mediante g:Profiler (FDR < 0.05) para identificar procesos
bioldgicos, funciones moleculares y componentes celulares enriquecidos. Los resultados se
visualizaron como mapas de enriquecimiento funcional mediante el plugin EnrichmentMap en

Cytoscape, lo que facilité la interpretacidn de relaciones biolégicas complejas.

10.5 Invasion trofoblastica tras el silenciamiento de PGRMC2 en hEnSCs

Se utilizé6 un modelo de co-cultivo con células d-hEnSCs (control, Sc e iPGRMC2; n = 6) y
esferoides trofoblasticos derivados de la linea celular JEG-3. Los esferoides, marcados con
CellTracker azul, se formaron en placas de baja adhesidén durante 48 horas y luego se

transfirieron a placas donde estaban cultivadas las d-hEnSCs.

La expansidn del area trofoblastica (EA) se evalud a las 24 y 48 horas mediante un
microscopio fluorescente AXIO y se cuantificé con Imagel). Los datos se normalizaron
dividiendo el EA de cada esferoide por el EA promedio en d-hEnSCs control. Ademas, se
verificd la decidualizacion midiendo PRL por ELISA para descartar que las variaciones en la

invasion estuvieran influenciadas por diferencias en este proceso.



11. Analisis estadistico

El analisis estadistico y la generacion de graficos se realizaron con GraphPad Prism 8.3.0. La
normalidad de los datos se evalué mediante pruebas como Anderson-Darling, D’Agostino &

Pearson, Shapiro-Wilk y Kolmogorov-Smirnov.

Se aplico el test de one-way ANOVA para analizar la expresidon génica de PGRMC2, PGRM(C1
y PGR-t a lo largo del ciclo menstrual y las diferencias de abundancia proteica de PGRMC2
entre control, Sc e iPGRMC2 d-hEnSCs. El test de Kruskal-Wallis se utilizé6 para evaluar la
expresion de PGR-8 y PGRMC2 en WB tanto en el ciclo menstrual como en el modelo de
invasién trofobldstica entre control, Sc e iPGRMC2 d-hEnSCs. El test de Wilcoxon para
muestras pareadas analizo la expresidn génica y proteica de PGRMC2 en hEnSCs. Las pruebas
t-pareadas evaluaron la expresion de PGRMC2 y genes validados por RNA-seq, asi como los
niveles de PRL entre nd- y d-hEnSCs. Ademads, se compard la expresion de mRNA de PGRMC2,
PGRMC1, PGR-t y PGR-8 entre d-hEnSCs y nd-hEnSCs, asi como diferencias en la expresion
génica de PGRMC(C2 entre control, Sc e iPGRMC2 en d-hEnSCs, y el porcentaje de tincidn de Ki-
67 mediante el test de Friedman. Y, por ultimo, se evaludé la abundancia de PGRMC2 en

fracciones subcelulares mediante el test de two-way ANOVA.

En todas las pruebas, los resultados se normalizaron y compararon con la fase EP (en los
analisis a lo largo del ciclo menstrual) o con un control endégeno segun fuera apropiado, y se

considerd significativo un P < 0.05.

VI. RESULTADOS

Para presentar los resultados de esta tesis, estos se dividen en las dos dreas de estudio
mencionadas previamente: la caracterizacién de la expresiéon de PGRMC2 en el endometrio
humano a lo largo del ciclo menstrual y el analisis funcional de PGRMC2 en el estroma

endometrial humano bajo condiciones de decidualizacién in vitro.



1. Caracterizacion de la expresion de PGRMC2 en el endometrio
humano durante el ciclo menstrual

1.1  Localizacién, expresion de mRNA y abundancia proteica de PGRMC2 a lo

largo del ciclo menstrual

1.1.1  Expresion génica de PGRMC2 en tejido endometrial total

El analisis génico en muestras de tejido endometrial de donantes de ovocitos bajo
condiciones hormonales naturales mostré una disminucidn significativa en los niveles de

MRNA de PGRMC2 durante la fase LS en comparacion con la fase MS (P < 0.05).
1.1.2  Expresion proteica de PGRMC2 en tejido endometrial total

Mediante WB, aunque se detectd una banda de 28 kDa correspondiente a la proteina de
PGRMC2 en todas las muestras endometriales analizadas, no se observaron diferencias

significativas en la abundancia proteica entre las fases del ciclo menstrual.
1.1.3  Localizacién de PGRMC2 en tejido endometrial total

Las imagenes de inmunohistoquimica mostraron cambios dindmicos en la distribucién de
PGRMC2 a lo largo del ciclo menstrual, con mayor abundancia durante la fase MS,
especialmente en las glandulas epiteliales endometriales y las hEnSCs, y disminuyendo en LS
en todos los subtipos celulares del endometrio. Sin embargo, las células epiteliales luminales
mantuvieron una expresidon constante desde las fases proliferativas hasta la fase MS. Estos
cambios en la tincién de PGRMC2 coinciden con los niveles de mRNA observados, confirmando

una disminucion significativa de PGRMC2 durante la fase LS en comparacién con la fase MS.

1.2 Diferencias en los niveles de mRNA entre PGRs clasicos y no clasicos en el

endometrio humano durante el ciclo menstrual

La comparacién de estos receptores mostré que los niveles de mRNA de PGRMC1 (P < 0.05)

y los PGRs clasicos (P < 0.05) disminuyen significativamente durante la fase secretora en



comparacion con la fase proliferativa. Por el contrario, PGRMC2 no presentd una reduccién

significativa durante la fase MS.

Al comparar los niveles de mRNA de los receptores no cldsicos y clasicos en cada fase, se
observd que los no clasicos mostraron mayores niveles de expresidon en todas las fases del
ciclo (P < 0.05). PGRMC(C1 destac6 como el receptor mas expresado en las fases proliferativas
y en ES, mientras que PGRMC2 predomind en la fase LS. Durante la fase MS, los receptores no
cldsicos PGRMC1 y PGRMC2 presentaron un aumento significativo en su expresién en

comparacion con los PGRs cldsicos (P < 0.05).

2. Estudios funcionales de PGRMC2 en células estromales
endometriales

2.1 Localizacién, analisis de mRNA y proteina de PGRMC2 en hEnSCs durante

la decidualizacion in vitro

Dado los resultados obtenidos en los experimentos in vivo, se procedié a analizar la
expresion de PGRMC2 en d-hEnSCs y nd-hEnSCs utilizando un modelo de decidualizacién in
vitro. La efectividad del modelo se validé mediante la medicién de niveles de PRL, que
resultaron significativamente mas altos en las d-hEnSCs (P < 0.0001), confirmando su correcta

decidualizacion.

2.1.1  Expresion génica de PGRMC2 en hEnSCs

Los niveles de mRNA de PGRMC2 en d-hEnSCs mostraron un aumento significativo en
comparacion con las nd-hEnSCs (P < 0.0001). Este incremento refuerza los hallazgos de analisis

previos sobre su papel en la decidualizacién.

2.1.2  Expresion proteica de PGRMC2 en hEnSCs

Dado que los niveles de mRNA no siempre reflejan directamente la cantidad de proteina, se
evaluaron los niveles proteicos de PGRMC2 mediante WB. Los resultados confirmaron un
aumento significativo de la proteina en d-hEnSCs frente a nd-hEnSCs (P < 0.001), consistente

con los datos de expresidn génica.



2.1.3 Localizacion de PGRMC2 en hEnSCs

La tincion por inmunofluorescencia permiti6 observar que PGRMC2 se localiza
principalmente en las membranas de d-hEnSCs, mientras que en nd-hEnSCs se distribuye de
forma mas dispersa y menos definida. Para corroborar estos resultados, se fraccionaron
citoplasma, membranas/organulos y nucleos de las nd-hEnSCs y d-hEnSCs vy, a continuacion,
se analizaron mediante WB. Los resultados confirmaron una mayor abundancia de PGRMC2
en la fraccion de membranas/organulos en comparacidn con otras fracciones subcelulares (P

<0.05).

2.2 Diferencias en los niveles de mRNA entre PGRs clasicos y no clasicos tras la

decidualizacion in vitro en hEnSCs

En las nd-hEnSCs, los PGRs no cldsicos mostraron niveles de mRNA significativamente
mayores que los cldsicos (P < 0.001). Ademas, tras la decidualizacién in vitro, la expresion de
MRNA de los PGRs no clasicos también aumento significativamente (P < 0.05), siendo PGRMC(C2
el mas expresado. Estos resultados reflejan patrones similares a los observados en el tejido

endometrial total durante el ciclo menstrual natural.

2.3 Silenciamiento de PGRMC2 en d-hEnSCs

2.3.1 Validacion del silenciamiento de PGRMC2

Se evalud la eficiencia del silenciamiento de PGRMC2 en hEnSCs mediante RT-qPCR y WB y
se observé una reduccion del 80% en la expresion génica (P < 0.01) y una disminucién del 60%
en la abundancia proteica (P < 0.001) de PGRMC(C2 en d-hEnSCs transfectadas con siRNA
especifico. Estos resultados confirmaron la eficacia del silenciamiento y garantizaron la

fiabilidad de los experimentos posteriores.
2.3.2  Impacto del silenciamiento de PGRMC2 en la proliferacion celular en d-hEnSCs

Para asegurar que el método de transfeccion no afectaba la proliferacién celular, se analizé
la expresidn del marcador de proliferacion Ki-67 mediante inmunofluorescencia en d-hEnSCs

control, Sc e iPGRMC2. No se encontraron diferencias significativas en la proporcién de células



positivas para Ki-67 entre los grupos, confirmando que el proceso de transfeccidén no altero la

proliferacion celular.

2.3.3  Impacto del silenciamiento de PGRMC2 en los niveles de PRL en d-hEnSCs

Se evalud el efecto del silenciamiento de PGRMC2 en la decidualizacion midiendo los niveles
de PRL. Los niveles de PRL fueron significativamente mas altos en las iPGRMC2 d-hEnSCs en

comparacion con las Sc d-hEnSCs (P < 0.05).

2.3.4  Efectos transcriptémicos del silenciamiento de PGRMC2 durante |Ia

decidualizacion

El andlisis RNA-seq en iPGRMC2 d-hEnSCs revelé 4687 DEGs (2420 sobreexpresados y 2267
infraexpresados, FDR < 0.05). El andlisis de enriquecimiento funcional posterior demostré que
los genes sobreexpresados estan involucrados en procesos bioldgicos como la angiogénesis,
migracion celular, adhesién celular, funciéon del reticulo endopldsmico (ER), transporte
vesicular y biosintesis de lipidos, mientras que los infraexpresados se asociaron con
respiracion aerdébica y sintesis ribosomal. A nivel celular, los genes altamente expresados en
iPGRMC2 d-hEnSCs estuvieron vinculados con el nucleo, ER, aparato de Golgi y matriz

extracelular, mientras que los menos expresados se asociaron con mitocondrias y ribosomas.

Posteriormente, se realizé una validacidén de los resultados de RNA-seq mediante RT-qPCR,
confirmando el incremento en los niveles génicos de TNC (P < 0.05) y la infraexpresion de
PGRMC2 (P < 0.0001), DEPP1 (P < 0.05) y CXCL14 (P < 0.05) cuando se silenciaba PGRMC2. No

se observaron diferencias significativas en COL1A1 ni HGF.

2.3.5 Efectos protedmicos del silenciamiento de PGRMC2 durante la decidualizacién

Dado que se observaron diferencias significativas en la expresion de mRNA entre las fases
MS y LS del ciclo menstrual, pero no a nivel proteico en el andlisis de WB, se exploraron los
efectos protedmicos del silenciamiento de PGRMC2 en d-hEnSCs mediante SWATH-MS. El
analisis identific6 2070 proteinas en total, con 28 DEPs, de las cuales 4 estaban

sobreexpresadas y 24 infraexpresadas (P < 0.05).



El analisis de enriguecimiento funcional de las DEPs reveld alteraciones en procesos
biolégicos clave como respiracion celular, respuesta celular, metabolismo, localizacién de
proteinas en el ER y biosintesis de ribonucledsidos. En cuanto a componentes celulares, se
asociaron principalmente con membranas de orgdnulos, vesiculas, matriz extracelular, ER y
mitocondrias. A nivel funcional, se detectaron cambios significativos en la unién molecular,

actividad transportadora y biosintesis de esteroides.
2.3.6  Efectos del silenciamiento de PGRMC2 en la invasion trofoblastica

A partir de los resultados transcriptdmicos y protedmicos que evidenciaron alteraciones en
procesos relacionados con migracidon celular, adhesiéon y remodelacién de la matriz
extracelular, se evalud el impacto del silenciamiento de PGRMC2 en la invasion trofoblastica

mediante un modelo in vitro.

En el co-cultivo de iPGRMC2 d-hEnSCs con esferoides trofoblasticos JEG-3, se observd una
disminucion significativa en la expansiéon de los esferoides en las iPGRMC2 d-hEnSCs en
comparacion con los controles (P < 0.001) y Sc d-hEnSCs (P < 0.01). De hecho, las esferas en

iPGRMC2 d-hEnSCs mostraron una expansion similar entre las 24 y 48 horas.
VII. DISCUSION

En el utero, tanto los PGRs cldsicos como los no clasicos muestran fluctuaciones en su
expresion a lo largo del ciclo menstrual, regulando eventos criticos para la receptividad
endometrial y el desarrollo del embarazo. Aunque los receptores cladsicos son fundamentales
en la mayoria de los procesos reproductivos femeninos, las células, en ausencia de estos
receptores, son capaces de responder a la P4, lo que sugiere un papel adicional de los

receptores no clasicos, como PGRMC2.

Previamente, PGRMC2 se ha asociado con funciones como la inhibicién del desarrollo de
foliculos antrales y la regulacién de la expresidn de factores angiogénicos y hormonales. Sin
embargo, sus patrones de expresion y roles especificos en el endometrio humano,

particularmente durante la decidualizacién, permanecen sin esclarecer. En este trabajo, se



examino la expresion génica y proteica de PGRMC2 a lo largo del ciclo menstrual en tejido

endometrial humano sano de mujeres donantes de ovocitos bajo condiciones normales.

Se observd que las glandulas epiteliales del endometrio presentaron la mayor expresién de
PGRMC2 durante el ciclo, con una disminucién significativa en la fase LS, lo que coincide con
estudios previos en primates y pacientes con endometriosis. En las hEnSCs, la expresidn de
MmRNA de PGRMC(C2 oscilé durante el ciclo, disminuyendo significativamente en la fase LS
respecto a la MS. A diferencia de PGRMC1, cuya expresidon mimetiza los patrones de expresion
de los PGRs clasicos, PGRMC2 mostré un aumento significativo en la fase MS, lo que refuerza
su posible contribucién al proceso de implantacion. Sin embargo, no se observaron cambios a

nivel proteico.

La discrepancia entre los niveles de mRNA y proteina de PGRMC2 a lo largo del ciclo
menstrual indica que este receptor podria actuar a nivel genémico, modulando la expresién
de genes sin necesariamente correlacionar con cambios en su propia abundancia proteica.
Ademas, el analisis de WB mide los niveles totales de proteina, lo que podria no captar
fluctuaciones transitorias o localizadas detectables mediante inmunohistoquimica, la cual
mostré variaciones en la intensidad de la tincidn de PGRMC2 entre las fases del ciclo

menstrual.

Estudios previos han demostrado que PGRMC1 regula la receptividad endometrial y la
decidualizacién, influyendo en procesos bioldgicos relacionados y en la produccién de
prostaglandinas. De la misma manera, en nuestro modelo in vitro de decidualizacién, la
expresion génica y proteica de PGRMC2 aumentd significativamente en células
decidualizadas, sugiriendo que su deficiencia podria contribuir a fallos reproductivos, como se
ha documentado en modelos animales con anterioridad. Los analisis transcriptomicos y
protedmicos respaldan esta hipdtesis, mostrando que el silenciamiento de PGRMC2 altera
significativamente los niveles de expresiéon en d-hEnSCs. De hecho, el silenciamiento de
PGRMC2 desreguld genes clave asociados con la decidualizacién y la angiogénesis, como

ADAMTS-5, S100A10, LEPR e ITGBS.

De hecho, los genes infraexpresados cuando se inhibe PGRMC2 estan involucrados en la

respiracion aerobica, la produccién de energia mitocondrial y la sintesis de proteinas,



reflejando defectos mitocondriales que podrian impactar en la fertilidad y la funcion
endometrial. Ademas, nuestros resultados muestran que el silenciamiento de PGRMC2 alteré
significativamente las vias relacionadas con procesos oxidativos, como las proteinas MIRO1,
QCR9, SDHB, CMC1 y DLST, indicando la ausencia de mecanismos compensatorios en la

expresion génica para la reduccién de proteinas mitocondriales.

A su vez, se observd una sobreexpresién de genes asociados al ER y al sistema de
endomembranas, incluyendo el aparato de Golgi, la membrana plasmatica y uniones
celulares, lo que podria afectar la sintesis proteica. Genes relacionados con la homeostasis,
como ABCA1 y CCR1, también se vieron afectados, sugiriendo que PGRMC2 no solo regula
funciones mitocondriales, sino también la estructura celular y la respuesta a sefiales celulares.
Ademas, los genes sobreexpresados tras el silenciamiento de PGRMC2 también estan
implicados en morfogénesis, angiogénesis, migracion y adhesion celular, como ocurre con los
PGRs cldsicos cuando se silencian en hEnSCs, lo que sugiere que PGRMC2 y los PGRs clasicos

acttan a la par en estos procesos.

A nivel protedmico, se detecté una sobreexpresién de proteinas localizadas en el ER en d-
hEnSCs. Estos cambios corroboran el papel de PGRMC2 en la remodelacidn secretora que

ocurre durante la decidualizacion.

En conjunto, la complementariedad entre PGRMC1 y PGRMC2 refuerza su papel en la
remodelacidn citoplasmatica que ocurre durante el proceso de decidualizacion. Asimismo, la
implicacion de PGRMC2 en el metabolismo lipidico y su biosintesis sugiere que podria regular
el ambiente lipidico del endometrio, esencial para la comunicacién celular, asi como los

cambios estructurales y funcionales, cruciales para una correcta implantacion embrionaria.

El silenciamiento de PGRMC2 también reveld genes y proteinas relacionadas con sinapsis
neuronales, lo que propone una funcidn en procesos de comunicacién celular y plasticidad en
las hEnSCs, eventos cruciales para la decidualizaciéon y remodelacion tisular. Este hallazgo
inesperado apunta a una conexion entre vias de sefalizacion neuronal y funciones

endometriales, destacando la adaptabilidad de las hEnSCs ante sefiales celulares.

Ademas, el silenciamiento de PGRMC(C2 alterd la expresidon de biomarcadores de invasion

embrionaria, como S100A10, SERPINE1 y CXCL12, esenciales para la correcta invasion



trofoblastica. Nuestros hallazgos con el modelo de invasion in vitro evidencian que PGRMC2
regula la migraciéon celular durante la invasion trofoblastica, mientras que el estrés elevado
del ER asociado con la falta de PGRMC2 podria explicar los fallos post-implantacionales.
Asimismo, el aumento de PRL en las iPGRMC2 d-hEnSCs podria interpretarse como un
mecanismo compensatorio, considerando que la PRL desempefia un papel clave al interactuar
con citoquinas y factores de crecimiento que regulan procesos como la decidualizacién y la
invasion trofoblastica. Sin embargo, la ausencia de PGRMC2 parece interrumpir estas
conexiones, sugiriendo que, aunque el aumento de PRL intenta compensar esta deficiencia,

no logra sostener eficazmente la decidualizacién ni la invasidn trofoblastica.

Por ultimo, la diferencia de expresién de los PGRs no cldsicos frente a los cldsicos en las fases
menstruales y en las hEnSCs subraya la importancia de los PGRs no clasicos en las funciones
reproductivas, destacando la importancia de la complementariedad entre la accion de

PGRMC1 y PGRMC2.

Dado el tamafio limitado de las muestras en los analisis transcriptémicos, proteémicos, el
modelo de invasidon embrionaria y el andlisis de Ki-67, las conclusiones de este estudio deben
interpretarse con cautela. Mientras que el analisis transcriptdmico mide los niveles de mRNA,
estos no siempre se correlacionan con la expresién proteica debido a modificaciones post-
transcripcionales y mecanismos reguladores. Por su parte, la protedmica presenta
limitaciones, como la dificultad para detectar proteinas de baja abundancia, lo cual podria
explicar el reducido numero de DEPs identificadas. Ademds, la complejidad de las
modificaciones post-traduccionales y la naturaleza dinamica del proteoma complican la
interpretacion de los datos. No obstante, la consistencia entre los hallazgos transcriptémicos

y protedmicos respalda la relevancia bioldgica de los cambios observados.

El uso de una poblacién primaria de hEnSCs diferenciadas in vitro no refleja completamente
la heterogeneidad del endometrio in vivo ni las comunicaciones paracrinas entre sus distintos
tipos celulares. Asimismo, los resultados obtenidos por WB sobre PGRMC2 deben ser
considerados con precaucién, ya que podrian no describir plenamente la compleja regulacion
funcional en el endometrio. Ademas, este estudio solo analizd PGRMC2 en las hEnSCs,

guedando por investigar su papel en el compartimento epitelial.



A pesar de estas limitaciones, los resultados tienen importantes implicaciones en la
reproduccidon asistida. La identificacion de PGRMC2 como regulador clave en la
decidualizacién y la invasiéon embrionaria abre nuevas oportunidades para desarrollar terapias
dirigidas que mejoren los tratamientos de fertilidad, identificar nuevos biomarcadores en la
fisiologia endometrial y personalizar las intervenciones médicas. Asimismo, PGRMC2 podria
convertirse en una diana terapéutica para tratar afecciones como el RIF y la endometriosis,
mejorar la receptividad endometrial y las tasas de embarazo y recién nacido vivo en pacientes

sometidas a ART.

Futuras investigaciones podrian enfocarse en ampliar el tamafio de la poblacidn de muestras
para validar estos hallazgos y explorar las interacciones de PGRMC2 con otros componentes
endometriales. Estudios in vivo en modelos animales podrian proporcionar informacion
valiosa sobre su papel en la implantacion y el mantenimiento del embarazo. Ademas, técnicas
avanzadas como la secuenciaciéon de RNA de célula Unica podrian identificar las funciones
especificas de PGRMC2 en cada tipo celular del endometrio. También seria relevante
investigar la regulacidon epigenética de PGRMC2, lo que podria revelar nuevas capas de

complejidad en su funcién y control.

Este estudio representa la primera caracterizacion de la expresion de PGRMC2 a lo largo del
ciclo menstrual humano y su rol en la decidualizacién in vitro de las hEnSCs. Proporciona un
analisis comparativo entre los sistemas de PGRs clasicos y no clasicos de P4, junto con un
enfoque transcriptdmico y protedmico para evaluar las implicaciones funcionales del
silenciamiento dirigido de PGRMC(C2. Sin embargo, se necesitan estudios adicionales para
validar el mecanismo de accién de PGRMC2 y su relacion con otros receptores durante la

decidualizacion, con el fin de comprender plenamente su papel en la reproduccion femenina.

VIIl. CONCLUSIONES

Las principales conclusiones extraidas de esta tesis son:

1. La expresidn génica de PGRMC2 fluctua en el endometrio humano a lo largo del ciclo
menstrual, alcanzando un pico significativo durante la fase media secretora en

comparacion con la fase tardia secretora.



No se detectaron cambios en la abundancia de la proteina PGRMC2 a lo largo del ciclo
menstrual humano, a pesar de las variaciones significativas en el mRNA. En contraste,
el andlisis de inmunohistoquimica reveld variaciones en la intensidad de PGRMC2,

particularmente en las células glandulares y estromales.

Tras la decidualizacién in vitro, la expresion génica y la abundancia proteica de
PGRMC2 aumentaron significativamente en las células estromales endometriales

humanas, particularmente en las membranas celulares y los organulos.

La expresion de PGRs no clasicos fue significativamente mayor que la de los PGRs
clasicos a lo largo del ciclo menstrual y en las células estromales endometriales
humanas, tanto no decidualizadas como decidualizadas. Mientras que la expresion
génica de PGRMC1 y los PGRs cldsicos disminuyé significativamente durante las fases

secretoras, PGRMC2 es el receptor mas expresado en la fase tardia secretora.

El silenciamiento de PGRMC2 en células estromales endometriales humanas
decidualizadas resulté en cambios significativos a nivel transcriptdémico y protedmico.
Estos cambios afectaron a una variedad de procesos bioldgicos, como la angiogénesis,
migracion celular, adhesidon celular y respuesta celular; asi como a componentes
celulares como el ER, vesiculas, la matriz extracelular, los organulos, las membranas

plasmaticas y los componentes mitocondriales.

El silenciamiento de PGRMC2 perjudica la capacidad de las células estromales
endometriales decidualizadas para facilitar la invasién trofoblastica, subrayando la
importancia de PGRMC2 en la interaccion entre las células estromales endometriales

y el trofoblasto.
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. INTRODUCTION

1. THE FEMALE REPRODUCTIVE SYSTEM

1.1. ANATOMY AND PHYSIOLOGY OF THE FEMALE REPRODUCTIVE SYSTEM

The female reproductive system is composed of internal reproductive organs and external
genitalia (Jones and Lopez, 2014; Roura et al., 2014). The internal organs include the ovaries,
fallopian tubes, and uterus, which play key roles in ovulation, embryo transport and
implantation, pregnancy development and parturition. The external genitalia contain the

vagina, vulva, perineum, and urethra.

The ovaries host the oocytes and produce and secrete female sex hormones [mainly
estrogen or estradiol (E2) and progesterone (P4)]. The fallopian tubes transport the oocyte
from the ovaries to the uterine cavity and it is divided into three zones: infundibulum, ampulla
and isthmus. During copulation, sperm travel up from the vagina to the ampulla zone to
fertilize the oocyte and following, the zygote would be transported to the uterine cavity.
Lastly, the uterus harbours the embryo implantation, placenta formation and embryo fetal
development until birth (Graziottin and Gambini, 2015). The anatomy of the human internal

female reproductive organs is illustrated in Figure 1.

The uterine wall consists of three distinct layers: perimetrium, which is the thin outermost
and serous layer covering the external surface, the myometrium, the thick middle muscular
layer capable of supporting growing fetus(es) during pregnancy and producing very strong
contractions required for birth; and finally, the endometrium, the internal, mucous layer and

more complex layer of the uterus that will be explained in detail in the following section.
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Figure 1. Anatomy of the human female internal organs of the reproductive system and the process of embryo
formation and implantation. The primary internal organs of the human female reproductive system, illustrated
in the figure, play crucial roles in gestation. Successful pregnancy requires several critical steps: the proper
development and release of a mature oocyte from the ovaries, its fertilization by a sperm cell in the ampulla
section of the fallopian tubes, an appropriate pre-implantation development as it travels through the fallopian

tubes, and finally, blastocyst implantation in the uterine endometrium. Created with BioRender.com (2024).

1.2. THE HUMAN ENDOMETRIUM

The human endometrium is a hormonally-regulated tissue that plays a critical role in embryo
implantation, pregnancy maintenance (Salazar and Calzada, 2007; Loutradis et al., 2008;
Morel et al., 2016) and menstruate in the absence of pregnancy (Critchley et al., 2020). Since
the endometrium is essential for embryo implantation (Graziottin and Gambini, 2015), any

disorder or complication in this mucous tissue can directly compromise female fertility.
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1.2.1 The endometrium: cellular composition and organization

The endometrium is composed of epithelial and stromal compartments supported by an
endogenous niche of stem cells, endometrial immune cells, and a vascular network (Figure

2A) (Carrascosa et al., 2018).

The endometrial epithelial compartment consists of a monolayer of columnar polarized cells
and can be divided into luminal epithelium and epithelial glands, both composed of
endometrial epithelial cells (hEnECs). The primary function of this arrangement is to regulate
and allow embryo implantation. Meanwhile the stromal compartment contains fibroblast cells
known as endometrial stromal cells (hEnSCs) (Simdn et al., 2009) which play a pivotal role

during endometrial establishment (Simén et al., 2009; Cunningham et al., 2022).

The endometrial immune cell population, located in the stroma, is composed of uterine
natural killer cells (uUNK), macrophages and T lymphocytes (Simén et al., 2009). On the other
hand, the endometrial vascular network initiates in the myometrium and leads to the
endometrium. This vascular network is essential for the regularly-occurring intrinsic
angiogenesis along the menstrual cycle (Adair and Montani, 2011): during menstruation
where new blood vessels are regenerated from the existing ones, at the beginning of the cycle
when the tissue grows and the arteries elongate, and during endometrial establishment phase
when the spiral arteries sprout. Likewise, if fertilization occurs, angiogenesis takes place
during embryo implantation and placentation (Cunningham et al., 2022). A reservoir of

mesenchymal stem cells (MSCs) is also found in this compartment (Figure 2A-B).

The endometrium can also be divided in two layers, the stratum functionalis (functional
layer) and the stratum basalis (basal layer). The functional layer of the endometrium is the
portion that undergoes the most changes and is shed during menstruation. Meanwhile, the
underlying basal layers remain in place to act as an endometrial supply, ramifying the blood
vessels from basal layer to functional layer and regenerating the new functional layer in the

next menstrual cycle (Figure 2B).
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1.2.2 The endometrial function and the menstrual cycle

The primary function of the endometrium is to provide a suitable environment for embryo
implantation and the corresponding pregnancy. Accordingly, in response to the cyclic action
of steroid hormones (such as E2 and P4), endometrial tissues undergo physiological changes
as the functional layer thickens by 5-7 mm during each menstrual cycle to enhance receptivity
to embryo implantation, a process commonly referred to as the “window of implantation”
(WOI) (Graham and Clarke, 1997; Baerwald et al., 2012; Ruiz-Alonso et al., 2013; Yoshinaga,
2014). This short period normally occurs between days 19-22 of the menstrual cycle (Navot et
al., 1991; Dominguez et al., 2003), and represents a complex and multifactorial process,

involving molecular, cellular and tissue changes.

The human menstrual cycle consists mainly of two phases: proliferative phase (days 0-14)
and secretory phase (days 15-28), with a usual total duration of 28 days (Figure 2), though
regular menstrual cycles can span from 24 to 35 days. The menstruation (days 0-4) is
integrated in the beginning of the proliferative phase. The proliferative phase can be divided
into two phases: early proliferative (EP; days 0-8) and late proliferative (LP; days 9-14). In
addition, the secretory phase also can be segregated in three phases: early secretory phase
(ES; days 15-18), mid-secretory phase (MS; days 19-22) and late secretory (LS; 23-28) (Figure
2C). In response to follicle-stimulating hormone (FSH) produced by the pituitary gland during
the proliferative phase, ovarian follicles grow (follicular phase) and in turn produce E2 that
induces proliferation of the steroid-responsive endometrial cells, and ultimately thickens the
endometrium for potential implantation. On day 14, a spike in luteinizing hormone (LH; also
produced by the anterior pituitary), triggers ovulation of a mature oocyte from the ovary. The
secretory phase in the human endometrium begins after ovulation and is marked by the
ovulatory site transforming into a P4-secreting corpus luteum (Figure 2D-E). In turn, the
increasing P4 during early secretory phase induces differentiation of the endometrium where
mitotic activity of the endometrial cells occurs in the first three days after ovulation. Then
stromal cells contribute to thickening the endometrium, resulting in remarkable changes that
open the WOI (Figure 2C-D). With increasing P4 and decreasing E2 during the early secretory
phase, the secretion of glycogen and mucus is also increased. In the mid-secretory phase, the

spiral arteries become increasingly coiled and longer, contributing to decidualization (which
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induces morphological change of the fibroblasts, described more in detail in the following
section) and embryo receptivity during WOI. The secretory activity of endometrial glands
reaches a maximum around six days after ovulation. If pregnancy is achieved, P4 continues to
be secreted until the fetus can adequate levels to sustain the pregnancy. In addition to its
effect on the endometrium, P4 decreases the frequency and intensity of uterine contractions,
which helps prevent expulsion of the implanted embryo (Hawkins and Matzuk, 2008; Mihm et
al., 2011).

If embryo implantation does not occur, the ovary stops producing hormones during the late
secretory phase (days 23-28) and the P4 withdrawal initiates the menstruation in the
proliferative phase (days 0-4), where the arteries vasoconstrictors and the endometrial lining
is broken down and shed (Figure 2C-D). Finally, a new increase in E2 levels, produced by
another pool of growing ovarian follicles, begins a new cycle to proliferate again the
endometrium forming a new functional layer in the following cycle (Critchley et al., 2020)

(Figure 2C-E).

Clinical evaluations of endometrial receptivity often rely on morphological measures, such
as endometrial thickness and pattern, or on ultrasound-based measures of endometrial
vascularization. However, these approaches do not provide a complete picture of endometrial
status. "Omics" studies, including transcriptomics and proteomics, may help to better
understand endometrial receptivity by providing a broader and more comprehensive view of
the biological processes involved. Nevertheless, to fully harness the potential of "omics"
technologies, it is essential to first explore and characterize the underlying molecular

mechanisms that regulate implantation and early fetal development.
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Figure 2. The human menstrual cycle. (A) Figure legend of the main cellular components in the human
endometrium, including luminal and glandular human endometrial epithelial cells (hEnECs), human endometrial
stromal cells (hEnSCs), immune cells, mesenchymal stem cells (MSCs), blood vessels, and the vascular network.
These different cellular components appear in the detailed diagram of the endometrial layers during mid-
secretory phase (B), highlighting the functional and basal layers. (C) Schematic representation of the endometrial
growth throughout the menstrual cycle, accordingly divided into five endometrial phases (early proliferative, late
proliferative, early secretory, mid-secretory and late secretory phases). The window of implantation (WOI) is
indicated during days 19-22, showing the endometrial receptivity for embryo implantation. (D) The fluctuations
in the relative serum concentrations of gonadotropic hormones [luteinizing hormone (LH), and follicle-
stimulating hormone (FSH)], and ovarian hormones [progesterone (P4), and estrogen (E2)] during the menstrual
cycle are also shown. These hormonal changes correlate with the different endometrial phases of the menstrual
cycle. (E) The relative concentrations of the hormones correspond with the ovarian cycle stages: follicular phase,
ovulation, and luteal phase. This panel illustrates the development of ovarian follicles in the folliculogenesis, the

process of ovulation, and the formation of the corpus luteum. Created with BioRender.com (2024).

1.3. MOLECULAR MECHANISMS IN IMPLANTATION AND EARLY FETAL
DEVELOPMENT

Successful embryo implantation requires synchronized communication between an embryo
and a receptive endometrium during the WOI. This intricate process is governed by a diverse
array of molecules, including cytokines, growth factors, prostaglandins, enzymes, and

adhesion molecules (Ochoa-Bernal and Fazleabas, 2020).

After successful fertilization, the zygote undergoes mitotic divisions while migrating through
the fallopian tube toward the uterine cavity (Figure 1). By day 5 or 6, it transforms into a
blastocyst, comprising 32-256 cells. The blastocyst consists of two distinct cellular
components. Firstly, the inner cell mass (ICM) which will eventually develop into the fetus.
Meanwhile the outer cell layer, the trophoectoderm (TE), give rise to the placenta, providing
nourishment and protection to the developing fetus. The blastocyst freely moves within the
uterine cavity until reaching the upper posterior wall in the fundus of the uterus (Kim and Kim,
2017). This process involves a sequence of molecular events (Figure 3) (Massimiani et al.,

2019):

1. Apposition: Apposition marks the first interaction between the embryo and the receptive

endometrium. Blastocysts exit their zona pellucida, align the ICM with the endometrium, and

9
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bind leukemia-inhibitory factor (LIF) secreted by the receptive endometrium via LIF receptors
on the blastocoels. LIF triggers the transition of luminal epithelium from proliferative to
differentiated ones. LIF also drives stromal proliferation via the epidermal growth factor (EGF)
pathway, involving heparin-binding EGF (HB-EGF). Trophoblasts release human chorionic
gonadotropin (hCG) and interleukin 1 beta (IL-1pB), initiating the extracellular signal-regulated
protein kinases 1/2 (Erk1/2) pathway in endometrial epithelial cells. This cascade induces
prostaglandin E2 (PGE2) production through cyclooxygenase 2 (COX2) protein in endometrial

stromal cells, promoting decidualization and vascular permeability (Massimiani et al., 2019).

2. Adhesion: Trophoblasts adhere to the endometrial epithelium through L-selectin, integrin
avp3, and endothelial cadherin (E-cadherin) molecules. Glycoprotein mucin 1 (MUC-1) forms
a protective barrier if the embryo encounters a glycocalyx, so a reduction in MUC-1 expression
allows embryo adhesion. Other molecules, like L-type amino acid transporter 1 (CD98),
neurogenic locus notch homolog protein 1 (NOTCH1) receptors, and ligands, contribute to
adhesion. Activation of NOTCH1 signalling by hCG upregulates forkhead box protein O1
(FOX01), vital for decidualization (Kajihara et al., 2013; Massimiani et al., 2019). Additionally,
cytokines, including chemotactic chemokines [such as C-X-C motif ligand 1, 12, 13 and 14
(CXCL1, CXCL12, CXCL13 and CXCL14, respectively)], are produced by various cell types at the
maternal-fetal interface. Those synthesized by the endometrial epithelium can be secreted
either apically into the uterine lumen, influencing blastocyst development, migration, and
attachment, or basally, impacting the transformation of the underlying stroma. Decidualized
stromal cells (explained in detail in the following section), which become a significant part of
the decidua during pregnancy, also generate cytokines that promote the decidualization
process and chemokines that attract leukocytes, such as uterine natural killer cells and

macrophages, as well as aid in trophoblast migration (Salamonsen et al., 2007).

3. Invasion: Trophoblasts penetrate the decidualized stroma, differentiating into
cytotrophoblasts and syncytiotrophoblasts. They remodel maternal spiral arteries, ensuring
proper blood flow. Trophoblast invasion involves extracellular matrix remodeling through
urokinase-type plasminogen activator (uPA) and matrix metalloproteinases (MMPs). MMP-2

and MMP-9 production is triggered by IL-1B, transforming growth factor beta (TGF-B), or hCG.

10
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This invasion is tightly regulated by tissue inhibitors of MMPs (TIMPs) and plasminogen
activator inhibitor 1 (PAI-1) downstream of TGF-B signalling (Massimiani et al., 2019).

The implantation process is succeeded by early fetal development during the first trimester
(12 weeks) (Farquharson et al., 2005). Feto-maternal immune tolerance mechanisms maintain
pregnancy, safeguarding the embryo from the maternal immune system while defending
against potential pathogens. Decidual uNK cells, macrophages, T-cells, and dendritic cells
constitute the feto-maternal interface, ensuring successful pregnancy (Wang and Li, 2020).

Understanding these mechanisms may unveil origins of reproductive disorders.

@ Apposition @ Adhesion @ Invasion
g A Zona pellucida :

© ©_ @ (Chemokines Uterine lumen
« A Trophoectoderm ° 0 Cytotrophoblasts
Cytokines

| Syncytiotrophoblasts ..‘. e '..
: ®

ey
\?"y.@?

},N

J2Ae| |leuondun4

JaAe| |eseg

Figure 3. Molecular mechanisms in embryo implantation and early development. The primary molecular
mechanisms involved in the various phases of human embryo implantation include: apposition (1), adhesion (2),
invasion and early development (3). CD98, L-type amino acid transporter 1; COX2, cyclooxygenase 2; E-cadherin,
endothelial cadherin; ERK1/2, extracellular signal-regulated protein kinases; FOXO1, forkhead box protein O1;
HB-EGF, heparin-binding epidermal growth factor; hCG, human chorionic gonadotropin; IL-1B, interleukin 1 beta;

LIF, leukemia inhibitory factor; MMP-2, matrix metalloproteinase 2; MMP-9, matrix metalloproteinase 9; MUC-
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1, mucin 1; NOTCH1, neurogenic locus notch homolog protein 1; PAI-1, plasminogen activator inhibitor 1; PGE2,
prostaglandin E2; TGF-B, transforming growth factor B; TIMPs, tissue inhibitors of metalloproteinases; uPA,

urokinase-type plasminogen activator. Created with BioRender.com (2024).

1.4. ENDOMETRIAL OMICS

The study of the endometrium at the molecular level, often referred to as "endometrial
omics," encompasses various approaches aimed at understanding the complex biological
processes involved in endometrial function and pathology. This chapter delves into two
primary areas of endometrial omics: transcriptomics and proteomics, which have both shown

considerable advancements in recent years.

1.4.1 Endometrial transcriptomics

Transcriptomics attempts to analyze patterns of gene expression and to correlate them with
their underlying biology. It also allows gene expression characterization at the mRNA level of
a population, giving rise to a sample-specific molecular profile. This fact led to a new
biomarker concept: transcriptomic signatures that define a biological process or disease, and
thus represent new opportunities to characterize function or disease phenotypes (Supplitt et

al., 2021).

The study of endometrial transcriptomics has significantly advanced our understanding of
endometrial receptivity and its role in successful embryo implantation. Endometrial
transcriptomic analysis has been pivotal in identifying gene expression profiles that distinguish
receptive from non-receptive endometrial states (Diaz-Gimeno et al., 2014; Gémez et al.,

2015; Messaoudi et al., 2019).

Over the past decade, the field of human endometrial transcriptomics has seen significant
advancements, with numerous studies exploring various aspects of endometrial biology.
Initially, research focused on understanding the transcriptomic expression during the
menstrual cycle. Early studies by Horcajadas et al. (2004) and Giudice (2006) laid the
groundwork by examining gene expression patterns throughout the menstrual cycle
(Horcajadas et al., 2004; Giudice, 2006). Critchley et al. (2006) and Horcajadas et al. (2007)

further expanded on this by detailing the specific changes in gene expression during different
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phases of the menstrual cycle (Critchley et al., 2006; Horcajadas et al., 2007). Aghajanova et
al. (2008a, 2008b) later contributed to profiling menstrual cycle-associated gene expression

in greater depth (Aghajanova et al., 2008a, 2008b).

Building on these insights, several studies began to explore endometrial receptivity. Haouzi
et al. (2012) and Ruiz-Alonso et al. (2012) investigated transcriptomic changes tied to
endometrial receptivity, while Garrido-Gomez et al. (2013) offered detailed molecular insights
into endometrial preparation for implantation (Haouzi et al., 2012; Ruiz-Alonso et al., 2012;
Garrido-Gémez et al., 2013). Martinez-Conejero et al. (2007) and Ruiz-Alonso et al. (2013)
studied how assisted reproductive technology (ART) protocols influence gene expression
(Martinez-Conejero et al., 2007; Ruiz-Alonso et al., 2013). These studies collectively
highlighted the variability and complexity of endometrial receptivity, with Ruiz-Alonso et al.
(2012) emphasizing that the WOI varies among women and is governed by unique gene
expression signatures, a concept supported by Talbi et al. (2006) and Lessey and Young (2019)
(Talbi et al., 2006; Ruiz-Alonso et al., 2012; Lessey and Young, 2019).

Simultaneously, transcriptomic research broadened its scope to include specific cellular
compartments within the endometrium. Yanaihara et al. (2005), Evans et al. (2012), and
Ulbrich et al. (2013) demonstrated distinct gene expression profiles for different cell types
(Yanaihara et al., 2005; Evans et al., 2012; Ulbrich et al., 2013). Recent studies have been
focusing on the epigenetic regulation applying single-cell RNA sequencing to reveal dynamic
changes in gene expression during the menstrual cycle, particularly in endometrial stem cells
(Lee and Lee, 2023) and during the decidualization process (Liu et al., 2020). These advances
in transcriptomic technology and the identification of target molecules have enabled a deeper

understanding of the crucial moment in the menstrual cycle, the WOI.

Despite the wealth of data generated, challenges remain. Variability in experimental designs,
timing, sample collection, and data processing pipelines complicates cross-study comparisons,
as highlighted previously by Horcajadas et al. (2007), Ruiz-Alonso et al. (2012), and Ulbrich et
al. (2013), making it difficult to fully understand the complex nature of endometrial
development. Comprehensive reviews like that of Altmae et al. (2014) have identified key
genes consistently associated with receptivity, however, they noted that the overlap of

identified genes was relatively small, indicating the complexity and variability of the
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endometrial transcriptome (Altmae et al., 2014). Wang and Yu (2018) provided an update on
the progress of transcriptomic profiles of human endometrial receptivity emphasizing the
potential of RNA sequencing to refine precision medicine approaches by detecting previously
undiscovered genes (Wang and Yu, 2018). Recent advancements have enabled the
identification of biomarkers, such as LIF (Aghajanova et al., 2009), and the exploration of genes
involved in adhesion, invasion, survival, differentiation, decidualization, and immune
modulation (Messaoudi et al., 2019; Zhang et al., 2023), paving the way for more personalized

ART strategies.

Parallel investigations addressed pathological conditions affecting the endometrium.
Matsuzaki (2011) focused on transcriptomic profiles in endometriosis, while Doll et al. (2008)
examined changes associated with endometrial cancer (Doll et al., 2008; Matsuzaki, 2011).
More recently, Miravet-Valenciano et al. (2017) identified differences in the mid-secretory
endometrial transcriptome between women with and without endometriosis, providing
insights into the molecular basis of this condition and its impact on receptivity (Miravet-
Valenciano et al., 2017). Similarly, Poli-Neto et al. (2020) investigated the transcriptomic
signature of endometrial receptivity in women with endometriosis, suggesting that
endometriosis significantly alters the gene expression profile of the endometrium (Poli-Neto
et al., 2020). Other studies identified biomarkers associated with recurrent implantation
failure (RIF) (Basatvat et al., 2021; Meltsov et al., 2023; Lee et al., 2024), while Chettiar et al.
(2024) conducted a meta-analysis of endometrial transcriptome data, revealing novel
molecular targets for RIF and providing further insights into the molecular basis of this

condition (Chettiar et al., 2024).

The identification of biomarkers for endometrial receptivity has significant clinical
implications, particularly for ART. Biomarkers such as LIF have been studied extensively,
although their clinical utility remains debated (Aghajanova et al., 2009). High expression of LIF
appears to be an indicator of a receptive endometrium in fertile women. However, studies
have shown varying results concerning LIF concentrations in women with RIF, indicating the
need for further research to clarify its role (Glinther et al., 2023). Recent studies, such as
Meltsov et al., 2023, have highlighted the importance of molecular markers in assessing

endometrial receptivity and their potential impact on ART outcomes (Meltsov et al., 2023).
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Despite the progress made, several challenges remain in the field of endometrial
transcriptomics. One major challenge is the variability in gene expression profiles due to
individual differences and the influence of external factors. Additionally, the functional

relevance of many identified genes is still not fully understood.

In summary, research on endometrial transcriptomics has significantly advanced our
understanding of the physiology of embryo implantation and enabled the identification of new
tools for objectively evaluating endometrial receptivity. The ongoing advancements in RNA
sequencing and data analysis techniques are expected to drive further discoveries, providing
more precise and comprehensive profiling of the endometrial transcriptome. Endometrial
transcriptomics has made substantial strides, offering valuable insights into the molecular
mechanisms underlying endometrial function and pathology. Integrating transcriptomic data
with other omics technologies promises to enhance the diagnosis, prognosis, and treatment
of endometrial disorders. As research continues to progress, it is likely to contribute
significantly to personalized medicine, ultimately improving patient outcomes and quality of
life. However, further research is needed to understand transcriptomic changes in both
physiological and pathological conditions, to gain deeper insights into endometrial receptivity

and establish gene expression profiles.

1.4.2 Endometrial proteomics

Proteomics focuses on the identification and quantification of proteins, as well as the
analysis of their post-translational modifications. It has been fundamental in characterizing
the endometrial cycle and identifying biomarkers of endometrial receptivity and pathologies
by detecting numerous proteins simultaneously. The field of reproductive medicine has
adopted the use of proteomics for diagnostic markers, treatment targets, and post-

translational modifications.

There have been several studies that have compared proteome results between endometrial
tissues or uterine fluid from the proliferative and secretory phases, which may help us
understand the molecular changes responsible for the transition from a non-receptive stage
to a receptive stage, as well as the physiological development of the endometrium (Yang et

al., 2012; Evans et al., 2019; Guo et al., 2021).
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In 1995, Byrjalsen et al. performed the first proteomic analysis of human endometrium in
different stages, proliferative and secretory phase (Byrjalsen et al., 1995). They identified 186
protein spots with altered expression throughout the menstrual cycle. Among these proteins,
the authors found that cytoskeleton-related proteins were mostly synthesized in the
proliferative phase, which may correlate with the high cell division rate of the proliferative
endometrium. On the other hand, energy metabolism-related enzymes, annexin A4 precursor
and cytokeratin 8, among other proteins, were found to be most highly expressed in the
secretory phase, suggesting that endometrial cells undergo more functional changes during

this period.

Other studies have attempted to investigate the shift of endometrial protein expression from
the proliferative to secretory phase (Chen et al., 2009; Parmar et al., 2009; Rai et al., 2010;
Amjadietal., 2018; Meleady, 2018). The low reproducibility of the results in these studies may
be due to several factors, such as the rapid changes that occur in the endometrium throughout
the menstrual cycle, the differences in the time of endometrial biopsy in the studies, and the
different criteria for determining differentially expressed proteins (DEPs). However, with the
improvement of 2D technologies, two-dimensional differential in gel electrophoresis (2D

DiGE) has emerged as a more accurate method.

Using MS technology, a study identified endometrial receptive biomarkers that were mainly
involved in cell structure and motility, signal transduction, cell cycle, and immunity (Chen et
al., 2009). The study also found that multiple spots of the same identified protein suggest that
post-transcriptional and post-translational modifications are important events in endometrial

transition.

The study of the endometrial proteome has revealed biomarkers between pre-receptive and
receptive endometrium. These differences in the proteins quantity have been found to be
similar to those observed between proliferative and secretory endometrium. One notable
protein, membrane-associated progesterone receptor component 1 (PGRMC1), showed
decreased expression in the receptive phase (Chen et al., 2009; Dominguez et al., 2009; Li et
al., 2011a; Keator et al., 2012; Salsano et al., 2017). In addition, S100A10, member of the S100

family which is linked to reduced embryo implantation rates and poor pregnancy outcomes,
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was found to be upregulated in the mid-secretory phase (Dominguez et al., 2009; Liu et al.,

2012; Bissonnette et al., 2016).

Despite two decades of research, there remains a lack of consensus on the molecular markers
defining endometrial receptivity. However, recent studies have made significant strides in
identifying key proteins involved in this process, which could improve fertility treatments and
outcomes. Aplin et al. (2022) has provided new insights into the temporal expression patterns
of proteins during the menstrual cycle, highlighting potential biomarkers that could be used
to assess endometrial receptivity more accurately (Aplin and Stevens, 2022). Moreover, the
integration of proteomics with other omics approaches, such as transcriptomics and
metabolomics, has provided deeper insights into endometrial biology. For example, a study
by Yang et al. (2024) utilized integrated transcriptomic and proteomic analyses to explore the
role of ubiquitination in endometrial function and pathology. This multi-omics approach
revealed novel regulatory mechanisms and potential therapeutic targets for endometrial

disorders (Yang et al., 2024).

By integrating data from different omics layers, researchers are gaining a more holistic view
of the molecular events underlying not only endometrial receptivity but also diseases such as
endometriosis and endometrial cancer (Aplin and Stevens, 2022; Romano et al., 2023;

Serambeque et al., 2024).

The ongoing advancements in mass spectrometry and data analysis techniques are expected
to drive further discoveries in this field, enabling more precise and comprehensive profiling of
the endometrial proteome. Despite the new advances in these proteomics techniques, there
is a need for further research to understand the proteomic changes in both physiological and
pathological conditions to gain a deeper insight into endometrial receptivity and establish

protein-protein interactions.

In conclusion, endometrial proteomics has made significant strides in recent years, providing
valuable insights into the molecular mechanisms underlying endometrial function and
pathology. The integration of proteomic data with other omics technologies holds great
promise for improving the diagnosis, prognosis, and treatment of endometrial disorders. As

research in this field continues to advance, it is expected to contribute significantly to the
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development of personalized medicine approaches, ultimately improving patient outcomes

and quality of life.

2. THE DECIDUALIZATION PROCESS

The P4 induces differentiation of the endometrium, resulting in critical changes that make
the endometrium receptive and ready for the embryo to be implanted (Gellersen and Brosens,
2014; Okada et al., 2018). One P4-dependent critical event is decidualization, which is
characterized by profound morphological and biochemical differentiation of hEnSCs into
decidual cells (Sakai et al., 2003; Gellersen and Brosens, 2014), causing an increase of secreted
prolactin (PRL) protein and insulin-like growth factor-binding protein 1 (IGFBP1), commonly

used as markers of decidualization (Irwin et al., 1994; Gellersen and Brosens, 2003).

Decidualization involves the differentiation of elongated fibroblast-like cells into rounded
epithelioid-like cells (Pabona et al., 2010; Ma et al., 2011; Saleh et al., 2011; Zhu et al., 2014;
Coulam, 2016). This change occurs in response to elevated P4 levels during the mid-secretory
phase of the menstrual cycle (Gellersen and Brosens, 2014) (Figure 4). The process starts
approximately 6 days after ovulation and is characterized by morphological changes in the
hEnSCs, secretory transformation of the uterine glands, an influx of specialized uterine natural
killer cells, and vascular remodelling to support the growing (Evans et al., 2016; Schatz et al.,
2016; Okada et al., 2018). The decidual cells provide nutrition for the implanting blastocyst
and are characterized by enlarged and rounded nuclei, increased numbers of nucleoli, dense
membrane-bound secretory granules, and expanded rough endoplasmic reticulum (ER) and

Golgi complex (Gellersen and Brosens, 2014; Kajihara et al., 2014).

The synchronization of the decidual response during the secretory phase of the menstrual
cycle is intricate, relying on the convergence of the cyclic adenosine 3":5' monophosphate
(cAMP) and P4 signalling pathways. While the significance of elevated P4 levels for
decidualization is well-established, compelling evidence suggests that the initiation of this
process hinges on elevated intracellular cAMP levels (Gellersen et al., 1994; Brosens et al.,

1999a, 2002; Christian et al., 2002b, 2002a; Mak et al., 2002; Gellersen and Brosens, 2003;
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Pohnke et al., 2004). Importantly, this intracellular elevation of cAMP is paramount for
achieving and maintaining the decidualized state of endometrial stromal cells (Telgmann et

al., 1997).

A crucial network for hEnSCs decidualization consists of proteins regulated by P4 and/or
cAMP, such as homeobox A10 (HOXA10), FOXO1, signal transducers and activators of
transcription, and heart and neural crest derivatives expressed transcript 2 (HAND2) (Huyen
and Bany, 2011; Liet al., 2011b; Cho et al., 2013; Pawar et al., 2014; Ujvari et al., 2017) (Figure
4). On the other hand, cAMP also acts through others proteins network such as the small
Ubiquitin-like modifier (SUMO) protein pathway within hEnSCs. It has been demonstrated
that, in response to the surge of cAMP signalling, the SUMOylation of certain proteins, such
as active isoforms of P4 receptors (PGRs), is essential for regulating the transcription of genes

involved in the preparation and maintenance of the decidual environment (Jones et al., 2006).

Recent advancements have further elucidated the complexity of decidualization. For
instance, a 2024 study by Jia et al. revealed that metabolic reprogramming, particularly in
amino acid and sphingolipid metabolism, is crucial during the decidualization process. This
study utilized single-cell RNA sequencing to uncover the metabolic heterogeneity among
decidual cells, highlighting the increased cellular activity and signalling propensity in highly
metabolically active decidual cells. Additionally, the role of metabolic pathways, such as the
pentose phosphate pathway, has been shown to be critical for decidualization, with inhibition
of this pathway impairing the process both in vitro and in vivo (lia et al., 2024). In addition, a
recent study explored the role of endometrial microvascular complexity and trophoblast
outgrowth in gelatin methacryloyl hydrogels. This study demonstrated that the
decidualization status of the endometrium modulates microvascular complexity and affects
trophoblast motility, providing new insights into the dynamic interactions at the maternal-

fetal interface (Zambuto et al., 2024).

The transformation of hEnSCs into decidual cells is a significant event in the establishment
of pregnancy as well as protecting the embryo from maternal immunological rejection and
providing nutritional support prior to placental formation, regulating trophoblast invasion and

placental formation. A failure in decidualization can lead to infertility, recurrent miscarriages,
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and uteroplacental disorders. In fact, women experiencing recurrent miscarriages often show

abnormal decidualization, leading to failed implantation or inadequate placentation.

Murata et al. (2022) developed a systematic repository of cell-cell communication for
decidualization, revealing an aberrant ratio conversion of IGFBP1-expressing hEnSCs to insulin
like growth factor 1 receptor (IGF1R)-expressing hEnSCs in patients with RIF (Murata et al.,
2022).

On the other hand, defective decidualization can lead to abnormal placentation, which has
been associated with preeclampsia (Padilla, 2015). Preeclampsia is a pregnancy complication
characterized by high blood pressure and damage to other organs, most commonly the liver
and kidneys. Its etiology is multifactorial, but a significant relationship has been identified with
defective decidualization of hEnSCs (Padilla, 2015). This is due to alterations in the expression
of key genes involved in this process, such as annexin A2 (ANXA2), which is crucial for proper
blastocyst implantation (Garrido-Gomez et al.,, 2020). Additionally, these cells do not
adequately secrete signalling molecules like PRL and IGFBP1, compromising the interaction

between the embryo and the endometrium.

Besides its relationship with preeclampsia, defective decidualization has also been linked to
other infertility issues. For instance, inadequate decidualization can contribute to anovulatory
infertility, as stromal cells do not respond properly to the hormonal signals necessary for
ovulation (Matsuyama et al., 2024). Women with endometriosis also exhibit defective
decidualization, suggesting that this alteration may be a contributing factor in their inability
to conceive (Marquardt et al., 2019). Defective decidualization has also been associated with

recurrent pregnancy loss (Lucas et al., 2020).

Overall, the intricate interplay between the cAMP and P4 pathways highlights the
multifaceted nature of the decidualization process, where the orchestrated modulation of
signalling cascades is central to the establishment and maintenance of the decidualized state
within hEnSCs. Continued research and advancements in in vitro models of decidualization are
essential for furthering our understanding of this critical process and developing treatments

for conditions such as infertility and recurrent pregnancy loss.
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Figure 4. Molecular pathways involved in decidualization. The key molecules for decidualization are
represented in this drawing. The stromal compartment in the human endometrium contains fibroblast-like cells,
known as non-decidualized endometrial stromal cells (nd-hEnSCs). In response to elevated progesterone levels
during the mid-secretory phase of the menstrual cycle, these cells are able to differentiate into rounded
epithelioid-like cells, referred to as decidualized endometrial stromal cells (d-hEnSCs). This process causes an
increase of secreted prolactin protein and insulin-like growth factor-binding protein 1, commonly used as
markers of decidualization. ANXA2, annexin A2; cAMP, cyclic adenosine 3':5' monophosphate; FOXO1, forkhead
box protein O1; HAND2, neural crest derivatives expressed transcript 2; HOXA10, homeobox A10; IGFBP1, insulin-

like growth factor-binding protein 1; P4, progesterone; PRL, prolactin. Created with BioRender.com (2024).
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2.1. IN VITRO MODELLING OF DECIDUALIZATION

During decidualization, in addition to the secretion of PRL and IGFBP1, the levels of cAMP
inside the cells are known to increase after several days of synthetic form of P4 (progestin)
treatment (Gellersen and Brosens, 2003). Various protocols have been developed to promote
decidualization in vitro (Gellersen and Brosens, 2014; Doi-Tanaka et al., 2024) (Table 1). These
protocols typically involve the following treatments: E2 and P4 (or progestin), an analog that
induces the expression of intracellular cAMP, a combination of a cAMP analog and P4 or

progestin. The length of treatment differs greatly across studies, ranging from just a few hours

to over 10 days.

Treatment Duration Check Reference
Endometrial explants
P4 + E2 6-10 days PRL secretion (Daly et al., 1983)
P4 2-28 days PRL secretion (Maslar and Ansbacher, 1986)
Primary hEnSCs culture
8-Br-cAMP 12-24 hours | PRLinduction (Telgmann et al., 1997)
8-Br-cAMP 1-3 days PRL, IGFBP1 mRNA (Samalecos et al., 2009)
8-Br-cAMP 2 days Microarray analysis (Popovici et al., 2000)
8-Br-cAMP + E2 48 hours Microarray analysis (Tierney et al., 2003)
CRH 8 days PRL secretion (Ferrari et al., 1995)
db-cAMP 24-48 hours | PRL secretion (Tang et al., 1993)
FSH + LH or hCG 4-6 days PRL secretion (Tang and Gurpide, 1993)
MPA 10-20 days PRL, IGFBP1 mRNA (Tseng et al., 1992)
MPA + 8-Br-cAMP 4-10 days PRL secretion (Brosens et al., 1999a)
MPA + E2 + PGE2 10 days PRL secretion (Frank et al., 1994)
MPA + IGF-1 28 days PRL secretion (Rosenberg et al., 1991)
MPA + RLN 6 days PRL secretion (Telgmann et al., 1997)
MPA + RLN + E2 6 days PRL secretion (Huang et al., 1987)
MPA or P4 20 days PRL secretion (zhu et al., 1990)
P4 + Cortisone + 8-Br-cAMP | 4 days PRL, IGFBP1 mRNA (Kuroda et al., 2013)
P4 + DES + EGF 25 days PRL secretion (Irwin et al., 1991)
P4 + DHT + 8-Br-cAMP 4-8 days PRL, IGFBP1 secretion | (Cloke et al., 2008)
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P4 + E2 10-15 days PRL secretion (Irwin et al., 1989)

P4 + E2 14 days IGFBP1 secretion (Hess et al., 2007)

P4 + E2 + EGF 10 days Microarray analysis (Popovici et al., 2000)
P4 +E2 +IL-11 6 days PRL, IGFBP1 secretion | (Dimitriadis et al., 2002)
PGE2 + Progestin 10 days PRL secretion (Frank et al., 1994)
Decidual explants

P4 3-10 days PRL secretion (Hamaguchi et al., 1990)

Table 1. Overview of decidualization-inducing treatments for in vitro culture of human endometrial stromal
cells (hEnSCs). 8-Br-cAMP, 8-Bromo-cyclic adenosine 3":5' monophosphate; CRH, corticotrophin-releasing
hormone; DES, diethylstilbestrol; DHT, dihydrotestosterone; E2, estradiol; EGF, epidermal growth factor; FSH,
follicle-stimulating hormone; hCG, human chorionic gonadotropin; IGF-1, insulin-like growth factor 1; IGFBP1,
insulin-like growth factor-binding protein 1; IL-11, interleukin 11; LH, luteinizing hormone; MPA,
medroxyprogesterone 17-acetate progestin; P4, progesterone; PGE2, prostaglandin E2; PRL, prolactin; RLN,

relaxin. Adapted from (Gellersen and Brosens, 2014).

In human cell cultures, treatments with cAMP trigger decidualization and is associated also
with the expression of PRL and IGFBP1 as decidual markers, and the presence of both cAMP
and progestin increases this expression even further (Okada et al., 2018). In primary culture,
the extended exposure of hEnSCs to E2 and P4 has been demonstrated to elicit a significant
increase in cCAMP production. Interestingly, this induction of decidualization can be effectively
impeded by the presence of a protein kinase A (PKA) inhibitor, underscoring the pivotal role
of the cAMP pathway in the hEnSCs response to ovarian hormones, indicating the intimate
interaction between cAMP and P4 signalling (Brar et al., 1997; Yoshino et al., 2003; Matsuoka
etal., 2010).

In the context of in vitro decidualization, the response of hEnSCs to cAMP analogs, E2, and
medroxyprogesterone 17-acetate progestin (MPA) has been associated with a temporal
modulation of the cell cycle. This progression involves initial cell cycle arrest in the GO/G1
phase, followed by subsequent arrest in the G2/M phases (Schmidt et al., 2002; Cobrinik,
2005; Qian et al., 2005; Takano et al., 2007; Cloke et al., 2008; Logan et al., 2012). Notably,
the signalling kinetics of cAMP and P4 differ in their respective contributions to decidualization

initiation. Peak LH-triggered cAMP signalling exhibits a swifter and immediate decidualization
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response, while P4 signalling elicits a more gradual yet persistent effect (Gellersen and

Brosens, 2003; Tierney et al., 2003).

cAMP induces a fully decidual phenotype within the first three days of treatment. In contrast,
P4's response in the hEnSCs to perform the decidualization unfolds over a span of 14-23 days

of treatment, culminating in a fully decidualized phenotype (Gellersen and Brosens, 2014).

A recent study explored the differential gene expression in hEnSCs induced by various
stimuli, including cAMP, MPA and E2. The researchers aimed to understand how these
different stimuli affect the transcriptome and cellular functions of hEnSCs. They found that
stimuli involving cAMP (cAMP alone or combined with MPA) resulted in approximately twice
as many differentially expressed genes (DEGs) compared to stimuli without cAMP (MPA alone
or combined with E2). The cAMP-related stimuli significantly influenced cellular functions
related to angiogenesis, inflammation, immune response, and embryo implantation, whereas
MPA-related stimuli affected insulin signalling pathways. By comparing these in vitro findings
with in vivo data, the study concluded that the combination of cAMP and MPA most closely
mimics the natural decidualization process (Doi-Tanaka et al., 2024). This research highlights
the importance of selecting appropriate stimuli for in vitro decidualization studies to better
replicate in vivo conditions and improve our understanding of endometrial biology and

reproductive health.

3. PROGESTERONE HORMONE

P4, a vital steroid hormone, is synthesized not only by the placenta but also by the ovaries
and adrenal glands. Its significance extends beyond its well-known role as the "pregnancy
hormone," encompassing a wide range of physiological processes. While it is a key player in
the intricate dynamics of female reproduction, P4 exerts its influence on multiple non-
reproductive tissues as well, showcasing its versatile nature. In addition to its fundamental
role in preparing the mammary gland for breastfeeding, P4 contributes to the overall health

of the cardiovascular system, shapes the functions of the central nervous system, and actively
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participates in maintaining bone health, highlighting its comprehensive impact on the body's

overall well-being (Taraborrelli, 2015).

Within the female reproductive tract, P4 is involved in regulating a comprehensive sequence
of essential events during the menstrual cycle, and its effects reflect through processes crucial
to the establishment and preservation of pregnancy. These include ovulation, fertilization,
implantation, embryonic development, breast development, and parturition (Graham and
Clarke, 1997; Salazar and Calzada, 2007; Conneely et al., 2008; Loutradis et al., 2008; Szekeres-
Bartho et al., 2008; Yoshinaga, 2014; Morel et al., 2016). During the periovulatory period, high
P4 levels in the female reproductive tract play a pivotal role in processes such as sperm
capacitation, hyperactivation, chemotaxis, and acrosome reaction. These processes are
critical for optimal fertilization and subsequent embryo development (Tamburrino et al.,

2020).

Disruptions in P4 signalling can have far-reaching consequences, leading to a spectrum of
gynecological complications. These complications span conditions like fibroids, abnormal
menstrual bleeding, endometriosis, adenomyosis, and have even been implicated in breast
and endometrial cancers. Additionally, inadequate P4 action has been linked to miscarriages
and preterm labor, further underscoring its critical role in ensuring successful pregnancies (Wu
et al., 2006; Burney et al., 2007; Ehn et al., 2007; Ito et al., 2007; Salazar and Calzada, 2007;
Yin et al., 2007; Szekeres-Bartho et al., 2008; Branchini et al., 2009; Kim et al., 2013; Bunch et
al., 2014; Hirota, 2019a; Liao et al., 2019). Addressing these challenges requires a deep
understanding of the intricate mechanisms through which P4 exerts its effects, as this is
essential for developing more effective therapeutic approaches, improving quality of life for
individuals with these disorders, and increasing the chances of successful pregnancy and

delivery.

3.1. PGRS MECHANISMS OF ACTION

The physiological effects of P4 are mediated by its binding to PGRs in target cells. PGRs are
categorized into classical and non-classical types, each with distinct roles and functions
(Kowalik et al., 2013b). The classical PGRs have been identified across a range of organs and

tissues, including the ovaries, uterus, fallopian tubes, placenta, testis, brain, pancreas, bone,
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mammary gland, and urinary tract (Batra and losif, 1987; lwai et al., 1990; Doglioni et al., 1990;
Horie et al., 1992; Amso et al., 1994; Shanker and Rao, 1997; Bland, 2000; Conneely et al.,
2002; Thijssen, 2005; Abid et al., 2008; Brinton et al., 2008; Branchini et al., 2009; Large and
DeMayo, 2012; Plant, 2015; Wetendorf et al., 2017; Gonzalez-Orozco and Camacho-Arroyo,
2019; Barton et al., 2020). Upon binding with P4, these receptors transform into transcription
factors that govern the expression of P4-responsive genes. This intricate regulation triggers

sustained cellular responses that manifest over a span of hours (Medina-Laver et al., 2021).

In contrast, studies in knockout mice lacking these classical PGRs demonstrate that cells are
still able to respond to P4 (Frye and Vongher, 1999) through a faster mechanism via non-
classical membrane receptors (non-classical PGRs) (Kimura et al., 2012). Non-classical PGRs
facilitate rapid hormonal effects by initiating an array of secondary messengers and signalling
pathways almost immediately upon P4 binding. Non-classical PGRs are important contributors
in reproduction (Gellersen et al., 2009; Medina-Laver et al.,, 2021) regulating gene
transcription (Karteris et al., 2006; Salsano et al., 2021), the acrosomal reaction in human
sperm (Foresta et al., 1993), sexual behavior in mice (Frye and Vongher, 1999; Frye et al.,

2006), and meiotic maturation in Xenopus oocytes (Finidori-Lepicard et al., 1981).

The distinct signalling pathways of classical and non-classical PGRs result in diverse
downstream responses, with the cellular effects of P4 varying according to tissue type and the

stage of the menstrual cycle (Dias Da Silva et al., 2024).

3.1.1 Classical PGRs

There are two main isoforms of classical PGR: PGR-a (94 kDa) and PGR-B (120 kDa). They are
transcribed from the same gene, their distinction forged through the utilization of different
promoters. In the human context, the PGR gene consists of an eight-exon sequence situated
on chromosome 11 (11g22-g23) (Rousseau-Merck et al., 1987; Misrahi et al., 1993; Conneely
and Lydon, 2000; Demayo and Lydon, 2020) (Figure 5), with its transcription primarily
contingent upon E2. The engagement of E2 with E2 receptors (E2R) prompts the recognition
of various E2 response elements (ERE) within the PGRs gene's promoter region, thereby
inducing its expression. Yet, it's noteworthy that several non-E2-dependent mechanisms of

PGRs expression regulation have also been described (Jacobsen and Horwitz, 2012).
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Molecularly, PGR's structure comprises a DNA-binding domain (DBD) placed between an
upstream N-terminal region containing an activation function (AF1) and an inhibitory domain
(ID). Downstream, a ligand-binding domain (LBD) resides, housing another activation domain
termed AF2 (Figure 5). PGR-B has an additional section located at the N-terminal end of the
protein of approximately 164 extra amino acids in humans. Within this region, an extra
activation domain, designated AF3, takes its place (Hill et al., 2012). The panorama further
broadens as various PGRs isoforms, stemming from the insertion of additional exons or via
alternative splicing, make their appearance. Notably, these variants might not encode
functional receptors; in contrast, they could impede or modulate the activities of PGR-a and
PGR-B isoforms (Kowalik et al., 2013b). Adding to the tapestry, a third isoform, PGR-y (60 kDa),
resides in the human placenta, its precise role still enigmatic. Nonetheless, it's known to form
heterodimers with PGR-a and PGR-B, exerting influence over their transcriptional activities

(Wei et al., 1996).

Before engaging its ligand, unbound PGRs inhabit the cytoplasm, bound within a complex of
chaperone proteins. Once P4 engages with the LBD, a cascade of conformational shifts
transpires. PGR is emancipated from the embrace of chaperone proteins, enabling its journey
into the nucleus. Inside the nucleus, PGR dimerizes, homing in on the hormone response

element sequence (HRE) within the target gene's promoter.

Regardless of this heterogeneous tissue and isoform-specific gene expression regulation,
PGRs isoforms also interact with one another by regulating their own activity. PGR-a assumes
a role of inhibition over PGR-B's actions through its inhibitory domain (ID), effectively

modulating the impact of P4 on its target cells (Pieber et al., 2001).
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Figure 5. Schematic representation of the classical progesterone receptor (PGR) gene. PGR gene is located on
chromosome 11 and in response to estrogen binding to ERE, the PGR gene produces different isoforms (PGR-a,
PGR-8, and PGR-y) through the activation of specific promoters. ERE, estrogen response elements; AF, activation
function domain; ID, inhibitory domain; DBD, DNA-binding domain; LBD, ligand-binding domain; NH2, amino

terminal region; COOH, carboxyl terminal region. Adapted from (Medina-Laver et al., 2021).

This dynamic interrelationship is believed to underlie a compensatory mechanism that
contributes to the meticulous regulation of P4's influence throughout the ovarian cycle.
Within luteal cells, a finely tuned balance emerges: higher P4 levels induce a higher PGR-a
expression. This augmented PGR-a presence, in turn, curbs PGR-8 transcription, mitigating the
effects of P4. Conversely, when P4 levels diminish within these cells, a converse scenario
unfolds. Lower P4 levels in these cells may suppress PGR-a expression, increase PGR-8

expression and subsequently enhance P4 action (Kowalik et al., 2013b).

3.1.2 Non-classical PGRs

Non-classical progesterone receptors constitute a distinctive category of receptors located
on the cell surface. These receptors are structurally related to G protein-coupled receptors
and single transmembrane (TM) receptors, endowing them with the ability to mediate rapid

responses upon binding to P4 (Gerdes et al., 1998; Zhu et al., 2003b) (Figure 6). In contrast to
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classical P4 receptor-mediated actions, non-classical receptors trigger a diverse array of
physiological effects by activating secondary messengers, such as MAP kinase (MAPK) and
signal transduction pathways within seconds of P4 interaction (Migliaccio et al., 1998; Saner

et al., 2003) (Figure 7).

This group of receptors can be divided into two primary families: the membrane progestin
receptors (mPRs) family and the progesterone receptor membrane component (PGRMC)
family (Pierson-Mullany and Lange, 2004; Tang et al., 2005; Peluso, 2007; Thomas, 2008;
Thomas and Pang, 2012) (Figure 6).

Members of the mPR family, which are proposed to have P4-binding activity, are also known
as progestin and AdipoQ receptors (PAQR). They belong to the G protein-coupled receptor
(GPCR) superfamily and include the membrane progesterone receptors mPRa, mPR[3, mPRy,
mPRd, and mPRe (also referred to as PAQR7, PAQR8, PAQR5, PAQR6, and PAQR9,
respectively). These receptors have been cloned and partially characterized in various
mammalian species (Zhu et al., 2003a). While in vitro studies have demonstrated biological
functions for these receptors, the question of their functional identity as progesterone
receptors remains a subject of inquiry due to their complex actions in vitro (Karteris et al.,

2006).

The second family of non-classical P4 receptors is the PGRMC family, which includes
PGRMC1, PGRMC2 and the less studied neudecin, and also neuferricin. These non-classical
PGRs share a similar non-covalent heme-binding domain related to cytochrome b5, a well-
known functional interaction partner of microsomal cytochrome P450 (CYP) monooxygenase
systems. PGRMC1 and PGRMC2 were initially recognized as heme-1 domain proteins (HPR6.6)
and Dgb, respectively (Falkenstein et al., 1996; Meyer et al., 1996). Importantly, emerging
research highlights potential interactions between PGRMC1 and mPRa, suggesting potential
crosstalk among different families of non-classical progesterone receptors (Thomas et al.,
2014; Sueldo et al., 2015). Nevertheless, some studies suggest that they are not even activated

by P4 (Krietsch et al., 2006).

29



| | INTRODUCTION

Chromosome X  PGRMC1 gene NH, MEEI CytbS [ SH2 ] I SH2 .COOH

_| Chromosome 4 PGRMC2 gene NH, CytbS { SH2 J I SH2 ' COOH

COOH
oy

Chromosomes

mPRa, B, v, d, € genes
1,6,15,1,3 Rl §

Figure 6. Schematic representation of the non-classical progesterone receptor (PGRs) genes. The figure
illustrates the chromosomal localization of the non-classical PGRs. PGRMC1 is located on the X chromosome,
while PGRMC2 resides on chromosome 4. Additionally, the genes encoding membrane progestin receptors
(mPRa, B, y, 6, and €) are distributed across chromosomes 1, 6, 15, 1, and 3, respectively. Both PGRMC1 and
PGRMC2 feature a single transmembrane domain (TM) at the N-terminal end, along with a cytochrome b5 (Cyt)
domain. Analysis of Src homology 2 domain (SH2) and Src homology 3 domain (SH3) revealed specific binding
sites that allow them to bind specifically to other proteins. The mPRa, mPRB, and mPRy receptors were initially
proposed as traditional G protein-coupled membrane receptors, characterized by their typical 7-8
transmembrane (TM) domains, with the N-terminus positioned extracellularly. NH2, amino terminal region;

COOH, carboxyl terminal region. Adapted from (Medina-Laver et al., 2021).

Despite their relatively diminished P4 binding affinity in comparison to classical P4 receptors,
non-classical PGRs have been associated with sexual behavior modulation in mice (Frye et al.,
2006), meiotic maturation in Xenopus oocytes (Finidori-Lepicard et al., 1981), the acrosomal
reaction in human sperm (Foresta et al., 1993), as well as the regulation of ion efflux in murine
neurons (Viéro et al., 2006), vascular myocytes (Barbagallo et al., 2001), and rat epithelial cells

(Head et al., 1999).

4. CLASSICAL AND NON-CLASSICAL PGRs IN REPRODUCTIVE
TISSUES

P4 serves as a central orchestrator of essential processes in the female reproductive tract,

extending its influence far beyond the uterus. The mechanisms through which P4 exerts its
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effects involve both classical and non-classical PGRs. In the ovary, P4 action influences from
follicular development to ovulation (Pelosi et al., 2015). Classical PGRs expression in granulosa
cells is triggered by the E2 surge, impacting ovulation (Iwai et al., 1990). Furthermore, the
corpus luteum's formation initiates P4 secretion, which interacts with both classical and non-
classical PGRs across various cell types (Revelli et al., 1996). Notably, PGRMC1 and PGRMC(C2
depletion in luteal cells disrupts growth factor expression, such as VEGF-a, Kit ligand and
antimullerian hormone (AMH) (Peluso et al., 2018). This complex interplay extends to the
hypothalamic-pituitary-gonadal axis, where P4's feedback action, mediated by classical and
non-classical pathways, regulates gonad hormonal secretion (Scott et al., 2002; Bashour and

Wray, 2012).

Follicular development and recruitment also engage P4 receptors. While classical PGRs are
indispensable for successful ovulation, they aren't vital for early follicular stages (Robker and
Richards, 2000). In contrast, non-classical PGR, particularly PGRMC1, influence antral follicle
development and ovarian reserve (Griffin et al., 2014; Guo et al., 2016; Will et al., 2017). As
oocyte competence acquisition is central to reproductive success, the involvement of PGRs,
both classical and non-classical, is significant. Their roles in oocyte maturation, interaction
with other receptors, and developmental competence are areas of active investigation
(Robker and Richards, 2000; Thomas et al., 2004; Deng et al., 2009; Aparicio et al., 2011; Lodde
and Peluso, 2011; Juhlen et al., 2016; Shi et al., 2016; Terzaghi et al., 2016; Roy et al., 2017).

P4's action extends to the oviduct, where it regulates transport. The journey of cumulus-
oocyte complexes and embryos is intricately regulated by steroid levels (Mahmood et al.,
1998). PGRs, both classical and non-classical, are expressed in the oviductal tissue of various
species (Saint-Dizier et al., 2012; Tahir et al., 2013; Kowalik et al., 2016; Hazano et al., 2021).
However, the specific contribution of PGRs in this context remains a subject of ongoing

research.

In conclusion, P4 and its receptors navigate a complex network in the female reproductive
tract. Their roles span from the ovaries, where P4 modulates follicular development and
ovulation, to the oviduct, where it influences transport mechanisms. The interplay between
classical and non-classical PGRs constructs reproductive processes, revealing the intricate

nature of female reproduction's molecular synchronization.
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4.1. PGRSIN THE UTERUS

In the human uterus, P4 action has been described following both classical (Conneely et al.,
2002) and non-classical (Gellersen et al., 2009) signalling pathways. The expression of classical
and non-classical PGRs in the uterus significantly oscillates throughout the menstrual cycle by
regulating all the critical events that finally establish a receptive endometrial
microenvironment and correct pregnancy (Salsano et al., 2017, 2020; Medina-Laver et al.,
2021; Salsano et al., 2021). During the follicular phase, extended exposure to estrogen induces
the expression of classical PGRs in uterine cells. In the subsequent luteal phase, P4 exposure
inhibits ER expression, which leads to estrogenic drive that, in turn, augments P4
responsiveness. Although the role of non-classical PGRs in the uterus is not well-known, its
expression has been documented in human, rhesus monkey, mouse, zebrafish and bovine
uterus (Mote et al., 2000; Fernandes et al., 2005; Zhang et al., 2008; Luciano et al., 2010;
Keator et al., 2012; Pru et al., 2013; Salsano et al., 2017; Kowalik et al., 2019; Wu et al., 2019a).

P4 exerts its effects in various uterine cell types, including hEnECs and hEnEScs, smooth
muscle cells in the myometrium, and stromal fibroblasts in the cervix (Cowan et al., 2004;

Mesiano, 2007; Zhu et al., 2014).

Understanding the interplay between classical and non-classical PGRs in the uterus is
essential for comprehending the mechanisms underlying endometrial receptivity and
successful pregnancy establishment. Certainly, we will focus on elucidating the roles of these
receptors in the endometrium, as it is the primary reproductive tissue of this study, delving

deeper into their intricate functions within this crucial reproductive context.

4.1.1 Role of PGRs in the endometrium

P4 plays a pivotal role in inhibiting cell proliferation in endometrial cell types, counteracting
the stimulatory effects of E2 during the preovulatory phase. Conversely, P4 promotes
structural and functional modifications, including decidualization that prepare the
endometrium to receive and support embryo implantation (Jabbour et al., 2006; Wetendorf

and DeMayo, 2012).
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Understanding the mechanisms of action of both classical and non-classical PGRs, as detailed
previously, is crucial for obtaining a comprehensive view of their combined mechanisms in the
human endometrium (Cope and Monsivais, 2022). Together, these receptors coordinate the
response to P4 in the different cellular layers of the endometrium. Classical PGRs are primarily
involved in transcriptional regulation, activating genes and signalling pathways necessary for
cellular differentiation and structural remodeling within the endometrium (Dias Da Silva et al.,
2024). In hEnECs, classical PGRs initiate endometrial receptivity through pathways that involve
essential proteins like the SRY-box transcription factor (SOX) family, which play a critical role
in gene regulation during decidualization. SOX17, for example, modulates the wingless-related
integration site (WNT) signalling pathway, important in endometrial cell differentiation and
embryo implantation (Engert et al., 2013; Kinnear et al., 2019), while SOX4 can impact
pathways related to cell cycle regulation and apoptosis (Chen et al., 2016; Huang et al., 2022;
Setal., 2024) (Figure 7).

Another transcription factor involved in the classical PGRs mechanism of action is GATA
binding protein 2 (GATA2). This transcription factor enhances the expression of key genes
involved in stromal cell proliferation and differentiation and collaborates with other
transcription factors like HOXA10 to activate genes that support the structural and functional
changes of the endometrial lining. HOXA10, in turns, promotes integrin avpB3 expression
creating a more receptive surface for embryo attachment (Zanatta et al., 2010; Kohimeier et

al., 2020; Keske et al., 2024).

In contrast, within hEnSCs, classical PGRs regulate signalling pathways such as the Hedgehog
pathway, involving transcription factors such as indian hedgehog (IHH), playing a vital role in
the P4-regulated transformation of the endometrium. Once expressed, IHH acts as an
intermediary in the communication between hEnECs and hEnSCs, coordinating the action of
P4 in preparing the endometrial tissue. In response to IHH signalling, stromal cells activate
smoothened (SMO) protein, trough patched 1 protein (PTCH1), which propagates the
Hedgehog signal and induces the activation of GLI family of zinc finger transcription factors
(such as GLI1). This signalling is critical for transforming the endometrium into a receptive
environment, with adequate structural and biochemical changes to support implantation and

early pregnancy (Wei et al., 2010; Dias Da Silva et al., 2024). Another Hedgehog target is
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chicken ovalbumin upstream promoter transcription factor Il (COUP-TFII) protein which can
directly influence the HAND2 transcription factor by promoting its expression during the
decidualization process (Katayama et al., 2006; Kurihara et al., 2007; Oh et al., 2023). COUP-
TFIl also interacts with bone morphogenetic protein 2 (BMP2) (Heng et al., 2010), previously
activated by the cAMP/PKA (Yin et al., 2011) to enhance stromal differentiation WNT pathway
and FOXO1 protein regulate stromal-epithelial interactions. FOXO1 also regulates the
expression of the decidualization markers, PRL and IGFBP1 (Ujvari et al., 2017). FOXO1 is
activated by pathways like PI3K/AKT, which control its nuclear localization and activity,
thereby enhancing its role in promoting decidualization (Yin et al., 2011). Classical PGRs also
acts directly through hEnSCs mediating the local production of COX2, via extracellular signal-
regulated kinases 1 and 2 (ERK1/2) pathway, which derive to prostaglandins production, such
as PGE2 as previously mentioned (Banu et al., 2008; Kong et al., 2019). PGE2 then modulates
the activity of HAND2 that suppress the mitogenic activity of fibroblast growth factors (FGFs)
(Figure 7) (Mazur et al., 2015; Suéurovic et al., 2020).

Non-classical PGRs, meanwhile, act through rapid membrane-associated signalling cascades,
to modulate gene expression indirectly (Dressing et al., 2011). This includes cAMP/PKA and
MAPK pathways, alongside additional regulators like cyclic guanosine monophosphate
(cGMP), phospholipase C (PLC), and protein kinase G (PKG), which contribute to complex
intracellular signalling (Migliaccio et al., 1998; Pierson-Mullany and Lange, 2004; Mittelman-
Smith et al., 2017). These pathways can activate nuclear factor kappa-light-chain-enhancer of
activated B cells (NFKB), which regulates FOXO1 trough NOTCH1 pathway (King et al., 2001;
Su et al., 2015; Shukla et al., 2019). Finally, FOXO1 activation drives the expression of PRL and
IGFBP1 in hEnSCs (Ujvari et al., 2017; Jiang et al., 2021). Non-classical PGRs signalling also
intersects with other pathways, modulating factors such as SERPINE1 mRNA binding protein
1 (SERBP1), which helps to modulate gene expression involved in the structural and functional
transformations of hEnSCs during decidualization (Salsano et al., 2017) (Figure 7). However,

the precise mechanisms of non-classical PGRs are still not fully understood.

34



Secretory phase

hEnECs

>

Luminal Glandular
hEnECs hEnECs

d-hEnSCs

N

INTRODUCTION

Q

i )
Uterine lumen

0
v

Classical
PGRs ) UG

Non-classical
PGRs

-

|
I Integrins '
HOXA10 —
SOX4\ S \(uvBs/u4B1) —
GATA2 & ' it | ?
v / Hedgehog *\ Dt
SOX17 signalling "\ ;
i f) 1
" ® ERK1/2 v Y
X e HOXAT cAMP N,
® " o signalling  PTCH1 QAU e el
L IR The Classical l 1 comp  SERBPI
PGRs PLC s
G (@) SMO PKG -
® © N
.
[22] ® ® COUPTFII GLI1 + ¥
\
[
® ‘/ MAPK :
L pathway X
© BMP2 Y
@ [ ¢_Aﬁv \
P = cAMP WNT4 PGRs ]
> ° @ P v PKA signalling v i
@ :
o, ® ® ® ©® cox2 HAND2 — FGF NFKB i
® ) N . i
g @ B S < \ '
[ S -1 \ !
%) C TS g i % &
o ® o ' ;
= PGE2 ; ' NOTCH1
0 @ WNT/B-catenin 1 ;
> ° ® signalling ! signalling /,’
® o . © s i
@ @) PISK/AKT signalling _ _ v ] e
./_\ v{ FOXO1 i
) R @ NOTCH1 signalling ==~ ﬁl—¢ de
A ¥ a
e PRL  IGFBP1

Figure 7. Classical and non-classical progesterone receptors (PGRs) signalling in response to progesterone

during secretory phase of the human endometrium. Classical and non-classical PGRs mediate its action through

the endometrial epithelial cells (hEnECs) or directly within the decidualized human endometrial stromal cells (d-

hEnSCs). BMP2, bone morphogenetic protein 2; cAMP, cyclic adenosine 3':5' monophosphate; cGMP, cyclic

guanosine monophosphate; COUPTFII, chicken ovalbumin upstream promoter transcription factor Il; COX2,

cyclooxygenase 2; FGF, fibroblast growth factors; FOXO1, forkhead box protein O1; GATA2, GATA binding protein

2; GLI1, GLI Family Zinc Finger 1; HAND2, neural crest derivatives expressed transcript 2; HOX10, homeobox A10;

IHH, indian hedgehog; IGFBP1, insulin-like growth factor-binding protein 1; MAPK, MAP kinase; MUC-1,

Glycoprotein mucin 1; NFKB, nuclear factor kappa-light-chain-enhancer of activated B cells; NOTCH1, neurogenic

locus notch homolog protein 1; P4, progesterone; PGE2, prostaglandin E2; PKA, protein kinase A; PKG, protein

kinase G; PLC, phospholipase C; PRL, prolactin; PTCH1, patched 1; SERBP1, SERPINE1 mRNA binding protein 1;

SMO, smoothened protein; SOX4, SRY-box transcription factor 4; SOX17, SRY-box transcription factor 17; WNT,

wingless-related integration site. Adapted from (Dias Da Silva et al., 2024). Created with BioRender.com (2024).

Alternatively, the balance between classical and non-classical PGRs isoforms also helps to

maintain precise control over the reproductive hormonal effects in the endometrium (Patel

et al., 2015). During the menstrual cycle, the response to P4 varies due to cell-specific

differences in PGR-a and PGR-8 expression. In the proliferative phase, E2 drives PGRs

expression in both stromal and epithelial cells rising their levels in tandem, but a decrease in
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PGR-a occurs in epithelial cells by the end of the secretory phase, while PGR-8 levels remain
constant, aiding in glandular secretion. In contrast, stromal cells consistently express PGR-a
(Mote et al., 1999; Patel et al., 2015). Although both isoforms are present in the endometrium,
PGR-a appears vital for normal uterine function and implantation (Conneely et al., 2002;
Mulac-Jericevic et al., 2003; Kaya et al., 2015). Maintaining a balance between PGR-a and PGR-
B expression is crucial for epithelial cell proliferation and the prevention of uterine disorders.
Brosens et al. found that excessive expression of PGR-a and PGR-8 in hEnSCs inhibits
decidualization (Brosens et al., 1999b). Moreover, overexpression of PGR-a leads to a
hyperproliferative state in both the luminal and glandular endometrium, resulting in infertility

(Fleisch et al., 2009; Wetendorf et al., 2017).

Classical PGRs dysfunction plays a critical role in early pregnancy complications, including
conditions like preeclampsia. This disorder, marked by abnormal decidualization, reveals
disrupted gene networks involving E2R and PGRs function, which may serve as indicators of a
woman's risk for developing severe preeclampsia (Garrido-Gomez et al., 2021). RIF has also
been associated with decreased classical PGRs expression in the endometrium, as well as
certain classical PGRs polymorphisms (Pisarska et al., 2003; Rahnama et al., 2019; Hosseinirad
et al., 2021). Recurrent pregnancy loss is another multifactorial condition which studies have
linked with specific single nucleotide polymorphisms (SNPs) in the PGRs gene (Aruna et al.,
2010; Bahia et al., 2018). These findings highlight that PGRs signalling and ratio of its isoforms,
rather than P4 levels alone, could underlie many cases and open pathways for targeted

therapies.

Non-classical PGRs have been observed to also be expressed in the endometrium of different
mammals, as previously described. In most of them, these receptors also oscillate during the
menstrual cycle to prepare the endometrium for embryo implantation. In humans, PGRMCs,
mPRa, mPRy and mPRe transcripts have been demonstrated to significantly vary according to
the menstrual cycle phase (Fernandes et al., 2005; Salsano et al., 2017). In particular,
transcripts of PGRMC1, mPRy, and mPRe are upregulated in the proliferative phase and
progressively decrease in the secretory phase, while mPRa and PGRMC2 mRNA are
significantly overexpressed in the secretory phase, coinciding with the rise in P4 levels

(Fernandes et al., 2005; Salsano et al., 2017; Wu et al., 2019a). Although mPRE8 is more
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abundant than mPRa in the human endometrium, its expression remains relatively stable
during the menstrual cycle (Fernandes et al., 2005). Nonetheless, a reduction in endometrial
mPRB gene expression on days 10-14 of the human menstrual cycle has been observed in

patients with a history of recurrent miscarriages (Lyzikova et al., 2020).

PGRMC1 is involved in cell proliferation and is, thus, responsible for endometrium
development in the first half of the menstrual cycle (Friel et al., 2015). In fact, its ablation
results in reduced fertility in female mice (Mccallum et al., 2016). In the secretory phase,
PGRMC1 stromal overexpression inhibits decidualization and creates an improper embryo
implantation environment (Salsano et al., 2017). In contrast, PGRMC1 downregulation in this
phase may also impair uterine receptivity and blastocyst implantation (Wang et al., 1998).
Therefore, balanced PGRMC1 levels are necessary for proper endometrial receptivity. Garrido-
GOmez et al. demonstrated that PGRMC1 behaves differently in human receptive
endometrium vs. a non-receptive endometrium (Garrido-Gémez et al., 2014). Salsano et al.
detected PGRMC1 movement from the cytoplasm to the nucleus when decidualization
process occurred in humans (Salsano et al., 2017). This contrasts with the expression of the
classical PGR, which is known to be absent in the endometrial stroma upon embryo
implantation (Deryabin et al., 2020). This interesting nuclear localization suggests a possible
function for PGRMC1, regulating the expression of a specific set of distinct genes from the
target genes of classical PGRs during decidualization. Alternatively, PGRMC1 stroma nuclear
localization may lead to participation in cell cycle regulation when proliferative stromal cells

are in transition to terminally differentiated decidual cells (Salsano et al., 2020).

Endometrial PGRs dysregulation is associated with various reproductive disorders, such as
endometriosis. This condition is characterized by abnormal endometrial tissue growth and
morphology changes that mirror the eutopic endometrium's response to hormonal
fluctuations (Bulun et al., 2006). Therefore, its proliferation is induced by E2 exposure in the
proliferative phase and is inhibited by P4 in the secretory phase. P4 resistance may cause this
abnormal endometrial proliferation (Lyndrup et al., 1987). Classical and non-classical PGRs
expression has been reported in the ectopic endometrium of endometriosis patients and in

endometrial hyperplasia, although studies yield mixed results (Nisolle et al., 1994; Kunz et al.,
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1996; Rocha-Junior et al., 2019; Wu et al., 2019a; Sletten et al., 2020; Vazquez-Martinez et al.,
2020).

5. PGRMC2

PGRMC2 gene is located on chromosome 4 at the position 4928.2 (Gerdes et al., 1998).
Moreover, PGRMC2 protein is structurally similar to PGRMC1 and it is expressed in various
reproductive tissues, including the uterus, ovaries, and placenta (Gerdes et al., 1998; Kimura

etal., 2012; Galmozzi et al., 2019).

Despite its similarities to PGRMC1, PGRMC2 has distinct functions. Its multifaceted functions
encompass the inhibition of the SKOV-3 ovarian cancer cells migration (Albrecht et al., 2012),
regulation of sterol metabolism (Kimura et al., 2012; Wu et al., 2019b), contribution to cell
proliferation through ERK activation (Liu et al., 2009), association with ovarian reserve status
in young women (Skiadas et al., 2012), participation in cell cycle regulation (Griffin et al., 2014;
Friel et al., 2015; Peluso et al., 2018, 2019; Li et al., 2019; Wu et al., 2019a), and is involved in
the progression of endometriosis, inhibiting cell proliferation (Keator et al., 2012; Bunch et al.,
2013). Despite its known functions, the role of PGRMC2 in the human endometrium,
particularly in decidualization, remains elusive. Its importance is evident, in fact, PGRMC2
deficiency causes premature uterine senescence in PGRMC2 knockout mice [unlike normal
senescence that occurs in the physiological decidualization process (Deryabin et al., 2020;
Lucas et al., 2020)] and leads to post-implantation failure (Jiang et al., 2002; Mccallum et al.,
2016; Clark et al., 2017). A similar scenario has been observed in PGRMC1- and PGRMC2-
knockout zebrafish (Keator et al., 2012; Wu et al., 2019a; Wu and Zhu, 2020). Additionally,
there is limited knowledge regarding PGRMC2 expression across the human menstrual cycle

and its function in human endometrial receptivity or decidualization process.

In addition to its role in reproductive tissues, PGRMC2 has been identified as a potential
biomarker for certain gynecological cancers. Elevated levels of PGRMC2 have been detected
in ovarian and endometrial cancers, indicating its potential involvement in tumor progression

and chemoresistance (Peluso et al., 2021). Targeting PGRMC2 in these cancers could offer new
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therapeutic avenues for improving patient outcomes. Understanding how P4 signalling occurs
in endometrial cells is important to guide the development of more effective therapeutic
approaches to the numerous reproductive diseases caused by disrupted P4 signalling,
resulting in subfertility or infertility (Szekeres-Bartho et al., 2008; Bunch et al., 2013; Kim et
al., 2013; Zhang and Murphy, 2014; Hirota, 2019b; Liao et al., 2019).

Given the sparse literature available on this protein, particularly in reproductive tissues, our
study aims to bridge this gap by investigating its role in endometrial function. In doing so, we
characterized endometrial PGRMC2 expression throughout the human menstrual cycle and in
hEnSCs subjected to an in vitro model of human endometrial decidualization. Additionally, we
describe the functional implications of PGRMC2 with a silencing approach assay, integrating
transcriptomic and proteomic techniques. To further understand its role, we evaluated the
functional implication of PGRMC2 in the embryo invasion process using an outgrowth in vitro
model. Finally, we also compared endometrial PGRMC2 expression with PGRMC1 and PGR,

providing a comprehensive analysis of its functional relevance in the endometrium.
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Il. HYPOTHESIS

Based on the evidence that PGRMC2, a multifunctional protein identified in various
reproductive tissues, is likely to play a pivotal role in the human endometrium, we hypothesize
that PGRMC2 serves as a critical regulator in orchestrating the intricate process of endometrial
stromal cell transformation into decidual cells. This regulatory function is anticipated to
contribute significantly to the establishment of an optimal microenvironment conducive to
successful embryo implantation. Furthermore, we propose that PGRMC2 exerts an
indispensable role in facilitating embryo invasion into the endometrial tissue, thereby playing

a crucial role in the early stages of pregnancy establishment.
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Il.  OBJECTIVES

The main objective of this thesis dissertation was to characterize endometrial PGRMC2 along
the human menstrual cycle in healthy women and to study the role of PGRMC2 during in vitro

decidualization and embryo implantation.
Accordingly, the specific objectives were to:

e To describe the endometrial PGRMC2 gene expression and protein abundance and
locate it along the human menstrual cycle.

e Compare the endometrial PGRMC2 expression with PGRMC1 and classical PGRs
expression along the human menstrual cycle.

e Tostudy PGRMC2 behaviour and cellular localization during the in vitro decidualization
process and compare it with PGRMC1 and classical PGRs expression.

e To evaluate the functional implications of PGRMC2 with a silencing approach assay in
decidualized human endometrial stromal cells, integrating transcriptomic and
proteomic techniques.

e To corroborate if trophoblast invasion is affected when PGRMC2 is silenced in

decidualized human endometrial stromal cells with an outgrowth in vitro model.
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V. EXPERIMENTAL DESIGN

This thesis dissertation can be divided into two distinct groups of experiments (Figure 8).

Group 1: Characterization of PGRMC2 expression in the human endometrium
across the menstrual cycle.

The first group focuses on characterizing the protein PGRMC2 in endometrial samples
obtained from donors in the natural menstrual cycle (in vivo experiments). While the term “in
vivo experiments” might suggest a clinical trial, in this context, it simply denotes the study of
naturally occurring physiological processes. These samples were utilized to describe the
expression patterns of PGRMC2 throughout the human natural menstrual cycle in the whole

endometrium.

Group 2: Functional studies of PGRMC2 in endometrial stromal cells.

The second group of experiments aimed to elucidate the functional role of PGRMC2 in the
decidualization process of endometrial stromal cells by studying the gene and protein
expression of PGRMC2 in addition to conducting transcriptomic and proteomic analyses in
decidualized endometrial stromal cells (in vitro and functional experiments, respectively).
Furthermore, the role of PGRMC2 in trophoblast invasion into decidualized endometrial
stromal was also investigated. Endometrial samples were obtained from oocyte donors
undergoing controlled ovarian stimulation cycles as part of an egg donation program.
Controlled ovarian stimulation involved the administration of estradiol valerate (6 mg/day;
Meriestra, Novartis, Barcelona, Spain) from the first or second day of menstruation for a
period of 10-15 days until the day of follicle pick-up. Endometrial samples were sometimes
large enough to be used for multiple analyses to maximize the data obtained. These thorough
analyses aimed to provide a detailed understanding of how PGRMC2 influences the cellular

environment during the critical process of decidualization.
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Figure 8. Study design. Endometrial biopsies were collected from 66 donors at different days of the natural
menstrual cycle for the group 1 of experiments or undergoing oocyte donation cycles for the group 2 of
experiments. For the group 1 of experiments, endometrial biopsies were cut into three sections. One of said

sections was used to perform immunohistochemistry. The other two sections were used to analyze PGRMC2
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expression by RT-gPCR and western blot. For the group 2 of experiments (in vitro experiments and functional
experiments), hEnSCs were isolated from endometrial biopsies to analyze PGRMC2 localization, mRNA
expression, and protein abundance during in vitro decidualization and to study transcriptomically and
proteomically the differences in d-hEnSCs when PGRMC2 was silenced. Finally, an outgrowth model using JEG-3
spheroids was carried out silencing PGRMC2 in d-hEnSCs. d-hEnSCs, decidualized human endometrial stromal
cells; DMEM, Dulbecco’s modified Eagle medium; h, hours; hEnSCs, human endometrial stromal cells; hEnECs,
human endometrial epithelial cells; MPA, medroxyprogesterone 17-acetate progestin; nd-hEnSCs, non-
decidualized human endometrial stromal cells; PGRMC2, progesterone receptor membrane component 2; PRL,
prolactin; RT-qPCR, quantitative reverse transcription polymerase chain reaction. Created with BioRender.com

(2024).

Henceforth, we will delineate the following sections of the thesis by categorizing them into

the two experimental groups conducted.
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V. MATERIALAND METHODS

1. ETHICAL APPROVAL

The study was approved by the ethical committee for clinical research at the Instituto
Universitario, Instituto Valenciano de Infertilidad (IU-IVIRMA Valencia), Spain (protocol
number 1911-FIVI-103-FD). All participants provided written informed consent before
undergoing surgical procedures and sample collection. Relevant clinical information of each
participant (e.g., participants age, BMI, ovarian reserve, stage of the menstrual cycle, use of
medication, uterine pathologies, allergies, diseases, drug or alcohol use, and reproductive
outcomes) were asked or evaluated before the procedure and in accordance with the data

protection law.

2. PARTICIPANTS

Donors were recruited between January 2020 and March 2022, in the IVI clinics located in
Valencia, under the direction of the IVI Foundation (IIS La Fe, Valencia, Spain). This research
was funded by Instituto de Salud Carlos Ill (ISCIll) granted to F.D. (PI20/00405 and
P123/00860), co-funded by the European Union, supported by a predoctoral research grant
from Generalitat Valenciana (ACIF/2019/262) and through an internal funding by IVI
Foundation (1911-FIVI-103-FD).

Donors seeking oocyte donation program in their natural menstrual cycle (group 1 of
experiments) or under ovarian stimulation cycle (group 2 of experiments) meeting the
following criteria were consulted by assisted reproductive practitioners for inclusion in the

study through IVIRMA clinic gynaecology practices between 2020 and 2022.

e Inclusion criteria:
- Aged 18-35 years old.
- Body mass index (BMI) of 18.0-28.9 kg/m?.
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- Regular menstrual cycles (24-35 days).
- Normal ovarian reserve antral follicle count > 8.

- Proven fertility (>1 birth).

e Exclusion criteria:
- Use of hormone treatment or oral contraceptive pills (OCP).
- Ovarian stimulation (only for group 1).
- Presence of intrauterine device (1UD).
- Uterine pathologies (e.g., adenomyosis, endometriosis, endometritis, pelvic
inflammatory disease).
- Abnormal bleeding.
- Irregular menstrual cycle: <24 or >35 days.
- Any pregnancy in the 3 months prior to sample collection.

- Special circumstances: stress, infections (cold, candidiasis, etc.), alcohol or drug use.

The participants were checked by the first day of the menstrual cycle and
ultrasonographically evaluated of follicle growth to stablish the menstrual cycle stage and to

exclude those with uterine pathologies.

3. ENDOMETRIAL TISSUE COLLECTION

A total of 77 endometrial tissue samples were obtained from 66 healthy fertile egg donors
who fulfilled the criteria of the IVIRMA Valencia oocyte donation program (Figure 8). All of
them were obtained from the uterine fundus with a cannula Pipelle de Cornier® (CCD

Laboratories, France).

Endometrial tissue specimens used for the experiments in group 1 were collected at
different days of the natural menstrual cycle and were distributed into five groups: early
proliferative phase (EP; n = 9, days 3-8), late proliferative phase (LP; n = 8, days 9-14), early
secretory phase (ES; n =9, days 15-18), mid-secretory phase (MS; n = 8, days 19-22), and late

secretory phase (LS; n = 7, days 23-28). Each biopsy was divided into three pieces for three
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different experiments: immunohistochemistry (n = 14), mRNA quantification (n = 38), and
protein quantification (n = 35). In cases where the biopsy size did not allow for three pieces, it

was prioritized for mRNA and protein analysis.

The experiments belong to group 2, endometrial tissue specimens were obtained on the day
of oocyte retrieval of controlled ovarian stimulation cycles of donors. A total of 15 samples (n
= 15) were used for mRNA quantification, n = 15 for protein abundance quantification, n = 10
for PGRMC2 cellular localization by immunofluorescence and n = 7 for PGRMC2 subcellular
localization, n = 6 for trophoblast invasion assays, n = 4 for RNA sequencing (RNA-seq) analysis
and n = 5 for Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH-MS)
analysis. Some larger endometrial samples were used for multiple analyses to maximize the
data obtained. These analyses focused on comparing the expression, functionality, and
molecular profiling of PGRMC2 in endometrial stromal cells that were decidualized in vitro

versus those that were not.

4. PGRMC2 IMMUNOHISTOCHEMISTRY IN HUMAN ENDOMETRIAL
TISSUE

For immunohistochemical analysis (n = 14), endometrial tissues classified in group 1 of
experiments were immediately fixed in 4% (vol/vol) paraformaldehyde, embedded in paraffin,
cut in 6 mm sections (5 um thickness), and placed on microscope slides (Thermo Scientific,
USA). After deparaffinization using xylene and rehydration with decreasing concentrations of
ethanol and distilled water, sections were rinsed with 1x phosphate-buffered saline (1x PBS)
and treated with a heat-induced antigen retrieval solution with citrate buffer at pH 6.0 as

previously described (Salsano et al., 2017).

The prepared slides were incubated overnight at 4°C within a humidified chamber, utilizing
a rabbit polyclonal anti-human PGRMC2 antibody (PA5-59465, Invitrogen, USA). This specific
antibody has been extensively validated in previous research studies, including those by

Richardson et al. and Lozovyy et al. (Richardson et al., 2020; Lozovyy et al., 2021). The antibody
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was diluted at a ratio of 1:300 in a solution containing 3% bovine serum albumin (BSA; Sigma-

Aldrich, Spain) to ensure optimal binding conditions.

To ensure the accuracy and validity of the immunohistochemical staining, we included both
negative and positive controls in our experiments. The negative controls consisted of slides
incubated with 1x PBS and 3% BSA but without the primary antibody, thus confirming the
specificity of the antibody staining. The positive controls involved the use of human intestine

tissue (TTRO08-25EA, Sigma-Aldrich, Spain), known to express the target protein.

Following the primary antibody incubation, secondary antibody was applied using the
peroxidase/diaminobenzidine (DAB) kit from DAKO (Agilent Technologies, USA).
Immunoreactivity was then visualized using DAB as the chromogen, producing a brown color
at the site of the antigen-antibody reaction. After this, the slides were counterstained with
hematoxylin, which provided a blue-purple contrast to the DAB staining, and were thoroughly

washed with distilled water to remove excess reagents.

Finally, the slides were mounted with SafeMount mounting medium (Sigma-Aldrich, Spain).
Slides without antibodies (negative controls) were analyzed by hematoxylin—eosin staining to
check the overall condition and integrity of the biopsies. All prepared slides were examined
under a Nikon Eclipse 80i microscope, which is equipped with a Nikon digital sight DS-L1

camera.

5. hENSCs ISOLATION, CELL CULTURE, AND [N VITRO
DECIDUALIZATION

To conduct the analyses for experimental group 2, endometrial samples were used for
isolating human endometrial stromal cells (hEnSCs). The samples were first minced into
smaller pieces (£ 1 mm3) with the assistance of blades, and then subjected to an overnight
digestion at 4°C using a 1:10 dilution of collagenase type IA in phenol red-free Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Spain). This process facilitated the

breakdown of the extracellular matrix, allowing for the isolation of hEnSCs via gravity
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sedimentation as previously outlined by Dominguez et al. (Dominguez et al., 2010). This
process entails utilizing the natural tendency of different components to separate based on
their density when allowed to stand undisturbed for several minutes. The heavier, undigested
tissue fragments, which include extracellular matrix residues and larger cell clumps such as
those found in endometrial epithelial cells, gradually settle to the bottom of the tube due to
gravity. Meanwhile, the lighter stromal cells, which are now free-floating as single cells or
small clusters due to the enzymatic digestion, remain suspended in the supernatant. This
supernatant, which contains the desired stromal cells, can then be carefully collected from
the top, ensuring minimal contamination from the pellet that has settled at the bottom. This
method effectively isolates the stromal cells, providing a relatively pure population for

subsequent experiments.

Following isolation, primary hEnSCs were resuspended and cultured in phenol red-free
DMEM/nutrient mixture F12 medium (DMEM/F12; Gibco Thermo Scientific, USA)
supplemented with 10% heat inactivated fetal bovine serum (FBS; Gibco Thermo Scientific,
USA) and 0.2% antibiotics and antifungals (80 pg/mL gentamicin and 0.4 pg/mL amphotericin
B), plated in 24-well plates and incubated 24 hours at 37°C with 5% CO; before being induced
with in vitro decidualization treatment. At 70%—80% confluency, the medium was replaced
with DMEM/F12 containing 2% FBS and 0.2% antibiotics and antifungals. They were induced
through treatment with a stable cAMP analog, 0.5 mM bromo-cAMP (Sigma-Aldrich, Spain),
and 1 uM MPA (Sigma-Aldrich, Spain) over 4 days. Bromo-cAMP and medroxyprogesterone
are commonly used compounds to mimic the hormonal conditions of decidualization in vitro,
inducing changes in gene expression and cellular morphology characteristic of decidualized
cells (Salker et al., 2010; Barragan et al., 2016). Control hEnSCs were cultured simultaneously

without hormone treatment, serving as non-decidualized hEnSCs (nd-hEnSCs).

To detach the cells from the wells, an incubation with TrypLE Select 1X (12563029, Gibco,
Thermo Fisher Scientific, USA) for 5 minutes at 37 °C was performed. TrypLE Select is a
recombinant enzyme-based solution designed to gently break down the extracellular matrix
and the cell-cell adhesion proteins. This process facilitates cell detachment while preserving
cell viability. Compared to the traditional use of trypsin, TrypLE Select offers several

advantages. While trypsin, a protease derived from porcine sources, is widely used for cell
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detachment, its enzymatic activity can sometimes compromise cell surface proteins or
viability if not carefully timed. In contrast, TrypLE Select is animal-origin-free and exhibits a
more controlled and milder enzymatic activity, making it especially suitable for sensitive cell

types or experiments requiring prolonged handling.

After the enzymatic digestion, the action of TrypLE Select was neutralized by the addition of
fresh growth medium, which dilutes and inactivates the enzyme, ensuring that cells maintain
their structural and functional integrity. Additionally, mechanical scraping with the pipette tip

along the bottom of the well was performed to dislodge any remaining adherent cells.

After neutralization of the enzymatic action, the cell suspension was purified by
centrifugation for 5 min at 2,000 rpm. Finally, the supernatant was discarded. It's important
to note that cell detachment was performed only for cells intended for downstream analyses
such as RT-qPCR, western blotting (WB), transcriptomics, proteomics, etc., and not for assays

like immunofluorescence or trophoblast invasion studies, where cells remain in culture.

Decidualization was checked by measuring secreted human PRL (n = 15) in the conditioned
medium, collected before detaching them, by enzyme-linked immunosorbent assay (ELISA;
Novus Biologicals, USA) and by assessing cytoskeletal reorganization via F-actin staining (n =
10) in both d-hEnSCs and nd-hEnSCs. The ELISA had a detection limit of 2 ng/mL PRL, and
colorimetric values were quantified against a standard curve. Results are expressed as plU/mL

PRL [mean % standard deviation (SD)] (Figure 11).

For F-actin staining, cells were fixed with 4% paraformaldehyde for 15 min, washed and
incubated with 1:1,000 Rhodamine Phalloidin (ab235138, Abcam, UK) at room temperature
(RT). The structure of the cytoskeleton was visualized and photographed using a fluorescence

inverted AXIO microscope (Zeiss, Germany).

6. PGRMC2 IMMUNOFLUORESCENCE IN hENSCs

To assess the localization of PGRMC2 in hEnSCs extracted from group 2 of endometrial
samples, following in vitro decidualization treatment, both nd-hEnSCs (n = 10) and d-hEnSCs

(n = 10), cells were grown to 70-80% of confluence in 24-well plates and then fixed with 4%
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paraformaldehyde for 15 minutes, washed thoroughly and permeabilized using 0.2% Triton-X
100 to allow antibody access to intracellular proteins. Subsequently, the cells were blocked
with 5% BSA to prevent non-specific binding and incubated overnight at 4°C with 0.4 pg/mL
of rabbit polyclonal anti-human PGRMC2 antibody (PA5-59465, Invitrogen, USA) diluted in 3%
BSA.

Following primary antibody incubation, the cells were exposed to a secondary antibody,
Alexa Fluor 488 (Santa Cruz Biotechnology, Germany), at a dilution of 1:1,000 in 3% BSA for 1
hour at RT in the dark to prevent photobleaching. To visualize nuclei, the cells were mounting

with 6-diamidino-2-phenylindole (DAPI; P36931, Thermo Scientific, USA).

Each experiment was conducted in duplicate to ensure reproducibility and reliability of the
results. The cytoskeletal structure and PGRMC2 localization were visualized using a
fluorescence inverted AXIO microscope (Zeiss, Germany). This setup enabled the detailed
observation and photographing of the cells, providing valuable insights into the role and

distribution of PGRMC2 in decidualized versus non-decidualized hEnSCs.

/. SUBCELLULAR PROTEOME EXTRACTION IN hENSCs

To investigate the subcellular localization of PGRMC2, we employed a ProteoExtract
Subcellular Proteome Extraction Kit (539790, Calbiochem, Millipore, France) to fractionate the
cytoplasmic, membrane/organelle, and nuclear proteins from nd-hEnSCs and d-hEnSCs from
in vitro cultures of stromal cells from group 2 of endometrial samples. The procedure followed

the manufacturer’s guidelines (n = 7 per subcellular fraction).

The purity of each subcellular fraction was verified using WB. For the cytosolic fraction, we
utilized a mouse monoclonal anti-human Hsp70 antibody (1:1,000 dilution; sc373867, Santa
Cruz Biotechnology, Germany) (Mayer and Bukau, 2005). Hsp70 was selected as a marker for
the cytosolic fraction due to its predominant localization in the cytosol and its crucial role as
a chaperone protein involved in protein folding and stress response within this cellular

compartment. This choice ensures that the cytosolic fraction is enriched with proteins
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primarily localized in the cytosol, thus minimizing contamination from other cellular

compartments.

For the membrane/organelle fraction, a rabbit polyclonal anti-human CD98 antibody
(1:1,000 dilution; sc9160, Santa Cruz Biotechnology, Germany) was used (Fenczik et al., 1997).
CD98 serves as an essential marker for the membrane/organelle fraction owing to its function
as a transmembrane protein involved in amino acid transport across the cell membrane. By
utilizing CD98 as a marker, we confirm the enrichment of proteins associated with the cell
membrane or subcellular organelles within this fraction, ensuring minimal contamination

from cytosolic or other compartmental proteins.

The nuclear fraction was assessed with a rabbit polyclonal anti-human histone H3 antibody
(1:1,000 dilution; PA5-16183, Invitrogen, USA) (Bourbousse et al., 2012). Histone H3, being a
core histone protein, is integral to chromatin structure and primarily localized within the cell
nucleus. Utilizing histone H3 as a marker confirms the enrichment of nuclear proteins within
this fraction, thereby minimizing contamination from cytosolic, membrane, or organelle

proteins.

PGRMC2 expression in the various subcellular fractions was determined by WB, using B-actin
as a loading control (1:1,000 dilution; sc47778, Santa Cruz Biotechnology, Germany). Protein
guantification was performed using ImagelJ software, and the abundance of each protein was
normalized to B-actin levels. The results were presented as protein relative abundance

(PGRMC2/B-actin) + SD.

8. PROTEIN EXTRACTION AND WB

To investigate the protein abundance of PGRMC2 (= 28kDa) in the endometrium throughout
different phases of the menstrual cycle (group 1 of samples) and in hEnSCs decidualized in
vitro (group 2 of samples), we performed WB analysis. Protein was extracted from total
endometrial samples (total n =35; EP, n=7; LP, n=8; ES, n=6; MS, n=8; LS, n=6) and from

hEnSCs (n = 15), respectively.
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The biopsies were first washed with 1x PBS to remove blood and other contaminants and
then minced into smaller pieces (€ 1 mm?3) using scalpels at 4°C. Proteins were extracted using
RIPA lysis buffer. This buffer contained 1% Triton X-100, 1% sodium dodecyl sulfate (SDS), 50
mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 1x protease inhibitor (Roche complete 7x),
and 1x phosphatase inhibitor mixture (Sigma-Aldrich, Spain) to prevent protein degradation
and dephosphorylation during the extraction process. The tissue samples were incubated with
the lysis buffer on ice for 20—30 minutes, allowing the buffer to solubilize cellular membranes
and release proteins. Following lysis, the samples were centrifuged at 12,000 rpm for 20
minutes at 4°C to separate the cellular fragments from the protein-containing supernatant.
This supernatant was carefully collected. Protein concentration in the supernatant was
determined using the Bradford protein assay, a colorimetric assay that measures protein
concentration based on the binding of Coomassie Brilliant Blue dye to proteins, following the

manufacturer’s protocol.

15 pg of protein per sample was denatured by heating at 95°C for 5 minutes. The denatured
proteins were then separated by SDS-PAGE using 8% - 12% polyacrylamide gels, which resolve
proteins based on their molecular weight. The separated proteins were transferred to
polyvinylidene difluoride (PVDF) membranes using the Trans-Blot Turbo Transfer System (Bio-

Rad Laboratories, USA), a semi-dry transfer method that facilitates efficient protein transfer.

PGRMC2 protein expression was determined and compared to the expression of PGRMC1
(goat monoclonal anti-human PGRMC1, 0.33 pg/mL; ab48012, Abcam, UK) and classical PGRs
(PGR-a and PGR-B isoforms; mouse monoclonal anti-human PGR, 1:500 dilution; MA1-410,
Invitrogen, USA). B-Actin (mouse monoclonal anti-human B-actin; 1:2,000 dilution; Santa Cruz
Biotechnology, Germany) was used as a loading control. The membranes were incubated with
the primary antibodies overnight at 4°C, followed by incubation with corresponding secondary

antibodies conjugated to horseradish peroxidase (HRP).

The protein bands were visualized using the SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Scientific, USA), a chemiluminescent substrate that emits light upon

reaction with HRP. The emitted light was detected and quantified using an Amersham Imager
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680 system. The PVDF membranes were scanned using a Fujifilm LAS-300, ensuring high-

resolution imaging of the protein bands.

For quantification, the intensity of the protein bands was analyzed using ImageJ software.
The protein abundance was normalized to B-actin band intensity to account for any variations
in protein loading (protein relative abundance). The results were expressed as mean + SD for
protein relative abundance in total endometrial samples (group 1 of samples) and as fold

change for group 2 of samples, providing a comparative measure of protein levels.

By performing these analyses, we were able to determine the variations in PGRMC2 protein
levels throughout the menstrual cycle and under in vitro decidualization conditions, offering

insights into the role of PGRMC2 in endometrial function.

9. RNA EXTRACTION, REVERSE TRANSCRIPTION, AND REAL-TIME
gPCR

To determine the relative expression of PGRMC2 mRNA in different phases of the menstrual
cycle and in hEnSCs following in vitro decidualization, real time gPCR (RT-qPCR) was
conducted, comparing it with the expression of PGRMC1 and classical PGRs. The analyses
comprised total endometrial samples (total n =38; EP,n=8;LP,n=8; ES,n=8; MS, n=7; LS,

n =7) and in vitro decidualized hEnSCs (n = 15).

9.1 RNA EXTRACTION AND QUANTIFICATION

For RNA isolation from total endometrial samples and hEnSCs, Trizol and an RNeasy Mini kit
(Qiagen, USA) were utilized, respectively. The RNA concentration was measured using a
NanoDrop 2000c spectrophotometer (Thermo Scientific, USA), ensuring precise assessment
of RNA purity and quantity. Subsequently, cDNA synthesis was performed using the
PrimeScript RT reagent kit (Takara, Japan) from 0.5 pug of RNA per sample.

9.2 REAL-TIME qPCR

The StepOnePlus gPCR System (Applied Biosystems, Spain) with PowerUp SYBR Green
Master Mix (Applied Biosystems, Spain) was employed for RT-qPCR. Table 2 provides the list
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of primers used for PGRMC2, PGRMC(CI1, total PGR (PGR-t), PGR-8 isoform (PGR-8),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hepatocyte growth factor (HGF),
CXCL14, tenascin C (TNC), DEPP autophagy regulator 1 (DEPP1) and collagen type | alpha 1
chain (COL1A1). Reactions were conducted in duplicate using 96-well plates to ensure the

accuracy and reproducibility of the results.

Gene Forward primer (5'-3’) Reverse primer (5'-3’)
PGRMC2 TCGAGAATGGGAAATGCAG TTGTGATCCTTGGTATCTTCTTCA
PGRMC1 GGAAGAGATGCATCCAGGG TGAGTACACAGTGGGCTCCT

PGR-t GTGGGAGCTGTAAGGTCTTCTTTAA AACGATGCAGTCATTTCTTCCA

PGR-8 TCGGACACCTTGCCTGAAGT CTGTCCTTTTCTGGGGGACT

GAPDH AGATCAAGAAGGTGGTGAAG TTGTCATACCAGGAAATGAGC
HGF CATGACCTGCAATGGGGAGA CCTGTAGCCTTCTCCTTGACC

CXCL14 AAGGGACCCAAGATCCGCTA GACACGCTCTTGGTGGTGAT
TNC GTCAAGCAACCCAGCCAAAG TCTGTCTGGGAAACACGTC

DEPP1 GACATCACCGCACGTTTCAG ACTCCCCAAAAAGCCAGTCC
COL1A1 TGACGAGACCAAGAACTGCC GCACCATCATTTCCACGAGC

Table 2. Primers used for RT-qPCR. PGRMC2, progesterone receptor membrane component 2; PGRMC1,
progesterone receptor membrane component 1; PGR-t, total PGR; PGR-B, PGR-B isoform; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HGF, hepatocyte growth factor; CXCL14, C-X-C motif chemokine
ligand 14; TNC, tenascin C; DEPP1, DEPP autophagy regulator 1; COL1A1, collagen type | alpha 1 chain.

9.3 DATA ANALYSIS AND RELATIVE GENE EXPRESSION

The 2722¢T method was utilized to calculate relative mRNA expression, normalizing values to
GAPDH expression as an endogenous control. Results were expressed as fold change mean +
SD in gene expression during the menstrual cycle and in in vitro d-hEnSCs. Analysis of PGRMC2
gene expression between different phases of the menstrual cycle was performed comparing

the ACt of each sample with the ACr mean of EP-phase samples.

To compare classical and non-classical PGRs mRNA expression across the menstrual cycle
stages and in hEnSCs, the inverse of ACr (1/ ACt) of each sample was compared between genes

in each phase or decidual condition, respectively.
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10. PGRMCZ2 SILENCING IN hENSCs

To further investigate the role of PGRMC2 in hEnSCs, we performed gene silencing
experiments. One day before transfection, cells were plated in 24-well plates according to
previously described methods. Small interfering RNA (siRNA) is a synthetic RNA duplex
designed to specifically target and degrade mRNA molecules, thereby silencing gene
expression. A pool of three different siRNAs specific to PGRMC2 (Origene, USA; Table 3) was
utilized to knockdown the PGRMC2 gene in decidualized hEnSCs (iPGRMC2 d-hEnSCs). As an
internal control, Trilencer-27 Universal Scrambled Negative Control siRNA Duplex (Origene,
USA) was used at a concentration of 100 nM per well (Sc d-hEnSCs). This internal control serves
to ensure that any observed effects are due to the specific knockdown of PGRM(C2 and not
off-target effects or the transfection process itself. Trilencer-27 Universal Scrambled Negative
Control siRNA Duplex contains a sequence that does not correspond to any known gene, thus

ensuring non-specific effects of the siRNA molecule on gene expression are not observed.

Name Duplex Sequences
PGRMC2 siRNA A rArGrArUrArCrCrArArGrGrArUrCrArCrArArUrArArArCAG
PGRMC2 siRNA B rArGrUrArArArArGrArArUrArUrUrGrCrArCrUrGrArUrAGA
PGRMC2 siRNA C rUrUrGrArArCrUrUrUrGrUrArArArCrArArCrCrArArArGTC

Table 3. siRNAs sequences used for progesterone receptor membrane component 2 (PGRMC2) silencing.

PGRMC2, progesterone receptor membrane component 2.

Additionally, non-decidualized hEnSCs and decidualized hEnSCs without transfection served

as negative controls (control nd-hEnSCs and control d-hEnSCs, respectively).

The siRNAs pool targeting PGRMC2 (100 nM per well) was transfected into cells using
Lipofectamine 3000 Transfection Reagent (Invitrogen, USA) at a dose of 1.5 ul per well and
incubated for 24 hours. Transfection agents, like Lipofectamine 3000, facilitate the delivery of
siRNA into cells by forming complexes with the RNA molecules, thereby enhancing cellular
uptake. Following transfection, in vitro decidualization was induced over a period of 4 days.

The efficiency of PGRMC(2 silencing was assessed by RT-qPCR and WB.
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10.1 KI-67 IMMUNOFLUORESCENCE AFTER PGRMC2 SILENCING IN d-hENSCs

To evaluate if PGRMC2 silencing was affecting d-hEnSCs proliferation, an extensive analysis
of Ki-67 expression via immunofluorescence was conducted. This analysis was conducted to
ensure that the siRNAs transfection itself did not adversely affect cell proliferation, as
transfection processes can sometimes negatively influence cellular behavior (Birmingham et
al., 2006; Jackson and Linsley, 2010). The experimental groups included control d-hEnSCs (n =
3), Sc d-hEnSCs (n = 3), and iPGRMC2 d-hEnSCs (n = 3).

This different treatment conditions cells cultured in 24-well plates were fixed with 4%
paraformaldehyde for 15 minutes and subsequently washed with PBS. Permeabilization was
achieved using 0.2% Triton-X 100 to allow intracellular antibody access. Following
permeabilization, cells were blocked with 5% BSA to prevent non-specific binding.
Subsequently, cells were incubated with a rabbit polyclonal anti-human Ki-67 primary
antibody (ab15580, Abcam, UK) at a concentration of 0.5 pg/mL in 3% BSA at 4°C overnight.
Cells were exposed to a secondary Alexa Fluor 488 antibody (Santa Cruz Biotechnology,
Germany) at a dilution of 1:1,000 in 3% BSA for 1 hour at RT in the dark and mounted with
DAPI. The percentage of proliferative cells (Ki-67 positive) was observed using a fluorescent
inverted AXIO microscope (Zeiss, Germany). Image analysis was performed using
ImageProPlus software to quantify the percentage of Ki-67 positive cells relative to the total
number of cells (DAPI). Results are expressed as the percentage (%) of proliferative cells (Ki-

67) / total cells (DAPI) + SD.

10.2 PRL LEVELS AFTER PGRMC2 SILENCING IN d-hENSCs

To evaluate the functional effect in the decidualization process of PGRMC(C2 silencing in d-
hEnSCs cultured in vitro, the decidualization process was checked by measuring the PRL levels
secreted in the cell culture media using an ELISA kit according to the previously mentioned

guidelines (n = 14).

The expression of PGRMC2 in these cells was silenced following the protocol described in

previous section. PGRMC2 silencing was performed using specific siRNAs for PGRMC2 and a
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scramble control. PRL levels were referenced to the Sc decidual condition (Sc d-hEnSCs; 100

%) and results were expressed as percentage of PRL levels (%) (Figure 16).

10.3 TRANSCRIPTOMIC ANALYSIS BY RNA-seq

The raw count matrix derived from RNA-seq data libraries comparing Sc d-hEnSCs and
iPGRMC2 d-hEnSCs, hEnSCs extracted from group 2 of samples, was processed. A thorough
statistical analysis was conducted (n = 4). Initially, the normalization of read counts was
achieved by dividing the raw read counts by the scaling factor associated with the respective
sample, ensuring accurate comparisons across different samples. This step is crucial as it

accounts for variations in sequencing depth and RNA composition between samples.

10.3.1 Differentially gene expression analysis (DEGs)

DEGs between Sc d-hEnSCs and iPGRMC2 d-hEnSCs were identified using the DESeq2
package (DESeq2 v1.34.0). DESeq2 is a widely-used statistical tool for analyzing count data
from RNA-seq experiments. It models the counts using a negative binomial distribution and
includes normalization to account for sequencing depth and other systematic biases. Genes
were considered relevant when adjusted P < 0.01 and fold change was greater than 2 or less

than 0.5.

10.3.2 Functional enrichment analysis

For downstream analysis, common DEGs with a false discovery rate (FDR)-adjusted P-value
< 0.05 were selected for functional enrichment analysis. This analysis was conducted using
g:Profiler, a tool that identifies enriched biological processes, molecular functions, and cellular
components based on the list of DEGs. For this identification g:Profiler performs an over-
representation analysis (ORA), where a list of genes of interest (e.g. DEGs for a condition) is
compared to a list of background genes (e.g. the list of all genes evaluated in the assay) to
distinguish the biological processes, molecular functions, and cellular components
significantly associated with the DEGs. The parameters were set to g_SCS<0.05 and analyzed
with g:Profiler (with a term size up to 2,000 genes). The resulting functional enrichment maps
of biological processes and cellular components affected of DEGs were generated using the

EnrichmentMap plugin in Cytoscape 3.10.2 software. The EnrichmentMap and AutoAnnotate
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plugins cluster related biological terms, making it easier to interpret large sets of enrichment

results (Reimand et al., 2019).

Cytoscape uses the P values provided by g:Profiler to determine the significance of each node
and represents this through node color, calculated as -logio(P value)*sign(NES), where NES
(Normalized Enrichment Score) stands for normalized enrichment score. The use of -logio(P
value) instead of the raw P value enhances visual interpretation, as it inversely scales
significance: a higher value indicates a stronger enrichment. Additionally, NES is preferred for
its standardized measure across gene sets, allowing for meaningful comparisons of

enrichment levels after adjusting for gene set size.

10.3.3 RNA-seq validation

To validate the RNA-seq findings, RNA expression levels of selected genes were further
analyzed in d-hEnSCs from the same endometrial samples used in the initial RNA-seq
experiments (n = 4). The genes selected for validation included CXCL14, DEPP1, PGRMC(C2, TNC,
HGF, and COL1A1. These genes were chosen not only for their significant differential
expression observed in the RNA-seq analysis but also due to their known implications in
female reproduction (Vollmer, 1994; Watanabe et al., 2005; Nishiura et al., 2005; Haibin et
al., 2009; Kuang et al., 2009; Mokhtar et al., 2010; Chen et al., 2011; Stepanjuk et al., 2019;
Kim et al., 2019; Albayrak et al., 2021; Peng et al., 2021; Poh et al., 2021; Zhu et al., 2021;
Kawamura et al., 2021; Liu et al., 2021; Lin et al., 2023).

Validation of RNA expression levels was performed using RT-gqPCR, adhering to the
previously described methodology for RNA extraction, reverse transcription, and RT-gPCR.
The expression levels of the selected genes were normalized to the housekeeping gene
GAPDH, ensuring consistency and reliability in the comparative analysis. Primers used for the
validation experiments are listed in Table 2. The results of the RT-gPCR validation were

expressed as fold change mean + SD.

10.4 PROTEOMIC ANALYSIS BY SWATH-MS

The SWATH-MS procedure was carried out following the methodology described previously

by Perez-Patifio et al. (Perez-Patifio et al., 2016). In summary, all samples (n = 5), endometrial
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stromal cells (control d-hEnSCs and iPGRMC2 d-hEnSCs) extracted from group 2 samples, were
pooled to construct the spectral library using a 12% precast gel (Bio-Rad Laboratories, USA)
and an Ekspert nanolLC 425 nanoflow system (Eksigent Technologies, ABSCIEX) coupled to a
nanoESI gQTOF MS (6600 plus TripleTOF, ABSCIEX) with which the resulting peptides were
analyzed. Data from the mass spectrometer were processed using ProteinPilot v5.0 software,
which generates a peak list directly from the 6600 TripleTOF wiff files, facilitating the

identification and quantification of proteins.

10.4.1 Differentially protein expression analysis (DEPs)

For the individual SWATH analysis, 20 ug of total protein extracted from each sample was
loaded onto a 1D-SDS-PAGE gel. This step is crucial for cleaning and concentrating the
samples, ensuring that the proteins are adequately separated before mass spectrometry
analysis. The wiff files obtained from the SWATH experiment were analyzed using Peak View
2.2 and Marker View software (Sciex), (FDR < 1%). Protein areas were normalized by the total
sum of the areas of all quantified proteins, providing a relative quantification metric. Proteins
with a P value<0.05 were described as DEPs between negative control d-hEnSCs and

iPGRMC2 d-hEnSCs.

10.4.2 Functional enrichment analysis

Common DEPs were subjected to downstream functional enrichment analysis using
g:Profiler, with a Benjamini-Hochberg FDR threshold of less than 0.05 (with a term size up to
10,000 proteins). This analysis helps in identifying significantly enriched biological processes,
molecular functions, and cellular components associated with the DEPs. For this identification
g:Profiler performs an ORA, where a list of proteins of interest (e.g. DEPs for a condition) is
compared to a list of background proteins (e.g. the list of all proteins present in the proteomic
library) to distinguish the biological processes, molecular functions, and cellular components
significantly associated with the DEPs. The functional enrichment maps of DEPs related to
biological processes and cellular components were generated using the EnrichmentMap
plugin in Cytoscape 3.10.2 software. The use of EnrichmentMap and AutoAnnotate plugins

allows for the visualization of complex data sets by clustering related biological terms, making
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it easier to interpret the functional relationships and biological implications of the DEPs

(Reimand et al., 2019).

To assess the significance of each node, Cytoscape utilizes the P values obtained from
g:Profiler, visually represented by node color and calculated as -logio(P value)*sign(NES). This
approach improves visual clarity by using -logio(P value) instead of the raw P value, as it
inversely adjusts significance: a greater value reflects a higher level of enrichment. NES
provides a normalized measure across protein sets, enabling precise comparisons of

enrichment levels by accounting for variations in protein set size.

10.5 TROPHOBLAST INVASION AFTER PGRMC2 SILENCING IN d-hENSCs

To investigate trophoblast invasion, an outgrowth model was employed, involving co-culture
of control, Sc, and iPGRMC2 d-hEnSCs (n = 6) with human trophoblastic spheroids derived
from the JEG-3 cell line (cat. HTB-36, ATCC, USA). The JEG-3 cell line, derived from human
choriocarcinoma, is characterized by its ability to form syncytiotrophoblast and
cytotrophoblast, indicative of trophoblastic properties crucial for studies related to embryonic
implantation and placental development during pregnancy (Leibovitz et al., 1976).
Trophoblast cells were labelled with blue CellTracker fluorescent probes (1:1,000; Invitrogen,
USA) and cultured for 48 hours in 6-well low-attachment plates to facilitate spheroid
formation. Then, 48h-spheroids were transferred to 24-well plates containing the
corresponding in vitro d-hEnSCs from group 2 samples, with 3-4 spheroids per well. Each

experiment was performed in duplicate to ensure reproducibility.

The trophoblast expanded area (EA) was assessed using a fluorescent inverted AXIO
microscope (Zeiss, Germany) at 24 and 48 hours, and the area was quantified using Image)
software. Data is represented as normalized EA, being EA = 48h area - 24h area and
normalizing by dividing the corresponding EA of each spheroid by the mean EA of spheroids
cultured in control d-hEnSCs. This normalization method accounts for variations in spheroid

expansion dynamics and enables comparison across different experimental conditions.
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All decidualization procedures were verified by measuring secreted PRL using by ELISA,
ensuring that the observed effects on trophoblast invasion were not influenced by variations

in the decidualization process.

11. STATISTICAL ANALYSIS

GraphPad Prism 8.3.0 (San Diego, California) was used for statistical analyses and graphics
generation. Normality and logarithmic tests (Anderson-Darling, D’Agostino & Pearson,
Shapiro-Wilk and Kolmogorov-Smirnov test) were performed to analyze the distribution of our

results.

Gene expression levels of PGRMC2, PGRMC1, and total PGR (PGR-t) throughout the
menstrual cycle, the differences of gene expression between genes in EP, LP, ES, MS and LS
phases and comparisons of PGRMC2 protein abundance between control, Sc and iPGRMC(C2 d-

hEnSCs were assessed by a one-way analysis of variance (ANOVA) test.

Furthermore, to explore variations in PGR-8 mRNA expression and PGRMC2 protein
expression via WB, both across the menstrual cycle, and for outgrowth model analysis
between control, Sc and iPGRMC2 d-hEnSCs, a Kruskal-Wallis test was employed. Wilcoxon
test for paired samples was utilized to analyze PGRMC2 gene expression and protein

abundance in hEnSCs.

Paired t-tests were conducted to evaluate the expression of PGRMC2 and other genes used
to validate RNA-seq results, as well as PRL levels in checking decidualization between nd- and
d-hEnSCs, and between Sc d-hEnSCs and iPGRMC2 d-hEnSCs. The Friedman test was applied
to compare mRNA expression levels of PGRM(C2, PGRMC1, PGR-t, and PGR-8 in d-hEnSCs and
nd-hEnSCs, as well as to assess significant differences in PGRMC2 gene expression between
control, Sc, and iPGRMC2 d-hEnSCs, and to compare the percentage of Ki-67 protein staining
between control, Sc and iPGRMC2 d-hEnSCs. Moreover, the two-way ANOVA test was

performed to assess PGRMC2 protein abundance in all subcellular fractions.
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All analyses were meticulously conducted, with results normalized and compared to those
of the EP phase (for comparisons of the same gene across the menstrual cycle) or endogenous
control expression as appropriate. A significance level of P < 0.05 was considered statistically

significant in all cases.
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VI.  RESULTS

To present the findings of this thesis, the results will be divided into the two areas of study
mentioned previously (explained in detail in previous sections): the first group focuses on the
characterization of endometrial PGRMC2 expression along the natural human menstrual
cycle, and the second group on the functional analysis of PGRMC2 in human endometrial

stroma under in vitro decidualization.

1. CHARACTERIZATION OF PGRMC2 EXPRESSION IN THE HUMAN
ENDOMETRIUM ACROSS THE MENSTRUAL CYCLE

1.1 PGRMC2 LOCALIZATION, mRNA EXPRESSION, AND PROTEIN ABUNDANCE
ACROSS THE MENSTRUAL CYCLE

1.1.1 PGRMC2 gene expression in total endometrial tissue

To study the expression pattern of PGRMC2 across the different phases of the menstrual
cycle, we performed RT-gPCR analysis on endometrial tissue samples from oocyte donors
without ovarian stimulation. This approach allowed us to assess mRNA levels under natural
hormonal conditions, avoiding alterations caused by external factors. The results revealed a
significant decline in PGRMC2 mRNA expression during the LS phase compared to the MS
phase (P < 0.05; Figure 9l).

1.1.2 PGRMC2 protein expression in total endometrial tissue

While mRNA expression provides valuable insights into gene activity, it does not always
directly correlate with protein levels due to post-transcriptional regulation, variations in
protein stability, or differences in translational efficiency. Therefore, to complement the gene
expression analysis, we analyzed PGRMC2 protein abundance across the menstrual cycle in

order to understand its functional presence and potential activity in the tissue.
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Through WB analysis, we identified a 28 kDa band corresponding to PGRMC2 in all
endometrial samples examined. Intriguingly, we did not discern significant differences in
PGRMC2 protein levels across the phases of the menstrual cycle (Figure 9J) as observed at the

mMRNA level.

1.1.3 PGRMC2 localization in total endometrial tissue

To map the localization and abundance of PGRMC2 within the endometrium, we performed
immunohistochemistry technique on total human endometrial tissues from different
menstrual phases. While previous analyses at the mRNA and protein levels provided valuable
insights, examining protein localization is crucial, as discrepancies between mRNA and protein
expression can arise from factors like translational regulation, protein stability, and cellular

compartmentalization.

Imaging revealed dynamic changes in PGRMC2 distribution and quantity across the different
menstrual phases (Figure 9A-H). Notably, PGRMC2 staining was more intense during the MS
phase, particularly within endometrial epithelial glands and hEnSCs. This heightened staining
contrasted sharply with the LS phase, where PGRMC2 protein expression exhibited a notable
decrease across all cellular subtypes within the endometrium. Interestingly, luminal epithelial
cells maintained a consistent expression of PGRMC2 protein from the proliferative phases

through the MS phase.

This reduction in PGRMC2 staining is consistent with the observed changes in mRNA levels.
Subsequent RT-gPCR analysis corroborated our immunochemistry findings, demonstrating a

significant decline in PGRMC2 during the LS phase compared to the MS phase.
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Figure 9. Progesterone receptor membrane component 2 (PGRMC2) localization, mRNA expression, and

protein abundance in the human endometrium across the menstrual cycle. (A—F) Immunostaining of PGRMC2

in human endometrium at different menstrual cycle stages. Positive control tissue (human intestine) probed with

anti-PGRMC2 (G) and a negative control (H) are also shown. Images were acquired at x20 and x40

magnifications. Scale bars: 100um. A total of n = 14 human endometrial tissue samples were used. PGRMC2

mRNA and protein abundance were quantified by RT-gPCR (I; n = 38) and western blot (J; n = 35), respectively,

in human endometrium throughout the menstrual cycle. Box and whiskers plots show PGRMC2 (l) gene

expression, represented as mRNA fold change, and (J) protein abundance, represented as protein relative

abundance, both in the different endometrial phases. In the plots, central bar denotes the median value, the box

contains the 25th to 75th percentiles, and the whiskers mark the 5th and 95th percentiles; *P < 0.05; EP, early

proliferative; LP, late proliferative; ES, early secretory; MS, mid-secretory; LS, late secretory; C+, positive control;

C-, negative control.

81




VI | RESULTS

1.2 DIFFERENCES BETWEEN CLASSICAL AND NON-CLASSICAL PGRs mRNA
LEVELS IN THE HUMAN ENDOMETRIUM ACROSS THE MENSTRUAL CYCLE

To gain a deeper understanding of the potential role of PGRMC2 in the human endometrium,
we extended our analysis to include both classical and non-classical PGRs across the menstrual
cycle. Given that PGRMC2 is a non-classical receptor, it was crucial to compare its expression
patterns with PGRMC1 and the classical PGRs, to explore potential differences in how these

receptors are regulated and function within the endometrium.

By examining both receptor types, our findings revealed that the expression levels of
PGRMC1 (P < 0.05) and the classical PGRs (P < 0.05) were significantly reduced during the
secretory phases compared to the proliferative phases (Figure 10A-C). This pattern contrasted
with the expression of PGRMC2, which did not exhibit a significant decrease during the MS
phase (Figure 9l).

To quantify the presence of each receptor in each menstrual phase, we compared the mRNA
levels of the genes encoding the non-classical and classical PGRs (Figure 10D-H). Non-classical
PGRs consistently showed greater expression levels in all phases (P < 0.05). PGRMC1 emerged
as the most expressed receptor during the proliferative phases and ES. Conversely, PGRMC(C2
was the most expressed receptor during the LS phase. In particular, during the MS phase, the
expression of non-classical PGRMC1 and PGRMC2 significantly increased compared to the

classical PGRs in endometrial tissue (P < 0.05; Figure 10G).
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Figure 10. Differences in mRNA expression between classical and non-classical progesterone receptors (PGRs)

across the human menstrual cycle. (A—C) Box and whiskers show the fold change expression of progesterone

receptor membrane component 1 (PGRMC1), total progesterone receptors (PGR-t), and beta progesterone

receptor (PGR-8) mRNA across the human menstrual cycle. A total of n = 38 human endometrial tissue samples

were used. (D—-H) Box and whiskers plots show the comparison of classical and non-classical PGRs mRNA expression

in the human endometrium during each phase of the menstrual cycle. A total of n =8 and n =7 human endometrial

tissue samples were used. mRNA gene expression was represented as fold change (A—C) and inverse of ACt (1/ACt)

(D—H). In the plots, central bar denotes the median value, the box contains the 25th to 75th percentiles, and the

whiskers mark the 5th and 95th percentiles; *P < 0.05; **P < 0.01; ***P < 0.001; ****p < 0.0001 EP, early

proliferative; LP, late proliferative; ES, early secretory; MS, mid-secretory; LS, late secretory.
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2. FUNCTIONAL STUDIES OF PGRMC2 IN ENDOMETRIAL STROMAL
CELLS

2.1 PGRMC2 LOCALIZATION, mRNA AND PROTEIN ANALYSIS IN hENSCs
DURING /N VITRO DECIDUALIZATION

Given the previous mRNA analysis showing a significant decline in PGRMC2 expression
during the LS phase compared to the MS phase, and the observation of increased PGRMC2
staining in the stromal compartment during the MS phase in the previous
immunohistochemical studies, we decided to further investigate its role in the decidualization
process, as the observed changes in PGRMC2 levels coincide with the onset of decidualization.
Furthermore, considering prior studies where another non-classical PGR, PGRMC1, plays an
important role in decidualization (Salsano et al., 2017, 2020, 2021), we aimed to determine
whether PGRMC2 might also influence this critical process, either in a similar or distinct

manner.

These analyses focused on its behavior during in vitro decidualization to determine whether
similar patterns were evident in our in vitro model of decidualization. In this context, we
examined the expression of PGRMC2 in both decidualized and non-decidualized hEnSCs. Our
in vitro model of decidualization was validated by measuring PRL levels confirming the
effectiveness of the model, as PRL levels were significantly higher in the d-hEnSCs (P < 0.0001;
Figure 11).
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Figure 11. Prolactin (PRL) secreted during in vitro decidualization in human endometrial stromal cells (hEnSCs).
Box and whiskers plots show the secreted PRL levels, measured by ELISA, in non-decidualized human endometrial
stromal cells (nd-hEnSCs) and decidualized human endometrial stromal cells (d-hEnSCs). In the plot, central bar
denotes the median value, the box contains the 25th to 75th percentiles, and the whiskers mark the 5th and
95th percentiles. PRL is expressed in plU/mL. A total of n = 15 decidual human endometrial stromal cells (d-

hEnSCs) were used. ****P < 0.0001.

2.1.1 PGRMC2 gene expression in hEnSCs

To better understand the role of PGRMC2 during in vitro decidualization, we first quantified
the mRNA expression levels of PGRMC2 in d-hEnSCs and nd-hEnSCs. The results from RT-qPCR
analysis demonstrated a significant increase in PGRMC2 gene expression in d-hEnSCs
compared to nd-hEnSCs (P < 0.0001; Figure 12A). This increase was particularly relevant, as it

aligns with previous analyses.

2.1.2 PGRMC2 protein expression in hEnSCs

Given that mRNA expression does not always correlate directly with protein levels due to
post-transcriptional regulation, examining protein expression provides crucial insights into the
functional state of the cells. Therefore, to complement the gene expression data, we assessed
PGRMC2 protein levels using WB analysis. Consistent with the mRNA results, PGRMC2 protein
levels were significantly elevated in d-hEnSCs compared to nd-hEnSCs (P < 0.001; Figure 12B-
C).

2.1.3 PGRMC2 localization in hEnSCs

To determine if the localization of PGRMC2 changes during decidualization, we performed
immunofluorescence staining on primary hEnSCs that were induced to in vitro decidualization.
Immunofluorescence allowed us to visualize the spatial distribution of PGRMC2 within the
hEnSCs, providing valuable information on how the localization of this receptor might be

regulated during decidualization.

The staining revealed that PGRMC2 was primarily localized to the membranes of d-hEnSCs
(Figure 12E-G). In contrast, PGRMC2 was less concentrated and harder to pinpoint within

specific cellular compartments in nd-hEnSCs (Figure 12D-F).
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To verify the immunofluorescence results and to provide further insights, cytoplasmic,
membrane/organelles, and nuclear fractions were isolated from both nd-hEnSCs and d-
hEnSCs. WB analysis was conducted on these fractions to determine the presence of PGRMC2
in specific subcellular compartments. The results confirmed the presence of PGRMC2 in
hEnSCs, with a significantly higher abundance of PGRMC2 in the membranes/organelles

fraction compared to other subcellular fractions (P < 0.05; Figure 12H-1).
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Figure 12. Progesterone receptor membrane component 2 (PGRMC2) mRNA expression, protein abundance,
and subcellular localization in human endometrial stromal cells (hEnSCs) during in vitro decidualization. (A-C)
Box and whiskers show the expression of PGRMC2 in non-decidualized human endometrial stromal cells (nd-
hEnSCs) and decidualized human endometrial stromal cells (d-hEnSCs) by quantitative reverse transcription
polymerase chain reaction (RT-qPCR) (A) and western blot (B and C); a total of n = 6 decidual human endometrial
stromal cells (d-hEnSCs) were used. (D-G) PGRMC2 (green) localization in nd-hEnSCs and d-hEnSCs by
immunofluorescence; F-actin, rhodamine phalloidin (red); nuclei, DAPI (blue). Merged images are presented in F
and G. Images were acquired at x40 magnifications. Scale bars: 100 um. A total of n = 10 decidual human
endometrial stromal cells (d-hEnSCs) were used. (H, I) Box and whiskers plots show the subcellular protein
abundance of PGRMC2 in nd-hEnSCs and d-hEnSCs. In the plots, central bar denotes the median value, the box
contains the 25th to 75th percentiles, and the whiskers mark the 5th and 95th percentiles. A total of n =7
decidual human endometrial stromal cells (d-hEnSCs) were used. Specific markers for membrane/organelles
(CD98), cytosol (HSP70), and nuclear fraction (His3) were used. Gene expression and protein abundance are
represented as fold change during in vitro decidualization, while subcellular protein abundance is represented

as protein relative abundance; *P < 0.05; ***P < 0.001; ****p < 0.0001.

2.2 DIFFERENCES BETWEEN CLASSICAL AND NON-CLASSICAL PGRs mRNA
LEVELS AFTER /N VITRO DECIDUALIZATION IN hENSCs

To confirm that the in vitro behavior of non-classical and classical PGRs corresponds to the
patterns observed in endometrial tissue, we compared the expression of genes encoding PGRs
in hEnSCs following decidualization in cell culture (Figure 13). This analysis aimed to evaluate
how PGRMC2 behaves relative to other PGRs in an in vitro decidualization model, and to
compare the results with those observed in endometrial tissue during the menstrual cycle. By
performing this comparison, we sought to determine whether the expression patterns of
PGRMC2 during decidualization mirrored the dynamics seen in vivo across the different phases

of the menstrual cycle.

Firstly, we analyzed PGRMC2, PGRMC1 and classical PGRs expression in non-decidualized
cells to establish baseline expression levels of the receptor types in hEnSCs before the
induction of decidualization. In nd-hEnSCs non-classical PGRs expression levels were

significantly higher than classical PGRs (P < 0.001; Figure 13A).

Subsequently, we analyzed the same set of genes after inducing in vitro decidualization. A

significant increase in the mRNA expression of non-classical PGRs was observed (P < 0.05).
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Among the non-classical PGRs, PGRMC(C2 gene expression was the highest, indicating a
pronounced upregulation in response to decidualization stimuli (Figure 13B). These results
align with the endometrial tissue observations, where non-classical PGRs, particularly

PGRMC2, were altered in the decidualization process.
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Figure 13. Differences in mRNA expression between classical and non-classical progesterone receptors (PGRs)
in human endometrial stromal cells (hEnSCs) during in vitro decidualization. (A and B) Box and whiskers plots
illustrate the fold change differences of total progesterone receptors (PGR-t), beta progesterone receptor (PGR-
B), progesterone receptor membrane component 1 (PGRMC1), and progesterone receptor membrane
component 2 (PGRMC2) mRNA expression in non-decidualized human endometrial stromal cells (nd-hEnSCs) (A)
and decidualized human endometrial stromal cells (d-hEnSCs) (B). Gene expression is represented as inverse of
ACt (1/ACt). In the plots, central bar denotes the median value, the box contains the 25th to 75th percentiles,
and the whiskers mark the 5th and 95th percentiles. A total of n = 17 human endometrial stromal cells (hEnSCs)

were used; *P < 0.05; ***P < 0.001; ****P < 0.0001.

2.3 PGRMC2 SILENCING IN d-hENSCs
2.3.1 Validation of PGRMC2 silencing

The efficiency and effectiveness of our PGRMC2 silencing method that we used in hEnSCs

during in vitro decidualization were evaluated to ensure the reliability of subsequent
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experiments through two analyses. In the first part, RT-qPCR analysis demonstrated a
significant reduction in PGRMC2 gene expression, showing an approximately 80% decrease in
d-hEnSCs transfected with PGRMC2 siRNAs compared to negative control d-hEnSCs (P < 0.01;
Figure 14). Secondly, WB analysis validated the silencing efficiency at the protein level,
revealing an approximate 60% reduction in PGRMC2 protein abundance in d-hEnSCs
transfected with PGRMC2 siRNAs compared to negative control d-hEnSCs (P < 0.001; Figure
14B). These results were crucial for verifying the efficacy of PGRMC2 silencing confirming the

successful of the technique, ensuring the reliability of subsequent experiments.
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Figure 14. Progesterone receptor membrane component 2 (PGRMC2) levels after decidualized human
endometrial stromal cells (d-hEnSCs) were transfected with PGRMC2 siRNAs. (A) Box and whiskers plot show
the fold change differences of PGRMC2 mRNA levels between negative control (O), scramble control (Sc) and
inhibited PGRMC2 (iPGRMC(C2) decidualized endometrial stromal cells. (B) Box and whiskers plot show the fold
change differences of PGRMC2 protein abundance between negative control (O), scramble control (Sc) and
inhibited PGRMC2 (iPGRMC2) decidual endometrial stromal cells. The central bars denote the median value, the
box represents the 25th to 75th percentiles, and the whiskers indicate the 5th and 95th percentiles. A total of n

= 6 decidual human endometrial stromal cells (d-hEnSCs) were used; **P < 0.01; ***P < 0.001.
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2.3.2 PGRMC2 silencing impact in cell proliferation in d-hEnSCs

Due to the sensitivity of primary hEnSCs to experimental manipulations, it was crucial to
ensure that the siRNA transfection method used for PGRMC2 silencing did not interfere with
the normal proliferation of the cells during the in vitro decidualization process. Transfection
techniques, particularly those involving siRNAs, can sometimes induce unintended cellular
stress or toxicity, potentially altering proliferation rates and confounding the interpretation of

downstream analyses.

Potential effects were ruled out prior to conducting the transcriptomic and proteomic
experiments by measuring the proliferation marker Ki-67 through immunofluorescence
staining. This approach enabled us to quantify the proportion of Ki-67 positive cells and
directly compare proliferation rates across three groups: control d-hEnSCs, Sc d-hEnSCs, and
iPGRMC2 d-hEnSCs. Fluorescence microscopy quantification was used to determine the

number of Ki-67 positive cells.

Our analysis revealed no statistically significant differences in the number of Ki-67 positive
cells among control d-hEnSCs, Sc, and iPGRMC2 d-hEnSCs groups (Figure 15), confirming that
the transfection method did not affect cell proliferation. By establishing consistent Ki-67
expression across the groups, we ensured that any effects observed in the subsequent
transcriptomic and proteomic analyses could be attributed to PGRMC2 silencing, rather than
potential artifacts from the transfection process. This validation was essential for confirming
the reliability and specificity of our experimental approach, providing a solid foundation for

the interpretation of downstream findings.
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Figure 15. Immunofluorescence of proliferation marker Ki-67 in decidualized human endometrial stromal
cells (d-hEnSCs) after progesterone receptor membrane component 2 (PGRMC2) silencing. Photographs show
negative control (O d-hEnSCs; A-B), scramble control (Sc d-hEnSCs; C-D) and silenced PGRMC2 (iPGRMC2; E-F) d-
hEnSCs stained for Ki-67 protein (green) and DAPI (blue). Merged images are presented in A, C, E. Images were
acquired at x20 magnification. Scale bars: 100 um. (G) Bars plot illustrates the differences between percentage
of Ki-67 cells / total cells in d-hEnSCs after PGRMC2 silencing. Data are represented as normalized percentage
(%) of proliferative cells £ SD, where the bars contains the mean and the central bars denote the SD. A total of

n =3 d-hEnSCs were used; ns: not significant.

2.3.3 PGRMC2 silencing impact in PRL levels in d-hEnSCs

Once we confirmed the reliability of our silencing method, the next aim was to evaluate the
impact of PGRMC2 silencing on the decidualization process in hEnSCs. A direct and effective
way to evaluate this was by measuring the levels of PRL in the cell culture media, as PRL is a

well-established marker of decidualization in hEnSCs. We chose to measure PRL secretion
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specifically in the Sc d-hEnSCs and iPGRM(C2 d-hEnSCs groups because the Sc group reflects
the same experimental conditions as the iPGRMC2 group, except for the silencing of PGRMC(C2,

and thus allows for a direct comparison between both groups.

A statistically significant difference in PRL secretion was found between Sc d-hEnSCs and
iPGRMC2 d-hEnSCs (P < 0.05). Specifically, the PRL levels were significantly higher in the
iPGRMC2 d-hEnSCs compared to the Sc d-hEnSCs (Figure 16).
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Figure 16. Prolactin (PRL) secreted in decidualized human endometrial stromal cells (d-hEnSCs) after
progesterone receptor membrane component 2 (PGRMC2) silencing. Box and whiskers plot depict the secreted
PRL levels, measured by ELISA, in scramble control (Sc d-hEnSCs) and inhibited PGRMC2 (iPGRM(C2) d-hEnSCs. In
the plot, central bars denote the median value, the box represents the 25th to 75th percentiles, and the whiskers
indicate the 5th and 95th percentiles. PRL is expressed in percentage of PRL levels (%). A total of n = 14 decidual

human endometrial stromal cells (d-hEnSCs) were used. *P < 0.05.

2.3.4 Transcriptomic effects of PGRMC2 silencing during decidualization

Building on our previous findings showing that PGRMC2 silencing can impact the
decidualization process, we performed PGRMC2 silencing in hEnSCs and compared iPGRMC2

d-hEnSCs with Sc d-hEnSCs using RNA-seq analysis. This approach allowed us to examine the
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global gene expression changes associated with PGRMC(C2 silencing and better understand how

PGRMC2 influences the hEnSCs transcriptomic landscape during decidualization.

RNA-seq analysis revealed 4687 DEGs between Sc d-hEnSCs and iPGRMC2 d-hEnSCs (n = 4),
with 2420 genes being upregulated and 2267 downregulated (FDR-adjusted P < 0.05) (Figure
17A & Supplementary Table S1). The biological relevance of these DEGs was explored through
functional enrichment analysis. The results indicated that genes overexpressed in iPGRMC(C2 d-
hEnSCs were involved in various biological processes including angiogenesis, cell migration,
cell adhesion, ER function, vesicular transport, lipid biosynthesis, cell signalling,
phosphorylation, and morphogenesis. Conversely, genes that were under-expressed in
iPGRMC2 d-hEnSCs were primarily related to aerobic respiration, RNA translation, and

ribosome biosynthesis (Figure 17B & Supplementary Table S2).

Regarding cellular components, the genes most highly expressed in iPGRMC2 d-hEnSCs were
associated with the nucleus, ER, Golgi apparatus, cell vesicles and vacuoles, microtubule
organizing center, cell junctions and transport, neuron synapse, and the extracellular matrix.
In contrast, the least expressed genes were linked to the mitochondria, ribosomes, and the

catalytic complex, and organelles (Figure 18; Supplementary Table S2).

Concerning molecular functions, the highly expressed genes in iPGRMC2 d-hEnSCs
predominantly exhibited kinase activity, substrate binding, and interactions with extracellular
matrix constituents. On the other hand, the least expressed genes were primarily involved in
oxidoreductase activity, proton transport, and constituted structural components of

ribosomes (Supplementary Table S2).
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Figure 17. Transcriptomic analysis of decidualized human endometrial stromal cells (d-hEnSCs) when
progesterone receptor membrane component 2 (PGRMC(C2) was silenced. (A) Differentially expressed genes
(DEGs; false discovery rate (FDR)-adjusted P < 0.05) (total, upregulated and downregulated) in pairwise
comparison of Scramble control d-hEnSCs (Sc d-hEnSCs) and d-hEnSCs with PGRMC2 silenced (iPGRMC2 d-
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hEnSCs) (n = 4). (B) Transcriptomic enrichment map for gene ontology biological processes analyzed by g:Profiler
in pairwise comparison of Sc d-hEnSCs and iPGRMC2 d-hEnSCs. Node size represents the number of genes
associated with a specific term. Node color represents the -logio(P value)*sign(NES). ER, Endoplasmic Reticulum;

NES, Normalized Enrichment Score. Enrichment map was created with Cytoscape 3.10.2.
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Figure 18. Transcriptomic enrichment map of cellular components affected in decidualized human endometrial
stromal cells (d-hEnSCs) when progesterone receptor membrane component 2 (PGRMC2) was silenced.
Transcriptomic enrichment map for gene ontology cellular components analyzed by g:Profiler in pairwise
comparison of Sc d-hEnSCs and iPGRMC2 d-hEnSCs. Node size represents the number of genes associated with
a specific term. Node color represents the -logio(P value)*sign(NES). NES, Normalized Enrichment Score.

Enrichment map was created with Cytoscape 3.10.2.

To validate the RNA-seq data and confirm the accuracy of our findings, we selected six DEGs
for further analysis. These genes, including HGF, COL1A1, TNC, CXCL14, DEPP1, and PGRMC(C2,
were chosen based on their potential relevance to female reproductive pathology and their
association with key processes in decidualization and endometrial function, as previously

mentioned.
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After performing a RT-gPCR analysis on these six genes, our results confirmed significant
downregulation of PGRMC2 (P < 0.0001), DEPP1 (P < 0.05), and CXCL14 (P < 0.05), and
significant upregulation of TNC (P < 0.05) in iPGRMC2 d-hEnSCs compared with Sc d-hEnSCs
(Figure 19A-D), consistent with the RNA-seq findings. However, no significant differences were

detected in COL1A1 and HGF mRNA expression (Figure 19E-F).
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Figure 19. Validation of RNA-seq results by quantitative reverse transcription polymerase chain reaction (RT-
gPCR). (A-F) Box and whiskers plots illustrate the fold change expression of C-X-C motif chemokine ligand 14
(CXCL14) (A), DEPP autophagy regulator 1 (DEPP1) (B), progesterone receptor membrane component 2
(PGRMC2) (C), tenascin C (TNC) (D), hepatocyte growth factor (HGF) (E), collagen type | alpha 1 chain (COL1A1)
(F) mRNA between scramble control (Sc) and inhibited PGRMC2 (iPGRM(C2) decidual endometrial stromal cells.
In the plots, central bars denote the median value, the box represents the 25th to 75th percentiles, and the

whiskers mark the 5th and 95th percentiles. A total of n = 4 decidual human endometrial stromal cells (d-hEnSCs)

were used; *P < 0.05; ****P < 0.0001; ns: not significant.
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2.3.5 Proteomic effects of PGRMC2 silencing during decidualization

As we observed significant differences in mRNA expression between the MS and LS phases
of the menstrual cycle, but no changes at the protein level in the WB analysis, it became
essential to explore the proteomic effects of PGRMC2 silencing in vitro. Furthermore, the
identification of DEGs in our transcriptomic analysis prompted us to explore whether these
altered gene expressions were translated into functional protein alterations as well. To
evaluate the changes in the global protein profile during the decidualization process in the
absence of PGRMC(C2, we performed PGRMC2 silencing in d-hEnSCs and compared iPGRMC2
d-hEnSCs with negative control d-hEnSCs using SWATH-MS.

The effectiveness of the silencing assay by siRNAs was confirmed by WB, demonstrating
approximately a 60% reduction in PGRMC2 protein abundance in hEnSCs transfected with
PGRMC2 siRNAs compared to negative control d-hEnSCs (P < 0.001; Figure 14B), validating

that PGRMC2 was effectively silenced at protein level as well.

The SWATH-MS analysis of negative control d-hEnSCs versus iPGRMC2 d-hEnSCs (n = 5)
identified 2070 different proteins, with a total of 28 DEPs when PGRMC(C2 gene was silenced,
with 4 being upregulated and 24 downregulated (P < 0.05) (Figure 20A & Supplementary Table
S3). Functional enrichment analysis of the 28 DEPs revealed significant dysregulation in 40
biological processes in d-hEnSCs, primarily involving cellular respiration, cellular response,
metabolism, ER protein localization, and ribonucleoside biosynthesis (Figure 20B &
Supplementary Table S4). Additionally, 65 cellular components were identified,
predominantly associated with organelle membranes and transport, vesicles, the extracellular
matrix, ER, neurons and mitochondria components (Figure 21; Supplementary Table S4). In
terms of molecular functions, the analysis indicated that molecule binding, transporter
activity, and steroid biosynthesis were significantly altered in iPGRMC2 d-hEnSCs

(Supplementary Table S4).
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Figure 20. Proteomic analysis of decidualized human endometrial stromal cells (d-hEnSCs) when progesterone

receptor membrane component 2 (PGRMC2) was silenced. (A) Differentially expressed proteins (DEPs) (total,

upregulated and downregulated) in pairwise comparison of negative control d-hEnSCs (O d-hEnSCs) and d-

hEnSCs with PGRMC2 silenced (iPGRMC2 d-hEnSCs) (n = 5). (B) Proteomic enrichment map

processes analyzed by g:Profiler (Benjamini-Hochberg FDR < 0.05) in pairwise comparison of O d-hEnSCs and

for biological

iPGRM(C2 d-hEnSCs. Node size represents the number of proteins associated with a specific term. Node color

represents the -logio(P value)*sign(NES).

Enrichment map was created with Cytoscape 3.10.2.
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Figure 21. Proteomic enrichment map of cellular components affected in decidualized human endometrial
stromal cells (d-hEnSCs) when progesterone receptor membrane component 2 (PGRMC2) was silenced.
Proteomic enrichment map for cellular components analyzed by g:Profiler (Benjamini-Hochberg FDR < 0.05) in
pairwise comparison of O d-hEnSCs and iPGRMC2 d-hEnSCs. Node size represents the number of proteins
associated with a specific term. Node color represents the -logio(P value)*sign(NES). NES, Normalized Enrichment

Score. Enrichment map was created with Cytoscape 3.10.2.

2.3.6  PGRMC2 silencing effects during trophoblast invasion

Due to the outcomes derived from the transcriptomic and proteomic analyses in d-hEnSCs

when PGRMC2 was silenced, which highlighted alterations in cellular pathways associated
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with cell migration, cell adhesion, and extracellular matrix remodelling, we conducted further
experiments to explore the potential impact of these changes on trophoblast invasion. To
elucidate the role of PGRMC2 in this process, an in vitro invasion model was carried out
wherein control, Sc and iPGRMC(C2 d-hEnSCs were co-cultured with JEG-3 trophoblast
spheroids. This model allowed us to directly assess the effects of PGRMC2 silencing on

trophoblast behavior and its invasive capacity into the hEnSCs.

The trophoblast spheroids invaded the hEnSCs monolayer at different expansion rates
between control, Sc, and iPGRMC2 d-hEnSCs over 24 and 48 hours of co-culture. Optical and
fluorescence measurements revealed a significantly decrease in trophoblast spheroids
expansion in iPGRMC2 d-hEnSCs compared to control (P < 0.001) and Sc (P < 0.01) d-hEnSCs
(Figure 22D). In fact, a similar area of the labelled spheroids in iPGRMC2 d-hEnSCs between
24h and 48h can be appreciated (Figure 22C).
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Figure 22. Differences in the trophoblast outgrowth area at 24 and 48h of co-culture when endometrial stromal
progesterone receptor membrane component 2 (PGRM(2) was silenced. Optical and fluorescence photographs
show JEG-3 trophoblastic spheroids labelled in blue invading the stromal monolayer at different expansion area
(EA) rates between decidual negative control (O d-hEnSCs; A), decidual scramble control (Sc d-hEnSCs; B) and
decidual PGRMC(C2-silenced stromal cells (iPGRMC2 d-hEnSCs; C). Photographs were acquired at 24 and 48h of
co-culture and at x10 magnification. Scale bars: 100 um. (D) Quantification of expanded area (EA) differences
between negative control (O; n = 47 spheroids), scramble control (Sc; n = 53 spheroids) and inhibited PGRMC2
(iPGRMC2; n = 56 spheroids) decidual endometrial stromal cells. A total of n = 6 decidual human endometrial

stromal cells (d-hEnSCs) were used. Data are represented as normalized EA + SD; **P < 0.01; ***P < 0.001.
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VIl. DISCUSSION

This thesis delves into the role of PGRMC2 in the human endometrium during the menstrual
cycle and in vitro decidualization. In the uterus, both classical and non-classical PGRs exhibit
fluctuating expression levels throughout the menstrual cycle regulating crucial events for
endometrial receptivity and pregnancy establishment (Medina-Laver et al., 2021). Despite
classical PGRs contributing to the majority of female reproductive processes (Luetjens et al.,
2006; Kowalik et al., 2013a), it has been observed that cells lacking classical PGRs still respond
to P4 (Frye and Vongher, 1999).

PGRMC2, a non-classical PGR, has been implicated in the inhibition of antral follicle
development (Griffin et al., 2014; Will et al., 2017) and participates in meiotic spindle assembly
(Juhlen et al., 2016). Reduced PGRMC2 expression has been noted in women with poor
ovarian reserve, endometrial hyperplasia, and endometriosis (Skiadas et al., 2012; Bunch et
al., 2013; Vazquez-Martinez et al., 2020) whereas PGRMC2 absence altered the expression of
vascular endothelial growth factor A (VEGF-A), Kit ligand, and AMH (Peluso et al., 2018).
However, the temporal expression patterns and specific roles of PGRMC2 remain elusive in

the human endometrium, and particularly, during decidualization.

To fill this knowledge gap, we first examined PGRMC2 mRNA and protein expression

throughout the menstrual cycle in healthy human endometrial tissue.

We observed that endometrial epithelial glands showed the strongest expression of
PGRMC2 across the menstrual cycle, with a marked decrease during the LS phase, aligning
with previous findings in macaques and patients with endometriosis (Keator et al., 2012;
Bunch et al., 2013). Additionally, we noted oscillating PGRMC2 gene expression in the hEnSCs
throughout the menstrual cycle, with a decrease in the LS phase compared to the MS phase,
suggesting a potential function of PGRMC2 during embryo implantation. In contrast to
PGRMC1 (Garrido-Gémez et al., 2014; Salsano et al., 2017), PGRMC2 mRNA expression was
significantly higher in the endometrium during the MS phase with respect to the LS phase,

corroborating that PGRMC1 mirror the expression patterns of classical PGRs (Wang et al.,
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1998). The complementary expression profiles of endometrial PGRMC1/2 and classical PGRs
during the WOI suggests that PGRMC2 may play a pivotal role in embryo implantation, as was

previously proposed in macaques (Keator et al., 2012).

The significant discrepancy observed between the gene expression levels of PGRMC2 and its
protein abundance is noteworthy. This suggest that PGRMC2 may be acting at the genomic
level similarly to PGRMCI1, influencing gene expression and cellular processes without
necessarily correlating with significant changes in protein abundance detectable by WB. This
regulatory mechanism could involve PGRMC2 modulating the expression of target genes
through transcriptional regulation, rather than simply increasing its own protein levels. The
lack of detectable differences in protein levels via WB analysis might be attributed to the
dynamic nature of protein interactions and functions within the endometrial tissue. While WB
provides a quantitative assessment of total protein levels, it may not capture transient
fluctuations or localized expressions that could occur at the cellular level. In contrast,
immunohistochemistry staining allows for the visualization of PGRMC2 within the context of
tissue architecture, revealing changes in intensity that may reflect its functional activity in
different phases of the menstrual cycle. This complexity in protein regulation may also explain
the fewer DEPs identified in comparison to DEGs observed. Thus, while PGRMC2 may not
exhibit significant variations in overall protein abundance, its influence on gene expression
and activity could still be prominent, as evidenced by the immunohistochemistry results.
Therefore, the protein-level results obtained through WB for PGRMC2 should be interpreted
with caution, as they may not fully represent the complex regulatory roles that PGRMC2 plays

at both genomic and functional levels within the endometrium.

The comparison of PGRMC2 with other progesterone receptors, both classical and non-
classical, highlights the uniqueness of its regulation. In the traditional paradigm, classical PGRs
drive decidualization, however, our findings evidence additional contributions of non-classical
PGRs. Previous studies have shown that PGRMC1 expression changes in the receptive
endometrium with respect to the non-receptive endometrium (Garrido-Gémez et al., 2014),
PGRMC1 overexpression during the secretory phases inhibited decidualization (Salsano et al.,
2017), PGRMC1 inhibition in d-hEnSCs disrupts the expression of numerous decidualization-

related genes (Salsano et al., 2021) and PGRMC1 also plays a crucial role in regulating
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decidualization and endometrial receptivity through its regulation of COX2 (Tsuru et al., 2023),
a key enzyme for prostaglandin production, particularly PGE2. The increase in PGE2 is essential
for promoting decidualization, a process vital for embryo implantation and pregnancy
maintenance. In view of these findings, we hypothesized that PGRMC2 might similarly
contribute to endometrial decidualization through similar molecular mechanisms. In our in
vitro model of human endometrial decidualization, PGRMC2 expression was enhanced in
decidualized cells suggesting PGRMC2 deficiency during human decidualization or embryo
attachment may lead to reproductive failure, as documented in studies involving mice

(Mccallum et al., 2016; Clark et al., 2017) and zebrafish (Wu et al., 2019a).

Our transcriptomic and proteomic findings supported this hypothesis, revealing that

targeted PGRMC2 knockdown substantially altered the expression patterns in d-hEnSCs.

Decidualization is a dynamic process characterized by physiological changes that prepare the
endometrium to receive an embryo. Among these changes is endometrial angiogenesis, the
P4-mediated vascular maturation that occurs during the secretory phase of the menstrual
cycle. The d-hEnSCs support the remodeling and development of the endometrial vasculature,
which not only plays a critical role in embryonic growth and survival but also has critical roles
in homeostasis, immune defense, oxygen transport, nutrition, excretion, and fluid balance
(Okada et al., 2018). Notably, our transcriptomic analysis revealed that PGRM(C2 knockdown
in the d-hEnSCs significantly dysregulated genes previously linked to decidualization and
angiogenesis, such as ADAMTS-5 (Zhu et al., 2007), S100A10 (Bissonnette et al., 2016), LEPR
(Kitawaki et al., 2000) and ITGB8 (Kumar et al., 2017).

Further, we found that downregulated genes were associated with aerobic respiration,
mitochondrial energy production and protein synthesis (particularly ribosome function,
translation processes, and protein localization in the ER). Aligned with this, repressed proteins
were linked also to mitochondrial complex, cellular respiration, biosynthesis, and metabolic
responses. Mitochondrial defects are known to cause pathophysiological disorders, including
infertility and reproductive pathologies (Gabriel et al., 2012; Benkhalifa et al., 2014).
Furthermore, shorter mitochondria have recently been associated with decreased reliance on

oxidative phosphorylation and lower ATP concentrations in endometrial decidual stromal cells
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(Ryu et al., 2020). Decidual cells are influenced by the number of mitochondria they contain
and adapt to oxidative stress by expressing various intra- and extracellular free radical
scavengers and by disabling stress-dependent proapoptotic signalling pathways (Gellersen et

al., 2007; Ryu et al., 2020).

In line with this, our results show also that PGRMC2 knockdown significantly altered the
pathways of proteins involved in oxidative processes, including MIRO1 (Tseng et al., 2021),
QCR9 or UQCR10 (Geldon et al., 2021), SDHB (Goncalves et al., 2021), CMC1 or SLC25A12 (Falk
et al., 2014) and DLST or ODO2 (Ohta and Ohsawa, 2006), manifesting that there is no
compensatory mechanism in gene expression for the reduced protein expression in the
mitochondrial complex. Interestingly, an upregulation of genes related to the ER complex
were shown, besides others of the endomembrane system as the Golgi apparatus, the plasma
membrane and cell junctions, potentially impairing protein synthesis. On the other hand,
genes related to homeostasis, such as ABCA1 (Yu and Tang, 2022) and CCR1 (Jones et al.,
2005), were also significantly affected by PGRMC2 knockdown. This suggests that beyond its
role in mitochondrial function and oxidative processes, PGRMC2 might also play a key role in
maintaining cellular structure and homeostasis necessary for endometrial stromal cell
function, potentially affecting their adaptability and response to environmental and hormonal

signals.

The proteins encoded by the upregulated genes are mainly involved in biological processes
related to morphogenesis, angiogenesis, cell migration and cell adhesion, as well as cellular
processes such as ER function, vesicle and vacuoles, cell junction and transport and organelles.
Proteomically, an overexpression of ER-located proteins was detected in d-hEnSCs after

PGRMC2 silencing.

Taken together, the differential gene expression in the d-hEnSCs organelles and
membranous systems as well as in the transporting complex corroborate the role of PGRMC2
in the extensive secretory remodelling occurring during decidualization (Anelli et al., 2022).
Our observations of PGRMC2 localization in membranes and organelles confirm suggested
associations for PGRMC1/2 (Albrecht et al., 2012; Bunch et al., 2013; Griffin et al., 2014; Peluso
etal., 2014; Jihlen et al., 2016).
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Inhibition of PGRMC1, which has complementary expression to PGRMC2, upregulated genes
related to ATP generation and transport, protein and lipid biosynthesis, post-transcriptional
processing, vesicle trafficking, and oxidative stress alleviation (Salsano et al., 2020, 2021),
indicating both non-classical receptors are involved in the extensive cytoplasmic remodelling
during decidualization. Additionally, the role of PGRMC2 in lipid metabolism and biosynthesis
has potential implications for endometrial receptivity. Lipids and lipid-derived molecules are
known to be crucial in cell signalling and membrane dynamics, which are vital for the structural
and functional changes during decidualization. PGRMC2's involvement in these pathways
suggests that it might help regulate the lipid environment of the endometrium, thereby

influencing cellular communication and the implantation process.

In addition, silencing of PGRMC2 in d-hEnSCs showed DEGs and DEPs associated with
neuronal synapses. The downregulation of neuronal synapse-related genes in proteomic and,
consequently, its upregulation in transcriptomic as a compensatory mechanism may indicate
that similar mechanisms of cell communication and signal transduction, as seen in neurons,
are involved in the cellular processes of the endometrium where said pathways are affected

by PGRMC(C2 silencing.

This unexpected finding suggests a potential role for neuronal signalling pathways in the
regulation of endometrial function. Neuronal synapse-related genes are known to play crucial
roles in cell-to-cell communication, signal transduction, and plasticity in neurons (Studhof,
2021). These genes may perform similar functions in endometrial stromal cells, facilitating
communication and coordination among cells, which is essential for processes such as
decidualization and tissue remodelling. The presence of these genes suggests that
endometrial stromal cells may have a degree of plasticity and adaptability, allowing them to
respond dynamically to hormonal and environmental cues (Luddi et al., 2019; Li et al., 2024).
Other studies have also observed a relationship between genes involved in neuronal synapses

and uterine infertility (Carbajo-Garcia et al., 2022).

Inhibiting classical PGRs during decidualization upregulates genes related to proliferation,
angiogenesis, apoptosis, cell migration, adhesion, cytoskeletal organization, cytokine and

chemokine secretion (Kaya et al., 2015; Mazur et al., 2015). While some of these
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decidualization processes (such as proliferation and apoptosis) are regulated exclusively by
classical PGRs, angiogenesis, cell migration, and adhesion appear to be regulated by both non-
classical (PGRMC2) and classical PGRs. This finding is further supported by the Ki-67 analysis,
which confirmed that the transfection process did not affect cell proliferation, ensuring that
the observed changes in the transcriptomic profiles are specifically due to PGRMC2 silencing

rather than non-specific effects on cell viability or proliferation.

PGRMC2 also seems to have key ER-related functions, given its expression in the
endomembrane system and protection against ER stress. Based on observations from the
knockout of other transcription factors regulating decidualization and required for ER and
Golgi apparatus remodelling (Zhao et al., 2020; Anelli et al., 2022; Pittari et al., 2022), PGRM(C2
silencing appears to impede protein biosynthesis and cellular energy production. PGRMC(C2
silencing enhanced ER stress, extracellular matrix-receptor interactions, and focal adhesion
signalling pathways through post-transcriptional regulation in either the ER or Golgi apparatus
(Zhao et al., 2020; Pittari et al., 2022). Further analysis of the DEGs and DEPs implicated several
key signalling pathways, including the PI3K/AKT pathway, known for its role in cell
proliferation, survival, and metabolism. PGRMC2's involvement in these pathways suggests it
fine-tunes cellular responses necessary for successful decidualization and implantation.
Additionally, PGRMC2 appears to influence the expression of various cytokines and growth
factors, which are crucial for creating a receptive endometrial environment and facilitating

embryo-maternal communication.

On the other hand, due to the altered expression of embryo invasion biomarkers [i.e.,
S100A10 (Bissonnette et al., 2016), SERPINE1 (Gurung et al., 2021), CXCL12 (Laird et al., 2011),
CXCL14 (Haibin et al., 2009; Leach et al., 2012; Kawamura et al., 2021) and SPP1 (Kramer et
al., 2021)] upon PGRMC2 silencing in d-hEnSCs, we performed a functional assay with
trophoblast spheroids to corroborate the implication of endometrial PGRMC2 in the post-
implantation stages. Successful trophoblast invasion, essential for pregnancy initiation and
maintenance, depends on optimal endometrial receptivity (Singh et al., 2011). Invasion
involves morphological, biochemical, and vascular changes in the endometrium, alongside

adequate decidualization of hEnSCs. Our transcriptomic findings showed PGRMC2 silencing
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upregulates genes, but not proteins, related to angiogenesis, cell migration and adhesion

which are essential for trophoblastic invasion (Muter et al., 2023).

Thus, we hypothesize the RNA overexpression may be a compensatory behaviour to the
insufficient protein biosynthesis. Indeed, PGRMC2 altered the expression of migration genes
[i.e., SI00A10 and CCR1 (Bissonnette et al., 2016; Li et al., 2020; Sang et al., 2022)]. A similar
response was previously reported in SKOV-3 ovarian cancer cells with limited migration
(Albrecht et al., 2012). Our in vitro outgrowth model supports our transcriptomic findings,
suggesting that PGRMC2 regulates hEnSCs cell migration, but not proliferation, during embryo
invasion into the d-hEnSCs. Considering the elevated ER stress in d-hEnSCs associated with
early pregnancy loss (Liu et al., 2011; Gao et al., 2012; Soczewski et al., 2020), this mechanism
of action may explain why the lack of PGRMC2 is associated with post-implantation failure

(Mccallum et al., 2016; Clark et al., 2017).

In addition, the increase of PRL in iPGRMC2 d-hEnSCs could be also a compensatory
mechanism. For instance, PRL has been shown to interact with various cytokines and growth
factors, which are crucial for the regulation of decidualization and trophoblastic invasion (Dos
Santos et al., 2012; Santos et al., 2021). This suggests that the absence of PGRMC2 could
disrupt these interactions and PRL may not effectively promote trophoblastic invasion or

decidualization.

Finally, the differential overexpression of non-classical versus classical PGRs in various
menstrual phases and in hEnSCs highlights the prominent role of non-classical PGRs in
reproductive functions. Moreover, the complementary expression patterns of PGRMC1 and
PGRMC2 in both proliferative and secretory phases, as well as in non-decidualized and
decidualized cells, suggests a parallel role in embryo implantation, and potentially, in

maintaining pregnancy.

Given the limited sample sizes in both transcriptomic and proteomic analyses, as well as in
the outgrowth model and Ki-67 analysis, our conclusions are preliminary and should be
interpreted cautiously. Transcriptomic measures mRNA levels, which do not always correlate
with protein expression levels due to post-transcriptional modifications and regulatory

mechanisms. Proteomics has its own limitations, particularly in detecting low-abundance
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proteins. This limitation could be responsible for the relatively low number of DEPs identified
in our study, as the sensitivity of current proteomic techniques may not be sufficient to
capture proteins with low expression levels. Additionally, the complexity of protein post-
translational modifications and the dynamic nature of the proteome can further complicate
the interpretation of proteomic data. Notwithstanding the limitations associated with the low
number of DEPs, the consistency of these findings with the transcriptomic results supports the
robustness of our data, indicating that the observed changes are biologically meaningful and
relevant. Overall, while both methods offer valuable insights, their inherent limitations
highlight the need for complementary approaches and advanced techniques to achieve a

more comprehensive understanding of the underlying biological processes.

Additionally, the use of a primary endometrial stromal population differentiated in vitro does
not fully represent the heterogeneity of the in vivo endometrium, nor does it account for the
paracrine communications between endometrial cell types. Moreover, the protein-level
results obtained through WB for PGRMC2 should be interpreted cautiously, as they may not
fully reflect the complex regulatory roles that PGRMC2 plays at functional levels within the
endometrium. Furthermore, our in vitro study has only analyzed PGRMC2 in the hEnSCs, and

its role in the epithelial compartment remains to be elucidated.

Despite these limitations, the results obtained have significant implications for the field of
assisted reproduction. Identifying PGRMC2 as a key regulator in decidualization and embryo
invasion opens new avenues for developing targeted therapies that could improve fertility
treatment outcomes, identifying new biomarkers in endometrial physiology, and
personalizing treatments. Furthermore, PGRMC2 might serve as a potential therapeutic target
for conditions associated with impaired decidualization and embryo invasion, such as RIF and
endometriosis. By modulating PGRMC2 activity or uncovering the triggers behind its lack of
expression, it might be possible to enhance endometrial receptivity and improve pregnancy

rates in patients undergoing assisted reproductive technologies.

Future research should focus on expanding the sample size to validate these findings and
further explore the interactions between PGRMC2 and other endometrial microenvironment

components. Additionally, in vivo studies evaluating the impact of PGRMC2 modulation in
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animal models could provide valuable insights into its role in implantation and pregnancy
maintenance. Specifically, investigating the mechanisms by which PGRMC2 regulates the
trophoblast-endometrium interaction and employing advanced techniques like single-cell
RNA sequencing could delineate the cell-specific roles of PGRMC2 in the endometrium.
Additionally, exploring the epigenetic regulation of PGRMC2 expression might uncover new

layers of complexity in its function and regulation.

This study presents the first in vivo characterization of PGRMC2 expression throughout the
human menstrual cycle and in in vitro decidualization of hEnSCs. We provide a comparative
analysis between the classical and non-classical PGRs systems, along with a novel
transcriptomic and proteomic approach to assess the functional implications of targeted
PGRMC2 knockdown in hEnSCs. Nevertheless, additional studies are needed to validate
PGRMC2’s mechanism of action and its intertwining relationship(s) with other non-classical
and classical PGRs during decidualization, to fully understand the role of these proteins in

female reproduction.
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VIII.  CONCLUSIONS

The conclusions drawn from this PhD thesis are:

1. PGRMC2 gene expression fluctuates in the human endometrium throughout the
menstrual cycle, significantly peaking during the mid-secretory phase compared to the

late secretory phase.

2. Nochangesin PGRMC2 protein abundance were detected along the human menstrual
cycle, despite significant mRNA changes. In contrast, immunohistochemistry analysis

revealed variations in PGRMC2 intensity, particularly in glandular and stromal cells.

3. After in vitro decidualization, PGRMC2 gene expression and protein abundance
significantly increased in human endometrial stromal cells, principally in cell

membranes and organelles.

4. The expression of non-classical PGRs was significantly higher than the classical PGRs
along the menstrual cycle and in both non-decidualized and decidualized human
endometrial stromal cells. While PGRMC1 and classical PGRs gene expression
significantly decreased during the secretory phases, PGRMC(C2 is the most expressed

receptor in the late secretory phase.

5. The PGRMC2 silencing in decidualized human endometrial stromal cells resulted in
significant changes at transcriptomic and proteomic levels. These changes affected a
range of biological processes, such as angiogenesis, cell migration, cell adhesion, and
cellular response; as well as cellular components like the ER, vesicles, the extracellular

matrix, organelles and plasma membranes, and mitochondria components.

6. PGRMC2 silencing impairs the ability of decidualized human endometrial stromal cells
to support trophoblast invasion, underscoring the importance of PGRMC2 in

facilitating stromal cells-trophoblast interactions.

117












IX | REFERENCES

IX. REFERENCES

Abid S, Gokral J, Maitra A, Meherji P, Kadam S, Pires E, Modi D. Altered expression of progesterone
receptors in testis of infertile men. Reprod Biomed Online 2008;17:175-184. Reproductive
Healthcare Ltd.

Adair TH, Montani J-P. Angiogenesis Colloquium series in integrated systems Physiology: from
moleCule to funCtion. In Granger DN, Granger J, editors. 2011; Morgan & Claypool Life

SciencesAvailable from: www.morganclaypool.com.

Aghajanova L, Altmée S, Bjuresten K, Hovatta O, Landgren BM, Stavreus-Evers A. Disturbances in the
LIF pathway in the endometrium among women with unexplained infertility. Fertil Steril

[Internet] 2009;91:2602-2610. Fertil Steril.

Aghajanova L, Hamilton AE, Giudice LC. Uterine receptivity to human embryonic implantation:
Histology, biomarkers, and transcriptomics. Semin Cell Dev Biol 2008a;19:204—-211. Academic

Press.

Aghajanova L, Simén C, Horcajadas JA. Are favorite molecules of endometrial receptivity still in favor?

Expert Rev Obstet Gynecol [Internet] 2008b;3:487-501. Taylor & Francis.

Albayrak iG, Azhari F, Colak EN, Balci BK, Ulgen E, Sezerman U, Bastu E, Giinel T. Endometrial gene
expression profiling of recurrent implantation failure after in vitro fertilization. Mol Biol Rep

[Internet] 2021;48:5075-5082. Mol Biol Rep.

Albrecht C, Huck V, Wehling M, Wendler A. In vitro inhibition of SKOV-3 cell migration as a distinctive
feature of progesterone receptor membrane component type 2 versus type 1. Steroids [Internet]

2012;77:1543-1550. Elsevier Inc.

Altmae S, Esteban FJ, Stavreus-Evers A, Simén C, Giudice L, Lessey BA, Horcajadas JA, Macklon NS,
D’Hooghe T, Campoy C, et al. Guidelines for the design, analysis and interpretation of “omics”
data: focus on human endometrium. Hum Reprod Update [Internet] 2014;20:12-28. Hum Reprod
Update.

Amijadi F, Mehdizadeh M, Ashrafi M, Nasrabadi D, Taleahmad S, Mirzaei M, Gupta V, Salekdeh GH,
Aflatoonian R. Distinct changes in the proteome profile of endometrial tissues in polycystic ovary
syndrome compared with healthy fertile women. Reprod Biomed Online [Internet] 2018;37:184—
200. Reprod Biomed Online.

Amso N, Crow J, Shaw W. Comparative immunohistochemical study of oestrogen and progesterone

121



IX | REFERENCES

receptors in the Fallopian tube and uterus at different stages of the menstrual cycle and the

menopause. Hum Reprod 1994;9:1027-1037.

Anelli T, Dalla Torre M, Borini E, Mangini E, Ulisse A, Semino C, Sitia R, Panina-Bordignon P. Profound
architectural and functional readjustments of the secretory pathway in decidualization of

endometrial stromal cells. Traffic 2022;23..

Aparicio IM, Garcia-Herreros M, O’Shea LC, Hensey C, Lonergan P, Fair T. Expression, Regulation, and
Function of Progesterone Receptors in Bovine Cumulus Oocyte Complexes During In Vitro

Maturation. Biol Reprod [Internet] 2011;84:910-921. Oxford Academic.

Aplin JD, Stevens A. Use of ‘omics for endometrial timing: the cycle moves on. Hum Reprod [Internet]

2022;37:644—650. Hum Reprod.

Aruna M, Nagaraja T, Andal S, Tarakeswari S, Sirisha PVS, Reddy AG, Thangaraj K, Singh L, Reddy BM.
Role of Progesterone Receptor Polymorphisms in the Recurrent Spontaneous Abortions: Indian

Case. PLoS One [Internet] 2010;5:e8712. Public Library of Science.

Baerwald AR, Adams GP, Pierson RA. Ovarian antral folliculogenesis during the human menstrual cycle:

a review. Hum Reprod Update [Internet] 2012;18:73-91. Hum Reprod Update.

Bahia W, Finan RR, Al-Mutawa M, Haddad A, Soua A, Janhani F, Mahjoub T, Almawi WY. Genetic
variation in the progesterone receptor gene and susceptibility to recurrent pregnancy loss: a
case—control study. BJOG An Int J Obstet Gynaecol [Internet] 2018;125:729-735. John Wiley &
Sons, Ltd.

Banu SK, Lee J, Speights VO, Starzinski-Powitz A, Arosh JA. Cyclooxygenase-2 regulates survival,
migration, and invasion of human endometriotic cells through multiple mechanisms.

Endocrinology [Internet] 2008;149:1180-1189. Endocrinology.

Barbagallo M, Dominguez L, Licata G, Shan J, Bing L, Karpinski E, Pang P, Resnick L. Vascular Effects of
Progesterone : Role of Cellular Calcium Regulation. Hypertens (Dallas, Tex 1979) [Internet]

2001;37:142-147. Hypertension.

Barragan F, Irwin JC, Balayan S, Erikson DW, Chen JC, Houshdaran S, Piltonen TT, Spitzer TLB, George
A, Rabban JT, et al. Human Endometrial Fibroblasts Derived from Mesenchymal Progenitors
Inherit Progesterone Resistance and Acquire an Inflammatory Phenotype in the Endometrial

Niche in Endometriosis. Biol Reprod [Internet] 2016;94:. Biol Reprod.

Barton BE, Herrera GG, Anamthathmakula P, Rock JK, Willie AM, Harris EA, Takemaru KiI,

Winuthayanon W. Roles of steroid hormones in oviductal function. Reproduction

122



IX | REFERENCES

2020;159:R125-R137.

Basatvat S, Russell JM, Saare M, Thurston LM, Salumets A, Fazeli A. Potential innate immunity-related
markers of endometrial receptivity and recurrent implantation failure (RIF). Reprod Biol [Internet]

2021;21:. Reprod Biol.

Bashour NM, Wray S. Progesterone Directly and Rapidly Inhibits GnRH Neuronal Activity via
Progesterone Receptor Membrane Component 1. Endocrinology [Internet] 2012;153:4457-4469.

Oxford Academic.
Batra S, losif C. Progesterone receptors in the female lower urinary tract. J Urol 1987;138:1301-1304.

Benkhalifa M, Ferreira YJ, Chahine H, Louanjli N, Miron P, Merviel P, Copin H. Mitochondria:
Participation to infertility as source of energy and cause of senescence. Int J Biochem Cell Biol

2014;55:60—-64. Pergamon.

Birmingham A, Anderson EM, Reynolds A, lIsley-Tyree D, Leake D, Fedorov Y, Baskerville S, Maksimova
E, Robinson K, Karpilow J, et al. 3’ UTR seed matches, but not overall identity, are associated with

RNAI off-targets. Nat Methods [Internet] 2006;3:199-204. Nat Methods.

Bissonnette L, Drissennek L, Antoine Y, Tiers L, Hirtz C, Lehmann S, Perrochia H, Bissonnette F, Kadoch
1J, Haouzi D, et al. Human S100A10 plays a crucial role in the acquisition of the endometrial

receptivity phenotype. Cell Adhes Migr 2016;10:282—-298.

Bland R. Steroid hormone receptor expression and action in bone. Clin Sci 2000;98:217-240. Portland

Press Ltd.

Bourbousse C, Ahmed I, Roudier F, Zabulon G, Blondet E, Balzergue S, Colot V, Bowler C, Barneche F.
Histone H2B monoubiquitination facilitates the rapid modulation of gene expression during

Arabidopsis photomorphogenesis. PLoS Genet [Internet] 2012;8:. PLoS Genet.

Branchini G, Schneider L, Cericatto R, Capp E, Brum |. Progesterone receptors A and B and estrogen
receptor alpha expression in normal breast tissue and fibroadenomas. Endocrine 2009;35:459—

466.

Brar AK, Frank GR, Kessler CA, Cedars MI, Handwerger S. Progesterone-Dependent Decidualization of

the Human Endometrium is Mediated by cAMP. Endocrine 1997;6:301-302.

Brinton RD, Thompson RF, Foy MR, Baudry M, Wang JM, Finch CE, Morgan TE, Pike CJ, Mack WJ,
Stanczyk FZ, et al. Progesterone receptors: Form and function in brain. Front Neuroendocrinol

2008;29:313-339. NIH Public Access.

Brosens JJ, Hayashi N, White JO. Progesterone Receptor Regulates Decidual Prolactin Expression in

123



IX | REFERENCES

Differentiating Human Endometrial Stromal Cells. Endocrinology [Internet] 1999a;140:4809—
4820. Oxford Academic.

Brosens JJ, Hayashi N, White JO. Progesterone receptor regulates decidual prolactin expression in
differentiating human endometrial stromal cells. Endocrinology [Internet] 1999b;140:4809—

4820. Endocrinology.

Brosens JJ, Pijnenborg R, Brosens IA. The myometrial junctional zone spiral arteries in normal and

abnormal pregnancies. Am J Obstet Gynecol [Internet] 2002;187:1416—-1423. Mosby Inc.

Bulun S, Cheng Y, Yin P, Imir G, Utsunomiya H, Attar E, Innes J, Julie Kim J. Progesterone resistance in

endometriosis: link to failure to metabolize estradiol. Mol Cell Endocrinol 2006;248:94—-103.

Bunch K, Tinnemore D, Huff S, Hoffer Z, Burney R, Stallings J. Expression patterns of progesterone
receptor membrane components 1 and 2 in endometria from women with and without

endometriosis. Reprod Sci 2014;21:190-197. Reprod Sci.

Bunch K, Tinnemore D, Huff S, Hoffer ZS, Burney RO, Stallings JD. Expression Patterns of Progesterone
Receptor Membrane Components 1 and 2 in Endometria From Women With and Without

Endometriosis. Reprod Sci 2013;0:1-8.

Burney R, Talbi S, Hamilton A, Vo K, Nyegaard M, Nezhat C, Lessey B, Giudice L. Gene expression
analysis of endometrium reveals progesterone resistance and candidate susceptibility genes in

women with endometriosis. Endocrinology [Internet] 2007;148:3814—3826. Endocrinology.

Byrjalsen I, Larsen PM, Fey SJ, Christiansen C. Human endometrial proteins with cyclic changes in the
expression during the normal menstrual cycle: characterization by protein sequence analysis.

Hum Reprod [Internet] 1995;10:2760—-2766. Hum Reprod.

Carbajo-Garcia MC, Corachan A, Juarez-Barber E, Monledn J, Paya V, Trelis A, Quifionero A, Pellicer A,
Ferrero H. Integrative analysis of the DNA methylome and transcriptome in uterine leiomyoma
shows altered regulation of genes involved in metabolism, proliferation, extracellular matrix, and

vesicles. J Pathol [Internet] 2022;257:663—-673. J Pathol.

Carrascosa JP, Horcajadas JA, Moreno-Moya JM. The Molecular Signature of the Endometrial
Receptivity: Research and Clinical Application. Reprod -Omics Revolut Its Impact Hum Reprod Med
2018;279-301. Academic Press.

Chen J, Ju HL, Yuan XY, Wang TJ, Lai BQ. SOX4 is a potential prognostic factor in human cancers: a
systematic review and meta-analysis. Clin Transl Oncol [Internet] 2016;18:65—72. Clin Transl

Oncol.

124



IX | REFERENCES

Chen JIC, Hannan NJ, Mak Y, Nicholls PK, Zhang J, Rainczuk A, Stanton PG, Robertson DM, Salamonsen
LA, Stephens AN. Proteomic characterization of midproliferative and midsecretory human

endometrium. J Proteome Res 2009;8:2032—-2044. J Proteome Res.

Chen S, Gai J, Wang Y, Li H. FoxO regulates expression of decidual protein induced by progesterone

(DEPP) in human endothelial cells. FEBS Lett [Internet] 2011;585:1796—1800. FEBS Lett.

Chettiar V, Patel A, Chettiar SS, Jhala DD. Meta-analysis of endometrial transcriptome data reveals
novel molecular targets for recurrent implantation failure. J Assist Reprod Genet [Internet]

2024;41:1417-1431. J Assist Reprod Genet.

Cho H, Okada H, Tsuzuki T, Nishigaki A, Yasuda K, Kanzaki H. Progestin-induced heart and neural crest
derivatives expressed transcript 2 is associated with fibulin-1 expression in human endometrial

stromal cells. Fertil Steril [Internet] 2013;99:. Fertil Steril.

Christian M, Mak I, White JO, Brosens JJ. Mechanisms of decidualization. Reprod Biomed Online
2002a;4:24-30. Elsevier.

Christian M, Zhang X, Schneider-Merck T, Unterman TG, Gellersen B, White JO, Brosens JJ. Cyclic AMP-
induced forkhead transcription factor, FKHR, cooperates with CCAAT/enhancer-binding protein
beta in differentiating human endometrial stromal cells. J Biol Chem [Internet] 2002b;277:20825—
20832. J Biol Chem.

Clark N, PruC, Yee S, Lydon J, Peluso J, Pru J. Conditional Ablation of Progesterone Receptor Membrane
Component 2 Causes Female Premature Reproductive Senescence. Endocrinology

2017;158:640-651. Endocrinology.

Cloke B, Huhtinen K, Fusi L, Kajihara T, Yliheikkila M, Ho KK, Teklenburg G, Lavery S, Jones MC, Trew G,
et al. The androgen and progesterone receptors regulate distinct gene networks and cellular
functions in decidualizing endometrium. Endocrinology [Internet] 2008;149:4462—-4474.

Endocrinology.
Cobrinik D. Pocket proteins and cell cycle control. Oncogene [Internet] 2005;24:2796—2809. Oncogene.

Conneely I, Mulac-Jericevic B, DeMayo F, Lydon J, O’Malley B. Reproductive functions of progesterone

receptors. Recent Prog Horm Res 2002;57:339-355. Recent Prog Horm Res.

Conneely OM, Lydon JP. Progesterone receptors in reproduction: Functional impact of the A and B

isoforms. Steroids [Internet] 2000;65:571-577. Steroids.

Conneely OM, Mulac-Jericevic B, Arnet-Mansfield R. Progesterone Signaling in Mammary Gland

Development. Ernst Schering Found Symp Proc 2008;1:45-54.

125



IX | REFERENCES

Cope DI, Monsivais D. Progesterone Receptor Signaling in the Uterus Is Essential for Pregnancy Success.

Cells [Internet] 2022;11:. Multidisciplinary Digital Publishing Institute (MDPI).

Coulam C. What about superfertility, decidualization, and natural selection? J Assist Reprod Genet

[Internet] 2016;33:577. Springer New York LLC.

Cowan S, Calder A, Kelly R. Decidualisation of cervical stromal cells. Eur J Obstet Gynecol Reprod Biol

2004,114:189-196.

Critchley HOD, Maybin JA, Armstrong GM, Williams ARW. Physiology of the Endometrium and
Regulation of Menstruation. Physiol Rev [Internet] 2020;100:1149-1179. Physiol Rev.

Critchley HOD, Robertson KA, Forster T, Henderson TA, Williams ARW, Ghazal P. Gene expression
profiling of mid to late secretory phase endometrial biopsies from women with menstrual

complaint. Am J Obstet Gynecol [Internet] 2006;195:. Am J Obstet Gynecol.

Cunningham F, Leveno K, Dashe J, Hoffman B, Spong C, Casey B. Williams obstetrics. New York: McGraw
Hill; 2022. [Internet]. In Cunningham F, Leveno K, Dashe J, Hoffman B, Spong C, Casey B, editors.
2022; New York : McGraw HillAvailable from:
https://catalog.nlm.nih.gov/discovery/fulldisplay?docid=alma9918248107706676&context=L&v
id=01INLM_INST:01NLM_INST&lang=en&search_scope=Mylnstitution&adaptor=Local = Search
Engine&tab=LibraryCatalog&query=Ids04,exact,101626979&sortby=date_d&facet=frbrgroupid,i
nclude,9017253716098721612&offset=0.

Daly DC, Maslar IA, Riddick DH. Prolactin production during in vitro decidualization of proliferative

endometrium. Am J Obstet Gynecol [Internet] 1983;145:672—678. Am J Obstet Gynecol.

Demayo FJ, Lydon JP. New insights into progesterone receptor signaling in the endometrium required

for embryo implantation. J Mol Endocrinol [Internet] 2020;65:T1. BioScientifica Ltd.

Deng J, Carbajal L, Evaul K, Rasar M, Jamnongjit M, Hammes SR. Nongenomic Steroid-Triggered Oocyte

Maturation: Of Mice and Frogs. Steroids 2009;74:595. NIH Public Access.

Deryabin P, Griukova A, Nikolsky N, Borodkina A. The link between endometrial stromal cell
senescence and decidualization in female fertility: the art of balance. Cell Mol Life Sci

2020;77:1357-1370. Cell Mol Life Sci.

Dias Da Silva |, Wuidar V, Zielonka M, Pequeux C. Unraveling the Dynamics of Estrogen and
Progesterone Signaling in the Endometrium: An Overview. Cells 2024, Vol 13, Page 1236
[Internet] 2024;13:1236. Multidisciplinary Digital Publishing Institute.

Diaz-Gimeno P, Ruiz-Alonso M, Blesa D, Simdn C. Transcriptomics of the human endometrium. Int J

126



IX | REFERENCES

Dev Biol [Internet] 2014;58:127-137. UPV/EHU Press.

Dimitriadis E, Robb L, Salamonsen LA. Interleukin 11 advances progesterone-induced decidualization
of human endometrial stromal cells. Mol Hum Reprod [Internet] 2002;8:636—-643. Mol Hum

Reprod.

Doglioni C, Gambacorta M, Zamboni G, Coggi G, Viale G. Immunocytochemical localization of
progesterone receptors in endocrine cells of the human pancreas. Am J Pathol [Internet]

1990;137:999-1005. American Society for Investigative Pathology.

Doi-Tanaka Y, Tamura |, Shiroshita A, Fujimura T, Shirafuta Y, Maekawa R, Taketani T, Sato S, Sugino N.
Differential gene expression in decidualized human endometrial stromal cells induced by

different stimuli. Sci Rep [Internet] 2024;14:. Sci Rep.

Doll A, Abal M, Rigau M, Monge M, Gonzalez M, Demajo S, Colas E, Llauradd M, Alazzouzi H, Planaguma
J, et al. Novel molecular profiles of endometrial cancer-new light through old windows. J Steroid

Biochem Mol Biol [Internet] 2008;108:221-229. J Steroid Biochem Mol Biol.

Dominguez F, Gadea B, Mercader A, Esteban FJ, Pellicer A, Simén C. Embryologic outcome and
secretome profile of implanted blastocysts obtained after coculture in human endometrial

epithelial cells versus the sequential system. Fertil Steril 2010;93:.

Dominguez F, Garrido-Gémez T, Lépez JA, Camafeita E, Quifionero A, Pellicer A, Simdn C. Proteomic
analysis of the human receptive versus non-receptive endometrium using differential in-gel
electrophoresis and MALDI-MS unveils stathmin 1 and annexin A2 as differentially regulated.

Hum Reprod 2009;24:2607-2617.

Dominguez F, Remohi J, Pellicer A, Simén C. Human endometrial receptivity: a genomic approach.

Reprod Biomed Online [Internet] 2003;6:332—338. Reprod Biomed Online.

Dressing G, Goldberg J, Charles N, Schwertfeger K, Lange C. Membrane progesterone receptor
expression in mammalian tissues; a review of regulation and physiological implications. Steroids

2011;76:11-17.

Ehn NL, Cooper ME, Orr K, Shi M, Johnson MK, Caprau D, Dagle J, Steffen K, Johnson K, Marazita ML,
et al. Evaluation of Fetal and Maternal Genetic Variation in the Progesterone Receptor Gene for
Contributions to Preterm Birth. Pediatr Res 2007 625 [Internet] 2007;62:630—-635. Nature
Publishing Group.

Engert S, Burtscher I, Liao WP, Dulev S, Schotta G, Lickert H. Wnt/B-catenin signalling regulates Sox17

expression and is essential for organizer and endoderm formation in the mouse. Dev

127



IX | REFERENCES

2013;140:3128-3138.

Evans GE, Martinez-Conejero JA, Phillipson GTM, Simén C, McNoe LA, Sykes PH, Horcajadas JA, Lam
EYN, Print CG, Sin IL, et al. Gene and protein expression signature of endometrial glandular and
stromal compartments during the window of implantation. Fertil Steril 2012;97:1365-1373.e2.

Elsevier.

Evans J, Infusini G, McGovern J, Cuttle L, Webb A, Nebl T, Milla L, Kimble R, Kempf M, Andrews CJ, et
al. Menstrual fluid factors facilitate tissue repair: identification and functional action in

endometrial and skin repair. FASEB J [Internet] 2019;33:584—605. FASEB J.

Evans J, Salamonsen LA, Winship A, Menkhorst E, Nie G, Gargett CE, Dimitriadis E. Fertile ground:
human endometrial programming and lessons in health and disease. Nat Rev Endocrinol

[Internet] 2016;12:654-667. Nat Rev Endocrinol.

Falk MJ, Li D, Gai X, McCormick E, Place E, Lasorsa FM, Otieno FG, Hou C, Kim CE, Abdel-Magid N, et al.
AGC1 Deficiency Causes Infantile Epilepsy, Abnormal Myelination, and Reduced N-
Acetylaspartate. JIMD Rep [Internet] 2014;14:77-85. JIMD Rep.

Falkenstein E, Meyer C, Eisen C, Scriba P, Wehling M. Full-length cDNA sequence of a progesterone
membrane-binding protein from porcine vascular smooth muscle cells. Biochem Biophys Res

Commun [Internet] 1996;229:86—89. Biochem Biophys Res Commun.

Farquharson RG, Jauniaux E, Exalto N. Updated and revised nomenclature for description of early

pregnancy events. Hum Reprod [Internet] 2005;20:3008—-3011. Hum Reprod.

Fenczik CA, Sethi T, Ramos JW, Hughes PE, Ginsberg MH. Complementation of dominant suppression

implicates CD98 in integrin activation. Nature [Internet] 1997;390:81-85. Nature.

Fernandes MS, Pierron V, Michalovich D, Astle S, Thornton S, Peltoketo H, Lam EWF, Gellersen B,
Huhtaniemi |, Allen J, et al. Regulated expression of putative membrane progestin receptor

homologues in human endometrium and gestational tissues. J Endocrinol 2005;187:89-101.

Ferrari A, Petraglia F, Gurpide E. Corticotropin releasing factor decidualizes human endometrial
stromal cells in vitro. Interaction with progestin. J Steroid Biochem Mol Biol 1995;54:251-255.

Pergamon.

Finidori-Lepicard J, Schorderet-Slatkine S, Hanoune J, Baulieu E-E. Progesterone inhibits membrane-
bound adenylate cyclase in Xenopus laevis oocytes. Nat 1981 2925820 [Internet] 1981;292:255—-
257. Nature Publishing Group.

Fleisch M, Chou Y, Cardiff R, Asaithambi A, Shyamala G. Overexpression of progesterone receptor A

128



IX | REFERENCES

isoform in mice leads to endometrial hyperproliferation, hyperplasia and atypia. Mol Hum Reprod

2009;15:241-249. Mol Hum Reprod.

Foresta C, Rossato M, Virgilio F Di. lon fluxes through the progesterone-activated channel of the sperm

plasma membrane. Biochem J [Internet] 1993;294 ( Pt 1:279-283. Biochem J.

Frank GR, Brar AK, Cedars MI, Handwerger S. Prostaglandin E2 enhances human endometrial stromal

cell differentiation. Endocrinology [Internet] 1994;134:258-263. Endocrinology.

Friel A, Zhang L, Pru C, Clark N, McCallum M, Blok L, Shioda T, Peluso J, Rueda B, Pru K, et al.
Progesterone receptor membrane component 1 deficiency attenuates growth while promoting
chemosensitivity of human endometrial xenograft tumors. Cancer lett [Internet] 2015;356:434—

442.

Frye C, Sumida K, Dudek B, Harney J, Lydon J, O’Malley B, Pfaff D, Rhodes M. Progesterone’s effects to
reduce anxiety behavior of aged mice do not require actions via intracellular progestin receptors.

Psychopharmacology (Berl) [Internet] 2006;186:312—322. Psychopharmacology (Berl).

Frye CA, Vongher JM. Progesterone has rapid and membrane effects in the facilitation of female mouse

sexual behavior. Brain Res [Internet] 1999;815:259-269. Brain Res.

Gabriel MS, Chan SW, Alhathal N, Chen JZ, Zini A. Influence of microsurgical varicocelectomy on human
sperm mitochondrial DNA copy number: a pilot study. J Assist Reprod Genet [Internet]

2012;29:759-764. ) Assist Reprod Genet.

Galmozzi A, Kok BP, Kim AS, Montenegro-burke JR, Lee JY, Spreafico R, Mosure S, Albert V, Cintron-
colon R, Godio C, et al. PGRMC2 is an intracellular haem chaperone critical for adipocyte function.

Nature [Internet] 2019;576:. Springer US.

Gao HJ, Zhu YM, He WH, Liu AX, Dong MY, Jin M, Sheng JZ, Huang HF. Endoplasmic reticulum stress
induced by oxidative stress in decidual cells: A possible mechanism of early pregnancy loss. Mol

Biol Rep 2012;39..

Garrido-Gomez T, Castillo-Marco N, Clemente-Ciscar M, Cordero T, Mufioz-Blat I, Amadoz A, Jimenez-
Almazan J, Monfort-Ortiz R, Climent R, Perales-Marin A, et al. Disrupted PGR-B and ESR1 signaling

underlies defective decidualization linked to severe preeclampsia. Elife [Internet] 2021;10:. Elife.

Garrido-Gémez T, Quifionero A, Antlinez O, Diaz-Gimeno P, Bellver J, Simén C, Dominguez F.
Deciphering the proteomic signature of human endometrial receptivity. Hum Reprod

2014;29:1957-1967.

Garrido-Gomez T, Quifionero A, Dominguez F, Rubert L, Perales A, Hajjar KA, Simon C. Preeclampsia: a

129



IX | REFERENCES

defect in decidualization is associated with deficiency of Annexin A2. Am J Obstet Gynecol

2020;222:376.e1-376.e17. Mosby.

Garrido-Gomez T, Ruiz-Alonso M, Blesa D, Diaz-Gimeno P, Vilella F, Simén C. Profiling the gene
signature of endometrial receptivity: clinical results. Fertil Steril [Internet] 2013;99:1078-1085.

Fertil Steril.

Geldon S, Fernandez-Vizarra E, Tokatlidis K. Redox-Mediated Regulation of Mitochondrial Biogenesis,
Dynamics, and Respiratory Chain Assembly in Yeast and Human Cells. Front Cell Dev Biol

2021;9:2344. Frontiers Media S.A.

Gellersen B, Brosens IA, Brosens JJ. Decidualization of the human endometrium: Mechanisms,

functions, and clinical perspectives. Semin Reprod Med 2007;25:445-453.

Gellersen B, Brosens J. Cyclic AMP and progesterone receptor cross-talk in human endometrium: A

decidualizing affair. J Endocrinol 2003;178:357-372.

Gellersen B, Brosens JJ. Cyclic decidualization of the human endometrium in reproductive health and

failure. Endocr Rev 2014;35:851-905.

Gellersen B, Fernandes MS, Brosens JJ. Non-genomic progesterone actions in female reproduction.

Hum Reprod Update 2009;15:119-138.

Gellersen B, Kempf R, Telgmann R, DiMattia GE. Nonpituitary human prolactin gene transcription is
independent of Pit-1 and differentially controlled in lymphocytes and in endometrial stroma. Mol

Endocrinol [Internet] 1994;8:356—-373. Mol Endocrinol.

Gerdes D, Wehling M, Leube B, Falkenstein E. Cloning and tissue expression of two putative steroid

membrane receptors. Biol Chem [Internet] 1998;379:907-911. Biol Chem.

Giudice LC. Application of functional genomics to primate endometrium: insights into biological

processes. Reprod Biol Endocrinol [Internet] 2006;4 Suppl 1: Reprod Biol Endocrinol.

Gomez E, Ruiz-Alonso M, Miravet J, Simén C. Human Endometrial Transcriptomics: Implications for
Embryonic Implantation. Cold Spring Harb Perspect Med [Internet] 2015;5:a022996. Cold Spring

Harbor Laboratory Press.

Goncalves J, Moog S, Morin A, Gentric G, Mdller S, Morrell AP, Kluckova K, Stewart TJ, Andoniadou CL,
Lussey-Lepoutre C, et al. Loss of SDHB Promotes Dysregulated Iron Homeostasis, Oxidative Stress,

and Sensitivity to Ascorbate. Cancer Res [Internet] 2021;81:3480-3494. Cancer Res.

Gonzalez-Orozco J, Camacho-Arroyo |. Progesterone Actions During Central Nervous System

Development. Front Neurosci 2019;13:. Front Neurosci.

130



IX | REFERENCES

Graham J, Clarke C. Physiological action of progesterone in target tissues. Endocr Rev 1997;18:502—
519.

Graziottin A, Gambini D. Anatomy and physiology of genital organs - women. Handb Clin Neurol

[Internet] 2015;130:39-60. Handb Clin Neurol.

Griffin D, Liu X, Pru C, Pru J, Peluso J. Expression of progesterone receptor membrane component-2
within the immature rat ovary and its role in regulating mitosis and apoptosis of spontaneously

immortalized granulosa cells. Biol Reprod 2014;91:. Biol Reprod.

Gunther V, Allahqoli L, Deenadayal-Mettler A, Maass N, Mettler L, Gitas G, Andresen K, Schubert M,
Ackermann J, Otte S von, et al. Molecular Determinants of Uterine Receptivity: Comparison of
Successful Implantation, Recurrent Miscarriage, and Recurrent Implantation Failure. Int J Mol Sci

[Internet] 2023;24:. Int J Mol Sci.

Guo M, Zhang C, Wang Y, Feng L, Wang Z, Niu W, Du X, Tang W, Li Y, Wang C, et al. Progesterone
Receptor Membrane Component 1 Mediates Progesterone-Induced Suppression of Oocyte
Meiotic Prophase | and Primordial Folliculogenesis. Sci Reports 2016 61 [Internet] 2016;6:1-14.
Nature Publishing Group.

Guo X, Li TC, Chen X. The endometrial proteomic profile around the time of embryo implantation. Bio/

Reprod [Internet] 2021;104:11-26. Oxford Academic.

GurungS, Greening DW, Rai A, Poh QH, Evans J, Salamonsen LA. The proteomes of endometrial stromal
cell-derived extracellular vesicles following a decidualizing stimulus define the cells’ potential for
decidualization success. Mol Hum Reprod 2021;27:1-17.

Haibin K, Qi C, Xiujun F, Ying Z, Li Z, Hongying P, Yujing C, Enkui D. CXCL14 inhibits trophoblast
outgrowth via a paracrine/autocrine manner during early pregnancy in mice. J Cell Physiol

2009;221:448-457.

Hamaguchi M, Yamamoto T, Sugiyama Y. Production of prolactin by cultures of isolated cells from

human first-trimester decidua. Obstet Gynecol [Internet] 1990;76:783—-787. Obstet Gynecol.

Haouzi D, Dechaud H, Assou S, Vos J De, Hamamah S. Insights into human endometrial receptivity from

transcriptomic and proteomic data. Reprod Biomed Online [Internet] 2012;24:23—-34. Elsevier.

Hawkins SM, Matzuk MM. Menstrual Cycle: Basic Biology. Ann N Y Acad Sci [Internet] 2008;1135:10.

Blackwell Publishing Inc.

Hazano K, Haneda S, Kayano M, Matsui M. Local sex steroid hormone milieu in the bovine oviduct

ipsilateral and contralateral to preovulatory follicle or corpus luteum during the periovulatory

131



IX | REFERENCES

phase. Domest Anim Endocrinol [Internet] 2021;74:. Domest Anim Endocrinol.

Head G, Downing J, Brucker C, Mentlein R, Kendall M. Rapid progesterone actions on thymulin-
secreting epithelial cells cultured from rat thymus. Neuroimmunomodulation [Internet]

1999;6:31-38. Neuroimmunomodulation.

Heng S, Paule S, Hardman B, Li Y, Singh H, Rainczuk A, Stephens AN, Nie G. Posttranslational activation
of bone morphogenetic protein 2 is mediated by proprotein convertase 6 during decidualization

for pregnancy establishment. Endocrinology [Internet] 2010;151:3909-3917. Endocrinology.

Hess AP, Hamilton AE, Talbi S, Dosiou C, Nyegaard M, Nayak N, Genbecev-Krtolica O, Mavrogianis P,
Ferrer K, Kruessel J, et al. Decidual Stromal Cell Response to Paracrine Signals from the
Trophoblast: Amplification of Immune and Angiogenic Modulators. Biol Reprod [Internet]

2007;76:102—-117. Oxford Academic.

Hill KK, Roemer SC, Churchill MEA, Edwards DP. Structural and Functional Analysis of Domains of the
Progesterone Receptor. Mol Cell Endocrinol [Internet] 2012;348:418. NIH Public Access.

Hirota Y. Progesterone governs endometrial proliferation-differentiation switching and blastocyst

implantation. Endocr J 2019a;66:199-206. Endocr J.

Hirota Y. Progesterone governs endometrial proliferation differentiation switching and blastocyst

implantation. Endocr J 2019b;66:199-206.

Horcajadas JA, Pellicer A, Simén C. Wide genomic analysis of human endometrial receptivity: New

times, new opportunities. Hum Reprod Update 2007;13:77-86.

Horcajadas JA, Riesewijk A, Dominguez F, Cervero A, Pellicer A, Simén C. Determinants of endometrial

receptivity. Ann N Y Acad Sci [Internet] 2004;1034:166—175. Ann N Y Acad Sci.

Horie K, Takakura K, Fujiwara H, Suginami H, Liao S, Mori T. Immunohistochemical localization of
androgen receptor in the human ovary throughout the menstrual cycle in relation to oestrogen

and progesterone receptor expression. Hum Reprod 1992;7:184-190.

Hosseinirad H, Novin M, Hosseini S, Nazarian H, Safaei Z, Hashemi T, Paktinat S, Mofarahe Z. Evaluation
of Expression and Phosphorylation of Progesterone Receptor in Endometrial Stromal Cells of
Patients with Recurrent Implantation Failure Compared to Healthy Fertile Women. Reprod Sci

2021;28:1457-1465. Reprod Sci.

Huang JR, Tseng L, Bischof P, Janne OA. Regulation of prolactin production by progestin, estrogen, and
relaxin in human endometrial stromal cells. Endocrinology [Internet] 1987;121:2011-2017.

Endocrinology.

132



IX | REFERENCES

Huang P, Deng W, Bao H, Lin Z, Liu M, Wu J, Zhou X, Qiao M, Yang Y, Cai H, et al. SOX4 facilitates PGR
protein stability and FOXO1 expression conducive for human endometrial decidualization. Elife

[Internet] 2022;11.:. Elife.

Huyen D V., Bany BM. Evidence for a conserved function of heart and neural crest derivatives
expressed transcript 2 in mouse and human decidualization. Reproduction [Internet]

2011;142:353-368. Reproduction.

Irwin JC, Fuentes L de las., Giudice LC. Growth factors and decidualization in vitro. Ann N Y Acad Sci

[Internet] 1994;734:7-18. Ann N Y Acad Sci.

Irwin JC, Kirk D, King RJB, Quigley MM, Gwatkin RBL. Hormonal regulation of human endometrial
stromal cells in culture: an in vitro model for decidualization. Fertil Steril [Internet] 1989;52:761—

768. Fertil Steril.

Irwin JC, Utian WH, Eckert RL. Sex steroids and growth factors differentially regulate the growth and
differentiation of cultured human endometrial stromal cells. Endocrinology [Internet]

1991;129:2385-2392. Endocrinology.

Ito K, Utsunomiya H, Yaegashi N, Sasano H. Biological roles of estrogen and progesterone in human
endometrial carcinoma--new developments in potential endocrine therapy for endometrial

cancer. Endocr J [Internet] 2007;54:667—679. Endocr J.

Iwai T, Nanbu Y, lwai M, Taii S, Fujii S, Mori T. Inmunohistochemical localization of oestrogen receptors
and progesterone receptors in the human ovary throughout the menstrual cycle. Virchows Arch

A Pathol Anat Histopathol 1990;417:369—-375. Springer.

Jabbour H, Kelly R, Fraser H, Critchley H. Endocrine regulation of menstruation. Endocr Rev

2006;27:17-46. Endocr Rev.

Jackson AL, Linsley PS. Recognizing and avoiding siRNA off-target effects for target identification and

therapeutic application. Nat Rev Drug Discov [Internet] 2010;9:57-67. Nat Rev Drug Discov.

Jacobsen BM, Horwitz KB. Progesterone receptors, their isoforms and progesterone regulated

transcription. Mol Cell Endocrinol 2012;357:18-29. Mol Cell Endocrinol.

Jia Z, Wei Y, Zhang Y, Song K, Yuan J. Metabolic reprogramming and heterogeneity during the
decidualization process of endometrial stromal cells. Cell Commun Signal [Internet] 2024;22:1—

19. BioMed Central Ltd.

Jiang J, Wu R fang, Wang Z hai, Sun H chen, Xu Z, Xiu H ming. Effect of mifepristone on estrogen and

progesterone receptors in human endometrial and endometriotic cells in vitro. Fertil Steril

133



IX | REFERENCES

2002;77:995-1000. Elsevier.

Jiang Y, Yuan X, Li B, Liu M, Shi Y, Feng J, Zhou H, Ou M, Huang X. TOB1 modulates the decidualization
of human endometrial stromal cells via the Notch pathway. J Assist Reprod Genet [Internet]

2021,;38:2641-2650. Springer.

Jones MC, Fusi L, Higham JH, Abdel-Hafiz H, Horwitz KB, Lam EWF, Brosens JJ. Regulation of the SUMO
pathway sensitizes differentiating human endometrial stromal cells to progesterone. Proc Natl

Acad Sci U S A [Internet] 2006;103:16272-16277. Proc Natl Acad Sci U S A.

Jones RE, Lopez KH. The Female Reproductive System. Hum Reprod Biol [Internet] 2014;23-50.
ElsevierAvailable from: https://linkinghub.elsevier.com/retrieve/pii/B9780123821843000027.

Jones RL, Morison NB, Hannan NJ, Critchley HOD, Salamonsen LA. Chemokine expression is
dysregulated in the endometrium of women using progestin-only contraceptives and correlates
to elevated recruitment of distinct leukocyte populations. Hum Reprod [Internet] 2005;20:2724—
2735. Hum Reprod.

Jihlen R, Landgraf D, Huebner A, Koehler K. Identification of a novel putative interaction partner of the

nucleoporin ALADIN. Biol Open 2016;5:1697—-1705. The Company of Biologists.

Kajihara T, Brosens JJ, Ishihara O. The role of FOXO1 in the decidual transformation of the

endometrium and early pregnancy. Med Mol Morphol [Internet] 2013;46:61-68. Springer Tokyo.

Kajihara T, Tanaka K, Oguro T, Tochigi H, Prechapanich J, Uchino S, Itakura A, Su¢urovi¢ S, Murakami K,
Brosens JJ, et al. Androgens modulate the morphological characteristics of human endometrial

stromal cells decidualized in vitro. Reprod Sci [Internet] 2014;21:372-380. Reprod Sci.

Karteris E, Zervou S, Pang Y, Dong J, Hillhouse EW, Randeva HS, Thomas P. Progesterone signaling in
human myometrium through two novel membrane G protein-coupled receptors: Potential role

in functional progesterone withdrawal at term. Mol Endocrinol 2006;20:1519-1534.

Katayama S, Ashizawa K, Gohma H, Fukuhara T, Narumi K, Tsuzuki Y, Tatemoto H, Nakada T, Nagai K.
The expression of Hedgehog genes (Ihh, Dhh) and Hedgehog target genes (Ptc1, Glil, Coup-Tfll)
is affected by estrogenic stimuli in the uterus of immature female rats. Toxicol App! Pharmacol

2006;217:375—-383. Academic Press.

Kawamura T, Tomari H, Onoyama |, Araki H, Yasunaga M, Lin C, Kawamura K, Yokota N, Yoshida S, Yagi
H, et al. Identification of genes associated with endometrial cell ageing. Mol Hum Reprod

2021;27:1-12.

Kaya HS, Hantak AM, Stubbs LJ, Taylor RN, Bagchi IC, Bagchi MK. Roles of progesterone receptor A and

134



IX | REFERENCES

B isoforms during human endometrial decidualization. Mol Endocrinol 2015;29:882—-895.

Keator CS, Mah K, Slayden OD. Alterations in progesterone receptor membrane component 2 (
PGRMC2 ) in the endometrium of macaques afflicted with advanced endometriosis. Mol Hum

Reprod 2012;18:308—-319.

Keske A, Polaki US, Matson DR. Immunohistochemical Analysis of GATA2 Expression in Endometrium
and its Relationship with Hormone Receptor Expression in Benign and Premalignant Endometrial
Disorders. Reprod Sci [Internet] 2024; Reprod SciAvailable from:
https://pubmed.ncbi.nim.nih.gov/39443360/.

Kim J, Kurita T, Bulun S. Progesterone action in endometrial cancer, endometriosis, uterine fibroids,

and breast cancer. Endocr Rev 2013;34:130-162.

Kim S-M, Kim J-S. A Review of Mechanisms of Implantation. Dev Reprod [Internet] 2017;21:351. Korean

Society of Developmental Biology.

Kim TH, Yoo JY, Choi KC, Shin JH, Leach RE, Fazleabas AT, Young SL, Lessey BA, Yoon HG, Jeong JW. Loss
of HDAC3 results in nonreceptive endometrium and female infertility. Sci Transl Med [Internet]

2019;11:. Sci Transl Med.

Kimura |, Nakayama Y, Konishi M, Terasawa K, Ohta M, Itoh N, Fujimoto M. Functions of MAPR
(Membrane-Associated Progesterone Receptor) Family Members As Heme/Steroid-Binding

Proteins. Curr Protein Pept Sci 2012;13:687—-696.

King AE, Critchley HOD, Kelly RW. The NF-kB pathway in human endometrium and first trimester
decidua. Mol Hum Reprod [Internet] 2001;7:175-183. Oxford Academic.

Kinnear S, Salamonsen LA, Francois M, Harley V, Evans J. Uterine SOX17: a key player in human
endometrial receptivity and embryo implantation. Sci Reports 2019 91 [Internet] 2019;9:1-10.

Nature Publishing Group.

Kitawaki J, Koshiba H, Ishihara H, Kusuki I, Tsukamoto K, Honjo H. Expression of leptin receptor in
human endometrium and fluctuation during the menstrual cycle. J Clin Endocrinol Metab

2000;85:1946-1950.

Kohlmeier A, Sison CAM, Yilmaz BD, Coon JSV, Dyson MT, Bulun SE. GATA2 and Progesterone Receptor
Interaction in Endometrial Stromal Cells Undergoing Decidualization. Endocrinology [Internet]

2020;161:bgaa070. Endocrine Society.

Kong T, Liu M, Ji B, Bai B, Cheng B, Wang C. Role of the Extracellular Signal-Regulated Kinase 1/2

Signaling Pathway in Ischemia-Reperfusion Injury. Front Physiol 2019;10:469697. Frontiers Media

135



IX | REFERENCES

S.A.

Kowalik M, Rekawiecki R, Kotwica J. The putative roles of nuclear and membrane-bound progesterone

receptors in the female reproductive tract. Reprod Biol 2013a;13:279-289.

Kowalik MK, Dobrzyn K, Rekawiecki R, Kotwica J. Expression of membrane progestin receptors (mPRs)
o, B and y in the bovine uterus during the oestrous cycle and pregnancy. Theriogenology

[Internet] 2019;140:171-179. Elsevier Ltd.

Kowalik MK, Martyniak M, Rekawiecki R, Kotwica J. Expression and immunolocalization of membrane
progesterone receptors in the bovine oviduct. Domest Anim Endocrinol [Internet] 2016;55:83—

96. Elsevier Ltd.

Kowalik MK, Rekawiecki R, Kotwica J. The putative roles of nuclear and membrane-bound
progesterone receptors in the female reproductive tract. Reprod Biol [Internet] 2013b;13:279—-
289. Society for Biology of Reproduction &amp; the Institute of Animal Reproduction and Food

Research of Polish Academy of Sciences in Olsztyn.

Kramer AC, Erikson DW, McLendon BA, Seo H, Hayashi K, Spencer TE, Bazer FW, Burghardt RC, Johnson
GA. SPP1 expression in the mouse uterus and placenta: Implications for implantationt. Biol

Reprod 2021;105:892-904.

Krietsch T, Fernandes MS, Kero J, Lésel R, Heyens M, Lam EWF, Huhtaniemi |, Brosens JJ, Gellersen B.
Human homologs of the putative G protein-coupled membrane progestin receptors (mPRa, B,
and y) localize to the endoplasmic reticulum and are not activated by progesterone. Mol

Endocrinol 2006;20:3146—-3164.

Kuang H Bin, Chen Q, Zhang Y, Zhang L, Peng HY, Ning LN, Cao Y, Duan EK. The Cytokine Gene CXCL14
Restricts Human Trophoblast Cell Invasion by Suppressing Gelatinase Activity. Endocrinology

[Internet] 2009;150:5596-5605. Oxford Academic.

Kumar V, Soni UK, Maurya VK, Singh K, Jha RK. Integrin beta8 (ITGB8) activates VAV-RACI1 signaling via
FAK in the acquisition of endometrial epithelial cell receptivity for blastocyst implantation. Sci

Rep 2017;7:1-18.

Kunz G, Beil D, Deininger H, Wudt L, Leyendecker G. The dynamics of rapid sperm transport through
the female genital tract: evidence from vaginal sonography of uterine peristalsis and

hysterosalpingoscintigraphy. Hum Reprod 1996;11:627—-632.

Kurihara I, Lee DK, Petit FG, Jeong J, Lee K, Lydon JP, DeMayo FJ, Tsai MJ, Tsai SY. COUP-TFIl mediates

progesterone regulation of uterine implantation by controlling ER activity. PLoS Genet [Internet]

136



IX | REFERENCES
2007;3:1053-1064. PLoS Genet.

Kuroda K, Venkatakrishnan R, Salker MS, Lucas ES, Shaheen F, Kuroda M, Blanks A, Christian M, Quenby
S, Brosens JJ. Induction of 11B-HSD 1 and activation of distinct mineralocorticoid receptor- and
glucocorticoid receptor-dependent gene networks in decidualizing human endometrial stromal

cells. Mol Endocrinol [Internet] 2013;27:192-202. Mol Endocrinol.

Laird SM, Widdowson R, El-Sheikhi M, Hall AJ, Li TC. Expression of CXCL12 and CXCR4 in human
endometrium; Effects of CXCL12 on MMP production by human endometrial cells. Hum Reprod

2011;26:1144-1152.

Large M, DeMayo FJ. The Regulation of Embryo Implantation and Endometrial Decidualization by
Progesterone Receptor Signaling. Mol Cell Endocrinol 2012;358:155-165.

Leach RE, Jessmon P, Coutifaris C, Kruger M, Myers ER, Ali-Fehmi R, Carson SA, Legro RS, Schlaff WD,
Carr BR, et al. High throughput, cell type-specific analysis of key proteins in human endometrial

biopsies of women from fertile and infertile couples. Hum Reprod 2012;27:814-828.

Lee JW, Lee HY. Exploring distinct properties of endometrial stem cells through advanced single-cell

analysis platforms. Stem Cell Res Ther [Internet] 2023;14:1-15. BioMed Central Ltd.

Lee S, Arffman RK, Komsi EK, Lindgren O, Kemppainen JA, Metsola H, Rossi HR, Ahtikoski A, Kask K,
Saare M, et al. Al-algorithm training and validation for identification of endometrial CD138+ cells
in infertility-associated conditions; polycystic ovary syndrome (PCOS) and recurrent implantation

failure (RIF). J Pathol Inform [Internet] 2024;15:. J Pathol Inform.

Leibovitz A, Stinson JC, McCombs WB, McCoy CE, Mazur KC, Mabry ND. Classification of human

colorectal adenocarcinoma cell lines. Cancer Res [Internet] 1976;36:4562—-4569.

Lessey BA, Young SL. What exactly is endometrial receptivity? Fertil Steril [Internet] 2019;111:611—
617. Fertil Steril.

LiJ, Tan Z, Li M, Xia T, Liu P, Yu W. Proteomic analysis of endometrium in fertile women during the
prereceptive and receptive phases after luteinizing hormone surge. Fertil Steril [Internet]

20113;95:1161-1163. Fertil Steril.

Li Q, Kannan A, DeMayo FJ, Lydon JP, Cooke PS, Yamagishi H, Srivastava D, Bagchi MK, Bagchi IC. The
antiproliferative action of progesterone in uterine epithelium is mediated by Hand2. Science

[Internet] 2011b;331:912-916. Science.

Li R, Zhong C, Yu Y, Liu H, Sakurai M, Yu L, Min Z, Shi L, Wei Y, Takahashi Y, et al. Generation of
Blastocyst-like Structures from Mouse Embryonic and Adult Cell Cultures. Cell 2019;179:687-

137



IX | REFERENCES

702.e18.

Li T, Chan RWS, Li RHW, Ng EHY, Zhang S, Yeung WSB. Endometrial mesenchymal stromal/stem cells
improve regeneration of injured endometrium in mice. Biol Res [Internet] 2024;57:1-15. BioMed

Central Ltd.

Li T, WangJ, Guo X, Yu Q, Ding S, Xu X, Peng Y, Zhu L, Zou G, Zhang X. Possible involvement of crosstalk
between endometrial cells and mast cells in the development of endometriosis via CCL8/CCR1.

Biomed Pharmacother [Internet] 2020;129:110476. Elsevier.

Liao S, Mi H, Chai L, Wang H. Effects of progesterone receptor on proliferation of uterine leiomyoma

cells. J Biol Regul Homeost Agents 2019;33:1685-1693. Biolife s.a.s.

LinY, LiY, Chen P, Zhang, SunJ, Sun X, LiJ, JinJ, Xue J, Zheng J, et al. Exosome-Based Regimen Rescues
Endometrial Fibrosis in Intrauterine Adhesions Via Targeting Clinical Fibrosis Biomarkers. Stem

Cells Transl Med [Internet] 2023;12:154—-168. Stem Cells Transl Med.

Liu A, Jin M, Xie L, Jing M, Zhou Y, Tang M, Lin T, Wang D. Loss of miR-29a impairs decidualization of
endometrial stromal cells by TET3 mediated demethylation of CollAl promoter. iScience

[Internet] 2021;24:. iScience.

Liu AX, He WH, Yin LJ, Lv PP, Zhang Y, Sheng JZ, Leung PCK, Huang HF. Sustained endoplasmic reticulum
stress as a cofactor of oxidative stress in decidual cells from patients with early pregnancy loss. J

Clin Endocrinol Metab [Internet] 2011;96:. J Clin Endocrinol Metab.

Liu H, Huang X, Mor G, Liao A. Epigenetic modifications working in the decidualization and endometrial

receptivity. Cell Mol Life Sci [Internet] 2020;77:2091-2101. Cell Mol Life Sci.

Liu L, Wang J, Zhao L, Nilsen J, McClure K, Wong K, Brinton RD. Progesterone increases rat neural
progenitor cell cycle gene expression and proliferation via extracellularly regulated kinase and
progesterone receptor membrane components 1 and 2. Endocrinology [Internet]

2009;150:3186—3196. Endocrinology.

Liu XM, Ding GL, Jiang Y, Pan HJ, Zhang D, Wang TT, Zhang RJ, Shu J, Sheng JZ, Huang HF. Down-
regulation of S100A1l1, a calcium-binding protein, in human endometrium may cause
reproductive failure. J Clin Endocrinol Metab [Internet] 2012;97:3672—-3683. J Clin Endocrinol
Metab.

Lodde V, Peluso JJ. A Novel Role for Progesterone and Progesterone Receptor Membrane Component
1 in Regulating Spindle Microtubule Stability During Rat and Human Ovarian Cell Mitosis 1. Biol
Reprod [Internet] 2011;84:715-722.

138



IX | REFERENCES

Logan PC, Steiner M, Ponnampalam AP, Mitchell MD. Cell cycle regulation of human endometrial

stromal cells during decidualization. Reprod Sci [Internet] 2012;19:883—-894. Reprod Sci.

Loutradis D, Beretsos P, Arabatzi E, Anagnostou E, Drakakis P. The role of steroid hormones in ART. J

Steroid Biochem Mol Biol 2008;112:1-4. ) Steroid Biochem Mol Biol.

Lozovyy V, Richardson L, Saade G, Menon R. Progesterone receptor membrane components: key

regulators of fetal membrane integrity. Biol Reprod [Internet] 2021;104:445-456. Biol Reprod.

Lucas E, Vrljicak P, Muter J, Diniz-da-Costa M, Brighton P, Kong C, Lipecki J, Fishwick K, Odendaal J,
Ewington L, et al. Recurrent pregnancy loss is associated with a pro-senescent decidual response

during the peri-implantation window. Commun Biol 2020;3:. Commun Biol.

Luciano AM, Lodde V, Franciosi F, Ceciliani F, Peluso JJ. Progesterone receptor membrane component
1 expression and putative function in bovine oocyte maturation, fertilization, and early

embryonic development. Reproduction 2010;140:663-672.

Luddi A, Marrocco C, Governini L, Semplici B, Pavone V, Capaldo A, Tosti C, Greco S, Luisi S, Ciarmela
P, et al. Increased expression of neurogenic factors in uterine fibroids. Hum Reprod [Internet]

2019;34:2153-2162. Oxford Academic.

Luetjens CM, Didolkar A, Kliesch S, Paulus W, Jeibmann A, Bocker W, Nieschlag E, Simoni M. Tissue
expression of the nuclear progesterone receptor in male non-human primates and men. J

Endocrinol [Internet] 2006;189:529-539. J Endocrinol.

Lyndrup J, Thorpe S, Glenthej A, Obel E, Sele V. Altered progesterone/estrogen receptor ratios in
endometriosis: A comparative study of steroid receptors and morphology in endometriosis and

endometrium. Acta Obstet Gynecol Scand 1987;66:625—-629. John Wiley & Sons, Ltd.

Lyzikova YA, Zinovkin DA, Pranjol MZI. Increase in FoxP3, CD56 immune cells and decrease in glands
PGRMC1 expression in the endometrium are associated with recurrent miscarriages. Eur J Obstet

Gynecol Reprod Biol [Internet] 2020;245:121-126. Elsevier Ireland Ltd.

Ma X, Gao F, Rusie A, Hemingway J, Ostmann AB, Sroga JM, Jegga AG, Das SK. Decidual cell

polyploidization necessitates mitochondrial activity. PLoS One [Internet] 2011;6:. PLoS One.

Mahmood T, Saridogan E, Smutna S, Habib AM, Djahanbakhch O. The effect of ovarian steroids on

epithelial ciliary beat frequency in the human Fallopian tube. Hum Reprod 1998;13:2991-2994.

Mak IYH, Brosens JJ, Christian M, Hills FA, Chamley L, Regan L, White JO. Regulated expression of signal
transducer and activator of transcription, Stat5, and its enhancement of PRL expression in human

endometrial stromal cells in vitro. J Clin Endocrinol Metab [Internet] 2002;87:2581-2588. J Clin

139



IX | REFERENCES

Endocrinol Metab.

Marquardt RM, Kim TH, Shin JH, Jeong JW. Progesterone and estrogen signaling in the endometrium:

What goes wrong in endometriosis? Int J Mol Sci 2019;20..

Martinez-Conejero JA, Simdén C, Pellicer A, Horcajadas JA. Is ovarian stimulation detrimental to the

endometrium? Reprod Biomed Online [Internet] 2007;15:45-50. Reprod Biomed Online.

Maslar IA, Ansbacher R. Effects of progesterone on decidual prolactin production by organ cultures of

human endometrium. Endocrinology [Internet] 1986;118:2102-2108. Endocrinology.

Massimiani M, Lacconi V, Civita F La, Ticconi C, Rago R, Campagnolo L. Molecular Signaling Regulating

Endometrium—Blastocyst Crosstalk. Int J Mol Sci [Internet] 2019;21:23. MDPI AG.

Matsuoka A, Kizuka F, Lee L, Tamura |, Taniguchi K, Asada H, Taketani T, Tamura H, Sugino N.
Progesterone increases manganese superoxide dismutase expression via a cAMP-dependent
signaling mediated by noncanonical Wnt5a pathway in human endometrial stromal cells. J Clin

Endocrinol Metab [Internet] 2010;95:. J Clin Endocrinol Metab.

Matsuyama S, Whiteside S, Li SY. Implantation and Decidualization in PCOS: Unraveling the

Complexities of Pregnancy. Int J Mol Sci [Internet] 2024;25:. Int J Mol Sci.

Matsuzaki S. DNA microarray analysis in endometriosis for development of more effective targeted

therapies. Front Biosci (Elite Ed) [Internet] 2011;3:1139-1153. Front Biosci (Elite Ed).

Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol Life Sci

[Internet] 2005;62:670-684. Cell Mol Life Sci.

Mazur EC, Vasquez YM, Li X, Kommagani R, Jiang L, Chen R, Lanz RB, Kovanci E, Gibbons WE, DeMayo
FJ. Progesterone Receptor Transcriptome and Cistrome in Decidualized Human Endometrial

Stromal Cells. Endocrinology [Internet] 2015;156:2239-2253. Oxford Academic.

Mccallum ML, Pru CA, Niikura Y, Yee SP, Lydon JP, Peluso JJ, Pru JK. Conditional ablation of
progesterone receptor membrane component 1 results in subfertility in the female and

development of endometrial cysts. Endocrinology 2016;157:3309-3319.

Medina-Laver Y, Rodriguez-Varela C, Salsano S, Labarta E, Dominguez F. What Do We Know about
Classical and Non-Classical Progesterone Receptors in the Human Female Reproductive Tract? A

Review. Int J Mol Sci [Internet] 2021;22:11278.

Meleady P. Two-Dimensional Gel Electrophoresis and 2D-DIGE. Methods Mol Biol [Internet]
2018;1664:3-14. Methods Mol Biol.

Meltsov A, Saare M, Teder H, Paluoja P, Arffman RK, Piltonen T, Laudanski P, Wielgo$ M, Gianaroli L,

140



IX | REFERENCES

Koel M, et al. Targeted gene expression profiling for accurate endometrial receptivity testing. Sci

Rep [Internet] 2023;13:. Sci Rep.

Mesiano S. Myometrial progesterone responsiveness. Semin Reprod Med 2007;25:5—-13. Semin Reprod

Med.

Messaoudi S, Kasmi | EL, Bourdiec A, Crespo K, Bissonnette L, Saint C Le, Bissonnette F, Kadoch I-J. 15
years of transcriptomic analysis on endometrial receptivity: what have we learnt? Fertil Res Pract

2019 51 [Internet] 2019;5:1-9. BioMed Central.

Meyer C, Schmid R, Scriba PC, Wehling M. Purification and Partial Sequencing of High-Affinity
Progesterone-Binding Site(s) from Porcine Liver Membranes. Eur J Biochem [Internet]

1996;239:726-731. John Wiley & Sons, Ltd.

Migliaccio A, Piccolo D, Castoria G, Domenico M Di, Bilancio A, Lombardi M, Gong W, Beato M,
Auricchio F. Activation of the Src/p21ras/Erk pathway by progesterone receptor via cross-talk

with estrogen receptor. EMBO J [Internet] 1998;17:2008.

Mihm M, Gangooly S, Muttukrishna S. The normal menstrual cycle in women. Anim Reprod Sci

[Internet] 2011;124:229-236. Anim Reprod Sci.

Miravet-Valenciano J, Ruiz-Alonso M, Goémez E, Garcia-Velasco JA. Endometrial receptivity in eutopic
endometrium in patients with endometriosis: it is not affected, and let me show you why. Fertil

Steril 2017;108:28-31. Elsevier Inc.

Misrahi M, Venencie PY, Saugier-Veber P, Sar S, Dessen P, Milgrom E. Structure of the human
progesterone receptor gene. Biochim Biophys Acta - Gene Struct Expr 1993;1216:289-292.

Elsevier.

Mittelman-Smith MA, Rudolph LM, Mohr MA, Micevych PE. Rodent models of non-classical

progesterone action regulating ovulation. Front Endocrinol (Lausanne) 2017;8:1-13.

Mokhtar NM, Cheng CW, Cook E, Bielby H, Smith SK, Stephen Charnock-Jones D. Progestin regulates
chemokine (C-X-C motif) ligand 14 transcript level in human endometrium. Mol Hum Reprod

[Internet] 2010;16:170-177. Oxford Academic.

Morel Y, Roucher F, Plotton I, Goursaud C, Tardy V, Mallet D. Evolution of steroids during pregnancy:
Maternal, placental and fetal synthesis. Ann Endocrinol (Paris) 2016;77:82—89. Elsevier Masson
SAS.

Mote PA, Balleine RL, Mcgowan EM, Clarke CL. Heterogeneity of progesterone receptors A and B

expression in human endometrial glands and stroma. Hum Reprod 2000;15:48-56.

141



IX | REFERENCES

Mote PA, Balleine RL, McGowan EM, Clarke CL. Colocalization of progesterone receptors a and b by
dual immunofluorescent histochemistry in human endometrium during the menstrual cycle. J

Clin Endocrinol Metab 1999;84:2963-2971.

Mulac-Jericevic B, Lydon JP, DeMayo FJ, Conneely OM. Defective mammary gland morphogenesis in
mice lacking the progesterone receptor B isoform. Proc Natl Acad Sci U S A 2003;100:9744.

National Academy of Sciences.

Murata H, Tanaka S, Okada H. The Regulators of Human Endometrial Stromal Cell Decidualization.

Biomolecules [Internet] 2022;12:. Multidisciplinary Digital Publishing Institute (MDPI).
Muter J, Lynch VJ, McCoy RC, Brosens JJ. Human embryo implantation. Dev 2023;150:.

Navot D, Bergh PA, Williams M, Garrisi GJ, Guzman |, Sandler B, Fox J, Schreiner-Engel P, Hofmann GE,
Grunfeld L. An insight into early reproductive processes through the in vivo model of ovum

donation. J Clin Endocrinol Metab [Internet] 1991;72:408-414. ) Clin Endocrinol Metab.

Nishiura R, Noda N, Minoura H, Toyoda N, Imanaka-Yoshida K, Sakakura T, Yoshida T. Expression of
matrix metalloproteinase-3 in mouse endometrial stromal cells during early pregnancy:
regulation by interleukin-l1alpha and tenascin-C. Gynecol Endocrinol [Internet] 2005;21:111-118.

Gynecol Endocrinol.

Nisolle M, Casanas-Roux F, Wyns C, Menten Y de, Mathieu P, Donnez J. Immunohistochemical analysis
of estrogen and progesterone receptors in endometrium and peritoneal endometriosis: a new

quantitative method. Fertil Steril 1994;62:751-759. Fertil Steril.

Ochoa-Bernal MA, Fazleabas AT. Physiologic Events of Embryo Implantation and Decidualization in

Human and Non-Human Primates. Int J Mol Sci [Internet] 2020;21:1973. MDPI AG.

OhYY, Quiroz E, Wang T, Medina-Laver Y, Redecke SM, Dominguez F, Lydon JP, DeMayo FJ, Wu SP. The
NR2F2-HAND?2 signaling axis regulates progesterone actions in the uterus at early pregnancy.

Front Endocrinol (Lausanne) [Internet] 2023;14:. Front Endocrinol (Lausanne).

Ohta S, Ohsawa I. Dysfunction of mitochondria and oxidative stress in the pathogenesis of Alzheimer’s
disease: on defects in the cytochrome c oxidase complex and aldehyde detoxification. J

Alzheimers Dis [Internet] 2006;9:155-166. J Alzheimers Dis.

Okada H, Tsuzuki T, Murata H. Decidualization of the human endometrium. Reprod Med Biol
2018;17:220-227.

Pabona JMP, Zeng Z, Simmen FA, Simmen RCM. Functional differentiation of uterine stromal cells

involves cross-regulation between bone morphogenetic protein 2 and Kruppel-like factor (KLF)

142



IX | REFERENCES

family members KLF9 and KLF13. Endocrinology [Internet] 2010;151:3396—-3406. Endocrinology.

Padilla P. Patrén de decidualizacién en mujeres con preeclampsia mediante la aplicacién de métodos
de transcriptomica y protedmica. 2015; Universitat de ValénciaAvailable from:

https://dialnet.unirioja.es/servlet/tesis?codigo=95044&info=resumen&idioma=SPA.

Parmar T, Gadkar-Sable S, Savardekar L, Katkam R, Dharma S, Meherji P, Puri CP, Sachdeva G. Protein
profiling of human endometrial tissues in the midsecretory and proliferative phases of the

menstrual cycle. Fertil Steril [Internet] 2009;92:1091-1103. Fertil Steril.

Patel B, Elguero S, Thakore S, Dahoud W, Bedaiwy M, Mesiano S. Role of nuclear progesterone receptor

isoforms in uterine pathophysiology. Hum Reprod Update 2015;21:155-173.

Pawar S, Hantak AM, Bagchi IC, Bagchi MK. Minireview: Steroid-regulated paracrine mechanisms

controlling implantation. Mol Endocrinol [Internet] 2014;28:1408-1422. Mol Endocrinol.

Pelosi E, Forabosco A, Schlessinger D. Genetics of the ovarian reserve. Front Genet [Internet]

2015;6:308. Frontiers.

Peluso J, Liu X, Uliasz T, Pru C, Kelp N, Pru J. PGRMC1/2 promotes luteal vascularization and maintains

the primordial follicles of mice. Reproduction 2018;156:365—373. Reproduction.

Peluso JJ. Non-genomic actions of progesterone in the normal and neoplastic mammalian ovary. Semin

Reprod Med [Internet] 2007;25:198—-207. Semin Reprod Med.

Peluso JJ, Griffin D, Liu X, Horne M. Progesterone Receptor Membrane Component-1 (PGRMC1) and
PGRMC-2 Interact to Suppress Entry into the Cell Cycle in Spontaneously Immortalized Rat
Granulosa Cells1. Biol Reprod 2014;91:1-12.

Peluso JJ, Pru C, Liu X, Kelp N, Pru JK. Progesterone Receptor Membrane Component 1 and 2 regulate
granulosa cell mitosis and survival through a NFkB-dependent mechanism John. Biol Reprod

2019;100:1571-1580.

Peluso JJ, Pru JK, Peluso C:, Pru JJ;, Cahill MA, Neubauer H. Progesterone Receptor Membrane
Component (PGRMC)1 and PGRMC2 and Their Roles in Ovarian and Endometrial Cancer. Cancers
2021, Vol 13, Page 5953 [Internet] 2021;13:5953. Multidisciplinary Digital Publishing Institute.

Peng Y, Jin Z, Liu H, Xu C. Impaired decidualization of human endometrial stromal cells from women

with adenomyosist. Biol Reprod [Internet] 2021;104:1034—-1044. Biol Reprod.

Perez-Patifio C, Barranco |, Parrilla I, Valero ML, Martinez EA, Rodriguez-Martinez H, Roca J.
Characterization of the porcine seminal plasma proteome comparing ejaculate portions. J

Proteomics 2016;142:15-23. Elsevier.

143



IX | REFERENCES

Pieber D, Allport VC, Bennett PR. Progesterone receptor isoform A inhibits isoform B-mediated

transactivation in human amnion. Eur J Pharmacol 2001;427:7-11. Eur J Pharmacol.

Pierson-Mullany LK, Lange CA. Phosphorylation of Progesterone Receptor Serine 400 Mediates Ligand-
Independent Transcriptional Activity in Response to Activation of Cyclin-Dependent Protein

Kinase 2. Mol Cell Biol [Internet] 2004;24:10542—-10557. American Society for Microbiology.

Pisarska MD, Carson SA, Casson PR, Tong X, Buster JE, Kieback DG. A mutated progesterone receptor

allele is more prevalent in unexplained infertility. Fertil Steril 2003;80:651—653. Elsevier.

Pittari D, Dalla Torre M, Borini E, Hummel B, Sawarkar R, Semino C, Anken E van, Panina-Bordignon P,
Sitia R, Anelli T. CREB3L1 and CREB3L2 control Golgi remodelling during decidualization of

endometrial stromal cells. Front Cell Dev Biol 2022;10:.
Plant TM. The hypothalamo-pituitary-gonadal axis. J Endocrinol 2015;226:T41. NIH Public Access.

Poh QH, Rai A, Carmichael Il, Salamonsen LA, Greening DW. Proteome reprogramming of endometrial
epithelial cells by human trophectodermal small extracellular vesicles reveals key insights into

embryo implantation. Proteomics [Internet] 2021;21:2000210. John Wiley & Sons, Ltd.

Pohnke Y, Schneider-Merck T, Fahnenstich J, Kempf R, Christian M, Milde-Langosch K, Brosens JJ,
Gellersen B. Wild-type p53 protein is up-regulated upon cyclic adenosine monophosphate-
induced differentiation of human endometrial stromal cells. J Clin Endocrinol Metab [Internet]

2004;89:5233-5244. ) Clin Endocrinol Metab.

Poli-Neto OB, Meola J, Rosa-e-Silva JC, Tiezzi D. Transcriptome meta-analysis reveals differences of
immune profile between eutopic endometrium from stage I-Il and Ill-IlV endometriosis

independently of hormonal milieu. Sci Rep [Internet] 2020;10:. Sci Rep.

Popovici RM, Kao L-C, Giudice LC. Discovery of new inducible genes in in vitro decidualized human
endometrial stromal cells using microarray technology. Endocrinology [Internet] 2000;141:3510—

3515. Endocrinology.

Pru JK, Clark NC, Keator CS. PGRMC1 and PGRMC2 in uterine physiology and disease. Front Neurosci
2013;7:1-6.

Qian K, Chen H, Wei Y, Hu J, Zhu G. Differentiation of endometrial stromal cells in vitro: down-
regulation of suppression of the cell cycle inhibitor p57 by HOXA10? Mol Hum Reprod [Internet]
2005;11:245-251. Mol Hum Reprod.

Rahnama R, Rafiee M, Fouladi S, Akbari-Fakhrabadi M, Mehrabian F, Rezaei A. Gene expression analysis

of membrane progesterone receptors in women with recurrent spontaneous abortion: A case

144



IX | REFERENCES

control study. BMC Res Notes [Internet] 2019;12:1-5. BioMed Central.

Rai P, Kota V, Sundaram CS, Deendayal M, Shivaji S. Proteome of human endometrium: Identification
of differentially expressed proteins in proliferative and secretory phase endometrium.

Proteomics Clin Appl [Internet] 2010;4:48-59. Proteomics Clin Appl.

Reimand J, Isserlin R, Voisin V, Kucera M, Tannus-Lopes C, Rostamianfar A, Wadi L, Meyer M, Wong J,
Xu C, et al. Pathway enrichment analysis and visualization of omics data using g:Profiler, GSEA,

Cytoscape and EnrichmentMap. Nat Protoc 2019;14..

Revelli A, Paahioni D, Cassoni P, Bussolati G, Massobrio M. In situ hybridization study of messenger
RNA for estrogen receptor and immunohistochemical detection of estrogen and progesterone

receptors in the human ovary. Gynecol Endocrinol 1996;10:177-186. Taylor & Francis.

Richardson LS, Taylor RN, Menon R. Reversible EMT and MET mediate amnion remodeling during

pregnancy and labor. Reprod Biol 2020;13:1-16.

Robker RL, Richards JS. Progesterone: Lessons from the Progesterone Receptor Knockout. Ovulation

2000;121-129. Springer, New York, NY.

Rocha-Junior C, Broi M Da, Miranda-Furtado C, Navarro P, Ferriani R, Meola J. Progesterone Receptor
B ( PGR-B) Is Partially Methylated in Eutopic Endometrium From Infertile Women With
Endometriosis. Reprod Sci 2019;26:1568—-1574. Reprod Sci.

Romano A, Rizner TL, Werner HMJ, Semczuk A, Lowy C, Schroder C, Griesbeck A, Adamski J, Fishman
D, Tokarz J. Endometrial cancer diagnostic and prognostic algorithms based on proteomics,
metabolomics, and clinical data: a systematic review. Front Oncol [Internet] 2023;13:. Front

Oncol.

Rosenberg M, Mazella J, Tseng L. Relative Potency of Relaxin, Insulin-like Growth Factors, and Insulin
on the Prolactin Production in Progestin-primed Human Endometrial Stromal Cells in Long-term

Culturea. Ann N Y Acad Sci [Internet] 1991;622:138—-144. John Wiley & Sons, Ltd.

Roura LC, Cabrillo Rodriguez E, Bajo Arenas JM, Ramoneda JCCAV, Armengol ED, Fabré Gonzalez E, Gil
Moreno A, Herruzo Nalda A, Izquierdo F, Zamarriego Crespo J. Vol. 1: Ginecologia y medicina de
la reproduccion. In Médica Panamericana, editor. Tratado Ginecol y Obstet [Internet] 2014;1-

165Available from: https://uv.primo.exlibrisgroup.com.

Rousseau-Merck MF, Misrahi M, Loosfelt H, Milgrom E, Berger R. Localization of the human
progesterone receptor gene to chromosome 11q22-q23. Hum Genet [Internet] 1987;77:280-282.

Hum Genet.

145



IX | REFERENCES

Roy S, Wang J, Rubel RANA M, Nakashima M, Tokumoto T. Characterization of membrane progestin
receptor a (mPRa) of the medaka and role in the induction of oocyte maturation. Biomed Res

2017,38:79-87.

Ruiz-Alonso M, Blesa D, Diaz-Gimeno P, Gdmez E, Fernandez-Sdnchez M, Carranza F, Carrera J, Vilella
F, Pellicer A, Simén C. The endometrial receptivity array for diagnosis and personalized embryo
transfer as a treatment for patients with repeated implantation failure. Fertil Steril [Internet]

2013;100:818-824. Fertil Steril.

Ruiz-Alonso M, Blesa D, Simén C. The genomics of the human endometrium. Biochim Biophys Acta

[Internet] 2012;1822:1931-1942. Biochim Biophys Acta.

Ryu MJ, Seo BJ, Choi YJ, Han MJ, Choi Y, Chung MK, Do JT. Mitochondrial and Metabolic Dynamics of
Endometrial Stromal Cells During the Endometrial Cycle. Stem Cells Dev [Internet] 2020;29:1407—-
1415. Stem Cells Dev.

S A, Chakraborty A, Patnaik S. SOX4/HDAC2 Axis Enhances Cell Survivability and Reduces Apoptosis by
Activating AKT/MAPK Signaling in Colorectal Cancer. Dig Dis Sci [Internet] 2024;69:835-850. Dig
Dis Sci.

Saint-Dizier M, Sandra O, Ployart S, Chebrout M, Constant F. Expression of nuclear progesterone
receptor and progesterone receptor membrane components 1 and 2 in the oviduct of cyclic and
pregnant cows during the post-ovulation period. Reprod Biol Endocrinol 2012;10:. Reprod Biol

Endocrinol.

Sakai N, Maruyama T, Sakurai R, Masuda H, Yamamoto Y, Shimizu A, Kishi I, Asada H, Yamagoe S,
Yoshimura Y. Involvement of histone acetylation in ovarian steroid-induced decidualization of
human endometrial stromal cells. J Biol Chem [Internet] 2003;278:16675-16682. A© 2003
ASBMB. Currently published by Elsevier Inc; originally published by American Society for

Biochemistry and Molecular Biology.

Salamonsen LA, Hannan NJ, Dimitriadis E. Cytokines and chemokines during human embryo

implantation: Roles in implantation and early placentation. Semin Reprod Med 2007;25..

Salazar E, Calzada L. The role of progesterone in endometrial estradiol- and progesterone-receptor
synthesis in women with menstrual disorders and habitual abortion. Gynecol Endocrinol

2007;23:222-225.

Saleh L, Otti GR, Fiala C, Pollheimer J, Knofler M. Evaluation of human first trimester decidual and
telomerase-transformed endometrial stromal cells as model systems of in vitro decidualization.

Reprod Biol Endocrinol [Internet] 2011;9:. Reprod Biol Endocrinol.

146



IX | REFERENCES

Salker M, Teklenburg G, Molokhia M, Lavery S, Trew G, Aojanepong T, Mardon HJ, Lokugamage AU,
Rai R, Landles C, et al. Natural selection of human embryos: Impaired decidualization of
endometrium disables embryo-maternal interactions and causes recurrent pregnancy loss. PLoS

One 2010;5..

Salsano S, Gonzalez-Martin R, Quinonero A, Lopez-Martin S, Gdmez-Escribano A, Pérez-Debén S,
Yainiez-Mo M, Dominguez F. Novel nonclassic progesterone receptor PGRMC1 pulldown-
precipitated proteins reveal a key role during human decidualization. Fertil Steril 2020;113:1050-
1066.e7. Fertil Steril.

Salsano S, Gonzalez-Martin R, Quifionero A, Pérez-Debén S, Dominguez F. Deciphering the Role of
PGRMC1 During Human Decidualization Using an In Vitro Approach. J Clin Endocrinol Metab
2021;106:2313-2327. ) Clin Endocrinol Metab.

Salsano S, Quifionero A, Pérez S, Garrido Gémez T, Simén C, Dominguez F. Dynamic expression of
PGRMC1 and SERBP1 in human endometrium: an implication in the human decidualization

process. Fertil Steril 2017;108:832-842.¢e1. Fertil Steril.

Samalecos A, Reimann K, Wittmann S, Schulte HM, Brosens JJ, Bamberger AM, Gellersen B.
Characterization of a novel telomerase-immortalized human endometrial stromal cell line, St-

T1b. Reprod Biol Endocrinol [Internet] 2009;7:76. Reprod Biol Endocrinol.

Saner KJ, Welter BH, Zhang F, Hansen E, Dupont B, Wei Y, Price TM. Cloning and expression of a novel,

truncated, progesterone receptor. Mol Cell Endocrinol 2003;200:155-163. Elsevier.

Sang Y, Li Y, Xu L, Chen J, Li D, Du M. Dysfunction of CCR1+ decidual macrophages is a potential risk
factor in the occurrence of unexplained recurrent pregnancy loss. Front Immunol [Internet]

2022;13:. Front Immunol.

Santos E Dos, Moindjie H, Sérazin V, Arnould L, Rodriguez Y, Fathallah K, Barnea ER, Vialard F,
Dieudonné MN. Preimplantation factor modulates trophoblastic invasion throughout the
decidualization of human endometrial stromal cells. Reprod Biol Endocrinol [Internet] 2021;19:1—

11. BioMed Central Ltd.

Santos E Dos, Serazin V, Morvan C, Torre A, Wainer R, Mazancourt P De, Dieudonné MN. Adiponectin

and leptin systems in human endometrium during window of implantation. Fertil Steril 2012;97:.

Schatz F, Guzeloglu-Kayisli O, Arlier S, Kayisli UA, Lockwood CJ. The role of decidual cells in uterine
hemostasis, menstruation, inflammation, adverse pregnancy outcomes and abnormal uterine

bleeding. Hum Reprod Update [Internet] 2016;22:497-515. Oxford Academic.

147



IX | REFERENCES

Schmidt M, Fernandez de Mattos S, Horst A van der, Klompmaker R, Kops GJPL, Lam EW-F, Burgering
BMT, Medema RH. Cell cycle inhibition by FoxO forkhead transcription factors involves
downregulation of cyclin D. Mol Cell Biol [Internet] 2002;22:7842—-7852. Mol Cell Biol.

Scott REM, Wu-Peng X-S, Pfaff DW. Regulation and Expression of Progesterone Receptor mRNA
Isoforms A and B in the Male and Female Rat Hypothalamus and Pituitary Following Oestrogen

Treatment. J Neuroendocrinol 2002;14:175-183. John Wiley & Sons, Ltd.

Serambeque B, Mestre C, Hundarova K, Marto CM, Oliveiros B, Gomes AR, Teixo R, Carvalho AS,
Botelho MF, Matthiesen R, et al. Proteomic Profile of Endometrial Cancer: A Scoping Review.

Biology (Basel) [Internet] 2024;13:584. Multidisciplinary Digital Publishing Institute (MDPI).

Shanker Y, Rao A. Regulation of progesterone biosynthesis in the human placenta by estradiol 17 beta

and progesterone. Biochem Mol Biol Int 1997;43:591-599.

Shi B, Liu X, Thomas P, Pang Y, Xu Y, Li X, Li X. Identification and characterization of a progestin and
adipoQ receptor (PAQR) structurally related to Paqgr7 in the ovary of Cynoglossus semilaevis and
its potential role in regulating oocyte maturation. Gen Comp Endocrinol 2016;237:109-120.

Academic Press.

Shukla V, Kaushal B, Sankhwar P, Manohar M, Dwivedi A. Inhibition of TPPP3 attenuates B-catenin/NF-
KB/COX-2 signaling in endometrial stromal cells and impairs decidualization. J Endocrinol

[Internet] 2019;240:417-429. J Endocrinol.

Simén C, Horcajadas JA, Garcia-Velasco JA, Pellicer A. El Endometrio Humano: Desde La Investigacion
a La Clinica. [Internet]. 2009; Editorial Meédica PanamericanaAvailable from:
https://editorial.tirant.com/es/libro/endometrio-humano-desde-la-investigacion-a-la-clinica-

9788498350890.

Singh M, Chaudhry P, Asselin E. Bridging endometrial receptivity and implantation: network of

hormones, cytokines, and growth factors. J Endocrinol [Internet] 2011;210:5-14. J Endocrinol.

Skiadas C, Duan S, Correll M, Rubio R, Karaca N, Ginsburg E, Quackenbush J, Racowsky C. Ovarian
reserve status in young women is associated with altered gene expression in membrana

granulosa cells. Mol Hum Reprod 2012;18:362-371. Mol Hum Reprod.

Sletten ET, Smaglyukova N, @rbo A, Sager G. Expression of nuclear progesterone receptors (nPRs),
membrane progesterone receptors (mPRs) and progesterone receptor membrane components
(PGRMCs) in the human endometrium after 6 months levonorgestrel low dose intrauterine

therapy. J Steroid Biochem Mol Biol [Internet] 2020;202:105701. Elsevier.

148



IX | REFERENCES

Soczewski E, Grasso E, Gallino L, Hauk V, Fernandez L, Gori S, Paparini D, Leirés CP, Ramhorst R.
Immunoregulation of the decidualization program: Focus on the endoplasmic reticulum stress.

Reproduction 2020;159:.

Stepanjuk A, Koel M, Pook M, Saare M, Jaager K, Peters M, Krjutskov K, Ingerpuu S, Salumets A. MUC20
expression marks the receptive phase of the human endometrium. Reprod Biomed Online

[Internet] 2019;39:725-736. Reprod Biomed Online.

Su RW, Strug MR, Joshi NR, Jeong JW, Miele L, Lessey BA, Young SL, Fazleabas AT. Decreased Notch
pathway signaling in the endometrium of women with endometriosis impairs decidualization. J

Clin Endocrinol Metab [Internet] 2015;100:E433—E442. ) Clin Endocrinol Metab.

Suéurovi¢ S, Nikoli¢ T, Brosens JJ, Mulac-Jeri¢evi¢ B. Analysis of heart and neural crest derivatives-
expressed protein 2 (HAND2)-progesterone interactions in peri-implantation endometriumt. Bio/

Reprod [Internet] 2020;102:1111-1121. Biol Reprod.

Sidhof TC. The cell biology of synapse formation. J Cell Biol [Internet] 2021;220:. Rockefeller University

Press.

Sueldo C, Liu X, Peluso JJ. Progestin and AdipoQ Receptor 7, Progesterone Membrane Receptor
Component 1 (PGRMC1), and PGRMC2 and Their Role in Regulating Progesterone’s Ability to
Suppress Human Granulosa/Luteal Cells from Entering into the Cell Cycle. Biol Reprod [Internet]

2015;93:63—64. Oxford Academic.

Supplitt S, Karpinski P, Sasiadek M, Laczmanska |. Current Achievements and Applications of
Transcriptomics in Personalized Cancer Medicine. Int J Mol Sci 2021, Vol 22, Page 1422 [Internet]
2021;22:1422. Multidisciplinary Digital Publishing Institute.

Szekeres-Bartho J, Wilczynski JR, Basta P, Kalinka J. Role of progesterone and progestin therapy in

threatened abortion and preterm labour. Front Biosci 2008;13:1981-1990.

Tahir M, Reynaud K, Grimard B, Thoumire S, Chastant-Maillard S, Saint-Dizier M. Expression of nuclear
and membrane progesterone receptors in the canine oviduct during the periovulatory period.

Reprod Fertil Dev 2013;25:1065-1076. Reprod Fertil Dev.

Takano M, Lu Z, Goto T, Fusi L, Higham J, Francis J, Withey A, Hardt J, Cloke B, Stavropoulou A V., et al.
Transcriptional cross talk between the forkhead transcription factor forkhead box O1A and the
progesterone receptor coordinates cell cycle regulation and differentiation in human

endometrial stromal cells. Mol Endocrinol [Internet] 2007;21:2334-2349. Mol Endocrinol.

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, Shay N Le, Nezhat CN, Kempson R, Lessey

149



IX | REFERENCES

BA, et al. Molecular phenotyping of human endometrium distinguishes menstrual cycle phases
and underlying biological processes in normo-ovulatory women. Endocrinology [Internet]

2006;147:1097-1121. Endocrinology.

Tamburrino L, Marchiani S, Muratori M, Luconi M, Baldi E. Progesterone, spermatozoa and

reproduction: An updated review. Mol Cell Endocrinol 2020;516:.

Tang B, Guller S, Gurpide E. Cyclic adenosine 3’,5’-monophosphate induces prolactin expression in
stromal cells isolated from human proliferative endometrium. Endocrinology [Internet]

1993;133:2197-2203. Oxford Academic.

Tang B, Gurpide E. Direct effect of gonadotropins on decidualization of human endometrial stroma

cells. J Steroid Biochem Mol Biol [Internet] 1993;47:115-121. J Steroid Biochem Mol Biol.

Tang Y, Hu T, Arterburn M, Boyle B, Bright J, Emtage P, Funk W. PAQR proteins: a novel membrane
receptor family defined by an ancient 7-transmembrane pass motif. J Mol Evol [Internet]

2005;61:372-380. J Mol Evol.

Taraborrelli S. Physiology, production and action of progesterone. Acta Obstet Gynecol Scand

[Internet] 2015;94:8-16. John Wiley & Sons, Ltd.

Telgmann R, Maronde E, Taskén K, Gellersen B. Activated Protein Kinase A Is Required for
Differentiation-Dependent Transcription of the Decidual Prolactin Gene in Human Endometrial

Stromal Cells. Endocrinology [Internet] 1997;138:929-937. Oxford Academic.

Terzaghi L, Tessaro |, Raucci F, Merico V, Mazzini G, Garagna S, Zuccotti M, Franciosi F, Lodde V.
PGRMC1 participates in late events of bovine granulosa cells mitosis and oocyte meiosis. Cell

Cycle [Internet] 2016;15:2019-2032. Taylor & Francis.

Thijssen JHH. Progesterone receptors in the human uterus and their possible role in parturition. J

Steroid Biochem Mol Biol 2005;97:397-400. Elsevier Ltd.

Thomas P. Characteristics of membrane progestin receptor alpha (mPRa) and progesterone membrane
receptor component one (PGMRC1) and their roles in mediating rapid progestin actions. Front

Neuroendocrinol [Internet] 2008;29:292. NIH Public Access.

Thomas P, Pang Y. Membrane Progesterone Receptors (mPRs): Evidence for Neuroprotective,
Neurosteroid Signaling and Neuroendocrine Functions in Neuronal Cells. Neuroendocrinology

[Internet] 2012;96:162-171.

Thomas P, Pang Y, Dong J. Enhancement of cell surface expression and receptor functions of

membrane progestin receptor a (mPRa) by progesterone receptor membrane component 1

150



IX | REFERENCES

(PGRMC1): evidence for a role of PGRMC1 as an adaptor protein for steroid receptors.
Endocrinology 2014;155:1107-1119. Endocrinology.

Thomas P, Pang Y, Zhu Y, Detweiler C, Doughty K. Multiple rapid progestin actions and progestin
membrane receptor subtypes in fish. Steroids [Internet] 2004;69:567-573. Steroids.

Tierney EP, Tulac S, Huang STJ, Giudice LC. Activation of the protein kinase A pathway in human
endometrial stromal cells reveals sequential categorical gene regulation. Physiol Genomics

[Internet] 2003;16:47—-66. Physiol Genomics.

Tseng L, Gao JG, Chen R, Hui Hui Zhu, Mazella J, Powell DR. Effect of progestin, antiprogestin, and
relaxin on the accumulation of prolactin and insulin-like growth factor-binding protein-1
messenger ribonucleic acid in human endometrial stromal cells. Biol Reprod [Internet]

1992;47:441-450. Biol Reprod.

Tseng N, Lambie SC, Huynh CQ, Sanford B, Patel M, Herson PS, Ormond DR. Mitochondrial transfer
from mesenchymal stem cells improves neuronal metabolism after oxidant injury in vitro: The

role of Mirol. J Cereb Blood Flow Metab [Internet] 2021;41:761-770. ) Cereb Blood Flow Metab.

Tsuru A, Yoshie M, Negishi R, Mukoyama T, Yonekawa R, Kojima J, Azumi M, Kusama K, Nishi H, Tamura
K. Regulatory action of PGRMC1 on cyclic AMP-mediated COX2 expression in human endometrial
cells. J Pharmacol Sci [Internet] 2023;153:188-196. The Authors.

Ujvari D, Jakson |, Babayeva S, Salamon D, Rethi B, Gidlof S, Hirschberg AL. Dysregulation of In Vitro
Decidualization of Human Endometrial Stromal Cells by Insulin via Transcriptional Inhibition of

Forkhead Box Protein O1. PLoS One [Internet] 2017;12:e0171004. Public Library of Science.

Ulbrich SE, Groebner AE, Bauersachs S. Transcriptional profiling to address molecular determinants of
endometrial receptivity — Lessons from studies in livestock species. Methods 2013;59:108-115.

Academic Press.

Vazquez-Martinez E, Bello-Alvarez C, Hermenegildo-Molina A, Solis-Paredes M, Parra-Hernandez S,
Cruz-Orozco O, Silvestri-Tomassoni J, Escobar-Ponce L, Hernandez-Lépez L, Reyes-Mayoral C, et
al. Expression of Membrane Progesterone Receptors in Eutopic and Ectopic Endometrium of

Women with Endometriosis. Biomed Res Int 2020;2020:. Biomed Res Int.

Viéro C, Méchaly |, Aptel H, Puech S, Valmier J, Bancel F, Dayanithi G. Rapid inhibition of Ca2+ influx by
neurosteroids in murine embryonic sensory neurones. Cell Calcium [Internet] 2006;40:383—-391.

Cell Calcium.

Vollmer G. Expression of tenascin during carcinogenesis and involution of hormone-dependent tissues.

151



IX | REFERENCES

Biochem Cell Biol [Internet] 1994,72:505-514. Biochem Cell Biol.

Wang H, Critchley HOD, Kelly RW, Shen D, Baird DT. Progesterone receptor subtype B is differentially

regulated in human endometrial stroma. Mol Hum Reprod 1998;4:407-412.

Wang X, Yu Q. An update on the progress of transcriptomic profiles of human endometrial receptivity.

Biol Reprod [Internet] 2018;98:440-448. Biol Reprod.

Wang XQ, Li DJ. The mechanisms by which trophoblast-derived molecules induce maternal-fetal

immune tolerance. Cell Mol Immunol [Internet] 2020;17:1204-1207. Cell Mol Immunol.

Watanabe H, Nonoguchi K, Sakurai T, Masuda T, Itoh K, Fujita J. A novel protein Depp, which is induced
by progesterone in human endometrial stromal cells activates Elk-1 transcription factor. Mol Hum

Reprod [Internet] 2005;11:471-476. Mol Hum Reprod.

Wei LL, Hawkins P, Baker C, Norris B, Sheridan PL, Quinn PG. An amino-terminal truncated
progesterone receptor isoform, PRc, enhances progestin-induced transcriptional activity. Mol

Endocrinol 1996;10:1379-1387.

Wei Q, Levens ED, Stefansson L, Nieman LK. Indian Hedgehog and Its Targets in Human Endometrium:
Menstrual Cycle Expression and Response to CDB-2914. J Clin Endocrinol Metab [Internet]
2010;95:5330. Endocrine Society.

Wetendorf M, DeMayo FJ. The progesterone receptor regulates implantation, decidualization, and
glandular development via a complex paracrine signaling network. Mol Cell Endocrinol

2012;357:108-118. Mol Cell Endocrinol.

Wetendorf M, Wu S-P, Wang X, Creighton CJ, Wang T, Lanz RB, Blok L, Tsai SY, Tsai M-J, Lydon JP, et al.
Decreased epithelial progesterone receptor A at the window of receptivity is required for

preparation of the endometrium for embryo attachmentt. Biol Reprod 2017;96:313—-326.

Will E, Liu X, Peluso J. AG 205, a progesterone receptor membrane component 1 antagonist, ablates
progesterone’s ability to block oxidative stress-induced apoptosis of human granulosa/luteal

cellst. Biol Reprod 2017;96:843-854. Biol Reprod.

Wu X, Williams M, Patel P, Kew K, Zhu Y. Subfertility and reduced progestin synthesis in Pgrmc2
knockout zebrafish. Gen Comp Endocrinol 2019a;282:. Gen Comp Endocrinol.

Wu X, Williams MJ, Patel PR, Kew KA. General and Comparative Endocrinology Subfertility and reduced
progestin synthesis in Pgrmc2 knockout zebra fi sh. Gen Comp Endocrinol [Internet]

2019b;282:113218. Elsevier.

Wu X, Zhu Y. General and Comparative Endocrinology Downregulation of nuclear progestin receptor (

152



IX | REFERENCES

Pgr ) and subfertility in double knockouts of progestin receptor membrane component 1 ( pgrmcl

) and pgrmc2 in zebra fi sh. Gen Comp Endocrinol [Internet] 2020;285:113275. Elsevier.

Wu Y, Strawn E, Basir Z, Halverson G, Guo S. Promoter hypermethylation of progesterone receptor

isoform B (PR-B) in endometriosis. Epigenetics 2006;1:106—111. Epigenetics.

Yanaihara A, Otsuka Y, lwasaki S, Aida T, Tachikawa T, Irie T, Okai T. Differences in gene expression in

the proliferative human endometrium. Fertil Steril [Internet] 2005;83:1206—1215. Elsevier Inc.

Yang H, Zhou B, Prinz M, Siegel D. Proteomic analysis of menstrual blood. Mol Cell Proteomics [Internet]

2012;11:1024-1035. Mol Cell Proteomics.

Yang M, Jiang H, Ding X, Zhang L, Zhang H, Chen J, Li L, He X, Huang Z, Chen Q. Multi-omics integration
highlights the role of ubiquitination in endometriosis fibrosis. J Trans! Med [Internet] 2024;22:1-
22. BioMed Central Ltd.

Yin P, Lin Z, Cheng Y, Marsh E, Utsunomiya H, Ishikawa H, Xue Q, Reierstad S, Innes J, Thung S, et al.
Progesterone receptor regulates Bcl-2 gene expression through direct binding to its promoter
region in uterine leiomyoma cells. J Clin Endocrinol Metab 2007;92:4459-4466. J Clin Endocrinol
Metab.

Yin X, Pavone ME, Lu Z, Wei JJ, Kim JJ. Increased Activation of the PI3K/AKT Pathway Compromises
Decidualization of Stromal Cells from Endometriosis. J Clin Endocrinol Metab [Internet]

2011;97:E35.

Yoshinaga K. Progesterone and its downstream molecules as blastocyst implantation essential factors.

Am J Reprod Immunol 2014,;72:117-128. Blackwell Publishing Ltd.

Yoshino O, Osuga Y, Hirota Y, Koga K, Hirata T, Yano T, Ayabe T, Tsutsumi O, Taketani Y. Endometrial
stromal cells undergoing decidualization down-regulate their properties to produce
proinflammatory cytokines in response to interleukin-1 beta via reduced p38 mitogen-activated
protein kinase phosphorylation. J Clin Endocrinol Metab [Internet] 2003;88:2236—2241. J Clin

Endocrinol Metab.

Yu XH, Tang CK. ABCA1l, ABCG1, and Cholesterol Homeostasis. Adv Exp Med Biol [Internet]
2022;1377:95-107. Adv Exp Med Biol.

Zambuto SG, Theriault H, Jain |, Crosby CO, Pintescu |, Chiou N, Oyen ML, Zoldan J, Underhill GH, Harley
BAC, et al. Endometrial decidualization status modulates endometrial microvascular complexity
and trophoblast outgrowth in gelatin methacryloyl hydrogels. npj Women’s Heal 2024 21
[Internet] 2024;2:1-16. Nature Publishing Group.

153



IX | REFERENCES

Zanatta A, Rocha AM, Carvalho FM, Pereira RMA, Taylor HS, Motta ELA, Baracat EC, Serafini PC. The
role of the Hoxal0/HOXA10 gene in the etiology of endometriosis and its related infertility: a
review. J Assist Reprod Genet [Internet] 2010;27:701.

Zhang C, Murphy BD. Progesterone is critical for the development of mouse embryos. Endocrine

2014;46:615-623.

Zhang L, KandaY, Roberts DJ, Ecker JL, Losel R, Wehling M, Peluso JJ, Pru JK. Expression of progesterone
receptor membrane component 1 and its partner serpine 1 mRNA binding protein in uterine and

placental tissues of the mouse and human. Mol Cell Endocrinol 2008;287:81—-89.

Zhang WB, Li J, Li Q, Lu X, Chen JL, Li L, Chen H, Fu W, Chen JC, Lu BJ, et al. Endometrial transcriptome
profiling of patients with recurrent implantation failure during hormone replacement therapy

cycles. Front Endocrinol (Lausanne) [Internet] 2023;14:1292723. Frontiers Media SA.

Zhao F, Liu H, Wang N, Yu L, Wang A, Yi Y, Jin Y. Exploring the role of Luman/CREB3 in regulating
decidualization of mice endometrial stromal cells by comparative transcriptomics. BMC Genomics

2020;21:1-14. BMC Genomics.

Zhu C, Hu W, Zhao M, Huang MY, Cheng HZ, He JP, Liu JL. The Pre-Implantation Embryo Induces Uterine
Inflammatory Reaction in Mice. Reprod Sci [Internet] 2021;28:60—68. Springer Science and

Business Media Deutschland GmbH.

Zhu H, Hou C, Luo L, Hu Y, Yang W. Endometrial stromal cells and decidualized stromal cells: origins,

transformation and functions. Gene 2014;551:1-14. Gene.

Zhu H, Leung PCK, MacCalman CD. Expression of ADAMTS-5/implantin in human decidual stromal cells:
regulatory effects of cytokines. Hum Reprod [Internet] 2007;22:63—74. Hum Reprod.

Zhu HH, Huang JR, Mazella J, Rosenberg M, Tseng L. Differential effects of progestin and relaxin on the
synthesis and secretion of immunoreactive prolactin in long term culture of human endometrial

stromal cells. J Clin Endocrinol Metab [Internet] 1990;71:889—-899. J Clin Endocrinol Metab.

Zhu Y, Bond J, Thomas P. Identification, classification, and partial characterization of genes in humans
and other vertebrates homologous to a fish membrane progestin receptor. Proc Natl Acad Sci U

S A [Internet] 2003a;100:2237-2242. Proc Natl Acad Sci U S A.

Zhu Y, Rice C, Pang Y, Pace M, Thomas P. Cloning, expression, and characterization of a membrane
progestin receptor and evidence it is an intermediary in meiotic maturation of fish oocytes. Proc

Natl Acad Sci U S A [Internet] 2003b;100:2231-2236.

154









X | ANNEX

X. ANNEX

1. SUPPLEMENTARY MATERIAL

Supplementary Table S1. Differentially expressed genes for iPGRMC2 d-hEnSCs vs. Sc d-

hEnSCs comparison.

Supplementary Table S2. Gene ontology term enrichment for differentially expressed genes

in d-hEnSCs after PGRMC2 silencing.

Supplementary Table S3. Differentially expressed proteins for negative control d-hEnSCs vs.

iPGRMC2 d-hEnSCs comparison.

Supplementary Table S4. Protein ontology term enrichment for differentially expressed

proteins in d-hEnSCs after PGRMC2 silencing.

Supplementary material is available at the following link:

“Medina Laver, Yassmin (2024), “Characterization and function of progesterone receptor
membrane component 2 (PGRMC2) in the human endometrium - Annex 1.”, Mendeley Data,

V1, doi: 10.17632/5s4bs476z2z.1".

All raw sequencing data are available through NCBI’s Gene Expression Omnibus (GEO)
under GEO Series accession number GSE251843
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc=GSE251843). The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium

via the PRIDE partner repository under accession number PXD048494.

157



X | ANNEX

2. SCIENTIFIC PRODUCTION

2.1 SCIENTIFIC ARTICLES DIRECTLY RELATED WITH THE PRESENT PHD THESIS

Medina-Laver Y, Gonzalez-Martin R, de Castro P, Diaz-Hernandez I, Alama P, Quifionero A, Palomar A,
Dominguez F. Deciphering the role of PGRMC2 in the human endometrium during the menstrual cycle and in
vitro decidualization using an in vitro approach. Human Reproduction 2024;39(5):1042-1056.
https://doi.org/10.1093/humrep/deae044

Medina-Laver Y, Rodriguez-Varela C, Salsano S, Labarta E, Dominguez F. What do we know about classical and
non- classical progesterone receptors in the human female reproductive tract? A review. International Journal

of Molecular Sciences 2021;22:11278. https://doi.org/10.3390/ijms222011278

2.2 WORKS SUBMITTED TO INTERNATIONAL CONFERENCES DIRECTLY RELATED
WITH THE PRESENT PHD THESIS

Medina-Laver Y, de Castro P, Palomar A, Gonzalez-Martin R, Quifionero A, Dominguez F. “Unraveling PGRMC2
functions in decidualized human endometrial stromal cells by RNA sequencing.” Oral presentation. SRl 70th

Annual Scientific Meeting. Brisbane, Australia. March 21st-25th, 2023.

Medina-Laver Y, Palomar A, de Castro P, Gonzdlez-Martin R, Quifionero A, Dominguez F. "Deciphering the role
of PGRMC2 in decidualization and trophoblast invasion using primary in vitro models”. Oral presentation. SRI

69th Annual Scientific Meeting. Denver, US. March 15th-19th, 2022.

Medina-Laver Y, Diaz-Hernandez I, Alama P, Gonzalez-Martin R, Palomar A, Quifionero A, Dominguez F.
“Characterization of the non-classic progesterone receptor membrane component 2 (PGRMC2) during the
human menstrual cycle and in vitro decidualization”. Oral presentation. SRI 68th Annual Scientific Meeting.

Boston, US. July 6th-9th, 2021.

2.3 AWARDS RELATED WITH THE PRESENT PHD THESIS

SRI President’s Presenter Award (2022) to Medina-Laver Y. for “Deciphering the role of PGRMC2 in

decidualization and trophoblast invasion using primary in vitro models”. Oral presentation.

SRI President’s Presenter Award (2021) to Medina-Laver Y. for “Characterization of the non- classic
progesterone receptor membrane component 2 (PGRMC2) during the human menstrual cycle and in vitro

decidualization”. Oral presentation.

158


https://doi.org/10.1093/humrep/deae044
https://doi.org/10.3390/ijms222011278

X | ANNEX

2.4 SCIENTIFIC ARTICLES NOT RELATED WITH THE PRESENT PHD THESIS

OhY, Quiroz E, Wang T, Medina-Laver Y, Redecke SM, Dominguez F, Lydon JP, DeMayo FJ, Wu SP. The NR2F2-
HAND?2 signalling axis regulates progesterone actions in the uterus at early pregnancy. Front Endocrinol

2023;14:1229033. doi: 10.3389/fend0.2023.1229033.

Palomar A, Quifionero A, Medina-Laver Y, Gonzalez-Martin R, Pérez-Debén S, Alama P, Dominguez F.
Antioxidant supplementation alleviates mercury-induced cytotoxicity and restores the implantation-related

functions of primary human endometrial cells. Int J Mol Sci. 2023;24(10):8799. doi: 10.3390/ijms24108799.

Gonzalez-Martin R, Palomar A, Medina-Laver Y, Quifionero A, Dominguez F. Endometrial cells acutely exposed
to phthalates in vitro do not phenocopy endometriosis. Int J Mol Sci. 2022;23(19):11041. doi:
10.3390/ijms231911041.

Palomar A, Gonzdlez-Martin R, Pérez-Debén S, Medina-Laver Y, Quifionero A, Dominguez F. Mercury impairs
human primary endometrial stromal cell function. Biol Reprod. 2022;106(5):1022-1032. doi:
10.1093/biolre/ioac016.

2.5 WORKS SUBMITTED TO INTERNATIONAL CONFERENCES NOT RELATED WITH
THE PRESENT PHD THESIS

Palomar A, Medina-Laver Y, Quifionero A, Gonzalez-Martin R, Dominguez F. “Antioxidant treatment revert

mercury-induced damage in an in vitro human primary stromal cells (hEnSC) invasion model”. Poster

presentation. SRI 70th Annual Scientific Meeting. Brisbane, Australia. March 21st-25th, 2023.

Palomar A, Quifionero A, Gonzalez-Martin R, Medina-Laver Y, Dominguez F. Assessment of decidualization and
oxidative stress in primary human endometrial stromal cells (hEnSC) after mercury-induced damage. Poster

presentation. SRI 70th Annual Scientific Meeting. Brisbane, Australia. March 21st-25th, 2023.

Palomar A, Quifionero A, Medina-Laver Y, Gonzalez-Martin R, Salsano S, Dominguez F. "Entosis act through the
Rho-ROCK signalling pathway during human embryo implantation”. Oral presentation. SRI 69th Annual
Scientific Meeting. Denver, US. March 15th-19th, 2022.

Palomar A, Gonzédlez-Martin R, Quifionero A, Medina-Laver Y, Pérez-Debén S, Dominguez F. “Antioxidant

treatment ameliorates mercury-induced damage on viability and function of human endometrial epithelial

cells”. Poster presentation. SRI 69th Annual Scientific Meeting. Denver, US. March 15th-19th, 2022.

159









