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descubŕı mi debilidad por las Ciencias Forenses. Me estaba planteando dedicarme
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También me gustaŕıa agradecer al resto de investigadores principales, Paco, Horten,
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personal de las cĺınicas IVI y del Biopolo del Hospital La Fe con los que he tenido el

placer de colaborar en otros proyectos. También a todas las pacientes y autores que

hicieron posible esta tesis doctoral. My special thanks to the SaezLab Group at the

Institute for Computational Biomedicine, University of Heidelberg, Germany, specially

to Prof. Julio Sáez Rodriguez, for giving me the opportunity to join his lab and learn

cutting-edge functional genomic methods in the midst of a pandemic. To PhD. Javier

Perales Paton, for his support and patience during my stay, and to Erika, vielen Dank,

dass Sie mich so gut aufgenommen haben und mich wie zu Hause fühlen lassen. Thanks

also to the rest of the wonderful team for their constructive feedback and discussions

at the funcomics club, I learnt a lot and I hope to continue collaborating with you in

future projects.
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quiero.

Termino dando las gracias a todos aquellos a los que no he podido hacer una

mención especial pero que me han acompañado a lo largo de esta experiencia.
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Abstract

The human endometrium is a highly dynamic and complex tissue that only becomes

receptive to the embryo during a short period of time. Therefore, identifying patholo-

gies and factors that prevent the endometrium from acquiring its receptive phenotype is

crucial to prevent implantation failure and increase pregnancy rates. Uterine disorders

are complex, polygenic, and multifactorial alterations that often compromise female

fertility, although their effects on endometrial receptivity are poorly understood. In ad-

dition to many of them currently lacking effective treatments, they are often co-morbid

and their incidence increases with age. Transcriptomic technologies are powerful tools

to provide some insight into these topics. However, remaining problems include the

poor overlap of results of different transcriptomic studies evaluating the same uterine

disorder, and the lack of gene expression studies comparing functional alterations in

endometrium amongst uterine disorders or exploring the effect of age on endometrial

gene expression and function and its relationship with an increased incidence of uterine

disorders. To this end, the main aim of this PhD thesis dissertation was to identify and

compare the molecular mechanisms underlying distinct uterine disorders and factors

(e.g. age) and its comorbidities at a functional level, as well as determine how they may

affect subfertility of endometrial origin. To achieve this, different functional genomic

approaches were applied to case versus control transcriptomic data from studies evalu-

ating the endometrium of patients of different ages and/or affected by uterine disorders.

Dysregulated functions relevant to endometrial receptivity acquisition were identified

in patients diagnosed with endometriosis, endometrial adenocarcinoma, recurrent im-

plantation failure, recurrent pregnancy loss, and in the endometrium of women older

than 35 years. These results revealed new molecules and functions altered in the en-

dometrium of patients affected by uterine disorders and with age. Moreover, they gave

rise to new guidelines for endometrial biomarker discovery, confirmed previous hypoth-

esis and generated new hypotheses relevant for the reproductive medicine field, giving

insight into how uterine disorders and age affect fertility and are related to one another

through the dysregulation of ciliary processes and the cell cycle. Taken together, this

work provides further knowledge of the molecular mechanisms by which uterine disor-
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ders and age affect endometrial gene function and fertility, and how these conditions

are related to each other. The results obtained in this PhD thesis dissertation rein-

force the need for endometrial evaluation of patients diagnosed with uterine disorders

and/or older than 35 years during in vitro fertilization treatments to prevent implan-

tation failure, being relevant for the future development of personalized diagnostic

and treatment methods that will improve the reproductive outcomes of these patients.

Keywords: Endometrial aging, endometrial receptivity, uterine disorders, endometrio-

sis, endometrial adenocarcinoma, recurrent implantation failure, recurrent pregnancy

loss, menstrual cycle progression, endometrial transcriptomics, functional genomics,

fertility.
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Resumen

El endometrio humano es un tejido dinámico y complejo que solo es receptivo

al embrión durante un corto periodo de tiempo. Por lo tanto, la identificación de

trastornos y factores que impidan que el endometrio adquiera un fenotipo receptivo es

crucial para poder prevenir fallos de implantación embrionaria y aumentar las tasas

de embarazo. Los trastornos uterinos son complejos, multifactoriales y poligénicos y a

menudo comprometen la fertilidad femenina, aunque se desconoce con exactitud cómo

afectan a la adquisición de la receptividad endometrial. Además, estos trastornos care-

cen actualmente de un tratamiento efectivo, a menudo presentan comorbilidad entre

ellos y su incidencia aumenta con la edad. Las tecnoloǵıas transcriptómicas de alto

rendimiento son herramientas útiles para evaluar estos problemas. Sin embargo, los

resultados de estudios transcriptómicos que evalúan el mismo trastorno uterino no son

reproducibles, no habiendo ningún estudio de expression génica que compare las al-

teraciones funcionales en el endometrio de pacientes con distintos trastornos uterinos

o que explore los mecanismos moleculares por los que la edad afecta a la función en-

dometrial y está relacionada con una mayor incidencia de estos trastornos. Por lo

tanto, el objetivo principal de la presente tesis doctoral es identificar y comparar a

nivel funcional los mecanismos moleculares que subyacen a distintos trastornos uteri-

nos y factores (e.g. la edad) y a sus comorbilidades, determinando cómo podŕıan

afectar a la subfertilidad asociada al factor endometrial. Para ello, se emplearon varias

aproximaciones de genómica funcional en estudios transcriptómicos de tipo caso ver-

sus control que evaluaban el endometrio de mujeres de distintas edades y/o afectadas

por trastornos uterinos. Se detectaron alteraciones funciones relevantes para la recep-

tividad endometrial en pacientes diagnosticadas con endometriosis, adenocarcinoma

endometrial, fallo de implantación recurrente y aborto de repetición, aśı como en el

endometrio de mujeres mayores de 35 años. Los resultados obtenidos identificaron

nuevas moléculas y funciones alteradas en el endometrio de pacientes con trastornos

uterinos y con la edad. Además, dieron lugar a nuevas gúıas metodológicas para el

descubrimiento de biomarcadores endometriales y permitieron reforzar hipótesis pre-

vias y generar nuevas hipótesis relevantes en el campo de la medicina reproductiva,
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especialmente acerca de cómo los trastornos uterinos y la edad afectan a la fertilidad y

están relacionados a través de la alteración de los procesos ciliares y el ciclo celular. Por

ello, la presente tesis doctoral proporciona un mayor entendimiento sobre los mecan-

ismos moleculares por los que los trastornos uterinos y la edad afectan a la función

génica endometrial y a la fertilidad femenina, y acerca de cómo estas condiciones están

relacionadas entre śı. Todos estos hallazgos refuerzan la necesidad de evaluar el fac-

tor endometrial en pacientes diagnosticadas con trastornos uterinos y/o mayores de

35 años durante los tratamientos de fecundación in vitro para poder prevenir fallos

de implantación, siendo relevantes para el futuro desarrollo de métodos diagnósticos

y tratamientos personalizados que mejorarán los resultados reproductivos de estas pa-

cientes.

Palabras clave: Envejecimiento endometrial, receptividad endometrial, trastornos

uterinos, endometriosis, adenocarcinoma endometrial, fallo de implantación recurrente,

aborto de repetición, ciclo menstrual, transcriptómica endometrial, genómica funcional,

fertilidad.
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Resum

L’endometri humà és un teixit dinàmic i complex que només és receptiu a l’embrió

durant un curt peŕıode de temps. Per tant, la identificació de trastorns i factors que

impedeixen que l’endometri adquirisca un fenotip receptiu és crucial per poder prevenir

fallades d’implantació i augmentar les taxes d’embaràs. Els trastorns uterins són com-

plexos, multifactorials i poligènics i sovint comprometen la fertilitat femenina, encara

que es desconeix amb exactitud com afecten l’adquisició de la receptivitat endometrial.

A més, aquests trastorns no tenen actualment un tractament efectiu, sovint presenten

comorbiditat entre ells i la seva incidència augmenta amb l’edat de la pacient. Les

tecnologies transcriptòmiques d’alt rendiment són eines útils per avaluar aquests prob-

lemes. No obstant això, els resultats d’estudis transcriptòmics que evaluen el mateix

trastorn uteŕı no són reprodüıbles, i no hi ha cap estudi d’ expressió gènica que compare

les alteracions funcionals en l’endometri de pacients amb diferents trastorns uterins o

que explore els mecanismes moleculars pels quals l’edat afecta la funció endometrial

i està relacionada amb una major incidència d’aquests trastorns. Per tant, l’objectiu

principal de la present tesi doctoral és identificar i comparar a nivell funcional els

mecanismes moleculars que subjauen a diferents trastorns uterins i factors (e.g. l’edat)

i a les seues comorbilitats, determinant com afectaŕıen a la subfertilitat associada al

factor endometrial. Per aconseguir aquest objectiu, es van emprar diverses aproxi-

macions de genòmica funcional en estudis transcriptòmics de tipus cas versus con-

trol que evaluaven l’endometri de dones de diferents edats i/o afectades per trastorns

uterins. Es van detectar alteracions funcionals rellevants per a la receptivitat en-

dometrial en pacients diagnosticades amb endometriosi, adenocarcinoma endometrial,

fallada d’implantació recurrent i avortament de repetició, aix́ı com en l’endometri de

dones majors de 35 anys. Els resultats obtinguts van revelar noves molècules i funcions

alterades en l’endometri de pacients amb trastorns uterins i amb l’edat. A més, van

donar lloc al desenvolupament de noves guies metodològiques per al descobriment de

biomarcadors endometrials, i van permetre confirmar hipòtesis prèvies i generar noves

hipòtesis rellevants en el camp de la medicina reproductiva, especialment sobre com els

trastorns uterins i l’edat afecten la fertilitat i estan relacionats a través de l’alteració
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dels processos ciliars i el cicle cel·lular. Per això, la present tesi doctoral proporciona

un major enteniment sobre els mecanismes moleculars pels quals els trastorns uterins i

l’edat afecten la funció gènica endometrial i la fertilitat femenina, i sobre com aquestes

condicions estan relacionades entre si. Totes aquestes troballes reforcen la necessitat

d’evaluar el factor endometrial en pacients diagnosticades amb trastorns uterins i/o ma-

jors de 35 anys durant els tractaments de fecundació in vitro per poder prevenir fallades

d’implantació, sent rellevants per al futur desenvolupament de mètodes diagnòstics

i tractaments personalitzats que milloraran els resultats reproductius d’aquestes pa-

cients.

Paraules clau: Envelliment endometrial, receptivitat endometrial, trastorns uterins,

endometriosi, adenocarcinoma endometrial, fallada d’implantació recurrent, avorta-

ment de repetició, cicle menstrual, transcriptòmica endometrial, genòmica funcional,

fertilitat
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Resumen extendido
.                        .

“Me parece haber sido sólo un niño 

jugando en la orilla del mar, 

divirtiéndose y buscando una 

piedra más lisa o una concha más 

bonita de lo normal, mientras el 

gran océano de la verdad yacía 

ante mis ojos con todo por 

descubrir”

– Isaac Newton





1. Introducción

El endometrio humano es un tejido dinámico y complejo que se renueva cada mes

a través del ciclo menstrual. A lo largo de este ciclo, el endometrio sufre modificaciones

histológicas, morfológicas, fisiológicas y moleculares, cambiando profundamente su ex-

presión génica y función. Durante la mayor parte del ciclo menstrual el endometrio es

incapaz de acoger al embrión, solo es receptivo al embrión durante un corto periodo

de tiempo de entre dos y cinco d́ıas en la fase secretora media denominado ventana de

implantación. En las cĺınicas de reproducción asistida, poder disponer de embriones

propios para los tratamientos de fecundación in vitro tiene un gran valor. Por ello, la

identificación de trastornos uterinos y/o factores que afecten a la capacidad receptiva

del endometrio es crucial para poder minimizar la pérdida de dichos embriones debida

a una función endometrial subóptima, prevenir fallos de implantación embrionaria y

aumentar las tasas de embarazo de las pacientes que acuden a las cĺınicas en busca de

un embarazo exitoso.

Los trastornos uterinos son complejos, multifactoriales y poligénicos, y a menudo

comprometen la fertilidad femenina, aunque se desconoce con exactitud cómo afectan

a la adquisición de la receptividad endometrial. Estos trastornos incluyen patoloǵıas

como el adenocarcinoma endometrial (ADC, del inglés adenocarcinoma) o la endometrio-

sis (presencia de tejido endometrial fuera del útero); y alteraciones en la implantación

como el fallo de implantación recurrente (RIF, del inglés recurrent implantation fail-

ure) o el aborto de repetición (RPL, del inglés recurrent pregnancy loss). Además,

estos trastornos uterinos carecen actualmente de un tratamiento efectivo que no sea la

ciruǵıa, a menudo presentan comorbilidad entre ellos y su incidencia aumenta con la

edad, aunque se desconocen los mecanismos moleculares por los cuales ésto sucede.

Las tecnoloǵıas transcriptómicas de alto rendimiento permiten la evaluación global

de la expresión génica y han demostrado ser una herramienta útil para caracterizar

y evaluar estos problemas complejos. Sin embargo, los resultados de estudios tran-

scriptómicos que evalúan el mismo trastorno uterino no son reproducibles ni compa-

rables. Además, no existen estudios que investiguen los mecanismos moleculares por

los que la edad afecta a la función endometrial. Aśı mismo, se sabe que la edad está
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relacionada con una mayor incidencia de estos trastornos, pero la relación molecular

entre el envejecimiento y los trastornos uterinos también permanece inexplorada.

2. Objetivos

El objetivo principal de la presente tesis doctoral es identificar y comparar a nivel

funcional los mecanismos moleculares que subyacen a distintos trastornos uterinos y

factores (e.g. la edad) y a sus comorbilidades, determinando cómo podŕıan afectar a

la subfertilidad asociada al factor endometrial.

Para ello, se llevaron a cabo cuatro estudios, cuyos objetivos espećıficos son:

� Identificar y comparar las funciones génicas afectadas en el endometrio de mu-

jeres diagnosticadas con distintos trastornos uterinos y determinar cómo pueden

afectar a la receptividad endometrial (Estudio I).

� Identificar y comparar los factores de transcripción y las rutas de señalización up-

stream que puedan estar causando la alteración de las funciones génicas endome-

triales descritas en el estudio I en pacientes con trastornos uterinos. Priorizar

protéınas comúnmente alteradas en dichos trastornos que puedan servir como po-

tenciales biomarcadores y/o dianas terapéuticas para revertir estas alteraciones

que podŕıan estar disminuyendo la fertilidad de estas pacientes (Estudio II).

� Determinar factores que afectan potencialmente a la expresión génica endometrial

en relación con los trastornos uterinos y generar y contrastar nuevas hipótesis

derivadas de los datos (Estudios III y IV).

3. Hipótesis

La hipótesis de partida de esta tesis doctoral es que los distintos trastornos uteri-

nos y factores (e.g. la edad) alteran la expresión génica endometrial y están relaciona-

dos a través de alteraciones de funciones génicas comunes que afectan a la receptividad

endometrial.
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Además de contrastar esta hipótesis, esta tesis representa un trabajo in silico que,

por su naturaleza ómica y computacional, generará nuevas hipótesis relevantes en el

campo de la medicina reproductiva.

A continuación, se describe, de forma general y para cada estudio realizado, la

metodoloǵıa empleada para abordar cada uno de los objetivos descritos, aśı como los

principales resultados obtenidos.

4. Estudio I. Estudio comparativo de los procesos moleculares

que afectan a la función endometrial en pacientes subfértiles

con trastornos uterinos

Metodoloǵıa

Se llevó a cabo una revisión sistemática en el repositorio de datos público Gene

Expression Omnibus (GEO) con el objetivo de identificar estudios transcriptómicos de

tipo caso versus control que evaluaran trastornos uterinos a nivel endometrial. Tras su

filtrado y selección, se aplicó el mismo análisis transcriptómico primario a cada estudio

incluido, consistente en el preprocesado, el análisis de expresión diferencial y el análisis

de enriquecimiento funcional a partir de los datos crudos de cada estudio. Para identi-

ficar las funciones génicas más robusta y significativamente alteradas en cada trastorno

uterino, se aplicó un metaanálisis funcional a aquellos estudios que evaluaban el mismo

trastorno. A continuación, se aplicó un segundo metaanálisis funcional para deter-

minar qué funciones se encontraban comúnmente alteradas entre distintos trastornos

uterinos de forma significativa. Finalmente, se compararon las funciones obtenidas con

aquellas descritas en la literatura como relevantes en la adquisición de la receptividad

endometrial.

Resultados y Discusión

Se obtuvieron 613 estudios en GEO, de los cuales sólo ocho cumplieron los requisitos

para ser incluidos en el análisis: dos evaluaban el endometrio eutópico de mujeres con

endometriosis (n=37, n=15), tres el de pacientes con adenocarcinoma endometrial
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(n=12, n=20, n=16), dos el de mujeres con RIF (n=115, n=10) y dos el de pacientes

con RPL (n=10, n=20).

Se encontraron un total de 19 funciones génicas significativamente alteradas en

endometriosis, 19 en RIF, 40 en RPL y 405 en ADC. Las alteraciones funcionales de-

tectadas en RIF participaban en una mayor cantidad de procesos moleculares diferentes

en comparación con el resto de los trastornos, reflejando posiblemente la heterogenei-

dad y múltiples etioloǵıas de esta condición. Además, RIF y RPL presentaron perfiles

funcionales opuestos, de modo que aquellas funciones activadas en RIF estaban in-

hibidas en RPL (e.g. ciclo celular) y viceversa (e.g. membranas celulares), reforzando

la hipótesis de que, mientras que el RIF está asociado a defectos en la receptividad

endometrial, el endometrio de pacientes con RPL es súper receptivo pero presenta de-

fectos en la selectividad endometrial (permitiendo que embriones anómalos implanten)

y/o en la decidualización (impidiendo que el embrión se establezca correctamente).

Con respecto a RPL, el 95% de las alteraciones funcionales encontradas estaban

inhibidas en el endometrio y relacionadas con el funcionamiento básico de la célula,

tales como los procesos de replicación, transcripción y traducción. Estas pacientes pre-

sentaron el perfil funcional más diferente en comparación con el resto de los trastornos.

Esta inhibición global de la maquinaria básica de las células endometriales en pacientes

con RPL podŕıa impedir una correcta comunicación entre el embrión y el endometrio,

dando lugar a una implantación deficiente y terminando en aborto. Por su parte, la

endometriosis destacó por la activación de funciones mitocondriales y de degradación

proteica y por la inhibición de procesos ciliares. ADC, dada su naturaleza invasiva,

presentó el mayor número de alteraciones funcionales, especialmente relacionadas con

el metabolismo y el sistema inmune.

Se detectaron funciones génicas comúnmente alteradas en el endometrio de pa-

cientes con distintos trastornos uterinos, tales como el ciclo celular, alterado en todas

las condiciones, o las funciones mitocondriales y la degradación proteica, que fueron

identificadas como comúnmente activadas en endometriosis, ADC y RIF. Estos resul-

tados apuntan a que RIF podŕıa ser, al igual que lo son la endometriosis y el ADC,

un trastorno estrógeno-dependiente, ya que los estrógenos participan en la regulación

del ciclo celular, en la actividad mitocondrial y en la función del proteasoma. Además,
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la presencia de alteraciones funcionales comunes entre RIF (caracterizado por presen-

tar defectos en la implantación embrionaria de origen endometrial) y endometriosis

refuerzan la hipótesis de que el endometrio eutópico de mujeres con endometriosis

presenta defectos en la adquisición de receptividad.

Los procesos ciliares destacaron por primera vez como comúnmente inhibidos en

todos los trastornos uterinos estudiados. Aunque la mayoŕıa de los genes responsables

de esta inhibición ciliar resultaron ser distintos para cada trastorno, dichos genes par-

ticipaban en los mismos procesos de ciliogénesis. Además, se identificó un gen, DZIP1,

como comúnmente inhibido en todos los trastornos que, de demostrarse su importan-

cia en la implantación embrionaria, podŕıa convertirse en un potencial biomarcador

endometrial común de trastornos uterinos. A parte de la ciliogénesis, se encontraron

genes inhibidos relacionados con la motilidad ciliar en endometriosis, RIF y RPL, pero

no en ADC. Estos hallazgos destacan por primera vez el papel que juegan los cilios en

la función endometrial y en los trastornos uterinos.

Finalmente, se observó que la mayoŕıa de las funciones génicas alteradas como

consecuencia de los trastornos uterinos estudiados hab́ıan sido descritas en la literatura

como relevantes en el proceso de receptividad endometrial e implantación embrionaria

y que, algunas de ellas, estaban también asociadas a procesos de envejecimiento.

5. Estudio II. Estudio comparativo de los factores de tran-

scripción y rutas de señalización upstream que dan lugar a las

alteraciones en la función génica endometrial descritas en pa-

cientes subfértiles con trastornos uterinos

Una vez se identificaron las principales funciones génicas alteradas en el endometrio

de pacientes con trastornos uterinos (estudio I) y su relación con la receptividad en-

dometrial, el siguiente paso fue identificar factores de transcripción y componentes

concretos de rutas de señalización upstream que pudieran estar dando lugar a dichas

alteraciones funcionales, profundizando más en el detalle molecular para poder iden-

tificar protéınas comunes relevantes a diversos trastornos que pudieran servir como

potenciales biomarcadores y/o dianas terapéuticas para tratar las alteraciones de estas
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pacientes subfértiles.

Metodoloǵıa

Se utilizaron los mismos datos crudos de pacientes con trastornos uterinos incluidos

en el estudio I para identificar aquellos factores de transcripción (TF, del inglés tran-

scription factor) y rutas de señalización que podŕıan estar causando las alteraciones

transcriptómicas descritas anteriormente. Para ello, se aplicó un metaanálisis de genes

a los resultados del análisis de expresión diferencial del estudio I, integrando los re-

sultados de aquellos estudios que evaluaban el mismo trastorno uterino. Se ordenaron

estos genes en función de su significatividad y de si estaban activados o inhibidos en

el trastorno uterino. Posteriormente, se emplearon estrategias de genómica funcional

de tipo footprinting y técnicas basadas en programación lineal que permiten predecir,

a partir de esta lista de genes ordenados, la actividad diferencial de distintos TFs en

cada trastorno uterino y, a continuación, identificar la potencial ruta de señalización

que puede dar lugar a esta actividad diferencial. Los resultados obtenidos fueron com-

parados entre los distintos trastornos para priorizar potenciales dianas terapéuticas

comunes. Los factores de transcripción alterados en cada trastorno, aśı como las ru-

tas de señalización, fueron comparados con aquellas descritas en la literatura como

relevantes para el proceso de receptividad endometrial.

Resultados y Discusión

Se identificaron un total de 39 TFs potencialmente alterados en ADC, 42 en en-

dometriosis, 22 en RPL y ocho en RIF, de los cuales alrededor del 50% hab́ıan sido pre-

viamente descritos como relevantes en el proceso de receptividad endometrial. Destacó

MYC, regulador del ciclo celular, como comúnmente activado en todos los trastornos

menos en RPL, en el que estaba significativamente inhibido, aśı como diversos miem-

bros de la familia de factores de transcripción E2F, también asociados al ciclo celular.

Además, la ruta de proliferación mediada por EGFR se encontraba significativamente

activada en todos los trastornos uterinos, nuevamente a excepción de RPL, en el que

estaba inhibida. Dado que el ciclo celular se encuentra inhibido en la ventana de

implantación, su activación en el endometrio de pacientes con ADC, endometriosis
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y RIF podŕıan dar lugar a una receptividad endometrial defectuosa que impidiese la

implantación embrionaria. En pacientes con RPL, la inhibición de MYC, E2F y de

la ruta EGFR podŕıa dificultar el mantenimiento del embrión en el endometrio y dar

lugar a abortos de repetición, ya que se ha descrito que la inhibición de estos genes

causa defectos en la decidualización e invasión embrionarias, aśı como la parada de

las funciones básicas de la célula. La comparación entre trastornos uterinos de las

rutas de señalización que podŕıan dar lugar a estas alteraciones de TFs llevó a la

priorización del eje RB1-E2F-MYC y de las protéınas de la ruta mediada por EGFR,

como componentes relevantes en todos los trastornos, pudiendo servir como potenciales

biomarcadores y/o dianas terapéuticas comunes para tratar las alteraciones endome-

triales asociadas a estas pacientes subfértiles.

Al igual que en el estudio I, el perfil de alteración de TFs y rutas de señalización

más distinto fue el de RPL, siendo en esencia opuesto al de RIF y endometriosis.

Finalmente, se encontró que los genes implicados en la ruta de señalización de todos

los trastornos uterinos participaban en procesos de envejecimiento, indicando que la

edad podŕıa ser responsable de algunas de las alteraciones transcriptómicas encontradas

en dichas pacientes.

6. Estudio III. La progresión del ciclo menstrual está

sesgando el descubrimiento de biomarcadores endometriales

de trastornos uterinos

A lo largo del desarrollo de los estudios anteriores se generaron diversas hipótesis

que fueron contrastadas en los estudios III y IV. Concretamente, durante el preproce-

sado de los datos descrito en el estudio I se observó un efecto en la expresión génica de

la fase del ciclo en la que se hab́ıan tomado las biopsias endometriales. Dicho efecto

resultó ser mayor que el del propio trastorno uterino que se pretend́ıa evaluar, lo que

llevó a hipotetizar que, de no ser corregido, el efecto del ciclo menstrual podŕıa ses-

gar y enmascarar la detección de potenciales biomarcadores endometriales de dichos

trastornos. Por ello, el objetivo de este estudio fue evaluar y cuantificar el efecto de

la progresión del ciclo menstrual en el descubrimiento de potenciales biomarcadores
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endometriales de trastornos uterinos, describir las prácticas actuales para lidiar con

dicho efecto y proponer nuevas gúıas metodológicas para corregirlo.

Metodoloǵıa

En primer lugar, se actualizó la revisión sistemática realizada en el estudio I,

incluyéndose en el análisis final aquellos estudios que tuviesen registrada la fase del

ciclo menstrual para todas las muestras y en los que éstas hubiesen sido tomadas en

distintos momentos del ciclo.

Para demostrar el efecto del ciclo menstrual en el descubrimiento de biomarcadores

endometriales, se emplearon estudios transcriptómicos de tipo caso versus control que

evaluasen trastornos uterinos. Se aplicó un análisis de expresión diferencial con y sin

corregir previamente mediante modelos lineales la fase del ciclo en la que se tomó la

biopsia, comparándose la proporción de genes diferencialmente expresados (DEGs, del

inglés differentially expressed genes) obtenida bajo ambas aproximaciones mediante

una prueba de Fisher. Los DEGs obtenidos con y sin corregir el efecto del ciclo fueron

intersectados para definir distintos tipos de biomarcadores endometriales en función

de si dichos genes estaban influenciados por el ciclo menstrual, el trastorno uterino o

ambos procesos. Además, se comparó el número de DEGs y la potencia estad́ıstica

del análisis corrigiendo el efecto del ciclo, con los correspondientes a la aplicación de

análisis independientes para cada fase del ciclo.

Para validar el método de corrección del ciclo menstrual aplicado, se empleó la

misma aproximación a estudios que analizaban, en mujeres libres de patoloǵıa en-

dometrial, las diferencias en la expresión génica entre fases del ciclo. En este caso,

el análisis de expresión diferencial se aplicó entre fases del ciclo, con y sin corregir

previamente el efecto del ciclo menstrual en la expresión génica. Si el método fun-

cionaba correctamente, no se debeŕıan obtener DEGs entre fases del ciclo tras aplicar

la corrección.

Resultados y Discusión

Se obtuvieron 35 estudios potencialmente válidos de los cuales el 31.43% no reg-
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istraban la fase del ciclo menstrual y el 37.14% hab́ıan tomado todas las muestras en

la misma fase sin estratificar la fase secretora en temprana, media y/o tard́ıa. Sólo

se pudieron emplear seis estudios de tipo caso versus control: dos de endometriosis

eutópica (n=37, n=81), uno de endometriosis ectópica (n=14), uno de miomas uteri-

nos (n=43), dos de RIF (n=115, n=18) y uno de RPL (n=20). En todos los estudios

que hab́ıan tomado la biopsia endometrial en distintas fases del ciclo, las muestras se

agruparon por dicha fase en vez de por el trastorno uterino. Para estos estudios se

detectaron significativamente de media 44.2% más DEGs entre casos y controles tras

corregir el efecto del ciclo menstrual comparado con no corrigiéndolo. Este efecto es-

tuvo presente incluso en estudios con una proporción equilibrada de muestras tomadas

en distintas fases del ciclo entre casos y controles, aśı como en estudios que sólo hab́ıan

tomado biopsias a lo largo de la fase secretora.

Se identificaron tres tipos de biomarcadores endometriales constituidos por: genes

cuya expresión se ve influenciada exclusivamente por el ciclo menstrual y no por el

trastorno uterino (detectados sólo sin corregir el efecto del ciclo), genes que responden

a ambos procesos (que, en el caso de que el efecto del ciclo supere al del trastorno

uterino, sólo pueden detectarse corrigiendo el efecto del ciclo a priori), y genes que

responden sólo al trastorno uterino y no al ciclo menstrual (detectados bajo ambas

aproximaciones). Aśı pues, aplicando el método de corrección se detectaron 544 nuevos

biomarcadores potenciales de endometrio eutópico y 158 de ectópico en pacientes con

endometriosis, aśı como 27 de RIF. Dichos biomarcadores potenciales estaban asoci-

ados a funciones previamente descritas como alteradas en la endometriosis y en RIF.

Esta corrección también detectó un mayor número de DEGs en comparación con la

aplicación de análisis independientes para cada fase del ciclo, y con una mayor potencia

estad́ıstica al contar con un mayor número de muestras en el análisis.

El método de corrección del ciclo menstrual demostró ser fiable y robusto, ya que

no se obtuvieron DEGs tras su aplicación en los cinco estudios encontrados (n=27,

n=20, n=40, n=14, n=11) que evaluaban diferencias entre fases del ciclo.

7. Estudio IV. El efecto de la edad en el endometrio y su

relación con los trastornos uterinos

xxv



Como se ha descrito en los resultados de los estudios I y II, todos los trastornos

uterinos presentaron funciones génicas y rutas de señalización alteradas relacionadas

con procesos de envejecimiento. Esto unido al aumento en la incidencia de trastornos

uterinos con la edad llevó a la hipótesis de que podŕıa haber funciones génicas comúnmente

desreguladas entre pacientes con trastornos uterinos y mujeres con edad materna avan-

zada. Por ello, el objetivo de este estudio fue evaluar el efecto de la edad en la expresión

génica y función endometrial y compararlo con las funciones génicas alteradas en el en-

dometrio de mujeres con trastornos uterinos identificadas en los estudios I y II.

Metodoloǵıa

Se seleccionaron en GEO estudios transcriptómicos que evaluasen el endometrio

de mujeres con distintas edades. Se aplicó el mismo análisis transcriptómico primario

descrito en el estudio I a los estudios incluidos para poder comparar las alteraciones

funcionales encontradas como asociadas a la edad con aquellas identificadas en los

trastornos uterinos (estudios I y II). Para definir los grupos de edad a comparar, se

emplearon métodos de agrupamiento no supervisados. Además, se compararon los

genes cuya expresión se véıa más afectada por la edad, aśı como las alteraciones fun-

cionales encontradas, con aquellas descritas en la literatura como asociadas al proceso

de receptividad endometrial.

Resultados y Discusión

La mayoŕıa de los estudios encontrados no registraban la edad de las participantes,

de modo que sólo se pudo evaluar la edad en un estudio (n=27, edades entre 23 y

49 años). Las pacientes de dicho estudio se agruparon a nivel transcriptómico en dos

rangos de edad separados a los 35 años. Se identificaron un total de 5.778 DEGs,

priorizándose 28 genes como potenciales biomarcadores de envejecimiento endometrial,

11 de los cuales hab́ıan sido descritos previamente como asociados a la receptividad.

Además, se determinaron 27 funciones endometriales significativamente alteradas

con la edad, incluyendo 22 funciones relacionadas con la activación de los procesos

ciliares, con 91 genes activados y principalmente implicados en la motilidad ciliar y la

ciliogénesis; y una función relacionada con la inhibición de la proliferación, promovida
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principalmente por 37 genes inhibidos, entre los que destacaron EGFR y diversos reg-

uladores del ciclo celular. El gen RB1, priorizado en el estudio II por estar inhibido

en RIF, ADC y endometriosis, también se encontraba inhibido en el endometrio de

mujeres mayores de 35 años.

Tanto en el envejecimiento endometrial como en los trastornos uterinos, las al-

teraciones ciliares y del ciclo celular podŕıan estar asociadas, ya que existe una reg-

ulación rećıproca y un compromiso entre ambos procesos, de modo que la formación

de los cilios impide la división celular y viceversa. No obstante, mientras que en el

endometrio de mujeres mayores de 35 años predominaŕıa la formación de cilios y el

arresto del ciclo celular, en el de las pacientes con trastornos uterinos se veŕıa acti-

vada la proliferación celular (a excepción de RPL) e inhibida la ciliogénesis. Estos

perfiles opuestos entre el efecto de la edad y el de los trastornos uterinos en el en-

dometrio podŕıan estar indicando la existencia de mecanismos compensatorios en estas

pacientes, que de algún modo tratan de revertir las alteraciones funcionales causadas

por el envejecimiento pero que, en algunas ocasiones, producen efectos contrarios no

deseados que dan lugar a diversos trastornos uterinos en función de qué genes se ven

afectados. Este razonamiento podŕıa ofrecer una explicación plausible al aumento en

la incidencia de trastornos uterinos con la edad.

8. Conclusiones

Los resultados obtenidos en la presente tesis doctoral identificaron nuevas moléculas

y funciones alteradas en el endometrio de pacientes con trastornos uterinos y con la

edad. Además, dieron lugar a nuevas gúıas metodológicas para el descubrimiento de

biomarcadores endometriales y permitieron reforzar hipótesis previas y generar nuevas

hipótesis relevantes en el campo de la medicina reproductiva. Todos estos hallazgos han

proporcionado un mayor entendimiento sobre los mecanismos moleculares por los que

los trastornos uterinos y la edad afectan a la función génica endometrial y a la fertilidad

femenina, y sobre cómo estas condiciones están relacionadas entre śı. Espećıficamente,

se concluyó que:

� Todav́ıa existen muy pocos estudios transcriptómicos de buena calidad que evalúen
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el endometrio de mujeres con trastornos uterinos y que estén públicamente disponibles

en los repositorios de datos actuales. Además, es necesario un registro más pro-

fundo de las caracteŕısticas cĺınicas de las pacientes para optimizar la detección

de biomarcadores endometriales fiables.

� El efecto de la progresión del ciclo menstrual en la expresión génica está sesgando

el descubrimiento de biomarcadores endometriales de trastornos uterinos incluso

en aquellos estudios con una proporción equilibrada de fases del ciclo en la que

se toman las biopsias endometriales entre casos y controles. Este efecto debe ser

corregido antes del análisis para identificar biomarcadores endometriales fiables,

reproductibles y con un mayor poder estad́ıstico.

� Se identificaron alteraciones funcionales nuevas tanto para cada trastorno uterino

como compartidas entre todos o varios trastornos, contribuyendo al conocimiento

molecular sobre cómo estas condiciones afectan a la función endometrial y están

relacionadas entre śı.

� Se identificaron funciones relevantes para la adquisición de la receptividad en-

dometrial alteradas en el endometrio de las pacientes con trastornos uterinos,

aśı como en aquellas mayores de 35 años, reforzando la necesidad de evaluación

endometrial en estas pacientes durante los tratamientos de fecundación in vitro

para prevenir fallos de implantación.

� Las pacientes con RPL presentaron el perfil funcional más distinto, caracterizado

por una inhibición global de la maquinaria nuclear básica de la célula. Dicho

perfil es en esencia opuesto al de las pacientes con RIF, endometriosis y ADC,

las cuales comparten la activación de funciones relacionadas con los estrógenos,

tales como la proliferación, los procesos mitocondriales o la degradación proteica.

� Los procesos ciliares y funciones relacionadas con el ciclo celular están comúnmente

alteradas en el endometrio de pacientes con trastornos uterinos. Sin embargo, los

genes espećıficos que hay detrás de estas alteraciones son en esencia distintos para

cada trastorno, a excepción de DZIP1, inhibido en todas las condiciones; y los

reguladores del ciclo celular MYC, E2F y la ruta de señalización mediada por
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EGFR, los cuales estaban comúnmente activados en ADC, RIF y endometriosis

e inhibidos en RPL.

� El eje RB1-E2F-MYC y la ruta de señalización mediada por EGFR fueron pri-

orizados como protéınas relevantes en los trastornos uterinos, pudiendo servir

como potenciales biomarcadores y/o dianas terapéuticas comunes para tratar la

subfertilidad asociada a estas pacientes, ya que la proliferación está reprimida du-

rante la ventana de implantación y su activación en RIF, endometriosis y ADC

podŕıa explicar los fallos de implantación en estas pacientes. Alternativamente,

la inhibición de los reguladores del ciclo celular en RPL podŕıa causar una decid-

ualización defectuosa e impedir la invasión embrionaria, dando lugar a abortos

en estas pacientes.

� El envejecimiento afecta a la función endometrial a partir de los 35 años a través

de la activación de los procesos ciliares y la inhibición de la proliferación y del

ciclo celular, al contrario que lo que se observó en las pacientes con trastornos

uterinos. Estos perfiles opuestos podŕıan indicar mecanismos de compensación

que se activan en el endometrio para contrarrestar el desequilibrio provocado por

el envejecimiento, ofreciendo una explicación plausible al aumento de la incidencia

de trastornos uterinos con la edad.
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1. General Introduction
.                        .

“No hay descubrimiento en 

la ciencia, por 

revolucionario o brillante 

que sea, que no surja de lo 

que sucedió antes” 

– Isaac Asimov





The aim of this general introduction is to present some of the biological, repro-

ductive and bioinformatic concepts needed to contextualize and reinforce the need and

motivation of this thesis dissertation. In section 1.1. The human endometrium, the

distinct layers and cellular compartments of the human endometrium are introduced,

and the endometrial phases of the menstrual cycle are described (1.1.1) with a special

focus on the acquisition of endometrial receptivity and its relation to implantation

failures of endometrial origin (1.1.2). In section 1.2. Uterine disorders in subfertile

patients, the main gynecological alterations affecting reproductive medicine patients

are introduced, and the age-related decline in fertility and its association with an in-

creased incidence of uterine disorders is presented (1.2.1). Section 1.3. The advent

of high-throughput technologies describes the two main technologies – Desoxiribonu-

cleic acid (DNA) microarrays and ribonucleic acid (RNA) sequencing or RNA-Seq -

currently used to globally measure gene expression (1.3.1), whose application in the

reproductive medicine field improved the existing molecular knowledge of menstrual

cycle progression and endometrial receptivity (1.3.2), as well as that of uterine disor-

ders (1.3.3). Finally, section 1.4. Transcriptomic analysis strategies, summarizes the

principal functional genomic public repositories of gene expression data and biological

databases currently available (1.4.1), presents frequent strategies for performing pri-

mary transcriptomic analyses (1.4.2) and differentiates between top-down/day science

and bottom-up/night science approaches for conducting scientific research (1.4.3).
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1.1. THE HUMAN ENDOMETRIUM

1.1 The human endometrium

The human female reproductive system is comprised of external genitalia (per-

ineum and vulva) and internal organs (ovaries, fallopian tubes, uterus, cervix and

vagina) (Figure 1.1A) (Ramirez-Gonzalez et al., 2016; Simon, 2009). Within the in-

ternal organs, the uterus is a hollow and pear-shaped structure whose main function

is to host and nourish the growing embryo until birth or, alternatively, to evacuate

the unfertilized oocyte during menstruation. The uterine wall consists of three layers:

the outer serous perimetrium, the middle muscular myometrium and the inner/luminal

mucosal endometrium (Figure 1.1A) (Rogers, 2010). In particular, the endometrium is

considered the most dynamic and complex component of the uterus. This tissue plays

a crucial role in embryo implantation, permitting embryo adhesion and invasion in ad-

dition to placenta development, creating a new organ that will transport oxygen and

nutrients from maternal blood to the developing embryo during pregnancy. A healthy

and functional endometrium is essential for ensuring human reproductive success.

On a cellular level, the endometrium can be divided into epithelial, stromal, vas-

cular and immune cell components (Figure 1.1B), which are distributed within its two

main layers – the stratum functionalis, which is transformed and renewed monthly dur-

ing menstruation, and the retained stratum basalis, which regenerates the functionalis

thanks to its reservoir of stem cells (Dallenbach-Hellweg, 1971; Fritz and Speroff, 2005;

Simon, 2009) (Figure 1.1B):

� The epithelial component is a monolayer of epithelial cells that line the uterine

cavity. Some epithelial cells have apical motile cilia (ciliated cells) or microvilli.

This layer can be sub-divided into the luminal compartment, whose main func-

tion is to facilitate embryo adhesion and implantation while protecting against

pathogens that enter the uterine cavity through the vagina; and the glandular

compartment, which provides metabolic support to the implanting embryo.

� The stromal component consists of connective tissue composed of stromal cells

(mainly fibroblasts) and extracellular matrix. Fibroblasts are responsible for the

remodeling of the extracellular matrix and differentiate into decidualized fibrob-
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1.1. THE HUMAN ENDOMETRIUM

lasts in response to progesterone during the secretory phase to control embryo

invasion needed for placentation.

� The immune component refers mainly to the natural killer uterine cells,

macrophages and T cell lymphocytes; it comprises 10-15% of the stromal com-

partment and its functions are to protect the genital tract against infection and

avoid immunological rejection of the implanting embryo.

� The intrauterine vascular component or network arises from the myometrial

layer and is indispensable for nourishing the endometrium and the placenta.

These aforementioned components undergo cyclical changes in their composition,

morphology and abundance of cell types throughout the menstrual cycle.

1.1.1 The menstrual cycle

In humans and higher primates, the endometrium is constantly renewed during the

menstrual cycle in response to the ovarian steroid hormones estrogens and progesterone

(Fritz and Speroff, 2005; Murphy, 2004; Noyes et al., 1975; Simon, 2009). These

hormones are also responsible for synchronizing the menstrual and ovarian cycles to

ensure reproductive success. The menstrual cycle occurs monthly during women’s

reproductive life span – from menarche to menopause – and can be divided into three

phases (Figure 1.1C) (Hawkins and Matzuk, 2008):

� Menstruation: Days 0-2/8 of the menstrual cycle. In this phase, endometrial

material and blood is expelled from the vagina, renewing the endometrial stratum

functionalis. Menstruation will only take place if oocyte fertilization does not

occur.

� Proliferative phase: Days 2/8–14 (ovulation). This phase starts with a thin

endometrial mucosa (0.5-2 mm) lacking vasculature and glands (McLennan and

Rydell, 1965). As ovulation approaches, the estrogen produced by the developing

ovarian follicles (spheroid structures containing a single oocyte) induces growth

and differentiation of the endometrial mucosa. Finally, ovulation (rupture of an

5



1.1. THE HUMAN ENDOMETRIUM

Figure 1.1: The female reproductive system, the secretory human endometrium
and the menstrual cycle. A) Internal organs of the female reproductive system.
A general scheme of the internal female reproductive organs are represented, illustrating the
three layers of the uterus.B) Endometrial layers and components. Schematic and histo-
logical overview of the two stratums of a secretory human endometrium and the distinct cell
types (components) are represented: epithelial (divided in luminal and glandular), stromal,
immune and vascular (arteries and veins). Histological section adapted from Kyle D, Schwartz
L. Anatomy & Histology. www.pathologyoutlines.com. Accessed May 28th, 2021. C) The
menstrual cycle. The temporal coordination between the ovarian (superior), endometrial
(middle) and endocrine (progesterone, estrogens, LH) (inferior) cycles is represented. Ovarian
and endometrial phases of the menstrual cycle are specified and representative histological
sections of the three phases of the endometrium are presented. Histological sections adapted
from http://www.medcell.med.yale.edu. Accessed May 28th, 2021. WOI, window of implan-
tation. LH, luteinizing hormone.
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1.1. THE HUMAN ENDOMETRIUM

ovarian follicle to release its oocyte) occurs in response to a surge of luteinizing

hormone (LH), marking the end of this phase. Notably, during this proliferative

phase, the endometrium is not yet conducive to embryo implantation.

� Secretory phase: Days 14 (ovulation) – 28 (menstruation). This phase is char-

acterized by a thick endometrial mucosa (7-12 mm) with abundant blood vessels

and glands whose secretions facilitate implantation (McLennan and Rydell, 1965).

These changes are mainly driven by the progesterone released from the ovarian

corpus luteum (a structure formed after ovulation from the remaining ovarian fol-

licle). If implantation does not take place, the corpus luteum regresses, resulting

in a drop in progesterone and estrogen levels that ultimately leads to endometrial

shedding (menstruation). The secretory phase can be further divided into early

(days 14-18), mid (days 18-24) and late (days 24-28) secretory phases. Remark-

ably, the endometrium is not receptive to embryonic implantation during most

of the menstrual cycle; it only becomes receptive during a short period of two to

five days within the mid-secretory phase known as the window of implantation

(WOI) (Harper, 1992; Wilcox et al., 1999) (Figure 1.1C).

1.1.2 Endometrial receptivity

Endometrial receptivity can be defined as the biological process that allows the

endometrium to implant and accommodate the embryo. This process is a combination

of histological, morphological, cellular and molecular changes which result in the en-

dometrium acquiring a receptive phenotype (Murray et al., 2004; Noyes et al., 1975;

Talbi et al., 2006). This receptive stage is achieved at each menstrual cycle regardless

of whether oocyte fertilization occurs or not. However, there is variability within and

between women regarding the start and duration of the WOI (Cole et al., 2009; Wilcox

et al., 1999).

For implantation to take place, the endometrium must be receptive and the embryo

needs to be competent to establish a coordinated and bidirectional dialogue (Cha et

al., 2013). It is estimated that suboptimal endometrial receptivity and altered embryo-

endometrial communication are responsible for two-thirds of implantation failures in
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1.2. UTERINE DISORDERS IN SUBFERTILE PATIENTS

in vitro fertilization (IVF) cycles, while the other third is caused by embryonic fac-

tors (Craciunas et al., 2019). Therefore, the identification of endometrial receptivity

biomarkers is crucial to predict and improve reproductive success in assisted reproduc-

tive clinics; knowing the receptive status of the endometrium would allow clinicians to

better synchronize embryo transfers with receptivity acquisition, ultimately increasing

implantation and pregnancy rates and avoiding unnecessary embryo losses.

Over the past 40 years, endometrial dating methods have been exhaustively investi-

gated with a special focus on the WOI identification and characterization (Craciunas et

al., 2019; Diaz-Gimeno et al., 2011; Niederberger et al., 2018; Noyes et al., 1975). Tra-

ditional methods are mainly based on a) days from LH peak or exogenous progesterone

administration, b) morphological or histological changes (Noyes et al., 1975), and c)

classic molecular biomarkers based on one or few molecules (Lessey, 2011; Lessey et

al., 1995; Murray et al., 2004). However, the multifactorial and complex nature of the

endometrial receptivity process prevents these dating methods from having sufficient

accuracy, reproducibility and predictive potential to become diagnostic tools (Couti-

faris et al., 2004; Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2013; Diaz-Gimeno et

al., 2017; Murray et al., 2004). The advent of high-throughput technologies to measure

global gene expression provided more objective, reproducible and reliable methods of

endometrial dating (see section 1.3. The advent of high throughput technologies, pages

15-21).

1.2 Uterine disorders in subfertile patients

Any process and/or pathology that prevents the endometrium from acquiring its re-

ceptive phenotype could lead to implantation failure. Therefore, identifying conditions

and/or factors that affect endometrial receptivity is crucial for increasing pregnancy

rates in IVF clinics, especially considering the probability of achieving a pregnancy

within one menstrual cycle is only 20-30% in humans compared to 80-90% in other

species (Chard, 1991; Foote and Carney, 1988; Stevens, 1997).
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Figure 1.2: Uterine disorders. Representative illustrations of the uterine disorders in-
cluded in this PhD thesis dissertation (A-E) are provided together with a summary of their
main characteristics, including incidence, diagnosis, symptoms, etiology, current treatments
and consulted references (F). (...) 9



1.2. UTERINE DISORDERS IN SUBFERTILE PATIENTS

Figure 1.2: (...) Medical images adapted from: ADC - Frederic et al. 2005. Endometrial
cancer, 366(9484), 0–505. Endometriosis – https://basicmedicalkey.com. Accessed May 28th,
2021. RIF - Bentin-Ley et al. 1999. Presence of uterine pinopodes at the embryo endome-
trial interface during human implantation in vitro. Human Reproduction, 14(2), 515–520.
RPL - Case courtesy of Dr Matthew Lukies, Radiopaedia.org. From the case ID: 76936.
Adenomyosis - Uthman, via Wikimedia Commons, CC BY 2.0. Uterine fibroids – Hic et
nunc, via Wikimedia Commons, CC BY-SA 3.0. Uterine polyps - Yang et al. 2015. Fac-
tors Influencing the Recurrence Potential of Benign Endometrial Polyps after Hysteroscopic
Polypectomy. PLoS One, 10(12), e0144857. CC BY 4.0. ADC, endometrial adenocarcinoma.
RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. HRT, hormone replace-
ment therapy. PCOS, polycystic ovarian syndrome. WOI, window of implantation. IVF,
in vitro fertilization. APS, antiphospholipid syndrome. IVIg, intravenous immunoglobulin.
TNF, tumor necrosis factor. G-CSF, granulocyte colony-stimulating factor. hCG, human
chorionic gonadotrophin.

Uterine disorders are complex, polygenic, and multifactorial alterations that often

compromise female fertility, however, their effect on endometrial receptivity is usually

poorly understood and remains controversial (Da Broi et al., 2019; Harada et al., 2016;

Horne and Critchley, 2007; Lessey and Kim, 2017; Miravet-Valenciano et al., 2017;

Zepiridis et al., 2016). These disorders typically lack effective treatments (Coughlan et

al., 2014; Dunselman et al., 2014; Harada et al., 2016; Jauniaux et al., 2006; Tanbo and

Fedorcsak, 2017; Wang, Fuh, et al., 2009; Zepiridis et al., 2016) and include both well-

established uterine pathologies, such as endometriosis, adenomyosis, uterine myomas,

uterine leiomyosarcomas or endometrial cancer or adenocarcinoma; and alterations like

recurrent implantation failure (RIF) and recurrent pregnancy loss (RPL), which are

known to affect endometrial function and embryo implantation but whose molecular

mechanisms remain poorly understood (Diaz-Gimeno et al., 2017; Ford and Schust,

2009; Jauniaux et al., 2006; Koot et al., 2016; Moustafa and Young, 2020; Sebastian-

Leon et al., 2018). In the following subsections, the leading uterine disorders affecting

women’s health and evaluated in this PhD thesis dissertation are briefly described with

an emphasis on how they may affect endometrial function. Figure 1.2 summarizes

the major characteristics of each disorder, including incidence, diagnosis, symptoms,

etiology, and currently used treatments.
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1.2. UTERINE DISORDERS IN SUBFERTILE PATIENTS

A) Endometrial adenocarcinoma

Endometrial adenocarcinoma (ADC) (Figure 1.2A) is the most common gyneco-

logic malignancy in developed countries and is currently increasing in incidence (Gaber

et al., 2017; Sung et al., 2021). This type of uterine cancer arises from the innermost

lining of the uterus (endometrium) and causes infertility (Lu and Broaddus, 2020).

According to the International Federation of Gynecology and Obstetrics (FIGO) stag-

ing system, endometrial adenocarcinoma can be classified from stage I (when only

the uterus is affected) to stage IV (when the cancer also spreads into the abdomen,

intestines, and other organs) (Freeman et al., 2012). This disease can be further classi-

fied according to the histologic grade, with grade 1 being well differentiated, resembling

normal tissue, and having good prognosis, to grade 3 which is poorly differentiated and

has an intermediate-to-poor prognosis (Kurman et al., 2014). Most of these adenocar-

cinomas are endometroid cancers that arise from endometrial glands and are estrogen-

dependent (Lu and Broaddus, 2020). Since estrogen is a mitogen that promotes cancer

growth and progression, excessive estrogen or lack of progesterone (its antagonist) can

cause endometrial hyperplasia, a precursor of most endometrial cancers (Mills and

Longacre, 2010). This hormonal imbalance may also alter endometrial receptivity and

impede embryo implantation.

B) Endometriosis

Endometriosis is defined as the presence of benign endometrial tissue (glands and

stroma) outside the uterus and affects up to 10% of women of reproductive age (Figure

1.2B) (Eskenazi and Warner, 1997; Giudice, 2010). The endometrial tissue located

outside the uterus is called ectopic (EC) while that of the uterus is termed eutopic

(EU). Affected ectopic areas can respond to cyclical hormonal changes, bleed every

month, and develop their own nerve network through neuroangiogenesis (Asante and

Taylor, 2011; Schweppe and Wynn, 1981). New nervous fibers also emerge within the

eutopic endometrium (Tokushige et al., 2006), which, due to its role on embryo im-

plantation, is the tissue evaluated in this PhD thesis dissertation. According to the

revised American Fertility Society (rAFS) staging system, endometriosis can be classi-
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1.2. UTERINE DISORDERS IN SUBFERTILE PATIENTS

fied from stage I (minimal) to stage IV (severe) based on the location, amount, depth

and size of the endometrial tissue (Andrews et al., 1985). Similar to endometrial ade-

nocarcinoma, endometriosis is an estrogen-dependent gynecological disorder that may

also present progesterone resistance (Bulun et al., 2019), which seems to be associated

with a decrease in the implantation rate due to low oocyte quality and/or uncoupled

endometrial receptivity (Simon et al., 1994; Tummon et al., 1988; Ulukus et al., 2006).

Although up to 50% of women with endometriosis are infertile (Eskenazi and Warner,

1997), the impact of endometriosis on endometrial receptivity remains controversial

(Bulun et al., 2019; Lessey and Kim, 2017; Miravet-Valenciano et al., 2017). Moreover,

endometriosis was found to have a genetic overlap and predispose to endometrial cancer

(Painter et al., 2018; Yu et al., 2015), however the molecular mechanisms underlying

this relationship remain to be elucidated.

C) Recurrent implantation failure

In clinical practice, implantation is considered to have failed when the intrauterine

gestation sac (a cavity of fluid surrounding the embryo, which becomes visible between

3 to 5 weeks of gestation) is absent upon ultrasonographic evaluation (Coughlan et

al., 2014). Consequently, recurrent implantation failure (RIF) is usually diagnosed in

women who have failed to become pregnant (due to implantation failure) after more

than three IVF cycles with good quality embryos or after the transfer of more than

10 good quality and/or euploid embryos (Coughlan et al., 2014; Sebastian-Leon et al.,

2018) (Figure 1.2C). Therefore, RIF is only applicable to patients undergoing assisted

reproductive treatments (ARTs). This clinical definition of RIF, however, is uncertain

and depends on numerous factors (Cimadomo et al., 2021). For example, in clinics

where the probability of implantation with good quality embryos is more than 70%,

two implantation failures could be considered sufficient to evaluate endometrial factors

(Sebastian-Leon et al., 2018).

Although implantation failure may arise from embryo or endometrial factors (Cough-

lan et al., 2014; Margalioth et al., 2006; Simon and Laufer, 2012), RIF typically refers

to implantation failures of endometrial origin, which are those addressed in this PhD

thesis dissertation. Endometrial RIF has been recently defined as a rare condition,
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1.2. UTERINE DISORDERS IN SUBFERTILE PATIENTS

with only 5% of IVF patients affected after three embryo transfer attempts (Pirtea

et al., 2020). Nevertheless, the endometrial factor is generally assumed to be responsi-

ble for around two-thirds of implantation failures per-transfer (Craciunas et al., 2019).

Identifying potential causes behind endometrial failures on a per-transfer basis could

have a positive impact on assisted reproductive clinics aimed to increase pregnancy

rates. Similar to other uterine disorders, the etiology of RIF is multiple and compli-

cated: RIF patients may present progesterone resistance, immunological disturbances

or undiagnosed uterine pathologies like endometriosis, adenomyosis, polyps or submu-

cosal uterine myomas, that lead to suboptimal endometrial receptivity and subsequent

implantation failure (Doldi et al., 2005; Moustafa and Young, 2020). Recent gene ex-

pression studies also suggested RIF could be caused by a displacement of the WOI,

resulting from the endometrium being in a non-receptive stage (as is the case prior to or

after the WOI) at the moment of the embryo transfer, and/or by a specific pathological

gene expression signature that disrupts receptivity (Koot et al., 2016; Sebastian-Leon

et al., 2018).

D) Recurrent pregnancy loss

Recurrent pregnancy loss (RPL) or miscarriage is currently diagnosed in women

who have suffered three or more consecutive abortions before the first 20 weeks after

their last menstruation (Ford and Schust, 2009) (Figure 1.2D). It is related to the

implantation process because, if the embryo is capable of an initial implantation but

there is an altered endometrial decidualization and placentation, the pregnancy would

not be viable and would result in abortion. Alternatively, the endometrium could be

super-receptive but have inadequate embryo selectivity, allowing abnormal embryos to

implant (Macklon and Brosens, 2014). In this case, decidualized cells can hinder embryo

invasion, and the potential pregnancy will end in abortion (Macklon and Brosens,

2014). Similar to RIF, RPL etiology is multiple and complex and includes progesterone

deficiency, immune factors and at least 50% of cases with unknown etiology (Ford and

Schust, 2009; Khalife et al., 2019). As summarized in Figure 1.2, RPL has most

etiological factors and treatments in common with RIF.
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1.2. UTERINE DISORDERS IN SUBFERTILE PATIENTS

E) Other uterine disorders that may impair endometrial receptivity

� Uterine fibroids, myomas or leiomyomas are benign tumors resulting from

the proliferation and growth of muscle cells emerging within the myometrium

and facilitated by the increase in estrogen (Figure 1.2E). They can affect the

endometrium and are present in 70% of Caucasian women and 80% of Afro-

American women of reproductive age (Baird et al., 2003). Their presence has been

associated with decreased pregnancy rates due to either endometrial receptivity

disruption (Matsuzaki et al., 2009; Rackow and Taylor, 2010) or intramural and

submucosal uterine fibroids that obstruct the uterine cavity or cervical canal

(Pritts, 2001; Surrey et al., 2001). However, other studies have not found an

association between uterine fibroids and decreased receptivity or implantation

(Horcajadas et al., 2008).

� Adenomyosis can be defined as the presence of benign endometrial tissue (glands

and stroma) in the myometrium (McCluggage and Robboy, 2009) also caused by

abnormal estrogen-dependent growth (Garavaglia et al., 2015) (Figure 1.2E). Its

prevalence varies between 5% and 70% (Garavaglia et al., 2015) and the mecha-

nisms by which it could affect implantation appear to be similar to those described

for endometriosis and uterine fibroids (Cakmak and Taylor, 2011), although some

studies denied its association with defective endometrial receptivity and implan-

tation (Martinez-Conejero et al., 2011).

� Endometrial polyps (benign endometrial proliferations of the basal layer) (Fig-

ure 1.2E), endometrial hyperplasia (excessive proliferation of endometrial

glandular cells as a result of continuous and high levels of estrogen and insufficient

progesterone), leiomyosarcoma (aggressive type of malignant tumor/sarcoma

derived from soft tissues presenting low incidence and poor prognosis) and uter-

ine malformations are other uterine disorders that may impair implantation.
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1.2.1 Endometrial aging as a risk factor of reproductive

failure

Since most uterine disorders have age as a common risk factor (ACOG, 2014;

Bashiri et al., 2018; Constantine et al., 2019; Eskenazi and Warner, 1997; McAlpine

et al., 2016; Morassutto et al., 2016; Yu et al., 2020; Zimmermann et al., 2012) (Fig-

ure 1.2D), endometrial aging should also be considered as a potential contributor of

implantation failure. There is a well-known decline in female fertility with advanc-

ing age, typically beginning at age 30, and declining more rapidly after the age of 35

(Menken et al., 1986). Although ovarian aging is the major contributor to this fertility

depletion, the implication of the endometrium should not be discarded (Reig et al.,

2020; Ubaldi et al., 2003), especially in failed implantations with good quality embryos

and unknown etiology. High-throughput technologies (section 1.3. The advent of high

throughput technologies, pages 15-21) could provide some insight into the molecular

processes by which age affects endometrial function and the relationship between the

increased incidence of uterine disorders with age.

1.3 The advent of high-throughput technologies

1.3.1 High-throughput technologies to measure gene

expression

Over the past decades, the emergence of high-throughput technologies revolution-

ized the way of studying biological processes. These techniques allow researchers to si-

multaneously evaluate the totality of genes, transcripts, proteins or metabolites present

in a cell or cell population at any given time, leading to the emergence of the so-called

”omic” sciences, such as genomics, transcriptomics, proteomics, and metabolomics,

respectively. The omic that is providing most of the last advances in the field of repro-

ductive medicine is perhaps transcriptomics, a technology that globally measures gene

expression. The following paragraphs describe the two main high-throughput tran-
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scriptomic technologies used to measure gene expression: A) DNA microarrays and B)

RNA-Seq (Figure 1.3).

A) DNA microarrays

DNA microarrays (or chips) appeared around 1996 as the first approach to evaluate

the transcriptome (Lockhart et al., 1996). A microarray is a solid support that contains

a collection of DNA probes capable of detecting and measuring gene expression levels.

These probes can span the entire genome or be designed to recognize a specific set

of target genes. Similarly, a target gene can be represented by one or more probes

or sets of probes. Affymetrix®, Agilent®, and Illumina®, are the main commercial

platforms that provide this type of device, whose general operation is described in

Figure 1.3A.

After extraction from the biological sample, the RNA is retrotranscribed to com-

plementary DNA (cDNA), labeled and deposited on the microarray, where the target

cDNA and its corresponding probe hybridize. Then, a detector captures the hybridiza-

tion signal from each array spot, which is usually fluorescent, and provides a numerical

value that is representative of the expression level of each gene represented in the

microarray.

B) RNA-Seq

DNA sequencing can be defined as the set of biochemical methods and techniques

whose objective is to determine the order of nucleotides (basic chemical units that con-

stitute DNA) of a DNA fragment. Since the first method proposed by Sanger in 1977

(Sanger et al., 1977) a whole series of improvements have been made to increase its ef-

ficiency, speed and accuracy. In this sense, next generation sequencing (NGS) systems

allowed parallel, massive, automated and rapid determination of the sequence of mil-

lions of DNA (or RNA) fragments in a single sequencing process and at a progressively

reduced cost (Sboner et al., 2011).
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Figure 1.3: High-throughput technologies to measure gene expression. A) Exper-
imental procedure to measure gene expression through DNA chips or microar-
rays. The experimental steps from sample collection, total RNA extraction, microarray
hybridization and raw data retrieval to normalized gene expression values (rows) per sample
(columns) are described for a transcriptomic experiment. B) Experimental procedure
to measure gene expression through RNA-Seq. The experimental steps from sample
collection, total RNA extraction, PCR amplification and retrieval of raw sequenced reads
to gene count matrices are represented. Raw reads may be obtained from the sequencer
in FASTA or FASTQ formats. Aside from a heading and nucleotide sequence, the latter
format additionally includes information of the sequenced chain (+/- sense) and the sequenc-
ing quality per nucleotide, amongst other data. After preprocessing, the obtained reads are
aligned against the reference genome to obtain read counts per gene (rows) for each sample
(columns). Adapted from Devesa-Peiro et al. Chapter 4: Molecular biology approaches uti-
lized in preimplantation genetics: real-time PCR, microarrays, next-generation sequencing,
karyomapping, and others. In Garcia-Velasco and Seli E. (1st Ed.) Human Reproductive
Genetics. Academic Press 2020:49-67. PCR, polymerase chain reaction. DNA, deoxiribonu-
cleic acid. cDNA, complementary DNA. RNA, ribonucleic acid. mRNA, messenger RNA.
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One of the projects applying NGS technologies that revolutionized science during

the 21st century was the Human Genome Project, through which the entire human

genome was sequenced for the first time in history (Venter et al., 2001). Thanks to

this and many other projects that followed, we now have a reference human genome

to compare against when conducting sequencing studies. Among NGS technologies,

RNA-Seq allows sequencing of RNA samples rather than DNA (Wang, Gerstein, et

al., 2009). The basic sequencing mechanism of this type of technique is illustrated in

Figure 1.3B.

After extraction from the biological sample, the RNA is selected, retrotranscribed

to cDNA and fragmented into pieces of variable length, which are then amplified (copied

multiple times) by polymerase chain reaction (PCR) prior to sequencing. The sequenc-

ing step identifies the order of nucleotides of each of the RNA fragments (reads). After

preprocessing and evaluation of the sequencing quality, these reads are mapped against

the reference genome to obtain a number of reads per gene.

The amount of data generated with this type of technology is related to the con-

cepts of coverage and sequencing depth. In the case of RNA-Seq, coverage is defined as

the percentage of the sequenced transcriptome and sequencing depth as the theoretical

number of reads that could be aligned or mapped with each nucleotide of the refer-

ence genome. A greater number of reads corresponds to a greater coverage and depth.

Thus, a gene with a high level of expression will have a greater amount of associated

RNAs, so that at the end of the RNA sequencing process a greater number of reads

will be obtained and there will be a greater depth in that area of the genome. This

relationship between the amount of reads and the expression levels of a given gene

allows inference of gene expression activity from read counts.

1.3.2 Transcriptomic changes through menstrual cycle

progression

Regarding the application of transcriptomics to assess menstrual cycle progression,

numerous studies demonstrated a great influence of the menstrual cycle on endometrial

gene expression by comparing endometrial samples collected at different menstrual cy-
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cle phases (Altmae et al., 2017; Altmae et al., 2010; Bhagwat et al., 2013; Borthwick

et al., 2003; Carrascosa et al., 2018; Carson et al., 2002; Diaz-Gimeno et al., 2011; Diaz-

Gimeno et al., 2017; Haouzi et al., 2009; Kao et al., 2002; Koot et al., 2016; Mirkin

et al., 2005; Ponnampalam et al., 2004; Punyadeera et al., 2005; Riesewijk et al., 2003;

Sebastian-Leon et al., 2018; Sigurgeirsson et al., 2016; Talbi et al., 2006). Transcrip-

tomic changes along the menstrual cycle have been extensively reviewed with a special

focus on endometrial receptivity characterization (Altmae et al., 2017; Diaz-Gimeno

et al., 2014; Miravet-Valenciano et al., 2019), allowing the identification of specific gene

signatures that can be used to successfully date the distinct phases of the menstrual

cycle (Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2014). These studies revealed

that genes involved in angiogenesis, cell proliferation, extracellular matrix regenera-

tion, cell differentiation and adhesion were activated during the proliferative phase;

those involved in metabolism, transport and cell cycle and proliferation inhibition were

associated to the early secretory phase; metabolism, cell differentiation, adhesion and

communication, innate immune, stress and wounding responses, proteolysis genes and

genes involved in glandular secretions and cell cycle inhibition were upregulated during

the mid-secretory phase at the WOI (as reviewed by Altmae et al., 2017; Diaz-Gimeno

et al., 2014; Miravet-Valenciano et al., 2019). Finally, genes related to apoptosis, extra-

cellular matrix degradation, inflammatory response and vasoconstriction were mainly

activated at the late-secretory phase (as reviewed by Diaz-Gimeno et al., 2014; Miravet-

Valenciano et al., 2019).

Due to its crucial role in embryo implantation, most research in human endome-

trial transcriptomics has been focused on identifying genes predictive of the endometrial

receptivity status; these efforts led to the development of endometrial receptivity di-

agnostic tools (Diaz-Gimeno et al., 2011; Enciso et al., 2018; Hamamah, 2013) that

outperformed precision and reproducibility of classical histological methods of endome-

trial dating (Diaz-Gimeno et al., 2013), being currently used clinically to personalize

embryo transfers depending on the receptive status of the patient’s endometrium (Ruiz-

Alonso et al., 2013; Simon et al., 2020).
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1.3.3 Transcriptomic evaluation of the human endometrium

in patients affected by uterine disorders

Transcriptomic technologies have provided a more holistic molecular perspective

of uterine disorders compared to traditional approaches, facilitating the adaptation

of clinical protocols and treatments according to the molecular characteristics of the

patients and leading us towards a more personalized medicine. Transcriptomic studies

are contributing to the stratification of complex and multifactorial diseases such as

endometrial adenocarcinoma (Levine and Network, 2013) or RIF (Koot et al., 2016;

Sebastian-Leon et al., 2018), and to the prioritization of new druggable targets in

uterine disorders (Hu et al., 2020; Yin et al., 2021).

Following case versus (vs) control experimental designs, several transcriptomic

studies have identified many genes whose expression is significantly altered in patients

diagnosed with distinct uterine disorders (Burney et al., 2007; Crispi et al., 2013; Koot

et al., 2016; Ledee et al., 2011; Orchel et al., 2012; Pappa et al., 2015). Most of

these dysregulated genes were related to steroid hormones, the immune system, cell

cycle, proliferation, growth and survival, cell adhesion, apoptosis, placentation, early

embryonic development, and embryo implantation (Bulun et al., 2019; Burney et al.,

2007; Koot et al., 2016; Krieg et al., 2012; Ledee et al., 2011; Pappa et al., 2015).

Despite all these advances, individual results remain unreproducible (Altmae et al.,

2017; Lessey and Kim, 2017; Miravet-Valenciano et al., 2017; Sebastian-Leon et al.,

2018) and unique and reliable biomarkers for many uterine disorders remain unidenti-

fied. Even though age and uterine disorders are associated (the older a woman is, the

more likely that uterine disorders appear in her reproductive system), there is a lack

of studies evaluating the effect of age on endometrial gene expression and function.

Consequently, the exact mechanisms by which these gynecological alterations arise,

progress, and convert the uterus into an unsuitable environment for embryo implanta-

tion is not fully understood. Notably, the aforementioned is further complicated by the

fact that most uterine disorders are co-morbid and predispose one another (Huang et

al., 2017; Painter et al., 2018; Tomassetti et al., 2006; Yu et al., 2015). Taken together,

the importance and complexity of the endometrial cycle along with the implantation
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process requires a global and holistic strategy that integrates all this information to

robustly identify common genes and functions among the different disorders as well as

factors contributing to endometrial subfertility.

1.4 Transcriptomic analysis strategies

1.4.1 Data repositories and biological databases

Public data repositories arose as a consequence of the massive and continuously

increasing generation of high-throughput omic data. Indeed, one of the publication

requirements currently demanded by most scientific journals is to make the raw data,

extracted directly from the microarray or the sequencer, freely available to the scien-

tific community. These data are systematically stored in public data repositories for

other researchers to download, ensuring study reproducibility and allowing resource

optimization due to the possibility of re-analyzing the stored data to answer new scien-

tific questions. This novel research strategy gave rise to the so-called in silico studies,

an example of which is this PhD thesis dissertation.

One of the most popular and comprehensive functional genomic public reposito-

ries for transcriptomic data is Gene Expression Omnibus (GEO) (Edgar et al., 2002)

(available at www.ncbi.nlm.nih.gov/gds), designed by the National Center for Biotech-

nology Information (NCBI) in 2000. This repository stores raw and preprocessed data

from omic experiments performed with different high-throughput technologies, along

with clinical and phenotypic information per sample and specific experimental proto-

cols. GEO currently contains 4,149,181 experiments (identified with the initials GSE)

from 22,074 platforms (GPL) and 4,332,200 samples (GSM), a larger number than

other repositories such as ArrayExpress (Athar et al., 2019) or Sequence Read Archive

(Kodama et al., 2012).

Apart from these public data repositories, different biological databases were built

for functional annotation of individual genes. This type of databases relates specific

biological units (e.g. genes) with different functional terms (e.g. metabolic or signaling
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pathways, biological processes, molecular functions, transcription factors (TFs), mi-

croRNAs (miRNAs), association to a given disease, etc.). Due to their high curation

level and reliability, Gene Ontology (GO) (Ashburner et al., 2000) and Kyoto Ency-

clopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000) are amongst the

most widely used biological databases:

� Gene Ontology (GO) (Ashburner et al., 2000) (available at www.geneontology.org)

is a relational database designed to consistently and hierarchically store informa-

tion about gene products. It is structured in three related ontologies: biological

processes (BP) – set of molecular events used by cells, tissues, organs or organ-

isms for their functions (currently containing 28,642 GO terms, e.g. cell cycle),

molecular functions (MF) - basic activities of a gene product at a molecular level

(11,169 functions, e.g. protein kinase activity), and cellular components (CC)

– parts of the cell and its extracellular environment in which a gene product

performs a function (4,176 GO terms, e.g. cilium). As such, the same gene

can have several GO annotated terms in each of the ontologies. Moreover, this

database provides the source type of each included gene-GO term relationship

(experimental, computational prediction, etc.). Unlike KEGG, GO information

is not species-specific.

� Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and

Goto, 2000) database (available at www.genome.jp/kegg/pathway.html) provides

systems biology information from genomic and molecular data for the understand-

ing of cellular, organismic and ecosystem functions. It integrates 16 databases

classified into four categories: systems information, genomic information, chem-

ical information, health information and drug labels. For the purpose of this

PhD thesis dissertation, the KEGG PATHWAYS database, within the systems

information category, was used. This database stores 545 signaling and metabolic

pathways manually curated by experts. Only human pathways, identified with

the prefix hsa-, were considered for this work.
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1.4.2 Primary transcriptomic analysis methods

The need to store and analyze the growing amount of generated omic data led to the

emergence of bioinformatics. This new multidisciplinary science combines knowledge

from computational science, statistics and biology amongst other disciplines to carry

out in silico data analysis from high-throughput technologies. Bioinformatic skills are

applied from raw data acquisition to downstream analysis and interpretation. With

the reduction of sequencing time and costs, in silico steps relying on bioinformatic

knowledge account for more than 50% of the time and effort costs of a transcriptomic

project (Sboner et al., 2011). In fact, since downstream bioinformatic analyses and

interpretation of results cannot be automatized, this percentage is likely to increase

further in the coming years (Sboner et al., 2011).

One of the most common study designs for transcriptomic experiments requiring

bioinformatic tools for data analysis is the comparison of two conditions, one that would

act as a control (e.g. healthy subject) and another that would represent the condition

of research interest (e.g. patient with a certain pathology). Once the samples of

each group have been collected, the RNA extracted and the raw gene expression data

obtained (subsection 1.3.1. High throughput technologies to measure gene expression),

the next step is the primary transcriptomic analysis, which, in this type of experimental

design typically consists of three basic steps: a) preprocessing and exploratory analysis,

b) differential expression analysis (DEA) and c) functional analysis (Figure 1.4).

A) Preprocessing and exploratory analysis

After raw data is extracted from the microarray or sequencer, the background

noise and/or control probes (microarrays), or sequencing adapters (RNA-Seq) must be

removed. In the case of RNA-Seq data, the obtained reads must be aligned against

the reference genome to assign read counts to individual genes. Afterwards, normaliza-

tion within the array (microarray) or by library size (RNA-Seq); and between samples

must be achieved to ensure data comparability (Figure 1.4A). This preprocessing step

is different depending on the platform (Aymetrix®, Agilent®, Illumina®, etc.) and

type of technology used (microarrays or RNA-Seq) but ultimately leads to a gene ex-
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pression matrix with genes in its rows and samples in its columns. After preprocessing,

exploratory analyses must be conducted to detect and remove outliers and batch effects

prior to downstream analysis (Figure 1.4A). Popular methods to achieve this are prin-

cipal component analysis (PCA), which identifies components explaining most of the

observed gene expression variability between samples (Jolliffe and Cadima, 2016) or

unsupervised clustering of samples according to their gene expression profiles (Tasoulis

et al., 2006).

B) Differential expression analysis

This analysis compares mean expression values of each gene between samples from

the different studied conditions and provides a list of genes with a significantly different

expression level (upregulated/downregulated) in one condition vs the other (Figure

1.4B). Selecting the optimal statistical test during this analysis will depend on the

experimental design (number of groups, paired samples - i.e. taken from the same

individual - or independent samples, etc.). Since this test is performed independently

for thousands of genes, the obtained p-values must always be corrected for multiple

testing to minimize false positive rates (Benjamini and Hochberg, 1995). This approach

is widely used in the field of reproductive medicine to gain a better understanding at

the molecular level and to detect potential biomarkers of uterine disorders. However,

it is important to note that this analysis only provides a list of genes involved in the

studied process with no further information of how these genes are coordinated, which

transcription factors are regulating their expression or how they are involved in a given

biological process or signaling pathway.

C) Functional analysis

Main strategies to retrieve functional information from DEA results include func-

tional mapping and functional footprinting methods (Figure 1.4C). In a functional

mapping strategy, the activity of a pathway is inferred from measurements of its protein

components, and the activity of each of these proteins is estimated from measurements

of their corresponding gene transcripts (Dugourd and Saez-Rodriguez, 2019) (Figure

1.4C.1).
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Figure 1.4: Workflow of a primary transcriptomic analysis for a case vs control
study. After obtaining the raw gene expression values for case and control samples from
the sequencer or microarray, preprocessing and exploratory analysis (A) (...)
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Figure 1.4: (...) are applied to normalize the data, annotate probes or map reads to gene
names and detect potential outliers and batch effects to remove. Afterwards, differential
expression analysis (B) is used to identify those genes whose expression is significantly
changing between conditions. An increasing number of studies apply an additional step of
functional analysis (C) to identify dysregulated functions, pathways and/or transcription
factors between conditions based on the measured genes. This last step can be achieved fol-
lowing functional mapping (1) and/or functional footprinting (2) strategies. While functional
mapping methods use gene expression values as a proxy of the pathway protein component
levels to infer pathway activity, functional footprinting methods use gene expression values of
specific genes known to be transcriptionally activated or inhibited downstream of the path-
way (pathway footprint) or TF (TF footprint) to predict pathway/TF activity. Functional
analyses are typically applied following a functional enrichment mapping strategy, either by
testing if the proportion of DEGs annotated to a given function is significantly greater than
that annotated to the whole list of evaluated genes or background list (over-representation
analysis, 1.1.); or by evaluating if genes annotated to a given function present more extreme
differential expression measures between case and controls than expected when ordering all
measured genes by p-value and sign of the FC or t-statistic (gene set enrichment analysis,
1.2.). However, functional mapping methods are limited because the expression of a gene
only partially correlates with the activity of the corresponding protein in a pathway, a draw-
back that is overcome by functional footprinting methods to infer TF pathway activities that
are upstream of the altered gene expression identified in the differential expression analysis.
Image of the volcano plot in the differential expression analysis adapted from Doyle 2021.
Visualization of RNA-Seq results with Volcano Plot (Galaxy Training Materials). Accessed
May 28th, 2021. TF, transcription factor. DEGs, differentially expressed genes. FC, fold
change. FDR, false discovery rate. PC, principal component.

Mapping strategies are widely used in transcriptomic studies and include several

functional enrichment analysis(FEA) methods, which robustly combine the informa-

tion obtained from the DEA with that from other biological databases in which the

relationships between genes and their functions are collected (e.g. GO, KEGG) (Fig-

ure 1.4C.1). These methods analyze gene sets (groups of genes that share a common

characteristic or participate in the same biological process) (Subramanian et al., 2005)

and can be classified in over-representation analysis (ORA) and gene set enrichment

analysis (GSEA) methods (Dugourd and Saez-Rodriguez, 2019) (Figure 1.4C.1).

An ORA compares a gene list of interest (e.g. differentially expressed genes or

DEGs) with a background gene list (e.g. all evaluated genes in the study) to identify

cell functions that are significantly associated to the DEGs list (Dugourd and Saez-

Rodriguez, 2019) (Figure 1.4C.1.1). Alternatively, GSEA methods consider the expres-

sion of all evaluated genes (and not only the significant ones), but ordered according

to a feature of interest, such as the p-value and/or the fold change (FC) obtained from

the case vs control DEA. The objective of GSEA methods is to determine gene sets

having a particular annotated cell function in which the overall difference of expression

between cases and controls is more extreme than expected (more up or downregulated
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in cases vs controls) (Dugourd and Saez-Rodriguez, 2019; Subramanian et al., 2005)

(Figure 1.4C.1.2). Furthermore, GSEA methods have the advantage of not depend-

ing on a cut-off point (e.g. p-value) to decide a priori which genes are significantly

altered between conditions (Dugourd and Saez-Rodriguez, 2019; Subramanian et al.,

2005), drawing functional conclusions even in studies in which there are no DEGs,

and detecting groups of functionally related genes that, without being significantly

differentially expressed, may be more relevant to the biological process being studied

(Subramanian et al., 2005). Since this analysis is performed independently for thou-

sands of functions, p-values must also be corrected for multiple testing as in DEAs

(Benjamini and Hochberg, 1995; Diaz-Gimeno et al., 2014). However, functional map-

ping methods remain limited because the expression of a gene only partially correlates

with the activity of the corresponding protein in a pathway, thus post-translational

modifications are not considered (Krawczenko et al., 2017; Vogel and Marcotte, 2012).

A complementary method to infer upstream pathway and transcription factor (TF)

activities from transcriptomic data that overcomes this limitation is functional foot-

printing (Figure 1.4.C.2) (Dugourd and Saez-Rodriguez, 2019). Footprints are sig-

natures defined by the effect of molecules or processes of interest (Dugourd and Saez-

Rodriguez, 2019). For example, the abundances of the target genes related to a TF can

be considered the footprint of the TF activity, also known as the TF regulon (Alvarez

et al., 2016; Dugourd and Saez-Rodriguez, 2019; Essaghir et al., 2010; Garcia-Alonso,

Holland, et al., 2021). Alternatively, a footprint can also be derived for a pathway and

inform us on its activity from downstream molecular readouts (e.g. from changes in

gene expression caused by the activation or inhibition of the pathway) (Dugourd and

Saez-Rodriguez, 2019; Parikh et al., 2010; Schubert et al., 2018) (Figure 1.4.C.2). In

this sense, functional footprinting methods can infer upstream dysregulated TFs and

pathways leading to the observed alterations in gene expression between the studied

conditions. These new methods had never been applied to reproductive medicine, al-

though they proved to be useful for prioritization of potential druggable targets and

key molecular players involved in the pathophysiology of several diseases (Binenbaum

et al., 2020; Buhl et al., 2020; Liu et al., 2019; Melas et al., 2015; Tajti et al., 2020).
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1.4.3 Research strategies: Day vs Night science

The current technological revolution fueled by the development of omic methods

presents new approaches for conducting scientific research. The traditional scientific

method (known as ”day science”) involves a question and a potential explanation (hy-

pothesis) that is used to make predictions and design experiments aimed to test it

(Yanai and Lercher, 2019). In this case, the hypothesis is evaluated by comparing the

collected data and is confirmed or modified depending on the results (Figure 1.5, left).

This hypothesis-driven day science strategy follows a top-down approach in which the

scientist conducts experiments and analyzes data with the goal of testing a given hy-

pothesis (Yanai and Lercher, 2019). However, the awe-inspiring amount of omic data

generated in the last decades are allowing researchers to generate useful predictions

without concrete hypothesis a priori (Yanai and Lercher, 2019). High-throughput

datasets are especially prompt to contain information that cannot be predicted a pri-

ori (Yanai and Lercher, 2021). In fact, although many considered the Human Genome

Project (Venter et al., 2001) to be a ”breach-of-protocol” since previous dogma was that

research should always be hypothesis-driven (Yanai and Lercher, 2019); this ground-

breaking work provided valuable information for understanding human biology despite

lacking a prior hypothesis. This new approach of hypothesis-free research was initially

termed as ”night science” (Jacob, 1988) and is currently considered a systematic way

to generate new hypotheses (Yanai and Lercher, 2020) (Figure 1.5, right). Night sci-

ence typically follows a bottom-up approach, in which biological-relevant knowledge

is searched in all the available data. This ”dark side” of science allows researchers

to determine the boundaries of the studied problem or topic by identifying patterns

or prioritizing relevant information, making new discoveries that would not otherwise

be possible with hypothesis-driven research (Yanai and Lercher, 2019) (Figure 1.5,

right). This PhD thesis dissertation mostly uses a night science approach to provide a

genome-scale bird’s eye view of the altered molecular processes in the endometrium of

women with uterine disorders and how they may lead to implantation failures. Some

of the new hypothesis generated during this work were then tested using day science

approaches.
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Figure 1.5: Day vs Night science. General schemes of the two current strategies to
conduct science. While day science follows the traditional scientific method and a top-down
hypothesis-driven approach, starting from a question and associated hypothesis followed by
experimental design and hypothesis testing through the analysis of the collected data, night
science follows a bottom-up approach without hypothesis a priori, it starts with a broad topic
or problem and uses all the available data to find patterns and prioritize relevant information
that will set the boundaries of the topic, ultimately generating new hypotheses. Created with
BioRender.com.
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2. Motivation, Objectives and 
Hypothesis

.                        .

“Always remember, 

your focus determines 

your reality”

― George Lucas

“If you have a brain, you 

are obliged to use it”

― Meryl Streep

“The journey of a 

thounsand miles begins 

with one step”

– Proverbio chino

“Somewhere, 

something incredible is 

waiting to be known” 

– Carl Sagan





2.1. MOTIVATION

2.1 Motivation

In vitro fertilization patients are usually women of advanced age with a high preva-

lence of uterine disorders. From a clinical perspective, uterine disorders have remained

frustratingly devoid of effective therapeutic strategies to treat the fertility issues of

these patients. The uterine disorders discussed herein, either alone or in combination,

may cause endometrial dysfunction and could lead to implantation failure in patients

who come to assisted reproductive clinics in search of a successful pregnancy. Despite

the prevalence of these conditions in the field of reproductive medicine, the molecular

mechanisms underlying the comorbidities between uterine disorders and how each dis-

order impacts endometrial function and receptivity remain to be elucidated and/or are

under debate.

Endometrial transcriptomics is a promising strategy to provide valuable insight

into these topics. Unfortunately, there are currently no studies comparing the effect

of distinct uterine disorders on endometrial function; and those evaluating the same

uterine disorder overlap poorly in terms of the altered genes identified. The importance

and complexity of the endometrial cycle and the implantation process requires a global

and holistic approach that integrates all the available information to robustly identify

gene expression comorbidities that are contributing to endometrial subfertility. The

identification of these common functional gene dysregulations will allow us to confirm

already established aspects, resolve discrepancies and generate new hypotheses that

can be tested in future prospective studies.

Results derived from this PhD thesis will (1) help elucidate current doubts re-

garding the biological processes affected in eutopic endometrium of women with en-

dometriosis, endometrial adenocarcinoma, recurrent implantation failure and recurrent

pregnancy loss, (2) provide better understanding of the relationship between the in-

creased incidence of uterine disorders with age, (3) unveil the molecular mechanisms

by which uterine disorders and age affect endometrial gene function and fertility and

are related to each other, and (4) propose common key proteins as potential biomark-

ers and/or druggable targets that will contribute to the improvement of diagnosis and

treatment of these patients, ultimately increasing future implantation and pregnancy
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rates in assisted reproductive clinics.

2.2 Objectives

2.2.1 Main objective

To identify and compare, at a functional level, the molecular mechanisms under-

lying distinct uterine disorders and factors (e.g. age) and its comorbidities, as well as

determine how they may affect subfertility of endometrial origin.

2.2.2 Secondary objectives

� To identify and compare the most robust functional gene dysregulations in the

endometrium of women diagnosed with distinct uterine disorders and how they

may impact endometrial receptivity (Study I, pages 37-72).

� To identify and compare upstream transcription factors and signaling pathways

potentially leading to the aforementioned endometrial functional gene dysregu-

lations caused by uterine disorders, and to prioritize common key proteins that

could serve as potential biomarkers and/or druggable targets to revert these func-

tional alterations potentially affecting fertility in these patients (Study II, pages

73-98).

� To determine potential factors affecting endometrial gene expression associated

to uterine disorders and to generate and contrast new hypotheses driven by the

data (Study III, pages, 99-130 and Study IV, pages 131-156).
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2.3 Hypothesis

The hypothesis of this PhD thesis dissertation is that the distinct uterine disorders

and factors that cause subfertility are related through common functional alterations

in the endometrium that affect endometrial receptivity.

Apart from contrasting this hypothesis, this thesis represents an in silico and

data-driven research that, due to its omic and computational nature, will generate new

relevant hypotheses in the field of reproductive medicine.

35





3. Study I. Comparative study of molecular 
processes affected in the endometrium of 
subfertile patients with uterine disorders
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3.1. INTRODUCTION

3.1 Introduction

3.1.1 The impact of uterine disorders on endometrial

receptivity and their endometrial comorbidities

Identifying pathologic conditions that impact endometrial function and result in

a disrupted window of implantation (WOI) is important for the development of fer-

tility treatment strategies, as they can interrupt implantation and lead to subfertility.

While it is widely known that conditions like recurrent implantation failure (RIF) or

recurrent pregnancy loss (RPL) affect embryo implantation at the endometrial level

(Diaz-Gimeno et al., 2017; Huang et al., 2017; Sebastian-Leon et al., 2018), the im-

pact of other uterine disorders, like endometriosis or uterine fibroids, on endometrial

receptivity and implantation success is under debate (Da Broi et al., 2019; Horne and

Critchley, 2007; Lessey and Kim, 2017; Miravet-Valenciano et al., 2017). Moreover, the

molecular mechanisms underlying RIF and RPL are not well understood (Diaz-Gimeno

et al., 2017; Ford and Schust, 2009; Jauniaux et al., 2006; Koot et al., 2016; Moustafa

and Young, 2020; Sebastian-Leon et al., 2018).

Some uterine disorders, such as endometriosis and endometrial cancer, appear to

have genetic overlap and predispose to one another (Painter et al., 2018; Tomassetti

et al., 2006; Yu et al., 2015). Although uterine disorders are often co-morbid (Huang

et al., 2017; Tomassetti et al., 2006; Yu et al., 2015), the molecular basis of the links

between these conditions has yet to be determined. In addition, most of these uterine

disorders are undiagnosed (Doldi et al., 2005) and currently lack effective treatments

(Coughlan et al., 2014; Dunselman et al., 2014; Harada et al., 2016; Jauniaux et al.,

2006; Tanbo and Fedorcsak, 2017; Wang, Fuh, et al., 2009; Zepiridis et al., 2016),

making the understanding of the molecular mechanisms underlying these pathologies

even more of a priority for reproductive medicine.
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3.1.2 Reproducibility issues in the transcriptomic evaluation

of uterine disorders

Uterine disorders have been evaluated by transcriptomic analysis to identify altered

genes (Burney et al., 2007; Crispi et al., 2013; Orchel et al., 2012) and, in some cases,

the affected gene functions (Koot et al., 2016; Ledee et al., 2011; Pappa et al., 2015) that

could decrease fertility. The results of individual studies, however, lack reproducibility

(Altmae et al., 2017; Lessey and Kim, 2017; Miravet-Valenciano et al., 2017; Sebastian-

Leon et al., 2018) due to low sample sizes, variable experimental designs, and the

application of different data analyses protocols (Garcia-Garcia, 2016; Gurevitch et al.,

2018). Consequently, the exact effects these conditions have on the endometrium and

a profound understanding of their overlapping mechanisms remains to be elucidated.

Improved and comparable analysis from the raw data of individual experiments

(commonly shared in genomic repositories like the Gene Expression Omnibus (GEO)

(Edgar et al., 2002)) facilitates comparisons between studies. New results obtained

applying a comparable primary transcriptomic analysis across studies can then be

integrated through meta-analyses (Gurevitch et al., 2018; Piras et al., 2019), which

enable comparisons within larger datasets to answer new scientific questions (Cubuk

et al., 2018) or prior questions with a higher degree of confidence (Piras et al., 2019).The

application of these comparable analytic procedures to the raw data prior to integration

is key to obtain robust meta-analysis results, as it ensures comparability amongst the

studies to be integrated (Gurevitch et al., 2018).

3.1.3 Functional integration through meta-analysis

techniques

Meta-analysis techniques have gained popularity in the medicine field since the

80s (Normand, 1999) and were applied to DNA microarray transcriptomic data at the

beginning of the 21st century (Grutzmann et al., 2005; Rhodes et al., 2002). There are

several reviews addressing the advantages and limitations of the distinct transcriptomic

meta-analysis methods (Hong and Breitling, 2008; Ramasamy et al., 2008), which were
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adapted to be used on RNA-Seq data with the advent of next-generation sequencing

(NGS) technologies (Rau et al., 2014). Despite most meta-analysis methods focus on

identifying the most robustly dysregulated genes (Piras et al., 2019; Rhodes et al.,

2002; Zeggini et al., 2008), their application at the functional level allows broader

understanding of the biological processes and/or conditions being studied (Garcia-

Garcia, 2016; Shen and Tseng, 2010).

There are currently few functional meta-analysis methods available (Chen et al.,

2013; Garcia-Garcia, 2016; Shen and Tseng, 2010). Nonetheless, the method developed

by Garcia-Garcia, based on classical meta-analysis techniques (DerSimonian and Laird,

1986; Hedges et al., 1999; Hunter and Schmidt, 2004; Paule and Mandel, 1982; Sidik

and Jonkman, 2005, 2007; Viechtbauer, 2010), proved to be more flexible and useful

when interpreting biological results compared to previous methods (Chen et al., 2013;

Shen and Tseng, 2010). Unlike its predecessors, this new functional meta-analysis

method supports any type of functional annotation retrieved from any public, private

or custom-made functional database, can be applied to different omics and allows com-

bination of DNA microarray and RNA-Seq data (Garcia-Garcia, 2016). This methodol-

ogy robustly highlights the common alterations across several studies, while discarding

alterations exclusive to each individual study’s characteristics (Garcia-Garcia, 2016;

Gurevitch et al., 2018). In addition, statistical power is enhanced by integrating a

higher number of samples, and the limitations of individual studies’ heterogeneity (re-

garding their distinct clinical population characteristics and experimental procedures)

are overcome (Garcia-Garcia, 2016; Gurevitch et al., 2018.

The success of a meta-analysis is mainly based on the quality of the systematic

search and inclusion criteria used to find suitable studies to answer a given scientific

question (Garcia-Garcia, 2016; Gonzalez et al., 2011). In the case of Garcia-Garcia’s

method, each included study needs to be analyzed independently through comparable

primary transcriptomic analysis protocols prior to integration, to ensure that functional

enrichment results will be comparable (Figure 3.1). The functional meta-analysis model

takes the size effect and a measure of its variability of each function (evaluated in the

previous functional enrichment step, which is applied to each individual study indepen-

dently), to estimate a combined size effect measure and its standard error (Figure 3.1).
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To achieve this, a random or fixed effects model can be used depending on the respec-

tive presence or absence of variability within and between the individual studies whose

functional enrichment results are integrated. The advantage of random models is the

insurance that studies with higher variability weight less when computing combined

measures than those with lower variability; thus increasing the statistical power of the

resulting combined size effect measure compared to individual studies (Garcia-Garcia,

2016; Normand, 1999) (Figure 3.1). Finally, this methodology includes additional qual-

ity analysis that evaluates the consistence, biases, and influence of individual studies

on the obtained results. Specifically, it generates a funnel plot graphic informing about

the presence of both study heterogeneity (due to different study designs, experimental

protocols and analytical procedures) and publication bias (which occurs when the out-

come of a research study influences the publication decision, usually favoring studies

with significantly positive results) (Sterne and Egger, 2001). Moreover, this functional

meta-analysis technique can characterize studies evaluating the same pathology at the

functional level or highlight common functional alterations amongst distinct conditions,

such as different types of cancer and skin disorders (Garcia-Garcia, 2016).

Figure 3.1: Schematic representation of functional meta-analysis methodology.
This scheme represents the integration of three case vs control studies through meta-analysis
using a random effects model to account for study heterogeneity. As an example, numeric
results are indicated for one of the evaluated functions (function A). Comparable primary
transcriptomic analyses are applied independently to each study prior to integration. (...)
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Figure 3.1: (...) After preprocessing, differential expression analysis (DEA) and functional
enrichment analysis (FEA), a functional matrix is obtained for each study (red, purple and
orange tables), indicating the size effect (e.g. odds ratio logarithm (LOR) between case vs
controls) and a measure of its variability (e.g. standard deviation) (SD)) for each evaluated
function in the FEA. Because functional integration is performed with a random effects model,
studies with less variability will weigh more in the combined size effect computation. The
corresponding weight of each study in the final result is represented with study and functional
matrix box size (in this case, the red table is bigger than orange and purple tables) and with
LOR black box size of each study represented in the final forest plot. Therefore, study 1, with
a lower variability for function A, will weigh more in the final calculation of the combined
size effect than studies 2 or 3, which present a higher variability for this function according
to the individual functional matrices. SE, standard error. CI, confidence interval.

Despite the utility of these approaches, in reproductive medicine genomic meta-

analyses have only been applied to endometrial receptivity biomarker discovery at a

gene level, using genes reported in each individual study (Altmae et al., 2017) or us-

ing raw data to establish comparable analytical protocols (Li et al., 2017). Individual

studies have yet to be integrated at the functional genomics level to deepen the un-

derstanding of symptomatology, etiology, and altered endometrial functions in uterine

disorders contributing to infertility and/or answer new scientific questions about their

endometrial comorbidities and how these uterine disorders are functionally related.

In this study, altered gene functions in the endometrium of patients with uterine

disorders are identified using a comparable primary transcriptomic analysis coupled

with a meta-analyses of functions obtained from previously published datasets’ raw

data. The discovery of commonly altered gene functions among the conditions analyzed

gives insight into the molecular mechanisms behind altered endometrial receptivity and

could provide opportunities for new treatment modalities that prevent implantation

failure.

3.2 Objectives

� To identify the most robust gene functional dysregulations in the endometrium

of women diagnosed with distinct uterine disorders.

� To compare the obtained results amongst uterine disorders and to identify com-

mon functional dysregulations between all or some of them.
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� To describe if the obtained functional dysregulations could potentially affect en-

dometrial receptivity.

3.3 Material & Methods

3.3.1 Study search and selection

The first step was to search for experiments involving human endometrial transcrip-

tomic raw data evaluating uterine disorders following a case vs control study design.

To achieve this, a systematic search and review was conducted between October 2016

and June 2017 at the National Center for Biotechnology Information (NCBI) functional

genomics data repository GEO (Edgar et al., 2002) according to preferred reporting

items for systematic reviews and meta-analysis (PRISMA) guidelines (Moher et al.,

2009).

Keywords employed in the study search included endometriosis, endometrial adeno-

carcinoma, recurrent implantation failure, and recurrent pregnancy loss, among others

(see Annexes: Supplementary Table 7.1 for a full list of search terms). No restrictions

were placed on publication date or language. Uterine leiomyoma, adenomyosis, and

uterine leiomyosarcoma data, amongst other conditions, were also searched for, but

there were insufficient studies meeting the inclusion criteria described below.

For each study, 39 variables were evaluated (Annexes: Supplementary Table 7.1),

including clinical characteristics of the participants (e.g. age and body mass index

(BMI)), experimental design (e.g. endometrial biopsy preprocessing procedure and

transcriptomic platform), and additional study information (e.g. GEO identifier and

associated publication). The final inclusion criteria were:

� At least one uterine disorder was evaluated in the study design.

� RNA was extracted directly from human endometrial biopsies (collected from

eutopic endometrium in endometriosis patients).
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� Sample size was greater than three for both case and control groups belonging

to the same study.

� Microarray or RNA sequencing data were obtained using Affymetrix®, Illu-

mina®, or Agilent® standard gene expression platforms.

� Raw gene expression data were made freely available for download from GEO.

3.3.2 Individual transcriptomic analysis: Making functional

results comparable

The same transcriptomic analysis procedure was applied independently to each of

the selected individual studies for making functional results comparable to one another

before being integrated through functional meta-analysis (Figure 3.2). This procedure

avoids potential bias related to the different preprocessing techniques implemented in

the studies. Individual transcriptomic analysis consisted of three consecutive steps run

in R software (RCoreTeam, 2020): preprocessing of raw gene expression data, differ-

ential expression analysis (DEA), and functional enrichment analysis (FEA) (Figure

3.2A).

The preprocessing step was performed with the affy v.1.52.0 R-package (Gautier

et al., 2004) for studies using Affymetrix® platforms to measure gene expression and

the limma v.3.34.5 R-package (Ritchie et al., 2015) for those using using Agilent®

or Illumina® devices. Normalization between samples was carried out using quantile

normalization (limma v.3.34.5 R-package (Ritchie et al., 2015)). Annotation from

probe set to gene symbol was achieved with the biomaRt v.2.30.0 R-package (Durinck

et al., 2009).

Next, exploratory analyses were performed to detect outliers and batch effects.

Outliers were removed from each study when excluded from the t-Student 99% con-

fidence interval (CI) ellipses (Hadi et al., 2009) of the principal component analysis

(PCA) scores drawn with the ggplot2 R-package (Wickham, 2016). Detected batch

effects were removed using linear models (limma v.3.34.5) as previously described

(Ritchie et al., 2015). The effect of the cycle phase at the time of endometrial biopsy
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collection was also removed from the data using linear models (limma v.3.34.5 (Ritchie

et al., 2015)) because the menstrual cycle is known to have a great impact on gene ex-

pression (Altmae et al., 2017; Altmae et al., 2010; Borthwick et al., 2003; Devesa-Peiro

et al., 2021; Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2017; Koot et al., 2016;

Ponnampalam et al., 2004; Punyadeera et al., 2005; Sebastian-Leon et al., 2018; Sig-

urgeirsson et al., 2016; Talbi et al., 2006). This correction ensures that the functional

alterations obtained are due to the uterine disorder instead of the different propor-

tions of cell types (stromal, epithelial) and/or the distinct menstrual cycle stages in

which the endometrial biopsies were taken (Devesa-Peiro et al., 2021; Suhorutshenko

et al., 2018). The effect of the menstrual cycle on uterine disorder biomarker discovery

and the advantages of removing it using linear models for endometrial transcriptomic

analysis is demonstrated and quantified in Study III (pages 99-130).

Afterwards, DEAs were applied using limma v.3.34.5 (Ritchie et al., 2015) and

FEAs were executed with the Gene Set Enrichment Analysis (GSEA) logistic model

implemented in the mdgsa v.1.10.0 R-package (Montaner and Dopazo, 2010) (Figure

3.2A). P -values for each gene and function were calculated and corrected for false

discovery rate (FDR) (Benjamini and Hochberg, 1995). Two functional databases were

consulted: the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Release 81.0/,

2017-1-1) (Kanehisa and Goto, 2000) and Gene Ontology (GO) (Release 1.2/2017-

03-31) (Ashburner et al., 2000). For GO enrichment, the three ontologies were used

(biological processes (BP), molecular functions (MF), cellular components (CC)), only

experimental-evidenced GO-gene associations were included, a propagated GO version

was used for considering the whole GO-tree structure, and annotated GO terms were

filtered by those having more than five and less than 500 associated genes. GSEA

methods use a mapping strategy to identify gene functions and pathways potentially

dysregulated in a given condition by measuring the gene expression or protein levels

of its components (Dugourd and Saez-Rodriguez, 2019). In this study, gene expression

changes between case and controls were used as a proxy of changes in protein levels for

GSEA analysis.
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Figure 3.2: Study design and procedures. (A) A scheme of the general study design
involving a systematic review, comparable primary transcriptomic analysis performed inde-
pendently for each included study and functional integrations within and between uterine
disorders is shown. (B) Detailed meta-analysis procedures and input and output variables of
the method. Data input for the meta-analysis includes, for each function, measures of the
size effect between cases vs controls and its associated variability (when integrating studies
evaluating the same uterine disorder, these measures are the logarithm of odds ratio (LOR)
and corresponding standard deviation (SD) obtained in the functional enrichment step done
by GSEA). A single meta-analysis was performed for each evaluated function (a total of 6,390
functions). These integrations were run under the DerSimonian & Laird model to weight the
final meta-analysis results according to the LOR SD. Meta-analysis output results for each
function included a summary LOR obtained from the combination of the individual LOR as-
sociated to each integrated study, the SE and 95% confidence interval (CI) of this summary
LOR, the false discovery rate (FDR), a forest plot and a funnel plot to evaluate study biases
(see Annexes: Supplementary Figures 7.1, 7.3 -7.7 for further detail on the plots). (...)
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Figure 3.2: (...) In the case of integrations performed between uterine disorders (A), the
input measures are the summary LOR and its SE obtained from previous integrations within
each uterine disorder. GEO, Gene Expression Omnibus. GO, Gene Ontology. BP, biological
processes. MF, molecular functions. CC, cellular components. FDR, false discovery rate.
LOR, logarithm of odds ratio. CI, confidence interval. GSEA, gene set enrichment analysis.
SE, standard error. DEA, differential expression analysis.

3.3.3 Functional integration

A functional meta-analysis using mdgsa v.1.10.0 (Montaner and Dopazo, 2010)

and metafor (Viechtbauer, 2010) R-packages (Garcia-Garcia, 2016) was applied to

each GSEA tested pathway and gene function, integrating each of them among the

different studies evaluating the same uterine disorder (Figure 3.2B).

All integrations were performed under the DerSimonian & Laird random effects

model to account for individual study heterogeneity (DerSimonian and Laird, 1986)

and executed in the R environment (RCoreTeam, 2020). This model weighs the func-

tional results of each study according to their inherent variability measured by the

standard deviation (SD) of the logarithm of odds ratio (LOR) obtained in the GSEA

analysis for each evaluated function (Figure 3.2B). Consequently, studies with less

variability weigh more in the computation of the final meta-analysis result than those

with high variability. This result includes a summary LOR (which represents the size

effect between cases vs controls for each function) and its standard error (SE, which

measures its variability). Afterwards, the method tests the hypothesis of whether the

obtained summary LOR is significantly distinct from 0 (no differences between cases

and controls) and computes a p-value. P -values were corrected for multiple testing

by FDR (Benjamini and Hochberg, 1995), and functions were considered statistically

significant in the meta-analysis when FDR¡0.05.

Once the most robust functional dysregulations within each uterine disorder were

identified, additional functional meta-analyses were applied on these results to highlight

functions that were significantly shared between all or some uterine disorders (Figure

3.2A). From that point on, the model used the summary LOR and its SE as the size

effect and variability measures, respectively, to evaluate each function. Functional

integration between uterine disorders could not be applied directly to GSEA results
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because disorders with a higher number of associated studies would weight more in the

meta-analysis than those with fewer studies, biasing the results.

A total of 6,390 functions (226 KEGG pathways, 4,405 GO BP terms, 1,093 GOMF

terms, and 666 GO CC terms) were evaluated through meta-analysis both within and

between uterine disorders (Figure 3.2B). P -values were corrected for multiple testing

by FDR (Benjamini and Hochberg, 1995), and functions were considered significant in

the meta-analysis when FDR<0.05. The significantly altered functions obtained were

classified into broader functional groups according to the descriptions provided in the

corresponding functional databases for interpretation purposes.

P -values, summary LORs, SEs and 95% CIs were calculated for all functions evalu-

ated in the meta-analysis, and forest plots were drawn for each function (Figure 3.2B).

To ensure unbiased results, funnel plots (Figure 3.2B) were analyzed for each evaluated

function. The SE of the individual LOR for each integrated study or disorder was cal-

culated as an accuracy measure of the study performance. If study heterogeneity and

publication bias did not affect the results of the functional meta-analysis, the individ-

ual LOR of all the integrated studies would fall inside the 95% CI area of the funnel

plot, and would be symmetrically placed to both sides of the vertical line representing

a LOR=0 (Sterne and Egger, 2001).

For the functions identified as commonly altered between all evaluated uterine

disorders, gene contributors of each functional dysregulation were retrieved for each

uterine disorder. These genes were then intersected amongst conditions to identify

common dysregulated genes.

Finally, a literature search was carried out in PubMed (Lu, 2011) to identify po-

tential implications of these functional dysregulations on endometrial receptivity, com-

paring the main endometrial functions previously described as related to the receptive

phenotype with those identified as altered in uterine disorders.
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3.4 Results

3.4.1 Study selection and clinical characterization of

participants

A total of 613 unique studies evaluating the endometrium of women with uterine

disorders were identified (Figure 3.3). Of them, 98.5% (499 + 105) did not meet

the inclusion criteria (Figure 3.3). Eight case vs control transcriptomic studies were

ultimately considered for analysis: two studies of stage II-IV endometriosis (n=37,

n=15), three of endometrial adenocarcinoma (n=12, n=20, n=16), two of RIF (n=115,

n=10), and two of RPL (n=10, n=20) (Table 3.1). Within each study, case and control

groups were comparable in age, BMI, cycle type, and cycle phase at time of endometrial

biopsy (Table 3.1), ensuring these variables were not biasing the findings. The clinical

criteria used to diagnose RIF and RPL were the same for all studies addressing the

same condition. Additionally, for all studies, the clinical inclusion criteria excluded

patients with non-endometrial factor infertility (e.g. embryo quality) (Table 3.1).

Figure 3.3: PRISMA flowchart of individual study selection. Systematic search
and review conducted at Gene Expression Omnibus (GEO) for retrieving case vs control
transcriptomic studies evaluating uterine disorders in endometrium. Number of discarded
and included studies after each filtering step are indicated. n, number of datasets. PRISMA,
preferred reporting items for systematic reviews and meta-analyses.
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Table 3.1: Characterization of uterine disorder studies and participants. (...)
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Table 3.1: Characterization of uterine disorders studies and participants. (...)
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Table 3.1: (...) The GEO identifier, study name given in this work, uterine disorder, and
clinical information about participants including age, BMI, population, cycle type, and cycle
phase in which the endometrial biopsy was collected, diagnostic method, and subclassification
of patients belonging to the case group, number of samples for both case and control groups,
and method through which controls had their fertility proven are presented for each study.
The transcriptomic platform used to measure gene expression and the publication in which
data were initially employed are also presented. Note that the GSE26787 study includes
samples from both RIF and RPL patients along with fertile controls. N/A, not available.
D, patients belonging to the case group (i.e. diagnosed with the studied uterine disorder).
C, patients belonging to the control group. GEO ID, Gene Expression Omnibus identifier.
UD, uterine disorder. BMI, body mass index. RIF, recurrent implantation failure. RPL,
recurrent pregnancy loss. EU, eutopic endometriosis. ADC, endometrial adenocarcinoma.
rAFs, revised American Fertility Society classification system. ICSI, intracytoplasmic sperm
injection. FIGO, International Federation of Gynecology and Obstetrics. WHO, World
Health Organization - histological classification system. AFC, antral follicle count. PCOS,
polycystic ovary syndrome.

3.4.2 Endometrial functions affected by each uterine disorder

From a total of 6,390 evaluated functions, 19 were identified as significantly al-

tered within RIF studies, 40 within RPL, 19 within endometriosis and 405 within

ADC (FDR<0.05) (Figure 3.4).These significantly altered gene functions (483 in total)

were associated to 37 broader functional groups, which are indicated in Annexes: Sup-

plementary Table 7.2. Concretely, altered functions could be associated with 12 major

functional groups for RIF patients, 11 for RPL, 10 for endometriosis, and 34 for ADC

(Figure 3.4).

In RIF patients, 25% of affected endometrial functions were associated with the

upregulation of chromosome parts and DNA binding. Phosphorylation was also dys-

regulated in RIF, representing 15% of altered gene functions (all of them upregulated).

Another 15% of the total functions dysregulated in RIF patients were related to the

downregulation of membrane parts; and each of the remaining functions was associated

with a different functional group (Figure 3.4A and Annexes: Supplementary Table 7.2).

Among RPL patients, 95% of the dysregulated endometrial functions were down-

regulated. Of these, the most represented functions were related to DNA-RNA-protein

regulation such as chromosome parts and DNA binding, transcription regulation, post-

transcriptional changes, and ribosomes along with DNA repair and telomere protection

(Figure 3.4B).
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Figure 3.4: Functional groups significantly altered in each uterine disorder. . (...)
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Figure 3.3: Functional groups significantly altered in each uterine disorder. (...)
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Figure 3.3: (...) Results of the functional meta-analysis applied in RIF studies are shown in
(A), in RPL studies in (B), in endometriosis studies in (C) and in endometrial adenocarcinoma
(ADC) in (D). Tables provide the number and name of the significant functions (KEGG
pathways and GO functional terms, including biological processes, molecular functions, and
cellular components) classified in each functional group and their associated mean summary
LOR. Each pie chart portion shows the percentage of the total number of identified functions
(T) belonging to each defined functional group and is colored by the direction of the enriched
portions with upregulated gene functions in red, downregulated in blue, or both in grey.
“Other” includes functional terms that could not be associated with the main functional
groups. For endometrial adenocarcinoma, functional groups represented by more than 2% of
the total number of significant functions are shown, and only the first ten functions with the
lowest FDR (*) belonging to ADC functional groups with more than 15 associated functions
are indicated (see Annexes: Supplementary Table 7.2 for a full list of functions belonging
to all ADC groups). Detailed information for each significant function about the LOR, its
95% CI, SE of the LOR, the FDR and the functional database are presented in Annexes:
Supplementary Table 7.2. KEGG, Kyoto Encyclopedia of Genes and Genomes. GO, Gene
Ontology. FDR, false discovery rate. LOR, logarithm of odds ratio. SE, standard error.
CI, confidence interval. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss.
ADC, endometrial adenocarcinoma. L-R, ligand-receptor.

In contrast with the functional downregulation observed in RPL patients, the eu-

topic endometrium of patients with stage II-IV endometriosis was associated with both

up- (47%) and downregulated (53%) functional processes (Figure 3.4C). Significantly

upregulated functions in the endometrium of patients diagnosed with endometriosis

were associated with mitochondria, protein degradation, and mitochondrial ribosomes

highlighting an alteration in mitochondrial-associated translation and energy produc-

tion. Downregulated functions were implicated in cell projections and microtubule

organization (Figure 3.4C) with three out of five cell projection functions associated

with cilia (Figure 3.4C and Annexes: Supplementary Table 7.2), a cellular feature of

some epithelial cells implicated in signal transduction and cell motility. Note that the

downregulation of the GO term “centrosome localization” could be related either to

cell cycle group and/or to the downregulation of cilia formation, since centrosomes

migrate to the cell surface during ciliogenesis.

Endometrial adenocarcinoma had the highest number of significantly up- and

downregulated functions, with a total of 246 (61%) gene functions upregulated and

159 (39%) gene functions downregulated (Figure 3.4D). Most of these functions were

associated with immune response (66 upregulated functions), vasculature development

(27 downregulated functions), and metabolism (104 functions: 33 downregulated and

71 upregulated). The glycolysis and pentose phosphate pathways were also upregulated

(Figure 3.4D and Annexes: Supplementary Table 7.2).
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3.4.3 Cell cycle, mitochondrial function and protein

degradation are commonly upregulated processes

amongst distinct uterine disorders. RPL patients

present the most distinct functional profile

Cell cycle alterations were significantly dysregulated in RIF, ADC, RPL and po-

tentially endometriosis patients (Figure 3.4). However, specific functions associated

with the cell cycle functional group were distinct between uterine disorders (Annexes:

Supplementary Table 7.2). This held true for most of the defined functional groups

(Annexes: Supplementary Table 7.2), suggesting that each uterine disorder may alter

the same processes through different molecular mechanisms.

Figure 3.4: Functional comparison of dysregulated processes in the endometrium
of patients with uterine disorders. This figure shows the significant functional groups
(rows) (FDR<0.05) dysregulated in at least two uterine disorders (columns) with their as-
sociated mean summary LOR (prioritized from intersecting functional groups of Figure 3.4).
Colored table cells represent each dysregulated function and the direction of the dysregulation:
upregulated in the uterine disorder vs control (red), downregulated (blue), or both (grey).
Asterisks indicate dysregulations that were also detected as significantly shared amongst
uterine disorders in the functional meta-analysis between uterine disorders, meaning that
specific functions within a given functional group are shared. These specific functions can be
consulted at Annexes: Supplementary Table 7.2. FDR, false discover rate. LOR, logarithm
of odds ratio.
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Functional comparison among groups identified RPL as the most unique condition

in terms of altered gene functions. Although RPL and RIF shared five functional

groups, they were dysregulated in opposite directions. Specifically, chromosome parts

and DNA binding, phosphorylation, and cell cycle functions were upregulated in RIF

and downregulated in RPL, and, though few, functional groups upregulated in RPL

(membrane parts and neuroactive ligand-receptor interaction) were downregulated in

RIF (Figure 3.4).

Endometriosis shared upregulation of mitochondria and protein degradation char-

acteristics with ADC and RIF (Figure 3.4). Finally, RIF and ADC had the highest

number of shared functional groups (eight groups). Apart from the upregulation of cell

cycle, mitochondria and protein degradation, three additional groups were altered in

the same direction: vasculature development and membrane parts were downregulated

while chromosome parts and DNA binding was upregulated (Figure 3.4).

Functional integration between uterine disorders further reinforced some of these

shared dysregulated processes (marked with an asterisk in Figure 3.4) as well as identi-

fied specific individual functions (rather than functional groups) that were significantly

shared amongst them, highlighting the most robust and molecularly similar altered gene

functions. Specifically, the upregulation of 16 mitochondrial and two protein degrada-

tion functions was significantly shared between ADC, RIF and endometriosis; and the

downregulation of 18 vasculature development functions and the upregulation of nine

cell cycle and five chromosome and DNA binding functions was significantly shared

between ADC and RIF (Annexes: Supplementary Table 7.2). Moreover, three DNA

repair and telomere protection functions were commonly upregulated in ADC, RIF and

endometriosis, with particular functions involving the localization of RNA telomerase

to Cajal bodies (Annexes: Supplementary Table 7.2).

3.4.4 Ciliary processes are commonly downregulated

amongst all uterine disorders

A significant downregulation of six gene functions related to ciliary processes was

shared amongst the endometrium of all uterine disorders, including “cell projection
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assembly”, “cilium assembly”, “cilium organization”, “ciliary basal body”, “cilium”

and “ciliary part” (all FDR<0.05) (Annexes: Supplementary Figure 7.1). These ciliary

functions appeared as significantly downregulated in the functional integration of all

uterine disorders, but also when integrating each three and each two uterine disorders

(Annexes: Supplementary Table 7.2), meaning that the identified cilia dysregulations

were not biased due to a given uterine disorder.

A total of 47 downregulated genes were primary contributors to these six ciliary

dysregulations in ADC, compared to 100 in EU, 77 in RIF, and 72 in RPL (Figure

3.5 and Annexes: Supplementary Figure 7.2). Despite most cilia-related downregu-

lated genes were exclusive of each uterine disorder, comparison of these genes across

conditions revealed the DAZ Interacting Zinc Finger Protein 1 (DZIP1 ), involved in

ciliogenesis, as commonly downregulated in all of them (Annexes: Supplementary Fig-

ure 7.2). In fact, in each uterine disorder, cilia-related genes were principally involved

in ciliogenesis and associated to the ciliary basal body, a structure from which the cil-

ium is built (Figure 3.5). Remarkably, ciliary beating as well as the axoneme of motile

cilia (and its components) were mainly affected in endometriosis, RIF and RPL, but

not in ADC (Figure 3.5).

All the functional dysregulations reported in this work proved not to be biased

by the study or the uterine disorder origin or heterogeneity, since funnel plots for all

these functions showed all studies/uterine disorders inside the 95% confidence area

(Annexes: Supplementary Figures 7.4, 7.6, 7.7). With regards to the forest plots,

significantly altered gene functions that presented contradictory results (up- or down-

regulated) between different uterine disorders were not considered. These plots ensure

the meta-analyses quality and unbiased results for the main functions reported as prin-

cipal findings of this study. Forest and funnel plots of the most significantly altered

functions (those with the lowest FDR) for each uterine disorder among the 12 high-

lighted functional groups in 3.4 are depicted in Annexes: Supplementary Figures 7.3

and 7.4, respectively. These plots were also generated for the most significantly altered

functions (those with the lowest FDR) shared between three or two uterine disorders

(Annexes: Supplementary Figures 7.5 and 7.6) and for the six ciliary functions shared

between all of them (Annexes: Supplementary Figures 7.1 and 7.7). Meta-analyses
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Figure 3.5: Functional characterization of cilia-related genes altered by uterine
disorders. (...)
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Figure 3.5: (...) Syscillia database (Van Dam et al., 2013), the review of Reiter and Ler-
oux (Reiter and Leroux, 2017), GeneCards (Stelzer et al., 2016), and studies identified from
PubMed (Lu, 2011) using the gene name AND “cilia” as search keywords were used to sub-
tract information about the specific ciliary role and/or location (colored boxes) of each prior-
itized gene. The number of genes sharing the same location or ciliary function are indicated
between parentheses for each uterine disorder. Genes shared amongst uterine disorders are
emphasized in bold. ADC, endometrial adenocarcinoma. EU, eutopic endometriosis. RIF,
recurrent implantation failure. RPL, recurrent pregnancy loss. ECM, extracellular matrix.

results for the significant functions within and between uterine disorders, including the

summary LOR and its 95% CI and SE, and the FDR associated with each function

are reported in Annexes: Supplementary Table 7.2.

3.4.5 Gene functions dysregulated in the endometrium of

patients affected by uterine disorders are associated

with endometrial receptivity and implantation

Processes widely reported to be associated with endometrial receptivity in at least

three peer reviewed publications, including cell cycle, metabolism, and immune re-

sponse, followed by membrane parts, chromosome parts and DNA binding, neuroactive

ligand-receptor interaction, phosphorylation, cell differentiation, cell projections and

cilia, and vascular development were identified as dysregulated in the endometrium of

patients affected by uterine disorders (Figure 3.6). The functional processes involved

in embryo implantation are reported with their associated references and indication of

whether they were up- or downregulated in each uterine disorder. These results pro-

vide a better insight into how the evaluated uterine disorders may disrupt endometrial

receptivity and function, ultimately leading to implantation failure.
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Figure 3.6: Functional dysregulations associated with endometrial receptivity.
Schematic representation of functional processes (outlined in orange) related to endometrial
receptivity (with corresponding references (a-m) shown between parenthesis) and significantly
dysregulated (FDR<0.05) in uterine disorders. Affected uterine disorders are shown for each
function, with the direction of the dysregulation indicating whether they were upregulated
in the uterine disorder vs control (red), downregulated (blue), or both (grey). References:
a - Altmae et al., 2017; b - Bartosch et al., 2011; c - Bhagwat et al., 2013; d - Borthwick
et al., 2003; e - Carson et al., 2002; f - Diaz-Gimeno et al., 2017; g - Hu et al., 2014; h -
Kao et al., 2002; i - Mirkin et al., 2005; j - Murakami et al., 2014; k - Riesewijk et al., 2003;
l - Talbi et al., 2006; m - Torry et al., 2007). EU, eutopic endometriosis. RIF, recurrent
implantation failure. RPL, recurrent pregnancy loss. ADC, endometrial adenocarcinoma.
FDR, false discover rate.
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3.5 Discussion

This study represents the most exhaustive functional analysis performed to date

for robustly identifying endometrial functional dysregulations in patients affected by

uterine disorders. To our knowledge, this in silico work is the first to compare and

highlight functional similarities between different uterine disorders, reinforcing previous

hypotheses and generating new ones that are the whole point rather than only useful

tools in the traditional research process (Carrol and Goodstein, 2009). The results

obtained with this study also identified functional dysregulations that were specific

to each disorder, some of which were not previously reported (even in the individual

integrated studies). These new findings demonstrate the advantages of applying this

novel genomic approach, in which integrating different sample cohorts of distinct stud-

ies at the functional level applying the same analytical procedure ultimately achieves

greater statistical power over individual studies, overcoming small samples sizes (5-72

patients per group) and the heterogeneity among clinical characteristics and experi-

mental procedures, and highlighting the most evident altered functions (Altmae et al.,

2017; Garcia-Garcia, 2016; Gurevitch et al., 2018; Lessey and Kim, 2017; Miravet-

Valenciano et al., 2017; Sebastian-Leon et al., 2018).

While a meta-analysis offers statistical advantages for functional genomics studies

combining different patient cohorts, there are limitations related to the design and

availability of studies to integrate; indeed, few data were currently available to answer

our scientific question, and as such, only four uterine disorders could be integrated.

One of the potential confounding factors of this study is the concomitant presence

of undiagnosed endometriosis in RIF and/or RPL patients, a limitation inherent to all

published studies evaluating these uterine disorders. However, the inclusion criteria

of those studies evaluating RIF excluded patients with endometriosis. Nevertheless,

this work detected significantly altered receptivity-related functions (FDR<0.05) that

are exclusive to each of these uterine disorders (RIF, RPL and endometriosis) and not

shared between them, meaning that these alterations are only associated to the single

evaluated disorder and not affected by this confounding misdiagnosis factor.
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Functional databases contain non-tissue and non-cell type specific information. In

this study, this limitation is mitigated by considering only those gene-function associ-

ations with experimental evidence and because the reported functional alterations are

inferred from transcriptomics of whole endometrial tissue. In addition, interpretation of

affected functions is performed assuming that changes in gene expression imply changes

in protein abundance, as is commonly inferred in gene expression studies (Diaz-Gimeno

et al., 2014; Schubert et al., 2018). Despite these shortcomings, most approaches use

RNA measurements as reasonably accurate proxies for protein behavior (Vogel and

Marcotte, 2012) and the usage of KEGG and GO databases for functional enrichment

of genes have led to meaningful results in a wide range of scientific fields, including

reproductive medicine (Altmae et al., 2017; Diaz-Gimeno et al., 2014). Nevertheless,

future studies are needed to experimentally corroborate the reported functional alter-

ations at the protein level and to elucidate whether these changes are mainly driven by

the stromal and/or the epithelial factor, although a recent study showed that epithe-

lial cells are the main target of endometrial disorders (Garcia-Alonso, Handfield, et al.,

2021). Furthermore, key regulators and pathways potentially leading to the reported

gene expression and functional alterations need to be identified to propose potential

biomarkers and/or druggable targets. This later aim is addressed in Study II (pages

73-98).

One interesting result of this study was that endometrial function was globally

downregulated among RPL patients, presenting the most dissimilar functional pattern

when compared to the other uterine disorders. Complete downregulation of DNA-RNA-

protein regulation processes in the endometrium of RPL patients was observed. These

results reinforce the role of DNA-RNA-protein regulation in line with previous studies

evaluating RPL in aborted fetus material (Pirzada et al., 2019) and in the first trimester

placental chorionic villi, a structure formed to maximize the contact area with maternal

blood (Sober et al., 2016). Furthermore, previous studies highlighted transcriptional

regulation (Ledee et al., 2011) and DNA methylation (Lucas et al., 2016) as altered

in RPL patients, but not post-transcriptional changes, ribosomes involved in RNA

translation to proteins, or DNA repair and telomere protection as have been highlighted

by this study’s results, providing a broader vision of the endometrial alterations present

in these patients. In RPL patients, this global downregulation of the endometrial cells’
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basic machinery could impede the necessary communication between the embryo and

the endometrium, leading to a deficient embryo implantation and/or invasion that

could ultimately result in abortion.

The obtained findings agree with the previously reported hypothesis that while

RIF is associated with a defect in endometrial receptiveness that alters the embryo-

endometrium dialogue and hinders implantation, RPL is characterized by optimal re-

ceptiveness with a defect in embryo selectiveness, allowing abnormal embryos to im-

plant and increasing the risk of miscarriage (Macklon and Brosens, 2014). In particular,

we found functional groups with opposing changes that were previously described as the

upregulation of neuroactive ligand-receptor interaction and membrane parts in RPL

and the downregulation of these factors in RIF (Huang et al., 2017). Additionally, new

opposing functions (downregulated in RPL and upregulated in RIF) between these

disorders were identified, including cell cycle, chromosome parts and DNA binding,

and phosphorylation processes. Cell cycle processes are activated during the prolifer-

ative phase and downregulated at the WOI (Bhagwat et al., 2013; Borthwick et al.,

2003; Carson et al., 2002; Diaz-Gimeno et al., 2017; Hu et al., 2014; Kao et al., 2002;

Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006). Therefore, the upreg-

ulation of cell cycle processes in pathological RIF patients and its downregulation in

RPL patients would agree with the suboptimal receptivity and super receptive en-

dometrial status these disorders were hypothesized to have by Macklon and Brosens

(Macklon and Brosens, 2014). However, previous studies identified the cell cycle as

downregulated in RIF patients (Koler et al., 2009; Koot et al., 2016; Ledee et al.,

2011) rather than upregulated; this discrepancy may arise from low sample sizes, dif-

ferent definitions of RIF, distinct experimental and analytical procedures and/or RIF’s

own heterogenic, complex and multiple etiology. In this sense, Sebastian-Leon and

colleagues (Sebastian-Leon et al., 2018) recently stratified RIF patients into two cat-

egories depending on whether they presented a displaced WOI or pathological WOI

(Koot et al., 2016; Sebastian-Leon et al., 2018). By accounting for the menstrual cycle

during the analysis, the reported RIF functional dysregulations described in this study

are related to the pathological RIF alone. It is important to note that other studies

reporting a downregulation of the cell cycle in RIF patients may be addressing both

types of RIF simultaneously.
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Furthermore, protein degradation and mitochondrial processes were commonly up-

regulated between endometriosis, endometrial adenocarcinoma, and RIF. Estrogen has

been associated to mitochondrial activity (Liao et al., 2015) and proteasome function

(Celik et al., 2008). Assuming that endometriosis and endometrial adenocarcinoma are

estrogen-dependent disorders (Vercellini et al., 2014; Ziel, 1982), the wider implication

of this finding is that RIF may be also estrogen-dependent, as has previously been

hypothesized (Koot et al., 2016). Furthermore, these common dysregulations could ac-

count for the reported predisposition of endometriosis patients to develop endometrial

adenocarcinoma (Painter et al., 2018; Yu et al., 2015) and experience implantation

failure. Also, RIF functions were classified in a higher number of functional groups

compared to the other disorders, reinforcing the complex etiology and heterogeneity

associated with this condition (Coughlan et al., 2014; Macklon, 2017; Sebastian-Leon

et al., 2018). These sources of variability could be explained by the lack of consensus

for the diagnostic criteria of RIF (Coughlan et al., 2014) and/or poor understanding

of RIF origin (Macklon, 2017; Sebastian-Leon et al., 2018).

Another interesting result was the identification of common functions affected be-

tween endometriosis and pathologies known to affect the implantation process at the

endometrial level, such as recurrent implantation failure. This is relevant for the repro-

ductive medicine landscape because this finding supports the controversial hypothesis

that endometrial receptivity is affected by endometriosis (Da Broi et al., 2019; Lessey

and Kim, 2017; Miravet-Valenciano et al., 2017), at least at a functional genomic level.

As expected by its invasive nature, the endometrium of endometrial adenocarci-

noma patients presented the highest number of significantly disrupted functions. These

functions included the alteration of metabolic and mitochondrial processes associated

to an energy production shift known as the Warburg effect, which has gain popularity

in oncology during the past two decades (Liberti and Locasale, 2016). Apart from this

metabolic reprogramming, the obtained results showed a significant dysregulation of

other well-known hallmarks of cancer (Hanahan and Weinberg, 2011).

When exploring common functional dysregulations amongst all the evaluated uter-

ine disorders, ciliary processes were highlighted as the main commonly downregulated

cell structures. Although ciliated cells in the endometrium were characterized back
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in the 1960-70s (Fleming et al., 1968; More and Masterton, 1975), they have re-

mained largely unnoticed in reproductive biology research until recent single-cell studies

(Garcia-Alonso, Handfield, et al., 2021; Wang et al., 2020); and their specific role in

normal endometrial function and disease still needs to be clarified (Denholm and More,

1980; More and Masterton, 1975).

Regarding the role of cilia in the uterine disorders evaluated herein, cilia genes

have not been previously reported as transcriptionally altered in endometriosis pa-

tients, including the original publications whose data were re-analyzed (Burney et al.,

2007; Crispi et al., 2013). However, previous cell population studies reported a signifi-

cant decrease in the percentage of ciliated cells (Sharpe-Timms, 2001) and ciliary beat

frequency (Lyons et al., 2002) along the reproductive tract of women with endometrio-

sis. One study also reported higher proportions of cilia defects in neoplastic compared

to normal endometrial cells in patients diagnosed with endometrial adenocarcinoma

(Gould et al., 1986).

In relation to the impact of cilia dysregulations in implantation alterations, gene

variants identified from blood samples as associated to RPL and primary infertility were

related to cilia motility disorders (Maddirevula et al., 2020; Qiao et al., 2016), and a

pilot study identified WOI cilia dysregulations in the endometrium of patients with 1-2

unsuccessful IVF cycles using transmission electron microscopy (Aunapuu et al., 2018).

Indeed, patients diagnosed with immotile cilia syndrome, a rare respiratory disease

characterized by absent or altered cilia motility throughout the entire body, seem to

have a reduced fertility (Afzelius, 2004; Afzelius and Eliasson, 1983; Vanaken et al.,

2017). However, these alterations had been mostly associated to loss of cilia motility in

oviduct (Afzelius, 2004) and fallopian tubes (Ajonuma et al., 2005; Halbert et al., 1997),

although there is a case report that identified these defects in the endometrium as well

(Pedersen, 1983). Taken together, this pioneer study highlights cilia transcriptomic

dysregulations as the new, main, commonly altered structures amongst the evaluated

uterine disorders, potentially affecting fertility at the endometrial level.

Although genes contributing to the common downregulation of ciliary processes

were mainly exclusive to each uterine disorder, the ciliogenesis gene DZIP1 was down-

regulated in all conditions. DZIP1 is involved in primary cilia formation through
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the development-related Hedgehog signaling pathway (Glazer et al., 2010) and, if fu-

ture prospective studies prove it to be relevant for implantation, DZIP1 could be a

promising diagnostic biomarker of implantation success in various uterine disorders.

Moreover, most genes were predominantly involved in the same ciliary processes, such

as ciliogenesis (the major affected function in all uterine disorders) and cilia motility

(altered in the endometrium of endometriosis, RIF and RPL patients). Defects in cil-

iogenesis are linked to at least 35 diseases (termed ciliopathies) (Reiter and Leroux,

2017). However, the present study is the first to link ciliary alterations to uterine

disorders and to suggest their role in implantation failure.

Notably, most of the functional dysregulations, highlighted as affected in the en-

dometrium of patients with uterine disorders in this study, were previously associated

with endometrial receptivity and embryo implantation (Altmae et al., 2017; Bartosch

et al., 2011; Bhagwat et al., 2013; Borthwick et al., 2003; Carson et al., 2002; Diaz-

Gimeno et al., 2017; Hu et al., 2014; Kao et al., 2002; Mirkin et al., 2005; Murakami

et al., 2014; Riesewijk et al., 2003; Talbi et al., 2006; Torry et al., 2007). This in-

cludes widely reported endometrial receptivity functions like cell cycle (Bhagwat et

al., 2013; Borthwick et al., 2003; Carson et al., 2002; Diaz-Gimeno et al., 2017; Hu

et al., 2014; Kao et al., 2002; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al.,

2006), immune response (Altmae et al., 2017; Bhagwat et al., 2013; Borthwick et al.,

2003; Diaz-Gimeno et al., 2017; Hu et al., 2014; Kao et al., 2002; Mirkin et al., 2005;

Riesewijk et al., 2003; Talbi et al., 2006), metabolism (Bhagwat et al., 2013; Borthwick

et al., 2003; Carson et al., 2002; Diaz-Gimeno et al., 2017; Hu et al., 2014; Kao et al.,

2002; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006), membrane parts

(Bhagwat et al., 2013; Borthwick et al., 2003; Carson et al., 2002; Hu et al., 2014; Kao

et al., 2002; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006), chromosomal

parts and DNA binding (Borthwick et al., 2003; Carson et al., 2002; Hu et al., 2014;

Kao et al., 2002; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006), neu-

roactive ligand-receptor interactions (Bhagwat et al., 2013; Carson et al., 2002; Kao

et al., 2002; Riesewijk et al., 2003; Talbi et al., 2006), phosphorylation (Bhagwat et al.,

2013; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006), cell differentiation

(Bhagwat et al., 2013; Murakami et al., 2014; Talbi et al., 2006), cell projections and

cilia (Bartosch et al., 2011; Bhagwat et al., 2013; Talbi et al., 2006), and angiogen-
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esis (Bhagwat et al., 2013; Diaz-Gimeno et al., 2017; Torry et al., 2007). Moreover,

we identified other functions that have not been specifically reported in endometrial

receptivity, like mitochondrial-related processes and protein degradation through the

proteasome, that are important for changes throughout the menstrual cycle (Talbi et

al., 2006) and during aging (Lopez-Otin et al., 2013). Since these and most of the

highlighted functions, including DNA repair and telomere protection functions found

as commonly dysregulated in RIF, ADC and endometriosis, are also dysregulated in

the aging process (Lopez-Otin et al., 2013), it is plausible to hypothesize that patients

with uterine disorders share an aged endometrium, which would be consistent with

the increased incidence of uterine disorders with age (ACOG, 2014; Constantine et al.,

2019; Morassutto et al., 2016; Yu et al., 2015; Zimmermann et al., 2012). Subsequent

research, addressed in Study IV (pages 131-156), could shed light on the molecular

mechanisms behind this relationship between age and uterine disorders.

In conclusion, this study provides new knowledge of the molecular processes af-

fected by uterine disorders at the endometrial level. The reported findings give insight

into how uterine disorders impact endometrial receptivity and relate to one another,

which is important for developing new treatment modalities, and reinforces the need

for endometrial evaluation of patients with uterine disorders during IVF treatments, to

prevent implantation failure. Furthermore, new hypotheses were generated, such as (1)

the effect of menstrual cycle progression on gene expression could bias the discovery of

endometrial biomarkers of uterine disorders, and (2) aging processes may be responsi-

ble for some of the gene function alterations in all these conditions. Consequently, the

next studies presented in this dissertation aim to (1) identify key transcription factors

and signaling pathways potentially leading to the reported functional alterations in the

endometrium of patients with uterine disorders (Study II, pages 73-98), (2) evaluate

and quantify the bias in uterine disorder biomarker discovery due to the menstrual cy-

cle effect on gene expression (Study III, pages 99-130), and (3) further study the effect

of aging on endometrial function, and how the alteration(s) may lead to an increased

incidence of uterine disorders (Study IV, pages 131-156).
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T he human endometrium is
hormonally regulated and be-
comes receptive to embryonic

implantation for 2 to 4 days during
the midsecretory phase (1). This de-
limited time, called the window of

implantation (WOI), involves the pre-
cise coordination of hormone signals
(2). Pathologic conditions that alter
endometrial function may disrupt the
WOI, interrupt implantation, and lead
to subfertility. Identifying conditions
that impact endometrial function and
result in a disrupted WOI is important
for the development of fertility treat-
ment strategies.

Uterine disorders are complex,
polygenic, and multifactorial alter-
ations that often compromise
female fertility. This includes both
well-established uterine pathologies,
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4.1. INTRODUCTION

4.1 Introduction

4.1.1 Unveiling the molecular mechanisms behind

endometrial functional dysregulations in uterine

disorders

After identifying the most robust endometrial functional dysregulations in patients

affected by uterine disorders (Study I (pages 37-72)), the next step was to determine

key transcription factors (TFs) and signaling pathways potentially leading to these

functional alterations derived from altered gene expression. In a cell, gene transcripts

do not work alone; their activity is tightly controlled by transcription regulators and

coordinated with the activity of other molecules (DNA, proteins, metabolites), that

interact in complex networks to orchestrate cellular processes according to the biolog-

ical microenvironment (Copley, 2008). Each of these intracellular molecules undergo

modifications that may affect their function in both health and disease (e.g. DNA

methylation, post-transcriptional RNA modifications, post-translational protein mod-

ifications) (Feero et al., 2010). Particularly, proteins often interact through signaling

cascades or pathways that are interlinked within a global complex network that controls

most cellular functions (Dugourd and Saez-Rodriguez, 2019). These signaling pathways

typically connect an upstream sensor (e.g. membrane receptor) with TFs that modify

the expression levels of a set of downstream genes, which in turn, lead to altered cell

functions. Identifying altered TFs and signaling pathways in uterine disorders could

elucidate the molecular complexity underlying these conditions, how they affect en-

dometrial gene expression and function, as well as unravel key proteins shared among

all conditions that could serve as potential biomarkers and/or therapeutic targets to

improve implantation rates in these patients. Because direct measurements of TFs and

signaling pathways activities are not yet available, a common practice is to estimate

them computationally from gene expression data (Dugourd and Saez-Rodriguez, 2019;

Garcia-Alonso, Handfield, et al., 2021), using functional mapping and/or functional

footprinting (described in General Introduction, pages 1-30). In this PhD thesis dis-

sertation, functional mapping methods were applied in Study I (pages 37-72) to identify
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the most robust gene functional dysregulations in the endometrium of patients with

uterine disorders. This second study applies functional footprinting techniques to infer

dysregulated upstream TFs and pathways leading to these endometrial gene functional

dysregulations.

To estimate altered upstream TFs and pathways from case vs control gene expres-

sion data, differential expression analysis (DEA) results, ranking the measured genes

according to a feature of interest (e.g. fold changes (FC), p-values, t-statistics, etc.),

can be used as input during functional footprinting (Garcia-Alonso, Holland, et al.,

2021; Liu et al., 2019). Using this approach, TF activities in cases vs controls are

inferred with a gene set enrichment analysis (GSEA) (such as the regulon enrichment

analysis algorithm implemented in Virtual Inference of Protein-activity by Enriched

Regulon analysis (VIPER)) that considers TF mode of action (activation/inhibition)

on the ranked target genes (Alvarez et al., 2016). Despite using the same algorithm ap-

plied in pathway GSEA mapping methods, the TF normalized enrichment score (NES)

interpretation is that of a footprinting method because it estimates the activity of TFs

taking into account the changes of their target genes’ abundance (footprint) (Dugourd

and Saez-Rodriguez, 2019), rather than using the expression of the TF transcripts

themselves (mapping). Like all enrichment methods, VIPER requires prior annotation

knowledge of TF-target genes or TF regulons, which is provided by functional databases

as TRANSFAC (Matys et al., 2006), TRRUST (Transcriptional Regulatory Relation-

ships Unraveled by Sentence-based Text mining) (Han et al., 2018) or DoRothEA (an

integrative resource that includes TF regulons collected from different functional an-

notation tools and types of evidence, including literature-curated resources, chromatin

immunoprecipitation sequencing (ChIP-seq) peaks, TF-binding site motifs and inter-

actions inferred directly from gene expression (Garcia-Alonso, Holland, et al., 2021)).

To infer pathway activity from gene expression data, one of the currently applied

functional genomic footprinting methods is that of Pathway RespOnsive GENes for

activity inference (PROGENy) (Schubert et al., 2018). PROGENy contains transcrip-

tomic footprints of 14 pathways retrieved from multiple experiments where the path-

way is perturbed (activated/inhibited) (Holland et al., 2020; Schubert et al., 2018).

Such gene expression footprint signatures represent indirect targets downstream of
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each pathway and had proven to accurately infer pathway activity in a wide range

of conditions (Holland et al., 2020; Schubert et al., 2018). This method compares

each pathway signature to that of the ranked differentially expressed genes (DEGs)

and gives a NES per pathway as a measure of its activity in case vs control samples,

outperforming other pathway activity inference methods (Schubert et al., 2018).

4.1.2 Causal signaling network contextualization

Functional genomic footprinting methods provide valuable information about sig-

naling networks. However, these approaches do not provide information on the topology

of signaling pathways and on the specific pathway components that are being altered

by a given condition (Liu et al., 2019). Furthermore, pathway activity inference meth-

ods are limited to a small number of pathways (Schubert et al., 2018). Biological

contextualization of individual signaling pathways and how they are interlinked within

the entire signaling architecture of the cell allow researchers to gain insights into dis-

ease processes and to prioritize potential therapeutic targets for drug development (Liu

et al., 2019). This information can be obtained by applying reverse-causal signaling

network-based approaches, such as CARNIVAL (Causal Reasoning pipeline for Net-

work identification using Integer VALue programming) (Liu et al., 2019; Melas et al.,

2015), that can incorporate the entire signaling network architecture as prior informa-

tion (Liu et al., 2019). Specifically, to predict the whole signaling cascade topology

that is being altered under a given condition, CARNIVAL integrates functional ge-

nomic footprinting results (TFs and pathway activity scores) with a prior knowledge

network (PKN), such as that of the integrative and literature-curated database Om-

niPath (Turei et al., 2016), where proteins (nodes) and their interactions (edges) are

signed and directed (activations/inhibitions between proteins are known). An integer

linear programming (ILP) algorithm is then applied to this network, to model the rules

of signal transduction from one node to the next, optimizing the sub-network topologies

that best fit the inferred TF activities (Liu et al., 2019; Melas et al., 2015). Inferred

pathway activities from PROGENy can also be used by the ILP solver to refine these

sub-network solutions, which are then summarized in a final causal signaling network

(Liu et al., 2019).
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All the functional footprinting and causal signaling network methods described in

this section have been successfully applied to kidney pathologies (Buhl et al., 2020;

Liu et al., 2019; Tajti et al., 2020), drug-induced lung disease (Melas et al., 2015)

and replicative cellular senescence in carcinogenesis (Binenbaum et al., 2020) amongst

other conditions, giving insights into the respective pathophysiology and prioritizing

potential druggable targets for these diseases. Thus far, these approaches have never

been applied in reproductive medicine to reveal potential dysregulated signaling cas-

cades (and their specific molecular components) causing changes in endometrial gene

expression in patients with uterine disorders.

4.2 Objectives

� To identify upstream transcription factors and signaling pathways potentially

leading to the endometrial gene functional dysregulations identified in Study I

(pages 37-72) for each uterine disorder.

� To build a causal signaling network for each uterine disorder to identify the

specific molecular components potentially underlying the dysregulations in tran-

scription factors and pathways identified in the previous objective.

� To compare the obtained transcription factors, pathways and causal signaling

networks between uterine disorders and to identify shared altered network inter-

actions for prioritization of key proteins that could serve as common potential

biomarkers and/or druggable targets to treat subfertility in these patients.

4.3 Material & Methods

4.3.1 Study selection and primary transcriptomic analysis

The endometrial transcriptomic case vs control studies used in this study were the

same as those of Study I (pages 37-72), including three studies evaluating endome-
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trial adenocarcinoma (ADC) (Pappa2015 n=12, Orchel2012 n=20, Ramaswamy2001

n=16), two of eutopic endometriosis (EU) (Burney2007 n=37, Crispi2013 n=15), two

of recurrent implantation failure (RIF) (Koot2016 n=115, Ledee2011 n=10) and two of

recurrent pregnancy loss (RPL) (Lucas2016 n=20, Ledee2011 n=10) (Annexes: Sup-

plementary Table 7.3). Preprocessing, exploratory analyses, menstrual cycle effect

correction and DEAs were performed for each individual study using comparable anal-

ysis protocols as described in Study I (pages 37-72). It is important to note that RIF

and RPL studies evaluated alterations of endometrial origin, ruling out implantation

alterations due to the embryonic factor, and that this PhD thesis dissertation evaluates

pathological RIF instead of that originated from a displaced window of implantation

(WOI) (Sebastian-Leon et al., 2018), since the effect of the menstrual cycle on gene

expression data was removed prior to transcriptomic analyses.

All the analyses described in this study were executed in R environment v. 4.0.3

(RCoreTeam, 2020) and a general scheme of the study design and workflow is shown

in Figure 4.1.

4.3.2 Differential gene expression measures for functional

footprinting analyses

To obtain upstream TF and signaling pathway results for each evaluated uterine

disorder (ADC, EU, RIF and RPL) rather than for each included study, a gene meta-

analysis using mdgsa v.1.10.0 (Montaner and Dopazo, 2010) and metafor (Viechtbauer,

2010) R-packages (Garcia-Garcia, 2016) was performed on each evaluated gene to in-

tegrate the DEA results of individual case vs control studies (from Study I (pages

37-72)) evaluating the same uterine disorder (Figure 4.1, step 1). Performing a gene

meta-analysis prior functional footprinting analyses ensures greater statistical power

over individual studies, overcoming their small samples sizes and heterogeneity (Gure-

vitch et al., 2018). Genes measured in only a single study (within studies evaluating the

same uterine disorder) were not considered in this research as they cannot be integrated

through gene meta-analysis.
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Figure 4.1: Study design and workflow. This figure represents the steps followed to
infer TF (step 2) and pathway (step3) activities from differential gene expression measures
(step1). The latter were obtained from gene meta-analysis of differential expression results
of case vs control transcriptomic studies evaluating uterine disorders (from Study I (pages
X-X)). The obtained TF and pathway activities per UD were used as input for causal sig-
naling network prioritization (step 4) using OmniPath as prior knowledge network; these
signaling networks per UD offer potential explanations of the gene expression alterations
leading to some of the endometrial functional dysregulations (reported in Study I (pages 37-
72)) for each UD. Comparison of the causal signaling networks amongst UDs (step 5) would
allow prioritization of key proteins that could serve as shared potential biomarkers and/or
druggable targets based on overlapping protein interactions and network topology measures
(step 6). Tools and databases used in each step are indicated. Evaluated UDs: endometrial
adenocarcinoma (ADC), eutopic endometriosis (EU), recurrent implantation failure (RIF),
recurrent pregnancy loss (RPL). UD, uterine disorder. TF, transcription factor. ILP, integer
linear programming. DEA, differential expression analysis.
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As in Study I (pages 37-72), all gene integrations were performed under the Der-

Simonian & Laird random effects model to account for individual study heterogeneity

(DerSimonian and Laird, 1986). The model used the logarithm of the FC and its stan-

dard error (SE) obtained from the DEA results (limma R-package v. 3.34.5) (Ritchie

et al., 2015) to compute the final summary FC logarithm (summaryLogFC), its SE

and the associated p-value corrected for multiple testing by false discovery rate (FDR)

(Benjamini and Hochberg, 1995).

Gene meta-analysis results for each uterine disorder were then ranked by (−1)log10(p−

value)sign(summaryLogFC) to weigh genes according to the robustness of the differ-

ential expression between cases and controls (p-value) and the direction of the expres-

sion changes (sign of the summaryLogFC, up- or downregulated in the uterine disorder

vs the controls) (Figure 4.1, step 1). The obtained values were used as differential

expression measures for identifying TFs and pathways altered in uterine disorders.

4.3.3 Functional footprinting analysis to estimate upstream

transcription factor and pathway activities from

altered gene expression in uterine disorders

Transcription factor activities in each uterine disorder were estimated using the

msViper() function of theViper R-package v. 1.22.0 (Alvarez et al., 2016) andDoRothEA

v. 1.2.0 as the functional TF regulon annotation database (Garcia-Alonso, Holland,

et al., 2021) (Figure 4.1, step 2). For this functional analysis, only DoRothEA TF regu-

lons with at least five target genes and with A-C confidence levels (based on literature-

curated resources containing high-quality experimentally validated and/or ChIP-Seq

TF–target regulatory interactions) were considered since these high-confidence inter-

actions seem to yield the best estimations of TF activity (Garcia-Alonso, Holland, et al.,

2021). This analysis provides NES and associated FDRs (Benjamini and Hochberg,

1995) for each evaluated TF based on the changes in the expression of their direct

target genes (Garcia-Alonso, Holland, et al., 2021), obtained from the gene meta-

analyses differential expression measures for each uterine disorder. The statistically

significant enriched TFs of each uterine disorder were selected for subsequent analysis
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(FDR<0.05). In the event that no significant TFs were obtained, TFs with absolute

NES values greater or equal to 2.5 were prioritized.

To infer pathway activities in each uterine disorder from gene meta-analysis dif-

ferential expression measures, the PROGENy R-package v. 1.12.0 was used (Schubert

et al., 2018) (Figure 4.1, step 3). This method gives activation/inhibition NES for 14

pathways (Androgen, EGFR, Estrogen, Hypoxia, JAK-STAT, MAPK, NFKB, PI3K,

p53, TGFβ, TNFα, Apoptosis, VEGF and Wnt) based on the distance between the

provided differential expression values and the model gene expression signatures of each

pathway. These model signatures are comprised by the top 100 most responsive genes

per pathway, in other words, the 100 genes whose expression is most influenced upon

pathway perturbation (Holland et al., 2020; Schubert et al., 2018). P -values were cor-

rected for multiple testing by FDR (Benjamini and Hochberg, 1995) and a pathway was

considered to be significantly dysregulated when FDR<0.05. Genes whose expression

changes between cases and controls contributed the most to altered pathway activity

were identified using progenyScatter() function of the PROGENy R-package v. 1.12.0

(Schubert et al., 2018). PROGENy scores of all evaluated pathways were used in sub-

sequent analysis to guide prediction of the final causal signaling network topology for

each uterine disorder.

To compare the inferred TF and pathway activity profiles amongst the evaluated

uterine disorders, the distinct conditions were clustered according to their TF and

pathway NES values using the hclust() function implemented in R environment v.

4.0.3 (RCoreTeam, 2020).

4.3.4 Causal signaling network inference for each uterine

disorder

For each individual uterine disorder, the NES of significantly enriched TFs and

the 14 pathway activity scores were used as input for the inverse CARNIVAL pipeline,

implemented in CARNIVAL R-package v. 1.0.0 (Liu et al., 2019) and setting a max-

imum of 100 sub-network solutions to be summarized in the final network or causal

signaling pathway (Figure 4.1, step 4). As a PKN, the signed and directed Omni-
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Path human signaling network from Omnipath R-package v. 2.0.0 (Turei et al., 2016)

was used, comprising 20,140 edges connecting 4,907 nodes pooled and curated from

multiple resources (Turei et al., 2016). The resulting causal signaling networks were

represented in Cytoscape v.3.8.2 (Shannon et al., 2003), to visualize molecular details

of the specific proteins and their interactions potentially altering gene expression in

uterine disorders.

4.3.5 Comparison between uterine disorders’ causal signaling

networks

To prioritize relevant proteins and to compare network characteristics amongst

uterine disorders (Figure 4.1, step 5), network topological parameters by disorder were

estimated using the Cytoscape Network Analyser plugin (Assenov et al., 2008), in-

cluding network density (proportion of the potential connections in a network that

are actual connections, calculated by dividing the number of edges actually connecting

proteins by the potential connections these proteins may have); proteins with highest

betweenness centrality (a score based on the number of shortest paths between any

two proteins that pass through a given protein, which is indicative of how central and

influential this protein is on the network), and proteins with highest in- and out-degree

(number of other proteins that regulate a given protein and number of proteins that

are regulated by this protein, respectively).

Additionally, over-representation (ORA) functional enrichment analyses (cluster-

Profiler R-package v.3.16.1) (Yu et al., 2012) were applied independently to the ac-

tivated and inhibited nodes of each uterine disorder signaling network to identify

commonly over-represented pathways and gene functions amongst different conditions.

OmniPath PKN proteins (Turei et al., 2016) were used as the background information

for ORA and two functional databases (Kyoto Encyclopedia of Genes and Genomes

(KEGG) (Kanehisa and Goto, 2000) and the three ontologies of Gene Ontology (GO)

Ashburner et al., 2000)) were consulted (Figure 4.1, step 5, see Study I (pages 37-72) for

a detailed description on annotation files). During interpretation of results, functions

identified as significantly over-represented (FDR<0.05) were grouped in broader func-
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tional groups according to the descriptions provided in the corresponding functional

databases.

Finally, network proteins shared amongst the different uterine disorders were iden-

tified, Jaccard indexes were computed on protein interactions to evaluate network

similarity between disorders (R environment v. 4.0.3 (RCoreTeam, 2020)), and those

protein interactions overlapping amongst different conditions were retrieved for prioriti-

zation of shared key proteins that could serve as common potential biomarkers for these

uterine disorders and/or druggable targets to treat endometrial-related subfertility in

these patients (Figure 4.1, step 6).

4.4 Results

A total of 13,905 genes were used to infer TF and pathway activities for ADC,

13,735 for EU, 16,160 for RIF and 17,787 for RPL (Annexes: Supplementary Table

7.3, which also includes the number of DEGs per uterine disorder).

4.4.1 MYC, FOXP1 and E2F family of transcription factors

are commonly dysregulated in uterine disorders

A total of 39 upstream TFs were identified as significantly altered in ADC, 42

in EU and 22 in RPL (all FDR<0.05) but none in RIF, suggesting other additional

regulatory mechanisms may be driving pathological RIF gene expression (Figure 4.2A).

Nonetheless, TFs for all uterine disorders reached significance (FDR<0.05) with a

|NES| > 2.5; and RIF had eight TFs over this threshold that were prioritized for

further analysis (Figure 4.2A).

The cell cycle regulator MYC was found to be altered in all uterine disorders (ac-

tivated in ADC, EU and RIF and inhibited in RPL) (Figure 4.2B). Similarly, the E2F

family of TFs (also involved in cell cycle control) and the development regulator FOXP1

were significantly activated in ADC and EU while inhibited in RPL (FDR<0.05) (Fig-

ure 4.2B).
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Figure 4.2: Comparison of significantly altered TFs amongst uterine disorders.
A) Prioritized dysregulated TFs for each uterine disorder.This table shows, for
each uterine disorder, the number of prioritized TFs (FDR<0.05 or |NES| > 2.5) and the
percentage of which have been reported as associated to endometrial receptivity, together
with the number and names of the prioritized TFs that were found as activated or inhibited
in the uterine disorder vs the controls. (...)
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Figure 4.2: (...) Prioritized TFs known to be involved in endometrial receptivity have
corresponding references indicated; and the TFs that were not considered when inferring the
causal signaling network, due to not being included in OmniPath database, are marked with
an asterisk. References: a – Bastu et al., 2019; b - Bersinger et al., 2008; c - Bhagwat et al.,
2013; d – Borthwick et al., 2003; e – Carrascosa et al., 2018; f - Carson et al., 2002; g – Kao
et al., 2002; h – Koot et al., 2016; i – Ledee et al., 2011; j – Mirkin et al., 2005; k – Ponnam-
palam et al., 2004; l – Riesewijk et al., 2003; m – Sebastian-Leon et al., 2018; n – Shi et al.,
2017; o – Talbi et al., 2006. B) Comparison of dysregulated TF profiles amongst
uterine disorders. Clustering of uterine disorders in relation to NES TF profiles is shown
together with a heatmap representing significantly altered TFs (marked with an asterisk)
shared amongst at least two uterine disorders. NES per TF and UD are indicated, colored
by the magnitude and direction of the dysregulation (activated (red) or inhibited (blue) in
the uterine disorder vs the controls). MYC is highlighted for being altered in all uterine
disorders together with FOXP1 and the E2F family of TFs are highlighted for being signifi-
cantly altered in ADC, EU and RPL. C) Comparison of significantly altered pathways
amongst uterine disorders. Clustering of uterine disorders in relation to NES profiles
for the 14 evaluated pathways is shown together with a heatmap representing significantly
altered pathways (marked with an asterisk) for each uterine disorder. The NES is colored by
the magnitude and direction of the dysregulation (activated (red) or inhibited (blue) in the
uterine disorder vs the controls). The EGFR pathway is highlighted for being significantly
altered in all uterine disorders. NES, normalized enrichment score. UD, uterine disorder.
TF, transcription factor. ADC, endometrial adenocarcinoma. EU, eutopic endometriosis.
RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. FDR, false discovery
rate.

Overall, RIF and EU presented the most while RPL presented the least similar

dysregulated TF profiles (Figure 4.2B). Comparison between TFs significantly altered

in at least two uterine disorders revealed opposing profiles between RPL and RIF+EU,

so that TFs that were significantly inhibited in RPL were mainly activated in RIF+EU

and vice versa (Figure 4.2B).

From the totality of prioritized TFs per uterine disorder, 46% were previously

related to endometrial receptivity in ADC, 38% in EU, 50% in RIF and 54.5% in RPL,

including FOXP1 and the cell cycle regulators MYC and E2F1-3 (Figure 4.2A).

4.4.2 The EGFR pathway is commonly altered in uterine

disorders but follows distinct molecular mechanisms

Alternatively, eight signaling pathways were significantly altered in ADC (EGFR,

hypoxia, JAK-STAT, MAPK, NFKB, PI3K, TGFβ and TNFα), two in EU (Andro-

gen and EGFR), five in RIF (Androgen, EGFR, JAK-STAT, p53 and apoptosis) and

four in RPL (EGFR, hypoxia, PI3K and p53) (FDR<0.05) (Figure 4.2C). Notably,

the EGFR pathway, involved in cell proliferation, was commonly dysregulated in all
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uterine disorders, being significantly activated in ADC, EU and RIF, and inhibited in

RPL (FDR<0.05) (Figure 4.2C). However, the specific genes whose expression changed

according to EGFR dysregulation were mainly different between uterine disorders, with

most of these genes being either exclusive or only shared amongst two conditions (An-

nexes: Supplementary Table 7.4). Specifically, RIF and EU shared the highest number

of genes (five genes, DSPP, KCNF1, GOLPH3L, CCDC28A and ADORA1 ); while

RPL was the uterine disorder with the highest percentage of exclusive genes (80%)

(Annexes: Supplementary Table 7.4). These results indicate the EGFR pathway may

be dysregulated by distinct molecular mechanisms in each uterine disorder, activating

or inhibiting different genes in each condition. The principal genes contributing to

all significantly altered pathways per uterine disorder can be consulted in Annexes:

Supplementary Table 7.4.

Similarly to TF profile comparison, RIF and EU had the most similar pathway

activity profiles, whereas RIF and RPL had opposing pathway profiles (significantly

activated pathways in RIF were significantly inhibited in RPL (e.g. EGFR) and vice

versa (e.g. p53)) (Figure 4.2C). Interestingly, the estrogen signaling pathway was not

significantly altered in any uterine disorder but androgen signaling was significantly

inhibited in EU and activated in RIF (both FDR<0.05) (Figure 4.2C).

4.4.3 Comparison of contextualized causal signaling

networks leading to endometrial gene expression

changes in uterine disorders

Contextualized causal signaling networks were built to identify specific upstream

molecular protein components and their signaling interactions that could explain the

aforementioned TF and pathway dysregulations for each uterine disorder (Figure 4.3).
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Figure 4.3: Causal signaling networks leading to endometrial gene expression
alterations in uterine disorders. The inferred causal signaling networks are shown for
ADC (A), EU (B), RIF (C), and RPL (D). Prioritized transcription factors used
as inputs are represented with diamonds, while inferred signaling proteins leading to the
prioritized TF dysregulations are represented with circles. (...)
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Figure 4.3: Causal signaling networks leading to endometrial gene expression
alterations in uterine disorders. The inferred causal signaling networks are shown for
ADC (A), EU (B), RIF (C), and RPL (D). Prioritized transcription factors used
as inputs are represented with diamonds, while inferred signaling proteins leading to the
prioritized TF dysregulations are represented with circles. (...)

89



4.4. RESULTS

Figure 4.3: (...) Node size and edge thickness indicate the number of sub-network solutions
in which the node/edge was present to be then summarized in the final network; activated
nodes and activating edges are colored in red and inhibited nodes and inhibiting edges in
blue. For each UD, number of nodes, edges, density and percentage of protein/TF activities
coherent with gene expression measures are indicated along with the proteins that were
prioritized for their influence in the network (according to number of interacting proteins
(in- and out-degree) and betweeness centrality (marked with an astherisk)). The MYC -RB1
common interaction between ADC, EU and RIF causal signaling networks is highlighted.
ADC, endometrial adenocarcinoma. EU, eutopic endometriosis. RIF, recurrent implantation
failure. RPL, recurrent pregnancy loss. UD, uterine disorder. TF, transcription factor.

Although the RPL causal signaling network was the smallest in terms of number

of proteins (36 nodes) and interactions (56 edges) (Figure 4.3D), it had the high-

est density (0.039 compared to 0.027 for RIF and 0.026 for ADC and EU) (Figure

4.3A-D), demonstrating that RPL dysregulated proteins are highly connected to one

another. Coherence between protein activity prediction and protein gene expression

values ranged from 72.1% in ADC to 41.7% in RIF, suggesting post-transcriptional

and post-translational protein modifications, especially in RIF pathology (Figure 4.3).

Moreover, RIF signaling network proteins and interactions were mainly present in few

of the sub-network solutions that were summarized in the final causal signaling network

(represented by the small size of the protein nodes and the thin interaction edges in

Figure 4.3C), which may be reflecting the heterogeneity amongst RIF patients’ etiology.

Mitogen activated protein kinases (MAPKs) were found to be master regulators

in RPL (MAPK3), EU (MAPK1) and ADC (MAPK1) (Figure 4.3A, B and D). Par-

ticularly, MAPK1 and MAPK3 were prioritized for their central and influential role in

the corresponding signaling networks in ADC and RPL, respectively (Figure 4.3A and

D). In the EU network, the ATM kinase held the central role (Figure 4.3B), while in

RIF, inhibited TP53 was the most influential, central and connected protein (Figure

4.3C). Proteins with the highest regulation from other network proteins were RELA

for ADC, MYC for EU and TP53 for RIF and RPL (Figure 4.3).

4.4.4 The role of the cell cycle regulators RB1 and MYC in

ADC, EU and RIF endometrial signaling alterations
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Despite uterine disorder signaling networks sharing some proteins and TFs (with

MYC as the common network TF amongst all uterine disorders), most network pro-

teins were exclusive of each uterine disorder (Annexes: Supplementary Figure 7.8A).

Likewise, comparison of protein interactions showed that signaling networks, leading

to altered endometrial gene expression in uterine disorders, did not globally resemble

one another (Annexes: Supplementary Figure 7.8B).

However, there were specific signaling network interactions shared amongst ADC,

EU and RIF (Figure 4.3A-C), including the activation of the cell cycle regulator MYC,

which was caused by an inhibition of its repressor protein RB1 (Figure 4.3A-C, An-

nexes: Supplementary Figure 7.8C). This MYC activation is also driven by the activa-

tion of the histone methyltransferase NSD3 and the inhibition of ATM and TP53 in the

case of EU and RIF (Annexes: Supplementary Figure 7.8C). Moreover, ADC and EU

shared eight additional interactions involving MAPKs activation and the E2F famility

of TFs that, like MYC, were activated upon RB1 inhibition (Annexes: Supplementary

Figure 7.8C). All these shared dysregulated interactions involve cell cycle regulators

that could alter expression of cell cycle genes in the endometrium of ADC, EU and

RIF patients, making them potential common biomarkers and/or therapeutic targets

for these disorders.

Recurrent pregnancy loss had protein interactions in common with all uterine dis-

orders, but notably evidenced 12 interactions in common with EU (Annexes: Supple-

mentary Figure 7.8C). Most proteins with interactions in common with RPL, including

MYC and E2F TFs, were dysregulated in opposite directions, being mostly inhibited

in RPL but activated in the rest of the uterine disorders (Figure 4.3 and Annexes:

Supplementary Figure 7.8C).

4.4.5 Aging processes are present in causal signaling

networks which lead to altered endometrial gene

expression in uterine disorders

All uterine disorders presented dysregulated endometrial signaling cascades in-

volved in aging and cell senescence processes (Figure 4.4) together with other well-

known hallmarks of aging, such as cell cycle functions, response to DNA damage,
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immune response or apoptosis, amongst others (marked with an asterisk in Figure

4.4). Remarkably, the endometriosis signaling network was also enriched in telomere

protection functions, which are essential for healthy aging (Annexes: Supplementary

Table 7.5). Shared alteration of chromatin remodeling and transcription regulation

processes amongst uterine disorders was expected, as causal signaling networks were

build using prioritized TFs as inputs. The full list of significantly enriched functions in

each uterine disorder signaling network can be consulted in Annexes: Supplementary

Table 7.5, along with the corresponding adjusted p-values and genes involved.

Figure 4.4: Functional comparison between uterine disorders’ causal signaling
networks leading to gene expression changes in the endometrium. The number of
functions belonging to each defined functional group is indicated for each uterine disorder,
making it possible to distinguish between functions that were significantly over-represented
in activated proteins of the causal signaling network (red), from those that were significantly
over-represented in inhibited proteins (blue) (FDR<0.05). Aging processes and known hall-
marks of aging according to Lopez-Otin et al., 2013 are highlighted in bold and with an
asterisk. Specific KEGG pathways and GO terms included in each functional group can be
consulted in Annexes: Supplementary Table 7.5. (...)
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Figure 4.4: (...) ADC, endometrial adenocarcinoma. EU, eutopic endometriosis. RIF,
recurrent implantation failure. RPL, recurrent pregnancy loss. KEGG, Kyoto encyclopaedia
of genes and genomes. GO, gene ontology. FDR, false discovery rate.

4.5 Discussion

Elucidating the regulatory mechanisms controlling gene expression is perhaps the

biggest challenge of the post-genomic era (Wei et al., 2004). This study pioneers in ap-

plying cutting-edge functional genomic footprinting methods and causal signaling net-

works in reproductive medicine, to infer the dysregulation of specific upstream TF and

pathway protein components altering gene expression in uterine disorders. Using these

techniques, it is possible to overcome the limitations of functional mapping strategies

that do not consider post-translational modifications (Dugourd and Saez-Rodriguez,

2019), providing a deeper understanding of the molecular mechanisms underlying the

endometrial pathophysiology of these disorders. In fact, using gene meta-analysis for

prior integration of expression changes provides more robust results per uterine disor-

der, as it ensures higher statistical power (by combining of a higher number of sam-

ples), and overcomes the heterogeneity among clinical characteristics and experimental

procedures of individual studies (Gurevitch et al., 2018). This approach allowed the

identification of 39 dysregulated TFs in ADC, 42 in EU, eight in RIF and 22 in RPL;

of which approximately 40-50% were previously associated to endometrial receptivity

acquisition (Bastu et al., 2019; Bersinger et al., 2008; Bhagwat et al., 2013; Borthwick

et al., 2003; Carrascosa et al., 2018; Carson et al., 2002; Kao et al., 2002; Koot et al.,

2016; Ledee et al., 2011; Mirkin et al., 2005; Ponnampalam et al., 2004; Riesewijk

et al., 2003; Sebastian-Leon et al., 2018; Shi et al., 2017; Talbi et al., 2006) and thus

potentially contributing to the diminished reproductive potential in these patients.

An interesting finding of this study was the cell cycle regulatorMYC was commonly

altered in all the evaluated uterine disorders, being activated in ADC, EU and RIF but

inhibited in RPL. Moreover, ADC, EU and RPL shared the alteration of the develop-

ment regulator FOXP1 and different members of the E2F family, which regulate the

expression of genes (including MYC ) required for DNA synthesis and mitosis at the

G1/S cell cycle phase transition (DeGregori, 2002; Iaquinta and Lees, 2007; Trimarchi
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and Lees, 2002). These three TFs are known to be involved in endometrial receptivity

acquisition (Bhagwat et al., 2013; Kao et al., 2002; Ledee et al., 2011; Sebastian-Leon

et al., 2018; Talbi et al., 2006) and had been already described as altered in ADC

(Mizunuma et al., 2016; Zhang et al., 2020; Zhou et al., 2019), endometriosis (Johnson

et al., 2005; Shao and Wei, 2018; Zhao et al., 2018) and RPL (Lucas et al., 2020; Sober

et al., 2016; Wu et al., 2017). However, the implication of MYC in RIF pathology is

novel to this study, and this work is the first to place MYC, E2F and FOXP1 TFs as

regulatory links between uterine disorders.

Furthermore, the identified activations of E2F, MYC and FOXP1 are coherent

with the estrogenic and progesterone-resistance nature of ADC and EU (Vercellini et

al., 2014; Ziel, 1982), since estrogens are known to activate these TFs (Mizunuma

et al., 2016; Wang et al., 2011; Zhou et al., 2014) and MYC can be inhibited by the

nuclear progesterone receptor in ADC (Kavlashvili et al., 2016). MYC activation in

RIF reinforces the hypothesis of Study I (pages 37-72), postulating that RIF could also

be estrogen-dependent.

Despite these findings, there were no significant alterations in the estrogen pathway

in any of the uterine disorders. This implies that estrogens could be stimulating cell

proliferation through different pathways in these conditions or there may be limitations

of the method, which failed to capture estrogen-exclusive dysregulations. Both MYC

and E2F are downstream regulators of the EGFR pathway, which interacts with es-

trogen signaling through MAPK and PI3K cascades that, in turn, activate expression

of the estrogen receptor (Levin, 2003; Skandalis et al., 2014). In this study, the EGFR

pathway was identified as significantly activated in ADC, EU and RIF but inhibited in

RPL. Although not always significant, MAPK and PI3K pathways were also activated

in ADC and RIF and inhibited in RPL; and several MAPKs of the MAPK pathway

were prioritized as highly influent proteins in ADC, EU and RPL signaling networks.

These findings indicate that estrogen could be exerting its effects on cell proliferation

through the EGFR pathway. Interestingly, the EGFR receptor has been previously as-

sociated to ADC (Hashmi et al., 2019), EU (Wang et al., 2019) and RPL (Bahia et al.,

2020) further reinforcing the underlying role of the EGFR pathway in the evaluated

uterine disorders.
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Apart from the crosstalk between estrogen and the EGFR pathway, androgen sig-

naling is known to inhibit estrogen effects (Karamouzis et al., 2016) and contributes

directly to activate EGFR signaling (Migliaccio et al., 2006). The results of the present

study showed a significant inhibition of the androgen pathway in EU, which could result

in more pronounced estrogen-dependent activation of EGFR. Alternatively, androgen

signaling was significantly activated in RIF, suggesting the EGFR pathway is also stim-

ulated through estrogen-independent mechanisms in the endometrium of these patients.

These different mechanisms of EGFR pathway activation and crosstalk could explain

why EGFR signaling was found to alter the expression of different genes in each uterine

disorder. In other words, the endometrial cell cycle and proliferation would be acti-

vated (ADC, EU and RIF) or inhibited (RPL) through different molecular mechanisms

in each disorder.

Network contextualization of dysregulated TFs and pathways further corroborated

these findings, as the obtained causal signaling networks for each uterine disorder

had a distinct molecular composition. However, a novel common network interaction,

involving MYC and its repressor protein RB1, was identified for ADC, EU and RIF.

RB1 was also repressing E2F in ADC and EU networks. Since the RB1 protein was

inferred to be inhibited in these uterine disorders, proliferation could be potentiated in

these conditions. These results are consistent with the upregulation of cell cycle genes

in ADC and RIF, and their inhibition in RPL, described in Study I (pages 37-72).

However, the herein study further identified the cell cycle as activated in the eutopic

endometrium of women with endometriosis and provides deeper molecular knowledge

on the specific upstream TFs and proteins that could be underlying these cell cycle

alterations.

Because cell cycle and proliferation processes are activated during the proliferative

phase, and repressed during the secretory phase, including the WOI (Bhagwat et al.,

2013; Borthwick et al., 2003; Carson et al., 2002; Diaz-Gimeno et al., 2017; Hu et al.,

2014; Kao et al., 2002; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006),

their activation through the removal of E2F and/or MYC repression by RB1 protein

could be causing implantation failures in women diagnosed with RIF, and explain the

decreased reproductive potential of women suffering ADC and EU. Moreover, inhibi-
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tion of MYC, E2F and EGFR proliferation regulators could result in failure to retain

the implanted embryo in patients suffering RPL, since their downregulation was previ-

ously associated to decreased decidualization and embryo invasion (Large et al., 2014;

Sober et al., 2016; Wu et al., 2017). Indeed, E2F TFs were suggested to play a role in

preventing the maintenance of basic nuclear functions, leading to miscarriage in RPL

patients (Sober et al., 2016), which is consistent with the global downregulation of

DNA-RNA-protein processes reported in Study I (pages 37-72). These findings mark

the RB1-E2F-MYC axis and EGFR pathway as common key players amongst uterine

disorders, for the first time. In fact, the RB1/E2F axis has been recently proposed as

therapeutic target in endometrial cancer (Hu et al., 2020) and targeting MYC is one of

the current challenges in oncology research due to the “undruggable” properties of this

ubiquitous TF (specifically, the absence of drug binding sites or MYC inaccessibility

because of its predominant nucleus localization (Wang et al., 2021)). Thus, targeting

MYC through its regulators E2F, EGFR or RB1 could open new therapeutic strate-

gies to collectively treat fertility-related problems in subfertile patients with uterine

disorders.

Interestingly, knockdown of ciliary disassembly proteins inhibits MYC through

decreased phosphorylation of RB1 protein, which is needed to release E2F s for MYC

activation. In Study I (pages 37-72), ciliary processes were downregulated in all uterine

disorders. This decrease in cilia formation may be partially triggered by the upregu-

lation of ciliary disassembly proteins, which could promote RB1 phosphorylation and

thus contribute to cell cycle alterations in ADC, EU and RIF.

Notably, RIF presented the least number of dysregulated TFs, which may be re-

flecting the heterogeneity of its etiology and/or indicating alternative regulatory mech-

anisms of gene expression (such as post-transcriptional changes mediated by miRNAs)

in these patients. This finding is reinforced by the RIF causal signaling network ob-

tained, which presented the lowest percentage of gene expression coherence and had

most proteins and signaling interactions prioritized in few sub-network solutions.

Another interesting result of this study was the relevant role of the inhibited TP53

protein in the RIF causal signaling network. This tumor suppressor protein is critical

for regulation of maternal reproduction and blastocyst implantation (Kang et al., 2009),
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and its polymorphisms had been associated to RIF (Kay et al., 2006). Since TP53 is

known to regulate cell growth, maintain genomic stability and induce angiogenesis

(Kay et al., 2006), its inhibition could be triggering the downregulation of angiogenesis

processes, described in Study I (pages 37-72), in the endometrium of RIF patients.

TP53 could also activate cell cycle arrest and senescence (Kang et al., 2009) in response

to stressful conditions.

Aging processes and related hallmarks (Lopez-Otin et al., 2013) were significantly

over-represented in causal signaling networks of all uterine disorders. These results not

only point to age as an underlying factor for some gene expression alterations observed

in the endometrium of these patients, but could also explain the increased incidence of

uterine disorders with age (ACOG, 2014; Constantine et al., 2019; Morassutto et al.,

2016; Yu et al., 2020; Zimmermann et al., 2012). Unfortunately, the impact of age on

endometrial transcriptomics remains to be elucidated. Future research comparing the

effect of age on endometrial gene expression and function, to that of uterine disorders,

could provide insight into the molecular relationship(s) between age and endometrial

pathologies which affect fertility (this premise is addressed in Study IV (pages 131-

156)).

The results from this study also reinforced some of the conclusions obtained in

Study I (pages 37-72). First, RPL was once more identified as the most distinct uterine

disorder. Second, since the cell cycle is downregulated during endometrial receptivity

acquisition (Bhagwat et al., 2013; Borthwick et al., 2003; Carson et al., 2002; Diaz-

Gimeno et al., 2017; Hu et al., 2014; Kao et al., 2002; Mirkin et al., 2005; Riesewijk

et al., 2003; Talbi et al., 2006), inhibition of cell cycle regulators in RPL and their

activation in RIF pathology gives further credence to the hypothesis that RIF is caused

by receptivity defects while RPL presents with optimal receptivity but has a defect in

embryo selectiveness (Macklon and Brosens, 2014). Third, the similarities highlighted

between RIF and EU provide additional evidence in support of the hypothesis that

endometrial receptivity is affected by endometriosis (Da Broi et al., 2019; Lessey and

Kim, 2017; Miravet-Valenciano et al., 2017).

As in Study I (pages 37-72), this study is limited by the availability of suitable

studies to integrate (not all uterine disorders could be evaluated). Furthermore, the
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obtained results need experimental corroboration and represent partial explanations of

the gene expression changes in uterine disorders, since pathway inference methods are

still limited to a low number of signaling pathways (Schubert et al., 2018), prior bio-

logical knowledge is incomplete and TFs are not yet available for all genes. For exam-

ple, the progesterone pathway was not implemented in the pathway activity inference

methods and thus could not be evaluated despite its relevance in female reproduc-

tion. Notably, this pathway is currently being implemented for future studies. Despite

these shortcomings, these findings were produced with experimental gene expression

measures in the endometrium and using highly-evidenced biological information and

curated databases that ensure the robustness and validity of the results.

In conclusion, the novelty of this study resides in the identification of specific up-

stream TFs and proteins that may be inducing cell cycle alterations in uterine disorders,

providing deeper molecular knowledge of the pathophysiology of these disorders than

previous studies. It also pioneers in its integrative and comparative nature amongst

uterine disorders, as well as the novel application of cutting-edge functional footprinting

methods in reproductive medicine, with the goal of prioritizing common and exclusive

key proteins amongst uterine disorders that could serve as future potential biomark-

ers and/or therapeutic targets to ultimately increase implantation rates in affected

patients. Moreover, these findings highlighted the involvement of aging processes in

signaling dysregulations for all uterine disorders and reinforced some of the conclusions

of Study I (pages 37-72).
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5. Study III. Menstrual cycle progression is 
biasing uterine disorder biomarker

discovery

.                        .

“Los problemas que 

parecen pequeños son 

grandes problemas que 

aún no se entienden”

– Santiago Ramón 

y Cajal

“It is not the strongest of 

the species that survives, 

not the most intelligent, but

the one responsive to 

change”

– Charles Darwin





5.1. INTRODUCTION

5.1 Introduction

5.1.1 The importance of identifying reliable uterine disorder

biomarkers

Identifying reliable biomarkers of uterine disorders is a priority to understand the

molecular bases of the pathology and to improve diagnosis, prognosis, and treatments.

Endometrial pathologies like endometriosis, endometrial adenocarcinoma, uterine fi-

broids, and adenomyosis are associated with infertility, and potentially impact en-

dometrial receptivity (Devesa-Peiro et al., 2020; Devlieger et al., 2003; Dunselman

et al., 2014; Zepiridis et al., 2016) as described in Study I (pages 37-72) and Study

II (pages 73-98). Some disorders remain undiagnosed in in vitro fetrilization (IVF)

patients and current treatments are either invasive (e.g. surgical removal) or have low

to moderate efficiency (Dunselman et al., 2014; Harada et al., 2016; Tanbo and Fe-

dorcsak, 2017; Wang, Fuh, et al., 2009; Zepiridis et al., 2016). Moreover, alterations

like recurrent implantation failure (RIF) or pregnancy loss (RPL) of endometrial ori-

gin remain incompletely understood with neither an efficient diagnosis nor effective

infertility treatment (Coughlan et al., 2014; Diaz-Gimeno et al., 2017; Jauniaux et al.,

2006; Sebastian-Leon et al., 2018).

With the advent of high-throughput technologies, uterine disorders are evaluated

by transcriptomic analysis to identify genes (Burney et al., 2007; Hawkins et al., 2011;

Koot et al., 2016; Ledee et al., 2011; Pathare et al., 2017; Tamaresis et al., 2014) that

could be useful as diagnostic biomarkers and/or therapeutic targets. Though many

genes are reported as potential uterine disorder biomarkers, the results of individual

studies overlap poorly (Altmae et al., 2017; Lessey and Kim, 2017; Miravet-Valenciano

et al., 2017; Sebastian-Leon et al., 2018) and reliable biomarkers and potential thera-

peutic targets that could be clinically meaningful to address suboptimal endometrial

receptivity remain elusive.
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5.1.2 The influence of menstrual cycle progression on

endometrial gene expression and its role as a potential

confounding variable in endometrial biomarker

discovery

It is widely known that menstrual cycle progression has a profound influence on

gene expression (Altmae et al., 2017; Altmae et al., 2010; Borthwick et al., 2003;

Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2017; Koot et al., 2016; Ponnampalam

et al., 2004; Punyadeera et al., 2005; Saare et al., 2019; Sebastian-Leon et al., 2018;

Sigurgeirsson et al., 2016; Talbi et al., 2006). During the exploratory analyses per-

formed in Study I (pages 37-72), endometrial samples were primarily grouped by the

menstrual cycle stages rather than by the evaluated uterine disorder. Consequently, it

was hypothesized that this transcriptomic influence of the menstrual cycle could mask

the discovery of candidate uterine disorder biomarkers whose expression responds to

both endometrial progression and uterine disorder alteration. Removing the menstrual

cycle effect would eliminate the variability of gene expression associated to this factor.

On the other hand, if this effect is not corrected for, it would be unclear whether the

observed changes in case vs control transcriptomic studies reflect variations related to

the disorder, to menstrual cycle progression, or both. The present study addresses this

research gap, describing current practices in endometrial transcriptomic analysis, test-

ing the hypothesis of whether the menstrual cycle effect on gene expression biases the

discovery of biomarkers associated with uterine disorders, and quantifying this effect.

Based on the findings, new guidelines to correct for menstrual cycle effect in biomarker

identification are proposed for avoiding this bias.

5.2 Objectives

� To describe current practices that deal with the effect of the menstrual cycle

progression on biomarker discovery for uterine disorders through endometrial

transcriptomics.
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� To determine whether this effect biases the discovery of biomarkers of uterine

disorders, quantify it, and propose new guidelines to correct it.

5.3 Material & Methods

5.3.1 Study search and selection

The systematic search and review described in Study I (pages 37-72) was updated

to include individual studies released between June 2017 and January 2019 at the

National Center for Biotechnology Information (NCBI) repository Gene Expression

Omnibus (GEO) (Edgar et al., 2002). This search identified experiments evaluating

uterine disorders involving human transcriptomic case vs control raw data, along with

studies evaluating endometrial gene expression at different times of the menstrual cycle

progression in women with normal endometrium. Keywords and final inclusion criteria

are described in Study I (pages 37-72), but two additional criteria were added: that

information regarding the menstrual cycle at the time of endometrial biopsy was avail-

able for all samples and that samples were collected at more than one time point of

the menstrual cycle.

5.3.2 Preprocessing and exploratory analysis

Preprocessing and exploratory analyses were completed according to the gene ex-

pression platform used, as described in Study I (pages 37-72). For new studies eval-

uating gene expression through RNA-Seq, low count filtering and normalization was

achieved with the edgeR R-package v.3.16.5 (Robinson et al., 2010). Exploratory anal-

yses were performed to detect batch effects (such as sequencing run or microarray slide)

which were then treated using linear models (limma R-package v.3.30.13 (Ritchie et

al., 2015)). Afterwards, the menstrual cycle effect was evaluated through the principal

component analysis (PCA) results drawn with the ggplot2 R-package v. 3.2.0 (Wick-

ham, 2016). The proportion of endometrial biopsies collected at different stages of the
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menstrual cycle were compared between case and control groups using Fisher’s exact

test (Fisher, 1922) implemented in the R environment (RCoreTeam, 2020).

5.3.3 Menstrual cycle effect correction and differential

expression analysis

The effect of menstrual cycle progression on endometrial biopsy collection was

removed from gene expression data using the removeBatcheffect() function based on

linear models implemented in the limma R-package v.3.30.13 (Ritchie et al., 2015).

This function was chosen for having fewer false positives than ComBat() (Espin-Perez

et al., 2018), and because it enables correction of the bias from a known batch effect

(e.g. menstrual cycle) while indicating the group differences to be retained in the data

(e.g. uterine disorder vs control).

Case vs control differential expression analyses (DEAs) were applied (limma R-

package v.3.30.13 (Ritchie et al., 2015)) with and without removing the menstrual cycle

effect; the proportion of differentially expressed genes (DEGs, with false discovery rate

(FDR)<0.05) were compared for demonstrating the effect of removing menstrual cycle

bias. The study design is illustrated in Figure 5.1.

5.3.4 Validation of the menstrual cycle effect correction

method

To demonstrate the advantage of removing the effect of menstrual cycle progres-

sion on gene expression and validate the statistical power, an alternative approach was

used for comparison: case vs control DEAs within each menstrual cycle phase were per-

formed (limma R-package v.3.30.13 (Ritchie et al., 2015)). The proportion of DEGs

(FDR<0.05) obtained was compared to those obtained after menstrual cycle effect cor-

rection. All comparisons of DEGs proportions were perfomed with one-sided Fisher’s

exact test (Fisher, 1922) (adjusted by FDR (Benjamini and Hochberg, 1995)). The

statistical power of both methods was calculated with sizepower R-package v.1.52.0
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(Qiu et al., 2021).

Figure 5.1: Study design. Systematic search and review of (1) transcriptomic case vs
control studies evaluating uterine disorders; and (2) transcriptomic studies evaluating men-
strual cycle progression in control women with normal endometrium were performed it the
Gene Expression Omnibus (GEO) database. After filtering and selection, raw data were
downloaded and preprocessed. For each included study, a differential expression analysis was
applied with and without removing the menstrual cycle effect on the data using linear mod-
els. For case vs control studies (1), the proportions of differentially expressed genes (DEGs;
FDR<0.05) obtained under both approaches were compared using a Fisher’s Exact test and
distinct types of endometrial biomarkers were established. Control studies evaluating men-
strual cycle progression (2) were used to evaluate the reliability of menstrual cycle effect
correction; if the method properly removed the menstrual cycle effect from transcriptomic
data, the differential expression analysis after correcting this effect should indicate no DEGs.
FDR, false discovery rate.

Additionally, to validate the reliability and robustness of the method used to re-

move the menstrual cycle effect, the aforementioned approaches of DEA (with and

without menstrual cycle effect correction) were applied to GEO individual studies com-

paring normal endometrial gene expression profiles between different menstrual cycle

phases (Figure 5.1). If the proposed method properly removed the menstrual cycle

effect from transcriptomic data, the DEA between endometrial phases after correcting

this effect should indicate no DEGs.

Finally, we compared the fold change (FC), p-value, gene expression average, and

standard deviation (SD) before and after menstrual cycle effect correction to under-

stand the etiology of the potential endometrial biomarkers (related to menstrual cycle
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progression, to the disorder or both). All statistical analyses were performed using R

software v.3.3.2 (RCoreTeam, 2020).

5.4 Results

5.4.1 Current practices for transcriptomic studies evaluating

the endometrium in uterine disorders

Of the 694 potential endometrial studies identified, only 35 studies met the inclu-

sion criteria (Figure 5.2). Of these, 31.43% (11 studies) did not record the menstrual

cycle phase at the time of endometrial biopsy collection and 37.14% (13 studies) col-

lected all endometrial samples at only the proliferative or secretory phases, with no

further subdivision for secretory samples in early-, mid-, or late-secretory endometrial

stages (Figure 5.2). Only six case vs control transcriptomic studies reporting the time

point in which the biopsy was collected were suitable for analysis: two of eutopic en-

dometrium in stages I-IV endometriosis (n=37, n=81), one of ectopic endometrium

in ovarian endometriosis (n=14), one of uterine fibroids (n=43), two of RIF (n=115,

n=18), and one of RPL (n=20) (Table 5.1A; detailed filtering steps in Figure 5.2).

While studies evaluating endometriosis and uterine fibroids mainly used Noyes

histopathological criteria for endometrial dating and collected biopsies along both the

proliferative and secretory phases (Table 5.1A), those evaluating RIF and RPL used the

days from LH peak or first administration of human chorionic gonadotropin (hCG) as

endometrial dating methods and collected endometrial biopsies in the secretory phase

(Table 5.1A). For all studies, case and control groups were balanced in terms of the

proportion of samples collected at each endometrial stage (p>0.05; Table 5.1B).
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Figure 5.2: PRISMA flowchart of the selection process of case vs control tran-
scriptomic studies evaluating uterine disorders. The selection of suitable individual
transcriptomic studies in GEO as well as the number of individual studies excluded and
remaining after each filtering step are shown. PRISMA, preferred reporting items for sys-
tematic reviews and meta-analysis. GEO, Gene Expression Omnibus. n, number of studies.
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Table 5.1: Characterization of transcriptomic studies evaluating uterine disor-
ders. (...)
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Table 5.1: Characterization of transcriptomic studies evaluating uterine disor-
ders. (...)
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Table 5.1: Characterization of transcriptomic studies evaluating uterine disor-
ders. A) Clinical characterization of participants and study designs. The GEO
identifier, study name given in this work, uterine disorder, and participants’ clinical infor-
mation, including diagnostic method and subclassification of patients belonging to the case
group, cycle type, endometrial dating method, cycle phase in which the endometrial biopsies
were collected along with number of samples collected at each menstrual cycle phase, age,
BMI, ethnicity, and number of samples for both case and control groups are presented for
each study. The transcriptomic platform used to measure gene expression and the publi-
cation in which data were initially employed are also presented together with the number
of evaluated genes. Tamaresis2014 includes samples from both endometriosis and uterine
fibroid patients along with controls. N/A, not available. D, patients belonging to the case
group. C, patients belonging to the control group. GEO ID, Gene Expression Omnibus
identifier. UD, uterine disorder. BMI, body mass index. RIF, recurrent implantation fail-
ure. RPL, recurrent pregnancy loss. EU, eutopic endometriosis. EC, ectopic endometriosis.
UF, uterine fibroids. rAFs, revised American Fertility Society classification system. LH,
luteinizing hormone. AMH, anti-müllerian hormone. ET, embryo transfer. FSH, follicle
stimulating hormone. PF, proliferative. ESE, early secretory. MSE, mid-secretory. LSE, late
secretory. S, secretory. ICSI, intracytoplasmic sperm injection. IVF, in vitro fertilization.
PCOS, polycystic ovary syndrome. P4, progesterone. B) Comparison between case and
control groups in relation to the menstrual cycle phase of endometrial biopsy
collection. For each study, the number of samples collected at each stage of the menstrual
cycle is indicated independently for cases and controls, together with the two-sided Fisher’s
exact test p-value obtained after evaluating whether the proportion of samples collected at
each endometrial stage significantly differed between groups.

5.4.2 Menstrual cycle effect on transcriptomic studies

searching for uterine disorder biomarkers

All studies collecting endometrial biopsies at different cycle stages had a menstrual

cycle effect on gene expression (see PCAs in Figure 5.3). Prior to menstrual cycle effect

correction, samples from Burney2007, Hawkins2011, Tamaresis2014 and Koot2016 were

grouped by endometrial phase (Figure 5.3). Whereas after correction, samples were

mainly grouped by the uterine disorder (Figure 5.3) and a significant average of 44.19%

more biomarkers were detected (one-sided Fisher’s exact tests FDR≤5.53x10-06) (Table
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5.2). Remarkably, these newly revealed uterine disorder biomarkers previously masked

by the menstrual cycle progression were, in fact, identified despite balanced endometrial

cycle stages between case and control groups (Table 5.1B). Masked uterine disorder

biomarkers were also detected in Koot2016, among endometrial biopsies collected at

different time points within the mid-secretory phase (LH+5-LH+8) (Table 5.1B).

Figure 5.3: Menstrual cycle effect on endometrial gene expression in transcrip-
tomic studies by Burney2006, Hawkins2011, Koot2016 and Tamaresis2014. For
each study (A-D), the result of the principal component analysis is plotted for the first
three components before and after applying the menstrual cycle effect correction to evalu-
ate whether the samples are primarily grouped by the menstrual cycle phase of endometrial
biopsy collection (color code) and/or by the uterine disorder (shape code) based on their gene
expression profiles. (...)

111



5.4. RESULTS

Figure 5.3: (...) PC, principal component. PF, proliferative. ESE, early secretory. MSE,
mid-secretory. S, secretory. LH, luteinizing hormone. RIF, recurrent implantation failure.

In contrast, prior to menstrual cycle effect correction, the majority of samples

from Lucas2016 and Pathare2017 were transcriptomically grouped by disorder, rather

than by time of endometrial biopsy collection, and no more DEGs were identified after

correction (Table 5.2, Annexes: Supplementary Figure 7.9).

While in Burney2007, Hawkins2011 and Koot2016 the DEGs detected before men-

strual cycle correction were included in those identified after the correction was applied,

in Tamaresis2014 there were DEGs detected only prior to correction, reflecting they

were only related to menstrual cycle progression and not to the disease (Table 5.2).

Table 5.2: Differential expression analysis with and without correcting the men-
strual cycle effect on endometrial transcriptomic data. For each study, this table
presents the number of differentially expressed genes (DEGs) obtained with and without
menstrual cycle correction, the % of disorder-specific genes newly identified when correct-
ing the menstrual cycle effect, the false Discovery rate (FDR) associated with the different
proportions of DEGs detected with and without menstrual cycle correction (using one-sided
Fisher’s exact test, as we expected to identify a higher number of DEGs with menstrual cycle
correction), and the number of genes belonging to the three types of endometrial biomarkers
identified in the study: biomarkers of the menstrual cycle (DEGs only detected without cor-
recting the menstrual cycle effect), biomarkers of the uterine disorder that are masked by the
menstrual cycle (DEGs only detected with the menstrual cycle correction), and uterine disor-
der biomarkers that are not masked by the menstrual cycle (intersected DEGs between both
approaches). UD, uterine disorder. EU, eutopic endometriosis. EC, ectopic endometriosis.
UF,uterine fibroids. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss.
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5.4.3 A new classification of endometrial transcriptomic

biomarkers in uterine disorders

Comparison of the expression profiles of significant genes, identified before and

after applying the menstrual cycle correction, was used to identify their etiology and

to define a new classification of endometrial biomarkers (Table 5.2, Figure 5.4):

a. Menstrual cycle biomarkers (Figure 5.4A) are genes detected only before men-

strual cycle correction, suggesting that they respond to endometrial progression but

not to the uterine disorder itself (higher expression differences were observed be-

tween endometrial stages than between cases and controls). This type of biomarker

was identified in Tamaresis2014, where a gene is differentially expressed prior cor-

rection without being truly affected by the uterine disorder (Figure 5.4A). After

correcting for the menstrual cycle, the distance between gene expression patterns in

different endometrial phases shortened and became non-significant.

b. Uterine disorder biomarkers not masked by the menstrual cycle (Figure

5.4B) are genes detected with and without menstrual cycle correction. They were

unaffected by endometrial progression (Figure 5.4B.1, no expression differences were

observed between endometrial stages) or the effect was lower than that of the uterine

disorder (Figure 5.4B.2, higher expression differences between cases and controls

than between endometrial stages).

c. Uterine disorder biomarkers masked by the menstrual cycle (Figure 5.4C)

are genes detected only after menstrual cycle correction because the effect of en-

dometrial progression greatly outweighed that of the uterine disorder (higher ex-

pression differences were observed between endometrial phases than between cases

and controls). Consequently, these genes remain masked and not significant before

menstrual cycle correction and can only be detected as uterine disorder biomarkers

after removal of the menstrual cycle effect.
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For the three types of endometrial biomarkers, correcting for the menstrual cy-

cle effect only modified the variability of gene expression influenced by endometrial

progression, thus changing the p-value when comparing case and control groups (An-

nexes: Supplementary Figure 7.10). In contrast, FCs between cases and controls did

not substantially change in any type of endometrial biomarker (Annexes: Supplemen-

tary Figure 7.10), indicating that the correction method successfully maintained the

expression differences associated with uterine disorders.
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Figure 5.4: A new classification of endometrial biomarkers according to their
gene expression profiles. For each type of endometrial biomarker (A-C), the average
and standard deviation of an example gene’s expression is represented before and after men-
strual cycle effect correction, separated by the uterine disorder (cases and controls) and the
menstrual cycle phase. (...)
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Figure 5.4: (...) The global measure of cases and controls is also represented together
with the correspondent p-values and fold changes (FC) obtained in the differential expres-
sion analyses with and without correcting the menstrual cycle. P -values were used instead
of FDR since, for each gene, p-value adjustment for multiple testing is dependent on the
p-values obtained in the other genes rather than gene-exclusive. A) Menstrual cycle
biomarkers detected only without correction: Before the menstrual cycle effect cor-
rection, the differences in gene expression among samples from distinct endometrial phases
was high and made this gene globally significant (p=0.036) without being truly affected by
the uterine disorder, as the average gene expression of case and control groups was not dif-
ferent within the proliferative and mid-secretory phases. After correcting for the menstrual
cycle, the distance between gene expression patterns in different endometrial phases short-
ened and became non-significant (p=0.474). Example gene: PPP2R2C from Tamaresis2014.
B) Uterine disorder biomarkers not masked by the menstrual cycle and detected
both before and after the correction: Average expression of B1 biomarkers was similar
between samples belonging to different phases both before and after applying the menstrual
cycle correction, suggesting that expression is not affected by the menstrual cycle and is
significantly distinct between cases and controls regardless of whether the correction is ap-
plied. In contrast, average expression of B2 biomarkers differed between samples collected at
different menstrual cycle phases, but the differences between cases and controls were higher,
allowing these genes to be also identified as uterine disorder biomarkers before correcting for
the effect of the menstrual cycle. Example genes: MYL10 (B1) and SESN1 (B2) from Bur-
ney2006. C) Uterine disorder biomarkers masked by the menstrual cycle and only
detected after the correction: Expression differences between menstrual cycle phases are
greater than those between cases and controls, resulting in the gene non-significant before
menstrual cycle correction (p=0.404). After correcting for the effect of the menstrual cycle,
expression differences between menstrual cycle phases are minimized, reducing the variability
within case and control groups and making the gene globally significant (p=0.002). Example
gene: CTNNA2 from Burney2006. DEGs, differentially expressed genes. PF, proliferative.
ESE, early secretory. MSE, mid-secretory. FC, fold change. FDR, false discovery rate.

5.4.4 Discovery of new potential biomarkers

Among the type C uterine disorder biomarkers that remained undetected before

gene expression was corrected for the menstrual cycle effect (Figure 5.4C, Annexes:

Supplementary Table 7.6), 544 new candidate biomarkers of eutopic endometriosis

(Burney2007), 158 of ectopic ovarian endometriosis (Hawkins2011), and 27 of RIF

(Koot2016) were reported for first time (Table 5.3, Annexes: Supplementary Table

7.6). These novel potential biomarkers presented an expression difference between

cases and controls of 12-121% for eutopic endometriosis, 15-359% for ectopic ovarian

endometriosis and 2-11% for RIF (Annexes: Supplementary Table 7.6).
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Table 5.3: Newly discovered uterine disorder biomarkers unmasked by the men-
strual cycle effect correction. From the total number of uterine disorder biomarkers that
were unmasked after applying the menstrual cycle effect correction method (type C biomark-
ers in Figure 5.4), this table shows the number of biomarkers that had been previously associ-
ated with the corresponding uterine disorder either in the original articles or in the Disgenet
v.6 (Pinero et al., 2020), Phenopedia v.6.2.3 (Yu et al., 2010), and/or GeneCards v.4.14.0
(Stelzer et al., 2016) databases, together with the number of uterine disorder biomarkers
not previously reported and thus newly discovered in this work. Keywords used in database
searches: “endometriosis”, “uterine fibroids OR leiomyoma OR myoma”, and “recurrent
implantation failure”. UD, uterine disorder. EU, eutopic endometriosis. EC, ectopic en-
dometriosis. RIF, recurrent implantation failure.

To better understand their functional role in the context of uterine disorder patho-

physiology, these new potential biomarkers were functionally annotated (Figure 5.5,

Annexes: Supplementary Table 7.7). New candidate endometriosis biomarkers (both

ectopic and eutopic) were mainly related to metabolism (19 ectopic and 73 eutopic),

transcription regulation processes (14 ectopic and 47 eutopic) and protein modifica-

tion processes (14 ectopic and 47 eutopic) (Figure 5.5A). In addition, functions widely

reported to be involved in endometriosis such as immune response and inflammation

(Anderson, 2019; Burney and Giudice, 2012; Burney et al., 2007; Devesa-Peiro et

al., 2020; Liu et al., 2015; Marquardt et al., 2019; Patel et al., 2018; Tomassetti et

al., 2006), as well as cell differentiation and development (Burney and Giudice, 2012;

Burney et al., 2007; Crispi et al., 2013; Devesa-Peiro et al., 2020; Liu et al., 2015; Mar-

quardt et al., 2019; Patel et al., 2018; Tomassetti et al., 2006; Zhang et al., 2019) were

notably annotated to these new potential biomarkers of endometriosis (Figure 5.5A).

New RIF candidate biomarkers were mostly associated with transcription regulation (3

biomarkers: CHD4, IGHMBP2, ZBTB48 ), post-transcriptional changes (2 biomarkers:

FAM182B and RN7SK ) in addition to epigenetics and chromatin remodeling processes

(2 biomarkers: CDH4, FAM182B); these functions were previously reported as signifi-

cantly altered in RIF patients in other studies (Cakmak and Taylor, 2011; Devesa-Peiro

et al., 2020; Koot et al., 2016; Pathare et al., 2017) and in Study I (pages 37-72) (Figure
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5.5B). Gene names of new candidate biomarkers of ectopic/eutopic endometriosis and

RIF belonging to each functional group are listed in Annexes: Supplementary Table

7.7, together with literature references supporting the role of each functional group in

the context of each uterine disorder.

Genes obtained from Tamaresis2014 were not used to report newly discovered

biomarkers because their samples were separated into two groups according to an un-

known effect that we were not able to associate with any technical, biological or clinical

registered variable in the original study (Figure 5.3D). This unknown effect could be

responsible for the remarkably large number of DEGs obtained both before and after

applying the correction of the menstrual cycle effect (Table 5.2), and the uncertainty

surrounding it makes it difficult to assess how this effect may have impacted the results.
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Figure 5.5: Functional roles of the newly discovered potential biomarkers of
endometriosis (A) and recurrent implantation failure (B). Illustrations of the en-
dometrium at the tissue and cellular level, showing functions associated with the new
biomarkers of (A) endometriosis (eutopic: n=544, ectopic: n=158) and (B) RIF (n=27)
together with references supporting the role of each function in the pathophysiology of the
corresponding disorder. (...)
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Figure 5.5: (...) The number of biomarkers of eutopic (red boxes) and ectopic (purple boxes)
endometriosis, as well as RIF (green boxes) annotated to each function are represented.
The complete list of new potential biomarkers belonging to each represented function can
be found in Annexes: Supplementary Table 7.7. For each new biomarker, functions were
annotated using KEGG pathways (Kanehisa and Goto, 2000) and GO (Ashburner et al.,
2000) databases. For GO annotation, the three ontologies were used (BP, MF, CC), but only
experimental-evidenced GO-gene associations were included; a propagated GO version was
used for considering the whole GO-tree structure, and annotated GO terms were filtered by
those having more than five and less than 500 associated genes. The resulting GO and KEGG
annotated terms were then grouped in broader functional categories, which are represented
in this figure. Keywords used in PubMed (Lu, 2011) to search for functions altered in
endometriosis and RIF patients included “endometriosis”, “RIF”, “recurrent implantation
failure”, “function”, “pathway”, “gene ontology” and “KEGG”. References: a - Devesa-
Peiro et al., 2020; b - Burney et al., 2007; c - Crispi et al., 2013; d - Anderson, 2019; e -
Burney and Giudice, 2012; f - Liu et al., 2015; g - Marquardt et al., 2019; h - Patel et al.,
2018; i - Tomassetti et al., 2006; j - Zhang et al., 2019; k - Cakmak and Taylor, 2011; l -
Koot et al., 2016; m - Pathare et al., 2017; n - Huang et al., 2017; o - Long et al., 2016; p
- Hapangama et al., 2008; q - Attar et al., 2010; r - von Adamek et al., 2005; s - Kiyomizu
et al., 2006. KEGG, Kyoto Encyclopedia of Genes and Genomes. GO, Gene Ontology.
BP, biological process. MF, molecular function. CC, cellular component. RIF, recurrent
implantation failure.

5.4.5 Comparison between the proposed menstrual cycle

effect correction method and application of

independent cases vs control analyses within each

menstrual cycle phase, for the identification of uterine

disorder biomarkers in the endometrium

When correcting for the menstrual cycle effect on gene expression, a significantly

higher proportion of DEGs (an average of 92.9%, FDR<0.05) was obtained compared

to when the analysis was performed independently for each menstrual cycle phase

(Fisher’s exact test FDR<2.2x10-16; Table 5.4). In fact, significant genes from Bur-

ney2007 were only detected in the early secretory phase and in the proliferative phase

from Hawkins2011 (Table 5.4). As expected, due to the reduction in sample size, the

statistical power was on average 50.35% lower for analyses per menstrual cycle phase

compared to the menstrual cycle correction method (Table 5.4).
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Table 5.4: Differential expression analysis within each menstrual cycle phase.
This table presents the number of differentially expressed genes (DEGs) in each study and
the statistical power (%) obtained when the analysis was performed for samples collected at
each menstrual cycle phase separately. The number of DEGs and the statistical power (%)
of the analysis with menstrual cycle phase correction is also indicated for comparison. For
both approaches, sample sizes (n) are indicated in parentheses. PF, proliferative. ESE, early
secretory. MSE, mid-secretory. S, secretory. LH, luteinizing hormone. DEA, differential
expression analysis.

5.4.6 Validation of the menstrual cycle effect correction

method

To check the robustness and reliability of the method used to remove the men-

strual cycle effect on gene expression, we applied the aforementioned approaches of

DEAs (with and without menstrual cycle correction) to five independent endometrial

transcriptomic studies that compared endometrial gene expression profiles across differ-

ent menstrual cycle phases (Table 5.5A; Annexes: Supplementary Figure 7.11). Three

studies used the LH peak for endometrial dating (Bradley2010, Altmae2017, Sigurgeirs-

son2016), one used histopathological criteria (Noyes et al., 1975) (Talbi2006), and one

did not report the dating methodology (Kelleher2017) (Table 5.5A). For the five eval-

uated studies, samples were mainly grouped by the menstrual cycle phase according to

the corresponding PCA plots (Annexes: Supplementary Figure 7.12). Consequently,

we were able to identify significant DEGs between endometrial phases in all five studies

before correcting for the menstrual cycle effect (Table 5.5B). After the menstrual cycle

effect was removed, samples no longer grouped by endometrial phase (Annexes: Sup-

plementary Figure 7.12) and no DEGs were obtained between the distinct endometrial

phases (Table 5.5B), confirming that the correction method worked as expected.
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Table 5.5: Transcriptomic studies evaluating differences between menstrual cycle
phases in women with normal endometrium (...)
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Table 5.5: (...) used to validate the menstrual cycle effect correction method. A)
Clinical characterization of participants. The GEO identifier, study name given in this
work, and participants’ clinical information, including cycle type, endometrial dating method,
cycle phase in which the endometrial biopsies were collected along with number of samples for
each menstrual cycle phase, age, BMI, and ethnicity are presented for each included study.
The transcriptomic platform used to measure gene expression and the publication in which
data were initially employed are also presented. Notably, Altmae2017 and Sigurgeirsson2016
have paired samples. N/A, not available. GEO ID, Gene Expression Omnibus identifier.
BMI, body mass index. PF, proliferative. ESE, early secretory. MSE, mid-secretory. S,
secretory. LSE, late secretory. LH, luteinizing hormone. B) Differential expression anal-
ysis with and without correcting for menstrual cycle. For each study, the number of
differentially expressed genes (DEGs) obtained after ANOVA (analysis of variance) and pair-
wise comparisons between the distinct menstrual cycle phases are shown, with and without
menstrual cycle correction.

5.5 Discussion

This is the first study to assess the current practices of identifying transcriptomic

biomarkers of uterine disorders in the endometrium in relation to the menstrual cycle

phase at endometrial biopsy collection. The systematic search showed that one third

of the studies did not report the menstrual cycle phase of the samples, including all

the studies considered suitable for evaluating endometrial adenocarcinoma, leiomyosar-

coma, and adenomyosis. Other studies (37.14%) collected endometrial biopsies within

the same menstrual cycle phase but no further subclassification in early-, mid-, or

late-secretory stages was made. Furthermore, Noyes histopathological criteria (Noyes

et al., 1975) remains one of the most popular methods for endometrial dating, even
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though endometrial transcriptomics is superior both in accuracy and reproducibility

(Diaz-Gimeno et al., 2013). Our description of current practices demonstrated that,

although it is widely known that menstrual cycle progression affects most of the genes

expressed in the endometrium (Altmae et al., 2017; Altmae et al., 2010; Borthwick

et al., 2003; Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2017; Koot et al., 2016;

Ponnampalam et al., 2004; Punyadeera et al., 2005; Saare et al., 2019; Sebastian-Leon

et al., 2018; Sigurgeirsson et al., 2016; Talbi et al., 2006), new guidelines are needed to

avoid the menstrual cycle bias in subsequent transcriptomic analysis, and a more in-

depth registration and consideration of endometrial stage at time of biopsy collection

is required.

Menstrual cycle correction revealed an average of 44.19% more uterine disorder

biomarkers that would have otherwise remained undiscovered, supporting the hypoth-

esis that the effect of the menstrual cycle on gene expression is biasing biomarker

discovery. This phenomenon held true regardless of the endometrial dating method or

whether the endometrial biopsies were collected along the entire menstrual cycle (Bur-

ney2007, Hawkins2011, Tamaresis2014) or only within the secretory phase (Koot2016).

Remarkably, the correction was needed even in study designs including cycle-balanced

samples between case and control groups. These findings suggest that the current

practice for avoiding menstrual cycle bias in transcriptomic studies is unable to pre-

vent endometrial progression from masking potential uterine disorder biomarkers. In

addition, the obtained results attest that biopsies collected during the secretory phase

should be subdivided into early-, mid-, and late-secretory stages to correct for men-

strual cycle bias.

One of the limitations of this study is the dependence on publicly available datasets,

which only allowed us to evaluate the effect of the menstrual cycle on biomarker dis-

covery in a limited number of uterine disorders. However, since this effect was present

in all the evaluated conditions, it is likely also affecting other endometrial patholo-

gies that could not be included in this study. Interestingly, Suhorutshenko and col-

leagues recently demonstrated that endometrial receptivity biomarkers are biased by

the distinct proportions of stromal and epithelial cells within the collected endome-

trial biopsies (Suhorutshenko et al., 2018). If the proportion of cell types are inherent

124



5.5. DISCUSSION

to menstrual cycle progression, they probably produce cycle-based biases rather than

technical biases from biopsy collection as was suggested by Suhorutshenko et al., 2018.

With the findings of this study, a novel classification of endometrial biomarkers is

proposed for gene expression studies evaluating uterine disorders. This new classifica-

tion identifies biomarkers based on the etiology of gene expression changes, distinguish-

ing between menstrual cycle biomarkers, uterine disorder biomarkers not masked by

the menstrual cycle (which are subclassified as genes whose expression is not affected

by the menstrual cycle, and genes affected by the menstrual cycle but whose phase-

dependent expression changes are less than those explained by the uterine disorder),

and uterine disorder biomarkers masked by the menstrual cycle (identified after correct-

ing for the menstrual cycle effect). This latter type of endometrial biomarker is likely to

remain undetected with current practices of transcriptomic studies that do not control

for menstrual cycle bias. Our methodology unveiled 544 new potential biomarkers for

eutopic endometriosis, 158 for ectopic ovarian endometriosis, and 27 for RIF that had

not been previously reported in the included studies (Burney et al., 2007; Hawkins et

al., 2011; Koot et al., 2016; Tamaresis et al., 2014) or other studies consulted through

Disgenet (Pinero et al., 2020), Phenopedia (Yu et al., 2010), and GeneCards (Stelzer

et al., 2016) databases. These new candidate biomarkers were involved in functions

known to be altered by the corresponding uterine disorder, such as immune response,

inflammation, cell differentiation and development in endometriosis (Anderson, 2019;

Burney and Giudice, 2012; Burney et al., 2007; Crispi et al., 2013; Devesa-Peiro et al.,

2020; Liu et al., 2015; Marquardt et al., 2019; Patel et al., 2018; Tamaresis et al., 2014;

Tomassetti et al., 2006; Zhang et al., 2019) or epigenetics, transcription and prost-

transcriptional regulation in RIF (Cakmak and Taylor, 2011; Devesa-Peiro et al., 2020;

Koot et al., 2016; Pathare et al., 2017), highlighting their relevance in the pathophys-

iology of the disease. As expected, all these eutopic endometriosis and RIF functions

were included in those reported in Study I (pages 37-72) for these uterine disorders.

The applied method of menstrual cycle correction proved to be robust and reliable,

as samples were no longer grouped by the endometrial phase and there were no DEGs

found between menstrual cycle phases in women with normal endometrium. These re-

sults were consistent regardless of the statistical method employed for DEA (ANOVA
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or pairwise comparisons) and/or endometrial dating method. In addition, the cor-

rection method maintained the average differences between case and control samples

for studies evaluating uterine disorders, demonstrating the effect of the condition was

not removed in the correction process and the changes observed in the p-values were

justified by the removal of gene expression variability influenced by menstrual cycle

progression.

When comparing this approach of uterine disorder biomarker detection with those

followed in the included studies, the study of Koot and colleagues was the only one to

also correct for menstrual cycle effect using linear models (Koot et al., 2016). From

the remaining five studies, Burney and Tamaresis’ groups addressed menstrual cycle

bias by dividing samples according to the menstrual cycle phase and performing an

independent DEA at a probe set level (Burney et al., 2007; Tamaresis et al., 2014).

Unlike the correction method we propose, the latter strategy allows identification of

phase-specific uterine disorder biomarkers (e.g. genes whose expression only differs

significantly between case and controls in the proliferative phase but not in the secretory

phase). Although this could be useful for understanding the relationship between the

disorder and the menstrual cycle, this strategy retrieves significantly fewer potential

uterine disorder biomarkers compared to menstrual cycle effect correction, because it

sacrifices statistical power by using lower sample sizes. In contrast, the correction

method we propose identifies uterine disorder biomarkers regardless of the menstrual

cycle phase at biopsy. Notably, removing the menstrual cycle effect does not impede

identifying potential biomarker genes that are responding to both the menstrual cycle

and the uterine disorder. In fact, the genes that are influenced by the menstrual cycle

more than the uterine disorder are exactly the ones the correction method can unmask.

Considering these findings, new guidelines for the detection of reliable uterine

disorder biomarkers were defined according to distinct scenarios:

a. When endometrial biopsies are collected at different stages of the menstrual cycle

(considering early- mid- and late-secretory different stages), the menstrual cycle

effect must be always corrected in the transcriptomic analysis, as endometrial timing

is masking genes whose expression is affected by the uterine disorder.
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b. In unbalanced studies in which the menstrual cycle stage was not corrected, there is

an additional risk of identifying genes as uterine disorder biomarkers whose expres-

sion is indeed dependent on the menstrual cycle and not on the evaluated condition.

Therefore, correcting for the menstrual cycle in these studies is even more crucial.

One example is that of Tamaresis2014, the only study in which menstrual cycle

biomarkers were identified, and in which the endometriosis samples were mostly

collected during secretory stages and the control samples during the proliferative

phase. However, this hypothesis needs further confirmation, as this study presented

an unknown effect on gene expression.

c. When endometrial biopsies are collected at the same stage of the menstrual cycle,

and based on exploratory analysis, there is no observed menstrual cycle effect on

the data, the menstrual cycle effect does not need to be corrected.

Single-cell studies are increasingly used to evaluate endometrial gene expression

changes throughout the menstrual cycle, elucidating molecular mechanisms of endome-

trial function and receptivity acquisition (Garcia-Alonso, Handfield, et al., 2021; Wang

et al., 2020). Based on the obtained findings, we could expect the menstrual cycle

effect will also need to be corrected in single-cell studies aimed to identify biomark-

ers of uterine disorders in specific cell types and in which samples are collected at

different endometrial stages. Although the correction method proposed in this study

has been applied to single-cell studies (Tran et al., 2020), other methodologies have

recently arisen to specifically correct known effects in single-cell gene expression data

(Haghverdi et al., 2018; Tran et al., 2020).

In conclusion, this study demonstrated that in-depth registration and consideration

of endometrial stage is needed in any transcriptomic study to optimize the detection

of reliable biomarkers of uterine disorders. This study introduces a novel classifica-

tion of endometrial transcriptomic biomarkers according to DEG etiology and sets new

guidelines to accurately detect uterine disorder biomarkers through DEAs with high

reproducibility and statistical power. These methods unmasked new potential biomark-

ers to improve diagnosis, prognosis, and treatments for endometriosis and RIF. In the

future, application of these procedures in biomarker discovery of uterine disorders could
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further contribute to delineating their etiology and progression, ultimately improving

treatments and increased pregnancy rates in affected patients. Future studies that ap-

ply the described correction method to endometrial samples dated by transcriptomic

clustering, rather than by histopathological criteria, could unmask even more uterine

disorder genes.
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ABSTRACT: Transcriptomic approaches are increasingly used in reproductive medicine to identify candidate endometrial biomarkers.
However, it is known that endometrial progression in the molecular biology of the menstrual cycle is a main factor that could affect the dis-
covery of disorder-related genes. Therefore, the aim of this study was to systematically review current practices for considering the men-
strual cycle effect and to demonstrate its bias in the identification of potential biomarkers. From the 35 studies meeting the criteria, 31.43%
did not register the menstrual cycle phase. We analysed the menstrual cycle effect in 11 papers (including 12 studies) from Gene Expression
Omnibus: three evaluating endometriosis, two evaluating recurrent implantation failure, one evaluating recurrent pregnancy loss, one evaluat-
ing uterine fibroids and five control studies, which collected endometrial samples throughout menstrual cycle. An average of 44.2% more
genes were identified after removing menstrual cycle bias using linear models. This effect was observed even if studies were balanced in the
proportion of samples collected at different endometrial stages or only in the mid-secretory phase. Our bias correction method increased
the statistical power by retrieving more candidate genes than per-phase independent analyses. Thanks to this practice, we discovered 544
novel candidate genes for eutopic endometriosis, 158 genes for ectopic ovarian endometriosis and 27 genes for recurrent implantation fail-
ure. In conclusion, we demonstrate that menstrual cycle progression masks molecular biomarkers, provides new guidelines to unmask them
and proposes a new classification that distinguishes between biomarkers of disorder or/and menstrual cycle progression.

Key words: gene expression / endometrial pathologies / endometriosis / recurrent implantation failure / recurrent pregnancy loss / uter-
ine fibroids / transcriptomic analysis / confounding variable / menstrual cycle progression / differential expression

Introduction
The human endometrium is hormonally regulated and changes
throughout the menstrual cycle (Noyes et al., 1975; Murphy, 2004;
Talbi et al., 2006). During most of the menstrual cycle, the endome-
trium is not receptive to embryonic implantation; it becomes receptive
during a period of two to four-five days within the mid-secretory
phase known as the window of implantation (Harper, 1992; Wilcox
et al., 1999). To aid in assisted reproduction, endometrial dating

methods have been exhaustively investigated over the past 40 years, as
have potential reliable biomarkers of receptive status, including days
from luteinising hormone (LH) peak or exogenous progesterone ad-
ministration, morphological changes detected by ultrasounds, histologi-
cal features and endometrial gene expression profiles (Noyes et al.,
1975; Dı́az-Gimeno et al., 2011; Niederberger et al., 2018; Craciunas
et al., 2019).

Suboptimal endometrial receptivity and altered embryo-endometrial
dialogue are considered to be responsible for one third of implantation
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6.1. INTRODUCTION

6.1 Introduction

6.1.1 The age-related decline in fertility

Modern women often choose to postpone childbearing due to economic, profes-

sional, and life-style factors (among other reasons), leading to an approximate one

year increase in average maternal age at childbirth for each decade since the 1970s

(Mills et al., 2011). A woman’s reproductive life span typically begins at 13–14 years

old (y.o.) with the first menarche and ends at 49–51 y.o. with the onset of menopause,

but women are considered to be in advanced reproductive age well before they reach

menopause (Menken et al., 1986). Age-related decline in fertility begins at age 30,

becomes clinically relevant between 35–40, and exacerbates thereafter (Menken et al.,

1986). However, the exact age at which women are no longer fertile is variable, and

different definitions of advanced maternal age are used in research (Bouzaglou et al.,

2020; Mehari et al., 2020). Because the rate of reproductive aging varies among indi-

viduals, biological factors are more likely to influence individual reproductive declines

than chronological age alone (Alviggi et al., 2009; Horvath, 2013; Olesen et al., 2018).

Chronological age is defined as the number of years that have passed since birth and

is irreversible. Meanwhile, biological age is related to both environmental and genetic

factors, can be flexible and refers to the real process of aging and/or how old the cells

are (Alviggi et al., 2009; Horvath, 2013). Biological age can be measured through dif-

ferent indicators (Alviggi et al., 2009), such as DNA methylation patterns (Horvath,

2013; Olesen et al., 2018) or transcriptomics (Holly et al., 2013) and can be crucial

to accurately predicting women’s fertility potential in a clinical setting (Alviggi et al.,

2009; Olesen et al., 2018).

6.1.2 Endometrial aging as a contributing factor to fertility

depletion

Although ovarian aging contributes to fertility depletion with age, other factors also

may play a role (Reig et al., 2020; Ubaldi et al., 2003). The endometrium also dictates
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reproductive success and is estimated to be responsible for two-thirds of implantation

failures (Craciunas et al., 2019). Despite a recent study defining recurrent implantation

failure (RIF) as a rare condition — 95% of patients achieved a clinical pregnancy after

three embryo transfer attempts (Pirtea et al., 2020), there were still 5% who failed to

conceive due to the endometrial factor and the average implantation rate per transfer

was 63%; thus, the endometrium is a promising target to increase pregnancy rates per

transfer and reduce fertility treatment costs.

Morphological and histological evaluations of the effect of age on the endometrium

have yielded inconclusive results (Batista et al., 1995; Engels et al., 2011; Noci et al.,

1995). Single-molecule approaches (Batista et al., 1995) and studies trying to relate

age to reproductive outcomes (Reig et al., 2020; Soares et al., 2005; Wang et al., 2012)

have not clearly elucidated the impact of age on the endometrium. While some of

these studies reported altered histological endometrial maturation and vascularization,

decreased implantation and pregnancy rates, and increased miscarriage rates with age

(Engels et al., 2011; Reig et al., 2020; Soares et al., 2005), others failed to find these

associations (Batista et al., 1995; Noci et al., 1995; Wang et al., 2012). Similar con-

troversial results were also found in donor oocyte and euploid embryo studies, which

are ideal for evaluating the impact of endometrial aging on reproductive outcomes as

they rule out the well-known effect of age on the oocyte factor (Kawwass et al., 2013;

Reig et al., 2020; Soares et al., 2005; Wang et al., 2012; Yeh et al., 2014). Some of

these studies showed that endometrial aging affects reproductive outcomes, although

less and at a later age than ovarian aging (Reig et al., 2020; Soares et al., 2005; Yeh

et al., 2014), while other donor oocyte studies failed to find this effect (Kawwass et al.,

2013; Wang et al., 2012). Therefore, the impact of age on the endometrium remains

controversial and further studies are needed to elucidate its role in reproductive success

of aged women.

With the development of genomics, sensitive molecular methods have allowed de-

tection of previously undetectable patterns of gene expression in various stages of fer-

tility. Potential biomarkers of endometrial receptivity (Altmae et al., 2017; Altmae et

al., 2010; Bhagwat et al., 2013; Borthwick et al., 2003; Carrascosa et al., 2018; Carson

et al., 2002; Diaz-Gimeno et al., 2011; Diaz-Gimeno et al., 2017; Haouzi et al., 2009;
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Kao et al., 2002; Mirkin et al., 2005; Ponnampalam et al., 2004; Punyadeera et al.,

2005; Riesewijk et al., 2003; Sigurgeirsson et al., 2016; Talbi et al., 2006) and uterine

disorders (Bastu et al., 2019; Bersinger et al., 2008; Burney et al., 2007; Devesa-Peiro

et al., 2020; Koot et al., 2016; Ledee et al., 2011; Pappa et al., 2015; Pathare et al.,

2017; Sebastian-Leon et al., 2018; Shi et al., 2017; Tapia et al., 2008) have been identi-

fied but, surprisingly, no studies have evaluated the effect of age on global endometrial

gene expression.

6.1.3 The relationship between age and uterine disorders

While age is not believed to affect endometrial function in in vitro fertilization

(IVF) treatments because women of advanced maternal age can become pregnant with

donated oocytes (Wang et al., 2012), endometrial aging could influence endometrial

failure, contributing to low pregnancy rates per transfer (Pirtea et al., 2020). More-

over, with increasing age, there are increased incidences of uterine disorders (ACOG,

2014; Constantine et al., 2019; Morassutto et al., 2016; Yu et al., 2020; Zimmermann

et al., 2012) as well as pregnancy, labor and neonatal complications (Soares et al.,

2005). Notably, Study I (pages 37-72) identified aging-related functions as commonly

dysregulated in uterine disorders and, in Study II (pages 73-98), aging-related pro-

cesses were highlighted as potentially leading to endometrial functional dysregulations

amongst uterine disorders (specifically, endometrial adenocarcinoma (ADC), eutopic

endometriosis (EU), recurrent implantation failure (RIF) and recurrent pregnancy loss

(RPL)). These findings suggest age could affect the endometrium and indirectly lead to

implantation failures through the increased incidence of uterine disorders which affect

receptivity and fertility potential. Nevertheless, the molecular mechanisms underlying

the age-uterine disorders relationship remain to be discovered. Identifying functional

dysregulations shared between endometrial aging and uterine disorders could shed light

on this topic.

In this study, a functional genomic approach is used to determine whether age

impacts endometrial gene expression, and how the aging process affects endometrial

function and is related to the increased incidence of uterine disorders with age. For
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this purpose, the endometrial transcriptome of women of different ages is evaluated and

the altered functional dysregulations are compared with those reported as commonly

altered between uterine disorders in Studies I (pages 37-72) and II (pages 73-98).

6.2 Objectives

� To evaluate the effect of age on endometrial gene expression and function.

� To compare the age-related functional dysregulations in endometrium with those

reported as commonly associated to uterine disorders in Studies I (pages 37-72)

and II (pages 73-98).

6.3 Material & Methods

6.3.1 Study search and selection

Systematic search and review of individual transcriptomic studies evaluating the

endometrium of women of different ages was conducted in Gene Expression Omnibus

(GEO) (Edgar et al., 2002) from October 2016 to January 2019, as described in Studies

I (pages 37-72) and III (pages 73-98). Keywords used included endometr* AND uter*.

Results were filtered by experiments conducted in humans and no restrictions were

placed on publication date or language.

Final inclusion criteria were that (1) RNA was extracted directly from human

endometrial biopsies of women with different ages, (2) the age of participants was

available for all samples, (3) sample size was greater than five, (4) microarray or RNA

sequencing data were obtained using Affymetrix®, Illumina®, or Agilent® gene ex-

pression platforms, and (5) raw gene expression data were freely available to download

from GEO.
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6.3.2 Preprocessing and exploratory analyses

Preprocessing and exploratory analyses from raw data were performed as described

in Study I (pages 37-72). As described in previous studies, the removebatcheffect()

function based on linear models (limma R-package v. 3.38.3) (Ritchie et al., 2015) was

used to remove the effect of the menstrual cycle on gene expression (Altmae et al.,

2017; Altmae et al., 2010; Borthwick et al., 2003; Devesa-Peiro et al., 2021; Diaz-

Gimeno et al., 2011; Diaz-Gimeno et al., 2017; Koot et al., 2016; Ponnampalam et al.,

2004; Punyadeera et al., 2005; Sebastian-Leon et al., 2018; Sigurgeirsson et al., 2016;

Talbi et al., 2006), which was demonstrated to bias biomarker discovery in Study III

(pages 98-130) (Devesa-Peiro et al., 2021). This method was similarly applied in this

study to correct the effect of benign uterine pathologies on gene expression data, as

the incidence of uterine disorders increases with age (ACOG, 2014; Constantine et al.,

2019; Morassutto et al., 2016; Yu et al., 2020; Zimmermann et al., 2012). As described

in Study III (pages 98-130), this method corrects for a known batch effect (e.g. the

phase of the menstrual cycle or the uterine pathology) and permits the use of covariates

to indicate which differences (e.g. those associated to age) should be retained in the

data (Ritchie et al., 2015). This correction ensures the resulting differences in gene

expression are due to age and not to other confounding variables, such as the menstrual

cycle or uterine pathology. This strategy has been successfully applied in other studies

to correct for potential confounders (Devesa-Peiro et al., 2020; Devesa-Peiro et al.,

2021; Koot et al., 2016).

6.3.3 Definition of age groups

Two approaches were followed to determine whether and when transcriptomic

changes appear due to age:

a. Artificial intelligence, or more specifically, unsupervised learning using the K -means

method implemented in R environment v. 3.5.1 (RCoreTeam, 2020), was applied to

group samples according to gene expression behavior. The silhouette method was

used to determine the optimal number of clusters (cluster v. 2.0.7-1 R-package)
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(Machler et al., 2012), and finally, principal component analysis (PCA) score plots

were drawn with the ggplot2 v.3.3.0 package (Wickham, 2016) to determine whether

age or other clinical characteristics could account for the obtained clusters.

b. Age was evaluated as a continuous variable to identify different behavioral changes in

gene expression related to its effect in the endometrium using masigPro R-Package

v.1.54 (Nueda et al., 2014).

6.3.4 Differential expression and functional enrichment

analyses

Differential expression analysis and functional gene set enrichment analysis were

performed (as described in Study I (pages 37-72)) between the age groups defined in the

previous step. A gene or function was considered significantly altered by age when its p-

value adjusted by false discovery rate (FDR) (Benjamini and Hochberg, 1995) was lower

than 0.05. Genes responsible for the main identified age-related dysregulated functions

that were differentially expressed (FDR<0.05) between age groups were prioritized as

major contributors of the dysregulation.

6.3.5 Comparison of endometrial functional dysregulations

between age and uterine disorders

Since the primary transcriptomic analysis was comparable across all the studies

presented in this thesis, the resulting functions dysregulated with age were compared

to those found as commonly altered between uterine disorders in Study I (pages 37-

72) and Study II (pages 73-98). For the functions shared between age and uterine

disorders, genes contributing to each functional dysregulation were intersected amongst

conditions and with the previously prioritized age-related genes, in order to identify

shared dysregulated genes that could be relating age to the increased incidence of

uterine disorders.
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A general scheme of the study design is presented in Annexes: Supplementary

Figure 7.13. All analyses were implemented using R v.3.5.1 (RCoreTeam, 2020).

6.4 Results

6.4.1 Study selection and clinical characterization of

participants

Of the 694 potential endometrial studies, 30 studies met the inclusion criteria

(Annexes: Supplementary Figure 7.14). Of these, 33.33% (10 studies) did not report

patients’ age; 43.33% (13 studies) did not have traceable age associated with each

endometrial sample; and 20% (six studies) collected endometrial biopsies from only

post-menopausal women or within a narrow age range (Annexes: Supplementary Fig-

ure 7.14). Only one transcriptomic study was suitable for analysis: GSE4888 (Talbi

et al., 2006) (Table 6.1). This dataset included endometrial gene expression data from

27 normo-ovulatory women with a wide age range (23–49 years), regular cycles (24–35

days), and without endometriosis (verified by laparoscopy) or inflammation within

the endometrium at the moment of endometrial biopsy (Talbi et al., 2006). Patients

had not been on steroid medication three months before endometrial biopsy collection

and some of them were undergoing hysterectomy (n=14) or endometrial evaluation

for reproductive health (n=8). Endometrial biopsies were collected for all participants

(n=27) at different stages of the menstrual cycle and dated blindly, by up to four inde-

pendent pathologists, according to Noyes criteria for cycle phase classification (Noyes

et al., 1975). Two samples were identified as outliers and removed from analysis (An-

nexes: Supplementary Figure 7.15A), and the effect of uterine pathologies on gene

expression was corrected (Annexes: Supplementary Figure 7.15B).
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Table 6.1: Clinical characterization of participants. GEO ID, Gene Expression Om-
nibus identifier. n, number of samples. SD, standard deviation. PF, proliferative. ESE, early
secretory. MSE, mid-secretory. LSE, late secretory.

6.4.2 Age affects endometrial gene expression at 35 years

Endometrial samples were grouped into two clusters according to their gene ex-

pression profiles (Figure 6.1A). Notably, these clusters separated women at 35 years

of age. Moreover, there were two gene expression behaviors that correlated with age

(FDR<0.05): one increased and the other decreased expression with age (Figure 6.1B).

The age-related expression change was abrupt, separating samples from women <35

years vs women >35 years of age (Figure 6.1B).

6.4.3 Aging affects endometrial gene expression and fertility

A total of 5,788 differentially expressed genes (DEGs) (FDR<0.05) were identi-

fied between women older and younger than 35 years: 3,070 were upregulated and

2,718 were downregulated in those over 35 years of age (Figure 6.2A, Annexes: Sup-

plementary Table 7.8). From the 5,788 DEGs, 28 genes were highlighted as potential

endometrial aging biomarkers for having a fold change (FC) greater than three, includ-

ing the upregulated antiapoptotic factor OLFM4 and the cilia-related genes ROPNL1,

SNTN, DYNLRB2, and C11orf88 (Figure 6.2A). Interestingly, a miRNA, MiR-449a,

was among the top upregulated genes. MiR-449a targets the cell cycle regulator RB1,

which was significantly downregulated in the endometrium of women >35 years old
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(FC=–1.326, FDR<0.05) (Annexes: Supplementary Table 7.8). This protein was also

prioritized in Study II (pages 73-98) for being inhibited and contributing to cell cycle

activation in RIF, ADC and EU.

Figure 6.1: The effect of age on endometrial gene expression. A) Effect of age on
gene expression: unsupervised learning. The number of optimal clusters according to
gene expression behavior of the samples is shown together with principal component analysis
to indicate the cluster to which each sample belongs (shape) and each sample’s age group
(color). B) Types of gene expression behavior in relation to age. Two types of gene
expression behavior significantly changed with age (FDR<0.05): one showing increased and
the other decreased expression with age. This expression change occurred at 35 years of age
(dashed red line), the threshold that divided samples into two age groups according to gene
expression behavior. FDR, false discovery rate. PC, principal component.
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Figure 6.2: Differentially expressed genes and endometrial functions affected by
age. A) Number and top differentially expressed genes between women >35 years
old and <35 years old. Number and top upregulated and downregulated genes (|FC| > 3;
FDR<0.05) are indicated. For each gene, gene names and descriptions were retrieved from
GeneCards (Stelzer et al., 2016); fold-change (FC) and false discovery rate (FDR) are shown.
Genes previously reported to be associated with endometrial receptivity are marked with an
asterisk (references in superscripts). a - (Altmae et al., 2010); b - (Altmae et al., 2017); c -
(Bastu et al., 2019); d - (Bersinger et al., 2008); e - (Bhagwat et al., 2013); f - (Borthwick
et al., 2003); g - (Carrascosa et al., 2018); h - (Carson et al., 2002); i - (Diaz-Gimeno et al.,
2011); j - (Kao et al., 2002); k - (Ledee et al., 2011); l - (Pathare et al., 2017); m - (Punyadeera
et al., 2005); n - (Riesewijk et al., 2003); o - (Sebastian-Leon et al., 2018); p - (Shi et al.,
2017); q - (Talbi et al., 2006); r - (Tapia et al., 2008). B) Significantly altered functions
(FDR<0.05) between women >35 years old and <35 years old.(...)
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Figure 6.2: (...) Bar plot with the 27 Gene Ontology (GO) terms significantly altered
by age, ordered by adjusted p-value [–10log10(FDR)]. The color of the functions’ names
indicates the belonging to the same dysregulated global functional process. Ciliary functions
identified in Study I (pages 37-72) as significantly downregulated in uterine disorders are
marked with an asterisk. FC, fold change. FDR, false discovery rate. DEGs, differentially
expressed genes. Y.o., years old

Among the top downregulated genes, some are involved in extracellular matrix

degradation and tissue remodeling (POSTN, GZMB, and MMP26 ), cell growth and

proliferation (EGR3, EGR1, FOSB, FOS, and JUN ), and insulin signaling (IGFBP6 )

(Figure 6.2A).

Eleven of the 28 top DEGs were previously reported as potential biomarkers of en-

dometrial receptivity (Figure 6.2A), highlighting the significantly downregulated pro-

gestogen associated endometrial protein (PAEP gene) and AKR1C3, an enzyme that

interconverts active androgens, estrogens, and progestins with their cognate inactive

metabolites. There were not significant expression changes with age for progesterone

(PGR, PGRMC1, and PGRMC2 ) or classical estrogen receptors (ESR1 and ESR2 )

(Annexes: Supplementary Table 7.8). The full list of DEGs with their respective FC,

average expression, and FDR can be found in Annexes: Supplementary Table 7.8.

Once genes with expression altered by endometrial aging were identified, the next

step was to determine which functions were altered in the endometrium of reproduc-

tively aged women. A total of 27 functions (24 upregulated and three downregulated)

were identified as significantly altered between the endometrium of women >35 years

vs <35 years of age (FDR<0.05) (Figure 6.2B). From the upregulated functions, 22

(81.48%) were associated with ciliary structures and processes, particularly those re-

lated to motile cilia (Figure 6.2B).

The remaining two functional dysregulations upregulated with age were related to

retinoic acid signaling and plasma membrane organization. Downregulated functions

included processes involved in epithelial cell proliferation, regulation of the VEGF

signaling pathway, and the molecular function of arylesterase.
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6.4.4 Motile cilia and ciliogenesis are affected by

endometrial aging

Among the 22 upregulated ciliary functions, 91 genes were significantly upregu-

lated in the endometrium of women >35 y.o. compared to younger women (Figure

6.3, Annexes: Supplementary Table 7.8). Within this gene set, 29 genes were re-

lated to the axoneme structure of motile cilia, including 12 genes involved in correct

assembly and function of outer and inner dynein arms (DNAH5, DNAI1, DNAI2,

CCDC114, CCDC39, DNAH7, DNALI1, DNAAF1, DNAAF3, CCDC151, DNAH9,

and ZMYND10 ), which are responsible for cilia movement (Figure 6.3). The top up-

regulated genes, ROPNL1 and DYNLRB2, also contribute to upregulated motility in

ciliated cells.

Additionally, 20 genes were implicated in the formation of cilia, a process known

as ciliogenesis (Figure 6.3). Of them, seven are related to formation of non-motile

or primary cilia (DZIP1L, CUL9, CCDC13, CCDC113, TMEM107, TMEM67, and

CEP162 ), a type of cilia present in most cell types of the body, and are involved in

signal transduction and cell cycle and growth control, among other functions. Genes

associated with transport processes were also represented, including six genes involved

in vesicle trafficking from the Golgi apparatus to the cilia (IFT20, GCC2, TPPP,

GOLGA2, RAC1, and CTTN ) and seven genes related to ciliary trafficking or intracil-

iary transport (IFT27, IFT172, IFT20, TRAF3IP1, BBS2, TCTEX1D2, andWDR34 ),

which are both key processes in ciliogenesis (Figure 6.3).
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Figure 6.3: Core of cilia-related genes altered by endometrial aging. Ninety-one
genes impacting the upregulation of 22 cilia-related functions were identified (gene names
colored in red). (...)

145



6.4. RESULTS

Figure 6.3: (...) Apart from being associated with the 22 Gene Ontology (GO) cilia-
related terms significantly altered by age, these genes were prioritized for being differentially
upregulated between women >35 y.o. and <35 y.o. (FDR<0.05) and previously reported
as associated with ciliary processes in the Syscillia database (Van Dam et al., 2013), the
review of Reiter and Leroux (Reiter and Leroux, 2017), GeneCards (Stelzer et al., 2016),
or other studies identified in a PubMed search using keywords gene name AND “cilia” (Lu,
2011). These databases were then used to obtain information about the specific ciliary role
and/or location (colored boxes) of each prioritized gene. Number of genes sharing the same
location or ciliary function are indicated in parentheses. FDR, false discovery rate. DEGs,
differentially expressed genes. Y.o., years old. ECM, extracellular matrix.

6.4.5 Epithelial proliferation of endometrium decreases with

age

Apart from upregulation of ciliary processes, 37 DEGs (FDR<0.05) were identified

as downregulated in the endometria of women >35 y.o. and were responsible for the

observed inhibition of epithelial cell proliferation (Figure 6.4A, Annexes: Supplemen-

tary Table 7.8). These genes included the epidermal growth factor receptor EGFR

and its ligand TGFA, together with other ligands (IGF1, LEP, WNT5A, and FGF2 )

whose receptors initiate signaling cascades responsible for downstream transcription

of genes involved in cell proliferation, angiogenesis, cell cycle progression, and glucose

uptake, among others (Figure 6.4A, Annexes: Supplementary Table 7.8). Additional

downregulated genes involved in epithelial proliferation were the early growth response

gene, EGR3 ; TINF2, which is involved in telomere protection; and the cell cycle regu-

lators CDK6, CDKN1C, PROX1, FOXE3, CDC73, and SIRT1. Notably, SIRT1 also

contributes to genomic stability and regulation of glucose metabolism and angiogenesis

(Figure 6.4A).

The remaining functional dysregulations were driven by three to five genes: upreg-

ulation of retinoic acid signaling (PRAME, KNOT1, CALR, EZH2, and AKR1C3 ) and

downregulation of plasma membrane organization (DNM2, PRKCD, and PLEKHM2 ),

arylesterase activity (CA1, CA2, and PON1 ), and negative regulation of VEGF sig-

naling (SPRY2, XDH, DCN, and SEMA6A).
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Figure 6.4: Genes contributing to the downregulation of cell proliferation due to
endometrial aging and comparison with cell proliferation dysregulations in uter-
ine disorders. A) Genes contributing to the downregulation of cell proliferation
due to endometrial aging. Thirty-seven genes (colored and back-border elements) were
identified as key players in the downregulation of epithelial cell proliferation. These genes
were prioritized for being differentially under-expressed between women >35 y.o. and <35
y.o. (FDR<0.05) and previously reported as associated to cell proliferation according Gene
Ontology (GO) (Ashburner et al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa and Goto, 2000), and/or GeneCards (Stelzer et al., 2016). FDR, false discovery
rate. DEGs, differentially expressed genes. B) Comparison of dysregulated cell prolif-
eration genes between endometrial aging and uterine disorders. Schematic proposal
of how commonly altered pathways and genes could lead to cell proliferation and cell cycle
dysregulations in endometrial aging and uterine disorders. The direction of the dysregulation
(red: activated; blue: inhibited) is indicated for each condition. ADC, endometrial adeno-
carcinoma. EU, eutopic endometriosis. RIF, recurrent implantation failure. RPL, recurrent
pregnancy loss.
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6.4.6 Age and uterine disorders present opposing functional

profiles

While ciliary functions were significantly upregulated in the endometrium of women

>35 y.o., patients suffering from uterine disorders (ADC, EU, RIF and RPL) presented

a downregulation of six ciliary functions (FDR<0.05) (Study I, pages 37-72). Of them,

five (83.33%) were also identified in this study as upregulated in women >35 y.o.,

including ”cell projection assembly”, ”cilium organization”, ”cilium assembly”, ”cil-

ium”, and ”ciliary part” (marked with an asterisk in Figure 6.2); and one (”ciliary

basal body”) was only altered in uterine disorders. When comparing the gene contrib-

utors of these ciliary dysregulations between age (91 genes) and the distinct uterine

disorders (47 genes in ADC, 100 in EU, 77 in RIF, and 72 in RPL, Study I, pages

37-72), DZIP1, the only gene commonly altered amongst uterine disorders (Study I,

pages 37-72), was not significantly altered by endometrial aging. However, its paralog

DZIP1L, was significantly upregulated in women >35 y.o. (Figure 6.3, Annexes: Sup-

plementary Figure 7.16 and Supplementary Table 7.8). Moreover, older women shared

cilia-related genes with all uterine disorders, having genes in common (but in opposite

directions) with ADC (6 genes), EU (29 genes), RIF (14 genes) and RPL (13 genes)

(Figure 7.16).

Apart from ciliary functions, cell proliferation and cell cycle processes were found

as significantly upregulated in ADC, EU and RIF while inhibited in RPL in Study II

(pages 73-98). Major contributors of these alterations were the cell cycle regulators E2F

and MYC, the EGFR, MAPK and PI3K-AKT pathways, and the cell cycle inhibitor

RB1 (Figure 6.4B). These proliferation pathways were also altered with endometrial

aging, but in opposite directions to all uterine disorders except RPL, as they were

downregulated in the endometrium of women >35 y.o. In addition, ADC, EU and RIF

shared the inhibition of RB1 corepressor with aging (Figure 6.4B).
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6.4.7 The antagonistic relationship between ciliogenesis and

the cell cycle: cilia assembly and disassembly genes

dysregulated in uterine disorders and aged endometria

The identified upregulation of ciliogenesis-related genes (Figure 6.3) could be re-

lated to the downregulation of epithelial cell proliferation in women >35 y.o (Figure

6.4A), because there is a reciprocal, regulatory and antagonistic relationship between

cilia formation and the cell cycle: cilia are assembled during the stationary or G0 cell

cycle phase, and their disassembly is required for cells to start dividing (Figure 6.5). On

the contrary, in the endometrium of women suffering from ADC, EU and RIF, the up-

regulation of mitotic and proliferation signals would be associated to a downregulation

of ciliogenesis (Figure 6.5). In fact, eight cilia assembly associated genes were identi-

fied as downregulated in ADC, seven in EU and six in RIF (Figure 6.5). Despite RPL

sharing an inhibition, rather than an activation, of cell proliferation with endometrial

aging, RPL, ADC and RIF patients all had the cilia disassembly gene NEK8 activated

and nine cilia assembly-related genes inhibited, suggesting cilia downregulation in RPL

could be triggered by other non-proliferation based mechanisms (Figure 6.5).

6.5 Discussion

This is the first study demonstrating age significantly affects endometrial gene

expression and major changes in endometrial function occur after the age of 35. Bi-

ological endometrial aging is thus an important factor in determining infertility and

RIF causes. To our knowledge, this is the first work to identify ciliary processes as the

primary dysregulated function associated with advanced maternal age and to describe

some of the hallmarks of aging involved in this endometrial dysregulation, such as in-

hibition of cell proliferation due to cell cycle arrest. Furthermore, this work identified

most uterine disorders had opposite dysregulated functional profiles in relation to en-

dometrial aging, elucidating molecular mechanisms behind the increased incidence of

uterine disorders with age.
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Figure 6.5: The antagonistic relationship between ciliogenesis and the cell cycle.
General scheme of the reciprocal antagonistic relationship between the cell cycle and ciliogen-
esis as well as how these two processes are dysregulated by uterine disorders and endometrial
aging. Cilia are assembled during the stationary or G0 phase of the cell cycle, and their
disassembly is required to start cell division (M, mitosis). Since this relationship is founded
on the requirement of one of a mitotic spindle centriole for cilia formation, disassembly of
the cilium and liberation of its captive centriole are essential for mitosis. According to this
premise, the upregulation of ciliary processes in women >35 y.o. could be related to the
downregulation of epithelial proliferation with age, and alternatively, the downregulation of
ciliary processes described in Study I (pages 37-72) for uterine disorders could be related to
the upregulation of cell cycle and proliferation described in Study II (pages 73-98), at least for
ADC, EU and RIF patients. Pathways and signals promoting cilia assembly and disassembly
are indicated along with their respectively altered genes in uterine disorders and/or women
>35 y.o. (red: upregulated, blue: downregulated). References supporting the role of each
gene or pathway presented in this figure: Garcia-Alonso, Handfield, et al., 2021; Lee, 2020;
Plotnikova et al., 2009; Reilly and Benmerah, 2019; Sanchez and Dynlacht, 2016; Wang and
Dynlacht, 2018; P. Zhang et al., 2019; Zhu et al., 2019. ADC, endometrial adenocarcinoma.
EU, eutopic endometriosis. RIF, recurrent implantation failure. RPL, recurrent pregnancy
loss. UDs, uterine disorders. Y.o., years old.

Unfortunately, 33.33% of studies identified in the literature search did not report

age of the samples, and in 43.33% of studies the age for each sample was not traceable,

leaving only one study (that of Talbi et al., 2006) suitable to evaluate the effect of aging

on endometrial gene expression and function. However, Talbi et al., 2006 did not eval-

uate reproductive outcomes of the patients included. Therefore, the results reported

herein are only applicable to women 23–49 years of age, and further prospective studies

in women free of uterine pathologies, including clinical follow-up, larger sample sizes,

and wider age ranges are needed to reproduce the reported endometrial dysregulations,

identify additional alterations and apply the obtained results to infertility patients in
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a clinical setting.

Although most studies using oocyte donation cycles showed no influence of endome-

trial aging on reproductive outcomes (Kawwass et al., 2013; Ubaldi et al., 2003; Wang

et al., 2012), other researchers have reported decreased implantation and pregnancy

rates using euploid embryos (Reig et al., 2020) or young oocyte donors (Soares et al.,

2005; Yeh et al., 2014). These contradictory findings could result from arbitrary age

cut-offs to determine age groups, low sample sizes, and different experimental and/or

analytical protocols. Here, artificial intelligence, and more specifically, unsupervised

learning was used for biological classification of samples based on transcriptomics. The

groups obtained were then mapped to chronological age to define age groups, and we

found age-related endometrial changes in gene expression were abrupt at 35 years of

age. In turn, two types of endometrial gene expression behaviors, in relation to age,

were distinguished from these changes. These findings suggest that, transcriptomically,

a 35 y.o. woman could have an endometrium biologically equivalent to that of a 49 y.o.

woman. This compliments previous reports of DNA methylation patterns predicting

accelerated biological aging of the endometrium (Horvath, 2013; Olesen et al., 2018).

Taken together, these results reinforce the importance of defining age groups to com-

pare based on biological characteristics, such as the endometrial transcriptome, rather

than using chronological age alone, for a more accurate evaluation of the aging process

(Alviggi et al., 2009; Olesen et al., 2018).

A total of 5,788 DEGs were identified in the endometrium of women >35 years of

age compared to women<35 years, of which 28 could become biomarkers of endometrial

aging due to their considerable expression changes with age. Notably, eleven of the

genes (OLFM4, AKR1C3, ORM1, FOSB, FOS, PAEP, POSTN, MMP26, AMIGO2,

IGFBP6, and GZMB) are associated with endometrial receptivity (Altmae et al., 2017;

Altmae et al., 2010; Bastu et al., 2019; Bersinger et al., 2008; Bhagwat et al., 2013;

Borthwick et al., 2003; Carrascosa et al., 2018; Carson et al., 2002; Diaz-Gimeno et al.,

2011; Kao et al., 2002; Ledee et al., 2011; Pathare et al., 2017; Punyadeera et al.,

2005; Riesewijk et al., 2003; Sebastian-Leon et al., 2018; Shi et al., 2017; Talbi et

al., 2006; Tapia et al., 2008). Among them, PAEP is involved in immunomodulation

and embryo implantation (Vigne et al., 2001). PAEP is upregulated and secreted
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to the endometrial lumen during the window of implantation (Altmae et al., 2017;

Bersinger et al., 2008; Bhagwat et al., 2013; Diaz-Gimeno et al., 2011; Riesewijk et al.,

2003), and is downregulated in RIF patients (Li et al., 2017). Interestingly, PAEP was

identified among the top downregulated genes in the aged endometrium, suggesting

embryo implantation could be compromised with endometrial age.

Among the remaining potential biomarkers of endometrial aging, the protein prod-

ucts of POSTN and GZMB are reported to have dysregulated concentrations in plasma

at 35 years of age (Lehallier et al., 2019). POSTN and the metalloproteinase MMP26,

both involved in tissue remodeling, are regulated by ovarian steroid hormones (Chegini

et al., 2003; Hiroi et al., 2008) and were previously identified as being downregulated

in aging (Egbert et al., 2014) and associated with skin aging (Pittayapruek et al.,

2016), respectively. Like MMP26, GZMB degrades the extracellular matrix and is

downregulated in cell senescence and aging (Yang et al., 2005). Because these genes

were significantly downregulated in aged endometria, the self-renewing capacity of this

tissue could also be compromised with age.

Progesterone and classical estrogen receptors did not change expression with age,

which corroborates previous immunohistochemical studies evaluating these receptors

in 27-46 year old fertile women (Noci et al., 1995). However, AKR1C3, an enzyme

that converts active androgens, estrogens, and progestins to their cognate inactive

metabolites, was significantly upregulated with age, which could lead to a dysregulated

equilibrium between active and inactive reproductive hormones in aged endometria.

Aged endometria also presented some hallmarks of aging (Lopez-Otin et al., 2013)

including downregulation of epithelial cell proliferation associated with cell cycle ar-

rest. Although previous studies have reported decreased proliferation in menstrual

blood stem cells (Liu et al., 2018), to our knowledge, this is the first study to de-

scribe decreased proliferation in the context of endometrial aging while also providing

gene candidates underlying this dysregulation. In particular, this decreased prolif-

eration was found to be mediated by 37 genes in the endometrium, including the

endometrial growth factor receptor EGFR and its ligand (TCFA), early growth re-

sponse genes (EGR3 and EGR1 ), and various cell cycle regulators (CDKN1C, CDK6,

CDC73, PRKCA, FOXE3, PTPRM, and SIRT1 ). The top downregulated genes FOS,
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FOSB, and JUN also contribute to the same phenomenon. In addition, MiR-499a

causes RB1 -dependent cell cycle arrest and senescence in prostate cancer cells (Noo-

nan et al., 2010). Interestingly, RB1 was significantly downregulated in this study,

while MiR-499a was among the top upregulated genes, highlighting them as mediators

of epithelial cell cycle arrest in endometrial aging.

Other genes involved in diminished epithelial cell proliferation were related to de-

fective glucose uptake through the insulin signaling pathway (IGF1, IGFBP6, and

STXBP4 ) and decreased telomere protection (TINF2 ), both processes identified as

hallmarks of aging (Lopez-Otin et al., 2013). Moreover, López-Ot́ın and colleagues de-

scribed interconnectedness between the distinct hallmarks of aging and SIRT1, which

is downregulated in aged endometria (Lopez-Otin et al., 2013). Remarkably, SIRT1

protects against aging by promoting genomic stability and modulating proteostasis,

mitochondrial function, and nutrient-sensing pathways (Lopez-Otin et al., 2013). The

downregulation of SIRT1 could therefore play a key role in impeding healthy aging

of the endometrium. Finally, angiogenesis-related genes were also affected in aged en-

dometria, consistent with previous results showing alterations in endometrial blood

flow and vascularization with age (Engels et al., 2011).

Apart from the aforementioned hallmarks of aging, age-related effects on the en-

dometrium concerning the upregulation of cilia-related processes were also identified.

Ciliary dysfunction has been previously associated with aging in other human tissues

(Lowery et al., 2013, Alvarez-Satta et al., 2019), but its implication in endometrial ag-

ing is novel. The results described in this study highlight 91 ciliary genes significantly

upregulated in aged endometria, which are involved in cilia motility and ciliogenesis.

Previous studies showed cyclic changes in the percentage of ciliated cells throughout

the menstrual cycle in normal endometrium: increasing during the late proliferative

phase in response to estrogen and decreasing at the WOI (Fleming et al., 1968; Master-

ton et al., 1975; Wang et al., 2020). Therefore, the upregulation of ciliogenesis in aged

endometria observed in this study implies a higher proportion of endometrial ciliated

cells that could affect endometrial capacity for embryo implantation in women >35

years of age.

Notably, cilia-related functions and cell proliferation pathways and regulators were
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also identified as the only commonly altered processes amongst uterine disorders in

Study I (pages 37-72) and Study II (pages 73-98), respectively. However, these func-

tions were dysregulated in opposite directions of those described for endometrial aging,

except for RPL patients, in which cell proliferation was inhibited similar to women

>35 y.o. These opposite profiles between uterine disorders and endometrial aging

suggest compensatory mechanisms are activated in the endometrium to counteract

aging-related imbalances that appear with time. Such molecular mechanisms could fail

in some patients, ultimately leading to distinct endometrial pathologies depending on

which processes are affected. Future research based on this hypothesis could explain

the increased incidence of uterine disorders with age (ACOG, 2014; Constantine et al.,

2019; Morassutto et al., 2016; Yu et al., 2020; Zimmermann et al., 2012).

Although DZIP1 (the only commonly downregulated gene amongst all uterine

disorders (Study I, pages 37-72)) was not altered by endometrial aging, its paralog

DZIP1L was upregulated in women >35 y.o. Ciliary genes dysregulated with age were

quite different compared to those of uterine disorders, but were largely involved in

the same ciliary processes, such as ciliogenesis (main affected function in all uterine

disorders), and cilia motility (altered in the endometrium of endometriosis, RIF and

RPL patients) (Study I, pages 37-72). This work is the first to link ciliogenesis defects to

both uterine disorders and endometrial aging, highlighting their potential implication

in the age-uterine disorder relationship.

Another interesting result of this study is the common dysregulation of EGFR

signaling (through MAPK and PI3K pathways) in uterine disorders and aging, poten-

tially leading to the upregulation of cell cycle genes in ADC, EU and RIF, and to their

downregulation in RPL and aging. Despite the opposite dysregulation of cell prolif-

eration between aging and ADC/EU/RIF, RB1 was inhibited in all these conditions.

Therefore, further research on this corepressor and how it is regulated could give more

insight into the increased incidence of uterine disorders with age.

The dysregulations of ciliogenesis-related genes identified could be related to those

of cell proliferation, both during endometrial aging and in patients diagnosed with

ADC, endometriosis and RIF, since there is a reciprocal and antagonistic regulatory

relationship between cilia formation and the cell cycle (Pan and Snell, 2007). In women
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>35 y.o., the absence of mitotic and differentiation signals leads to the upregulation

of cilia assembly genes while cilia disassembly is prevented by the downregulation of

growth factor-related signaling pathways such as the EGFR pathway. These alterations

support ciliogenesis and prevents cell cycle progression for cell division. Alternatively,

patients suffering from ADC, endometriosis or RIF present an upregulation of the

EGFR pathway that promotes cilia disassembly probably activating Notch signaling

through the MAPK pathway (Zhu et al., 2019). These findings are supported by

the fact that activation of Notch signaling inhibits differentiation of ciliated cells in the

endometrium (Garcia-Alonso, Handfield, et al., 2021). However, it is important to note

that the downregulation of ciliary processes may be triggered by other mechanisms in

RPL patients. Although cilia assembly proteins were downregulated in RPL and these

patients shared the upregulation of the cilia disassembly gene NEK8 with RIF and

endometriosis patients, the EGFR pathway and other proliferation and cell cycle genes

were inhibited in RPL patients and women >35 y.o. These dysregulations may cause

cell-cycle arrest which, in addition to the altered differentiation described in Study II

(pages 73-98), could promote abnormal decidualization, ultimately resulting in these

patients’ having miscarriages.

Further research is needed to elucidate the interplay between ciliogenesis and the

cell cycle, assess the role of motile and non-motile cilia in endometrial health and dis-

ease, and identify the impact of cilia and proliferation dysregulations on reproductive

outcomes. Such studies would help design dating methods for endometrial aging, aimed

to identify potential endometrial failures due to age. In case endometrial aging does

not determine reproductive success in oocyte donation IVF cycles and/or cycles with

euploid embryos, studying age-related dysregulations in endometrium may still clarify

the increased incidence of uterine disorders with age, some cases of unexplained infer-

tility or RIF, along with pregnancy and labor complications associated with advanced

maternal age (Soares et al., 2005). Moreover, the endometrium of some women may

present premature biological aging that transcriptomically resembles tissue of older

women and could result in unexplained premature implantation failures of endometrial

origin.

In conclusion, these findings suggest that endometrial biological age, defined by
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transcriptomic endometrial aging, affects endometrial function and becomes signifi-

cantly altered after 35 years of age. Important age-related changes in molecular pro-

cesses include reduced epithelial cell proliferation (due to cell cycle arrest) and up-

regulation of ciliary processes altering endometrial physiology. Such processes may

contribute to diminished endometrial receptivity and reproductive success as women

age. In addition, these functional alterations could be mediating the increased inci-

dence of uterine disorders with age through compensatory mechanisms, as cilia and cell

cycle functions were the only dysregulated processes shared between the endometrium

of patients with uterine disorders.
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.                        .

"Lograr aquello que has 

soñado te hace feliz, pero 

sobre todo, te hace feliz 

recordar el esfuerzo 

empleado para lograrlo“

– Rafael Nadal

“What I love about 

science is that as you 

learn, you don't really 

get answers. You just 

get better questions” 

- John Green





The findings obtained in this PhD thesis dissertation revealed new molecular play-

ers and functions altered in the endometrium of patients affected by uterine disor-

ders and/or with age, gave rise to new guidelines for endometrial biomarker discovery,

generated new hypotheses relevant to reproductive medicine and confirmed previous

hypothesis, elucidating how uterine disorders and age affect endometrial function and

fertility, and how these two factors are related to one another. Concretely, it was

concluded that:

1. There is a very limited number of good-quality transcriptomic endometrial stud-

ies evaluating uterine disorders available in public data repositories. In-depth

registration of clinical characteristics of participants is crucial for optimizing the

detection of reliable endometrial biomarkers.

2. The effect of the menstrual cycle on gene expression is biasing the discovery of

endometrial biomarkers for uterine disorders, even in studies using a balanced

proportion of endometrial biopsy stages between conditions. This effect must be

corrected prior to downstream analyses to reliably identify endometrial biomark-

ers with high reproducibility and statistical power.

3. New functional alterations, exclusive and in common to some or all uterine disor-

ders were identified, providing molecular insight into how these conditions affect

endometrial function and are related to one another.

4. Functions relevant for endometrial receptivity acquisition were identified as al-

tered in patients with uterine disorders and over 35 y.o., reinforcing the need

for endometrial evaluation of these patients during IVF treatments to prevent

implantation failure.

5. Recurrent pregnancy loss presented the most distinct functional profile with a

global downregulation of the cells’ basic nuclear machinery. This functional

profile largely opposed that of RIF, EU, and ADC, who shared the activation

of estrogen-related functions such as proliferation, mitochondrial processes, and

protein degradation.

6. Ciliary processes and cell cycle functions were commonly altered amongst uterine

disorders. However, the specific genes involved were almost completely exclusive
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to each uterine disorder. The exceptions were DZIP1, which was downregulated

in all conditions, and the cell cycle regulators MYC, E2F, along with the EGFR

pathway, which were commonly activated in ADC, RIF and endometriosis but

inhibited in RPL.

7. The RB1-E2F-MYC axis and the EGFR proliferative pathway were prioritized

as common key players in uterine disorders that could serve as potential biomark-

ers and/or therapeutic targets for fertility-related treatments in these subfertile

patients; since proliferation is normally repressed at the WOI but is upregulated

in RIF, EU and ADC, potentially explaining implantation failures associated

with these disorders. Furthermore, downregulation of cell cycle regulators in

RPL could cause defective decidualization and embryo invasion in these patients,

ultimately leading to recurrent miscarriages.

8. Age affects endometrial gene expression and function as of 35 years of age through

an upregulation of ciliary processes and a downregulation in cell cycle and prolifer-

ation functions, contrary to what was observed in patients with uterine disorders.

These opposite profiles could be reflecting compensatory mechanisms activated in

the endometrium to counteract aging-related imbalances that appear with time,

providing a plausible explanation for the increased incidence of uterine disorders

with age.
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Velthut-Meikas, A., Fjodorova, O., Peters, M., et al. (2018). Tac-seq: Targeted dna

and rna sequencing for precise biomarker molecule counting. NPJ genomic medicine,

3 (1), 1–8.

Tokushige, N., Markham, R., Russell, P., & Fraser, I. (2006). High density of small nerve

fibres in the functional layer of the endometrium in women with endometriosis. Human

reproduction, 21 (3), 782–787.

Tomassetti, C., Meuleman, C., Pexsters, A., Mihalyi, A., Kyama, C., Simsa, P., & D’Hooghe,

T. (2006). Endometriosis, recurrent miscarriage and implantation failure: Is there an

immunological link? Reproductive biomedicine online, 13 (1), 58–64.

Torry, D. S., Leavenworth, J., Chang, M., Maheshwari, V., Groesch, K., Ball, E. R., & Torry,

R. J. (2007). Angiogenesis in implantation. Journal of assisted reproduction and ge-

netics, 24 (7), 303–315.

Tran, H. T. N., Ang, K. S., Chevrier, M., Zhang, X., Lee, N. Y. S., Goh, M., & Chen, J.

(2020). A benchmark of batch-effect correction methods for single-cell rna sequencing

data. Genome biology, 21 (1), 1–32.

Trimarchi, J. M., & Lees, J. A. (2002). Sibling rivalry in the e2f family. Nature reviews

Molecular cell biology, 3 (1), 11–20.

Tummon, I. S., Maclin, V. M., Radwanska, E., Binor, Z., & Dmowski, W. P. (1988). Occult

ovulatory dysfunction in women with minimal endometriosis or unexplained infertil-

ity. Fertility and sterility, 50 (5), 716–720.

187

https://www.R-project.org/
https://www.R-project.org/


BIBLIOGRAPHY

Turei, D., Korcsmaros, T., & Saez-Rodriguez, J. (2016). Omnipath: Guidelines and gateway

for literature-curated signaling pathway resources. Nature methods, 13 (12), 966–967.

Ubaldi, F., Rienzi, L., Baroni, E., Ferrero, S., Iacobelli, M., Minasi, M., Sapienza, F., Mar-

tinez, F., Cobellis, L., & Greco, E. (2003). Implantation in patients over 40 and raising

fsh levels—a review. Placenta, 24, S34–S38.

Ulukus, M., Cakmak, H., & Arid, A. (2006). The role of endometrium in endometriosis. The

Journal of the Society for Gynecologic Investigation: JSGI, 13 (7), 467–476.

Van Dam, T. J., Wheway, G., Slaats, G. G., Huynen, M. A., & Giles, R. H. (2013). The syscilia

gold standard (scgsv1) of known ciliary components and its applications within a

systems biology consortium. Cilia, 2 (1), 1–5.

Vanaken, G. J., Bassinet, L., Boon, M., Mani, R., Honore, I., Papon, J.-F., Cuppens, H.,

Jaspers, M., Lorent, N., Coste, A., et al. (2017). Infertility in an adult cohort with

primary ciliary dyskinesia: Phenotype–gene association. European Respiratory Jour-

nal, 50 (5).

Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., Mural, R. J., Sutton, G. G., Smith,

H. O., Yandell, M., Evans, C. A., Holt, R. A., et al. (2001). The sequence of the

human genome. science, 291 (5507), 1304–1351.

Vercellini, P., Vigano, P., Somigliana, E., & Fedele, L. (2014). Endometriosis: Pathogenesis

and treatment. Nature Reviews Endocrinology, 10 (5), 261.

Viechtbauer, W. (2010). Conducting meta-analyses in r with the metafor package. Journal

of statistical software, 36 (3), 1–48.

Vigne, J.-L., Hornung, D., Mueller, M. D., & Taylor, R. N. (2001). Purification and characteri-

zation of an immunomodulatory endometrial protein, glycodelin. Journal of Biological

Chemistry, 276 (20), 17101–17105.

Vogel, C., & Marcotte, E. M. (2012). Insights into the regulation of protein abundance from

proteomic and transcriptomic analyses. Nature reviews genetics, 13 (4), 227–232.

von Adamek, E., Simoes, M., Freitas, V., Patriarca, M., Soares Jr, J., & Baracat, E. (2005).

Lysosomal evaluation of endometrioma capsule epithelium and endometrium of pa-

tients with or without endometriosis. Clinical and experimental obstetrics & gynecol-

ogy, 32 (1), 27–30.

Wang, C., Zhang, J., Yin, J., Gan, Y., Xu, S., Gu, Y., & Huang, W. (2021). Alternative

approaches to target myc for cancer treatment. Signal Transduction and Targeted

Therapy, 6 (1), 1–14.

188



BIBLIOGRAPHY

Wang, C., Mayer, J. A., Mazumdar, A., Fertuck, K., Kim, H., Brown, M., & Brown, P. H.

(2011). Estrogen induces c-myc gene expression via an upstream enhancer activated

by the estrogen receptor and the ap-1 transcription factor. Molecular endocrinology,

25 (9), 1527–1538.

Wang, L., & Dynlacht, B. D. (2018). The regulation of cilium assembly and disassembly in

development and disease. Development, 145 (18), dev151407.

Wang, P.-H., Fuh, J.-L., Chao, H.-T., Liu, W.-M., Cheng, M.-H., & Chao, K.-C. (2009).

Is the surgical approach beneficial to subfertile women with symptomatic extensive

adenomyosis? Journal of Obstetrics and Gynaecology Research, 35 (3), 495–502.

Wang, W., Vilella, F., Alama, P., Moreno, I., Mignardi, M., Isakova, A., Pan, W., Simon, C.,

& Quake, S. R. (2020). Single-cell transcriptomic atlas of the human endometrium

during the menstrual cycle. Nature Medicine, 26 (10), 1644–1653.

Wang, Y. A., Farquhar, C., & Sullivan, E. A. (2012). Donor age is a major determinant of

success of oocyte donation/recipient programme. Human Reproduction, 27 (1), 118–

125.

Wang, Y.-M., Wu, M.-J., Lin, Y.-H., & Chen, J. (2019). Association of epidermal growth fac-

tor receptor (egfr) gene polymorphisms with endometriosis. Medicine, 98 (17), e15137.

Wang, Z., Gerstein, M., & Snyder, M. (2009). Rna-seq: A revolutionary tool for transcrip-

tomics. Nature reviews genetics, 10 (1), 57–63.

Wei, G.-H., Liu, D.-P., & Liang, C.-C. (2004). Charting gene regulatory networks: Strategies,

challenges and perspectives. Biochemical Journal, 381 (1), 1–12.

Wickham, H. (2016). Ggplot2: Elegant graphics for data analysis. Springer-Verlag New York.

https://ggplot2.tidyverse.org

Wilcox, A. J., Baird, D. D., & Weinberg, C. R. (1999). Time of implantation of the conceptus

and loss of pregnancy. New England Journal of Medicine, 340 (23), 1796–1799.

Wu, F., Tian, F., Zeng, W., Liu, X., Fan, J., Lin, Y., & Zhang, Y. (2017). Role of perox-

iredoxin2 downregulation in recurrent miscarriage through regulation of trophoblast

proliferation and apoptosis. Cell death & disease, 8 (6), e2908–e2908.

Yanai, I., & Lercher, M. (2019). Night science.

Yanai, I., & Lercher, M. (2020). A hypothesis is a liability. Genome Biology, 21 (231).

Yanai, I., & Lercher, M. (2021). Novel predictions arise from contradictions. Genome Biology,

22 (153).

189

https://ggplot2.tidyverse.org


BIBLIOGRAPHY

Yang, O. O., Lin, H., Dagarag, M., Ng, H. L., Effros, R. B., & Uittenbogaart, C. H. (2005).

Decreased perforin and granzyme b expression in senescent hiv-1-specific cytotoxic t

lymphocytes. Virology, 332 (1), 16–19.

Yeh, J. S., Steward, R. G., Dude, A. M., Shah, A. A., Goldfarb, J. M., & Muasher, S. J. (2014).

Pregnancy outcomes decline in recipients over age 44: An analysis of 27,959 fresh

donor oocyte in vitro fertilization cycles from the society for assisted reproductive

technology. Fertility and sterility, 101 (5), 1331–1336.

Yin, M., Zhang, J., Zeng, X., Zhang, H., & Gao, Y. (2021). Target identification and drug dis-

covery by data-driven hypothesis and experimental validation in ovarian endometrio-

sis. Fertility and Sterility.

Yu, G., Wang, L.-G., Han, Y., & He, Q.-Y. (2012). Clusterprofiler: An r package for comparing

biological themes among gene clusters. Omics: a journal of integrative biology, 16 (5),

284–287.

Yu, H.-C., Lin, C.-Y., Chang, W.-C., Shen, B.-J., Chang, W.-P., & Chuang, C.-M. (2015).

Increased association between endometriosis and endometrial cancer: A nationwide

population-based retrospective cohort study. International Journal of Gynecologic

Cancer, 25 (3).

Yu, O., Schulze-Rath, R., Grafton, J., Hansen, K., Scholes, D., & Reed, S. D. (2020). Ade-

nomyosis incidence, prevalence and treatment: United states population-based study

2006–2015. American journal of obstetrics and gynecology, 223 (1), 94–e1.

Yu, W., Clyne, M., Khoury, M. J., & Gwinn, M. (2010). Phenopedia and genopedia: Disease-

centered and gene-centered views of the evolving knowledge of human genetic associ-

ations. Bioinformatics, 26 (1), 145–146.

Zeggini, E., Scott, L. J., Saxena, R., Voight, B. F., Marchini, J. L., Hu, T., de Bakker, P. I.,

Abecasis, G. R., Almgren, P., Andersen, G., et al. (2008). Meta-analysis of genome-

wide association data and large-scale replication identifies additional susceptibility

loci for type 2 diabetes. Nature genetics, 40 (5), 638–645.

Zepiridis, L. I., Grimbizis, G. F., & Tarlatzis, B. C. (2016). Infertility and uterine fibroids.

Best Practice & Research Clinical Obstetrics & Gynaecology, 34, 66–73.

Zhang, P., Kiseleva, A. A., Korobeynikov, V., Liu, H., Einarson, M. B., & Golemis, E. A.

(2019). Microscopy-based automated live cell screening for small molecules that affect

ciliation. Frontiers in genetics, 10, 75.

190



BIBLIOGRAPHY

Zhang, Y. Z., Wang, Z., Ma, J., Huo, J., Li, Y., Wang, Y., Chen, H., Shan, L., & Ma, X.

(2020). Bioinformatics identification of the expression and clinical significance of e2f

family in endometrial cancer. Frontiers in genetics, 11, 557188.

Zhang, Z., Ruan, L., Lu, M., & Yao, X. (2019). Analysis of key candidate genes and pathways

of endometriosis pathophysiology by a genomics-bioinformatics approach. Gynecolog-

ical Endocrinology, 35 (7), 576–581.

Zhao, L., Gu, C., Ye, M., Zhang, Z., Fan, W., Meng, Y., et al. (2018). Integration analysis

of microrna and mrna paired expression profiling identifies deregulated microrna-

transcription factor-gene regulatory networks in ovarian endometriosis. Reproductive

Biology and Endocrinology, 16 (1), 1–13.

Zhou, W., Srinivasan, S., Nawaz, Z., & Slingerland, J. M. (2014). Eralpha, skp2 and e2f-1

form a feed forward loop driving late eralpha targets and g1 cell cycle progression.

Oncogene, 33 (18), 2341–2353.

Zhou, W.-J., Zhang, J., Yang, H.-L., Wu, K., Xie, F., Wu, J.-N., Wang, Y., Yao, L., Zhuang,

Y., Xiang, J.-D., et al. (2019). Estrogen inhibits autophagy and promotes growth of

endometrial cancer by promoting glutamine metabolism. Cell Communication and

Signaling, 17 (1), 1–15.

Zhu, M., Iwano, T., & Takeda, S. (2019). Estrogen and egfr pathways regulate notch signaling

in opposing directions for multi-ciliogenesis in the fallopian tube. Cells, 8 (8), 933.

Ziel, H. K. (1982). Estrogen’s role in endometrial cancer. Obstetrics and gynecology, 60 (4),

509–515.

Zimmermann, A., Bernuit, D., Gerlinger, C., Schaefers, M., & Geppert, K. (2012). Prevalence,

symptoms and management of uterine fibroids: An international internet-based survey

of 21,746 women. BMC women’s health, 12 (1), 1–11.

191





9. Contributions

.                        .

“Si quieres ir rápido, camina 

solo; si quieres llegar lejos, 

ve acompañado” 

– Proverbio africano





Scientific articles:

� Devesa-Peiro, A., Sebastian-Leon, P., Garcia-Garcia, F., Arnau, V., Aleman, A.,

Pellicer, A., Diaz-Gimeno, P.(2020) Uterine disorders affecting female fertility:

what are the molecular functions altered in endometrium? Fertility and Sterility,

113(6), 1261-1274. doi: 10.1016/j.fertnstert.2020.01.025. Impact Factor (IF):

6.312 (D1).

� Devesa-Peiro, A. and Sebastian-Leon, P., Pellicer, A., Diaz-Gimeno, P. (2021)

Guidelines for biomarker discovery in endometrium: correcting for menstrual

cycle bias reveals new genes associated with uterine disorders. Molecular Human

Reproduction, 27(4), gaab011. doi: 10.1093/molehr/gaab011. IF: 3.636 (Q1).

� Devesa-Peiro, A., Sebastian-Leon, P., Parraga-Leo, A., Pellicer, A., Diaz-Gimeno,

P. (2021) Age affects endometrial gene expression altering cilia and hallmarks of

aging in women over 35 years. Submitted.

Congress communications:

� Devesa-Peiro, A., Sebastian-Leon, P., Garcia-Garcia, F., Arnau, V., Pellicer, A.,

Diaz-Gimeno, P. (2018) Functional genomic meta-analysis identifies similarities

between endometrial-related subfertilities. Presented at the 34th Annual Meeting

of the European Society of Human Reproduction and Embryology, 01-04/07/2018,

Barcelona (Spain). Poster communication.

� Devesa-Peiro, A. and Sebastian-Leon, P., Pellicer, A., Diaz-Gimeno P. (2019)

Biomarker discovery associated with endometrial-related conditions is biased by

the menstrual cycle effect in the transcriptomic analysis. Presented at the 35th

Annual Meeting of the European Society of Human Reproduction and Embryology,

24-26/06/2019, Vienna (Austria). Poster communication.

� Devesa-Peiro, A., Sebastian-Leon, P., Pellicer, A., Diaz-Gimeno, P. (2020) En-

dometrial aging evidence at transcriptomic level. Presented at the 67th Annual

Scientific Meeting of the Society for Reproductive Investigation, 10-14/03/2020,

Vancouver (Canada). Poster communication.

195

https://www.fertstert.org/article/S0015-0282(20)30026-1/abstract
https://academic.oup.com/molehr/article/27/4/gaab011/6134138


Scientific articles and congress communications are available at

www.uv.es/depeial/PhDthesis/index.html

Collaborations in side projects:

� Scientific articles:

– Labarta, E., Sebastian-Leon, P., Devesa-Peiro, A., Celada, P., Vidal, C.,

Giles, J., Rodriguez-Varela, C., Bosch, E., Diaz-Gimeno, P. (2021) Analysis

of serum and endometrial progesterone in determining endometrial recep-

tivity. Human Reproduction, Accepted manuscript. IF: 5.733 (D1).

– Sebastian-Leon, P. and Devesa-Peiro, A., Aleman, A., Parraga-Leo, A.,

Arnau, V., Pellicer, A., Diaz-Gimeno, P. (2021) Transcriptional changes

through menstrual cycle reveal a global transcriptional derepression underly-

ing the molecular mechanism involved in the window of implantation. Molec-

ular Human Reproduction, 27(5), gaab027. doi:10.1093/molehr/gaab027.

IF: 3.636 (Q1).

– Henarejos-Castillo, I., Sebastian-Leon, P., Devesa-Peiro, A., Pellicer, A.,

Diaz-Gimeno, P. (2020) SARS-CoV-2 infection risk assessment in the en-

dometrium: viral infection-related gene expression across the menstrual cy-

cle. Fertility and Sterility, 114(2), 223-232. doi: 10.1016/j.fertnstert.2020.06.026.

IF: 6.312 (D1).

� Congress communications:

– Devesa-Peiro, A., Marti-Garcia, D., Labarta, E., Lopez-Nogueroles, M.,

Sebastian-Leon, P., Diaz-Gimeno, P. (2021) High Cortisol Levels in En-

dometrium Impair Receptivity while Increased Estrone Levels Could Favor

Pregnancy. Presented at the 68th Annual Scientific Meeting of the Society

for Reproductive Investigation, 6-9/07/2021, Boston (USA). Poster com-

munication.

– Parraga-Leo, A., Sebastian-Leon, P., Devesa-Peiro, A., Remohi, J., Diaz-

Gimeno, P. (2021) Transcriptional Regulation Analysis from a Systems Bi-

ology Perspective Reveals New Ways in Menstrual Cycle Regulation and

196

https://www.uv.es/depeial/PhDthesis/index.html
https://academic.oup.com/molehr/article-abstract/27/5/gaab027/6217366
https://www.fertstert.org/article/S0015-0282(20)30597-5/abstract


Disease. Presented at the 68th Annual Scientific Meeting of the Society for

Reproductive Investigation, 6-9/07/2021, Boston (USA). Poster communi-

cation.

– Henarejos-Castillo, I., Sebastian-Leon, P., Devesa-Peiro, A., Aleman, A.,

Diaz-Gimeno, P. (2021) Mapping COVID-19 affected genes from blood in

a Window of implantation co-expression network reveals a potentially com-

promised landscape. Presented at the virtual 37th Annual Meeting of the

European Society of Human Reproduction and Embryology, 27-30/06/2021.

Poster communication.

– Lara-Molina, E.E., Franasiak, J., Devesa-Peiro, A., Lopez-Nogueroles, M.,

Florensa, M., Martin, M., Amoros, D., Ballesteros, A., Pellicer, A., Diaz-

Gimeno, P. (2021) The worldwide epidemic of Vitamin D deficiency: Are

we contributing by using inaccurate and unreliable measurement methods?

Presented at the 36th Virtual Annual Meeting of the European Society of

Human Reproduction and Embryology, 27-30/06/2021. Oral communica-

tion.

– Lara Molina, E.E., ..., Devesa-Peiro, A. et. al. (2021) Serum 24,25- Dihy-

droxyvitamin D3 is an accurate indicator of folliclar vitamin D status and

oocyte aging in IVF patients. Presented at the American Society for Repro-

ductive Medicine Congress, 17-20/10/2021, Baltimore, Maryland (USA).

Poster communication.

– Lara-Molina, E.E., Franasiak, J., Devesa-Peiro, A., Florensa, M., Martin,

M., Lopez-Nogueroles, M., Ballesteros, A., Pellicer, A., Diaz-Gimeno, P.

(2019) The degradation of Vitamin D across time: an issue leading to un-

reliable results in reproductive research. Presented at the American Society

for Reproductive Medicine Congress, 12-16/10/2019, Pennsylvania (USA).

Poster communication.

– Lara-Molina, E.E., Franasiak, J., Marin, D., Devesa-Peiro, A., Lopez- Nogueroles,

M., Florensa M, Martin, M., Tao, X., Seli, E., Diaz-Gimeno, P., Pellicer, A.

(2019) Cumulus cells telomere length is associated with vitamin D3‘s main

catabolite 24,25(OH)2D3 concentrations in serum and follicular fluid: An

ovarian ageing explanation. Presented at the 35th Annual Meeting of the

197



European Society of Human Reproduction and Embryology, 24-26/06/2019,

Vienna (Austria). Poster communication.

– Garcia-Acero, P., Sebastian-Leon, P., Aleman, A., Devesa-Peiro, A., Diaz-

Gimeno, P. (2019) Drug-target Model for Discovering and Personalizing

Endometriosis Therapies. Presented at the 66th Annual Scientific Meeting of

the Society for Reproductive Investigation, 12-16/03/2019, Paris (France).

Oral communication.

– Lara Molina, E.E., Franasiak, J., Devesa-Peiro, A., Florensa, M., Martin,

M., Lopez-Nogueroles, M., Diaz-Gimeno, P., Pellicer, A. (2018) Ovarian

vitamin D metabolism is conserved despite seasonal variability and follicular

maturation. Presented at the American Society for Reproductive Medicine

Congress, 06-10/10/2018, Denver (USA). Poster communication.

– Lara Molina, E.E., Franasiak, J., Devesa-Peiro, A., Florensa, M., Martin,

M., Lopez-Nogueroles, M., Diaz-Gimeno, P., Pellicer, A. (2018) 24,25(OH)2

D3: a novel accurate indicator of ovarian vitamin D status in women at re-

productive age. Presented at the American Society for Reproductive Medicine

Congress, 06-10/10/2018, Denver (USA). Oral communication.

Book chapters:

� Devesa-Peiro, A., Sanchez-Reyes, J., Diaz-Gimeno, P. (2020) Chapter 4: Molec-

ular biology approaches utilized in preimplantation genetics: real-time PCR,

microarrays, next-generation sequencing, karyomapping, and others. In Garcia-

Velasco and Seli E. (1st Ed.) Human Reproductive Genetics. Academic Press, 49-

67. ISBN 9780128165614, https://doi.org/10.1016/B978-0-12-816561-4.00004-1.

Funded projects:

� Molecular basis of long-term stress as a cause of embryonic implantation fail-
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Study I. Comparative study of molecular processes

affected in the endometrium of subfertile patients

with uterine disorders

Figure 7.1: Forest plots of the six ciliary gene functions detected as significantly
downregulated in all uterine disorders. (...)
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Figure 7.1: (...) The forest plot of each ciliary gene function (KEGG pathway, GO BP,
GO MF, or GO CC) is presented. For each forest plot, the LOR and 95% CI of each
integrated uterine disorder is shown, with squares proportional to the weights of the uterine
disorders used in the functional integration. The red diamond represents the LOR summary
measure of the functional meta-analysis and the dotted line is the line of no significance; if
the function lies on the right of this line, it is significantly upregulated whereas if it lies to the
left it is downregulated in all uterine disorders vs controls. KEGG, Kyoto Encyclopedia of
Genes and Genomes. GO, Gene Ontology. BP, biological process. MF, molecular function.
CC, cellular component. FDR, false discovery rate. LOR, logarithm of odds ratio. CI,
confidence interval. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss.
ADC, endometrial adenocarcinoma. EU, eutopic endometriosis.

Figure 7.2: Comparison of cilia-related genes amongst uterine disorders. Forty-
seven (ADC), 100 (EU), 77 (RIF) and 72 (RPL) genes (T) were identified as the major
contributors to the common downregulation of ciliary processes between uterine disorders.
These genes were prioritized for being associated to the six GO cilia-related terms found
as significantly altered by uterine disorders (FDR<0.05, Annexes: Supplementary Figure
7.1) and for being downregulated in the case vs control studies evaluating uterine disorders.
This Venn diagram shows intersections of downregulated cilia-related genes between uterine
disorders, highlighting DZIP1 as the only cilia-related gene which was downregulated in all
conditions. ADC, endometrial adenocarcinoma. EU, eutopic endometriosis. RIF, recurrent
implantation failure. RPL, recurrent pregnancy loss. GO, Gene Ontology.
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Figure 7.3: Forest plots for gene functions with the most significant FDR associ-
ated to functional meta-analyses within each uterine disorder. For each functional
group and disorder, a forest plot of the function (KEGG pathway, GO BP, GO MF, or GO
CC) with the most significant FDR is presented. For each forest plot, the LOR and 95%
CI of each integrated individual study is shown, with squares proportional to the weights of
the individual studies used in the functional integration. The red diamond represents the
LOR summary measure of the functional meta-analysis and the dotted line is the line of no
significance; if the function lies on the right of this line, it is significantly upregulated whereas
if it lies to the left it is downregulated in cases vs controls. KEGG, Kyoto Encyclopedia of
Genes and Genomes. GO, Gene Ontology. BP, biological process. MF, molecular function.
CC, cellular component. FDR, false discovery rate. LOR, logarithm of odds ratio. CI, con-
fidence interval. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. ADC,
endometrial adenocarcinoma. EU, eutopic endometriosis.
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Figure 7.4: Funnel plots for gene functions with the most significant FDR associ-
ated to functional meta-analyses within each uterine disorder. For each functional
group and disorder, the funnel plot of the function (KEGG pathway (green), GO BP (dark
blue), GO MF (turquoise) or GO CC (light blue)) with the most significant FDR is presented.
For each funnel plot, the SE and LOR of each individual study is shown. Meta-analysis inte-
grated studies (black points) should be inside the 95% confidence area (white) defined with
a dotted line if not biased. KEGG, Kyoto Encyclopedia of Genes and Genomes. GO, Gene
Ontology. BP, biological process. MF, molecular function. CC, cellular component. FDR,
false discovery rate. LOR, logarithm of odds ratio. RIF, recurrent implantation failure. RPL,
recurrent pregnancy loss. ADC, endometrial adenocarcinoma. EU, eutopic endometriosis.
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Figure 7.5: Forest plots for gene functions with the most significant FDR asso-
ciated to functional meta-analyses between different uterine disorders. For each
functional group, a forest plot of the function (KEGG pathway, GO BP, GO MF, or GO
CC) with the most significant FDR is presented. For each forest plot, the LOR and 95%
CI of each integrated uterine disorder is shown, with squares proportional to the weights
of the uterine disorders used in the functional integration. The red diamond represents the
LOR summary measure of the functional meta-analysis and the dotted line is the line of no
significance; if the function lies on the right of this line, it is significantly upregulated whereas
if it lies to the left it is downregulated in the integrated disorders vs controls. KEGG, Kyoto
Encyclopedia of Genes and Genomes. GO, Gene Ontology. BP, biological process. MF,
molecular function. CC, cellular component. FDR, false discovery rate. LOR, logarithm of
odds ratio. CI, confidence interval. RIF, recurrent implantation failure. ADC, endometrial
adenocarcinoma. EU, eutopic endometriosis.
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Figure 7.6: Funnel plots for gene functions with the most significant FDR asso-
ciated to functional meta-analyses between different uterine disorders. For each
functional group and disorder, the funnel plot of the function (GO BP (dark blue), GO MF
(turquoise), or GO CC (light blue)) with the most significant FDR is presented. For each
funnel plot, the SE and LOR of each individual study is shown. Uterine disorders (black
points) should be inside the 95% confidence area (white) defined with a dotted line if not
biased. GO, Gene Ontology. BP, biological process. MF, molecular function. CC, cellular
component. FDR, false discovery rate. LOR, logarithm of odds ratio. RIF, recurrent im-
plantation failure. ADC, endometrial adenocarcinoma. EU, eutopic endometriosis.
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Figure 7.7: Funnel plots of the six ciliary gene functions detected as significantly
downregulated in all uterine disorders. The funnel plot of each ciliary gene function
(GO BP (dark blue) or GO CC (light blue)) is presented. For each funnel plot, the SE and
LOR of each individual study is shown. Uterine disorders (black points) should be inside the
95% confidence area (white) defined with a dotted line if not biased. GO, Gene Ontology.
BP, biological process. CC, cellular component. FDR, false discovery rate. LOR, logarithm
of odds ratio. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. ADC,
endometrial adenocarcinoma. EU, eutopic endometriosis.
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Table 7.1: Keywords employed at Gene Expression Omnibus (GEO) for each
uterine disorder and list of the 39 variables registered for each GEO study. A)
Keywords employed at Gene Expression Omnibus (GEO) for each uterine disor-
der. Study searches were carried out from October 2016 to June 2017 with no restrictions
on date or language. RIF, recurrent implantation failure. RPL, recurrent pregnancy loss. B)
List of the 39 variables registered for each GEO study. Descriptions and examples
are provided for each registered variable.
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Table 7.2: Functions included in each functional group. The equivalence between
each KEGG pathway/GO term and its assigned functional group is presented along with
information about FDR, summary LOR [95% CI], and SE of summary LOR in each of the
functional integrations performed (FDR<0.05). Functional groups were defined according
to the biological role of their associated functions, which were consulted in the functional
description of each KEGG pathway and GO term provided by the corresponding database.
KEGG, Kyoto Encyclopedia of Genes and Genomes. GO, Gene Ontology. BP, biological
processes. MF, molecular functions. CC, cellular components. ID, identifier. ADC, endome-
trial adenocarcinoma. EU, eutopic endometriosis. RIF, recurrent implantation failure. RPL,
recurrent pregnancy loss. FDR, false discovery rate. SE, standard error. LOR, logarithm of
odds ratio. CI, confidence interval.

Available at: www.uv.es/depeial/PhDthesis/index.html
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Study II. Comparative study of upstream tran-

scription factors and signaling pathways leading to

endometrial gene functional alterations in subfertile

patients with uterine disorders

Figure 7.8: Network similarity between uterine disorders. A) Shared network
proteins amongst uterine disorders. A venn diagram intersecting UD network proteins
indicates the gene names of proteins shared by two or more UD networks. T=Total number
of network proteins by UD. B) Similaritiy between uterine disorders’ network inter-
actions. Heatmap representing network similarity between uterine disorders according to
Jaccard indexes of protein network interactions. (...)
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Figure 7.8: (...) C) Common dysregulated uterine disorder protein interactions.
For uterine disorders sharing dysregulated protein interactions in their causal signaling net-
works, each common protein interaction is illustrated with the names of the proteins involved
and the direction and type of interaction (activated in red, inhibited in blue). The common
interaction between RB1 and MYC amongst ADC, EU and RIF is outlined. ADC, endome-
trial adenocarcinoma, EU, eutopic endometriosis. RIF, recurrent implantation failure. RPL,
recurrent pregnancy loss. UD, uterine disorders.

Table 7.3: Number of genes used for functional footprinting analysis. This table
shows, for each uterine disorder, the name and GEO identifier of the included studies, the
study sample size, the number of genes evaluated in each study, the number of genes that
could be evaluated within gene meta-analysis and, thus, those that were ranked and used
for functional footprinting analyses per UD, and the number of differentially expressed genes
(FDR<0.05) after integrating differential expression results of studies evaluating the same
UD. UD, uterine disorder. EU, eutopic endometriosis. ADC, endometrial adenocarcinoma.
RIF, recurrent implantation failure. RPL, recurrent pregnancy los. GEO, Gene Expression
Omnibus. ID, identifier. N, sample size. TF, transcription factor. GMA, gene meta-analysis.
FDR, false discovery rate. DEGs, differentially expressed genes.
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Table 7.4: Genes mostly contributing to the significantly dysregulated pathways
for each uterine disorder. This table lists genes whose expression changes between uterine
disorder vs control mostly contributed to the significantly dysregulated pathways identified
per uterine disorder. Genes marked in bold contributed to pathway dysregulation in several
uterine disorders. ADC, endometrial adenocarcinoma. EU, eutopic endometriosis. RIF,
recurrent implantation failure. RPL, recurrent pregnancy loss.
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Table 7.5: Functions included in each functional group. The equivalence be-
tween each significantly over-represented (FDR<0.05) KEGG pathway/GO term and its as-
signed functional group is presented along with information about whether the term was
over-represented in activated (red) or inhibited (blue) causal signaling network proteins per
uterine disorder. For each functional term, the adjusted p-value or FDR, the number of
background proteins mapping into the term (background ratio), the number (gene ratio) and
gene names of the network proteins mapping into the term are indicated. Functional groups
were defined according to the biological role of their associated functions, which were con-
sulted in the functional description of each KEGG pathway and GO term provided by the
corresponding database. KEGG, Kyoto Encyclopedia of Genes and Genomes. GO, Gene
Ontology. BP, GO Ontology Biological Processes. MF, GO Ontology Molecular Functions.
CC, GO Ontology Cellular Components. ID, identifier. ADC, endometrial adenocarcinoma.
EU, eutopic endometriosis. RIF, recurrent implantation failure. RPL, recurrent pregnancy
loss. FDR, false discovery rate.

Available at: www.uv.es/depeial/PhDthesis/index.html
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Study III. Menstrual cycle progression is biasing

uterine disorder biomarker discovery

Figure 7.9: Menstrual cycle effect on endometrial gene expression for Lucas2016
and Pathare 2017. For each study (A-B), the result of the principal component analysis is
plotted for the first three components before (right) and after (left) correcting the menstrual
cycle effect, to evaluate whether the samples are primarily grouped by the menstrual cycle
phase at endometrial biopsy collection (color code) and/or by the uterine disorder (shape
code) based on their gene expression profiles. PC, principal component. hCG, human chori-
onic gonadotrophin. LH, luteinizing hormone. RIF, recurrent implantation failure. RPL,
recurrent pregnancy loss.
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Figure 7.10: Changes in p-value and fold change after menstrual cycle effect
correction. For each study (A-D) and type of biomarker (color code) shown in Figure
5.4, p-values (top row) and fold changes (bottom row) before and after correcting for the
menstrual cycle effect are plotted against each other. Diagonal dotted lines indicate absence
of changes in p-values/fold changes before and after applying the correction method. Vertical
and horizontal dotted lines for p-values represent p-value=0.05 before and after correcting
for the menstrual cycle effect, respectively. FC, fold change.
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Figure 7.11: PRISMA flowchart describing the selection of studies evaluating
endometrial gene expression at different times of the menstrual cycle in women
with normal endometrium. The selection of suitable individual transcriptomic studies
through GEO and the number of individual studies excluded and remaining after each filtering
step are shown. GEO, Gene Expression Omnibus. n, number of studies. PRISMA, preferred
reporting items for systematic reviews and meta-analyses.
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Figure 7.12: Menstrual cycle effect on endometrial gene expression in transcrip-
tomic studies evaluating differences between menstrual cycle phases in women
with normal endometrium. For each study (A-E), the result of the principal component
analysis is plotted for the first three components before and after correcting for the men-
strual cycle effect. Based on their gene expression profiles, samples primarily grouped by the
menstrual cycle phase before applying the correction method. However, these groups are no
longer present after the menstrual cycle effect has been removed from the data. PC, principal
component. PF, proliferative. ESE, early secretory. MSE, mid-secretory. SE, secretory. LH,
luteinizing hormone.
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Table 7.6: Top uterine disorder biomarkers previously masked by the menstrual
cycle effect. Gene symbol, average expression, t-Student statistic, p-value, false discov-
ery rate (FDR), fold change (FC) and absolute percentage of increased/decreased expression
between cases and controls after differential expression analysis with menstrual cycle effect
correction are provided. The top 20 (in terms of absolute FC) endometrial biomarkers of A)
eutopic endometriosis (Burney2007, n=685), B) ectopic ovarian endometriosis (Hawkins2011,
n=302), and C) RIF (Koot2016, n=30) that were previously masked by the menstrual cycle
effect are listed. New uterine disorder biomarkers (544 for eutopic endometriosis, 158 for
ectopic ovarian endometriosis, and 27 for RIF) that were not previously reported in the orig-
inal articles or in the Disgenet v.6 (Pinero et al., 2020, Phenopedia v.6.2.3 (Yu et al., 2010),
and/or GeneCards v.4.14.0 (Stelzer et al., 2016) databases are underlined. RIF, recurrent
implantation failure.

Available at: www.uv.es/depeial/PhDthesis/index.html

Table 7.7: Functional annotation for the newly discovered potential uterine dis-
order biomarkers. For the new candidate biomarkers of eutopic endometriosis (n=544)
(B), ectopic endometriosis (n=158) (C) and RIF (n=27) (D) not previously reported in the
literature, gene names, GeneCards description (Stelzer et al., 2016), annotated GO BPs, MFs,
CCs (Ashburner et al., 2000) and annotated KEGG pathways (Kanehisa and Goto, 2000)
are indicated. For GO annotation, only experimental-evidenced GO-gene associations were
included, a propagated GO version was used for considering the whole GO-tree structure,
and annotated GO terms were filtered by those having more than five and less than 500 as-
sociated genes. The resulting GO and KEGG annotated terms were then grouped in broader
functional categories (A). Supplementary Table IIA shows, for each defined functional group,
literature references supporting its role in the pathophysiology of endometriosis and/or RIF;
together with the number of associated genes and gene names by study/uterine disorder.
PubMed (Lu, 2011) Keywords used to search for functions altered in endometriosis and
RIF patients included “endometriosis”, “RIF”, “recurrent implantation failure”, “function”,
“pathway”, “gene ontology” and “KEGG”. GO, Gene Ontology. BP, biological processes.
MF, molecular functions. CC, cellular components. KEGG, Kyoto Encyclopedia of Genes
and Genomes. RIF, recurrent implantation failure.

Available at: www.uv.es/depeial/PhDthesis/index.html
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Study IV. The effect of age on the endometrium

and its relationship with uterine disorders

Figure 7.13: Study design. Systematic search and review of transcriptomic studies eval-
uating the endometrium of different-aged women was performed in the Gene Expression
Omnibus (GEO) database (1). After filtering and selection, raw data was downloadeded and
preprocessed. The effect of the menstrual cycle and other benign conditions on gene expres-
sion was removed using linear models; and unsupervised clustering methods were applied to
define the age groups to compare according to transcriptomic behavior (2). Then, a differ-
ential expression analysis (3) and a gene set enrichment analysis (4) were applied to identify
genes and functions significantly altered in endometrium between age groups. Differentially
expressed genes (FDR<0.05), primarily contributing to each dysregulated endometrial func-
tion identified, were then prioritized (5) and compared with functional alterations and genes
reported in Studies I (pages 37-72) and II (pages 73-98) for uterine disorders (6). FDR, false
discovery rate. UDs, uterine disorders.
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Figure 7.14: PRISMA flowchart of transcriptomic study selection evaluating
the endometrium of different-aged women. The chart shows the selection of suitable
individual transcriptomic studies using Gene Expression Omnibus (GEO) and the number
of individual studies excluded and remaining after each filtering step. n, number of studies.
N, sample size. lncRNA, long noncoding RNA. miRNA, microRNA. PRISMA, preferred
reporting items for systematic reviews and meta-analyses.
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Figure 7.15: Endometrial samples detected as outliers and the correction of
the effect of uterine pathologies on gene expression. A) Endometrial samples
detected as outliers. Results from principal component analysis (PCA) before and after
removing the two detected outliers (red arrows). B) The correction of the effect of
uterine pathologies on gene expression. PCA plots for the first two components before
and after correcting for the uterine pathology effect. Colors and shapes correspond to age
group and uterine pathologies, respectively. The red arrow indicates the only young woman
(¡ 35 y.o.) with uterine pathology (myoma).
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Figure 7.16: Comparison of cilia-related genes amongst uterine disorders and
endometrial aging. Forty-seven (ADC), 100 (EU), 77 (RIF) and 72 (RPL) genes (T) were
identified as key players in the common downregulation of ciliary processes between uterine
disorders, as described in Study I (pages 37-72) (FDR<0.05). These genes were prioritized
for being associated to the six cilia-related GO terms significantly altered by uterine disorders
(FDR<0.05) and for being downregulated in the case vs control studies evaluating uterine
disorders in in Study I (pages 37-72). Venn diagram intersecting the core of 91 cilia-related
genes (T) upregulated in endometrium of women >35 years old (y.o.) (listed in Figure 6.3)
with the cilia-genes downregulated in various uterine disorders. Gene names are provided
for each intersection with endometrial aging, since cilia-genes intersected amongst uterine
disorders were already reported in Study I (pages 37-72). ADC, endometrial adenocarcinoma.
EU, eutopic endometriosis. RIF, recurrent implantation failure. RPL, recurrent pregnancy
loss. GO, gene ontology. FDR, false discovery rate.

Table 7.8: Differentially expressed genes between women >35 years old and <35
years old. Gene symbol, average expression, Student’s t-test, p-value, false discovery rate
(FDR), fold change (FC), and absolute percentage of increased/decreased expression for
differentially expressed genes (DEGs) (FDR<0.05) between women >35 years old and <35
years old. Differentially expressed genes belonging to the 91 core genes responsible for the
reported upregulated ciliary functions are underlined whereas DEGs belonging to the 37 core
genes responsible for the downregulated proliferation in the epithelium are marked in bold.

Available at: www.uv.es/depeial/PhDthesis/index.html
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