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Abstract 

Recurrent pregnancy loss, defined as multiple miscarriages, is a distressing condition 

associated with significant physical trauma and psychological morbidity. Miscarriage 

often causes bleeding in early gestation, reflecting the breakdown of the emerging 

maternal-fetal interface. However, bleeding is not a prominent feature in missed 

miscarriage, which typically involves very early-onset fetal growth restriction, fetal 

bradycardia and ultimately fetal demise. I hypothesised that recurrent missed 

miscarriage (RMM), defined here as 3 or more ‘silent’ miscarriages, reflects an 

endometrial glandular defect that compromises histotrophic nutrition before the onset 

of placental perfusion around 12 weeks of pregnancy.  

To test this hypothesis, RNA-sequencing data of laser-captured mid-luteal 

endometrial glands from RMM patients and control subjects were subjected to 

metabolic modelling using flux variability and balance analysis. Computational 

modelling revealed a notable metabolic signature in RMM, characterised by 

heightened oxidative phosphorylation and fatty acid oxidation and decreased 

glycolysis, which was not attributable to glandular asynchrony. To explore the drivers 

of this endometrial defect in RMM, I optimised a robust organoid protocol to assess 

glandular differentiation in vitro. RMM organoids not only recapitulated the in 

vivo metabolic signature but displayed a multitude of defects caused by more naïve 

progenitor cells, including attenuated Wnt and Notch signalling, and impaired 

specification of epithelial cells into differentiated and senescent subpopulations upon 

progesterone-induced cell cycle arrest and differentiation. Importantly, senescent 

epithelial cells, which are a major source of growth factors and extracellular matrix 

proteinases, may critically regulate endoglandular trophoblast invasion and access to 

glandular secretions in early gestation. Quantification of p16INK4 immuno reactivity 

in 48 biopsies confirmed that RMM is associated with lack of glandular senescence 

during the peri-implantation window. Collectively, the data indicate that aberrant 

metabolic programming of endometrial epithelial progenitor cells compromises 

glandular function, thus revealing a novel therapeutic target for RMM prevention. 
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1.1 Miscarriage 

1.1.1 Recurrent Pregnancy Loss  

Guidelines from the European Society of Human Reproduction and Embryology 

(ESHRE) as well as the American Society of Reproductive Medicine (ASRM) define 

recurrent pregnancy loss (RPL) as the failure of two or more pregnancies confirmed 

by ultrasonography or histopathology, but not including ectopic and molar 

pregnancies (Bender Atik et al., 2018, Practice Committee of the American Society 

for Reproductive, 2012) (Table 1.1.). These miscarriages can be sub-classified as 

early miscarriage including anembryonic, yolk sac, embryonic; and fetal miscarriage 

(Bender Atik et al., 2018, Dimitriadis et al., 2020) (Table. 1.1). However, the inclusion 

of non-consecutive losses, biochemical losses and failed pregnancy of unknown 

location (PUL) is debatable (Dimitriadis et al., 2020). The upper gestation limit of 

miscarriage classification is dependent on legal definition of fetal viability in each 

country (20-24 weeks) (Dimitriadis et al., 2020). The average prevalence of RPL is 

estimated to be between 1 and 4% of all women who achieve pregnancy based on 

large-scale studies in Europe and USA (Rasmark Roepke et al., 2017, Magnus et al., 

2019, Dimitriadis et al., 2020).  

Maternal age at conception has shown to be associated with pregnancy loss rates 

(Risch et al., 1988, Berkowitz et al., 1990, Fretts et al., 1995, Andersen et al., 2000, 

Magnus et al., 2019). A recent population-based study demonstrated age-associated 

risk of pregnancy loss followed a J-shaped curve (Magnus et al., 2019). Women aged 

25-29 years had the lowest risk of pregnancy loss (9.8%), which increased in women 

aged 30-35 years and rose even more so in women aged 40-44 years (33.2%) 

(Magnus et al., 2019). The primary driver of age-associated pregnancy loss is 

chromosome errors (aneuploidy) in the conceptus, with more than 90% of aneuploid 

miscarriages caused by errors in meiosis, occurring mainly at meiosis I in the oocyte 

(Hassold and Hunt, 2001, Nagaoka et al., 2012). Likewise, the incidence of age-

associated meiotic error in preimplantation embryos and oocytes follows the J-

shaped curve of age-associated pregnancy loss risk (Capalbo et al., 2017, Gruhn et 

al., 2019). 

Another risk factor for RPL is the number of previous pregnancy losses, independent 

of maternal age, potentially accounted for by uterine factors (Dimitriadis et al., 2020). 

Evidence from population-based studies shows that after adjusting for age, the odds 

ratio for miscarriage increases stepwise after each loss (Knudsen et al., 1991, 
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Ogasawara et al., 2000, Maconochie et al., 2007, Kolte et al., 2021). Notably, women 

who have experienced six or more miscarriages have an odds ratio as high as 63% 

(Coomarasamy et al., 2020). One of these studies also demonstrated a previous live 

birth had a positive impact on the chance of success in the next pregnancy despite 

the number of previous losses, suggesting a live birth resets the endometrial 

environment (Kolte et al., 2021).  

Other risk factors include genetic factors, maternal health (obesity, uterine 

malformations, antiphospholipid syndrome, overt hyperthyroidism, chronic 

endometritis and impaired decidualisation), and environmental and lifestyle factors 

(stress, smoking and excessive alcohol consumption) (Dimitriadis et al., 2020). 

However, in 50-70% of couples with RPL, no risk factors are identified (Ford and 

Schust, 2009, Jaslow et al., 2010). Some of these risk factors for RPL can be modified 

with lifestyle choices (Dimitriadis et al., 2020). However, the current evidence for most 

treatments is limited and conflicting. The strongest evidence was concluded from a 

recent large multicentre trial (PRISM) that found micronized progesterone (P4) 

prevented miscarriages in women with a history of more than three losses or those 

with threatened miscarriage (Coomarasamy et al., 2019). However, the mechanism 

is unclear. A loss of endometrial mesenchymal stem cells has been associated with 

RPL (Lucas et al., 2016) and treatment with sitagliptin, a dipeptidyl-peptidase 4 

(DPP4) inhibitor, was found to increase the abundance of these cells in RPL patients 

in a pilot study (Tewary et al., 2020). However, further trials are required.  

1.1.2 Recurrent Missed Miscarriage  

The current classification of RPL considers different types of miscarriage with the 

inclusion or exclusion of certain types of miscarriage varying for each region (Bender 

Atik et al., 2018, Quenby et al., 2021). However, there is no distinction between a 

patient who may have three types of miscarriage, e.g., a biochemical loss, an early 

miscarriage, and a fetal loss, and another patient who has three repeated fetal losses. 

Despite there being subtypes, patients are diagnosed with RPL without 

subcategorization. It is plausible the aetiology of these patients is distinct, but most 

studies have not distinguished subgroups within RPL by following the current 

definition (Tewary et al., 2020, Smits et al., 2020, Coomarasamy et al., 2020, Quenby 

et al., 2021).  

Missed miscarriage is an intrauterine pregnancy loss with an empty gestational sac 

with a mean sac diameter of 25mm or more, or with an embryo that has a crown-rump 
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length more than 7 mm without cardiac activity (Quenby et al., 2021). Therefore, this 

pregnancy loss occurs without bleeding and pain, and expulsion of pregnancy tissue 

(Ghosh et al., 2021). At the Implantation Clinic, a research clinic based at University 

Hospital Coventry and Warwickshire, a subgroup of RPL patients with a distinct 

phenotype were identified by an experienced gynaecologist. These patients are 

herein referred to as recurrent missed miscarriage (RMM). Since 2015, approximately 

14% of all RPL patients that visited the clinic were classified as RMM. Unlike most 

RPL, RMM is not associated with overt breakdown of the maternal-fetal interface and 

bleeding. Instead, RMM is defined here as a recurrent pattern of pregnancy loss that 

typically involves early-onset fetal growth restriction (defined by ultrasound dating 

based on crown-rump measurement being less advanced compared to dating on the 

basis of their last menstrual period) followed by fetal demise and, not infrequently, 

delayed breakdown of the decidua and expulsion of the conceptus. Medical, or 

surgical management is required. RMM does not include pregnancy losses with an 

empty gestational sac. 

A few studies were conducted to understand the pathology of missed miscarriages, 

which demonstrated potential defects in development of the placenta (Jauniaux et al., 

2003b, Chen et al., 2015, Zhu et al., 2020) as well as disrupted metabolic pathways 

using NMR-based serum metabolomics approach (Wu et al., 2018). There are also 

studies that suggest of a similar phenotype to RMM using terms such as ‘recurrent 

early missed abortion’ or ‘recurrent missed abortions’ (Halder and Fauzdar, 2006, 

Radović Janošević et al., 2016). However, the terminology used was unclear and did 

not have a clear definition like RMM. The studies did not state if the miscarriages 

were repeated missed miscarriages and one included different types of miscarriages 

by describing them as ‘missed’, ‘blighted ovum’ and even ‘spontaneous’ (Halder and 

Fauzdar, 2006, Radović Janošević et al., 2016). The literature on RMM using the 

criteria above is limited to a preliminary study, which found an upregulated 

mitochondrial gene signature in glands isolated by laser capture microdissection 

(LCM) from endometrial biopsies of RMM patients (Barros, 2017). A plausible, but as 

yet unsubstantiated, cause of RMM is a failure of the endometrial glands to provide 

sufficient histotrophic nutrition to support ongoing fetal development. 
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Table 1.1: Types of miscarriage. Early miscarriage can be sub-classified into 

anembryonic, yolk sac and embryonic miscarriage. *Not included in RPL. 

Terms Presentation References 

Early Miscarriage  An intrauterine pregnancy loss before 10 

weeks of gestation. 

(Kolte et al., 2015) 

  Anembryonic  An intrauterine pregnancy loss with an 

empty gestation sac. 

(Kolte et al., 2015, 

Dimitriadis et al., 

2020) 

  Yolk Sac An intrauterine pregnancy loss with a 

gestation sac and yolk sac but no fetal 

pole. 

(Kolte et al., 2015, 

Dimitriadis et al., 

2020) 

   Embryonic An intrauterine pregnancy loss with an 

embryo without cardiac activity. 

(Kolte et al., 2015, 

Dimitriadis et al., 

2020) 

Fetal Miscarriage  Pregnancy loss on or after 10 weeks of 

gestation with a fetus (≥33 mm) on 

ultrasound. 

(Stephenson and 

Kutteh, 2007, Kolte 

et al., 2015) 

Missed (or silent) 

miscarriage  

Pregnancy loss with an empty 

gestational sac with a mean sac diameter 

of ≥ 25mm or with an embryo with a 

crown-rump length >7 mm without 

cardiac activity. 

(Quenby et al., 

2021) 

Biochemical loss Pregnancy loss of a non-visualised 

pregnancy that was only documented by 

a positive pregnancy test. 

(Dimitriadis et al., 

2020) 

Pregnancy of 

Unknown 

Location (PUL) 

Pregnancy loss of a non-visualised 

pregnancy with resolution of serum β-

hCG after spontaneous or required 

medical (treated) or surgical (resolved) 

management. 

(Barnhart et al., 

2011) 

Ectopic 

Miscarriage* 

Implantation of embryo outside the 

uterine cavity. 

(Dimitriadis et al., 

2020) 

Molar 

Miscarriage* 

A pregnancy with excessive placental 

growth due to an abnormal embryo. 

(Dimitriadis et al., 

2020) 
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1.2 Development and Regeneration of Endometrial 

Glands 

1.2.1 Human Endometrium  

A single uterine body is found in humans, developed from the fusion of the 

paramesonephric (Müllerian) ducts around 8 weeks of gestation that gives rise to the 

female reproductive tract (Gray et al., 2001). Derived from the inner layer of ductal 

mesenchyme, the endometrium is the inner mucosal lining of the uterus. The 

endometrium is formed of the dynamic superficial stratum functionalis, which is almost 

entirely lost during menstruation in non-pregnant cycles, and the stable lower stratum 

basalis (Fig. 1.1). The endometrial functional layer consists of a zone of luminal 

epithelium and subjacent stroma (zone I), and a second zone of sparse stroma 

surrounded by the straight portion of endometrial glands (zone II) (Padykula, 1989). 

The basal layer functions as the germinal compartment of the endometrium that is 

not shed during menstruation and contains the stem/progenitor cells that regenerate 

the functional layer (Padykula, 1989). Two additional zones can be found in the 

basalis, which contain loose stroma and the bodies of the glands (zone III) as well the 

final zone where the glands terminate (zone IV). Many different cell types can be 

found in the endometrium including luminal and glandular epithelial (EpC), stromal 

(EnSC), endothelial, and immune cells. This dynamic tissue plays a pivotal role in 

reproduction as it is essential for the preparation of implantation and if pregnancy 

occurs, provides a protective and nutritious environment (Critchley et al., 2020). 

1.2.2 Development of Endometrial Glands 

Growing evidence has demonstrated an indisputable role for uterine glands and their 

secretions as principal regulators of stromal decidualisation, implantation, 

placentation as well as conceptus development and survival (Kelleher et al., 2019). 

Histological analysis of uterine gland development, or adenogenesis, has revealed 

that simple columnar epithelium gives rise to numerous invaginations, representing 

the primordial glandular epithelium buds in the undifferentiated uterus (Koff, 1933, 

Gray et al., 2001). Adenogenesis is regulated intrinsically through proliferation, cell-

cell interactions, growth factors and their inhibitors, including WNTs 

(Wingless/Integrated), transcription factors such as forkhead box A2 (FOXA2) as well 

as through extrinsic factors originating from the ovary, pituitary and mammary gland 

(Kelleher et al., 2019) (Table 1.2). 
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Figure 1.1. A schematic of the human endometrium. 

The endometrium is comprised of two layers: the superficial stratum functionalis and 

the lower stratum basalis. Clonal endometrial glands grow out from the basalis 

through the proliferative phase into the luminal and glandular epithelium of the adult 

endometrium. The glands are surrounded by EnSC and immune cells, such as uNK 

cells. The endometrium is vascularised with sub-mucosal capillary network and spiral 

arteries. Cell types are labelled in the key below the diagram. 
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Table 1.2: Factors involved in endometrial adenogenesis. Distilled information 

from (Kelleher et al., 2019) 

Factors Function References 

Wnt signalling Canonical signalling stimulates epithelial 

adhesion and proliferation.  

Wnt7a coordinates several cell 

development pathways for postnatal 

uterine differentiation and growth. 

(Carta and 

Sassoon, 2004, 

Kelleher et al., 

2019) 

FOXA2 A conserved critical transcription factor 

controlling differentiation and function of 

uterine glands.  

Regulates cell-cycle, cell junction, focal 

adhesion and WNT signalling in the 

neonatal mouse uterus. 

(Filant and 

Spencer, 2013a, 

Filant et al., 2014) 

Oestrogen 

receptor α 

Maintenance of developed uterine glands 

and proliferation. 

Mediated by stromal paracrine signalling 

(EGF, IGF1 and IGF2). 

(Nanjappa et al., 

2015, Cooke et al., 

1998) 

Prolactin Stimulates differentiation. (Carpenter et al., 

2003) 

Progesterone 

(an endocrine 

disruptor) 

Inhibits uterine gland development. (Bartol et al., 1988, 

Gray et al., 2000, 

Filant et al., 2012) 
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At birth, endometrial histoarchitecture resembles that of an adult but is less developed 

as the luminal epithelium is low columnar or cuboidal and the glandular epithelium is 

sparse in comparison to the adluminal stroma (O'Rahilly, 1973, Gray et al., 2001). 

Gland proliferation in humans is completed postnatally and develops slowly until 

puberty. By the age of 6 years, endometrial glands extend from one-third to one-half 

the distance to the myometrium (Gray et al., 2001). Menstrual changes are rare 

before puberty. For endometrium maturation, responsiveness needs to be acquired 

by the endometrium and an immature endometrium persists in majority of girls until 

menarche or early adolescence (Brosens et al., 2015). At puberty, the mature uterine 

histoarchitecture can be observed with glands extending to the inner circular layer of 

the myometrium (Valdes-Dapena, 1973, Gray et al., 2001). The genesis of the glands 

in the human fetus is a result of glandular epithelium differentiating from the luminal 

epithelium through the stroma (Gray et al., 2001). However, the glands in 

postmenstrual human adults develop adluminally from the basalis during the 

proliferative phase.  

The adult human endometrial functionalis goes through three phases. The menstrual 

cycle begins with menstruation and overlaps with the proliferative phase (aligned to 

the follicular phase) as it regenerates from the basalis, followed by a secretory phase 

in preparation for implantation (aligned with luteal phase) (Wynn, 1989) (Fig.1.2).  If 

pregnancy does not take place, the cycle begins again with menstrual shedding. The 

endometrium will go through approximately 450 cycles during a woman’s 

reproductive lifespan, highlighting the remarkable capacity of endometrial 

regeneration (Chavez-MacGregor et al., 2008). These phases are orchestrated by 

sex steroid hormones but endometrial responses are cell and zone specific (Ferenczy 

et al., 1979). After menstruation, pregnancy loss, parturition, and even iatrogenic 

destruction (e.g., curettage), the endometrium regenerates like no other tissue, 

beginning at a thickness of 1-2 mm and growing up to 14 mm (Fleischer, 1999). This 

regenerative capacity is attributed to stem/progenitor cells (Cousins et al., 2021). 

1.2.3 Endometrial Epithelial Stem/Progenitor Cells 

Endometrial epithelial stem/progenitor cells can be distinguished from other cell types 

in the tissue by their functional attributes, including self-renewal, high proliferative 

potential, the capacity to differentiate into one or more cell types and to regenerate 

the tissue after injury (Potten and Loeffler, 1990). Clonogenic endometrial epithelial 

stem/progenitor cells were found to comprise 0.22% of single cell suspensions of 

EpCAM+ (Epithelial cell adhesion molecule) cells from hysterectomy samples (Chan 
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et al., 2004). Due to the endometrium regenerating from the basalis, the location of 

these cells was hypothesised to be in this layer. Thus, most of the focus on identifying 

stem/progenitor cell markers has been in the basalis.  

Nuclear AXIN2 (axis inhibition protein 2) was the first basalis-specific epithelial 

stem/progenitor cell marker to be identified (Nguyen et al., 2012). A gene microarray 

analysis of EPCAM+ EpC from full thickness, pre- and post-menopausal hysterectomy 

endometrium was conducted with the assumption post-menopausal endometrial EpC 

have a similar expression to the pre-menopausal basalis. Post-menopausal 

endometrium is capable of regeneration in the presence of exogenous hormones; 

hence, stem/progenitor cells are expected to still reside in the basalis. The Wnt 

signalling pathway plays an essential role in maintenance and the activity of the stem 

cell reservoir (Nusse et al., 2008). Therefore, as anticipated, many Wnt-associated 

genes, including AXIN2, a negative regulator of β-catenin in the canonical Wnt 

signalling pathway (Jho et al., 2002), and SRY-Box transcription factor 9 (SOX9) a 

transcriptional factor, were differentially expressed between pre- and post-

menopausal endometrium (Nguyen et al., 2012). Nuclear AXIN2 presence was 

confirmed in the pre- and post-menopausal basalis using immunofluorescence and 

confocal microscopy, whereas cytoplasmic AXIN2 was found in the functionalis 

(Nguyen et al., 2012).  

However, to demonstrate functional activity, live EpC need to be isolated, and nuclear 

markers are not suitable for this, thus surface markers are required. Recent work has 

identified two surface epithelial stem/progenitor cell markers, stage-specific 

embryonic antigen 1 (SSEA-1 encoded by FUT4) and N-cadherin (neural cadherin 

encoded by CDH1). SSEA-1+ cells have been found in the basal layer. This study 

demonstrated large spheroids formed from isolated SSEA-1+ cells in three-

dimensional (3D) cultures and exhibited properties of quiescent progenitor cells such 

as greater telomerase activity, longer telomeres, and lower proliferative rates than 

SSEA-1- cells (Valentijn et al., 2013). Another study showed N-cadherin+ cells also 

exhibit these properties (Nguyen et al., 2017). In vivo, N-cadherin+ EpC were rarely 

positive for Ki-67, a proliferation marker, suggesting cellular quiescence. Interestingly, 

SSEA-1+ were found to be positive for nuclear SOX9, with some positive for nuclear 

β-catenin, signifying active Wnt signalling to maintain an undifferentiated epithelial 

state (Valentijn et al., 2013). N-cadherin+ cells were found not to colocalise with SOX9 

(Nguyen et al., 2017). 
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A differentiation hierarchy was suggested of these markers (Nguyen et al., 2017). N-

cadherin+ SSEA-1- cells were found located deep in the basalis near the myometrium, 

thus were labelled as the most primitive cells. As these cells move closer to the 

functional layer, N-cadherin may be lost, and cells differentiate into transit amplifying 

SSEA-1+ cells before differentiating fully into the gland EpC found in the functional 

layer. However, the observation that SSEA-1+ cells are also found in the luminal 

epithelium argues against this proposed idea, but their stem/progenitor cell functions 

have not been tested. 

Leucine Rich Repeat Containing G Protein-Coupled Receptor 5 (LGR5), an R-

spondin receptor functioning as part of the canonical Wnt signalling pathway, has 

been proposed as an additional stem/progenitor cell marker. However, expression 

profiles for LGR5 during the menstrual cycle are conflicting (Gil-Sanchis et al., 2013, 

Tempest et al., 2018a) and the highest expression is seen in the luminal epithelium 

(Tempest et al., 2018a, Garcia-Alonso et al., 2021). No functional validation of LGR5+ 

cells has been reported to confirm stem/progenitor cell expression. 

Epithelial stem cells residing in the terminal ends of endometrial glands in the basalis 

rejuvenate the glands of the functional layer (Valentijn et al., 2013, Tempest et al., 

2020). Although the traditional view describes endometrium re-epithelialisation from 

the remaining gland stumps in the basalis, 3D reconstructions of the basalis have 

shown that glands form a complex horizontally inter-connecting network (Tempest et 

al., 2020, Yamaguchi et al., 2021). Interestingly, of those glands that share a 

branching point, 86% shared a branching point in the basalis (Yamaguchi et al., 

2021). This plexus formation is suggested to be more difficult to eradicate at 

shedding, thus giving the glands a functional advantage in the conservation of 

stem/progenitor cells (Tempest et al., 2020, Yamaguchi et al., 2021). It has been 

speculated that the most primitive cells, such as N-cadherin+ cells are likely to be 

located in the horizontal branches (Cousins et al., 2021).  

There is strong evidence for monoclonality in endometrial glands such that the cell 

population of a gland are descendants from a single stem/progenitor cell (Tanaka et 

al., 2003, Moore et al., 2020). However, recent work using in vivo lineage tracing of 

mitochondrial mutations has identified polyclonal glands (Tempest et al., 2020). 

These polyclonal glands were speculated to arise from upward perpendicular growth 

of progeny of two adjacent stem cells situated in parallel/branching glands. 
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1.2.4 Menstrual Cycle 

1.2.4.1 Endometrial glands in the proliferative phase 

Repair processes begin within 48 hours after initiation of menses within a steroid 

hormone and oestrogen receptor (ER) depleted environment (Ferenczy and 

Bergeron, 1991, Cousins et al., 2021). The remaining superficial gland stumps re-

epithelises the denuded endometrial surface (Ludwig and Spornitz, 1991) and the 

surface epithelium of peritubal/isthmic regions of the endometrial cavity (Ferenczy 

and Bergeron, 1991). New luminal epithelium is found adjacent to the shedding 

functionalis, highlighting that the two processes of shedding and repair work 

concurrently in a piecemeal fashion (Garry et al., 2009). These cells resemble 

fibroblasts with cell migration features such as intracellular microtubular systems and 

pseudopodial projections but their basement membrane formation and intercellular 

desmosomes are in line with their epithelial structure (Ferenczy and Bergeron, 1991). 

As these luminal EpC closely relate to the underlying EnSC, mesenchymal to 

epithelial transition (MET) has been proposed as a potential mechanism to explain 

the rapid repair process (Owusu-Akyaw et al., 2019). Complete re-epithelialisation of 

the endometrial surface coincides with the end of menstruation (Ferenczy and Mutter, 

2008). 

Proliferation of the endometrium begins around day 3 of the cycle before menstruation 

is finished but is oestradiol (E2)-independent. Despite an increase in DNA activity, 

plasma levels of the steroid hormones and their receptors in the endometrium remain 

low (Ferenczy and Mutter, 2008). However, as E2 production from the growing ovarian 

follicles increases, proliferative activity is increased (Groothuis et al., 2007) with 

highest proliferative rates (maximum DNA synthesis) recorded on cycle day 8 and 10 

in the upper one-third of the functional layer (Ferenczy et al., 1979). Zonal variations 

are observed in response to hormonal stimuli with the more intense proliferation in 

the top two-thirds of the functional layer than in the lower third and even less in the 

basalis (Ferenczy and Guralnick, 1983). As expected, ER and progesterone receptor 

(PGR) concentrations are highest during the proliferative phase (Ferenczy and 

Bergeron, 1991, Wang et al., 1998).  

Histological analysis of the proliferative endometrium highlighted ultrastructural 

evidence of proliferation in gland EpC by the increase in free and bound ribosomes, 

mitochondria, Golgi and primary lysosomes (Ferenczy and Bergeron, 1991). These 

organelles provide protein matrix, energy and synthesis of other factors, including 
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glycolytic pathway enzymes (Ferenczy and Bergeron, 1991). A feature of proliferating 

EpC is oestrogen-dependent cilio- and micro-villogenesis (Ferenczy and Bergeron, 

1991). Morphologically, the glands are short, straight, and lined with pseudostratified 

nuclei in the early proliferative phase with narrow lumens but as they proliferate the 

glands elongate and become tortuous (Padykula, 1989, Ferenczy and Mutter, 2008). 

By the end of the proliferative phase, the glands are coiled tightly and branched. In a 

non-pregnant state, a high density of glands are found in the endometrium with 

approximately 15 openings per mm2 (Filant and Spencer, 2014).  

1.2.4.2 Endometrial glands in the secretory phase 

As ovarian E2 levels continue to rise, the follicle stimulating hormone (FSH) that had 

been stimulated due to the lack of P4 in the proliferative phase is downregulated due 

to negative feedback of E2 (Reed and Carr, 2015). This leads to the selection of the 

dominant follicle and the regression of the other follicles. High levels of E2 secretion 

induce positive feedback on the anterior pituitary, stimulating the luteinising hormone 

(LH) surge, which marks the transition from the proliferative to secretory phase (Reed 

and Carr, 2015). The LH surge signals for the activation of the proteolytic enzymes 

and prostaglandins that results in the release of the oocyte-cumulus complex, known 

as ovulation (Reed and Carr, 2015) (Fig. 1.2).  

After ovulation, the endometrium enters the secretory phase, aligned to the ovarian 

luteal phase. During this period, the E2-primed endometrium is under P4 stimulation 

produced by the corpus luteum (CL), and undergoes secretory differentiation 

(Ferenczy and Bergeron, 1991). The development of subnuclear glycogen vacuoles 

in gland EpC and palisading of their nuclei is one of the first histological signs of 

ovulation that occurs three days post ovulation and has been used to date the 

endometrium (Wynn, 1989, Ferenczy and Bergeron, 1991). Two other features found 

in the endometrial glands are giant mitochondria for cellular steroid metabolism as 

well as a nucleolar channel system formed by the infolding of nuclear membranes by 

P4 stimulation (Armstrong et al., 1973, Ferenczy and Bergeron, 1991). As the glands 

develop their secretory phenotype, DNA synthesis and mitosis decrease and 

disappear, respectively (Ferenczy and Bergeron, 1991).  

Endometrial gland differentiation is regulated by the increasing levels of P4. Two 

distinct subtypes of PGR are found in the glands in the menstrual cycle, PGRA and 

PGRB. Both receptors are present in the glands during the proliferative phase, 

reaching a maximum in the mid- and late-proliferative phase and just after ovulation 
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(Wang et al., 1998). Conversely, as P4 levels rise, the transcription and translation of 

the receptors are downregulated (Chauchereau et al., 1992, Wang et al., 1998). The 

initial presence of PGR in the luteal phase is consistent with P4-mediated inhibition of 

mitosis in the glands (Wang et al., 1998, Ferenczy et al., 1979). Hence, the 

downregulation of PGR in the glands results in significant changes in gene expression 

referred to as secretory transformation (Wang et al., 1998, Kelleher et al., 2019).  
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Figure 1.2. The menstrual cycle. 

The human menstrual cycle is divided into three phases: menstrual, proliferative, and 

secretory. The cycle begins on the first day of menstruation known as Day 0 and lasts 

for 3-5 days in most women. During this time, the endometrium also begins to 

regenerate. As menstruation ends, the proliferative phase begins, and the re-growth 

of the endometrium is assisted by the increase in E2 produced by the follicles. The 

follicles are stimulated by the FSH produced by the pituitary. The rise in E2 results in 

LH secretion, which induces ovulation and the formation of the CL. This step follows 

into the secretory phase, which is dominated by P4, produced by the CL. FSH and LH 

levels drop in this phase but small amounts of E2 are also secreted by the CL. During 

the secretory phase, the endometrium differentiates and prepares for implantation. If 

no, embryo implants, the P4 levels fall, and the endometrium breaks down, before the 

cycle starts again. Adapted from (Wira et al., 2015). 
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1.3 Endometrial Glands and Pregnancy 

1.3.1 Uterine Receptivity 

Successful embryo implantation is dependent on species-specific strategies (Brighton 

et al., 2017). For example, in mice, implantation of multiple embryos is synchronised 

and is dependent on rising circulating E2 (Paria et al., 1998). The rise of E2 renders 

the P4-primed endometrium receptive as well as activating dormant blastocysts for 

implantation (Paria et al., 1998). The human endometrium also acquires a receptive 

phenotype in the mid-luteal phase of the cycle, which lasts for 2-4 days but is not 

controlled by a nidatory surge in E2 (De Ziegler et al., 1992, Groll et al., 2009), possibly 

due to synchronised implantation of multiple human embryos not being required 

(Brighton et al., 2017). 

Endometrial glandular factors essential for embryo implantation were found through 

animal studies. Postnatal P4 exposure for 8 weeks resulted in permanent inhibition of 

uterine gland differentiation in sheep, thereby establishing a uterine gland knock-out 

(UGKO) model (Gray et al., 2000, Gray et al., 2002). In this model, fertilisation takes 

place, but embryos fail to survive due to the absence of the glands and their 

secretions, leading to recurrent early pregnancy loss and complete infertility (Gray et 

al., 2002, Kelleher et al., 2019). Additionally, in both progestin uterine gland knockout 

(PUGKO) mice and a Foxa2 conditional deletion model, implantation failure is 

observed in association with reduced expression of key implantation factors (Jeong 

et al., 2010, Filant and Spencer, 2013b).  

LIF, which encodes for leukaemia inhibitory factor (LIF), is one of the critical 

implantation genes perturbed in gland dysfunction models (Stewart et al., 1992).  LIF 

belongs to the interleukin cytokine family, and is found explicitly in the glandular 

epithelium after the nidatory surge of E2 (Stewart et al., 1992). Studies on LIF in mice 

provided the initial evidence that endometrial glands secrete factors required for 

receptivity and implantation (Stewart et al., 1992, Rosario and Stewart, 2016). Lif-null 

mice are infertile due to impaired embryo implantation but exposure to recombinant 

mouse LIF, embryo implantation can take place and pregnancy is rescued (Stewart 

et al., 1992). Other null and conditional mutant mice that lack uterine glands and have 

implantation failures are attributed to diminished or absent Lif expression (Kelleher et 

al., 2019). Additionally, osteopontin and glycodelin (encoded by SPP1 and PAEP, 

respectively) are both secreted by the glands and facilitate blastocyst adhesion to the 

luminal epithelium (Singh and Aplin, 2009, Uchida et al., 2007).  
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1.3.2 Stromal Decidualisation 

1.3.2.1 Decidualisation 

Decidualisation is an essential process characterised by local oedema, differentiation 

of the EnSC into specialised decidual cells and the influx of uterine NK (uNK) cells 

that coordinate trophoblast invasion and placenta formation to take place during and 

after embryo implantation (Christian et al., 2002, Gellersen and Brosens, 2014). 

Unlike in mice, where decidualisation takes place once murine embryos breach the 

luminal epithelium, human stromal decidualisation is an embryo-independent 

process. Instead, decidualisation occurs in response to elevated P4 levels and 

intracellular cyclic adenosine monophosphate (cAMP) production in the mid-luteal 

phase of each cycle (Gellersen and Brosens, 2014).  

As observed in the endometrial glands, PGRB levels fall after ovulation in EnSC 

(Wang et al., 1998). However, PGRA levels persist through the menstrual cycle in 

EnSC (Mote et al., 1999). EnSC differentiation is suspected not to be initiated by P4 

due to the lag period following the onset of morphological differentiation and rising P4 

circulation (Gellersen and Brosens, 2003). Notably, in vitro studies of primary EnSC 

have demonstrated that P4 treatment alone induces very few genes (Brosens et al., 

1999) and other factors are necessary for decidualisation including endocrine and 

paracrine cues, interleukins and lipids (Gellersen and Brosens, 2014).  

Several gland-derived factors have been implicated in promoting decidualisation. 

Maximum expression of LIF is observed in the luminal and glandular epithelium during 

the mid-secretory phase (Aghajanova et al., 2003, Paiva et al., 2009). The timing of 

expression suggests the glands may influence the decidualisation prior to 

implantation in women (Kelleher et al., 2019). In agreement, in vitro, LIF was found 

to enhance stromal decidualisation in both human and mice EnSC (Shuya et al., 

2011). Additionally, glands produce a large amount of prostaglandin E2 (PGE2) (Smith 

and Kelly, 1988), which is known to enhance stromal decidualisation by increasing 

intracellular cAMP (Gellersen and Brosens, 2014). Determining glandular factors and 

their potential paracrine actions in promoting stromal decidualisation is essential to 

further understanding the endometrium.  

1.3.2.2 Decidual Divergence 

Recent studies have shown decidualisation is a multistep differentiation process. 

After cell cycle exit at G0/G1, an evolutionary conserved acute cellular stress 
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response starts decidualisation with a burst of free radicals and secretion of 

chemokines and inflammatory mediators (Erkenbrack et al., 2018, Al-Sabbagh et al., 

2011, Brighton et al., 2017). Multiple receptivity genes were activated in the mouse 

uterus with the exposure of this inflammatory secretome, suggesting the E2 surge in 

mice is superseded by an inflammatory signal in humans (Salker et al., 2012). 

Coinciding with the window of implantation, this inflammatory phase is further 

characterised by the accumulation of uNK cells (Brighton et al., 2017). After 4 days, 

EnSC no longer have a fibroblastic appearance, instead emerge as secretory 

decidual cells with abundant cytoplasm and prominent endoplasmic reticulum 

(Gellersen and Brosens, 2014). These decidual cells are P4-dependent (Brosens et 

al., 1999) and are resistant to oxidative and metabolic stress (Leitao et al., 2010, 

Muter et al., 2018) and highly responsive to embryonic signals (Weimar et al., 2012, 

Teklenburg et al., 2010). The inflammatory reprogramming of EnSC leads to 

permanent cell cycle arrest and the emergence of acute senescent decidual cells 

(Brighton et al., 2017, Lucas et al., 2020).   

Unlike chronic senescence, which is associated with ageing, acute senescence is 

tightly coordinated process required for tissue remodelling such as embryo 

development, placenta formation and wound healing (Muñoz-Espín and Serrano, 

2014). Senescent decidual cells are found in close proximity to the luminal epithelium, 

implying the cells arise from significant replication stress endured during the 

proliferative phase (Lucas et al., 2020). Morphologically, these cells are similar to 

decidual cells, but senescent decidual cells are P4-resistant and secrete many 

extracellular matrix (ECM) remodelling proteins and proteinases, proinflammatory 

cytokines, chemokines, growth factors, known as senescence-associated secretory 

phenotype (SASP) (Brighton et al., 2017, Lucas et al., 2020). SASP was found to be 

critical for the amplification of the initial decidual inflammatory response that drives 

differentiation of the EnSC and controls the temporal expression of receptivity genes 

for implantation (Salker et al., 2012). Upon pregnancy and continuous P4 signalling, 

decidual cells secrete interleukin 15 (IL-15) and other factors to recruit and activate 

uNK cells for the clearance of senescent decidual cells by perforin- and granzyme-

containing granule exocytosis (Brighton et al., 2017, Lucas et al., 2020, Kong et al., 

2021). In the absence of an implanting embryo, the fall in P4 levels in the late-luteal 

phase leads to majority senescent cells, influx of leukocytes, ECM breakdown and 

menstrual shedding (Critchley et al., 2020).   
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The default trajectory of decidual cells is towards cellular senescence, which must be 

cleared by uNK cells through granule exocytosis or lead to chronic senescence 

(Lucas et al., 2020) (Fig. 1.3). Removal of senescent decidual cells may promote 

recruitment of bone-marrow derived decidual precursor cells for rapid decidual 

expansion in early pregnancy (Diniz-da-Costa et al., 2021). Importantly, RPL was 

found to have a pro-senescent decidual response and lack clonogenic decidual 

precursor cells (Lucas et al., 2016, Lucas et al., 2020, Tewary et al., 2020). This 

aberrant decidual response would lead to chronic senescence in the endometrium 

during the implantation window and result in an intrinsically unstable decidual-

placental interface (Lucas et al., 2020). Additionally, it is plausible an aberrant 

decidual response can also impact glandular secretions. Moreover, senescent cells 

have been observed in endometrial luminal and glandular epithelium but little is yet 

known about their function (Brighton et al., 2017).  

1.3.3 Histotrophic Nutrition 

1.3.3.1 Endometrial glands at pregnancy 

The primary role of the endometrial glands is to provide nutritional support for the 

conceptus during the first trimester (Burton et al., 2002, Hempstock et al., 2004). 

Histotrophic nutrition can be defined as the requirement of nutrients by the developing 

conceptus from the secretions of oviductal and uterine glands (Wooding and Burton, 

2008, Filant and Spencer, 2014). Maternal arterial circulation to the placenta is not 

established until 10-12 weeks of pregnancy once organogenesis is complete, hence, 

histotrophic nutrition is the initial source of nutrition for the conceptus (Jauniaux et al., 

2003a, Burton et al., 2011).  

Adherence to the endometrial surface results in the transformation of the 

trophectoderm into the syncytiotrophoblast, which penetrates the endometrium. After 

complete embryo implantation, the enlarging syncytiotrophoblast erodes into the neck 

of nearby endometrial glands, resulting in the loss of their epithelial lining (Burton et 

al., 2020). Hence, the syncytiotrophoblast is in direct contact with secretions in the 

lumen of the glands as early as day 10-12 post-fertilization (Hamilton and Boyd, 

1960). Histological studies (Moser et al., 2018) and in vitro models (Moser et al., 2010, 

Moser et al., 2015) highlighted endoglandular trophoblasts as a putative 

subpopulation of extravillious trophoblast cells that invade into the endometrial 

glands, replacing glandular EpC at the margin of the developing placenta. It has been 
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speculated that paracrine factors from the two cell types are responsible for the 

migration of the trophoblast cells and breakdown of the glands (Moser et al., 2015).  

At this stage, the syncytiotrophoblast invades into the sub-mucosal capillary network 

but the spiral arteries do not penetrate the superficial third of the endometrium. Thus, 

the conceptus must enlarge and once contact is made with the tips of the arteries, 

endovascular trophoblast (EVT) migrate into the vessels forming plugs that block 

blood flow (Burton et al., 2011). Consequently, the intervillous space in the first 

trimester has low oxygen concentrations (Jauniaux et al., 2001). At the end of the first 

trimester, the plugs dissipate resulting in the switch from histotrophic to hemotrophic 

nutrition as the blood flows into the intervillous space from the placenta (Burton et al., 

2002), but until this stage, nutritional support must be provided locally. 

The nutritive role of the glands is evident from the accumulations of glycogen in the 

syncytiotrophoblast covering the surface of the villi facing the endometrium (Burton 

et al., 2002). The maternally-derived glycoprotein, glycodelin, is phagocytosed by the  

syncytiotrophoblast, highlighted by vesicles containing glycodelin in these cells 

(Burton et al., 2002, Burton et al., 2007). Throughout the first trimester the endometrial 

glands remain highly active, continuing to secrete into the intervillous space (Burton 

et al., 2002, Hempstock et al., 2004). Connections between the intervillous space of 

the placenta and lumen of the glands persist during this period (Burton et al., 2002).  

Notably, the glands near the conceptus become hypersecretory, termed the Arias-

Stella reaction (Arias-Stella, 1954). 

1.3.3.2 Regulation of endometrial gland secretions 

Uterine gland secretory activity must be maintained during early pregnancy. Animal 

studies have revealed that factors from both the ovary and conceptus are required for 

appropriate glandular development and function at pregnancy (Kelleher et al., 2019) 

and an equivalent mechanism is likely present in humans (Fig. 1.4) (Burton et al., 

2007, Burton et al., 2011). This method ensures the conceptus has a direct impact on 

the supply of nutrients from the mother until the onset of placental perfusion.  

One of the first products produced by the syncytiotrophoblast is human chorionic 

gonadotrophin hormone (hCG). hCG acts on the CL by the LH receptor (LHR) in an 

endocrine manner to maintain P4 secretion (Kelleher et al., 2019), required for stromal 

decidualisation (Zhou et al., 1999). hCG also acts in a paracrine manner on 

endometrial glands to increase their secretory function (Hausermann et al., 1998), 
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including increasing PTGS2 expression (encodes cyclooxygenase-2, COX-2), which 

consequently increases the secretion of PGE2 (Zhou et al., 1999). PGE2 potentiates 

stromal decidualisation. Other lactogenic hormones that act on endometrial glands 

include human placental lactogen (hPL) secreted by the placental, and prolactin 

(PRL), the P4-regulated secretory product of decidualised EnSC. The PRL receptor 

(PRLR) is found in abundance in the glands during both the secretory phase and early 

pregnancy (Jones et al., 1998). Together with hCG, these lactogenic hormones are 

believed to stimulate gland secretory functions and in turn, glandular secretions 

regulate development and function of the placenta (Burton et al., 2007, Kelleher et 

al., 2019).  

1.3.3.3 Impact of gland secretions 

Endometrial glands synthesise and secrete or selectively transport a wide variety of 

substances into the lumen, including ions, sugars, amino acids, extracellular vesicles, 

lipids, and proteins (Kelleher et al., 2019). During early pregnancy, a notable feature 

of the endometrial gland EpC is the accumulation of large quantities of glycogen in 

the apical side (Demir et al., 2002). As with many tissues, glucose is an essential 

source of energy for the developing placenta. High rates of glycolysis are maintained 

in the placenta through reoxidation of pyridine nucleotides by polyol pathways instead 

of fermentation of pyruvate to lactate (Burton et al., 2017). This alternative pathway 

ensures protection for the embryo from free radical-mediated teratogenesis. 

Additionally, less ATP is produced via glycolysis, however, the plentiful source of 

glucose from glands ensures placental requirements are met. Moreover, carbon 

skeletons are preserved for nucleotide synthesis and the rapid cell proliferation 

(Burton et al., 2020).  

Evidence from transmission electron microscopy indicated that glycogen vesicles bud 

off into the lumen, rupturing the apical membrane in an apocrine fashion (Demir et 

al., 2002). Glycogen is released into the lumen by the breakdown of the vesicles and 

is broken down into glucose by α-amylase on the surface of the syncytiotrophoblast 

(Burton et al., 2020). An alternative method suggested that glycogen may be broken 

down by glycogen phosphorylase detected in EpC and then secreted into the lumen 

(Jones et al., 2015). Glucose transporters, GLUT3 and GLUT12 are present at high 

levels on the apical membrane of the syncytiotrophoblast (Brown et al., 2011) and 

syncytium (Gude et al., 2003), respectively during the first trimester. After uptake, 

glucose can be then be converted into glycogen by glycogen synthase as large 
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deposits of glycogen are found in the syncytium, specifically on the villous surface 

facing the gland openings (Burton et al., 2002, Burton et al., 2020). 

An abundance of glycoproteins is found in the gland secretions. One of the best 

characterised glycoproteins is glycodelin. Glycodelin has been shown to affect the 

maternal immune cells which aids with early placental development by inhibiting the 

activation and proliferation of T cells (Scholz et al., 2008) and dendritic cells (Lee et 

al., 2011) alongside stimulating the conversion of peripheral natural killer (NK) cells 

to decidual NK (Lee et al., 2019). Also, glycodelin suppresses the invasiveness of 

trophoblast cell line by the downregulation of extracellular signal regulated (ERK)/c-

Jun signalling pathway, which results in downregulation of matrix metalloproteinases 

(MMP) and urokinase plasminogen activator (Lam et al., 2011). Another glycoprotein 

component of glandular secretions is osteopontin, which, among other roles acts as 

both a pro- and anti-inflammatory cytokine (Johnson et al., 2003), as well as 

modulating cell migration and invasion within the placental bed by regulating integrin 

binding, cell-cell and cell-matrix adhesion (Burton et al., 2020). The latter role may 

influence invasion of extravillous trophoblast and spiral artery remodelling.  

Lipid droplets are another common feature of gland secretions during early 

pregnancy. Lipids are an essential source of cholesterol required for cells and 

organelle membranes, steroid synthesis, and regulation of signal transduction, such 

as sonic hedgehog, which is vital during embryogenesis (Long et al., 2015, Burton et 

al., 2020). A range of growth factors including LIF, vascular endothelial growth factor 

(VEGF) and epidermal growth factor (EGF) are supplied to the conceptus from the 

glands (Hempstock et al., 2004). These growth factors have been implicated to 

stimulate cell proliferation and vasculogenesis in the developing placenta (Burton et 

al., 2020). Taken together, defects in glandular secretion could have detrimental 

effects on implantation and the developing conceptus. 

1.3.4 Placentation 

After approximately 10 weeks of gestation, nutrition switches from histotrophic to 

hemotrophic, as it is supplied by the fully formed placenta. Placentation is essential 

for a successful pregnancy and health of the fetus (Burton and Jauniaux, 2017). In 

humans, normal placentation is a highly invasive process of trophoblast cells 

remodelling the maternal spiral arteries, which results in the complete transformation 

of the decidual and myometrial segments of approximately 100 spiral arteries, known 

as ‘deep placentation’ (Brosens et al., 2011). The process of spiral artery remodelling 
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involves inert fibrinoid material replacing the smooth muscle and elastic material in 

the walls of the vessels (Burton and Jauniaux, 2017). In turn, the arteries dilate to 

allow for a constant high volume, low velocity maternal blood flow to the placenta 

(Burton et al., 2009). Malperfusion of the placenta due to impaired trophoblast 

invasion and deficient arterial remodelling are linked to a spectrum of disorders 

including fetal growth restriction and early onset pre-eclampsia (Brosens et al., 2011). 

The poor formation of the cytotrophoblastic shell has also been linked to miscarriages 

(Burton and Jauniaux, 2017). 

1.3.4.1 Cytotrophoblastic shell  

As the conceptus embeds into the superficial endometrium during implantation, 

placentation begins at an initial rate that is more advanced than the embryo (Burton 

and Jauniaux, 2017). The chorionic sac is soon covered by a mass of developing villi, 

each composed of a core of mesodermal cells and a bilaminar trophoblastic 

epithelium arranged with an outer layer of syncytiotrophoblast and an underlayer of 

progenitor cytotrophoblast cells (Burton and Jauniaux, 2017). Instead of 

syncytiotrophoblast, an elongated mass of cytotrophoblast cells known as the 

cytotrophoblast cell columns form at the distal ends of the villi, where they contact the 

decidua. These cells are derived from the proliferative zone at the proximal end of the 

columns. At their furthest points, contact is made with decidua basalis, and they 

spread laterally to merge with other columns to form the cytotrophoblastic shell 

(Burton and Jauniaux, 2017).  

Currently, two intrauterine factors are believed to be key for regulating cytotrophoblast 

cell proliferation. Histotrophic support provided by the endometrial glands supply 

mitogenic growth factors, including EGF and insulin-like growth factor (IGF), which 

have demonstrated to increase proliferation of the cytotrophoblast cells in first 

trimester villus explants (Maruo et al., 1992, Forbes et al., 2008). As mentioned 

previously, signalling from the trophoblast to the glands is speculated to enhance the 

expression of these factors but experimental evidence is limited (Filant and Spencer, 

2014). Notably, at the proximal end of the columns, the proliferative stem cells label 

positively for fibroblast growth factor receptor 2. The signalling from this receptor 

results in increased expression of two transcription factors, Caudal Type Homeobox 

2 (CDX2) and E74-like factor 5 (ELF5), which are key for trophoblast stem cells 

(Hemberger et al., 2010). Secondly, the low oxygen concentration during early 

pregnancy may aid proliferation of cytotrophoblast progenitor cells (Zhou et al., 2011). 

The transition from histotrophic to hemotrophic nutrition increases the oxygen 
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concentration and results in the fall of trophoblast stem cell transcription factors 

levels, suggesting a large reduction in the proliferative capacity of trophoblast cells 

(Hemberger et al., 2010, Burton and Jauniaux, 2017). Hence, poor histotrophic 

support or an early rise in oxygen tension could be detrimental in the development of 

the placenta. 

There are several reasons why the cytotrophoblastic shell is essential for early 

pregnancy, including providing the anchorage to the ECM of the endometrium, but 

more importantly, its role in the onset of the maternal arterial circulation (Aplin et al., 

1998, Burton and Jauniaux, 2017). First, the cells at the outer surface undergo a 

partial epithelial-mesenchymal transition (EMT) to form interstitial trophoblast cells, 

which migrate through the decidua into the myometrium (Davies et al., 2016). They 

are found in abundance around the spiral arteries where they appear to be important 

in vascular remodelling (Kam et al., 1999). Increased rates of apoptosis of these cells 

and reduced invasiveness, or limited supply of cells from the shell have been 

suggested to cause deficient remodelling of the arteries in fetal growth restriction and 

pre-eclampsia (Burton and Jauniaux, 2017). Furthermore, the shell provides the EVT 

cells over a broad area that migrate down the lumen of any maternal arteries 

encountered and form the plugs during the first six weeks of pregnancy (Burton and 

Jauniaux, 2017). At the central region of the implantation site the shell is thickest, 

whereas towards the periphery the shell is thinner. Thus, the opportunity for plugging 

of the arteries here is less, resulting in the onset of the maternal circulation in this 

region and local levels of oxidative stress (Jauniaux et al., 2003b). This is believed to 

lead to villus regression and the formation of the smooth membranes of the definitive 

placenta, which takes place in all ongoing pregnancies (Burton and Jauniaux, 2017).   

1.3.4.2 Defects of the cytotrophoblastic shell  

Even though developmental differences are found in the shell of normal pregnancies 

due to variations in timing of the onset of maternal circulation, the pathology of 

spontaneous miscarriage is associated with gross impairments in the 

cytotrophoblastic shell (Burton and Jauniaux, 2017). The shell is found to be thin and 

fragmented in 70% of these cases, resulting in deficient EVT migration and 

incomplete plugging of the arteries (Hustin et al., 1990). This is independent of the 

trophoblastic karyotype. In missed miscarriages, early intervillous flow is commonly 

observed in the central regions or throughout the placenta, rather than peripheral 

regions (Jauniaux et al., 2003b). Trophoblastic stress presents as absence of 

microvilli, a thin layer of syncytiotrophoblast with infrequent, and flattened underlying 
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cytotrophoblast cells and is found in the periphery of normal placenta. However, in 

missed miscarriage, trophoblastic stress is found in the central regions as well as an 

avascular stromal core (Jauniaux et al., 2003b). By 12 to 13 weeks when fetal demise 

will have already occurred, the placenta of missed miscarriage patients are extremely 

atrophic as the villi has regressed and intervillous blood flow is less frequently 

detected on ultrasound/Doppler examination (Jauniaux et al., 2003b). Also, the 

intervillous space will have primarily collapsed, and filled with clotted maternal blood. 

Hence, onset of maternal circulation is early and spatially unorganised, leading to 

placental oxidative stress and secondary degeneration of the placenta (Jauniaux et 

al., 2003b, Burton and Jauniaux, 2017).  

Spiral artery remodelling deficiency is also found in fetal growth restriction and pre-

eclampsia, but to a lesser extent than in early pregnancy failure (Gerretsen et al., 

1981, Brosens et al., 2011). Hence, these cases also reflect reduced trophoblast 

invasion, which suggest less extensive arterial plugging in early pregnancy and thus, 

the onset of maternal circulation may have been atypical, both temporally and 

spatially (Burton and Jauniaux, 2017). However, there are currently no studies to 

support or refute this hypothesis.   

Defects in the development of the shell may impact the integrity of the maternal-fetal 

interface, leading to poor anchorage between the two tissues (Aplin et al., 1998). This 

is observed in threatened miscarriage, where regression of around two-thirds of the 

early placenta creates a mechanical weakness in the periphery (Burton and Jauniaux, 

2017). As the spiral arteries are unplugged, bleeding takes places between the 

membranes and the decidua basalis at the end of the first trimester. In sub-chorionic 

hematomas, crescentic hypoechogenic areas are present between the placental 

membranes and the decidua that can cause complete detachment of the placenta 

(Burton and Jauniaux, 2017). In approximately 10% of these cases, a full miscarriage 

takes place within 48 hours of the first bleeding episode (Johns and Jauniaux, 2006, 

Burton and Jauniaux, 2017). The pregnancies that continue have an increased risk 

of premature rupture of the membrane and pre-term delivery (Jauniaux et al., 2010, 

Burton and Jauniaux, 2017). It has been speculated that the blood clot lying against 

the membranes stimulates oxidative stress, which induces senescence and 

premature rupture of the membranes; or an inflammatory response in the uterus, that 

leads to premature delivery (Menon, 2016, Dutta et al., 2016, Burton and Jauniaux, 

2017).  
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Figure 1.3. Fate divergence of decidual cells.  

Diagram illustrating the decidual pathway. Levels of replicative stress (highlighted by 

nuclear shading) sustained during the proliferative stage by individual EnSC results 

in the fate divergence of decidual EnSC. uNK cells are recruited by stress resistant 

decidual cells to eliminate senescent (stressed) decidual cells (snDC) by exocytosis. 

If senescent cells persist, by juxtracrine signalling can induce senescence in 

neighbouring cells (termed ‘secondary’ or ‘bystander’ senescence) that leads to the 

loss of tissue function. Adapted from (Lucas et al., 2020). 
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Figure 1.4. Regulation of glandular secretions at pregnancy. 

Schematic representation of the crosstalk between endometrial glands, decidualised 

EnSC, CL and trophoblasts cells of the invading embryo. During pregnancy, the 

syncytiotrophoblast produces hCG to maintain the CL so P4 can be continually 

produced. P4 is essential for the maintenance of the decidualised EnSC and 

differentiated glands. A key secretion of the decidual cells at implantation is PRL, 

which acts on the glands through PRLR to maintain the glandular secretory 

phenotype. Glands may also secrete factors that aid stromal decidualisation such as 

growth factors (EGF, FGF, VEGF, LIF) and PGE2. Additionally, the trophoblast cells 

act directly on the glands through hCG and hPL, resulting in the production of growth 

factors (EGF, FGF, VEGF), nutrients (amino acids, lipids, proteins, and sugars), and 

receptivity markers such as LIF and glycodelin. In turn, these factors improve 

trophoblast invasion, thus forming a positive feedback loop. Black arrows represent 

crosstalk within the endometrium and blue arrows represent crosstalk between CL 

and the endometrium. Adapted from (Burton et al., 2007, Rawlings et al., 2021b).  
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1.4 Three-dimensional Endometrial Gland Models 

1.4.1 Epithelial Gland Cultures 

While animal models have provided important insights into the endometrial glands, 

laboratory animals do not fully recapitulate the human endometrium. Historically, two-

dimensional (2D) cultures have been used to study the human endometrial cell types 

(EnSC, EpC, and endothelial cells) in vitro using tissue-derived cultures, stem cells 

and immortalised cell lines. These approaches have improved our understanding of 

the endometrium, however, primary EpC cannot be cultured long-term as they lose 

their phenotype by dedifferentiating (Hombach-Klonisch et al., 2005) and do not 

represent the normal physiological and architectural state of glands in vivo. When 

grown on plastic, primary EpC culture was limited to less than 2 weeks, with longer 

maintenance associated with a loss in cell integrity, indicated by intracellular vacuoles 

and squamoid morphology (Arnold et al., 2001), and with reduced protein synthesis, 

resulting in a loss of epithelial functionality (Mulholland et al., 1988). Extended 

cultures have been achieved by using gelatin-coated plates but medium 

supplementation with endothelial growth supplement essential to maintain the 

cultures, resulted in the loss of the ‘classic epithelial cobblestone’ morphology (Zhang 

et al., 1995) 

Thus, 3D culture approaches were developed to produce a model using isolated 

primary EpC, grown first as small monolayer colonies that enlarge into organoid 

structures (Rinehart et al., 1988). The gland structures were enzymatically digested 

and transferred onto a Matrigel layer to provide a supportive matrix to form spheroidal 

structures. These structures had a highly polar columnar epithelia with microvilli lining 

a lumen and could be maintained long-term. However, the study was limited to 

mimicking the proliferative stage and therefore, the differentiation and functional 

capacity is unknown.  

1.4.2 Organoids of the Reproductive System  

Organoids are 3D multicellular in vitro constructs that recapitulate morphological and 

functional features of tissues and organs ex vivo. Organoids are derived from tissues 

containing tissue-specific adult progenitor cells or from induced pluripotent stem cells 

(iPSC) that self-organise into 3D structures in a supportive hydrogel droplet, replacing 

the tissue ECM. Organoids require specific growth media, designed to mimic the 

tissue-specific signalling pathways and recapitulate the niche environment (Kim et al., 
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2020), with most models using a core set of factors to support proliferation, renewal 

and differentiation (Alzamil et al., 2021, Kretzschmar and Clevers, 2016). Many 

human organoid systems from different tissues of origin have been created including 

brain (Lancaster et al., 2013), retina, (Nakano et al., 2012), intestine (Sato et al., 

2009) and kidney (Takasato et al., 2014). 

The cultivation of organoids from human female reproductive tissues provides the 

opportunity to gain insight into understudied tissues (Fig. 1.5). For the female 

reproductive tract, protocols for ovarian cancer (Kopper et al., 2019, Maenhoudt et 

al., 2020), fallopian tube (Kessler et al., 2015), endometrium (Turco et al., 2017, 

Boretto et al., 2017), cervix (Chumduri et al., 2018, Maru et al., 2020), and trophoblast 

organoids (Haider et al., 2018, Turco et al., 2018) have been described. These 

organoids are all generated from adult tissue, and mostly retain functional and 

morphological features. Interestingly, organoid work has even expanded to the 

formation of embryo-like organoids, using stem cells to self-assemble into 3D 

structures capable of recapitulating post-implantation human epiblast and amnion 

formation (Zheng et al., 2019, Ojosnegros et al., 2021).  

1.4.2.1 Endometrial gland organoids 

Long-term chemically defined endometrial gland organoids were established from the 

human endometrium, based on approaches taken in other tissues (Turco et al., 2017, 

Boretto et al., 2017). After digesting endometrial tissue enzymatically to separate out 

the epithelial glands, the dissociated EpC or glandular fragments were embedded in 

either 70% or 95% Matrigel droplets, respectively. To induce cell proliferation and 

maintain and enable stem cells to expand, activators of the canonical WNT/β catenin 

signalling (R-spondin-1 and WNT3A (Wnt family member 3a)) and growth factors 

including those derived from the stroma (EGF, fibroblast growth factor 10 (FGF10) 

and hepatocyte growth factor (HGF)) were included in the organoid media from both 

protocols (Table 1.3). To prevent cell differentiation, A83-01 was used to inhibit 

transforming growth factor (TGF)-β signalling pathway and Noggin to inhibit bone 

morphogenetic protein (BMP) signalling pathway. Nicotinamide addition was also 

found to be important for establishing organoids. A p38 inhibitor (SB202190) and low 

concentrations of E2 were also included in one of the protocols (Boretto et al., 2017).  

From progenitor cells, these organoids are capable of self-organising into structures 

similar to their in vivo counterparts and have been successfully produced from non-

pregnant endometrium and decidua (Turco et al., 2017, Boretto et al., 2017). The 
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establishment of these organoids have solved previous issues faced with monolayers 

(Fig. 1.6). Endometrial organoids are composed of a single EpC layer, which forms a 

spheroidal structure with a central lumen. These organoids are genetically stable, 

have clonogenic capacity as well as cellular heterogeneity and can recapitulate 

molecular and histological features of the glands in vivo (Turco et al., 2017, Boretto 

et al., 2017). E2 treatment induces proliferation of the cells with an increase in Ki67+ 

cell (Boretto et al., 2017) as well as simulating ciliogenesis (Haider et al., 2019) and 

when combined with P4, secretion of histotroph products such as glycodelin is 

observed. Pregnancy phenotype of the decidua glands can also be produced with the 

addition of pregnancy signals of the stroma (cAMP and PRL) and trophoblast (hCG 

and hPL) to the organoid media (Turco et al., 2017). A recent metabolomic analysis 

of the gland organoid’s secretome demonstrated that the intra-organoid (apical) fluid 

and extraorganoid fluid (basolateral) are biochemically distinct from each other, 

resembling the in vivo observation (Simintiras et al., 2021).  

Endometrial gland organoids provide a new opportunity to model the glandular 

epithelium and address unanswered questions related to stem/progenitor cells, 

development, and functionality of glands. Additionally, these organoids can be used 

to create patient-specific organoids to understand different disorders such as 

miscarriage and infertility, and role the glands play towards these phenotypes.  

 

 

 

 

 

 

 

 

 

  



31 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Female reproductive tract organoids. 

Organoids have been established from the endometrium (Turco et al., 2017, Boretto 

et al., 2017), fallopian tube (Kessler et al., 2015), cervix (Chumduri et al., 2018, Maru 

et al., 2020), and ovaries (Kopper et al., 2019, Maenhoudt et al., 2020). A defined, 

tissue specific combination of growth factors and inhibitors is required to propagate 

each organoid-system, with shared factors common to many organoids. Reproduced 

from (Rawlings et al., 2021b). 
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Table 1.3: A comparison of medium optimised for endometrial gland organoid 

expansion. 

Medium 

Component 

Turco, et al 

(2017) 

Boretto, et al 

(2017) 

Function 

A83-01  ✓ ✓ A potent inhibitor of TGF-β type 

I receptor superfamily activin-

like kinase ALK4 and ALK7. 

Base Medium  Advanced 

DMEM/F12  

DMEM/F12 + 

Insulin-transferrin-

selenium 

 

Antibiotic Primocin Penicillin/ 

Strptomycin 

Prevent infection. 

B27 Supplement  ✓ ✓ Supplement for serum free 

medium. 

E2 NA ✓ Promotion of growth and 

expansion. 

L-Glutamine L-Glutamine Glutamax Essential amino acid. 

N-2 Supplement  ✓ ✓ Supplement for serum free 

medium. 

N-Acetyl-L-

cysteine 

✓ ✓ Antioxidant. 

Nicotinamide  ✓ ✓ Amide form of niacin and is a 

precursor for nicotinamide 

adenine dinucleotide (NAD), 

which acts as coenzyme in 

multiple cellular processes. 

EGF ✓ ✓ Promotes cell growth, 

proliferation, and differentiation. 

FGF10 ✓ ✓ EnSC derived. Promotes cell 

growth and proliferation. 

HGF ✓ NA EnSC derived. Promotes cell 

growth and proliferation. 

Noggin ✓ ✓ BMP inhibitor. 

Wnt activator R-spondin-1 R-spondin-1 + 

WNT3A 

Promotes canonical WNT/β 

catenin signalling. 

SB202190 NA ✓ p38 inhibitor. 
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Figure 1.6. A comparison of endometrial EpC monolayer and gland organoid 

cultures.  

Little success was observed with EpC monolayers due to their inability to be 

propagated long-term and the loss of phenotype. Endometrial gland organoids exhibit 

morphological and functional features of their in vivo counterparts, can be passaged, 

and cryopreserved for long-term cultures. Modified from (Rawlings et al., 2021b) 
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1.5 Research Justification and Aims 

Uterine epithelial glands are essential for implantation and pregnancy. Glandular 

defects are hypothesised to play a role in the aetiology of RMM. This study was 

undertaken to identify the endometrial defects in RMM patients, following the workflow 

presented in Figure 1.7. A previous study identified altered expression of 

mitochondria-associated genes in the glands of RMM patients compared with control 

subjects (Barros, 2017). Therefore, the thesis experimental plan began with the 

reanalysis of control and RMM endometrial gland RNA-sequencing dataset. Further 

in-depth computational modelling using Flux Variability and Flux Balance Analysis 

was undertaken to find the differences in metabolic pathways using this dataset. The 

focus of the remaining part of the study was to investigate the cause of these 

differences in RMM. 

A reason for altered metabolic gene expression could be due to a mistiming of the 

endometrium, in particular the glands. Therefore, two approaches were used to 

address whether there was an out-of-phase response in the glands of RMM patients. 

First, differentially expressed genes between control and RMM patients were 

investigated to identify if the genes were temporally regulated. Secondly, a simple 

timing model using a ratio of two temporal genes was conducted on a larger cohort 

of endometrial samples. Crosstalk is essential for the function of the different cell 

types in the endometrium, hence, defects in the endometrial glands may be the 

results of a poor decidual response or vice versa. Thus, markers of the diverging 

decidual states were used to identify if RMM was associated with an abnormal 

decidual response alongside an uNK deficiency.  

Glandular function during pregnancy cannot be studied directly in humans for ethical 

reasons, and animal models do not faithfully recapitulate human implantation and 

early pregnancy. Due to the technical barriers in growing human endometrial EpC in 

culture, the ability to advance knowledge of their precise functions has been limited. 

Development of the endometrial gland organoid model, which recapitulates the in vivo 

structure and function has resolved this problem. Therefore, the second part of the 

experimental plan was to understand the RMM phenotype further using organoids 

grown from control and RMM endometrial biopsies, following optimised protocols. 

RNA-sequencing of these patient organoids highlighted an impaired specification of 

EpC in RMM. To validate this finding in vivo, immunohistochemistry of a senescent 

marker was conducted on control and RMM endometrial samples. As an abnormal 

decidual response was found in vivo in RMM as well an imbalance of EpC in RMM 
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organoids, the final part of this study used scRNA-sequencing to explore the impact 

of the EnSC on subpopulations of RMM EpC using the assembloid model.  

Long term, a detailed analysis of glandular defects associated with RMM may lead to 

the discovery of new therapeutic targets for this debilitating condition. 

Thesis aims 

1. To characterise the luteal endometrium in RMM patients compared to control 

subjects.  

2. To investigate glandular defects associated with RMM by establishing patient-

derived gland organoids. 

3. To model the impact of EnSC on RMM gland organoids and investigate the 

epithelial subpopulations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
 

 

Figure 1.7. Workflow of thesis masterplan. 

The workplan for this thesis was conducted in two parts: in vivo and in vitro work. The 

experimental plan began with the reanalysis of the LCM RNA-seq of the glands from 

RMM and control endometrial biopsies (Chapter 3). The following experiments were 

undertaken to assess RMM endometrium for the cause of differences found between 

the patient groups. Next, the endometrial timing and decidual response were 

investigated to identify if the aberrant glandular defects were impacted by these 

responses (Chapter 3). For a more in-depth exploration of the RMM phenotype both 

at preconception and pregnancy, patient specific endometrial organoids were 

generated (Chapter 5), using optimised protocols (Chapter 4). The RMM model was 

further enhanced by using endometrial assembloids to investigate the impact of EnSC 

on the different EpC subpopulations. 
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Chapter 2:             

Materials and Methods 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 



38 
 

2.1 Materials 

2.1.1 Cell Culture  

Table 2.1. General cell culture materials and reagents. 

Materials Manufacturer 

40 µm cell strainer Fisher Scientific   

Antibiotic-Antimycotic (100×) Gibco 

Charcoal Merck 

Collagenase type IA Merck  

Corning Cell Recovery solution  Corning 

Corning Cryogenic vials (2ml) Corning 

Deoxyribonuclease I (DNase I) Roche 

Dextran Fisher Scientific  

Dulbecco’s Modified Eagle Medium (DMEM)/F12 (1:1) with L-

Glutamine, phenol free 

Gibco 

Dulbecco’s Modified Eagle Medium (DMEM)/F12 (1:1) with L-

Glutamine with phenol red 

Gibco 

Foetal bovine serum (FBS) heat inactivated  Gibco 

Recombinant Human Insulin Merck 

L-Glutamine Gibco 

Mr. FrostyTM Freezing container Fisher Scientific 

Plastic-ware VWR 

RNA-later Merck 

TrypLETM Express Enzyme (1×), no phenol red Gibco 

TrypLETM Select Enzyme (10×), no phenol red Gibco 

Trypsin-EDTA solution Gibco 

 

2.1.2 Organoid Culture 

Table 2.2. Expansion medium components. 

Reagent Source Purity/ 

Composition 

Final 

Concentration 

Manufacturer 

A83-01  Synthetic ≥ 98% (HPLC) 500 nM Merck 

Advanced 

DMEM/F12  

  1× Gibco  

Antibiotic-

Antimycotic 

(100×) 

 10,000 

units/ml of 

Penicillin, 

10,000 

units/ml of 

Streptomycin, 

1×  



39 
 

25 µg/ml of 

FungizoneTM 

B27 

Supplement 

minus 

vitamin A 

50× 

Synthetic Biotin, DL 

Alpha 

Tocopherol 

Acetate, DL 

Alpha-

Tocopherol, 

BSA (fatty acid 

free Fraction 

V), Catalase, 

Human 

Recombinant 

Insulin, Human 

Transferrin, 

Superoxide 

Dismutase, 

Corticosteron, 

D-Galactose, 

Ethanolamine 

HCl, Linoleic 

Acid, Linolenic 

Acid, P4, 

Putrescine 

2HCl, Sodium 

Selenite, T3 

(triodo-l-

thyronine) 

Concentrations 

are 

confidential.  

1× Gibco 

L-Glutamine Synthetic 200 nM L-

Glutamine 

2 mM Gibco 

N-2 

Supplement 

100× 

Synthetic Human 

transferrin 10 

mg/ml, Insulin 

Recombinant 

Full Chain 500 

ng/ml, Selenite 

520 pg/ml, 

Putrescine 1.6 

mg/ml, P4 630 

pg/ml  

1× Gibco  

N-Acetyl-L-

cysteine 

Synthetic ≥ 99% (TLC) 1.25 mM Merck 

Nicotinamide  Synthetic  ≥ 98% (HPLC) 10 nM Merck 
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Recombinant 

Human EGF 

Escherichia 

coli (E.coli) 

≥ 98% by 

SDS-PAGE 

gel and HPLC 

analyses 

50 ng/ml Peprotech 

Recombinant 

Human 

FGF10 

 E.coli ≥ 95% by 

SDS-PAGE 

gel and HPLC 

analyses 

100 ng/ml Peprotech 

Recombinant 

Human HGF 

BTI-Tn-

5B1-4) Hi-5 

Insect cells 

≥ 98% by 

SDS-PAGE 

gel and HPLC 

analyses 

50 ng/ml Peprotech 

Recombinant 

Human 

Noggin 

HEK293 

cells 

≥ 95% by 

SDS-PAGE 

gel and HPLC 

analyses 

100 ng/ml Peprotech 

Recombinant 

Human R-

spondin-1 

CHO cells ≥ 95% by 

SDS-PAGE 

gel and HPLC 

analyses 

500 ng/ml Peprotech 

 

Table 2.3. Organoid gels. 

Reagent Source Composition Manufacturer 

MatrigelTM 

Matrix 

Basement 

Membrane 

(Growth 

Factor 

Reduced) 

Engelbreth-

Holm 

Swarm 

mouse 

sarcoma 

Extracted basement membrane 

contains extracellular proteins 

such as Laminin (~60%), 

Collagen IV (~30%), entactin 

(~8%) and heparan sulphate 

proteoglycans and several 

growth factors. 

Growth factor concentrations in 

GFR Matrigel: 

- 5 ng/ml IGF-1 

- 1.7 ng/ml TGF-β  

- < 0.5 ng/ml EGF   

- < 5 pg/ml Platelet-derived 

Growth Factor 

- N/A Basic FGF  

- < 0.2 ng/ml Nerve Growth 

Factor 

- 1-1.5 ng/ml VEGF  

Corning 

PureCol EZ 

Gel Solution 

Bovine Skin Gel contains ~5mg/ml (0.5 %) 

purified Type 1 bovine 

collagen, DMEM/F-12 medium 

and a mixture of L-Glutamine 

Merck 
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and dipeptide (L-Alanine-L-

Glutamine) 

 

2.1.3 Cell Culture Treatments  

Table 2.4. Hormones and reagents used as treatments in cell culture.  

Reagent Concentration Manufacturer 

8-bromoadenosine-3’, 5’-cyclic 

monophosphate (8-bromo-cAMP) 

0.5 mM Merck 

E2 1 nM/10 nM (stated) Merck 

hCG 1 µg/ml Merck 

hPL  20 ng/ml R&D systems 

Medroxyprogesterone acetate (MPA) 1 µM Merck 

P4 1 µM Merck 

PRL 20 ng/ml Peprotech 

Y-27632 10 µM Abcam 

 

2.1.4 Chemical Reagents 

Table 2.5. Chemical reagents. 

Reagent Manufacturer 

2× PrecisionPlus SYBR Green Master mix Primer Design 

Agarose powder Fisher Scientific  

Bovine Serum albumin (BSA) Merck 

Chloroform  AnalaR 

Haematoxylin  Leica BioSystems 

Diastase Merck 

Dimethyl sulphoxyde (DMSO) Merck 

EcoMount (Mounting Media) Biocare Medical  

Ethanol Fisher Scientific  

Ethidium Bromide  Merck 

Formalin VWR 

Nuclease Free Water Life Technologies  

ProLong® Gold Antifade Reagent with DAPI Cell Signalling Technology 

QuantiFast SYBR Green PCR Master mix  QIAGEN 

RNase ZAP Fisher Scientific  

Triton ×-100 Merck 

TRIzol Reagent Invitrogen  

Trypan Blue stain solution Gibco 

Tween 20 Merck 

Xylene Honeywell Research 

Chemicals 
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2.1.5 Buffer Compositions  

Table 2.6. Buffer recipes. 

Buffer Recipe 

pH 6 antigen retrieval – Sodium citrate buffer 10 mM sodium citrate 

0.05% Tween-20 

pH 9 antigen retrieval – Tris-EDTA buffer 10 mM Tris base 

1 mM 

Ethylenediaminetetraacetic 

acid (EDTA) solution 

0.05% Tween 20 

TBE (10×), pH 8.3  1.3 M Tris 

450 mM Boric acid 

25 mM EDTA pH 8 

Tris-buffered saline (TBS) (10×), pH 7.6 130 mM NaCl 

20 mM Tris 

Tris-buffered saline-Tween 20 (TBS-T) 0.1% Tween-20 in 1×TBS 

 

2.1.6 Antibodies 

Table 2.7. Primary antibodies. 

Primary 

Antibodies  

Host Antigen Retrieval 

Buffer 

Dilution Manufacturer 

CD56 Mouse pH 9 1:200 Leica  

Cytokeratin-18 Rabbit pH 6 1:200 ABCAM 

E-cadherin Rabbit pH 6 1:200 Cell Signalling 

Technology 

EpCAM Rabbit pH 6 1:200 Cell Signalling 

Technology 

Glycodelin  Rabbit pH 9 1:100 ABCAM 

Osteopontin Rabbit pH 6 1:200 ABCAM 

p16 Mouse pH 9 1:5 Roche 

PGR Mouse pH 6 1:50 Agilent Dako 

Vimentin  Mouse pH 6 1:200 Cell Signalling 

Technology 

 

Table 2.8. Secondary antibodies. 

Secondary Antibodies Dilution  

Goat anti-Mouse IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alex Fluor 594 

1:500 Invitrogen 
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Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 488 

1:500 Invitrogen 

 

2.1.7 Molecular Biology Kits 

Table 2.9. Molecular kits. 

Kit Manufacturer 

AllPrep DNA/RNA Micro Kit QIAGEN 

RNase-Free DNase Set QIAGEN 

RNeasy Plus Micro Kit QIAGEN 

QIAquick Gel Extraction Kit QIAGEN 

QuantiTect Reverse Transcription Kit QIAGEN 

 

2.1.8 Primers 

Table 2.10. Primer pair sequences and their efficiencies. All primers were purchased 

from Merck. 

Primer Sequence (5’-3’)  Efficiency  

L19 Forward GCG GAA GGG TAC AGC CAA T  
1.98 

L19 Reverse GCA GCC GGC GCA AA 

ACADSB Forward TCA AAG ATG TGG ATC AGC AGT G  
1.92 

ACADSB Reverse AAG GAG GTA ATT CCC TTA TAT CCA A 

DIO2 Forward ACT CGG TCA TTC TGC TCA A  
2.06 

DIO2 Reverse TTC CAG ACG CAG CGC AGT 

FGF19 Forward TGG AGA TCA AGG CAG TCG C  
1.93 

 
FGF19 Reverse TCG AAA GCA CAG TCT TCC TCC 

GPX3 Forward GGG GAC AAG AGA AGT CGA AGA  
1.87 

GPX3 Reverse GCC AGC ATA CTG CTT GAA GG 

LGR5 Forward CCC TTC ATT CAG TGC AGT GTT  
2.00 

LGR5 Reverse ATT CTG ATC AGC CAG CCA TC 

PAEP Forward GAG CAT GAT GTG CCA GTA CC  
1.91 

PAEP Reverse CCT GAA AGC CCT GAT GAA TCC 

POU5F1 Forward GGT ATT CAG CCA AAC GAC C  
2.00 

POU5F1 Reverse CTC CTG AAG ATT TTC ATT GTT GT 

SCARA5 Forward CAT GCG TGG GTT CAA AGG TG  
1.97 

SCARA5 Reverse CCA TTC ACC AGG CGG ATC AT 
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SLC15A2 Forward AGG AGG CAT CAA ACC CTG T  
2.00 

SLC15A2 Reverse CTA GTC CGT TCC TCT GCA TG 

SPP1 Forward TGC AGC CTT CTC AGC CAA A  
1.95 

SPP1 Reverse GGA GGC AAA AGC AAA TCA CTG 

 

2.1.9 Single-cell RNA-sequencing material  

Table 2.11. Single-cell RNA-sequencing consumables and reagents from Dolomite 

Bio for the Nadia Instrument. 

Material  Manufacturer 

0.2 ml PCR tubes Greiner Bio-One 

1× PBS pH 7.4 sterile  Gibco 

10× PBS pH 7.4 sterile Gibco 

1 M Tris pH 7.5 Merck 

5 µM Überstrainer set Pluriselect 

10 % Tween 20 Fisher Scientific  

20 % SDS Fisher Scientific 

20x SSC Merck 

40 % PEG Merck 

70 µm cell strainer Fisher Scientific   

AMPure beads Agencourt  

Barcoded beads in storage buffer (20-40 µm, 

pre-filtered) 

ChemGenes Corporation 

dNTPs Thermo Fisher Scientific  

DTT Merck 

EDTA  Fisher Scientific   

Exonuclease I New England Biolabs 

Exonuclease I buffer  New England Biolabs 

Ficoll PM-400 Merck 

Haemocytometer plastic disposable C-Chip Nano-EnTek 

KAPA HiFi HotStart ReaadyMix Kit  Roche  

Maxima 5x RT Buffer Fisher Scientific   

Maxima H-Re transcriptase  Fisher Scientific   

Nadia Cartridge for scRNA-seq and sNuc-seq – 

8 Runs  

Dolomite Bio 

Nextera XT DNA library Preparation Kit Illumina 

Polyethylene glycol 40 % (w/w) in H2O Merck 

Qubit dsDNA HS assay kit Thermo Fisher 

RNase inhibitor  Lucigen 

Sarkosyl  Merck 

Tris (1M) pH 8.0 Fisher Scientific   

Tris-EDTA pH 8.0 100× concentrate  Merck 

QX200TM Droplet Generation Oil for EvaGreen BioRad 
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Table 2.12. Single-cell RNA-sequencing primers from Dolomite Bio for the Nadia 

Instrument. 

Primers Primer sequence (5’-3’) 

Macosko template switch oligo 

(TSO) 

AAGCAGTGGTATCAACGCAGAGTGAAT 

rGrGrG 1 

SMART PCR Primer (cDNA 

library amplification) 

AAGCAGTGGTATCAACGCAGAGT 

New-P5-SMART PCR hybrid 

oligo (Nextera tagmentation 

amplification) 

AATGATACGGCGACCACCGAGATCTAC 

ACGCCTGTCCGCGGAAGCAGTGGTATCA 

ACGCAGAGT*A*C 2 

Nextera N7XX indexing 

primers 

CAAGCAGAAGACGGCATACGAGATTCG 

CCTTAGTCTCGTGGGCTCGG 

Read1CustomSeqB 

(Sequencing) 

GCCTGTCCGCGGAAGCAGTGGTATCAA 

CGCAGAGTAC 

1 rG stands for ribonucleotide G 

2 The stars denote a base modification called phosphonothioate. 

2.1.10 Miscellaneous Materials  

Table 2.13. Miscellaneous materials. 

Material  Manufacturer 

Coverslips Fisher Scientific   

FrameStar 384-Well Skirted PCR Plate 4titude  

ImmEdge Hydrophobic Barrier PAP Pen Vector Laboratories  

MicroAmp Fast Optical 96-Well Reaction Plate 

with Barcode (0.1ml) 

Applied Biosystems 

MicroAmp Optical 96-Well Reaction Plate with 

Barcode (0.1ml) 

Applied Biosystems 

MicroAmp Optical Adhesive Film Applied Biosystems  

Microscopy Slides Leica BioSystems 

RNAse free tubes Life Technologies 

Surgipath Formula ‘R’ paraffin Leica BioSystems 
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2.2 Methods  

2.2.1 Human Endometrial Biopsies  

Endometrial biopsies were obtained from patients attending the Implantation Clinic at 

University Hospitals Coventry and Warwickshire NHS Trust, Coventry UK. The use 

of these samples for research was approved by the NHS National Research Ethics-

Hammersmith and Queen Charlotte’s & Chelsea Research Ethics Committee 

(1997/5065) and Tommy’s Reproductive Health Biobank (Project TSR19-002E, REC 

Reference: 18/WA/0356). All samples were taken from patients who had given 

informed written consent in accordance with the guidelines of the Declaration of 

Helsinki, 2000. Biopsies were taken from patients who were between 5-13 days post 

LH surge, according to home ovulation kits. Samples were obtained using a Wallach 

Endocell endometrial sampler under ultrasound guidance. The device was inserted 

into the uterus until the uterine fundus could be felt before being withdrawn to create 

a negative pressure and rotated 360 °, moving out from the fundus to cervical ostium. 

Tissue was dissected into four portions and treated as follows: one part fixed in 10% 

formalin, one part for immediate isolation of endometrial cells stored in 5 ml 10% 

dextran-coated charcoal treated foetal bovine serum (DCC-FBS) supplemented in 

DMEM-F12, one part immediately stored in RNAlater and one part snap-frozen in 

liquid nitrogen and then stored at -80 °C. 

2.2.2 Cell Culture  

Preparation of dextran-coated charcoal treated stripped foetal calf serum 

FBS was stripped of various small molecules including endogenous hormones using 

dextran charcoal treatment. FBS (500 ml) was treated with 1.25 g of charcoal and 

125 mg of dextran and incubated at 57 °C for 2 hours with intermittent mixing. After a 

30-minute centrifugation at 400 g, supernatant (DCC-FBS) was collected, sterile 

filtered, aliquoted, and stored at -20 °C for future use. 

Isolation of human endometrial stromal and epithelial cells 

EnSC and EpC were isolated from fresh endometrial biopsies described by (Barros 

et al., 2016). Briefly, biopsies were washed in 10% DCC-DMEM media (DMEM/F12 

with phenol red, 10% DCC-FBS, 10 µM L-glutamine, 1× antibiotic antimycotic, 1 nM 

E2 and 2 μg/ml recombinant human insulin) and minced finely using a scalpel in a 
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Petri dish. Minced tissue was digested for 1 hour at 37 °C with collagenase type IA 

(0.5 mg/ml) and deoxyribonuclease type 1 (DNase I) (0.1 mg/ml) in phenol red-free 

DMEM/F12 (additive-free) medium, with vigorous shaking every 20 minutes. Digested 

tissue was filtered through a 40 µm cell strainer and rinsed through with 5 ml 10 % 

DCC medium to wash cells. EnSC and other cells (blood cells, immune cells, 

endothelial cells, and single EpC) passed through the strainer, whereas epithelial 

gland isolates were retained. For the isolation of EpC, the strainer was inverted over 

a 50 ml Falcon tube and backwashed with 10% DCC medium. Both cell types were 

centrifuged at 280 g for 5 minutes and cell pellets were either used immediately or 

cryopreserved in 10% Dimethyl sulphoxyde (DMSO) in DCC-FBS.  

Cell thawing  

Cryovials were removed from liquid nitrogen and placed in dry ice. EnSC and EpC 

were thawed 2-3 minutes at 37 °C in a water bath before they were added to 8 ml of 

pre-heated 10% DCC or additive free medium, respectively. The cell solution was 

centrifuged at 280 × g for 5 minutes.  EnSC plated as monolayer cultures, and EpC 

were used for gland organoid cultures. 

Primary cell culture 

All cell culture was conducted in a class II microbiological safety cabinet. EnSC and 

EpC were managed under standard cell culture conditions using a carbon dioxide 

(CO2) incubator maintained at 37 °C, which provided a humid atmosphere with 5% 

v/v CO2. 

2.2.3 Endometrial Gland Organoid Culture 

Endometrial gland organoid culture 

Endometrial gland organoids were cultured using a protocol adapted from (Turco et 

al., 2017). Fresh or frozen EpC pellets were resuspended in additive-free medium. 

The cell suspensions were pelleted at 600 g for 6 minutes in 1.5 ml microcentrifuge 

tubes. Medium was aspirated and the pellet was resuspended in neat ice-cold 

Matrigel at a ratio of 1:20 (v:v). Samples in Matrigel were kept on ice until plating. 

Using ice-cold pipette tips, the Matrigel/cell suspension was plated in 20 µl droplets 

per well, in a 48-well plate. Droplets were polymerised at 37° C for 15 minutes in a 

cell culture incubator, then overlaid with Expansion Medium (ExM) (Turco et al., 2017) 
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(Table 2.2) and maintained at 37 °C in a CO2 incubator. Medium was replaced every 

2-3 days and samples were cultured for 7 days. 

Organoid passage 

After 7 days of growth, organoids were passaged using an adapted protocol from 

(Turco et al., 2017). Matrigel droplets were scraped off the plate into a 1.5 ml 

microcentrifuge along with the culture medium. Multiple droplets (4-5) were pooled 

per tube and were centrifuged at 600 g for 6 minutes. The supernatant was aspirated, 

and the pellet was resuspended in 150 µl additive-free medium. Repeated pipetting 

(~300) times was used to dissociate the gel and organoids before 1 ml of cold 

additive-free medium was added. The suspension was centrifuged at 600 g for 6 

minutes. The supernatant was removed, and the pellet was resuspended in 150 µl 

additive-free medium. With moderate force, the organoids were broken down further 

by pipetting 80 times and 1 ml of additive-free medium was added and centrifuged at 

600 g for 6 minutes. The supernatant was removed, and the cell pellet resuspended 

in ice-cold Matrigel. Samples were plated as described above. Medium was replaced 

every 2-3 days. After 7 days, the organoids were passaged again. 

Cyclical versus serial passaging differentiation 

Three frozen independent EpC samples were thawed and set up for organoid culture. 

The organoids either went through 1 to 4 cycles of differentiation without being 

passaged, or underwent differentiation at passage 0 (P0), passage 1 (P1), passage 

2 (P2) and passage 3 (P3). To differentiate the organoids, organoids were first left to 

grow for 4 days. On the fourth day, organoids for differentiation were primed with 10 

nM E2. After 48 hours, the organoids were treated with 10 nM E2, 0.5mM 8-

Bromoadenosine 3’, 5’ cyclic monophosphate (8-bromo-cAMP) and 1 µM P4. In 

parallel, undifferentiated organoids were maintained in ExM for the 4 days. After 

another 48 hours, the organoids were harvested from the Matrigel using Corning Cell 

Recovery Solution at 4 °C. After 1 hour incubation and complete removal of the 

organoids from the gel, the organoids were centrifuged, washed with cold phosphate 

buffered saline (PBS) twice and pelleted. The organoids were then snap-frozen and 

kept at -80 °C for RNA extraction. 

Organoid forming efficiency assay and differentiation   

Frozen EpC samples from 45 endometrial biopsies were thawed and resuspended in 

additive-free media, depending on the sample size. A portion of the cell suspension 
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was used to culture organoids to P2, which were differentiated and harvested for RNA 

extraction as described previously.  

The remaining EpC solution was centrifuged, and the pellet was resuspended in 0.25 

% Trypsin-EDTA for 10 minutes at 37 °C. Cells were washed with 10% DCC-DMEM 

to deactivate the enzyme, centrifuged, resuspended, and counted. EpC were 

resuspended in ice-cold Matrigel to either 100 or 1000 cells per 5 µl of Matrigel and 

plated per well in a 96-well plate and incubated at 37 °C for 15 minutes to polymerise 

the Matrigel. A minimum of three wells per sample were plated. Afterwards, 100 µl of 

ExM supplemented with 10 µM Y-27632 was added to each well for the first 3 days. 

Medium was replaced every 2-3 days. Brightfield images were taken at ×2 

magnification using the EVOS FL Auto Imaging System Instrument on day 0 and 10. 

The number of organoids for each day were manually counted for each sample and 

were averaged. Organoid forming efficiency (OFE) was calculated using the formula: 

OFE (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑜𝑖𝑑𝑠 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
× 100 

Control vs RMM - Organoid forming efficiency assay 

Frozen EpC samples of 10 control and 10 RMM patients were used for an OFE assay 

as described by (Turco et al., 2017). Samples were grown to P2. Organoids from 4/5 

droplets were removed using Cell Recovery Solution at 4 °C. After 1 hour, the 

organoids were centrifuged at 600 g for 6 minutes. The Cell Recovery Solution was 

removed from the pellet, resuspended in PBS, and centrifuged again. The pellet was 

resuspended in 150 µl additive-free media, pipetted several hundred times to 

disassociate the organoids before 1 ml of media was added. Samples were 

centrifuged and 500 µl TrypLE Express Enzyme (1×) was added. Tubes were placed 

in shaking water batch for 10 minutes. Enzyme was diluted with additive-free media 

and cell suspension was passed through a 40 µM strainer and centrifuged. Pellet was 

resuspended in appropriate volume of medium. Cells were counted using 

haemocytometer and trypan blue was used to account for dead cells in the samples. 

Cells were resuspended in ice-cold Matrigel to have 100 cells per 5 µl droplet. The 

samples were plated, imaged and OFE was calculated as described above. 

Control vs RMM – Pregnancy assay 

P2 organoids from control and RMM endometrial biopsies were left to grow for 4 days 

in ExM. On the fourth day, organoids were either left untreated in ExM or treated with 

ExM containing 10 nM E2, 0.5mM 8-Bromo cAMP, 1 µM P4, 1 µg/ml hCG, 20 ng/ml 
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hPL and 20 ng/ml PRL. Media was changed every 3 days. Brightfield images were 

captured of the organoids on the EVOS FL Auto Imaging System Instrument. After 6 

days, the organoids were harvested using Corning Cell Recovery Solution as 

described previously. The organoids were then snap-frozen and kept at -80 °C for 

RNA. 

2.2.4 Endometrial Stromal Cell Culture  

Fresh or frozen EnSC pellets were resuspended in 5 or 10 ml of 10% DCC-DMEM 

medium, depending on the pellet size. The cell solution was seeded into an 

appropriately sized cell culture flask and incubated at 37 °C and 5 % CO2. Medium 

was changed the next day to remove any suspension cells (blood, immune cells, and 

dead cells) and after every 2-3 days. Once EnSC had grown to confluent monolayers, 

the medium was removed. Cells were washed with PBS and were incubated in 0.5/1 

ml 0.25 % Trypsin-EDTA for 5 minutes at 37 °C, depending on the size of the flask. 

Flask sides were tapped to help dislodge any remaining attached cells. Cell 

detachment was inspected under a microscope. Enzyme activity was stopped by 

addition of 4.5/9 ml 10% DCC-DMEM medium and cell suspension was centrifuged 

at 280 g for 5 minutes. Cells were resuspended in 10% DCC-DMEM medium to split 

into a ratio of 1 in 2 or 1 in 3 in new flasks. 

2.2.5 Assembloid Culture 

Assembloid formation and differentiation  

Both P1 EnSC and endometrial gland organoids were passaged with their respective 

passaging protocols as described. At 1:1 (v/v) ratio, single cell suspension of 5 × 104 

EnSC were combined with epithelial organoids passaged at a ratio of 1:2 per 

assembloid culture. The EnSC and gland organoid mixture was resuspended in ice-

cold PureCol EZ Gel Solution at ratio of 1:20 (v:v) and kept on ice until plating. 

Droplets of 20 µl gel/cell suspension were plated per well in a 48-well plate with ice-

cold pipette tips and cured at 37 °C for 90 minutes in a cell culture incubator. 

Assembloids were cultured for 4 days in ExM containing 10 nM E2 to allow for the 

samples to grow and expand. On the fourth day, if a forward time-course was used 

samples were harvested or treated using a differentiation media containing ExM, 1nM 

E2, 0.5 mM 8-bromo-cAMP and 1 µM MPA for another four days. If a reverse time 

course was used, assembloids were left to grow in ExM + E2 as a control or treated 

using the differentiation media above unless otherwise stated for another four days.  
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Establishment of a defined assembloid minimal differentiation medium 

Three independent biopsies were used to create both organoid and assembloid 

cultures at P2. Duplicates wells were plated out for each DM composition in a 48 well-

plate. All samples were cultured for 4 days in ExM with 10 nM E2, and on day 4 each 

sample was subjected to different DM composition. Each sample also had a control 

which continued to grow in ExM with E2. After 4 days, all samples were harvested for 

RNA. Organoid samples were harvested using Cell Recovery Solution as described 

elsewhere. For assembloids samples, supernatant was removed, washed with PBS 

before 200 µl of collagenase type IA (0.5 mg/ml) was added to each well. Droplets 

were scrapped off and with the enzyme solution, duplicate wells were added to 1.5 

ml tubes, which were placed in a water bath for 10 minutes at 37 °C, shaken every 5 

minutes. Samples were centrifuged, washed with PBS, and pelleted. The 

assembloids pellets were snap-frozen and kept at -80 °C for RNA extraction. 

Control vs RMM assembloids – frozen stromal cells  

Three RMM and three control cryopreserved endometrial biopsies were set up for 

gland organoid culture and EnSC were propagated as monolayers. At P2, EnSC and 

gland organoid pellets were combined to generate assembloids for each sample. A 

minimum of 12 wells were plated out for each sample in a 48-well plate. All samples 

were cultured for 4 days in ExM with 10 nM E2, and the medium was refreshed every 

48 hours. Assembloids were then either harvested for single-cell RNA-seq (scRNA-

seq) as day 0 samples or differentiated using the following media: base media 

(Advanced DMEM/F12, N-2 supplement, B12 supplement, antibiotic/antimycotic and 

L-glutamine), N-Acetyl-L-cysteine (NAC), 1 nM E2, 0.5mM 8-bromo-cAMP and 1 µM 

MPA. Medium was again refreshed every 48 hours and on day 4 of differentiation, 

assembloids were harvested for scRNA-seq.  

Control vs RMM assembloids – fresh stromal cells  

Three RMM and two control cryopreserved EpC samples were set up for gland 

organoid culture. In parallel, freshly isolated EnSC from a control endometrial biopsy 

were cultured as monolayers. At P2, all five gland organoid cultures were mixed 

individually with P3 EnSC from the single biopsy to establish assembloids. A minimum 

of 12 wells were plated out for each assembloid culture in 48-well plate. All samples 

were cultured for 4 days in ExM with E2, and the medium was refreshed every 48 

hours. Assembloids were then either harvested for scRNA-seq as day 0 samples or 
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differentiated using the same differentiation media as above. Medium was again 

refreshed every 48 hours and on day 4 of differentiation, assembloids were harvested 

for scRNA-seq.  

2.2.6 Imaging of Organoids, Assembloids and Whole Tissue 

Organoid, assembloid and endometrial tissue embedding and sectioning  

Undifferentiated and differentiated samples for both organoids and assembloid 

cultures were grown in PureCol EZ Gel Solution, using a forward time-course (See: 

Assembloid formation and differentiation). Media was removed from organoids and 

assembloids and PBS was added. Collagen gel droplets were peeled off the well plate 

gently with tweezers to ensure the droplet remained in one piece and placed into a 

bijoux tube with the PBS. PBS was removed and samples were stained with 

haematoxylin for 5 minutes to identify the droplet in later steps. Samples were washed 

and fixed with 10% formalin for 20 minutes. Samples were washed twice in PBS and 

stored at 4 °C for maximum a week. Before embedding, samples were dehydrated by 

immersion in increasing concentrations of ethanol for 1 hour at 70% and 90% and 90 

minutes at 100%. Samples were transferred to a glass vial and incubated in xylene 

for 1 hour.  

Fixed droplets and endometrial biopsies that had been fixed overnight at 4 °C were 

then embedded in Surgipath Formula ‘R’ paraffin wax using the Shandon Excelsior 

ES Tissue processor. Paraffin embedded biopsies and organoid/assembloid samples 

were sectioned into 3 µm or 5 µm slices, respectively, with a microtome and mounted 

onto microscope slides. To adhere the samples onto the slides, samples were 

incubated for an hour or overnight at 60 °C. Slides were stained or stored at 4 °C.  

Immunofluorescence of organoids and assembloids  

For immunofluorescence of organoids and assembloids, sections were subjected to 

a series of deparaffinisation and hydration steps of three xylene washes for 5 minutes 

each, two 100% isopropanol washes, one 70% isopropanol wash and one distilled 

water wash for 2 minutes each. Antigen retrieval of the sections was undertaken by 

submerging the sections in a pH buffer that was dependent on the antibody (Table 

2.8) and placed in a Pickcell pressure cooker for 2 hours, which included time for the 

slides to cool. Slides were removed from the buffer and placed into a dark moisture 

chamber, washed with distilled water and a border was created around each section 

using a hydrophobic pen (PAP).  
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For immunolabelling for extracellular markers, samples were washed with Tris-

buffered saline-Tween 20 (TBS-T) for 2 minutes and blocked in 2% bovine serum 

albumin (BSA)/TBS-T for 20 minutes. Primary antibodies were diluted in TBS-T 

(Table 2.8) and kept overnight 4 °C. Sections were washed three times in TBS-T 

before either secondary rabbit or mouse antibodies conjugated to Alexa Fluor 488 or 

594, respectively, diluted 1:500 in TBS-T were added and kept at room temperature 

for 2 hours. Sections were then washed in TBS-T three times and mounted in 

ProLong® Gold Antifade Reagent with DAPI for nuclear counterstain.  

For immunolabelling for intracellular markers, samples were washed with PBS for 2 

minutes and permeabilised by 0.1% Triton ×-100 in PBS for 30 minutes. Samples 

were washed three times with PBS and blocked in 1% BSA/PBS for 30 minutes. 

Primary antibodies were diluted (Table 2.8) in 0.05% Triton ×-100/1% BSA/PBS and 

kept overnight at 4 °C. Samples were washed three times in PBS before either 

secondary rabbit or mouse antibodies conjugated to Alexa Fluor 488 or 594, 

respectively, diluted 1:500 in PBS were added and kept at room temperature for 2 

hours. Samples were then washed in PBS three times and nuclear counterstained as 

mentioned above.  

Sections were visualised using the EVOS FL Auto Imaging system using the GFP, 

TxRed and DAPI cubes to visualise Alexa Fluor 488 and 594, and DAPI, respectively. 

Images of individual channel data were saved as .TIF images and using the ‘Merge 

Channel’ tool in ImageJ software, images were merged into single colour images and 

saved as jpeg files. Images that were being compared to each other, brightness and 

contrast were enhanced to each other to the same degree.  

Immunohistochemistry of endometrial tissue 

Endometrial tissue from control and RMM patients were stained for uNK and p16+ 

cells as described in (Brighton et al., 2017). Briefly, the Lecia BondMax autostainer 

was used, which fully automated: deparaffinization, pH 6 antigen retrieval, antibody 

staining of uNK-specific cell surface antigen, CD56 or p16 (Table 2.8), haematoxylin 

counter stain and DAB colour development. After the autostainer, the slides were 

dehydrated, cleared and cover-slipped using DPX coverslip mountant in a Tissue-Tek 

Prisma Automated Slide stainer. Brightfield images were obtained of the stained 

tissue on a Mirax Midi slide scanner using a ×20 objective lens. Case Viewer (3D 

Histec) was used to view images and for analysis.  
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For all patient samples, CD56 positive cells were quantified in compartments directly 

under the luminal epithelium to avoid inconsistencies that reflect reduced uNK cell 

densities at greater depth. Three regions were randomly selected for each patient 

within Panoramic Viewer before analysing in ImageJ software. Luminal and glandular 

EpC were removed manually before colour deconvolution into CD56+ staining of 

constituent brown and the blue haematoxylin staining of the EnSC. Area of positive 

staining above a manually determined background threshold was used to quantify 

staining intensity. The uNK percentage from each area was calculated as 

CD56/EnSC × 100, and the average of all three images was taken. uNK scores and 

percentile values were calculated, using R software. 

Separate quantification of the luminal epithelium, glandular epithelium, and stromal 

compartment was conducted for p16+ cells. Each compartment was manually isolated 

and the colours deconvolved into constituent brown (p16+ cells) and blue 

(haematoxylin stain). P16+ quantification was performed as described as above.  

2.2.7 RNA Extraction 

To minimise RNA degradation, all RNA extraction procedures used RNase-free 

plastic-ware and nuclease free water. Also, all surfaces and pipettes were cleaned 

with RNase ZAP. 

RNA extraction of organoids, assembloids and endometrial tissue 

Total RNA extraction of the organoid and assembloids pellets was performed using 

either RNeasy Micro Kit (QIAGEN), or AllPrep RNA/DNA kit with on-column RNase-

Free DNase I digestion, following manufacturer’s protocol and eluted in 14 µl.  

For total RNA extractions of endometrial tissue which had been stored in RNAlater 

and then stored at -80 °C, TRIzol Reagent was used according to manufacturer’s 

instructions, with a rotor-stator homogenisation. Sample was placed into a nuclease 

free tube and 1 ml of TRIzol was added. Samples were homogenised using a 

mechanical probe and left to stand on the bench for 1 minute. Samples were snap 

frozen and stored at -80 °C.  

Homogenised tissue samples were thawed on ice to proceed with the remaining RNA 

extraction. First, 20% of the volume of chloroform was added to TRIzol/homogenised 

tissue solution and vortexed. Samples were centrifuged at 16 000 × g for 20 minutes 

at 4 °C to separate the sample into an aqueous and an organic phase. RNA remained 

in the colourless upper aqueous layer and was carefully transferred into another 
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nuclease free tube, containing half the original volume of isopropanol and vortexed. 

Samples were centrifuged at 16 000 × g for 15 minutes at 4 °C to precipitate the RNA 

to form a pellet at the bottom. Supernatant was discarded, RNA pellets were washed 

with 1 ml of 70% ethanol and centrifuged at 16 000 × g for 20 minutes at 4 °C. Wash 

step was repeated. Supernatant was discarded, and the pellets were air-dried to 

remove any remaining ethanol. The RNA pellets were dissolved in 30 µl of nuclease 

free water. 

RNA concentration and purity were assessed by a Nanodrop Spectrophotometer. 

Values deemed suitable for downstream analysis were those of ≥ 1.80 on the 260/280 

absorbance scale, indicating pure RNA without contamination of protein. Samples 

were stored at -80 °C.   

2.2.8 Gene Expression Analysis by Reverse Transcription Quantitative 

Polymerase Chain Reaction 

cDNA Synthesis 

For cDNA (complementary DNA) synthesis, extracted RNA was reverse transcribed 

using QuantiTect Reverse Transcription Kit, following manufacturer’s instructions. 

RNA samples and the reagents were thawed on ice. To prevent any concentration 

gradients, the reagents were briefly vortexed and centrifuged. Then, 2 µl of 7× gDNA 

Wipeout buffer was added to 1 µg of endometrial tissue RNA. However, for organoid 

and assembloid samples 1 µg was not possible. Instead, for all samples, the lowest 

concentration of RNA across all the samples was used. The template RNA was made 

up with a total volume of 14 µl with RNase-free water. The samples were incubated 

for at 42 °C for 2 minutes for any traces of genomic DNA to be removed. After, 

samples were immediately placed on ice. A reverse-transcription master mix was 

prepared. For each sample, 1 µl of Quantiscript Reverse Transcriptase (RT), 4 µl 5× 

Quantiscript RT buffer and 1 µl RT Primer Mix was added to the template RNA, mixed, 

and stored on ice. A RT negative control was also prepared that replaced the RT with 

nuclease free water. All other stages were identical. Reactions were incubated at 42 

°C for 30 minutes and then inactivated by incubation at 95 °C for 3 minutes.  

Endometrial tissue cDNA was diluted with 180 µl of nuclease free water to give a final 

volume of 200 µl. 
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Primer design 

Primers were designed from Universal ProbeLibrary Assay Design Center 

(https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-

design-center). Primers were designed with the following requirements: 

a. Melting temperature (Tm) is calculated with the formula Tm = 69.3 + 

(41(GC/L)) – (650/L), where GC is the number of G and C bases in the primer 

and L is the number of nucleotides in the primer. Tm of the primer should be 

between 58 °C and 59.9 °C.  

b. Total amplicon length should be between 75-125 base pairs. 

c. Tm should not differ from the forward and reverse primer by greater than 1 °C 

d. At the 3’ end of the primer, the last five bases should include 3 bases which 

could be either G or C. 

e. There should be no more than 4 of the same bases consecutively. 

f. Primer length should be between 18-24 bases. 

g. To distinguish between cDNA and gDNA, primers are required to be exon 

spanning. 

h. Amplicon Tm is calculated by the following = 64.9+(0.41*(((C+G)/L)*100))-

(500/L). 

To confirm specificity, primer sequences were submitted to Primer Blast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer sequences are presented 

in Table 2.10.  

Primer testing and efficiency calculations  

Primers were optimised to determine no non-specific product was being amplified and 

to determine efficiencies. Forward and reverse primers were used at 20 µM in a total 

volume of 19 µl in SYBR Green master mix and loaded onto a 96-well plate. For each 

primer pair, 1 µl of pooled cDNA from organoids was added to four wells each or 1 µl 

of nuclease free water was added to two wells each. Genes were amplified in 7500 

Fast Real-Time PCR System (Applied Biosystems). The amplified product of the four 

wells was combined, mixed with the loading dye, and first, loaded on a 3% agarose 

gel. Agarose gel was made by adding agarose powder to 1× TBE in a conical flask 

and microwaving to dissolve gel. For 50 ml of gel, 1 µl of ethidium bromide was added. 

Gel was poured into a plate with a comb and left to set for 30 minutes before loading. 

https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Gels were run in 1× TBE buffer at 100 V until the dye had run a quarter of the length 

of the gel. Using a UV transilluminator, the gel was imaged to check that for each 

primer pair only one product was amplified and of the correct size. If the primer pair 

fit these criteria, then a 1.8% agarose gel was run with the remaining amplified 

product/loading dye. After, the gel was finished running, the purified product was 

excised from the gel, using QIAGEN QIAquick Gel Extraction Kit, following the 

manufacturer’s instructions. The DNA was quantified by Nanodrop Spectrometer.  

To examine primer efficiencies, purified products were serially diluted between 100 

pg/µl to 10 ag/µl in 1/10 dilution factor, providing 8 dilutions. Using the appropriate 

primers and a SYBR Green Master mix, the serial dilutions were amplified in 

triplicates, and cycle threshold (Ct) values measured. The log of the concentration of 

cDNA was plotted against average Ct values. The following calculation was used to 

calculate primer efficiencies: 

𝑃𝑟𝑖𝑚𝑒𝑟 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 10
−1

𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒 

All primer efficiencies calculated are plotted in Figure 2.1. All other primer efficiencies 

were calculated by Brosens group. 

Reverse Transcription Quantitative Polymerase Chain Reaction 

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) was 

used to determine relative mRNA abundance of genes of interest. SYBR Green 

detection reagents (2× PrecisionPlus SYBR Green Master mix or QuantiFast SYBR 

Green PCR Master mix) were used to amplify genes of interest. Reactions were either 

carried out in a 96- or 384-well plate in total volume of 20 µl or 10 µl, respectively. 

Each reaction in a 96-well plate contained 10 µl of SYBR Green PCR Master mix, 0.3 

µl of forward primer (20 µM), 0.3 µl of reverse primer (20 µM), and 8.4 µl nuclease 

free water. Each reaction in a 384-well plate contained 5 µl of SYBR Green detection 

reagent, 0.15 µl of forward primer (20 µM), 0.15 µl of reverse primer (20 µM), and 3.7 

µl nuclease free water. In both sized reactions, 1 µl cDNA template or RT negative 

control was added to each well and set up either in duplicate or triplicate for technical 

replication. Non-template controls were used in which the cDNA was replaced with 

nuclease free water. Plates were sealed with optical cover, briefly centrifuged to 

remove air bubbles and placed in either 7500 Fast Real-Time PCR System (96-well 

Block) or QuantiStudio 5 Real-Time PCR Instrument (384-well Block).  
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Thermocycling conditions for when 2× PrecisionPlus SYBR Green Master mix was 

used were as follows: 95 °C for 2 minutes at the hold stage and then 95 °C for 15 

seconds and 60 °C for 1 minute for 40 cycles at the PCR stage. 

Thermocycling conditions for when QuantiFast SYBR Green PCR Master mix was 

used were as follows: 95 °C for 5 minutes at the hold stage and then 95 °C for 10 

seconds and 60 °C for 30 seconds for 40 cycles at the PCR stage. 

Melt curves were ran at the end to ensure that the amplified products were specific 

and the SYBR Green fluorescence was a direct measurement of accumulation of 

product of interest.  

RT-qPCR Analysis 

Analysis of endometrial tissue was carried out using the Delta Delta Ct method to 

compare between the Ct values of samples of interest, using one sample as a 

calibrator. The Ct values of the samples were adjusted to the housekeeping gene, 

L19. A fold change value was calculated to indicate the relative fold change between 

the calibrator and the other samples.  

Ct values from organoid and assembloids samples were also normalised to 

housekeeping gene, L19, and instead used the Pffafl method to account for variable 

primer efficiencies (See: Table 2.10 Primers). An untreated sample was used to 

compare to the normalised data to identify the relative fold change of expression 

between the treatment and control samples.  
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Figure 2.1. Primer optimisation of endometrial gland organoid genes. 

Designed primers were tested using pooled cDNA samples. Amplified products were 

checked for single, specific product, purified, and serially diluted to amplify with 

appropriate primers and a SYBR Green Master mix. Ct values were measured to 

calculate the primer efficiencies.  
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2.2.9 RNA-Sequencing  

Data Mining 

Endometrial gland laser capture microdissection (LCM) RNA-sequencing (RNA-seq) 

data (control vs RMM) from Flavio Barros’s thesis: ‘Characterization of human 

endometrial glandular epithelium in vitro and in vivo’ (2017) and the dataset ‘Changes 

in human endometrial gland transcriptome over the window of implantation: 

GSE84169 from Gene Expression Omnibus (GEO) repository was reanalysed to 

identify differences between control and RMM samples and glandular timing. Dataset 

‘Endometrium through the menstrual cycle: GDS2052’ from the GEO repository was 

data mined for gene expression in Chapter 3. scRNA-seq data from ‘Single-cell RNA 

Sequencing of Endometrial Assembloid Cultures: GSE168405’ was mined for cell 

markers of EpC subpopulations of assembloid cultures in Chapter 5 and 6 and SASP 

related genes in Chapter 6.  

Bioinformatics analysis of LCM RNA-sequencing data  

LCM RNA-seq data was processed using DESeq2 package in R software and 

transcripts per million (TPM) were calculated as described by (Wagner et al., 2012). 

Rld function of DESeq2 tool was used to create regularised-logarithm transformed 

data for principal component analysis (PCA). Differential gene expression analysis 

was conducted for both datasets, separately and transcripts that had expression read 

count value < 20 in all samples combined were removed. For LCM control vs RMM 

data, differential expression analysis was performed in RMM with references to the 

controls. In the gland temporal dataset, differential gene expression analysis was 

performed in LH+8 with references to LH+5, LH+11 with references to LH+8, and 

LH+11 with references to LH+5. Differentially expressed genes (DEGs) were 

identified using two thresholds: P < 0.01 and FDR corrected P < 0.05 and these genes 

were used to perform gene ontology (GO) analysis using the Gene Ontology 

consortium database (Consortium, 2019).  

Metabolic modelling of control vs RMM gland LCM RNA-sequencing data  

To examine metabolic differences in RMM glands compared to the control glands, the 

human metabolic reconstruction (recon3D) was used. All model simulations were 

performed using cobra toolbox in Matlab. First, the average gene expression value 

(regularised-logarithm transformed) from RMM and control glands were mapped to 

the human metabolic network to assign expression value to reactions following 
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mapExpressionToReactions function from cobra toolbox. Briefly, to calculate the 

expression value for a reaction, 'or' and 'and' logic in Gene-Protein-Reaction relation 

was replaced by max and min, respectively. The expression ratio (RMM vs control) 

was calculated for each reaction. By setting the reaction flux lower bound to zero, all 

Exchange, Sink and DM reactions were made irreversible. BIOMASS maintenance 

reaction was set as the model objective and simulations were performed using HAM 

media constraints with unlimited oxygen uptake. Histidine was added in the 

theoretical media as it was necessary for growth.  

Flux variability analysis was performed. This analysis method predicts the flux range 

of each reaction in the defined media condition to achieve the maximum growth. The 

predicted flux range was considered for control. To calculate the flux range in RMM 

condition, the minimum and maximum flux of control condition were multiplied with 

the expression ratio. Finally, these flux ranges were set as reactions constrain and 

flux balance analysis was performed to predict the reaction flux in both RMM and 

control conditions.  

RNA-sequencing of organoids  

Four control and four RMM endometrial glands were cultured as organoids and at P2 

were treated with the pregnancy media (See: Control vs RMM – Pregnancy assay). 

The RNA extracted from the untreated and treated samples for all eight samples 

underwent RNA-seq.  

RNA quality was analysed on an Agilent 2100 Bioanalyzer (Agilent Technologies) 

using a nano Bioanalyzer chip according to the manufacturer’s instructions by 

Genomics Facility at University of Warwick. RNA integrity number (RIN) score for all 

samples was ≥ 6. Libraries were prepared using TruSeq RNA V2 kit (Illumina) and 

sequenced using Illumina NextSeq platform using a high output 75 cycle kit (v2.5) (75 

bp single read).  

Transcriptomic maps of single-end reads were generated using bowtie-2.2.6, 

samtools-1.2, and tophat-2.1.0 against the hg19 human genome assembly. 

Transcript counts were assessed with HTSeq-0.6.1 against the gencode.v19 

transcript annotation using the strand reverse setting and intersection-non-empty 

mode. 
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Bioinformatics analysis of gland organoid RNA-sequencing data  

Organoid RNA-seq data was processed using DESeq2 package in R software and 

TPMs were calculated as described by (Wagner et al., 2012). Rld function of DESeq2 

tool was used to create regularised-logarithm transformed data for PCA analysis. To 

identify batch effects, removeBatchEffect function from the limma package in R was 

used. The function was performed on treatment effect, patient effect, and batch effect. 

For the organoid data, RMM with references to control organoids and treated with 

references to untreated were performed for differential gene expression analysis. 

DEGs were identified using a stringent threshold (fold change 2 and FDR corrected 

P < 0.05) and were used to perform GO analysis using the Gene Ontology consortium 

database (Consortium, 2019). Heatmaps of relative expression (Z-scores) of genes 

in patient groups and treatments were generated in RStudio (v 1.4.1106). 

2.2.10 Single-cell RNA-sequencing  

Assembloid harvest, single-cell capture, library preparation 

Supernatant from assembloids was removed, washed with PBS before 200 µl of 

collagenase type IA (0.5 mg/ml) with DNase I (0.1 mg/ml) in additive-free medium 

was added to each well. Droplets were scrapped off and with the enzyme solution 

were added to a 1.5 ml tube. Tubes with the droplets/enzyme solution were placed in 

a water bath for 10 minutes at 37 °C and shaken every 5 minutes. Samples were 

centrifuged, supernatant removed and replaced with 500 µl 5× TrypLE TM Select 

Enzyme diluted in additive-free medium with DNase I (0.1 mg/ml). Tubes were placed 

in water bath for 10 minutes and then pellets were dissociated further by repeat 

pipetting (~300×). Samples were centrifuged, washed in PBS, and spun again. Cell 

pellets were resuspended in 400 µl of 0.1% BSA in PBS per sample. To achieve a 

single cell suspension, 100 µl of cell buffer was first added to coat 35 µm cell sieve 

before the sample was added. Cells were counted using haemocytometer and trypan 

blue was used to account for dead cells in the samples. Samples were diluted or 

concentrated to 300 000 cells per ml.  

Droplet generation was performed using a Nadia Instrument (Dolomite Bio, 

Cambridge, UK), according to the manufacturer’s guidelines, using reagents 

described by (Macosko et al., 2015) and the scRNA-seq v1.8 protocol (Dolomite Bio). 

The pooled beads were processed as described previously for assembloids 

(Rawlings et al., 2021a) and sequenced using a NextSeq 500 with high output 75 
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cycle cartridge (Illumina, Cambridge, UK) by the Genomics Facility at University of 

Warwick.  

Bioinformatics analysis of assembloid single-cell RNA-sequencing  

Assembloid scRNA-seq data processing was performed using Drop-Seq_tools-2.3.0 

(DropseqAlignmentCookbook_v2Sept2018, http://mccarrolllab.com/dropseq) and as 

described previously (Rawlings et al., 2021a). To ensure high-quality data for 

analysis, cells with at least 200 genes detected and genes that were detected in at 

least 3 cells were included. To eliminate doublets and poor-quality cells, cells with 

more than 2000 genes and more than 5% mitochondrial gene transcripts were 

excluded from the analysis. Seurat v3 standard workflow (Stuart et al., 2019) was 

used to integrate samples based on the patient of origin. This workflow was also used 

for label transfer to identify population according to marker curation performed in our 

previous work (Rawlings et al., 2021a). GO analysis was performed on DEGs (P < 

0.05, and FDR corrected P < 0.05) between control and RMM subpopulations using 

the GO consortium database (Consortium, 2019). Dot plots of significantly enriched 

GO terms (FDR corrected P < 0.05) and heatmaps of relative expression (Z-scores) 

of genes in subpopulations were generated in RStudio (v 1.4.1106).  

2.2.11 Statistical analysis 

Data were analysed using the statistical package GraphPad Prism (version 9). Data 

were tested for normal distribution, using Shapiro-Wilk test for data with ≤ 50 samples 

and the Kolmogorov-Smirnov test for experiments with > 50 samples.  

The following tests were performed for comparison of two data sets: Welch’s t-test for 

unpaired, parametric data; Wilcoxon test for paired, non-parametric data, or Mann-

Whitney test for unpaired, non-parametric data.  

The following tests were performed for multiple row comparisons of paired data: 

Multiple paired t-test for parametric data or Multiple Wilcoxon test for non-parametric. 

Whereas the following tests were performed for multiple row comparisons of unpaired 

data: multiple unpaired t-test for parametric data and Multiple Mann Whitney test for 

non-parametric data.  

For paired, non-parametric data significance was tested between several groups 

using Friedman test and Dunn’s multiple comparisons post hoc test. Spearman’s rank 

test was utilised for correlative analysis test of non-parametric data. Only values of P 

< 0.05 were considered statistically significant. 
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3.1 Introduction  

Endometrial glands secrete a rich product, histotoph, comprising of numerous 

components including ions, carbohydrates (glycogen), amino acids, lipids and 

proteins (Kelleher et al., 2019), which are phagocytosed by trophoblast cells and 

transferred to the growing embryo (Burton et al., 2002, Hempstock et al., 2004). 

Endometrial histotroph sustains pregnancy by nourishing the conceptus until the 

onset of placental perfusion at the end of the first trimester (Burton et al., 2002).  

A common feature of RMM patients is early onset of fetal growth restriction, 

suggesting a lack of histotrophic nutrition maybe a plausible cause of RMM. Dr Flavio 

Barros, a former student in the Brosens lab used laser-capture microdissection (LCM) 

to isolate the glands from mid-luteal endometrial biopsy tissue of RMM patients and 

control subjects for RNA-sequencing (RNA-seq) (Barros, 2017). This allowed the 

investigation of transcriptomic differences in the glands from these patients with 

minimal contamination of other cell types. An aberrant mitochondrial gene signature 

was revealed in RMM glands prior to conception and was predicted to lead to 

metabolic stress during early pregnancy (Barros, 2017).  

Tight spatiotemporal regulation of endometrial function is critical to synchronise 

growth, differentiation and remodelling of the endometrium with oocyte maturation, 

fertilization and embryo implantation (Suhorutshenko et al., 2018, Critchley et al., 

2020). Endometrial function requires effective crosstalk between the glands and 

EnSC. Glands secrete paracrine-acting factors such as peptide hormones, 

prostanoids, cytokines and growth factors that promote or enhance stromal 

decidualisation (Kelleher et al., 2019). The endometrium or a compartment thereof, 

being out-of-phase can lead to reproductive disorders such as implantation failure 

and miscarriage (Salker et al., 2012, Ruiz-Alonso et al., 2013). The predicted 

metabolic defect identified in RMM could be a result of an out-of-phase gland 

differentiation response. This in turn could impact the stromal decidualisation and 

result in dysregulation of the processes mentioned above, including pregnancy.  

In this chapter, I aimed to characterise the luteal endometrium in RMM patients. First, 

the RNA-seq of control and RMM LCM glands was reanalysed in order to further 

characterise metabolic differences. To address whether endometrial glands are out-

of-phase, temporally regulated genes and a molecular timing model were used to 

study gland timing in RMM patients. Additionally, the decidual pathway in RMM 

patients was investigated. 
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3.2 Results 

3.2.1 The transcriptome of mid-luteal endometrial glands in RMM  

LCM was used by Dr Flavio Barros, a former student, to isolate endometrial glands in 

mid-luteal, snap-frozen biopsies from 8 RMM and 8 control subjects (Barros, 2017) 

(Fig. 3.1). All samples were obtained 7 to 10 days following the pre-ovulatory LH 

surge (LH+7 to LH+10). Appendix table 1.1 shows the demographic characteristics 

of 16 samples used in the original RNA-seq experiment. Total RNA was extracted 

from the isolated glands and subjected to RNA-seq. The initial analysis revealed 

upregulation of several mitochondrial genes in the RMM glands, suggesting a 

potential bioenergetic defect (Barros, 2017). This finding was broadly in keeping with 

the original hypothesis that endometrial glands in RMM are subjected to metabolic 

stress in early gestation, leading to gradual failure in histotrophic nutrition. With 

support of Dr Tauqeer Alam, a bioinformatician, I re-analysed the RNA-seq data with 

a view to gain more in-depth insights into the metabolic changes in endometrial 

glands from the RMM patients (Fig. 3.1).  

First, principal component analysis (PCA) was performed. No separation of the 

control and patient groups was observed in PC1 or PC2 (Fig. 3.2a). However, the 

gland transcriptome of control subjects and RMM patients separated, albeit 

imperfectly, by PC4 and PC5, accounting for 8% and 6% of variance in gene 

expression, respectively (Fig. 3.2b). These observations suggest relative discrete 

differences in like-for-like gene expression between the case and control groups. 

A heatmap of the differentially expressed genes (DEGs) was generated (Fig. 3.3). 

Based on P < 0.01, 373 genes were upregulated in RMM glands, and 145 genes were 

downregulated when compared to controls. Following multiple testing correction, only 

31 genes were upregulated in RMM patients and 3 were downregulated (FDR-

corrected P value < 0.05). RMM glands were characterised by upregulation of genes 

involved in the electron transport chain, including genes that encode for subunits of 

complex IV (COX5B and COX8A) (Elurbe and Huynen, 2016, Rotko et al., 2021), a 

component of a regulator of complex IV assembly (SURF1) (Pecina et al., 2004), 

subunits of complex I (NDUFA1 and NDUFS5) (Scheffler and Yadava, 2001, Elurbe 

and Huynen, 2016), and a component of complex III (UQCR11) (Guo et al., 2018). In 

addition, two mitochondrial ribosomal (MRPL41 and 43) (Sylvester et al., 2004) and 

protein (GLRX5) genes were also upregulated (Banci et al., 2014). 
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Genes upregulated in RMM glands were subjected to gene ontology (GO) analysis 

using the Gene Ontology Consortium database (Consortium, 2019). Notably, GO 

analysis of both the larger (n= 373) and the more stringent (n=31) gene sets identified 

oxidative phosphorylation and associated processes, such as ‘ATP metabolic 

processes’, ‘energy derivation by oxidation of organic compounds,’ and ‘generation 

of precursor metabolites,’ as enriched in RMM glands (Fig. 3.4a and 3.5). Using the 

larger gene set, several additional processes were identified including ‘Cellular 

component biogenesis,’ ‘Organelle organisation’ and ‘Monosaccharide metabolic 

process.’ For completion, the 145 genes downregulated in RMM glands (P < 0.01) 

were also subjected to GO analysis (Fig. 3.4b). Only 3 GO categories related to 

extracellular processes were downregulated in RMM patients.  
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Figure 3.1. LCM glands RNA-seq and analyses workflow. 

Schematic representation of LCM of endometrial glands for RNA-seq and analyses 

workflow. Snap-frozen endometrial biopsies were sectioned with a cryostat and 

mounted on polyethylene naphthalate membrane slides. The sections were stained 

with cresyl-violet and eosin-Y and overlaid with glass slides. Glands of interest were 

identified microscopically and dissected with a UV laser (red line represents laser 

trace around gland), using a LCM unit. Isolated glands were retrieved using diffuser 

caps and stored in lysis solution before RNA extraction and sequencing. The following 

analyses was undertaken of the RNA-seq data: PCA, differential gene expression 

analysis, GO analysis and metabolic modelling using FVA and FBA. 
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Figure 3.2. Control and RMM endometrial glands group based on similar gene 

expressions. 

PCAs of RNA-seq data from laser-captured endometrial glands from mid-luteal 

control (black) and RMM (red) endometrial biopsies (n=8 per group).  

a) Grouping shown based on PC1 and PC2. 

b) Grouping shown based on PC4 and PC5. 
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Figure 3.3. Heatmap of DEGs between control and RMM endometrial glands.  

Heatmap of RNA-seq data showing regularised-logarithm transformed expression (Z-

scores) of DEGs between control and RMM endometrial glands (P < 0.01). 

Highlighted genes remained significantly differentially expressed following FDR 

correction (Benjamini-Hochberg, FDR-corrected P < 0.05). 
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Figure 3.4. GO analysis of DEGs upregulated and downregulated in RMM 

glands. 

Bar plots showing significantly enriched GO terms (FDR-corrected P < 0.05) related 

to biological processes in RMM glands. DEGs with P < 0.01 were used as input for 

the analysis (number of genes in brackets). 

a) GO terms upregulated in RMM compared to controls. 

b) GO terms downregulated in RMM compared to controls. 
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Figure 3.5. Oxidative phosphorylation and related processes upregulated in 

RMM glands. 

Significant GO terms (FDR-corrected P < 0.05) related to biological processes 

upregulated in RMM glands compared to controls. DEGs (n=31) with FDR-corrected 

P < 0.05 were used as input for the analysis. 
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3.2.2 Computationally efficient flux variability and flux balance analysis 

In-depth metabolic modelling was undertaken to evaluate the flux of enzymatic 

reactions in metabolic pathways of interest. Metabolic flux denotes rate of turnover of 

molecules in a given enzymatic reaction. Flux variability analysis (FVA) is a 

computational tool for assessing the minimum and maximum of each reaction flux 

(Gudmundsson and Thiele, 2010). FVA is used alongside flux balance analysis (FBA) 

to predict the optimal flow of metabolites through the metabolic network (Orth et al., 

2010). The constraints calculated by FVA highlight reactions with more importance 

under the biological objective, in this case maximum growth to predict the flux range.  

Human metabolic reconstruction (recon3D) was used to examine the metabolic 

differences in RMM patients compared to controls subjects (Brunk et al., 2018). FVA 

was used to predict the optimal flux for control and RMM glands (Fig. 3.6). Briefly, the 

average expression values for genes encoding relevant enzymes in RMM and control 

glands were mapped to the human metabolic network. A ratio of RMM vs control gene 

expression was calculated for each reaction. For FVA, the predicted flux range was 

modelled for control glands and the reaction flux range for RMM glands was then 

calculated by multiplying the control ranges with the expression ratio. These ranges 

were then set as constraints. To predict the reaction flux in both groups, FBA was 

performed. 

Five pathways were explored: the tricarboxylic acid (TCA) cycle, oxidative 

phosphorylation, glycolysis, fatty acid oxidation (FAO) and the pentose phosphate 

pathway (PPP). The results of these analyses are depicted in Figures 3.7-3.10. The 

width of the arrows in the figures correspond to flux values in control glands whereas 

the reaction flux changes (%) in RMM glands are highlighted by the colour of the 

arrows.  

As oxidative phosphorylation was found to be upregulated in RMM glands, I began 

my analysis by modelling the TCA cycle. The TCA cycle releases stored energy 

through the oxidation of acetyl coenzyme A (acetyl-CoA) derived from carbohydrates, 

fats, and proteins (Akram, 2014). Starting with citrate synthase (CS), which catalyses 

the synthesis of citrate from oxaloacetate and acetyl-CoA, the reaction fluxes in 

control glands become progressively larger as the TCA cycle unfolds and continue to 

increase through oxidative phosphorylation (Fig. 3.7 and Appendix Table 2.1). As 

anticipated, the majority of the reaction fluxes were upregulated in RMM glands with 

predicted flux changes ranging between 1.2 to 100% (Fig 3.7). Only isocitrate 
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dehydrogenase (ICDx) had a flux of zero in control glands, giving rise to a flux change 

of 100% in RMM glands (grey arrow in Fig 3.7).  

Next, I focussed on the glycolysis pathway, which amongst other functions, produces 

acetyl-CoA for the TCA cycle under aerobic settings. FVA was used to investigate 

flux changes in glycolysis reactions in RMM compared to controls glands (Fig. 3.8 

and Appendix Table 2.2). There are two phases in glycolysis: the preparatory phase 

and the payoff phase (Ganapathy-Kanniappan and Geschwind, 2013). The 

preparatory phase reactions were upregulated in RMM with flux changes between 0-

15.8%. However, the payoff phase reactions were downregulated with a decrease in 

flux ranging from 0.5-19%. Most prominent was the downregulation of the reaction 

that produces pyruvate, which results in reduced acetyl-CoA production. (Fig 3.8) 

Under hypoxic or stress conditions, pyruvate is broken down for anaerobic respiration 

by lactate dehydrogenase (Bolaños et al., 2010). The reaction flux for anaerobic 

respiration was also reduced in RMM.  

FAO is the breakdown of fatty acids in the mitochondria to generate acetyl-CoA, which 

enter the TCA cycle, thus producing more NADH (reduced form of nicotinamide 

adenine dinucleotide) and FADH2 (reduced form of flavin adenine dinucleotide) for 

oxidative phosphorylation (Houten et al., 2016). Therefore, this pathway may be the 

cause of the upregulation in oxidative phosphorylation. The modelling was limited to 

the transport and breakdown of three fatty acids (Fig. 3.9 and Appendix Table 2.3). 

The FVA revealed palmitoyl transfer through inner mitochondrial membrane and 

complete breakdown into eight acetyl-CoA molecules was downregulated in RMM 

(0.22% and 100% flux change, respectively) (Fig. 3.9a). However, the breakdown of 

palmitoyl to octanoyl, as well as the complete breakdown of octanoyl, (a short chain 

fatty acid that does not require a transfer) were both upregulated in RMM (100% and 

53.7% flux change, respectively) (Fig. 3.9a). Additionally, the transfer of cervonyl and 

its breakdown into timnodnyl and acetyl-CoA reaction flux was increased in RMM 

(197% and 197% flux change, respectively) (Fig. 3.9b).  

The PPP branches from the preparatory phase of glycolysis to produce nicotinamide 

adenine dinucleotide phosphate (NADPH - reduced form), which is crucial for fatty 

acid synthesis, scavenging of reactive oxygen species (ROS) and ribonucleotides 

production (Patra and Hay, 2014). Hence, the efficacy of histotrophic nutrition may 

rely on this pathway. In mid-luteal RMM glands, FVA revealed modest downregulation 

of all reaction fluxes (1.8-7.8% flux change) (Fig. 3.10 and Appendix Table 2.4). No 

flux change data were obtained for transaldolase (TAD), which catalyses 
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glyceraldehyde 3-phosphate and sedoheptulose 7-phosphate into fructose 6-

phosphate and erythrose 4-phosphate. 

In summary, FVA indicated that the metabolic perturbations in RMM glands may be 

more pronounced than inferred by standard RNA-seq analysis. Specifically, 

increased flux through the TCA cycle and heightened oxidative phosphorylation was 

associated with decreased flux through the PPP and payoff phase of the glycolysis 

pathway. Moreover, upregulation of oxidative phosphorylation may be a consequence 

of increased FAO.  
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Figure 3.6. Metabolic modelling of control and RMM glands. 

Schematic for metabolic modelling to predict optimal flux for control and RMM groups 

using the RNA-seq data. The human metabolic reconstruction (recon3D) was used 

to examine the metabolic differences (Brunk et al., 2018). Average gene expression 

value from RMM and control glands were mapped to the human metabolic network 

to assign expression value to reactions. The expression ratio of genes encoding 

relevant enzymes in RMM vs control glands was calculated for each reaction. Next, 

FVA was undertaken, and the predicted flux range was modelled for the control 

glands. For the modelling of the RMM group, the minimum (min) and maximum (max) 

flux of each reaction of the control conditions were multiplied with the expression ratio. 

Finally, these ranges were set as constraints and to predict the reaction flux in both 

groups, FBA was performed under maximum growth.  
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Figure 3.7. Upregulation of metabolic flux in TCA cycle and oxidative 

phosphorylation pathways in RMM glands compared to control.  

Diagram showing changes in the predicted metabolic flux of the TCA cycle and 

oxidative phosphorylation pathway in RMM compared to controls glands based on 

modelling LCM RNA-seq data. The width of the reaction (line width) indicates the flux 

value in the control samples and the colour represent flux change (%) in RMM. Green 

shades represent an increase in flux change in RMM glands. The grey arrow 

represents a flux change of 100, indicating a flux of 0 in control. No data for malate 

dehydrogenase (MDH) forward reaction was produced (black arrow) but the reverse 

reaction was downregulated. ACONT – aconitase, ICDHx – isocitrate 

dehydrogenase, AKGD – α-ketoglutarate dehydrogenase, SUCOAS1 – succinyl CoA 

synthetase, SDH – succinate dehydrogenase, FUM – fumarase, CS – citrate 

synthase, CI – complex I, CII – complex II, CIII - complex III, CIV – complex IV, CV – 

complex V, CoA-SH – coenzyme A, H2O – water, NAD+/NADH - nicotinamide adenine 

dinucleotide oxidised/reduced, CO2 – carbon dioxide, GDP – guanosine diphosphate, 

GTP - guanosine triphosphate, Pi – phosphate, Q – ubiquinone, QH2 – ubiquinol, 

cytCoxid – cytochrome c (oxidised), cyctCred – cytochrome (reduced), H+ - hydrogen 

ion, ATP – adenosine triphosphate, ADP – adenosine diphosphate.  
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Figure 3.8. Glycolysis metabolic flux in RMM glands compared to controls. 

Diagram showing changes in the predicted metabolic flux in glycolysis in RMM glands 

compared to controls using LCM RNA-Seq data. The width of the reaction (line width) 

indicates the flux value in the control and colour represents the flux change (%) in 

RMM. Green shades represent an increase in flux change in RMM glands and red 

shades represent a decrease in flux change. HEX1 – hexokinase, PGI – 

phosphohexose isomerase, PFK – phospho-fructokinase-1, ALD – aldolase, TPI – 

triose phosphate isomerase, GAPD – glyceraldehyde 3-phosphate dehydrogenase, 

PGK – phosphoglycerate kinase, PGM – phosphoglycerate mutase, ENO – enolase, 

PYK – pyruvate kinase, PDH – pyruvate dehydrogenase, LDH – lactate 

dehydrogenase, ATP – adenosine triphosphate, ADP – adenosine diphosphate, H+ - 

hydrogen ion, NAD+/NADH - nicotinamide adenine dinucleotide oxidised/reduced, Pi 

– phosphate, H2O – water, CoA-SH – coenzyme A, CO2 – carbon dioxide. 
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Figure 3.9. FAO metabolic flux in RMM glands compared to controls. 

Schematic of predicted metabolic flux of FAO of three fatty acids in RMM and control 

glands using FVA and FBA of LCM RNA-Seq data. The width of the reaction (line 

width) indicates the flux value in the control samples and the colour represent flux 

change (%) in RMM. Green shades represent an increase in flux change in RMM 

glands and red shades represent a decrease in flux change. The grey arrow 

represents a flux change of a 100, indicating a flux of 0 in control. C160CPT1 - 

Carnitine O-palmitoyltransferase, C160CPT2 - C160 transport into the mitochondria, 

C226CPT1 - Carnitine C22:6 transferase, C226CPT2 - C226 transport into the 

mitochondria, FAOXCx - Fatty acid oxidation (carbon chain), CoA-SH – coenzyme A. 
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Figure 3.10. Downregulation of metabolic flux in the PPP in RMM glands 

compared to controls. 

Schematic of PPP showing decrease in the predicted metabolic flux in RMM glands 

compared to controls using FVA and FBA of LCM RNA-Seq data. The width of the 

reaction (line width) indicates the flux value in the control and colour represents the 

flux change (%) in RMM. Red shades represent a decrease in flux change. No data 

for transaldolase (TAD) reaction (black arrow). G6PDH2 – glucose 6-phosphate 

dehydrogenase, PGL – 6-phosphogluconolactonase, GND – 6-phosphogluconate 

dehydrogenase, RPI – ribose 5-phosphate isomerase, RPE – ribulose 5-phosphate 

3 – epimerase, TKT- transketolase, NADP+/NADPH - Nicotinamide adenine 

dinucleotide phosphate oxidised/reduced, H+ - hydrogen ion, H2O – water, CO2 – 

carbon dioxide.  
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3.2.3 Timing of RMM glands  

The endometrium is a highly dynamic tissue, characterised by coordinated changes 

in gene expression that vary from day to day (Ruiz-Alonso et al., 2012). Although all 

endometrial biopsies from control and RMM patients were timed relative to the LH 

surge as measured by home ovulation kits, it is possible that mistiming of the biopsy 

accounts for the differences in glandular gene expression between the control and 

case group. Mistiming may reflect variation in accuracy of commercially available 

home ovulation kits, user error, variation in the time between the LH surge and 

ovulation and altered kinetics of progesterone production by the corpus luteum 

(Brosens et al., 1978). Alternatively, the responsiveness of the endometrial glands to 

steroid hormone signalling and local cues may be altered in RMM resulting in a 

differentiation response that either lags behind or is accelerated when compared to 

control tissues.  

To investigate if glandular defects in RMM are due to an out-of-phase response, I 

took two complementary approaches. First, I analysed the transcriptome of LCM 

endometrial glands obtained in the early-, mid-, and late-luteal phase and examined 

the temporal regulation of genes differentially regulated between control and RMM 

patients. Second, in section 3.2.4, I developed a simple glandular timing model that 

enables rapid assessment of a much larger cohort of samples. 

The bioinformatic approach started with re-analysis of 9 RNA-seq libraries, 

representing the transcriptomes of LCM endometrial glands obtained on LH+5 (n=3), 

LH+8 (n=3), and LH+11 (n=3); representing early-, mid-, and late-luteal endometrium, 

respectively. Appendix Table 1.2 shows the demographic details. The data were 

deposited in Gene Expression Omnibus (GEO), accession number GSE84169. The 

early- and mid-luteal glands grouped together on PC 1 and PC 2, accounting for 38% 

and 21% variance, respectively (Fig. 3.11). Late luteal samples (LH+11) were more 

variable with one biopsy being a suspected outlier. Transition of endometrial glands 

from early- to mid-luteal phase, i.e., coinciding with the putative window of 

implantation, was associated with a marked transcriptional response, characterised 

by induction and repression of 1141 and 879 genes, respectively (FDR-corrected P < 

0.05). Subsequent progression from mid- to late-luteal phase involved up- and 

downregulation of 209 and 163 genes, respectively. Taken together, a total of 2392 

temporally expressed genes were identified in endometrial glands across the luteal 

phase of the cycle. 
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The Venn diagrams in Figure 3.12 show the intersection between temporally 

regulated genes and genes that are differentially expressed between control subjects 

and RMM patients. Out of the core set of 34 DEGs (FDR-corrected P < 0.05) 

associated with RMM, only 4 (C19orf33, GPX1, CEBPD, PRKCQ) exhibited a 

temporal expression profile (Fig 3.12a and 13). Out of the less stringent set of 518 

putative DEGs (P < 0.01), 34 were temporally regulated genes (Fig 3.12a). Thus, this 

analysis indicates that the RMM-associated gene signature cannot be explained by 

out-of-phase endometrial glands or mistiming of endometrial biopsies  

Temporally regulated glandular genes were subjected to GO analysis. As expected, 

upregulated genes upon transition from early- to mid-luteal phase were highly 

enriched GO categories such as ‘Secretion by cell’ (FDR-corrected P < 0.0001) and 

‘ECM organisation’ (FDR-corrected P < 0.001) (Fig. 3.14a). Other enriched categories 

indicated that acquisition of a receptive glandular phenotype involves an acute 

inflammatory response (e.g., ‘Regulation of response to stress’ and ‘Acute 

inflammatory response’). Conversely, acquisition of a secretory phenotype during the 

mid-luteal phase coincided with down-regulation of cell cycle genes (Fig. 3.14b). 

Enrichment of GO terms related to cellular stress responses was even more 

pronounced upon comparison of genes upregulated in the late-luteal phase 

compared to the early-luteal phase (Fig. 3.14c). 
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Figure 3.11. PCA of LCM endometrial glands across the luteal phase. 

PCA of RNA-seq data from LCM endometrial glands from early- (LH+5, blue), mid- 

(LH+8, purple) and late-luteal phase (LH+11, orange) of the menstrual cycle (n=3 per 

timepoint). Grouping shown are based on PC1 and PC2. 
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Figure 3.12. Venn diagrams depicting intersections of DEGs in endometrial 

glands across the luteal phase and between control subjects and RMM patients. 

a) Venn diagram depicting intersection of 34 core RMM genes (FDR-corrected P < 

0.05) and temporally regulated glandular genes across the luteal phase. Only 4 out 

of 34 (12%) RMM genes were temporally regulated.  

b) Venn diagram depicting intersection of 518 RMM genes (P < 0.01) and temporally 

regulated glandular genes across the luteal phase. Only 34 out 518 (6.6%) RMM 

genes were also temporally regulated. 
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Figure 3.13. Heatmap depicting temporally regulated glandular genes across 

the luteal phase.  

Heatmap showing regularised-logarithm transformed expression (Z-scores) of RNA-

seq data for DEGs either between LH+5 vs +8, LH+5 vs +11, or LH+8 vs +11 (FDR-

corrected P < 0.05). Genes highlighted were also differentially expressed between 

control and RMM glands. 
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Figure 3.14. GO analysis of temporally regulated glandular genes. 

Bar plots showing significantly enriched GO terms (FDR-corrected P < 0.05) related 

to biological processes across the luteal phase. DEGs with FDR-corrected P < 0.05 

were used as input for the analysis. 

a) GO terms upregulated on LH+8 compared to LH+5.  

b) GO terms downregulated on LH+8 compared to LH+5.  

a) GO terms upregulated on LH+11 compared to LH+5.  

a) GO terms downregulated on LH+11 compared to LH+5.  
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3.2.4 Molecular timing model 

Many endometrial timing models have been created to distinguish receptive from non-

receptive endometrium, especially in the context of assisted reproductive technology 

to optimise embryo transfer [e.g. Endometrial Receptivity Analysis (ERA) (Ruiz-

Alonso et al., 2013), ERPeakSM (CooperSurgical)]. However, most - if not all - models 

do not use cell-specific marker genes nor account for variability in cellular composition 

between tissue samples (Suhorutshenko et al., 2018). Therefore, a gland specific 

molecular timing model was developed based on two epithelial cell-specific genes 

with opposing temporal expression patterns across the luteal phase of the cycle. By 

calculating the ratio of these two epithelial cell-specific genes, variation in the number 

of glands between endometrial biopsies is negated.  

Single-cell RNA-seq (scRNA-seq) data from luteal phase endometrial biopsies were 

mined to identify epithelial cell-specific genes with opposing temporal expression 

profiles (Lucas et al., 2020), GPX3 (encodes glutathione peroxidase 3) and SLC15A2 

(encodes solute carrier family 15 member 2, a proton coupled peptide transporter). 

Cross-referencing against a publicly available microarray dataset of endometrial 

biopsies obtained across the menstrual cycle (GEO: GDS2052) confirmed that GPX3 

expression increases dramatically upon transition from the early- to mid-luteal phase 

of the cycle (Talbi et al., 2006). Expression remains high in some but not all late-luteal 

phase samples, likely reflecting declining circulating progesterone levels (Fig. 3.15). 

By contrast, SLC15A2 expression peaks during the early-luteal phase of the cycle, 

after which expression first declines rapidly and then more modestly upon transition 

from the mid- to late-luteal phase of the cycle (Fig. 3.15). 

The transcript levels of GPX3 and SLC15A2 were measured by RT-qPCR in 263 

endometrial biopsies obtained between LH+5 to LH+11 (Fig. 3.16a). Demographic 

details of this sample set are shown in Appendix Table 1.3. The RT-qPCR data were 

then used to create distribution graphs of expression on each day (Fig. 3.16b). The 

expression pattern of both GPX3 and SLC15A2 closely matched the microarray data 

(GEO: GDS2052). Next, the GPX3/SLC15A2 mRNA ratio was calculated for each 

sample (Fig. 3.16c) and a distribution graph was generated (Fig. 3.16d). As 

anticipated, the ratio value increased over a broad range throughout the luteal phase 

of the cycle. 

Next, I used this approach to test if endometrial gland responses are out-of-phase in 

RMM. Transcript levels of GPX3 and SLC15A2 were measured by RT-qPCR in 

endometrial biopsies obtained from 93 control subjects and 75 RMM patients and the 
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molecular timing ratio was calculated. Demographic characteristics of this sample set 

are shown in Appendix Table 1.4. Biopsies were obtained between LH+5 to LH+11 

and the temporal patterns for both genes plotted in both groups (Fig. 3.17a and c). 

GPX3 and SLC15A2 mRNA expression did not differ between RMM and control 

endometrium (Fig. 3.17a and c) nor did the GPX3/SLC15A2 ratio (Fig. 3.17e). 

Percentile values were calculated for the two genes (Fig. 3.17b and d) and for the 

GPX3/SLC15A2 ratios (Fig 3.17f). Again, no differences were identified between 

control and RMM glands, supporting previous analysis that the RMM glands are not 

out-of-phase.  
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Figure 3.15. Glandular genes GPX3 and SLC15A2 expression across the 

menstrual cycle. 

Expression of glandular genes GPX3 and SLC15A2 across the proliferative phase, 

and early-, mid-, and late-secretory phase as indicated by the grey-scale key. 

Microarray data was mined from data deposited in the Gene Expression Omnibus 

(GEO Profiles, GDS2052). Each bar plotted represents an individual endometrial 

biopsy.  
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Figure 3.16. Glandular timing ratio of GPX3/SLC15A2 in endometrial biopsies. 

a) GPX3 and SLC15A2 transcript levels were quantified by RT-qPCR analysis in 263 

endometrial biopsies obtained between LH+5 and LH+11. Each circle represents an 

individual biopsy, and a line marks the median for each day. The median number of 

samples for each day was 43 (range: 14-46).  

b) Distribution of GPX3 and SLC15A2 expression for each day was plotted as the 

95% confidence interval.  

c) Timing ratio (GPX3/SCL15A2) was calculated using GPX3 and SLC15A2 transcript 

levels of 263 endometrial biopsies obtained between LH+5 and LH+11. Each circle 

represents an individual biopsy, and a line marks the median for each day.  

d) Distribution of GPX3/SCL15A2 ratio for each day was plotted as the 95% 

confidence interval. 

Data collected in collaboration with Dr Joanne Muter. 
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Figure 3.17. RMM glands are not out-of-phase. 

GPX3 and SLC15A2 transcript levels and timing ratio (GPX3/SCL15A2) of control 

subject (n= 93, black) and RMM patient (n=75, red) endometrial biopsies obtained 

between LH+5 and LH+11 and calculated percentile distributions presented as 

boxplots. Each circle represents an individual biopsy. Median number of samples for 

each day for control was 14 (range: 7-16) and RMM patients was 12 (range: 2-22).  

Patient groups were tested for significance either using Welch’s t-test or Mann 

Whitney test after testing for normal distribution using Shapiro-Wilk or Kolmogorov-

Smirnov tests. 

a) GPX3 transcript levels were quantified by RT-qPCR analysis of endometrial 

biopsies of control and RMM patients.  
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b) Distribution of GPX3 percentiles in endometrial biopsies of control subjects and 

RMM patients. Percentiles calculated based on delta CT (dCt) of GPX3 expression 

using Excel.  

c) SLC15A2 transcript levels were quantified by RT-qPCR analysis of endometrial 

biopsies of control and RMM patients.  

d) Distribution of SLC15A2 percentiles in endometrial biopsies of control subjects and 

RMM patients. Percentiles calculated based on dCt of SLC15A2 expression using 

Excel.  

e) Timing ratio (GPX3/SCL15A2) was calculated using GPX3 and SLC15A2 transcript 

levels of control and RMM endometrial biopsies.  

f) Distribution of timing ratio percentiles in endometrial biopsies of control subjects 

and RMM patients. Percentiles calculated based on dCt of GPX3/SLC15A2 using 

Excel. 
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3.2.5 Decidualisation in RMM  

Crosstalk between the glands and EnSC is pivotal for their function. Glands produce 

and secrete factors that impact stromal decidualisation such as PGE2, LIF and relaxin 

(Kelleher et al., 2019). Equally, decidual EnSC secrete a variety of factors, including 

PRL, during pregnancy, that may impact glandular function and histotrophic nutrition 

(Burton et al., 2007). Consequently, glandular defects may have secondary effects 

on decidualisation or vice versa. RPL has been associated with a lack of decidual 

precursor cells, pro-senescent decidual response and uNK cell deficiency (Lucas et 

al., 2016, Lucas et al., 2020, Tewary et al., 2020). A pro-senescent decidual response 

is thought to create an endometrial environment that is easy to invade but also prone 

to breakdown in early pregnancy. While bleeding commonly precedes pregnancy loss 

in RPL, this is not the case in RMM. 

SCARA5 and DIO2 are highly selective marker genes of diverging decidual states 

(Lucas et al., 2020). SCARA5, encoding scavenger receptor class A member 5, is a 

progesterone-dependent marker of decidual cells (Lucas et al., 2020). DIO2 (encodes 

Type II iodothyronine deiodinase), which catalyses the conversion of prohormone 

thyroxine (3,5,3',5'-tetraiodothyronine, T4) to the bioactive thyroid hormone (3,5,3'-

triiodothyronine, T3) is a gene repressed by progesterone in endometrial EnSC. 

However, upon acquisition of progesterone resistance in senescent decidual cells, 

DIO2 becomes re-expressed (Lucas et al., 2020).  

To examine if RMM is associated with an abnormal decidual response, LH-timed 

endometrial biopsies from 93 control subjects and 73 RMM patients were processed 

for RT-qPCR and immunohistochemistry (IHC). Demographic details of this sample 

set are shown in Appendix Table 1.5. Transcript levels of SCARA5 and DIO2 were 

measured, and temporal expression profiles plotted for both control and RMM 

samples (Fig. 3.18a and c). For each gene, percentiles were calculated to normalise 

for the day of the biopsy in the cycle as described previously (Lucas et al., 2020). In 

addition, the abundance of uNK cell underlying the luminal epithelium  were quantified 

by a validated and standardised IHC approach (Lash et al., 2016). Percentiles were 

calculated to normalise for the day of the biopsy in cycle using an existing percentile 

graph based on analysis of 1997 LH-timed biopsies (Brighton et al., 2017). 

Quantification of uNK cells in this samples set was performed with assistance of Dr 

Katherine Fishwick. 

SCARA5 mRNA expression increased progressively from the early- to mid-luteal 

phase in control whereas expression in RMM appeared blunted across the luteal 
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phase (Fig. 3.18a). In agreement, SCARA5 percentiles in RMM samples were 

significantly lower when compared to control samples (P < 0.01, Welch’s t-test, Fig. 

3.18b). On the other hand, DIO2 expression in control subjects decreased from early- 

to mid-luteal phase before plateauing, a pattern largely recapitulated in RMM samples 

(Fig. 3.18c). DIO2 percentiles did not differ between control and RMM samples (P > 

0.05, Mann Whitney) (Fig. 3.18d). The abundance of uNK cells in stroma underlying 

the luminal epithelium increased as the luteal phase progressed, although this 

response appeared blunted in RMM biopsies, at least in the mid-luteal phase (Fig. 

3.18e). In agreement, uNK cell percentiles were significantly lower in RMM compared 

to control biopsies (P < 0.05 Welch’s t-test) (Fig. 3.18f). Taken together, my analysis 

revealed that RMM is associated with impaired decidualisation and relative uNK cell 

deficiency when compared to control samples.  
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Figure 3.18. Stromal and uNK defects in RMM endometrium. 

Transcript levels and uNK scores of control subject (n=93, black) and RMM patient 

(n=73, red) endometrial biopsies obtained between LH+5 and LH+11 and calculated 

percentiles distributions presented as boxplots. Median number of samples for each 

day for control was 14 (range: 7-16) and RMM patients was 12 (range: 2-21). Patient 

groups were tested for significance either using Welch’s t-test or Mann Whitney test 

after testing for normal distribution using Shapiro-Wilk or Kolmogorov-Smirnov tests.  
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a) SCARA5 transcript levels were quantified by RT-qPCR analysis of timed 

endometrial biopsies of control and RMM patients. * indicates P < 0.05 obtained by 

Welch’s t-test.  

b) Distribution of SCARA5 percentiles in endometrial biopsies of control subjects and 

RMM patients. Percentiles calculated based on dCt of SCARA5 expression using 

Excel. ** indicates P < 0.01 obtained by Welch’s t-test.  

c) DIO2 transcript levels were quantified by RT-qPCR analysis of timed endometrial 

biopsies of control and RMM.  

d) Distribution of DIO2 percentiles in endometrial biopsies of control subjects and 

RMM patients. Percentiles calculated based on dCt of DIO2 expression using Excel. 

e) Timed endometrial tissue of control and RMM was stained for uNK cells (CD56) 

and counted. ** indicates P < 0.01 obtained by Mann Whitney test. 

f) Distribution of uNK in endometrial biopsies of control subjects (n=93) and RMM 

patients (n=73). Percentiles calculated based on uNK cell scores using R software. * 

indicates P < 0.05 obtained by Welch’s t-test. 
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3.3 Discussion 

Currently, there is very little understanding of RMM, and studies are scarce. Other 

than the outcome of multiple miscarriages, RMM and RPL present with different 

phenotypes. Therefore, it is plausible the underlying pathologies are not the same. 

One feature of RMM is the early onset of fetal growth restriction, which could be the 

result of glandular defects that are detrimental to histotrophic nutrition. To test this 

hypothesis, I aimed to identify defects in the glands of RMM patients using RNA-seq 

data. Additionally, I determined whether the glandular defects in RMM were due to an 

out-of-phase response and if an aberrant decidual response occurred in RMM 

patients.  

As anticipated, the TCA cycle and oxidative phosphorylation were upregulated in 

RMM glands. Pregnancy requires a large secretory output from the glands. Initially, it 

was postulated that the upregulation of mitochondrial-related genes in RMM glands, 

leads to excessive secretion prior to conception, and eventually to early secretory 

exhaustion (Barros, 2017). However, the metabolic modelling indicated pronounced 

perturbations in metabolic pathways in RMM glands that may consequently reduce 

the composition of glandular secretion for histotrophic nutrition.  

Interestingly, the reaction catalysed by pyruvate kinase was the most downregulated 

reaction of glycolysis. Reduced levels of pyruvate results in less acetyl-CoA 

conversion for oxidative phosphorylation. However, to meet the demand of the 

glands, a compensatory method of using FAO may be implemented by the glands. 

FAO also produces acetyl-CoA molecules, which can be fed into the TCA cycle for 

oxidative phosphorylation (Houten et al., 2016). Despite, only a limited number of fatty 

acid degradations, the modelling data suggests an upregulation of FAO in RMM 

glands. Increased FAO could explain the upregulation of oxidative phosphorylation in 

RMM as the breakdown of fatty acids produces the highest yield of ATP compared to 

any other macromolecule. Additionally, lipids are an important part of histotrophic 

nutrition (Kelleher et al., 2019). The PPP is important in producing NADPH for fatty 

acid synthesis as well as nucleotide biosynthesis. Both biosynthesis pathways are 

crucial for the secretory phenotype of the glands in early pregnancy. A downregulation 

of the PPP was observed in RMM glands. A reduction in fatty acid synthesis due to 

depleted NADPH levels and upregulation of FAO could result in a deficit in the glands 

at pregnancy. 
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It was speculated whether the glandular defects in RMM were a consequence of an 

out-of-phase endometrium, specifically out-of-phase glands. Many models have been 

created to distinguish receptive from non-receptive endometrium (Noyes et al., 1950, 

Haouzi et al., 2009, Díaz-Gimeno et al., 2011). However, the endometrium is a 

heterogenous tissue and these models ignore the variability in cellular composition 

between each sample. Not considering cellular heterogeneity in whole-tissue analysis 

could result in misinterpretation of the results (Shen-Orr and Gaujoux, 2013). In 

addition, the ability to measure phenotypic changes between patients at the cellular 

level is critical for obtaining a detailed understanding.  

Therefore, two epithelial specific timing methods were performed to time the 

endometrium. Both methods concluded the glands were not out-of-phase in RMM. 

Hence, the gland defects in RMM patients are not due to glandular asynchrony. 

Notably, RMM are able to conceive, likely due to the endometrium being correctly 

timed for implantation. It is plausible that the defects in RMM do not impact 

implantation, instead cause issues in pregnancy, leading to a missed miscarriage. 

The endometrium is a heterogenous tissue and more than one cell type may be 

dysfunctional in a disorder. In this study, RMM was found to be associated with uNK 

cell deficiency and impaired decidualisation. After ovulation, uNK cell numbers rise 

substantially and have a role in clearing the acute senescent decidual cells to allow 

for embryo implantation (Brighton et al., 2017). Furthermore, during pregnancy uNK 

cells are implicated in the remodelling of spiral arteries before and during trophoblast 

invasion (Chazara et al., 2011, Xiong et al., 2013, Salker et al., 2012). Decidual cells 

secretions of interleukins are implicated in activation and proliferation of uNK cells 

(Ashkar et al., 2003, Ain et al., 2004). Thus, a poor decidual response is likely to 

impact the recruitment of uNK cells in RMM patients.  

Notably, RPL has been linked also to uNK cell deficiency (Lucas et al., 2020). 

However, a striking difference between these pathological states is the lack of 

excessive decidual senescence in RMM. Excessive decidual senescence is 

characterised by constitutive expression of inflammatory mediators and ECM proteins 

and proteinases (Lucas et al., 2020), which are likely to promote breakdown of the 

emerging maternal-fetal interface in early gestation. By contrast, the decidual 

response appears less advanced in RMM samples, which arguably could be caused 

by glandular dysfunction or, conversely, impact glandular differentiation responses. 

Without excessive decidual senescence, the RMM endometrium is more robust and 

unlike RPL, does not lead to breakdown of the maternal-fetal interface and prominent 
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bleeding. Decidualisation and uNK cell recruitment is regulated by glandular 

secretions such as PGE2 (Smith and Kelly, 1988), and cytokine and chemokine (C-X-

C motif) ligand 14 (CXCL14) (Mokhtar et al., 2009), respectively. An impaired decidual 

response may be caused by the glandular dysfunction observed in RMM.  

Overall, these detailed findings exhibit an atypical gland and decidual response in the 

endometrium of RMM patients, unique from RPL. However, these biopsies are from 

pre-conception endometrium, and in vivo samples only provide a single snapshot in 

time of what is taking place. An in vitro model allows for functional testing of a patient 

phenotype, further dissection of the pathways as well pharmacologically testing. To 

investigate the RMM phenotype further an in vitro system is required. 
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Chapter 4:                                  

Formation Efficacy and Differentiation 

Capacity of Endometrial Gland Organoids 
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4.1 Introduction  

Modelling defects of the endometrial glands requires a suitable in vitro model. 

However, until recently studying the glands was challenging due to the failure of 

primary endometrial EpC to propagate in culture, especially when isolated from luteal-

phase biopsies (Barros, 2017). The cells lose their structural characteristics as well 

as the ability to proliferate and differentiate (Classen-Linke et al., 1996, Hombach-

Klonisch et al., 2005). Endometrial EpC grown as monolayers also lack the 

physiological and architectural state of glands in vivo.  

Following the development of adult stem cell derived organoid cultures from other 

tissues (Lancaster and Knoblich, 2014, Simian and Bissell, 2017, Rossi et al., 2018, 

Kim et al., 2020), gland organoids were established from the human endometrium 

(Turco et al., 2017, Boretto et al., 2017) (Fig. 4.1). Similar to other organoids, 

endometrial epithelial stem/progenitor cells self-organise into 3D gland-like structures 

in the presence of a chemically defined medium termed expansion medium (ExM), 

containing growth factors, supplements and signal transduction pathway modulators 

(Turco et al., 2017, Boretto et al., 2017). Endometrial gland organoids can be 

passaged for up to 6 months and cryopreserved while remaining genetically stable 

(Turco et al., 2017, Boretto et al., 2017). The organoids recapitulate the structural 

features of the glands found in vivo, respond to hormonal signals, and secrete 

components found in glandular secretions, such as glycodelin (Turco et al., 2017).  

During the proliferative phase, endometrial EpC proliferate rapidly in response to 

rising oestrogen to form the glands of the functional layer (Ferenczy and Bergeron, 

1991). Regeneration of the endometrial glands following menstruation, pregnancy 

loss, parturition or iatrogenic destruction (e.g., curettage) is mediated by adult 

stem/progenitor cells residing in the basal layer (Tempest et al., 2018b). Endometrial 

glands are clonal, meaning that single stem/progenitor cells produce all descendant 

cells within individual glands (Tanaka et al., 2003, Moore et al., 2020), although there 

is evidence that some glands are regenerated by more than one epithelial 

stem/progenitor cell (Tempest et al., 2020). Epithelial stem/progenitor cells have been 

identified in the basal endometrial layer of hysterectomy specimens and are capable 

of self-renewal, exhibit high proliferative potential and differentiate into 3D gland-like 

structures in a defined chemical medium (Gargett et al., 2009, Valentijn et al., 2013, 

Nguyen et al., 2017, Tempest et al., 2020).  
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Endometrial gland organoids can also be established from pipelle biopsies, indicating 

the presence of multipotent progenitor cells in the functional layer (Turco et al., 2017). 

Like their native counterparts, gland organoids are clonal, and form from cells seeded 

at single-cell density, enabling quantification of the abundance of endometrial 

epithelial  stem/progenitor cells in a biopsy sample. This assay has been termed the 

organoid forming efficiency (OFE) assay (Turco et al., 2017). Endometrial gland 

organoids express a gene signature that include epithelial stem cells markers, such 

as LRIG1, PROM1, AXIN2 and SOX9 (Turco et al., 2017). SOX9 is highly expressed 

in the glandular portion that resides in the basal endometrial layer (Valentijn et al., 

2013). Consequently, it has been postulated that expansion of SOX9+ cells drive 

organoid formation in vitro (Turco et al., 2017).  

In this chapter, I exploited the ability to generate endometrial gland organoids to 

assess different differentiation protocols and to determine the clinical variables that 

may impact on the differentiation and OFE of gland organoids. 
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4.2 Results 

4.2.1. Cyclical vs passage differentiation of endometrial organoids  

Endometrial gland organoids are established from endometrial biopsies (Fig. 4.1). 

After mechanical and enzymatical digestion, the endometrial samples are passed 

through a strainer to collect the gland isolates. The isolates are resuspended in a 

gelatinous protein mixture, Matrigel, that provides the matrix for the organoids to 

grow. The cured gland/matrigel droplets are then grown in ExM. To recapitulate the 

hormone-dependent changes in gland function across the menstrual cycle, Turco et 

al (2017) used the following differentiation: a 4-day growth period in ExM followed by 

2 days priming in ExM with E2 and then 2 days in ExM supplemented with E2, 8-

Bromoadenosine-3’,5’-cyclic monophosphate (8-bromo-cAMP) and P4 (Fig. 4.2a). It 

was not reported if gland organoids require passaging to elicit a robust differentiation 

response nor was the impact of cyclical differentiation on gland organoid responses 

evaluated (Turco et al., 2017).  

I began with investigating the effect of passaging on gland organoid differentiation. 

For organoid passage, a mechanical rather than enzymatic approach was taken to 

ensure organoid breakdown into single-cell suspensions. Recovery of the organoids 

from the Matrigel followed by mechanical digestion requires approximately 380 repeat 

pipetting of the samples (Turco et al., 2017). Passaging allows for re-expansion of 

the cultures but arguably does not recapitulate physiological regeneration of the 

endometrium. As the endometrium is exposed to iterative cycles of growth and 

differentiation, I also evaluated the impact on gland organoids of repeated cycles of 

differentiation without additional passaging.  

As depicted in Figure 4.2, three independent gland organoid cultures were set up to 

evaluate the impact of repeated passaging or cyclical differentiation using the original 

Turco differentiation protocol outlined above (Fig. 4.2a). In both experimental designs, 

undifferentiated gland organoids maintained in ExM for 8 days were used as control 

cultures. For cyclical differentiation, organoids were set up at passage 0 (P0) and 

then were subjected to the first cycle of differentiation. Organoids were recovered for 

RNA extraction after undergoing 1 to 4 cycles (C1-C4) of differentiation (Fig. 4.2b). 

To assess the impact of passaging, organoids were set up at P0 and either 

differentiated or maintained in ExM. The undifferentiated glands organoids were then 

passaged, and the experiment repeated. Total RNA was extracted from 
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undifferentiated and differentiated gland organoids at P0, passage 1 (P1), passage 2 

(P2), and passage 3 (P3) (Fig. 4.2b). 

Endometrial gland organoids are spheroids consisting of an epithelial layer 

surrounding a central lumen (Turco et al., 2017, Boretto et al., 2017). Glandular 

structures were difficult to discern at P0 but became apparent at P1 (Fig. 4.3). 

Organoids subjected to cyclical differentiation without passaging also began as tissue 

isolates but gland-like structures become apparent by C2. Notably, with additional 

cycles of differentiation the organoids darkened and appeared to collapse (Fig. 4.3). 

The Matrigel droplets also reduced in size, a sign of progressive gel disintegration. 

With little space to expand into, these gland-like structures were observably smaller 

than their passaged counterparts. 

PAEP (encodes for progestagen-associated endometrial protein, also known as 

glycodelin) is a commonly used marker of glandular differentiation (Turco et al., 2017, 

Boretto et al., 2017). PAEP expression is low during the proliferative phase but 

increases markedly in response to progesterone signalling during the luteal phase 

(Seppälä et al., 2002). Hence, induction of PAEP was quantified by RT-qPCR to 

measure differentiation capacity of gland organoids following serial passaging or 

cyclical differentiation. Relative expression of PAEP normalised to L19, a 

housekeeping gene encoding ribosomal protein L19, were plotted to highlight the 

intrinsic variability between organoid cultures from different patient samples (Fig 

4.4a). PAEP transcript levels in undifferentiated organoids decreased from C3 and 

P2 onwards (Fig 4.4b), resulting in a robust induction upon treatment with E2, 8-

bromo-cAMP and P4 (Fig 4.4c). 

Based on organoid morphology and the improved differentiation response, P2 was 

selected for all future differentiation experiments. The responsiveness of P2 gland 

organoids to differentiation signals was validated by IHC in independent cultures (Fig. 

4.5). Organoids were stained for structural markers cytokeratin, E-cadherin (epithelial 

cadherin) and EpCAM. Morphologically, undifferentiated organoids consisted of a 

single EpC layer but upon differentiation became enlarged and multi-layered. 

Glycodelin accumulated in the lumen of the differentiated organoids in parallel with 

loss of PGR, hallmarks of glandular differentiation in vivo (Wang et al., 1998).  

 

 

  



107 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Endometrial gland organoid expansion. 

Schematic representation of endometrial gland organoid expansion. Endometrial 

biopsies were mechanically and enzymatically digested. The epithelial fraction of 

tissue isolates was collected in the strainer and resuspended in Matrigel. Droplets of 

gland isolates/Matrigel (20 µl) were plated in a 48-well plate and cured at 37 °C before 

ExM was added (Passage 0). Over the next 7 days, organoids form from progenitor 

cells, but many gland isolates remain. The culture was then mechanically passaged 

to remove the cells from the Matrigel and to break down the tissue and organoids. 

The cell pellet was replated in fresh Matrigel (Passage 1) and grown for another seven 

days to form organoids. Scale bar = 500 µm. Protocol adapted from (Turco et al., 

2017). 
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Figure 4.2. Cyclical and passage differentiation protocol. 

a) Schematic summary of differentiation protocol. Samples were either left 

undifferentiated for 8 days in ExM or grown for 4 days, primed with E2 for 2 days and 

then differentiated with E2, cAMP and P4.  

b) Schematic summary of cyclical and passage differentiation protocol. Epithelial 

fraction was separated from a digested endometrial biopsy. Samples were 

resuspended in Matrigel, plated, cured, and ExM was added. The sample was used 

in parallel for two differentiation protocols. For cyclical differentiation, at C1 the 

samples were either left undifferentiated in ExM for 8 days or differentiated. Gland 

organoids were then harvested for RNA or went through another cycle of 

differentiation. Organoids underwent 1 to 4 cycles of differentiation. For passage 

differentiation, samples were differentiated as above at each passage before 

harvesting for RNA. Organoids underwent 0 to 3 passages.  
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Figure 4.3. Representative images of cyclical and passage differentiation of 

gland organoids.  

Representative images of undifferentiated and differentiated organoids from the same 

endometrial biopsy at C3 of cyclical differentiation and at P2 of passage 

differentiation.  Scale bar = 2 mm. 
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Figure 4.4. Differentiation response improves in gland organoids with 

increased number of cycles and passages. 

PAEP expression in organoids of undifferentiated (open dot) and differentiated 

samples (closed dot) (n=3) at each cycle or passage. Data points are coloured to 

represent expression in gland organoids established from independent endometrial 

biopsies. Bars show median. 

a) Bar plot showing relative expression of PAEP normalised to L19 expression of 

cyclical and passage differentiation. 

b) Bar plot showing induction of PAEP expression in undifferentiated organoids. 

Expression values are presented as fold change relative to expression levels in 

undifferentiated gland organoids at C1/P0. 

c) Bar plot showing induction of PAEP expression in differentiated organoids. 

Expression values are presented as fold-change relative to expression levels of 

undifferentiated gland organoids at the same cycle/passage. 
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Figure 4.5. Immunofluorescence microscopy of undifferentiated and 

differentiated organoids. 

Representative immunofluorescence labelling of structural markers (cytokeratin-18, 

E-cadherin and EpCAM) and differential markers (glycodelin and PGR) in 

undifferentiated and differentiated organoids grown in collagen gel using a forward 

time-course. Nuclei were counterstained with DAPI. Samples were visualised by 

epifluorescence microscopy. Scale bar = 25 µM.  
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4.2.2 Organoid formation efficacy 

Organoid formation relies on the premise that single adult stem cells expand into 3D 

structures when cultured in a chemically defined medium (Lancaster and Knoblich, 

2014). As such, organoid formation can be used to measure the abundance of adult 

stem cells in a tissue by seeding cells at low density. For example, Turco et al. (2017) 

reported an efficiency of 2-4% when 100 endometrial EpC were seeded in 5 µl 

Matrigel droplets (n=3). To investigate the epithelial stem/progenitor cell population 

in clinical samples, the epithelial fractions of 45 endometrial biopsies were digested 

into single cells immediately following sample collection (Fig. 4.6). Either 100 or 1000 

cells from each biopsy were seeded in 5 µl Matrigel droplets and left to grow for 10 

days in ExM. The total number of organoids were counted and the OFE (% organoids 

formed) calculated. 

A strong correlation was observed between OFE between the two seeding densities 

(P < 0.0001, r = 0.8536, Spearman correlation) (Fig. 4.7a). A significant increase was 

found in OFE between the two seeding densities (Fig. 4.7b). Seeding 1000 

endometrial EpC increased the OFE by 37% when compared to 100 seeded cells 

[average (standard deviation (SD)) OFE = 7.10% (5.95) versus 5.64% (5.12), 

respectively] (P < 0.01, Wilcoxon test). As expected, a ~12-fold increase in organoid 

formation was observed when 1000 endometrial EpC were seeded compared to 100 

[average (SD) number of organoids = 70.99 (59.52) versus 5.64 (5.12), respectively] 

(P < 0.0001, Wilcoxon test) (Fig. 4.7c). 
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Figure 4.6. OFE assay at P0. 

Schematic representation of OFE assay at P0. Endometrial biopsies were 

mechanically and enzymatically digested. Epithelial fraction of gland isolates was 

collected in the strainer and were digested further into single cells using Trypsin. EpC 

were counted and resuspended at a density of 100 cells and 1000 cells per 5 µl of 

Matrigel. The droplets were plated. Organoids were grown for 10 days in ExM and 

imaged. Organoids were counted and efficiency was calculated. Scale bar = 1 mm. 
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Figure 4.7. Seeding density does not change OFE. 

a) Spearman correlation (r) between OFE of 100 cells and 1000 cells in 45 subjects. 

Graph shows best-fit line and 95% confidence intervals.   

b) OFE (%) of 100 (open dot) and 1000 (closed dot) cells per droplet of Matrigel of 45 

endometrial biopsies. Bars show median. Each dot represents individual patients. ** 

indicates P < 0.01 (Wilcoxon test; normal distribution tested with Shapiro-Wilk test). 

c) Number of organoids formed from 100 (open dot) and 1000 (closed dot) cells per 

droplet of 45 endometrial biopsies. Bars show median. Each dot represents individual 

patients. **** indicates P < 0.0001 (Wilcoxon test; normal distribution tested with 

Shapiro-Wilk test). 



116 
 

4.2.3 Impact of demographic factors on OFE and organoid differentiation  

I mined the data obtained from the 45 biopsies to examine if OFE varies according to 

demographic characteristics. However, no correlation was found between OFE and 

the age of the donor, body mass index (BMI), day of the biopsy relatively to the pre-

ovulatory LH surge (home ovulation tests), or number of previous miscarriages (Fig. 

4.8). 

I further examined the responsiveness of gland organoids to differentiation signals in 

a cohort of 35 samples, using the differentiation protocol outlined in Figure 4.2a. 

PAEP expression at P2 was quantified by RT-qPCR in undifferentiated organoids and 

organoids differentiated with E2, 8-bromo-cAMP and P4 (Fig. 4.9a). A significant 

increase in PAEP expression was observed in P2 glands organoids exposed to the 

differentiation signal for 2 days (P < 0.001, Wilcoxon test). The presence of more 

naïve cells could plausibly result in a blunted glandular differentiation response. 

However, no significant correlation was found between OFE and induction of PAEP 

mRNA expression (P < 0.05, r = - 0.03097, Spearman correlation) (Fig. 4.9b). 

Additionally, no correlation was found between PAEP induction and age of the donor, 

BMI, day of the biopsy relatively to the pre-ovulatory LH surge, or number of previous 

miscarriages (Fig 4.10).  
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Figure 4.8. Correlation between OFE and clinical variables. 

Spearman correlation (r) graphs showing best-fit line and 95% intervals between OFE 

and age (n=45), BMI (n=43), timing of the biopsy relatively to pre-ovulatory LH surge 

(n=44), and number of previous 1st trimester losses (n=45). 
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Figure 4.9. PAEP expression increases with differentiation in gland organoids 

but does not correlate with OFE.  

a) Induction of PAEP expression in undifferentiated (open dot) and differentiated 

(closed dot) gland organoids from 35 endometrial biopsies. Data are presented as 

relative expression compared to expression levels in undifferentiated endometrial 

gland organoids. Bars show median. **** indicates P < 0.0001 (Wilcoxon test; normal 

distribution tested with Shapiro-Wilk test).  

b) Spearman correlation (r) between OFE and induction of PAEP mRNA expression 

in endometrial gland organoids established from 35 endometrial biopsies. Expression 

values are presented as fold change relative to expression levels in matching 

undifferentiated glands organoids. Graph shows best-fit line and 95% confidence 

intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10.  PAEP expression does not depend on clinical variables. 

Spearman correlation (r) graphs show best-fit line and 95% confidence intervals 

between induction of PAEP expression upon organoid differentiation and age (n=35), 

BMI (n=34), timing of the biopsy relatively to pre-ovulatory LH surge (n=34), and 

number of previous 1st trimester losses (n=35). 
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4.3 Discussion 

Past challenges of studying endometrial glands have been overcome by the 

establishment of the endometrial gland organoids from non-pregnant endometrium 

and the decidua (Turco et al., 2017, Boretto et al., 2017). Organoids can be cultured 

for up to 6 months, but whether passaging was required to elicit a robust 

differentiation response had not been reported. Culture of primary EnSC has 

demonstrated a reduction in cell subpopulations with increased culture time, which 

can reflect emerging replicative exhaustion (Brighton et al., 2017). Organoid 

differentiation after passaging was evaluated and in parallel the impact of repeated 

cycles of differentiation.  

After a few passages, a robust differentiation response was observed in gland 

organoids, as a result of a lower baseline expression of PAEP.  It is plausible the 

remnant effects of progesterone signalling in vivo may continue until P2. Additionally, 

the culture consisted of mainly gland organoids, morphologically similar to organoids 

observed in the literature (Turco et al., 2017) whereas in earlier passages, gland 

isolates remained. Despite a similar induction of PAEP in cyclically differentiated 

organoids, morphologically the organoid cultures were different. Regardless of being 

set up from P0, majority of the culture grew into organoids. With limited space to 

expand, the organoids darkened, and the gel began to breakdown at the edges. At 

the end of the luteal phase, if implantation does not take place, the functional layer is 

broken down and shed. As there was no breakdown after differentiation, the 

organoids could not regrow. By the end of C3, the organoids had been cultured for 

24 days but Matrigel is reported to be stable for only 14 days. Therefore, P2 was 

chosen for all future differentiation experiments.  

Immunofluorescence of P2 organoids further demonstrated that organoids behaved 

as endometrial glands. Epithelial specific structural markers E-cadherin and EpCAM 

labelled positively along the plasma membrane of the organoids and cytokeratin 

labelled the cytoskeleton inside the cell. These markers highlighted the changes in 

structure of the organoids with differentiation. Similarly, the glands in the endometrium 

change from a simple tubular structure to a spiral, coiled shape (Garry et al., 2010, 

Tempest et al., 2020). The secretory transformation of the glands was also 

demonstrated in the organoids by secretion of glycodelin into the lumen. PGR is 

downregulated in the mid-secretory phase of the cycle (Wang et al., 1998) and this 

was observed with differentiation in the organoids.  
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Gland EpC are descendants of a single stem/progenitor cells (Tanaka et al., 2003, 

Tempest et al., 2020). Likewise, the organoids form from one progenitor cell. 

Therefore, the clonal capacity of the glands can be studied using OFE assay. Patient 

characteristics including number of 1st trimester losses did not correlate with number 

of progenitor cells or with the responsiveness of organoids to differentiation signals. 

Interestingly, RPL is associated with a deficiency in mesenchymal stem cells and an 

aberrant decidual response (Lucas et al., 2016). These observations suggest 

glandular responses in miscarriage are different to that of the EnSC.  

In summary, my analysis has identified a robust differentiation method for future 

experiments of gland organoids and a further understanding of epithelial 

stem/progenitor cell’s role in patient characteristics. These protocols can now be used 

to create RMM specific organoids to study glandular defects.  
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Chapter 5:                               

Endometrial Gland Organoids as a Model 

for Recurrent Missed Miscarriage 
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5.1 Introduction 

Organoids established from adult-stem cells have great potential in modelling human 

disease (Kim et al., 2020). Organoids can mimic pathologies at the organ level, 

making them more advantageous to investigate mechanisms of disease than 

traditional cell culture methods (Rossi et al., 2018). Further, patient-specific organoids 

can be used for drug testing and personalised medicine. So far, organoids from 

different tissues have been used to study infectious diseases, heritable genetic 

disorders, and many cancers (Kim et al., 2020).  

Recently, endometrial disorders have been successfully modelled in patient-derived 

gland organoids. Using the same organoid culturing conditions optimised for healthy 

endometrium (Boretto et al., 2017), endometriosis organoids from ectopic implants at 

different sites and clinical stages were generated, in parallel with patient-matched 

eutopic endometrial gland organoids (Boretto et al., 2019). In comparison to eutopic 

endometrial gland organoids, altered signalling pathways were discovered in the 

endometriosis organoids. Also, endometrial cancer organoids have been derived 

from precancerous and tumour tissue (Turco et al., 2017, Boretto et al., 2019). 

Several challenges were encountered while trying to capture the phenotype of 

endometrial cancer of different grades, including lower OFE and limited organoid 

expansion as the non-malignant cells tend to outcompete cancer cells in culture 

(Boretto et al., 2019). These hurdles were addressed by adapting the culture medium 

for cancer organoids, enabling the recapitulation of the mutational landscape and 

histological features of primary tumours in vitro (Boretto et al., 2019). Notably, the 

grade and the phenotype of cancers were maintained upon injection of cells derived 

from organoids into the uterine horn of mice. Moreover, endometrial organoids were 

found to replicate patient-specific drug responses, and therefore amenable to drug 

screening (Boretto et al., 2019).  

The primary function of endometrial glands is to provide histotrophic nutrition for the 

developing conceptus prior to the onset of placental perfusion at the end of the first 

trimester of pregnancy (Kelleher et al., 2019). In Chapter 3, I provided evidence that 

midluteal endometrial glands may differ between control subjects and RMM patients. 

In the subsequent chapter, I optimised endometrial gland organoid cultures but found 

no obvious differences in OFE or differentiation capacity between endometrial gland 

organoids established from control or RPL patients. In this chapter, I explore if 
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endometrial gland organoids can be used to model in vivo glandular defects 

associated with RMM and to dissect potential drivers and mechanisms of disease.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 
 

5.2 Results 

5.2.1 Epithelial progenitor cell population in RMM 

The transcriptomic analysis presented in Chapter 3 suggested that RMM is 

associated with metabolic perturbations in endometrial glands prior to conception, 

characterised foremost by increased oxidative phosphorylation, potentially a 

consequence of increased FAO. Increased oxidative phosphorylation, reflecting 

metabolic dependence on FAO, is a hallmark of quiescent adult stem cells, including 

in skeletal muscle and brain (Ryall et al., 2015, Knobloch et al., 2017). As described 

in Chapter 4, patient-specific organoids can be used to quantify the endometrial 

epithelial stem/progenitor cell population in patient samples.  

To examine if RMM glands have more stem/progenitor cells, OFE assays were 

performed on gland organoids established from 10 control and 10 RMM biopsies. 

Patient demographics listed in Appendix Table 1.6. Organoids were grown to P1, 

recovered from the Matrigel, and enzymatically and mechanically dissociated into 

single cells as described previously (Turco et al., 2017). From each sample, 100 

endometrial EpC were seeded in 5 µl Matrigel droplets and cultured for 10 days (Fig 

5.1 and 2). The total number of organoids were counted and OFE calculated. The 

OFE of RMM samples was 64% higher when compared to control samples (Fig. 5.3a). 

The average [SD] OFE in RMM compared to control samples was 8.54% [3.42] 

versus 5.22% [2.57], respectively; P < 0.05, Welch’s t test. Thus, the oxidative 

phosphorylation gene signature associated with RMM glands could potentially be 

accounted for by a significantly higher abundance of epithelial stem/progenitor cells.  
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Figure 5.1. OFE assay at P2.  

Schematic representation of OFE assay at P2. Endometrial biopsies were 

mechanically and enzymatically digested, and the epithelial fraction was collected in 

the strainer. Organoids were grown then to P2 and harvested from Matrigel using Cell 

Recovery solution and broken down mechanically and enzymatically with TrypLE 

Select. Cells were counted and resuspended at a density of 100 cells per 5 µl Matrigel 

droplets. Organoids were grown for 10 days in ExM and then imaged, counted and 

OFE calculated. 
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Figure 5.2. OFE assay of control and RMM endometrial gland organoids. 

Representative images of OFE assay at day 10 in cultures established from 10 control 

and 10 RMM endometrial biopsies. Scale bar = 1 mm. 
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Figure 5.3. RMM endometrial glands harbour more epithelial stem/progenitor 

cells.  

OFE (%) at P2 of control subjects (n=10, black dot) and RMM patients (n=10, red 

dot), using a seeding density of 100 cells per 5 µl Matrigel droplet. Dots represent 

OFE from different patient biopsies. Bars show mean. * indicates P < 0.05 (Welch’s t 

test, normal distribution tested with Shapiro-Wilk test). 
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5.2.2 The transcriptome of control and RMM organoids  

To test the hypothesis that endometrial glands are intrinsically different in RMM, RNA-

seq was performed on undifferentiated and differentiated organoid cultures. To mimic 

the endocrine environment of pregnancy, the same differentiation protocol was used 

as described by Turco et al (2017). Briefly, gland organoids were established from 

mid-luteal endometrial biopsies from control subjects (n=4) and RMM patients (n=4). 

Patient demographics are listed in Appendix Table 1.7. Gland organoids at P2 were 

first grown in ExM for 4 days, followed by differentiation for 6 days in ‘pregnancy 

medium’ consisting of ExM supplemented with E2, 8-bromo-cAMP, P4, hCG, hPL and 

PRL (Fig. 5.4 and 5). In parallel, undifferentiated gland organoids were maintained in 

ExM for 10 days as control cultures. Total RNA was extracted and sequenced. The 

data were analysed in collaboration with Dr Tauqeer Alam, a bioinformatician.  

The transcriptomic profiles of gland organoids were subjected to PCA to examine 

clustering of samples by patient group and treatment. This analysis showed good 

separation of samples in PC1, accounting for 38% of variance, by treatment but not 

patient group (Fig. 5.6a). We speculated that separation of samples by patient group 

could be masked by an underlying confounding factor. To explore this possibility, the 

treatment effect was first removed using the removeBatchEffect function from the 

limma package in R. PCA now showed pairwise grouping of undifferentiated and 

differentiated organoids but no apparent separation between control and RMM 

organoids (Fig. 5.6b). Next, the patient group effect was removed from the data and 

PCA repeated. As expected, the samples now separated unequivocally by treatment, 

captured by PC1 with 39% variance (Fig. 5.6c). Moreover, we identified an unknown 

factor, captured by PC2 with 26% variance, which separated our cohort of samples 

into two distinct groups, each consisting of gland organoids from control subjects and 

RMM patients (Fig. 5.6c). The batch effect that caused separation of the gland 

organoids into two groups, independently of treatment or patient group, did not appear 

to be related to the age of the women, cycle day of the biopsies, number of previous 

miscarriages, or days of organoids in culture (Appendix Table 1.6). Importantly, 

removal of this unexplained batch effect from the data yielded a PCA plot showing 

very clear grouping of samples by treatment (PC1 with 44% variance) and patient 

group (PC2 with 15% variance) (Fig. 5.6d).  
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Figure 5.4. Schematic representation of the pregnancy assay. 

Schematic representation of organoid culture from endometrial biopsies for a 

pregnancy assay time-course. Endometrial gland organoids were grown to passage 

2 and either left untreated (ExM) for 10 days or grown for 4 days in ExM and then 

treated for 6 days with a ‘pregnancy medium,’ containing ExM supplemented with E2, 

8-bromo-cAMP, P4, hCG, hPL and PRL. 
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Figure 5.5. Representative images of control and RMM pregnancy assay 

organoids. 

Representative images of untreated and treated gland organoids of control and RMM 

endometrial biopsies.  Scale bar = 1 mm 
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Figure 5.6. RMM gland organoids group based on patient group and treatment. 

PCAs of RNA-seq data from untreated (open dot) and treated (closed dot) organoids 

of control (black dot; 1-4) and RMM (red dot; 5-8) endometrial biopsies (n=4 per 

group).  

a) Grouping shown based on PC1 and PC2. 

b) Grouping shown based on PC1 and PC2 after removal of treatment effect. 

c) Grouping shown based on PC1 and PC2 after removal of patient effect. 

d) Grouping shown based on PC1 and PC2 after correcting for batch effect.  
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Next, differential gene expression analyses (fold-change > 2 and FDR-corrected P < 

0.05) were performed on undifferentiated and differentiated glands. Using these 

stringent criteria, 1905 genes were found to be differentially expressed upon 

differentiation with 1135 (59.6%) and 770 (40.4%) up- and down-regulated, 

respectively (Fig. 5.7). Amongst the genes downregulated upon differentiation were 

several encoding secretory signalling proteins, including including WNT ligands 

(WNT4, WNT6, WNT7B and WNT10A), members of the FGF family (FGFR3, FGF9, 

FGF18, and FGF19) and TGF- superfamily (TGFB2, TGFB3, BMP3, BMP4, and 

BMP7). In addition, several genes implicated in the Notch signalling pathway were 

also downregulated, including mastermind like transcriptional coactivator 2 and 3 

(MAML2 and MAML3) and SOX9 (Sinha et al., 2021). Notably, SOX9 is a key 

transcription factor implicated in the regulation of proliferation and differentiation of 

epithelial stem/progenitor cell populations in several tissues, including the 

endometrium (Cousins et al., 2021). Another striking observation was the loss of 

multiple genes involved in cell-cell interactions, including 17 genes encoding 

protocadherins. Not surprisingly, downregulated genes were enriched in GO 

categories such as ‘cell-cell adhesion’, ‘cell communication’ and ‘cell morphogenesis’ 

as well GO terms related to stem cells (e.g. ‘stem cell differentiation’), cell cycle (e.g. 

‘regulation of cell population proliferation’) and signalling (e.g. ‘canonical Wnt 

signalling’, ‘response to growth factor’ and ‘Notch signalling pathway’) (Fig. 5.8a).  

Several genes induced upon gland organoid differentiation encoded transcription 

factors implicated in endometrial differentiation [e.g. ATF3 (Cheng et al., 2017), 

FOXO1 (Nakamura et al., 2013), FOSL2, POU5F1 (OCT4), PPARG (Chi et al., 2020) 

and ZBTB16 (PLZF) (Fahnenstich et al., 2003)], cyclin dependent kinase inhibitors 

(CDKN1C, CDKN2B and CDKN2D), stress/senescent-associated inflammatory 

mediators [(e.g. IL1A, IL6, CXCL8, GDF15 (Rawlings et al., 2021a)], and canonical 

markers of glandular differentiation [e.g. PAEP (Seppälä et al., 2002), CXCL14 

(Mokhtar et al., 2009), SPP1 (Singh and Aplin, 2009), and HBEGF (Leach et al., 

1999)] or endometrial receptivity [e.g. LIF (Stewart et al., 1992), ARG2 (Altmäe et al., 

2017) and MT1F (Hu et al., 2014)]. Further, 35 members of the solute carrier family, 

which regulate membrane transport, were also induced upon gland organoid 

differentiation. GO analysis of induced genes showed enrichment of ‘Epithelial cell 

differentiation’, ‘Response to corticosteriods’, ‘Response to cAMP’, ‘Response to 

stress’, ‘Inflammatory response’, ‘Female pregnancy’, ‘Cilium movement’ and 

‘Negative regulation of growth’ (Fig. 5.8b). This expression profile suggests that gland 

organoids, like their in vivo counterparts, mount an acute stress response following 
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cell cycle arrest, which in turn drives epithelial differentiation and senescence. In 

agreement, 257 genes upregulated upon gland organoid differentiation were also 

induced in endometrial glands upon progression of the early- to late-luteal phase of 

the cycle (FDR-corrected P < 0.05; Fig. 5.9). GO analysis of this network of genes 

revealed enrichment of terms such as ‘Negative regulation of growth,’ ‘Cell 

differentiation,’ ‘Response to stress’ (Fig. 5.10). As shown in Figure 5.9, most of the 

genes induced upon glandular differentiation in vitro and in vivo peak in expression 

during the midluteal phase of the cycle (LH+8), although a subset of genes are 

maximally expressed in late secretory endometrium (LH+11). I also identified 83 

genes repressed upon gland organoid differentiation as well as endometrial glands 

upon progression of the luteal phase (Fig. 5.9). However, this gene set was not 

enriched in any GO category.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



136 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Heatmap of DEGs between untreated and treated organoids. 

Heatmap of RNA-seq data showing DEGs (Z-scores) between treatment after FDR 

correction (Fold-change > 2 and Benjamini-Hochberg, FDR-corrected P < 0.05). 
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Figure 5.8. GO analysis of DEGs upregulated and downregulated in treated 

gland organoids. 

Bar plots showing significantly enriched GO terms (FDR-corrected P < 0.05) related 

to biological processes in treated gland organoids. DEGs with FDR-corrected P < 

0.05 were used as input for the analysis (number of genes in brackets). 

a) GO terms downregulated in treated gland organoids compared to untreated. 

b) GO terms upregulated in treated gland organoids compared to untreated. 
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Figure 5.9. Genes induced upon differentiation of gland organoids are 

temporally regulated during the luteal phase in vivo. 

Heatmap showing relative expression (Z-scores) of treatment induced genes of gland 

organoids that are significantly regulated during the luteal phase of the cycle in 

endometrial glands (FDR-corrected P < 0.05).  
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Figure 5.10. GO analysis of temporally regulated glandular genes induced upon 

organoid differentiation. 

Bar plots showing significantly enriched GO terms (FDR-corrected P < 0.05) related 

to biological processes induced across the luteal phase of the cycle in glands and in 

treated gland organoids. DEGs (n=257) with FDR-corrected P < 0.05 were used as 

input for the analysis. 
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Next, I mined for genes that were differentially expressed between control and RMM 

organoids. Using the same stringent criteria (fold-change > 2 and FDR-corrected P < 

0.05), 444 genes were found to be differentially expressed between control and RMM 

gland organoids with 221 (49.8%) and 223 (50.2%) genes up- and down-regulated, 

respectively (Fig. 5.11). Out of these 444 DEGs, 186 (41.9%) were also regulated 

upon differentiation of gland organoids. GO analysis of genes upregulated in RMM 

organoids did not reveal informative biological categories. However, notable genes 

enriched in RMM gland organoids included LGR5, POU5F1, and PPARGC1A. LGR5 

encodes a receptor for R-spondins that potentiates the canonical Wnt signalling 

pathway and acts as an epithelial stem cell marker in multiple tissues (Xu et al., 2019). 

Further, LGR5+ stem/progenitor cells are indispensable for uterine gland 

development in mice (Seishima et al., 2019). POU5F1 encodes OCT4, a transcription 

factor critical for embryonic stem cell pluripotency (Zeineddine et al., 2014). In gland 

organoids, POU5F1 is upregulated upon differentiation, although there is no evidence 

that expression of this transcription factor changes in endometrial glands across the 

menstrual cycle. PPARGC1A (coding PPARG coactivator 1 alpha) is a key metabolic 

gene. PPARGC1A is a transcriptional co-activator for nuclear receptors with essential 

roles in adaptive thermogenesis, and regulation of glucose and fatty acid metabolism 

(Liang and Ward, 2006). 

In contrast to genes upregulated in RMM organoids, downregulated genes were 

enriched in multiple GO categories, including ‘cell differentiation’, ‘epithelial 

development’, and ‘epithelial-mesenchymal cell signalling’ (Fig. 5.12). Genes 

repressed in RMM gland organoids included cell cycle inhibitors (CDKN1A and 

CDKN2B) and multiple transcription factors involved in development and 

differentiation [e.g. FOXA1 (Friedman and Kaestner, 2006), FOXC1 (Han et al., 

2017), LEF1 (Shelton et al., 2012), ID3 (Sikder et al., 2003), HES5 (Ohtsuka et al., 

1999), and NR2F1 (Sosa et al., 2015)]. Downregulation of LEF1 (coding lymphoid 

enhancer binding factor 1) points towards perturbed Wnt signalling (Shelton et al., 

2012) whereas loss of HES5 (Hes family bHLH transcription factor 5) is indicative of 

an altered Notch pathway (Ohtsuka et al., 1999). Additional notable downregulated 

genes include WNT7A, LIFR (LIF receptor subunit alpha), and BMP4. Wnt7a is critical 

regulator of postnatal uterine gland morphogenesis and function in mice (Dunlap et 

al., 2011). Out of the 223 genes repressed in RMM, 88 (39.5%) were significantly 

regulated upon differentiation of gland organoids.  
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Finally, undifferentiated and differentiated organoids were established from eight 

RMM patients (n=8) and control subjects (n=8) for RT-qPCR validation of the RNA-

seq analysis (Fig. 5.13). Patient demographics are presented in Appendix Table 1.8. 

The RNA-seq analysis indicated that FGF19 and POU5F1 are differentially expressed 

between the patient groups and in response to treatment. In agreement, FGF19 

transcript levels were significantly lower in RMM organoids when compared to control 

organoids, irrespective of differentiation status (FDR-corrected P < 0.05, multiple 

Mann Whitney test). Further, FGF19 was significantly downregulated in differentiated 

control organoids (FDR-corrected P < 0.05, multiple Wilcoxon test) but not RMM 

cultures (Fig. 5.13a). As expected, POU5F1 was upregulated in differentiated 

organoids (FDR-corrected P < 0.05, multiple Wilcoxon test), but the magnitude of 

induction was significantly higher in RMM compared to control organoids (FDR-

corrected P < 0.01, multiple Mann Whitney test) (Fig. 5.13b). ACADSB encodes for 

short/branched chain specific acyl-CoA dehydrogenase and was induced upon 

differentiation as observed in the RNA-seq data (FDR-corrected P < 0.01, multiple 

paired t test) and like, POU5F1 the level of induction was significantly more 

pronounced in RMM organoids (FDR-corrected P < 0.05, multiple unpaired t test) 

(Fig. 5.13c). However, LGR5 expression pattern was found not to be different in 

undifferentiated or differentiated organoids established from control subjects and 

RMM patients upon validation (Fig. 13d). RNA-seq analysis indicated higher 

expression of this gene in RMM gland organoids.  

Taken together, the data suggests that RMM is associated with intrinsic defects in the 

endometrial epithelial stem/progenitor cell population, which impact on the stemness, 

metabolism, cell cycle regulation and differentiation potential of its progeny.  
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Figure 5.11. Heatmap of DEGs between control and RMM organoids. 

Heatmap of RNA-seq data showing DEGs (Z-scores) between patient group after 

FDR correction (Fold-change > 2 and Benjamini-Hochberg, FDR-corrected P < 0.05). 
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Figure 5.12 GO analysis of DEGs downregulated in RMM gland organoids. 

Bar plots showing significantly enriched GO terms (FDR-corrected P < 0.05) related 

to biological processes repressed in RMM gland organoids. DEGs (n=237) with FDR-

corrected P < 0.05 were used as input for the analysis. 
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Figure 5.13. Validation of gland organoid RNA-seq. 

Four DEGs transcript levels were quantified by RT-qPCR in untreated (open dot) and 

treated (closed dot) organoids from control (black) and RMM (red) endometrial 

biopsies. Dot represents individual patients (n=8 per group and treatment). Bars show 

median. Normal distribution was tested with Shapiro-Wilk test 

a) Transcript levels of FGF19.  * indicates FDR-corrected P < 0.05. Multiple Wilcoxon 

test was used for treatment comparison and Multiple Mann Whitney test used for 

patient group comparison.  

b) Transcript levels of POU5F1. * and ** indicates FDR-corrected P < 0.05 and P < 

0.01, respectively. Multiple Wilcoxon test was used for treatment comparison and 

Multiple Mann Whitney test used for patient group comparison. 

c) Transcript levels of ACADSB. * and ** indicates FDR-corrected P < 0.05 and P < 

0.01, respectively. Multiple paired t-test was used for treatment comparison and 

Multiple unpaired t-test used for patient group comparison 

d) Transcript levels of LGR5.  
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5.2.3 The RMM gland gene signature is maintained in organoid cultures  

Although the transcriptomic analysis of gland organoids revealed that RMM is 

associated with much more pronounced cellular perturbations than expected, the in 

vivo gene signature was not recapitulated when using stringent criteria to identify 

DEGs. However, Figure 5.14 shows a heatmap of the Z-scores of the core gene 

signature identified by RNA-seq of laser-captured glands in organoids. Out of the 30 

core genes, 19 (63.3%) were upregulated in RMM organoids, suggesting the disease 

signature is partly conserved in the gland organoids. The majority of these genes 

(n=17) were upregulated in the undifferentiated RMM gland organoids, with only 2 

core genes induced upon treatment. Notably, 8 out of the 10 genes relating to 

oxidative phosphorylation were upregulated in the RMM compared to control 

organoids.  

Based on metabolic modelling, I postulated that oxidative phosphorylation and FAO 

are upregulated in RMM glands (Chapter 3). Hence, I investigated the relative 

expression of FAO genes and genes encoding complex I proteins in the electron 

transport chain in control and RMM organoids (Fig. 5.15).  As is the case in vivo (Fig. 

5.15a), a majority of complex I genes were upregulated in RMM organoids, 

independently of differentiation status. Likewise, genes involved in FAO were 

unambiguously upregulated in RMM organoids, even more so than that in vivo (Fig. 

5.15b). Importantly, the relative expression of CPT1A and CPT1B, encoding for the 

rate-limiting enzymes in FAO (Zammit, 2008), is higher in both organoids and 

endometrial glands in vivo (Fig. 5.15b). 
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Figure 5.14. RMM gland gene signature in RMM gland organoids. 

Heatmap of organoid RNA-seq data showing relative expression (Z-scores) of 

upregulated DEGs in RMM glands. * indicates genes involved in the electron transport 

chain and mitochondrial proteins.  

 

 

 

 

 

 

 

 



147 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. Heatmaps of complex I and FAO gene expression. 

a) Heatmaps showing relative expression of complex I genes in gland in vivo (max 

Expression (%)) and in untreated and treated gland organoids (Z-scores) from control 

and RMM endometrial biopsies. 

b) Heatmaps showing relative expression of FAO genes in gland in vivo (max 

Expression (%)) and in untreated and treated gland organoids (Z-scores) from control 

and RMM endometrial biopsies. 
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5.2.4 Marker genes of epithelial cell states in control and RMM organoids  

I extended the mining of organoid transcriptomic profiles to include marker genes of 

different EpC states identified first in endometrial assembloids (Rawlings et al., 

2021a). Endometrial assembloids, consisting of gland organoids and primary EnSC 

were established in our lab to mimic the mid-luteal implantation window. Although it 

is well established that gland organoids harbour specialist ciliated EpC (Turco et al., 

2017, Fitzgerald et al., 2019, Haider et al., 2019), single cell transcriptomics of 

assembloids revealed that non-ciliated EpC give rise to two distinct subpopulations 

upon differentiation, termed ‘differentiated’ and ‘senescent’ EpC (Rawlings et al., 

2021a). Further, cross referencing with genome-wide expression profiles of the 

endometrium across the cycle showed that marker genes of differentiated EpC 

transiently peak during the mid-luteal phase of the cycle. In parallel, multiple 

senescent EpC marker genes are induced but their expression continues to rise 

during the late-secretory phase (Rawlings et al., 2021a). In addition to marker genes 

of different subpopulations (ciliated, differentiated, and senescent cells), I also mined 

the transcriptome data for putative epithelial stem/progenitor cell markers genes 

reported in the literature (Valentijn et al., 2013, Turco et al., 2017, Tempest et al., 

2020, Cousins et al., 2021).  

The heatmap presented in Figure 5.16 revealed coordinated dysregulation of marker 

genes in differentiated RMM organoids. The pattern suggests that differentiation of 

RMM organoids results in relative deficiency in ciliated and senescent epithelial 

subpopulations when compared to control organoids and excess of differentiated. 

In agreement with the OFE assay (Fig. 5.2), the relative expression of six putative 

stem/progenitor cell markers was higher in the RMM organoids, four in 

undifferentiated cultures (AXIN2, PROM1, LRIG1 and LRG5) and two upon 

differentiation (FUT4 and POU5F1). Prominin 1 (encoded by PROM1, also known as 

CD133) is a transmembrane glycoprotein widely expressed on adult stem cells, where 

it is thought to function in maintaining stem cell properties by supressing 

differentiation (Li, 2013). LRIG1 (leucine rich repeats and immunoglobulin like 

domains 1) is a negative regulator of receptor tyrosine kinase signalling (Laederich et 

al., 2004). This protein has been described as gatekeeper to exit from quiescence in 

adult stem cells (Marqués-Torrejón et al., 2021). In the brain, it marks quiescent stem 

cells that are poised for cell cycle re-entry and subsequent transition into activated 

and proliferative adult neural stem cells. PROM1 and LRIG1 are expressed in 
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endometrial gland organoids (Turco et al., 2017), but no functional studies have been 

conducted to validate them as an epithelial endometrial stem/progenitor cell marker. 

Taken together, the coordinated differences in the expression of these marker genes 

in patient-specific organoids reinforce my observation that RMM is associated with 

more naïve or quiescent epithelial stem cells. Further, differences in the state of 

epithelial stem/progenitor cells in the endometrium profoundly impact on subsequent 

specification of glandular EpC into functionally distinct subpopulations upon 

differentiation.  
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Figure 5.16. Relative expression of marker genes of epithelial subpopulations 

in RMM organoids.  

Heatmap of organoid RNA-seq data showing relative expression (Z-scores) of EpC 

marker genes of ciliated, differentiated, and senescent cell populations and 

endometrial epithelial stem/progenitor cell markers. Assembloid marker genes were 

deposited in the Gene Expression Omnibus (GEO Profiles, GSE168405). 
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5.2.5 Analysis of p16+ cells in mid-luteal endometrium from control and 

RMM patients 

Based on immunohistochemical analysis of 308 timed biopsies, luteal phase 

endometrium was shown to harbour highly dynamic populations of p16INK4a-positive 

cells (Brighton et al., 2017). P16INK4a (p16, encoded by CDKN2A) is a canonical 

marker of cellular senescence (Li et al., 2011). In luteal-phase endometrium, p16+ 

cells were shown to be scattered throughout the stroma, glandular epithelium and 

most prominently, luminal epithelium. Further, the abundance of p16+ cells was shown 

to peak in glandular and luminal epithelium upon transition from mid- to late-luteal 

phase of the cycle (Brighton et al., 2017). 

Gene expression profiling of differentiated gland organoids indicated that the 

emergence of senescent EpC is blunted in RMM (Fig 5.16). To validate this 

observation, the abundance of p16+ cells was examined by IHC in 93 controls and 48 

RMM formalin-fixed endometrial biopsies obtained between LH+5 to LH+11 (Fig 

5.17). Patient demographics are presented in Appendix Table 1.9. The ratio of p16+ 

and p16- cells was calculated separately for glandular epithelium, luminal epithelium, 

and stroma. Percentiles were calculated to normalise for the day of cycle using an 

existing percentile graph based on analysis of 308 LH-timed biopsies (Brighton et al., 

2017). This study was performed with assistance from Dr Katherine Fishwick.  

Representative images of p16+ cells in the endometrium are shown in Figure 5.17. No 

significant differences in the abundance of p16+ cells were observed in either the 

stroma or luminal epithelium when normalised to the days of the biopsy in the cycle 

(Fig. 5.18a and b). However, the abundance of p16+ cells was significantly lower in 

RMM glands (P < 0.05, Mann Whitney test), exemplified by the markedly lower 

interquartile range in the percentile graph (Fig. 5.18b). This observation not only 

corroborates the gland organoid RNA-seq data, but it also suggests that lack of 

senescent EpC in peri-implantation endometrial glands may impact on histotroph 

production, or the ability of invading trophoblast to access the histotroph in pregnancy. 

or both.  
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Figure 5.17. Immunohistochemistry of p16+ cells in control and RMM 

endometrium.  

Representative images of immunohistochemistry of p16+ cells distribution in control 

and RMM endometrium at LH+7 and +8. Scale bar = 200 µm. 
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Figure 5.18. Decreased levels of p16+ cells in RMM glands. 

The abundance of p16+ cells between LH+5 and LH+11 in the stroma, glandular 

epithelium, and luminal epithelium were assessed by colour deconvolution using 

control and RMM endometrial biopsies. Percentiles calculated based on p16+ cells 

scores using R software and were presented as boxplots. Normal distribution was 

tested with Shapiro-Wilk test. 

a) Distribution of p16+ in the stromal compartment of control subjects (n=93) and RMM 

patients (n=48).  

b) Distribution of p16+ in the glandular epithelium of control subjects (n=93) and RMM 

patients (n=48). * indicates P < 0.05 obtained by Mann Whitney test.  

c) Distribution of p16+ in the luminal epithelium of control subjects (n=87) and RMM 

patients (n=48).  
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5.3 Discussion 

Studying endometrial disorders in vivo using biopsy tissue is limited to just a snapshot 

in time, that can only be observed and not manipulated. The establishment of 

endometrial gland organoid cultures allows for the modelling of glands from different 

endometrial disorders. Subtle transcriptomic differences and metabolic perturbations 

were identified in RMM glands in Chapter 3. Using optimised protocols described in 

Chapter 4, patient specific RMM gland organoids were established.  

My results demonstrate that RMM, but not RPL, is associated with an increased 

abundance of epithelial progenitor cells. An excess of progenitor cells is predicted to 

impact on differentiation of tissues (Zakrzewski et al., 2019). Pathways used to 

generate energy for cellular processes are highly dependent on whether the cells are 

quiescent, proliferating, or differentiated (Vander Heiden et al., 2009). Like other stem 

cells, my results indicate that endometrial epithelial progenitor cells are likely to favour 

FAO during their quiescent state, resulting in increased oxidative phosphorylation, as 

inferred in Chapter 3.  

Importantly, I established and validated a model for studying this phenotype using 

RMM patient-specific glands organoids. The transcriptomic signature found in the 

RMM glands in vivo was recapitulated, at least in part, in the RMM organoids and 

characterised by similar metabolic defects. Based on gene expression profiling, FAO 

was highly upregulated in undifferentiated organoids but dependence on FAO 

continued after differentiation. During the regeneration of a healthy endometrium, a 

rise in glycolytic enzymes is observed in the glands (Ferenczy and Bergeron, 1991). 

It is likely a switch from FAO to glycolysis occurs as stem/progenitor cells transition 

from a quiescent to proliferative state as seen in other tissues (Ryall et al., 2015, 

Tümpel and Rudolph, 2019). Metabolic reprogramming is a common phenomenon 

that takes place in cancer and immune cells that induces a metabolic switch from one 

pathway to another determining their phenotype (Yoshida, 2015, Pålsson-McDermott 

and O’Neill, 2020). A defect in RMM stem/progenitor cells may occur that reprograms 

these cells such that their progeny continue to rely on FAO even after differentiation.  

In keeping with organoid formation efficiency, the RNA-seq revealed an upregulation 

of stem cell marker genes implicated in maintenance of quiescence in RMM. 

Unfortunately, apart from AXIN2, the other markers have not been validated as 

endometrial gland stem/progenitor cell markers (Cousins et al., 2021). LGR5 is a 

controversial stem/progenitor cell marker in the endometrium, with the highest 
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expression localised to the luminal epithelium (Tempest et al., 2018a, Cousins et al., 

2021). Although gland organoids are generated from endometrial biopsies of the 

functional layer that do contain both luminal and glandular epithelium, the majority of 

isolated cells come from the latter compartment. Currently, it is not known if luminal 

EpC can establish organoids. As LGR5 is co-expressed with several epithelial 

stem/progenitor cell markers, it can be concluded that there are more progenitor cells 

in RMM. 

An abundance of stem/progenitor cells which continue to be present during the 

secretory phase contribute to poor development and differentiation of the glands in 

RMM. Two signalling pathways, Wnt and Notch, were perturbed in RMM. Wnt 

signalling is critical for gland development, maintenance of stem cells, endometrial 

repair and essential for implantation and pregnancy (Nusse et al., 2008, Fan et al., 

2012, Goad et al., 2017). Interestingly, progesterone-mediated inhibition of Wnt 

signalling occurs in the secretory phase, which is important for EpC to differentiate 

into secretory cells (Wang et al., 2009, Garcia-Alonso et al., 2021). Notch signalling 

is critical for fetal-maternal communication during implantation and placentation 

(Cuman et al., 2014). Despite Notch signalling found to be upregulated in the 

undifferentiated organoids, in the menstrual cycle, expression of Notch proteins and 

ligands increases in the secretory phase in the glands (Cobellis et al., 2008, Cuman 

et al., 2014). However, in undifferentiated organoids Notch signalling may have role 

in the maintenance of stem cells (Siebel and Lendahl, 2017). In the differentiated 

RMM gland organoids, the RNA-seq data suggests altered Notch signalling that could 

have a negative impact on the processes previously mentioned. Taken together, the 

dysregulation of these pathways alongside the loss of other key transcription factors 

is evidence of abnormal development and differentiation response in the glands of 

these patients. 

Gland EpC diverge into differentiated and senescent subpopulations upon 

differentiation and were distinguished in control and RMM organoids using previously 

identified marker genes (Rawlings et al., 2021a). A deficiency in senescent and 

ciliated EpC was observed in RMM organoids, suggesting a lack of specification in 

differentiated EpC. This finding was validated by IHC of in vivo glands using the 

canonical senescence marker, p16. A recent IHC study found the percentage of p16+ 

cells in the glands and lumen were significantly lower in women who went on to have 

a miscarriage in comparison to those who had a live birth (Parvanov et al., 2021). The 

findings were even more significant in those women suffering with RPL (Parvanov et 
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al., 2021). It was suggested that an unfavourable environment for implantation may 

be caused by the decrease in senescent p16+ cells. However, in the present study no 

difference was observed in the lumen, making the specific decrease in the glands 

unique to RMM.  

With the rise of oestrogen in the proliferative phase, rapid proliferation of EnSC and 

gland EpC takes places with the greatest proliferative rates observed in the upper 

third of the functional layer (Ferenczy et al., 1979). Stromal senescence is believed 

to be driven by replicative stress encountered during this period (Brighton et al., 

2017). Similarly, epithelial senescence occurs in cells susceptible to replicative stress 

(Rawlings et al., 2021a) and is reflected by the telomerase activity during the 

menstrual cycle (Hapangama et al., 2017). Telomerase is a reverse transcriptase 

enzyme, which counteracts telomere shortening in cells due DNA replication that 

could lead to cellular senescence. In the endometrium, only the EpC express human 

telomerase reverse transcriptase, which is the catalytic subunit of telomerase and 

demonstrates telomerase activity (Hapangama et al., 2017). Peak expression of both 

genes is found in the proliferative phase, which then falls dramatically during the mid-

luteal phase, where the telomere lengths are at their shortest (Valentijn et al., 2015). 

Interestingly, this precedes the rise in p16+, indicating these senescent cells are also 

progesterone-independent like stromal senescent cells (Brighton et al., 2017).  

Epithelial senescent cells secrete implantation specific SASP including implantation 

and growth factors, such as amphiregulin and epiregulin, which transform the 

cytotrophoblasts into extravillous trophoblasts (Yu et al., 2019, Cui et al., 2020, 

Rawlings et al., 2021a). However, the function of these cells during pregnancy is not 

known. One hypothesis is that secretion of proteinases by epithelial senescent cells 

may breakdown the surrounding basement membrane, thereby accommodating 

endoglandular trophoblast invasion for histotrophic nutrition access (Huppertz, 2020, 

Rawlings et al., 2021a). Interestingly, often absent patches are observed around the 

circumference of the glands, and the presence or absence of trophoblast cells is not 

associated with the degeneration (Burton et al., 2020). The cause of these patches is 

currently unknown, but secretions of proteinases from senescent EpC is a plausible 

theory. With fewer senescent cells in RMM glands, trophoblast transformation and 

invasion could be blocked, thus limiting the access for histotrophic nutrition. Limited 

histotrophic support may reduce the signalling of key mitogenic growth factors from 

the glands required for trophoblast growth and invasion, leading to a thinner 
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cytotrophoblastic shell, poor arterial plugging and early onset of maternal circulation 

as seen in missed miscarriages (Jauniaux et al., 2003b). 

In summary, I established and validated RMM patient-specific gland organoids that 

are distinguishable from control organoids. The findings from the gland organoids 

have revealed additional defects in RMM glands, which suggest an intrinsic defect in 

their stem/progenitor cells that drives the metabolic reprogramming and lack of 

specification in the differentiated cells. However, the RMM gland organoid model 

could be further developed by the addition of EnSC to provide a more physiological 

environment and to identity the cell-cell interactions between the two compartments.   
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Chapter 6:        
Endometrial Assembloids as a Model for 

Recurrent Missed Miscarriage:                

A preliminary study 
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6.1 Introduction 

Insight into the interactions between EpC and EnSC within the endometrium is 

essential to understand the endometrial physiology and associated pathologies 

(Fitzgerald et al., 2021). Currently, most in vitro endometrial studies focus on a single 

cell type, although layered or scaffold co-culture models of EnSC and EpC, or 

epithelial spheroids have also been developed (Bentin-Ley et al., 1994, Arnold et al., 

2001, Wang et al., 2012). One study demonstrated that coculturing of these two cell 

types on Matrigel resulted in a multi-fold increase in epithelial differentiation, thus, 

highlighting the potential for studying the paracrine relationship in vitro (Arnold et al., 

2001). However, these studies also illustrated the challenges of co-cultures, such as 

lack of matrix stability and impaired molecular and functional responsiveness, and 

inability to propagate long-term cultures. In another 3D model, EnSC and EpC were 

allowed to aggregate in agarose moulds into an organoid structure with a stromal 

centre and outer layer of EpC with the apical side facing away from the EnSC 

(Wiwatpanit et al., 2020). These cultures were able to replicate aspects of the 

proliferative phase endometrium of the menstrual cycle, but their responsiveness to 

differentiation signals remained unexplored. Additionally, the cell-cell interactions 

were not investigated.  

A more physiological model of incorporating primary EnSC with the gland organoid 

model from Turco et al (2017) was established in our group and were termed 

‘endometrial assembloids’ (Rawlings et al., 2021a). The EpC fractions of digested 

endometrial biopsies were used to establish gland organoids. In parallel, primary 

EnSC were grown as monolayer cultures (Fig. 6.1a). At P2, EnSC were combined 

with digested organoid EpC in a 1:1 ratio. As EnSC appeared stressed when cultured 

in Matrigel (Rawlings, 2020), the assembloid model uses a hydrogel matrix 

comprising of 97% type I and 3% type III collagens. This ECM composition is akin to 

mid-luteal endometrium (Aplin et al., 1988, Oefner et al., 2015) and has a predicted 

elastic modulus similar to non-pregnant endometrium (102 Pa) (Abbas et al., 2019). 

To stimulate EnSC proliferation and expansion within the matrix, ExM was 

supplemented with E2 (Rawlings, 2020). Robust secretion of PRL and CXCL14 was 

observed upon differentiation of the assembloids, indicating coordinated stromal 

decidualisation and gland organoid differentiation (Rawlings et al., 2021a).  

We reasoned that assembloids may no longer require the exogenous growth factors 

and pathway modulators found in the ExM upon differentiation because of the 
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presence of the decidualising EnSC. Therefore, in this chapter, I tested this 

hypothesis and optimised the differentiation medium for assembloids. Using this new 

differentiation medium, I explored differences in gene expression in different epithelial 

subpopulations in RMM and control assembloids using scRNA-seq. 
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6.2 Results 

6.2.1 Optimisation of the differentiation medium for endometrial 

assembloids. 

Endometrial assembloids, established from primary endometrial EnSC and gland 

organoids, represent a novel tool to explore endometrial physiology and pathology. 

Figure 6.1a provides a schematic overview of the protocol used to establish 

endometrial assembloids. Briefly, mid-luteal endometrial biopsies were digested and 

gland organoids established from isolated glands. In parallels, purified EnSC were 

propagated in standard monolayer cultures. At P2, single cell suspensions of 5 × 104 

EnSC were combined with dissociated organoid EpC at 1:1 ratio into a 20 µl hydrogel 

droplets. For structural characterisation, assembloids were first expanded in ExM plus 

E2 for 4 days, and then differentiated in ExM, E2, 8-bromo-cAMP and 

medroxyprogesterone acetate, (MPA), a progestin widely used for in vitro 

decidualisation experiments (Gellersen and Brosens, 2014) (Fig. 6.1b). 

Immunofluorescence microscopy was used to assess the architecture of assembloids 

as well as their differentiation response.  

Alongside the stromal marker, vimentin, assembloids were co-stained with an 

epithelial marker, i.e. cytokeratin-18, E-cadherin and EpCAM. As shown in Figure 6.2, 

primary EnSC expanded within the assembloids and created a dense matrix around 

the gland-like organoids structures. Differentiation resulted in osteopontin expression 

and glycodelin accumulation in the lumen of the gland organoids, whereas PGR 

expression was downregulated in both EnSC and EpC, a response akin to luteal 

phase endometrium (Wang et al., 1998). 

ExM contains multiple exogenous growth factors and inhibitors (Table 1.1). The 

purpose of these factors is to recapitulate the endometrial microenvironment and 

allow the gland organoids to differentiate in the absence of paracrine signalling from 

the neighbouring EnSC (Turco et al., 2017). Hence, I hypothesised that once 

established, assembloids no longer require these exogenous factors as glandular 

differentiation should be supported by decidualised EnSC (Jones et al., 1998, Filant 

and Spencer, 2014). To test this hypothesis, two complementary experimental 

designs were chosen involving either removal of each exogenous factor from the ExM 

or addback of each factor to the base medium (Advanced DMEM/F12, N-2 

supplement, B12 supplement, antibiotic/antimycotic and L-glutamine).  
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Gland organoids and assembloids were established in parallel from three mid-luteal 

phase endometrial biopsies and grown for 4 days in ExM with E2. For the removal 

experiments, cultures were then differentiated in E2, 8-bromo-cAMP and MPA for 4 

days in either ExM or in ExM with omission of each exogenous factor individually 

(Table 6.1a). For the add-back experiments, cultures were also differentiated in E2, 

8-bromo-cAMP and MPA for 4 days in either ExM, base medium, or base medium 

supplemented with a single exogenous factor added individually (Table 6.1b). 

Undifferentiated cultures were maintained in ExM with E2 for a further 4 days. 

Induction of PAEP and SPP1 transcripts were measured by RT-qPCR to assess the 

glandular differentiation response.  

The relative induction of PAEP and SPP1 was consistently higher in gland organoids 

than in matched assembloids for all differentiation media based on ExM irrespective 

of systematic removal of individual factors (Fig. 6.3). Notably, removal of A83-01, a 

TGF-β kinase/activin receptor-like kinase inhibitor (Tojo et al., 2005), significantly 

enhanced the induction of both genes in gland organoids (P < 0.05 and P < 0.01, 

Friedman’s test for matched samples). Taken together, the removal of a single 

exogenous factor was not sufficient to reveal a contribution of decidual signal on 

glandular differentiation.  

However, L19 was used as a housekeeping gene to normalise mRNA levels between 

the different samples in both gland organoids and assembloids (Thellin et al., 1999). 

As assembloids are established using two different cell types, an issue arises when 

comparing RT-qPCR data of organoids and assembloids. In assembloids, the total 

RNA originates from gland organoids and EnSC, thus diluting the number of epithelial 

RNA molecules present and leading to lower amplification of epithelial genes. Due to 

the contribution of both cell types, L19 would not be diluted. Hence, when normalising 

epithelial genes to L19, the relative expression would be lower than expected, making 

it difficult to interpret the data. 

On the other hand, the differentiation of the gland organoids in base medium without 

the exogenous factors resulted in a blunted the induction of PAEP and SPP1 

compared to ExM (Fig 6.4). The responsiveness of the gland organoids to 

differentiation signals could not be restored by add-back of individual factors. 

However, a robust induction of PAEP and SPP1 assembloids was observed in 

assembloids with the addition of N-acetyl-L-cysteine (NAC) to the base medium (P < 

0.05, Friedman’s test for matched samples). These findings show that the addition of 

EnSC renders most ExM components indispensable for differentiation. NAC is a 
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precursor of L-cysteine and reduced glutathione (Zafarullah et al., 2003). It works as 

an antioxidant by acting as a scavenger of free radicals such as ROS that have a 

partial reduction of oxygen. Too many ROS can result in oxidative stress that can lead 

to intracellular damage and apoptosis (Ray et al., 2012).  Hence, for all subsequent 

differentiation experiments, assembloids were first expanded in ExM supplemented 

with E2 and then differentiated in minimal differentiation medium (MDM), consisting of 

base medium supplemented with NAC, E2, 8-bromo-cAMP and MPA. 

 

 

 

 

 

 

  



164 
 

 

 

 

 

 

 

 

 

 

Figure 6.1. Establishing endometrial assembloids. 

a) Schematic representation for establishment of endometrial assembloids. 

Endometrial biopsies were mechanically and enzymatically digested. Epithelial and 

stromal fractions were separated using a strainer. Stromal fraction was propagated 

as a monolayer. Epithelial fraction was resuspended in Matrigel for organoid 

expansion. For P0-1, endometrial gland organoids and EnSC were expanded 

separately.  At P2, dissociated gland organoids and EnSC were mixed in a collagen 

hydrogel at ratio 1:1 and aliquoted into 20 µl droplets in a 48-well plate and cured at 

37 °C for 90 minutes. ExM supplemented with E2 was added to the assembloids and 

medium was refreshed every 48 hours.  

b) Schematic summary of assembloid differentiation protocol. Samples were grown 

for 4 days in ExM supplemented with E2 (growth phase). On day 4, the medium was 

replaced with differentiation medium, which contains ExM supplemented with E2, 8-

bromo-cAMP and MPA and was refreshed after 48 hours. The assembloids were 

differentiated for 4 days (differentiation phase) and harvested on day 8 for 

downstream analyses.  
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Figure 6.2. Immunofluorescence microscopy of undifferentiated and 

differentiated assembloids. 

Representative dual-immunofluorescence images showing expression of EpC 

markers (cytokeratin-18, E-cadherin, and EpCAM) and EnSC marker, vimentin, in 

undifferentiated and differentiated assembloids. To assess differentiation, 

assembloids were stained for glycodelin, osteopontin and PGR. Nuclei were 

counterstained with DAPI. Samples were visualised by epifluorescence microscopy. 

Scale bar = 50 µM. Data collected in collaboration with Dr Thomas Rawlings. 
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Table 6.1.  Minimal differentiation media formulation: removal and add-back of 

ExM components. Grey represents medium components included. 

a 

b 

 

* Base Medium (BM) includes Advanced DMEM/F12, N-2 supplement, B12 

supplement, antibiotic/antimycotic and L-glutamine. 
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Figure 6.3. Optimisation of minimal differentiation medium for endometrial 

organoids: systematic removal of ExM components.  

Parallel endometrial gland organoids (red) and assembloids (blue) were established 

from 3 endometrial biopsies and differentiated with cAMP and MPA for 4 days in either 

ExM, or ExM with each exogeneous factor removed individually (-). Induction of 

glandular differentiation markers, PAEP and SPP1 were measured by RT-qPCR. 

Data are presented as fold-change relative to expression levels in undifferentiated 

gland organoids or assembloids cultured in ExM supplemented with E2. Bars shows 

minimal, maximal, and median fold-change. * and ** indicate P < 0.05 and P < 0.01 

(Friedman’s test for matched samples). Data collected in collaboration with Dr 

Thomas Rawlings. 
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Figure 6.4. Optimisation of minimal differentiation medium for endometrial 

organoids: systematic add-back of ExM components.  

Parallel endometrial gland organoids (red) and assembloids (blue) were established 

from 3 endometrial biopsies and differentiated with cAMP and MPA for 4 days in either 

ExM, base medium (BM) or base medium with each exogeneous factor added 

individually (+). Induction of glandular differentiation markers, PAEP and SPP1 were 

measured by RT-qPCR. Data are presented as fold-change relative to expression 

levels in undifferentiated gland organoids or assembloids cultured in ExM 

supplemented with E2. Bars shows minimal, maximal, and median fold-change. * and 

** indicate P < 0.05 and P < 0.01 (Friedman’s test for matched samples). Data 

collected in collaboration with Dr Thomas Rawlings. 
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6.2.2 Single-cell RNA-seq analysis of control and RMM assembloids 

Single-cell transcriptomics of endometrial assembloids cultured for 4 days in MDM 

demonstrated the emergence of distinct differentiated and senescent subpopulations 

in both glands and stroma. Further, assembloid marker genes for differentiated and 

senescent EpC and EnSC mapped to mid- and late-luteal phase of the cycle, 

respectively (Rawlings et al., 2021a) . As shown in Chapter 5, marker genes for 

differentiated EpC were upregulated in RMM gland organoids whereas marker genes 

of senescent were downregulated. Additionally, a blunted decidual response in RMM 

endometrium was identified in Chapter 3, which may contribute to glandular 

perturbations. Thus, to investigate epithelial subpopulations in RMM and define the 

contribution of EnSC, I performed scRNA-seq analysis of RMM and control 

assembloids. I was assisted in these experiments by Dr Emma Lucas.  

Primary cryopreserved EpC and EnSC from control (n=3) and RMM (n=3) biopsies 

were used to establish assembloids (Fig. 6.5a). In parallel, assembloids were 

generated from control (n=2) and RMM (n=3) gland organoids, using fresh (i.e. not 

cryopreserved) EnSC isolated from a single biopsy. Thus, the stromal fraction was 

identical for both RMM and control assembloids (Fig. 6.5b). Patient demographics are 

presented in Appendix Table 1.10 and 11. The purpose of this experimental design 

was (i) to test if cryopreservation of EnSC impacts on assembloid formation and (ii) 

to examine if EnSC from a control biopsy rescue the differences in glandular gene 

expression between control subjects and RMM.  

scRNA-seq was performed on undifferentiated assembloids grown for 4 days in ExM 

supplemented with E2 and assembloids differentiated in MDM for 4 additional days 

(Fig. 6.5 and 6). Unfortunately, cryopreserved EnSC exhibited an excessive stress 

response when cultured in hydrogels, resulting in contamination of the transcriptomic 

profiles of both EpC and EnSC by ambient RNA. Therefore, I limited my analysis to 

control and RMM assembloids established from cryopreserved EpC and fresh EnSC. 

Cells were only included in the analysis if they expressed > 200 but < 2000 genes 

and had < 5% mitochondrial reads to minimise doublets and low-quality cells (broken 

or damaged cells), respectively (Fig. 6.7a and b). Overall, all samples had low 

percentage of mitochondrial genes (Fig. 6.7b). Previously, Shared Nearest Neighbour 

(SNN) and Uniform Manifold Approximation and Projection (UMAP) analysis 

identified eleven cell clusters in assembloids (Rawlings et al., 2021a). Using the 

Seurat standard workflow, a label transfer was used to map populations in this dataset 
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using the marker curation established in previous experiments (Rawlings et al., 

2021a). A total of 10 cell clusters were assigned to all 4520 cells in this dataset and 

graphed computationally by the UMAP algorithm (Fig 6.8). Undifferentiated and 

differentiated EpC segregated within the UMAP-2 dimension in keeping with previous 

observations (Rawlings et al., 2021a).  

Transcriptomic profiles were obtained from 3,781 EpC but only 739 EnSC. The 

reason for the low recovery of EnSC is unclear. Although it may be possible to rectify 

this problem by sequencing more cells, this was not achievable within the timeframe 

of my studies. Hence, I limited my analysis to EpC.  

Based on curated marker genes, five epithelial subsets were mapped to assembloids 

established from control and RMM patients (Fig. 6.9). The two undifferentiated 

epithelial subpopulations, EpS1 (n=79) and EpS2 (n=2361) represent actively 

dividing cells (high expression of cell cycle genes) and cells expressing marker genes 

of proliferative phase endometrium, respectively. A discrete population of ciliated 

cells, EpS3 (n=26) was also present in both undifferentiated and differentiated 

assembloids.  

As anticipated, two distinct epithelial populations were identified in differentiated 

assembloids, consisting of differentiated population, (EpS4, n=799) and, the 

senescent population, EpS5 (n=194). As described previously (Rawlings et al., 

2021a), senescent cells were identified based on expression of genes encoding the 

cyclin-dependent kinase inhibitors p16INK4a and p21CIP1 in parallel with canonical 

SASP factors which are also implantation factors including DPP4 (Kim et al., 2017), 

growth differentiation factor 15 (GDF15) (Basisty et al., 2020) and insulin growth 

factor binding protein 3 (IGFBP3) (Elzi et al., 2012) (Fig. 6.10). The final population, 

termed transitional population (TP, n=322), highly expressed long non-coding RNAs 

(NEAT1 and KCNQ1OT1), which are implicated in mesenchymal-epithelial and 

epithelial-mesenchymal transition (MET/EMT) (Chen et al., 2021, Bian et al., 2019).  
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Figure 6.5. Experimental design of scRNA-seq of RMM and control 

assembloids. 

a) Endometrial organoids and EnSC from the same cryopreserved endometrial 

biopsy were used to establish assembloid cultures. scRNA-seq was performed on 

undifferentiated assembloids grown for 4 days in ExM supplemented with E2 and 

assembloids differentiated in MDM for a further 4 days. 

b) Assembloids were set up with endometrial organoids from either cryopreserved 

epithelial fractions of control or RMM endometrial biopsies. All assembloids had EnSC 

from one fresh control endometrial biopsy. scRNA-seq was performed on 

undifferentiated assembloids grown for 4 days in ExM supplemented with E2 and 

assembloids differentiated in MDM for a further 4 days.  
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Figure 6.6. Representative images of control and RMM assembloids. 

a) Representative images of undifferentiated and differentiated assembloids of 

control and RMM cryopreserved endometrial biopsies.  Scale bar = 1 mm 

b) Representative images of undifferentiated and differentiated assembloids of 

control and RMM cryopreserved gland organoids and fresh control EnSC.  Scale bar 

= 1 mm. 
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Figure 6.7. Quality control of assembloid scRNA-seq data. 

Violin plots representing: 

a) the number of genes per cell. 

b) the percentage mitochondrial DNA per cell. 
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Figure 6.8. UMAP of epithelial and stromal subsets in assembloids. 

UMAP visualisation of transcriptome recovered from 5 undifferentiated and 

differentiated assembloids and, colour-coded for different epithelial and stromal 

subpopulations (EpS and SS, respectively).  
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Figure 6.9. Heatmap of epithelial marker genes in undifferentiated and 

differentiated assembloids. 

Heatmap showing relative expression (Z-scores) of epithelial marker genes of 

epithelial subpopulations (EpS1-5) and TP. Curation of marker genes was based on 

previous scRNA-seq analysis of endometrial assembloids. The data are publicly 

available (GEO Profiles, accession number: GSE168405). 
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Figure 6.10. Heatmap showing relative expression of cyclin-dependent kinase 

inhibitors and SASP-related genes in differentiated assembloids. 

The heatmap is based on the relative expression (Z-scores) of indicated genes in the 

EpC subpopulations of differentiated assembloids.  
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Next, UMAPs were generated for the epithelial subpopulations of control and RMM 

assembloids (Fig. 6.11). No obvious differences were observed in the grouping of the 

subpopulations between the two groups. Figure 6.12a depicts the number of DEGs 

in each of the subpopulations with and without multiple testing correction. Not 

unexpectedly, FDR correction had a profound impact on the number of the DEGs in 

the smaller populations, i.e. EpS1, EpS3, EpS5 and TP (Fig. 6.12b). 

Based on P < 0.05, a total 122 genes were found to be differentially expressed in 

EpS2 (i.e. proliferative EpC) between control and RMM assembloids (Fig. 6.12a). 

EpS2 genes repressed in RMM included various glycolytic genes, TPI1 (encoding 

triosephophate isomerase), GAPDH (glyceraldehyde 3-phosphate dehydrogenase), 

PGK1 (Phosphoglycerate kinase 1), ENO1 (alpha-enolase), PKM (pyruvate kinase) 

(Bolaños et al., 2010). Most of the downregulated glycolytic genes were of the pay-

off phase of glycolysis as observed in RMM glands in vivo (Fig. 3.8).  Other notable 

repressed metabolic genes in RMM assembloids included SAT1 

(spermidine/spermine N1-acetyltransferase 1), which encodes the rate limiting 

enzyme in polyamine metabolism (Pegg, 2008), and SCD (stearoyl-CoA desaturase), 

a key enzyme for lipogenesis (Miyazaki et al., 2005). Based on a more stringent 

criterium (FDR-corrected P < 0.05), 40 genes were found to be DEGs with 6 (15%) 

and 34 (85%) up- and down-regulated, respectively, in RMM glands (Fig. 6.12b). GO 

analysis revealed no significant enrichment of biological categories from EpS2 genes 

upregulated in RMM assembloids. By contrast, EpS2 genes downregulated in RMM 

were enriched in multiple metabolic GO terms for both sets of downregulated genes 

including, ‘Canonical glycolysis,’ ‘Gluconeogenesis,’ and ‘Purine nucleotide metabolic 

process,’ irrespective of FDR correction (Fig. 6.13 and 14).   

Next, I mined for DEGs in EpS4 (i.e. differentiated EpC) of control and RMM 

assembloids. Based on P < 0.05, 359 DEGs were identified of which 219 (61%) genes 

were upregulated and 140 (39%) were downregulated in EpS4 of RMM glands (Fig. 

6.12a). Strikingly, EpS4 genes upregulated in RMM glands are implicated in oxidative 

phosphorylation (NDUFB8, UQCR11, NDUFB4, NDUFA4, NDUFB2, MT-ND1 and 

MT-ATP6). Other upregulated genes included cytokines and chemokines (IL1B, 

CXCL1 and CXCL2), thioredoxin (TXN), matrix metallopeptidases inhibitors (TIMP1, 

TIMP2, TIMP3) and seven collagen related proteins. Upregulated EpS4 genes were 

enriched in GO terms such as ‘Oxidative phosphorylation,’ ‘Extracellular matrix 

organisation’ and ‘Oxidative stress’ (Fig. 6.13). Further, the only notable GO term 

enriched in EpS4 genes downregulated in RMM assembloids was ‘Regulation of 
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epithelial cell differentiation’. Following FDR correction (P < 0.05), 79 EpS4 genes 

were differentially expressed with 62 (78.4%) and 17 (21.6%) up- and down-

regulated, respectively in RMM assembloids (Fig. 6.12b). Upregulated EpS4 genes 

were enriched in two GO terms, ‘Response to lipid’ and ‘Response to stress’ (Fig. 

6.14).  

Following FDR correction, none or few genes were found to be differentially 

expressed in cycling EpS1 (n=0), ciliated EpS3 (n=0), senescent EpS5 (n=4) and TP 

(n=3) between control and RMM assembloids. While analysis of DEG based on P < 

0.05 yielded some interesting observations (Fig. 6.13), confidence in these findings 

is low. Hence, the data generated in this first scRNA-seq analysis of control and RMM 

assembloids should be considered preliminary due to technical issues of the limited 

sample size and low recovery rates of cells, especially EnSC. However, two 

conclusions can be drawn from the limited data presented. First, the presence of 

EnSC, whether undifferentiated or decidualised, do not rescue glandular 

perturbations in RMM. Second, while genes involved in glycolysis are downregulated 

in undifferentiated RMM assembloids, oxidative phosphorylation is upregulated in 

differentiated RMM assembloids (Fig. 6.15).  
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Figure 6.11. UMAP of epithelial subsets in control and RMM assembloids. 

UMAP plots of cells from control and RMM assembloids colour-coded for different 

epithelial subpopulations. 
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Figure 6.12. DEGs in each EpC subpopulation in RMM assembloids.  

Number of DEGs and cells in Day 0 EpS1 and EpS2, Day 4 EpS4 and EpS5 and all 

EpS3 in RMM assembloids. 

a) Bar plot shows the number of DEGs (P < 0.05) up- and down-regulated in each 

epithelial population in RMM assembloids.  

b) Bar plot shows the number of DEGs (FDR-corrected P < 0.05) up- and down-

regulated in each epithelial population in RMM assembloids. 

c) Bar plot shows number of cells in each epithelial population in RMM and control 

assembloids. 
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Figure 6.13. GO analysis of DEGs upregulated and downregulated RMM 

assembloids. 

Dot plots showing significantly enriched GO terms (FDR-corrected P < 0.05 indicated 

by the colour) related to biological processes in different epithelial subpopulations in 

RMM assembloids. DEGs with P < 0.05 were used as input for the analysis.  
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Figure 6.14. GO analysis of a stringent set of DEGs upregulated and 

downregulated RMM assembloids. 

Dot plots showing significantly enriched GO terms (FDR-corrected P < 0.05 indicated 

by the colour) related to biological processes in different epithelial subpopulations in 

RMM assembloids. DEGs with FDR-corrected P-value were used as input for the 

analysis.  
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Figure 6.15. Oxidative phosphorylation genes upregulated in RMM 

assembloids. 

Heatmap showing relative expression (Z-scores) of DEGs between control and RMM 

assembloids in EpS2 and EpS4. 

 

 

 

 

 

 

 

 

 

  



185 
 

 

 

 

 

 

 

 

Chapter 7:                  
General Discussion 
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7.1 Introduction 

RMM is a subset of RPL identified based on a unique pregnancy loss phenotype. 

Unlike RPL, RMM is characterised by the recurrent pattern of early-onset of fetal 

growth restriction and a delay in the breakdown of the maternal-fetal interface and 

bleeding, thus, these miscarriages are frequently detected by ultrasound. 

Unfortunately, there is limited literature on RMM and consequently, the cause is 

unknown.  

Fetal growth restriction is itself a disorder, defined as birthweight below the third 

centile, or below the tenth centile with evidence of uteroplacental dysfunction (Aplin 

et al., 2020). Severe early-onset fetal growth restriction is defined as being below the 

third growth centile before 32 weeks, whereas less severe cases are when a fetus 

does not meet the predicted growth trajectory (Aplin et al., 2020). This disorder arises 

from an insufficient supply of nutrients and oxygen to the fetus due to maternal 

vascular malperfusion and/or inefficient extraction of substrates by the placenta. 

However, RMM is a disorder of the first trimester and during this period, histotrophic 

nutrition is provided by the endometrial glands as the placenta is still developing. 

Therefore, it is plausible gland defects attributed to a lack of nutrition could be the 

cause of RMM.  

Historically, most of the literature surrounding the endometrial glands has come from 

animal models, and histology studies due to limited human in vitro models. Thus, in 

humans, endometrial glands are understudied. Recent establishment of endometrial 

gland organoids has enabled the modelling of the gland epithelium (Turco et al., 2017, 

Boretto et al., 2017). The establishment of patient-derived gland organoids provides 

the opportunity to recapitulate the in vivo glandular defects and advance the 

knowledge of the glands in disorders such as RMM. 

For the first time, an in-depth study was conducted on RMM with the aim of identifying 

the endometrial defects that cause RMM. The following objectives were undertaken: 

1) First, I analysed the mid-luteal RMM endometrium and identified metabolic 

defects in endometrial glands and a delayed decidual response in RMM.  

2) Next, I optimised gland organoid protocols to establish patient-specific gland 

organoids that were used to model and dissect the mechanism of the disease. 
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3) Lastly, I established endometrial assembloids using control and RMM gland 

organoids for scRNA-seq. The preliminary data highlighted differences in 

metabolic pathways used by control and RMM EpC subpopulations. 
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7.2 Endometrial Defects in RMM 

7.2.1 Summary of findings 

Previously, it was hypothesised that RMM glands are subjected to a metabolic stress 

in early gestation, leading to gradual failure in histotrophic nutrition. Initial RNA-seq 

analysis comparison of mid-luteal endometrial glands from control and RMM found 

an upregulated mitochondrial gene signature in RMM glands, suggesting an 

increased energy expenditure in keeping with hypothesis (Barros, 2017). To gain 

more in-depth insights into the RMM glands, I reanalysed the RNA-seq data, using 

advance metabolic modelling.  

As anticipated, oxidative phosphorylation was upregulated in the mid-luteal RMM 

glands, but FVA and FBA provided the opportunity to explore other metabolic 

pathways and the impact on each other under maximum growth conditions. TCA was 

also upregulated but instead of glycolytic products feeding the cycle, fatty acid 

breakdown was concluded to be the source of acetyl-CoA in RMM glands. FAO yields 

more NADH and FADH2 than the breakdown of glucose, which in turn results in 

upregulated oxidative phosphorylation. 

Successful establishment of patient-derived endometrial gland organoids from RMM 

patients and control subjects allowed for the investigation of intrinsic defects in RMM 

glands. Unlike RPL, RMM endometrial epithelial stem/progenitor cells were found in 

abundance and during their quiescent state are likely to use FAO as seen in other 

stem cells (Ryall et al., 2015, Knobloch et al., 2017). Consequently, the data suggests 

metabolic reprogramming may take place in the progeny of these progenitor cells in 

RMM. Rather than switching to glycolysis during proliferation, RMM gland EpC remain 

dependent on FAO, evidenced by the increased expression of FAO genes in 

undifferentiated RMM organoids. This difference was maintained after differentiation.  

RNA-seq of organoid cultures from control and RMM endometrial biopsies also 

highlighted the atypical signalling pathways in RMM glands, including Wnt and Notch 

pathways. Both pathways have been demonstrated to be essential for gland 

development and differentiation (Wang et al., 2009, Cuman et al., 2014, Garcia-

Alonso et al., 2021). In RMM, the loss of key transcription factors and ligands 

highlighted impaired signalling resulting in poor development and differentiation. The 

poor differentiation response observed in the RMM gland organoids also supports the 

hypothesis that the EpC population in these samples is more immature, as excessive 
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progenitor cells are predicted to impact the differentiation of the tissue (Zakrzewski et 

al., 2019).  

In keeping with these findings, a deficiency in epithelial senescent cells is observed 

in RMM glands. Gland EpC diverge into epithelial differentiated and senescent 

subpopulations with the latter appearing in the late-luteal phase (Brighton et al., 2017, 

Rawlings et al., 2021a). Absence of senescence has shown to promote FAO 

(Ogrodnik et al., 2017, Deleye et al., 2020). Therefore, a lack of specification in 

differentiation maintains FAO for longer than required in RMM glands. Notably, this 

acute senescence response in glandular EpC underpins the production of 

proteinases for the breakdown of the basement membrane of the glands (Rawlings 

et al., 2021a). This may be an essential process to facilitate endoglandular 

trophoblast invasion for access to histotrophic nutrition (Huppertz, 2020). A more 

naïve state results in less advanced differentiation response in RMM glands, resulting 

in a lack of senescent cells and in turn limited access to the secreted histotroph. 

Without nutritional support in the first trimester, fetal growth restriction takes place as 

well as poor development of the cytotrophoblastic shell and arterial plugging, leading 

to early fetal demise. 

RPL patients have excessive decidual senescence which is likely to lead to the 

breakdown of the maternal-fetal interface in early pregnancy (Lucas et al., 2020). In 

contrast, RMM endometrium was found to have a blunted decidual response and uNK 

deficiency. In RMM, no immediate breakdown and bleeding are observed in these 

patients, unlike in RPL, suggesting the mechanism differs between these two 

phenotypes. Despite only being a preliminary study, scRNA-seq of endometrial 

assembloid cultures of RMM organoids with undifferentiated or decidualised EnSC 

from control subjects did not rescue RMM gland defects. Therefore, it can be 

concluded the poor differentiation response in the glands drives the delayed decidual 

response.  

7.2.2 Reasons for glandular defects in RMM 

7.2.2.1. Somatic mutations 

Somatic mutations are random mutations that occur during normal mitotic cell 

divisions in non-germinal cells and persist in all progenies of mutated cells. In cancer, 

somatic mutational landscapes have been well characterised (Alexandrov et al., 

2013). A recent study described the mutation landscape of the endometrial glands 
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and found 29 base substitution per gland per year acquired during the adult life and 

were not related to parity (Moore et al., 2020). As I concluded that intrinsic defects 

are likely to be present within the epithelial stem/progenitor cell populations in RMM 

patients, it is plausible a common genetic variation may occur in these cells. Whole-

genome sequencing of isolated glands from the endometrium will answer if such 

mutations occur in the RMM endometrium. 

7.2.2.2. Endometrial maturation 

Before menarche and early adolescence the endometrium is relatively immature and 

is not responsive to steroid hormones (Brosens et al., 2015). The endometrium only 

exhibits a proliferative state after birth and little change in glandular secretions are 

observed due to intrinsic progesterone resistance (Ober and Bernstein, 1955, 

Brosens et al., 2015). Therefore, most women will experience the first wave of 

endometrial regeneration after menarche. However, a few cycles of regeneration are 

needed to acquire full responsiveness to ovarian hormones for pregnancy known as 

‘preconditioning’ (Brosens et al., 2015). During this period, repeated inflammatory 

modulations may program stem/progenitor cells such that future senescent progeny 

rapidly express the inflammatory genes due to their retained inflammatory memory 

(Niec et al., 2021). An immature uterine environment can impact negatively on 

pregnancy, as shown by increased risk of preterm birth and small gestational age in 

teenage mothers (Fraser et al., 1995, Chen et al., 2007). If appropriate 

preconditioning does not take place and a residual immature environment remains, 

this may result in the tissue being programmed to induce a poor differentiation 

response, as observed in RMM.  

Developmental models have shown that an adverse intrauterine environment can 

result in fetal programming of long-term health, believed to be mediated through 

epigenetic mechanisms (Zhu et al., 2019). Adverse conditions, such as sub-optimal 

maternal diet, that induce even the smallest of epigenetic changes have long-term 

effects in fetus, appearing as diseases many years later. In tissue, a similar 

mechanism of programming may take place in the progenitor cells years before 

pregnancy. However, when the critical windows of epithelial stem/progenitor cells 

programming take place is unknown and could occur during uterine adenogenesis, 

postnatally after the rapid change in hormonal environment, at puberty or during the 

preconditioning stage. The preconditioning stage is likely a critical window for 

programming as a lack of inflammatory responses in the first few cycles may impact 

the epigenetic changes required for inflammatory memory (Niec et al., 2021). A study 
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into the epigenetics modifications in RMM glands compared to control samples would 

be required to confirm this hypothesis.  

7.2.2.3. High Fat Diet  

A high fat diet may contribute to the defects of RMM. Increased presence of fatty acid 

promotes FAO but can have additional effects on stem/progenitor cells over and 

above fuel source contribution. In colonocytes of the intestine, butyrate (a short chain 

fatty acid) was found to suppress intestinal stem cell proliferation by acting as a 

histone deacetylase inhibitor, which increased access of the transcription factor, 

FOXO3 (forkhead box O3) (Kaiko et al., 2016). FOXO3 is key in halting cell-cycle 

progression and maintains quiescence for long-term regenerative potential as seen 

in hematopoietic stem cells (Tothova et al., 2007). However, in a high fat diet too 

much butyrate may result in unwanted quiescence and reduced regenerative 

capacity. A high fat diet may impact the environment of epithelial stem/progenitor cells 

and is another plausible mechanism of programming an adverse defect in the glands. 

7.2.3 Future Developments 

7.2.3.1. Single-cell RNA-seq 

ScRNA-seq was performed on endometrial assembloids to characterise their EnSC 

and EpC subpopulations and interactions thereof. Future experiments will require the 

use of fresh biopsies to rule out the role of cryopreservation and thawing on cellular 

stress responses. Fresh EnSC- and cryopreserved EpC- generated assembloids did 

not exhibit overt stress and scRNA-seq analysis revealed metabolic pathways 

differed in EpC subpopulations in control and RMM endometrial assembloids. 

Notably, the presence of EnSC from a control patient with RMM gland organoids did 

not rescue the phenotype. It is likely, therefore, that glands drive the EnSC phenotype 

in RMM.  

Despite interesting preliminary findings, EnSC subpopulations and more than half the 

EpC subpopulations could not be analysed due to the low cell numbers. The lack of 

EnSC recovered in the scRNA-seq meant I was not able to observe if a blunted 

decidual response was created by RMM glands. Hence, more cells will need to be 

sequenced to successfully compare the subpopulations and strengthen the current 

observations. With additional cells, cell-cell interactions between EnSC and EpC 

could also be explored using CellPhoneDB analysis used previously to study cellular 
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interactions in gland organoid cultures (Fitzgerald et al., 2019, Garcia-Alonso et al., 

2021, Rawlings et al., 2021a). 

7.2.3.2 Targeting fatty acid oxidation 

An intrinsic defect in epithelial stem/progenitor cells reprogrammes RMM glands to 

be dependent on FAO. To support these findings, validation of FAO upregulation in 

RMM glands is essential. First, upregulated FAO would result in a reduction of lipids 

in RMM glands and could be determined both in vivo and in vitro using lipid staining 

such BIODPY FL dye or Oil Red O staining. Secondly, to identify if RMM organoids 

depend on FAO, changes in cellular oxygen consumption (OCR) could be assessed 

with or without the treatment of the CPT1A inhibitor, etomoxir, in RMM and control 

gland organoids using a Seahorse Extracellular Flux Analyser. Additionally, within this 

experiment, the dependence of glycolysis by normal glands can be validated by 

observing the extracellular acidification rate (ECAR).  

In two of the current hypotheses, the cause of RMM is due to defects prior to puberty 

and can only be diagnosed once the women try to achieve pregnancy. Therefore, 

even if these hypotheses could be confirmed, it is impossible to prevent these defects. 

Instead, the perturbations that occur in the menstrual cycle that make the 

endometrium an unfavourable environment for pregnancy need to be treated. The 

abundance of stem/progenitor cells leads to a poor differentiation response, which in 

turn leads to an epithelial senescent cell deficiency. A promising treatment would be 

to increase epithelial senescent cells. There are several pro-senescence drugs such 

as CDK4/6 inhibitors Palbociclib and Abemaciclib (Wagner and Gil, 2020). However, 

the pharmacological approach needs to be specifically targeted for EpC. Moreover, 

some pro-senescence drugs promote a less favourable outcome of cell death and 

most importantly are not safe for pregnancy (NICE, 2020, Wagner and Gil, 2020). 

An alternative method would be to target FAO. P16 levels have been shown to 

modulate hepatic FAO such that p16 deficiency elevates FAO gene expression and 

is associated with enhanced activation of PPARα (Deleye et al., 2020). Another study 

concluded that mitochondria in senescent hepatocytes cells lose their ability to 

metabolise fatty acids due to a change in mitochondrial function, leading to lipid 

accumulation (Ogrodnik et al., 2017). Malonyl-CoA is a naturally occurring inhibitor of 

FAO, which inhibits CPT1, a rate-limiting mitochondrial enzyme controlling the 

transfer of fatty acids into the mitochondria and can determine the rates of FAO 

(Houten and Wanders, 2010). Interestingly, FAO regulates neural stem/progenitor 
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cells activity and treatment with malonyl-CoA induces cell cycle entry and proliferation 

(Knobloch et al., 2017). Therefore, malonyl-CoA is an ideal candidate to reduce the 

abundance of quiescent stem cells by inhibiting FAO, which may increase 

proliferation, stop metabolic reprogramming and in turn allow for acute senescence 

in those EpC susceptible to replicative stress. Changes in cellular OCR due to FAO 

can be assessed with treatment of malonyl-CoA in RMM organoids to confirm a 

decrease. Senescent markers such as p16 can be used to assess an increase in 

epithelial senescence. Additionally, an increase in telomerase activity and telomere 

length can be measured in the glands to confirm the change in senescent levels. 

7.2.3.3 CRISPR-Cas9 

Several genes and pathways were identified as perturbed in the RMM organoids 

using RNA-seq. However, there is currently limited knowledge on their exact function 

as proteins in human endometrial glands. Therefore, these genes and their proteins 

can be functionally validated using Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)-Cas9 (CRISPR-associated protein 9). Currently, 

CRISPR-Cas9 has not been used for genome editing in endometrial organoids. 

However, CRISPR-Cas9 has successfully been used to knock out various genes in 

healthy stem cells to generate several types of organoids including brain (Kim et al., 

2019), lung (Strikoudis et al., 2019), kidney (Freedman et al., 2015), and intestine 

(Jung et al., 2019). Optimising this system with the endometrial organoids will give 

rise to the opportunity to explore proteins and pathway functions and the impact they 

have on the growth and formation of the control organoids, especially the 

progenitor/stem cell markers, as well as the differentiation capacity and their 

secretions. This would improve our understanding of the perturbations in RMM that 

arise from this altered gene expression. The genes of interest such as the upregulated 

genes, LGR5, POU5F1 and PPARGC1A, and downregulated genes, HES5 and 

LEF1, can be knocked down in control organoids to identify their function when 

compared to the wildtype control organoids. Additionally, the loss of HES5 and LEF1 

will hopefully highlight changes observed in RMM organoids.  

7.2.3.4 Endometrial and trophoblast organoids  

Recently, trophoblast organoids have been successfully established from first 

trimester placental tissue using a specific trophoblast organoid medium (Haider et al., 

2018, Turco et al., 2018). Fewer epithelial senescent cells were found in the RMM 

glands both in vivo and in vitro. It was hypothesised without these cells, access to 
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histotrophic nutrition would be limited including key factors required for 

cytotrophoblast growth, transformation, and migration. Hence, a co-culture of RMM 

endometrial organoids and trophoblast organoids can be generated in the future to 

model the interactions of these two systems and to validate if the RMM glands have 

an unfavourable effect on the trophoblast cells. Differentiation of the trophoblast 

organoids can produce extravillous trophoblast with a specific differentiation medium 

(Haider et al., 2018, Turco et al., 2018). The presence of the endometrial gland 

organoids may replace some of these factors in a control sample as previously 

observed in the endometrial assembloids (Rawlings et al., 2021a). On the other hand, 

the RMM organoids may limit the invasiveness of these cells. Another recent study 

established a 3D co-culture of murine embryos and endothelial cells in a microfluidic 

device that successfully showed interaction of the trophoblast and endothelial cells 

(Govindasamy et al., 2021). A similar system could be optimised using trophoblast 

organoids and endothelial cells that would be treated with or without supernatant from 

RMM organoids. Additionally, a timelapse could be used to visualise if RMM gland 

organoid secretions would limit the interaction of the two cell types by measuring the 

invasion of the trophoblast cells.  
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7.3 Conclusion 

In summary, this thesis, for the first time, presents an in-depth study of RMM. 

Metabolic modelling inferred that the metabolic perturbations in RMM glands were 

more pronounced than previously perceived and were not due to out-of-phase gland 

timings. To study RMM glands in vitro, I successfully established patient-derived 

endometrial gland organoids from control and RMM endometrium. Using optimised 

gland organoid protocols, I found RMM glands have intrinsic defects in the 

endometrial epithelial stem/progenitor cell population, which impact on the stemness, 

cell cycle regulation and differentiation potential and leads to a metabolic 

reprogramming of its progeny. Moreover, a lack of epithelial senescent cells was 

found in RMM glands that may limit the access of the conceptus to histotrophic 

nutrition at pregnancy. Preliminary findings from endometrial assembloids supported 

previous findings that RMM glands use alternative metabolic pathways and the 

presence of control EnSC is inconsequential to the RMM gland defects. 

Pharmacologically targeting of FAO to switch from quiescent to proliferative state has 

promise of reprogramming the metabolic and differential state of RMM glands. 
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1. Demographic Tables  

Table 1.1: Subject demographics of control vs RMM gland RNA-seq.  
 

Control (n=8) a RMM (n=8) b P-value c 

Age (years) 
(median ± IQR) 

37 (34-39) 39 (34-40) 0.8591 

BMI 
(median ± IQR) 

26 (22-29) 24 (23-25) 0.7809 

LH + day 
(median ± IQR) 

9 (8-9) 8 (8) 0.1251 

First trimester loss 
[median (range)] 

0 (0-2) 4 (3-8) 0.0002 

Live births 
[median (range)] 

1 (0-2) 1 (0-2) 0.8858 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor normally distributed data (age), P value was calculated using two-tailed unpaired 

t-test; for non-normally distributed data, (BMI, LH+, first trimester loss and live births) 

two-tailed Mann Whitney test.   

Table 1.2: Subject demographics of endometrial samples across the luteal 

phase. 

 
LH+5 (n=3) LH+8 (n=3) LH+11 (n=3) 

Age (years)  
[median (range)] 

36 (32-40) 38 (34-43) 33 (32-38) 

BMI  
[median (range)] 

28 (26-29) 24.4 (23-30)  22.7 (22-23.3) 

LH + day   
[median (range)] 

5(5) 8(8) 11(11) 

First trimester loss 
[median (range)] 

5(1-15) 0(0-1) 4(2-5) 

Live births  
[median (range)] 

0(0) 0(0) 0(0-1) 

Table 1.3: Subject demographics of endometrial samples for the molecular 

timing model. 

 
Endometrial samples 

Age (years) (median ± IQR) 36 (33-38) 

BMI (median ± IQR) 24 (22-27) 

LH + day (median ± IQR) 8 (7-10) 

First trimester loss [median (range)] 1 (0-18) 

Live births [median (range)] 0 (0-2) 
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Table 1.4: Subject demographics of control and RMM endometrial samples for 

the molecular timing model. 

 
Control (n=93) a RMM (n=75) b P-value c 

Age (years) 
(median ± IQR) 

36 (33-37) 36 (33-39) 0.4451 

BMI 
(median ± IQR) 

22 (21-25) 25 (23-28) <0.0001 

LH + day 
(median ± IQR) 

8 (7-10) 8 (8-10) 0.466 

First trimester loss 
[median (range)] 

0 (0-2) 5 (3-13) <0.0001 

Live births 
[median (range)] 

0 (0-2) 0 (0-4) <0.0001 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor non-normally distributed data, (age, BMI, LH+, first trimester loss and live births) 

P value was calculated using two-tailed Mann Whitney test.   

Table 1.5: Subject demographics of control and RMM endometrial samples for 

decidual divergence. 

 
Control (n=93) a RMM (n=73) b P-value c 

Age (years) 
(median ± IQR) 

36 (33-37) 36 (33-39) 0.4667 

BMI 
(median ± IQR) 

22 (21-25) 25 (23-28) <0.0001 

LH + day 
(median ± IQR) 

8 (7-10) 8 (7-9) 0.5312 

First trimester loss 
[median (range)] 

0 (0-2) 5 (3-13) <0.0001 

Live births 
[median (range)] 

0 (0-2) 0 (0-4) 0.0002 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor non-normally distributed data, (age, BMI, LH+, first trimester loss and live births) 

P value was calculated using two-tailed Mann Whitney test.   
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Table 1.6: Subject demographics of control and RMM endometrial samples for 

OFE assay. 

 
Control (n=10) a RMM (n=10) b P-value c 

Age (years) 
(median ± IQR) 

 37 (34-39)  34 (33-37) 0.1169 

BMI 
(median ± IQR) 

22 (21-28) 25 (24-30) 0.2664 

LH + day 
(median ± IQR) 

 8 (7-9)  10 (8-11) 0.1467 

First trimester loss 
[median (range)] 

 1 (1-3) 6 (4-7) 0.0002 

Live births 
[median (range)] 

 0 (0-1) 1 (0-1) 0.6499 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor normally distributed data (age, LH+ and first trimester loss), P value was 

calculated using two-tailed unpaired t-test; for non-normally distributed data, (BMI and 

live births) two-tailed Mann Whitney test.   

Table 1.7: Subject demographics of control and RMM endometrial samples for 

organoid RNA-seq.  

 
Control (n=4) a RMM (n=4) b P-value c 

Age (years) 
(median ± IQR) 

34 (33) 32 (30-31) 0.2969 

BMI 
(median ± IQR) 

 21 (20)  24 (24) 0.1033 

LH + day 
(median ± IQR) 

9 (9)   10 (8-9) 0.8880 

First trimester loss 
[median (range)] 

  1(0-2)   5 (3-6) 0.0023 

Live births 
[median (range)] 

  0 (0-1)  1 (0-1) >0.9999 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor normally distributed data (age, BMI, LH+ and first trimester loss), P value was 

calculated using two-tailed unpaired t-test; for non-normally distributed data, (live 

births) two-tailed Mann Whitney test.   
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Table 1.8: Subject demographics of control and RMM endometrial samples for 

organoid RNA-seq validation.  

 
Control (n=8) a RMM (n=8) b P-value c 

Age (years) 
(median ± IQR) 

34 (32-36) 35 (33-36) 0.9404 

BMI 
(median ± IQR) 

23 (22-28) 24 (22-26) 0.9924 

LH + day 
(median ± IQR) 

8 (8-9) 10 (9-11) 0.1198 

First trimester loss 
[median (range)] 

1 (0-2) 5 (3-8) 0.0002 

Live births 
[median (range)] 

0 (0-1)  1(0-1) 0.2821 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor normally distributed data (age, BMI, and LH+), P value was calculated using two-

tailed unpaired t-test; for non-normally distributed data, (live births and first trimester 

loss) two-tailed Mann Whitney test.   

Table 1.9: Subject demographics of control and RMM endometrial samples for 

p16 immunohistochemistry. 

 
Control (n=93) a RMM (n=48) b P-value c 

Age (years) 
(median ± IQR) 

36 (33-37) 36 (33-38) 0.7361 

BMI 
(median ± IQR) 

22 (21-25) 25 (23-28) <0.0001 

LH + day 
(median ± IQR) 

8 (7-10) 8 (8-9) 0.5063 

First trimester loss 
[median (range)] 

0 (0-2) 5 (3-12) <0.0001 

Live births 
[median (range)] 

0 (0-2) 0 (0-4) <0.0001 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor normally distributed data (age), P value was calculated using two-tailed unpaired 

t-test; for non-normally distributed data, (BMI, LH+, first trimester loss and live births) 

two-tailed Mann Whitney test.   
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Table 1.10: Subject demographics of control and RMM endometrial samples for 

assembloid scRNA-seq. 

 
Control (n=3) a RMM (n=3) b P-value c 

Age (years) 
[median (range)] 

35 (34-39) 36 (29-38) >0.9999 

BMI 
[median (range)] 

22 (20-28) 22 (20-30) >0.9999 

LH + day 
[median (range)] 

10 (8-10) 10 (7-10) >0.9999 

First trimester loss 
[median (range)] 

0 (0) 7 (3-8) 0.1 

Live births 
[median (range)] 

0 (0) 0 (0) >0.9999 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM were defined as three or more missed miscarriages.  

cFor non-normally distributed data (age, BMI, LH+, first trimester loss and live births), 

P value was calculated using two-tailed Mann Whitney test.   

Table 1.11: Subject demographics of control and RMM endometrial samples 

and fresh control EnSC sample for assembloid scRNA-seq. 

 
Control (n=2) a RMM (n=3) b P-value c 

Age (years) 
[median (range)] 

35-39 36 (29-38) 0.8 

BMI 
[median (range)] 

20-28) 22 (20-30) >0.9999 

LH + day 
[median (range)] 

8-10 10 (7-10) >0.9999 

First trimester loss 
[median (range)] 

0 7 (3-8) 0.2 

Live births 
[median (range)] 

0 0 (0) >0.9999 

 
 

Age BMI LH+ First trimester 
loss 

Live Births 

Fresh EnSC 
biopsy 

35 20 8 0 0 

 

aControl subjects were awaiting IVF treatment for a number of reasons, including male 

factor, unexplained, and tubo-ovarian infertility.  

bRMM patients defined as three or more missed miscarriages.  

cFor non-normally distributed data (age, BMI, LH+, first trimester loss and live births), 

P value was calculated using two-tailed Mann Whitney test. 
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2. Flux Variability Analysis Tables 

Appendix Table 2.1. The TCA cycle and oxidative phosphorylation reactions for each enzyme, flux in control and RMM samples, and 

flux change from control to RMM. A negative flux represents the reverse reaction. 

 

 

Reaction id Reaction name List of Reactants List of Products Pathways Flux in 

Control 

Flux in 

RMM 

Flux 

change (%) 

CSm Citrate synthase M_accoa_m|M_h2o_m|M_oaa_

m 

M_cit_m|M_coa_m|M_h_m Tricarboxylic cycle 1.7864 2.5393 42.1421 

ACONTm Aconitate hydratase M_cit_m M_icit_m Tricarboxylic cycle 1.7864 2.5393 42.1421 

ICDHxm Isocitrate dehydrogenase 

NAD  

M_icit_m|M_nad_m M_akg_m|M_co2_m|M_nadh_m Tricarboxylic cycle 0 0.2207 100 

AKGDm 2-oxoglutarate 

dehydrogenase 

M_akg_m|M_coa_m|M_nad_m M_co2_m|M_nadh_m|M_succoa_m Tricarboxylic cycle 3.5371 4.0196 13.6396 

SUCOAS1m Succinyl-CoA ligase 

(GDP-forming) 

M_coa_m|M_gtp_m|M_succ_m M_gdp_m|M_pi_m|M_succoa_m Tricarboxylic cycle -6.2189 -6.8389 9.9701 

r0509 (CII) Succinate:Ubiquinone 

Oxidoreductase 

M_q10_m|M_succ_m M_fum_m|M_q10h2_m Tricarboxylic cycle 4.5371 5.0196 10.6334 

FUMm Fumarase mitochondrial M_fum_m|M_h2o_m M_mal__L_m Tricarboxylic cycle 4.5371 5.7362 26.4271 

MDHm Malatedehydrogenase 

mitochondrial 

M_mal__L_m|M_nad_m M_h_m|M_nadh_m|M_oaa_m Tricarboxylic cycle -25.3516 -24.1154 -4.8761 

NADH2_u10mi 

(CI) 

NADH2 u10mi M_h_m|M_nadh_m|M_q10_m M_h_i|M_nad_m|M_q10h2_m Oxidative 

phosphorylation 

28.6547 29.0112 1.2443 

CYOR_u10mi 

(CIII) 

CYOR u10mi M_ficytC_m|M_h_m|M_q10h2_

m 

M_focytC_m|M_h_i|M_q10_m Oxidative 

phosphorylation 

36.0058 36.8260 2.2778 

CYOOm2i (CIV) CYOOm2i M_focytC_m|M_h_m|M_o2_m M_ficytC_m|M_h2o_m|M_h_i Oxidative 

phosphorylation 

18.0806 18.6898 3.3695 

ATPS4mi (CV) ATP synthase (four 

protons for one ATP) 

M_adp_m|M_h_i|M_pi_m M_atp_m|M_h2o_m|M_h_m Oxidative 

phosphorylation 

82.7411 84.5271 2.1585 
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Appendix Table 2.2. The glycolysis reactions for each enzyme, flux in control and RMM samples, and flux change from control to RMM. 

A negative flux represents the reverse reaction.  

Reaction id Reaction name List of Reactants List of Products Pathways Flux in 

Control 

Flux in 

RMM 

Flux change 

(%) 

HEX1 Hexokinase (D-

glucose:ATP) 

M_atp_c|M_glc__D_c M_adp_c|M_g6p_c|M_h_c Glycolysis 10 10 0 

PGI Glucose-6-phosphate 

isomerase 

M_g6p_c M_f6p_c Glycolysis 2.5330 2.9335 15.8064 

PFK Phosphofructokinase M_atp_c|M_f6p_c M_adp_c|M_fdp_c|M_h_c Glycolysis 4.8607 5.0812 4.5361 

FBA Fructose-bisphosphate 

aldolase 

M_fdp_c M_dhap_c|M_g3p_c Glycolysis 4.8607 5.0812 4.5361 

TPI Triose-phosphate 

isomerase 

M_dhap_c M_g3p_c Glycolysis 6.7158 6.7564 0.6043 

GAPD Glyceraldehyde-3-

phosphate 

dehydrogenase 

M_g3p_c|M_nad_c|M_pi_c M_13dpg_c|M_h_c|M_nadh_c Glycolysis 17.2318 17.1331 -0.5729 

PGK Phosphoglycerate kinase M_3pg_c|M_atp_c M_13dpg_c|M_adp_c Glycolysis -17.2318 -17.1331 -0.5730 

PGM Phosphoglycerate 

mutase 

M_2pg_c M_3pg_c Glycolysis -17.2318 -17.1182 -0.6596 

ENO Enolase M_2pg_c M_h2o_c|M_pep_c Glycolysis 17.2318 17.1181 -0.6596 

PYK Pyruvate kinase M_adp_c|M_h_c|M_pep_c M_atp_c|M_pyr_c Glycolysis 17.0756 13.7157 -19.6768 

PDHm Pyruvate dehydrogenase M_coa_m|M_nad_m|M_pyr_m M_accoa_m|M_co2_m|M_nadh_m Glycolysis 20.8839 20.3150 -2.7243 

LDH_L L-lactate dehydrogenase M_lac__L_c|M_nad_c M_h_c|M_nadh_c|M_pyr_c Glycolysis -17.9801 -17.7393 -1.3392 
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Appendix Table 2.3: The FAO reactions for each enzyme, flux in control and RMM samples, and flux change from control to RMM.  

Reaction id Reaction name List of Reactants List of Products Pathways Flux in 
Control 

Flux in 
RMM 

Flux change 
% 

C160CPT1  Carnitine O-
palmitoyltransferase 

M_crn_c|M_pmtcoa_c M_coa_c|M_pmtcrn_c Fatty acid 
oxidation 

0.2943 0.2937 -0.2205 

C160CPT2  C160 transport into 
the mitochondria 

M_coa_m|M_pmtcrn_m M_crn_m|M_pmtcoa_m Fatty acid 
oxidation 

0.2943 0.2937 -0.2205 

FAOXC160  Beta oxidation of 
long chain fatty acid 

M_coa_m|M_fad_m|M_h2o_m|M_nad_m| 
M_pmtcoa_m 

M_accoa_m|M_fadh2_m|M_h_m|M_nadh_m Fatty acid 
oxidation 

0.2943 0 -100 

FAOXC16080m  Beta oxidation of 
long chain fatty acid 

M_coa_m|M_fad_m|M_h2o_m|M_nad_m| 
M_pmtcoa_m 

M_accoa_m|M_fadh2_m|M_h_m| 
M_nadh_m|M_occoa_m 

Fatty acid 
oxidation 

0 0.2937 100 

FAOXC80 
 

Beta oxidation of 
med/long chain fatty 
acid 

M_coa_m|M_fad_m|M_h2o_m|M_nad_m| 
M_occoa_m 

M_accoa_m|M_fadh2_m|M_h_m|M_nadh_m Fatty acid 
oxidation 

0.5466 0.8400 53.6714 

C226CPT1  Carnitine C22:6 
transferase 

M_c226coa_c|M_crn_c M_c226crn_c|M_coa_c Fatty acid 
oxidation 

0.0013 0.0039 196.8143 

C226CPT2  C226 transport into 
the mitochondria 

M_c226crn_m|M_coa_m M_c226coa_m|M_crn_m Fatty acid 
oxidation 

0.0013 0.0038 196.8143 

FAOXC226205m Beta oxidation of 
long chain fatty acid 

M_c226coa_m|M_coa_m|M_h2o_m|M_nad_m M_accoa_m|M_h_m|M_nadh_m| 
M_tmndnccoa_m 

Fatty acid 
oxidation 

0.0013 0.0038 196.8143 
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Appendix Table 2.4: The pentose phosphate pathway reactions for each enzyme, flux in control and RMM samples, and flux change 

from control to RMM. A negative flux represents the reverse reaction.  

Reaction id Reaction name List of Reactants List of Products Pathways Flux in 
Control 

Flux in 
RMM 

Flux change 
% 

G6PDH2c Glucose 6-Phosphate 
Dehydrogenase 

M_g6p_c|M_nadp_c M_6pgl_c|M_h_c|M_nadph_c Pentose phosphate pathway 2.3341 2.2006 -5.7181 

PGLc 6-
Phosphogluconolactonase 

M_6pgl_c|M_h2o_c M_6pgc_c|M_h_c Pentose phosphate pathway 2.3341 2.2006 -5.7181 

GNDc Phosphogluconate 
Dehydrogenase 

M_6pgc_c|M_nadp_c M_co2_c|M_nadph_c|M_ru5p__D_c Pentose phosphate pathway 2.3341 2.2006 -5.7181 

RPI Ribose-5-phosphate 
isomerase 

M_r5p_c M_ru5p__D_c Pentose phosphate pathway -2.3469 -2.3063 -1.7293 

RPEc Ribulose 5-Phosphate 3-
Epimerase 

M_ru5p__D_c M_xu5p__D_c Pentose phosphate pathway 2.3276 2.1477 -7.7289 

TKT1 Transketolase M_r5p_c|M_xu5p__D_c M_g3p_c|M_s7p_c Pentose phosphate pathway 2.3276 2.1477 -7.7289 

TKT2 Transketolase M_e4p_c|M_xu5p__D_c M_f6p_c|M_g3p_c Pentose phosphate pathway 2.3276 2.1477 -7.7289 
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SEPPÄLÄ, M., TAYLOR, R. N., KOISTINEN, H., KOISTINEN, R. & MILGROM, E. 

2002. Glycodelin: a major lipocalin protein of the reproductive axis with diverse 

actions in cell recognition and differentiation. Endocrine reviews, 23, 401-430. 

SHELTON, D. N., FORNALIK, H., NEFF, T., PARK, S. Y., BENDER, D., DEGEEST, 

K., LIU, X., XIE, W., MEYERHOLZ, D. K., ENGELHARDT, J. F. & 



233 
 
 

GOODHEART, M. J. 2012. The role of LEF1 in endometrial gland formation 

and carcinogenesis. PLoS One, 7, e40312. 

SHEN-ORR, S. S. & GAUJOUX, R. 2013. Computational deconvolution: extracting 

cell type-specific information from heterogeneous samples. Current opinion in 

immunology, 25, 571-578. 

SHUYA, L. L., MENKHORST, E. M., YAP, J., LI, P., LANE, N. & DIMITRIADIS, E. 

2011. Leukemia inhibitory factor enhances endometrial stromal cell 

decidualization in humans and mice. PLoS One, 6, e25288. 

SIEBEL, C. & LENDAHL, U. 2017. Notch signaling in development, tissue 

homeostasis, and disease. Physiological reviews, 97, 1235-1294. 

SIKDER, H. A., DEVLIN, M. K., DUNLAP, S., RYU, B. & ALANI, R. M. 2003. Id 

proteins in cell growth and tumorigenesis. Cancer Cell, 3, 525-30. 

SIMIAN, M. & BISSELL, M. J. 2017. Organoids: a historical perspective of thinking in 

three dimensions. Journal of Cell Biology, 216, 31-40. 

SIMINTIRAS, C. A., DHAKAL, P., RANJIT, C., FITZGERALD, H. C., BALBOULA, A. 

Z. & SPENCER, T. E. 2021. Capture and metabolomic analysis of the human 

endometrial epithelial organoid secretome. Proceedings of the National 

Academy of Sciences, 118. 

SINGH, H. & APLIN, J. D. 2009. Adhesion molecules in endometrial epithelium: tissue 

integrity and embryo implantation. Journal of anatomy, 215, 3-13. 

SINHA, A., FAN, V. B., RAMAKRISHNAN, A.-B., ENGELHARDT, N., KENNELL, J. & 

CADIGAN, K. M. 2021. Repression of Wnt/β-catenin signaling by SOX9 and 

Mastermind-like transcriptional coactivator 2. Science Advances, 7, 

eabe0849. 

SMITH, S. & KELLY, R. 1988. The release of PGF2α and PGE2 from separated cells 

of human endometrium and decidua. Prostaglandins, leukotrienes and 

essential fatty acids, 33, 91-96. 

SMITS, M. A. J., VAN MAARLE, M., HAMER, G., MASTENBROEK, S., GODDIJN, 

M. & VAN WELY, M. 2020. Cytogenetic testing of pregnancy loss tissue: a 

meta-analysis. Reprod Biomed Online, 40, 867-879. 

SOSA, M. S., PARIKH, F., MAIA, A. G., ESTRADA, Y., BOSCH, A., BRAGADO, P., 

EKPIN, E., GEORGE, A., ZHENG, Y., LAM, H. M., MORRISSEY, C., CHUNG, 

C. Y., FARIAS, E. F., BERNSTEIN, E. & AGUIRRE-GHISO, J. A. 2015. 

NR2F1 controls tumour cell dormancy via SOX9- and RARβ-driven 

quiescence programmes. Nat Commun, 6, 6170. 



234 
 
 

STEPHENSON, M. & KUTTEH, W. 2007. Evaluation and management of recurrent 

early pregnancy loss. Clin Obstet Gynecol, 50, 132-45. 

STEWART, C. L., KASPAR, P., BRUNET, L. J., BHATT, H., GADI, I., KÖNTGEN, F. 

& ABBONDANZO, S. J. 1992. Blastocyst implantation depends on maternal 

expression of leukaemia inhibitory factor. Nature, 359, 76-79. 

STRIKOUDIS, A., CIEŚLAK, A., LOFFREDO, L., CHEN, Y. W., PATEL, N., SAQI, A., 

LEDERER, D. J. & SNOECK, H. W. 2019. Modeling of Fibrotic Lung Disease 

Using 3D Organoids Derived from Human Pluripotent Stem Cells. Cell Rep, 

27, 3709-3723.e5. 

STUART, T., BUTLER, A., HOFFMAN, P., HAFEMEISTER, C., PAPALEXI, E., 

MAUCK III, W. M., HAO, Y., STOECKIUS, M., SMIBERT, P. & SATIJA, R. 

2019. Comprehensive integration of single-cell data. Cell, 177, 1888-1902. 

e21. 

SUHORUTSHENKO, M., KUKUSHKINA, V., VELTHUT-MEIKAS, A., ALTMÄE, S., 
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Abstract Decidual remodelling of midluteal endometrium leads to a short implantation window 
after which the uterine mucosa either breaks down or is transformed into a robust matrix that 
accommodates the placenta throughout pregnancy. To gain insights into the underlying mecha-
nisms, we established and characterized endometrial assembloids, consisting of gland- like organ-
oids and primary stromal cells. Single- cell transcriptomics revealed that decidualized assembloids 
closely resemble midluteal endometrium, harbouring differentiated and senescent subpopulations 
in both glands and stroma. We show that acute senescence in glandular epithelium drives secre-
tion of multiple canonical implantation factors, whereas in the stroma it calibrates the emergence 
of anti- inflammatory decidual cells and pro- inflammatory senescent decidual cells. Pharmacolog-
ical inhibition of stress responses in pre- decidual cells accelerated decidualization by eliminating 
the emergence of senescent decidual cells. In co- culture experiments, accelerated decidualiza-
tion resulted in entrapment of collapsed human blastocysts in a robust, static decidual matrix. By 
contrast, the presence of senescent decidual cells created a dynamic implantation environment, 
enabling embryo expansion and attachment, although their persistence led to gradual disintegration 
of assembloids. Our findings suggest that decidual senescence controls endometrial fate decisions 
at implantation and highlight how endometrial assembloids may accelerate the discovery of new 
treatments to prevent reproductive failure.

Introduction
Upon embryo implantation, the cycling human endometrium transforms into the decidua of preg-
nancy to accommodate the placenta (Gellersen and Brosens, 2014). Transition between these phys-
iological endometrial states requires intensive tissue remodelling, a process termed decidualization. 
Notwithstanding that decidualization in early pregnancy cannot be studied directly, a spectrum of 
prevalent reproductive disorders is attributed to perturbations in this process, including recurrent 
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implantation failure and recurrent pregnancy loss (Dimitriadis et al., 2020; Macklon, 2017; Zhou 
et al., 2019). By contrast, the sequence of events that renders the endometrium receptive to embryo 
implantation has been investigated extensively, starting with obligatory oestrogen- dependent tissue 
growth following menstrual repair. As a consequence of rapid proliferation of stromal fibroblasts and 
glandular epithelial cells (EpCs), which peaks in the upper third of the functional layer (Ferenczy et al., 
1979), endometrial volume and thickness increases multifold prior to ovulation (Raine- Fenning et al., 
2004; Dallenbach- Hellweg, 1981). After the postovulatory rise in progesterone levels, proliferation 
of EpCs first decreases and then ceases altogether in concert with the onset of apocrine glandular 
secretions, heralding the start of the midluteal window of implantation (Dallenbach- Hellweg, 1981). 
Concurrently, uterine natural killer (uNK) cells accumulate and endometrial stromal cells (EnSCs) start 
decidualizing in a process that can be described as ‘inflammatory programming’ (Brighton et al., 
2017; Chavan et al., 2021; Erkenbrack et al., 2018; Salker et al., 2012). Morphological decidual 
cells, characterized by abundant cytoplasm and enlarged nuclei, emerge upon closure of the 4 - day 
implantation window, meaning that the endometrium has become refractory to embryo implantation 
(Gellersen and Brosens, 2014). In pregnancy, decidual cells form a robust, tolerogenic matrix in which 
invading trophoblast cells cooperate with local immune cells to form a haemochorial placenta (Aplin 
et  al., 2020; Vento- Tormo et  al., 2018). In non- conception cycles, however, falling progesterone 
levels and influx of neutrophils lead to breakdown of the superficial endometrial layer and menstrual 
shedding (Jabbour et al., 2006).

Recently, we highlighted the importance of cellular senescence in endometrial remodelling during 
the midluteal implantation window (Brighton et al., 2017; Lucas et al., 2020; Kong et al., 2021). 
Senescence denotes a cellular stress response triggered by replicative exhaustion or other stressors 
that cause macromolecular damage (Muñoz- Espín and Serrano, 2014). Activation of tumour 

eLife digest At the beginning of a human pregnancy, the embryo implants into the uterus lining, 
known as the endometrium. At this point, the endometrium transforms into a new tissue that helps 
the placenta to form. Problems in this transformation process are linked to pregnancy disorders, many 
of which can lead to implantation failure (the embryo fails to invade the endometrium altogether) or 
recurrent miscarriages (the embryo implants successfully, but the interface between the placenta and 
the endometrium subsequently breaks down).

Studying the implantation of human embryos directly is difficult due to ethical and technical 
barriers, and animals do not perfectly mimic the human process, making it challenging to determine 
the causes of pregnancy disorders. However, it is likely that a form of cellular arrest called senescence, 
in which cells stop dividing but remain metabolically active, plays a role. Indeed, excessive senescence 
in the cells that make up the endometrium is associated with recurrent miscarriage, while a lack of 
senescence is associated with implantation failure.

To study this process, Rawlings et al. developed a new laboratory model of the human endome-
trium by assembling two of the main cell types found in the tissue into a three- dimensional structure. 
When treated with hormones, these ‘assembloids’ successfully mimic the activity of genes in the cells 
of the endometrium during implantation. Rawlings et al. then exposed the assembloids to the drug 
dasatinib, which targets and eliminates senescent cells. This experiment showed that assembloids 
become very robust and static when devoid of senescent cells.

Rawlings et al. then studied the interaction between embryos and assembloids using time- lapse 
imaging. In the absence of dasatinib treatment, cells in the assembloid migrated towards the embryo 
as it expanded, a process required for implantation. However, when senescent cells were eliminated 
using dasatinib, this movement of cells towards the embryo stopped, and the embryo failed to 
expand, in a situation that mimicks implantation failure.

The assembloid model of the endometrium may help scientists to study endometrial defects in 
the lab and test potential treatments. Further work will include other endometrial cell types in the 
assembloids, and could help increase the reliability of the model. However, any drug treatments iden-
tified using this model will need further research into their safety and effectiveness before they can 
be offered to patients.
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suppressor pathways and upregulation of cyclin- dependent kinase inhibitors p16INK4a (encoded by 
CDKN2A) and p21CIP1 (CDKN1A) lead to permanent cell cycle arrest, induction of survival genes, and 
production of a bioactive secretome, referred to as the senescence- associated secretory phenotype 
(SASP). The composition of the SASP is tissue- specific but typically includes proinflammatory and 
immunomodulatory cytokines, chemokines, growth factors, and extracellular matrix (ECM) proteins 
and proteases (Birch and Gil, 2020). Acute senescence, characterized by transient SASP production 
and rapid immune- mediated clearance of senescent cells, is widely implicated in processes involving 
physiological tissue remodelling, including during embryo development, placenta formation, and 
wound healing (Muñoz- Espín and Serrano, 2014; Van, 2014). By contrast, persisting senescent 
cells cause chronic inflammation or ‘inflammaging’ (Birch and Gil, 2020), a pathological state that 
underpins ageing and age- related disorders. We demonstrated that inflammatory reprogramming 
of EnSC burdened by replication stress leads to the emergence of acute senescent cells during the 
implantation window (Brighton et al., 2017; Lucas et al., 2020; Kong et al., 2021). Upon successful 
implantation and continuous progesterone signalling, decidual cells co- opt uNK cells to eliminate 
their senescent counterparts through granule exocytosis (Brighton et al., 2017; Lucas et al., 2020; 
Kong et  al., 2021). Clearance of senescent decidual cells likely necessitates recruitment of bone 
marrow- derived decidual precursor cells, which confer tissue plasticity for rapid decidual expansion 
in early pregnancy (Diniz- da- Costa et al., 2021). Importantly, lack of clonogenic decidual precursor 
cells and a pro- senescent decidual response are linked to recurrent pregnancy loss (Lucas et al., 2016; 
Lucas et al., 2020; Tewary et al., 2020).

Based on these insights, we hypothesized that acute senescence is integral to successful implanta-
tion by creating conditions for anchorage of the conceptus in an otherwise tightly adherent decidual 
matrix. To test this hypothesis, we developed an ‘assembloid’ model, consisting of endometrial gland- 
like organoids and primary EnSC, which recapitulates the complexity in cell states and gene expression 
of the midluteal implantation window, improving resemblance to endometrial tissue in comparison 
with existing co- culture models (Cheung et al., 2021; Rawlings, 2021). We used this model to estab-
lish co- cultures with human blastocysts and demonstrate that aspects of different pathological states 
associated with implantation failure and miscarriage can be recapitulated in endometrial assembloids 
by modulating decidual senescence.

Results
Establishment of endometrial assembloids
Organoids consisting of gland- like structures are established by culturing endometrial EpCs seeded in 
Matrigel in a chemically defined medium containing growth factors and signal transduction pathway 
modulators (Supplementary file 1: Table 1; Turco et  al., 2017; Boretto et  al., 2017). Gland- like 
organoids grown in this medium, termed expansion medium, are genetically stable, easily passaged, 
and can be maintained in long- term cultures (Boretto et al., 2017; Turco et al., 2017). Oestradiol 
(E2) promotes proliferation of gland- like organoids and cooperates with NOTCH signalling to activate 
ciliogenesis in a subpopulation of EpC (Haider et al., 2019). Further, treatment with a progestin (e.g. 
medroxyprogesterone acetate [MPA]) and a cyclic AMP analogue (e.g. 8- bromo- cAMP) induces secre-
tory transformation of gland- like organoids in parallel with expression of luteal- phase marker genes 
(Turco et al., 2017; Boretto et al., 2017).

We modified the gland- like organoid model to incorporate EnSC. To this end, midluteal endome-
trial biopsies (Supplementary file 1: Table 2) were digested and gland- like organoids established 
from isolated EpC (Figure 1A). In parallel, purified EnSC were propagated in standard monolayer 
cultures. At passage 2, single- cell suspensions of EnSC were combined with organoid EpC, seeded 
in hydrogel, and cultured in expansion medium supplemented with E2 (Figure 1A). The hydrogel 
matrix comprised 97%  type I and 3%  type III collagens, which are both present in midluteal endome-
trium (Oefner et al., 2015; Aplin et al., 1988; Aplin and Jones, 1989; Iwahashi et al., 1996), and 
has a predicted in- use elastic modulus (Pa) of comparable magnitude to non- pregnant endometrium 
(Abbas et al., 2019; Bagley, 2019). As shown in Figure 1B, gland formation was unperturbed by the 
presence of EnSC and assembloids resembled the architecture of native endometrium more closely 
than organoids. Further, decidualization of assembloids with 8- bromo- cAMP and MPA for 4  days 
(Figure 1C) resulted in robust secretion of decidual prolactin (PRL) and C- X- C motif chemokine ligand 
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14 (CXCL14) (Figure 1D). Immunofluorescence microscopy provided further evidence that decidual-
izing assembloids mimic luteal phase endometrium, exemplified by laminin deposition by decidual-
izing EnSC, induction of osteopontin (SPP1) and accumulation of glycodelin (encoded by PAEP) in the 
lumen of secretory glands, and downregulation of the progesterone receptor (PGR) in both stromal 
and glandular compartments (Figure 1E).

We reasoned that once established assembloids may no longer require exogenous growth factors 
and pathway modulators for differentiation because of the presence of EnSC. To test this hypoth-
esis, parallel gland- like organoids and assembloids were established from three endometrial biopsies 
and decidualized with E2, 8- bromo- cAMP, and MPA for 4 days in either expansion medium, base 
medium (Supplementary file 1: Table 1), or base medium with each exogeneous factor added back 
individually. Induction of PAEP and SPP1 was used to monitor the glandular differentiation response. 
As shown in Figure 2, differentiation of gland- like organoids in base medium markedly blunted the 
induction of PAEP and SPP1 when compared to expansion medium. Add- back of individual factors 
did not restore the glandular response, with the exception of N- acetyl- L- cysteine (NAC). Addition 
of NAC at low concentration (1.25 mM) to base medium resulted in a robust glandular response in 
assembloids. Thus, in subsequent experiments assembloids were grown in expansion medium supple-
mented with E2 and then decidualized in minimal differentiation medium (MDM), consisting of base 
medium containing NAC, E2, 8- bromo- cAMP, and MPA.

Figure 1. Establishment of endometrial assembloids. (A) Schematic for establishing endometrial assembloids. (B) Structural appearance of hematoxylin 
and eosin stained secretory endometrium, E- cadherin labelled gland- like organoids, and E- cadherin and vimentin stained endometrial assembloids. 
Scale bar = 50 µm. (C) Schematic summary of experimental design. (D) Secreted levels of PRL and CXCL14 were measured by ELISA in spent medium 
at the indicated timepoints. Data points are coloured to indicate secretion in assembloids established from different endometrial biopsies (n = 
3). (E) Representative immunofluorescence labelling of laminin and vimentin, progesterone receptor (PR), glycodelin, and osteopontin (OPN) in 
undifferentiated (day 0, top panels) and decidualized (day 4; bottom panels) assembloids. Nuclei were counterstained with DAPI. Scale bar = 50 µm. 
ELISA data in (B) are available in Figure 1—source data 1.

The online version of this article includes the following figure supplement(s) for figure 1:

Source data 1. Secretion of PRL and CXCL14 by endometrial assembloids.

https://doi.org/10.7554/eLife.69603
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Cellular complexity of decidualizing assembloids mimics midluteal 
endometrium
We hypothesized that, depending on the level of replicative stress (Lucas et al., 2020; Abbas et al., 
2019), individual EpC and EnSC adopt distinct cellular states upon decidualization of endometrial 
assembloids. Based on previous time- course experiments in 2D cultures, we further speculated that 
divergence of cells into distinct subpopulations would be apparent by day 4 of differentiation (Brosens 

Figure 2. Characterization of a minimal differentiation medium for endometrial assembloids. Parallel gland- like organoids (red) and assembloids 
(blue) were established from three endometrial biopsies and decidualized with 8- bromo- cAMP and MPA for 4 days in either expansion medium (ExM), 
base medium (BM), or BM with each exogeneous factor added back individually (+). Induction of PAEP and SPP1 was used to monitor the glandular 
differentiation. The grey bar indicates the composition of the minimal differentiation medium selected for further use (BM supplemented with NAC, 
E2, cAMP, and MPA). Data are presented as fold- change relative to expression levels in undifferentiated organoids or assembloids cultured in ExM+ 
E2. Bars present minimal, maximal, and median fold- change. * and ** indicate p<0.05 and p<0.01 obtained by Friedman’s test for matched samples. 
Relative expression values for biological replicates are available in Figure 2—source data 1.

The online version of this article includes the following figure supplement(s) for figure 2:

Source data 1. RTqPCR data associated with the minimal differentiation medium (MDM) experiments.

https://doi.org/10.7554/eLife.69603
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et al., 1999; Lucas et al., 2020). To test this hypothesis, we performed single- cell RNA sequencing 
(scRNA- seq) on undifferentiated assembloids grown for 4  days in expansion medium and assem-
bloids decidualized in MDM for four additional days (Figure 3A). Eleven distinct cell clusters were 
identified by Shared Nearest Neighbour (SNN) and Uniform Manifold Approximation and Projec-
tion (UMAP) analysis, segregating broadly into epithelial and stromal populations within the UMAP- 1 
dimension and into undifferentiated and differentiated subpopulations within the UMAP- 2 dimension 
(Figure 3B). Each cell cluster was annotated based on expression of curated marker genes, which 
were cross- referenced with a publicly available data set (GEO: GSE4888) to determine their relative 
expression across the menstrual cycle in vivo (Talbi et al., 2006).

We identified five unambiguous EpC subsets. The glandular component of undifferentiated assem-
bloids harboured actively dividing EpC (EpS1; n = 198) as well as EpC- expressing marker genes of 
E2- responsive proliferative phase endometrium (EpS2; n = 692), including PGR and CPM (Figure 3C). 
EpS3 (n = 29) consisted of ciliated EpC, expressing an abundance of genes involved in cilium assembly 
and organization, including DNAI1 and TUBA4B (Figure  3C). Ciliated cells are the only glandular 
subpopulation present in both undifferentiated and decidualized assembloids. In vivo, EpS3 marker 
genes transiently peak during the early- luteal phase (Figure  3C). Decidualization of endometrial 
assembloids led to the emergence of two distinct EpC subsets, EpS4 (n = 434) and EpS5 (n = 208). 
Both clusters expressed canonical endometrial ‘receptivity genes’ (annotated in green in Figure 3C), 
that is, genes used in a clinical test to aid the timing of embryo transfer to the window of implantation 
in IVF patients (Díaz- Gimeno et al., 2011). In agreement, induction of EpS4 and EpS5 marker genes 
in vivo coincides with the transition from early- to midluteal phase. However, while expression of EpS4 
marker genes, including SOD2, MAOA, and PTGS1, generally peaks during the midluteal window of 
implantation, EpS5 genes tend to persist or peak during the late- luteal phase (Figure 3C). Additional 
mining of the data revealed that transition from EpS4 to EpS5 coincides with induction of p16INK4a and 
p21CIP1 in parallel with upregulation of 56 genes encoding secretory factors (Figure 3—figure supple-
ment 1). Notably, several canonical implantation factors secreted by this subpopulation are also well- 
characterized SASP components, including dipeptidyl peptidase 4 (DPP4; Kim et al., 2017), growth 
differentiation factor 15 (GDF15; Basisty et al., 2020), and insulin- like growth factor binding protein 3 
(IGFBP3; Elzi et al., 2012). Thus, EpS5 consists of senescent EpC producing an implantation- specific 
SASP.

Decidualized endometrial assembloids also harboured a sizable population of ambiguous cells 
expressing both epithelial and stromal genes (Figure 3C and Figure 3—figure supplement 2). A hall-
mark of this subset, termed ‘transitional population’ (TP; n = 472), is the induction of long non- coding 
RNAs involved in mesenchymal- epithelial and epithelial- mesenchymal transition (MET/EMT), such as 
NEAT1 (nuclear paraspeckle assembly transcript 1) and KCNQ1OT1 (KCNQ1 opposite strand/anti-
sense transcript 1) (Bian et al., 2019; Chen et al., 2021). GO analysis showed that both EpS5 and the 
transitional population comprised secretory cells involved in ECM organization (Figure 3D). However, 
while EpS5 genes are implicated in neutrophil activation (a hallmark of premenstrual endometrium), 
genes expressed by the transitional population are uniquely enriched in GO terms such as ‘wound 
healing’, ‘regulation of stem cell proliferation’, ‘blood coagulation’, and ‘blood vessel development’ 
(Figure 3D), which points towards a putative role in tissue repair and regeneration.

The stromal fraction of undifferentiated assembloids consisted of actively dividing EnSC (stromal 
subpopulation 1 [SS1]; n = 434) and E2- responsive EnSC (SS2; n = 874) expressing proliferative 
phase marker genes, such as PGR, MMP11, and CRABP2 (Figure 3E). As anticipated, decidualiza-
tion of assembloids for 4 days led to a preponderance of pre- decidual cells (SS3; n = 495) as well as 
emerging decidual cells (SS4; n = 87) and senescent decidual cells (SS5; n = 118) (Figure 3E). Each 
of these subpopulations expressed marker genes identified previously by scRNA- seq reconstruction 
of the decidual pathway in standard primary EnSC cultures (Lucas et al., 2020). Pre- decidual cells in 
SS3 express HAND2, a key decidual transcription factor (Marinić et al., 2021), as well as previously 
identified genes encoding secreted factors, including VEGFA (vascular endothelial growth factor A), 
CRISPLD2 (a progesterone- dependent anti- inflammatory response gene coding cysteine- rich secre-
tory protein LCCL domain containing 2), IL15 (interleukin 15), and TIMP3 (TIMP metallopeptidase 
inhibitor 3) (Lucas et al., 2020). Novel candidate pre- decidual genes were also identified, such as 
DDIT4 (DNA damage- inducible transcript 4), encoding a stress response protein intimately involved 
in autophagy, stemness, and antioxidative defences (Ho et al., 2020; Miller et al., 2020). Decidual 

https://doi.org/10.7554/eLife.69603
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Figure 3. Decidualizing assembloids mimic midluteal endometrium. (A) Schematic overview of experimental 
design. ExM: expansion medium; MDM: minimal differentiation medium. (B) Uniform Manifold Approximation 
and Projection (UMAP) visualizing epithelial and stromal subsets (EpS and SS, respectively) identified by single- cell 
transcriptomic analysis of undifferentiated and decidualized assembloids. A transitional population (TP) consisting 

Figure 3 continued on next page
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cells (SS4) and senescent decidual cells (SS5) express SCARA5 and DIO2, respectively (Figure 3E), 
two stroma- specific marker genes identified by scRNA- seq analysis of mid- and late- luteal endome-
trial biopsies (Lucas et al., 2020). SS3 and SS4 genes mapped to the early- and midluteal phase of 
the cycle, whereas SS5 genes peak in the late- luteal phase, that is, prior to menstrual breakdown. 
Notably, the transcriptomic profiles of SS3 and SS5 are enriched in GO terms such as ‘Wound healing’, 
‘Response to hypoxia’, and ‘Inflammatory response’, suggesting that both clusters comprise stressed 
cells (Figure 3F). However, the nature of the cellular stress response differs between these popu-
lations with only senescent decidual cells (SS5) expressing genes enriched in categories such as 
‘Embryo implantation’, ‘Cellular senescence’, ‘Aging’, and ‘Leukocyte activation’. By contrast, few 
notable categories were selectively enriched in decidual cells (e.g. ‘Mesenchymal cell differentiation’), 
rendering the lack of GO terms that pertain to stress, inflammation, or wound healing perhaps the 
most striking observation. In keeping with the GO analysis, senescent decidual cells (SS5) express a 
multitude of SASP- related genes (Figure 3—figure supplement 3), including matrix metallopepti-
dases (e.g. MMP3, 7, 9, 10, 11, and 14), insulin- like growth factor binding proteins (e.g. IGFBP1, 3, 
6, and 7), growth factors (e.g. AREG, FGF2, FGF7, HGF, and VEGFA) and growth factor receptors 
(PDGFRA and PDGFRB), cytokines (e.g. LIF, IL6, IL1A, and IL11), chemokines (e.g. CXCL8 and CXCL1), 
and members of the TGF-β superfamily of proteins (e.g. GDF15, INHBA, and BMP2). By contrast, 
decidual cells are characterized by expression of a unique network of secretory genes, some encoding 
ECM proteins (e.g. COL1A1, COL3A1, and LAMA4) and other known decidual markers (e.g. PRL, 
PROK1, and WNT4) as well as factors involved in uNK cell chemotaxis and activation (e.g. CCL2, 
CXCL14, and IL15) (Figure 3—figure supplement 3).

Taken together, single- cell analysis of undifferentiated and decidualized assembloids revealed a 
surprising level of cellular complexity. Each epithelial and stromal subpopulation appears function-
ally distinct and maps to a specific phase of the menstrual cycle. Transition between cellular states is 

of cells expressing epithelial and stromal markers is also shown. Dotted lines indicate the separation of EpS and SS 
in UMAP_1 and of undifferentiated and differentiated subpopulations in UMAP_2. Dotted circles indicate ciliated 
(EpS3) and TP, which did not fit these broad segregations. (C) Composite heatmaps showing relative expression 
(Z- scores) of epithelial marker genes across the menstrual cycle in vivo and in undifferentiated and decidualized 
assembloids. Highlighted in green are genes that mark the midluteal window of implantation (Díaz- Gimeno et al., 
2011), whereas genes encoding secreted proteins are indicated by * (Uhlén et al., 2015). See also Figure 3—
figure supplement 1. (D) Dot plots showing GO terms related to biological processes enriched in different 
epithelial populations in decidualizing assembloids. The dot size represents the number of genes in each GO term 
and the colour indicates FDR- corrected p- value. (E) Composite heatmaps showing relative expression (Z- scores) 
of stromal marker genes across the menstrual cycle in vivo and in undifferentiated and decidualized assembloids. 
Highlighted in green are genes that mark the midluteal window of implantation (Díaz- Gimeno et al., 2011), 
whereas genes encoding secreted proteins are indicated by * (Uhlén et al., 2015). (F) Dot plots showing GO 
terms related to biological processes enriched in different stromal subpopulations in decidualizing assembloids. 
See also Figure 3—figure supplements 1 and 2 and 3. Complete epithelial subpopulation marker lists can be 
found in Figure 3—source data 1. GO analysis outputs can be found in . Complete stromal subpopulation marker 
lists can be found in .

The online version of this article includes the following figure supplement(s) for figure 3:

Source data 1. Epithelial subpopulation markers.

Source data 2. GO analysis of differentiated subpopulations.

Source data 3. Stromal sub- population markers.

Figure supplement 1. Heatmap showing relative expression (Z- scores) of genes encoding the cyclin- dependent 
kinase inhibitors p16INK4a and p21CIP1 as well as SASP- related genes in epithelial and transitional subpopulations in 
decidualizing assembloids.

Figure supplement 2. Heatmap showing relative expression (Z- scores) of epithelial- mesenchymal 
transition/mesenchymal- epithelial transition (EMT/MET), epithelial and mesenchymal marker genes in the 
transitional population (TP), epithelial (EpS4- 5) and stromal (SS3- 5) subpopulations in decidualizing assembloids.

Figure supplement 3. Heatmap showing relative expression (Z- scores) of genes encoding the cyclin- dependent 
kinase inhibitors p16INK4a and p21CIP1 as well as secretory and SASP- related genes in stromal subpopulations (SS3- 5) 
in decidualizing assembloids.

Figure 3 continued
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predicated on changes in cell cycle status, ranging from actively dividing cells in proliferating assem-
bloids to the emergence upon differentiation of highly secretory senescent epithelial and decidual 
subpopulations, resembling premenstrual endometrium. However, the dominant subpopulations on 
day 4 of decidualization are EpS4 and SS3, which map to the midluteal implantation window in vivo.

Receptor-ligand interactions in decidualizing assembloids
We used CellPhoneDB, a publicly available online repository of highly curated receptor- ligand inter-
actions, to explore putative interactions between subpopulations in decidualizing assembloids. This 
computational tool also takes into account the subunit architecture of both ligands and receptors in 
heteromeric complexes (Efremova et al., 2020; Vento- Tormo et al., 2018). The number of predicted 
interactions is depicted in Figure 4A, showing a conspicuous lack of crosstalk between the transitional 
population and any other populations. Conversely, the most abundant interactions centre around the 
secretory subpopulations, EpS5 and SS5.

Figure 4. Putative receptor- ligand interactions in decidualizing assembloids. (A) Heatmap showing the total number of cell- cell interactions predicted 
by CellPhoneDB between different subpopulations in decidualizing assembloids. (B) Dot plots of representative ligand- receptor interactions between 
stromal subsets (SS) and epithelial subsets (EpS) (upper panel) and EpS and SS (lower panel) in decidualizing assembloids. Circle size and colour 
indicate p- value and the means of the average expression value of the interacting molecules, respectively. Shaded boxes were used to group putative 
interactions by level of selectivity. (C) Dot plot of representative ligand- receptor and receptor- ligand interactions between stromal subpopulations 
in decidualizing assembloids. Direct and indirect tyrosine kinase interactions are indicated by red and blue labels, respectively. Complete tables of 
predicted ligand- receptor interactions can be found in Figure 4—source data 1.

The online version of this article includes the following figure supplement(s) for figure 4:

Source data 1. CellPhoneDB prediction of cell- cell interactions.

https://doi.org/10.7554/eLife.69603
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A total of 270 significantly enriched (non- integrin) receptor- ligand interactions (FDR- corrected 
p<0.05) were identified between epithelial and stromal subsets in decidualizing assembloids 
(Figure 4—source data 1), a representative selection of which are shown in Figure 4B. Within the 
multitude of predicted complex interactions, three broad categories can be discerned. First, there 
are non- selective interactions involving ligands produced by all subpopulations in one compartment 
acting on receptors expressed by all subsets in the other compartment. Second, there are semi- 
selective stromal- epithelial interactions involving three or four subpopulations across both compart-
ments. For example, binding of WNT5A secreted by all decidual stromal subsets to FZD3 (frizzled class 
receptor 3) expressed on all EpCs represents a non- selective receptor- ligand interaction, whereas 
binding of WNT5A or WNT4 to FZD6 is a predicted semi- selective interaction, involving all stromal 
subsets (SS3- 5) and EpS4 but not EpS5 (Figure 4B). While FZD3 activates the canonical β-catenin 
pathway, FZD6 functions as a negative regulator of this signalling cascade (Corda and Sala, 2017). 
Finally, we identified only three highly selective receptor- ligand interactions (Figure 4B), two of which 
involved secretion of decidual ligands, prolactin (PRL) and C- X- C motif chemokine ligand 12 (CXCL12), 
acting on their cognate receptors expressed on receptive EpC (EpS4). CXCL12- dependent activation 
of C- X- C motif chemokine receptor 4 (CXCR4) has been shown to promote motility of EpC (Zheng 
et al., 2020), whereas PRL is a lactogenic hormone that stimulates glandular secretion in early preg-
nancy (Burton et al., 2020).

In contrast to stromal- epithelial communication, non- selective interactions are predicted to be 
rare between decidual subsets. Instead, communication appears governed largely by a combinatorial 
network of receptor- ligand interactions (Figure 4C). For example, colony stimulating factor 3 (CSF3) 
and vascular endothelial growth factor A (VEGFA) produced by senescent decidual cells (SS5) are 
predicted to impact selectively on pre- decidual cells (SS3), whereas secretion of inhibin A (INHBA) 
may engage both pre- decidual and decidual cells (SS4). Other interactions are predicted to govern 
crosstalk between SS3 and SS4, such as modulation of the WNT pathway in response to binding 
of R- spondin 3 (RSPO3) to leucine- rich repeat- containing G protein- coupled receptor 4 (LGR4). A 
striking observation is the overrepresentation of receptor tyrosine kinases implicated in SS3 and SS5 
signal transduction as well as the involvement of receptors that signal through downstream cyto-
plasmic tyrosine kinases, including CSF3 receptor (CSF3R) and CD44 (Figure 4C; Corey et al., 1998; 
van der Voort et al., 1999).

Tyrosine kinase-dependent stress responses determine the fate of 
decidual cells
The CellPhoneDB analysis inferred that epithelial- stromal crosstalk in assembloids is robust, buffered 
by numerous non- selective interactions, whereas decidual subsets are reliant on selective receptor- 
ligand interactions and activation of distinct signal transduction pathways. For example, the predicted 
tyrosine kinase dependency of pre- decidual (SS3) and senescent decidual cells (SS5) raised the 
possibility that these subpopulations can be targeted by tyrosine kinase inhibitors, such as dasatinib 
(Brighton et  al., 2017; Zhu et  al., 2015), a second- generation, broad- spectrum ATP- competitive 
protein tyrosine kinase inhibitor (Aguilera and Tsimberidou, 2009; Li et al., 2010). To test this suppo-
sition, we generated single- cell transcriptomic profiles of assembloids decidualized for 4 days in the 
presence of dasatinib (Figure 5A). We found that decidualization in the presence of dasatinib had a 
dramatic impact on stromal subpopulations, virtually eliminating senescent decidual cells (SS5, n = 
7) and increasing the abundance of decidual cells ninefold (SS4, n = 882; Figure 5B). Apart from a 
modest reduction in pre- decidual cells (SS3), dasatinib also impacted markedly on transitional cells, 
reducing their numbers by 76% . By contrast, the effect on epithelial populations was confined to a 
modest reduction in senescent EpC (EpS5) (Figure 5B). Further, relatively few genes were perturbed 
significantly (FDR- corrected p<0.05) upon dasatinib treatment in epithelial populations (Figure 5C). 
In the stroma, dasatinib triggered a conspicuous transcriptional response in pre- decidual (SS3) and 
transitional cells, whereas gene expression in decidual cells (SS4) and the few remaining senescent 
decidual cells (SS5) was largely unaffected (Figure 5C). In transitional cells, dasatinib simultaneously 
upregulated genes encoding canonical mesenchymal markers (e.g. SNAI2, TWIST2, ZEB1, COL1A1, 
and FBN1; Owusu- Akyaw et al., 2019) and decidual factors (e.g. SCARA5, FOXO1, GADD45A, IL15, 
CXCL14, and SGK1; Gellersen and Brosens, 2014), suggesting that MET accounts for the emer-
gence of this population upon decidualization (Figure  5—source data 1). In pre- decidual cells, 
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dasatinib inhibited the expression of a network of genes enriched in GO categories such as ‘Response 
to wounding’ (FDR- corrected p=3.5 × 10–5), ‘Response to stress’ (FDR- corrected p=3.8 × 10–5), and 
‘Response to oxidative stress’ (FDR- corrected p=1.3 × 10–4), indicative of a blunted stress response. 
To substantiate this finding, we measured the secreted levels of CXCL8 (IL- 8), a potent inflammatory 
mediator implicated in autocrine/paracrine propagation of cellular senescence (Acosta et al., 2008; 
Kuilman et  al., 2008), in assembloids decidualized with or without dasatinib. CXCL14, IL- 15, and 
TIMP3 levels were also measured to monitor the decidual response. As shown in Figure 5D, dasatinib 
completely abrogated the release of CXCL8 by pre- decidual cells while markedly enhancing subse-
quent secretion of CXCL14, IL- 15, and TIMP3, which are involved in effecting immune clearance of 
senescent decidual cells (Brighton et al., 2017; Lucas et al., 2020; Kong et al., 2021). Together, 
these observations not only support the CellPhoneDB predictions but also indicate that the amplitude 
of the cellular stress response during the pre- decidual phase determines the subsequent decidual 
trajectory, with low levels accelerating differentiation and high levels promoting cellular senescence 
and MET.

Figure 5. Tyrosine kinase- dependent stress responses determine the fate of decidual cells. (A) Schematic overview of experimental design. ExM: 
expansion medium; MDM: minimal differentiation medium. (B) Uniform Manifold Approximation and Projection (UMAP) visualization (left panel) and 
relative proportions (right panel) of subpopulations in endometrial assembloid decidualized in the presence or absence of dasatinib. (C) Number of 
differentially expressed genes (DEGs) in each subpopulation in response to dasatinib pre- treatment. (D) Secreted levels of CXCL8 and decidual cell 
factors in spent medium from assembloids treated with or without dasatinib. Secreted levels in individual assembloids established from four different 
endometrial assembloids decidualized with or without dasatinib are shown by dotted and solid lines, respectively. Full lists of DEGs and associated GO 
analysis can be found in Figure 5—source data 1 and Figure 5—source data 2, respectively. Data used in (D) are available in Figure 5—source data 
3.

The online version of this article includes the following figure supplement(s) for figure 5:

Source data 1. Differentially expressed genes for day 4 populations treated with and without dasatinib.

Source data 2. GO analysis for day 4 populations treated with and without dasatinib.

Source data 3. ELISA data.

https://doi.org/10.7554/eLife.69603
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Modelling the impact of decidual subpopulations on human embryos
We postulated that decidual invasion by human embryos that have breached the luminal endometrial 
epithelium depends on an acute cellular senescence and transient SASP production, rich in growth 
factors and proteases. Conversely, we reasoned that lack of senescent decidual cells or unconstrained 
SASP should simulate pathological implantation environments associated with implantation failure 
and early pregnancy loss, respectively. To test this hypothesis, we constructed a simple implantation 

Figure 6. Impact of decidual senescence in assembloids on co- cultured human blastocysts. (A) Diagram showing experimental design. ExM: 
expansion medium; MDM: minimal differentiation medium; EM: embryo medium. (B) Schematic drawing of co- culture method. (C) Representative 
time- lapse images of blastocysts embedded in assembloids following decidualization for 96 hr in the absence (upper panels) or presence (lower 
panels) of dasatinib. Scale bar = 100 µm. See also Figure 6—figure supplement 1. (D) Embryo diameters (µm) measured over 72 hr when embedded 
in decidualizing assembloids pre- treated with or without dasatinib. (E) OCT4 and GATA6 immunofluorescence marking the epiblast and hypoblast, 
respectively, in a blastocyst attached by proliferating polar trophectoderm (arrowhead) to decidual assembloids. Scale bar = 50 µM. (F) Secreted levels 
of human chorionic gonadotropin (hCG) in blastocyst- endometrial assembloid co- cultures. Individual embryo diameter measurements for biological 
replicates in (D) are available in Figure 6—source data 1. Individual ELISA data used in (F) are available in Figure 6—source data 2.

The online version of this article includes the following figure supplement(s) for figure 6:

Source data 1. Embryo expansion measurement.

Source data 2. Embryo human chorionic gonadotropin (hCG) secretion.

Figure supplement 1. Stromal migration towards the polar trophectoderm of expanding embryos in differentiated endometrial assembloids.

Figure supplement 2. Dasatinib prevents disintegration of decidualizing assembloids.

https://doi.org/10.7554/eLife.69603
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model by embedding human embryos in endo-
metrial assembloids. To this end, assembloids 
were first decidualized for 96 hr in the presence or absence of dasatinib, washed and cultured in 
embryo medium, consisting of MDM with added supplements (Figure 6A and Supplementary file 
1: Table 1). Day 5 human blastocysts were placed into small pockets created in the decidualized 
assembloids (Figure 6B), one embryo per assembloid, and individual co- cultures imaged using time- 
lapse microscopy over 72  hr. Co- cultured blastocysts (n = 5) expanded markedly when placed in 
decidualized assembloids that were not pre- treated with dasatinib (Figure 6C and D). Time- lapse 
microscopy revealed intense cellular movement in the stromal compartment as well as evidence that 
interaction between migratory decidual cells and polar trophectoderm promotes adherence and early 
invasion of the embryo (SI Video 1 and Figure 6—figure supplement 1). Retrieval and processing of 
one attached embryo demonstrated proliferating polar trophectoderm and expression of OCT4 and 
GATA6 in the epiblast and hypoblast, respectively (Figure 6E). A major limitation of this implantation 
model is that persistence of senescent decidual cells also causes gradual disintegration of the assem-
bloids (Figure 6—figure supplement 2). By contrast, pre- treatment with dasatinib, which accelerates 
decidualization and all but eliminates decidual senescence, resulted in much more robust assem-
bloids. However, all embedded blastocysts (n = 5) failed to expand in this model (Figure 6C and D). 
Further, movement of the decidual matrix was greatly reduced and directed migration or attachment 
of decidual cells to the blastocyst was not observed (SI Video 2). Secreted levels of human chori-
onic gonadotropin (hCG) did not differ between co- cultures (Figure 6E), suggesting that all embryos 
remained viable over the 72 hr observation period. Thus, while our experimental design precluded 
modelling of physiological embryo implantation, aspects of different pathological endometrial states 
underlying reproductive failure, that is, implantation failure and miscarriage, were recapitulated in 
assembloids.

Discussion
Here we report on the development of endometrial assembloids, consisting of gland- like organoids 
surrounded by a matrix rich in primary EnSC, as novel model to parse the cellular dynamics that 
govern embryo implantation in cycling human endometrium. While assembloids complement and 
advance other recently described endometrial organoid models (Boretto et al., 2017; Cheung et al., 
2021; Fitzgerald et  al., 2019; Luddi et  al., 2020; Turco et  al., 2017), they still lack the cellular 
complexity of native endometrium, including uNK cells, macrophages, and vascular cells. Never-
theless, we demonstrated that aspects of pathological implantation events can be recapitulated in 
assembloids, rendering them useful as novel models to study mechanisms of reproductive failure and 
evaluate potential therapeutic interventions.

Video 1. Time- lapse microscopy of a human 
blastocyst embedded in a decidualizing assembloid. 
Representative video of a human blastocyst embedded 
in an assembloid, as imaged by time- lapse microscopy 
over 72 hr with images captured every 60 min.

https://elifesciences.org/articles/69603/figures#video1

Video 2. Time- lapse microscopy of a human blastocyst 
embedded in a decidualizing assembloid pre- treated 
with dasatinib. Representative video of a human 
blastocyst embedded in an assembloid which had been 
pre- treated with dasatinib, as imaged by time- lapse 
microscopy over 72 hr with images captured every 
60 min.

https://elifesciences.org/articles/69603/figures#video2

https://doi.org/10.7554/eLife.69603
https://elifesciences.org/articles/69603/figures#video1
https://elifesciences.org/articles/69603/figures#video2
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Single- cell analysis of differentiating endometrial assembloids indicates that the sequence of events 
leading up to the implantation window, and beyond, requires divergence of both glandular EpC and 
EnSC into differentiated and senescent subpopulations, a process likely determined by the level of 
replication stress incurred by individual cells in the preceding proliferative phase (Brighton et al., 
2017). Importantly, we demonstrate that acute senescence in glandular EpC (EpS5) underpins produc-
tion of an implantation- specific SASP, comprising canonical implantation factors and growth factors, 
such as amphiregulin (AREG) and epiregulin (EREG), implicated in transforming cytotrophoblasts into 
extravillous trophoblasts (Cui et al., 2020; Yu et al., 2019). On the other hand, the transcriptome 
profile of differentiated EpC (EpS4) revealed a pivotal role for this subpopulation in prostaglandin and 
glycodelin synthesis. Prostaglandins, and specifically PGE2, are indispensable for implantation (Ruan 
et al., 2012), whereas glycodelin is an abundantly secreted, multifaceted glycoprotein involved in blas-
tocyst attachment, trophoblast differentiation, and immune modulation in early pregnancy (Lee et al., 
2016). Further, differentiated EpC highly express SLC2A1, encoding the major glucose transporter 
GLUT1. Glucose is required for glycogen synthesis, an essential component of glandular secretions 
that nourishes the conceptus prior to the onset of placental perfusion around 10 weeks of pregnancy 
(Burton et al., 2020). The fate and function of senescent EpC in pregnancy are unknown. Arguably, 
localized secretion of proteinases by senescent EpC may promote breakdown of the surrounding 
basement membrane, thereby facilitating endoglandular trophoblast invasion and access to histotro-
phic nutrition in early gestation (Huppertz, 2019; Moser et al., 2010). In non- conception cycles, the 
abundance of p16INK4- positive glandular EpC rises markedly during the late- luteal phase (Brighton 
et al., 2017), indicating that senescent EpC are progesterone- independent and likely responsible for 
glandular breakdown in the superficial endometrial layer at menstruation.

Decidual transformation of EnSC in assembloids unfolded largely as anticipated from previous 
studies, that is, starting with an acute pre- decidual stress response and leading to the emergence 
of both decidual and senescent decidual subpopulations (Brighton et al., 2017; Lucas et al., 2020; 
Kong et al., 2021). Like their epithelial counterparts, senescent decidual cells have a conspicuous 
secretory phenotype. We identified 56 and 72 genes encoding secreted factors upregulated in senes-
cent epithelial and decidual subpopulations, respectively. However, only 15 genes were shared, indi-
cating that the SASP generated in both cellular compartments is distinct. As glandular secretions drain 
into the uterine cavity, the embryonic microenvironment is therefore predicted to change abruptly 
upon breaching of the luminal epithelium. Recent comparative metabolomics of apical and baso-
lateral endometrial gland- like organoid secretomes also supports the prediction of an asymmetrical 
profile of glandular secretions in the pre- and post- implantation microenvironments (Simintiras et al., 
2021).

Based on computational predictions of ligand- receptor interactions, we demonstrated that the 
decidual response in assembloids can be targeted pharmacologically with only modest impact on 
glandular function and, by extension, the preimplantation embryo milieu. Specifically, dasatinib, a 
tyrosine kinase inhibitor, was highly effective in blunting the pre- decidual stress response, leading 
to a dramatic expansion of anti- inflammatory decidual cells and near- total elimination of senescent 
decidual cells. Dasatinib also inhibited the emergence of TP and shifted the transcriptional profile of 
the remaining transitional cells towards a decidual phenotype. An analogous population of ambig-
uous cells expressing both epithelial and mesenchymal marker genes was recently identified in midlu-
teal endometrium by scRNA- seq analysis (Lucas et al., 2020). Further, based on CellPhoneDB and GO 
analyses, transitional cells are predicted to be highly autonomous and involved in tissue regeneration, 
in line with experimental evidence that MET drives re- epithelization of the endometrium following 
menstruation and parturition (Owusu- Akyaw et al., 2019; Patterson et al., 2013). Thus, the level 
of endogenous cellular stress generated by the endometrium during the window of implantation 
calibrates the subsequent decidual trajectory, either promoting the formation of a robust decidual 
matrix or facilitating tissue breakdown and repair. Further, an in- built feature of both trajectories is 
self- enforcement as decidual cells recruit and activate uNK cells to eliminate their senescent counter-
parts (Brighton et al., 2017; Lucas et al., 2020; Kong et al., 2021), whereas senescent decidual cells 
induce secondary senescence in neighbouring decidual (Brighton et al., 2017; Ozaki et al., 2017) 
and, plausibly, uNK cells (Rajagopalan and Long, 2012).

Clinically, recurrent pregnancy loss, defined as multiple miscarriages, is associated with loss of 
endometrial clonogenicity (Lucas et al., 2016; Diniz- da- Costa et al., 2021), uNK cell deficiency and 
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excessive decidual senescence (Lucas et al., 2020; Tewary et al., 2020), and rapid conceptions (also 
referred to as ‘superfertility’) (Dimitriadis et al., 2020; Ticconi et al., 2020). Conversely, lack of a 
proliferative gene signature in midluteal endometrium and premature expression of decidual PRL have 
been linked to recurrent implantation failure (Berkhout et al., 2020b; Koler et al., 2009; Koot et al., 
2016), a pathological condition defined by a failure to achieve a pregnancy following transfer of one 
or more high- quality embryos in multiple IVF cycles (Polanski et al., 2014). We reasoned that these 
aberrant implantation environments can be recapitulated in assembloids by manipulating the level of 
decidual senescence. In line with these predictions, the presence of senescent decidual cells created 
a permissive environment in which migratory decidual cells interacted with expanding blastocysts, 
although continuous SASP production also promoted breakdown of the assembloids. Conversely, in 
the absence of senescent decidual cells, non- expanding embryos became entrapped in a robust but 
stagnant decidual matrix. These observations are in keeping with previous studies demonstrating 
that implantation of human embryos depends critically on the invasive and migratory capacities of 
decidual cells (Berkhout et al., 2020a; Gellersen et al., 2010; Grewal et al., 2008; Weimar et al., 
2012). Our co- culture experiments also highlighted the shortcomings of assembloids as an implan-
tation model, including the lack of a surface epithelium to create distinct pre- and post- implantation 
microenvironments and the absence of key cellular constituents, such as innate immune cells.

In summary, parsing the mechanisms that control implantation has been hampered by the over-
whelming complexity of factors involved in endometrial receptivity. Our single- cell analysis of decid-
ualizing assembloids suggests that this complexity reflects the reliance of the human endometrium 
on rapid E2- dependent proliferation and replicative exhaustion to generate both differentiated and 
senescent epithelial and stromal subpopulations in response to the postovulatory rise in progesterone. 
We demonstrate that senescent cells in both cellular compartments produce distinct bioactive secre-
tomes, which plausibly prime pre- implantation embryos for interaction with the luminal epithelium 
and then stimulate encapsulation by underlying decidual stromal cells. Based on our co- culture obser-
vations, we predict that a blunted pre- decidual stress response causes implantation failure because 
of a lack of senescence- induced tissue remodelling and accelerated decidualization. Conversely, a 
heightened stress response leading to excessive decidual senescence may render embryo implanta-
tion effortless, albeit in a decidual matrix destined for breakdown and repair. Finally, we demonstrated 
that pre- decidual stress responses can be modulated pharmacologically, highlighting the potential 
of endometrial assembloids as a versatile system to evaluate new or repurposed drugs aimed at 
preventing reproductive failure.

Materials and methods
Ethical approvals, endometrial samples, and human blastocysts
Endometrial biopsies were obtained from women attending the Implantation Research Clinic, Univer-
sity Hospitals Coventry and Warwickshire National Health Service Trust. Written informed consent 
was obtained in accordance with the Declaration of Helsinki 2000. The study was approved by the 
NHS National Research Ethics Committee of Hammersmith and Queen Charlotte’s Hospital NHS Trust 
(1997/5065) and Tommy’s Reproductive Health Biobank (Project TSR19- 002E, REC Reference: 18/
WA/0356). Timed endometrial biopsies were obtained 6–11 days after the post- ovulatory LH surge 
using a Wallach Endocell Endometrial Cell Sampler. Patient demographics for the samples used in 
each experiment are detailed in Supplementary file 1: Table 2.

The use of vitrified human blastocysts was carried out under a Human Fertilisation and Embry-
ology Authority research licence (HFEA: R0155) with local National Health Service Research Ethics 
Committee approval (04/Q2802/26). Spare blastocysts were donated to research following informed 
consent by couples who had completed their fertility treatment at the Centre for Reproductive Medi-
cine, University Hospitals Coventry and Warwickshire National Health Service Trust. Briefly, women 
underwent ovarian stimulation and oocytes were collected by transvaginal ultrasound- guided aspi-
ration and inseminated with prepared sperm (day 0). All oocytes examined 16–18 hr after insemina-
tion and classified as normally fertilized were incubated under oil in 20–25 µl drops of culture media 
(ORIGIO Sequential Cleav and Blast media, CooperSurgical, Denmark) at 5%   O2, 6%   CO2, 89% 
N2 at 37 °C. Following culture to day 5 of development, the embryo(s) with the highest quality was 
selected for transfer, whereas surplus embryos considered top- quality blastocysts were cryopreserved 
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on day 5 or 6 by vitrification using Kitazato vitrification media (Dibimed, Spain) and stored in liquid 
nitrogen. Prior to their use in the co- culture, vitrified blastocysts were warmed using the Kitazato 
vitrification warming media (Dibimed, Spain) and underwent zona pellucida removal using a Saturn 
5 Laser (CooperSurgical). Blastocysts were then incubated for 1 hr under oil in 20 µl drops of culture 
media (ORIGIO Sequential Blast media, CooperSurgical) at 5%  O2, 6%  CO2, 89% N2 at 37 °C and 
allowed to re- expand.

Processing of endometrial biopsies and primary EnSC cultures
Unless otherwise stated, reagents were obtained from Life Technologies (Paisley, UK). Cell cultures 
were incubated at 37 °C, 5%  CO2 in a humidified incubator. Centrifugation and incubation steps 
were performed at room temperature unless stated otherwise. Fresh endometrial biopsies were 
processed as described previously (Barros et al., 2016). Briefly, tissue was finely minced for 5 min 
using a scalpel blade. Minced tissue was then digested enzymatically with 0.5 mg/ml collagenase I 
(Sigma- Aldrich, Gillingham, UK) and 0.1 mg/ml deoxyribonuclease (DNase) type I (Lorne Laborato-
ries, Reading, UK) in 5 ml phenol red- free Dulbecco’s Modified Eagle Medium (DMEM)/F12 for 1 hr 
at 37 °C, with regular vigorous shaking. Dissociated cells were washed with growth medium (DMEM/
F12 containing 10%  dextran- coated charcoal stripped FBS [DCC- FBS], 1%  penicillin- streptomycin, 
2  mM L- glutamine, 1  nM E2 [Sigma- Aldrich] and 2  mg/ml insulin [Sigma- Aldrich]). Samples were 
passed through a 40  µm cell sieve. EnSCs were collected from the flowthrough, while epithelial 
clumps remained in the sieve and were collected by backwashing into a 50 ml Falcon tube. Samples 
were resuspended in growth medium and centrifuged at 400× g for 5 min. EnSC pellets were resus-
pended in 10 ml growth medium and plated in tissue culture flasks. To isolate EnSC from other (non- 
adherent) cells collected in the flowthrough, medium was refreshed after 24 hr. Thereafter, medium 
was refreshed every 48 hr. Sub- confluent monolayers were passaged using 0.25%  Trypsin- EDTA and 
split at a ratio of 1:3.

Endometrial gland-like organoid culture
Endometrial gland- like organoids were established as described previously (Turco et al., 2017), with 
adaptations. Freshly isolated endometrial gland fragments were resuspended in 500 µl phenol red- 
free DMEM/F12 medium in a microcentrifuge tube and centrifuged at 600× g for 5 min. The medium 
was aspirated and ice- cold, growth factor- reduced Matrigel (Corning Life Sciences B.V., Amsterdam, 
Netherlands) was added at a ratio of 1:20 (cell pellet: Matrigel). Samples mixed in Matrigel were kept 
on ice until plating at which point the suspension was aliquoted in 20 µl volumes to a 48- well plate, 
one drop per well, and allowed to cure for 15 min. Expansion medium supplemented with E2 (Supple-
mentary file 1: Table 1; Turco et al., 2017) was then added and samples cultured for up to 7 days. 
For passaging, Matrigel droplets containing gland- like organoids were collected into microcentrifuge 
tubes and centrifuged at 600× g for 6 min at 4 °C. Samples were resuspended in ice- cold, phenol 
red- free DMEM/F12 and subjected to manual pipetting to disrupt the organoids. Suspensions were 
centrifuged again, resuspended in ice- cold additive- free DMEM/F12, and then subjected to further 
manual pipetting. Suspensions were centrifuged again and either resuspended in Matrigel and plated 
as described above for continued expansion or used to establish assembloid cultures.

Establishment of assembloid cultures
At passage 2, EnSC and gland- like organoid pellets were mixed at a ratio of 1:1 (v/v) and ice- cold 
PureCol EZ Gel (Sigma- Aldrich) added at a ratio of 1:20 (cell pellet: hydrogel). Samples were kept 
on ice until plating. The suspension was aliquoted in 20 µl volumes using ice- cold pipette tips into 
a 48- well plate, one droplet per well, and allowed to cure in the cell culture incubator for 45 min. 
Expansion medium supplemented with 10 nM E2 was overlaid and the medium was refreshed every 
48 hr. For decidualization experiments, assembloid cultures were grown in expansion medium supple-
mented with E2 for 4 days to allow for growth and expansion. Assembloids were then either harvested 
or decidualized using different media as tabulated in Supplementary file 1: Table 1 for a further 
4 days. Again, the medium was refreshed every 48 hr and spent medium stored for further analysis. 
For tyrosine kinase inhibition, MDM was supplemented with 250 nM dasatinib (Cell Signaling Tech-
nology, Leiden, NL).

https://doi.org/10.7554/eLife.69603
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Fluorescence microscopy
For fluorescent microscopy, assembloids were removed from culture wells and transferred into tubes 
for fixation. Samples were washed in PBS and fixed in 10%  neutral buffered formalin in the tube for 
15 min, then washed three times with PBS, and stored for use. Samples were dehydrated in increasing 
concentrations of ethanol (70%  then 90%  for 1 hr each, followed by 100%  for 90 min), then incubated 
in xylene for 1 hr. After paraffin wax embedding, 5 µm sections were cut and mounted, then incu-
bated overnight at 60 °C. Slides were then stored at 4 °C until further processing. De- paraffinization 
and rehydration were performed through xylene, 100%  isopropanol, 70%  isopropanol, and distilled 
water incubations. Following antigen retrieval, permeabilization was performed where appropriate by 
incubation with 0.1%  Triton X- 100 for 30 min. Slides were then washed, blocked, and incubated in 
primary antibodies overnight at 4 °C. Antibody details are presented in Supplementary file 1: Table 
3. After washing three times, slides were incubated with secondary antibodies for 2 hr, then washed 
as before and mounted in ProLong Gold Antifade Reagent with DAPI (Cell Signaling Technology). 
Slides were visualized using the EVOS Auto system, with imaging parameters maintained throughout 
image acquisition. Images were merged in ImageJ and any adjustments to brightness or contrast were 
applied equally within comparisons.

Real-time quantitative polymerase chain reaction
After removal of spent medium, gland- like organoid cultures were washed in PBS and harvested in 
200 µl Cell Recovery Solution (Corning). Gel droplets were transferred to nuclease- free microcentri-
fuge tubes and placed at 4 °C for 30 min. Samples were then washed in PBS, centrifuged at 600× g 
for 6 min twice, and snap frozen as cell pellets. Assembloid cultures were washed with PBS and then 
recovered by directly scraping the samples into nuclease- free microcentrifuge tubes. Samples were 
centrifuged at 600× g for 6 min. The cellular pellet was resuspended in 500 µl of 500 µg/ml colla-
genase I diluted in additive- free DMEM/F12 and incubated at 37 °C for 10 min with regular manual 
shaking. Samples were washed twice in PBS, with centrifugation at 600× g for 6 min, then cell pellets 
were snap frozen. RNA extraction was performed using the RNeasy Micro Kit (QIAGEN, Manchester, 
UK) according to the manufacturer’s instructions. RNA concentration and purity were determined 
using a NanoDrop ND- 1000. All RNA samples were stored at –80 °C until use. Reverse transcription 
was performed using the QuantiTect Reverse Transcription (RT) Kit according to the manufacturer’s 
protocol (QIAGEN). Input RNA was determined by the sample with lowest concentration within each 
experiment. Genes of interest were amplified using PrecisionPlus SYBR Green Mastermix (PrimerDe-
sign, Southampton, UK). Amplification was performed in 10 µl reactions containing 5 μl PrecisionPlus 
2× master mix, 300 nM each of forward and reverse primer, nuclease- free water, and 1 µl of cDNA or 
water control. Amplification was performed for 40 cycles on an Applied Biosystems QuantStudio 5 
Real- Time PCR System (qPCR). Data were analysed using the Pffafl method (Pfaffl, 2001) and L19 was 
used as a reference gene. Primer sequences were as follows: L19 forward: 5′- GCG GAA GGG TAC 
AGC CAA T-3′, L19 reverse: 5′- GCA GCC GGC GCA AA-3′, PAEP forward: 5′- GAG CAT GAT GTG 
CCA GTA CC-3′, PAEP reverse: 5′- CCT GAA AGC CCT GAT GAA TCC-3′, SPP1 forward: 5′- TGC AGC 
CTT CTC AGC CAA A-3′, SPP1 reverse: 5′- GGA GGC AAA AGC AAA TCA CTG-3′.

Enzyme-linked immunosorbent assay
Spent medium was collected every two days during a 4- day decidual time course, with or without 
dasatinib treatment. Duoset solid- phase sandwich enzyme- linked immunosorbent assay (ELISA) kits 
(Bio- Techne, Abingdon, UK) were used for the detection of PRL (DY682), TIMP3 (DY973), IL- 8 (DY208), 
IL- 15 (DY247), CXCL14 (DY866), and HCG (DY9034). Assays were performed according to the manu-
facturer’s instructions. Absorbance at 450 nm was measured on a PheraStar microplate reader (BMG 
LABTECH Ltd, Aylesbury, UK), with background subtraction from absorbance measured at 540 nm. 
Protein concentration was obtained using a four- parameter logistic regression analysis and inter-
polation from the curve. As medium was collected at different timepoints in a time- course culture, 
secreted levels were not normalized to total cell or protein contents.

Single-cell capture, library preparation, and sequencing
Assembloids were dissociated to single cells by incubation of gel droplets with 0.5 mg/ml collagenase 
I for 10 min in a 37 °C water bath for 10 min with regular vigorous shaking. Samples were washed with 
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additive- free DMEM/F12 phenol- free medium and incubated with 5× TrypLE Select diluted in additive- 
free DMEM/F12 phenol- free medium for 5 min in a 37 °C water bath. Cell clumps were disrupted by 
manual pipetting, then suspended in 0.1%  bovine serum albumin (BSA) in PBS and passed through a 
35 µm cell sieve. Droplet generation was performed using a Nadia Instrument (Dolomite Bio, Cambridge, 
UK) according to the manufacturer’s guidelines and using reagents as described by Macosko et al., 2015 
and the scRNAseq v1.8 protocol (Dolomite Bio). Pooled beads were processed as described previously 
(Lucas et al., 2020) and sequenced using a NextSeq 500 with high- output 75- cycle cartridge (Illumina, 
Cambridge, UK) by the University of Warwick Genomics Facility.

Bioinformatics analysis
Initial single- cell RNAseq data processing was performed using Drop- Seq_tools- 2.3.0 (DropseqAlign-
mentCookbook_v2Sept2018, http:// mccarrolllab. com/ dropseq) and as described previously (Lucas 
et al., 2020). To select high- quality data for analysis, cells were included when at least 200 genes were 
detected, while genes were included if they were detected in at least  three cells. Cells with more than 
5000 genes were excluded from the analysis as were cells with more than 5%  mitochondrial gene tran-
scripts to minimize doublets and low quality (broken or damaged) cells, respectively. The Seurat v3 stan-
dard workflow (Stuart et al., 2019) was used to integrate datasets from biological replicates. Clustering 
and nearest- neighbour analysis was performed on the full integrated dataset using principal components 
1:15 and a resolution of 0.6. The ‘subset’ function was applied for interrogation of specific experimental 
conditions and timepoints. Gene Ontology (GO) analysis was performed on differentially expressed genes 
from specified ‘FindMarkers’ comparisons in Seurat v3 using the Gene Ontology Consortium database 
(Ashburner, 2000; THE GENE ONTOLOGY, 2019; THE GENE ONTOLOGY, 2019; Mi et al., 2013). 
Dot plots of significantly enriched GO terms (FDR- adjusted p<0.05) were generated in RStudio (version 
1.2.5042). CellPhoneDB was used to predict enriched receptor- ligand interactions between subpopula-
tions in decidualizing assembloids (Efremova et al., 2020; Vento- Tormo et al., 2018). Significance was 
set at p<0.05. Annotated tyrosine kinase interactions were curated manually.

Co-culture of human blastocyst and endometrial assembloids
Prior to co- culture, decidualized assembloids were washed in PBS and medium was replaced with 
embryo medium (Supplementary file 1: Table 1). Assembloids were lightly punctured with a needle 
to create a small pocket, to enable one re- expanded day 5 human blastocyst to be co- cultured per 
assembloid. The plate was transferred to a pre- warmed and gassed (humidified 5%  CO2 in air) envi-
ronment chamber placed on an automated X- Y stage (EVOS FL Auto Imaging System with onstage 
incubator) for time- lapse imaging. Brightfield images were captured every 60 min over 72 hr. Captured 
images were converted into videos using ImageJ.

For fixation, assembloid co- cultures were removed from culture wells and transferred into tubes. 
Samples were washed in PBS and fixed in 10%  neutral buffered formalin in the tube for 15 min, then 
washed three times with PBS. Assembloids were permeabilized for 30 min in PBS containing 0.3%  
Triton X- 100 and 0.1 M glycine for 30 min at room temperature. Samples were incubated overnight at 
4 °C in primary antibodies diluted in PBS containing 10%  FBS, 2%  BSA, and 0.1%  Tween- 20. Samples 
were then washed in PBS (0.1%  Tween- 20) and incubated for 2 hr at room temperature protected 
from light in fluorescently conjugated Alexa Fluor secondary antibodies 1:500 (ThermoFisher Scien-
tific) and DAPI (D3571, ThermoFisher Scientific, dilution 1/500), diluted in PBS containing 10%  FBS, 
2%  BSA, and 0.1%  Tween- 20. Samples were imaged on a Leica SP8 confocal microscope using a ×25 
water objective, with a 0.6 µm z- step and 2× line averaging.

Statistical analysis
Data were analysed using GraphPad Prism. Pairwise comparison of non- parametric data was performed 
using Mann–Whitney U test. For paired, non- parametric significance testing between multiple groups, 
the Friedman test, and Dunn’s multiple comparisons post hoc test were performed. Only values of 
p<0.05 were considered statistically significant.
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Author(s) Year Dataset title Dataset URL Database and Identifier

Brosens JJ, Lucas ES, 
Rawlings TM

2021 Single- cell RNA 
Sequencing of Endometrial 
Assembloid Cultures

https://www. ncbi. 
nlm. nih. gov/ geo/ 
query/ acc. cgi? acc= 
GSE168405

NCBI Gene Expression 
Omnibus, GSE168405

The following previously published datasets were used:

Author(s) Year Dataset title Dataset URL Database and Identifier

Talbi S, Hamilton 
AE, Kc Vo, Tulac 
S, Overgaard MT, 
Dosiou C, Le Shay N, 
Le Shay N, Kimpson 
R, Lessey BA, Nayak 
NR, Giudice LC

2006 Molecular phenotyping of 
human endometrium

https://www. ncbi. nlm. 
nih. gov/ geo/ query/ 
acc. cgi? acc= GSE4888

NCBI Gene Expression 
Omnibus, GSE4888
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Abstract

Despite advances in assisted reproductive techniques in the 4 decades since the first human birth after in vitro fertilisation, 
1–2% of couples experience recurrent implantation failure, and some will never achieve a successful pregnancy even 
in the absence of a confirmed dysfunction. Furthermore, 1–2% of couples who do conceive, either naturally or with 
assistance, will experience recurrent early loss of karyotypically normal pregnancies. In both cases, embryo-endometrial 
interaction is a clear candidate for exploration. The impossibility of studying implantation processes within the human 
body has necessitated the use of animal models and cell culture approaches. Recent advances in 3-dimensional modelling 
techniques, namely the advent of organoids, present an exciting opportunity to elucidate the unanswerable within 
human reproduction. In this review, we will explore the ontogeny of implantation modelling and propose a roadmap to 
application and discovery.

Lay summary

A significant number of couples experience either recurrent implantation failure or recurrent pregnancy loss. Often, no 
underlying disorder can be identified. In both cases, the interaction of the embryo and maternal tissues is key. The lining 
of the womb, the endometrium, becomes receptive to embryo implantation during each menstrual cycle and provides 
a nourishing and supportive environment to support ongoing pregnancy. It is not possible to study early pregnancy 
directly, therefore, modelling embryo-endometrium interactions in the laboratory is essential if we wish to understand 
where this goes wrong. Advances in the lab have resulted in the development of organoids in culture: 3D cellular 
structures that represent the characteristics of a particular tissue or organ. We describe past and present models of the 
endometrium and propose a roadmap for future work with organoid models, from fundamental understanding of the 
endometrial function and implantation processes to the development of therapeutics to improve pregnancy outcomes 
and gynaecological health.

Key Words:  embryo implantation   endometrium   organoid   assembloid
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Introduction

Although reported success rates in assisted reproduction 
approach or even surpass natural conceptions, 1–2% of 
couples will experience recurrent implantation failure, 

defined as the absence of a positive pregnancy test after 
three transfers of high-quality embryos (Mascarenhas et al. 
2021). Some will never achieve a successful pregnancy even 
in the absence of a confirmed dysfunction. Furthermore, 
1–2% of couples who do conceive, either naturally or 
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with assistance, will experience recurrent early loss of 
karyotypically normal pregnancies with no identifiable 
cause even after extensive clinical investigation (Bender 
Atik et al. 2018). In both cases, the loss of overtly ‘normal’ 
embryos suggests that defects of embryo-endometrial 
interaction might be a plausible explanation.

The purpose of any model system is to generate a 
physical, theoretical, or mathematical representation of a 
real phenomenon that is difficult or impractical to observe 
directly (Rogers 2012), a situation entirely descriptive 
of the study of human implantation. The ethical and 
practical impossibility of studying implantation processes 
within the human body has necessitated the use of animal 
models and cell culture approaches. These approaches have 
revealed considerable detail about the requirements for 
successful implantation but remain far from ideal. Recent 
advances in 3-dimensional (3D) modelling techniques, 
namely the advent of organoids, present an exciting 
opportunity to elucidate the unanswerable within human 
reproduction. In this review, we will explore the ontogeny 
of implantation modelling and propose a roadmap to 
application and discovery.

The endometrium and implantation

The mucosal lining of the uterus, the endometrium, 
is a complex tissue comprising luminal and glandular 
epithelium, as well as stromal, endothelial, and immune 
cells and provides a nourishing, immune-privileged 
environment to support successful embryo implantation 
(Gellersen & Brosens 2014). Formed of two distinct layers, the 
endometrium undergoes hormone-dependent cyclic renewal 
with proliferation, differentiation, shedding (menstruation), 
and regeneration of the upper functional layer in each cycle. 
Spontaneous, embryo-independent transformation of the 
tissue, termed decidualisation, occurs in the midluteal phase 
of each cycle facilitating the development of the decidua of 
pregnancy to support placentation and foetal development 
until parturition. Humans are one of only a handful of 
species in which spontaneous decidualisation has evolved. 
This is proposed to reflect the need for maternal control 
over the challenge posed by genetically diverse and mosaic 
embryos in species where deep haemochorial placentation 
requires complete maternal investment in the pregnancy 
(Gellersen & Brosens 2014).

Functional defects in the endometrium, and 
particularly in the decidualisation process, have been 
associated with a spectrum of reproductive disorders, 
ranging from implantation failure and miscarriages to 

major obstetrical syndromes such as preeclampsia, foetal 
growth restriction, and preterm birth (reviewed by Lucas 
et al. 2013). However, other than histological descriptions 
of embryo implantation in hysterectomy samples from the 
early and mid-20th century (Hertig et al. 1956), we know 
very little about the earliest stages of implantation of the 
human blastocyst and the pivotal interactions taking place 
between the midluteal endometrium and the embryo. 
In vivo studies of dynamic implantation processes have 
been dependent on the use of animal models, while the 
generation of in vitro systems has facilitated the study of 
human embryo development and endometrial physiology 
and pathology, albeit largely in isolation. The development 
of embryo-endometrium co-cultures that faithfully mimic 
in vivo processes will truly unlock the black box of human 
reproduction.

Modelling implantation

Animal models

 In the absence of human in vivo studies, murine, ovine, and 
bovine models, among others, have contributed much to 
the study of endometrial biology and pregnancy. However, 
the extent to which animal models represent human 
physiology is limited due to marked interspecies differences 
in reproductive strategy, implantation, and placentation. 
These have been reviewed extensively elsewhere (Lee & 
DeMayo 2004, Carter 2007, 2020, Morrison et al. 2018).

Livestock models have been utilised to pioneer 
many techniques used in modern assisted reproductive 
technologies (ART) (reviewed by Morrison et  al. 2018). 
Sheep and cattle have been used to model human pregnancy 
while also advancing their commercial productivity with 
similar goals to human ART: to improve conception and 
live birth rates and reduce the incidence of pregnancy 
loss. Considerable differences in maternal recognition 
of pregnancy, implantation timing, and placental 
morphology make direct inference to human implantation 
difficult, nonetheless, conserved mechanisms are present 
(Tinning et al. 2020). Notwithstanding the value of sheep 
to model human foetal development (Morrison et al. 2018), 
the utility of large domestic animals to model early human 
pregnancy is limited (Carter 2020). Mouse models have 
been used to explore all aspects of reproduction, including 
implantation and the establishment of pregnancy. The 
mouse has been a preferred model for researchers for a 
number of reasons including litter-bearing status, rapid 
conception and gestation, haemochorial placentation, 
and genetic tractability; all of which provide an abundance 
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of material for study and the ability to target specific 
pathways of interest to determine the impact on fecundity 
and fertility (Carter 2020). However, progesterone receptor 
expression dynamics vary greatly between humans and 
mice (Teilmann et al. 2006), and decidualisation in mouse 
is dependent on an embryonic stimulus (Lopes et  al. 
2004) rather than a spontaneous cyclic process. Overall, 
despite the many advances in our understanding of early 
pregnancy from animal models, interspecies differences 
have hindered the translation of understanding to human 
embryo implantation research.

In vitro models

To circumvent interspecies variability at implantation, 
in vitro models have been developed using primary 
endometrial epithelial or stromal cell cultures as well 
as endometrium-derived cell lines. In vitro endometrial 
models aim to represent at least certain aspects of the 
human implantation environment while retaining 
levels of experimental control and manipulability (Fig. 1 
and Table 1). In combination with a range of molecular 
techniques and other assays, these models present effective 
tools to close the knowledge gap regarding human embryo 
implantation and answer a diverse panel of questions.

Monolayer cultures
Two-dimensional (2D) cultures of endometrial stromal 
and epithelial cells have both been utilised to investigate 
implantation processes (Fig. 1). Since the first report using 
monolayer epithelial cells to describe interactions between 
the luminal epithelium and an implanting embryo 
(Lindenberg et  al. 1985), many studies have used this 
approach to study early feto-maternal interactions (Weimar 
et al. 2013, Aplin & Ruane 2017). In response to embryonic 
signals, co-cultured epithelial cells upregulate expression 
of the receptivity genes CXC chemokine receptor type 
1 (CXCR1), CXCR4, and CXCR5, and the chemokine 
interleukin (IL)-8 (Caballero-Campo et al. 2002, Dominguez 
et  al. 2003), encoded by CXCL8, as well as epithelial cell 
surface molecules implicated in embryo implantation, such 
as mucin 1 (MUC1) (Simón et al. 1997, Meseguer et al. 2001) 
and osteopontin (OPN) (von Wolff et  al. 2001, Erikson 
et al. 2009, Berneau et al. 2019) (Table 1). Co-culture of in 
vitro fertilised (IVF) embryos with an autologous epithelial 
monolayer prior to embryo transfer increased the frequency 
of high-quality blastocyst formation and implantation 
rates (Simón et  al. 1999, Le Saint et  al. 2019). However, 
a significant benefit of the co-culture to live birth rates 
remains to be confirmed (Le Saint et al. 2019). Trophoblast 

spheroids, as a surrogate for human blastocysts, have 
also been used successfully in co-culture with epithelial 
monolayers to investigate embryo attachment to the 
luminal epithelium (Weimar et  al. 2013, Lee et  al. 2015, 
Huang et al. 2017, Evans et al. 2020, Ruane et al. 2020) (Table 
1). These studies demonstrate the reciprocal relationship 
between luminal epithelium and preimplantation 
embryos in preparation for human implantation. However, 
endometrial epithelial cells are technically challenging to 
propagate as monolayers and cannot be cultured long-term 
(Varma et al. 1982, Fitzgerald et al. 2021). They also do not 
represent the normal physiology and architecture of glands 
in vivo (Gray et al. 2001).

Primary human endometrial stromal cells have been 
used extensively to study human decidualisation and the 
peri-implantation endometrial environment. Studies of 
primary stromal monolayers have demonstrated embryo-
stroma interactions and the retention of patient phenotypes 
by these cells. Carver and colleagues (2003) co-cultured 
stromal cell monolayers with hatched day five human 
blastocysts for 3 days and demonstrated that blastocysts 
could attach to and invade a decidualised stromal monolayer 
but did not interact with undifferentiated cells. In midluteal 
endometrium, decidualising stromal cells transiently attain 
a myo-fibroblastic phenotype, in which they become 

Figure 1 In vitro endometrial models to study implantation. Schematic 
representations of existing models for modelling endometrium-embryo 
interactions. The main benefits (+) and shortfalls (-) of each system are 
indicated.
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migratory and can produce extracellular matrix (ECM)-
degrading matrix metallopeptidases (MMP) (Anacker et  al. 
2011), a process which is essential to allow trophoblast 
outgrowth (Grewal et al. 2008, 2010). Decidualised stromal 
cells are sensitive to embryo quality, selectively migrating 
towards high-quality human embryos but downregulating 
implantation-associated genes and the migratory phenotype 
in the presence of poor-quality or arresting embryos or 
conditioned media (Teklenburg et  al. 2010, Weimar et  al. 
2012, Brosens et al. 2014, Berkhout et al. 2018) (Table 1).

Monolayer stromal co-cultures with blastocysts have 
also been used to investigate endometrial function and 
dysfunction in reproductive failure. Decidualising stromal 
cells of recurrent pregnancy loss (RPL) patients fail to 
inhibit implantation genes when co-cultured with poor-
quality embryos (Weimar et al. 2012). This suggests a defect 
in embryo quality ‘biosensing’ in the endometrium of 
these women, manifesting as a loss of embryo selectivity. 
Also referred to as the ‘selection failure hypothesis, this 
failure to prevent implantation of poor-quality embryos 
is predicted to lead to subsequent miscarriage (Aplin et al. 
1996, Macklon & Brosens 2014).

Overall, monolayer endometrial cell models provide 
a simple and robust model for studying early embryo 
implantation and embryo-endometrial interactions in 
humans. A major disadvantage of monolayer models is the 
restriction to a single endometrial cell type, disregarding 
stromal-epithelial interactions within the in vivo 
environment, as well as the roles of resident immune and 
endothelial cell populations. Additionally, although these 
models have been utilised to study the initial attachment 
and invasion of embryos, they lack the 3D architecture 
essential to study trophoblast invasion and the foundations 
of placentation.

Layered co-cultures
Glandular development and differentiation are dependent 
on stromal secretions (reviewed by Fitzgerald et al. 2021), 
exemplifying the dependence of the peri-implantation 
endometrial environment on synchronous paracrine 
signals, cell–cell, and cell-matrix interactions between 
multiple cell types of the decidualising endometrium. To 
study these interactions, more complex co-culture models 
have been developed (Fig. 1 and Table 1) and these will be 
explored briefly here.

To establish 3D cultures, cells are seeded into or on top 
of a scaffold to mimic their spatial environment within 
the structure of the ECM. The most common scaffold 
is the hydrogel, a hydrophilic polymer chain network 
that can be easily fine-tuned to mimic the structural  
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properties of a native tissue ECM. Layered co-cultures 
of endometrial epithelial cells grown over a stromal 
cell-containing collagen hydrogel resemble a simplified 
human endometrium and aim to replicate the complexity 
of the in vivo endometrium more closely (Bentin-Ley 
et  al. 1994, Evron et  al. 2011, Wang et  al. 2012). Luminal 
epithelium polarisation and embryo attachment within 
48 h were revealed in one such model by scanning 
electron microscopy, with apparent penetration of 
syncytiotrophoblast through the epithelium into the 
underlying stromal layer (Bentin-Ley et al. 2000). In place 
of embryos, trophoblast cell line spheroids, such as the 
JAr cell line (John et  al. 1993), have also been utilised 
to study implantation in layered co-culture models 
(Evron et  al. 2011, Wang et  al. 2012). The attachment of 
trophoblast spheroids to epithelial cell lines was improved 
by co-culturing with stromal cells (Wang et al. 2012) and 
dependent on the receptivity status of the stromal cells 
(Evron et  al. 2011). Occasional spontaneous gland-like 
structures were observed in these cultures (Wang et  al. 
2012) although layered models generally fail to form 
glandular structures reproducibly and thus while useful 
for studying very early implantation processes, are not 
truly representative of the tissue at implantation.

Transwell co-culture models enhanced the ability 
to study trophoblast invasion: using dual-chambered 
systems containing an extracellular matrix (Matrigel™)-
coated porous filter insert, adherent trophoblast cells can 
invade the matrix and migrate through the filter (Aplin 
2006, Lash et  al. 2007) (Fig. 1). By seeding endometrial 
epithelial cells on top of the Matrigel™ in the transwell 
insert and culturing stromal cells in the well beneath 
the filter (Arnold et  al. 2001, Pierro et  al. 2001, Bläuer 
et  al. 2005), the transwell approach provides an easily 
manipulatable assay to assess trophoblast invasion 
in the presence of endometrial cells. The presence 
of trophoblasts also improves the invasiveness of 
decidualised stromal cells in transwell systems (Gellersen 
et  al. 2010, 2013). However, cell–cell contact between 
epithelial and stromal cells is not established in these 
models and so critical interactions to orchestrate 
trophoblast invasion and endometrial tissue remodelling 
are likely to be missing.

Clearly, layered and transwell co-culture approaches 
improve upon monolayer cultures by incorporating both 
stromal and epithelial cells into a 3D space, providing 
the architecture for a more physiological model to study 
implantation. However, these models conspicuously lack 
glandular structures, a functional unit of the endometrium 
essential for embryo implantation.

Modelling endometrial glands: the 
missing link?

Secretory transformation of endometrial glands results 
in the production of histotroph, or ‘uterine milk’. 
Histotroph composition has been studied extensively 
during the menstrual cycle, consisting largely of glycogen 
and glycoproteins, as well as other components such as 
amino acids and lipid droplets (Burton et  al. 2002). This 
rich secreted product provides nutrition for the embryo 
until the onset of placental perfusion (Burton et al. 2007, 
2010). Studies using animal models, such as the uterine 
gland knockout sheep, produced by a progestin-induced 
gland knock out, demonstrate that without endometrial 
glands, embryo implantation is inhibited (Gray et  al. 
2001). Progestin uterine gland knockout mice also exhibit 
implantation failure, with reduced expression of key 
implantation genes (Kelleher et al. 2016).

Besides providing nutritional support to the 
implanting embryo, endometrial glands upregulate 
genes required for embryo receptivity and implantation, 
including numerous secreted factors essential for 
implantation (Fig. 2). For example, osteopontin (OPN), 
encoded by phosphoprotein 1 (SPP1), contains the 
integrin-binding motif RGD, a tripeptide of amino acids 
arginine, glycine, and aspartate, which facilitates embryo 
adhesion to the luminal epithelium (Singh & Aplin 2009, 
Berneau et al. 2019). Leukaemia inhibitory factor, encoded 
by LIF, is a protein related to blastocyst adhesion, as well 
as having roles in embryonic development and trophoblast 
differentiation (Salleh & Giribabu 2014). Glycodelin, 
a dimeric glycoprotein, encoded by progestogen-
associated endometrial protein (PAEP), also participates 
in interactions between the implanting blastocyst and 
luminal epithelium. In vitro, induction of glycodelin 
secretion improves trophoblast spheroid attachment while 
silencing PAEP inhibits attachment (Uchida et al. 2007, So 
et al. 2012).

Human endometrial glands also secrete the growth 
factors EGF, vascular endothelial growth factor (VEGF), 
and transforming growth factor-beta (TGFB), the cognate 
receptors for which are expressed by the trophectoderm 
of the implanting blastocyst. EGF stimulates proliferation 
of cytotrophoblast and secretion of human chorionic 
gonadotropin (hCG) and human placental lactogen (hPL) 
by the syncytiotrophoblast (Ladines-Llave et  al. 1991, 
Maruo et al. 1997) (Fig. 2). VEGF enhances the adhesion 
of the trophoblast to the luminal epithelium (Binder et al. 
2014), while TGFB increases ECM remodelling, via the 
secretion of fibronectin, for example, thereby facilitating 
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endometrial adhesion for invading trophoblasts 
(Feinberg et al. 1994).

Overall, the glands and their secretions are essential 
for implantation, and therefore, being able to model the 
glands in vitro is an essential step towards studying and 
understanding human embryo implantation and early 
pregnancy events. Recent development of glandular 
organoid models may have brought us closer than 
ever to establish a physiological model of the human 
endometrium.

Organoids of the reproductive system

‘Organoid’ describes 3D structures that resemble organs 
or tissues ex vivo in a supportive hydrogel droplet, such 
as Matrigel™, replacing the ECM of the originating 
tissue. Organoids arise from single cells or small clusters 
of cells with stem or progenitor properties in cultures 
with complex growth media designed to mimic organ- 
or tissue-specific signalling pathways and recapitulate 
the niche environment (Kim et  al. 2020b). Organoids 
differ from previous in vitro model systems in that they 
spontaneously organise into architectures that resemble 
their corresponding in vivo tissue or organ in a culture 
plate. Additionally, organoid models functionally mimic 
their tissue of origin and can recapitulate developmental 
processes that take place in vivo, thus allowing the study of 
developing and differentiating cells in real time. Growth 
factor and inhibitor combinations in these complex media 
support proliferation and renewal as well as differentiation 

and substitute for the absence of the tissue complexity 
present in vivo. Most reported models employ a consistent 
core set of factors that are reviewed elsewhere (Kretzschmar 
& Clevers 2016, Alzamil et al. 2021). Organoids have been 
generated from the vast majority of endoderm-derived 
tissues including the colon (Sato et al. 2011), intestine (Fujii 
et  al. 2018), stomach (Bartfeld et  al. 2015, Schlaermann 
et al. 2016), liver (Huch et al. 2015, Hu et al. 2018), pancreas 
(Loomans et al. 2018), lung/airway (Sachs et al. 2019) and 
bladder (Lee et al. 2018).

Several recent reports have demonstrated progress in 
modelling human reproductive epithelia using organoid 
systems. In the female reproductive system, endometrium 
(Boretto et al. 2017, Turco et al. 2017), fallopian tube (Kessler 
et al. 2015), cervix (Chumduri et al. 2021, Maru et al. 2020, 
Lohmussaar et al. 2021), and ovarian cancer (Kopper et al. 
2019, Maenhoudt et al. 2020) models have been described 
(Fig. 3), as well as mammary gland (Linnemann et  al. 
2015). These models facilitate the study of the general 
biology and histology of the reproductive tissues since 
they recapitulate epithelial cell morphology, function, 
and cellular heterogeneity while being genetically stable. 
These organoids are hormone-responsive and can be 
differentiated under specific conditions (reviewed by 
Alzamil et al. 2021). In the male reproductive tract, organoid 
systems are described for both testis (Alves-Lopes et al. 2017, 
Baert et al. 2017, Pendergraft et al. 2017) and prostate (Chua 
et al. 2014, Karthaus et al. 2014). Trophoblast organoids to 
model placental development (Haider et al. 2018, Turco et al. 
2018), as well as embryo-like organoids, known as blastoids 
have also been described (Zheng et al. 2019, Liu et al. 2021, 

Figure 2 Embryo-endometrium crosstalk at 
implantation. Schematic representation of the 
crosstalk between endometrial glands, 
decidualised stromal cells, corpus luteum, and 
trophoblasts cells of the invading embryo. During 
pregnancy, the syncytiotrophoblast cells produce 
hCG to maintain the corpus luteum so 
progesterone can be continually produced. 
Progesterone is essential for the maintenance of 
the decidualised cell and differentiated glands. A 
key secretion of the decidual cells at implantation 
is PRL, which acts on the glands through PRLR to 
maintain the glandular secretory phenotype. 
Additionally, trophoblast cells act directly on the 
glands through hCG and hPL secretion, resulting 
in the production of growth factors, nutrients, and 
receptivity markers such as LIF and glycodelin. In 
turn, these factors improve trophoblast invasion, 
thus forming a positive feedback loop.
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Yu et  al. 2021). Human blastoids recapitulate the key 
morphology of preimplantation blastocysts, including cell-
lineage composition and allocation, with transcriptomic 
similarities but lack important structures like the zona 
pellucida (Liu et  al. 2021, Yu et  al. 2021). Blastoids and 
trophoblast organoids both offer the opportunity to study 
implantation and early developmental processes at a 
greater scale than possible with research embryos, and in 
cases where embryos are unavailable for research use or 
such applications are prohibited.

The emergence of these organoid models for human 
reproduction and fertility represents a huge leap forward 
for the field, presenting a considerable opportunity to 
advance our knowledge of many ‘hidden’ processes within 
these systems. Limitations remain, for example, ease of 
accessibility means comparisons with healthy tissue are 
limited in some cases, while optimisation of other models 
is still required.

Endometrial gland organoids

Organoid-like structures established from endometrial 
epithelial cells were first reported in 1988, derived from 
primary gland fragments seeded into Matrigel™ (Rinehart 
et al. 1988). Glandular structures were retained after tissue 
digest collapsed and monolayer colony outgrowth was 
observed within 7 to 10 days. Following several weeks 
of culture, these colonies formed large cystic organoid 
structures of polarised columnar epithelial cells with 
luminal microvilli and could be maintained in culture for 
at least 6 months. Endometrial gland organoids were also 
produced in Matrigel™ and grown in a transwell system, in 
co-culture with stromal cells grown in the lower chamber 
(Bläuer et  al. 2005). In this system, the organoids were 
responsive to oestradiol treatment in the presence of 
the stromal cell layer. These reports failed to recapitulate 
the gland phenotype fully, and genetic stability was not 
confirmed, nor were the culture conditions chemically 
defined. Renewed interest in endometrial gland organoids 
was stimulated recently by parallel reports delivering a 
step-change in our ability to study the function of these 
structures (Boretto et  al. 2017, Turco et  al. 2017) (Fig. 3). 
The resulting organoids are genetically stable, have the 
clonogenic capacity, cellular heterogeneity, and can 
recapitulate molecular and histological similarities of the 
glands in vivo (Boretto et al. 2017, Turco et al. 2017, Fitzgerald 
et  al. 2019). They can be derived from physiologically 
diverse endometrial tissues throughout the menstrual 
cycle, after menopause, and from decidual pregnancy 
samples (Turco et  al. 2017). Like other organoid models, 

endometrial gland organoids are cultured in Matrigel™ and 
are dependent on a chemically defined complex ‘expansion 
medium’ containing a variety of growth factors required 
to promote proliferation and inhibit differentiation, 
including fibroblast growth factor 10 (FGF10), EGF, 
Wingless and Int1 (WNT) signalling activator R-spondin 
1 (RSPO1), bone morphogenetic protein (BMP) inhibitor 
Noggin, and the TGFβ antagonist, A83-01. Unlike the 
initial report (Rinehart et  al. 1988), these recent models 
see rapid organoid formation from gland fragments within 
7–10 days. Oestrogen treatment induces proliferation 
of the cells with an increase in Ki67+ cells (Boretto et  al. 
2017) as well as stimulating ciliogenesis (Haider et  al. 
2019) and, when combined with progesterone, secretion 
of glycodelin-A corresponds to tissue profiles in mid-
secretory endometrium (Luddi et  al. 2020). Glycodelin 

Figure 3 Organoid models of the female reproductive tract. In the human 
female reproductive tract, organoid models have been derived from the 
endometrium, fallopian tube, ovary, and cervix tissues and recapitulate 
the epithelial structure of the tissue of origin. All systems have been 
cultured in basal medium including Advanced DMEM/F12, B-27, and N-2 
supplements, antibiotics, and L-Glutamine but also include a cocktail of 
growth factors and inhibitors to promote proliferation and maintain 
undifferentiated or progenitor cell-like conditions. Common to all models 
is the growth factor EGF and the WNT signalling activator R-Spondin-1, as 
well as the ROCK inhibitor Y-27632 and BMP pathway inhibitor Noggin, 
and Nicotinamide, a survival factor, and ROCK inhibitor. Other factors 
which are often added include the TGFB receptor inhibitor A83-01, the 
activin/ BMP/TGFB inhibitor, SB431542, and the p38 MAPK inhibitor 
SB202190; Growth factors FGF-10 (fibroblast growth factor) and WNT3A 
as well as other factors such as N-acetyl-L-cysteine (antioxidant), 
β-estradiol (mitogen), heregulin-β (growth factor), forskolin (adenylyl 
cyclase activator), and hydrocortisone (glucocorticoid).
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profiles were further modulated after incubation of 
organoids with embryo-conditioned medium (Luddi 
et  al. 2021), confirming embryo-endometrial crosstalk 
is possible within the model (Table 1). Metabolomic 
analysis of the secretome of endometrial organoids also 
demonstrates unique characteristics of the apical (inter-
organoid) and basolateral (extra-organoid) secretory 
profiles, characteristic of that predicted in vivo (Simintiras 
et al. 2021). Through exposure to pregnancy signals of the 
stroma (cyclic AMP and prolactin (PRL)) and trophoblast 
(hCG and hPL), the organoids acquired a decidual-like 
phenotype akin to early pregnancy (Turco et al. 2017).

Thus far, endometrial gland organoid models are still 
in their infancy, albeit one that surpasses prior systems 
physiologically. The opportunity to address questions 
of normal endometrial physiology and implantation 
processes, therefore, lies along our path.

Endometrial gland organoids and the future: 
a roadmap to utility

Endometrial gland organoids, assembloids, and 
modelling embryo implantation

Despite their structural and functional recapitulation of 
endometrial gland phenotypes, endometrial organoid 
models do not faithfully represent the midluteal 
endometrium, due to being grown in isolation without 
the influence of other endometrial cell types present in the 
tissue. Endometrial stromal cells are essential for glandular 
regeneration, expansion, and differentiation throughout 
the menstrual cycle. For example, through the secretion of 
PRL, decidualising stroma regulates gland differentiation 
via the PRL receptor (PRLR), whose expression peaks in 
the endometrial glands during the mid-secretory phase 
(Jones et  al. 1998). PRL induces glandular differentiation 
by stimulating the Janus kinase (JAK)/STATs and mitogen-
activated protein kinase (MAPK) pathways. In parallel, 
apoptosis in the glandular epithelium is inhibited by 
activation of the phosphatidylinositol 3 kinase (PI3K) 
pathway (Jabbour et al. 2002).

Recently, several protocols have described stromal-
epithelial co-cultures retaining physiological structure. 
Slices of full thickness endometrial tissue cultured in 
collagen gel maintain true histoarchitecture of the 
endometrium, and a decidual response similar to the in 
vivo profile can be induced following differentiation with 
oestradiol (E2) and progesterone (P4) (Muruganandan et al. 
2020). Others have reported the use of porous 3D scaffolds 
to establish co-cultures. Using a collagen-based scaffold, 

Abbas and colleagues demonstrated that stromal cells were 
able to proliferate within the scaffold pores and deposit 
their own ECM, while fragments of endometrial gland 
organoids seeded on top of the scaffolds formed a luminal 
epithelium reminiscent of the tissue structure in vivo (Abbas 
et al. 2020). As well as solid scaffolds, synthetic hydrogels, 
such as polyethylene glycol (PEG), functionalised with 
ECM- and integrin-binding peptides have been utilised as a 
replacement for animal-derived hydrogels. When cultured 
in PEG hydrogels, endometrial stromal cells proliferate 
and decidualise in response to hormonal stimulation 
(Cook et  al. 2017). Modulating the PEG hydrogel altered 
cell behaviour, highlighting the importance of matrix 
conditions when developing a representative model of the 
endometrium (Cook et  al. 2017). Finally, another recent 
protocol reported self-aggregation of epithelial and stromal 
cells in a scaffold-free environment to form structures 
containing a stromal cell centre and an outer layer of 
epithelial cells within an agarose mould (Wiwatpanit et al. 
2020).

An alternative approach to produce a structurally and 
functionally physiological model of the endometrium is 
to incorporate endometrial stromal cells into endometrial 
organoid cultures. Co-culturing of organoids with stromal 
cells has been reported in other organoid systems, such as 
the bladder and brain, and these models are designated 
as ‘assembloids’ (Kim et  al. 2020a, Andersen et  al. 2020, 
Miura et al. 2020). In the case of bladder, the applicability 
of organoids to in vivo pathology and disease is uncertain 
because, in isolation, they do not recapitulate the native 
tissue architecture and microenvironment. To overcome 
these limitations, bladder organoids were mixed with 
components of the bladder stroma, such as stromal, 
endothelial, and immune cells, and a muscle layer to form 
bladder assembloids (Kim et  al. 2020). The assembloids 
represent a more physiological model of the native organ 
or tissue, and therefore, should provide a more faithful 
model for testing drug responses and mimicking disease 
phenotypes.

Recently, we have reported the establishment of 
endometrial assembloids whereby the gland organoid 
model was modified to incorporate stromal cells (Rawlings 
et al. 2021). Gland organoids were expanded from primary 
epithelial cells while in parallel the stromal fraction was 
propagated by standard monolayer culture (Fig. 4). Single-
cell stromal suspensions were combined with manually 
digested organoids, seeded into a collagen hydrogel, 
and cultured in an expansion medium supplemented 
with E2. In this model, gland organoid formation was 
unperturbed by stromal co-culture, and assembloids 
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resemble the architecture of native endometrium more 
closely than the gland organoids alone. The addition 
of stromal cells should abrogate the need for many 
components of the complex medium of growth factors 
and inhibitors to maintain secretory gland organoids, 
and indeed a minimal differentiation medium supported 
robust glandular differentiation in the assembloid model 
(Rawlings et al. 2021). Based on single-cell transcriptomic 
analysis, decidualised assembloids closely resemble 
the mid-secretory endometrium, containing several 
subpopulations of both stromal and epithelial cells, 
including senescent stromal and epithelial cells, which 
secrete many canonical implantation factors. Co-culturing 
human blastocysts with decidualised assembloids 
demonstrated that in the presence of senescent decidual 
cells, the assembloids engender a dynamic implantation 
environment, enabling embryo expansion and 
attachment, although persistent endometrial senescence 
led to the gradual disintegration of the assembloid matrix, 
likely through the actions of MMPs (Freitas-Rodriguez et al. 
2017). Pharmacological inhibition of stress responses in 
pre-decidual cells by a tyrosine kinase inhibitor inhibited 
the propagation of decidual senescence, impeding 
assembloid breakdown. However, the lack of senescent 
cells resulted in the entrapment of the blastocysts in the 
largely static assembloid matrix. This study not only 
demonstrated that the endometrial assembloid model 
could be used as a novel embryo implantation model but 
also confirms previous reports that decidual senescence 
controls endometrial fate decisions during implantation 
and early pregnancy (Brighton et  al. 2017, Lucas et  al. 
2020). Challenges for the endometrial assembloid model 
are to introduce a luminal epithelium, in order to study 
sequential blastocyst attachment and invasion, as well as 
the incorporation of immune cells such as uterine natural 
killer cells to mimic tissue remodelling processes predicted 
to take place during implantation (Brighton et  al. 2017, 
Kong et al. 2021). Moreover, long-term maintenance and 
propagation of endometrial assembloids to mimic the 
cycling tissue have yet to be developed.

The major challenge in increasing complexity for 
a physiological model of the endometrium suitable 
for use in implantation studies is being able to balance 
the needs of different cell types within the model. For 
example, the basement membrane preparation Matrigel™, 
used frequently for organoid culture, is unsuitable as an 
extracellular matrix for stromal cells (Arnold et  al. 2001). 
Beyond the co-culture of stromal cells with epithelial 
organoids, endothelial cells may be required to directly 
invade trophoblasts for placentation (Weiss et  al. 2016). 

Additionally, immune cells, such as resident uterine natural 
killer cells, have been demonstrated to be essential for 
providing a robust decidual matrix suitable for successful 
embryo implantation (Kong et  al. 2021). A microfluidic 
approach may be the solution to this potential dilemma.

Endometrial pathologies, genetic manipulation, and 
biomarker discovery

Beyond understanding the fundamentals of embryo 
implantation, endometrial pathologies that impede 
fertility must also be studied to advance the provision 
of therapeutics (Fig. 5). The development of medical 
treatments for many human diseases is limited by patient 
variation, difficulties in predicting outcomes, and lengthy 
preclinical drug testing. This is restricted further for 
applications in human reproduction by our limited ability 
to study in vivo processes in normal tissues. Therefore, 
organoid and assembloid cultures based on specific 

Figure 4 Establishment of an endometrial assembloid model. Schematic 
representation of the establishment of the endometrial assembloid 
model. Endometrial pipelle biopsies are digested and separated into 
epithelial and stromal fractions. Epithelial cells are expanded in Matrigel 
using the simple gland organoid culture approach for two passages, while 
stromal cells are expanded in monolayer culture. At passage 2, digested 
organoids and stromal cells are combined and encapsulated in collagen 
hydrogel to form an assembloid culture which then follows growth and 
differentiation protocols as required. Current and future applications for 
the assembloids include, but are not limited to embryo implantation 
studies, pharmaceutical testing (e.g. drugs or small molecules) and 
genetic modification of the different cell populations.
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pathologies and even on individual patients are expected 
to develop into powerful tools for precision therapy, 
permitting a personalised approach to drug discovery, 
development, and screening. Primary cancers, infectious 
diseases, and developmental diseases can be replicated 
with ex vivo biopsy samples from patients. Testing 
prospective pharmacological treatments on human 
organoids could facilitate the identification of patient 
group-specific responses and lead to targeted therapeutic 
approaches. Indeed, initial explorations into the utility of 
gland organoids in studying endometrial pathology have 
been reported, demonstrating the value of patient-specific 
cultures to study pathologies such as endometriosis and 
cancer (Boretto et al. 2017, 2019).

Endometriosis is an endometrial disorder characterised 
by the ectopic growth of endometrial tissue. Endometriosis 
is associated with infertility and affects 10% of women 
of reproductive age. The aetiology and pathogenesis 
of this disease remain unclear, and therefore, effective 
treatments are limited. Mouse models of endometriosis, 
while useful, do not model the complexity of the disease 
fully (Greaves et  al. 2017). Gland organoids established 
from endometriotic lesions have been shown to differ from 
organoids derived in parallel from patient-matched eutopic 
endometrium, maintaining a heterogeneous disease 
profile, including aberrant signalling in integrin, PI3K-AKT, 
and WNT pathways, and thus identifying potential drug 
targets (Boretto et  al. 2019). Furthermore, differences in 
glycodelin secretion mirror those in patients and controls 
(Luddi et al. 2020). However, this model is limited to only 
glandular epithelial cells. Sampson’s theory of retrograde 
menstruation proposes that endometriotic lesions 
derive from endometrial cells seeding the peritoneum 
at menstruation (Filby et  al. 2020). Incorporating 
decidualised stromal cells from endometriotic lesions 
to generate endometriosis assembloids could provide a 
more encompassing model for lesion establishment and 
behaviour, while crossover experiments with healthy 
and pathological cell subpopulations could also aid 
in pinpointing the exact mechanisms for endometrial 
diseases.

Endometrial cancer is another potential candidate for 
organoid modelling since the pathology of endometrial 
cancer is largely unknown, and treatment is limited, mainly 
due to a lack of reliable preclinical models. Tumour-derived 
cell lines do not recapitulate clinical cancer heterogeneity, 
and genetic mouse models show aberrations inconsistent 
with clinical endometrial cancer (Boretto et  al. 2019). 
Tumour-derived organoids from endometrial cancers have 
been shown to maintain clinical heterogeneity under 

long-term expansion but required medium optimisation 
to recapitulate the tumour niche, owing to non-cancerous 
organoids outcompeting cancerous organoids in the 
standard protocol (Boretto et al. 2019). This key observation 
highlights the necessity to consider the nuances of the 
local environment when developing future endometrial 
organoid-based disease models. Pre-cancerous organoid 
models have also been developed, such as organoids 
derived from hyperplastic endometrium, which faithfully 
reproduced the disease genotype. These organoids may 
provide a model that can be used to identify patient-
specific biomarkers for early detection and intervention 
(Boretto et al. 2019).

The development of pathological endometrial organoid 
and assembloid models, in concert with healthy controls, 
provides promising tools to interrogate endometrial 
biology and pathology. In models that are physiologically 
or pathologically relevant, single-cell omics and functional 
assays may provide initial targets for gene editing. Owing 
to their clonal capacity, organoids provide an excellent 
candidate model for gene editing through CRISPR/Cas9 
(Jinek et al. 2012, Cong et al. 2013, Mali et al. 2013) and this 
has been achieved in numerous organoid systems already, 
including the brain (Wang et  al. 2015, Ogawa et  al. 2018), 
liver (Artegiani et  al. 2019), kidney (Freedman et  al. 2015), 
and intestine (Matano et  al. 2015, Roper et  al. 2018). To 
our knowledge, only one study has demonstrated CRISPR/
Cas9 in endometrial organoids (Chen et  al. 2021), derived 
from mouse tissue, and therefore, efforts to advance the 
manipulation of human endometrial organoids will be 

Figure 5 A roadmap to application for endometrial organoids. Schematic 
representation of the proposed roadmap to application for the 
endometrial organoids. The roadmap is divided into fundamental (red), 
translational (orange) and clinical (green) approaches to implantation 
research. This roadmap presents the trajectory from defining the 
embryo-endometrial interactions during and after implantation to disease 
modelling and biomarker- and drug- discovery, through developing 
successful therapeutic interventions for pathologies that impede 
successful pregnancy.
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welcomed. Genetic and gene regulatory manipulations 
will be essential for underpinning the key mechanisms and 
aberrations that lead to disease states, and as well as to open 
new avenues for biomarker investigation and drug discovery.

Endometrial precision medicine, clinical trials, and 
therapeutic potential

The clearest benefit of patient-derived organoids and 
assembloids is to provide a novel opportunity to discover 
personalised treatments. Unlike previous models, patient-
derived organoids have been demonstrated to maintain 
the heterogeneity and complexity of their clinical 
derivatives, allowing for the study of patient-specific 
phenotypes. Therefore, the next step in the development 
of pathological endometrial organoid models is to utilise 
them in preclinical drug screening tools. Organoids from 
other systems have already been used for drug screening. 
For example, cystic fibrosis (CF) is a genetic disorder 
caused by mutations in the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene and causes particularly 
severe damage to the pulmonary and digestive systems 
(Dekkers et  al. 2013). Clinical trials with CFTR-targeting 
drugs have shown variable efficacy among individuals. 
Organoids can be harnessed to target different mutations 
in the CFTR protein with the intention to discover 
personalised and effective treatments for CF (Dekkers et al. 
2013, 2016, Berkers et al. 2019, Ramalho et al. 2021).

Endometrial organoids have already been used in 
pre-clinical drug screening studies for endometrial cancer 
(Chen et  al. 2021). Unbiased drug screening of tumour 
organoids from mouse endometrial cancer identified 
MI-136 as a potential inhibitor of endometrial cancer 
through regulation of the HIF pathway, a novel mechanism 
distinct from those in acute myeloid leukaemia and prostate 
cancer (Chen et al. 2021). Additionally, the study reported 
that MI-136 also inhibited growth significantly in primary 
cancer organoids derived from patients (Chen et al. 2021). 
This provides evidence that endometrial organoids could 
be used as in pre-clinical drug screening studies.

To maximise the effective use of therapeutics, 
stratification of subjects in clinical trials is essential, 
especially in the case of a heterogeneous disease. 
Stratification and personalised medicine could be 
extrapolated to endometrial organoids and assembloids 
and the treatment of infertility. Our recent research has 
demonstrated that excessive decidual cellular senescence is 
associated with recurrent pregnancy loss (Lucas et al. 2020). 
Biomarkers for excessive decidual senescence could be 
utilised for screening for organoid- and assembloid-based 

pre-clinical drug interventions to reduce senescence and 
possibly reduce the burden of miscarriage. Only patients 
experiencing cycles with excessive senescence would 
likely see a benefit in reducing senescence, and therefore, 
it is essential to target this subset of patients. Primary 
endometrial stromal cells in vitro retain phenotypic 
characteristics of the donating patient. For example, 
endometrial stromal cells from women with recurrent 
pregnancy loss exhibit an imbalance of mature decidual 
and senescent decidual cells and an inability to recognise 
poor-quality embryos (Weimar et  al. 2012, Lucas et  al. 
2020). Therefore, endometrial assembloid models should 
be able to mimic the behaviour of the tissue in vivo and 
provide a first step approach to patient-specific testing 
and stratification for treatment. Indeed, since organoid 
cultures can be bio-banked for future drug testing (Boretto 
et al. 2019), reducing the requirement for repeated biopsies, 
directed testing should be possible on specified cohorts of 
bio-banked samples.

Overall, organoids appear to be a promising model for 
drug discovery, pre-clinical evaluation, and stratification 
of subject groups for clinical trials and our challenge lie in 
driving the models from the fundamental study into the 
translational application to realise their full potential (Fig. 5).

Conclusions

Organoid and assembloid models of the endometrium 
offer the opportunity to study embryo-endometrium 
interactions at the earliest timepoints in implantation, 
with increased physiological relevance, and thus 
present a promising tool for future research. Advancing 
our knowledge of the mechanisms and requirements 
for successful implantation also offers the prospect of 
identifying the routes through which the process fails, 
thus indicating possible therapeutic avenues. Through 
the ongoing development and characterisation of 
patient-specific organoid and assembloid models, 
targeted pre-conception therapies can be developed and 
tested extensively in pre-clinical studies. These exciting 
possibilities mean much work ahead: the full potential of 
organoid and assembloid models has not yet been realised, 
and the challenge now is to ensure that we drive the models 
forward to translational outcomes.
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