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Abstract

The human endometrium, the inner lining of the uterus, has a unique regenerative capacity to
secure an optimal environment for embryo implantation. Any alterations in endometrial cell
signaling may lead to suboptimal endometrial milieu and function, evident in gynecological
disorders such as irregular menstruation, endometriosis, endometrial cancer (EC), and polycystic
ovary syndrome (PCOS). Indeed, a main target for the study, the PCOS endometrium, displays
several endometrial aberrations involving disrupted steroid hormone regulation, metabolic
dysfunction, and inflammation.

Accordingly, endometrial cell populations, including endometrial stromal cells (eSCs) and
mesenchymal stem cells (eMSCs), were investigated for their properties related to endometrial
regeneration. These populations were compared to bone marrow mesenchymal stem cells
(bmMSCs), previously suggested to be involved in endometrial regeneration. Next, the steroid
hormone-induced transcriptome profile of eSCs from women with PCOS (eSCPCOS) was
assessed. Finally, the expression of stanniocalcin-1 (STC-1), a pro-survival factor, was explored
in women with PCOS or EC.

The studies revealed high proliferation and migration potential for bmMSCs and eMSCs,
supporting their role in endometrial renewal. Moreover, a subtler cytokine profile in the
endometrial cells compared to bmMSCs indicated immune tolerance, possibly facilitating embryo
implantation. The transcriptome data of eSCPCOS indicated impaired function, as an altered
expression of genes involved in progesterone action, metabolism, mitochondrial function, and
inflammation was noted. Importantly, this alteration was present even without androgen exposure,
although androgen exposure promoted the differences even further compared to a non-PCOS
control (eSCCtrl). Hypoxia-induced STC-1 response in eSCPCOS was also tested, and blunted
STC-1 expression was noted, indicating a diseased endometrium. Finally, the protective role of
STC-1 was reinforced by the finding that high STC-1 expression is associated with favorable
clinicopathological features in EC cases.

The findings emphasize the favorable properties of bmMSCs and eMSCs for endometrial
renewal. Moreover, eSCPCOS present with an altered gene expression profile and hypoxia-induced
STC-1 expression that may contribute to a diseased endometrium in PCOS. Finally, high STC-1
expression is associated with a more beneficial EC profile.

Keywords: 8-br-cAMP, androgen, decidualization, endometrial cancer, estradiol,
human endometrium, hypoxia, mesenchymal stem cell, poly cystic ovary syndrome,
progesterone, RNA-sequencing, stanniocalcin-1, stromal cell
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Tiivistelmä

Kohdun limakalvo, endometrium, omaa ainutlaatuisen uudistumiskyvyn ja sen päätehtävä on
tarjota alkiolle optimaalinen kiinnittymisympäristö. Kohdun säätelytekijöiden häiriintyminen voi
johtaa poikkeavaan limakalvon toimintaan, joka on havaittu useiden gynekologisten tilojen
kuten epäsäännöllisten kuukautisten, enodmetrioosin, kohdunrungon syövän (EC) ja monirakku-
laisen munasarjaoireyhtymän (PCOS) yhteydessä. Tämän tutkimuksen yhtenä kohteena oli
PCOS-naisten endometrium, jonka steroidihormonisäätelyssä, aineenvaihdunnassa ja tulehdusti-
lassa on jo aiemmin havaittu poikkeavuuksia.

Aiemmat tutkimukset huomioiden, väitöskirjan tarkoituksena oli tutkia endometriumin solu-
populaatioita - stroomasoluja (eSC) ja mesenkymaalisia kantasoluja (eMSC) - ja erityisesti nii-
den endometriumin uusiutumiskykyyn liittyviä ominaisuuksia. Vertasimme em. soluja luuytimen
mesenkymaalisiin kantasoluihin (bmMSC), joiden on myös ehdotettu osallistuvan endomet-
riumin uusiutumiseen. Tutkimuksissa kiinnitimme erityistä huomiota solujen tulehdusprofiiliin,
sillä tulehdustekijöiden on ajateltu olevan keskeisiä endometriumin uusiutumisessa. Tutkimme
myös steroidihormonien vaikutusta geenien ilmentymiseen PCOS-naisten eSC-soluissa (eSCP-

COS) verraten tuloksia soluihin, joilla ei ole todettu oireyhtymää. Selvitimme myös, miten solu-
jen selviytymistä tukeva tekijä, stanniokalsiini-1 (STC-1), ilmenee eSCPCOS-soluissa sekä koh-
tusyöpäkudoksessa.

Tutkimuksemme osoittivat bmMSC- ja eMSC-solujen omaavan lisääntyneen kasvu- ja liik-
kumispotentiaalin, mikä tukee näiden merkitystä endometriumin uusiutumisessa. Kohdun lima-
kalvon solujen hillitympi tulehdusprofiili bmMSC-soluihin verrattuna viittaa suurempaan immu-
notoleranssiin, mikä edistänee alkion kiinnittymistä. Geenien ilmentymisprofiili osoitti, että
eSCPCOS-solujen steroidihormonivaste on poikkeava, sillä havaitsimme keltarauhashormonivai-
kutukseen, aineenvaihduntaan, mitokondrioiden toimintaan ja tulehdukseen liittyviä muutoksia.
Olennaista on, että muutokset havaittiin myös ilman miessukuhormonialtistusta, vaikkakin altis-
tus vahvisti eroja entisestään. Testasimme myös hypoksiassa indusoituvan STC-1:n ilmentymis-
tä ja havaitsimme sen olevan heikentynyt eSCPCOS-soluissa, viitaten PCOS-solujen poikkea-
vaan toimintaan. STC-1:n suojaavaa vaikutusta tuki myös havainto, jonka mukaan STC-1:n suu-
rempi ilmentyminen on yhteydessä kohtusyövän suotuisampaan kliiniseen kuvaan.

Tulokset korostavat bmMSC- ja eMSC-solujen merkitystä endometriumin uusiutumisessa.
Geenien ilmenemisprofiili vaikuttaa olevan poikkeava eSCPCOS-soluissa, erityisesti STC-1:n
ilmentymistä ajatellen. Korkea STC-1-ilmentyminen liittynee paremman ennusteen profiiliin
kohtusyövässä.

Asiasanat: desidualisaatio, kohdun limakalvo, kohdunrungon syöpä, mesenkymaalinen
kantasolu, mieshormoni, monirakkulainen munasarjaoireyhtymä (PCOS), RNA-
sekvenointi, stannioklasiini-1, stroomasolu
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1 Introduction 

The human endometrium is a remarkable tissue with an extensive hormone- 

dependent regeneration potential, undergoing over 400 cycles of self-renewal over 

a woman´s reproductive lifespan (Jabbour, Kelly, Fraser, & Critchley, 2006). 

Endometrial growth is regulated by the steroid hormones estradiol (E2) and 

progesterone (P4). Estradiol, which is secreted during the maturation process of 

follicles (follicular phase), induces the proliferation of endometrial cells and the 

growth of the functional layer (proliferative phase, PE), whereas P4 from the corpus 

luteum (luteal phase) prepares the endometrium for decidualization and 

implantation (secretory phase, SE) (Gargett, 2007a). Changes in ovarian-uterine 

signaling may have imbalanced steroid hormone effects on the endometrium, 

resulting in gynecological illnesses such as menstrual disturbance, endometriosis, 

polycystic ovary syndrome (PCOS), adenomyosis, repetitive pregnancy loss, and 

implantation failure (Babayev et al., 2017). The endometrium consists of different 

cell populations, including endometrial epithelial (eEP) cells, endothelial (eEN) 

cells, vascular smooth muscle cells, and endometrial stromal fibroblasts (eSFs), as 

well as migrating immune cell populations (Cervelló et al., 2010). Endometrial 

mesenchymal stem cells (eMSCs) have also been identified in the perivascular 

region, most likely contributing to endometrial renewal through hypoxia-driven 

inflammation cascades (Gargett, 2007a; Spitzer et al., 2012). Decidualization is a 

transformation of eSFs from elongated, fibroblast-like cells to larger, spherical, 

decidualized endometrial stromal cells (DE-eSCs). This process is imperative for 

successful embryo implantation mediated by dramatic morphological and 

functional changes involving cell cycle regulation, inflammatory cues, and 

angiogenesis in response to the corpus luteum-derived P4 effect (Okada, Tsuzuki, 

& Murata, 2018). 

PCOS is the most frequent endocrine disorder, affecting 8–13% of 

reproductive-aged women depending on demographic and diagnostic criteria 

(Teede, Gibson-Helm, Norman, & Boyle, 2014; Teede et al., 2018). PCOS 

characteristics consist of oligo/anovulation, hyperandrogenism, and polycystic 

ovaries (PCOs) (Fauser et al., 2012). Insufficient or non-existent P4 production 

related to anovulation predisposes the endometrial tissue to a prolonged E2 

stimulus (Savaris et al., 2011). Previous research has linked P4 resistance to altered 

steroid hormone action, metabolic function, and elevated inflammation (Li, Feng, 

Lin, Billig, & Shao, 2014; Savaris et al., 2011). Moreover, PCOS is also one of the 

major causes of anovulatory infertility. In addition, PCOS women are at risk for 
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pregnancy complications, like early miscarriage and preeclampsia. Furthermore, 

women with PCOS have been shown to have a 3–5-fold-elevated BMI-independent 

risk for endometrial cancer (EC) (El Hayek, Bitar, Hamdar, Mirza, & Daoud, 2016; 

Palomba et al., 2015). 

Stanniocalcin-1 (STC-1) is a 56 kDa homodimeric glycoprotein hormone that 

regulates calcium phosphate balance, cell proliferation, apoptosis, inflammation, 

oxidative stress responses, and even cancer development. It was first identified in 

the human endometrium through high-throughput global gene expression profiling 

and is thought to have a significant role in endometrial function (Altmäe et al., 2010; 

Deol, Varghese, Wagner, & Dimattia, 2000). Furthermore, patients who conceived 

through assisted reproductive technology (ART) have also been found to have an 

increased endometrial STC-1 expression in their SE phase cycle (Allegra et al., 

2009). Interestingly, the SE endometrium has a lower level of STC-1 expression in 

women with unexplained infertility, implying that STC-1 may have a role in the 

implantation process (Altmäe et al., 2010). This is also in line with a recent study 

reporting decreased STC-1 expression in the early stage of the secretory phase 

endometrium (ESE) in women with endometriosis, suggesting a plausible role of 

STC-1 in endometrial pathology (Aghajanova et al., 2016). Outside fertility issues, 

previous studies have indicated that STC-1 plays an important role in human cancer 

development. Indeed, STC-1 expression has been suggested as a prognostic marker 

in breast, hepatocellular, and colorectal cancers and even in melanoma (Findeisen 

et al., 2008; McCudden, Majewski, Chakrabarti, & Wagner, 2004; Paulitschke et 

al., 2009; Wascher et al., 2003). However, limited data are available on the 

relationship between STC-1 expression and endometrial pathologies, such as PCOS 

and EC. 

Based on the previous findings, the present study investigated endometrial cell 

characteristics, steroid hormone regulation, and STC-1 expression. Focus was 

placed especially on endometrial features linked to endometrial renewal in women 

with PCOS and EC to obtain insights into endometrial alterations in these women. 
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2 Review of the literature 

2.1 Human uterine cycle 

2.1.1 Menstrual cycle 

The human menstrual cycle is tightly controlled by endocrine, autocrine, and 

paracrine factors in association with ovarian follicular development and corpus 

luteum formation. The concomitant regulation of endometrial proliferation, 

formation of the uterine lining, and its differentiation and shedding as regulated by 

hormonal signals is shown in Figure 1. The normal menstrual cycle occurs every 

21–35 days, with an average length of 28 days, and there are about 450 menstrual 

cycles during a female’s lifespan (Critchley, Maybin, Armstrong, & Williams, 2020; 

Mihm, Gangooly, & Muttukrishna, 2011; Reed & Carr, 2000). 

2.1.2 Ovarian cycle 

Follicular phase 

The ovarian cycle is responsible for preparing endocrine tissues for the 

development of follicles and the release of oocytes. These processes require finely 

orchestrated ovarian and hypothalamic-pituitary crosstalk. The ovarian cycle is 

classified into follicular and luteal phases, segregated by ovulation (Baerwald, 

Adams, & Pierson, 2012; Richards, 2018). During the early follicular phase of the 

menstrual cycle, follicular development is induced by an increase in follicle-

stimulating hormone (FSH) in response to gonadotrophin-releasing hormone 

(GnRH) pulse activity. Moreover, the number of ovarian granulosa cells increases, 

which leads to an increase in estradiol (E2) synthesis. Pituitary FSH along with E2 

released from antral follicles restrict the hypothalamic secretion of GnRH. As the 

follicular phase advances gradually and comes to an end, E2 levels increase rapidly, 

as shown in Figure 1 (Herbison, 2020). 
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Fig. 1. Illustrative diagram of human endometrium and menstrual cycle regulation. The 

endometrium is divided into two layers: the functional layer (functionalis), which faces 

the uterine cavity, and the basal layer (basalis), which is in direct contact with the 

myometrium. During the menstrual cycle, both layers experience structural changes. 

Menstruation constitutes the first phase of the menstrual cycle, and it is characterized 

by complete desquamation of the functional layer of the endometrium and menstrual 

bleeding. This stage precedes the proliferative phase (PE), characterized by an increase 

in the secretion of E2 as the ovarian follicles mature (follicular phase). Estradiol 

promotes the regeneration of the functional layer from the basalis of the endometrium. 

By day 14, a peak in LH secretion triggers ovulation, and the formation of the corpus 

luteum (luteal phase) triggers the release of P4 and prepares the endometrium for future 

implantation. In the absence of pregnancy, the demise of the corpus luteum will cause 

a dramatic drop in P4 and E2 levels as well as the onset of menstruation and a new 

monthly cycle. E2, estradiol; P4, progesterone; LH, luteinizing hormone; FSH, follicle-

stimulating hormone. 

Ovulation 

Ovulation occurs at around cycle day (cd) 14 with an average 28-day cycle. 

Estrogenic levels are high due to follicle maturation and provide positive feedback 

for FSH and luteinizing hormone (LH) production, inducing the LH surge. As a 

result, the mature follicle ruptures and an oocyte is released (Richards, 2018). 
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Luteal phase 

During the luteal phase, the LH surge stimulates the remaining ovarian granulosa 

and theca cells to transform into lutein cells, which accumulate with lipids and 

appear yellow in color. This process is called “luteinization” and leads to corpus 

luteum formation (Monis & Tetrokalashvili, 2020). In case of successful 

fertilization, the corpus luteum is maintained, supporting early pregnancy until 

gestational weeks 7–8. In the absence of fertilization, 7–8 days after ovulation, the 

corpus luteum starts collapsing (corpus albicans). As a result, plasma P4 and E2 

concentrations fall and the inhibitory feedback effect on GnRH neuron pulsatility 

is released, commencing a new cycle with rising FSH and LH secretion (Figure 1) 

(Monis & Tetrokalashvili, 2020). 

2.2 Human endometrium 

The human endometrium is one of the most fascinating tissues. In response to 

steroid hormones, it undergoes precisely defined morphological changes monthly 

in preparation for a successful embryo implantation process. Some cases of 

unexplained infertility are assumed to be related to reduced endometrium 

receptivity; thereby, a healthy endometrial environment can be considered as the 

main fertility-determining factor (Strowitzki, Germeyer, Popovici, & von Wolff, 

2006). To achieve successful reproductivity, the maternal endometrium must have 

selectivity in addition to receptivity for successful embryo implantation. Therefore, 

the human endometrium is not only a fertility-determining factor but also a sensor 

of superior embryo quality (Macklon & Brosens, 2014). Indeed, an insufficient 

endometrium milieu might be a possible reason for recurrent implantation failure 

(RIF), despite successful ART (Timeva, Shterev, & Kyurkchiev, 2014). 

The endometrium is composed of mesodermal-derived glandular and luminal 

epithelia that are supported by a basement membrane and connective tissue stroma 

(Classen-Linke, Kusche, Knauthe, & Beier, 1997). Histologically, the human 

endometrium is classified into two major regions. The first is the upper two-third 

stratum functionalis layer, which contains glands extending from the epithelial 

surface to the endometrium/myometrium junction. This part of the endometrium 

sheds every month during menstruation. The second major region is the bottom 

one-third basalis layer, which is surrounded by dense stroma and is responsible for 

generating a new functionalis layer after menses, as shown in Figure 2. (Spencer, 

Hayashi, Hu, & Carpenter, 2005). Several cell populations form the endometrium, 
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including eEP cells, eMSCs, eSCs/eSFs, eENs, vascular smooth muscle cells, and 

migrating immune cell populations, also evident in global transcriptome data-

derived separate clustering (Gargett & Masuda, 2010; Osteen, Hill, Hargrove, & 

Gorstein, 1989; Wang et al., 2020). The activation of the window of implantation 

(WOI) causes significant transcriptional alterations in the epithelium and more 

consistent changes in the stroma, according to Wang et al.’s (2020) single-cell 

transcriptome analysis. 

 

Fig. 2. Histology of the human endometrium across the menstrual cycle. PE, 

proliferative phase, narrow glands with pseudo stratification of nuclei; ESE, early 

secretory phase, subnuclear vacuoles and reduced proliferation; MSE, mid-secretory 

phase, dilated glands with secretion in the lumen. Stroma is loose, glands tortuous, and 

only perivascular pseudo decidualization can be observed; LSE, late secretory phase, 

smaller glands and noticeable decidualization. 
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Proliferative phase (PE) 

Following menstruation, the second phase of the uterine cycle, the proliferative 

phase (PE), normally occurs within the first 14 days of the cycle. The PE can be 

classified into three stages: early, mid-, and late (Noyes et al., 1975). The 

endometrium generates thin, short, and narrow epithelium glands during the early 

proliferative phase (EPE), which begins shortly after menses, usually around cd 4–

7. During the EPE, the stroma looks compact with modest mitotic activity. Next, 

the endometrium enters into the mid-proliferative phase (MPE) around day 8–10 

of the cycle, when the surface epithelium forms a columnar shape. In the MPE, the 

endometrium is present with longer, curving glands and stromal oedema. Lastly, 

around cd 11–14, there is extensive mitotic activity, which causes the surface 

epithelium to undulate. This stage is called the late proliferative phase (LPE), where 

the glands look more elongated, curved, and compact with dense stroma, thus 

forming the columnar epithelium. The spiral arteries elongate to compensate for 

the increasing endometrial thickness and deliver adequate blood flow to the 

endometrium (Acosta et al., 2000; Rock & Bartlett, 1937). The steps of the uterine 

cycle corresponding to endometrium dating are illustrated in Figure 2. 

Secretory phase (SE) 

The endometrial SE is the final phase of the uterine cycle, and it corresponds to the 

luteal phase of the ovarian cycle. This phase takes place after the LH surge, from 

cd 14 onward, in a 28-day cycle (Acosta et al., 2000; Noyes et al., 1975; Rock & 

Bartlett, 1937). The SE can be classified into the early (ESE; cd 15–21; LH + 1–6), 

mid- (MSE; cd 22–25; LH + 7–9), and late secretory phases (LSE; cd 26–28; LH 

+ 10–12). The ESE looks histologically similar to the LPE with some scattered 

subnuclear vacuoles in the glandular epithelium. By cd 17–21, the glands exhibit 

regular tortuosity with a transition from subnuclear glycogen vacuoles to luminal 

vacuoles with intraluminal secretion. In the MSE, maximal stromal oedema with 

prominent spiral arterioles can be seen and the decidualization process is initiated. 

A high P4 concentration induces marked swelling of the endometrial cells and 

increases secretory activity, enhancing the decidualization process (Dunn, Kelly, & 

Critchley, 2003). The accumulated nutrients and increased vasculature formation 

aim to provide an optimal condition for the implanting embryo and to ensure an 

optimal niche for embryo development (Critchley et al., 2020). Without conceptus, 

during the LSE, the endometrium starts collapsing, which is manifested by 
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prominent stromal granulocytes, focal necrosis, and hemorrhage that leads to gland 

disruption and stromal breakdown and tissue necrosis (Acosta et al., 2000; Rock & 

Bartlett, 1937) (Figure 2). 

In addition to traditional endometrial dating by pathologists, during the last 

decade, global gene expression analysis has given information about endometrial 

phase-specific transcriptome changes (Díaz-Gimeno et al., 2011; Kao et al., 2002; 

Talbi et al., 2006; Yanaihara et al., 2005). A recent single-cell transcriptome of the 

human endometrium also confirmed a distinct cluster of four phases as 

menstrual/early proliferative, late proliferative, early secretory, and mid/late 

secretory (Wang et al., 2020). 

2.2.1 Endometrial cell population 

Endometrial stromal cells (eSCs) 

Human eSCs constitute the largest proportion of the endometrium. Under tight 

steroid regulation, eSCs control endometrial proliferation, differentiation, and 

breakdown during the menstrual cycle (Maybin & Critchley, 2015; Osteen et al., 

1989). Despite eSCs comprising a heterogeneous subpopulation containing 

fibroblasts and cells with an epithelial-like morphology (Schellenberg et al., 2012), 

one study showed that 95% of eSCs present with a typical marker expression profile 

of cell surface marker cluster of differentiation (CD) 105, CD73, CD90, CD140a, 

CD140b, CD146, CD166, and human leukocyte antigen (HLA) I (Zlatska et al., 

2017). They also possess colonogenic potential, multi-lineage differentiation 

potential, and chromosomal stability (Queckbörner, Syk Lundberg, Gemzell-

Danielsson, & Davies, 2020; Zlatska et al., 2017). Moreover, cultured eSCs are 

presented with upregulated signature genes of the WNT family, homeobox A cluster 

(HOXA), platelet-derived growth factor receptor beta (PDGFR)β, and stromal 

collagens (Hayashi, Burghardt, Bazer, & Spencer, 2007; Hewitt et al., 2011; Taylor, 

Vanden Heuvel, & Igarashi, 1997). Among them, vimentin and cytokeratin are 

considered stromal-specific markers as their expression is confirmed distinctively 

for this cell type in both transcriptome and protein levels (Chen et al., 2013; Spitzer 

et al., 2012). 

During implantation, eSCs play a critical role in establishing fetal-maternal 

interaction with the embryo (Castro-Rendón, Castro-Alvarez, Guzmán-Martinez, 

& Bueno-Sanchez, 2006). Decidualization, a key event of the receptive 
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endometrium, also takes places in eSCs (Zhu, Hou, Luo, Hu, & Yang, 2014). 

Moreover, eSCs present with anti-inflammatory properties and are capable of 

triggering effector memory cell activation by further downregulating central 

memory T cells (Queckbörner et al., 2020; Zlatska et al., 2017). Furthermore, eSCs 

promote the development and differentiation of epithelial cells. In fact, a stroma 

and epithelial co-culture paradigm shows that normal paracrine relationships can 

be restored in vitro with eSCs, regulating both primary eEP proliferation and 

differentiation ( Arnold, Kaufman, Seppälä, & Lessey, 2001; Chen et al., 2013). 

Consequently, eSC-related defects in decidualization, immunomodulation, and 

stroma–epithelial interaction may contribute to infertility, endometriosis, and even 

EC (Cheng, Imir, Fenkci, Yilmaz, & Bulun, 2007; Ni et al., 2018). 

Decidualization 

One of the most important phenomena of the human endometrium, especially 

concerning stromal cells, is decidualization. Endometrial decidualization involves 

dramatic morphological and functional changes coordinated by ovarian steroid 

hormones when the estrogen-primed endometrium is subjected to P4. During the 

PE, E2 enhances progesterone receptor (PR) expression, whereas P4 reduces 

estrogen receptor (ER) expression in the SE. The endometrial stromal fibroblast 

(eSFs) differentiate into enlarged, round-shaped decidual stromal cells (DE-eSCs) 

during this process especially in response to P4 (Gellersen, Brosens, & Brosens, 

2007). Decidualization begins in the MSE (about 6 days post-ovulation) when eSCs 

surround the terminal spiral arteries, as mentioned in section 2.2 (Secretory phase). 

During the decidualization process, the morphological change and secretory 

transformation of eSCs usually take place in the uterine glands. The vasculature of 

the uterus is remodeled to facilitate the maternal blood supply and specialized 

uterine natural killer (uNK) cells also appear (Du, Wang, & Li, 2014; Evans & 

Salamonsen, 2014). The upregulated expression of certain genes, such as prolactin 

(PRL), insulin-like growth factor-binding protein-1 (IGFBP-1), and dickkopf 1 

(Dkk1), are considered as classical decidualization markers to confirm successful 

decidualization in vitro for 14 days or a shorter 96-hour exposure to 8-bromo-cyclic 

adenosine monophosphate (8-Br-cAMP), both of which activate decidualization in 

vitro possibley via the protein kinase A (PKA) pathway, as illustrated in Figure 3 

(Dunn et al., 2003; Gellersen & Brosens, 2003). Notably, the key role of P4 has 

also been explored in this context, showing that PR knockout female mice present 

with a complete loss of decidual transformation in response to an artificial 



 

32 

decidualization stimulus (Gellersen et al., 2007; Mulac-Jericevic & Conneely, 

2004). 

 

Fig. 3. Illustrative diagram of decidualization process. The endometrial stromal cells 

(eSCs) undergo the decidualization process in response to progesterone (P4) in the 

secretory phase (SE). This process can also be induced by 8-Br-cAMP in vitro. Prolactin 

(PRL) and insulin-like growth factor (IGFBP-1) expression confirm successful 

decidualization. 

Altogether, the activation and complex interaction of numerous transcription 

factors (TFs), such as fork head box protein 1 (FOXO1), homeobox protein 2 

(HAND2), signal transducer and activator of transcription (STAT) paralogs, 

cytokines, and autocrine-paracrine signaling pathways control the decidualization 

process (Gellersen & Brosens, 2014; Vinketova, Mourdjeva, & Oreshkova, 2016). 

Moreover, DE-eSCs contribute to the micro‐environment in the human 

endometrium through extracellular matrix (ECM) remodeling, local immune 

response regulation, antioxidant responses, and angiogenesis. In line with these 

processes, a recent transcriptome study showed that in the early stage of 

decidualization, the DE-eSCs express STAT pathway regulatory genes, whereas 

inflammatory cascade nuclear factor κ beta (NFκB) genes are repressed (Rytkönen 
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et al., 2019). An abnormal decidualization process is associated with poor 

pregnancy outcomes, such as recurrent miscarriages and endometrium pathologies 

(endometriosis and PCOS) (Conrad, Rabaglino, & Post Uiterweer, 2017; Okada et 

al., 2018). 

Endometrial epithelial cells (eEPs) 

The endometrial functionalis layer is also composed of epithelial cells (eEPs); the 

glandular epithelium is responsible for secreting an array of growth factors and 

cytokines, whereas the luminal epithelium assists the stromal compartment with the 

fetal-maternal contact (Paiva et al., 2011; Singh & Aplin, 2009). Linking tightly to 

the eSCs, eEPs mediate decidualization, polarization, expression of specific 

adhesion proteins, steroid receptor expression, and secretion of glycogen that 

support implantation and endometrial milieu (Chi et al., 2020). Although the data 

on the regulation of steroid hormone receptors and their distinct functions in eEPs 

is scarce, proliferative eEPs have been shown to produce ECM components 

governed by steroid actions (Hombach-Klonisch et al., 2005). Epithelial cell-

derived global gene expression data from the WOI indicate unique genes involved 

in potentially important endometrial functions, such as inflammatory response 

signaling, xenobiotic metabolism, epithelial-mesenchymal transition (EMT), 

regulation of cellular death, interleukin/STAT signaling—all events responsible for 

the normal endometrium milieu (Chi et al., 2020). Moreover, cultured eEPs express 

epithelial lineage-specific genes, such as epithelial cell adhesion molecules 

(EPCAMs), keratins (23, 7, 18), mucin (16, 20, 1), integrins (B6, B8), and laminins 

(C2, B3) (Erikson, Burghardt, Bayless, & Johnson, 2009; Hornung et al., 1997; Lu, 

Ebihara, Miyazaki, & Murakami, 2006). Indeed, keratin 18 (KRT18), cadherin 1 

(CDH1), and occludin are well known, distinctively validated genes for epithelium 

even at the protein level, and are thereby considered eEP markers (Chen et al., 

2013). 

Endometrial mesenchymal stem cells (eMSCs) 

The existence of eMSCs was first reported by Gargett and her group in 2007 

(Schwab & Gargett, 2007). The team showed that these cells are located in both the 

functionalis and the basalis layer of the perivascular region, contributing to 

monthly endometrium regeneration. These cells can be identified using double 

staining for PDGFRβ+CD146+ (platelet-derived growth factor receptor β; CD 146) 
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or even a single marker, SUSD2+ (sushi domain-containing-2)/W5C5+ (Gargett, 

Schwab, Zillwood, Nguyen, & Wu, 2009; Masuda, Anwar, Bühring, Rao, & 

Gargett, 2012; Schwab & Gargett, 2007). In addition, a flow cytometry analysis 

showed that these cells are positive for the specific eMSC markers CD73, CD90, 

CD105, CD44, CD166, CD49, and HLA-ABC (human leukocyte antigen (HLA-

ABC)/MHC I (major histocompatibility complex class I) but negative for 

hematopoietic stem cell markers CD14, CD34, CD45, and HLA-DR/MHC II 

(Cheng et al., 2017; Schüring et al., 2011). Later on, data from several studies also 

support the idea that eMSCs, the presumptive progenitors of eSFs, possess basic 

stem cell properties, such as self-renewal, high clonogenicity, and multilineage 

differentiation potential (Cervelló et al., 2017; Gargett, Schwab, & Deane, 2016; 

Miyazaki et al., 2012; Spitzer et al., 2012; Ulrich et al., 2014). According to the 

gene expression profile, eMSCs are involved in complex multicellular processes, 

such as cell signaling, angiogenesis, oxidative stress responses, inflammation, and 

immunomodulation. The eMSCs also exhibit increased expression of factors from 

several signaling pathways, such as Notch, transforming growth factor β (TGFβ), 

insulin-like growth factor (IGF), Hedgehog, and the G-protein-coupled receptor 

signal—a characteristic of self-renewal and multipotency in the eMSCs of adult 

tissue (Spitzer et al., 2012). Interestingly, the gene profile of eMSCs has been found 

to be altered in endometrial pathologies, such as PCOS and endometriosis. These 

cells are presented with increased inflammation and prooncogenic potential, 

suggesting negative effects on endometrial function and possibly long-term 

reproductive health (Barragan et al., 2016; Piltonen et al., 2013). 

Although eMSCs have been defined as a rare cell population in the 

endometrium, with high proliferation potential and self-renewal capacity, it is still 

unknown what triggers these cells to migrate and proliferate during the natural 

menstrual cycle. The most likely triggers are sex hormone fluctuations or 

inflammatory triggers, as they are vastly present, especially during endometrial 

shedding (Maybin & Critchley, 2015). For the first time, Taylor et al. (2004) 

reported bone marrow mesenchymal stem cells (bmMSCs) as the origin of eMSCs. 

In their study, the bmMSCs of patients with bone marrow transplants accounted for 

0.2% to 48% of the eEPs and 0.3% to 52% of the eSCs (Taylor, 2004). Moreover, 

follow-up studies using the Y chromosome as a marker of bone marrow-derived 

cells in the endometrium of patients receiving sex-mismatched bone marrow 

transplants also evidenced contributions to endometrial cells consistent with the 

first study (Cervelló et al., 2010; Ikoma et al., 2009). Furthermore, a clustering 

analysis of the gene profiles of eMSCs and eSFs support the fact that these cells 
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originate from the same ancestry and that eSFs are a lineage of eMSCs (Chen et al., 

2013; Spitzer et al., 2012). Interestingly, according to Barragan et al. (2016), 

eMSCs lose their stemness and double antibody positively for PDGFRβ+/CD146+ 

during prolonged cell culture, indicating an active differentiation process of these 

cells toward eSFs (Barragan et al., 2016). 

Other endometrial cell populations 

In addition to eSCs, vascular endomethelial cells (eENs) also exhibit 

morphological and biochemical changes to support successful embryo implantation. 

These cells form a single-cell layer that lines blood vessels and regulates the 

exchange of substances between the bloodstream and the ECM. Signals 

from eENs organize the growth and development of connective tissue that forms 

the surrounding layers of the blood vessel wall (Girling & Rogers, 2009). 

Moreover, the endometrium also harbors resident and transient immune cells 

that maintain the favorable cytokine milieu, which is crucial for the successful 

implantation process, called decidualization. The predominant immune cells in the 

PE endometrium are macrophages and T-cells (35–50%), whereas uNK cells 

dominate (25%) in the SE phase, partially controlling the trophoblast invasion 

process, especially in the decidualized eSCs (Dekel, Gnainsky, Granot, & Mor, 

2010). The uNK cells play a critical role in endometrium receptivity, angiogenesis, 

and the successful establishment of pregnancy, whereas leukocytes (up to 15% 

macrophages) prepare the endometrium for menstruation later in the cycle (Bulmer 

& Lash, 2019; Thiruchelvam, Dransfield, Saunders, & Critchley, 2013). Indeed, a 

single-cell transcriptome study reveals that lymphocytes in the decidualized 

endometrium have higher levels of uNK expression during pregnancy than their 

non-decidualized counterparts (Wang et al., 2020). Altered uterine immune cell 

response or imbalance in immune cell populations may result in abnormal 

endometrial function, which could also contribute to decreased endometrial 

receptivity and early miscarriage (Yockey & Iwasaki, 2018). Moreover, the altered 

immune cell function may also promote pathologies like endometriosis lesion 

formation (endometrial tissue growth outside the uterus) and aggravate endometrial 

pathologies related to PCOS and EC (Hu, Pang, Ma, & Yi, 2020; Miller et al., 2017; 

Wallace, Gibson, Saunders, & Jabbour, 2010). 



 

36 

2.2.2 Endometrial renewal 

Every month, the endometrium undergoes a cycle of regeneration, differentiation, 

and shedding. Remarkably, 4–7 mm of mucosal tissue grows within 4–10 days in 

the first half of the menstrual cycle (Jabbour et al., 2006), regulated by ovarian 

steroid hormones and various growth factors (Gargett et al., 2016). Locally 

produced growth factors participate in endometrial regeneration by mediating the 

mitogenic effects of E2 and differentiating effects of P4 through autocrine and/or 

paracrine interactions mainly between stromal and epithelial cells. Estrogen 

induces the proliferation of endometrial cells by upregulating the synthesis and 

secretion of transforming growth factor β (TGFβ), epidermal growth factor receptor 

(EGFR), and insulin-like growth factor-1 (IGF-1) (Giudice, 1994). Basic fibroblast 

growth factor (bFGF) and platelet-derived growth factor (PDGF) promote the 

proliferation of eSCs through autocrine interaction with their receptors during the 

PE stage (Möller, Rasmussen, Lindblom, & Olovsson, 2001). In addition, 

hepatocyte growth factor (HGF), leukemia inhibitory factor (LIF), and stem-cell 

factor (SCF) also play important roles in endometrial cell proliferation, 

angiogenesis, and implantation and may have roles in endometrial regeneration 

(Giudice, 1994; Kauma et al., 1996; Negami et al., 1995). The global gene 

expression data from the PE endometrium also evidences that estrogen is primarily 

important for endometrial growth (Yanaihara et al., 2005). 

2.2.3 Role of stem cells in endometrial renewal 

As already discussed in section 2.2.1 (Endometrial mesenchymal stem cells, 

eMSCs), due to their self-renewal capacity and higher proliferative potential, 

eMSCs have been reported to be responsible for the monthly regeneration and 

repair of human endometrial tissue (Gargett & Ye, 2012). It has previously been 

demonstrated that MSCs from various organs migrate to the site of damage or 

injury in response to cytokine and chemokine secretion (Ding, Shyu, & Lin, 2011; 

Stagg, 2007). Similarly, when endometrial tissue is damaged during menstruation, 

bmMSCs can migrate to the endometrium, where they differentiate into eMSCs, 

thereby contributing to the endometrial stem cell reserve and endometrial 

regeneration (Aghajanova, Horcajadas, Esteban et al., 2010; Taylor, 2004). 

According to Santamaria et al. (2016), stem cell therapy with CD133+ bmMSCs 

from autologous peripheral blood is beneficial for patients with Asherman’s 

syndrome and/or endometrial atrophy by improving the endometrial cavity, 
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restoring thickness, and achieving optimal pregnancy outcomes (Santamaria et al., 

2016). Indeed, several studies have suggested that MSCs engrafted into the 

endometrium in rodents and humans are capable of differentiation into epithelial, 

stromal, and endothelial, thereby promoting endometrial regeneration and fertility 

(Liu, Tal, Pluchino, Mamillapalli, & Taylor, 2018; Santamaria, Mas, Cervelló, 

Taylor, & Simon, 2018; Zhao et al., 2019). 

2.2.4 Role of inflammation in endometrial renewal and cell 

recruitment 

As mentioned earlier in section 2.2 (Secretory phase), during the LSE, after P4 

withdrawal, the endometrium undergoes a complex sequential inflammatory 

process that leads to tissue breakdown, activation of degradative enzymes, and 

apoptosis cascade. After menstruation, the rapid re-establishment of tissue integrity 

and regeneration occurs along with restored steroid hormone levels (Evans & 

Salamonsen, 2012). As P4 acts as an anti-inflammatory agent, the decline of this 

hormone during the LSE leads to the activation of hypoxia-mediated inflammatory 

cascades. This complex network plausibly plays a key role in leukocyte recruitment, 

enhanced synthesis of cytokines, and the production of other inflammatory 

modulators. Indeed, several studies have suggested that this inflammatory event 

within the endometrium milieu acts as the key homing signal for the migration of 

bmMSCs toward the site of injury, similarly to other tissues (Du & Taylor, 2007; 

Eseonu & De Bari, 2015; Kuçi, Henschler, Müller, Biagi, & Meisel, 2012; Liu, 

Tian, Cheng, & Zhang, 2013). 

Indeed, the initiation and regulation of bmMSC migration involve a distinct set 

of cytokines that serve as targeted migratory cues in MSCs trafficking toward 

injured tissues (Karp, J. M., & Leng Teo, G. S. 2009). For instance, a study using a 

rodent model of hypoxic-ischemic brain lesions reported the interaction between 

stromal cell-derived factor-1α (SDF-1α) and its cognate receptor CXC chemokine 

receptor 4 (CXCR4) as crucial for the homing and migration of MSCs (Yu et al., 

2015). Moreover, bmMSCs treated with tumor necrosis factor (TNF)-α increase 

their migration potential toward chemokines by upregulating their chemokine 

receptor activity (Ponte et al., 2007). In addition, previous research has shown that 

inflammatory cytokines, including transforming growth factor (TGF)-β1, 

interleukin (IL)-1β, and TNF-α may upregulate the synthesis of matrix 

metalloproteinases (MMPs) in bone marrow or umbilical cord-derived MSCs. This 

mechanism activates the tissue healing process by causing a substantial stimulation 
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of chemotactic migration across the ECM to the target-injured destination region 

(Chen et al., 2018; Zgheib, Xu, & Liechty, 2014). Indeed, a review study by Ullah 

(2019) concluded that MSC homing occurs toward chemokine gradients via a 

complex, multistep process of molecular mechanisms (Ullah et al., 2019). 

However, the data on the cytokine secretion patterns of MSCs followed by their 

migratory properties in different tissues are limited. Likewise, there are scarce data 

regarding the comparison of bmMSCs and different endometrial cell populations. 

2.2.5 Abnormal endometrial renewal 

Since adult stem cells are the principal components for endometrium regeneration 

and tissue homeostasis, it is likely that defective endometrial stem/progenitor cell 

function as well as the surrounding niche may also be involved in abnormal 

endometrial renewal (Gargett, 2007b). Any kind of endometrial hormonal 

perturbation may result in aberrant endometrium formation, such as a thin 

endometrium, that is insufficient for embryo implantation (El-Toukhy et al., 2008). 

Asherman’s syndrome, on the other hand, is caused by endometrial trauma, which 

causes partial or complete obliteration of the endometrial lining in the uterine cavity, 

resulting in irregular menstruation, infertility, recurrent pregnancy loss, and ectopic 

pregnancy (Yu, Wong, Cheong, Xia, & Li, 2008). The altered endometrial 

environment may also promote pathologies like endometriosis lesion formation and 

EC (Hu et al., 2020; Miller et al., 2017; Wallace et al., 2010). 

2.3 Polycystic ovary syndrome (PCOS) 

PCOS is the most frequent heterogeneous endocrine condition among women with 

reproductive, metabolic, and psychological features. Depending on the diagnostic 

criteria and ethnicity, the prevalence ranges from 5% to 20% (Alvarez-Blasco, 

Botella-Carretero, San Millán, & Escobar-Morreale, 2006; Azziz et al., 2004; 

Lizneva et al., 2016). In 1990, the National Institutes of Health (NIH) defined the 

criteria for PCOS as requiring the presence of clinical and/or biochemical signs of 

hyperandrogenism and chronic anovulation, after the exclusion of other endocrine 

disorders, such as non-classical adrenal hyperplasia, thyroid dysfunction, hyper- 

prolactinemia, and androgen-secreting neoplasm (Zawadski & Dunaif, 1992). In 

2003, the Rotterdam Criteria were established by the European Society for Human 

Reproduction and Embryology (ESHRE) and the American Society for 

Reproductive medicine (ASRM). The revised criteria required at least two of three 
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features: (1) oligo- and/or anovulation (OA), (2) clinical and/or biochemical sign 

of HA, and (3) polycystic ovaries, after the exclusion of other etiologies (congenital 

adrenal hyperplasia, androgen-secreting tumors, Cushing syndrome) (Rotterdam 

ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2004). The third 

recommendation was introduced by the Androgen Excess and PCOS (AE-PCOS) 

society in 2006 with three criteria: (1) hirsutism and/or hyperandrogenemia (HA), 

(2) ovarian dysfunction (OA and/or PCOM), and (3) the exclusion of other 

androgen access-related disorders, such as adrenal hyperplasia, androgen-secreting 

neoplasm, Cushing´s syndrome, insulin resistance, thyroid dysfunction, and 

hyperprolactinemia (Azziz et al., 2006). The diagnostic criteria of PCOS are 

presented in Table 1. 

Table 1. Diagnostic criteria of polycystic ovary syndrome (PCOS). 

Consensus Criterion Required criteria 

NIH1 1990 HA3, OA4 2/2 

Rotterdam 2003 HA, OA, PCOM5,6 2/3 

AE2-PCOS 2006 HA, ovarian dysfunction (OA and/or PCOM) 2/2 

1 National Institutes of Health, 2 Androgen excess, 3 hyperandrogenism, 4 oligo-anovulation, 5 polycystic 

ovarian morphology, 6 The revised PCOM criteria are ≥ 20 follicles per ovary (Teede et al., 2018). 

2.3.1 Pathophysiology of PCOS 

As PCOS is a multifactorial disorder involving genetic predisposition, epigenetic 

modulation, metabolic alteration, and environmental chemical exposure, the 

precise etiology of PCOS remains unknown (Escobar-Morreale, 2018; Goodarzi, 

Dumesic, Chazenbalk, & Azziz, 2011). 

During the normal hypothalamus-pituitary-ovarian axis crosstalk, GnRH is 

released from the hypothalamus in a pulsatile fashion and stimulates the anterior 

pituitary gland to release LH and FSH, also in a pulsatile fashion. During the 

follicular phase, these gonadotrophins act on the ovarian theca and granulosa cells, 

causing E2 secretion as shown in section 2.1.2 Ovarian cycle and Figure 1 

(Messinis, 2006). After ovulation, during the luteal phase, P4 is released from the 

corpus luteum. Both E2 and P4 have a negative feedback impact on GnRH pulse 

activity, preventing FSH and LH from rising above a particular level (Marques, 

Skorupskaite, George, & Anderson, 2000). PCOS women are presented with higher 

GnRH neuron activity and a consequent increase in the LH pulse frequency 

compared to non-PCOS women. This altered situation may be caused partly by 
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central E2 and P4 resistance related to hyperandrogenism, but also due to 

anovulation (Figure 4) (Abbott, Dumesic, & Levine, 2019; Moore & Campbell, 

2016; Roland & Moenter, 2014). 

 

Fig. 4. Pathogenesis of the PCOS endometrium. Increased androgen production is 

hypothesized to be caused by high GnRH pulse frequency in the hypothalamus, which 

favors LH synthesis over FSH production in the anterior pituitary gland. LH stimulates 

the generation of androgens by theca cells in the ovarian stroma. The granulosa cells' 

aromatase-mediated conversion of androgen to estrogen is reduced with low FSH level. 

GnRH, gonadotrophic-releasing hormone; LH, luteinizing hormone; FSH, follicular-

stimulating hormone; P4, progesterone; 3β-HSD, 3β-hydroxysteroid dehydrogenase; 

17-OH-P4, 17-hydroxyprogesterone; 17β-HSD, 17β-hydroxysteroid dehydrogenase. 

In PCOS, low FSH results in follicle arrest and polycystic ovarian morphology 

(PCOM) (Goodarzi et al., 2011; Rosenfield & Ehrmann, 2016). Anti-Müllerian 

hormone (AMH), produced by ovarian granulosa cells of the preantral and small 

antral follicles, may also be responsible for neuroendocrine dysregulation. AMH 

has been found to be 75 times higher in anovulatory polycystic ovaries compared 

to normal ones. High AMH inhibits follicular growth and development, 

contributing to follicular arrest in women with PCOS (Pellatt et al., 2007). In 

addition, cohort studies have indicated that pregnant women with PCOS also 

present with significantly elevated AMH levels compared to non-PCOS pregnant 

controls (Piltonen et al., 2019). Furthermore, the administration of a high dose of 
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AMH to gravid mice resulted in persistent hyperactivated GnRH pulsatility and 

GnRH signaling in female offspring. Taken together, AMH seems to be one of the 

key factors in PCOS pathogenesis by reprogramming the fetus and possibly 

predisposing PCOS phenotypes in adulthood (Tata et al., 2018). 

Insulin is another factor that contributes to GnRH pulsatility and LH secretion 

by upregulating GnRH gene expression in hypothalamic GnRH neurons via 

activation of the MAP kinase (MAPK) pathway (Kim, DiVall, Deneau, & Wolfe, 

2005). In ovarian theca cells, insulin induces androgen secretion together with LH 

and promotes hyperandrogenism through the activation of 17α-hydroxylase-17,20-

lyase encoded by cytochrome P450c17α (CYP17A1) (Kakuta, Iguchi, & Sato, 

2018). Moreover, insulin has inhibitory effects on sex-hormone-binding globulin 

(SHBG) production in the liver, which results in increased biologically active free 

testosterone in circulation (Daka et al., 2012). Additionally, insulin stimulates 

steroidogenesis from the adrenal cortex, further enhancing androgen secretion and 

insulin resistance (de Melo et al., 2015; Tsilchorozidou, Overton, & Conway, 2004). 

In such insulin-resistant conditions, more insulin is released from the pancreas, 

which stimulates theca cells to produce even more androgens. This vicious cycle is 

illustrated in Figure 4. 

2.3.2 Anovulation and endometrial dysfunction in women with PCOS 

PCOS is the most common reason behind anovulatory infertility (Franks, Stark, & 

Hardy, 2008; Thessaloniki ESHRE/ASRM-Sponsored PCOS Consensus Workshop 

Group, 2008). According to international PCOS guidelines, PCOS is considered a 

risk factor for infertility only in the presence of oligo-anovulation (Legro et al., 

2013). Interestingly, even though ovulations are medically restored in PCOS, the 

endometrial environment seems to remain altered, suggesting an underlying 

pathology (Qiao, Wang, Li, & Zhang, 2008). Different from non-PCOS women, 

the quality of oocytes in women with PCOS is determined by a number of factors, 

including the hyperandrogenic phenotype and the existence of associated 

comorbidities, like obesity and hyperinsulinemia (Palomba, Daolio, & La Sala, 

2017). However, to date, there is no clear consensus on whether women with PCOS 

have impaired oocyte quality compared to non-PCOS women. Cohort studies have 

demonstrated that infertile women with PCOS have better IVF success compared 

to their non-PCOS counterparts (Heijnen et al., 2006; Kalra, Ratcliffe, & Dokras, 

2013). 
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On the other hand, PCOS is associated with several endometrium-related 

adverse pregnancy outcomes, such as an increased miscarriage rate, preeclampsia, 

prematurity, and even EC (Bahri Khomami et al., 2019; Palomba et al., 2020). 

Especially hyperandrogenic women with PCOS seem to present with disrupted 

decidualization, abnormal trophoblast invasion, and shallow placentation 

compared to non-PCOS women (Boomsma, Fauser, & Macklon, 2008; Palomba et 

al., 2012; Palomba et al., 2015; Roos et al., 2011). To support the idea of a diseased 

endometrium in PCOS, several studies have reported alterations at the molecular 

level, including inflammation, altered steroid hormone effect, and impaired glucose 

transport. 

2.3.3 Diseased endometrium in PCOS 

The transcriptome profile of the PCOS endometrium 

Despite vast research, scarce transcriptome data are available on the PCOS 

endometrium. In early studies, the global gene expression analysis method has 

revealed that, in women with PCOS, there are a large proportion of downregulated, 

differentially expressed genes (DEGs) in the MSE (window of implantation, WOI; 

LH+7) involving biological and molecular function related to cellular 

morphogenesis, adhesion, invasive growth, cellular trafficking, protein binding, 

and growth factor activity (Bellver et al., 2011; Qiao et al., 2008). Researchers have 

also stated that the altered transcription profile is even more “off” in the presence 

of obesity. Studies have also suggested aberrant E2 signal cascade and P4 resistance 

in medically induced ovulatory cycles (Savaris et al., 2011). Interestingly, 

downregulated DEGs involved in biological functions, such as cell cycle, apoptosis, 

glycolysis, insulin signaling, cytoskeletal network, and inflammation, appear to be 

prevalent in the proliferative endometrium in women with PCOS (Kim et al., 2009; 

Piltonen et al., 2013; Roemer, Young, & Savaris, 2014). Moreover, eSCs from 

women with PCOS presented with DEGs associated with defective insulin 

signaling, disrupted cell cycle, and altered glucose metabolism during in vitro 

decidualization (Lee et al., 2019). To support the findings on altered energy 

metabolism, gene expression data from a hyperandrogenic and insulin-resistant 

PCOS rodent model showed mitochondrial dysfunction associated with defective 

uterine function; however, these alterations are suggested to be involved in 

epigenetic regulation (Mimouni et al., 2021; Risal et al., 2019). 



 

43 

Estrogen effect and progesterone (P4) resistance 

In PCOS, anovulation leads to the disruption of the normal uterine/ovarian cycle, 

affecting endometrial growth and development. Indeed, abundant literature has 

demonstrated that hormonal perturbations are caused via the aberrant expression of 

abnormal steroid hormone receptors and their co-regulators in PCOS 

(Hosseinzadeh, Barsky, Gibbons, & Blesson, 2021; Ryu, Kim, Kim, & Ku, 2019). 

As shown in Figure 5, hormonal perturbation and altered expression of hormonal 

receptors and their co-activators (estrogen, progesterone, and the androgen receptor; 

ER, PR, AR) are reported to be associated in the compromised PCOS endometrium. 

As mentioned earlier, E2 is responsible for endometrial proliferation and 

differentiation (Shang, Jia, Qiao, Kang, & Guan, 2012). The effects of E2 are 

mediated through nuclear estrogen receptor α and β (ERα and ERβ) as well as non-

genomic pathways such as ERα36 and G-protein-coupled ER-1 (GPER) (Lin, Tu, 

Du, Yan, & Qiao, 2013; Shang et al., 2012). Previous studies have indicated that 

the PE endometrium presents with higher ERα expression in women with PCOS 

compared to non-PCOS women (Maliqueo et al., 2003; Villavicencio et al., 2006). 

Intriguingly, ERα and ERα36 have recently been found to be lower in the PE 

endometrium, and the difference was exacerbated by obesity. Additionally, the 

expression of GPER is also lower in the secretory endometrium (Hulchiy, Nybacka, 

Sahlin, & Hirschberg, 2016; Lin et al., 2013; Wang et al., 2011). The expression of 

p160, a steroid receptor coactivator, has also been found to be higher in the PCOS 

endometrium, enhancing ERα activation and estrogen effects (Gregory et al., 2002; 

Szwarc, Kommagani, Lessey, & Lydon, 2014). 

Additionally, the PCOS endometrium also presents with lower PR expression 

in both the stroma and the epithelium (Margarit et al., 2010; Quezada et al., 2006). 

This alteration is augmented by BMI, most likely because of prolonged estrogen 

effects, as PR-A expression in the PE endometrium of obese PCOS women is lower 

than PR-B expression compared to BMI-matched healthy women with regular 

ovulatory cycles (Paulson, Sahlin, & Hirschberg, 2017). Indeed, the PR isoforms 

in the nucleus differ and are linked to P4 resistance, a condition of decreased 

responsiveness of target tissue to bioavailable P4 (Patel et al., 2015; Savaris et al., 

2011). The deranged PR isoform expression is closely linked to ER-α expression 

and an increase in factors related to cell proliferation (e.g., Ki-67) in anovulatory 

women with a proliferative PCOS endometrium compared to normo-ovulatory 

proliferative non-PCOS women (Hu et al., 2018). Notably, endometrial P4 
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resistance has also been detected in women with PCOS without hyperandrogenism 

(Babayev et al., 2017; Zeng, Xie, Liu, Long, & Mo, 2020). 

 

Fig. 5. Altered endometrial milieu in women with PCOS. The cyclic change in the 

endometrium is disrupted due to anovulation, thus leading to prolonged estrogen 

exposure and the lack of a progesterone effect. Together with the other alterations (i.e., 

inflammatory and endocrine), the PCOS endometrium experiences stress that 

contributes to the diseased endometrial milieu. 

Androgen receptors (ARs) and hyperandrogenism 

In addition to differences in ER and PR, women with PCOS exhibit higher 

endometrial AR expression in both the stroma and epithelium compared to non-

PCOS women (Apparao, Lovely, Gui, Lininger, & Lessey, 2002; Quezada et al., 

2006). Interestingly, AR expression in the endometrium fluctuates throughout the 

menstrual cycle also in ovulatory women with PCOS with an overexpression of AR 

co-activators, such as amplified breast cancer-1 (AIB1), intermediary factor-2, 

steroid receptor co-activators of the p160 family, and AR-associated protein 70 

(ARA70) (Plaza-Parrochia, Romero, Valladares, & Vega, 2017; Simitsidellis, 

Saunders, & Gibson, 2018). Moreover, the AR co-regulator melanoma-associated 

antigen (MAGEA11), a known enhancer of AR, has been shown to be overexpressed 

during the entire menstrual cycle in women with PCOS, possibly indicating the 
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local production of androgens (Younas et al., 2019). In PCOS women with 

hyperinsulinemia, circulating SHBG levels have also been found to be low, 

implying a higher proportion of free testosterone (T) and androgen (A) affect 

(Maliqueo et al., 2007). Moreover, 5α-reductase expression is highly increased in 

the PCOS endometrium, converting T to dihydrotestosterone (DHT), a more potent 

metabolite of T, and resulting in a subsequent hyperandrogenic milieu (Plaza-

Parrochia et al., 2017). 

Hyperandrogenism (HA), thought to be the key factor for the altered 

endometrial environment in women with PCOS, is also the main criterion for PCOS 

diagnosis, as mentioned in Table 1. A study by Pasquali et al. (2016) reported that 

despite having a heterogeneous clinical or biochemical profile, hyperandrogenism 

is present in 90% of women with PCOS (Pasquali et al., 2016). Many clinical 

outcomes are worse in hyperandrogenic women with PCOS, and placental 

derangements and pregnancy complications also seem to be related to the 

hyperandrogenic phenotype of PCOS (McDonnell & Hart, 2017; Sir-Petermann et 

al., 2002). Indeed, a DHT-induced PCOS mouse model showed irregular estrous 

cycles, loss of mature ovarian follicles, insulin resistance and obesity, and adverse 

pregnancy outcomes (Stener-Victorin et al., 2020; Zhang, Ma et al., 2019). 

Moreover, hyperandrogenism and insulin resistance play a critical role in 

mitochondrial-mediated oxidative stress and inflammation, and perturbed gene 

expression related to these functions have been shown in a PCOS-like rat 

endometrium (Hu et al., 2019). Therefore, a significant number of recent studies 

utilizing PCOS animal models have shown reproductive dysfunction, insulin 

resistance, and metabolic disorders, suggesting hyperandrogenism as a key factor 

for PCOS etiology and endometrial dysfunction (Rosenfield & Ehrmann, 2016; 

Stener-Victorin et al., 2020). 

Steroid hormone regulation and decidualization 

Additionally, decidualization, a P4-driven mandatory event for successful 

implantation (discussed in section 2.2), has been found to be compromised in 

women with PCOS. An in vitro study suggested that the decidualization response 

of eSCs was decreased in a subset of women with PCOS with reduced expression 

of classical decidualization markers PRL and IGFBP-1 (Piltonen et al., 2015). 

Moreover, a spontaneous or medically induced SE endometrium obtained from 

women with PCOS presented with an upregulation of numerous P4-regulated genes 

relevant to the implantation process (Qiao et al., 2008; Savaris et al., 2011). Indeed, 
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a dehydroepiandrosterone (DHEA) mouse model that, shared various PCOS 

features with ovarian morphology, follicle maturation and anovulation, HA, and 

insulin resistance (Kauffman et al., 2015; Luchetti et al., 2004) presented with a 

downregulation of implantation-related genes related to the LIF-STAT3 pathway in 

artificial decidualization conditions (Li et al., 2016). Moreover, DHT exposure has 

been reported to induce impaired decidualization and placentation that could be 

linked to the poor endometrial vasculature and angiogenesis in PCOS rats (Hu et 

al., 2019). 

Global changes in the endometrial gene expression profile and an abnormal 

expression of sex hormone receptors and their co-receptors suggest intrinsic 

abnormalities in the PCOS endometrium (Hosseinzadeh et al., 2021; Kim et al., 

2009; Quezada et al., 2006). Previous studies have reported disrupted 

decidualization and placentation in women with PCOS related to an impaired P4 

effect, especially in the presence of androgens or hyperandrogenism (Li et al., 

2016). Previously, DHT has been reported to enhance decidualization in non-PCOS 

eSCs (eSCCtrl) (Cloke et al., 2008); however, this effect was not seen in decidualized 

eSCs in women with PCOS (eSCPCOS) (Younas et al., 2019). There is currently no 

information on the role of ovarian steroid hormones in the transcriptome 

modulation of decidualized and non-decidualized eSCs in PCOS women, 

particularly in response to DHT. 

Metabolic effects 

Hyperandrogensim, insulin resistance, and compensatory hyperinsulinemia play 

central roles not only in metabolic dysfunction but also in reproductive 

derangements associated with endocrinopathy in women with PCOS. In fact, 

increased insulin levels (as described in section 2.3.1) cause a downregulation of 

decidualization marker IGFBP-1 production in the liver, resulting in enhanced IGF-

1 bioactivity and subsequently boosting ovarian androgen synthesis (Kelly, Stenton, 

& Lashen, 2011; Thierry van Dessel, Lee, Faessen, Fauser, & Giudice, 1999). 

Hyperinsulinemia promotes the development of metabolic abnormalities such as 

type 2 diabetes mellitus (DMT2), hypertension, dyslipidemia, and cardiovascular 

illnesses and thereby plays a critical role in the development of numerous 

phenotypic characteristics of PCOS (Moran, Misso, Wild, & Norman, 2010). 

Insulin regulates glucose uptake facilitated by glucose transporter 4 (GLUT4). 

In the endometrium, P4 induces changes in endometrial GLUT4 expression during 

the menstrual cycle, thereby resulting in altered glucose intake in the PCOS 
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endometrium and disturbed energy metabolism in these women (Cui et al., 2015). 

Thus, the hyperandrogenic PCOS endometrium is often presented with altered 

insulin signaling and systemic hyperinsulinemia independent of obesity. Increased 

androgens promote insulin resistance and reduce the expression of insulin receptor-

1 (IR1) and GLUT4 in endometrial epitheliums. This situation promotes disrupted 

insulin signals with altered IR and/or GLUT4 expression (Zhang & Liao, 2010). As 

hyperinsulinemia and hyperandrogenism co-exist in PCOS, the assessment of 

individual effects is tedious and requires further clarification. 

Inflammation 

PCOS women are presented with systematic, low-grade, chronic inflammation 

reflected by increased C-reactive protein (CRP) compared to non-PCOS women 

(Kelly et al., 2001). In addition to serum CRP, women with PCOS have more 

peripheral lymphocytes, monocytes, eosinophilic granulocytes, TNF-α, and IL-6 in 

their circulation. Particularly, compared to normal ovaries, PCOS ovaries have 

continuous chronic inflammation with a higher number of inflammatory cells 

(Xiong, Liang, Yang, Li, & Wei, 2011). 

The PCOS endometrium also seems to suffer from increased low-grade chronic 

inflammation; however, the data are still scarce. Interestingly, the stroma and 

epithelium in the anovulatory PCOS endometrium are presented with the increased 

expression of monocyte chemoattractant protein (MCP-1/CCL2), which may also 

be related to altered immune cell migration, especially in women with a high BMI 

(Oróstica et al., 2016; Piltonen et al., 2013). Moreover, both normal and over-

weight PCOS women demonstrate significantly higher endometrial inflammation 

by overexpressing NF-κB p65 (Koc, Ozdemirici, Acet, Soyturk, & Aydin, 2017). A 

recent in vitro study also demonstrates that the PCOS endometrium has increased 

toll-like receptor (TLR)-2 and TLR4-mediated activation of interferon regulatory 

factor-7 (IRF-7), cytokine production, and inflammation compared to non-PCOS 

women, particularly related to hyperandrogenism (Hu et al., 2021). Indeed, a 

prospective clinical investigation found that women with PCOS have altered 

endometrial immune cell migration properties, which may suggest a state of 

chronic low-grade inflammation in these women irrespective of obesity (Liu et al., 

2021) in accordance with prior studies (Matteo et al., 2010; Piltonen et al., 2013). 
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2.4 Endometrial cancer (EC) 

Endometrial cancer (EC) is one of the most frequent and the fifth most common 

malignancies with an increasing incidence in women (Brooks et al., 2019; Stasenko 

et al., 2020). Most endometrial tumors are hormonally driven, and especially 

estrogen signaling through estrogen receptor α (ERα) appears to act as an 

oncogenic signal to develop EC (Kamal et al., 2016). Genes involved in cell cycle 

regulation, proliferation, and morphogenesis have been found to be associated with 

the initial steps of myometrial infiltration in endometrioid cancer development 

(Abal et al., 2006). In addition, obesity-related insulin secretion is closely linked to 

the occurrence and development of EC (Gallagher & LeRoith, 2015; Schmandt, 

Iglesias, Co, & Lu, 2011). Furthermore, low serum adiponectin levels and increased 

chronic inflammation in obese patients are considered as the important factors for 

increasing the risk of EC as illustrated in Figure 6 (Cust et al., 2007; Dossus et al., 

2010; Friedenreich et al., 2013; Lin, Zhao, & Kong, 2015). 

 

Fig. 6. The main risk factors promoting endometrial cancer (EC) are associated with 

genetic and epigenetic predisposition. Diet, medication, and therapy can minimize the 

risks. 

The well-established clinicopathological risk factors in EC include tumor 

histotypes, stage, grade, size, age, BMI, deep lymphovascular (LVSI) and 
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myometrial space invasion (Creasman et al., 2006). Lifestyle intervention and 

hormone/chemotherapy are mainly considered as preventive strategies in EC 

patients (Figure 6) (MacKintosh & Crosbie, 2018; Rauh-Hain & Del Carmen, 

2010). However, patients with identical clinicopathological features may exhibit 

different disease outcomes, indicating a genetic risk profile. 

2.4.1 PCOS and EC risk 

Besides endometrium-related conditions like miscarriage and preeclampsia, 

women with PCOS also present with a three- to five-fold increased risk of EC 

development (Barry, Azizia, & Hardiman, 2014; Chittenden, Fullerton, 

Maheshwari, & Bhattacharya, 2009; Shafiee et al., 2014). The endometrial 

hormonal, metabolic, and inflammatory abnormalities as described earlier in 

section 2.3.3 most likely explain the risk. Indeed, risk factors associated with EC 

in women with PCOS have a multifaceted relationship with oligo-amenorrhea, 

unopposed E2, obesity, HA, hyperinsulinemia, inflammation, and genetic 

predisposition (Fearnley et al., 2010; Haoula, Salman, & Atiomo, 2012; Hart & 

Doherty, 2015). Approximately 70–80% of ECs are Type I (EC1) tumors and have 

been reported to be over-represented in PCOS (Fearnley et al., 2010). The 

association between PCOS and EC appears to be confined to premenopausal 

women, possibly due to chronic E2 exposure (Pillay et al., 2006). Indeed, in vitro 

findings have demonstrated that eSFs in women with PCOS have a compromised 

decidualization response with upregulated pro-inflammatory cytokines and 

chemokines with oncogenic potential compared with non-PCOS counterparts 

(Piltonen et al., 2015). Altogether, the data on EC in women with PCOS remain 

scarce, and as such its underlying mechanism and risk phenotypes should be 

assessed in larger and more detailed studies. 

2.5 Stanniocalcin-1 (STC-1) 

STC-1, a 56 kDa glycoprotein, plays an important role in serum calcium phosphate 

homeostasis (Wendelaar Bonga & Pang, 1991; Yoshiko & Aubin, 2004). The 

human STC-1 gene is widely expressed in numerous tissues, suggesting that STC-

1 functions in a paracrine/autocrine fashion rather than in an endocrine manner 

(Ishibashi & Imai, 2002). STC-1 is involved in a diverse spectrum of physiological 

and pathophysiological processes, including angiogenesis, mineral homeostasis, 

bone and muscle formation, organogenesis, cerebral ischemia, idiopathic 
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pulmonary fibrosis, and hypertonic stress (Huang et al., 2012; Mohammadipoor, 

Lee, Prockop, & Bartosh, 2016; Ohkouchi et al., 2015; Westberg, Serlachius, 

Lankila, & Andersson, 2007). 

In addition, over the last 20 years, numerous studies have reported the 

expression of STC-1 within female reproductive tissues, including the uterus, 

ovaries, and placenta (Kikuchi et al., 2011; Song, Bazer, Wagner, & Spencer, 2006; 

Xiao et al., 2006). The pleiotropic effect of STC-1 on several important biological 

functions, including female reproduction, warrants further studies in this area. 

However, the role of STC-1 in ovarian follicular development, blastocyst 

implantation, vasculature remodeling in early pregnancy, placental development, 

and lactation have already been described (Jepsen et al., 2016; Juhanson et al., 2016; 

Xiao et al., 2006). Notably, the dysregulation of STC-1 within reproductive tissues 

has been linked to common reproductive disorders, including endometriosis, poor 

trophoblast invasion, and placental perfusion in early pregnancy (Abid et al., 2020; 

Aghajanova et al., 2016; Juhanson et al., 2016). 

2.5.1 STC-1 expression in the human endometrium 

Several high-throughput transcriptome studies have implicated the presence of 

STC-1 in the human endometrium with tissue expression levels fluctuating 

throughout the menstrual cycle and correlating with the expression of receptivity 

markers during the WOI (Allegra et al., 2009; Boggavarapu et al., 2016; Talbi et 

al., 2006). Interestingly, STC-1-/- knockout mice were shown to be fertile, implying 

that STC-1 plays a role in cellular protection in the endometrial environment rather 

than being essentially involved in the implantation process (Chang, Cha, Koentgen, 

& Reddel, 2005; Zhang et al., 2000). 

The specific expression pattern and cellular localization of STC-1 in the human 

endometrium in both normal and pathological conditions is poorly understood. 

Aghajanova et al. (2016) reported, for the first time, the expression profiles of this 

protein in the eSCs of a healthy and diseased endometrium. In their study, STC-1 

protein expression appeared to be higher in the luminal epithelium and stroma 

compared to the glandular epithelium. Notably, their research demonstrates that the 

prevalence of STC-1 in the secretome of the receptive MSE endometrium from 

healthy women could indicate a key function in the implantation process, whereas 

women with endometriosis have a lower expression (Aghajanova et al., 2016). In 

kidney cells, the calcium-sensing receptor (CASR) has been reported to be 

responsible for the modulation of STC-1 expression; however, this has not been 
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confirmed in the case of the human endometrium and thus requires further 

investigation (Aghajanova et al., 2016; C. H. Lin, Su, & Hwang, 2014). 

2.5.2 Cellular trigger involved in endometrium STC-1 expression 

Despite the fact that STC-1 expression varies throughout the menstrual cycle, 

previous research has reported that STC-1 gene expression in eSCs does not 

respond to steroid hormone (E2, P4) stimulation. This may indicate that other 

signaling factors are involved in STC-1 expression, particularly in the human 

endometrium (Aghajanova et al., 2016; Kikuchi et al., 2011). Interestingly, in vitro 

decidualization with 8-Br-cAMP was able to considerably upregulate the 

expression of STC-1 at both the transcriptome and protein levels in healthy women; 

however, this expression was significantly reduced in cases of endometriosis 

(Aghajanova et al., 2016). 

In addition, STC-1 has been identified as one of the hypoxia-responsive genes 

linked to hypoxia-driven angiogenesis in multiple cancer cell types (Chi et al., 2006; 

Yeung, Shek, Lee, & Wong, 2015). Elevated levels of STC-1 have been shown to 

increase resistance to hypoxia and oxidative cellular stress in neurons, also 

indicating a protective role for STC-1 against cellular stress (Zhang et al., 2000). 

In addition, inflammation has also been shown to be involved in STC-1 response, 

as IL-6 has been found to mediate STC-1 upregulation with cyto-protection in 

hypoxic brain and heart tissues (Westberg et al., 2007). In fact, hypoxia is 

commonly present during embryo implantation, endometrial collapse and shedding, 

and cancer progression (Maybin et al., 2018; Ujvari et al., 2018; Yu et al., 2019). 

STC-1 might also be activated through hypoxic, oxidative, and inflammatory stress 

in the endometrium. Taken together, STC-1 might play a role in protecting the 

endometrium from commonly known stress factors related to hypoxia, 

inflammation, or cellular stress conditions. 

2.5.3 Role of STC-1 in cancer development 

In addition to the numerous functions described earlier in section 2.5, STC-1 has 

been shown in various studies to play an important role in the development and 

progression of human cancers, such as thyroid, hepatocellular, colorectal, breast, 

ovarian, and cervical cancers (Fujiwara et al., 2000; McCudden et al., 2004; Okabe 

et al., 2001; Zhao et al., 2020). Interestingly, STC-1 is regulated by numerous 

tumor-related factors affecting complex cellular signaling pathways. It can 
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modulate tumor phenotypes, either inducing or suppressing their expression. 

Particularly, several studies have reported that STC-1 promotes tumor cell viability 

and proliferation and facilitates solid tumor invasion and metastasis (Chang, 

Jellinek, & Reddel, 2003; Zhao et al., 2020). Moreover, STC-1 may play a role in 

the modulation of hypoxia inducible factor (HIF-1) under hypoxia conditions and 

thereby initiate the expression of several downstream genes related to altered 

metabolic reprogramming for the favorable initiation of the tumor 

microenvironment (Sun, Suo, Li, Zhang, & Gao, 2018; Yeung et al., 2005). Indeed, 

STC-1 gene expression stimulated by hypoxia has been reported in various human 

cancers, such as colon, nasopharyngeal, and ovarian cancer (Law, Ching, Lai, & 

Wong, 2010; Yeung et al., 2005). 

Furthermore, STC-1 is involved in multiple cancer-related signals, such as 

Akt/NFκB, ERK1/2, and JNK signaling pathways (Chan et al., 2017; Jeon, Han, 

Nam, Lee, & Kim, 2016; Nguyen, Chang, & Reddel, 2009). It also participates in 

the epithelial-mesenchymal transition (EMT) process that facilitates the tumor 

microenvironment, thus promoting the initiation of malignant phenotypes 

(Pastushenko & Blanpain, 2019). As for reproduction-related tissues, STC-1 has 

been found to be involved in the corpora lutea function through paracrine action 

(Luo, Kawamura, Klein, & Hsueh, 2004; Varghese, Wong, Deol, Wagner, & 

DiMattia, 1998), whereas the involvement of STC-1 in breast cancer biopsies has 

been shown to be expressed via the autocrine loop (McCudden et al., 2004). 

However, due to the activation of numerous signaling pathways, STC-1 exhibits a 

heterogeneous tissue-specific expression pattern, as seen in Table 2. 

2.5.4 STC-1 in gynecological cancer 

STC-1 plays a significant role in female reproductive cancers. The proteomic 

expression of STC-1 has been shown to be higher in both human ovarian cancer 

cells (stroma and fibroblast) and in serum (Liu et al., 2010; Yang, Yin et al., 2019; 

Zhang, Wang, Wang, Sheng, & Cui, 2019). Moreover, ovarian cancer cells with 

STC-1 overexpression presented with increased cell proliferation, migration, and 

colony formation in xenograft tumors in mice (Liu et al., 2010). In addition, 

recombinant human STC-1 (rhSTC-1) promoted ovarian cancer cell proliferation 

and metastasis, while STC-1 neutralizing antibody (STC-1 Ab) abolished these 

effects, suggesting a role for STC-1 in ovarian tumor development (Yang, Yin et 

al., 2019). 
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Table 2. Expression of STC-1 in several human malignancies. 

Type of cancer Expression 

level of STC-1 

Effect of STC-1 in cells 

Breast cancer (TNBC1) ↑ Promote metastasis 

Breast cancer (ER2+) ↑ Increase cell proliferation 

Breast cancer (BRCA13-mutant) ↓ Inhibit cell proliferation, promote apoptosis 

Ovarian cancer ↑ Increase cell proliferation and migration 

Ovarian cancer ↓ Inhibit cell proliferation, promote apoptosis 

Cervical cancer ↑ Inhibit cell proliferation, migration and invasion 

Colorectal cancer ↑ Stimulate migration and invasion 

Laryngeal squamous cell carcinoma ↑ Correlated with advanced clinical stage 

Leukaemia ↑ Promote chemoresistance, marker of MRD (minimal 

residual disease) 

Gastric cancer ↑ Associated with more lymph metastasis and 

advanced clinical stage 

Non-small cell lung cancer ↑ Associate with advanced tumour stage and 

histological subtype 

Glioma ↑ Associate with high pathological grade 

Hepatocellular carcinoma ↑ Associate with tumour size (< 5 cm in diameter) 

Hepatocellular carcinoma ↓ Associate with tumour size (> 6.3 cm in diameter) 

Thyroid cancer ↑ Enhance cell proliferation, inhibit cell apoptosis 

Oesophageal squamous cell 

carcinoma 

↑ Associate with advanced T-stage 

Lung adenocarcinoma ↑ Increase cell proliferation, inhibit cell apoptosis 

↑ upregulated, ↓ downregulated; 1 triple negative breast cancer, 2 estrogen receptor, 3 breast cancer type 

1. Table adapted from Zhao et al. (2020). 

In contrast, STC-1 expression has been seen to be downregulated in cervical cancer 

tissue compared to non-tumorous cervical tissues. In fact, STC-1 knockout CaSki 

cells from cervical carcinoma results in enhanced cellular growth, migration, and 

invasion. In contrast, overexpression of STC-1 has been found to be capable of 

preventing proliferation and invasion in these cells. The study also showed that NF-

κB p65 protein is directly bound to the STC-1 promoter, thus activating the 

expression of STC-1 in this cell line. The data herein provide new evidence for 

STC-1 being responsible for the inhibition of cellular proliferation and invasion 

through NF-κB p65 activation (Guo et al., 2013). Furthermore, enhanced cell death 

via NF-κB phospho-P65 (Ser536) by PI3K/AKT, IκBα, and IKK signaling is 

responsible for increased cell death via STC-1 overexpression, signifying the 

potential activation through an inflammatory cascade in cervical cancer cells (Pan 

et al., 2017). All of these studies support the role of STC-1 as an anti- and pro-
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tumor factor, depending on the tissue. However, STC-1 expression in endometrial 

malignancies and uterine sarcomas remains unexplored. 

2.5.5 STC-1 as a prognostic marker for cancer 

Given that STC-1 has been found to be associated with the tumor grade, size, 

invasion, and metastasis, it is therefore also closely linked to the prognosis of 

cancer patients. Indeed, STC-1 is highly expressed in various kinds of tumor tissues 

at both the gene and protein levels but also in the serum for some cancers (Zhao et 

al., 2020). STC-1, on the other hand, is not present in circulation in normal 

circumstances, except during pregnancy (Uusküla et al., 2012). A significantly 

higher level of circulating STC-1 in serum is associated with more advanced tumor 

stages in cases of esophageal squamous cell carcinoma, gastric cancer, glioma, lung 

cancer, and clear-cell renal carcinoma (Du et al., 2016; Fang, Tian, Luo, Song, & 

Yi, 2014; Ma et al., 2015; Shirakawa et al., 2012; Su et al., 2015). 

The potential role of STC-1 as a biomarker for cancer development and 

survival has been previously reported in esophageal squamous cell carcinoma 

(ESCC) tissue and gastric cancer (Arigami et al., 2012). In addition, STC-1 

expression is positively correlated with tumor invasion and metastasis in gastric 

and laryngeal squamous cell carcinomas (Fang et al., 2014; Zhou, Li et al., 2014), 

whereas the correlation is negative for the same factors in hepatocellular carcinoma 

(Leung & Wong, 2020). In addition, higher levels of STC-1 in breast cancer tissue 

may indicate a more invasive subtype and worse prognosis (Chen, Zhang, & Pu, 

2019). Taken together, all of these findings support the key role of STC-1 as a 

prognostic marker. 
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3 Aims of the study 

The present study was designed to investigate endometrial cell populations in detail 

to reveal the mechanisms related to endometrial renewal and to assess stromal cell 

function in women with PCOS. Moreover, the role of STC-1 was explored in the 

context of PCOS but also in EC. To summarize, the specific aims were as follows: 

1. To investigate the functional properties and the inflammatory profile of eMSCs 

and compare them to their presumable progenitors, bmMSCs. 

2. To assess the transcriptome profile of non-decidualized and decidualized eSCs 

obtained from women with PCOS and non-PCOS controls in response to short-

term E2 and/or P4 exposure with or without DHT. 

3. To study STC-1 expression during the normal menstrual cycle and in in vitro 

stromal cells obtained from women with PCOS. 

4. To investigate STC-1 protein expression and prognostic value in EC. 

  



 

56 

 



 

57 

4 Materials and methods 

4.1 Study subjects 

Whole biopsy endometrial tissue samples were collected from healthy non-PCOS 

women and women with PCOS diagnosed according to the Rotterdam Criteria 

(described in publications II–III). Two EC cohorts were also included: a tissue 

microarray (TMA) cohort from the University of Helsinki, and a diabetes cohort 

from the University of Oulu (described in detail in publication IV). In addition, 

bone marrow aspirates were collected from patients with scoliosis, and tissues were 

acquired from the bone marrow tissue bank at the University of Oulu (described in 

publication I). Isolated cells from endometrium biopsy samples and bmMSCs were 

used in the studies included in this thesis, and they are listed in Table 3. 

The collection of human tissues was approved by the ethics committees of the 

Northern Ostrobothnia Hospital District and the Helsinki University Hospital, and 

the studies followed the declaration of Helsinki. All subjects signed a written 

informed consent form. 

Table 3. Tissue and primary cells used in the thesis. 

Tissue and Cell type Original 

publication 

Description  

Bone marrow mesenchymal stem cells I Bone marrow aspirate from Scoliosis  

Endometrial mesenchymal stem cells I Endometrium from healthy Ctrl 

Endometrial stromal fibroblast I Endometrium from healthy Ctrl 

Endometrial stromal cells II, III Endometrium from healthy Ctrl and PCOS 

Formalin fixed paraffin embedded 

endometrium tissue 

II, III Endometrium from healthy Ctrl and PCOS 

Formalin fixed paraffin embedded 

endometrium tissue 

IV Endometrial cancer samples 

4.2 Tissue processing, isolation, and culture of the cells 

All control samples were derived from healthy women who had no sign of PCOS 

or endometriosis. For PCOS samples, the cycle phase was confirmed by a 

pathologist. All women with PCOS were identified by tracing their PCOS diagnosis 

from a reproductive endocrinologist’s hospital records. All women fulfilled the 

Rotterdam Criteria (“requiring two criteria out of hyperandrogenism, ovulatory 

dysfunction and polycystic ovarian morphology”) and new PCOS guidelines 
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(Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2004; 

Teede et al., 2018). An endometrial suction curette was used to acquire all 

endometrial biopsy specimens (Pipet Curet; CooperSurgical, Trumbull, CT). 

Endometrial biopsy tissues were digested, and stroma were filtered by using a 

previously established optimized procedure (Piltonen et al., 2015). The purity of 

eSCs using the aforementioned technique was previously confirmed by vimentin 

and cytokeratin expression by immunohistochemistry (IHC) (Chen et al., 2013). 

Endometrial samples were processed separately for fluorescence- activated cell 

sorting (FACS) to isolate eMSCs and eSFs for further experiments according to the 

optimized protocol (Piltonen et al., 2015). For the bmMSC isolation and culture, a 

bone marrow aspirate was plated in an α-modified essential growth medium (Sigma) 

according to the previous protocol (Maekawa et al., 2019). The confluency of 

eMSCs and bmMSCs was tightly regulated below 80% to retain the stemness. 

4.3 Clinical characteristics of the study subjects 

All of the study individuals’ clinical features are listed in Tables 4 through 8. 

Table 4. Clinical data of the study subjects used in original publication I. 

Subject Age 

(years ± SEM) 

BMI 

(kg/m2 ± SEM) 

Histology Sample Collection 

Healthy Ctrl; n = 19 (eMSC1, eSF2) 38 ± 1.91 26 ± 1.62 PE3, SE4 Endometrial tissue, Pipelle 

Scoliosis; n = 12 (bmMSC5) 32 ± 3.49 N/A6 N/A Bone marrow aspirate 

1 endometrial mesenchymal stem cell, 2 endometrial stromal fibroblast, 3 proliferative phase, 4 secretory 

phase, 5 bone marrow mesenchymal stem cell, 6 Not Acquired 

Table 5. Endometrial cancer (EC) samples used in original publication IV. 

Subjects Age4 

(years)  

BMI3,4 

(kg/m2)  

EC1 TMA2 samples (n = 832) 68.0 (60.0–75.0) 27.4 (23.8–32.4) 

EC metformin user (n = 74) 70.0 (51.0–88.0) 34.0 (19.0–51.0) 

EC non-metformin user (n = 37) 71.7 (52.0–88.0) 36.0 (22.0–65.0) 

1 endometrial cancer, 2 tissue microarray, 3 body mass index, 4 data presented as median with interquartile 

range 
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Table 6. Clinical data of the samples used in original publication II. 

Phase and character Ctrl1 (n=6) PCOS1 (n=6) p-value 

Proliferative phase (Cycle Day, cd 6–9)      

Patient characteristics      

Age (yr) 35 ± 2.3 35 ± 1.0 > 0.99 

BMI2 (kg/m2) 27 ± 0.5 27 ± 2.6 0.61 

Endometrial thickness (mm) 8.3 ± 0.7 6.8 ± 0.7 0.16 

     Endocrinological variables      

Estradiol (pmol/L) 0.5 ± 0.1 0.37 ± 0.1 0.53 

FSH3 (IU/L) 6.3 ± 0.8 6.0 ± 1 0.97 

LH4 (IU/L) 6.8 ± 1.4 6.9 ± 0.9 0.93 

hsCRP5 1.3 ± 0.3 2.8 ± 1 0.66 

SHBG6 (nmol/L) 65 ± 7.3 43.2 ± 8 0.11 

Progesterone (pmol/L) 0.8 ± 0.0 1.1 ± 0.2 0.68 

Total testosterone (nmol/L) 1.2 ± 0.1 1.1 ± 0.1 > 0.99 

      Free androgen Index (FAI) 1.9 ± 0.2 3.1 ± 0.7 0.26 

Secretory phase (Luteinizing hormone, LH+9-10)      

Patient characteristics n = 5 n = 5 
 

     Age (yr) 28 ± 3.3 33 ± 2.4 0.25 

     BMI (kg/m2) 23 ± 2.2 25 ± 0.6 0.40 

     Endometrial thickness (mm) 9.4 ± 0.7 9.7 ± 1.4 0.85 

     Endocrinological variables 
 
 

 
   

Estradiol (pmol/L) 0.6 ± 0.0 0.6 ± 0.1 0.22 

FSH (IU/L) 3.5 ± 0.5 2.5 ± 0.4 0.18 

LH (IU/L) 4.8 ± 1.4 9.4 ± 3.7 0.28 

SHBG (nmol/L) 71.9 ± 9.3 66.2 ± 6.7 0.65 

Progesterone (pmol/L) 40.3 ± 7.4 31.5 ± 7.5 0.45 

Total testosterone (nmol/L) 0.9 ± 0.20 1.5 ± 0.3 0.09 

      Free androgen Index (FAI) 1.3 ± 0.20 2.4 ± 0.5 0.14 

1 The values are presented as means ± SD, 2 body mass index, 3 follicle stimulating hormone, 4 luteinizing 

hormone, 5 high-sensitivity C-reactive protein, 6 sex hormone-binding globulin 
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4.4 Laboratory methods 

All methods used in the different studies are summarized in Table 9. Detailed 

information on these methods can be found in original publications I–IV. 

Table 9. Methods used in the studies. 

Methods Original publication 

Fluorescence-Activating Cell Sorting (FACS) I 

Endometrial tissue co-localization I 

Flow cytometry I 

Wound scratch assay, Transwell® migration assay I 

Luminex multiplex assay I 

Immunohistochemistry (IHC) I, II, III, IV 

Decidualization assay  II, III 

Hypoxia assay III 

RNA isolation, cDNA synthesis  II, III 

Quantitative reverse-transcriptase polymerase chain reaction (RT-qPCR) II, III 

Total RNA-sequence NGS Ilumina 5000 II 

Enzyme-linked immunosorbent assay (ELISA) III 

Protein kinase A activity assay (PKA) III 

Immunofluorescence assay (IF) II 

4.5 Statistical analysis and illustrations 

In general, the results were presented as mean ± standard deviation (SD) or ± 

standard error (SEM), when appropriate to present. One-way analysis of variance 

(ANOVA) was used to compare the study groups. The Mann–Whitney test was 

used to evaluate differences between the two groups, whereas non-parametric one-

way ANOVA (Kruskal–Wallis test) was employed to examine differences among 

more than two groups. For all of the data, P-values less than or equal to 0.05 were 

considered statistically significant. 

For article II, differential expression (DE) analysis was executed using DESeq2 

1.22.2, and P-values were adjusted for multiple testing using the Benjamini–

Hochberg procedure. Data manipulation for visualization was performed using R 

(3.5.1) package kohonen 3.0.8, a self-organizing map (SOM), Rtsne 0.15, 

pheatmap 1.0.12, and venny 2.1.0. For further functional analysis and further 

filtering of the top-hit DEGs, independent hypothesis-weighted Bonferroni 
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correction was used (IHW-BON < 0.05). Pathway over-representation analysis was 

conducted using the ClusterProfiler and ReactomePA packages. The results were 

considered statistically significant if they had a false discovery rate (FDR) < 0.05. 

In article IV, the relationship between STC-1 expressions (weak or strong) and 

various risk variables were analyzed with a Pearson chi-square test for a bigger 

sample set, and Fisher’s exact test was performed in the case of the small sample 

size. The Kaplan–Meier plot was used to estimate disease-specific survival. 

Quantification of staining and data analyses were performed using Aperio 

ImageScope (Leica Biosystems, USA), ImageJ software (Fiji package), GraphPad 

Prism 6 (San Diego, CA, USA), Excel 2016 (Microsoft Office 365; Redmond, WA, 

USA), and IBM-SPSS version 27.0 (IBM SPSS Statistics for Windows, Armonk, 

NY: IBM Corp). 
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5 Results and discussion 

5.1 Functional comparative profile of bone marrow mesenchymal 

stems cells (bmMSCs) and endometrial cells (Study I) 

As described earlier in section 2.2.3, bmMSCs have been shown to migrate to the 

endometrium, where they contribute to the endometrial stem cell reserve and tissue 

regeneration (Aghajanova, Horcajadas, Esteban et al., 2010; Santamaria et al., 2016; 

Taylor, 2004). In addition, intrinsic inflammatory properties have been found to 

play a key role in stem cell recruitment and homing through migration, with 

subsequent changes in niche alterations (Du & Taylor, 2007; Eseonu & De Bari, 

2015). The first aim of the study was to compare the functional characteristics, 

including surface marker analysis, proliferation, and migration profile, in all of 

these three cell types. Second, the basal and stimulated cytokine secretion profiles 

of these cells were compared in the same study setting in order to reveal their 

paracrine properties, which could be related to endometrial regeneration and 

migration signaling as well as normal endometrial function. 

5.1.1 The eMSCs possess a similar functional profile as their 

presumed progenitors, bmMSCs 

The current study showed that both types of mesenchymal cells (bmMSCs and 

eMSCs) share similar stem cell surface markers, clonogenicity, and differentiation 

potential. These findings may indicate that eMSCs are of mesenchymal origin 

rather than direct hematopoietic stem cell origin, as all of the cell types only 

expressed mesenchymal cell surface markers such as CD44, CD73, CD90, and 

CD105. None of the samples expressed hematopoietic cell surface markers such as 

CD14, CD19, CD34, and CD45 in accordance with prior studies (Dominici et al., 

2006; Lv, Tuan, Cheung, & Leung, 2014). 

Furthermore, a wound scratch experiment demonstrated that bmMSCs and 

eMSCs had higher proliferation capability than eSFs, as shown in Figure 7A. These 

findings suggest a role for eMSCs in endometrial proliferation and the repair 

process in the human endometrium. Indeed, these cells have been found to be 

actively involved in tissue healing and regeneration in other studies (Basu, Munir 

et al., 2018; Santamaria et al., 2018). Furthermore, when the migratory capabilities 

of both stem cell types were assessed using IL-1β as an inflammatory trigger, both 
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types, particularly eMSCs, demonstrated stronger migration capacity in response 

to an IL-1β stimulus rather than to eSFs (Figure 7B). Notably, IL-1β is a potent 

cytokine that is abundant in the hypoxic environment during menstruation and has 

also been linked to bmMSC recruitment in the past (Bourdiec, Calvo, Rao, & 

Akoum, 2013; Gao & Mittal, 2009; Koivunen, Serpi, & Dimova, 2016). The 

enhanced migratory properties of eMSCs toward IL-1β may indicate a recruitment 

stimulus for endometrial ectopic lesions, as shown in a recent study (Liu et al., 

2020). 

 

Fig. 7. Proliferation and migration assay. (A) Quantitative data from scratch assays 

show that, over time, MSCs (bmMSCs and eMSCs) have a higher migration potential 

than eSFs. (B) IL-1β (10 ng/ml) was used to assess inflammatory migration attraction. 

Both types of MSCs had a higher migration response, whereas eSFs had no significant 

migration activity. Statistical significance: *bmMSCs vs. eSFs, †eMSCs vs. eSFs, 

§bmMSCs vs. eMSCs; p < 0.05. 

The decreased proliferation and migratory potential of eSFs, on the other hand, 

could imply that a phenotypic alteration occurs during the differentiation process 

from eMSCs to eSFs. Indeed, in our study, the surface epitope analysis revealed 

that eMSCs present with a stem cell marker profile (PDGFRβ+, CD146+), whereas 

eSFs lose the CD146+ label during the differentiation process in vitro, also 

confirming the findings of Barragan et al. (2016). Taken together, the findings may 

support the idea that bmMSCs contribute to endometrial stem cell populations 

individually or through the formation of eMSCs by endometrial niche exposure, as 

illustrated in Figure 8 (Abuwala & Tal, 2021; Barragan et al., 2016; Ikoma et al., 

2009; Taylor, 2004). 



 

67 

 

Fig. 8. Recruitment and renewal of the endometrial niche in response to homing signals. 

The inflammatory homing signal play a role in bmMSC migration to the human 

endometrium and differentiation into eMSCs in vivo, contributing to endometrial 

regeneration and renewal. In vitro research has revealed that eMSC differentiation to 

eSFs is characterized by stemness loss with confluency or passaging. Moreover, in 

response to steroid and/or cAMP exposure, eSFs eventually differentiate into 

decidualized eSCs (DE-eSCs) during the decidualization process. 

5.1.2 Endometrial cells (eMSCs and eSFs) possess a quiescent 

cytokine profile and act as immune modulators in contrast to 

bmMSCs 

The results for the LPS-stimulated cytokine profile demonstrated that bmMSCs 

present with a higher release of most of the cytokine targets (VEGF-A, 

CXCL12/SDF-1α, IL-1RA, IL-6, IP-10/CXCL10, MCP-1/CCL2, MIP-1α/CCL3, 

and RANTES/CCL5) compared to eMSCs and eSFs. The schematic diagram of the 

cytokine profile of bone marrow and endometrial-derived cells is presented in 

Figure 9. 
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Fig. 9. Schematic outline of cytokine release upon LPS stimulation in bmMSCs and 

endometrial cells (eMSCs, eSFs). In comparison to endometrial cell types, the overall 

cytokine pattern in bmMSCs was found to be more pronounced. Even after LPS 

stimulation, certain cytokines stay unchanged across all cell types. 

In detail, VEGF-A, a crucial growth factor necessary for endometrial angiogenesis 

and endothelial cellular growth and migration (Mayer et al., 2005; Sharkey et al., 

2000), is released in all of the cell types; however, bmMSCs have a higher 

expression than endometrial cells. In addition, the chemoattraction of bmMSCs 

toward acute tissue injury via the SDF-1α/CXCL12 (receptor, CXCR4) pathway 

has been observed in a number of investigations, including one in the human 

endometrium (Hu et al., 2013; Wang, Mamillapalli, Mutlu, Du, & Taylor, 2015; Yu 

et al., 2015). According to the findings of the present study, SDF-1α secretion is 

also higher in bmMSCs compared to moderate secretion in endometrial cells. 

Lipopolysaccharide stimulation is capable of boosting SDF-1α secretion and can 

further improve therapeutic effects in endometrial cell regeneration while also 

balancing the endometrial milieu, as seen in recent animal model research (Jin et 
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al., 2020). Interestingly, our study revealed that endometrial cells secreted 

relatively higher IL-8/CXCL8, which is possibly responsible for leucocytes 

recruitment. This finding may suggest the importance of a basal secretion of IL-8 

for leukocyte recruitment and endometrial stromal cell viability and proliferation 

(Luckow Invitti et al., 2018; Selam, Kayisli, Garcia-Velasco, Akbas, & Arici, 2002). 

The current study also examined some cytokine targets that have been reported 

to play a critical role in implantation processes. For example, endometrial cell types 

presented with MIP-1β/CCL4 and GRO-α/CXCL1 secretion; however, the 

expression was highest in bmMSCs (MCP-1, IP-10). Such an expression pattern of 

these cytokines may signify their role in endometrial immune balance and possibly 

also in successful pregnancy (Gnainsky et al., 2010; Srivastava, Sengupta, Kriplani, 

Roy, & Ghosh, 2013; Zhu et al., 2019). According to the literature, migration and 

immunomodulatory response in LPS-stimulated MSCs is activated through 

TLR4/MyD88; however, whether this also applies to the current study setting 

requires further investigation (Chen, Tang, Han, Wang, & Meng, 2019; Kurte et al., 

2020; Tomchuck et al., 2008). 

To conclude, the cytokine release pattern of all three cell types confirms their 

differences but also may indicate a plausible role for bmMSCs as progenitors of the 

endometrial renewal process. Moreover, the subtler cytokine expression profile of 

endometrial cells indicate that their immunomodulatory properties may be 

acclimated for immunotolerance toward conceptus and suggests their suitability for 

cell therapy of endometrial pathologies (Cheng et al., 2017; Yang, Devianti, et al., 

2019). 

5.2 Transcriptome profile of DE-eSCs in women with PCOS upon 

post-steroid (E2, P4, and DHT) exposure (Study II) 

Hyperandrogenic women with PCOS are presented with disrupted decidualization 

and placentation as mentioned in section 2.3.3 (Diseased endometrium in PCOS) 

(Palomba et al., 2014; M. Sun et al., 2020). In addition, the expression of sex 

hormone receptors and their co-receptors has previously been reported to be altered, 

implying an increased E2 and a decreased P4 effect in the PCOS endometrium 

(Hosseinzadeh et al., 2021; Hulchiy et al., 2016; Quezada et al., 2006). In addition, 

a potent metabolite of testosterone (dihydrotestosterone, DHT) was reported to 

enhance decidualization in the eSCs of non-PCOS women (eSCCtrl) (Younas et al., 

2019); however, this effect has yet to be assessed in DE-eSCs in women with PCOS 

(eSCPCOS). Thriving from these, this part of the study evaluated the global gene 
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expression profile of cultured non-DE and DE eSCs in response to different 

combinations of short-term (24 hrs) post-decidualization steroid hormone exposure 

(E2, P4, DHT) in PCOS women compared to non-PCOS control women. The key 

objective was to assess the DHT-modulated transcriptome profile of DE-eSCs 

during simultaneous E2 exposure (the model of non-DE/proliferative eSCs) or E2 

and P4 exposure (the model of DE/mid-secretory eSCs) from PCOS and non PCOS 

women. The outline of the workflow is shown at Figure 10. 

 

Fig. 10. Schematic diagram of the workflow. The study was carried out from eSCPCOS 

(n = 6) and eSCCtrl (n = 6). Sromal cells were decidualized (DE-eSCs) with 8-Br-cAMP 

(0.5 mM) for 96 hrs and remained non-decidualized (non-DE-eSCs) in the absence of 8-

Br-cAMP. The non-DE eSCs were subjected to E2 (10 nM,) or E2 + DHT (100 nM); E2DHT. 

The DE-eSCs were subjected to E2 + P4 (1 uM); E2P4 or E2 + P4 + DHT; E2P4DHT for 

24 hrs. All the samples with technical replicates (n=48) were processed for total RNA 

sequencing (NGS, Illumina).  

5.2.1 The eSCs from women with PCOS present with distinct 

transcriptome profiles compared to non-PCOS controls 

The clustering analysis results (t-SNE) showed distinct clustering of the PCOS and 

Ctrl samples despite single and/or combination treatments (Figure 11A). The 24 hrs 
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E2 treatment resulted in the lowest number of DEGs between the PCOS and Ctrl 

samples (n = 20). Combining DHT with the E2 treatment did not cause major 

changes in the number of DEGs (n = 22), although the ratio between up- and down-

regulated genes increased slightly compared to E2-only treatment. The 

decidualized eSCs, treated with combined E2P4 for 24 hrs, presented with an 

increased number (n = 36) of both up- and down-regulated genes compared to E2 

or E2DHT treatment. The addition of DHT with E2P4 did not prompt changes in 

the number of DEGs (n = 36); however, downregulated genes were increased 

(Figure 11B). 

 

Fig. 11. (A) The t-SNE plot of differentially expressed genes (DEGs) with a false 

discovery rate (FDR) < 0.05 and an absolute log2 fold change (Ifc) > 2. The Ctrl and 

PCOS samples are represented by blue and red dots, respectively. (B) The list of up-

regulated genes (dark red) and down-regulated genes (light red) in respond to hormone 

treatment in the eSCPCOS group in the proliferative (PE) and decidualized (DE) phases 

compared to eSCCtrl. 

In detail, the non-DE eSCPCOS post-treated with E2 in absence of DHT featured 

DEGs related to endometrium cell signaling and metabolism––for example, 

GALNT4, TOM1L1, PASK, MTRR, ZNF711, and CIP2A. These have also been 

reported earlier in previous literature (Bennett et al., 2012; Wu et al., 2014). In 

contrast, the E2DHT post-treatment in eSCPCOS revealed several DEGs related to 

androgen action, such as CDADC1, FOXO1, and PDGFRL. These genes may 

support the previous findings that E2 promotes androgen action via the 

enhancement of AR activity (Lee et al., 2019; Li et al., 2017; Marshall et al., 2011). 
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Following E2P4 post-treatment, DE-eSCPCOS presented with DEGs related to cell 

cycle, proliferation, differentiation, and inflammation compared to eSCCtrl. Several 

of the upregulated (SNCA, CDKN3, CD58) and downregulated (PIBF1, MICB) 

DEGs have also been previously described in endometrial pathologies such as 

endometriosis and EC. Interestingly, these genes have been found to be specifically 

involved in inflammation and delayed decidualization in several gynecological 

pathologies (Aghajanova, Horcajadas, Weeks et al., 2010; Basu et al., 2008; Kolbe 

et al., 2012; Zhou, Xu et al., 2020). Moreover, the addition of DHT to E2P4 

treatment in DE-eSCs resulted in a completely different gene expression profile in 

eSCPCOS compared to eSCCtrl, including modulation of many PR target genes, such 

as IFIT3, IL24, PTX3, and NEK3. Consistent with previous literature, the majority 

of these genes are found to be involved in cell proliferation, decidualization, and 

inflammation. Furthermore, these genes have also been linked to different 

gynecological disorders, such as endometriosis, and even implantation failure in 

previous studies (Guo et al., 2019; Miller, Antico, Raghunath, Tomaszewski, & 

Clevenger, 2007; Popovici et al., 2008; Shao et al., 2016). Taken together, the data 

from the our study may support the findings on impaired P4 responses in the PCOS 

endometrium (Palomba et al., 2020). 

5.2.2 E2P4 exposure reveals a dysregulated transcriptome profile 

related to altered metabolism, mitochondrial function, and P4 

resistance in eSCPCOS 

Given the distinct transcriptome profile of the decidualized endometrium in women 

with PCOS, the present study investigated the gene expression profile in DE and 

non-DE eSCs in both Ctrl and PCOS women for the comparison of E2P4 vs. E2 

and E2P4DHT vs. E2DHT treatment. The comparison of E2P4 vs. E2 resulted into 

more upregulated genes than downregulated ones in both eSCCtrl and eSCPCOS. 

Adding DHT to E2P4 yielded the highest number of DEGs in PCOS samples, most 

of which were downregulated (Figure 12A). A Venn diagram depicting the number 

of genes for E2P4 vs. E2 and E2P4DHT vs. E2DHT comparison is depicted in 

Figure 12B. After correction for multiple testing by Bonferroni correction (IHW-

BON), the remaining DEGs were 19/251 and 17/314 in eSCPCOS; 13/140 and 

13/136 in eSCCtrl for the E2P4 vs. E2 and E2P4DHT vs. E2DHT comparison, 

respectively. 
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Fig. 12. (A) Differentially expressed up- and down-regulated genes in Ctrl and PCOS in 

response to E2 vs. E2P4 and E2DHT vs. E2P4DHT treatments. (B) Venn diagram of 

group-wise comparisons indicates the counts for the common vs. uniquely expressed 

DEGs for E2P4 vs. E2 and E2P4DHT vs. E2DHT in Ctrl (blue) and PCOS (red), 

respectively. The DEG counts are shown as ratios indicating the groups in which the 

IHW-BON correction was applied for retrieving the most significant hits. 

In the present study, among the 19 unique upregulated DEGs in the DE-PCOS 

group for the E2P4 vs. E2 comparison, androgen signaling (RARRES1) and altered 

fatty acid metabolism-related genes (EGR2 and FABP5) were upregulated, which 

is consistent with earlier findings in PCOS women (Tsai et al., 2020; Wickenheisser 

et al., 2005; Zhou, Cheng et al., 2013). In addition, the transporter genes crucial for 

mitochondrial function (CKMT1B, ABCB1/MDR1) (Clark et al., 2019; Zhang et al., 

2009) and a well-known mediator of the P4 signaling cascade (HHIP) (Hu et al., 

2018; Lee et al., 2006) had been found to be downregulated in eSCPCOS. In line with 

our study, the concept of P4 resistance and mitochondrial dysfunction in the PCOS 

endometrium is also supported by a recent study using PCOS-like animal models, 

where DHT exposure during pregnancy result in the impairment of the endometrial 

P4 effect, decidualization, and mitochondrial function (Hu et al., 2019; Piltonen et 

al., 2015; Risal et al., 2019). 

5.2.3 DHT induces a distinct transcription profile affecting androgen 

signaling, implantation, and inflammation in eSCPCOS 

Of the 17 DEGs unique to PCOS in the E2P4DHT vs. E2DHT comparison (Figure 

12B), some have been previously reported to be upregulated in women with a thin 

endometrium and implantation failure (PHEX, RNASE7, SNX1) (Maekawa et al., 
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2017). There are also several genes connected to androgen-related cellular 

signaling (KDM7A, ALDH1A1, C2CD6) (Lee et al., 2018; Vázquez-Martínez et al., 

2019) and the implantation process (GBP1, RCN3, BBX, IFI27) (Garcia-Herrero et 

al., 2010; Gray et al., 2006; Kumar et al., 2001; Ponnampalam, Weston, Trajstman, 

Susil, & Rogers, 2004). Of these, ALDH1A1 has been shown to have a critical role 

in several physiological processes, such as lipid and glucose metabolism (Petrosino, 

Disilvestro, & Ziouzenkova, 2014). Whether our findings are related to those 

reported in a PCOS mouse model of DHT exposure, which caused delayed 

decidualization and implantation in these animals due to poor vasculature, 

angiogenesis, and placental development, has yet to be investigated (Stener-

Victorin et al., 2020). 

The comparison of E2P4DHT vs. E2DHT yielded 18 DEGs common for both 

the Ctrl and PCOS, representing DHT-dependent decidualization genes (Figure 

12B). As expected, these DEGs are involved in AR modulation (PLPPR4, STC2, 

ANG, LPAR1), suggesting that DHT actively interferes with lysophosphatidic acid 

(LPA) signaling, which is involved in a variety of cellular processes, including 

proliferation, differentiation, adhesion, and tissue morphology (Krikun et al., 2000; 

Sheng, Yung, Chen, & Chun, 2015; Shin & Sohn, 2014). Moreover, recent data 

have revealed that mice with the knockout lysophosphatidic acid receptor (LPAR1) 

have significantly reduced litter size, which could also have consequences for 

women with PCOS in the context of fertility (Ye et al., 2005). 

Finally, the functional enrichment analysis by Reactome and Gene Ontology  

for the 314 DEGs unique to eSCPCOS for the E2P4DHT vs. E2DHT comparison 

showed that most of the genes are involved in the inflammation cascade, especially 

interferon signaling (Figure 13). Indeed, these data support the previous studies 

reporting upregulated inflammation in the PCOS endometrium (Dabravolski et al., 

2021; Hu et al., 2020; Piltonen et al., 2015). Taken together, the present study 

showed that transcriptome differences in eSCPCOS are also evident in the absence of 

the hyperandrogenic milieu (DHT), even though they are more pronounced in the 

presence of DHT. Whether this is a result of altered epigenetic regulation in 

eSCPCOS, as suggested by recent studies(Mimouni et al., 2021), requires further 

investigations. 
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Fig. 13. Reactome pathway enrichment analysis (FDR < 0.05) for 314 DEGs uniquely 

expressed in post-treated eSCPCOS for E2P4DHT vs. E2DHT comparison. 

5.3 STC-1 expression in the PCOS endometrium at various stages 

of the cycle (Study III) 

As discussed in section 2.5 (Stanniocalcin-1), STC-1 has been found to be highly 

expressed during the WOI, implying that this marker likely plays a role in 

maternal–fetal interaction (Allegra et al., 2009; Altmäe et al., 2010; Ruiz-Alonso, 

Blesa, & Simón, 2012; Uusküla et al., 2012; Winn et al., 2007). Moreover, several 

studies have reported that STC-1 may serve as a protective factor against conditions 

indicative of the cellular stress milieu, such as hypoxia and inflammation (Westberg, 

Serlachius, Lankila, Penkowa et al., 2007; Zhang et al., 2000). Since women with 

PCOS likely have systemic metabolic abnormalities and persistent low-grade 
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inflammation, also shown in the endometrium, the present study sought to assess 

STC-1 expression in decidualized eSCs in women with PCOS by utilizing both in 

vivo and in vitro approaches. 

5.3.1 Secretory phase PCOS endometrium presents with altered 

STC-1 expression compared to non-PCOS controls 

The in vivo findings by immunohistology demonstrated that non-PCOS healthy 

control women derived eSCs present with increased endometrial STC-1 secretion 

during the SE cycle phase. The accumulation of STC-1 proteins in the basal, 

subnuclear parts of epithelium during the proliferative endometrium was also 

observed. A progressive transfer of the expression to the apical portion as well as 

luminal secretion toward the secretory endometrium (mid- and late- secretory 

phases), with the strongest expression in the non-PCOS control, were also found. 

Conversely, STC-1 expression was found to be reduced in eSCs from women with 

PCOS during the SE phase of the menstrual cycle (Figure 14), which is comparable 

to eSCs from women with endometriosis (Aghajanova et al., 2016). This suggests 

that STC-1 may contribute to the pathogenic niche in the PCOS endometrium. 
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Fig. 14. STC-1 expression in different cycle phases studied by immunohistochemistry 

in Ctrl and PCOS: proliferative phase endometrium (PE; cd 8–10), early secretory phase 

endometrium (ESE; LH+ 2–4), mid-secretory phase endometrium (MSE; LH+ 7–9), late 

secretory phase endometrium (LSE; LH+ 10–12). Higher magnification images (40X) of 

the glandular epithelium (GE) show that in PE, STC-1 is localized to the GE, and, in ESE, 

it is concentrated in the apical parts, from where it is gradually secreted into the lumen 

during the MSE and LSE. In PCOS, the expression is significantly less across the cycle 

phases. 

5.3.2 In vitro decidualized eSCs from PCOS women present with 

blunted STC-1 expression 

Given the importance of decidualization in embryo implantation and successful 

pregnancy, as mentioned in section 2.2.1 (Decidualization), it was of interest to 

assess the expression of STC-1 during decidualization. In the in vitro 

decidualization study, decidualization was induced by 8-Br-cAMP via PKA 

pathway activation in eSCs. In the eSCs of non-PCOS women, a 140-fold increase 

in STC-1 mRNA expression was found. In DE-eSCs from women with PCOS, 

however, the expression was blunted at both the transcript and protein levels. 



 

78 

Furthermore, the activity of the PKA pathway in the eSCs of the PCOS vs. Ctrl 

samples was assessed to understand the mechanism behind the altered expression 

of STC-1 in these women. As expected, women with PCOS presented with a 

defective PKA pathway compared to the non-PCOS Ctrl. These data may imply 

that this altered STC-1 expression is due to defective PKA pathway activation in 

the PCOS endometrium, as also suggested by a previous publication (Aghajanova 

et al., 2011; Aghajanova et al., 2016; Kikuchi et al., 2011). As a limitation, data on 

direct STC-1 expression from the PKA pathway were lacking, preventing a 

definitive conclusion. Therefore, a further, extensive investigation is required in the 

future. 

5.3.3 PCOS-derived eSCs present with compromised stress 

tolerance in the stressed endometrial milieu compared to a 
non-PCOS control 

A PCOS mouse model with a defective vasculature has been reported by several 

studies (Mannerås et al., 2007; Zhao et al., 2018). Hypoxia plays a critical role in 

the formation of the endometrial vasculature (Maybin et al., 2018; Popovici, Irwin, 

Giaccia, & Giudice, 1999). The present study sought to detect stressed eSCs-

mediated STC-1 expression with hypoxic condition. In line with the study 

hypothesis, hypoxia resulted in high-level STC-1 expression in non-PCOS women 

in our study. Women with PCOS, on the other hand, had a reduced STC-1 response 

to hypoxia compared to non-PCOS one. This finding may suggest impaired 

hypoxia protection mediated by STC-1 expression in PCOS but may also be related 

to altered placentation, also shown in the affected women (Koster et al., 2015; 

Palomba et al., 2014). 

In addition to hypoxia, obesity is considered a common stress factor in women 

with PCOS (Basu, Chowdhury et al., 2018; Yildiz, Knochenhauer, & Azziz, 2008). 

Therefore, our focus was placed on STC-1 expression in BMI-segregated groups 

(Ctrl vs. PCOS). Our data showed that endometrial STC-1 was increased at the 

MSE in an overweight non-PCOS control. This could possibly be a response to 

obesity-related stress, as hypothesized, which was missing in women with PCOS. 

Lifestyle intervention in women with PCOS has previously been shown to be 

beneficial in normalizing the menstrual cycle but also in improving the endometrial 

milieu (Hulchiy et al., 2016; Paulson et al., 2017). However, the present study was 

unable to show restored STC-1 response even after a 3-month lifestyle intervention. 
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As a summary, the PCOS endometrium presents with a blunted response to 

STC-1, adding to the endometrial disease burden in affected women, who possibly 

lack normal endometrial stress tolerance or protection, as illustrated in Figure 15. 

Whether this phenomenon relates to endometrial pathologies like poor pregnancy 

outcomes and an increased risk of EC in PCOS women remains to be studied. 

 

Fig. 15. Illustrative diagram of STC-1 expression in non-PCOS and PCOS endometrial 

stromal cells. Extracellular 8-Br-cAMP induces STC-1 expression in healthy Ctrl women, 

likely through the activation of the PKA pathway. Women with PCOS, on the other hand, 

have a blunted STC-1 response to decidualization and hypoxic conditions, in both the 

transcriptome and protein levels, compared to the non-PCOS Ctrl. This could indicate 

altered endometrial function and loss of STC-1 protection against different stressors. 
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5.4 Clinical significance of the STC-1 protein in EC (Study IV) 

Given the role of STC-1 in cancer development, as described in section 2.5.3, the 

STC-1 protein expression pattern and its association with various 

clinicopathological features in hysterectomy specimens from patients with EC 

tissue microarray samples was investigated (TMA cohort; n = 832). Moreover, the 

prognostic value of STC-1 for survival over a period of 140 months was also 

analyzed. Finally, diabetic (type 2 diabetic mellitus; DMT2) women with EC taking 

anti-diabetic medication (with and without metformin) from a separate diabetic 

cohort (diabetic cohort; n = 111) were also examined to assess how metformin 

treatment affects STC-1 expression. 

5.4.1 Endometrial epithelium seems to be the key target for STC-1 

protein localization in EC tissues 

In the TMA cohort (n = 832), 99.1% (n = 825) of the EC samples were positive for 

STC-1. In detail, 44.4% (n = 370) of the cases had intense STC-1 expression (score 

3) compared to 0.3% (n = 3) of the the stroma samples. In contrast, regardless of 

metformin treatment, 33.3% (n = 37) of epithelial samples in the diabetic group had 

intense STC-1 expression (score 3), whereas none of the stromal samples had such 

intensity. 

Our findings showed that STC-1 was mostly present in the endometrial 

epithelium, but it was also found in the stroma, consistent with recent findings on 

STC-1 expression in the human endometrium (Aghajanova et al., 2016; Khatun et 

al., 2020). A similar STC-1 expression has also been observed in other steroid 

hormone-dependent tumor tissues, such as breast and ovarian cancers (Chen,  

Zhang et al., 2019; Yang, Yin et al., 2019). The localization pattern of STC-1 in the 

endometrial epithelium possibly supports the idea of the active participation of this 

protein in epithelial mesenchymal transition process, thus promoting cancer by 

modulating the tumor microenvironment (Pastushenko & Blanpain, 2019; Rajaram, 

Li, Egeblad, & Powers, 2013). However, further studies are required to verify these 

initial findings. 
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5.4.2 Low STC-1 protein expression is associated with a poor 

clinicopathological risk profile of EC cases 

In the present study, decreased STC-1 expression was associated with worse cancer 

progression, such as grade-3 endometrioid tumors (p = 0.007). Moreover, the 

findings also showed that advanced lymphovascular invasion (p = 0.008) and deep 

myometrial invasion (p = 0.005) were associated with weak STC-1 expression, as 

outlined in Figure 16. 

 

Fig. 16. Summary diagram of the role and expression of the STC-1 protein in uterine 

cancer. The expression of the STC-1 protein is mainly dominant in the endometrial 

epithelium (+++) compared to the stroma (+). The stronger STC-1 expression is 

associated with statistically significantly (*p ≤ 0.05) better EC risk outcomes, such as 

tumor grade, size, invasion, MMR deficiency, obesity, and DMT2. A wide range of cellular 

functions, such as cellular signaling pathways triggered by hypoxia or oxidative stress 

and inflammation affecting cellular growth and proliferation, might be the reason behind 

the possible protective role of the STC-1 protein. 

Numerous studies have reported that STC-1 is involved in advanced aggressive 

metastasis and invasion by promoting cellular proliferation and reducing apoptosis 

in tumor cells (Arigami et al., 2012; Chen, Zhang et al., 2019; Ding, Wei, Bao, 

Xiong, Yi, 2019; Luo, Chen, Wang, & Hu, 2020; Tamura et al., 2011). It is possible 

that the conflicting observations in or study are related to the changes in STC-1 

expression along with cellular differentiation. Indeed, upregulated STC-1 

expression has been found in terminally differentiated cells, as seen in brain 
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neurons and fat cells (Serlachius & Andersson, 2004; Serlachius, Zhang, & 

Andersson, 2004; Zhang et al., 1998). Furthermore, their findings also confirm that 

the overexpression of STC-1 by transfection results in slower proliferation, 

whereas low expression is observed in highly proliferative cells. In line with these 

findings, the present data may suggest that STC-1 could inhibit differentiation to 

higher-grade tumors. Similar to these findings, the association of decreased STC-1 

expression with a worse clinicopathological outcome is evident in cervical cancer, 

and these studies suggest a role for this marker in pro-apoptotic function (Guo et 

al., 2013; Pan et al., 2017).  

In the current study, reduced STC-1 expression was linked to large tumor size 

(p = 0.001). In a hepatocellular carcinoma (HCC) study, tumors with high STC-1 

expression were significantly smaller than those with a lower expression, consistent 

with the findings presented in this work. It is possible that a pro-apoptotic effect of 

STC-1 mediated by the upregulation of inflammatory genes is responsible for 

slowing down the growth and metastasis of HCC (Yeung et al., 2015). 

Furthermore, mismatch repair (MMR) deficiency was slightly associated with 

reduced STC-1 (p = 0.048) in the present study. This finding possibly hints at the 

genetical predisposition of EC risk for the STC-1 gene, as reported earlier 

(Kansikas, Kasela, Kantelinen, & Nyström, 2014; Loukovaara, Pasanen, & Bützow, 

2021). Interestingly, the data presented in the current work show that the weak 

expression of STC-1 is dominant in obese (BMI ≥ 30, p = 0.015) and EC women 

with DMT2 (p = 0.001). These findings may also suggest that the substantial 

presence of this protein might be involved in attenuating physiological risk factors 

such as obesity and dysregulated glucose metabolism (Sarapio, De Souza, Model, 

Trapp, & Da Silva, 2019; Zhang et al., 2000). However, there are no concrete data 

on STC-1 in obese DMT2 patients in the literature, and as such further investigation 

is needed (Figure 16). 

Even though the association between STC-1 expression and obesity and DMT2 

in TMA EC tissues was observed in the present study, no such association was 

observed in EC cases with metformin vs. non-metformin users in a diabetic cohort. 

However, as the sample size was relatively small, more research is required. 

5.4.3 Neutral effect of STC-1 protein on disease-specific survival in 

EC patients with long follow-up 

Despite the fact that STC-1 expression is linked to poor clinicopathological 

outcomes in EC, the Kaplan–Meier analysis conducted in the present research 
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failed to determine whether STC-1 has meaningful prognostic value for survival 

over a 140-month period. Low STC-1, on the other hand, appeared to be associated 

with a worse prognosis initially, but the differences seemed to disappear with 

extended follow-up. However, it is not surprising that low STC-1 expression was 

associated with initially aggressive tumors and early metastases, whereas high 

expression was associated with late relapse, indicating tumor dormancy. In a breast 

cancer study, low STC-1 expression has been found to be linked to initially 

aggressive tumors and early metastases, while high expression is associated with 

late relapse, implying tumor dormancy, which is consistent with the current 

findings (Joensuu, Heikkilä, & Andersson, 2008). 
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6 Strengths and limitations 

The overall strength of this thesis is its use of carefully acquired rare human 

endometrium tissue samples and primary endometrial cells from fertile-age women. 

For PCOS, carefully screened and well-characterized samples were chosen. 

Samples from different collaborative cohorts were employed to increase the sample 

size and add extra validation to the findings. BMI catagorized samples were also 

matched to rule out the effect of obesity on the results and segregate the effect of 

PCOS itself. Overall, the research was carried out with novel research questions, a 

unique study design, a sufficient sample size, and the appropriate use of statistics. 

The strength of study I was its inclusion of paired endometrial cells (eMSCs, 

eSFs) from the same fertile women. Concerning bmMSCs, it was not feasible to 

pair the samples with their endometrial counterparts; however, bmMSCs were used 

only from fertile-aged women. FACS isolation with PDGFRβ/CD146 labeling 

improved the purity of endometrial cell types, which was constantly monitored to 

avoid stem/epithelial/stromal contamination. 

The limitation of the work included the difficult procurement of endometrial 

tissue samples from fertile-aged women; therefore, the overall in vitro study could 

still be considered as having a small sample size, especially for women with PCOS. 

Regarding the general limitation of study II, in vitro stromal cells were studied 

solely. The in vivo endometrium is composed of numerous cell types, such as the 

epithelium, stroma, and uNKs. Therefore, the culture of stromal cell types may 

represent a reduced snapshot of the complexity of multiple endometrial cell types. 

However, both immunofluorescence and immunochemistry for protein level 

validation in the in vivo samples were used. For study III, in vitro testing did not 

consider the roles of hyperandrogenism or hyperinsulinemia, which are common in 

women with PCOS; this could be considered a limitation. For study IV, the 

molecular mechanism of STC-1 action in EC protection requires a special focus in 

future studies. 

Overall, future studies should include more functional studies with a higher 

number of samples. 
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7 Conclusions and future perspectives 

The high proliferation and migration potential of eMSCs support their role in 

endometrial renewal processes, as revealed by the comparative functional profile 

of bmMSCs and endometrial cells (study I). It was also hypothesized that an altered 

cytokine profile of endometrial cells might enable an optimal endometrial milieu 

with immune tolerance, which could be beneficial for successful embryo 

implantation. This hypothesis could pave the way for future research and 

therapeutic approaches related to endometrial renewal and endometrial pathologies. 

Even though it was not possible to study eMSCs in women with PCOS, the 

transcriptome data from study II indicate an underlying defect in DE-eSCPCOS in 

the presence or absence of hyperandrogenism (DHT exposure). This finding may 

provide functional insights into the diseased endometrium in PCOS and lay the 

groundwork for future research, especially on the contribution of biological topics 

in the etiology of PCOS, such as P4 resistance, LPA signaling, and mitochondrial 

dysfunction. The findings of this study could also shed light on the altered 

endometrial environment for embryo implantation and poor pregnancy outcomes 

in women with PCOS. 

To further study PCOS-related gene expression, the role of STC-1, an 

implantation marker and protective factor against cellular stress, was evaluated. In 

the SE phase of the menstrual cycle, the data showed that the PCOS endometrium 

presents with reduced STC-1 expression in response to decidualization and hypoxic 

conditions (study III). The data thus indicate insufficient stress tolerance, possibly 

contributing to the diseased endometrium in affected women. Indeed, while 

assessing the expression of STC-1 in EC samples (study IV), it was also found that 

high expression of STC-1 was associated with reduced cancer risk factors, 

including reduced proliferation, invasion, obesity, and DMT2. To draw a definite 

conclusion, the involvement of STC-1 in glucose metabolism, proliferation, 

invasion, and hypoxia should be thoroughly investigated in women with PCOS and 

EC using an in vitro model. 

To summarize, overall, the findings of the current study support the idea that 

women with PCOS possess an altered endometrium milieu that may lead to poor 

pregnancy outcomes or even EC developement. A more extensive mechanistic 

investigation with a translational approach and a larger sample size (BMI- and 

cycle phase-matched) should be performed to confirm and extend the current 

findings. 
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