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Abstract 

Every biological process depends, in some measure, on protein transport and secretion. 

These processes are accomplished by all cell types, but specialized cells can convert, by their 

differentiation program, into real protein factories. 

The decidualization of Endometrial Stromal Cells (EnSC) is a clear example of inducible 

secretory differentiation: upon hormonal stimulations, these fibroblast-like cells completely 

switch their phenotypes, and provide the factors needed for successful embryo implantation 

through a massive and efficient secretory activity. Accordingly, these cells are fundamental 

for human health and fertility, and defects of the decidualization program can have serious 

pathological implications. 

To understand how EnSC can build-up their secretory capacity, I decidualized them in 

vitro and analyzed their differentiation program with different approaches (expression 

analysis at transcriptome and single gene level, biochemical assays, and high-resolution 

microscopy). 

In my project, I clearly demonstrated that this secretory differentiation program is far more 

complex than simply building bigger organelles: ER and Golgi enlarge, as expected for a 

secretory cell, but some compartments are clearly prioritized, with modifications of their 

luminal chemical characteristics (including pH and ion concentrations). 

These morphological reshapings are regulated by complex transcriptional networks, 

which include the activation of the transcription factors CREB3L1 and CREB3L2, but not of 

the ER unfolded protein response. 

EnSC rearrangements are not limited to the secretory organelles: indeed, I observed a 

coordinated reshaping of all the cellular compartments, including a massive enlargement of 

the mitochondrial compartment. This corresponds to a complete rewiring of the energy 

metabolism, with a radical switch from glycolysis to mitochondrial respiration. 

Together, my results provide a detailed picture on how EnSC achieve quickly and 

efficiently a massive secretory capacity, by a careful preparation and a coordinated 

reorganization of all the cellular components. 
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INTRODUCTION 

1 The endometrium 

1.1 The role of implantation in human reproduction 

In the human species, the probability of successfully establishing a pregnancy is 

surprisingly low, especially in comparison to what observed in other mammals. It has been 

estimated that, at the peak of fertility, the reproductive success is not higher than 30% per 

ovulatory cycle, a value that quickly declines with age (Kim 2017, Ng 2020); as a 

comparison, the probability of establishing a pregnancy in outbred mice strains can be as 

high as 70-75% per reproductive event (Mader 2009). 

The main individual cause of reproductive unsuccess, in humans, is represented by defects 

in the embryo implantation process, accounting for as many as 65-75% of overall 

reproductive failures (Norwitz 2001, Wilcox 1988). Indeed, the endometrium receptivity for 

the embryo is extremely limited in time, with an optimal implantation window of about 24-

36 hours; outside this limited timeframe, even in the absence of any pathological condition, 

the likelihood of embryo implantation, and pregnancy progression drop dramatically (Ng 

2020, Gellersen 2014). 

Similar results were obtained by comparative studies on the probability of success of in 

vitro fertilization and embryo transfer (IVF-ET) procedures. Depending on the study 

considered and the IVF-ET strategies taken into consideration, the probability of successful 

pregnancy upon transfer of viable embryos is limited to 25-35% for a single IVF-ET 

procedure, with the success of implantation representing also in this case the limiting step 

(Smith 2015, Modest 2018). 

The biological causes of the low efficiency of embryo implantation in the human species 

are complex, and only partially understood. A main aspect of the phenomenon is clearly the 

complete independence between the fecundation and the receptivity dynamics of the 

endometrium: as the two processes occur independently, any slight temporal mismatch 

between the two can completely hinder the successful establishment of pregnancy (Ng 2020, 

Gellersen 2014, Okada 2018). 



14 

 

The next sections will briefly discuss the histological organization of the endometrium, 

the morphological and functional changes required for a correct embryo implantation, and 

the pathological implications of defects in the tissue remodeling process. 

 

1.2 Anatomical and histological organization of the endometrium 

The uterus is a pear-shaped organ, formed by three tissues layers concentrically organized 

around the uterine cavity. Each of the layers has different histological features, and a different 

physiological role in the organ function. The outermost layer, the perimetrium, is a thin layer 

of connective tissue that surrounds the uterus, in continuity with the peritoneum. The 

intermediate layer, the myometrium, is a thick muscular layer, which represents the bulk of 

the organ; the myometrium is mostly formed by an alternation of smooth muscle fibers with 

different orientation, responsible for the uterine contractions upon delivery. The innermost 

layer, the endometrium, lines the uterine cavity, and is the one involved in embryo 

implantation and placenta formation (Thiyagarajan 2023). 

The endometrium is formed by a simple columnar epithelium, covering a layer of highly 

cellular stromal tissue. Several tubular glands cross the endometrium, spanning from the 

uterine cavity to the basal layer of the stromal tissue. The tissue also contains abundant 

vasculature and lymphatic vessels, mostly concentrated close to the myometrium-

endometrium junction (Yamaguchi 2021, Gellersen 2014). 

Endometrium is conventionally divided into stratum functionalis, which includes the 

epithelium, the neck of the glands, and the upper part of the stromal tissue; and stratum 

basalis, which instead contains the base of the glands, most of the vasculature, and the deep 

layer of the stromal tissue. Although there is no clear histological difference between the two 

layers, and no clear boundary between them can be identified in basal conditions, the two 

strata acquire completely different organization and functions during the uterine cycle, as 

more widely described in the following sections (Yamaguchi 2021, Gellersen 2014, 

Thiyagarajan 2023). 

Different cell populations populate the endometrial tissue. Specialized glandular epithelial 

cells form the columnar epithelium lining the uterine cavity and the uterine glands. In the 
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stroma, instead, the main cellular component is represented by the endometrial stromal cells 

(EnSCs), fibroblast-like cells with a peculiar secretory differentiation program, that 

represents the main topic of this thesis. Specialized immune cells are also abundant in the 

stromal tissue. Uterine natural killer cells (uNKs) represent the most abundant lymphoid 

population, accounting for up to 30-40% of the total cells present in the post-ovulatory phase 

(Gellersen 2014). These cells, positive for the cluster of differentiation 56 (CD56), but not 

for the CD16 antigen, are likely involved in the immune recognition and tolerance towards 

the trophoblast, and do not seem to have a significant cytotoxic activity. Macrophages 

positive for CD163 are also abundant in the tissue, while tissue-resident uterine dendritic 

cells (uDCs) and T lymphocytes are present in lower numbers. 

It has been demonstrated that the stratum basalis of the endometrium also contains 

Epithelial Stem/Progenitors Cells (Cousins 2021) and Mesenchymal Stem Cells, endowed 

with high proliferation and clonogenic potential. The role of these stem cell populations is to 

reconstitute the epithelial and the stromal cell compartments, respectively, after the 

endometrial tissue is shed during menstruation (Cousins 2021, Gellersen 2014). 

 

1.3 Regulation of the endometrial dynamics: uterine and ovarian cycle  

The endometrium is a highly dynamic tissue, that undergoes a complex series of cyclical 

modifications, collectively known as the uterine cycle. The morphological and functional 

changes of the tissue are extensive, and involve all the residing cell populations, the vascular 

system, and the extracellular matrix. The process is fundamental to allow a correct embryo 

implantation, and is tightly connected with the ovarian cycle, that instead controls the 

maturation and release of the oocyte. Together, the uterine and the ovarian cycle constitute 

the menstrual cycle.  

The menstrual cycle is controlled by the hypothalamus-pituitary-gonadal axis, through 

positive and negative feedback mechanisms controlling hormone release by different 

endocrine tissues. Each cycle is triggered by the release of a pulse of Gonadotropin Releasing 

Hormone (GnRH) by the hypothalamus. Once secreted, GnRH quickly reaches the 

adenohypophysis, where it triggers specialized cells (the gonadotrophs) to release two 
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glycoprotein hormones (gonadotropins), the Follicle-Stimulating Hormone (FSH) and the 

Luteinizing Hormone (LH). Through the systemic circulation, FSH and LH reach the ovaries, 

where they trigger the maturation of several follicles, of which only one (the dominant 

follicle) will complete maturation; the other ones, instead, will degenerate into atretic 

follicles. During follicle maturation, FSH and LH induce respectively granulosa cells and 

theca cells to produce and modify steroid hormones: upon stimulation, the theca cells 

produce and release large amounts of progesterone and androstenedione, which in turn is 

converted into 17-beta-estradiol by granulosa cells. 

As the ovarian cycle proceeds and the estrogen levels rise, the dominant follicle completes 

maturation and breaks, releasing the oocyte in the ovulation process. During the following 

days, the ruptured follicle develops into the corpus luteum, that continues producing 

estrogens and progesterone. If embryo implantation does not occur, negative feedback loops 

drive the decrease of circulating FSH and LH, followed by the regression of the corpus 

luteum and the return of 17-beta-estradiol and progesterone to basal levels (Thiyagarajan 

2023). 

The changing levels of steroid hormones couple the ovarian cycle with the uterine cycle, 

ensuring that the remodeling of the endometrium is synchronized with the follicular 

maturation and oocyte release: in case of fecundation, this ensures that the peak of the 

endometrial receptivity corresponds to the moment in which the implantation probability is 

the highest. This tight coordination between the two cycles is particularly important for the 

mammalian species in which the uterine remodeling is under complete maternal control 

(humans, non-human primates, some bats and few other small mammals), meaning that it 

precedes and is independent from the implantation of the embryo (Gellersen 2014). 

The uterine cycle is conventionally divided in three phases, even though the transition 

from one phase to the other is not sharp and well defined. The first phase is the menstruation 

and corresponds to days 0-5 of each menstrual cycle. In this phase, the stratum functionalis 

of the endometrium, that was extensively remodeled during the previous cycle, is shed from 

the tissue. This phase temporarily corresponds to the beginning of the release of the 

gonadotropins from the pituitary gland, and the beginning of the maturation of a new follicle 

(early follicular phase of the ovarian cycle). 
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After menstruation, the endometrium begins the proliferative phase, corresponding to 

days 5-14 of the cycle. In this phase, the endometrial tissue is repaired, and its overall 

architecture is reconstituted. The process is induced by the estrogens released by the 

developing follicle (late follicular phase), previously described in this paragraph (Gellersen 

2014, Thiyagarajan 2023). 

The third phase of the uterine cycle is the secretory phase, in which the endometrial tissue 

is massively remodeled in preparation for a possible embryo implantation, in a process 

defined decidualization. Accordingly, the secretory phase begins at day 14 of the cycle, 

corresponding to the moment of ovulation, and lasts until the end of the cycle, at day 28. The 

main driver of this phase is the rise of progesterone levels, massively produced by the corpus 

luteum (during the luteal phase of the ovarian cycle). 

At the end of the secretory phase, unless implantation has occurred, the progesterone 

levels drop rapidly, as the corpus luteum regresses. This causes the stratum functionalis of 

the   endometrial tissue to degenerate and detach, leading to the menstrual phase of the 

following cycle (Thiyagarajan 2023). 

From menarche to menopause, a woman experiences on average 450 menstrual cycles, 

each of which corresponds to the maturation of one oocyte, and to extensive but reversible 

rearrangements of the endometrial tissue (Okada 2018, Gellersen 2014). 

 

1.4 The secretory phase: decidualization of the endometrium 

As described in the previous section, the endometrial layer is deeply remodeled during the 

uterine cycle, first to repair the tissue after menstruation, and then in preparation for the 

possible implantation of the embryo. The tissue changes are extensive, and clearly evident at 

both an anatomical and a histological level: for this reason, the formation of a specialized 

tissue of maternal origin involved in embryo implantation was recognized as early as 1826 

(Gellersen 2014). Due to its transitory nature, this tissue was called decidua, from the Latin 

adjective deciduus (falling off, e.g. referred to the leaves of trees). 

All the elements of the endometrial tissue are involved in the rearrangements. In 

menstruation, the whole stratum functionalis is shed from the endometrium. Therefore, as 
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the cycle progresses into the proliferative phase, the whole architecture of the vasculature, of 

the epithelium, and of the upper stromal layers must be completely reconstituted. This 

process seem to completely rely on progenitors located in the stratum basalis, although bone-

marrow derived progenitors have also been proposed to play a role in the reconstitution of 

the resident endometrial stromal cells (Gellersen 2014, Thiyagarajan 2023). 

The most extensive tissue rearrangements, however, are the ones observed in 

decidualization, that is the formation of the endometrial decidua during the secretory phase 

of the uterine cycle. In decidualization, the epithelial layer lining the uterine cavity acquires 

a pseudostratified organization and thickens, as the cells forming it enlarge their secretory 

organelles and accumulate glycogen granules. At the same time, the uterine glands enlarge 

their lumens and increase their complexity, giving rise to extremely coiled, intricate 

structures (Yamaguchi 2021). 

Even more importantly, the stromal layer of the stratum functionalis is completely 

reorganized: the tissue thickens and swells, as abundant extracellular matrix proteins are 

secreted by the residing stromal cells (Cornillie 1985, Gellersen 2014, Okada 2018); the 

residing immune cell populations, and in particular the uNKs, significantly increase their 

number in the tissue (Dunn 2003); and the endometrial stromal cells themselves decidualize, 

undergoing a dramatic differentiation program into a secretory phenotype (Okada 2018, 

Gellersen 2014, Dunn 2003). 

At the same time, new blood vessels sprout from the radial arteries in the myometrium 

and invade the endometrium: these vessels, called spiral arteries, are fundamental to support 

the endometrial cell populations during the secretory phase, and to establish the placental 

circulation in case of successful embryo implantation (Pijnenborg 2006, Gellersen 2014). 

Accordingly, any defect in the development, invasion or maturation of spiral arteries, almost 

inevitably results in pregnancy complications or failure (Pijnenborg 2006, Thiyagarajan 

2023). 

It is important to underline that all the morphological and functional changes described 

only involve the stratum functionalis, while the stratum basalis of the endometrium is 

completely unaffected by the decidualization process. This is likely fundamental to ensure 
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the efficient reconstitution of the stratum functionalis at the end of the menstruation, and to 

preserve the progenitor cells and the overall organization of the uterine glands. 

 

2 Endometrial stromal cells: master regulators of the endometrium 

2.1 General description of endometrial stromal cells 

Endometrial stromal cells represent the main cellular population of the endometrial 

stroma, as well as the main regulators of the endometrial structure and reorganization. 

EnSCs are sometimes defined as endometrial fibroblasts, mostly due to their 

morphological features and their localization in the stroma. However, they also have unique 

features, clearly identifying them as a specific cell type.  

During the proliferative phase of the uterine cycle, endometrial stromal cells are chiefly 

involved in the reconstitution of the correct endometrial architecture. In this phase, the new 

endometrial stromal cells generated by the progenitors localized in the stratum basalis 

undergo extensive proliferation, regenerating the upper layer of the endometrial stroma. 

EnSC are also responsible for the secretion of extracellular matrix (ECM) proteins, including 

but not limited to Collagen type I, III and VI. The secretory activity observed in this phase, 

however, is not comparable to the one of decidualized EnSCs (Carbone 2006, Okada 2018, 

Shi 2020). In a physiological context, the endometrial regeneration occurs without any scar 

or tissue fibrosis, further confirming that EnSCs are indeed a cellular type with unique 

features (Gellersen 2014). 

During the secretory phase, as extensively described in the following paragraphs, EnSCs 

decidualize, terminally differentiating into a secretory phenotype. Upon decidualization, 

these cells stop proliferating, enlarge and change their morphology, acquiring an epithelioid 

appearance. Even more importantly, decidualized EnSCs secrete large amounts of a wide 

array of secretory cargo proteins, that reshape the local environment to promote a successful 

embryo implantation (Dunn 2003, Gellersen 2014, Okada 2018). 
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2.2 Regulation of EnSC decidualization 

During the secretory phase of the uterine cycle, endometrial stromal cells undergo a 

complete phenotypic switch, terminally differentiating into a secretory phenotype. This 

differentiation program is induced by ovarian steroid hormones, progesterone in particular, 

that reach the endometrium through the systemic circulation. Accordingly, decidualization 

begins first for the cells in close contact with the endometrial blood vessels, and gradually 

propagates to all the other EnSCs in the stratum functionalis (Gellersen 2014).  

At the beginning of the secretory phase, estrogens prime the expression of the 

progesterone receptor (Maruyama 2008, Okada 2018), that is in turn strongly activated by 

the surge of progesterone levels (Okada 2018).  Results based on murine models suggest that 

the PR-A isoform is required for EnSC response to progesterone, while the other isoform 

(PR-B) appears instead to be dispensable (Conneely 2000). 

In response to progesterone itself, other signaling molecules with a paracrine effect are 

locally produced by endometrial stromal cells (Dunn 2003).  

In response to progestins themselves, other signaling molecules with a paracrine effect are 

locally produced by endometrial cells. Indeed, steroid hormones stimulate the expression of 

COX-1 and COX-2 enzymes, leading to the production of signaling lipids with a local effect, 

including prostaglandin E2 (PGE2) and other lipokines (Dunn 2003), but also to the 

upregulation of their receptors (Houserman 1989). In subsequent phases, IL-1β and other 

paracrine cues, released by both immune cells and by the embryo itself, further sustain the 

expression of COX-2 (Tamura 2002), maintaining and reinforcing the signaling cascade. 

Hormonal stimulation also induces the expression of relaxin, a small peptide hormone 

with both paracrine and systemic effects (Palejwala 2002, Dunn 2003, Gellersen 2003). 

Relaxin has fundamental roles in the correct maturation of the endometrial vasculature 

(Albrecht 2010), but also acts as autocrine and paracrine signal, sustaining EnSC 

decidualization (Palejwala 2002). 

Several other signal molecules and growth factors contribute to the decidualization 

program, in many cases in a non-dispensable manner (Matsuoka 2010, Li 2007). These 

signals include, but are not limited to, Wnt5a (Matsuoka 2010), BMP-2 (Li 2007), and 
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members of the TGF- β superfamily, secreted by both EnSCs and uterine epithelial cells 

(Jones R 2006). All these molecules induce the expression of important decidualization 

markers, but even more importantly they are often involved in positive feedback loops, 

providing robustness to the differentiation program (Gellersen 2014). 

Interestingly, most of the paracrine signals involved in decidualization converge to a rise 

of the intracellular levels of cyclic AMP (cAMP), either due to the induction of adenylyl 

cyclase activity, or due to the inhibition of cAMP-degrading phosphodiesterases (Brar 1997, 

Gellersen 2003). The increased intracellular levels of cAMP determine the activation of 

EPAC (Kusama 2013) and PKA, resulting in the activatory phosphorylation of CREB 

(Telgmann 1998, reviewed in Yoshie 2015). 

Cyclic AMP signaling, moreover, further sensitize cells to progesterone, as PKA activity 

prevents the inhibitory SUMOylation of progesterone receptor (Jones M 2006), and its 

binding with co-repressors (Wagner 1998), but also by directly promoting the expression of 

progesterone receptor (Brosens 1999, Dunn 2003). 

Together, the activation of progesterone and cAMP-dependent signaling cascades 

determines an extensive transcriptional response in decidualizing cells, including the 

induction of C/EBPβ, FOXO1, homeobox A1, HAND2 and STAT (Yoshie 2015, Okada 

2018). These transcription factors, in combination with progesterone receptor itself and 

CREB, determine the correct gene expression during the decidualization program. 

Interestingly, the interaction among the different signals appears to be complex and 

dynamic, and the role of each molecule may change during the progression of the 

decidualization program (Okada 2018). 

For example, progesterone has been variously reported to antagonize or promote the 

production of PGE2 (Dunn 2003), but also to promote the expression of PGE2 receptor 

(Houserman 1989). Moreover, despite progesterone alone is sufficient to induce 

decidualization in vitro (Gellersen 2014), progesterone signaling can in some conditions 

dampen prolactin expression. 

Paracrine signals released by tissue-resident immune cell populations are also thought to 

contribute to the precise spatiotemporal control of EnSC decidualization: interferon γ, 
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secreted by lymphoid aggregates in the stratum basalis, reduces the expression of 

decidualization markers, counterbalancing the effects of cAMP-dependent signals elicited by 

progesterone and paracrine cues (Christian 2001). 

Together, these data suggest a tight connection between the different signaling cascades 

controlling decidualization, likely ensuring robustness to the decidualization program and 

minimizing the impact of stochastic fluctuations of hormone levels. 

  

2.3 Decidualized EnSCs reshape the endometrial environment  

In their proliferative state, EnSCs substantially represent the stromal compartment of the 

endometrium. They actively proliferate, and secrete ECM proteins, actively contributing to 

the post-menstrual repair of the endometrial tissue (Gellersen 2014, Shi 2020). This is a clear 

difference between EnSC and most other secretory cell types, as in this case the progenitor 

of the terminally differentiated secretory cell already has a well-defined physiological 

function and specialized secretory capacity. 

With decidualization, the phenotype of EnSCs, as well as their role in the endometrial 

tissue, change dramatically. With this differentiation program, indeed, EnSCs become 

specialized protein factories, that with their secretory cargoes completely reshape the local 

environment and direct the activity of all the other residing cell populations (Gellersen 2014, 

Okada 2018). 
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Figure 1. Decidualized EnSCs reshape the endometrial environment. 

Schematic representation of the crosstalk between decidualized endometrial stromal cells and the 

other components of the endometrium, including the trophoblast in early invasion phase. Different 

proteins secreted by EnSCs and their respective targets are indicated (Gellersen 2014, Okada 

2018). Created in BioRender, publication agreement number LT26A0SA27. 

 

2.3.1 The decidualization markers: prolactin and IGFBP-1 

Upon decidualization, endometrial stromal cells express, among several other cargoes, 

high levels of Prolactin (PRL) and Insulin-like Growth Factor Binding Protein 1 (IGFBP-1) 

(Dunn 2003, Gellersen 2014, Okada 2018). Both these proteins are easily detectable in the 

amniotic fluid and in the decidualized endometrial tissue (Ben-Jonathan 1996, Rutanen 

1985). Due to their early identification as decidua-specific proteins, and their abundant 

expression in decidualized EnSCs, PRL and IGFBP-1 are considered conventional markers 

of decidualization , both in vitro, ex vivo and in vivo experiments (Gellersen 2014). 

In the endometrial context, PRL is expected to act as a paracrine signal acting on epithelial 

cells, uNKs, blood vessels and, in case of implantation, on the trophoblast (Gellersen 2014). 

Several functions have been proposed for PRL in decidualized endometrium, alone or in 

synergy with progesterone: among them, promotion of trophoblast invasion (Stefanoska 
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2013, Sharma 2016), immune regulation (Jabbour 2001), stimulation and /or control of 

angiogenesis (Corbacho 2002), and induction of glandular-epithelial cell differentiation 

(Jabbour 2001). 

IGFBP-1, as indicated by its name, binds the Insulin-like Growth Factors (IGF-1 and  

IGF-2), preventing the binding with their receptor (Lee 1993) and thus reducing their 

availability in the tissue (Carter 2004). Apart from its canonical function, IGFBP-1 was also 

reported to directly promote trophoblast invasion, through direct signaling mechanisms 

(Gleeson 2001). 

In the endometrium, IGFBP-1 is cleaved by matrix metalloproteases (in particular, by 

MMP-3 and MMP-9), secreted by both decidualized EnSCs and by the trophoblast (Coppock 

2004). However, decidualized EnSCs also secrete inhibitors of the same proteases (TIMP-1, 

TIMP-2, α2-macroglobulin), thus protecting IGFBP-1 from degradation (Coppock 2004). 

This system likely ensures a precise spatiotemporal control of IGFBP-1, through a precise 

coordination of its secretion, degradation and protection (Gellersen 2014). In this way, IGF-

1 and IGF-2 signaling can be precisely modulated in the endometrium, and possibly 

connected with the matrix remodeling processes.  

 

2.3.2 Extracellular matrix deposition and remodeling 

One of the most evident aspects of endometrial decidualization is the formation of a thick 

layer of extracellular matrix in the stratum functionalis. This matrix has the fundamental 

function of providing the optimal environment to accommodate the embryo after 

implantation, but also to limit the invasion of the trophoblast to the superficial layers, 

therefore avoiding potentially catastrophic damages to the underlying vasculature (Sharma 

2016). This ECM layer is deposed by decidualized EnSCs: indeed, these cells secrete large 

amounts of collagen type I, IV and VIII (Carbone 2006, Shi 2020), fibronectin, laminin, 

decorin, and heparan-sulfate proteoglycans (Schatz 2016, Gellersen 2014, Okada 2014).  

Decidualized EnSCs are also actively involved in the remodeling of the ECM, as they 

secrete matrix metalloproteases (MMPs), but also tissue inhibitors of metalloproteases 

(TIMP), likely to prevent an excessive trophoblast invasion (Sharma 2016). 
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2.3.3 Regulation of angiogenesis and blood vessel maturation 

As previously described, the endometrial vascular system is extensively remodeled during 

the secretory phase, with the formation of the spiral arteries that extend in the functional layer 

of the endometrium (Gellersen 2014, Brosens 2019).  

This process is of capital importance for the establishment of a successful pregnancy: 

defects in the formation of the endometrial blood vessels, or in the maturation of their 

endothelium, inevitably lead to pregnancy failure or to serious complications (Brosens 2019, 

Ng 2020).  

Decidualized EnSC play a crucial role in the development of the endometrial vasculature. 

As a part of their secretory cargoes, indeed, these cells produce and secrete proangiogenic 

and vasoactive molecules, including the growth factor VEGF (Shifren 1996) and FGF 

(Albrecht 2010, Okada 2018), angiopoietins, relaxin (Palejwala 2002, Albrecht 2010). Other 

proteins with antiangiogenic function, such as trombospondin, are also secreted to 

counterbalance the pro-angiogenic cues (Albrecht 2010). Moreover, upon decidualization, 

EnSCs also express tissue factor (TF), one of the main activators of the coagulation cascade, 

and plasminogen activator inhibitor 1 (PAI-1), a key inhibitor of fibrinolysis (Dunn 2003). 

Taken together these results highlight the crucial role of decidualized EnSCs in the induction 

of early endometrial angiogenesis, in the local regulation of hemodynamics, and in the 

control of coagulation upon vascular damage. All these aspects are of capital importance in 

case of successful implantation of the embryo, to support the developing placenta with an 

adequate blood flow, but also to prevent excessive bleeding when the trophoblast erodes the 

endometrial vasculature. 

In later phases of embryo implantation and invasion, the endometrial vasculature 

undergoes a further, extensive remodeling, resulting in the establishment of the placental 

circulation: the diameter of the vessels increases, resulting in a decrease in the blood flow 

velocity, and the endothelium undergoes a maturation process, allowing more efficient 

exchanges between fetal and maternal circulation (Brosens 2019). These processes, essential 
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for the embryo development and for a complication-free pregnancy progression, are mostly 

regulated by uNKs and resident macrophages (Gaynor 2017, Brosens 2019). 

Since decidualized EnSCs are directly responsible for the recruitment, the proliferation 

and the correct differentiation of both these cell types, they likely contribute also to the 

regulation of these later vascular remodeling events, although mostly through an indirect 

mechanism (Vinketova 2016). 

 

2.3.4 Regulation of immune cell populations 

As previously described, peculiar immune cell types reside in the endometrial tissue, and 

mediate fundamental functions such as the immune tolerance towards the fetus (Santoni 

2008), and the correct development of placental vasculature (Brosens 2019). Both uNKs and 

tissue resident macrophages actively participate to the decidualization of the endometrial 

tissue: they proliferate extensively, and secrete signaling molecules that sustain EnSC 

decidualization, vascular remodeling and embryo implantation (Dunn 2003, Hanna 2006, 

Vinketova 2016). As immune cells of the endometrium do not express the progesterone 

receptor (Henderson 2003), however, other cell types must necessarily direct their response 

to the hormonal changes.  

Also in this context, decidualized EnSCs represent the master regulators of the 

endometrial environment. Upon decidualization, EnSCs secrete a wide array of different 

cytokines and chemokines, which induce the resident immune populations to acquire peculiar 

tolerogenic phenotypes (Petracco 2012, Vinketova 2016). 

Decidualized cells also express several cytokines, including IL-1, IL-6, IL-8, IL-11, IL-

15, and LIF, and several chemokines (Dunn 2003, Petracco 2012, Viketova 2016).  

Among them, IL-15 appears to be particularly crucial for the endometrial dynamics: this 

cytokine, expressed (Okada 2000) and secreteed (Okada 2004) upon decidualization, is 

indeed the main inducer of uNK proliferation and differentiation (Hanna 2006). 

The precise role of other cytokines in the endometrial context is not always completely 

clear: for example, highly inflammatory cytokines (IL-1, IL-6) are secreted in a generally 

tolerogenic immune environment, and apparently interfere with the decidualization program 
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(Simon 1995); at the same time, they appear to be fundamental for the successful 

implantation (Simon 1994). Other cytokines, such as IL-11, appear to have a mostly autocrine 

role, as they are secreted by EnSCs themselves, and are required for both in vitro and in vivo 

decidualization (Dimitriadis 2002).  

Decidualized EnSCs, probably to promote tolerance towards the embryo, also secrete 

Macrophage Inhibitory Cytokine 1 (MIC-1), a cytokine impairing macrophage and dendritic 

cell maturation: MIC-1, indeed, interferes with the differentiation of antigen presenting cells 

(Segerer 2012). 

 

2.4 Pathological implications of defective decidualization 

Due to the multifunctional role of decidualized EnSCs in the endometrium, defects in their 

differentiation program can have serious effects on women’s health and successful pregnancy 

establishment. 

Embryo implantation has been reported to represent the most critical step in the 

establishment of pregnancy (Norwitz 2001), also due to the narrow window of endometrial 

receptivity (Ng, 2020). The existence of this tight implantation window, although apparently 

detrimental, allows a precise coordination between the development of the embryo and the 

dynamics of the endometrium (Norwitz 2001, Salker 2010, Ng 2020), and at the same time 

provides a strict negative selection against embryos with severe developmental defects 

(Salker 2010). Accordingly, delayed implantation does not impair early embryo 

development, but frequently results in a negative pregnancy outcome (Wilcox 1999). 

Taking these points into consideration, correct EnSC decidualization appear to be critical 

for the implantation outcome: cells with a defective differentiation fail to provide a receptive 

environment for the embryo, thus leading to reduced fertility and early pregnancy loss (Salker 

2010, Lucas 2020).  

A delay in decidualization, in turn, can abnormally extend the implantation window, 

leading to a paradoxical superfertility: the lack of a strict temporal selection of the embryo 

results in a higher number of implantation events, which however also corresponds to a high 

rate of early miscarriage (Salker 2010). Physiologically, the narrow implantation window has 
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indeed been proposed as a barrier mechanism against the implantation of embryos with 

severe chromosomal anomalies, often corresponding to delays in the early phases of 

development; an extension of endometrial receptivity removes this important checkpoint, 

thus allowing also pregnancies with limited probability of success and high risk of 

complications (Salker 2010). 

On the same line, the temporal mismatch between the embryo transfer and the 

physiological implantation window appears to be a critical aspect for the low success rate of 

FIV-ET procedures (Ng 2020), estimated around 25-35% per treatment (Smith 2015). Even 

though a direct comparison with the clinical setting is not possible, it is important to note that 

in animals in which decidualization is directly induced by embryo implantation, such as mice, 

the same procedure has a success rate close of 90-95% (Vasudevan 2010). 

Alterations of endometrial stromal cell decidualization have been implicated in the 

pathogenesis of other clinical conditions. Impaired EnSC decidualization and defective 

expression of annexin A2 in EnSCs have been described in pre-eclampsia (Garrido-Gomez 

2020), a severe pregnancy complication characterized by defects in the placental vasculature 

and severe maternal hypertension (Gellersen 2014, Chaiworapongsa 2014).  

Resistance to decidualization has also been described in endometriosis, a pathology 

characterized by hyper-proliferation of EnSCs in both the endometrium and ectopic regions 

(Klemmt 2006, Gellersen 2014). In this context, the incomplete differentiation state probably 

promotes the survival and the invasiveness of EnSCs (Klemmt 2006). 

 

3 Becoming a protein factory: the secretory pathway organelles 

3.1 Secretory pathway organelles: a brief overview 

In eukaryotic cells, the vast majority of the proteins exposed on the plasma membrane or 

secreted in the extracellular environment is synthetized in the lumen of the secretory pathway 

organelles. This complex system of membranes and vesicles has the fundamental function of 

creating a series of isolated compartments, characterized by specific chemical properties and 

well-defined sets of proteins and enzymes. Secretory proteins can therefore be synthetized 
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and processed through a series of incompatible chemical reactions, acquiring their native 

structure and the correct post-translational modifications. 

While all the cells synthetize proteins destined to the extracellular environment, some cell 

types specialize in the secretion of protein cargoes, turning themselves into protein factories. 

Endometrial stromal cells represent a clear example of this: upon decidualization, they devote 

completely to the production of secretory cargoes, through which they mediate their 

physiological functions. 

 

3.1.1 The endoplasmic reticulum 

The endoplasmic reticulum (ER) represents the largest organelle of the secretory pathway. 

It is formed by a complex system of tubules and cisternae (that is, large, flattened vesicles), 

in continuity with the outer membrane of the nuclear envelope (Baumann 2001, Lynes 2011, 

Westrate 2015). 

The organelle is conventionally divided in rough and smooth ER, based on the presence 

of ribosomes on its membrane, with the former involved in protein synthesis, and the latter 

mediating all the other functions (Alberts 2015). This sharp, dichotomic division of the ER, 

however, is becoming more and more outdated: the organelle appears to be instead formed 

by several specialized subdomains, each of which contains all the proteins required for a 

specific function (Lynes 2011, Sasaki 2019). 

For secretory cell types, the synthesis, folding and quality control of protein cargoes 

clearly represent the most important functions of the endoplasmic reticulum. 

Secretory proteins, as well as membrane proteins and resident proteins of the secretory 

pathway, are synthesized by the ribosomes localized on the rough ER membrane, and co-

translationally imported in the organelle lumen by the translocon system (Deshaies 1991, 

Johnson 1999). 

 Inside the ER, proteins acquire their native conformation, in a process driven by weak 

interactions among the amino acid side chains. The final conformation of the protein is 

entirely determined by the sequence of its amino acids, based on the minimization of the free 
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energy of interaction, and could in principle be reached also in vitro, in the absence of any 

other element (Anfinsen 1973, Ellgaard 2016, Nelson 2017). 

In the ER, protein folding is facilitated by a wide array of chaperone proteins. Chaperones 

interact transiently with the unfolded proteins, preventing the aggregation of exposed 

hydrophobic patches and de-stabilizing aberrant conformations (Gidalevitz 2013, Saibil 

2013). Moreover, chaperones also contribute to the translocation of polypeptides (Bar-Lavan 

2016), the formation of protein complexes (Adams 2021), and the sensing of ER stress (Hetz 

and Papa 2018). Considering the fundamental roles of chaperones, it is not surprising that 

chaperones are among the most abundant proteins in human cells, accounting for 10% of the 

total protein mass (Finka 2013).  

The endoplasmic reticulum contains several different types of chaperones, often 

associated in large, transient complexes. Some of them, such as BiP, have a broad cargo 

specificity and are involved in the folding of most of the proteins (Pobre 2019): just to 

provide an example, a random polypeptide would in average contain a BiP-binding site every 

36 amino acids (Blond-Elguindi 1993). Due to its abundance, its wide specificity, and its 

fundamental roles in protein folding, BiP is indeed considered the master regulator of ER 

functions (Pobre 2015). 

Other chaperones have a small number of selected substrates (such as GRP94, involved 

in the folding of some growth factors and membrane receptors) or are even substrate-specific 

(such as Hsp47, specific for procollagen): their abundance, therefore, depends on the specific 

cell type, and on the nature of its secretory cargoes (Nagata 2003, Graner 2015). 

Additional modifications contribute to the achievement and stabilization of the correct 

conformation of a protein. The co-translational addition of an oligosaccharide contributes to 

the primary folding of the polypeptides and has a fundamental role in the quality control 

mediated by calnexin and calreticulin (Danilczyk 2000, Aebi 2013, Ellgaard 2016). 

Another important aspect is the formation of disulfide bonds between couples of cysteines, 

a process mediated by dedicated oxidoreductases. The formation of these covalent bonds 

significantly stabilizes the tridimensional structure of a folded polypeptide, as well as the 
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interaction among different subunits. In this way, the correct structure of proteins is better 

maintained in the harsh extracellular environment (Betz 1993, Braakman 2011). 

In this process PDI, a protein with both chaperone and enzymatic function, plays a pivotal 

role: according to the oxidation status of its exposed cysteines (2 CXXC motifs in the 

thioredoxin-like domains of the protein), it mediates disulfide bond formation, reduction or 

isomerization through the formation of mixed disulfides and their subsequent resolution.  

The endoplasmic reticulum also contains several PDI-like enzymes, such as ERp72, 

ERp57 (the oxidoreductase associated with calnexin and calreticulin), ERp46, ERp18 and 

P5, with very similar functions but acting on different substrates or in different phases of the 

folding (Ellgaard 2005, Jessop 2009, Araki 2013). 

The formation of disulfide bonds consumes the available pool of oxidized PDI; this 

problem is solved by a specific mechanism based on the oxidation or reduction of Ero1, a  

FAD-dependent enzyme: with a mechanism very similar to the one described before, Ero1 

oxidizes the cysteines of PDI (and of the related enzymes) reducing a disulfide bond in its 

own active site (Araki 2013, Soares 2013). After that, Ero1 transfers the electrons acquired 

from PDI to molecular oxygen, oxidizing again its cysteines and producing hydrogen 

peroxide (Tu 2004, Araki 2013). 

The glutathione peroxidases GPX7 and GPX8, as well as the thiol-containing enzyme 

PRX4 mediate the scavenging of H2O2, highly reactive and therefore potentially dangerous 

for the cell. PRX4, moreover, contains couples of cysteines that are oxidized in the process; 

in this way, with another disulfide bridge exchange reaction, it brings back oxidizing 

equivalents to PDI, making the whole process more efficient (Jessop 2009, Araki 2013). 

Synthesis and modification of proteins, although important, represents only one of the 

many functions of the endoplasmic reticulum. The organelle, indeed, represents the main 

storage site for calcium, a fundamental second messenger in several signaling pathways; it is 

involved in synthesis and maturation of several lipids, such as phospholipids, steroidal 

hormones and GPI-anchors; it contains fundamental enzymes, involved in detoxification of 

xenobiotics and dangerous endogenous molecules. 
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Interestingly, the ER is also involved in a plethora of complex interactions with all the 

other intracellular organelles, including mitochondria, Golgi complex, endosomes, 

lysosomes, peroxisomes, and lipid droplets (Valm 2017). While the different components are 

for simplicity often considered as separate units, indeed, they should rather be considered a 

highly interconnected functional network (Phillips and Voeltz 2016, Valm 2017). These 

contacts, stabilized by tethering specific tethering molecules, allow for instance non-

vesicular shuttling of sterols between the membrane of the ER and ones of trans-Golgi and 

endosomes (Phillips and Voeltz 2016), but also the direct transport of amino acids from 

lysosomes to the ER (Choi 2023). 

The contacts between ER and mitochondria are by far the most characterized form a 

functional point of view. These interactions mediate a fundamental crosstalk between the two 

organelles, including the transport of calcium from the ER to the mitochondrial matrix, the 

transport of sterols, and the synthesis of phospholipids, mediated by enzymes localized in 

both organelles (Phillips and Voeltz 2016, Sasaki 2019). 

Moreover, the contacts between ER and mitochondria also have a crucial role in the 

control of mitochondrial network dynamics, as they define the position of both mitochondrial 

fusion and fission events (Sasaki 2019).  

 

3.1.2 Golgi complex 

The Golgi complex is the second main organelle of the secretory pathway. This organelle 

is formed by a stack of 5-7 cisternae, organized in a directional way (Farquhar 1985, Li 

2019). This organization is maintained by structural proteins called golgins, that tether the 

cisternae and anchor them to the microtubule cytoskeleton (Barr 2001, Gosavi 2017). 

Differently from most organelles, the Golgi complex is characterized by marked 

asymmetry and a precise directionality: vesicles arrive from the endoplasmic reticulum to 

one side of the organelle (the cis Golgi), while vesicles containing processed cargoes leave 

from the opposite side (the trans Golgi) (Rothman 1996, Pelham 2000). The borders of the 

Golgi apparatus are quite faded: upstream, a network of large, interconnected vesicles called 

ERGIC (ER-Golgi Intermediate Compartment) receives cargoes from the endoplasmic 
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reticulum and sorts them to the cis Golgi network (the receiving side of the organelle) or back 

to the ER (Appenzeller-Herzog 2006); downstream, the last cisterna becomes a sort of hub, 

called Trans Golgi Network, that directs proteins to the extracellular environment, the 

lysosomes or to the stable pool of secretory vesicles (Gu 2001, Di Martino 2019). 

Despite the extensive vesicular transport across the Golgi complex, that according to some 

models even includes the progression and maturation of the cisternae themselves (Glick 

2011), the identity of the cis, medial, and trans compartments of the organelle remains stable, 

with a well-defined localization of structural proteins and enzymes (Pulvirenti 2008, Glick 

2011). Similarly, a precise gradient of pH, zinc and copper is maintained across the organelle, 

probably through a precise localization of the Golgi proton pump (GPHR) and of the different 

ion transporters (Paroutis 2004, van Baelen 2004, Maeda 2008, Amagai 2023). 

Inside the organelle, more than 250 different glycosidases and glycosyltransferases add 

new sugars to the proteins and modify the simple oligosaccharides added in the ER (Stanley 

2011). The sugars can also be modified by different enzymes, such as sulfurylases and 

epimerases, further increasing the complexity of the modifications (Cooper 2000, Stanley 

2011, Conway 2011). For some proteins, such as proteoglycans and other ECM proteins, the 

glycosylations are particularly extensive, and can account for several times the molecular 

weight of the unmodified polypeptide (Stanley 2011). Specific modifications of the terminal 

sugars are also added to some proteins, defining their final subcellular localization: the 

presence of a mannose phosphorylated in position 6, for instance, directs enzymes and other 

proteins to the lysosomal compartment (Coutinho 2012). 

Different mechanisms, such as recognition of consensus signals on the polypeptide, 

accessibility of the sugar moieties and precise localization of the enzymes across the 

cisternae are thought to contribute to the specificity of Golgi glycosylation, but the precise 

mechanisms are not completely understood to the state of the art (Stanley 2011, Sasaki 2019). 

The second, fundamental function of the Golgi complex is to act as a sorting hub for the 

whole secretory pathway: all the proteins transported to the Golgi complex are indeed 

directed by this organelle to the correct compartment, may that be the extracellular space, the 

lysosomes, specialized vesicular pools or the Golgi itself (Gu 2001, Glick 2011, Sasaki 
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2019). This is particularly critical in highly polarized cells, in which the vesicles directed to 

the cell membrane must be directed either to the lateral or the basolateral domain (Glick 

2011, Ford 2021). Different mechanisms have been proposed to explain the precise sorting 

of proteins into different vesicular pools: specific features of cargo proteins are thought to be 

recognized by dedicated receptors, that either include or exclude the cargo from the vesicle 

(Di Martino 2019). To the state of the art, however, only a limited number of sorting signals 

and receptors have been clearly identified (Gu 2001, Gary-Bobo 2007, Ford 2021). 

 

3.1.3 Homeostasis of the secretory pathway 

In their physiological functions, secretory cell types must produce, transport, modify and 

secrete large amounts of protein cargoes. The efficiency of the secretory process entirely 

depends on the capacity of the secretory pathway organelles to maintain their identity, and 

to respond to perturbations, including sudden variations of the cargo workload. 

In the ER, the accumulation of misfolded protein cargoes induces a homeostatic response, 

defined Unfolded Protein Response (UPR), with an intensity proportional to the severity and 

duration of the stress (reviewed in Walter and Ron 2011, Hetz and Papa 2018). 

The UPR depends on the activation of three main sensors: ATF6 (Haze 1999), IRE1α 

(Cox 1999) and PERK (Mori 1993). The activation mechanism and the downstream effectors 

of each UPR sensor are different, but all of them converge to a restoration of organelle 

homeostasis, by modulating the synthesis of new proteins, and increasing the folding and 

degradation capacity of the ER (DuRose 2006, Walter and Ron 2011). 

The three branches of the UPR are often activated in the differentiation program of several 

secretory cell types, independently from the accumulation of misfolded proteins (Hetz 2012, 

So 2018). This mechanism is fundamental to increase the capacity of the endoplasmic 

reticulum to efficiently accommodate and fold large amounts of secretory protein cargoes 

(Pincus 2010), and to prevent an overloading of the organelle, by dampening an excessive 

production of proteins (Gao 2012). 
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Important roles of UPR sensors and signaling cascades have been described in the 

differentiation of several secretory cell types, including plasma cells (Iwakoshi 2003, Hetz 

2012, So 2018) and pancreatic β cells (Gao 2012). 

Interestingly, this is not the case of other secretory cells, such as thyrocyte differentiation 

(Christis 2010) and EnSC decidualization (Anelli 2021): indeed, no overt activation of the 

UPR branches is observed in the differentiation of these cell types. 

Tight control mechanisms also maintain the identity and content of the different secretory 

organelles: this is particularly true for the Golgi complex, that continuously receives a 

massive flow of vesicles from the much larger endoplasmic reticulum. Dedicated 

mechanisms prevent ER proteins from reaching the Golgi, and retrieve them if they escape 

the retention mechanisms (Ma W. 2017). The bulk of the ER chaperones and the enzymes, 

together with the newly synthetized proteins, is thought to form a huge, supramolecular 

assembly, the so-called ER matrix (Ma W. 2017); these mechanism likely prevents the 

massive leakage of ER-resident proteins, although specific exclusion mechanisms have also 

been proposed (Ma W. 2017).  

When ER-resident proteins are transported to downstream compartments, they are 

promptly retrieved, either by direct assembly of COPI on a double lysine motif (for 

transmembrane proteins), or by the interaction with the KDEL-receptors (KDELR), which in 

turn induce vesicle formation (Capitani 2009, Gao 2014). The KDELRs, as the name 

suggests, recognize the consensus motif KDEL on the C-terminus of proteins (Capitani 

2009); for soluble ER enzymes not bearing a KDEL, and for unassembled intermediates of 

multimeric proteins, the interaction with the KDELR depends on a mediator, the protein 

ERp44 (Anelli 2003, Sannino 2014, Anelli 2018). A similar sorting process is thought to 

mediate the cis-trans organization of Golgi proteins, but the precise mechanisms are 

unknown to the state of the art (Di Martino 2019). 

A complex signaling network is thought to exist at the interface between the ER and the 

Golgi complex, to regulate and coordinate the bi-directional flow of proteins and vesicles 

(Farhan 2011, Centonze 2019). Proteins with a signaling function have been identified in the 

secretory organelles, and signaling events correlated with protein trafficking have been 



36 

 

described: examples of this are the kinase LTK, localized at the ER-exit sites, or the signaling 

cascades associated with the activity of the KDELRs (Farhan 2011, Centonze 2019, Cancino 

2014, Pulvirenti 2008). However, a general understanding of these signaling mechanisms, 

and their precise role in the homeostasis of the secretory pathway, are to the state of the art 

largely unknown. 

 

Figure 2. Homeostasis of the secretory pathway: Unfolded Protein Response of the ER. 

Schematic representation of the three branches of the canonical UPR of the ER, with their activation 

mechanism and their downstream effectors. Created in BioRender, publication agreement number 

LH26A0VT06 
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AIMS OF THE WORK 

Despite the great physiological importance of endometrial stromal cells, several aspects 

of their decidualization program are still poorly understood. 

In this project, I aimed to characterize the different steps required to convert a fibroblast-

like cell into a specialized protein factory with a unique phenotype.  

Taking advantage of an in vitro model of decidualization, I investigated the morphological 

and functional reshaping of the organelles during the differentiation program; to the best of 

my knowledge, this was the first detailed characterization of EnSC decidualization from a 

cell biology point of view. 

More in detail, I tried to answer to the following questions: 

-How are the secretory pathway organelles reorganized in decidualization? 

-Which are the transcriptional mechanisms controlling their dynamics? 

-How does decidualization impact the mitochondrial network and the cellular 

metabolism? 

-Are other aspects, such as organellar content of metal ions, also affected in the 

differentiation program? 

 

During the three years of my PhD, I assessed these questions by several different 

experimental approaches, combining high-resolution microscopy, RNA analyses and 

biochemical assays.  

The results I obtained, although preliminary in some of their parts, provide new, 

interesting insights on endometrial stromal cell decidualization, characterizing aspects of the 

differentiation program which were never investigated before. 
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RESULTS 

1 Characterization of the secretory organelles in decidualization 

Decidualization of endometrial stromal cells represents an amazing example of inducible 

secretory differentiation. In response to simple environmental cues, namely the levels of 

estrogens and progesterone, EnSCs completely reshape their phenotype, terminally 

differentiating into specialized protein factories. In a matter of a few days, all the EnSCs of 

the stratum functionalis radically change their role in the tissue: they stop proliferating, 

dramatically change their morphology, and direct most of the events occurring in the tissue 

through the protein cargoes they secrete (Krikun 2004, Gellersen 2014). 

Considering the sudden increase in protein synthesis and secretion experienced by EnSC 

during decidualization, achieving and maintaining high efficiency in the secretory pathway 

organelles must clearly be a paramount aspect of this differentiation program. However, this 

aspect has never been extensively investigated. 

In the following sections, I characterized the reshaping of the secretory pathway 

organelles during endometrial stromal cell decidualization, in terms of morphological 

rearrangements, functional reorganization and transcriptional changes. 

 

1.1 Validation of T-HESC as an EnSC decidualization model 

To investigate the different aspects of the decidualization process, I employed the cell line 

T-HESC as an experimental model. This line, derived from primary human endometrial 

stromal cells immortalized with telomerase, has previously been validated as a reliable model 

of EnSC decidualization (Krikun 2004). 

Based on the previous literature, I selected an in vitro decidualization protocol based on 

1µM MPA (medroxyprogesterone acetate) and 0.5 mM cAMP (8-bromoadenosine 3′, 5′ 

cyclic monophosphate) (Brosens 1999, Gellersen 2014). MPA is a progesterone analogue, 

routinely used in clinical practice for contraception and for the correction of hormonal 

imbalance (Sathe 2023); its presence in the medium mimics the hormonal changes between 

the proliferative and the secretory phase of the menstrual cycle. The 8-bromoadenosine cyclic 

monophosphate is a cell permeant analogue of cAMP. In physiological decidualization, 
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activators of adenylate cyclase (such as prostaglandin E2) and inhibitors of 

phosphodiesterases (such as relaxin) represent key inducers of decidualization (Palejwala 

2002, Dunn 2003). During in vitro decidualization, exogenous cAMP provides a priming for 

the progesterone signaling, that normally would be provided by signaling molecules 

increasing the intracellular cAMP levels. 

As confirmed also by previous results obtained in the lab, cAMP alone can induce an early 

response of some genes, but not proper decidualization. Conversely, progesterone is able to 

induce decidualization, but the process is slower and the gene induction is limited, compared 

to the complete stimulation. 

To verify that T-HESC decidualization can effectively be achieved in the experimental 

setting, I analyzed different hallmarks of decidualization at different days after treatment with 

cAMP and progesterone. 

Decidualization reshaped T-HESC morphology: as clearly visible in both 

hematoxylin/eosin staining and by immunofluorescence for cytoskeleton proteins, cells 

switched from a fibroblast-like appearance to an epithelioid morphology (Figure 3). 

As shown in Figure 3, proliferative T-HESC are elongated cells, generally spindle-shaped 

and sometimes with several long protrusions. After decidualization, instead, the cells become 

larger, and acquire a polygonal shape; the “empty space” surrounding the nucleus, 

representing both the cytoplasm and the organelles, enlarges significantly, and is more 

intensely stained by eosin, a nonspecific protein dye (Figure 3). 

The morphological changes observed reflect the ones observed in histological sections 

(Gellersen 2014), and recapitulate what was previously described for the in vitro 

decidualization protocol chosen (Brosens 1999). These observations were also in line with 

previous experiments performed in the lab, in which this in vitro decidualization protocol 

induced analogue morphological changes in primary human and murine EnSC. 
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Figure 3. Visualization of endometrial stromal cell decidualization. 

A. Graphical representation of EnSC decidualization. B. Microscopy of proliferative T-HESC. 

Left panel: Hematoxylin and eosin staining, bright field microscopy; acquired with a 20x 

magnification, bar: 60 µm. Right panel: Fluorescence microscopy of the cytoskeleton (phalloidin-

FITC; anti-vimentin immunofluorescence); acquired with a 60x magnification, bar: 20 µm. C. 

Microscopy of decidualized T-HESC (6 days of in vitro decidualization). Organized as panel B. 

 

To further validate the model, I evaluated by semi-quantitative real-time PCR (qPCR) the 

expression, during the differentiation protocol, of conventional decidualization markers 

(Dunn 2003, Gellersen 2014 Okada 2018). The expression of prolactin (PRL), insulin growth 

factor binding protein-1 (IGFBP-1) and Tissue Factors (TF) was already strongly enhanced 

at day 3 of the differentiation program, and was further increased at day 5, corresponding to 

complete decidualization (Figure 4). 

Transcriptional induction of these genes was also verified by qPCR in parallel with all the 

following experiments, to confirm the successful decidualization of the analyzed cells. 

A 

B C 
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Figure 4. Decidualization markers are transcriptionally induced during T-HESC in vitro 

decidualization. 

Real-time qPCR analysis of the indicated genes. Results corresponding to three independent 

replicates, normalized on GAPDH mRNA and represented as mean ± SEM. *: p ≤ 0.05; ** p ≤ 

0.01, t-test of each time-point versus d0. 

 

To ensure that in vitro T-HESC decidualization corresponds as closely as possible to the 

physiological process, besides the changes in gene expression, the secretion of PRL and 

interleukin-6 (IL-6) was tested by ELISA assay. These proteins are among the paracrine 

signals secreted by EnSC during physiological decidualization (Dunn 2003, Okada 2018). 

Prolactin, in particular, is considered a primary hallmark of the decidualization process 

(Gellersen 2014), and mediates fundamental functions in the endometrium, 

includingpromotion of trophoblast invasion (Stefanoska 2013, Sharma 2016), immune 

regulation (Jabbour 2001), stimulation and /or control of angiogenesis (Corbacho 2002), and 

induction of glandular-epithelial cell differentiation (Jabbour 2001). 

The role of IL-6 in decidualization is more complex, and not completely understood. This 

cytokine is clearly upregulated at a transcriptional level in decidualization (Deb 1999), and 

is present in the healthy decidual tissue (Pietro 2020), where it is thought to contribute to 

regulate trophoblast implantation and local secretion of metalloproteases (Bischof 2001); at 

the same time, excessive amounts of IL-6 in the placenta, e.g. as a consequence of a viral 

infection, may be detrimental for embryo development (Deb 1999, Dudley 1992). 

Nonetheless, abundant secretion of IL-6 is consistently observed in ex vivo cultures of 

decidualized cells (Deb 1999). Therefore, the increasing secretion of PRL and IL-6 in the 

medium along the in vitro decidualization of T-HESC was perfectly in line with what could 

have been observed for physiological decidualization, and further confirmed the validity of 

the experimental system (Figure 5). 
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Figure 5. Decidualized T-HESC secrete prolactin and interleukin 6.  

ELISA assay for PRL and IL-6. The calculated concentrations of the two proteins in the 

conditioned medium are represented by color code, and reported at the sides of the graph. Results 

correspond to four independent replicates, represented as mean ±SEM. **: p ≤ 0.01; ***: p ≤ 

0.001, t-test of each time-point versus d0. 

 

1.2 Secretory organelle enlargement: microscopy and morphometry 

As a first step of the characterization, I analyzed the secretory pathway organelles of  

T-HESC by immunofluorescence (IF) and transmission electron microscopy (TEM), both in 

control conditions and upon decidualization. 

 

Figure 6. Secretory pathway organelles enlarge in decidualization. 
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Transmission electron microscopy of T-HESC before and after decidualization. The images show a 

general overview of the cellular ultrastructure (left) and the morphological changes of ER (middle) 

and Golgi complex (left). Representative images of four independent experiments. Scale bar: 1 µm 

(left panels) or 0.5 µm (middle and right panels).  

 

The electron microscopy analysis revealed interesting changes in the organization of the 

secretory pathway organelles (Figure 6). In decidualized cells, I could observe a significant 

expansion of the rough ER (easily identified by the presence of ribosomes), and of the 

structure corresponding to the smooth ER (which appear as clusters of single-membrane 

tubules and vesicles): both the components appeared far more developed in decidualized 

cells, with larger cisternae and a larger and more complex tubular system. 

An apparent enlargement was observed also for the Golgi complex. The two-dimension 

nature of electron microscopy didn’t allow a complete evaluation of the organelle structure. 

However, an increased number of Golgi structures was consistently observed in decidualized 

cells, which often also contained particularly elongated Golgi stacks. 

In general terms, the intracellular environment of decidualized cells appeared particularly 

“crowded”, completely occupied by ER and Golgi structures, but also vesicles of various 

size, mitochondria and autophagosomes. 

Together, these results suggested that, with decidualization, endometrial stromal cells 

increase the size and activity of their secretory pathway organelles, with a massive increment 

of the intracellular vesicular transport. 

To better characterize the changes of the secretory pathway organelles in decidualization, 

different proteins were chosen for the immunostaining, as representative markers of different 

compartments of the secretory pathway organelles (Figures 7-10).  

Calreticulin (CRT) and Protein Disulfide Isomerase (PDI) were used for the imaging of 

the protein-folding compartment of the ER, based on their pivotal role in primary quality 

control and oxidative folding (Gidalevitz 2013).  

Reticulon 4 (RTN4) was used as additional ER marker, to visualize also other components 

of the organelle: this protein stabilizes the curvatures of the ER membrane (Rämö 2016, 

Wang 2016), and is therefore enriched at the ER tubules and on the edge of ER sheets (Voeltz 
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2006, Rämö 2016). Immunofluorescence for RTN4, therefore, allows visualization of the 

tubular structures corresponding to the smooth ER (Shibata 2006). 

Endoplasmic Reticulum resident protein 44 (ERp44) and ER-Golgi Intermediate 

Compartment 53 kDa protein (ERGIC53) were used for the imaging of the ER-Golgi 

Intermediate compartment, where these proteins are localized, and act as a functional couple 

in protein cargo transport and retrieval (Tempio 2021). 

Giantin and Golgi Matrix protein 130 (GM130) were used for the staining of the 

cis/medial Golgi compartment; and Golgin 97 and Trans-Golgi Network protein 46 

(TGN46), for the trans-Golgi and the trans-Golgi network, based on their localization in the 

organelle (Munro 2011). 

All the compartments analyzed displayed profound and extensive morphological changes. 

In general terms, all the organelles expanded during decidualization, something not 

completely unexpected, considering the increased secretory activity of decidualized EnSCs. 

The protein-folding compartment of the ER progressively enlarged, as the cells progressed 

through the differentiation program (Figures 7-10). The Golgi complex also became 

significantly bigger, and completely reorganized its structure: the small, compact organelle 

observed in proliferative cell became indeed a large structure with a net-like morphology, 

occupying a large region of the perinuclear area (Figures 7-8).  

Sharp morphological differences were observed between the ER markers associated to 

protein folding and other components of the same organelle, possibly corresponding to a 

well-defined “regionalization” of different functions. 

The former, indeed, appeared to be concentrated in the perinuclear area of the cells, both 

in control conditions and after decidualization: when compared to a staining for the cell 

membrane, such as the one for the class I Human Leukocyte Antigen (HLA), performed 

before cell permeabilization, the signals of PDI and CRT left a wide “empty” area in the cell 

periphery (Figure 7). 

Conversely, the RTN4 staining (roughly corresponding to the smooth ER) labeled an 

extended network of tubules, reaching the very periphery of the cell. An important 

enlargement was observed also for this component of the ER, possibly corresponding to an 
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increased biosynthesis of the lipids needed for the observed enlargement of the 

endomembrane system (Figure 9). 

A particularly striking reorganization was observed for the ERGIC, as shown in Figures 

8-9. The compartment, indeed, did not only massively enlarge upon decidualization, but 

seemed to also change its general organization. Indeed, the vesicles corresponding to this 

compartment became significantly more, and extended on a larger area of the cell. 

These modifications likely correspond to a massive increase of the bi-directional vesicular 

trafficking connecting the ERGIC with upstream and downstream compartments: the 

ERGIC, indeed, represents both a fundamental intermediate station in the ER-to-Golgi 

transport of secretory cargoes (Appenzeller-Herzog 2006), and the main site of distal quality 

control, allowing retrieval of incomplete polymeric proteins (Anelli 2008). 
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Figure 7. Decidualization reshapes morphology and distribution of secretory pathway 

organelles. 

Combined immunofluorescence of secretory pathway organelle and plasma membrane markers 

during in vitro decidualization. Upper panel: calreticulin (ER, red) and HLA1 (plasma membrane, 

grey). Lower panel: giantin (cis-Golgi, red), golgin-97 (trans-Golgi, green) and HLA1 (plasma 

membrane, grey). Nuclei are counter-stained with DAPI (blue). 60x magnification, bar: 15 µm. 

 

Figure 8. ER and Golgi enlarge during decidualization.  

Combined immunofluorescence of secretory pathway organelle markers during in vitro 

decidualization. Upper panel: calreticulin (ER, green), and ERp44 (ERGIC, red). Lower panel: 

gm130 (cis-Golgi) and TGN46 (trans-Golgi). Nuclei are counter-stained with DAPI (blue). 60x 

magnification, bar: 15 µm. 
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Figure 9. ER and ERGIC enlarge and reorganize during decidualization. 

Immunofluorescence of secretory pathway organelle markers during in vitro decidualization. 

Comparison between proliferative (Day 0) and decidualized (Day 6) cells. Upper panel: reticulon 

4 (rough and smooth ER, yellow) and HLA1 (plasma membrane). Middle paned: PDI (rough ER, 

red). Lower panel: ERGIC-53 (ERGIC, green). In middle and lower panels nuclei are counter-

stained with DAPI (blue). 60x magnification, bar: 15 µm. 
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As decidualization entails a general reorganization of the cellular morphology, including 

a significant enlargement of the overall cell volume, a morphometric analysis was performed 

to better describe and quantify the changes of the secretory pathway organelles. 

In the analysis, I quantified the volume corresponding to the organelle of interest, and the 

total volume of the cell (based on the membrane HLA staining). Coherently with the previous 

observations, both the total cell volume and the volume of rough ER (CRT), cis-Golgi 

(giantin) and trans-Golgi (golgin 97) were increased of several times from control conditions 

to the decidualized state (Figure 10). Due to the peculiar morphology of the ERGIC, formed 

by a Golgi-localized region, and an extremely extended vesicular pool, the same analysis 

could not be performed for this compartment. 

  

Figure 10. Volume of the secretory pathway organelles increases during decidualization. 

Immunofluorescence-based morphometric analysis of total cell volume and secretory pathway 

organelles. Quantification based on plasma membrane (HLA1), ER (calreticulin), cis-Golgi 

(giantin) and trans-Golgi (golgin 97) markers, in two independent experiments. The plots show 

the median ± SEM and the individual values. ****: p ≤ 0.0001, t-test. 

 

When the organelles were expressed in relation with the total volume of the corresponding 

cell, clear differences could be observed among the different compartments during 

decidualization: while the cis-Golgi volume increased also in relative terms, the ER volume 

remained substantially proportional to the total cell volume, possibly with a slight decrease 

(Figure 11). These results were rather surprising, and quite unexpected: a massive expansion 

of the endoplasmic reticulum is observed in most secretory cell types, while a significant 

enlargement of the Golgi complex is observed only in some cases. 
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No significant difference was observed in the relative volume of the trans-Golgi 

compartment, a surprising observation considering the close proximity and the functional 

coupling with the cis component of the organelle (Figure 11). It is possible to speculate that 

this observation may indeed have a functional meaning: the cis and medial components of 

the organelle, where the glycosylation enzymes are localized, may actually be particularly 

enlarged, to allow an efficient processing of the cargo proteins; a more limited expansion of 

the trans-Golgi, might instead be sufficient, as increased vesicular transport would be more 

critical than an enlargement of the compartment. 

However, it is not possible to exclude that this result may be due to technical aspects of 

the analysis: the trans-Golgi network displays a variety of morphologies, often including a 

complex vesicular system. As the microscopy system and the analysis pipeline are not 

optimized for the detection of very small objects, which may therefore be excluded from the 

quantification. Significant changes in the expression or distribution of the protein markers 

could also impact the quantification, modifying the apparent size of the compartments. 

 

Figure 11. Relative proportions of secretory pathway organelles change in decidualization. 

Immunofluorescence-based morphometric analysis of secretory pathway organelles. 

Quantification expressed as relative cell occupancy, based on the calculated volume of each 

marker and the total volume of the corresponding cell. The plots represent median and individual 

values. *: p ≤ 0.05; ***: p ≤ 0.01 

 

Although a significant expansion of the secretory organelles is observed, this is not as 

massive as it could have been expected for a secretory differentiation program, especially if 

relative volumes are considered. This is clearly different from what can be observed for other 
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secretory cell types, such as plasma cells, in which the ER enlarges dramatically and occupies 

most of the cell volume (Shaeffer 2004, van Anken 2003). 

The peculiarities of the organelle enlargement observed in T-HESC decidualization, with 

a limited expansion of the ER and a prioritization of the Golgi, likely reflect the specific 

nature of the protein cargoes and the dynamics of secretion. For complex cargoes such as 

highly glycosylated ECM proteins, for instance, assembly and glycosylation probably 

represent the limiting step for the synthesis, thus explaining the expansion of the Golgi. 

 

1.3 Characterization of chaperone and enzyme induction 

The expansion of the secretory pathway organelles was further investigated through a 

detailed analysis of chaperones, enzymes and structural proteins representative of the 

different functions and compartments. 

Transcriptional induction of the genes of interest was measured by qPCR at different days 

after the exposure to decidualization stimuli. In parallel, the amount of the corresponding 

proteins was analyzed by western blot at the corresponding time-points. 

The results obtained (Figures 11-13) confirmed a general induction of the different 

components of the secretory pathway, coherently with the increased secretory activity of 

decidualized cells. In line with the organelle rearrangements observed in microscopy, 

however, significant differences in the extent of the upregulation were observed among 

proteins belonging to different compartments of the secretory pathway. 
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Figure 12. Decidualization induces re-adjustment of the organelle composition. 

A. Western Blot assay of chaperones and enzymes of the early secretory pathway during in vitro 

T-HESC decidualization. Image representative of at least three independent experiments. B. 

Densitometric analysis of the Western Blot shown in A, normalized on the loading control (actin). 

Data are expressed as fold change of the basal value. The graphs show the mean of a minimum of 

three independent experiments, ±SEM. *: p ≤ 0.05, one-way ANOVA of each time-point versus 

Day 0. The low statistical significance can be attributed to the small sample size and to the high 

variability observed for Day 3 and Day 5 measurements. 

 

A 

B 
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Figure 13. Genes encoding for secretory pathway chaperones and enzymes are induced 

during decidualization. 

Real-time qPCR analysis of early secretory pathway genes during in vitro T-HESC 

decidualization. Results corresponding to three independent experiments, normalized on GAPDH 

mRNA and represented as mean ± SEM. *: p ≤ 0.05; ** p ≤ 0.01, one-way ANOVA of each time-

point versus Day 0. The low statistical significance can be attributed to the small sample size and 

to the high variability observed for Day 3 and Day 5 measurements. 

 

 

Interestingly, BiP (binding immunoglobulin protein) and PDI, which are known to be 

strongly upregulated during plasma cell differentiation (van Anken 2003), are only weakly 

induced; instead, the functional couple ERp44-ERGIC53 (Tempio 2021), as well as most 

redox enzymes and Golgi proteins, are strongly induced in the decidualization process. 

These results, taken together, highlight a general upregulation of the secretory pathway 

organelles, but also show important differences among their different components. The 

different behavior observed for the different chaperones likely depends on a different 

induction pattern, but also on a different expression at basal state. Indeed, as all the 

observation are relative to cells in control conditions, proteins already highly expressed 

before decidualization appear as “not induced”, regardless their absolute abundance. 

The increase observed for ERp44 and ERGIC53, fundamental components of the ERGIC 

compartment, appears to be particularly interesting from the functional point of view. As 

shown in Figure 9, this compartment is dramatically expanded in the decidualization process, 



53 

 

with an enlargement of the corresponding immunostaining in the Golgi region, and the 

appearance of a large number of vesicles. The ERGIC represents a dynamic compartment, 

acting as an intermediate station between the ER and the Golgi (Appenzeller-Herzog 2006), 

where cargoes are specifically selected for downstream transport, and incomplete polymeric 

proteins are instead recognized and retrieved to the ER (Anelli 2008). 

Considering the specific functions of the ERGIC, it is possible to speculate that its 

enlargement, and the upregulation of its components, may actually correspond to specific 

requirements of decidualized EnSC protein cargoes: for instance, the abundant production of 

complex, multimeric proteins (such as collagen) may specifically rely on the post-ER quality 

control, thus requiring an extensive development of this compartment. 

The comparison of T-HESC decidualization with the in vitro differentiation of primary 

murine EnSCs revealed strong similarities, but also some interesting differences. Indeed, the 

comparison by western blot of proliferative and decidualized cells revealed a general 

enrichment of secretory pathway proteins, thus further confirming the validity of T-HESC as 

a decidualization model. Differently from what was observed for human cells, however, ER 

proteins such as BiP, PDI and Ero1α appear to be strongly up-regulated in the differentiation 

process (Figure 14). 

 

Figure 14. In vitro decidualization of primary murine EnSCs validates the secretory pathway 

reshaping observed in the T-HESC cell line. 
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A. Western of chaperones and enzymes of the early secretory pathway. Primary endometrial 

stromal cells derived from the same animal were analyzed in the proliferative state or after in vitro 

decidualization. Representative results based on samples derived from three animals. 

B. Densitometric analysis of the Western Blot shown in A, normalized on the loading control 

(actin). Data are expressed as fold change of the basal value. The graphs show the mean of a 

minimum of three independent experiments, ±SEM. *: p ≤ 0.05, t-test; **: p ≤ 0.01; ***: p ≤ 

0.001; t-test of each time-point versus d0. 

 

While the precise biological meaning of the differences observed was not investigated in 

detail in the present study, it is possible to speculate that they depend on the different 

physiology of decidualization in the two species. In humans, proliferating EnSCs reconstitute 

the stratum functionalis of the endometrium during each menstrual cycle, a process requiring 

the secretion of collagen and other extracellular matrix proteins, even if in limited amount 

compared with the massive matrix deposition of decidualized cells (Carbone 2006, Gellersen 

2014). In non-menstruating animals, such as mice, this tissue reconstitution process does not 

occur, and proliferative EnSCs only have a homeostatic role in the tissue.  

These differences in the secretory capacity at the baseline can likely explain why all the 

components of the secretory pathway appear strongly induced in murine, but not in human 

EnSCs: the latter, indeed, are probably better prepared for the secretory activity, and this is 

reflected by more limited changes in the relative quantifications. 

 

1.4 A broader view: time-course transcriptome analysis 

The analysis of selected genes and proteins, together with the morphological analysis, 

suggests an extensive reorganization of the entire secretory pathway. Therefore, to extend 

the analysis also to other components of the secretory pathway, an unbiased transcriptome 

analysis of T-HESC decidualization was performed. 

The bulk RNAs corresponding to control conditions (0h) and to various time-points after 

the addition of MPA and cAMP (6h, 18h, 24h, 36h, 48h, 72h and 144h) were analyzed: the 

intervals were selected to obtain a comprehensive view of both full decidualization and early 

events of the differentiation program. 
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As more extensively described in Materials and Methods, genes were considered 

differentially expressed based on changes of their expression compared to the basal 

conditions (log2 fold change >0.5), and on the statistical significance of the differences 

observed (adjusted p-value <0.01). 

Differential Expression Analysis (DEA), based on the comparison between each sample 

and the untreated cells, revealed that the decidualization process entails an extensive 

reshaping of the cell transcriptome, which begins immediately after the addition of the 

exposure to the decidualization stimuli (Figure 15). Indeed, almost one thousand genes are 

already up- or down-regulated at the first time-point (984 genes at 6h), a number that quickly 

rises to roughly five-thousand as decidualization proceeds (5136 at day 3, 4780 at day 6). 

The changes observed in the very first hours of the differentiation program, when no change 

in the cell phenotype has occurred yet, likely represent the primary response to the 

decidualization stimuli, or to the signaling cascades activated in response to them. The later 

events, and in particular the transcriptional changes observed between day 3 and day 6, likely 

correspond to later stages of the differentiation program, including adaptation to the massive 

production of cargo proteins. 

 

Figure 15. Decidualization entails an extensive transcriptional reshaping. 

Graphical representation of differentially expressed genes (DEGs) at different time-points of the 

decidualization process, based on bulk RNA sequencing. DEGs are divided based on the 

expression pattern: downregulation (left side, blue) or upregulation (right side, red) genes. For 

each bar, the darker shade represents genes that were already differentially expressed at the 

previous time-point. 
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Differentially expressed genes (DEGs) were analyzed in terms of biological process 

mediated (BP), or cellular compartment (CC) of the encoded protein, based on over-

representation analysis (ORA) of the Gene Ontology (GO) terms. This analysis revealed a 

strong enrichment, among the up-regulated genes, of all the terms corresponding to the 

endoplasmic reticulum, the Golgi complex, the vesicular compartment and the extracellular 

matrix. As expected, this corresponded to secretory pathway-related biological processes, 

such as glycosylation, vesicular trafficking, Golgi organization and extracellular matrix 

secretion (Figure 16). 

 

Figure 16. Transcriptional reshaping of the secretory organelles is an early event in 

decidualization. 
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Over-Representation Analysis for the genes upregulated at different time points. GO terms 

associated with secretory pathway organelles (Cellular Compartment) and associated functions 

(Biological Process) were analyzed in the time-course RNA sequencing. Statistical significance 

of the over-representation is graphically represented by the different size of the circles. 

 

The analysis of individual genes during the different transcription time-points confirmed 

and extended the results obtained by qPCR analysis (Figure 17). The upregulation of genes 

encoding for ER redox enzymes and Golgi structural proteins was observed starting from the 

first time-points of decidualization. Something similar can be observed for genes involved in 

vesicle trafficking between the ER and the Golgi, and for lysosomal genes.  

This coordinated induction of key components of the secretory pathway organelles, 

beginning in the very first phases of the decidualization program, can be considered as a 

transcriptional preparation of then secretory organelles, and likely represents an integral part 

of the decidualization program, and not an adaptation to the secretory activity.  

Indeed, a strong induction of the decidualization markers (PRL, IGFBP1 and TF), that 

also represent secretory cargo proteins, was observed only later in the time-course analysis. 

As expected for cells undergoing a terminal differentiation program, genes involved in DNA 

replication and cell cycle progression are instead downregulated. 

Interestingly, T-HESC decidualized in vitro faithfully reflect the cargo reshuffling 

observed during in vivo decidualization: collagen type VI, produced by proliferating EnSC, 

is largely replaced by collagen type I, IV and VIII in decidualized cells (Carbone 2006, Shi 

2020), as mirrored by the transcriptome analysis. Similar changes are observed also for 

transcripts encoding for laminins and metalloproteases. 

The precise temporal dynamics of expression of secretory pathway genes, the different 

dynamics of genes involved in different functions, and some regulatory mechanisms will be 

more extensively discussed in the following paragraphs. 

However, the mismatch observed between the upregulation of secretory pathway genes 

and the expression of the secretory cargoes offers by itself some interesting insights about 

the decidualization program. As the upregulation of the folding, transport and secretion 

machineries anticipates the bulk production of cargo proteins, indeed, EnSCs don’t need to 
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adapt their organelles in response to an accumulation of the cargo, and can increase their 

secretory activity efficiently and without additional delays. 

 

Figure 17. Transcriptional profile of decidualizing T-HESC reflects the physiological 

differentiation program. 

Heatmap of genes differentially expressed during the decidualization program. Expression values 

were z-normalized and represented as a color scale. The genes were selected as representative for 

different secretory pathway functions and compartments, or based on their relevance for the 

decidualization program. 

 

2 Regulation of the secretory organelles: CREB3L1 and CREB3L2 

The transcriptome analysis of decidualizing cells revealed contemporary expression of 

genes encoding for different components of the secretory pathway, belonging to different 

organelles. As a result of this transcriptional program, secretory organelles significantly 

increase their size and their capacity, allowing a massive increase in the production and 

secretion of cargo proteins. 
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To ensure efficiency of the secretory process, several different functions must be 

upregulated in a precisely coordinated way, and with the correct timing: the upregulation of 

the protein folding machinery, for instance, must be coordinated with physical enlargement 

of the ER, increase in the Golgi processing capacity, improvement of the vesicular transport, 

and with the expression of the cargo proteins themselves. Defects or delays in the induction 

of any of those functions would indeed result in critical problems, such as intracellular cargo 

accumulation, proteotoxicity, or defective glycosylation processing (Aridor 2007, De Matteis 

2011). 

In the following section, I analyzed the co-regulation of secretory pathway genes during 

the decidualization process, identified defined clusters of gene expression, and investigated 

the regulation mechanism of early-induced secretory pathway genes. 

 

2.1 Identification of co-regulated transcriptional clusters of secretory pathway genes 

In order to identify pattern of co-expression, and possibly co-regulation, secretory 

pathway genes identified in the time-course RNA sequencing were further analyzed. 

The genes identified as differentially expressed in the first 3 days of decidualization, and 

annotated for the GO terms corresponding to the secretory pathway organelles were selected, 

defining a subset of 626 DEGs. In this way, the analysis focused on the early events of 

decidualization, therefore considering the “proper” transcriptional program and not the 

adaptation to massive synthesis of cargo proteins. Moreover, given the shorter distance 

between the time-points considered, the temporal expression analysis was expected to be 

more reliable in this time-frame. 

Partitional clustering divided the secretory pathway genes in five groups, based on their 

temporal expression pattern. Interestingly, three clusters showed different up-regulation 

trends, while the other two described down-regulation: this result highlights a transcriptional 

reshaping, rather than a general induction, of secretory pathway genes (Figure 18A). 
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Figure 18. Time-series clustering dissects the transcriptional orchestration of secretory 

pathway reshaping. 

A. Temporal expression trends for DEGs annotated to “Golgi Apparatus” and/or “Endoplasmic 

Reticulum” GO cellular component terms. Y-axis represents the z-normalized, averaged 

expression value transformed using DESEQ2 variance stabilized transformation. The overall 

trends for each cluster (dashed line) were estimated using a LOESS fit. B. Over-representation 

analysis for biological processes in the different clusters. Fisher’s exact test was carried out using 

the weight algorithm proposed in Alexa et al., 2006, implemented in TopGO. Cluster 4 did not 

show terms with a significant enrichment (i.e. p value < 0.05). 
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An analysis of the genes contained in each cluster, and of their biological functions, 

provided an interesting picture about the transcriptional dynamics of secretory pathway genes 

during the decidualization program.  

The clusters were generated exclusively by similarities in the expression pattern of the 

different genes. However, each cluster showed a clear enrichment for genes involved in 

specific biological processes (Figure 18B), thus indicating that the temporal patterns 

observed could indeed correspond to the selective induction or repression of different 

functions during decidualization. 

Cluster 1 is steadily repressed during decidualization. The genes contained in this cluster 

mostly encode for metabolic enzymes, some signaling proteins regulating organelle 

morphology, coherently with the change in the cellular secretome (thus requiring a new array 

of processing enzymes), and the extensive morphological reshaping of the secretory 

organelles. Moreover, this cluster includes several genes involved in DNA replication and 

repair, or in cell cycle: their products, variably localized in the nucleus, in the cytosol of at 

the Golgi complex, are probably no longer required upon proliferation arrest. 

Cluster 2 mostly contains genes involved in complex metabolic reactions, such as the 

biosynthesis of cholesterol, but also contains some important redox enzymes of the ER and 

some lysosomal transport proteins. 

Cluster 3, progressively induced during the decidualization process, corresponds to the 

bulk of the protein folding and processing machinery, including most chaperones and 

glycosylation enzymes. 

Cluster 2 and cluster 3, peaking at the third day of decidualization, likely correspond to 

the induction of the biosynthetic machinery allowing both the expansion of the 

endomembrane system, and the massive production, folding and modification of secretory 

proteins. 

No specific enrichment was observed for cluster 4, which genes variously encode for 

metabolic enzymes, signaling proteins and proteins with unclear function. 

Cluster 5 appeared particularly interesting, especially for the analysis of the early events 

of the decidualization process. The genes belonging to this cluster, indeed, are already 
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upregulated in the very first phases of decidualization, before a significant expression of 

protein cargoes: therefore, more than others, they probably represent the transcriptional 

preparation of the cell for its secretory task. 

Cluster 5 includes the genes coding for several key components of the vesicular transport 

machinery (most of the COP and SEC genes), cargo receptors (LMAN1, MIA3, KDELR3), 

and proteins that are crucial for Golgi complex structure and organization (GLG, GOLGA2, 

GOLGA3, GOLGA5). Accordingly, the ORA identified a clear enrichment for GO terms 

related to vesicle coating and transport. 

I decided to focus my attention on the last cluster: indeed, it corresponded to the first 

secretory pathway genes induced during decidualization, and to functions particularly 

important for decidualized cells, considering the selective enlargement of the Golgi complex 

and the high number of transport vesicles observed. Moreover, as this cluster corresponded 

to genes involved in a limited number of highly connected functions, the identification of a 

common regulatory mechanism appeared more feasible than for the other groups. 

To verify whether the common pattern of expression also corresponds to a co-regulation, 

the presence of common cis-regulatory elements in the promoters of genes belonging to the 

same cluster was analyzed with the RcisTarget tool with the help of a collaborating 

bioinformatician. Interestingly, the highest enrichment values were obtained in cluster 5 for 

CREB3L1, CREB3L2, CREB3, ATF6 and Xbp1; these factors, among other things, are 

known to be involved in secretory pathway homeostasis, protein secretion, and 

differentiation into secretory phenotypes (Iwakoshi 2003, Hetz 2012, Kondo 2012, So 2018). 

The same analysis, performed on the other clusters, also identified common transcription 

factors signatures for large groups of genes. No univocal signature could be identified for the 

other clusters, even if an interesting enrichment for the binding sites of CREB3L1 and 

CREB3L2 was detected also in cluster 3. 

A detailed analysis of all the different transcription factors identified, and their role in the 

transcriptional regulation of clusters 1-4 during decidualization, was considered beyond the 

scope of this project. 
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2.2 CREB3L1 and CREB3L2: candidates for secretory pathway gene induction 

Previous results about a possible involvement of UPR mediators in decidualization had 

already excluded a major role of ATF6 and of the IRE1-Xbp axis in decidualization, 

especially in the early phases. Indeed, only minimal activation of the corresponding signal 

cascades was observed (Anelli 2021), and pharmacological inhibition of the UPR branches 

didn’t have significant effects on decidualization (my Master Thesis results, unpublished). 

These factors were therefore excluded from further analyses.  

CREB3L1 and CREB3L2, instead, were considered promising candidates for the 

induction of genes belonging to cluster 5.  

These transcription factors, characterized by high sequence similarity, and an almost 

identical DNA binding motif (Sampieri 2019, Yuxiong 2023), belong to the CREB3 

transcription factor family (Fox 2010).  

As their other homologs (CREB3, CREB3L3, and CREB3L4), CREB3L1 and CREB3L2 

have been reported to regulate the secretory capacity in different physiological contexts (Fox 

2010). CREB3L1 and CREB3L2, in particular, are required for the differentiation of various 

secretory cell types (Garcia 2014, Tomoishi 2017), and for the proper development of their 

secretory capacity (Chen 2014, Tomoishi 2017). 

CREB3-like transcription factors ER-localized proteins, formed by a small luminal 

domain, a single, highly conserved transmembrane passage, and a cytosolic N-terminal 

domain, representing the “proper” transcription factor (Bailey 2007): upon activation, 

indeed, these proteins are transported from the ER to the Golgi complex, where they undergo 

regulated intramembrane proteolysis by S1P and S2P (Brown 2000, Bailey 2007); this 

releases the cytosolic domain, a bZIP transcription factor, which can translocate in the 

nucleus, and activate a transcriptional response (Bailey 2007, Kondo 2012). As the others 

bZIP transcription factors, CREB3-like transcription factors mediate their effect as dimers, 

with a possible preference for homodimers (Vinson 2006). 

If they are not activated, CREB3L1/2 are rapidly ubiquinated by HRD1 (an ER-resident 

E3 ubiquitin ligase), extracted from the ER membrane, and degraded in the proteasome. 
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Figure 19. Representation of CREB3L1/2 activation mechanism. 

CREB3-like proteins are rapidly ubiquitinated by HRD1, extracted from the ER membrane, and sent 

to proteasomal degradation. Upon activation, they are inserted into COPII-coated vesicles, 

transported to the Golgi complex, and cleaved by the Golgi-resident S1P and S2P proteases. In this 

way, their DNA binding domains can translocate into the nucleus, dimerize, and activate the 

transcription of their targets. Created in BioRender, publication agreement number VY26A0WYT2. 

While the process leading to the release of the bZIP-domain have been well characterized, 

the activation mechanisms of CREB3L1 and CREB3L2 are not completely understood 

(Kondo 2012, Yuxiong 2023). 

Activation of these transcription factors has been reported in conditions of ER stress 

(Kondo 2005, Kondo 2012). However, the mechanisms anchoring them in the ER membrane, 

or eliciting their movement upon activation, are still largely unknown (Kondo 2012). 

Moreover, CREB3L1 has also been reported to be activated by extracellular signals, such 

as TGFβ, in a process required for sustained collagen secretion in osteoblasts (Chen 2014). 

In this context, the activation of CREB3L1 seems to depend on the downregulation of 

TM4SF20, which in turn has been proposed to inhibit CREB3L1 proteolysis (Chen 2014). 



65 

 

Segregation in specific ER subdomains, devoid of HRD1, has also been proposed for 

CREB3L1 activation (Kamikawa 2021); whether this represents a specific case, or a general 

mechanism of activation, remains to be demonstrated. 

 

2.3 CREB3L1 and CREB3L2 are induced during decidualization 

During in vitro decidualization of T-HESC, a clear upregulation of CREB3L1 and 

CREB3L2 mRNA was observed in real-time qPCR, although with a different pattern. 

In both cases, a steady transcriptional induction was observed from the beginning of the 

differentiation program to complete decidualization (Figure 20). 

 

Figure 20. CREB3L1 and CREB3L2 are transcriptionally induced in T-HESC 

decidualization. 

Real-time qPCR analysis of CREB3L1 and CREB3L2. Results corresponding to six independent 

replicates, normalized on GAPDH mRNA and represented as mean ± SEM. *: p ≤ 0.05; ** p ≤ 

0.01, t-test of each time-point versus d0. 

 

This result is particularly important as the transcriptional induction of CREB3L1 and 

CREB3L2 was reported to be sufficient for their activation, possibly due to a larger number 

of these transcription factors stochastically escaping the degradation pathway (Kondo 2012). 

The presence of the two transcription factors at the protein level was also analyzed by 

western blot assay in lysates collected at different days of decidualization. Silencing of the 

transcription factor or transient overexpression of its cytoplasmic domain were used as 

negative and positive controls, respectively (Figure 21). 
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For both CREB3L1 and CREB3L2, the bands corresponding to the full-length and the 

cleaved, active form could be identified, both in control conditions and during 

decidualization. Considering the low stability of these transcription factors, continuously 

ubiquitinated and degraded, the detection of full-length forms could either indicate a very 

high expression of CREB3L1/2, or the stabilization of these transcription factors. 

The presence of the cleaved form, moreover, indicates that both the transcription factors 

are activated in the experimental system, both in control conditions and upon decidualization. 

Therefore, CREB3L1 and CREB3L2 can be expected to play a role in the transcriptional 

regulation of secretory pathway genes, both in basal conditions and upon decidualization, a 

process in which most secretory pathway genes are indeed upregulated. 

Due to the low signal obtained and the reduced specificity of the antibodies (especially 

for CREB3L2), no clear conclusion about the abundance of the transcription factors could be 

obtained with this approach. 

An attempt to further investigate the dynamics of synthesis, stabilization, ubiquitination 

and degradation of CREB3L1 and CREB3L2 was performed, by repeating the experiment 

upon pharmacological blocking of the proteasome. However, the high background and the 

presence of several nonspecific bands impaired a precise analysis of the transcription factors, 

leading to a discontinuation of that experimental approach (not shown). 

 
Figure 21. CREB3L1 and CREB3L2 are expressed and activated during decidualization 

Western Blot analysis of CREB3L1 (left panel) and CREB3L2 (right panel) at different days of 

T-HESC in vitro decidualization. Arrows indicate the bands corresponding to the two forms of 

these proteins, observed at the expected molecular weight: the upper band corresponds to the full-

length form of the transcription factors, while the lower one to the cytosolic domain, released by 

proteolytic cleavage. For each blot, a sample in which CREB3L1 or CREB3L2 was silenced was 

loaded in parallel with the decidualization curve, as a negative control (si). As a positive control, 

and to better identify the cleaved forms, lysate of HeLa cells overexpressing the cytosolic domain 

of CREB3L1 or CREB3L2 were also loaded (cl ov-ex). The ponceau staining of the nitrocellulose 
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membranes is shown to confirm an even loading of the samples. The blots shown are 

representative of five independent experiments. 

 

2.4 CREB3L1 and CREB3L2 are required for efficient decidualization 

The results previously presented suggest that CREB3L1 and CREB3L2 could be involved 

in the decidualization program, and in particular in the correct induction of genes involved 

in vesicular transport and Golgi morphogenesis. 

To test this hypothesis, CREB3L1 and CREB3L2 were silenced by small interfering 

RNAs (siRNA), either individually or in combination. The procedure was performed the day 

before decidualization induction (day -1) and repeated after 3 days (day 2), so that the 

silencing was maintained for the whole differentiation program.  

The effectiveness and the specificity of the silencing procedure were confirmed by qPCR, 

which also excluded the compensatory induction of one factor upon silencing of the other 

(Figure 22). Silencing of CREB3L1 and/or CREB3L2 in decidualization didn’t show any 

effect on the induction of decidualization markers, thus excluding a general, nonspecific 

effect on the decidualization program (Figure 23).  

 

Figure 22. Silencing of CREB3L1 and CREB3L2 is effective and specific. 

Real-time qPCR analysis of CREB3L1 and CREB3L2 during T-HESC decidualization upon 

different RNA silencing conditions. The silencing procedure was performed with silencing 

oligonucleotides specific for CREB3L1 (si1), CREB3L2 (si2), or a combination of both (si1&2); 

cells in control conditions (siC) were treated with scrambled oligonucleotides. Results 

corresponding to three independent replicates, normalized on GAPDH mRNA and represented as 

mean ± SEM. 
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Figure 23. Silencing of CREB3L1 and CREB3L2 does not affect the transcriptional 

induction of the decidualization marker prolactin. 

Real-time qPCR analysis of PRL during decidualization, either in control conditions of upon 

silencing of CREB3L1, CREB3L2, or combined silencing of both the transcription factors. Results 

corresponding to three independent replicates, normalized on GAPDH mRNA and represented as 

mean ± SEM. 

 

Conversely, the silencing of CREB3L1 and CREB3L2 affected dramatically the 

expression of genes involved in ER-to-Golgi trafficking and in Golgi complex organization, 

normally upregulated during the decidualization program (Figure 24). 

The panel of genes I analyzed included ERp44 and ERGIC53 (LMAN1), key players in 

distal protein quality control and retrieval of proteins to the ER; KDELR1-3, cargo receptors 

involved in the retrieval to the ER of KDEL-bearing proteins; genes encoding for structural 

components of the Golgi complex (GOLGA2, encoding for GM130, and GOLGB1, encoding 

for giantin); TGN46 (encoded by TGOLN2), regulating vesicular trafficking at the trans-

Golgi network; SEC24A and D, encoding for components of the COPII vesicle system. 

Most of the genes belonged to the cluster 5 (Figure 18A), or have a clear functional 

association with members of that cluster: KDELR1 and KDELR2 actually belong to cluster 

3, but their transcriptional induction is similar to the one observed for KDEL3, and they 

display an enrichment for CREB3L1/2 binding site in their promoters; ERp44, also part of 

cluster 3, forms a functional couple with ERGIC53 (Tempio 2021). 

Silencing of CREB3L1, CREB3L2, or the combined silencing of both the transcription 

factors affected the expression of the genes of the panel with a variable extent.  
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For most of the genes, an effect of the silencing was observed also in basal conditions 

(day 0), suggesting that CREB3L1 and CREB3L2 are not only involved in decidualization, 

but also in the homeostasis of secretory pathway organelles in EnSCs. 

The most severe effects were observed for SEC24A/D, ERGIC53, KDELR2 and 

KDELR3. A reduction of expression, although below statistical significance, was observed 

for Giantin, TGN46 and, in a limited measure, for GM130. 

For some genes (e.g. ERGIC53), the basal expression level was strongly reduced, but 

transcription increased with decidualization; for others, even when the basal effect was 

limited (e.g. KDELR2), the transcriptional induction was completely abrogated. 
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Figure 24. Silencing of CREB3L1 and CREB3L2 impairs expression and induction 

of secretory pathway genes during decidualization. 

Real-time qPCR analysis of secretory pathway genes during in vitro T-HESC decidualization, 

either in control conditions of upon silencing of CREB3L1, CREB3L2, or combined silencing of 

both the transcription factors. Results corresponding to a minimum of three independent 

experiments, normalized on GAPDH mRNA and represented as mean ± SEM. *: p ≤ 0.05; **:  

p ≤ 0.01, t-test of each time-point versus siC day 0 or siC day 6, as indicated by bars and asterisks. 
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The different silencing conditions resulted in similar, but not superimposable effects: most 

genes displayed a stronger sensitivity for the downregulation of one transcription factor or 

were only affected by the combined silencing. 

This result is particularly interesting, considering the high homology of CREB3L1 and 

CREB3L2, the similarity of their binding sites, and the possibility for these TFs to 

heterodimerize: even though CREB3L1 and 2 are similar, and share most of their 

transcriptional targets, the role of the two transcription factors in decidualization is not 

identical. Quite unsurprisingly, the combined silencing of CREB3L1 and CREB3L2 

invariably resulted in the strongest effects on the affected genes. 

Interestingly, some of the analyzed genes were not influenced by CREB3L1/2 silencing, 

despite their close association with some of the most affected ones. 

This was the case of ERp44, colocalized and functionally associated with ERGIC53 

(Tempio 2021), but normally expressed and induced even upon combined CREB3L1/2 

silencing. Similarly, no effect was observed on KDELR1 expression, differently from the 

other members of the same family.  

Together, these results highlight the important role of CREB3L1 and CREB3L2 in the 

regulation of secretory pathway gene expression, but also the complexity of the signaling 

network. In general, most of the secretory pathway genes analyzed relied on CREB3L1 and 

CREB3L2 for their expression in EnSCs, and their correct induction during decidualization.  

However, the role of these transcription factors is not identical, as different effects are 

observed for the silencing of CREB3L1 and CREB3L2. Moreover, some secretory pathway 

genes don’t seem to rely on these transcription factors for their expression, thus suggesting 

the existence of a wide variety of induction and compensatory mechanisms. 
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Figure 25. Silencing of CREB3L1 and CREB3L2 impairs the expression of specific secretory 

pathway proteins. 

Western Blot analysis of GM130 (upper panel), ERGIC-53 (middle panel) and ERp44 (lower 

panel) during T-HESC decidualization, either in control conditions or upon silencing of CREB3L1 

and/or CREB3L2. The blots shown are representative of at least three independent 

experiments.Ponceau staining of the nitrocellulose membranes is shown to confirm an even 

loading of the samples.  

 

As a further confirmation of the role of CREB3L1 and CREB3L2 in the homeostasis of 

EnSC secretory pathway during decidualization, the effect of their silencing on the amount 

of selected proteins was analyzed by western blotting (Figure 25). 

As expected from the mRNA analysis, the combined silencing of CREB3L1 and 2 reduced 

the expression of ERGIC53, and completely abrogated its induction during decidualization; 

the silencing of CREB3L1 or CREB3L2 alone, instead, only had a limited effect. 

Conversely, ERp44 was not affected, and its amount increased in decidualization, 

regardless CREB3L1/2 silencing. 

For GM130, some discrepancies between RNA and protein level were observed: while 

only combined CREB3L1/2 silencing induced a limited reduction in GM130 mRNA, all the 

silencing conditions resulted in a dramatic reduction in the protein amount. A possible 

explanation of this unexpected result may be represented by the concurrent downregulation 

of the vesicular transport system, possibly interfering with GM130 correct localization and 

therefore resulting in the degradation of the protein. 
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2.5 Effect of CREB3L1/2 silencing on secretory organelle volume and morphology 

Based on the previous results, CREB3L1 and CREB3L2 appear to be necessary for the 

correct induction of vesicular transport and Golgi organization genes during the 

decidualization program. 

To verify whether the transcriptional effects of CREB3L1/2 silencing also correspond to 

structural alterations of the secretory pathway organelles, the morphology of ER and Golgi 

was analyzed by immunofluorescence. 

Consistently with the previous morphometric analysis, calreticulin, giantin and golgin 97 

were selected as markers for the ER, the cis-Golgi and the trans-Golgi, respectively. Cells 

were analyzed in control conditions (day 0) or after complete decidualization (day 6), with 

or without the silencing of CREB3L1, CREB3L2, or of both the transcription factors. The 

combined staining with the membrane marker HLAI allowed the comparison between 

organelle volume and total cell volume, as described in Results, paragraph 1.2. 

Silencing of the transcription factors, as expected, didn’t result in an overall impairment 

of the decidualization program, with cells acquiring the predicted epithelioid morphology 

upon decidualization. Moreover, no significant effect on ER or Golgi volume was observed 

in basal conditions (not shown). 

On the contrary, the enlargement of secretory pathway organelles normally observed in 

decidualization was partially impaired.  The volume of the Golgi complex appeared to be 

particularly affected by the silencing of CREB3L1, both alone and in combination with 

CREB3L2. Coherently with what was observed in gene expression analysis, the role of the 

two transcription factors in Golgi homeostasis appears to be similar, but not identical.  

Of note, the expression of giantin was not affected by CREB3L1 silencing (Figure 24), 

thus excluding that the volume reduction observed may actually be due to a decreased 

expression of this protein marker. 

Both the cis and the trans components of the organelle were affected in the same way, 

although only for the cis-Golgi the difference among the different conditions was larger, and 

had a stronger statistical significance. Similarly to what was outlined in the description of 
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Figure 11, this discrepancy could either have a biological significance, or due to technical 

aspects of the quantification procedure. 

In the first hypothesis, this result would indicate that CREB3L1 role is mostly required 

for the enlargement of proximal components of the organelle, possibly also due to its role in 

the regulation of genes involved in ER-to-Golgi transport. 

Alternatively, the difference might only due to the higher variability of size and 

morphology observed for the trans-Golgi, determining a higher dispersion of the 

measurements and thus a reduced statistical significance.  

The ER volume, instead, appears to be only minimally affected, even if some 

morphological anomalies could be noticed. (Figure 26-27) 

 

Figure 26. Silencing of CREB3L1/2 in decidualization does not impair the overall 

morphological reshaping, but affects the morphology of ER and Golgi. 

Combined immunofluorescence of secretory pathway organelle and plasma membrane markers 

on cells decidualized in control conditions (siC), or upon silencing of CREB3L1 and/or CREB3L2. 

60x magnification, bar: 15 µm. 
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Figure 27. Silencing of CREB3L1/2 in decidualization impairs Golgi complex enlargement. 

Immunofluorescence-based morphometric analysis of secretory pathway organelles. Cells were 

decidualized in control conditions (siC), or upon silencing of CREB3L1 and/or CREB3L2. 

Quantification expressed as relative cell occupancy, based on the calculated volume of each 

marker and the total volume of the corresponding cell. The plots represent the median ± SEM and 

individual values of a minimum of two independent experiments. **: p ≤ 0.01; ***: p ≤ 0.001; 

****: p ≤ 0.0001; one-way ANOVA with Tukey correction. 

 

Moreover, important morphological alterations could be observed for the Golgi complex 

upon silencing of the transcription factors. Upon CREB3L1 silencing, the size of the 

organelle was reduced, coherently with the morphometric analysis; the overall structure, 

instead, was maintained, even if it appeared to be less complex and intricated than in control 

conditions. The effect of CREB3L2 silencing, instead, was a complete fragmentation of the 

Golgi complex, possibly due to insufficient expression of Golgi-organizing proteins: 

interestingly, the two transcription factors regulate the same group of target genes, but their 

precise role in the regulation of Golgi homeostasis appears to be different.  

The scattering caused by CREB3L2 silencing on the Golgi complex could also partially 

account for the apparent lack of effect on the organelle volume: as the cisternae are scattered 

on a larger surface, the analysis pipeline could overestimate their apparent size. 

As predictable, the combination of CREB3L1 and CREB3L2 silencing produced the most 

severe morphological defects, with a dramatic decrease of the Golgi volume, disorganization 

of the overall organelle structure and, in some cells, a general fragmentation and scattering 

of the Golgi cisternae (Figure 28). 
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Figure 28. Silencing of CREB3L1/2 disrupts Golgi morphology in decidualized cells. 

Immunofluorescence of Golgi complex markers in cells decidualized in control conditions, or 

upon silencing of CREB3L1/2. Giantin and golgin 97 were used as cis-Golgi and trans-Golgi 

markers, respectively. Nuclei were counter-stained with DAPI. 100x magnification, bar: 20 µm. 

 

2.6 Silencing of CREB3L1 and CREB3L2 impairs protein trafficking and secretion 

In a physiological context, EnSCs mediate their function mostly through their secretory 

activity. Decidualized cells secrete large amounts of proteins, ranging from small cargoes, 

such as PRL and cytokines, to ECM proteins and collagen (Dunn 2003, Gellersen 2014). The 

increased expression of genes coding for protein cargoes, including different collagen types 

(I, IV and VIII), was indeed observed also in the transcriptome analysis described in Results, 

paragraph 1.4. 

CREB3L1 and CREB3L2 had been previously described as necessary for collagen 

secretion in osteoblast and chondrocytes (Murakami 2009, Saito 2009, Chen 2014), as well 

as for the correct differentiation of other secretory cell types (Tomoishi 2017, Khetchoumian 
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2019). Moreover, a previous paper reported CREB3L1 as one of the genes directly induced 

during decidualization and demonstrated that the transcription factor is required in 

decidualization, even if it didn’t provide a mechanistic explanation (Ahn 2016). 

Therefore, I decided to investigate the role of these transcription factors in the increased 

secretory capacity of decidualized cells. 

Silencing of CREB3L1 and CREB3L2 dramatically impaired the intracellular trafficking 

of proteins, especially when the combined silencing of both transcription factors was 

performed. Immunofluorescence for procollagen 1A1 (the precursor of collagen type I) 

revealed an aberrant intracellular accumulation of this protein, resulting in the formation of 

enlarged ER lacunae, and the appearance of aggregate-like structures (Figure 29). 

  

 

Figure 29. Silencing of CREB3L1/2 induces aberrant ER accumulation of secretory protein 

cargoes in decidualized EnSCs. 

Immunofluorescence of procollagen 1A1 in cells decidualized in control conditions, or upon 

silencing of CREB3L1/2. For each panel, a representative area is shown with a 4x magnification 

factor. Acquired with a 60x objective, bar: 20 µm. 

 

This phenotype clearly resembles other example of protein aggregation and impaired 

secretion, as observed for T-HESC decidualized upon ascorbic acid deprivation (Anelli 

2021), or for mutated immunoglobulins leading to Russell Body formation (Valetti 1991).  
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In accordance with these results, the silencing of CREB3L1/2 caused procollagen 1A1 to 

significantly accumulate in the intracellular material, as clearly shown by western blot assay 

(Figure 30A). The experiments was performed in non-reducing conditions, in order to 

visualize the pro-collagen assembly intermediates (Di Chiara 2018), which indeed appear to 

be the most accumulated form. A limited amount of monomeric collagen was also detected, 

with no significant difference between the conditions; the band, with an apparent molecular 

weight of 170 kDa, likely represents individual procollagen polypeptides, not yet assembled 

in a triple helix structure. 

Conversely, the secretion of mature collagen type I was almost completely abrogated by 

the combined silencing of CREB3L1 and CREB3L2, further confirming the protein traffic 

problems experienced by cells decidualized in the absence of these transcription factors 

(Figure 30B). 

 

Figure 30. Silencing of CREB3L1 and CREB3L2 causes intracellular accumulation of 

procollagen and impairs collagen secretion. 

A. Non-reducing western blot assay of procollagen 1A1 in T-HESC lysates. The samples 

correspond to cells kept in proliferative state (0) or decidualized (6), either upon treatment with a 

scrambled oligonucleotide (siC), or with silencing oligonucleotides specific for CREB3L1 and 

CREB3L2. Ponceau staining of the membrane is shown as a loading control. 

B.Reducing western blot assay of secreted collagen type I. The samples represent the proteins 

secreted in 6 hours in a reduced-serum medium (Optimem) by 10,000 cells at different days of 

A B 
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decidualization (from 0 to 6). Cells were either decidualized in control conditions (siC) or upon 

combined silencing of CREB3L1 and CREB3L2. 

 

Silencing of CREB3L1/2 doesn’t only impair collagen secretion, but seems instead to 

interfere with the overall secretory capacity of decidualized cells: SYPRO staining revealed 

an overall reduction in the protein amount secreted by decidualized cells, with the strongest 

reduction observed for high-molecular weight proteins (Figure 31A). 

Prolactin, a small (23 kDa) and not particularly complex protein, was also affected by the 

downregulation of these transcription factors: while prolactin expression does not depend on 

CREB3L1 or CREB3L2 (Figure 23), its secretion was dramatically reduced by the silencing 

of these transcription factors (Figure 31B). 

The protein, clearly detected in the supernatant of cells decidualized in control conditions 

(Figure 5), was significantly reduced by CREB3L1 silencing, and disappeared almost 

completely upon the double silencing condition (Figure 31B).  

Interestingly, PRL secretion was not affected by CREB3L2 silencing alone, but still the 

absence of this transcription factor worsened the phenotype in the combined silencing.  

This result, combined with previous observations, highlighted some interesting difference 

between CREB3L1 and CREB3L2. These factors have a similar role in controlling the 

expression of secretory pathway genes, and both of them are required to increase the 

secretory capacity of EnSCs during decidualization. However, the interaction between these 

two factors is complex and, even if they seem to act in combination, their precise role in the 

regulation of different genes and functions appears to be slightly different (see Figures 24, 

27 and 28). 
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Figure 31. CREB3L1 and CREB3L2 are required for efficient protein secretion in 

decidualized endometrial stromal cells. 

A. SYPRO Ruby Stain for total protein secretion. The supernatant of 10,000 cells was analyzed 

after 6 hours of secretion in reduced-serum medium. The samples correspond to T-HESCs at 

different days of in vitro decidualization, in control conditions or upon CREB3L1/2 silencing. Red 

asterisks indicate bands which intensity is reduced by the silencing of the transcription factors. 

Optimem was used to normalize sample volume and was loaded in the gel (OPT) to identify 

background bands (indicated by black asterisks). 

B. ELISA assay for prolactin secretion. Samples correspond to the amount of proteins secreted in 

complete medium by 100,000 decidualized cells in 4 hour, with or without CREB3L1/2 silencing. 

Mean of three independent experiments ± SEM. *: p ≤ 0.05. 

 

The identification of CREB3L1 and CREB3L2 as critical factors for the correct 

reorganization of the secretory pathway organelles, and for the acquisition of an increased 

secretory capacity represents an interesting discovery in the characterization of endometrial 

stromal cell decidualization, as the molecular bases of the process are, to the state of the art, 

largely unknown. 

Moreover, it is important to remind that decidualized EnSCs mediate almost all their 

physiological functions through the secretion of protein cargoes, and any alteration of their 

secretory phenotype may have dramatic consequences for the endometrial 

microenvironment. 

A B 
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 For example, in a physiological context, the effects observed on collagen accumulation 

and defective secretion (Figures 29-30) would have deleterious effects on the organization 

of the extracellular matrix. 

Similarly, prolactin seems to require CREB3L1 and CREB3L2 for its secretion: as 

prolactin represents one of the most important protein cargoes of decidualized EnSCs, and is 

fundamental for their physiological cross-talk with other cell populations of the 

endometrium, any defect in its secretion would be detrimental for the success of embryo 

implantation. 

 

3 Not only a matter of secretory organelles: mitochondrial network rewiring 

In the previous sections, I characterized the extensive rearrangements of the secretory 

pathway organelles observed during the decidualization, and identified the transcription 

factors CREB3L1 and CREB3L2 as key regulators of the process. 

However, the morphological and functional reorganization of EnSCs during 

decidualization is likely not limited to the upregulation of endoplasmic reticulum and Golgi, 

but instead is expected to involve most of the organelles and most of the cellular functions. 

The increase in protein synthesis and secretion, in particular, is an extremely demanding 

event in terms of energy and biosynthetic intermediates. Indeed, it has been calculated that 

the formation of a single peptide bond roughly corresponds to the hydrolysis of 5 ATP 

molecules (Princiotta 2003). Glycosylation also requires high-energy intermediates, in the 

form of nucleotide-activated monosaccharides (Aebi 2013, Freeze 2022). This corresponds 

therefore to a minimum of two ATP molecules for each carbohydrate monomer added in 

post-translational modification (Aebi 2013). Apart from the synthesis and modification of 

proteins, several other functions upregulated in decidualized cells are known to be energy-

demanding, from chaperone-mediated quality control, to vesicle coating, transport and fusion 

(Alberts, 2015). Decidualization can therefore be expected to entail a significant rewiring of 

the cell metabolism, to support the secretory phenotype acquired by EnSCs.  
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In eukaryotic cells, mitochondria represent the main contributors to the energy production, 

as they mediate the controlled oxidation of high-energy molecules and the production of 

ATP, the “energy currency” of the cell (Alberts 2015). Moreover, these organelles also 

mediate other functions that can be crucial for a highly secretory cell type, including ROS 

scavenging, calcium homeostasis and biosynthesis of membrane lipids (Rowland 2012). 

Taking this into consideration, I decided to investigate the dynamics of the mitochondrial 

network in decidualization, in terms of morphological rearrangements, functional changes, 

and interactions with the endoplasmic reticulum. 

 

3.1 Mitochondria enlarge in decidualization 

To determine if and how EnSC reorganize their mitochondrial network during 

decidualization, I followed the same experimental strategy I had employed for the analysis 

of the secretory pathway organelles (Results, paragraph 1.2). 

Briefly, I induced in vitro differentiation of the model system T-HESC, stained the 

organelle of interest by immunofluorescence, and performed morphological and 

morphometric analyses to evaluate the changes. 

The combined immunostaining of the mitochondrial protein TOM20 (Translocase of the 

Outer Membrane 20) and of class I HLA revealed that the mitochondrial nework is indeed 

rearranged during decidualization (Figure 32-33). Mitochondria expand and reorganize, 

acquiring a marked radial distribution and reaching the very periphery of the cell. 

Quantification of the mitochondrial volume confirmed this observation: a clear enlargement 

of the network can be observed from control conditions to the decidualized state, with a mean 

increase of 4.5 folds and high statistical significance. This difference is maintained even 

when the overall changes of cell morphology are considered, and the result is expressed in 

terms of relative cell occupancy (that is, the ratio between the organelle volume and the total 

volume of the corresponding cell) (Figure 34). 
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Figure 32. Mitochondria are reorganized and redistributed during decidualization. 

Combined immunofluorescence of the mitochondrial marker TOM20 (red) and plasma membrane 

marker HLA-I (cyan) during in vitro decidualization. 100x magnification, bar: 20 µm. 

 

 

Figure 33. Mitochondrial network enlarges in decidualization. 

Alternative visualization of TOM20 immunofluorescence in proliferative and decidualized T-

HESC. Nuclei were counter-stained with DAPI. 100x magnification, bar: 20 µm. 
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Figure 34. Mitochondrial volume significantly increases upon decidualization. 

Immunofluorescence-based morphometric analysis of total cell volume and of the mitochondrial 

network. Quantification based on plasma membrane (HLA1) and mitochondrial (TOM20) 

markers, in two independent experiments. Results are expressed as absolute volumes or as 

percentage of the total volume of the corresponding cell. The plots show median and individual 

values of each group. ****: p ≤ 0.0001, t-test. 

 

To evaluate the increase of mitochondrial mass with an independent approach, I analyzed 

by Western Blot assay TOM20 (the same protein analyzed by immunofluorescence) and 

VDAC (Voltage Dependent Anion Channel), a well-established mitochondrial marker. As 

expected, the levels of both proteins steadily increased in decidualization, with differences 

already visible at 2-3 days post induction. In this way, the morphometric analysis was 

confirmed, decreasing the impact of possible artefacts in the microscopy-based quantification 

(Figure 35). These results, combined, suggest a selective enlargement of the mitochondrial 

compartment, to an extent significantly larger than what was previously observed for the 

secretory pathway organelles. 
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Figure 35. Decidualization increases the expression of mitochondrial proteins. 

Western blot assay and densitometric quantification of the mitochondrial proteins TOM20 and 

VDAC at different time-points of decidualization. Quantifications are normalized on the loading 

control (actin) and expressed as fold change of the basal value (Day 0). The graphs show the mean 

of a minimum of three independent experiments, ±SEM. 

 

3.2 Morphological reshaping of the mitochondrial network 

It is generally established (Westermann 2010; Skulachev, 2001) that elongated and 

interconnected mitochondria are more efficient than small fragmented ones in terms of proton 

potential generation, energy distribution and ROS scavenging, especially in peripheral areas 

of the cell (Westermann 2010, Napolitano 2021). As a consequence, networks of elongated, 

highly interconnected mitochondria are often observed in cells with high metabolic activity 

(Skulachev 2001, Gomes 2011). 

To determine whether this also represents an element of the decidualization program, I 

performed a three-dimensional reconstruction of the immunofluorescence stacks, using the 

image analysis software Arivis (Figure 36). Afterwards, I measured and compared the 

morphological parameters of mitochondria in control and decidualized cells: the main axis, 

in particular, was chosen as the parameter better representing their elongation state. 

Comparison of the two conditions clearly showed that decidualized cells contain an 

increased proportion of tubular, elongated mitochondria, balanced by the decrease of 

mitochondria belonging to the shortest length classes. To provide an example, mitochondria 

with the main axis between 5 µm and 10 µm double in proportion during the differentiation 

process, while longer mitochondria (main axis >10 µm) increase of more than three times 

(Figure 37).  
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Figure 36. Decidualization reshapes the mitochondrial network morphology. 

Three-dimensional representation of the mitochondrial network of proliferative (D0) and 

decidualized (D6) T-HESCs. The reconstruction was performed with Arivis 4D software based on 

representative immunofluorescences of TOM20 at 100x magnification (see Figure 28-29). Scale 

bar: 10 µm  

 

Figure 37. The elongation of mitochondria increases with decidualization. 

Morphological analysis of mitochondrial elongation: analysis of the main axis. A. Length 

distribution analysis. Mitochondria were grouped in arbitrary length classes, based on their main 

axes. Results were expressed in proportion with the total number of mitochondria analyzed in two 

independent replicates (≥ 25 cells for both conditions). ****: p ≤ 0.0001, Kolmogorov-Smirnov 

test.  B. Comparison between the distribution of mitochondria in different length classes. Results 

expressed as log2 of the fold change calculated for each length class. 

 

The effectiveness of the approach followed was limited in the perinuclear area of EnSC, 

as the mitochondria of the perinuclear area form a net-like, highly interconnected network, 

that cannot be properly segmented and was therefore excluded by the morphological analysis. 

This was not completely unexpected, as functional networks of fused mitochondria had been 
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previously described in other cell types (Skulachev 2001, Zamponi 2018). As these structures 

were mostly observed in decidualized cells, the morphological analysis partially 

underestimates the shift of mitochondria towards a fused state. 

However, it is also important to underline that both proliferative and decidualized cells as 

required for homeostasis, quality control and organelle transport (Westerman 2010, Zamponi 

2018, Li 2022). This confirms that the mitochondrial network remains indeed dynamic, and 

that the elongation observed in decidualized cells doesn’t represent a state of dysfunctional 

hyperfusion. 

This was further confirmed by live imaging, based on the fluorescent probe Mitotracker 

Red. As expected from the previous immunofluorescences, decidualized cells displayed a 

core of elongated, static mitochondria, but also several smaller mitochondria, actively 

transported along the cell, as well as several examples of fusion and fission events (Figure 

38). 

 

Figure 38. Despite their elongation, mitochondrial of decidualized cells are highly dynamic. 

Live fluorescence imaging of the mitochondrial network in a decidualized cell (day 6 of 

decidualization). Representative time-lapse acquisition after Mitotracker Red staining. 

Details showing event of mitochondrial fission (a-b) and fusion (c-d) events are shown in 

the lower panels. 60x magnification; bar: 20 µm 
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3.2 Ultrastructural analysis of mitochondria and ER-mitochondria interactions 

 

Figure 39. Transmission electron microscopy reveals close interactions between ER and 

mitochondria. 

Transmission electron microscopy of proliferative (left) and decidualized (right) T-HESCs. 

Details including contacts between ER and mitochondria are shown for both panels with the same 

magnification factor. Representative images of three independent replicates. Scale bar: 1 µm 

 

To better characterize the morphological changes of the mitochondrial network, I analyzed 

control and decidualized cells with transmission electron microscopy (TEM), focusing my 

attention on mitochondria and on their interaction with the ER (Figure 39).  

In most of the sections derived from both control and decidualized cells, I could detect a 

high number of mitochondria. The organelles were identified based on standard 

morphological parameters, namely the presence of the double membrane and of the cristae. 

In case of dubious identification, the organelle was not included in the analysis (Figure 39-

40). 

Although the morphology of individual mitochondria varied greatly, the majority of the 

organelles had normal structure and well-organized cristae. When visually inspected, 

however, mitochondria of decidualized cells displayed a reduced number of morphological 

alterations compared to the ones of cells in control conditions (80.05% vs 60.84% of 

completely correct morphology respectively, based on visual evaluation of morphological 

parameters). This could possibly reflect a more stringent or more efficient quality control of 

the organelles in decidualized cells (Figure 39). 
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Figure 40. Highly elongated mitochondria are detected by TEM in decidualized T-HESCs 

Transmission electron microscopy of proliferative (left) and decidualized (right) T-HESCs. 

Yellow arrowheads indicate points in which mitochondria would have crossed the sectioning 

plane. Red arrowheads indicate mitochondria with morphological abnormalities. Scale bar: 1 µm. 

 

Coherently with what observed in immunofluorescence, some extremely elongated 

mitochondria could be observed, especially in slides derived from decidualized cells (Figure 

40). However, it is well established (e.g. Bereiter-Hahn 1990) that mitochondrial morphology 

in ultrathin TEM sections does not completely recapitulate the physiological situation, as it 

reduces complex and dynamic three-dimensional objects to two dimensional snapshots. 

It was therefore not surprising that most of the mitochondria identified in the EM sections, 

both in proliferative and decidualized cells, appeared as bean-like objects, roughly 1-2 µm 

long along the main axis. 
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Prevalence of short, highly fragmented mitochondria has been observed in both 

physiological and pathological conditions (Galloway 2012), and mitochondrial fission 

required for the transport and degradation of these organelles, as well as during cell division 

(Zorov 2019). This organization, however, appears to be in sharp contrast with what was 

previously observed in both immunofluorescence and live microscopy (Figures 42-43, 36-

40). In this experimental setting, indeed, several of the small mitochondria observed in TEM 

actually correspond to individual, elongated objects, crossing several times the plane of the 

ultrathin section. This conclusion was supported by the presence of “shades” at one or both 

the ends of the objects (corresponding to transversal cuts), and the organization of the small 

mitochondria in clearly recognizable chains (actually corresponding to individual 

mitochondria), as indicated in Figure 40. Despite this, highly elongated mitochondria could 

be directly observed, especially in decidualized cells, when their main axis was parallel to 

the sectioning plane. 

The artefactual sectioning of long mitochondria in smaller objects was observed in both 

conditions, even if it was apparently more frequent in decidualized cells. This was possibly 

due to the more complex and convoluted organization acquired by mitochondrial network in 

decidualization (see Figures 32, 33, 36 and 38).  

As a result, the average size of individual mitochondrial objects (measured in the TEM 

images as area and perimeter) is apparently significantly decreased in decidualized cells (data 

not shown), in spite of other morphological parameters clearly highlighting elongation 

(decreased roundness and increased aspect ratio) (Figure 41).  
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Figure 41. Ultrastructural analysis confirms mitochondrial elongation in decidualized cells. 

Morphological analysis of mitochondria based on the TEM images acquired in three independent 

replicates. The elongation of individual objects was expressed as roundness and aspect ratio (that 

is, the ratio between the major and the minor axes of the ellipse best fitting the object shape). The 

plots show the median and the individual values D0 = proliferative cells; D6 = decidualized cells.  

**: p ≤ 0.01; ***: p≤ 0.001; t-test. 

 

In several of the TEM images, a clear association between smooth ER and mitochondria 

was observed, either as simple proximity or as close, organized contacts, with precise 

alignment of the organelle membranes (Figure 39). 

The precise definition of “contact” between ER and mitochondria has been widely debated 

in the literature (e.g. Simmen 2018), and an in-depth analysis of these aspects is beyond the 

scope of the project. Briefly, different types of Mitochondria-ER Contact sites (MERCs) exist 

in the cell, and one type can dynamically convert into another one based on the metabolic 

needs of the cell (Sood 2014, Simmen 2018).  

Close interactions between the two organelles (10-25 nm, up to 50 nm according to some 

classifications) represent well-organized structures, stabilized by tethering molecules and 

enriched in specific transporters and enzymes (Vance 2014): this type of contacts, indeed 

*** ** 
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mediates the exchange of calcium (Szabadkai 2006), lipid biosynthesis intermediates (Vance 

2014), and reactive oxygen species (Debattisti 2017), as well as mitochondrial fusion and 

fission events (Friedman 2011, Abrisch 2020). 

However, sites presenting a larger cleft between the membranes (up to 80-90 nm), not 

particularly organized in terms of membrane juxtaposition, and even presenting ribosomes 

on the ER membrane (ribo-MERCs), have been proposed to play a role in the crosstalk 

between mitochondria and ER, in particular for calcium exchange (Giacomello 2016). 

In my analysis, I decided to focus on the canonical Mitochondria-ER contacts, more 

characterized in terms of function and clearly recognizable based on morphological features.   

Based on previous literature (Sorrentino 2022), MERCs were identified based on a 

distance threshold of 30 nm between aligned membranes, in the absence of other elements 

clearly interfering with the contact (e.g. ribosomes on the ER membrane, cytoskeleton 

filaments crossing the putative contact…). 

The analysis showed that the number and the length of the contacts established by ER and 

mitochondria is significantly increased in decidualized cells, especially when normalized on 

mitochondrial size (Figure 42). 

 

Figure 42. ER and mitochondria increase their association during decidualization. 

TEM-based analysis of mitochondria-ER contact sites. A. Classification of mitochondria based on 

the number of contact sites established with the ER. Results expressed in proportion with the total 

number of mitochondria analyzed for each condition. *: p≤ 0.05, Mann-Whitney test. B. Analysis 
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of the total length of the MERCs established by each mitochondrion, normalized over the size of 

the mitochondrion itself (that is, the perimeter of the object in TEM images). ****: p ≤ 0.0001, t-

test. 

 

This, combined with the other results, suggests that the reorganization of the 

mitochondrial network observed in decidualization is indeed instrumental to support the 

functional reshaping of EnSC: a closer association between the organelles, indeed, would 

provide a more efficient exchange of high-energy molecules, phospholipid intermediates, 

calcium ions and reactive oxygen species. 

It can instead be excluded that the observed increase of the MERCs only depends on 

confounding factors, such as stochastic proximity of the organelles due to ER expansion: 

indeed, no dramatic difference in the cellular crowding was observed, and the stringent 

threshold reduces the possible impact of random juxtaposition of organelles in the 

quantification of the contacts. 

 

3.3 ER and mitochondria closely associate in endometrial stromal cells 

Given the results obtained in the TEM analysis, I verified the association between the 

mitochondria and different components of the ER on a larger scale, by co-

immunofluorescence. 

As previously described (Results, section 1.2), the protein markers corresponding to the 

protein-folding and quality control machinery of the ER, such as PDI (Figure 9 and 43) and 

CRT (Figure 6 and 43) are largely concentrated in the perinuclear area. The staining for 

structural components of the organelle, such as reticulon 4 (RTN4), display instead a broader 

staining, with ER tubules detected also in the very periphery of the cell (Figure 9 and 43). 

Mitochondria, stained with the Mitotracker Red dye, appear to co-localize only partially 

with the markers of the protein-folding compartments. Conversely, they appear to be more 

closely associated with more general ER markers, corresponding to both the rough and the 

smooth ER components (Figure 43). 
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Figure 43. Mitochondria partially colocalize with different ER markers. 

Co-immunofluorescence of mitochondria (stained by Mitotracker Red), PDI (rough ER) and 

RTN4 (smooth and rough ER). Details of the co-localization of ER markers and mitochondria are 

shown. Scale bar: 20 µm. 

 

The relative distribution of ER and mitochondria, combined with the high number of 

MERCs observed in TEM, provides interesting insights about the role of mitochondria in 

EnSCs. Mitochondria are partially associated with the protein-folding compartment of the 

ER in the perinuclear area, and that part of the mitochondrial network is dramatically 

expanded in decidualization. This likely corresponds to the most intuitive functions of 

mitochondria in a secretory cell type, such as providing an adequate energy supply to protein 

synthesis and folding machineries. 

Instead, the peripheral components of the network, substantially extended during 

decidualization, are likely dedicated to alternative functions, such local production of ATP 
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for vesicular transport and cytoskeleton dynamics, but also exchange of lipid intermediates 

and calcium with the smooth ER, and/or ROS scavenging (Skulachev 2001, Rowland 2012). 

 

3.4 A metabolic switch: increase in respiration, decrease in glycolysis 

As the results previously presented supported the idea of mitochondrial network 

enlargement as an intrinsic element of the decidualization process, I decided to evaluate if 

this also corresponds to a readjustment of the energy metabolism. 

To this aim, T-HESC in control condition and in decidualized state were compared in a 

Seahorse Mito Stress Test for mitochondrial respiration. In this assay, acidification (ECAR) 

and oxygen consumption (OCR) are quantified by microelectrodes in the volume of medium 

immediately above the cell layer, as drugs interfering with the mitochondrial function are 

sequentially added. Briefly, cells were first exposed to oligomycin (a blocker of the ATP 

synthase), followed by FCCP (an uncoupling agent, allowing free movement of protons 

across the mitochondrial membrane), and antimycin and rotenone (blocking respectively 

respiratory complex I and III), as schematized in Figure 44. 

 
Figure 44. Seahorse mitochondrial stress test. 

Schematic representation of the Seahorse metabolic assay for mitochondrial activity, showing in 

detail the different components of the respiratory profile. Created in BioRender on a template by 

Daisy Shu, PhD, Harvard Medical School. 
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In this way, detailed information about mitochondrial respiration and glycolysis in the 

cells could be precisely dissected (Figure 45-47). 

The assay showed that decidualization significantly modifies the respiratory profile of the 

cells, with a general increase of oxygen consumption, but also an improvement in the 

efficiency of the process (Figure 45-46).  

 

Figure 45. Decidualization increases mitochondrial respiration of T-HESC and modifies 

their respiratory profile. 

Seahorse mito-stress test assay for mitochondrial respiration. Respiratory profile 

representative of two independent replicates. The addition of drugs is indicated on the 

graph by the dashed lines. O: oligomycin; F: FCCP; A/R: antimycin and rotenone 

 

Indeed, the basal respiration and the amount of oxygen devoted to ATP production are 

higher in decidualized than in proliferative cells; the proton leak, a parameter roughly 

corresponding to incomplete mitochondrial coupling (Jastroch 2010), is instead reduced after 

the differentiation process (Figure 45-46). 

Interestingly, our results also showed a dramatic increase of both the maximal 

mitochondrial respiration and the spare respiratory capacity (Figure 45-46): this finding 

indicates that the mitochondria of decidualized cells could produce significantly more 

energy, to eventually cope with a sudden increase of the metabolic needs of the cell. 
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Moreover, it further suggests that a significant fraction of mitochondria, in decidualized cells, 

may be mostly involved in functions independent from energy production, such as calcium 

buffering, ROS scavenging and lipid biosynthesis. 

 

 

Figure 46. Detailed analysis of mitochondrial respiration rewiring in decidualization. 

Comparative representation of the mitochondrial respiration parameters, based on the 

respiratory curves shown in Figure 45. All the parameters are expressed as oxygen 

consumption rate normalized over the fluorescence intensity of a DNA-binding dye 

(roughly corresponding to normalization on cell number). ****: p ≤ 0.0001, t-test, calculated 

on the biological replicates analyzed in the experiment. 

 

It is important to highlight that the rewiring of the energy metabolism observed during 

decidualization seems to be more profound than a simple increase of the mitochondrial 
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activity: indeed, the increased mitochondrial respiration is paralleled by a contemporary 

decrease of glycolysis, and thus by a dramatic change in the OCR/ECAR ratio (Figure 47). 

 

Figure 47. Decidualization reduces glycolysis and induces a switch in the energy metabolism. 

A. Extracellular acidification profile, measured in parallel with the respiratory profile 

described in Figure 45-46. B. OCR/ECAR, that is ratio between basal respiration and basal 

extracellular acidification (which is representative of glycolysis). ****: p ≤ 0.0001, t-test, 

calculated on the biological replicates analyzed in the experiment. 

 

Even if a more detailed characterization of the EnSC energy metabolism is beyond the 

scope of this project, the results obtained provide an interesting insight about the coupling 

between protein secretion and bioenergetics. Indeed, the results suggest that decidualized 

EnSC are in general terms more metabolically active than cells in proliferative state, 

coherently with the increased production of secretory cargoes and the extensive vesicular 

trafficking. At the same time, cells seem to be more parsimonious in the use of glucose, with 

a switch from glycolysis to oxidative phosphorylation, and possibly the use of alternative 

energy sources (as briefly discussed in the following section). 

The metabolic rewiring observed in our in vitro model of decidualization likely reflects 

some important aspects of the physiological process. On one side, the extension of the spiral 

arteries in the endometrial tissue provide the tissue with oxygenated blood, allowing efficient 

mitochondrial respiration (Pijnenborg 2006). On the other, it seems logical that glucose 

consumption is reduced, in a context in which epithelial and endometrial stromal cells 



99 

 

accumulate glycogen deposits, required for the successful implantation of the embryo 

(Gellersen 2014). 

3.5 Transcriptional analysis of mitochondrial genes 

To better characterize mitochondrial network remodeling, an unbiased transcriptional 

analysis of the mitochondria-related genes was performed (Figure 48), similarly to what was 

previously described for secretory pathway genes (Results, paragraph 1.5). To validate the 

transcriptome analysis, selected genes from the pathways of interest were then individually 

analyzed by qPCR (Figure 49). 

This approach, although lacking the depth of a complete functional analysis, provided a 

general overview about changes in mitochondrial activities not considered in the previous 

analyses. 

As expected from the previous results, genes involved in the oxidative phosphorylation 

(OXPHOS) were in general upregulated, with a general induction of both the nuclear and the 

mitochondrial encoded OXPHOS genes (Figure 48-49). Accordingly, the ORA of the up-

regulated genes detected the induction of the terms corresponding to the assembly factors of 

the respiratory chain (OXPHOS assembly factors), and to the respiratory complexes 

themselves (OXPHOS subunits), with the former preceding the latter in the induction (Figure 

49).  

Interestingly, the mitochondrial encoded OXPHOS genes displayed a peculiar expression 

pattern, different from the one observed for nuclear genes: while at the end of decidualization 

both the groups are clearly up-regulated, all the mitochondrial genes seem to decrease their 

expression in the first phase of decidualization, reaching their minimum at 24 hours. 

As the products of the two groups of genes must be present with a precise stoichiometry 

in the respiratory complexes, an imbalance in their expression is unlikely to have a functional 

meaning. Instead, the pattern observed at the beginning of decidualization could correspond 

to the superimposition of two opposite events: the replication arrest of EnSCs, corresponding 

to a block in mitochondrial duplication; and a general enlargement of the mitochondrial 

network, widely described in this section of the thesis. Apart from these speculations, 

however, a detailed analysis of mtDNA expression is beyond the scope of this project. 
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Figure 48. Decidualization reshapes the transcription pattern of mitochondrial genes. 

Heat map of genes differentially expressed during the decidualization program. Expression values 

were z-normalized and represented as a color scale. The genes were selected as grouped based on 

the biological functions mediated by their products. Mitochondrial encoded OXPHOS genes were 

considered as a separated group, based on the peculiarity of their expression mechanisms. 

 

 

Figure 49. Analysis of individual genes confirms transcriptional induction or repression of 

key mitochondrial functions. 

Real-time qPCR analysis of genes involved in mitochondrial calcium homeostasis, lipid 

metabolism and oxidative phosphorylation. The samples correspond to RNAs collected at 

different days of in vitro decidualiation of T-HESC, with a minimum of three independent 
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replicates. Results were normalized on GAPDH mRNA and represented as mean ± SEM. *: p ≤ 

0.05; ** p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 0.0001; t-test of each time-point versus d0. 

 

In support of our hypotheses about the importance of ER-mitochondria connection for 

decidualized cells, the genes related to functions such as ROS detoxification and 

phospholipids biosynthesis were also induced during the decidualization process. Quite 

surprisingly, genes involved in mitochondrial calcium import and homeostasis, another 

function depending on the MERCs (Patergnani 2011), are instead downregulated. This likely 

underlines slight changes in the nature of the interaction between the organelles (Figure 48-

49). Lipid and amino acid metabolism are also among the most up-regulated mitochondrial 

functions, with a clear transcriptional induction of key enzymes for fatty acid beta-oxidation 

(ACSS1, CPT1A, CPT1C). Even though a functional validation would be required to draw 

any definitive conclusion, these results further support the concept of a radical switch in the 

metabolism of decidualizing cells, possibly including a change in the prevailing energy 

sources. (Figure 48-50). 

Interestingly, genes related to mitochondrial DNA (mtDNA) replication and maintenance, 

and to translation in the mitochondrial matrix were instead mostly classified as down-

regulated. These was reflected by the expression pattern of individual genes (some of which 

are shown in Figure 48 in the group Mitochondrial dynamics and quality control), but even 

more strikingly by the ORA, in which mtDNA replication and maintenance emerged by far 

as the most down-regulated mitochondrial process along the decidualization program. 

 This result is probably due to the switch of EnSC a proliferative phenotype (in which the 

mitochondria are duplicated, with their protein content and genomes, at every cell 

replication), to the terminal differentiation of decidualized cells (in which mitochondria are 

enlarged and maintained, but not as actively replicated) (Figure 48-50). 
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Figure 50. Time-course analysis of mitochondrial gene transcription reveals early and 

profound functional changes during the decidualization process. 

Over-Representation Analysis for the genes upregulated (DEG UP) or downregulated (DEG 

DOWN) at different time points. GO terms associated with different biological functions of 

mitochondria were analyzed in the time-course RNA sequencing. Statistical significance of the 

over-representation is graphically represented by the different size of the circles. 

 

3.6 A glimpse of regulation: the nuclear translocation of PGC-1a 

The results previously described show that mitochondria are extensively remodeled 

during decidualization, and that rewiring of the mitochondrial network and function is likely 

important for the decidualization process. However, they don’t explain whether 



103 

 

mitochondrial reshaping represents a response to the increased metabolic needs of the cell, 

or are instead an intrinsic element of the differentiation program itself. 

The extensive changes observed in the transcriptome analysis as early as 24-48 h after 

induction, far before any major change in the expression of the cargo (Figure 48-50, support 

the idea of a transcriptional regulation of mitochondrial genes as an early event of EnSC 

decidualization.  

To validate this hypothesis, I decided to verify whether the transcriptional activation of 

mitochondrial genes can actually be observed in the very first phases of the decidualization 

program. The induction of mitochondrial genes is a complex process, controlled by specific 

transcription factors. As the majority of mitochondrial proteins are nuclear-encoded, their 

transcription mostly depends on the nuclear translocation of factors such as Nrf1, Nrf2, 

PPARα, PPARγ and PGC-1α; the last one, in particular, is considered to be the master 

regulator of mitochondrial biogenesis and factors, due to its capacity to interact with and 

regulate the activity of the other ones (Abu Shelbayeh 2023). 

Therefore, I considered the nuclear translocation of PGC-1α as a readout for a general 

transcriptional induction of mitochondrial genes. 

As hypothesized, the fluorescence signal corresponding to this transcription factor is re-

localized from the cytoplasm to the nucleus in the earliest phases of decidualization: the 

nuclear signal already peaks at 6 hours after decidualization induction and remains high for 

at least the following 24 hours (Figure 51). 
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Figure 51. Nuclear translocation of PGC-1α is an early event of T-HESC decidualization. 

A. Immunofluorescence of PGC-1α at early time-points of decidualization. Nuclei were counter-

stained with DAPI to verify the nuclear translocation of the transcription factor. Images 

representative of two independent replicates. 60x magnification; scale bar: 20 µm. 

B. Quantification of the nuclear translocation of PGC-1α. The graph represents the average 

intensity of PGC-1α immunostaining in the nucleus, ± SEM. ***: p ≤ 0.001; ****: p ≤ 0.0001; 

one-way ANOVA. 

 

This result further suggests the idea of mitochondrial induction as a part of the 

decidualization program itself. Similarly to what was observed for the secretory pathway 

organelle, the mitochondrial network is preventively enlarged and enhanced. This 

preparation strategy, compared to a strategy based on on-demand responses, ensures that the 

bioenergetic needs of the cell will be always and completely covered during decidualization, 

allowing an efficient development of the secretory capacity. 
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4 A general change in the cellular landscape: preliminary data on zinc 

quantification in EnSC secretory pathway 

As highlighted by the results presented in the previous sections, endometrial stromal cell 

decidualization entails a complete reshaping of the secretory pathway organelles, but also a 

general rewiring of the cellular metabolism. Almost all the aspects considered, from cell 

morphology to the expression of groups of genes, from mitochondrial respiration to vesicular 

transport are somehow modified, to support the production, transport, and secretion of large 

amounts of secretory proteins. Inside the secretory organelles, the toolbox of chaperones and 

enzymes is also reorganized, to create the optimal environment for the folding and processing 

of the new protein cargoes. This, most likely, is not limited to protein expression, but instead 

involves also inorganic ions and other cofactors. 

To further investigate this aspect, rarely considered in the study of cell differentiation 

programs, I decided to analyze the dynamics of zinc in the secretory pathway organelles of 

EnSC during decidualization. 

Zinc represents a fundamental cofactor for several proteins, ranging from factors to 

metalloproteases (Maret 2016); the physiological levels of this metal ion are tightly regulated 

by dedicated transporters and metal-binding proteins (Roohani 2013). In the secretory 

pathway, the concentration of zinc is significantly higher in the Golgi complex than in the 

ER (Kowada 2021), by effect of a precise localization of zinc importers and exporters 

(Amagai 2023). 

The loading of a zinc ion in the catalytic site is fundamental for the activity of 

metalloproteases and other enzymes, a process called metalation (Kambe 2017); moreover, 

zinc concentration seems to play important roles in the homeostasis of the secretory 

organelles (Amagai 2023), and in the formation of secretory granules of some hormones, 

including prolactin (Vang 2022). 

In the following paragraphs, I described the strategy I followed to determine the zinc 

concentration in the Golgi complex, and the results obtained by the comparison of control 

and decidualized cells. 
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4.1 Generation and validation stable cell lines for subcellular zinc quantification 

To evaluate the impact of decidualization on the concentration of zinc ions in the secretory 

pathway organelles, I took advantage of constructs generated by our collaborators from 

Professor Kenji Inaba’s lab, in Tohoku University, Sendai.  

These plasmids encode for fusion proteins, containing a Halo-tag and a single 

transmembrane domain of different Golgi proteins: this allows a precise localization of the 

probes in different Golgi sub-compartments, from the ERGIC to the trans-Golgi. 

More in detail, the fusion proteins included ERGIC53, the transmembrane portion of 

ManII (amino acids 1-117), and the transmembrane portion of GalT (amino acids 1-61). The 

Halo was positioned at the N-terminus in the ERGIC53 fusion protein, and at the C-terminus 

for the other ones, so that it was localized in the lumen of the organelle. 

The probes were transiently expressed in T-HESC cells, and their localization was 

confirmed by co-immunofluorescence with different Golgi markers. Based on the different 

degrees of co-localization observed, I confirmed that the different constructs were expressed 

in the expected compartment. As expected, ERGIC53-Halo and ManII-Halo showed a 

greater degree of co-localization with cis-Golgi marker giantin, while GalT-Halo was more 

closely associated with the trans-Golgi marker TGN46 (Figure 52). 
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Figure 52. Co-immunofluorescence with Golgi markers confirmed the correct sub-organelle 

organelle localization of the Halo-tagged probes. 

Co-immunofluorescence of the Halo-tagged probes (labeled by TMR Red Halo direct ligand) with 

the cis-Golgi marker giantin and the trans-Golgi marker TGN-46. Representative images for each 

probe are displayed in panels A-C. Single channel images and merges of each couple of channels 

are shown. 100x magnification, scale bar 5 µm. 

 

Due to the low efficiency of T-HESC transfection, and the technical difficulties of 

combining the transfection and the decidualization protocols, I decided to generate lines 

stably expressing the construct of interest. 

Although single cell cloning of T-HESC by limiting dilution is technically possible, as 

demonstrated by proof-of-principle experiments, the growth of isolated T-HESC was 

extremely slow, and a very low number of colonies could be obtained. Therefore, I decided 

to proceed with a pool-based approach, based on transfection and selection by acquisition of 

antibiotic resistance. The protocol resulted in mixed populations, expressing the Halo-tagged 

constructs at various levels, but with only a minimal fraction of Halo-negative cells. 



109 

 

In the stable cell lines, the localization of the Halo-tagged proteins corresponded to what 

observed in transient expression, and to the expected localization of the corresponding 

proteins. Despite the overexpression, no significant accumulation in the ER was observed for 

any of the probes (Figure 53). Despite the manipulations and the prolonged culture time, all 

the cell lines maintained the correct morphological features, and responded as expected to 

the decidualization stimuli: both the transgenic protein and endogenous protein markers 

revealed a general enlargement of the secretory pathway organelles (Figure 54). 

 

Figure 53. The Halo-tagged probes are expressed and correctly localized in the stable T-

HESC cell lines. 

Co-immunofluorescence of the Halo-tagged probes (labeled by TMR Red Halo direct ligand) with 

the ER and cis-Golgi markers. Upper panel: Negative control, included to evaluate background or 

nonspecific signals. Middle panel: Immunofluorescence for calreticulin on cells expressing 
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ERGIC53-Halo. The distribution of the probe corresponds to the localization of the endogenous 

proteins, as shown in Figure 9. Lower panel: Immunofluorescence for giantin on cells expressing 

ManII-Halo; a cell not expressing the probe can be seen in the lower left angle of the image. Upper 

and middle panels: acquired with a 60x magnification, scale bar 15 µm; lower panel: acquired 

with a 100x magnification, scale bar 20 µm. 

 

 

Figure 54. Cell lines expressing the Halo-tagged probes can be correctly decidualized. 

Co-immunofluorescence of the Halo-tagged ERGIC53 (labeled by TMR Red Halo direct ligand) 

with the ER marker calreticulin in decidualized T-HESC stable cell lines. Cells display the 

expected morphological changes, and the localization of the probe corresponds to the distribution 

observed for endogenous ERGIC-53 in decidualized cells. Cells not expressing the probe were 

used as a negative control for background or nonspecific signals. Images acquired with a 60x 

magnification. 

 

4.2 Golgi measurement of pH and zinc at a sub-organelle level 

With the cell lines I obtained and validated, I proceeded to the comparative quantification 

of labile zinc in the secretory pathway of proliferative and decidualized cells. 

The strategy I followed was based on what previously described by Kowada et al. 

(Kowada 2021, Amagai 2023), duly adapted to my experimental system. Briefly, the Halo-

expressing cells were incubated with a zinc-sensitive fluorescent Halo ligand (ZnDA-1H), 
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and with a zinc-insensitive ligand (HaloTMR Direct ligand), used to localize the cells and 

verify focus stability (Figure 55). The measurement of the basal zinc-depended fluorescence, 

combined with an appropriate calibration (Figure 56), provided the quantification of the 

labile zinc pool in the compartment of interest, as more extensively described in Materials 

and Methods. 

 

 

Figure 55. TMR and ZnDA-1H can be correctly detected in the T-HESC lines expressing the 

Halo-tagged probes, as required for the labile zinc quantification. 

Live-imaging microscopy of T-HESC stably expressing Halo-tagged ERGIC53, labeled with a 

combination of HaloTMR Direct ligand and ZnDA-1H zinc-sensitive fluorescent ligand. 

Representative images, acquired with a 40x magnification. 

 

Figure 56. ZnDA-1H fluorescent signal can be modulated, as expected, by zinc chelation and 

by addition of exogenous zinc. 

Representative live imaging of ZnDA-1H signal calibration in T-HESC lines expressing the Halo-

tagged protein ERGIC53. The three panels display signal intensity in basal conditions (Ringer 

buffer containing 2 µM Zn-SO4), upon addition of the zinc chelator TPEN, and upon addition of 

the membrane permeant zinc-pyrithione complex, as described in Materials and Methods. 

Representative images, acquired with a 40x magnification. Scale bar: 20 µm. 

 

In the literature, ZnDA-1H is described as a relatively robust probe, characterized by a 

high specificity for zinc and a minimal affinity for other biologically relevant metal ions, 

such as copper or iron (Kowada 2021). However, the apparent affinity of this probe for zinc 
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can be influenced by pH, even if only wide variations of this parameter (e.g. 1 pH unit) can 

significantly impact the final results (Kowada 2021, Amagai 2023). 

For this reason, in parallel with the labile zinc quantification, I performed a pH 

measurement based on the fluorescent probe pHluorin2. This small, fluorescent protein 

changes its excitation spectrum in response to pH, thus allowing a microscopy-based 

evaluation of this parameter (Mahon 2011).  

The same transmembrane domains used for the Halo-tag constructs were used to localize 

the pHluorin2 in the different compartments of the Golgi complex (Figure 57), thus allowing 

a direct comparison between the pH and zinc measurement (Kowada 2021). 

 

  

 

Figure 57. Golgi-localized fluorescent pH probes (pHluorin-2) can be correctly expressed in 

control and decidualized T-HESC by transient transfection. 

Representative fluorescent images of pHluorin-2 probe transfection in T-HESC. Upper 

panel: ERGIC-localized pHluorin-2 in proliferative cells. Lower panel: trans-Golgi 

localized pHluorin-2 in decidualized cells. The two channels represent emission at 525 

nm, after excitation at the indicated wavelengths. Images acquired with a 60x 

magnification. 
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At the time of the writing, the results obtained are rather preliminary, but promising. Both 

the quantifications could be performed successfully, and revealed some interesting 

differences between cells in proliferative and decidualized cells. 

The pH measurement provided results in line with the previous literature, with values 

between 6.5 and 6.0, and a progressive acidification from the cis to the trans side of the 

organelle (Ma L. 2017, Rivinoja 2012). In decidualized cells, interestingly, a strong reduction 

of the pH was observed in the ERGIC, probably corresponding to a steeper acidification 

gradient in the early secretory pathway; slightly lower pH values were observed also in the 

other Golgi sub-compartments (Figure 58). 

 

Figure 58.  Decidualization induces a slight acidification of different sub-compartments of 

the Golgi complex. 

Fluorescence-based pH quantification in the Golgi, based on the transient expression of 

Golgi-localized pHluorin-2 probes. Results representative of a minimum of three 

independent experiments, represented as mean ± SD.  

 

On the base of the pH quantification, the apparent Kd of ZnDA-1H was set to 0.54 µM in 

the calculations (Kowada 2021). The concentration of labile zinc measured in T-HESC 

secretory pathway was higher than what observed in other studies (Amagai 2023), but 

comparable with them. Interestingly, the observed zinc distribution changed with 

decidualization: in decidualized cells, a higher concentration was observed in the ERGIC, 

while the opposite was observed in the cis-Golgi. The quantification in the trans-Golgi 
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compartment, based on the GalT-Halo probe, were incomplete at the time of the writing, and 

were not included in this thesis. 

 

Figure 59. The labile fraction of zinc in different sub-compartments of the Golgi complex is 

modified by decidualization. 

Fluorescence-based quantification of labile zinc fraction, measured by ZnDA-1H in cells 

stably expressing Golgi-localized Halo-tagged proteins. Results representative of multiple 

cells in a minimum of three independent experiments, represented as mean ± SD. 

 

The results presented, although very preliminary, highlight some general changes in the 

intra-organelle landscape of the secretory pathway, with differences not only in the content 

of enzymes, chaperones and protein cargoes, but also in the concentration and distribution of 

inorganic ions. These differences likely depend on the tightly regulated expression of 

channels and transporters, of proteins binding and buffering metal ions, and of proteins using 

them for their biological functions.  

In this regard, it is important to underline that the quantification performed can only detect 

the labile zinc pool (that is, the fraction susceptible to chelation), and provides no details 

about the fraction strongly associated with proteins. 

Even if this part of the project was only explorative, and doesn’t lead to definitive 

conclusions, it is possible to speculate that zinc regulation in the secretory pathway may 

represent a crucial aspect of decidualization. 

[C], nM 
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Zinc-metalloproteases are some of the most upregulated cargoes in EnSC differentiation 

program (see Figure 17), and the formation of zinc-prolactin complexes has important roles 

in the secretion of this hormone (Lorenson 1996, Vang 2022).  

In line with the increased production of zinc-requiring proteins, key regulators of Golgi 

zinc homeostasis appear to be transcriptionally induced in decidualization, according to 

preliminary results obtained in the lab (data not shown). Real-time qPCR, indeed, showed an 

interesting up-regulation of zinc importers localized along the Golgi complex (ZnT4, ZnT5, 

ZnT6 and ZnT7), as well as of metallothioneins (MT1 and MT2), small proteins that bind 

metal ions in the cytosol and allow their safe transport across the cell by preventing stochastic 

reactivity.  

Similarly, GPHR, the ion transporter responsible for Golgi acidification (Maeda 2008), is 

also induced in decidualization. This result seems particularly relevant, as the ZnTs are 

antiporters that counterbalance the import of zinc with an efflux of hydrogen ions (Ishihara 

2006). These results were partially confirmed by the transcriptome analysis of 

decidualization, in which a similar transcriptional induction is observed for the zinc 

transporters (not shown). 

The strong upregulation of ERp44 consistently observed in decidualization may also 

represent an interesting aspect of zinc homeostasis in EnSC secretory pathway: this protein, 

involved in disulfide quality control and in the retrieval of ER chaperones, is directly 

regulated by zinc, which controls its function, its subcellular localization, and its secretion 

(Tempio 2021, Amagai 2023). 

Based on these observations, a detailed investigation of zinc dynamics, zinc transporters 

and zinc-binding proteins could represent an interesting direction for a more complete 

understanding of EnSC decidualization physiology. 
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DISCUSSION 

The results obtained during my PhD provide new, interesting insights about the peculiar 

morphological and functional rewiring program that characterize the decidualization of 

endometrial stromal cells.  

Even though the dynamics of the endometrial tissue have been extensively investigated, 

indeed, very little focus has been put on the most “basic” aspects of the decidualization, such 

as the precise morphological changes of EnSCs, or the dynamic rearrangements of their 

organelles. 

At a first sight, these aspects may appear very distant from the clinics, and may only seem 

important for a descriptive characterization of decidualized cell phenotype. It is important to 

remember, however, that decidualization is a fundamental secretory differentiation program, 

and that the physiological functions of EnSCs depend on their capacity to efficiently produce 

and secrete cargo proteins. Any alteration in the dynamic rearrangements of the organelles, 

or in the expression of the correct cocktail of chaperones and enzymes, would inevitably 

affect the secretory capacity of decidualized cells, with severe consequences for health and -

especially- fertility. 

On the other hand, EnSC decidualization could also represent a powerful system for the 

study of secretory pathway organelles. Indeed, the decidualization program can be induced 

in vitro in a simple and reproducible way, by means of well-established differentiation 

protocols and robust cellular systems. EnSCs can be studied almost in real time during their 

differentiation program, and both early events and terminal differentiation can be 

investigated. 

Therefore, the analysis of decidualization could also provide new insights about the 

induction, regulation, and function of the secretory pathway organelles, and of the Golgi 

complex in particular. 

 

1 Morphological and functional reshaping of the secretory pathway organelles 

In my study, I demonstrated how profound is the reshaping of EnSCs, from fibroblast-like 

cells to protein factories. As parts of a well-oiled machine, all the components of the cell 
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reorganize to acquire the new morpho-functional phenotype: for sure, becoming a secretory 

cell doesn’t only mean producing and secreting more proteins: it entails a complete 

commitment of all the organelles and cellular functions. 

A general enlargement of the secretory pathway organelles was expected, considering the 

massive increase of the secretory capacity observed upon decidualization. This was also 

previously described in another in vitro model of decidualization, but no precise 

characterization was provided (Kajihara 2014). 

The detailed analysis of the organelles, based on immunofluorescence for different 

organelle markers and on the morphometric analysis, revealed a surprisingly limited 

expansion of the endoplasmic reticulum, which remained substantially proportional to the 

total cell volume; this result was rather unexpected for a secretory cell, considering that a 

massive expansion of the ER is commonly observed in most secretory differentiation 

programs (Shaeffer 2004, van Anken 2003).  

Conversely, a significant enlargement of the Golgi complex was observed, both in 

absolute terms and compared to the cell size. This aspect had been previously observed in 

samples derived from the murine endometrium (Bijovsky 1992), but never functionally 

linked to the secretory activity of EnSCs.  

A significant development of the Golgi complex had also been described in some 

secretory cell types, such as pancreatic beta cells (Noske 2008), and prolactin-secreting cells 

of the mammary gland (Clermont 1993), but was not particularly significant in others, such 

as plasma cells (Shaeffer 2004). The size of this organelle in secretory cell types, indeed, 

seems to depend more on specific features of the cargo produced (for instance, the presence 

of complex glycan processing), than on the mere amount of the secretory cargoes themselves. 

The physical enlargement of the secretory pathway organelles, as predictable, was 

paralleled by a general increase in the expression of chaperones, redox enzymes and Golgi 

proteins. While all the components of the protein folding, transport and processing machinery 

were in general terms upregulated, as expected for cells acquiring a secretory phenotype, 

EnSC decidualization presented interesting peculiarities. 
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Coherently with the morphological observations, proteins localized in the ERGIC and 

Golgi compartments (ERp44, ERGIC53, TGN46, and Giantin) were strongly upregulated 

during the decidualization program, together with some redox enzymes of the ER (PRDX4, 

GPX8, Ero1α). Instead, only a limited induction was observed for BiP or PDI, fundamental 

for the ER protein folding and massively up-regulated during the B-to-plasma cell transition 

(Shaeffer 2004, van Anken 2003). 

Taken together, these results support the idea of secretory differentiation as a precise 

tailoring of the secretory organelles for the specific protein cargoes produced by the cell, and 

for the dynamics of secretion required for the cellular functions. 

Upon decidualization, endometrial stromal cells secrete a wide array of different cargo 

proteins, some of which extensively glycosylated; the secretome of EnSCs evolves over time, 

in a complex interplay between the cells and the extracellular environment.  

The type of cargoes and the pattern of secretion, therefore, are completely different, for 

instance, from the ones of a plasma cell, for which fast response and massive secretion of a 

single cargo are probably more relevant than long-term efficiency of the secretory organelles. 

Interestingly, my results suggest that, in EnSC decidualization, the upregulation of the 

secretory organelles begins immediately after the exposure to decidualization stimuli, 

significantly anticipating the massive expression of the secretory cargoes. Possibly for this 

reason, the production of protein cargoes never exceeds the processing capacity of the cell: 

previous results demonstrated that –unlike in plasma cells- unfolded protein response is only 

minimally activated in decidualization (Anelli 2021), and that inhibition of the three UPR 

branches has no significant effect on the decidualization program (my Master Thesis results, 

unpublished). 

 

2 Transcriptional regulation of organelle reshaping 

The time-course transcriptome analysis of EnSC decidualization further demonstrated 

how deep and extensive is the reshaping entailed by this differentiation program. With 

thousands of genes already upregulated or downregulated in less than 24 hours after the 
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addition of the stimuli, EnSCs don’t “simply” increase their secretory capacity, but instead 

they seem to undergo a functional metamorphosis. 

Interestingly, important differences can be observed also among the genes encoding for 

different components of the secretory pathway organelles, thus suggesting a transcriptional 

reshaping, rather than a general induction. 

A detailed analysis of the secretory pathway genes, indeed, revealed the existence of 

different clusters, characterized by peculiar patterns of expression, and enriched for genes 

encoding for specific functions. For two of the clusters, a strong downregulation trend was 

already observed at the first time-point, corresponding to 6 hours after the addition of the 

decidualization stimuli. 

In the transcriptional regulation of secretory pathway reshaping, timing appears to be a 

crucial aspect: changes in the expression of some groups of genes (and the induction or 

inhibition of the corresponding biological functions) represented an immediate event of the 

decidualization program, while a significant delay was observed for other groups. 

These patterns of induction likely correspond to co-regulation mechanisms acting on 

genes of the same cluster, and have an important functional meaning in the dynamics of 

secretory pathway organelles. To provide an example, most of the genes involved in ER-to-

Golgi transport and in the organization of Golgi cisternae are induced very early in 

decidualization (cluster 5 of expression, Figure 18A), while the induction of Golgi 

glycosylation enzymes is delayed (cluster 3, Figure 18A). Thinking in terms of function, 

these patterns would provide the maximal efficiency to Golgi complex development, 

preventing upstream accumulation of the glycosylation enzymes. 

The identification of CREB3L1 and CREB3L2 as key regulators of vesicular transport 

and Golgi dynamics provides an interesting insight about the molecular mechanisms 

regulating the secretory pathway dynamics. These factors, indeed, are induced and activated 

during the decidualization process, and appear to be fundamental for the correct induction of 

several secretory pathway genes. 

The activation of CREB3L1 and CREB3L2 depends on the balance between their 

transport to the Golgi complex and their proteasomal degradation (Kondo 2007, Murakami 
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2009). Thus, these factors could also represent a link between the differentiation program 

itself and organelle homeostasis and autoregulation, similarly to what observed for UPR in 

other secretory cell types (Hetz 2012, So 2018, Iwakoshi 2003, Gao 2012) 

These transcription factors had been previously described in contexts of secretion and 

secretory differentiation: indeed CREB3L1 and CREB3L2 are known to regulate collagen 

secretion (Saito 2009, Chen 2014). Accordingly, both spontaneous mutations in patients and 

experimental inactivation in animal models cause severe defects in skeletal development 

(Symoens 2013, Keller 2018, Lindahl 2018, Saito 2009). Moreover, they are fundamental for 

the correct development of some secretory cell types, such as thyrocytes (Garcia 2017) and 

hormone-producing cells of the pituitary gland (Khetchoumian 2019), both characterized by 

a well-developed Golgi complex.  

In my experimental system, the correct expression of these transcription factors proved 

fundamental for the correct enlargement of the Golgi complex, and their inactivation had 

dramatic consequences on the secretory capacity of decidualized endometrial stromal cells. 

Upon silencing of CREB3L1 and CREB3L2, indeed, a dramatic ER accumulation of 

procollagen was observed, and the secretory activity of the cells is almost completely 

abrogated. In a physiological context, this would correspond to a complete impairment of 

EnSC functions, which require the efficient and timely secretion of cargo proteins. 

To date, no association between CREB3L1/2 and fertility-related phenotypes have been 

reported in the literature; this is not very surprising, considering the severity of the skeletal 

phenotypes caused by CREB3L1/2 inactivating mutations, and the extremely low incidence 

of these pathological conditions (Symoens et al., 2013; Keller et al., 2018; Lindahl et al., 

2018). Milder polymorphisms, or defects in CREB3L1/2 induction and activation during the 

decidualization process, however, could be involved in alterations of EnSC secretome, and 

therefore have a negative impact of embryo implantation. A detailed investigation of 

CREB3L1 and CREB3L2 in patients with unexplained infertility or recurrent early-stage 

pregnancy loss, therefore, could represent a promising direction for future research. 
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3 Mitochondrial network reshaping and rewiring of the mitochondrial 

metabolism 

As demonstrated by my results, decidualization entails a complete reorganization of the 

mitochondrial network, and a significant modification of the mitochondrial metabolism. 

Similar to the rearrangements of the secretory pathway organelles, also the reshaping of the 

mitochondrial network emerges as an integral part of the decidualization program, regulated 

by an early induction of mitochondrial genes and by the activation of specific transcription 

factors. 

In my experiments, I observed a dramatic enlargement of the mitochondrial volume, with 

important changes in the morphology of the network: decidualized cells, indeed, contained 

more mitochondria, and their morphology appeared to be significantly more elongated.  

It is generally established (Skulachev 2001, Westermann 2010) that elongated and 

interconnected mitochondria are more efficient than small fragmented ones in terms of proton 

potential generation, energy distribution and ROS scavenging, especially in peripheral areas 

of the cell (Westermann 2010, Rowland, 2012). Therefore, networks of elongated, highly 

interconnected mitochondria are often observed in cells with high metabolic activity 

(Westermann 2010). 

In accordance with these observations, functional analyses revealed a strong increase of 

mitochondrial respiration, highlighted by the increase in oxygen consumption and 

mitochondrial coupling. At the same time, in our experimental system glycolysis appeared 

to be significantly reduced. Being based on an in vitro model, these results represent only in 

part the dynamics of cellular metabolism in vivo. Indeed, key parameters such as glucose 

concentration in the medium and oxygen tension are significantly different from the ones 

experienced by the cells in physiological conditions. 

However, the metabolic rewiring observed in my experiments are perfectly coherent with 

known aspects of endometrial decidualization: the development of spiral arteries provides 

the tissue with highly oxygenated blood (Pijnenborg 2006), thus allowing EnSC switch to 

mitochondrial metabolism. At the same time, decidualized EnSCs and cells of the 

endometrial epithelium accumulate glucose in the form of glycogen granules, required to 
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support the early stages of embryo development (Gellersen 2014). In this context, 

mitochondrial respiration probably represents the most efficient solution for the energy 

requirements of decidualized cells. 

Our transcriptome analyses of the mitochondrial genes revealed, as expected from the 

functional assays, a strong induction of the genes involved in oxidative phosphorylation, with 

a simultaneous overexpression of both nuclear and mitochondrial encoded genes. However, 

the induction of other mitochondrial functions was also observed: genes connected for lipid 

and amino acid metabolism are among the most upregulated, including the ones encoding for 

key enzyme of lipid β-oxidation (ACSS1, CPT1A, CPT1C). 

Even though a functional validation would be required to draw any definitive conclusions, 

these results further support the concept of a radical switch in the metabolism of 

decidualizing cells, possibly including a change in the prevailing energy sources. In 

particular, an increased energy intake provided by fatty acids would allow the cell to channel 

glucose in metabolic pathways different from energy production, as suggested also by the 

downregulation of carbohydrate metabolism in the Over Representation Analysis of 

mitochondrial functions. In this way, the glucose up-taken by decidualized cells could be 

stored in glycogen granules, as previously described (Gellersen 2014), used in amino acid 

biosynthesis, or funneled in pentose phosphate pathway, fundamental for the synthesis of 

aromatic amino acids and of the essential cofactor NADPH (Alberts 2015, Alfarouk 2020).     

Apart from the changes in energy metabolism, also other functions of the mitochondrial 

network appear to be significantly modified by decidualization: genes involved in the 

biosynthesis of phospholipids are upregulated, coherently with the massive increase of the 

membrane-bound organelles and of the transport vesicles; genes involved in ROS 

detoxification, such as SOD2, are also strongly induced. 

Both these fundamental functions depend on the close interaction between ER and the 

mitochondrial network (Rowland 2012); accordingly, a significant increase in the length and 

number of the MERCs was confirmed by the microscopy-based analyses. 

Although a further characterization of the ER-mitochondria interactions in decidualization 

was beyond the scope of my project, it could be interesting to better investigate the 
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interactions between these organelles. MERCs, indeed, have been implicated in various 

fundamental mechanisms, ranging from the dynamics of mitochondrial fusion and fission 

(Rowland 2012), to the exchange of hydrogen peroxide, during the oxidative folding of 

proteins in the ER (Sorrentino 2022), with the assembly of specialized protein complexes on 

both the ER and the mitochondrial membranes (Gilady 2010, Rowland 2012). Considering 

the marked spatial regionalization of both the ER and mitochondria in EnSCs, it would be 

interesting to investigate whether also the contacts between the two organelles present may 

mediate specialized functions in different areas of the cell. 

As previously observed also for the secretory pathway genes, the transcriptional reshaping 

of mitochondria begins immediately after the exposure of the cells to the decidualization 

stimuli, far before any change in the cellular phenotype. This was also confirmed by the early 

nuclear translocation of PGC-1α, transcription factor described as master regulator of 

mitochondrial biogenesis (Abu Shelbayeh 2023). PGC-1α activation has been described as a 

crucial mechanism for the up-regulation of important mitochondrial functions, such as 

oxidative phosphorylation, lipid metabolism, and detoxification of reactive oxygen radicals 

(Mastropasqua 2018), which seem to be fundamental elements in the decidualization 

program. Moreover, previous studies reported that PGC-1α is highly expressed in 

decidualized cells (Bombail 2008), and that this transcription factor is directly involved in 

the transcriptional induction of PRL and IGFBP-1 (Takagi 2022). 

Therefore, even though the precise mechanism inducing nuclear translocation of PGC-1α 

at the beginning of decidualization was not characterized, it can be speculated that this 

represents a fundamental step in the process, directly linking the transcriptional induction of 

important cargoes, with the increase in the mitochondrial capacity. 

As previously described for the secretory pathway compartment, it is important to 

highlight that the architectural and functional reorganization of the mitochondrial network 

precedes the production of cargo proteins. Preparing well in advance, indeed, appears to be 

a crucial aspect of secretory differentiation programs, as observed also for other cell types 

(e.g. plasma cells, in van Anken 2003). The details and the implications of these aspects will 

be discussed further below, in the concluding remarks. 
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4 The dynamics of zinc in EnSC secretory pathway 

The analysis of biophysical parameters of the secretory pathway organelles could provide 

a new perspective about the dynamic modifications of the secretory pathway organelles. 

The results presented in this thesis are preliminary, and far from providing a complete 

overview about the precise rearrangements of the secretory pathway “landscape”. Clear 

differences were observed between the organelles of proliferative and decidualized cells; 

however, additional analyses are required to decipher the functional meaning of these 

changes. 

Even if it still at a rather embryonic level, the analysis of zinc in the secretory 

compartments of EnSCs appears to be particularly promising.  

In the secretory pathway organelles, the concentration of this metal ion is regulated by the 

precise localization of zinc exporters and importers (Roohani 2013, Kowada 2021): based on 

the distribution of the different transporters, precise zinc concentrations are established and 

maintained in the different compartments, at both an organelle and sub-organelle levels 

(Kowada 2021, Amagai 2023).  

To the state of the art, however, the mechanisms regulating and maintaining the different 

distribution of the transporters are poorly characterized; moreover, almost nothing is known 

about how zinc concentration is modified during secretory differentiation programs. 

To complete decidualization, EnSCs must precisely regulate zinc concentration at a sub-

organelle level. Fundamental secretory cargoes of these cells require zinc for their activity, 

as several matrix metalloproteases (Kambe 2017) or for their correct assembly into secretory 

granules, as described for prolactin (Vang 2022). 

In this connection, the induction of ERp44 during decidualization could be linked to zinc. 

ERp44 has fundamental roles in distal quality control and in the retrieval of chaperones 

and enzymes from downstream secretory organelles (Anelli 2002, Anelli 2003, Tempio 

2021). To mediate its function, ERp44 continuously cycles between the ERGIC-Golgi, where 

it binds its client proteins, and the ER, where the clients are released (Anelli 2003). 
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Figure 60. Zinc concentration controls localization and function of ERp44. 

Graphical representation of ERp44 movements between the ER and the Golgi complex. ERp44 is 

transported from the ER to the Golgi in a closed conformation. In the Golgi, the high zinc 

concentration induces the opening of the tail, allowing the binding of client proteins and the retrieval 

by the KDELR system. Back in the ER, the decreased zinc concentration induces the release of ERp44 

client proteins and the closure of its tail. Based on Anelli 2003. Created in BioRender, publication 

agreement number HO26A11KRC. 

 

In decidualized EnSCs, for unknown reasons, a small fraction of ERp44 is O-glycosylated 

and partly secreted in the medium, as consistently observed in my experiments and 

previously described by other members of the group (Sannino 2014). 

As to the function of secreted ERp44, we know only that is does not serve obvious pro-

inflammatory functions (unpublished results, Master Thesis project on Anna Maria Naso in 

Protein Transport and Secretion Unit, UniSR). 

Since the interactions of ERp44 with both its clients and the retrieval system (the 

KDELRs) are controlled by zinc and pH (Watanabe 2019, Tempio 2021), the experimental 

modulation of these parameters can modify the localization of this protein and cause its 

glycosylation and secretion (Watanabe 2019, Tempio 2021, Amagai 2023). 

Thus, zinc fluxes in the secretory pathway of decidualizing EnSC may similarly influence 

the localization of ERp44 and/or its secretion.  
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From the preliminary quantification of zinc and pH in decidualization, both these 

parameters appear to be particularly affected in the ERGIC compartment. This could have a 

profound impact on ERp44 dynamics: zinc and acidification both contribute to the opening 

of ERp44 tail (Watanabe 2019), allowing the binding of ERp44 to its clients and thus their 

retrieval. Therefore, it can be speculated that the parameters measured in decidualized cells 

could allow an earlier activation of this mechanism, possibly to counterbalance an increased 

transport of ER proteins in the compartment. 

Moreover, it would be interesting to understand if the secretion of this protein only 

represents a “leakage” with no functional meaning, or if it could instead mediate functions 

in the extracellular environment, such as signaling or extracellular zinc buffering. The 

functional connections between decidualization, zinc concentration and ERp44, to the state 

of the art based only on preliminary results and speculations, will probably be investigated 

in a future development of the project. 

 

5 Closing remarks 

During my project, I investigated the dynamics of endometrial stromal cell 

decidualization, with a particular focus on the morphological and functional changes of the 

organelles.  

The explosive success of science in the last half millennium is largely based on 

reductionism. Even if my experiments were performed on cellular models, a clear reduction 

of the system complexity, they allowed me to dissect key aspects of decidualization with 

unprecedented details and with a complete control over the experimental conditions. 

Moreover, most if not all the results are compatible with the known features of the in vivo 

processes of decidualization, and are consistent with what observed in physiological 

contexts, whenever a comparison was possible.  

As expected, decidualization entails an increase in the secretory capacity, but is not limited 

to that: all the components of the cell appear to reorganize in coordination, to support the 

novel secretory task and ensure the maximum efficiency to the process. The secretory 

organelles themselves are finely reshaped, in order to provide the optimal conditions for the 
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processing of the secretory cargo proteins. All these processes appear to be integrated and 

coordinated, with the activation of the differentiation program interacting with a complex 

network of feedback signals, organelle autoregulation mechanisms, and stress responses. 

Possibly, the cargo itself also influences this process. Indeed, a comparison between 

decidualization and other secretory differentiation programs revealed some similarities, but 

also some important differences: while some aspects are always required to build a secretory 

cell, others determine the peculiarities of each cell type, in a precise tailoring of the 

phenotype. Moreover, the presence of secretory proteins itself can affect cell homeostasis in 

general, by delivering tonic signals through cargo and vesicle movements along the secretory 

pathway. 

In conclusion, the results of my PhD project provide a new insight about the 

decidualization program of EnSCs, which represents both a fundamental process for human 

health and fertility, and a powerful model to investigate coordinated organelle remodeling.   

The latter aspect, indeed, represents a relatively unexplored frontier of Cell Biology, as 

the physiological signaling mechanisms controlling homeostasis and autoregulation of the 

cellular organelles are still largely unknown. 
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MATERIALS AND METHODS 

 

Reagents 

Unless otherwise specified, all the chemicals and reagents were purchased from Sigma-

Aldrich (Saint-Louis, MO). Synthetic oligonucleotides, listed in Table 1, were purchased 

from Metabion (Planegg, Germany). A detailed list of the antibodies used for 

immunofluorescence and/or biochemical assays is reported in Table 2. 

 

Cell lines and culture conditions 

Experiments were performed on the human immortalized EnSC cell line T-HESC, 

obtained from ATCC (ATCC CRL-4003). Cells were cultured, according to manufacturer’s 

instructions, in a 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 

medium without Phenol Red, containing 3.1 g/L glucose and 1 mM sodium pyruvate, and 

supplemented with 1.5 g/L sodium bicarbonate, 1% ITS + Premix (Corning), 500 ng/ml 

puromycin, and 10% charcoal/dextran treated fetal bovine serum. Medium was supplemented 

every 3–4 days with 50 µg/ml ascorbic acid, unless otherwise specified. 

A few test and validation were performed in HeLa cells, maintained in High Glucose 

DMEM supplemented with 10% fetal bovine serum and with penicillin/streptomycin 

(100 U/ml and 100 µg/ml respectively). 

 

In vitro decidualization protocol 

Decidualization was induced by direct addition into the medium of 0.5 mM cAMP (8-

bromoadenosine 3′, 5′ cyclic monophosphate) and 1µM MPA (medroxyprogesterone acetate) 

as previously described (Brosens 1999, Gellersen 2014, Anelli 2021). After 3 days, the 

medium and the decidualization stimuli were replaced. 
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Isolation, culture and in vitro decidualization of murine EnSC 

Experiments involving animals were conducted in accordance with the National Institute 

of Health standards for the use and care of animals. The protocol was approved by the Animal 

Care and Use Committee of the San Raffaele Hospital. Female mice (C57BI/6, 10 weeks old) 

were sacrificed after a 48 h exposure to male urine via soiled bedding to standardize the 

estrous cycle. Uterine tissue of 5 mice was collected, washed with Hank’s balanced salt 

solution (HBSS), and placed into HBSS containing 0.5 g/L of type IA collagenase. After 

incubation for 45 minutes at 37°C, the tubes were vortexed for roughly 10 seconds to isolate 

cells from the digested tissue; cell dispersion was then passed through a 70 µm-gauze filter 

(Millipore), to remove tissue fragments and large cell aggregates. 

Cells were resuspended in the same DMEM-F12 medium used for T-HESC (prepared 

without puromycin but supplemented with 100U/L penicillin, 0.1 g/L streptomycin), and 

seeded in 35 mm Petri dishes. After a few days in culture, EnSCs expanded, while all the 

other cell populations isolated from the tissue were lost. 

To analyze decidualization, EnSCs were detached with trypsin/EDTA (Gibco) split and 

reseeded: one dish was induced with cAMP and MPA, while the other was kept in 

proliferative state as a matched control. 

 

Immunofluorescence 

T-HESC were plated on glass slides (0.13-0.16 mm thickness) and maintained for the time 

indicated, with or without decidualization induction. Cells were fixed in formalin solution 

(neutral buffered, 10%) for 10 minutes (min) at room temperature (RT) and then washed with 

PBS. 

Cells were permeabilized with 0.1% Triton X100 in PBS, incubated with blocking 

solution (PBS-5% FCS) for 30 min at RT. They were then incubated with primary and 

secondary antibodies and/or with Phalloidin-FITC, 30 min each, diluted in blocking solution 

as indicated in Table 1. Nuclei were counter-stained with DAPI, 1:5000 in PBS, for 5 min at 

RT. 
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For double staining with anti-HLA antibody and other primary antibodies produced in 

mouse, a different protocol was used to avoid cross-reactivity. Briefly, cells were reversibly 

permeabilized with 0.1% saponin, and the primary and secondary staining were performed 

with 0.1% saponin in the antibody diluting solution. Afterwards, cells were incubated in PBS 

for 5 min and in PBS 5% FCS for 30 min, to allow membrane pore closure, and then 

incubated with anti-HLA W6/32 antibody and the corresponding secondary antibody, 

without re-permeabilization steps. 

Images were acquired with DeltavisionUltra microscope (GE Healthcare) with oil 

immersion objective at 60x (Olympus 60X/1.42, 1-U2B933) or 100x (Olympus 100X/1.45, 

1-UXB240) magnification, and deconvolved with the instrument software. 

 

Haematoxylin/Eosin staining 

Microscope slides for haematoxylin/eosin staining was performed as described in 

immunofluorescence section: slides were directly transferred in PFA 4%, incubated for 10 

minutes at room temperature, and then washed twice with PBS. After that, they were stored 

at 4°C until processing could be performed. 

Staining with haematoxylin and eosin was performed with a standard staining protocol. 

Images were acquired with bright field Axio Imager Microscope (Zeiss AxioImager M2m 

with AxioCam MRc5 and Nuance FX Multispectral Tissue Imaging System). 

 

Morphometric and morphological analysis 

Image stacks for the morphometric analysis were deconvolved with Huygens software 

(CMLE algorithm, SNR:10, 40 iterations).  

Volume quantification was performed with Huygens Object Analyzer plugin, with a 

threshold of 10%, a seed value of 4% and a garbage value of 1 used to identify the 

mitochondria objects inside the cells. The results were expressed in voxels, and converted in 

µm3 based on the metadata of the IF images. Relative cell occupancy was then calculated 

dividing the volume calculated for the organelles by the total volume of the corresponding 

cell. 
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Morphological analysis was performed with the Arivis 4D software (version 3.6.2), using 

a custom analysis pipeline. For each object, the dimensions along the three axes and the 

sphericity parameters were measured. The objects visually inspected, and the ones 

corresponding to an incorrect segmentation (visually recognized as not separated, or with a 

calculated main axis longer than 25 µm) were excluded from the analysis. Three-dimensional 

reconstruction of the mitochondrial network was performed on representative cells using the 

3D visualization tool of Arivis, using the “glass” texture tool to improve volumetric 

rendering. 

 

Secretome collection 

To analyze the secreted proteins, the cultured cells were washed three times with DPBS 

(Euroclone), and incubated for 4 or 6 hours in the protein-low OptiMEM medium (Gibco), 

supplemented with 50 µg/mL Ascorbic Acid. The supernatants were collected and 

centrifuged at 3500 rpm with a tabletop centrifuge (~1200 g), to precipitate detached cells 

and large debris; then, they were added with 10 mM N-ethylmaleimide (NEM) and cOmplete 

EDTA-free protease inhibitor cocktail (Roche). 

In parallel, cells were detached with Trypsin/0.1% EDTA (Gibco), counted with Neubauer 

chamber, and lysed as described below. In this way, normalization by cell number and 

comparison between intra- and extracellular material were performed. 

 

ELISA 

PRL and IL-6 levels in T-HESC culture media were determined using two step-sandwich 

ELISA assays (R&D Systems), according to the manufacturer's protocols. Briefly, plates 

were coated overnight at RT with the capture antibody. Then, the calibration standards and 

the samples were added in the wells, and incubated for 2 h at RT. After washing, the detection 

antibody was added, and plates were incubated again for 2 h at RT. Lastly, the plates were 

washed again, and streptavidin-HRP was added, followed by chromogenic substrate and stop 

solution. The optical density was determined at 450 nm, and the concentrations were 

determined based on the standard sample curves and the blank wells. 
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Western Blot 

Western Blot assay was performed as previously described (Anelli et al., 2021). Briefly, 

cells were detached with Trypsin/0.5% EDTA (ThermoFisher), counted with Neubauer 

chamber, and washed with ice-cold DPBS containing 10 mM N-ethylmaleimide (NEM) to 

block disulfide bond rearrangements; lysis was performed in 150 mM NaCl, 1% NP-40, 2% 

SDS, 50 mM Tris HCl pH 7.4 containing 10 mM NEM and cOmplete EDTA-free protease 

inhibitor cocktail (Roche) and phosphatase inhibitors. 10uL of lysis buffer for 100.000 cells. 

Samples were then processed with Benzonase nuclease according to manufacturer’s 

instructions, to remove nucleic acids. Lysate volumes corresponding to 50.000 cells were 

loaded under reducing conditions (50 mM DTT) on SDS-PAGE (3-8%, 4-12% or 4-20% 

gradient gel, Invitrogen). After transfer on nitrocellulose (0.2 µm, Ahmersham), membranes 

were incubated in blocking solution (5% w/v nonfat dry milk in PBS, 0.1% Tween 20) and 

incubated with primary and secondary antibodies prepared in PBS-Tween, 3% milk. 

Signals were detected by fluorescence, with FujiFilm FLA 9000 (FujiFilm Life Science, 

Tokyo, Japan), or by chemoluminescence, with Uvitec Alliance Mini HD9 (Cambridge, 

United Kingdom). Densitometric analysis of the images was performed with ImageJ, based 

on the Mean Grey Value of the bands of interest. 

 

SYPRO Ruby protein staining 

For total protein staining, samples were collected and prepared as for Western Blot assay 

and run in a 4-12% gradient precast polyacrylamide gel (Invitrogen), which was stained with 

SYPRO Ruby Protein Gel Stain (Sigma-Merck) as from manufacturer’s instructions. Briefly, 

the gel was fixed in 50% methanol, 7% acetic acid (two incubations, 30 min each, RT), 

incubated with the staining reagent, and then washed in 10% methanol, 7% acetic acid (30 

min at RT). 

Fluorescent signal was acquired with FujiFilm FLA 9000 (FujiFilm Life Science, Tokyo, 

Japan). 
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Real time qPCR 

Total RNA was extracted from T-HESC at different decidualization days by Trizol RNA 

lysis reagent (Invitrogen), and immediately stored at -80°C. When all the samples of the 

series were collected, they were retrotranscribed with MV reverse transcriptase (Promega) 

and random primers (Promega), according to manufacturer’s instructions. 

Semi-quantitative real time PCR (qPCR) was performed with the SYBR Green PCR 

Master Mix (Applied Biosystems) and the Rotor Gene Q (Qiagen), or with the iTAQ 

Universal SYBR Green Supermix (BioRad) and the CFX96 Real Time System (BioRad). 

Briefly, 1 μL of primer couples (25 μM each, to a final concentration of 2.5 μM, for the 

RotorGene; 5 μM each, to a final concetration 0.5 μM, for the CFX96), 5 μL of SYBR mix 

and 4 μL of cDNA and nuclease-free water (corresponding to 8 ng of template DNA) were 

added to each reaction well, in a total volume of 10 μL. All the samples were loaded in 

triplicate. 

The amplification was performed with a denaturation step of 10 min at 95°C, followed by 

40 cycles of PCR amplification (15 sec at 95°C, 1 min at 60°C), and by a step-by-step 

temperature increase from 60°C to 95°C, to calculate the melting curve. 

For each sample, the Ct (cycle number at which the fluorescence signal crosses the 

threshold) was measured, and the value of the replicates was averaged. To compare different 

conditions, the Ct of the reference gene GAPDH (which expression is constant along the 

decidualization process) was subtracted from the Ct of the gene of interest in the same 

condition (ΔCt); then, each ΔCt was expressed in relation with the corresponding value in the 

control condition (by subtraction, giving the ΔΔCt), and expressed as fold change of gene 

expression (2-ΔΔCt). 

Most primer sequences were chosen based on previous literature or on UCSC qPCR 

primer database (Zeisel 2013), as detailed in Table 2; primers for the KDELRs, instead, were 

purchased from Qiagen (Hilden, Germany). Primers with an optimal amplification 

temperature of 60°C were chosen.  

 



134 

 

Silencing of gene expression 

Silencing of gene expression was performed with Lipofectamine RNAiMax reagent 

(ThermoFisher), according to manufacturer’s instructions. Briefly, 3 µL the oligonucleotide 

(at 20 µM concentration) and 4 µL RNAiMax were prepared separately in 250 µL of 

OptiMEM (Gibco) for each 35 mm dish, incubated for 5 min at RT, mixed, and further 

incubated for 15 min at RT. The reagent was then added to the dish, containing 1 mL of fresh 

medium; medium was replaced approximately 24 hours after the procedure. A double volume 

of each reagent was used for 60 mm dishes, accounting for the larger number of cells. 

When coupled with decidualization, the silencing procedure was performed the day before 

the addition of the stimuli (Day -1), and repeated after three days (Day 2), to minimize the 

number of medium changes. 

SiRNA oligos against CREB3L2 were previously described by Tomoishi et al. (Tomoishi, 

2017), while oligos against CREB3L1 were custom designed, and their effectiveness was 

validated by qPCR. Non-targeting duplexes used as control (SiC) were purchased from 

Darmachon (Lafayette, Colorado, United States; catalog number D-001810–01). 

 

Transmission electron microscopy 

Cells were fixed with 2.5% glutaraldehyde in 100 mM sodium-cacodylate buffer pH 7.4 

for 1h at RT, washed three times with cacodylate buffer, and incubated with 1% osmium 

tetroxide and 1.5% potassium ferrocyanide in 100 mM cacodylate for 1h on ice. After 

repeated washes with distilled water, en bloc staining was performed overnight at 4°C with 

0.5% uranyl acetate (in water). 

Then, the samples were dehydrated in a graded ethanol series (30%, 50%,70%, 

80%,90%,96%, 5 min each; absolute ethanol, three washes, 10 min each), infiltrated in 1:1 

ethanol/Epon 812 solution for 2 h, in 100% Epon twice for 1 h, and finally covered with a 

layer of Epon and polymerized in an oven at 60°C for 48 h. 

A part of the sample was glued on an Epon block, and sectioned with a Leica Ultracut 

UCT ultramicrotome. Ultrathin (70-90 nm) sections were collected on copper grids, stained 
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with uranyl acetate and lead citrate, and finally examined with a transmission electron 

microscope (TALOS L120C ThermoScientific) at 120 kV. 

Mitochondria were identified based on standard morphological parameters, that is the 

presence of a double membrane and the identification of the cristae. In case of dubious 

identification, the objects were not included in the following analyses. 

The objects identified as mitochondria were visually inspected, in order to evaluate 

possible morphological alterations, either with a biological meaning or due to fixation 

artefacts. Mitochondria with 1) clear disruption of the outer membrane and/or of the cristae, 

or 2) swollen appearance, with rounded shape, disruption of the cristae organization, and 

unusually large distance between the different membrane layers, were classified as 

“abnormal” in terms of morphology. No distinction was made in the classification was made 

between clear artefacts (e.g. damages due to the sectioning) or alterations with a biological 

meaning; the former were present only in a very limited number, and appeared evenly 

distributed between the two conditions. Unless the alterations impaired the evaluation of ER-

mitochondria contacts (e.g. significant loss of continuity of the mitochondrial membrane), 

the “abnormal” mitochondria were included in the subsequent analyses. 

Morphometric analysis was performed as previously described (Sorrentino 2022). A 

minimum of 50 images were acquired for each condition, and all the mitochondria present in 

them were analyzed. Area and perimeter of the mitochondria were defined as regions of 

interest (ROIs) using the freehand selection tool of ImageJ. Then, each ROI was extended by 

30 nm with the enlarge function, and all the ER structures present were scored as MAMs, 

and the length of the contact was measured. Regions of close proximity between ER and 

mitochondria, but in which other elements excluded the presence of a functional MERC (e.g. 

clear presence of ribosomes on the ER membrane, or of other structures between the 

organelles in the putative contact region) were excluded from the analysis. 

All the parameters acquired were analyzed and represented in GraphPad Prism, release 

8.2. 
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Mitotracker staining 

Mitochondrial staining was performed with MitoTracker™ Red CMXRos (ThermoFisher, 

M7512), as from manufacturer’s instructions. Briefly, mitotracker was diluted in medium to 

a final concentration of 20 nM; cells were incubated with the dye for 30 min at 37°C, 5% 

CO2, washed twice with PBS, and kept in complete medium until further processing. 

Then, slides were either fixed and prepared for immunofluorescence, or transferred in a 

ring support for live imaging, covered with 500 µl Ringer buffer (140 mM NaCl, 2 mM 

CaCl2, 1 mM MgSO4, 1.5 mM K2HPO4, 10 mM glucose, 10 mM Hepes, buffered to pH 

7.4) and imaged with DeltaVision Ultra microscope, 60x magnification, in a 37°C, 5% CO2 

chamber and with automatic focus stabilization (UltimateFocus). 

To prevent mitochondrial fragmentation in response to thermal shock, all the buffers and 

mediums were pre-warmed to 37°C before use. 

 

Seahorse assay for mitochondrial activity 

Mito Stress Test was performed with Seahorse XF96, Agilent. Control and decidualized 

cells were plated in the 96-well plate 24 hours before the experiment. Cell number was 

previously determined by pilot experiments: 10,000 and 20,000 cells for each condition were 

plated, with 15 replicated wells per experiment; 20,000 cells, corresponding to a confluence 

of 90%, were chosen as optimal. As from manufacturer’s protocol, cells were sequentially 

treated with 1µM oligomycin, 1.5µM FCCP, 0.5µM (each) antimycin and rotenone. Oxygen 

Consumption Rate (OCR) and Extra-Cellular Acidification Rate (ECAR) were measured for 

each well at the indicated timepoints. At the end of the experiment, cell nuclei were stained 

with CyQuant (Invitrogen, C7026) and the fluorescence signal was used for normalization. 

Two independent experimental replicates were performed. 

 

Molecular biology: plasmid generation 

Cytosolic domains of CREB3L1 and CREB3L2 were cloned from RNA of T-HESC cell 

line, retrotranscribed with MV reverse transcriptase (Promega) and oligo-dT primers 

(Promega) according to manufacturer’s instructions. To ensure high expression of the 
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transcripts and avoid cross-contamination, RNAs at day 3 of decidualization with silencing 

of CREB3L2 and CREB3L1 (confirmed by RealTime quantitative PCR) were used to 

amplify CREB3L1 and CREB3L2 respectively. PCR was performed with Pfu DNA 

Polymerase (Promega), with the following conditions: 95°C 2 min; 95°C 30 s, 52°C 

(CREB3L1)/56°C (CREB3L2) 30 s, 72°C 3 min × 35 cycles; 72°C, 5 min (CREB3L1 fw: 

CTAGCTAGCTAGGGCTGCGATGGACGCCGTC; rev: CCGGATATCTTATTATGG

TCCCAGTCTGGGTG; CREB3L2 fw: CTAGCTAGCTAGGGCCCGCACCGCCATG; 

rev: CCGGATATCTTATTAGCAGGTGCCAGTCTGCGTG). Vector pcDNA3.1 (+) and 

PCR products were digested with NheI-HF and EcoRV (New England Biolabs), run in 1% 

agarose gel and purified (ZymoClean Gel DNA Recovery Kit, Zymo Research). Ligation 

was performed with T4 DNA ligase (Promega), with a 3:1 insert/plasmid ratio. Plasmid 

identity was then confirmed by site-specific enzymatic digestion with NotI (New England 

Biolabs) and BstxI (Promega) and by sequencing (Eurofins Genomics, Ebersberg, Germany). 

The construct used for microscopy-based measurements of zinc and pH were kindly 

provided us by Professor Kenji Inaba’s Group (Amagai 2023). The plasmids were developed 

by Dr. Yuta Amagai (ManII-Halo, hTPST2-Halo, GalT-Halo, pH2-ERGIC53, ManII-pH2, 

hTPST2-pH2, GalT-pH2), and by Dr. Momo Yamada (Halo-ERGIC53). 

For the generation of stable cell lines, ManII-Halo, hTPST2-Halo and GalT-Halo were 

extracted from the original pEF4/myc-HisB backbone by BamHI-HF and XbaI-HF (New 

England Biolabs), and transferred into a pcDNA3.1(+) backbone. 

The identity of all the constructs (original and modified) was verified by enzymatic 

restriction and sequencing, as described above. 

 

T-HESC transfection 

As a result of pilot experiments, Lipofectamine 3000 (Thermo Fisher) was chosen as 

optimal reagent for T-HESC transfection. After titration experiments with plasmids routinely 

used in the lab (Halo-tagged ERp44, described e.g. in Tempio et al., 2021), a ratio of 2.5 µL 

of lipofectamine and 2 µL of p3000 reagent for 1 µg of plasmid DNA was used. 
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As from manufacturer’s instructions, DNA and p3000 reagent were mixed in OptiMEM 

(Gibco), while lipofectamine was prepared separately in the same medium. After 5 min of 

incubation at room temperature, the reagents were mixed, further incubated for 20 min at RT, 

and added to the cell culture dishes. For 35 mm cell culture dishes, cells were transfected 

with 1 µg of DNA (with the transfection reagents prepared in 125 µL OptiMEM  each, and 

the dish containing 1 mL of fresh medium); as for the silencing procedure, all the volumes 

were doubled for the 60 mm dishes. 

For transfection of decidualized cells, the procedure was performed at the third day of the 

differentiation protocol, concomitantly with the medium change and the re-addition of the 

decidualization stimuli. 

 

Transcriptome analysis 

Cell samples were collected in duplicate before the stimulus (0 h), and at different time-

points after decidualization induction (6h, 18h, 24h, 36h, 48h, 72h, 144h), using TRIzol 

(Invitrogen) according to the manufacturer’s instructions. 

The library was created starting from 500 ng of total RNA per sample, and processed 

using the TruSeq Stranded mRNA kit (Illumina); sequencing was then performed of an 

Illumina HiSeq 3000 platform (Illumina).  

Raw sequencing data were analyzed using snakePipes with standard parameters 

(Bhardwaj 2019), a pipeline that employs STAR aligner to map the reads on the human 

reference genome (genome build hg38). FeatureCounts was utilized to count the number of 

reads per annotated gene using gencode gtf file (release 27). 

All the raw sequencing data are available on the Gene Expression Omnibus Repository 

with the accession number GSE200200. 

Differential expression analysis (DEA), over-representation analysis (ORA), time series 

clustering and data visualization were performed using the R programming language (v. 

4.1.0).  

Before DEA, the matrix was prefiltered, removing all the genes with a total number of 

counts (across all the samples) lower than 30. The analysis is based on the pairwise 



139 

 

comparison of each timepoint versus the control condition (0h), using the DESEQ2 package 

(v. 1.32.0) (Love 2014). Genes were called differentially expressed (DEGs) based on 

absolute expression change (log2 fold change >0.5) and statistical significance (adjusted p-

value <0.01). 

ORA was then performed with the enrichR package (v. 3.0), using Gene Ontology (GO) 

terms based on the 2021 release. For mitochondria-related genes, ORA for MitoCarta terms 

(version 3.0) was performed via classical Fisher's exact test based on upregulated and 

downregulated terms, respectively. Multiple testing correction was performed using the 

Benjamini–Hochberg method.  

Gene clustering was performed on DEGs identified between 6h and 72h, and annotated 

for either the GO cell compartment ER (GO:0005783) or Golgi apparatus (GO:0005794); 

annotations were downloaded from AmiGO2, considering “Homo sapiens” and 

“experimental evidence” as “organism” and “evidence” respectively. The input matrix for 

clustering was then retrieved by subsetting the time-course expression of the genes of 

interest, transformed using DESeq2 variance stabilizing transformation. Then, the replicates 

were averaged, and z-normalization was performed to optimize the subsequent analysis. 

Time-series clustering was performed with the dtwclust package (v. 5.5.10) (Sardà-

Espinosa 2019), using shape-based distance (SBD) as distance metric (Paparrizos and 

Gravano, 2015) and partition around medioids (PAM) as clustering algorithm. 

SBD consists of a normalized version of the cross-correlation measure, which recognizes 

the shape similarity of time signals, even if they are not properly aligned. 

As PAM requires to set the number of clusters (k) a priori, the optimal number was 

determined by a heuristic approach, based on the maximization of the average Silhouette 

Index. Optimal clustering was obtained with k=5 and the seed set to 23. Genes showing a 

dramatic out-of-phase temporal expression (more than two standard deviation difference 

from the mean z-score of the time-point considered) were filtered out in a final cluster 

polishing step. 

Enrichment for BP GO terms for each cluster was carried out on topGO package (v.2.44.0) 

(Alexa and Rahnenfuhrer, 2023). ORA was performed by adjusting the gene Universe to the 
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genes contained in the polished version of the clustering output. The weighted algorithm 

proposed in Alexa et al., 2006 was used to reduce the impact of local dependencies in the GO 

graph. 

Enrichment for shared transcription factor binding motif (TFBM) for the genes in each 

cluster was performed using RcisTarget (v. 1.12.1) (Aibar 2017). The analysis was performed 

by evaluating the shared motifs found at ± 10 kb from the transcription start site of the genes 

in the input list. Data visualization was performed using the packages ggplot2 (v. 3.3.6) 

(Wickham 2016) and pheatmap (v. 1.0.12) (Kolde 2019). 

 

HeLa cell transfection 

HeLa cells were transfected with JetPEI transfection reagent (Polyplus), as from 

manufacturer’s instructions. For a 35 mm cell culture dish, 2 µg of the plasmid of interest 

and 4 µL of the transfection reagent were prepared in 42 µL of 150 mM NaCl, mixed, 

incubated for 20 min at RT, and added to the cells, covered by 1 mL of fresh medium. After 

24 hours, cell culture medium was replaced. 

 

Generation of stable T-HESC cell lines 

An approach based on transfection followed by antibiotic selection was used to generate 

T-HESC lines stably expressing the construct of interest. Cells were seeded in 60 mm dishes, 

transfected as previously described and, 48 hours after the procedure, incubated with 400 

µg/mL of Geneticin/G418 (Gibco). After 48-72 hours, medium and antibiotic were replaced. 

After the first week of selection, when most of the cells were killed by the treatment, the 

antibiotic concentration was progressively lowered to 100 µg/mL, to allow a better recovery 

of the selected cells. The clones identified in each plate were pooled and expanded, and the 

effective expression of the construct of interest was subsequently confirmed by microscopy.  

The efficiency of the procedure was slightly improved by the addition of 1:3 spent medium 

from untransfected cells, but the procedure was discontinued due to the increased risk of 

bacterial contamination. 
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A similar selection procedure was attempted for different plasmids with zeocin as 

selection antibiotic (Invitrogen), but the selection velocity and effectiveness was not 

sufficient for the experimental purposes. 

 

Microscopy-based in vivo measurement of pH and zinc 

Measurment of zinc and pH in the secretory pathway of T-HESC were performed with a 

modified version of the protocol developed by Professor Kenji Inaba’s group (Kowada 

2021). For zinc quantification, T-HESC lines stably expressing Golgi-localized Halo probes 

were used. For pH measurement, transient expression of pHluorin-2 in control or 

decidualized cells was preferred. 

As described for mitotracker live imaging, slides were transferred in a ring support for 

live imaging, covered with 500 µL Ringer buffer, and imaged with DeltaVision Ultra 

microscope, 40x magnification, in a 37°C, 5% CO2 chamber and with automatic focus 

stabilization (UltimateFocus). 

For pH measurement, calibration of the fluorescence signal was performed with a series 

of calibration solutions, as from Ma et al., 2017: 125 mM KCl, 25 mM NaCl, 10 µM 

Monensin, 25 mM MES (for buffers ar pH 5.5, 6.0 and 6.5) or HEPES (for buffers at pH 7.0 

and 7.5), and NaOH for final pH adjustment. Both for the calibration step and for the signal 

measurement, the probe was alternatively excited with 390 nm and 475 nm wavelength light, 

and the ratio between the two emission signals (both at 525 nm) was calculated in Fiji 

software in the corresponding ROIs (Figure 62). 

For zinc measurement, cells were pre-incubated with the zinc-sensitive fluorescent ligand 

ZnDA-1H, 250 nM, and HaloTMR Direct Ligand (Promega), 5 nM, in complete medium for 

30 min, 37°C, 5% CO2. Then, the slides were washed with pre-warmed Ringer buffer, and 

imaged in Ringer buffer containing 2 µM ZnSO4. The red channel (excitation 575 nm, 

emission 625nm) was used for focusing and organelle localization, both in visualization and 

in the quantification steps. The green channel (excitation 475 nm, emission 525 nm), 

corresponding to the zinc-dependent signal, was acquired at 30 second intervals, first in basal 

conditions, and then after the sequential addition of the zinc-chelator TPEN 10 µM (3 min 
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after the beginning of the acquisition) and of 400 µM ZnSO4 and 20 µM pyrithione (5 min 

after TPEN addition). The optimal concentration of the different reagents and the acquisition 

parameters were first validated on HeLa cells transiently expressing Golgi-localized Halo 

probes, and then applied to the T-HESC lines stably expressing them. 

Signal was then calculated in Fiji software in the ROI of interest in the time-lapse images. 

Labile zinc concentration was then calculated as previously proposed (Kowada 2021, 

Amagai 2023), based on the signal calibration and the pH-corrected dissociation coefficient 

(Kd) of ZnDA-1H, with the following equation: 

[Zn2+] = Kd × (Rss – Rmin)/(Rmax – Rss) 

Where [Zn2+] is the zinc concentration, Rss the basal signal at the steady state, Rmin the 

signal upon zinc chelation, Rmax the signal upon zinc addition. 

 

Figure 61. Structure of the ZnDA-1H fluorescent probe. 

Structure of ZnDA-1H fluorescent probe. The zinc-binding group, the fluorescent region and the 

Halo-binding tail of the molecule are highlighted in the structure (Kowada 2021). 
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Figure 62. Graphical representation of pHluorin-2 signal calibration. 

Representative images of ERGIC-localized pHluorin-2 probe at different pH values. The 

two channels represent emission at 525 nm, after excitation at the indicated wavelengths. 

Images acquired with a 40x magnification. 

 

Graphical representations and statistical analysis 

Graphical representation and statistical analysis of the results were performed with 

GraphPad Prism 8.2. Based on the type of dataset, t-test, one-way ANOVA, Mann-Whitney 

test or Kolmogorov-Smirnov non-parametric test were performed, as indicated in the text or 

the figure legends. Statistically significance was set at p-value <0.05, unless otherwise 

specified. 

When elaboration of the raw data was required before analysis (e.g. ratio between two 

values), calculations were performed in Microsoft Office Excel. 

 

Table 1: Antibodies 

Antibody -immunoblotting Species Dilution 

BiP (sc-1015, Santa Cruz Biotechnology) Goat 1:500 in 3% milk 

Collagen type I Rabbit 1:1500 in 3% milk 

CREB3L1 (EMD, clone 10H1, MABE1151) Mouse 1:500 in 2% milk 

CREB3L2 (EMD, clone 28G9, MABE1018) Mouse 1:500 in 2% milk 



144 

 

ERGIC-53 (E1031, Sigma-Aldrich) Rabbit 1:500 in 1% BSA; 

blocking in 1% BSA 

Ero1α (3264P, Cell Signaling) Mouse 1:500 in 3% milk 

ERp44 (3C9, in house) Mouse 1:1000 in 3% milk 

GAPDH (6C5, Santa Cruz Biotechnology) Mouse 1:500 in 3% milk 

GM130 (710823, BD Biosciences) Mouse 1:500 in 3% milk 

GPX8 (AG-25B-0028-C100) Rabbit 1:500 in 3% milk 

PDI (C81H6, Cell Signaling) Rabbit 1:2000 in 3% milk 

PRDX4 (LF-PA009, TermoFisher) Rabbit 1:500 in 3% milk 

Procollagen type I (SP1.D8, DSHB) Mouse 1:1000 in 3% milk 

TGN46 (ABT95, Merck) Rabbit 1:500 in 3% milk 

TOM-20 (BD 612278) Mouse 1:500 in 3% milk 

VDAC (Biovision 3594-100) Rabbit 1:500 in 3% milk 

β-actin (A5441, Sigma-Aldrich) Mouse 1:2000 or 1:5000 in 

3% milk 

Alexa secondary antibodies 488, 546 or 647 Goat, 

Chicken 

1:1000 in 3% milk 

Antibody-immunofluorescence   

Calreticulin (C4606, Sigma) Rabbit 1:500 in 5% FCS 

ERGIC-53 (clone G1/93) Mouse 1:100 in 5% FCS 

ERp44 (3C9, in house) Mouse 1:500 in 5% FCS 

Giantin (Biolegend) Rabbit 1:2000 in 5% FCS 

GM130 (BD Biosciences) Mouse 1:500 in 5% FCS 

Golgin-97 (CDF4, Invitrogen) Mouse 1:500 in 5% FCS, 

0.1% saponin 

HLA (W6-32), hybridoma supernatant Mouse No dilution 

PDI (Invitrogen, MA3-019) Mouse 1:250 in 5% FCS 
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PGC-1α (Invitrogen, PA5-72948) Rabbit 1:500 in 5% FCS 

Procollagen type I (SP1.D8, DSHB) Mouse 1:100 in 5% FCS or 

1:500 in 10% FCS 

Reticulon 4 (Invitrogen, PA1-412209) Rabbit 1:250 in 5% FCS 

TGN46 (Biorad, AHP500) Sheep 1:500 in 5% FCS 

TGN46 ABT95 (Merck-Millipore) Rabbit 1:500 in 10% FCS 

TOM-20 (BD 612278) Mouse 1:100 in 5% FCS, 

0.1% saponin 

Vimentin (Sigma-Aldrich, V4-630) Goat 1:500 in 5% FCS 

Alexa secondary antibodies 488, 546 and 647 Goat, 

Donkey, 

Rabbit 

1:500 in 5% or 10% 

FCS 

 

 

Table 2: Synthetic oligonucleotides 

 

Oligonucleotide Sequence 

CREB3L1 siRNA CCACCAAGUACCUGAGUGA (dT)(dT) 

CREB3L2 siRNA GAGUCUUGUUCAACUGAGA (dT)(dT) 

GAPDH fw TGAAGGTCGGAGTCAACGGATTT 

GAPDH rev CATGTAAACCATGTAGTTGAGGT 

CREB3L1 fw ACAATGCGCACTTTCCTGAG 

CREB3L1 rev GAGGGCTCTTCTCATCCAGC 

CREB3L2 fw AGAATACATGGACAGCCTGGAG 

CREB3L2 rev TCTAGAACCTCTACCTTCTTCCGA 

ERp44 fw CAGCACTCTGACATAGCCCA 

ERp44 rev CTGATCGCTGACCCCTGTAT 

LMAN1 fw TCAGGAGGAATTTGAGCACTTT 

LMAN1 rev GCTCTCGATCTCCTACACTCTCA 

GOLGA2 fw CAGCCGCCTGCAGTATTC 

GOLGA2 rev TGAGGGCGTCTCTCTCTTTG 
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GOLGB1 fw AGCATCTCAGACTTCTTTCCCA 

GOLGB1 rev GAGCAAGGCTCCCTTTTCAT 

TGOLN2 fw GAGCAGCCACTTCTTTGCAT 

TGOLN2 rev TTCCTTCCAGGACAAAAGCA 

SEC24A fw ACACTGGAGGCTGAGGTGG 

SEC24A rev ACACTGGAGGCTGAGGTGG 

SEC4D fw ACCCCATCAGTTTGGTCAGA 

SEC24D rev CCACATTGTTGACAGGTGGA 

PRL fw AGCCAGGTTCATCCTGAAA 

PRL rev AGCAGAAAGGCGAGACTCTT 

TF fw CCAAACCCGTCAATCAAGTC 

TF rev GTCGGTGAGGTCACACTCTGT 

CNX fw GTAGCCCTTCCTGTGTTCCT 

CNX rev TGACAGTGCCACCATCTTCT 

PDI fw TCACATCCTGCTGTTCTTGC 

PDI rev GTCGCTGTCGATGAAGATGA 

BIP fw TAGCGTATGGTGCTGCTGTC 

BIP rev TGACACCTCCCACAGTTTCA 

PRDX4 fw AACAGCTGTGATCGATGGAG 

PRDX4 rev TCAAGTCTGTCGCCAAAAGC 

ERO1α fw GTGTGGCTGCTCAGCTCG 

ERO1α rev TCAATGGTTTCAACATCACAGG 

GPX8 fw CTACGGAGTAACTTTCCCCATCTTCCACAAG 

GPX8 rev CTGCTATGTCAGGCCTGATGACTTCAATGG 

IGFBP1 fw TTACCTGCCAAACTGCAACA 

IGFBP1 rev CATTCCAAGGGTAGACGCAC 

HSP47 fw ATGCAGAAGAAGGCTGTTGC 

HSP47 rev GGCCTTGTTCTTGTCAATGG 
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