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Summary
Infertility poses a significant global challenge, affecting above 15% of couples, with

female infertility compromises nearly 40% of these cases. During human pregnancy,
estrogen and progesterone drive the endometrial stromal cells to undergo a dramatic
morphological and functional differentiation event, a process known as
decidualization. Impaired decidualization is a major cause of unsuccessful
pregnancies and infertility. PGRMC1, a non-classical progesterone receptor, is
abundantly expressed in human endometrial stromal cells and has been proposed as
a stabilizer in several infertility-related conditions, including endometriosis and
repeated implantation failure. PGRMC1 mRNA and protein expression was found
elevated during the proliferative phase of the menstrual cycle and subsequently
decrease during the late secretory phase. This expression pattern emphasized the
importance role of PGRMC1 in decidualization, which must be precisely tuned to
promote fertility.

The prohibitin proteins (PHBs), prohibitin-1 (PHB1) and prohibitin-2 (PHB2), are
ubiquitously expressed and highly conserved in eukaryotic cells, and primarily
function in regulating mitochondrial integrity, cell proliferation, and apoptosis,
contributing to cellular homeostasis and longevity(1). Besides, the PHBs are required
to be maintained at an appropriate protein level, alongside PGRMC1, to support
optimal fertility. Progestin-activated PGRMC1 could enhance the cellular proliferation
of breast cancer cells by binding PHBs, leading to the activation of ERα signaling.
This study aims to elucidate the functional roles of PGRMC1 and PHBs and their
interplay in the decidualization process.

Using an in vitro decidualization induction model, we observed that PGRMC1
mRNA and protein levels display a characteristic rise-to-decline pattern, with the
expression initially increased during the first 6 days post-induction (PGRMC1
increasing phase) and then decreased in subsequent days (PGRMC1 decreasing
phase). Silencing PGRMC1 with siRNA prior to induction resulted in a failed
decidualization, whereas knockdown post-induction did not disrupt the decidualization,
suggesting the crucial nature of the ‘PGRMC1 increasing phase’ for decidualization.
Additionally, the interactions between PGRMC1 and PHBs were induced during
decidualization. Disruption of either or both PHBs partially hindered decidualization,
demonstrating that PGRMC1 cooperates with PHBs to regulate the decidualization.

To the best of our knowledge, this is the first study to reveal that PGRMC1
expression follows a rise-to-decline pattern in an in vitro decidualization model and
this pattern is necessary for successfully decidualization. The dynamic interplay
between PGRMC1 and PHBs offers new perspectives into the mechanisms of
decidualization and suggests potential therapeutic targets for maintaining
infertility-related conditions.
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Zusammenfassung
Unfruchtbarkeit stellt eine erhebliche globale Herausforderung dar, von der mehr

als 15 % der Paare betroffen sind, wobei die weibliche Unfruchtbarkeit fast 40 %
dieser Fälle ausmacht. Während der Schwangerschaft beim Menschen bewirken
Östrogen und Progesteron, dass endometriale Stromazellen eine dramatische
morphologische und funktionelle Differenzierung durchlaufen; ein Prozess, der als
Dezidualisierung bekannt ist. Eine beeinträchtigte Dezidualisierung ist eine
Hauptursache für erfolglose Schwangerschaften und Unfruchtbarkeit. PGRMC1, ein
nicht-klassischer Progesteronrezeptor, wird in menschlichen endometrialen
Stromazellen reichlich exprimiert und wird als Stabilisator in mehreren mit
Unfruchtbarkeit verbundenen Zuständen vorgeschlagen, einschließlich der
Endometriose und einem wiederholten Implantationsversagen. Die mRNA- und
Proteinexpression von PGRMC1 ist während der proliferativen Phase des
Menstruationszyklus erhöht und nimmt anschließend in der späten Sekretionsphase
ab, was die wichtige Rolle von PGRMC1 in der Dezidualisierung, die präzise
abgestimmt sein muss, um die Fruchtbarkeit zu fördern, unterstreicht.

Unter Verwendung eines in vitro-Dezidualisierungs-Induktionsmodells
beobach-teten wir ein charakteristisches „Anstieg-Abnahme-Muster“ für die mRNA-
und Proteinspiegel von PGRMC1, wobei die Expression während der ersten 6 Tage
nach der Induktion zunächst erhöht ist (PGRMC1-Zunahmephase) und dann in den
folgenden Tagen abnimmt (PGRMC1-Abnahmephase). Die Suppression von
PGRMC1 mit siRNA vor der Induktion inhibierte den Dezidualisierungs-Vorgang,
während ein Knockdown nach der Induktion die Dezidualisierung nicht störte. Dies
deutet auf die entscheidende Funktion der „PGRMC1-Zunahmephase“ für die
Dezidualisierung hin. Zusätzlich wurden Protein-Protein-Interaktionen zwischen
PGRMC1 und PHBs während der Dezidualisierung beobachtet. Dabei behinderte die
reduzierte Expression von einem oder beiden PHBs die Dezidualisierung teilweise,
was darauf hindeutet, dass PGRMC1 mit PHBs bei der Regulation der

Die Prohibitin-Proteine (PHBs), Prohibitin-1 (PHB1) und Prohibitin-2 (PHB2), sind 

ubiquitär exprimiert und in eukaryotischen Zellen hoch konserviert. Sie spielen eine
primäre Rolle bei der Regulierung der mitochondrialen Integrität, Zellproliferation und 

Apoptose und tragen somit zur zellulären Homöostase und Langlebigkeit be.
Darüber hinaus müssen die PHBs zusammen mit PGRMC1 auf einem
angemessenen Proteinniveau gehalten werden, um eine optimale Fruchtbarkeit zu
unterstützen. Progestin-aktiviertes PGRMC1 kann die Zellproliferation von
Brustkrebszellen durch Bindung an PHBs verstärken, was zur Aktivierung der
ERα-Signalgebung führt. Diese Studie zielt darauf ab, die funktionellen Rollen von
PGRMC1 und PHBs sowie ihr Zusammenspiel im Dezidualisierungsprozess zu
erläutern.

Dezidualisierung kooperiert.
Nach unserem besten Wissen ist dies die erste Studie, die aufzeigt, dass die

Expression von PGRMC1 in einem in vitro-Dezidualisierungsmodell einem
„Anstieg-Abnahme-Muster“ folgt, welches für eine erfolgreiche Dezidualisierung
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notwendig ist. Das dynamische Zusammenspiel zwischen PGRMC1 und PHBs bietet
neue Perspektiven in die Mechanismen der Dezidualisierung und schlägt potenzielle
therapeutische Ziele vor, um Zustände im Zusammenhang mit Unfruchtbarkeit zu
behandeln.
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RT Room temperature
SREBP Sterol regulatory element binding protein
Scap SREBP cleavage activating protein
SERBP1 Serpin mRNA-binding protein 1
SH2 Src homology 2
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1. Introduction

1.1 Human Endometrium

1.1.1 Structure and Function

The endometrium, a complex multicellular steroid-target tissue, lines the inner

surface of the uterus(2). In humans, the endometrium is composed of luminal and

glandular epithelial cells, stromal fibroblasts, vascular smooth muscle cells and

endothelial cells, which together build the basal and functional layers. The glandular

epithelial layer is formed by epithelial cells, which are considered to be in a highly

differentiated state. The stroma, containing cells of mesodermal origin, along with

epithelial cells, functions as the basal layer to support the functional layer(3). The

functional layer is shed during menstruation due to the withdrawal of progesterone

(P4). The subsequent tissue repair and regeneration during the proliferative phase,

which involves re-growth of the glands, stroma, and blood vessels, are driven by

rising levels of estrogen. Following ovulation, the glands enter into the secretory

phase and the stromal cells begin to decidualize, a process unique to higher simian

primates(2, 4, 5). Without pregnancy, the functional layer is shed during menstruation,

and the whole cycle recommences(6).

Histologically, the endometrium can be distinguished into menstrual, proliferative,

early-, mid-, and late-secretory phases(7). During the secretory phase, the

endometrium enters a narrow window of receptive state that is ideal for fertilization

and embryo implantation, termed the window of implantation (WOI)(8).

1.1.2 Menstrual Cycle

Menstruation is the endometrial response to progesterone withdrawal following the

demise of the corpus luteum in the absence of pregnancy. It is meticulously governed

by a synergy of endocrine, autocrine and paracrine factors, which oversee ovarian

follicular development, ovulation, luteinization and endometrial remodeling(9).

The normal menstrual cycle consists of three phases: the follicular (proliferative)

phase, the ovulatory phase, and the luteal (secretory) phase(10). The follicular phase,
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marking the beginning of the menses and concluding with ovulation, varies from 7 to

22 days, averaging at 14 days, and is characterized by estrogen-driven proliferative

changes. During ovulation, the mature follicle ruptures and releases an oocyte, then

transforming into a corpus luteum, signifying the onset of the luteal phase. The

duration of luteal phase are 14 days and is more constant in length compared to the

follicular phase. Progesterone, secreted by the corpus luteum, propels the

endometrium from a proliferative to a secretory status, preparing for

implantation(11-13).

1.1.3 Decidualization

Derived from the Latin verb decider, the term decidua means to die, to fall off, or to

detach(14). The decidua is the maternal tissue intimately associated with the

fetoplacental unit and serves a vital role as an endocrine and immunological

organ(15). The process of implantation results in the formation of three decidual

regions, which are decidua basalis, decidua capsularis, and decidua parietalis. These

regions are anatomically and functionally distinct, with the decidua establishing a

favorable environment for the embryo and protecting the mother from uncontrolled

trophoblast invasion(16-19).

Decidualization marks the transition of fibroblast-like endometrial stromal cells

(ESCs) into larger, epithelioid-like decidual stromal cells (DSCs), with some becoming

polyploid or multinuclear(20, 21). This phase is characterized by cellular changes,

such as nucleus rounding, increased size of nucleoli, dilation of the endoplasmic

reticulum and Golgi apparatus, and the accumulation of glycogen and lipid

droplets(22, 23), reflecting an extensive cellular reprogramming and overall

endometrial remodeling to foster an environment conducive to embryo implantation

and maternal immune tolerance(24-26). Besides, decidualization encompasses the

reprogramming of gene families involved in extracellular matrix (ECM) organization,

cell adhesion, cytoskeletal organization, signal transduction, metabolism, stress

response, cell cycle progression, and apoptosis(27, 28).
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Owing to ethical constraints preventing the direct study of human decidualization

in vivo, in vitro cell culture models have been developed. These models began with

the isolation and culture of endometrial fibroblasts from women(29, 30), and have

expanded to include immortalized telomerase-expressing endometrial stromal cell

lines(20, 31-35). Decidual transformation in vitro requires progesterone and extended

culture(34, 36), but can be enhanced by the addition of cAMP analogs (dbcAMP,

8-Br-cMAP)(37) and estrogen(38), as measured by increased gene expression of

decidualization markers, such as insulin-like growth factor binding protein 1 (IGFBP1),

forkhead box protein A1 (FOXO1A), and prolactin (PRL)(39).

A well-orchestrated decidualization is a critical determinant of pregnancy success,

and its disruption can lead to various clinical issues related to implantation, early

pregnancy and late gestation.(40).

1.2 Women Infertility

1.2.1 Epidemiology and Pathogenesis

Infertility is a disease characterized by the failure to achieve a clinical pregnancy

after one year of regular, unprotected intercourse. It affects an estimated 8 to 12% of

reproductive-aged couples worldwide(41-43). Infertility can be further categorized as

primary or secondary, based on whether a clinical pregnancy has been previously

achieved(44).

Primary infertility of female origin is attributed to hormonal, functional or

anatomical dysfunction of the organs of the reproductive tract. It is a complicated

disorder influenced by various factors such as systemic diseases, like diabetes and

obesity, endocrine disruptors and lifestyle choices that affect reproductive function(42,

45). Besides, up to 30% of cases of infertility cases remain unexplained(46). Known

reasons include premature ovarian insufficiency, poor egg quality, polycystic ovary

syndrome (PCOS), and fallopian tubal blockage.

A healthy endometrium is the prerequisite and guarantee for reproduction, making

endometrial-factor induced infertility a significant pathology among fertility disorders.
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Endometrial injuries, whether from surgical procedures or other causes, can lead to

menstrual irregularities, abortion, amenorrhea, infertility and other gynecological

issues. Common suboptimal function of the endometrium is characterized by failure to

achieve ideal decidualization, including the thin endometrium or an endometrial

atrophy, Asherman’s syndrome, and intrauterine adhesions(47-50).

Infertility continues to affect roughly 10% of the global female population, with the

World Health Organization ranking it as the fifth highest serious global disability

among young individuals(51). Despite considerable efforts to understand the

biological mechanisms underlying female fertility, developing predictive methods for

reproductive outcomes or treatments to prevent pregnancy failure remains

challenging.

1.2.2 Clinical Consequences of Defective Decidualization

The process of decidualization forms a receptive tissue suitable for

implantation, and this process depends primarily on the effect of progesterone on the

estradiol-primed progesterone receptors expressed by the endometrial stromal

cells(52). Estrogen, acting through the estrogen receptor alpha (ERa), enhances the

expression of progesterone receptors (PGR), allowing the endometrium to respond to

increased progesterone levels to initiate decidualization during the mid-late secretory

phase(19, 53).

In early pregnancy, decidualization forms the decidua, a tissue crucial for

detecting and responding to placental signals, protecting the fetus from the maternal

immune responses and oxidative stress(54). The main functions of decidualization

are: 1) inhibiting epithelium proliferation(55); 2) protecting the embryo in the

maternal-fetal interface from the maternal immune and oxidative stress(54); 3)

regulating the immune response to control the trophoblast invasion(56); 4) allowing

angiogenesis to prepare the maternal vasculature to support embryonic development

during pregnancy(57).
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Failures in decidualization can result in impaired utero-vascular remodeling,

observed in intrauterine growth restriction(58). Aberrant decidualization is related to

premature senescence, recurrent pregnancy loss (RPL), and preeclampsia(21, 59-62).

Furthermore, decidualization defects are evident in disorders with hormonal and

metabolic dysfunctions of the endometrium, such as endometriosis, adenomyosis,

and PCOS(63-67).

1.3 Progesterone Receptor Membrane Component 1 (PGRMC1)

1.3.1 Discovery and Nomenclature

Progesterone receptor membrane component 1 (PGRMC1) is a highly conserved

heme-binding protein found in multiple biological contexts(68). It was initially identified

in mammalian systems, first purified and cloned from porcine liver membranes in

1996 by Meyer and colleagues. Human PGRMC1 was subsequently cloned in 1998

and designated human progesterone receptor 6.6 (Hpr6.6)(69-72). The gene

encoding PGRMC1, isolated from the livers of dioxin treated rats, was named 25-Dx

due to its induction by non-genotoxic carcinogens. In 2001, PGRMC1 was identified in

the rat adrenocortical cells, and referred to as inner zone antigen (IZA). The cDNA

encoding IZA was found to encode the previously reported putative

membrane-associated progesterone receptor (MAPR) and 25-Dx(73, 74). Additionally,

yeast homologues of PGRMC1 were identified and cloned from Saccharomyces

cerevisiae, named Dap1 (Damage-associated response protein 1)(75, 76).

1.3.2 Function and Structure

PGRMC1 is a multifunctional protein involved in various processes such as

progesterone responsiveness, heme binding, cytochrome P450 enzymes regulation,

cholesterol and drug metabolism, steroidogenesis, vesicle trafficking, and cell survival

in both normal and cancerous cells(77, 78). Besides binding to P450 enzymes,

PGRMC1 also interacts with cholesterol-sensing proteins like Insig (insulin-induced

gene) and Scap (SREBP cleavage activating protein) in Cos7 cells to form a

regulatory complex controlling fatty acid lipogenesis and cholesterol synthesis(79, 80).

In ovarian cells, PGRMC1 binds to the polypeptide serpin mRNA-binding protein 1
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(SERBP1) to form progesterone membrane receptor complex, activating protein

kinase G, regulating Ca2+ levels, and mediating an antiapoptotic effect(81).

PGRMC1 belongs to a family of membrane-associated progesterone receptor

(MAPR) proteins, which includes PGRMC2, Neudesin, and Neuferricin (Cytochrome

B5 Domain-Containing Protein 2/CYB5D2)(82). The PGRMC1 protein consists of 195

amino acids and comprises a short luminal peptide, a single N-terminal extracellular

domain (EC), a cytoplasmic domain (CD) and a helical transmembrane domain (TM),

a C-terminal cytochrome b5-like domain (cytb5)(83, 84). The calculated mass of

PGRMC1 is around 21.7 kDa, its molecular weight may vary slightly due to

phosphorylation states, typically around 25 kDa(84-86). The putative structure of

PGRMC1 includes several peptide motifs, include a Src homology 3 (SH3) target

sequence at P63, two Src homology 2 (SH2) target sequences at Y139 and Y180,

which require Tyr-phosphorylation for interaction with SH2 domains(77, 84, 87).

Runko et al. revealed PGRMC1 contains several YXXΦ motifs (Φ is a large

hydrophobic amino acid), that are also known as immunoreceptor tyrosine-based

activation motifs (ITAMs), which are involved in cellular protein trafficking and

functions include: internalization of receptors after ligand-binding, targeting

membrane proteins to membrane compartments, and interacting with vesicle coat

protein adaptor protein complexes(77, 88). Crystallographic studies have shown that

PGRMC1 can form stable dimers mediated by heme-binding(89).

1.3.3 Localization and Interactions

PGRMC1 is expressed highly in tissues such as the liver and kidney, but it is also

found in the brain, breast, heart, lung, pancreas, skeletal muscle and many other

tissues(71, 90, 91). It localizes to multiple subcellular compartments, including the

endoplasmic reticulum, Golgi apparatus, nuclear and plasma membranes,

endosomes and secretory vesicles(92-94). PGRMC1 has also been detected in the

nucleus, specifically in the nucleolus(95). Its subcellular localization can be regulated

by post-translational modifications, including phosphorylation, ubiquitination, and

Sumoylation(86). Sumoylation was thought to be associated with PGRMC1
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translocation to the nucleus(96). In granulosa cells, PGRMC1 localization changes

during ovulation induction and oocyte maturation(97, 98).

In breast cancer, PGRMC1’s interaction with prohibitin proteins impacts cancer

progression by inhibiting their function as transcriptional repressors(99). PGRMC1

also affects hepatocellular carcinomas (HCCs) development by regulating EGFR

(epidermal growth factor receptor)-mediated inflammatory responses(100). Moreover,

upregulation of PGRMC1 in paclitaxel-tolerant persisted cancer cells (PCC) is related

to increased free fatty acids, lipid droplets, and fatty acid oxidation compared to

parental cells. PGRMC1 expression substantially enhances ferroptosis by xCT (xc-

cystine/glutamate antiporter) inhibition, mediated by lipophagy and tubulin

de-tyrosination in PCC(68).

1.3.4 PGRMC1 in the Female Reproductive System

In the female reproductive system, the physiological effects of progesterone on

target cells are traditionally mediated by the nuclear progesterone receptor (PGR) and

its isoforms (PGRA and PGRB), the mechanism referred to as genomic pathway(101).

Disruptions in progesterone signaling resulted in a wide range of reproductive

conditions, including endometriosis, infertility, pregnancy complications, and

endometrial cancers. However, PGR may not be the sole receptor mechanism for

eliciting progesterone actions, as cells lacking PGR expression can still respond

progesterone(102). PGRMC1, as a nonclassical progesterone receptor, mediates

antiapoptotic and antimitotic progesterone activities in granulosa cells(103),

ovarian(104), breast(99), and endometrial cells(105). Some studies have shown that

progesterone modulates immune cell functions in cells completely lack of classical

nuclear PGR(106).

The first report of PGRMC1 expression in the uterus stemmed from a microarray

study, revealing down-regulated PGRMC1 mRNA from the proliferative to the

secretory phase of the human menstrual cycle(107). This result was corroborated by

data from primate tissue microarrays (GSE4888 and GSE56364, https://www.ncbi.

https://www.ncbi
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nlm.nih.gov/geo/)(108, 109) and proteomics-based research in women(110, 111).

PGRMC1 cellular distribution was most abundant during the proliferative phase in

both epithelial and stromal cells. By the last secretory phase, PGRMC1 expression

was restricted to most deeper basal layer (the basalis), formed by the basal region of

the glands, a dense stroma, and blood vessels, and scattered stromal cells within the

upper layer (the functionalis), which contains glands loosely held together by

supportive stroma, with individual luminal epithelium cells also expressing

PGRMC1(101). PGRMC1 expression is highly regulated at the maternal-fetal

interface in humans, showing a distinct pattern compared to PGR expression. During

the preimplantation period, while PGR expression is lost in the luminal epithelium,

PGRMC1 expression persists, suggesting a distinct uterine role for this progesterone

mediator(81).

1.3.5 Role of PGRMC1 in Decidualization

In non-decidualized endometrial stromal cells (ESCs), PGRMC1 localizes

primarily in the membrane and cytoplasm. However, during decidualization, PGRMC1

tends to concentrate near or at the nucleus. Optimal levels of PGRMC1 are required

for the decidualization process, as low levels are necessary for its occurrence, while

overexpression inhibits decidualization in vitro(105).

Salsano et al. using pulldown assays and mass spectrometry identified over 20

new significant GST-PGRMC1-precipitated proteins in decidualization. These

proteins mainly function within endomembrane system and mitochondria, involved in

activities such as adenosine triphosphate (ATP) generation and transport, protein

biosynthesis, vesicle trafficking, and protection against oxidative stress. This suggests

PGRMC1’s involvement in profound remodeling of ESCs during decidualization. The

non-modified form of PGRMC1 interacts with B-cell receptor-associated protein 31

(BAP31) in the endoplasmic reticulum (ER), while post-translational-modification of

PGRMC1 may enable interaction with monoamine oxidase B (MAOB)(112).

Decreased PGRMC1 expression in endometrial stroma cells may expedite

decidualization and cellular senescence via the upregulation of FOXO1 expression for
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appropriate ESCs remodeling and embryo implantation during the secretory

phase(113). MicroRNA miR-98 has been implicated as a potential repressor of

PGRMC1, upregulated during decidualization. Transfection of ESCs with a miR-98

mimic resulted in decreased PGRMC1 protein levels, revealing that miR-98-mediated

downregulation of endometrial PGRMC1 may promote decidualization(113).

1.3.6 PGRMC1 and AG205

AG205, a PGRMC1 antagonist, is a small molecule designed through in-silico

modelling targeting the heme-binding pocket of the Arabidopsis MAPR protein

encoded by the AT2G24940 gene(77, 114). AG205 was demonstrated to inhibit

PGRMC1-dependent antiapoptotic effects in cultured lung cancer cells(115). Since

then, AG205 has been utilized in various studies to investigate or validate PGRMC1

functions(116-118). AG205 interacts with the cytochrome b5/heme-binding domain of

PGRMC1(119). This domain is the site within PGRMC1 that interacts with various

proteins(77). For instance, disrupting the PGRMC1-PGRMC2 interaction with AG205

can affect the regulation of human granulosa cells’ entry into the cell cycle and the

survival of spontaneously immortalized granulosa cells(120, 121).

In the human endometrium, PGRMC1 inhibition by AG205 did not impede

decidualization. AG205-treated ESCs still underwent remodeling, exhibiting polygonal

morphology with stress fiber loss from the center of the cell body and even

significantly increased prolactin levels(122). However, some publications have raised

concerns regarding the specificity of AG205 towards PGRMC1. Knocking out

PGRMC1 and/or PGRMC2 expression did not alter the ability of AG205 to induce

large endosome formation in CHO-K1 and HeLa cells(123). Isothermal titration

calorimetry analysis showed no binding activity of AG205 to apo- or heme-dimerized

PGRMC1(124). In two endometrial cell lines, Thieffry et al. observed that AG205

significantly increased expression of genes coding enzymes of the cholesterol

biosynthetic pathway or of steroidogenesis, which were not reproduced with cells

transfected with siRNA against PGRMC1. Furthermore, AG205 retained its ability to
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upregulate selected target genes even when downregulated PGRMC1

expression(125).

1.3.7 PGRMC1 and Infertility-related Diseases

Beyond the regular menstrual cycle, PGRMC1 expression changes in chronic

placental inflammation (CPI) and several infertility-related diseases including

repeated implantation failure (RIF), and endometriosis (EMS). To understand these

expression changes, investigations into PGRMC1’s expression profile were

conducted by mining publicly available RNA-sequencing data sets from endometrial

biopsies.

Reduced PGRMC1 expression was observed in fetal membranes among women

with preterm premature rupture of the membranes(126), in ectopic and eutopic

endometrial stroma of women with endometriosis(127). In a study McCallum et al. in

2016, mice with floxed Pgrmc1 alleles exhibited subfertility and endometrial cysts

when deficient in Pgrmc1 through Amhr2cre/+. Further analysis showed differential

regulation of PGRMC1 in receptive vs non-receptive endometrial in women

undergoing in vitro fertilization therapy(101, 128), indicating its significant role in

fertility regulation and uterine health. Ablation of this progesterone receptor resulted in

subfertility and potentially premature aging of endometrial tissue, earning PGRMC1

the moniker ‘fertility stabilizer’.

1.4 Prohibitin proteins

1.4.1 Structure and Function

Prohibitin proteins, encompassing prohibitin 1 (PHB1) and prohibitin 2 [PHB2, also

referred to as repressor of estrogen receptor activity (REA) or B-cell receptor

associated protein (BAP)-37], are ubiquitously expressed proteins belonging to the

stomatin, prohibitin, flotillin, and Hf1K/C superfamily(129). The PHB1 gene – first

isolated and characterized to code for a candidate anti-proliferative protein in rat liver

cells(130) – is spanning approximately 11 kb on chromosome 17q21 with 7 exons,

while PHB2 gene is located on chromosome 12p13, comprising 10 exons with smaller
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introns than PHB1(131, 132). Both PHB1 and PHB2 belong to the evolutionarily

conserved band-7 family, or prohibitin domain family(133).

Both PHB1 and PHB2 proteins are widely distributed in different cellular

components, including mitochondria, cell membrane and nucleus(134). Notably, their

functions differ significantly based on intercellular localization. In the mitochondria,

PHB1 forms a heterodimeric ring-like complex to PHB2 to stabilize mitochondria(135),

crucial for cellular energy production. Alterations in PHB1 or PHB2 protein expression

can impact mitochondrial processes(136). In the nucleus, prohibitin proteins have a

significant role in regulating transcription factors directly and indirectly, such as

estrogen receptor (PHB1/2), E2F family members (PHB1), p53 (PHB1), MEF2

(PHB2), MyoD (PHB2), STAT3 (PHB1), and orphan nuclear hormone receptors

(PHB2)(134, 137, 138). PHB1, expressed in the nucleus of leukemic cells, served as

useful biomarker for leukemia subtypes(139), while PHB2, phosphorylated by AKT at

Ser-91, induces the differentiation of acute promyelocytic leukemia cells(140, 141).

On the plasma membrane, PHB1 act as a transmembrane adapter, activating

downstream signals via interaction with low density detergent-insoluble lipid raft

domains(142, 143), PHB1 and PHB2 are present on the surface of platelets and lipid

rafts, associating with proteinase-activated receptor (PAR)-1. Disruption of the

PHB1-PHB2-PAR-1 complex can cause a loss in granular secretion, calcium

mobilization and platelet aggregation(144). Widely expressed in diverse cancers, both

at mRNA and protein levels(145), PHB1 and PHB2 contribute to cancer development

processes, such as proliferation, apoptosis and metastasis(129, 146).

In breast cancer, PHBs localize predominantly to the mitochondria in normal

breast epithelium but become nuclear in breast cancer cells(147, 148). PHB1 disrupts

the E2F1/retinoblastoma protein (pRb) interaction in the nucleus, affecting cell cycle

dependent transcription and division(134, 137, 147). PHB2, studied as a potential

tumor suppressor in luminal breast cancer, suppresses ER alpha signaling when

overexpressed(149).
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1.4.2 Prohibitin Proteins in Endometrium

In patients with endometriosis, PHB1 expression is significantly elevated in

granulosa cells. This elevated expression correlates with increased levels of

glycolysis-related enzymes, glucose consumption, and lactic acid production.

Additionally, down-regulation of PHB1 alters cell proliferation and apoptosis rates,

ATP synthesis, reactive oxygen species (ROS) levels, and mitochondrial membrane

potential (MMP) in granulosa cells. These findings suggest that PHB1 plays a crucial

role in mitigating energy loss due to impaired mitochondrial function in granulosa cells

of endometriosis patients, potentially contributing to compromised fertility in these

individuals(150, 151).

Park et al. mentioned that PHB2 (REA) has gene dose-dependent activity

impacting uterine development and fertility. Conditional homozygous mutant (REAd/d)

mice developed to adulthood and showed normal ovarian function, but females were

infertile with severely compromised uterine development and function characterized

by cell cycle arrest, apoptosis, and altered adenogenesis, resulting in implantation

and decidualization failure. In contrast, heterozygous REA mutant (REAf/d) female

mice display subfertility with reduced litter numbers and sizes(152). Physiologically,

REA regulates endometrial stromal cell decidualization, controlling its timing and

magnitude to ensure proper decidualization with embryo development, essential for

successful implantation and optimal fertility(153).

1.4.3 Prohibitin Proteins and PGRMC1

In breast cancer, PGRMC1 interacts with ER alpha activation. Prohibitins interact

with PGRMC1, particularly dependent on S181-phosphorylation induced by

proliferation-promoting progestins. Phosphorylated PGRMC1 associates with PHBs,

preventing their association with ERa, which means PHBs play an important role in

inhibiting ERa and breast cancer tumorigenesis. However, PGRMC1 hinders their

antiproliferative function, highlighting a complex interplay between these proteins in

breast cancer development(99).
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PGRMC1 is regard as a fertility stabilizer. Similarly, optimal levels of PHBs are

required for endometrial function and fertility. Currently, researches on the specific

role of PGRMC1 and PHBs in decidualization remain fragmented and sporadic,

lacking a systemic and comprehensive approach. In breast cancer cells,

progestin-activated PGRMC1 seems to associate with PHBs to stimulate cellular,

progression. Binding of activated PGRMC1 to PHBs is accompanied by decreased

PHBs-ERα-interaction, resulting in elevated expression of ER-dependent genes. But

whether the progestin-depended interaction between PHBs and PGRMC1 also

occurs during decidualization has never been characterized before. Therefore, the

role of their interaction with regards to female fertility remains to be elucidated.
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2. Aim of the Study

This study aims to elucidate the functional roles of PGRMC1 and PHBs, as well

as their interplay in successful decidualization. This includes profiling the basic

expression of PGRMC1 at the protein and mRNA levels, establishing an in vivo

decidualization model, and utilizing public RNA-sequencing datasets. Furthermore,

we investigate the effects of downregulating PGRMC1 and PHBs expression on

decidualization.

The following publication, summarizing part of my doctoral work, forms the

cornerstone of this dissertation.
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3. Publication
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4. Supplementary Figures:
Supplementary Figure 1
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Supplementary Figure 2
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Supplementary Figure 8
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5. General Discussion

PGRMC1 is expressed across various cellular systems and contexts, playing a

critical role in a wide range of cellular functions(77, 80). It is predominantly located in

the liver, kidney, brain, breast, lung and pancreas(154, 155). Beyond its involvement

in membrane trafficking, cytochrome P450-mediated steroidogenesis, lipid synthesis,

stress-response, and tumor progression(77, 86), PGRMC1 is implicated in

carcinogenesis particularly in breast cancer, and is a potential target for cancer

therapy(80). Its expression is associated with larger tumor size, metastasis, poor

overall survival and tumor-free survival rate(156, 157). Accumulating evidence

indicates that PGRMC1 acts as a fertility stabilizer, closely linked to non-genomic

progesterone responses in the female reproductive tract(81, 90, 97, 158).

Dysregulation of PGRMC1 is observed in multiple reproductive disorders, including

endometriosis, chronic placental inflammation (CPI), and repeated implantation failure

(RIF)(158). Women with reproductive disorders often have multiple risk factors

contributing to negative obstetric outcomes. Inflammation is implicated as one of the

major events of female infertility-related diseases. A hyperinflammatory or chronic

inflammatory state can disrupt the immune-endocrine interaction within the

endometrium(159), leading to conditions such as CPI, endometriosis, and shifted

window of receptivity in RIF(160-162). PGRMC1 plays an essential role as a mediator

of the anti-inflammatory effects of progesterone, to attenuate the activities of tumor

necrosis factor-α (TNF-α)-induced matrix metalloproteinase 9 (MMP9)(103, 163, 164).

The inflammatory response of fetal membranes associated with decreased PGRMC1,

highlights the importance of preserving PGRMC1 for pregnancy maintenance.

Furthermore, PGRMC1’s role in the placenta’s stress response indicates that

oxidative stress induction and inflammation reduce its expression. Progesterone

action is crucial to decreasing inflammation in the endometrium, normally triggering

an endometrial response by inhibiting estrogen-dependent proliferation of epithelial

cells and transforming stromal cells into decidual cells. Defective progesterone

signaling results in a proinflammatory phenotype, while chronic inflammation can
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induce progesterone resistance(165, 166). This insensitivity, associated with changes

in progesterone receptor isoforms(167-169) and disruption in progesterone signaling

downstream(170, 171), has been linked to infertility-related disorders such as

endometriosis and RIF. Given that decidualization is crucial for reproduction and

disordered decidualization can also lead to advanced pregnancy complications(48),

the low implantation rates in assistive reproduction technology (ART), many couples

still experiencing infertility. The implantation rates in ART remain low, even with

high-quality embryos, underscoring the importance of addressing impaired

decidualization as a major cause of female infertility(172). With PGRMC1’s

dysregulation found in serval infertility-related diseases, the role of PGRMC1 in

decidualization merits further investigation, despite some studies have already shed

light on its function (105, 112, 113, 122).

Our main finding offers a detailed and dynamic expression profile of PGRMC1

during decidualization, unveiling that its expression follows a rise-to-decline pattern

post-progestin stimulation, essential for proper decidualization (see Supplementary

figure 10). Concurrently, the interaction between prohibitin proteins (PHB1/PHB2)

with PGRMC1 in decidualization was observed, indicating their collective role in this

process. Our in-silico analysis revealed that, throughout a typical menstrual cycle, the

dynamic changes of the PGRMC1 protein levels consist of two peaks: one in the

secretory phase and another one in the proliferative phase, as previously

documented(127, 173). In our decidualization induction model using T-HESCs cells,

we noted a similar rise-to-decline pattern in both protein and mRNA levels of

PGRMC1. During the first 6 days of induction, mirroring the menstrual cycle’s

proliferative phase (analogous to the ovary’s follicular phase), PGRMC1 expression

increases. This phase is marked by rising levels of 17-ß-estradiol (E2), which thickens

the endometrial lining through stromal and glands proliferation, and spiral artery

elongation(9, 174). The up-regulation of PGRMC1 suggests it may be regulated by E2

concentration or a similar mechanism. Given that PGRMC1 overexpression leads to

higher E2 secretion in breast cancer cells(99), it is plausible that E2 production in
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human endometrial stromal cells relies on PGRMC1 activation. Following a peak on

induction day 6, PGRMC1 expression starts to decline until the endometrial stromal

cells complete decidualization. This process occurs in the secretory phase of the

menstrual cycle, where endometrial stromal cells morphologically and biochemically

prepared under the control of progesterone for successful blastocyst implantation,

placenta development, and modulation of the immune response(175).

The endometrial transformation is initiated by E2 through estrogen receptors alpha

and beta (ERα and ERβ, respectively). E2 significantly influences the expression of

the progesterone receptor (PR), enabling the endometrium’s response to

progesterone during the secretory phase(176). The activation of G protein-coupled

membrane receptors by key endogenous factors such progesterone,

follicle-stimulating hormone (FSH), luteinizing hormone (LH), human chorionic

gonadotropin (hCG), relaxin and prostaglandins (PGs) reportedly lead to an increase

in intracellular cyclic adenosine monophosphate (cAMP) levels(177). The rise in

cAMP triggers the activation of protein kinase A (PKA) and exchange proteins

activated by cAMP, regulating the expression of genes associated with

decidualization(178). Several in vitro studies employing different protocols to induce

decidualization in primary ESCs(179, 180) or other immortalized ESCs(181, 182),

including a combination of progestin (progesterone or medroxyprogesterone acetate

[MPA]), E2 and cAMP analogs, their mixture or of MPA with cAMP, have

demonstrated the induction of decidualization markers at different periods. Our initial

observations in the T-HESC cell line and another immortalized ESC cell line (St-T1)

revealed a PGRMC1 rise-to-decline pattern induced by MPA + cAMP treatment. A

similar pattern of PGRMC1 expression could also be induced using MPA and cAMP

alone (see Supplementary figure 1). However, we did not detect the decidualization

markers expression level under different induction schemes. Further studies are

necessary to explore the decidualization efficacy of those different schemes, which is

crucial for comprehending the molecular physiology of the endometrium.
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Adequate PGRMC1 levels are necessary to initiate decidualization upon

progesterone/cAMP stimulation. PGRMC1 levels in ESCs are significantly lower

during the secretory phase than in the proliferative phase, suggesting a stage-specific

regulation of PGRMC1 throughout the menstrual cycle. Knocking down PGRMC1

before induction inhibits decidualization, highlighting its crucial role as a ‘switch’ at this

stage. However, PGRMC1 appears less necessary after the initiation of

decidualization, as knocking it down either does not affect or even facilitates the

process. Reducing PGRMC1 levels after progestin treatment does not hamper

decidualization, indicating its critical role during the increasing phase and induction.

This aligns with the observations that PGRMC1 expression decreases in the

endometrial stroma during the late secretory phase and may even promote

decidualization(105, 113). Although, PGRMC1 activation by progesterone may

facilitate the switch from cellular proliferation to decidualization initiation through

various biological processes, the underlying mechanisms by which PGRMC1 levels is

downregulated in the secretory phase remain unexplored. Tsuru et al. reported an

upregulation of miR-98 in parallel with PGRMC1 downregulation in

db-cAMP/P4-induced decidual cells, indicating miR-98’s involve-ment in PGRMC1

regulation during decidualization. In the rat uterus, miR-98 downregulation promotes

ESCs proliferation and inhibits apoptosis by targeting the anti-apoptotic protein

Bcl-xl(183). Patients experiencing early spontaneous abortion exhibit lower miR-98

expression in decidual tissues compared to women with normal pregnancies(184).

Further studies are required to determine the relationship between miR-98 mediated

PGRMC1 regulation and decidualization.

PGRMC1 is known to occupy multiple subcellular locations, from endoplasmic

reticulum, cytoplasm, plasma membrane, nucleus, and mitochondria(82). Its

localization is regulated by processes such as phosphorylation, ubiquitination, and

sumoylation(77, 80). In granulosa cells (GCs), the cellular localization of PGRMC1

can shift under different physiological conditions. In rat follicles, PGRMC1 expression

increases in luteal cells and its diffusely localized throughout the cytoplasm and
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nucleus following hCG-induction(185). Therefore, we sought to analyze PGRMC1’s

subcellular localization during the decidualization process. Interestingly, we noticed

an induction-associated peri-nuclear phenomenon, characterized by more intense

signals in the peri-nuclear region at 10 days of induction (Figure 4A). However, when

analyzing the subcellular protein amount of PGRMC1 via western blot, we found

PGRMC1 was barely detected in the nucleus before and after induction (Figure 4B).

Our results are not fully consistent with Salsano et al., who reported that PGRMC1’s

subcellular protein amount could be detected in both non-decidualized and

decidualized stromal cells, with higher amounts observed in decidualized stromal

cells(105). The nuclear localization of PGRMC1 in decidualized stromal cells, as

noted in macaque(186) and during early gestation in mice(101), suggests a potential

role for PGRMC1 in regulating the expression of genes distinct from those targeted by

the classic nuclear PR during decidualization. Luciano et al. found PGRMC1

colocalized with active phosphorylated aurora kinase B on chromosomes and

centromeres during oocyte maturation, an indication that nucleus-localized PGRMC1

in decidualized stromal cells could be associated with cell cycle progression(97). Our

study does not rule out the possibility of PGRMC1 translocating towards the nuclear

during decidualization; however, PGRMC1 was not detected in the nucleus in our

system, regardless of decidualization status. This conclusion is partially in agreement

with Thieffry et al., who indicated that PGRMC1 was essentially present in the

cytoplasm and was barely or not detected in the nucleus in T-HESC and HEC-1A

(Human Endometrial Cancer One A) cell lines(125).

PGRMC1 has been reported to be associated with proteins involved in protein

biosynthesis, intracellular transport, and mitochondrial activity, all of which promote

decidualization(112). The specifics of how PGRMC1 interacts with these proteins to

regulate decidualization is little known. Following induction, we found that PGRMC1

binds to prohibitins (PHBs) at the periphery of the nucleus, indicating it might serve as

a scaffold protein for decidualization. Knocking down PHBs partially impaired

decidualization, similar to PGRMC1 knockdown, suggesting PGRM1-PHBs
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interactions may affect decidualization as a complex. In breast cancer cells, we

previously demonstrated overexpression of PGRMC1 leads to increased synthesis of

E2 and the upregulation of ER, with elevated levels of E2 and ER responsible for

increased proliferation of E2-dependent tumor cells. PGRMC1 is binding PHB1 and

PHB2, thereby facilitating the release of ER for transcriptional activity in the

nucleus(99). We speculate that PGRMC1’s binding to PHBs may inhibit cellular

proliferation and facilitate differentiation, acting as a proliferation-differentiation switch,

a concept which requires further investigation.

AG205, purportedly an inhibitor of PGRMC1, has had its specificity recently

questioned. Previous studies showed reduced cell viability with AG205 treatment,

through the effective concentration of AG205 varies across in different cell types. In

MDA-MB-231 breast cancer cells, cell viability was reduced by 40% and 60% under

20μM and 40μM of AG205 treatment, respectively; in lung cancer-derived stem cells,

cell viability was reduced by approximately 25%, 40%, and 50% after 24 h at

concentration of 25μM, 50μM, and 100μM of AG205 treatment, respectively(156).

Prior to analysis, we optimized the concentration of AG205 and incubation time,

assessing its potential effects on cell viability and PGRMC1 expression. Based on our

MTT assay, we selected 15μM of AG205 for further use. We noticed that AG205 did

not affect PGRMC1-PHBs interaction, nor did it impact decidualization in our study.

Our data align with another study demonstrating that 15μM of AG205 has no effect on

the expression of PGRMC1, and did not promote increased nuclear localization of

PGRMC1(125). In ESCs, even a higher concentration of AG205 (50μM) did not affect

decidualization(122).

Thus, our study postulates that the progesterone/progestin-induced rise-to-decline

expression pattern of PGRMC1 is critical for initiating decidualization. Once

decidualization begins, PGRMC1 is no longer necessary to sustain the process.

PGRMC1’s expression is specifically important at the onset of decidualization, and

disruption if this expression could impair decidualization.
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6. Limitations of this work

As limitations, proximity ligation assay (PLA) results only indicate a close proximity

and potential physical interaction between PGRMC1 and PHBs. A study involving a

Iarger cohort from primary patient’s endometrium tissues and mouse model would

likely yield more available and significant results.
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