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ARTICLE INFO ABSTRACT

Keywords: Estradiol and progesterone are key regulators of the menstrual cycle. In the human endometrium, progesterone
PGRMC1 induces morphological changes required for blastocyst implantation. Dysregulated response to progesterone can
Endometrium lead to endometrial pathologies including uterine bleeding and endometriosis. Besides the canonical nuclear
E:gzizf n progesterone receptor (encoded by the PGR gene), alternative response pathways include Progesterone Receptor
Progesterone Membrane Component 1 (PGRMC1), suspected to be involved in pathogenesis of endometrial diseases. We

CAMP previously reported the spatiotemporal profile of PGRMCI expression in the human endometrium along the
menstrual cycle, highlighting progressive increase and decrease during the proliferative and secretory phases,
respectively. Here we directly addressed its regulation by estradiol and progesterone, with systematic compar-
ison with regulation of PGR expression. We found a direct correlation between expression of both genes during
the proliferative and secretory phases in the cycling endometrium, but not during the menstrual phase. In a
xenograft model mimicking the cycle phases, estradiol significantly increased and progesterone significantly
decreased PGR expression but changes were not significant for PGRMCI. Finally, we did not find any significant
effect of the ovarian steroids on expression of PGR or PGRMC1 in primary culture of endometrial stromal cells,
except for a small increase in PGR expression by estradiol. Altogether, our experiments do not allow a major
advance in our understanding of the mechanisms of cyclic variation of PGRMCI1 expression, in particular
regarding potential regulation by the ovarian steroids.

1. Introduction

The endometrium is the mucous membrane lining the uterine cavity
and in which an embryo can implant and develop. In the human endo-
metrium, the basalis is the deepest layer in contact with the myometrium
while the functionalis is the superficial layer. These two layers contain
glands, surrounded by a stroma rich in fibroblasts, blood vessels and
inflammatory cells. The human endometrium is a dynamic tissue that
undergoes cyclic morphological remodeling in response to the variations
in the blood levels of estradiol and progesterone throughout the three
phases of the menstrual cycle [1]. During the proliferative phase,
estradiol (E) stimulates tissue growth, while during the secretory phase,
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the increase of progesterone (P) concentration stabilizes the tissue and
promotes the differentiation of stromal cells into decidual cells. These
events are essential to prepare for a potential blastocyst implantation.
Decidualization includes morphological changes by which stromal cells
become rounder with increased cytoplasmic content, acquire myofi-
broblast characteristics and start secreting various proteins such as
prolactin. In the absence of fertilization, blood levels of the two ovarian
steroids drop, thereby triggering shedding of the endometrial functional
layer and menstrual bleeding [2]. This tissue degradation is restricted to
the upper functionalis, despite widespread expression of the estradiol and
progesterone receptors in the basalis. Menstrual breakdown is caused by
matrix metalloproteinases (MMPs), whose expression and activity are
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repressed by progesterone [1,3].

Perturbations of this tissue remodeling are associated with gyneco-
logical pathologies such as abnormal uterine bleeding and endometri-
osis [4]. Abnormal uterine bleeding is characterized by menstrual
features, including induction of MMP activity, local tissue lysis and
bleeding, occurring outside the expected menstrual phase of the cycle
[5]. Abnormal uterine bleeding can also often result from use of pro-
gesterone derivatives (progestins) for contraception [6]. Endometriosis
is characterized by the implantation and growth of endometrial tissue
outside the uterus and is responsible for reduced fertility, inflammation
and severe pain. Endometriosis is a hormone-dependent disease since
growth of ectopic lesions requires an estrogenic stimulus [7]. In addi-
tion, it also involves local degradation of the host tissue by MMPs to
ensure implantation and development of the lesions [8,9]. Treatment
based on progesterone or progestins are prescribed to patients to reduce
progression of endometriosis lesions. Unfortunately, not all patients
respond to this type of treatment and the mechanisms underlying pro-
gesterone resistance are not fully understood [10]. In some cases, a lack
of expression or activity of the canonical nuclear progesterone receptor
(nPR) can be highlighted, but not systematically [11]. There are other
nongenomic pathways able to modulate the response to progesterone
via other proteins/receptors, such as the membrane Progesterone Re-
ceptors (mPRs) encoded by Progesterone and AdipoQ Receptor (PAQR)
genes and the Progesterone Receptor Membrane Component (PGRMC)
proteins encoded by Membrane-Associated Progesterone Receptor
(MAPR) genes. These other pathways have received little attention so far
compared to the classical nPR pathway.

Progesterone Receptor Membrane Component (PGRMC) 1 is an
intracellular protein belonging to the MAPR family. It is expressed in
different organs and was originally cloned in the liver under the name
25-Dx [12] or Hpr6.6 [13,14]. Like the other members of its family,
PGRMCI is a b5-like heme/steroid-binding protein. It can dimerize via
heme to interact with other proteins and the presence of other motifs for
molecular interaction opens a wide range of cellular functions [15-20].

In models of reproductive tissues, particularly in the human and
murine breast and ovary, it has been shown that PGRMCI can mediate
non-genomic effects of progesterone [15,21,22] and interacts with other
cellular pathways [23-26]. PGRMC1 was also reported to be implicated
in steroidogenesis [27], to promote cell migration and invasion [28,29]
and to regulate cell proliferation and apoptosis [30-32]. In addition,
several studies showed an overexpression of PGRMC1 in breast, ovarian
and endometrial cancer [15,33-36]. PGRMC1 was shown to modulate
the effects of progesterone or progestins on cell proliferation in breast
cancer cell lines [37,38].

In contrast, very little is known about the role of PGRMC1 in medi-
ating progesterone response in the uterus. A study has reported that
conditional Pgrmc1 KO in the mouse female reproductive tract induced
subfertility linked to a severe endometrial phenotype involving the
spontaneous development of endometrial cysts [39]. PGRMCL is also
implicated in the decidualization of primary endometrial stromal cells
[40]. In addition, endometrium of patients suffering from recurrent
miscarriage was characterized by a decreased expression of PGRMC1
compared to healthy patients [41]. In another study, expression of
PGRMC1 and PGRMC2 (both at the gene and protein levels) was
decreased during the secretory phase in eutopic endometrium from
women with endometriosis [42].

In a previous publication, our laboratory studied the spatiotemporal
profile of PGRMCI1 expression in the human endometrium along the
menstrual cycle [43]. In particular, we showed that PGRMC1 expression
progressively increases during the proliferation phase and decreases
during the secretory phase. These changes in PGRMC1 expression were
in line with previous studies based on microarray or proteomic analyses.
[44-46]. Stimulation of PGRMC1 expression by estradiol and inhibition
by progesterone was reproduced in vivo in simian experimental models
[47,48]. The former study also highlighted a similarity of the cyclic
variations between PGRMCI and PGR expression, which corroborated
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earlier studies on cyclical PGR regulation in the human endometrium
[49,50]. More recently, a 6-month exogenous administration of levo-
norgestrel to women via intrauterine device was shown to downregulate
endometrial expression of both PGR (~10% from baseline) and PGRMC1
(~15% from baseline) [51].

Although these studies suggest PGRMCI1 regulation by the ovarian
steroids, we still lack direct demonstration of the underlying molecular
mechanisms, especially in the human endometrium. To address this
question, we here used human endometrial tissue, either collected
during normal menstrual cycle, or used in a mouse xenograft model
(archived samples) and in primary culture of stromal cells to investigate
the potential influence of estradiol and progesterone on PGRMCI
expression in comparison with that of PGR (encoding nPR). We also
questioned the effect of cAMP, involved in the decidualization stimulus,
on PGRMC1 and PGR expression.

2. Materials and methods
2.1. Collection of clinical specimens

This study was approved by the Ethics Committee of the Université
Catholique de Louvain (2017/10JUL/362). Endometrial samples were
provided by the Biolibrary of Saint-Luc University Clinics and collected
from hysterectomy leftovers from patients operated for clinical reasons
independent from the study. The included patients were under 50 years
old, had spontaneous menstrual cycle, had not received sex hormone-
related drugs for at least 3 months prior to surgery and had no malig-
nant tumor or endometritis (Table 1). All the samples used in this study
were analyzed by an expert pathologist (E.M.) to determine the cycle
phase and the pathology following histological criteria. Based on a
classical menstrual cycle of 28 days, the different phases were consid-
ered as follows: menstrual phase, days 1-5; the early, mid and late
proliferative phases, days 6-8, 9-11 and 12-14 respectively; and the
early, mid and late secretory phases, days 15-18, 19-22 and 23-28
respectively. The functionalis layer of human endometrium was scraped
from the underlying basal layer and myometrium. For RNA analysis, a

Table 1
Endometrial samples used in this study.

# Age  Menstrual Pathology Use

Sample Phase

1 42 LS Menorrhagia, polyp Xenograft

2 45 LP No identified gynecologic Xenograft
pathology

3 45 LS Ovarian and tubal endometriosis, Xenograft
adenomyosis

4 43 EP Adenomyosis Xenograft

5 41 / Fibroma, non-malignant PESC
adenomatoid tumor

6 40 EP Leiomyoma, metrorrhagia PESC

7 44 LP Cornual polyp, cervix leiomyoma, PESC
adenomyosis

8 44 MS Dysmenorrhea, menorrhagia, pESC
adenomyosis

45 MP Leiomyoma pESC

10 47 / No identified gynecologic PESC
pathology

11 42 LP Leiomyoma, Adenomyosis pESC

12 39 MS Adenomyosis PESC

13 46 / Rectovaginal endometriosis pESC
nodule

14 44 MS Leiomyoma, chronic cervicitis, pESC
atheromatosis, menometrorrhagia

15 44 Mens Leiomyoma, endometrial polyp PESC

16 43 P Adenomyosis PESC

17 37 ES Leiomyoma pESC

Abbreviations: EP/MP/LP, Early/mid/late proliferative phase; ES/MS/LS,
Early/mid/late secretory phase; /, unknown menstrual phase; pESC, primary
endometrial stromal cells.
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part of the tissue was kept into RNA lysis buffer (SV total RNA Isolation
System; Promega) at —80 °C until total RNA isolation. The remaining
tissue was used for cell purification in primary culture.

2.2. Cell isolation and culture

Primary endometrial stromal cells were obtained after digestion of
endometrial tissue using bacterial collagenase (Type I; Sigma-Aldrich,
C0130, 1 mg/mL). Digested endometrial fragments were then succes-
sively filtered through a 300-um filter and a 30-um filter to collect pri-
mary stromal cells. Primary endometrial stromal cells were grown in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/
F12; Gibco 11039-021, ThermoFisher Scientific), supplemented with
10% Fetal Bovine Serum, 100U/mL penicillin and 100 pg/mL strepto-
mycin (ThermoFisher Scientific) and at 37 °C in a humidified atmo-
sphere containing 5% CO». Primary endometrial stromal cells were used
until passage 6.

2.3. Archived samples of human endometrial xenografts

Experiments analyzing xenografted human endometrium were per-
formed using archived RNA samples from a previous study [52]. Steps
including housing of ovariectomized female CB17 mice with severe
combined immunodeficiency (SCID), collection of human endometrium
fragments, preparation of endometrial functionalis samples, xenograft-
ing of human endometrial fragments into mice and hormone supply
were previously described in [52]. This previous study had been carried
out in compliance with the rules of animal ethics in application at that
time. No additional animal was used for the present study.

2.4. Cell incubation with hormones and cAMP

17p-estradiol-2-hydroxypropyl-p-cyclodextrin (E; Sigma) and pro-
gesterone-2-hydroxypropyl-p-cyclodextrin (P; Sigma) were dissolved in
RNase free water and the progestin medroxyprogesterone 17-acetate
(MPA; Cayman) in 100% dimethyl sulfoxide (DMSO) to achieve the
stock concentration of 1 mM. These hormones were then further diluted
in DMEM/F12 (Gibco 11039-021, ThermoFisher Scientific) to reach the
working solution. Cells were seeded at a concentration of 2.10* cells/mL
in DMEM/F12 supplemented with 10% FBS, 100U/mL penicillin, 100
ug/mL streptomycin. After 24 h, medium was changed and supple-
mented or not with hormones: 1 nM E or the combination 1 nM E + 100
nM P (EP) with or without 0.5 mM 8-bromoadenosine-3',5"-cyclic
monophosphate (8-Br-cAMP or cAMP; Sigma). Addition of 0.5 ug/ml 2-
hydroxypropyl-p-cyclodextrin (HP-B-CD; Sigma) was used as control for
E and P, and 0.01% DMSO was used as control for 100 nM MPA. Culture
media were changed every 24 h and lysates were recovered after 72 h in
the presence of hormones.

2.5. RNA extraction

Adherent cells were lysed with TRIzol Reagent (Ambion, Life Tech-
nologies), vortexed for 10 sec and incubated for 10 min at room tem-
perature. Samples were then homogenized for 30 sec before adding 20
ng of tRNA. After vortexing for 1 min, 200 pL chloroform was added to
each sample and mixtures were vortexed for another 30 sec. Mixtures
were incubated for 15 min at room temperature and then centrifuged for
15 min at 12,000g and 4 °C. After centrifugation, upper aqueous phases
were collected and 200 pL isopropanol 100% was added to each sample.
Mixtures were vortexed for 30 sec and incubated at least 1 h at —80 °C
before a centrifugation for 30 min at 12,000g and 4 °C to precipitate
RNAs. RNA pellets were washed with 450 uL ethanol 70% and centri-
fuged for 10 more min at 12,000g and 4 °C. Finally, RNA pellets were
dried and resuspended in autoclaved HOy.
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2.6. Quantitative Real-Time PCR

Total RNA concentration was quantified using Nanodrop ND-8000
spectrophotometer. Reverse transcription was performed with 500 ng
RNA using SuperScript III Reverse Transcriptase kit (Invitrogen, Wal-
tham, MA, USA) according to the manufacturer’s instructions. Real-
Time PCR was conducted using KAPA SYBR FAST qPCR Master Mix
(2X), 0.25 uM primers (forward and reverse) and cDNA corresponding to
15 ng RNA. Gene-specific oligonucleotides for PGRMC1 amplification
were previously published [42,53]. Other primers used were designed in
our laboratory and are listed in Table 2. Except in experiments involving
cAMP addition, values were normalized to RPL13a and fS-actin house-
keeping genes (HKGs) mRNA levels, which did not vary in response to E
and/or P (see Fig. S5a for cell culture). On the other hand, HKGs varied
in response to cAMP and were not used in corresponding figures (see text
and Figs. S5b and Fig. 5 for details).

2.7. Immunolabeling

Immunohistofluorescence (IHF) was performed on paraffin-
embedded tissue samples cut in serial sections of 6 um. First, tissue
samples were dewaxed in Histosafe before performing an antigen
retrieval in citrate buffer for 75 min at 100 °C. Then tissue sections were
permeabilized for 15 min in a solution of phosphate-buffered saline
(PBS) containing 0.3% Triton X-100. After blocking the nonspecific
binding sites for 1 h at RT in a solution of PBS, 10% bovine serum al-
bumin (BSA), 3% non-fat milk and 0.3% Triton X-100, the slides were
incubated overnight at 4 °C with primary antibody (Table 3) diluted in
the blocking solution. Tissue sections were then washed 3 times during
5 min in PBS and 0.1% Triton X-100 before incubation for 60 min at RT
with the adequate secondary antibodies (Table 3) diluted in a solution of
PBS, 10% BSA and 0.3% Triton X-100. Nuclei were counterstained with
Hoechst (BisBenzimide H33342, 1 ng/mL final concentration, Sigma)
during this incubation.

Immunocytofluorescence (ICF) was realized with cells cultured on
glass coverslips. After culture for the appropriate time, cells were
washed in PBS and fixed during 15 min in 4% paraformaldehyde. Cells
were then washed 5 times for 5 min in PBS before a permeabilization
step for 15 min in a solution of PBS, 0.1% Triton X-100. Nonspecific
binding sites were blocked for 1 h at RT in a blocking solution of PBS, 5%
normal goat serum and 0.3% Triton X-100 and samples were then
incubated overnight at 4 °C with primary antibodies (Table 3) diluted in
blocking solution. The next day, cells on coverslips were washed 3 times
for 5 min in PBS before incubation with appropriate secondary anti-
bodies (Table 3) diluted in a solution of PBS, 1% BSA and 0.3% Triton X-
100 for 1 h30 at RT. During the incubation with the secondary anti-
bodies, nuclei were counterstained with Hoechst.

Table 2
Sequences of primers for specific amplification by quantitative real-time PCR.
Target Primers Sequence
PGRMC1 Forward 5-TGACCTTTCTGACCTCACTGC-3'
Reverse 5-GCCCACGTGATGATACTTGA-3'
PGRMC2 Forward 5-GTGTTCGAGAATGGGAAATGC-3'
Reverse 5-CTGATGGTTCTTCTCCTGGT-3'
PGR Forward 5'-GCGCATATTCCAGAGCTGA-3'
Reverse 5'-AGCAGTCCGCTGTCCTTTT-3'
Prolactin Forward 5-TGCTGCTGCTGGTGTCAAAC-3'
Reverse 5-TTGGGCTTGCTCCTTGTCTT-3'
MMP-3 Forward 5- TCATTTTGGCCATCTCTTCC-3'
Reverse 5'- GGGAAACCTAGGGTGTGGAT-3'
MMP-1 Forward 5-GCAAACACATCTGACCTACAGG-3'
Reverse 5-TCTCAATGGCATGGTCCAC-3'
RPL13a Forward 5-GGCTAAACAGGTACTGCTGG-3'
Reverse 5-GGTTGGTGTTCATCCGCTTG-3'
p-actin Forward 5'-AGCCTCGCCTTTGCCGA-3'
Reverse 5-TCACGCCCTGGTGCCTG-3'
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Table 3 Table 4
List of antibodies used for immunolabeling. List of antibodies used for western blotting.
Primary Species/ Dilution Company Reference Primary Species/ Dilution Company Reference
antibodies Isotype antibodies Isotype
Anti-Type III Rabbit 1/50 Monosan PS043 Anti-PGRMC1 Mouse 2,5ug/mL Abnova H00010857-
Collagen (IHF) 1gG2a mAb (IF) MO03
Anti-E-cadherin Mouse 1/1000 BD Transduction 610,182 Anti-GAPDH Mouse 1/8000 Ambion AM4300
(Clone 36) 1gG2a mAb (IHF) Laboratories 1gG1l mAb
1/500
(If:F) Secondary Species Dilution Company Reference
Anti-Vimentin Mouse 1/100 Santa Cruz Sc-6260 antibodies
(Clone V9) IgG1 mAb (ICF) Anti-Mouse IgG Goat 1/10000 Life G21040
Anti-ERa (Clone Mouse 1/100 Santa Cruz Sc-8002 Horseradish Technologies
F-10) 1gG2a mAb (ICF) Peroxidase
Anti-nPR (Clone Rabbit IgG 1/200 Thermo Fisher RM-9102- conjugate
F-4) mAb (ICF) SO
Secondary Species Dilution Company Reference . . L.
antibodies loading of samples, membranes were then incubated for 20 min in a
- - - stripping buffer (ReBlot Plus Strong Antibody Stripping Solution (10x);
Anti-Rabbit IgG, Goat 1/1000 ThermoFisher A11034 11 . . .
Alexa 488 Merck Millipore), blocked as previously described, and re-probed with a
Anti-Mouse Goat 1/1000 ThermoFisher A21134 primary anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
1gG2a, antibody solution (Table 4) for 30 min at RT. The membrane was
Alexa 568 ' incubated with secondary antibody (Table 4) and immunoreactive
Ar;gé\fouse Goat 1/1000 ThermoFisher A21240 bands were detected by chemiluminescence as described above.
Alexa 647

Abbreviations: IHF, Inmunohistofluorescence; ICF, Immunocytofluorescence.

2.8. Microscopy and signal quantification

Fluorescence was detected with a Cell Observer Spinning Disk
(COSD) confocal microscope (Zeiss, Jena, Germany) and with a Pan-
noramic P250 Flash III slide scanner (3DHistech, Budapest, Hungary).
The signal was analyzed and quantified with the image analysis software
HALO (Indica Labs, Albuquerque, NM, USA). This software allowed the
counting of cells positive for each signal after nucleus detection by
Hoechst signal. Cells expressing E-cadherin were considered as epithe-
lial cells and cells expressing vimentin as stromal cells. In each experi-
ment, a negative control without primary antibody was used to correct
the background noise.

2.9. Protein extraction and western blot analysis

After appropriate incubation, cells were washed with PBS and lysed
with RIPA buffer (150 nM NacCl, 0.5% sodium deoxycholate, 50 mM Tris,
0.1% SDS, 1% Triton X-100, supplemented with 1 tablet per 50 mL of
Complete protease inhibitor cocktail; Sigma). All lysates were sonicated
and protein concentration was determined by the bicinchoninic acid
(BCA; Sigma-Aldrich; B-9643) colorimetric method. Sample buffer 5x
was added to each sample (0.25 M Tris-HCl, 10% SDS, 20% glycerol,
0.005% bromophenol blue, 5 mM dithiothreitol (DTT), pH 6.8) and the
mixtures were heated for 5 min at 100 °C before centrifugation for 5 min
at 14,000 g. Proteins were separated by SDS-PAGE in a running buffer
(Tris 0.025 M, glycine 0.192 M, SDS 0.1%) and a 12% polyacrylamide
gel. After separation, proteins were transferred to polyvinyl difluoride
(PVDF) membranes (Perkin-Elmer, Zaventem, Belgium). Nonspecific
binding sites on the membranes were blocked for 2 h at RT with a so-
lution of Tris Buffer Saline (TBS: 20 mM Tris-HCl, 0.5 M NaCl, pH 7.5),
supplemented with 0.05% Tween-20 (TBST) and 5% non-fat milk.
Membranes were then incubated overnight at 4 °C with a solution of
primary antibodies (Table 4). The next day, membranes were washed 3
times for 10 min with TBST before being incubated for 1 h at RT in
horseradish peroxidase-conjugated appropriate secondary antibodies
(Table 4) diluted in TBST, 5% BSA. Membranes were washed 3 times for
10 min with TBST and then 10 more min in TBS. Immunoreactive bands
were finally visualized by chemiluminescence (SuperSignalTM West
Femto Maximum Sensitivity Substrate; ThermoFisher Scientific) using
the Fusion Solo S (Vilber Lourmat, Collegien, France). To ensure equal

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.4.3.
software (GraphPad, San Diego, CA). For RT-qPCR data in samples of
cycling endometrium and in xenografts, statistical significance was
tested using Kruskal-Wallis test with Dunn’s post-hoc. For RT-PCR data
in cell culture, statistical analyses were performed on ACt values from
paired samples, i.e. cells from a same patient at the same passage and
prepared at the same time. Outlier data was excluded using Grubb’s test.
Statistical significance was tested using Wilcoxon paired test. Differ-
ences were considered significant for P < 0.05.

3. Results

3.1. Expression of human endometrial PGRMC1 and PGR varies similarly
during the menstrual cycle

Our laboratory has shown that PGRMC1 mRNA concentration varies
during the menstrual cycle in the human endometrium. Using samples of
human endometrium collected at different times of the menstrual cycle
(menstrual, proliferative or secretory phase), we reported that endo-
metrial PGRMCI mRNA levels increases from the menstrual phase until
the end of the proliferative phase before decreasing until the end of the
secretory phase, to levels lower than those measured during the men-
strual phase [43].

In the present study, we attempted to identify potential mechanisms
of co-regulation between expression of PGRMC1 and expression of two
related molecules within the same human endometrial samples:
PGRMC2, another member of the same MAPR gene family as PGRMCI;
and PGR, encoding the canonical nuclear progesterone receptor nPR.
Our results by quantitative RT-PCR show that unlike PGRMCI, the
expression of PGRMC2 mRNA was lower and did not vary during the
menstrual cycle (Fig. 1a). In contrast, PGR expression varied during the
menstrual cycle. Like PGRMC1, it increased from the menstrual phase to
the proliferative phase and then decreased during the secretory phase
(Fig. 1a). These results are in line with previous studies [49,50]. The
expression of PGRMC1 and that of PGR were correlated during the
proliferative and secretory phases (Fig. 1b). However, in contrast with
PGRMC1 which had a lower expression level during the secretory phase
than during the menstrual phase, the expression level of PGR during the
secretory phase was equivalent to or even slightly higher than during the
menstrual phase. Altogether, these data suggested hormonal regulation
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Fig. 1. Relative expression of PGRMC1, PGRMC2 and PGR during the menstrual cycle in the human endometrium. (a) Relative concentrations of PGRMC1, PGRMC2
and PGR mRNA were measured by RT-qPCR in samples of the functional layer of the endometrium collected during the menstrual, proliferative or secretory phase of
the menstrual cycle(n = 7-41). Results were normalized according to HKGs and are presented as dots for individual ACt values, and as means + SD for each phase.

Statistical test: Kruskal-Wallis with Dunn’s post-hoc. Only statistically significant differences are shown. * p < 0.05; ** p < 0.01; *

p < 0.0001. (b) Pearson

correlation test between PGRMC1 and PGR expression in selected samples from (a) representing patients in proliferative (black) or secretory (white) phase. Results
are presented as dots for individual ACt values with the simple linear regression.

of PGRMC1 and PGR expression in the human endometrium during the
menstrual cycle, although with divergent mechanisms, at least during
menstruation.

3.2. Estradiol induces and progesterone represses PGR but not PGRMC1
mRNA expression in a mouse model of human endometrial xenograft

In order to better understand the correlation between the ovarian
steroids and the expression of PGRMC1 and PGR in the human endo-
metrium, we used archived RNA samples from a study previously
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performed in our laboratory with a mouse model of human endometrial
xenografts [52]. Briefly, fragments of the upper layer of human endo-
metrium had been grafted subcutaneously into the flank of ovariecto-
mized SCID mice (Fig. S1). Pellets delivering estradiol (E) and pellets
delivering progesterone (P) had also been implanted into the back of
these mice simultaneously with the graft. After 21 days of graft estab-
lishment, both hormonal pellets had been removed from some mice to
mimic the menstrual phase (-H). Four days later, on day 25, new E or E
+ P pellets were implanted into some mice to mimic the proliferative
and secretory phases, respectively. Mice had been finally sacrificed on

Fig. 2. Relative expression of MMP-3, MMP-1, PGR
and PGRMC1 in a murine model of human endome-
trial xenografts mimicking menstrual cycle phases.
Human endometrial xenografts prepared as explained
in Fig. S1 were collected from mice after 6 days of
. pellet removal (-H), after 4 days of pellet removal
&9 —% followed by 4-8 days of estradiol pellet re-
Py implantation (-H, +E) or after 4 days of pellet
removal followed by 4 days of estradiol and proges-
terone pellets re-implantation (-H, +EP). The relative
concentration of MMP-3 (a), MMP-1 (b), PGR (c) and
PGRMC1 (d) mRNA was measured by RT-qPCR and
normalized according to HKGs. Results are presented
as dots for individual ACt values, and as means + SD
(n = 4). Statistical test: Kruskal-Wallis with Dunn’s
post-hoc. Only statistically significant differences are
shown. * p < 0.05; ** p < 0.01. (e,f) Comparison of
PGRMC1 and PGR expression in the cycling endo-
metrium and in xenografts using selected values from
Fig. 1a in (e) or Fig. 2¢, d in (f). Values are presented
as mean relative expression (ACt) of menstrual or
pseudo-menstrual (-H) conditions (in grey), prolifer-
ative or pseudo-proliferative (-H, +E) conditions (in
black) and secretory or pseudo-secretory (-H, +EP)
conditions (in white).
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days 27, 29 or 33 and explants recovered for downstream analyses such
as RNA extraction. Tissue and RNA leftovers were stored at —80 °C.

We quantified by RT-qPCR the expression of MMP-3, MMP-1, PGR
and PGRMCI1. MMP-3 and MMP-1 were first used to validate sample
conservation, by comparison with data from the original study. As ex-
pected, both MMPs showed very high expression levels when the hor-
monal pellets were removed to mimic a menstrual phase (Fig. 2a,b; -H
condition). Their expression was reduced in all samples collected in mice
after new addition of E or E + P pellet, although this reduction was not
always significant, most likely due to the small number of samples.

In the same xenograft samples, PGR mRNA expression (Fig. 2¢) was
significantly increased following re-addition of E (pseudo-proliferative
phase) compared to -H condition (pseudo-menstrual phase) and was at
an intermediate level between the other two conditions following re-
addition of E + P (pseudo-secretory phase). This nicely reproduced
the variations of PGR mRNA expression previously observed in cycling
human endometrial samples, with < 1ACt difference between the two
models for the average values for the three phases (compare PGR mRNA
ACt values in Fig. 1a and Fig. 2c).

In contrast, we did not measure significant differences of PGRM-
C1 expression between the different hormonal treatments. However,
this was not totally surprising when integrating two important obser-
vations from cycling endometrial samples (Fig. 1). On the one hand,
individual values were widely dispersed (interpatient variation) within
each cycle phase, especially for PGRMCI1. And on the other hand, dif-
ferences between mean values by cycle phases were larger for -
PGR expression than for PGRMC1 expression.

Finally, the direct comparison between natural cycles and xenograft
values (Fig. 2e,f) emphasized another important difference between the
two genes: the minimal values were measured during the (pseudo)
menstrual phase for PGR but during the (pseudo)secretory phase for
PGRMCI1.

3.3. Estradiol stimulates mRNA expression of PGR but not of PGRMC1 in
stromal cells in primary culture

Although the xenograft model is a more physiological and integrated
model, it relies on comparison of different groups of animals, with
inherent risk of large variability between individuals. We therefore
switched to primary culture of endometrial cells since this model offers
the advantage to allow statistical pairwise comparisons between
different hormonal conditions processed at the same time from a same
batch of cells. Considering recent publications suggesting a potential
contribution of PGRMC1 during decidualization of stromal cells (see
below), we focused on primary culture of endometrial stromal cells
(pESC) to further address hormonal regulation of PGRMC1 expression.
Only cultures with > 95% vimentin-positive stromal cells were retained
(Fig. S2a). The presence of the nuclear receptors ERa and nPR was also
confirmed by immunostaining (Fig. S2b).

The effects of estradiol addition were evaluated to mimic the switch
between the menstrual and the proliferative phase of the menstrual
cycle. We first ensured that the presence of 2-hydroxypropyl-g-cyclo-
dextrin (HP-B-CD), used as complexing agent for hydrophobic hormones
(E and P), did not impact expression of PGRMCI and PGR (Fig. S3a).
Then, cells precultured in the absence of hormones were incubated for
72 h in the presence of HP-B-CD alone (as control) or 1 nM E complexed
with HP--CD. PGR mRNA expression was significantly increased when
E was added by comparison with the control condition (Fig. 3a). This
observation was in line with our results in the cycling endometrial
samples and in the xenografts, although the magnitude of the increase
was smaller. PGRMC1 expression was not significantly modified by E
(Fig. 3b).
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Fig. 3. Effects of estradiol addition on the relative concentration of PGR and
PGRMC1 mRNA in primary culture of endometrial stromal cells. Endometrial
stromal cells in primary culture were incubated for 72 h with estradiol (1 nM;
E) or with HP-p-CD as control. The relative concentration of PGR (a) and
PGRMC1 (b) mRNA was measured by RT-qPCR and normalized according to
HKGs (n = 9). Individual values are presented as fold change (FC) in log2 scale
by comparison with the corresponding HP-p-CD control in the same culture.
Graphs also present geometric means with geometric SD. Statistical test: Wil-
coxon paired test; not significant (ns); ** p < 0.01.

3.4. Neither progesterone nor progestin MPA modifies mRNA expression
of PGRMC1 in primary culture of endometrial stromal cells

In a second step, we assessed the influence of progesterone or the
progestin medroxyprogesterone 17-acetate (MPA) on PGR and PGRMC1
expression. For this purpose, pESC cultured in the absence of hormones
were incubated during 72 h in the presence of 1 nM E or the combination
of 1 nM E with 100 nM P (EP) or with 100 nM MPA (EMPA). These
conditions were used to mimic the secretory phase of the menstrual
cycle. We also ensured that DMSO (1/10 000 final concentration) used
to solubilize MPA, did not impact PGRMC1 expression (Fig. S3b).

As in xenografts, we first used MMP-3 and MMP-1 to evaluate pro-
gesterone repression in the cell culture model. Their expression was
decreased upon EMPA addition by comparison with E alone, as ex-
pected, but not upon EP addition (Fig. 4a,b). Moreover, the magnitude
of MMP-3 and MMP-1 repression by EMPA was much lower (<4-fold
between means) than that observed with EP in the xenografts (>6ACt
between means, corresponding to > 64-fold; Fig. 2a,b). Surprisingly,
PGR expression did not show significant variation following addition of
EP or EMPA by comparison with E (Fig. 4c). Coherently, PGRMCI mRNA
expression also remained stable upon EP or EMPA addition by com-
parison with E (Fig. 4d).

The same experiments were replicated using higher hormone con-
centrations (10 nM E and 1 uM P or 1 uM MPA), longer incubation times
(up to 6 days), variations in serum supply (no serum or charcoal-treated
serum). Similar results were obtained with all tested conditions (not
shown) and no significant effect in PGRMC1 expression could be found
either upon E addition or upon EP or EMPA addition by comparison with
E.

3.5. 8-Br-cAMP does not modify PGRMC1 and PGR expression in
primary culture of endometrial stromal cells

The secretory phase of the menstrual cycle is notably characterized
by decidualization of stromal cells. This step is essential to prepare the
endometrium for the possible implantation of an embryo. We therefore
hypothesized that decidualization could be necessary to mimic physio-
logical regulation of PGRMC1 expression during the secretory phase, at
least in stromal cells. Decidualization of stromal cells can be mimicked
in cell culture by incubating cells (i) with 8-bromoadenosine-3',5-cyclic
monophosphate (8-Br-cAMP or cAMP) alone or (ii) with progesterone or
a progestin such as MPA, or, (iii) for optimal differentiation, by a
combination of hormones and cAMP [54,55]. Therefore, pESC
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Fig. 4. Effects of progesterone or MPA addition on the relative concentration of
PGR and PGRMCI mRNA in primary culture of endometrial stromal cells.
Endometrial stromal cells in primary culture were incubated for 72 h with 1 nM
estradiol (E), with combined 1 nM estradiol and 100 nM progesterone (EP) or
with combined 1 nM estradiol and 100 nM MPA (EMPA). The relative con-
centration of MMP-3 (a), MMP-1 (b), PGR (c) and PGRMC1 (d) mRNA was
measured by RT-qPCR and normalized according to HKGs (n = 9). Individual
values are presented as fold change (FC) in log2 scale by comparison with the
corresponding E condition in the same culture. Graphs also present geometric
means with geometric SD. Statistical test: Wilcoxon paired test; not significant
(ns); ** p < 0.01.

precultured in the absence of hormones were incubated for 72 h in the
presence of 0.5 mM cAMP combined with 1 nM estradiol and 100 nM
progesterone. Decidualization of pESC was first validated by monitoring
their morphological changes. As expected, in the presence of the com-
bination EP + cAMP, pESC adopted an epithelial cell-like appearance
consisting in more rounded and swollen cells, due to accumulation of
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glycogen droplets, by comparison with the corresponding EP condition
without cAMP (Fig. S4a). Unexpectedly, expression of both HKGs, which
was unaffected by hormones (Fig. S5a), significantly decreased in
response to cAMP addition (Fig. S5b), thereby preventing their use to
normalize qPCR data. PCR results in Fig. S4b,d and Fig. 5 are therefore
presented as differences of the Ct values for the gene of interest, between
paired samples from a same experiment (therefore with cells from a
same patient at the same passage number and processed at the same
time). Normalization between samples is ensured by adjustment of the
same initial amount of total RNA for RT-qPCR. As expected, a strong
increase in prolactin expression, a marker of decidualization, was
measured (Fig. S4b). However, the mRNA concentration of both PGR
and PGRMC1 was not modified by the combination EP + cAMP, by
comparison with EP without cAMP (Fig. 5a). At the protein level,
western blots supported the absence of cAMP effect on PGRMC1, while
suggesting a reduction in GAPDH that was used as a potential loading
control (Fig. 5b).

In the same primary stromal cell cultures, addition of cAMP alone (i.
e. without concomitant EP) was sufficient to induce the morphological
changes in pESC corresponding to decidualization (Fig. S4c), as well as
to stimulate their prolactin expression (Fig. S4d). However, the addition
of cAMP alone did not modify PGR and PGRMC1 expression (Fig. 5¢). In
western blotting, similar results were obtained (Fig. 5d) as in the pres-
ence of EP. Altogether, these experiments did not indicate any effect of
cAMP on expression of PGR and PGRMC1 in pESC and did not support
the hypothesis that cAMP was necessary to induce reduction of PGRMC1
expression during the secretory phase.

4. Discussion and conclusion

Progesterone is a crucial regulator of the menstrual cycle and inap-
propriate response is involved in various gynecological pathologies.
Two isoforms (PR-A and PR-B) of the nuclear progesterone receptor
(nPR), both encoded by the PGR gene, have been largely documented
since their discovery, decades ago. Alternative receptors and/or regu-
latory pathways, including PGRMC1, were identified more recently and
the understanding of their precise contribution to hormonal response is
still only partial.

In a previous study, we identified a temporal variation of PGRMC1
expression profile (mRNA and protein) along the menstrual cycle in the
human endometrium, with a progressive increase during the prolifera-
tive phase and progressive decrease during the secretory phase [43]. In

Fig. 5. Effects of 8-Br-cAMP combined or not with
(a) (b) ¢ 8
Vs‘s v@ estradiol and progesterone on expression of PGR
S = Qﬁ' Qx(’ and PGRMCI in endometrial stromal cells in pri-
o o < & R
cS . csS mary culture. Stromal cells in primary culture were
-g ‘f‘, -% $ PGRMC1 incubated for 72 h with (EP, a,b) or without (-H, c,
g & g & d) combined 1 nM estradiol and 100 nM proges-
& @ 8 [ terone and with (+cAMP) or without (-cAMP) 0.5
w 5 w 5 GAPDH |- s mM 8-Br-cAMP. HP-p-CD was used as control when
= = appropriate. (a,c) The concentration of PGR and
EP+cAMP EP+cAMP PGRMCI mRNA was measured by RT-qPCR (n =
6-8) but was not normalized according to HKGs.
Individual results are presented as differences in Ct
values vs the corresponding condition without
d cAMP and as means with SD. Statistical test: Wil-
(C) PGR ( ) \3 ®  coxon paired test, not significant (ns). (b,d) Immu-
N g
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the present study, we further investigated the potential hormonal co-
regulation of PGRMC1 and PGR expression in the human endome-
trium, by combining and comparing analyses on cycling samples, xe-
nografts and primary endometrial stromal cell culture. We first
confirmed that expression of PGR and PGRMC]1 clearly varies along the
menstrual cycle, unlike that of PGRMC2 which remains constant.
Moreover, although our data in cycling samples and xenografts
converged to confirm that expression of PGR and PGRMC1 is co-related
during the proliferative and secretory phases, they also highlighted that
their expression diverges during the menstrual phase. Indeed, whereas
this phase is characterized by minimal values for PGR expression,
PGRMCI mRNA concentration is minimal at the end of the secretory
phase and increases thereafter. The mechanisms underlying this men-
strual increase in PGRMC1 expression remain unknown.

The cyclical variations were better reproduced in xenografts for PGR
than for PGRMCI. It is important to note that expression of both genes
was measured in the same xenograft samples, which excludes a major
bias due to the low number of samples (4 by condition). Moreover, the
range between the different phases or pseudo-phases (in xenografts) was
more pronounced for PGR than for PGRMCI. Indeed, the minimal
expression level measured for PGR during the proliferative phase in
cycling samples (Fig. 1a) was higher than the maximal levels in both the
menstrual and the secretory phase. Accordingly, PGR expression in the 4
xenografts mimicking the pseudo-proliferative phase was higher than in
the 8 other xenografts (Fig. 2c). In striking contrast, individual PGRMC1
expression levels were more heterogeneous and overlapped between
phases, both in the cycling endometrium and in xenografts. This clearly
suggests that regulation is tuned differentially for the two genes.

Since RT-PCR results reflect the mean expression level in the sample
lysates used for RNA purification, spatial variation of expression could
contribute to explain this individual tuning. Indeed, in our previous
study, we showed by immunolocalization that, besides cyclical regula-
tion, PGRMCI1 is also locally controlled, especially during the prolifer-
ative phase, with a gradient of decreasing PGRMC1 concentration
extending from the surface epithelium toward the basalis [43]. This
major spatial orientation axis is not reproduced in the xenograft model,
which only contained tissue originating from the superficial layer, but
additional immunolabeling experiments should be performed with xe-
nografts tissue sections to determine whether PGRMC1 expression pro-
file is also spatially heterogeneous and whether nPR is colocalized or
not. In addition to the lack of global orientation, xenografts in immu-
nodeprived animals also lack part of immune and inflammatory cell
populations. Besides human cells that were present at the time of
grafting, xenograft infiltration by immune and inflammatory host cells is
limited and could be biased by species specificities.

Although our two in vivo approaches converged to support cyclical
hormonal regulation by the ovarian steroids, primary culture of isolated
endometrial stromal cells at low passage numbers failed to directly
confirm this hypothesis. This is in part explained by the substantial
reduction in the amplitude of the hormonal effects in cell culture, by
comparison with corresponding in vivo situations. For instance, we
previously measured that the median concentration of MMP1 and MMP3
mRNA increases >1000-fold between the secretory and the menstrual
phase, in cycling human endometrial samples [56]. Accordingly,
expression of both genes was higher by a factor close to 100-fold (for
MMP3) or more (for MMP1) in xenografts (Fig. 2a,b), when comparing
samples collected from animals mimicking a pseudo-menstrual phase
(after pellet removal) with animals mimicking a pseudo-secretory phase
(new EP pellets). However, in striking contrast, expression of the two
genes was not significantly repressed by addition of combined EP in
primary culture, even at higher (10-fold) hormonal concentration and
for up to 6 days. A significant but very limited repression (around 2-fold)
was only achieved when replacing progesterone by MPA. This clearly
underlines the complexity of the molecular mechanisms of hormonal
response in the human endometrium, especially for a repressive role by
progesterone, such as for MMP3, MMP1, but also PGR and PGRMCI.
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Accordingly, PGR mRNA expression in our stromal cell cultures was not
significantly modified by combined EP or EMPA in cell culture by
comparison with E alone (Fig. 4c), although it was repressed by ~6-fold
both in cycling endometrial samples when comparing the secretory and
proliferative samples (Fig. 1a) and in xenografts when comparing the
pseudo-secretory (-H/+EP) and the pseudo-proliferative (-H/+E) sam-
ples (Fig. 2c). Moreover, PGR expression was only weakly induced by E
addition (<2-fold) in primary stromal cell culture (Fig. 3a) by compar-
ison with the stimulation observed in proliferative endometrial tissues
(~10-fold or 3.2 cycles, Fig. 1a) and in xenografts from mice implanted
with E pellet (~30-fold or 5 cycles, Fig. 2c). Altogether, our results do
not exclude the involvement of estradiol and progesterone in the phys-
iological control of endometrial PGRMCI1 expression, but suggest
(partially) different mechanisms of response than for PGR.

Estradiol is known to induce endometrial expression of both nPR
isoforms, PR-A and PR-B, during the proliferative phase [57,58]. We
confirmed the presence of the receptors ERa and nPR in the stromal cells
in primary culture. However, expression of ERa was weak and could
have been insufficient to generate an estradiol-induced increase in
PGRMC1 expression, which would in turn prevent any subsequent
repression by progesterone or MPA. This hypothesis can be tested by
overexpressing ERa.

Loss of hormone response could also result from the procedure used
to purify stromal cells, including limited tissue proteolysis. We repro-
duced these experiments with a cell line, the telomerase-transformed
endometrial stromal cells T-HESC [59] and obtained similar results.
However, a previous study highlighted the lack of progesterone-
responsiveness of T-HESC cells and suggested that it was due to lack
of nPR expression [60]. Moreover, it has previously been shown that
very few genes acutely respond to progesterone treatment, either in
combination with estradiol or not, in undifferentiated endometrial
stromal cells in primary culture [61]. Once again, overexpression of the
receptor could allow to test the hypothesis, but this would further in-
crease the lack of physiological relevance of the cell culture model.

Addition of cAMP in stromal cell culture induced decidualization and
prolactin expression, but failed to reduce mRNA or protein amounts of
PGRMC1, both in the presence and the absence of EP. The interplay
between progesterone and cAMP in the human endometrium is complex.
Incubation of stromal cells with combined EP for 8 days is a common
procedure to induce decidualization, but addition of cAMP to proges-
terone or progestins is a frequent alternative as it allows more rapid cell
differentiation (in 2 or 3 days). It has been known for over two decades
that cAMP and nPR signaling pathways converge for the induction of
decidualization-specific transcription factors [62]. PR-A was suspected
to be the major isoform involved in mediating the action of progesterone
in stromal cells during the secretory phase, notably for decidualization
[58]. Appropriate receptor levels are required. Indeed, the maintenance
of elevated nPR levels inhibits the onset of decidualization. This was
demonstrated by experiments in which transient transfection to over-
express PR-A or PR-B in primary human endometrial stromal cells
dramatically reduced the activity of a prolactin promoter-reporter con-
struction in response to cAMP. It was concluded that intracellular cAMP
levels contribute to induction of decidualization in part by sensitizing
stromal cells to the effect of progesterone by downregulating the
expression level of PR [62]. However, in our experiments, PGR mRNA
amounts in pESC were not modified by cAMP addition for 72 h, further
questioning the regulation of PGR expression in this model. Another
team has reported that treatment of endometrial stromal cells for 72 h
with 1 uM MPA and 0.5 mM 8-Br-cAMP for 3 days resulted in expected
decidualization and concomitant relocalization of PGRMC1 protein in
the nuclear fraction at the expense of the membrane/organelle fraction
[40]. However, this study did not highlight any quantitative change in
PGRMC1 expression in response to decidualization, in agreement with
our results.

Cell culture is a remarkable model for directly testing the effect of
agents added to the culture medium or of genetic modifications.
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However, it suffers from limitations, especially the lack of interaction
with other cell types and with the surrounding extracellular matrix. Cell-
cell and cell-matrix communications play key roles in cell adaptation to
its environment. Therefore, 3D models such as organoids and assem-
bloids combining epithelial and stromal cells are emerging and repre-
sent a very attractive alternative approach to further dissect the
regulation of endometrial PGRMC1 in the human endometrium, be it by
hormones or through additional mechanisms [63,64].

Mechanisms involved in transcriptional control of human PGR
expression (reviewed in [65]) involve transcription factor-binding ele-
ments in the promoter, such as Spl and AP-1 binding sites, and a half-
palindromic ER binding site in the PR-A promoter. Moreover, PGR
expression is also regulated by microRNAs such as miR-194-3p and miR-
196a which repress PGR expression in the eutopic endometrium of
women with endometriosis. Furthermore, DNA methylation of CpG
islands present in PGR promoter represses its expression. By comparison
with PGR, the transcriptional regulation of PGRMC1 remains largely
unknown and requires further investigation.

Besides PR and PGRMC1, mPRs are important regulators of the
progesterone response also in the endometrium [66]. Although mPRa is
the predominant mPR isoform in reproductive tissues, other isoforms,
including mPRp and mPRy have been detected in endometrial tissue. A
study reported increased PAQR7 (mPRa) expression and decreased
PAQR5 (mPRy) expression during the secretory phase [67]. Expression
of PAQR7, PAQR8 (mPRp) and PAQRS5 is decreased in the endometrium
of women with endometriosis compared to healthy women [68].
Moreover, expression of PAQR7 and PAQRS8 is downregulated in endo-
metrial cancer [69]. As a reminder, PGRMC]1 is overexpressed in cancers
including endometrial and breast tumors. Surprisingly, overexpression
of PGRMCI1 increased mPRa expression on the cell membrane of PR-
negative breast cancer cells [23]. This apparent contradiction clearly
underlines that additional investigation is required to better understand
regulation of expression of the various progesterone receptors and their
mutual interactions. Indeed, in the latter study [23], the authors found a
close association of mPRa and PGRMC1 in several breast cancer cell
lines, suggesting that the two proteins act as a receptor complex.

In conclusion, our direct comparison between PGRMC1 and PGR
expression in different experimental models derived from the human
endometrium does not provide direct evidence of regulation of PGRMC1
expression by estradiol and/or progesterone. However, our data do not
refute the hypothesis of hormonal control of both genes in the human
endometrium but further underline that specific mechanisms finely tune
PGRMCI1 expression in space and time.

Funding

This research was funded by Fonds Spéciaux de Recherche (FSR),
Université catholique de Louvain, Belgium (grant 11808.2019 and
8411.2017) and the Fonds de la Recherche Scientifique F.R.S.-FNRS,
Belgium (grants 35529417, 35296161, 31,279,577 and 29852605).
CT was, and MVW is recipient of a FRIA fellowship from the F.R.S-FNRS.
PH was and DT is Research Associate of the F.R.S.-FNRS.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.steroids.2023.109284.

Steroids 198 (2023) 109284

References

[1] P. Henriet, H.P. Gaide Chevronnay, E. Marbaix, The endocrine and paracrine
control of menstruation, Mol. Cell. Endocrinol. 358 (2) (2012) 197-207, https://
doi.org/10.1016/j.mce.2011.07.042.

[2] H.N. Jabbour, R.W. Kelly, H.M. Fraser, H.O.D. Critchley, Endocrine regulation of
menstruation, Endocr. Rev. 27 (1) (2006) 17-46.

[3] H.P. Gaide Chevronnay, C. Selvais, H. Emonard, C. Galant, E. Marbaix, P. Henriet,
Regulation of matrix metalloproteinases activity studied in human endometrium as
a paradigm of cyclic tissue breakdown and regeneration, BBA 1824 (1) (2012)
146-156.

[4] K.G. Osteen, G.R. Yeaman, K.L. Bruner-Tran, Matrix metalloproteinases and
endometriosis, Semin. Reprod. Med. 21 (2) (2003) 155-164, https://doi.org/
10.1055/5-2003-41322.

[5] V. Jain, R.R. Chodankar, J.A. Maybin, H.O.D. Critchley, Uterine bleeding: how
understanding endometrial physiology underpins menstrual health, Nat. Rev.
Endocrinol. 18 (5) (2022) 290-308.

[6] C. Galant, et al., Temporal and spatial association of matrix metalloproteinases
with focal endometrial breakdown and bleeding upon progestin-only
contraception, J. Clin. Endocrinol. Metab. 85 (12) (2000) 4827-4834, https://doi.
org/10.1210/jcem.85.12.7020.

[7] P. Vercellini, P. Vigano, E. Somigliana, L. Fedele, Endometriosis: pathogenesis and
treatment, Nat. Rev. Endocrinol. 10 (5) (2014) 261-275.

[8] J.Ke, J. Ye, M. Li, Z. Zhu, The role of matrix metalloproteinases in endometriosis: a
potential target, Biomolecules 11 (11) (2021) 1739.

[9] P. Henriet, K. Mon, E. Marbaix, Are matrix metalloproteinases and their inhibitors
reliable diagnosis biomarkers and attractive therapeutic targets in endometriosis?
Metalloproteinases Med. 3 (2016) 81-92, https://doi.org/10.2147/MNM.
$102209.

[10] J. Donnez, M.-M. Dolmans, Endometriosis and medical therapy: from progestogens
to progesterone resistance to GnRH antagonists: a review, J. Clin. Med. 10 (5)
(2021) 1085.

[11] B. McKinnon, M. Mueller, G. Montgomery, Progesterone resistance in
endometriosis: an acquired property? Trends Endocrinol Metab 29 (8) (2018)
535-548, https://doi.org/10.1016/j.tem.2018.05.006.

[12] O. Selmin, G.W. Lucier, G.C. Clark, A.M. Tritscher, J.P.V. Heuvel, J.A. Gastel, N.
J. Walker, T. R-Sutter, D.A. Bell, Isolation and characterization of a novel gene
induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin in rat liver, Carcinogenesis 17 (12)
(1996) 2609-2615.

[13] C. Meyer, R. Schmid, P.C. Scriba, M. Wehling, Purification and partial sequencing
of high-affinity progesterone-binding site(s) from porcine liver membranes, Eur. J.
Biochem. 239 (3) (1996) 726-731.

[14] D. Gerdes, et al., Cloning and tissue expression of two putative steroid membrane
receptors, Biol. Chem. 379 (7) (1998) 907-911, https://doi.org/10.1515/
bchm.1998.379.7.907.

[15] A.M. Friel, L. Zhang, C.A. Pru, N.C. Clark, M.L. McCallum, L.J. Blok, T. Shioda, J.
J. Peluso, B.R. Rueda, J.K. Pru, Progesterone receptor membrane component 1
deficiency attenuates growth while promoting chemosensitivity of human
endometrial xenograft tumors, Cancer Lett. 356 (2) (2015) 434-442.

[16] Y. Kabe, T. Nakane, I. Koike, T. Yamamoto, Y. Sugiura, E. Harada, K. Sugase,

T. Shimamura, M. Ohmura, K. Muraoka, A. Yamamoto, T. Uchida, S.o. Iwata,

Y. Yamaguchi, E. Krayukhina, M. Noda, H. Handa, K. Ishimori, S. Uchiyama,

T. Kobayashi, M. Suematsu, Haem-dependent dimerization of PGRMC1/Sigma-2
receptor facilitates cancer proliferation and chemoresistance, Nat. Commun. 7 (1)
(2016), https://doi.org/10.1038/ncomms11030.

[17] S.-T. Lin, E.W.S. May, J.-F. Chang, R.-Y. Hu, L.-C. Wang, H.-L. Chan, PGRMC1
contributes to doxorubicin-induced chemoresistance in MES-SA uterine sarcoma,
Cell. Mol. Life Sci. 72 (12) (2015) 2395-2409.

[18] M.R. McGuire, D. Mukhopadhyay, S.L. Myers, E.P. Mosher, R.T. Brookheart,

K. Kammers, A. Sehgal, E.S. Selen, M.J. Wolfgang, N.N. Bumpus, P.J. Espenshade,
Progesterone receptor membrane component 1 (PGRMC1) binds and stabilizes
cytochromes P450 through a heme-independent mechanism, J. Biol. Chem. 297 (5)
(2021), 101316, https://doi.org/10.1016/j.jbc.2021.101316.

[19] M.A. Cahill, Progesterone receptor membrane component 1: an integrative review,
J. Steroid Biochem. Mol. Biol. 105 (1-5) (2007) 16-36, https://doi.org/10.1016/j.
jsbmb.2007.02.002.

[20] M.A. Cahill, J.A. Jazayeri, S.M. Catalano, S. Toyokuni, Z. Kovacevic, D.

R. Richardson, The emerging role of progesterone receptor membrane component
1 (PGRMC1) in cancer biology, BBA 1866 (2) (2016) 339-349.

[21] M.A. Cahill, A.E. Medlock, Thoughts on interactions between PGRMC1 and diverse
attested and potential hydrophobic ligands, J. Steroid Biochem. Mol. Biol. 171
(2017) 11-33, https://doi.org/10.1016/].jsbmb.2016.12.020.

[22] J.J. Peluso, et al., Plasminogen activator inhibitor 1 RNA-binding protein interacts
with progesterone receptor membrane component 1 to regulate progesterone’s
ability to maintain the viability of spontaneously immortalized granulosa cells and
rat granulosa cells, Biol. Reprod. 88 (1) (2013) 20, https://doi.org/10.1095/
biolreprod.112.103036.

[23] P. Thomas, Y. Pang, J. Dong, Enhancement of cell surface expression and receptor
functions of membrane progestin receptor « (mPRa) by progesterone receptor
membrane component 1 (PGRMC1): evidence for a role of PGRMCI as an adaptor
protein for steroid receptors, Endocrinology 155 (3) (2014) 1107-1119, https://
doi.org/10.1210/en.2013-1991.

[24] M. Guo, C. Zhang, Y. Wang, L. Feng, Z. Wang, W. Niu, X. Du, W. Tang, Y. Li,

C. Wang, Z. Chen, Progesterone Receptor Membrane Component 1 Mediates
Progesterone-Induced Suppression of Oocyte Meiotic Prophase I and Primordial
Folliculogenesis, Sci. Rep. 6 (1) (2016), https://doi.org/10.1038/srep36869.


https://doi.org/10.1016/j.steroids.2023.109284
https://doi.org/10.1016/j.steroids.2023.109284
https://doi.org/10.1016/j.mce.2011.07.042
https://doi.org/10.1016/j.mce.2011.07.042
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0010
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0010
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0015
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0015
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0015
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0015
https://doi.org/10.1055/s-2003-41322
https://doi.org/10.1055/s-2003-41322
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0025
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0025
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0025
https://doi.org/10.1210/jcem.85.12.7020
https://doi.org/10.1210/jcem.85.12.7020
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0035
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0035
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0040
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0040
https://doi.org/10.2147/MNM.S102209
https://doi.org/10.2147/MNM.S102209
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0050
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0050
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0050
https://doi.org/10.1016/j.tem.2018.05.006
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0060
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0060
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0060
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0060
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0065
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0065
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0065
https://doi.org/10.1515/bchm.1998.379.7.907
https://doi.org/10.1515/bchm.1998.379.7.907
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0075
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0075
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0075
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0075
https://doi.org/10.1038/ncomms11030
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0085
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0085
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0085
https://doi.org/10.1016/j.jbc.2021.101316
https://doi.org/10.1016/j.jsbmb.2007.02.002
https://doi.org/10.1016/j.jsbmb.2007.02.002
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0100
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0100
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0100
https://doi.org/10.1016/j.jsbmb.2016.12.020
https://doi.org/10.1095/biolreprod.112.103036
https://doi.org/10.1095/biolreprod.112.103036
https://doi.org/10.1210/en.2013-1991
https://doi.org/10.1210/en.2013-1991
https://doi.org/10.1038/srep36869

M. Van Wynendaele et al.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

M. Suchanek, A. Radzikowska, C. Thiele, Photo-leucine and photo-methionine
allow identification of protein-protein interactions in living cells, Nat. Methods 2
(4) (2005) 261-267, https://doi.org/10.1038/nmeth752.

S.R. Lee, J.G. Lee, J.H. Heo, S.L. Jo, J. Ryu, G. Kim, J.-M. Yon, M.S. Lee, G.-S. Lee,
B.-S. An, H.-J. Shin, D.-C. Woo, I.-J. Baek, E.-J. Hong, Loss of PGRMC1 delays the
progression of hepatocellular carcinoma via suppression of pro-inflammatory
immune responses, Cancers (Basel) 13 (10) (2021) 2438.

A.L. Hughes, D.W. Powell, M. Bard, J. Eckstein, R. Barbuch, A.J. Link, P.

J. Espenshade, Dap1/PGRMCI binds and regulates cytochrome P450 enzymes, Cell
Metab. 5 (2) (2007) 143-149.

S.R. Lee, Y.H. Lee, S.L. Jo, J.H. Heo, G. Kim, G.-S. Lee, B.-S. An, L.-J. Baek, E.-

J. Hong, Absence of progesterone receptor membrane component 1 reduces
migration and metastasis of breast cancer, Cell Commun. Signal 19 (1) (2021),
https://doi.org/10.1186/512964-021-00719-w.

C.-C. Shih, H.-C. Chou, Y.-J. Chen, W.-H. Kuo, C.-H. Chan, Y.-C. Lin, E.-C. Liao, S.-
J. Chang, H.-L. Chan, Role of PGRMC1 in cell physiology of cervical cancer, Life
Sci. 231 (2019), 116541, https://doi.org/10.1016/1.1fs.2019.06.016.

C. Sueldo, X. Liu, J.J. Peluso, Progestin and adipoq receptor 7, progesterone
membrane receptor component 1 (PGRMC1), and PGRMC2 and their role in
regulating progesterone’s ability to suppress human granulosa/luteal cells from
entering into the cell cycle, Biol. Reprod. 93 (3) (2015) 63, https://doi.org/
10.1095/biolreprod.115.131508.

D.A. Pedroza, R. Subramani, K. Tiula, A. Do, N. Rashiraj, A. Galvez, A. Chatterjee,
A. Bencomo, S. Rivera, R. Lakshmanaswamy, Crosstalk between progesterone
receptor membrane component 1 and estrogen receptor a promotes breast cancer
cell proliferation, Lab. Invest. 101 (6) (2021) 733-744.

J.J. Peluso, J.K. Pru, Non-canonical progesterone signaling in granulosa cell
function, Reproduction 147 (5) (2014) R169-R178, https://doi.org/10.1530/REP-
13-0582.

M.A. Cahill H. Neubauer PGRMC Proteins Are Coming of Age: A Special Issue on
the Role of PGRMC1 and PGRMC2 in Metabolism and Cancer Biology Cancers 13 3
512.

J.J. Peluso, J.K. Pru, Progesterone Receptor Membrane Component (PGRMC)1 and
PGRMC2 and Their Roles in Ovarian and Endometrial Cancer, Cancers (Basel) 13
(23) (2021), https://doi.org/10.3390/cancers13235953.

J.J. Peluso, X. Liu, M.M. Saunders, K.P. Claffey, K. Phoenix, Regulation of ovarian
cancer cell viability and sensitivity to cisplatin by progesterone receptor membrane
component-1, J. Clin. Endocrinol. Metab. 93 (5) (2008) 1592-1599.

X. Ruan, Y. Zhang, A.O. Mueck, M. Willibald, H. Seeger, T. Fehm, S. Brucker,

H. Neubauer, Increased expression of progesterone receptor membrane component
1 is associated with aggressive phenotype and poor prognosis in ER-positive and
negative breast cancer, Menopause 24 (2) (2017) 203-209.

H. Neubauer, Y. Yang, H. Seeger, T. Fehm, M.A. Cahill, X. Tong, X. Ruan, A.

0. Mueck, The presence of a membrane-bound progesterone receptor sensitizes the
estradiol-induced effect on the proliferation of human breast cancer cells,
Menopause 18 (8) (2011) 845-850.

N.C. Clark, A.M. Friel, C.A. Pru, L. Zhang, T. Shioda, B.R. Rueda, J.J. Peluso, J.
K. Pru, Progesterone receptor membrane component 1 promotes survival of human
breast cancer cells and the growth of xenograft tumors, Cancer Biol. Ther. 17 (3)
(2016) 262-271.

M.L. McCallum, C.A. Pru, Y. Niikura, S.-P. Yee, J.P. Lydon, J.J. Peluso, J.K. Pru,
Conditional Ablation of Progesterone Receptor Membrane Component 1 Results in
Subfertility in the Female and Development of Endometrial Cysts, Endocrinology
157 (9) (2016) 3309-3319.

S. Salsano, A. Quinonero, S. Pérez, T. Garrido Gémez, C. Simén, F. Dominguez,
Dynamic expression of PGRMC1 and SERBP1 in human endometrium: an
implication in the human decidualization process, Fertil. Steril. 108 (5) (2017)
832-842.el.

L. Feng, B.C. Antczak, L. Lan, C.A. Grotegut, J.L. Thompson, T.K. Allen, A.

P. Murtha, Progesterone receptor membrane component 1 (PGRMC1) expression in
fetal membranes among women with preterm premature rupture of the membranes
(PPROM), Placenta 35 (5) (2014) 331-333.

K. Bunch, D. Tinnemore, S. Huff, Z.S. Hoffer, R.O. Burney, J.D. Stallings,
Expression patterns of progesterone receptor membrane components 1 and 2 in
endometria from women with and without endometriosis, Reprod. Sci. 21 (2)
(2014) 190-197.

C. Thieffry, M. Van Wynendaele, L. Samain, D. Tyteca, C. Pierreux, E. Marbaix,
P. Henriet, Spatiotemporal expression pattern of Progesterone Receptor
Component (PGRMC) 1 in endometrium from patients with or without
endometriosis or adenomyosis, J. Steroid Biochem. Mol. Biol. 223 (2022), https://
doi.org/10.1016/j.jsbmb.2022.106153.

L.C. Kao, S. Tulac, S. Lobo, B. Imani, J.P. Yang, A. Germeyer, K. Osteen, R.

N. Taylor, B.A. Lessey, L.C. Giudice, Global gene profiling in human endometrium
during the window of implantation, Endocrinology 143 (6) (2002) 2119-2138.
J.-C. Chen, N.J. Hannan, Y. Mak, P.K. Nicholls, J. Zhang, A. Rainczuk, P.G. Stanton,
D.M. Robertson, L.A. Salamonsen, A.N. Stephens, Proteomic characterization of
midproliferative and midsecretory human endometrium, J. Proteome Res. 8 (4)
(2009) 2032-2044.

S. Talbi, A.E. Hamilton, K.C. Vo, S. Tulac, M.T. Overgaard, C. Dosiou, N. Le Shay, C.
N. Nezhat, R. Kempson, B.A. Lessey, N.R. Nayak, L.C. Giudice, Molecular
phenotyping of human endometrium distinguishes menstrual cycle phases and
underlying biological processes in normo-ovulatory women, Endocrinology 147 (3)
(2006) 1097-1121.

C.S. Keator K. Mah A.M. Lawson O.D. Slayden Progesterone Receptor Membrane
Components (PGRMCs) Are Differentially Regulated by Estrogen in the Macaque
Endometrium. 81 Suppl_1 2009 152 152.

10

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Steroids 198 (2023) 109284

C.I. Ace, W.C. Okulicz, Microarray profiling of progesterone-regulated endometrial
genes during the rhesus monkey secretory phase, Reprod. Biol. Endocrinol. 2
(2004) 54, https://doi.org/10.1186/1477-7827-2-54.

S. Ingamells, I.G. Campbell, F.W. Anthony, E.J. Thomas, Endometrial progesterone
receptor expression during the human menstrual cycle, J. Reprod. Fertil. 106 (1)
(1996) 33-38.

H.J.M.M. Mertens, M.J. Heineman, P.H.M.H. Theunissen, F.H. de Jong, J.L.

H. Evers, Androgen, estrogen and progesterone receptor expression in the human
uterus during the menstrual cycle, Eur. J. Obstet. Gynecol. Reprod. Biol. 98 (1)
(2001) 58-65.

E.T. Sletten, N. Smaglyukova, A. @rbo, G. Sager, Expression of nuclear
progesterone receptors (nPRs), membrane progesterone receptors (mPRs) and
progesterone receptor membrane components (PGRMCs) in the human
endometrium after 6 months levonorgestrel low dose intrauterine therapy,

J. Steroid Biochem. Mol. Biol. 202 (2020), https://doi.org/10.1016/j.
jsbmb.2020.105701.

P. Coudyzer, P. Lemoine, C. Po, B.F. Jordan, P. Van Der Smissen, P.J. Courtoy,
P. Henriet, E. Marbaix, Induction of post-menstrual regeneration by ovarian steroid
withdrawal in the functionalis of xenografted human endometrium, Hum. Reprod.
30 (5) (2015) 1156-1168.

C. Thieffry, M. Van Wynendaele, A. Aynaci, M. Maja, C. Dupuis, A. Loriot,

E. Marbaix, P. Henriet, AG-205 Upregulates Enzymes Involved in Cholesterol
Biosynthesis and Steroidogenesis in Human Endometrial Cells Independently of
PGRMC1 and Related MAPR Proteins, Biomolecules 11 (10) (2021) 1472.

B. Tang, S. Guller, E. Gurpide, Cyclic adenosine 3’,5’-monophosphate induces
prolactin expression in stromal cells isolated from human proliferative
endometrium, Endocrinology 133 (5) (1993) 2197-2203, https://doi.org/
10.1210/endo.133.5.8404671.

AK. Brar, G.R. Frank, C.A. Kessler, M.I. Cedars, S. Handwerger, Progesterone-
dependent decidualization of the human endometrium is mediated by cAMP,
Endocrine 6 (3) (1997) 301-307.

V. Vassilev, C.M. Pretto, P.B. Cornet, D. Delvaux, Y. Eeckhout, P.J. Courtoy,

E. Marbaix, P. Henriet, Response of matrix metalloproteinases and tissue inhibitors
of metalloproteinases messenger ribonucleic acids to ovarian steroids in human
endometrial explants mimics their gene- and phase-specific differential control in
vivo, J. Clin. Endocrinol. Metab. 90 (10) (2005) 5848-5857.

B.S. Katzenellenbogen, Dynamics of steroid hormone receptor action, Annu. Rev.
Physiol. 42 (1980) 17-35, https://doi.org/10.1146/annurev.
ph.42.030180.000313.

P.A. Mote, et al., Colocalization of progesterone receptors A and B by dual
immunofluorescent histochemistry in human endometrium during the menstrual
cycle, J. Clin. Endocrinol. Metab. 84 (8) (1999) 2963-2971, https://doi.org/
10.1210/jcem.84.8.5928.

G. Krikun, G. Mor, A. Alvero, S. Guller, F. Schatz, E. Sapi, M. Rahman, R. Caze,
M. Qumsiyeh, C.J. Lockwood, A novel immortalized human endometrial stromal
cell line with normal progestational response, Endocrinology 145 (5) (2004)
2291-2296.

L. Saleh, G.R. Otti, C. Fiala, J. Pollheimer, M. Knofler, Evaluation of human first
trimester decidual and telomerase-transformed endometrial stromal cells as model
systems of in vitro decidualization, Reprod. Biol. Endocrinol. 9 (1) (2011), https://
doi.org/10.1186,/1477-7827-9-155.

L. Aghajanova, et al., Steroidogenic enzyme and key decidualization marker
dysregulation in endometrial stromal cells from women with versus without
endometriosis, Biol. Reprod. 80 (1) (2009) 105-114, https://doi.org/10.1095/
biolreprod.108.070300.

J.J. Brosens, N. Hayashi, J.O. White, Progesterone receptor regulates decidual
prolactin expression in differentiating human endometrial stromal cells,
Endocrinology 140 (10) (1999) 4809-4820, https://doi.org/10.1210/
endo.140.10.7070.

M. Boretto B. Cox M. Noben N. Hendriks A. Fassbender H. Roose F. Amant D.
Timmerman C. Tomassetti A. Vanhie C. Meuleman M. Ferrante H. Vankelecom
Development of organoids from mouse and human endometrium showing
endometrial epithelium physiology and long-term expandability.

T.M. Rawlings, K. Makwana, M. Tryfonos, E.S. Lucas, Organoids to model the
endometrium: implantation and beyond, Reprod Fertil 2 (3) (2021) R85-R101.
H. Pu, X. Wen, DiXian Luo, Z. Guo, Regulation of progesterone receptor expression
in endometriosis, endometrial cancer, and breast cancer by estrogen,
polymorphisms, transcription factors, epigenetic alterations, and ubiquitin-
proteasome system, J. Steroid Biochem. Mol. Biol. 227 (2023), https://doi.org/
10.1016/j.jsbmb.2022.106199.

D.M. Velazquez Hernandez, E.R. Vazquez-Martinez, I. Camacho-Arroyo, The role of
progesterone receptor membrane component (PGRMC) in the endometrium,
Steroids 184 (2022), 109040, https://doi.org/10.1016/j.steroids.2022.109040.
M.S. Fernandes, V. Pierron, D. Michalovich, S. Astle, S. Thornton, H. Peltoketo, E
W.-F. Lam, B. Gellersen, I. Huhtaniemi, J. Allen, J.J. Brosens, Regulated expression


https://doi.org/10.1038/nmeth752
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0130
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0130
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0130
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0130
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0135
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0135
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0135
https://doi.org/10.1186/s12964-021-00719-w
https://doi.org/10.1016/j.lfs.2019.06.016
https://doi.org/10.1095/biolreprod.115.131508
https://doi.org/10.1095/biolreprod.115.131508
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0155
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0155
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0155
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0155
https://doi.org/10.1530/REP-13-0582
https://doi.org/10.1530/REP-13-0582
https://doi.org/10.3390/cancers13235953
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0175
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0175
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0175
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0180
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0180
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0180
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0180
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0185
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0185
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0185
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0185
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0190
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0190
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0190
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0190
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0195
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0195
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0195
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0195
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0200
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0200
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0200
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0200
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0205
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0205
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0205
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0205
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0210
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0210
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0210
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0210
https://doi.org/10.1016/j.jsbmb.2022.106153
https://doi.org/10.1016/j.jsbmb.2022.106153
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0220
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0220
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0220
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0225
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0225
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0225
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0225
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0230
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0230
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0230
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0230
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0230
https://doi.org/10.1186/1477-7827-2-54
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0245
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0245
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0245
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0250
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0250
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0250
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0250
https://doi.org/10.1016/j.jsbmb.2020.105701
https://doi.org/10.1016/j.jsbmb.2020.105701
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0260
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0260
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0260
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0260
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0265
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0265
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0265
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0265
https://doi.org/10.1210/endo.133.5.8404671
https://doi.org/10.1210/endo.133.5.8404671
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0275
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0275
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0275
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0280
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0280
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0280
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0280
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0280
https://doi.org/10.1146/annurev.ph.42.030180.000313
https://doi.org/10.1146/annurev.ph.42.030180.000313
https://doi.org/10.1210/jcem.84.8.5928
https://doi.org/10.1210/jcem.84.8.5928
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0295
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0295
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0295
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0295
https://doi.org/10.1186/1477-7827-9-155
https://doi.org/10.1186/1477-7827-9-155
https://doi.org/10.1095/biolreprod.108.070300
https://doi.org/10.1095/biolreprod.108.070300
https://doi.org/10.1210/endo.140.10.7070
https://doi.org/10.1210/endo.140.10.7070
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0320
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0320
https://doi.org/10.1016/j.jsbmb.2022.106199
https://doi.org/10.1016/j.jsbmb.2022.106199
https://doi.org/10.1016/j.steroids.2022.109040
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0335
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0335

M. Van Wynendaele et al.

[68]

of putative membrane progestin receptor homologues in human endometrium and
gestational tissues, J Endocrinol 187 (1) (2005) 89-101.

E.R. Vdzquez-Martinez, C. Bello-Alvarez, A.L. Hermenegildo-Molina, M. Solis-
Paredes, S. Parra-Hernandez, O. Cruz-Orozco, J.R. Silvestri-Tomassoni, L.

F. Escobar-Ponce, L.A. Hernandez-Lopez, C. Reyes-Mayoral, A. Olguin-Ortega,

B. Sanchez-Ramirez, M. Osorio-Caballero, E. Garcia-Gomez, G. Estrada-Gutierrez,

11

[69]

Steroids 198 (2023) 109284

M. Cerb6n, I. Camacho-Arroyo, Expression of membrane progesterone receptors in
eutopic and ectopic endometrium of women with endometriosis, Biomed Res. Int.
2020 (2020) 1-7.

M. Sinreih, et al., Membrane progesterone receptors beta and gamma have
potential as prognostic biomarkers of endometrial cancer, J. Steroid Biochem. Mol.
Biol. 178 (2018) 303-311, https://doi.org/10.1016/j.jsbmb.2018.01.011.


http://refhub.elsevier.com/S0039-128X(23)00112-5/h0335
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0335
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
http://refhub.elsevier.com/S0039-128X(23)00112-5/h0340
https://doi.org/10.1016/j.jsbmb.2018.01.011

	Effects of estradiol, progesterone or cAMP on expression of PGRMC1 and progesterone receptor in a xenograft model of human  ...
	1 Introduction
	2 Materials and methods
	2.1 Collection of clinical specimens
	2.2 Cell isolation and culture
	2.3 Archived samples of human endometrial xenografts
	2.4 Cell incubation with hormones and cAMP
	2.5 RNA extraction
	2.6 Quantitative Real-Time PCR
	2.7 Immunolabeling
	2.8 Microscopy and signal quantification
	2.9 Protein extraction and western blot analysis
	2.10 Statistical analysis

	3 Results
	3.1 Expression of human endometrial PGRMC1 and PGR varies similarly during the menstrual cycle
	3.2 Estradiol induces and progesterone represses PGR but not PGRMC1 mRNA expression in a mouse model of human endometrial x ...
	3.3 Estradiol stimulates mRNA expression of PGR but not of PGRMC1 in stromal cells in primary culture
	3.4 Neither progesterone nor progestin MPA modifies mRNA expression of PGRMC1 in primary culture of endometrial stromal cells
	3.5 8-Br-cAMP does not modify PGRMC1 and PGR expression in primary culture of endometrial stromal cells

	4 Discussion and conclusion
	Funding
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


