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Up to 30% of women experience early miscarriage due to impaired decidualization. For implantation to occur, the uterine endometrial stromal fibroblast-like cells must differentiate into decidual cells, but the genes required for decidualization have not been fully defined. Here, we show that Malignant Brain Tumor Domain-containing Protein 1 (MBTD1), a member of the polycomb group protein family, is critical for human endometrial stromal cell (HESC) decidualization. MBTD1 predominantly localized to HESCs during the secretory phase and the levels were significantly elevated during in vitro decidualization of both immortalized and primary HESCs. Importantly, siRNA-mediated MBTD1 knockdown significantly impaired in vitro decidualization of both immortalized and primary HESCs, as evidenced by reduced expression of the decidualization markers PRL and IGFBP1. Further, knockdown of MBTD1 reduced cell proliferation and resulted in G2/M cell cycle arrest in decidualizing HESCs. Although progesterone signaling is required for decidualization, MBTD1 expression was not affected by progesterone signaling; however, MBTD1 knockdown significantly reduced expression of the progesterone target genes WNT4, FOXOA1, and GREB1. Collectively, our data suggest that MBTD1 contributes to in vitro decidualization of HESCs by sustaining progesterone signaling. This work could have implications for designing diagnostic and therapeutic tools for recurrent pregnancy loss.
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INTRODUCTION

Approximately 30% of women experience early miscarriage due to defective decidualization. Many of these miscarriages likely occur because the uterine endometrial stromal cells fail to transform from fibroblastic stromal cells into epithelioid-like secretory decidual cells (Salker et al., 2010; Teklenburg et al., 2010; Koot et al., 2012). To develop better diagnostic tools and treatment options for women experiencing early miscarriages, we must fully define the mechanisms and proteins required for decidualization.

Two key players in decidualization are the steroid hormones estrogen and progesterone. The primary role of estrogen is to prepare the uterine epithelia for embryo implantation. When progesterone concentration increases, estrogen action is inhibited in uterine epithelia, and endometrial stromal cell decidualization initiates. Progesterone acts by binding progesterone receptors and associated coregulators and subsequently activating expression of genes (Rubel et al., 2010; Lonard and O’Malley, 2012; Hantak et al., 2014; Wang et al., 2017) such as FOXO1A, WNT4, GATA2, and GREB1. However, it is likely that many genes important for decidualization have not been identified.

Bian et al. showed that polycomb repressive complex 1 (PRC1) controls decidualization (Bian et al., 2016). Polycomb group (PcG) proteins play important roles in development through their ability to modify histones and thereby control gene expression (Luo et al., 2013). Two PcG protein complexes, PRC1 and polycomb repressive complex 2 (PRC2), regulate chromatin remodeling and affect gene regulation (Levine et al., 2002). The PcG protein malignant brain tumor domain-containing protein 1 (MBTD1) regulates gene expression by controlling the chromatin remodeling process. MBTD1 is also a part of the histone acetyltransferase TIP60/NuA4 complex, which participates in DNA double-strand breaks repair through homologous recombination (Jacquet et al., 2016). Interestingly, acting as histone modifiers, the PcG proteins regulate gene transcription through methyltransferase activity (Mills, 2010) and by modulating histone acetyltransferase activity of the NuA4/TIP60 complex (Jacquet et al., 2016). Furthermore, histone modifications have been shown to play an important role in decidualization (Liu et al., 2019).

The MBTD1–CXorf67 fusion proteins have been observed in cases of low-grade endometrial stromal sarcoma (Dewaele et al., 2014). Further, analysis of publicly available GEO datasets revealed distinct MBTD1 expression in endometrial tissue in both physiological and pathological conditions, suggesting a possible role for MBTD1 in endometrial function. Here, we demonstrate that MBTD1 is upregulated during decidualization and plays an important role in progesterone-driven human and mouse endometrial stromal cell decidualization.



MATERIALS AND METHODS


Ethical Approval for the Collection of Endometrial Tissue

Endometrial tissue from women with regular menstrual cycles were obtained under a protocol (IRB ID #201612127) approved by the Washington University in St. Louis Institutional Review Board and the guidelines of the Declaration of Helsinki (Michalski et al., 2018). All subjects were recruited through the Washington University online classified section and local newspaper advertisements. Eligible participants signed an Informed Consent and Authorization form.



Endometrial Stromal Cell Isolation

Primary human endometrial stromal cells (HESCs) were obtained from patient donors. Patients provided written informed consent, and the research was approved by the Washington University in St. Louis Institutional Review Board (IRB ID #201612127) as described previously (Michalski et al., 2018). Additionally, all work involving human subjects followed the guidelines of the World Medical Association Declaration of Helsinki. Endometrial biopsies from healthy women of reproductive age were obtained during the proliferative phase (days 9 to 12) of the menstrual cycle, and endometrial cells were isolated as described previously (Camden et al., 2017; Michalski et al., 2018). Briefly, endometrial biopsies were minced using sterile scissors and then digested in DMEM/F12 media containing 2.5 mg/ml collagenase (Sigma-Aldrich, Saint Louis, MO, United States) and 0.5 mg/ml DNase I (Sigma-Aldrich, St. Louis, MO, United States) for 1.5 h at 37°C. Subsequently, detached cells were centrifuged and collected. The cells were then layered over a Ficoll-Paque reagent layer (GE Healthcare Biosciences, Pittsburgh, PA, United States) to remove lymphocytes. The top layer, containing the HESC fraction, was collected and filtered through a 40-μm nylon cell strainer (BD Biosciences, Franklin Lakes, NJ, United States). The filtrate containing HESCs was further resuspended in DMEM/F12 media containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 0.1 mg/ml streptomycin and cultured in tissue culture flasks. For each experiment, the total number of a minimum of three HESC lines were used. Representative data are from one patient sample experiment performed with three technical replicates.



Cell Culture

Primary HESCs were maintained in DMEM/F12 media supplemented with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin at 37°C and 5.0% CO2 concentration under humid conditions. Experiments were performed using no more than four passages. The telomerase-transformed human endometrial stromal cells (T-HESCs) were purchased from ATCC (ATCC CRL4003) and maintained in phenol-red free DMEM/F12 medium with 3.1 g/L glucose and 1 mM sodium pyruvate supplemented with 10% charcoal/dextran-treated FBS, 1% ITS (insulin, transferrin, sodium selenite + Premix, 1.5 g/L sodium bicarbonate, and 500 ng/ml puromycin), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. The media was replaced every other day.



siRNA Transfection and in vitro Decidualization

HESCs were plated in 6-well cell culture plates and treated in triplicate with Lipofectamine 2000 reagent (Invitrogen Corporation, Carlsbad, CA, United States) and 60 pmol of the following siRNAs: non-targeting siRNA/control siRNA (D-001810-10-05) or siRNAs targeting MBTD1 (L-020603-00-005) (GE Healthcare Dharmacon Inc., Lafayette, CO, United States) as described previously (Camden et al., 2017). After 48 h, cells were treated with decidualization media containing 100 nM estradiol (cat. no. E1024, Sigma-Aldrich), 10 μM medroxyprogesterone 17-acetate (MPA) (cat. no. M1629, Sigma-Aldrich), and 50 μM N6, 2′-O-dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt (cat. no. D0260, Sigma-Aldrich) in 1 × Opti-MEM reduced-serum media containing 2% charcoal-stripped FBS (referred to as EPC). The decidualization medium was changed every 48 h until day 3 or day 6, when the cells were harvested for RNA isolation with a total RNA isolation kit (Invitrogen/Life Technologies, Grand Island, NY, United States).

For MPA time course experiments, HESCs were plated in six-well cell culture plates and, at 80–90% confluence, were treated with 1 μM MPA in 1 × Opti-MEM reduced-serum media containing 2% charcoal-stripped FBS. Cells were harvested for RNA isolation using a total RNA isolation kit (Invitrogen/Life Technologies) or for protein collection using RIPA buffer (cat. no. 9806, Cell Signaling Technology) containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, and 1 mM PMSF.



Cell Proliferation Assay

Cell proliferation was determined by performing the MTT assay (Promega, Madison, WI, United States) according to the manufacturer’s instructions. Briefly, HES cells were transfected with non-targeting/control siRNA (D-001810-10-05), MBTD1 siRNA (L-020603-00-005), and PGR siRNA (L-006763-00-0005) (GE Healthcare Dharmacon Inc., Lafayette, CO, United States) and co-transfected with both MBTD1 and PGR siRNAs with the aid of Lipofectamine 2000 reagent (Invitrogen Corporation, Carlsbad, CA, United States). Then, 48 h post-transfection, 1 × 103 HESCs were plated per well of a 96-well plate (in triplicate). After the attachment, cells were treated with decidualization (EPC) media. The relative proliferation rate was evaluated with the MTT proliferation kit at 0, 24, and 48 h. The experiments were performed on three independent HESCs lines with three technical replicates in each.



Flow Cytometry

Forty-eight hours following siRNA transfection with control siRNA or MBTD1 siRNA alone or PGR siRNA alone or both MBTD1 and PGR siRNAs together using Lipofectamine 2000 transfection agent (Invitrogen Corporation, Carlsbad, CA, United States), HESCs were trypsinized and counted. For flow cytometry analysis, 2 × 105 cells were plated per well of six-well plates and then were treated with decidualization (EPC) media. After cells were cultured in EPC media for 48 h, cells were trypsinized, washed with phosphate-buffered saline (PBS), fixed in 70% chilled ethanol, and stained with 50 μg/ml propidium iodide (Sigma-Aldrich, St. Louis, MO, United States) containing 50 μg/ml RNase. Cell cycle stage analysis was performed by flow cytometry (FACS Canto II) and FACS Diva software (ver. 8.0; BD Biosciences, Franklin Lakes, NJ, United States). Each experiment was performed in technical duplicates and repeated in three independent HESC lines isolated from three subjects.



Prolactin ELISA

After 48 h of transfection with control or MBTD1 siRNA, cells were treated with decidualization media, and media was changed every 48 h until day 6. The cell culture supernatant was collected at day 0 and 6 and stored at −80°C. According to the manufacturer’s instructions, the Prolactin ELISA (cat. no. EHIAPRL, Invitrogen) was performed in cell culture media. Briefly, 50 μl of media was used to quantify the secreted Prolactin protein, and concentration of Prolactin was calculated from the standard curve. Each experiment was performed in triplicate and repeated in three independent HESC lines isolated from three subjects.



qRT-PCR

Cells or tissues were lysed in lysis buffer, and total RNA was isolated with the Purelink RNA mini kit (Invitrogen) according to the manufacturer’s instructions. RNA was quantified with a Nano-Drop 2000 (Thermo Scientific, Waltham, MA, United States). RNA (1 μg) was reverse transcribed with the High-Capacity cDNA Reverse Transcription Kit (Thermo Scientific). The amplified cDNA was diluted to 10 ng/μl, and qRT-PCR was performed with primers specified in Supplementary Table 1 and Fast Taqman 2 × mastermix (Applied Biosystems/Life Technologies, Grand Island, NY, United States) on a 7500 Fast Real-time PCR system (Applied Biosystems/Life Technologies). The delta–delta cycle threshold method was used to normalize expression to the reference gene 18S (Kommagani et al., 2013, 2016; Camden et al., 2017).



SDS-PAGE and Western Blotting

HESCs were homogenized in RIPA lysis buffer (cat. no. 9806, Cell Signaling Technology) containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, and 1 mM PMSF and centrifuged at 14,000 × g for 15 min at 4°C to collect the supernatant containing total protein lysates. Protein concentration was quantified using the BCA Protein Assay kit (cat no. 23227, Thermo Scientific) according to the manufacturer’s instructions. HESC lysate sample, containing 40 μg of protein, was loaded on a 4–15% SDS-polyacrylamide gel, separated with 1 × Tris–Glycine running buffer, and transferred to PVDF membranes using a wet electro-blotting system (Bio-Rad, United States), according to the manufacturer’s directions. PVDF membranes were blocked for 1 h in 5% non-fat milk in TBS-T (Bio-Rad) and incubated overnight at 4°C with anti-MBTD1 (1:500, ab170848, Abcam) and anti-GAPDH (1:3000, #2118S Cell Signaling Technology, United States) in 5% BSA in TBS-T. Blots were then probed with anti-rabbit IgG conjugated with horseradish peroxidase (1:5000, #7074, Cell Signaling Technology) in 5% BSA in TBS-T for 1 h at room temperature. Signal was detected with the Immobilon Western Chemiluminescent HRP Substrate (Millipore, MA, United States), and blot images were collected with a Bio-Rad ChemiDoc imaging system. Image Lab was used for densitometry analysis of the blot.



Immunofluorescence

Formalin-fixed, paraffin-embedded sections (5 μm) of human menstrual endometrium were deparaffinized in xylene, rehydrated in an ethanol gradient, and then boiled in antigen retrieval citrate-buffer (Vector Laboratories Inc., CA, United States). Subsequently, the samples were blocked with 2.5% goat serum in PBS (Vector Laboratories) for 1 h at room temperature. Sections were then incubated overnight at 4°C with MBTD1 antibody (ab170848, Abcam) or normal rabbit IgG (#2729, Cell Signaling Technology) diluted 1:50 in 2.5% normal goat serum. After washing with PBS, sections were incubated with Alexa Fluor 488-conjugated secondary antibody (Life Technologies) diluted 1:500 in 2.5% normal goat serum for 1 h at room temperature. Thereafter, the sections were washed with PBS (3 × 5 min each) and mounted with ProLong Gold Antifade Mountant with DAPI (cat. no. P36962 Thermo Scientific). Images were captured using a confocal microscope (Leica DMI 4000B).



Immunocytochemistry

HESCs were grown on a coverslip coated with poly-L-lysine (cat. no. P4832 Sigma-Aldrich) in six-well plates. After 6 days of in vitro decidualization as described above, cells were fixed with 4% paraformaldehyde (Alfa Aesar, United States) in PBS for 20 min at room temperature. Cells were then washed three times with PBS and permeabilized with 0.2% Triton X-100 (Sigma Aldrich, United States) in PBS for 20 min at room temperature. Next, cells were washed with PBS, blocked with 2.5% normal goat serum (Vector Laboratories) in PBS for 1 h at room temperature and incubated overnight at 4°C with anti-MBTD1 (ab170848, Abcam, 1:50 dilution) in 2.5% normal goat serum. After washing with PBS, the cells were incubated with Alexa Fluor 488-conjugated secondary antibodies (Life Technologies, 1:500 dilution) for 1 h at room temperature, washed, and mounted with ProLong Gold Antifade Mountant with DAPI (Thermo Scientific). Images were captured with a confocal microscope (Leica DMI 4000B) (Michalski et al., 2018).



Mice and Hormone Treatments

All experimental procedures involving mice followed a protocol approved by the Washington University in St. Louis Institutional Animal Care and Use Committee (Protocol Number 20160227). CD1 wild-type mice (Charles River, Saint Louis, MO, United States) were maintained on a 12-h light:12-h dark cycle. To assess uterine progesterone responses, 6-week-old CD1 mice were bilaterally ovariectomized, allowed to rest for 2 weeks to allow the endogenous ovarian-derived steroid hormones to dissipate, and then subcutaneously injected with 100 μl of sesame oil (vehicle control) or 1 mg of progesterone (Sigma-Aldrich) in 100 μl of sesame oil. Six hours later, mice were euthanized, uterine tissues were collected, and RNA was isolated and processed for qRT-PCR.



Statistical Analysis

A two-tailed paired Student’s t-test was used to analyze experiments comparing two experimental groups, and analysis of variance (ANOVA) by non-parametric alternatives was used for multiple comparisons to analyze experiments containing more than two groups. A value of p < 0.05 was considered significant. All data are presented as mean ± SEM. GraphPad Prism 8 software was used for all statistical analyses.



RESULTS


MBTD1 Expression Is Increased in Stromal Cells of Secretory Phase Endometrium

To explore the role of MBTD1 in endometrial function, we took advantage of publicly available data sets to analyze MBTD1 expression in normal endometrium at various stages of the menstrual cycle. We found a modest increase in the MBTD1 raw expression score during the secretory phase of the menstrual cycle as compared to the proliferative phase (Figure 1A, GSE4888) (Talbi et al., 2006). Interestingly, MBTD1 raw expression score was significantly reduced in the endometrium from women with recurrent implantation failure compared to healthy women (Figure 1B, GSE65102) (Lucas et al., 2016). These analyses indicate that MBTD1 expression differs in women with and without endometrial dysfunction. To determine where MBTD1 is expressed in the endometrium, we assessed MBTD1 protein immunoreactivity in the endometrium from proliferative and secretory phases (Figure 1C). We found an increased number of MBTD1 stained cells in stroma of secretory phase endometrium compared to proliferative phase endometrium (Figure 1C). Rabbit IgG was used as an isotype control to ensure the specificity of MBTD1 antibody (Figure 1D). These results suggest that MBTD1 might play a role in endometrial decidualization, and aberrant expression might be associated with uterine disorders that affect fertility such as recurrent implantation failure. Given this, in-depth functional analyses are warranted.
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FIGURE 1. Endometrial expression of MBTD1 throughout the menstrual cycle. (A) MBTD1 raw transcript scores of normal endometrium at various phases of the menstrual cycle, from microarray analysis within a publicly available GEO dataset (GSE4888). Results shown as mean ± SEM (n = 3–7). P, proliferative; ES, early secretory; MS, mid-secretory; and LS, late secretory. (B) MBTD1 raw transcript scores in the mid-secretory phase endometrium from women with and without recurrent implantation failure (RIF) measured from publicly available GEO data set (GSE65102) in patients. Results shown as mean ± SEM (n = 10). (C) Immunolocalization of MBTD1 (green) in proliferative and secretory phase endometrium (n = 9 proliferative and n = 6 secretory) showing increased nuclear localization in stromal cells of secretory phase endometrium. White arrowheads indicate MBTD1-positive cells, and red arrowheads indicate MBTD1-negative cells. Blue stain is DAPI. G, gland; S, stroma. (D) Rabbit IgG was used as isotype control for staining. Scale bar: 100 μm, **P < 0.01 and ns, non-significant.




MBTD1 Promotes Decidualization in Transformed HESCs

Given that endometrial decidualization occurs during the secretory phase of the menstrual cycle, and MBTD1 expression is elevated in secretory phase endometrium, we questioned whether MBTD1 has a role in endometrial decidualization. To test this, we first used T-HESCs as a model for in vitro decidualization. When exposed to decidualization conditions for 6 days, T-HESCs exhibited a progressive increase in the expression of the decidual marker prolactin (PRL) (Szwarc et al., 2018a; Figure 2A). By day 6 of decidualization, T-HESCs also expressed over two-fold more MBTD1 transcript than at day 0 (Figure 2A). Next, we transfected the transformed HESCs with either control siRNA or siRNA targeting MBTD1. As expected, control siRNA-transfected cells transformed from fibroblastic to cobblestone-like epithelioid cell morphology (Figure 2B) and showed increased expression of PRL and MBTD1 by day 6 of decidualization (Figure 2C). In contrast, cells transfected with MBTD1 siRNA failed to undergo this morphological change (Figure 2B) and did not have elevated expression of PRL or MBTD1 (Figure 2C). These results indicate that MBTD1 promotes decidualization in transformed HESCs.
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FIGURE 2. MBTD1 is required for decidualization of immortalized human endometrial stromal cells (HESCs). (A) Levels of PRL and MBTD1 transcripts from immortalized HESCs after induction of decidualization over 6 days. (B) Representative images of transformed HESCs transfected with control or MBTD1 siRNA prior to (day 0) and after 6 days of culture in decidualization (EPC, Estrogen-MPA-cAMP) conditions. Red arrowheads indicate non-decidualized cells, and black arrowheads indicate decidualized cells. Scale bar: 200 μm. (C) Levels of MBTD1 and PRL transcripts in immortalized HESCs transfected with control or MBTD1 siRNA after 6 days of decidualization. Results are mean ± SEM from three biological replicates; **P < 0.01, ***P < 0.001, and ****P < 0.0001.




MBTD1 Is Induced During Decidualization in Primary HESCs

We next sought to determine the role of MBTD1 in primary HESC decidualization. Similar to our findings in transformed HESCs, MBTD1 transcripts increased by 6 days of decidualization in primary HESCs (Figure 3A). Induction of the decidual markers PRL (Szwarc et al., 2018a) and insulin-like growth factor-binding protein-1 (IGFBP1) (Szwarc et al., 2018b) confirmed that the HESCs effectively decidualized (Figure 3A). MBTD1 protein expression also increased during decidualization, as evidenced both by Western blot (Figure 3B) and by immunofluorescence (Figure 3C). These data are in line with the elevated expression of stromal-derived MBTD1 in secretory phase endometrium (Figure 1C). As expected, MBTD1 protein was predominantly nuclear in both non-decidualized and decidualized primary HESCs (Figure 3C). The presence of MBTD1 in the non-decidualized cells is consistent with its basal level expression in the proliferative phase endometrium (Figure 1C).
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FIGURE 3. MBTD1 expression is induced during in vitro decidualization of primary human endometrial stromal cells (HESCs). (A) Levels of MBTD1, PRL, and IGFBP1 transcripts from HESCs induced to decidualize for 6 days. (B) Western blot and densitometric analysis of MBTD1 protein levels from HESCs cultured in decidualization media for 6 days. GAPDH was used as a loading control. (C) Immunofluorescent detection of MBTD1 (green) in HESCs treated with vehicle or decidualization media (EPC, Estrogen-MPA-cAMP) prior to (day 0) and after decidualization (day 6). Prominent MBTD1 nuclear staining was apparent in decidualized HESCs. Blue stain is DAPI. Red arrowhead indicates decidualized cells and blue arrowheads indicate non-decidualized cells. Scale bar: 100 μm. Results are shown as the mean ± SEM from three biological replicates from a representative experiment (experiment repeated three times, n = 3); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




MBTD1 Is Essential for Decidualization of Primary HESCs

To determine whether MBTD1 was required for primary HESC decidualization, we transfected HESCs with control or MBTD1-targeting siRNAs and exposed the cells to decidualization conditions. HESCs that received control siRNA changed morphology (Figure 4A) and had increased expression of MBTD1, IGFBP1, and PRL (Figure 4B) by day 6. In contrast, HESCs that received MBTD1-targeting siRNA did not show a dramatic morphological change over 6 days (Figure 4A) and expressed significantly less MBTD1, PRL, and IGFBP1 than control cells (Figure 4B). Further, quantification of secreted Prolactin (PRL) from culture media revealed the significant decrease at day 6 in HESCs that received MBTD1-targeting siRNA (Figure 4C). The knockdown efficiency of MBTD1 at protein level was confirmed by immunoblotting (Figure 4D). As expected, siRNA against MBTD1 effectively downregulated MBTD1 protein levels at both basal (day 0) and induced (day 6) time points in decidualizing stromal cells. Together, these results indicate that MBTD1 is required for complete primary HESC decidualization.
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FIGURE 4. MBTD1 is essential for primary human endometrial stromal cell decidualization. (A) Morphology of human endometrial stromal cells (HESCs) transfected with control or MBTD1 siRNA at basal (day 0) or after 6 days of culture in decidualization conditions. Red arrowheads indicate non-decidualized cells and black arrowhead indicates decidualized cells. Scale bar: 200 μm. (B) Levels of MBTD1, IGFBP1, and PRL transcripts in HESCs transfected with control or MBTD1 siRNAs at basal (day 0) or 6 days of decidualization. (C) Levels of secreted Prolactin into the media were measured using ELISA-based assay in HESCs transfected with control or MBTD1 siRNAs at day 0 or 6 days after EPC treatment. (D) Western blot and densitometric analysis of MBTD1 protein levels from HESCs transfected with control or MBTD1 siRNA. Representative data from three replicates from one patient sample are shown as mean ± SEM. The experiment was repeated three times, n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




MBTD1 Controls Cell Proliferation and Cell Cycle Progression of Decidualizing HESCs

Given that stromal cell decidualization is regulated by many factors that control cell cycle progression, we next examined the effect of MBTD1 on cell cycle progression. To test this, we transiently transfected HESCs with control siRNAs or MBTD1 siRNA or PGR siRNA or MBTD1 and PGR siRNAs together, cultured the cells for 48 h in EPC media, and then subjected them to flow cytometry. Knockdown of either MBTD1 or PGR resulted in an increase in G2/M arrested cells, with a concomitant reduction in G0/G1 cells (Figures 5A–E). Interestingly, we found no synergistic effect of MBTD1 and PGR in mediating HESC proliferation. The effect of PGR knockdown on G0/G1and G2/M is consistent with published work (Logan et al., 2012) that found MPA augments G2/M cell cycle arrest of HESCs during decidualization. Since alterations in cell cycle progression impacts cell survival, we next examined the effect of MBTD1 on stromal cell proliferation. Consistent with altered cell cycle progression, we found that knockdown of either MBTD1 or PGR or both together resulted in a decreased HESC proliferation (Figure 5F). Additionally, we confirmed the effective knockdown of MBTD1 and PGR (Figure 5G) with the respective siRNAs. These results suggest that MBTD1 controls cell proliferation and cell cycle progression of decidualizing HESCs.
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FIGURE 5. MBTD1 controls human endometrial stromal cell proliferation and cell cycle progression. (A–D) Human endometrial stromal cells (HESCs) transfected with control (A), MBTD1 (B), PGR (C), and PGR + MBTD1 siRNAs (D). After 48 h of transfection, cells were treated in decidualization media for 48 h and subjected to flow cytometry analysis. Histograms depict the percentages of cells in each phase of the cell cycle. (E) Graph depicting the distribution of cells in indicated phases of the cell cycle. (F) MTT cell proliferation assay of HESCs transfected with control siRNA or MBTD1 siRNA or PGR siRNA or MBTD1 + PGR siRNAs at indicated time points. (G) Transcript levels of MBTD1 (left panel) and PGR (right panel) from HESCs after 48 h of transfection with indicated siRNAs. Representative data from one patient sample and the experiment repeated three times with independent HES cell lines. Results represent the mean ± SEM (n = 3). *P < 0.05, **P < 0.01, ns, non-significant.




MBTD1 Regulates Expression of Progesterone Receptor Target Genes

To define the molecular mechanism by which MBTD1 promotes decidualization, we evaluated the effect of MBTD1 knockdown on expression of progesterone receptor (PGR) target genes WNT4, FOXO1A, and GREB1, which together promote HESC decidualization (Kommagani et al., 2016; Camden et al., 2017). In primary HESCs, transfected with control siRNA, expression of IGFBP1, PGR, WNT1, FOXO1A, and GREB1 all increased after 3 days in decidualization conditions (Figures 6A,B). Primary HESCs transfected with MBTD1 siRNA had significantly less IGFBP1, WNT4, FOXO1A, and GREB1 transcripts after 3 days than did cells transfected with control siRNA (Figures 6A,B). However, expression of PGR was not affected by MBTD1 knockdown in decidualizing HESCs (Figure 6A). These results indicate that MBTD1 modulates PGR-mediated gene expression but not PGR expression during endometrial decidualization.
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FIGURE 6. MBTD1 is required for induction of key decidual marker genes in decidualizing primary HESCs. (A) Transcript levels of MBTD1, IGFBP1, and PGR in HESCs transfected with control or MBTD1 siRNAs and induced to decidualize for 3 days. (B) WNT4, FOXO1A, and GREB1 expression in HESCs transfected with control or MBTD1 siRNAs and induced to decidualize for 3 days. Representative data from three replicates from one patient sample are shown as mean ± SEM. The experiment repeated three times, n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, ns, non-significant.




MBTD1 Is Not Responsive to Progesterone in Human or Mouse Endometrium

Finally, we wondered whether MBTD1 expression was regulated by progesterone. The levels of both MBTD1 transcript (Figure 7A) and MBTD1 protein (Figure 7B) remained unchanged in primary HESCs over 24 h of treatment with MPA. Induction of the well-established PGR target FOXO1A at 4 h post-MPA treatment confirmed that the cells responded to MPA (Figure 7A). To determine the physiological relevance of this finding, we measured Mbtd1 gene expression in uteri from ovariectomized mice treated with progesterone (P4) for 6 h. Although this treatment increased uterine expression of the well-established progesterone targets amphiregulin (Areg), Indian hedgehog (Ihh), and interleukin 13 receptor subunit alpha 2 (Il13ra2) (Figure 7C; Kommagani et al., 2016; Rubel et al., 2016), progesterone treatment did not increase expression of Mbtd1 (Figure 7C). Together, these data indicate that MBTD1 is not a direct target of progesterone in human or murine endometrium.
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FIGURE 7. MBTD1 is not a progesterone-responsive gene in human or mouse endometrium. (A,B) Relative amounts of MBTD1 and FOXO1A mRNA (A) and MBTD1 protein with densitometric analysis (B) in human endometrial stromal cells (HESCs) treated with 1 μM MPA over 24 h. Representative data from three replicates from one patient sample are shown as mean ± SEM. GAPDH was used as a loading control. (C) The relative transcript levels of Areg (amphiregulin), Ihh (Indian hedgehog), and Il13ra2 (interleukin 13 receptor subunit alpha 2) and Mbtd1 in uteri from ovariectomized mice treated with vehicle (oil) or 1 mg progesterone (P4) for 6 h. Results represent the mean ± SEM; n = 5 mice/group. *P < 0.05, and ns, non-significant.




DISCUSSION

In humans, endometrial stromal cell decidualization begins spontaneously during the mid-secretory phase of the menstrual cycle, even if a conceptus is not present (Zhang et al., 2013). Successful endometrial stromal cell decidualization is one of the critical events during early pregnancy and is required for establishment of successful pregnancy. Increasing evidence suggests that impaired decidualization is the leading cause in a variety of fertility-associated conditions including early miscarriages, recurrent implantation failures (Salamonsen et al., 2009; Wang and Yu, 2018; Messaoudi et al., 2019), recurrent pregnancy loss, and preeclampsia (Brosens et al., 2002; Salker et al., 2010). Specifically, impaired decidualization contributes to ∼30% of failed pregnancies and is a significant cause for recurrent implantation failures in in vitro fertilization. Therefore, even with high-quality embryo transfers, implantation failures occur due to endometrial dysfunction.

Here, we provided five lines of evidence indicating that MBTD1 participates in HESC decidualization by promoting progesterone signaling. First, we showed that MBTD1 is predominantly localized in the HESCs of secretory phase endometrium. Second, MBTD1 expression was induced during in vitro decidualization of both immortalized and primary HESCs. Third, siRNA-mediated MBTD1 knockdown impaired in vitro decidualization of both immortalized and primary HESCs. Fourth, MBTD1 controls the HESC proliferation and cell cycle progression during decidualization. Fifth, we showed that MBTD1 mediates transcription of the PR targets WNT4, FOXOA1, and GREB1. However, MBTD1 expression was not regulated by progesterone.

We found that MBTD1 controls cell cycle progression during stromal cell decidualization, which is consistent with its established role in cell cycle regulation. For example, Luo et al. (2013) showed that depletion of MBTD1 in oocytes activated the cell cycle checkpoint protein Chk1 and led to cell cycle arrest. Further, regulation of HESC proliferation by MBTD1 is in line with published work that indicated that MBTD1 controls growth of multiple cancer cells (de Rooij et al., 2016; Hoang et al., 2018; Yamamoto et al., 2018; Fu et al., 2019; Plesa and Sujobert, 2019; Wu et al., 2019). Thus, based on our findings and published work, we posit that MBTD1 functions in HESC decidualization through multiple cellular mechanisms. First, MBTD1 could control the stromal cell proliferation that precedes differentiation and cell cycle progression of stromal cells to differentiate into decidual cells. Second, MBTD1 could participate in protecting HESCs from DNA damage. Recent reports indicate that DNA damage increases during decidualization (Lei et al., 2012). Specifically, significantly higher levels of H2AX phosphorylation, a marker of DNA damage, were observed at implantation sites compared to inter-implantation sites in rodents (Lei et al., 2012; Yang et al., 2018). Additionally, expression of the DNA damage repair and DNA binding proteins is induced during the mid- to late-secretory phase of the menstrual cycle and is expressed in decidualizing ESCs in vitro (Kajihara et al., 2006; Labied et al., 2006). Furthermore, Luo et al. showed that depletion of MBTD1 in mouse oocytes led to downregulation of the DNA damage repair checkpoint protein 53BP1 and increased formation of γH2AX foci (Luo et al., 2013). Future work should investigate the ability of MBTD1 to contribute to genomic stability during decidualization.

Given the results presented here and the established roles of MBTD1, we posit that MBTD1 enables progesterone-dependent differentiation of HESCs into decidual cells. Further studies investigating the role of MBTD1 in vivo will aid in developing new diagnostics and therapeutics for endometrial pathologies that affect fertility such as recurrent pregnancy loss.
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A limited window of receptivity is a prerequisite of reproductive success. Indispensable receptivity genes include cyclooxygenase 2 (COX2), an enzyme accomplishing formation of prostaglandin E2 (PGE2). A powerful regulator of PGE2 formation is Annexin A7 (ANXA7). The present study thus explored whether ANXA7 impacts on implantation and fertility. Here we show that ANXA7 is expressed in endometrial tissue and increases upon decidual transformation of human endometrial stromal cells (HESCs) in a time-dependent manner. Silencing ANXA7 significantly decreased the expression of PRL and IGFBP1, canonical decidual marker genes, but enhances COX2 and PGE2 levels. Genetic knockout of AnxA7 in mice significantly increases the number of implantation sites and litter sizes. Further, analysis of human endometrial biopsies showed that ANXA7 transcript and protein levels are decreased during the midluteal window of implantation in women suffering from recurrent pregnancy loss (RPL) when compared to subfertile patients. Taken together, the data indicate that ANXA7 has a conserved role in regulating endometrial receptivity and implantation.
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INTRODUCTION

Following the post-ovulatory rise in progesterone levels, human endometrial stromal cells (HESCs) undergo extensive biochemical and morphological reprogramming, a process known as decidualization, in preparation for pregnancy (Koot et al., 2012; Gellersen and Brosens, 2014). While this process is initiated during the mid-luteal phase of the cycle, the emergence of morphologically decidualized cells at the start of the late-luteal phase marks the end of the implantation window, defined as the limited period during which a developmentally competent blastocyst can implant (Cha et al., 2012; Koot et al., 2012; Gellersen and Brosens, 2014; Macklon and Brosens, 2014). Decidualization is thus essential for the establishment of uterine receptivity, post-implantation embryo survival, and placentation. Key factors involved in endometrial receptivity and embryo implantation include prostaglandin (PG) production (namely PGE2) by cyclooxygenase 2 (COX2; PTGS2) (Cha et al., 2012; Ruan et al., 2012).

Prostaglandin synthesis starts with the formation of arachidonic acid (AA) from membrane phospholipids mediated by phospholipase A2 (PLA2) (Vilella et al., 2013). Subsequently, COX2, via its peroxidase activity, converts AA into PGs, including PGE2 (Leslie, 2004; Cha et al., 2012; Ruan et al., 2012; Vilella et al., 2013). In the endometrium, COX2 levels and PGE2 production increase during the luteal phase of the menstrual cycle and during early pregnancy (Ye et al., 2018). Compromised endometrial prostaglandin synthesis is observed in women with repeated implantation failure (Achache et al., 2010). Importantly, loss of COX2 or PLA2 can result in infertility due to abnormalities of ovulation, implantation, and decidualization in mice (Lim et al., 1997; Vilella et al., 2013; Salker et al., 2018).

As shown in other cell types, COX2, PLA2 and thus PGE2 formation are strictly controlled by multiple factors, including Annexin A7 (synexin or ANXA7) (Scott et al., 1999; Harper and Tyson-Capper, 2008). Annexins are a family of evolutionary calcium-dependent phospholipids binding proteins, which are found in almost all tissues and cell types (Benz and Hofmann, 1997; Gerke and Moss, 2002; Guo et al., 2013). In humans, twelve annexin subfamilies have been described (Annexin A1-11 and Annexin 13) (Benz and Hofmann, 1997; Gerke and Moss, 2002; Guo et al., 2013). These proteins are mainly distributed in the inner surface of the plasma membrane and have important roles in regulation of cytoskeletal activity, cell adhesion, membrane receptor regulation, membrane transport and mitosis (Liu et al., 2020). ANXA7 was the first annexin protein to be described (Benz and Hofmann, 1997; Gerke and Moss, 2002). It was first isolated as a factor that mediates aggregation of chromaffin granules and fusion of phospholipids membranes in the presence of Ca2+ and in Ca2+-GTP-dependent secretion (Herr et al., 2001; Guo et al., 2013). ANXA7 differs from other members as it possesses and extra-long amino terminus (Camors et al., 2005; Rick et al., 2005) and alternative splicing generates two isoforms with molecular weights of 47 kDa and 51 kDa. Most tissues harbor the 47 kDa isoform, while the larger isoform is expressed in skeletal muscle, heart, and brain (Camors et al., 2005; Rick et al., 2005). ANXA7 has a unique architecture that allows it to dock in a Ca2+ dependent manner onto the phospholipid cell membrane; this prevents PLA2 from binding to the membrane, thus inhibiting PGE2 formation (Herr et al., 2001, 2003; Clemen et al., 2003; Rick et al., 2005; Schrickel et al., 2007; Lang et al., 2009, 2010; Guo et al., 2013). Consequently, ANXA7 influences many physiological processes including secretion, hormone release, cell survival, cell volume, cardiac remodeling, gastric acid secretion, and inflammation by inhibiting PLA2 and PGE2 formation (Lang et al., 2009; Luo et al., 2015). Overexpression of ANXA7 is associated with aggressive tumors by accelerating cell cycle progression and proliferation (Liu et al., 2020).

Knockout of AnxA7 in mice was initially reported to be lethal on embryonic day 10 (Srivastava et al., 1999). A second attempt by Herr et al. (2001) yielded viable AnxA7 knockout mice (Herr et al., 2001). In the mouse line described in the latter study, the neo cassette was inserted directly into exon 8 of the AnxA7 gene (Herr et al., 2001). Srivastava et al. (1999) replaced part of intron 5 and exon 6, an exon transcribed selectively in striated muscle and brain. Hence, the results of the two knockout models might be due to alterations in the expression of other genes in the vicinity of the integration site.

We speculated that ANXA7 may modulate endometrial receptivity in view of its role in regulating prostaglandin synthesis. However, to the best of our knowledge, little is known about the impact of ANXA7 on early implantation events. The present study thus explored the impact of ANXA7 on embryo implantation and fertility. We examined the expression of ANXA7 upon decidual transformation of HESCs. We demonstrated that ANXA7 knockdown impairs the induction of cardinal decidual markers prolactin (PRL) and insulin-like growth factor binding protein 1 (IGFBP1), but enhances COX2 and PGE2 levels in human endometrium. We report that litter sizes are significantly larger in AnxA7–/– knockout females when compared to wild-type littermates. Finally, we disclose that ANXA7 levels are higher in women subfertility (SF) when compared to women with recurrent pregnancy loss (RPL).



RESULTS


Expression of ANXA7 in Human Endometrium

According to the Human Protein Atlas, ANXA7 is expressed in the endometrial glands and stroma and luminal epithelium (Uhlen et al., 2005). To investigate ANXA7 mRNA levels in cycling endometrium we performed in silico analysis of gene expression data obtained in human endometrium across the cycle (GEO Profiles ID: 24464767). Endometrial ANXA7 transcript levels increased from the proliferative to the early secretory phase of the cycle (Figure 1A). To investigate whether ANXA7 plays a role in decidualization, primary HESCs were decidualized with 0.5 μM 8-br-cAMP and 1 μM MPA (CM) for a total of 8 days. ANXA7 expression was examined at both mRNA and protein levels. Analysis of independent primary cultures demonstrated that ANXA7 (at both mRNA and protein levels) remained low during the initial pro-inflammatory decidual phase (days 2–4; aligned to the implantation window) (Salker et al., 2012a; Lucas et al., 2020) before rising around days 6–8, which coincides with the emergence of specialized decidual cells (aligned to the refractory period in vivo) (Salker et al., 2012a; Lucas et al., 2020; Figures 1B,C and Supplementary Figure S1).
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FIGURE 1. ANXA7 level in human endometrium and human endometrial stromal cells (HESCs). (A) ANXA7 gene expression is upregulated in secretory phase in human endometrium (Gene Expression Omnibus; GEO ID 24464767). (B) Arithmetic means ± SEM (n = 6) of ANXA7 mRNA levels in HESCs, decidualized with 0.5 μM 8-Br-cAMP and 1 μM MPA (CM) up to 8 days. (C) Original Western blot (left) and arithmetic means ± SEM (n = 10; right) of ANXA7 in HESCs decidualized with 0.5 μM 8-Br-cAMP and 1 μM MPA (CM) up to 8 days. Student’s t-test was used to calculate statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Impact of ANXA7 Knockdown on Decidual Marker Genes

Decidualization denotes the differentiation process by which HESCs acquire a specialized secretory phenotype. PRL and IGFBP1 are canonical marker genes widely used to assess the quality of the decidual response in HESCs (Saleh et al., 2011). In order to test whether ANXA7 influences the expression of decidual marker genes, primary cultures were first transfected with NT or siRNA targeting ANXA7 and then decidualized with CM for 6 days. As seen in Figures 2A,B and Supplementary Figure S2, siRNA-mediated knockdown decreased ANXA7 expression at both transcript and protein level by 85.05% and 87.23%, respectively. ANXA7 knockdown also inhibited PRL and IGFBP1 mRNA levels in decidualizing cultures as well as secreted PRL levels (Figures 2C–E). The differentiation-associated changes in the actin cytoskeleton by phalloidin staining of filamentous actin (F-actin) was also reduced in cells targeted with siRNA-ANXA7 (Figure 2F).
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FIGURE 2. Loss of ANXA7 reduces key decidual markers. HESCs were transfected by non-targeting (NT) or siRNA ANXA7 and then decidualized for 6 days with 0.5 μM 8-Br-cAMP and 1 μM MPA (CM). (A) Arithmetic means ± SEM (n = 5) of ANXA7 mRNA levels. (B) Original Western blot (left) and arithmetic means ± SEM (n = 10; right) of ANXA7 protein abundance. Arithmetic means ± SEM (n = 6–8) of (C) PRL transcript and (D) secreted PRL levels and (E) IGFBP expression levels in decidualizing HESCs. (F) Immunofluorescence images of F-actin (Phalloidin, red) in undifferentiated HESCs, decidualised or with siRNA targeting ANXA7. Nuclei are stained blue with DAPI (n = 3). Scale bar (100 μM). ANOVA or Student’s t-test was used to calculate statistical significance when appropriate. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Downregulating ANXA7 Increases COX2 Levels

To investigate the effect of ANXA7 knockdown on COX2 and PGE2, cultured HESCs were transfected with non-targeting (NT) or siRNA targeting ANXA7 and then decidualized for 6 days with CM. qRT-PCR analysis demonstrated that silencing of ANXA7 significantly upregulated COX2 gene expression compared with the non-targeting control (P < 0.05; Figure 3A). Western blot results indicated that loss of ANXA7 upregulated COX2 protein level significantly (Figure 3B and Supplementary Figure S3). To test whether loss of ANXA7 increases PGE2 levels, HESCs were transfected with NT or siRNA targeting ANXA7 and then decidualized for 6 days. Cell culture supernatants were collected and PGE2 levels measured using an ELISA kit. As shown in Figure 3C, loss ANXA7 increased PGE2 levels significantly (P < 0.001).


[image: image]

FIGURE 3. Silencing of ANXA7 upregulates COX2 and PGE2 in HESCs. HESCs were transfected by non-targeting (NT) or siRNA targeting ANXA7 and then decidualized for 6 days with 0.5 μM 8-Br-cAMP and 1 μM MPA (CM). (A) Arithmetic means ± SEM (n = 8) of COX2 mRNA levels. (B) Original Western blot (left) and arithmetic means ± SEM (n = 5, right) of COX2 protein abundance in HESCs. (C) Arithmetic means ± SEM (n = 14) of PGE2 levels measured by ELISA. ANOVA or Student’s t-test was used to calculate statistical significance when appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.




Loss of AnxA7 Enhances Receptivity

In view of its role in PG synthesis, ANXA7 could be a putative regulator of endometrial receptivity. We first mined publicly available microarray data that profiled gene expression in periimplantation mouse uterine luminal epithelium (GEO ID: GSE44451). As seen in Supplementary Figure S4, AnxA7 levels in wild type (WT) mice significantly increased upon transition of the receptive to the refractory phase (P < 0.05). To define the role of AnxA7 in regulating endometrial receptivity, pseudopregnancy was induced in AnxA7–/– and WT (AnxA7+/+) female mice. Uterine horns were collected 5.0 days post coitus (dpc) and total RNA was extracted. The number of oocytes were the same in both groups (data not shown), thus ruling out “hyper-ovulation.” As demonstrated in Figure 4A, several murine endometrial receptivity genes were up-regulated in the AnxA7–/– female mice, including Cox2 transcripts. Decidualization marker Prl8a2 tended to be lower in AnxA7–/– female mice, although the difference did not reach statistical significance (P = 0.06). We further tested if loss of AnxA7 impacts on the number of implantation events and litter size. As seen in Figure 4, there were significantly more implantation sites (Figure 4B) and increased litter sizes knockout compared to WT mice (Figure 4C).
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FIGURE 4. Loss of ANXA7 enhances receptivity. (A) Mice were pseudo-mated and the uteri collected at day 5.0 d.p.c. Arithmetic means ± SEM (n = AnxA7+/+; 6 and AnxA7–/– 5) of murine transcripts of Pr (Progesterone receptor), Hb-egf (Heparin binding -Egf), Bmp2 (Bone morphogenetic protein), Ihh (Indian hedgehog), Cox2 (Cyclooxygenase 2) and Prl8a2 (Decidual PRL-related protein) in AnxA7 knockout mice (AnxA7–/–) and wild type littermates (AnxA7+/+). AnxA7–/– female mice crossed with wild type males and wild type females with AnxA7–/– males. Arithmetic means ± SEM of (B) number of implantation sites at 8.5 d.p.c. (n = 4) and (C) pups per litter (n = 5). (D) Human ANXA7 mRNA levels (GEO 65102) in RPL and Subfertile patients (n = 10). (E) Arithmetic means ± SEM (n = 10) of ANXA7 protein abundance in RPL and Subfertile patients patient samples. Demographic and clinical characteristics are presented in Supplementary Tables S1, S2. Student’s t-test was used to calculate statistical significance where *P < 0.05 and **P < 0.01.




ANXA7 Regulates Endometrial Receptivity in Human Endometrium

To explore further the putative link between ANXA7 expression and endometrial receptivity, we explored midluteal endometrial RNA-sequencing data obtained from 10 subfertile patients and 10 women with a history of RPL (GEO Profiles ID: GSE65102). RPL is associated with a prolonged window of implantation, out-of-phase implantation, and heightened receptivity (i.e., superfertility), defined by short time-to-pregnancy (Teklenburg et al., 2010b; Salker et al., 2012a; Lucas et al., 2020; Ticconi et al., 2020). As shown in Figure 4D, endometrial ANXA7 transcript levels were significantly higher in subfertile patients when compared to RPL subjects (Supplementary Table S1). The difference in endometrial ANXA7 protein expression between the clinical groups was also confirmed by western blot analysis (Figure 4E and Supplementary Figure S5 and Supplementary Table S2).



DISCUSSION

Annexin A7 is a member of the calcium dependent phospholipids binding proteins and influences many functions and metabolic processes. In this study we reveal that ANXA7 is upregulated in the secretory phase of human endometrium and that ANXA7 mRNA and protein levels are significantly upregulated in the HESCs decidualized with 8-Br-cAMP and MPA. We also show that endometrial cells express the 51 kDa isoform only. RNA-seq data on midluteal endometrial biopsies showed that ANXA7 transcript levels varies between 90 and 204 transcripts per million, indicating moderate to high expression (Lucas et al., 2016) when compared to other tissues (Fagerberg et al., 2014). The present observations further show that receptivity is higher and litter size larger in gene-targeted female mice lacking functional AnxA7 (AnxA7–/–) when compared to WT (AnxA7+/+) mice. Finally, we show that endometrial ANXA7 transcript and protein levels are significantly lower in RPL compared to subfertile patients. Importantly, RPL patients are more fertile, i.e., receptive toward the implanting embryo, than healthy women (Ticconi et al., 2020). The present study thus uncovers a novel molecular determinant of endometrial receptivity.

In response to elevated circulating progesterone levels and rising cellular cAMP levels, differentiation of the decidua takes place. Differentiating HESCs must transit through two distinct functional phenotypes for implantation to take place (Salker et al., 2012b; Lucas et al., 2013; Gellersen and Brosens, 2014). This decidual transitional pathway is characterized first by an acute auto-inflammatory phase, which is then followed by a profound anti-inflammatory response. The initial pro-inflammatory response renders the endometrium receptive to embryo implantation (Al-Sabbagh et al., 2011; Salker et al., 2012b). It is interesting to note that the levels of ANXA7 transcripts in HESCs remain low during the initial pro-inflammatory decidual phase but rise sharply upon the emergence of specialist decidual cells around day 6 of the time-course, suggesting a role in limiting decidual inflammation and closure of the putative implantation window. This conjecture is in keeping with the mouse data. Together, these data point to a role of ANXA7 in participating in closing of the implantation window (Supplementary Figure S6).

Studies from our group and others demonstrated that RPL is associated with an impaired decidual response and mount a prolonged and highly disordered pro-inflammatory response (Salker et al., 2012b; Lucas et al., 2016). Emerging evidence indicates that abnormal decidualization impairs the “embryo-selectivity-checkpoint,” which renders the endometrium excessively permissive to implantation (super-fertile or super-receptive) but unable to sustain the conceptus, thus leading to pregnancy loss (Teklenburg et al., 2010a, b; Sandra et al., 2011; Brosens et al., 2014; Macklon and Brosens, 2014). The current data also supports that the loss of ANXA7 impairs the expression of key decidual genes as well as an increased level of inflammation (PGE2). In mice, during implantation, COX2 transiently emerges in stromal cells supporting implantation (Sucurovic et al., 2020). Therefore, it is possible that in the endometrium, in the absence of ANXA7, increased levels of COX2 temporarily create microenvironment suitable for embryo implantation with the synchronized increase of pro-implantation genes. In our murine model, we show that the loss of AnxA7 is associated with an increase of key receptivity genes such as, Bmp2, Hb-egf, Ihh, and Cox2 at 5 dpc. Levels of Prl8a2 tended to be lower, indicating an impaired decidual response. These data point to a role of AnxA7 in mice model modulating the window of implantation (Wang and Dey, 2006; Salker et al., 2012b).

Prostaglandin E2 has a profound effect on embryo development, hatching, and embryo implantation (Niringiyumukiza et al., 2018). ANXA7 is at least partially effective by downregulation of COX2 and inhibition of PGE2 formation. In mouse models, deficiencies of cytosolic PLA2, COX2, or the use of prostaglandin inhibitors lead to several implantation defects (Pakrasi and Dey, 1982; Psychoyos et al., 1995; Salleh, 2014). Consistent with this hypothesis, re-addition of PGE2 or the use of prostaglandin receptor agonists restores or increases implantation rates (Lim et al., 1999; Niringiyumukiza et al., 2018). In our results, we have shown that loss of AnxA7 resulted in a significant increase in the number of implantation sites and numbers of pups born. Furthermore, reduced or impaired endometrial prostaglandin synthesis is associated with dysregulated endometrial receptivity in women with repeated IVF failure (Achache et al., 2010). In keeping with this, we show that at transcript and protein levels ANXA7 was higher in subfertile patients, at least when compared to RPL subjects.

Insulin resistance associated with obesity or polycystic ovary syndrome affects endometrial receptivity, resulting in subfertility (Schulte et al., 2015). In vivo, AnxA7 deficiency was shown to decrease the insulin sensitivity of cellular glucose uptake and decreases Sodium/glucose cotransporter 1 (Sglt1) activity in the jejunum lowering glucose absorption and these effects were virtually abrogated by inhibition of COX2 with aspirin (Luo et al., 2015). Thus, the use of aspirin in treating implantation failure in those with insulin resistance is promising. However, clinical trials in the use of aspirin for the use implantation failure remain controversial (Fatemi and Popovic-Todorovic, 2013).

Annexin A7 is required for the stimulation of gastric acid secretion by glucocorticoids and thus contributes to the upregulation of gastric acid secretion by stressful situations (Pasham et al., 2013). It is tempting to speculate that ANXA7 is similarly required for the down-regulation of endometrial prostaglandin synthesis by glucocorticoids (Bazer et al., 2010) and thus, in co-operation with glucocorticoids, closes the receptive window during physical and psychological stressful situations. Glucocorticoid excess following stressful situations is a well-known cause of infertility (Rooney and Domar, 2016), which is, however, at least in part due to derangement of gonadotropin release (Iwasa et al., 2017). Further experiments are required to validate this hypothesis.

Several implantation events, including blastocyst-endometrium adhesion, growth factor and transcription factor signaling are regulated by Ca2+ signaling. When intracellular Ca2+ levels rise ANXA7 can redistribute itself to the plasma membrane and interact with PLA2 (Herr et al., 2003). Further, ANXA7 is involved in the regulation of intracellular Ca2+ homeostasis in several cell types (Voelkl et al., 2014). In endometrial cells, impaired intracellular calcium signaling can decrease the expression of Ca2+-responsive implantation genes such as COX2, WNT4, and BMP2 resulting in implantation failure (Salker et al., 2018). Moreover, in calcium-dependent-exocytotic secretory processes, ANXA7 -GTPase activity is increased (Herr et al., 2001; Watson et al., 2004). The joint contribution of GTP and Ca2+ increases membrane fusion and secretion (Herr et al., 2001; Watson et al., 2004). It is tempting to speculate that ANXA7 may interact with its Ca2+-binding partners and is able to fine-tune intracellular Ca2+ levels, thus regulating various Ca2+-dependent cellular processes essential for implantation. Deregulation of this balance may lead to reproductive failure. Clearly further studies are required to decipher these pathways.

Our results also reveal that loss of ANXA7 impaired decidualization, but promoted an environment conducive for implantation presumably in part by augmenting COX2 levels and thus PGE2 formation. Altered endometrial COX2 activity has been implicated in compromised fertility following several disorders (Vilella et al., 2013). It is noteworthy to point out that the 129/SVJ/AnxA7+/+ (WT) mice are known to be poor breeders (Festing and Blackmore, 1971); and that the loss of AnxA7 increases pup numbers significantly. The present observations, however, do not rule out the contribution of other mechanisms resulting up-regulation of COX2 and enhanced PGE2 formation on receptivity in AnxA7 deficient mice.

In conclusion, ANXA7 is expressed in human endometrium and upregulated during decidualization. Genetic knockout of AnxA7 leads to increased litter size in mice potentially by extending the window of implantation. Low ANXA7 transcript levels are observed in women suffering from RPL. Thus, ANXA7 participates in the orchestration of endometrial receptivity and its deranged expression compromises female reproduction.



MATERIALS AND METHODS


Cell Culture

Human endometrial stromal cells from Applied Biological Materials Inc (#T0533, Abm, Canada) (Krikun et al., 2004), were maintained at 37°C in a humidified 5% CO2 atmosphere in DMEM/F-12 medium (Gibco, United Kingdom) containing 10% (v/v) dextran coated charcoal striped (Sigma, United States) fetal bovine serum (Gibco, Germany), 1% (v/v) antibiotic-antimycotic solution (Gibco, United States), and 1% (v/v) L-glutamine (Gibco, United Kingdom). Approximately, 200,000 cells were plated in 6-well plates and allowed to grown to (80–85%) confluency for 48 h. Before treatment or transfection, the culture medium was changed to 2% (v/v) dextran coated charcoal striped fetal bovine serum, 1% (v/v) antibiotic-antimycotic solution and 1% (v/v) L-glutamine. The cells were then decidualized with 0.5 μM 8-Bromo-cAMP (8-Bromo-cAMP, Tocris, United Kingdom) and 1 μM Medroxyprogesterone 17-acetate (CM; decidualizing stimulus) (MPA, Sigma, Germany) as indicated. Media was replaced every 48 h with fresh CM-media.



Transfection Experiments

In confluent cultures, ANXA7 was silenced by using ON-TARGET plus SMARTpool small interference RNA (siANXA7, L-010760-00-0005; Dharmacon, United States). The siRNA was used at a final concentration of 2.75 nM with VIROMER GREEN Transfection Reagent (Lipocalyx GmbH, Germany) following the manufacturer’s instructions. After incubating the cells with the transfection complex for 6 h, the medium was then discarded and replaced with treatment medium (CM; as described above) and the cells were then cultured for another 6 days.



Real-Time Quantitative PCR (qRT-PCR)

Total RNA was isolated from cells or (80 mg) tissues using a TRIzol reagent (Thermo Fischer) and transferred to a microcentrifuge tube. After 5 min incubation at room temperature 100 μl chloroform (Roth, Germany) was added and vortexed. The mixture was subsequently centrifuged at 13,000 rpm for 30 min at 4°C. The upper clear part was transferred to a new (RNASE free) microcentrifuge tube. 200 μl 2-propanol (Sigma) was added and mixed by vortexing. After 10 min incubation at room temperature, the sample was centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant was discarded and the pellet air dried for 5 min. To this 50 μl of DEPC treated water (Sigma) was added to dissolve the pellet. The RNA concentration was measured by the nanoplate method (Thermo Scientific). The complementary DNA was synthesized by using Maxima H Minus cDNA synthesis kit (Thermo Scientific). qRT-PCR was then performed with PowerUp SYBR Green Master Mix (Thermo Scientific) using gene-specific primers purchased from Sigma. Primers were designed using primer blast (NCBI; Supplementary Method 1). For housekeeping controls; L19 was used for human sample and Cyclo for mice samples. The expression levels of the samples are provided as arbitrary units defined by the ΔΔCt method. All measurements were performed in duplicate. Melting curve analysis and agarose gel electrophoresis confirmed amplification specificity.

Human primers used for qRT-PCR:
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Murine primers used for qRT-PCR:
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Western Blotting

Total protein samples were prepared by lysing the adherently cultured cells in a lysis buffer containing 0.5 M Tris hydrochloride (Roth) pH 6.8, 20% Sodium dodecyl sulfate (SDS, Sigma), 0.1% Bromophenol blue (Serva),1% beta mercaptoethanol (Sigma), and 20% glycerol (Roth). Tissue samples were extracted using the previous method (Salker et al., 2011). Equal amount of total protein was separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride membranes (PVDF, GE Healthcare Life Sciences, Germany) as previously described (Salker et al., 2011). After blocking in 5% non-fat milk (Roth, Germany) in a Tris buffered saline (TBS-T) containing 0.1% Tween-20 (Sigma) for 1 h at room temperature. The membranes were then incubated overnight with primary antibodies AnxA7 (#3666; Cell Signaling, Netherlands), COX2 (#aa570-598; Cayman Chemical Company), GAPDH (#2218L; Cell Signaling) in the blocking buffer at 4°C overnight. The following day the primary antibody was removed and the membrane was washed four times with TBS-T each for 10 min. The membranes were then incubated with appropriate secondary antibodies in the blocking buffer at room temperature for 1 h followed by four washes with TBS-T. Chemiluminescent detection kit (WesternBrightTM ECL, Advansta, United States) used for the visualization of the protein complexes. The fluorescence signals were scanned with an iBright CL1000 (Thermo Scientific), and the intensities were assessed by a densitometry analysis to measure the relative expression of the target proteins using GAPDH as a control by ImageJ software. All samples are normalized with the control (Taylor and Posch, 2014).



Immunofluorescence

Human endometrial stromal cells (1000 cells) were plated on glass chamber slide and grown for 48 h. Treatment with CM was performed as described above for transfected and non transfected samples. Post treatment the cells were fixed for 15 min with 4% paraformaldehyde, washed with PBS, and permeabilized for 10 min in 0.1% Triton X-100/PBS. The slides were blocked with 5% BSA in 0.1% TritonX-100/PBS for 1 h at room temperature. Cells were stained for actin with eflour660-phalloidin (1:1000, #50655905) for 1 h at room temperature. The slides were mounted with ProLong Gold antifade reagent with DAPI (#P36931, Invitrogen). Microscopy was performed with an EVOS M7000 cell imaging system (Thermo Fischer) with an Apochromat 0.4 NA cover slip corrected × 10 objective. Scale bar was 100 μm.



ELISA

After treatment of the HESCs as stated above culture media were harvested and stored at −80°C. ELISA performed by using Human Prostaglandin E2 ELISA Kit (Invitrogen) and Human Prolactin/PRL ELISA Kit (Abcam) following the manufacturer’s instructions.



Animal Experiments

Experiments were performed in gene-targeted 129/SVJ mice lacking AnxA7 (AnxA7–/–) and in corresponding wild type mice (AnxA7+/+). Generation, properties and genotyping of AnxA7–/– mice were described earlier (Herr et al., 2003). All animal experiments were conducted according to the German law for the care and use of laboratory animals and were approved by the local ethics committee. The mice (age 8–12 weeks) were fed a normal diet and had access to drinking water ad libitum. The mice were kept under constant humidity (55 ± 10%), temperature (22 ± 2°C) and 12 h light-dark cycle conditions. The, n, number was calculated using a power calculation. Implantation sites were counted as previously described (Salker et al., 2012a).



Patient Selection and Sample Collection

The study was approved by the National Health Service National Research Ethics–Hammersmith and Queen Charlotte’s & Chelsea Research Ethics Committee (1997/5065). Subjects were recruited from the Implantation Clinic, a dedicated research clinic at University Hospitals Coventry and Warwickshire National Health Service Trust. Written informed consent was obtained from all participants in accordance with the guidelines in the Declaration of Helsinki 2000. Samples were collected using a Wallach Endocell sampler (Wallach) under ultrasound guidance as previously described (Salker et al., 2017). Endometrial biopsies were timed between 6 and 10 days after the preovulatory Luteinizing Hormone (LH) surge. Biopsies were collected in ovulatory cycles. None of the subjects were using hormonal treatments for at least 3 months prior to sample collection. The sub-fertility group consisted of women with a history of conception delay due to endometriosis, male factor, tubal factor, PCOS or unexplained infertility. RPL was defined as three or more consecutive pregnancy losses before 24 weeks gestation. Demographic and clinical characteristics are presented in Supplementary Tables S1, S2.

We confirm that all methods performed, including obtaining of consent, were performed in accordance with the relevant guidelines and regulations as approved by the ethics committee.



Statistical Analysis

Values are presented as means ± SEM. Data were analyzed using the Students t-test or 1 way-ANOVA for significance using the Graphpad Prism software (GraphPad software Inc., San Diego, CA, United States). Number of replicates (n). Power calculation for sample size was performed using the G∗Power program. Values of P ≤ 0.05 were considered significant. Figures presented were made using Graphpad Prism.
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The Mayer-Rokitansky-Küster-Hauser (MRKH) syndrome (OMIM 277000) is characterized by agenesis of the uterus and upper part of the vagina in females with normal ovarian function. While genetic causes have been identified for a small subset of patients and epigenetic mechanisms presumably contribute to the pathogenic unfolding, too, the etiology of the syndrome has remained largely enigmatic. A comprehensive understanding of gene activity in the context of the disease is crucial to identify etiological components and their potential interplay. So far, this understanding is lacking, primarily due to the scarcity of samples and suitable tissue. In order to close this gap, we profiled endometrial tissue of uterus rudiments in a large cohort of MRKH patients using RNA-seq and thereby provide a genome-wide view on the altered transcription landscape of the MRKH syndrome. Differential and co-expression analyses of the data identified cellular processes and candidate genes that converge on a core network of interconnected regulators that emerge as pivotal for the perturbed expression space. With these results and browsable access to the rich data through an online tool we seek to accelerate research to unravel the underlying biology of the syndrome.
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INTRODUCTION

Mayer-Rokitansky-Küster-Hauser (MRKH) syndrome (OMIM 277000) is the second most common cause of primary amenorrhea with an incidence rate of about one in 4000 to 5000 female births (Herlin et al., 2016). It is defined by agenesis of the uterus and the upper part of the vagina in 46,XX females with normal ovarian function and normal secondary sexual characteristics. The syndrome may occur either in an isolated form (type 1) or in association with extragenital abnormalities (type 2) such as renal or skeletal malformations (Oppelt et al., 2012; Rall et al., 2015).

The spectrum of malformation encountered in MRKH patients suggests the disease to originate from a developmental defect of the intermediate mesoderm during embryogenesis, yet the etiology of the syndrome remains largely enigmatic. While most cases are sporadic, familial cases exist and imply a genetic component in the etiology (Nik-Zainal et al., 2011; Herlin et al., 2014; Tewes et al., 2015). Specifically, chromosomal aberrations in 1q21.1, 16p11.2, 17q12, and 22q11 as well as mutations in LHX1, TBX6, RBM8A, and WNT9B have been linked to MRKH. Additionally, mutations of WNT4 cause an atypical form of the syndrome characterized by hyperandrogenism (Ledig and Wieacker, 2018).

LHX1, WNT4, and WNT9B play important roles in the formation of the Müllerian Ducts (MD) from the coelomic epithelium in gestational week six (Ledig et al., 2012; Mullen and Behringer, 2014). The freshly formed MDs start growing caudally along the Wolffian Ducts. By week eight, both MDs begin to fuse and make contact with the uterovaginal sinus. In males, the MDs start to regress after week ten under the influence of AMH and WNT7A. In females, however, they differentiate into ovaries, uterus, cervix, and vagina under control of ESR1, HOXA, and WNT genes. In this context, HOXA9, HOXA10, HOXA11, and HOXA13 are essential for correct tissue patterning. Their expression is tightly controlled through Wnt signaling and histone methylation marks (Robboy et al., 2017; Roly et al., 2018; Jambhekar et al., 2019) suggesting epigenetic principles to also play a role in the unfolding of the disease.

Toward a better understanding of the etiology, examining perturbed gene activity on a genome-wide scale promises to identify regulatory hubs on which genetic or epigenetic contributions converge. Attempts to identify the molecular mechanisms of the syndrome have been hampered by the lack of a comprehensive transcriptome profile for primary tissue in MRKH patients. This obstacle can partly be attributed to the fact that patients do not always have uterus rudiments with a complete endometrial layer and to the scarcity of uterine tissue resulting from challenging collection and biobanking efforts.

In order to close this gap, we have assembled a large and unique cohort of MRKH type 1 and 2 patients and profiled the transcriptome in endometrial tissue. The expression landscape that emerged along comprehensive differential and co-expression analyses of these data mapped known and novel candidate genes and identified regulatory networks that seemingly drive the underlying disease biology. By offering an online tool that allows navigating and downloading these rich data from single genes to pathways, we seek to provide a much-needed building block for the research community to understand the molecular pathomechanisms of MRKH.



MATERIALS AND METHODS


Patient Cohort

The selection of patients for this study was done on the basis of the presence of uterine rudiments with endometrium, since not all MRKH patients have uterine rudiments. Endometrial samples from rudimentary uterine tissue from patients with MRKH syndrome and uterine tissue from healthy controls have been collected since 2005 at the Department of Obstetrics and Gynaecology of the University of Tübingen and stored in liquid nitrogen. The uterine rudiments were macroscopically evaluated for the presence of endometrial tissue by a pathologist. If present, the entire endometrial tissue with possible remnants of myometrial tissue (MRKH and control group) got scraped off the underlying myometrium using a scalpel and flash-frozen in liquid nitrogen and was later used in its entirety for RNA isolation. For this study, we collected the endometrial tissue from 39 patients with MRKH syndrome (22 MRKH type 1 and 17 MRKH type 2, see Supplementary Tables S1, S2) at the time of laparoscopically assisted creation of a neovagina (Brucker et al., 2008). Vaginoplasty and recent reconstructive techniques are the main clinical intervention from which tissues for MRKH syndrome studies are usually collected (Nodale et al., 2014b; Benedetti Panici et al., 2015). As control, the endometrium of 30 premenopausal patients, less than 38 years of age, who underwent hysterectomy for benign disease (e.g., uterine leiomyomas or fibroids), was included in the study (Supplementary Tables S1, S2). Correlation with the individual cycle phase was achieved by taking standardized histories and by using hormone profiles from peripheral blood taken 1 day before surgery (see below). The study received prior approval by the Ethics Committee of the Eberhard-Karls-University of Tübingen (Ethical approval AZ 397/2006, Nr.28/2008BO1, 205/2014BO1).



Hormone Levels and Correlation With Cycle Phase

Whole blood was taken from patients and controls 1 day before or after surgery. Blood serum was used to measure LH, FSH, P, and E2 with a chemiluminescence immunoassay (Vitros eci; Diagnostic Product Cooperation). Cycle phase 1 (proliferative phase) was assigned when P < 2.5 ng/ml, cycle phase 2 (secretory phase) when P > 5 ng/ml and the LH:FSH ratio was >1.5 according to the standard of our central laboratory.



RNA Isolation and Sequencing

Total RNA from endometrium of rudimentary uterine tissue or normal uterus was isolated using the RNeasy Mini Kit (Qiagen) and used for paired-end RNA-seq. Quality was assessed with an Agilent 2100 Bioanalyzer. Samples with high RNA integrity number (RIN > 7) were selected for library construction. Using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina and 100 ng of total RNA for each sequencing library, poly(A) selected paired-end sequencing libraries (101 bp read length) were generated according to the manufacturer’s instructions. All libraries were sequenced on an Illumina NovaSeq 6000 platform at a depth of around 40 mio reads each. Library preparation and sequencing procedures were performed by the same individual, and a design aimed to minimize technical batch effects was chosen.



Quality Control, Alignment, and Differential Expression Analysis

Read quality of RNA-seq data in FASTQ files was assessed using FastQC (v0.11.4) (Andrews, 2010) to identify sequencing cycles with low average quality, adapter contamination, or repetitive sequences from PCR amplification. Reads were aligned using STAR (v2.7.0a) (Dobin et al., 2013) allowing gapped alignments to account for splicing against the Ensembl H. sapiens genome v95. Alignment quality was analyzed using samtools (v1.1) (Li et al., 2009). Normalized read counts for all genes were obtained using DESeq2 (v1.26.0) (Love et al., 2014). Transcripts covered with less than 50 reads (median of all samples) were excluded from the analysis leaving 15,131 genes for determining differential expression. Surrogate variable analysis (sva, v3.34.0) was used to minimize unwanted variation between samples (Leek et al., 2012). We set | log2 fold-change| ≥ 0.5 and BH-adjusted p-value ≤ 0.05 to call differentially expressed genes. Gene-level abundances were derived from DESeq2 as normalized read counts and used for calculating the log2-transformed expression changes underlying the expression heatmaps for which ratios were computed against mean expression in control samples. Read counts provided by DESeq2 also went into calculating nRPKMs (normalized Reads Per Kilobase per Million total reads) as a measure of relative gene expression (Srinivasan et al., 2016).


Gene Annotation, Enrichments, and Regulator Analyses

G:Profiler2 (v0.1.7) was employed to identify overrepresented Gene Ontology terms for differentially expressed genes (Raudvere et al., 2019). Upstream regulators as well as predicted interactions among DEGs were derived from Ingenuity Pathway Analysis (IPA, v01–16, Qiagen). Cytoscape was used for visualizing networks (Shannon et al., 2003). Transcription factor binding site analyses were carried out in Pscan (v1.4) (Zambelli et al., 2009) on the H. sapiens genome considering −450 to +50 bp of promoter regions for motifs against the JASPAR 2018_NR database. TFEA.chip (v1.6) was employed with default parameters to determine transcription factor enrichments using the initial database version of ChIP-Seq experiments (Puente-Santamaria et al., 2019). Cell type-specific endometrial marker genes were taken from a preprint (Wang et al., 2019).



Co-expression Analysis

Weighted Gene Co-expression Network Analysis (Zhang and Horvath, 2005) was used to identify gene co-expression. WGCNA is based on the pairwise correlation between all pairs of genes in the analyzed data set. As correlation method, biweight midcorrelation (Wilcox, 2005) was used with maxPOutliers = 0.1, thereby minimizing the influence of potential outliers. Correlations were transformed in a signed hybrid similarity matrix where negative and zero correlations equal zero, while positive correlations remain unchanged. This similarity matrix was raised to the power β = 7 to generate the network adjacency and thereby suppressing low correlations that likely reflect noise in the data. For a measure of interconnectedness, adjacency was transformed into a topological overlap measure (TOM) that is informed by the adjacency of every gene pair plus the connection strength they share with neighboring genes. 1-TOM was then given as an input to hierarchical clustering which identified modules, i.e. groups of co-expressed genes by applying the Dynamic Tree Cut algorithm (Langfelder et al., 2008). Each of these modules was summarized by its first principal component referred to as its eigengene, providing a single value for a module’s expression profile. In order to identify modules affected in MRKH, eigengenes were correlated with the disease trait. A joint Bayesian-frequentistic algorithm combining Bayes Factor (BF) (Wetzels and Wagenmakers, 2012) and significance of a correlation was used to identify modules associated with disease status. Modules with an eigengene-trait correlation of pBonferroni ≤ 0.05 | BF ≥ 3 were considered significantly associated with MRKH.


Reverse Transcription Quantitative PCR (RT-qPCR)

Equal amounts of total RNA (0.5 μg) were reverse transcribed by using the Thermo Scientific MaximaTM H Minus cDNA Synthesis Master Mix (Thermo Fisher Scientific) for RT-qPCR and the resulting cDNA used as template (5 ng) in RT-qPCR analysis. Gene expression was analyzed using PowerUp SYBR Green Mastermix (Thermo Fisher Scientific, Waltham, MA, United States) on the QuantStudio 3 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, United States). All experiments were performed in triplicates and relative quantification was done using the 2−ΔCt method. Relative expression was normalized against the house-keeping genes GAPDH and UBE4A. Primers used for gene expression analysis are listed in Supplementary Table S3.



RESULTS


Widespread Transcriptome Changes in Endometrial Tissue of MRKH Patients

To investigate disease-associated perturbations in the endometrial transcriptome of MRKH patients, we performed RNA-seq of uterine rudiments obtained from 39 patients (22 type 1 and 17 type 2) as well as 30 controls. Throughout the analysis pipeline, stringent quality filters were applied, which also helped to identify a few outlier samples using clustering techniques (Supplementary Figures S1A,B). As no obvious sequencing parameters differed for these samples and no batch effects were apparent, tissue composition differences resulting from the sample collection process were considered. After integration of the data with single-cell data from endometrial tissue that recently became available (Wang et al., 2019), the expression signature of cell type-specific markers, in particular for ciliated and unciliated epithelial cells, indeed distinguished the outlier samples from all other samples (Supplementary Figure S1C) and suggested a different underlying cell type composition. Since it is difficult to assess the combinatorial complexity and effects of these convolutions computationally, the affected samples were removed from all subsequent analyses, which left a total of 60 high-quality samples with consistent expression signatures (Supplementary Figure S2).

In a first step, differential expression changes were determined between MRKH patients and control samples. According to thresholds of pBH ≤ 0.05 and | log2FC| ≥ 0.5, a total of 1906 differentially expressed genes (DEGs) comprising 1236 up- and 670 downregulated genes in MRKH type 1 and 1174 DEGs with 801 up- and 373 downregulated genes in MRKH type 2 were identified when compared to controls (Figure 1A). These numbers of affected genes in each disease type indicate profound transcriptome changes in the endometrium of MRKH patients.
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FIGURE 1. MRKH patients exhibit wide-spread gene expression changes in endometrial tissue compared to unaffected controls. (A) Schematic diagram of three experimental groups (Ctrl, unaffected women; Type 1, patients with MRKH type 1; and Type 2, patients with MRKH type 2) indicating number of differentially expressed genes (DEGs) for each pairwise comparison. Fold change and significance cut-offs below. (B) Venn diagram comparing common and distinct DEGs between MRKH types 1 and 2. (C) Volcano plot showing magnitude and significance values of gene expression changes identified in endometrial tissue of MRKH type 1 (left panel) and MRKH type 2 patients (right panel) compared to unaffected controls. Blue and red dots highlight DEGs according to the applied cut-offs (see panel A). The five most significant DEGs from each comparison are labeled. Gray gene labels indicate location of DEGs from the other comparison. (D) Expression levels for the most significant up- and downregulated DEGs as well as the lincRNA HOXA-A2 plotted as individual data points with mean ± SEM.




Largely Similar Endometrial Expression Profiles in MRKH Types 1 and 2 Patients

Next, the DEG sets of each pairwise contrast were compared in order to better understand common and distinct expression changes for the disease subtypes. While overlapping the DEGs by name, about half of them first seemed exclusive for type 1 or type 2, respectively (Figure 1B). Directly contrasting the subtypes in the differential analysis, however, identified only 15 DEGs (Figure 1A and Supplementary Figure S3), which suggested largely comparable perturbations in type 1 and 2.

Despite similar magnitudes of expression changes in both disease types, affected genes in type 2 samples separated less significantly from controls (Figure 1C and Supplementary Tables S4, S5), pointing to a larger variability among type 2 samples and coinciding with the greater heterogeneity of clinical features in this disease type. Yet, the localization of the top most significant DEGs in the volcano plot (Figure 1C) as well as the correlation of expression changes (spearman rank, r = 0.87, see top 50 most significantly up- and downregulated genes in Supplementary Tables S4, S5) pointed at stark similarities between both types. Indeed, the most significant DEGs showed nearly identical expression changes on a gene and transcript isoform level in both disease types (Figure 1D and Supplementary Figure S4A). These changes were further confirmed by RT-qPCR for the most significant DEGs (Supplementary Figure S5). The high degree of concordance also became apparent from the per-sample expression profiles for the union of all DEGs (Figure 2). Further, the expression changes were comparable between sporadic cases and patients from families with more than one affected sibling (Figure 2). Hence, all subsequent analyses were based on the genes underlying this perturbance signature.
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FIGURE 2. MRKH types 1 and 2 patients show largely similar perturbation patterns in endometrial gene expression. Expression profiles (log2 expression change relative to Ctrl group) of 2121 DEGs (union of DEGs indicated in Figure 1B) across all samples. Rows hierarchically clustered by Euclidian distance and ward.D2 method. Cycle information (proliferative or secretory) and patient type (sporadic, familial, or control) on top. For details see Supplementary Table S1.



Endometrial Gene Expression Changes During the Menstrual Cycle Are Disrupted in MRKH Patients

Upon closer inspection of the perturbation signature, the heatmap also showed patterning between the proliferative and secretory cycle stage in control samples for a subgroup of genes (upper part of Figure 2). In MRKH patients, however, this menstrual cycle dependency seemed largely lost. To better quantify this observation, we determined differential expression between the proliferative and secretory phase in control samples, which yielded 818 DEGs (Supplementary Figure S6A). Their associated gene ontology (GO) terms were enriched most significantly for collagen-containing extracellular matrix (Supplementary Figure S6B), agreeing with remodeling processes of the extracellular matrix along the transitions between cycle stages (Ruiz-Alonso et al., 2012). In contrast, only 116 genes were identified as cycle-dependent in MRKH type 1 (Supplementary Figure S6A), indicating that cyclic expression adaptations were damped or lost in these patients despite normal hormone profiles (Supplementary Table S1). Instead, the expression of cycle-dependent genes seemingly remained in the proliferative phase throughout the menstrual cycle (Supplementary Figure S6C). The analogous analysis for type 2 was omitted due to the highly skewed sample distribution with respect to cycle stages. Together, these analyses are in line with previous reports that the endometrium of MRKH patients does not respond correctly to cycle hormones (Ludwig, 1998a,b; Rall et al., 2013; Brucker et al., 2017).



Transcriptome Changes Point to Regulators of Cell Adhesion and Development

To unravel the underlying biology of the endometrial MRKH signature, enrichment analyses were applied to identify potential key regulators as well as affected pathways and cellular processes. With respect to GO terms, plasma membrane part was the most overrepresented cellular comportment, and cell adhesion and biological adhesion emerged as most significant biological processes followed by anatomical structure development (Figure 3A).
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FIGURE 3. Changes of gene expression in both types of MRKH point to regulators of cell adhesion and development. (A) Enrichment analysis identified several significantly overrepresented Gene Ontology terms among the 2121 DEGs (union indicated in Figure 1B). Top five terms with number of associated genes are shown according to their significance. CC, cellular compartment; BP, biological process. (B) Comparison of predicted upstream regulators for the DEGs underlying the cell adhesion term (see panel A) as well as all 2121 DEGs (union from Figure 1B) based on Ingenuity Pathway Analysis. Top three significant regulators for each gene set shown. (C) Expression changes for TGFB1 plotted as individual data points with mean ± SEM. (D) RNA-seq results of TGFB1 were verified by RT-qPCR. mRNA levels relative to controls plotted as individual data points with mean ± SEM. Significances based on one-way ANOVA with *p < 0.05. (E) Among the 253 predicted interactors of TGFB1 differentially expressed in both types of MRKH, transcriptional regulators represent a largest subgroup. Interactors identified based on Ingenuity Pathway Analysis.


Based on binding-site analyses, motifs of the differentially expressed transcription factors EGR1 and KLF9 were most significantly overrepresented among the DEGs (Supplementary Figures S7A,B). In addition, approaches that integrate ChIP-seq data into such analyses and thereby account also for indirect binding events and factors with less clear motifs (Puente-Santamaria et al., 2019), suggested the DEGs to be highly enriched for EZH2 targets (Supplementary Figures S7C,D). EZH2 (Enhancer of zeste homolog 2), a histone methyltransferase and a catalytic component of PRC2, showed a trend toward up-regulation in MRKH patients (Supplementary Figure S7E).

To extend the transcription factor-centered analyses to other regulatory mechanisms underlying the observed gene expression changes, we used curated interactome data and mined for regulatory enrichments. From these analyses, TGFB1 was predicted to be the top upstream regulator for the entire DEG set as well as for the subset of DEGs underlying cell adhesion as the most likely affected biological process (Figure 3B). TGFB1 showed a down-regulation that resulted predominantly from the longer protein-coding transcript isoform and was confirmed by RT-qPCR (Figures 3C,D and Supplementary Figure S4B). Intriguingly, TGFB1 is known to interact not only with EGR1, KLF9, and EZH2, but also connects to more than ten percent of all DEGs (253 of 2121), many with regulatory capacity, too (Figure 3E). These results hint at the regulatory neighborhood of TGFB1 as a key modulator of gene expression changes in MRKH.



Co-expression Analysis Ranked Disease Relevance of TGFB1 Interactors

To further assess the regulatory relevance of the TGFB1 neighborhood identified along the differential expression analysis, in the next step, a co-expression approach was employed in order to capture groups of genes that change and often function together (Zhang and Horvath, 2005).

Partitioning of the perturbed expression space using weighted correlation network analysis (Langfelder and Horvath, 2008) led to 35 co-expression modules that ranged from 39 to 3,268 genes in size and totaled to 15,361 genes (Supplementary Figure S8A). In this manner, the co-expression analysis reduced thousands of genes to a relatively small number of coherent modules that represent distinct transcriptional responses. To quantify the overall relationship between modules and the disease, correlations with module eigengenes (summary expression profiles) were calculated (Langfelder and Horvath, 2008). After filtering and correcting with pBonferroni ≤ 0.05 and Bayes factor ≥ 3, twenty modules (6 up- and 14 downregulated) passed the significance cut-off (Figure 4A and Supplementary Figure S8B). Furthermore, the meta-analysis significance statistics ranks modules by their overall association with the disease (Figure 4A) and yields a measure of module membership for all genes in all modules. The module membership measures how similar the gene expression profile is to a module’s eigengene. Genes whose profiles are highly similar to the eigengene are considered hub genes and have been shown to implicate relevant biological functions (Langfelder and Horvath, 2008).
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FIGURE 4. Interactors of TGFB1 reach in all disease-associated co-expression modules. (A) Weighted gene correlation network analysis (WGCNA) identified 35 co-expression modules of which 20 were significantly associated with the disease. (B) Bar diagram depicting the number of TGFB1 interactors in disease-associated modules. Absolute number within bar as well as amount in percent shown on y-axis for each functional type. (C) Cytokines and transcriptional regulators predicted to interact with TGFB1 are in highly disease-associated co-expression modules. Module of interactors indicated for significant modules only.


According to these characteristics, TGFB1 located to the disease-associated module M13, correlated significantly with the disease (r = 0.68, p ≈ 10–9), and was among the top 50 hub genes of this module. Of the 253 TGFB1 interactors, 214 reached into all 20 significant disease-associated modules (Figure 4B). Genes annotated for transcriptional regulator constituted the largest subgroup of interactors, accompanied by all interacting cytokines found in high-ranking modules (Figures 4B,C). Among them were WNT4 and WNT5A of the WNT signaling pathway as well as HOXA2 and HOXB5 as members of the HOX clusters (Figure 4C and Supplementary Figure S9), all of which have been associated with MRKH (Ledig and Wieacker, 2018). In addition, TWIST2 identified as one of the genes with the most significant expression change (Figure 1D) ranked highest among the interacting transcription regulators.



Transcriptome Changes in MRKH Converge on Regulatory Loops in the TGFB1 Neighborhood

The combined approach of differential and co-expression analyses highlighted candidate genes that can explain large parts of the altered expression landscape in context of the MRKH syndrome. These novel candidates together with previously associated genes like FOXO1 (Demir Eksi et al., 2018) and pathways like WNT signaling (Ledig and Wieacker, 2018) share direct links into the TGFB1 regulatory neighborhood (Attisano and Wrana, 2013) and reached into disease-associated co-expression modules.

Intriguingly, many interactors are not only targets of TGFB1, but often also upstream regulators, hence, forming regulatory loops (Figure 5). Along such loops, the predicted transcriptional regulators EGR1, KLF9, and EZH2 are found, too. These loops are connected to a dense core network that emerged as pivotal in explaining the disease signature and comprised some of the most significantly altered genes with potent regulator capacity like TWIST2.
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FIGURE 5. Regulatory loops around TGFB1 link important transcription factors and cytokines. Network of EZH2 as well as upstream interactors of TGFB1 among the 2121 DEGs, respectively. Interactions based on Ingenuity Pathway Analysis and filtered for transcription regulators and cytokines. All interconnections between genes shown. Genes color-coded by mean expression change observed in MRKH/Ctrl. Line width indicates number of curated interactions.


To further disentangle the regulatory relations in the core network towards a potential point of origin, information from other regulatory layers or functional experiments is required. With respect to the former, epigenomic interrogations might yield additional insight given the prominent location of EZH2 and its role in development. With respect to the latter, the network might serve as starting point to select candidate genes for functional characterizations. To facilitate the selection process and put choices into perspective with respect to other gene expression changes, we implemented an online tool that allows downloading, visualizing, and navigating through the endometrial transcription landscape from single genes to entire pathways: http://mrkh-data.informatik.uni-tuebingen.de.



DISCUSSION

In this study, we assembled a large cohort of patients with type 1 or type 2 MRKH syndrome and profiled the endometrial transcriptome. The key goal of these efforts was to gain a genome-wide understanding of expression changes in order to identify dysregulations and potential origins of the disease, as only a fraction of MRKH cases can be traced to genetic defects.

Our analyses first revealed widespread perturbations of gene activity in the endometrium that were highly similar between type 1 and type 2 patients. The genes underlying this shared perturbance signature point to key regulators that are centrally linked to cell adhesion and developmental processes. Previous microarray interrogations of myometrial tissue did either not distinguish between the two types in their analysis (Rall et al., 2011) or found a large overlap of gene expression changes between both types with few type-specific expression changes for genes such as HOXC8 (Nodale et al., 2014a).

Despite highly similar expression perturbations, phenotypically MRKH type 1 and type 2 patients differ. Type 1 cases are characterized by utero-vaginal malformations only, while type 2 patients display a more complex phenotype that entails non-genital abnormalities. Specifically, the urogenital tract including the kidneys is frequently affected in type 2 (e.g. unilateral kidney agenesis, ectopia of one or both kidneys, and horseshoe kidneys). Furthermore, skeletal anomalies, hearing defects, cardiac and digital anomalies as well as ciliopathies occur in type 2 cases (Rall et al., 2015). The utero-vaginal malformations, however, are highly similar between both disease types. Uterus rudiments exist in both, although to a lesser extent in type 2.

As the innermost lining layer of the uterus, the endometrium consists of multiple cell types in a basal and functional tissue layer. As the latter thickens and is shed during menstruation, the endometrium undergoes substantial modifications during the proliferative, secretory, and menstrual phase. The correct staging of these phases is governed by cyclic gene activity over the course of the menstrual cycle (Ruiz-Alonso et al., 2012). In line, we observed expression changes between the proliferative and secretory phase in control samples. Intriguingly, these were largely lost in MRKH patients. Instead, the expression of most genes remained in the proliferative phase although the hormonal profiles indicate patients were in the secretory phase. This finding agrees with previous studies that describe lacking responsiveness of the endometrium to hormones in MRKH patients (Ludwig, 1998a,b; Rall et al., 2013; Brucker et al., 2017). The transcriptome data we provide now offer the opportunity to trace the phenomenon to individual genes and pathways and examine co-occurring effects.

Developmentally, the uterus as well as the upper two thirds of the vagina originate from fusion of the Müllerian ducts. In context of MRKH syndrome, the fusion seems inhibited in gestational week eight and only two uterine rudiments and a vaginal dimple are formed (Rall et al., 2013). They remain in this incomplete embryonic stage and do not undergo normal enlargement at the beginning of adolescence. As the malformation manifests early during embryonic development, associated genes such as HOX, WNT, and those encoding anti-Müllerian hormone (AMH) and its receptor have been proposed to be key for MRKH syndrome (Ravel et al., 2009; Sultan et al., 2009). In particular, WNT4 is known to be essential for the development of the female reproductive tract and heterozygous mutations in WNT4 have been associated with a distinct clinical entity of MRKH (Biason-Lauber et al., 2004, 2007; Philibert et al., 2008, 2011). Here, we show that WNT4 is significantly downregulated in the endometrium of sporadic MRKH patients. Despite very few known mutations so far (Ravel et al., 2009; Liatsikos et al., 2010), alterations in other members of the complex WNT signaling pathway such as WNT5A, WNT7A and WNT9B as well as various HOX genes have been suggested as being causative and showed differential expression in our study.

Besides these known key genes for MRKH, we also identified novel candidates that might play a role in MRKH. Among the DEGs, SLITRK3 stood out to be most significantly upregulated. SLITRK3 (SLIT And NTRK Like Family Member 3) is expressed predominantly in neural tissues with neurite-modulating activity (Aruga et al., 2003), in hematopoietic stem cells and leukemias (Milde et al., 2007), and correlates to gastrointestinal stromal tumor risk rating and prognosis (Wang et al., 2015). Nevertheless, the human protein atlas also shows strong expression of SLITRK3 in female tissues, making it a strong candidate to be further followed up in context of MRKH.

On a pathway level, we identified significant enrichments for cell adhesion and anatomical structure development among perturbed genes. Interestingly, developmental regulators like TGFB1 and EZH2 emerged as central from the analyses. TGFB1 was significantly downregulated in MRKH patients and belongs to the superfamily of transforming growth factor β (TGFβ), which is centrally involved in cell growth and differentiation as well as in regulation of female reproduction and development (Li, 2014). While the uterus of Tgfb1 mutant mice are morphologically normal, embryos become arrested in the morula stage (Ingman et al., 2006), suggesting critical roles of this gene. Furthermore, TGFβ signaling is crucial for the epithelial to mesenchymal transition (EMT), in which cells lose their epithelial characteristics and acquire migratory behavior (Xu et al., 2009). EMT is necessary for the development and normal functioning of female reproductive organs such as ovaries and uterus and dysregulation may cause endometriosis, adenomyosis, and carcinogenesis (Bilyk et al., 2017).

TGFB1 is linked to Enhancer of zeste homolog 2 (EZH2) (Cardenas et al., 2016; Martin-Mateos et al., 2019; Tsou et al., 2019), the most overrepresented transcriptional regulator predicted to bind to the DEGs according to motif analysis and ChIP-seq reference data. EZH2 is the rate-limiting catalytic subunit of the polycomb repressive complex 2 that silences gene activity epigenetically through deposition of the repressive H3K27me3 histone mark (Laugesen et al., 2016).

In MRKH patients, EZH2 showed a small but significant trend of upregulation, potentially remains of elevated activity earlier in life. If true, altered levels of EZH2 might have led to falsely deposited H3K27me3 marks in the genome during development which caused perturbations in gene activity and interfered with correct unfolding of the developmental program. The observed transcriptional perturbances at the time of profiling might hence be direct consequences or indirect adaptation attempts of the system. EZH2 has many interaction partners, among them the long non-coding RNA HOXA-AS2 (HOXA cluster antisense RNA 2) that was significantly upregulated in MRKH patients. Interacting with HOXA-AS2, EZH2 represses the transcription of p21 (CDKN1A) and KLF2 thereby influencing cell proliferation (Ding et al., 2017).

In mice, uterine EZH2 expression is developmentally and hormonally regulated, and loss leads to aberrant uterine epithelial proliferation, uterine hypertrophy, and cystic endometrial hyperplasia (Nanjappa et al., 2019). Furthermore, reduction of EZH2 and ultimately H3K27me3 results in increased expression of estrogen-responsive genes (Bredfeldt et al., 2010).

Intriguingly, prenatal exposures of fetuses to synthetic estrogen such as diethylstilbestrol (DES) can also disturb the development of the female reproductive tract by altering HOX gene expression in the developing Müllerian system (Block et al., 2000). During the 1970’s, DES was heavily prescribed to pregnant women to prevent miscarriages and other pregnancy. Much later, it was realized that daughters who were exposed to DES in utero showed a higher incidence of Müllerian anomalies (Kaufman et al., 2000) and a higher prevalence of MRKH (Wautier et al., 2019). In this context, exposure to environmental estrogens has also been proposed to reprogram the epigenome by inducing non-genomic ER signaling via the phosphatidylinositol-3-kinase (PI3K) pathway (Walker, 2011). The kinase AKT/PKB phosphorylates and inactivates EZH2 and thereby decreases H3K27me3 levels in the developing uterus. Consequently, estrogen-responsive genes become hypersensitive to estrogen in adulthood and cause hormone-dependent tumors to develop. Our results suggest the opposite effect might play a role in MRKH and failure of enlargement in organ size is a consequence of elevated EZH2 levels.

Taken together and given that only a fraction of MRKH syndrome cases can be explained by genetic defects, these hints toward epigenetic dysregulation playing a potential role in the etiology should be further investigated. Toward these efforts, we consider our results and data to serve as reference point and resource for further exploration.
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Supplementary Figure 1 | Outlier samples characterized by heterogeneity in cell-type composition. (A) Principal component analysis of endometrial gene expression profiles for all initial 69 samples. Axis percentages indicate variance contribution of principle components. (B) Correlation map depicting hierarchical clustering of sample-to-sample distances for all initial 69 samples. Variance-stabilized transformed RNA-seq read counts for whole transcriptomes were used to calculate sample-to-sample Euclidean distances (color scale). Results hierarchically clustered using the complete method. (C) Cell type-specific gene expression per sample for unciliated and ciliated epithelium. Boxplots show geometric mean as well as 10th, 25th, 75th, and 90th quantile of expression values for all genes classified based on single-cell data of the human endometrium (Wang et al., 2019). Number of genes per cell type in brackets.

Supplementary Figure 2 | MRKH type 1 and 2 samples separated from control tissue in unaffected individuals. (A) Principal component analysis of endometrial gene expression profiles for 60 samples after removal of outliers identified in Supplementary Figure S1. Axis percentages indicate variance contribution. (B) Correlation map depicting hierarchical clustering of sample-to-sample distances for the 60 samples remaining after outlier removal. Variance-stabilized transformed RNA-seq read counts for whole transcriptomes were used to calculate sample-to-sample Euclidean distances (color scale). Results hierarchically clustered using the complete method. (C) Cell type-specific gene expression per sample for unciliated and ciliated epithelium. Boxplots show geometric mean as well as 10th, 25th, 75th, and 90th quantile of expression values for all genes classified based on single-cell data of the human endometrium (Wang et al., 2019). Number of genes per cell type in brackets.

Supplementary Figure 3 | Genes differentially expressed between MRKH type 1 and 2. Expression profiles (log2 expression change relative to Ctrl group) of 15 DEGs differentially expressed between MRKH type 1 and type 2 across all samples. Rows hierarchically clustered by Euclidian distance and ward.D2 method. Cycle information (proliferative or secretory) and patient type (sporadic, familial, or control) on top. For details see Supplementary Table S1.

Supplementary Figure 4 | DEGs showed similar expression changes on transcript isoform level for both types of MRKH. (A) Transcript isoform-specific expression changes of TWIST2, CXCR4, and SLITRK3 across all conditions. Mean normalized read counts plotted; bold isoforms are protein-coding. (B) Transcript isoform-specific expression changes of TGFB1 across all conditions. Mean normalized read counts plotted; bold isoforms are protein-coding.

Supplementary Figure 5 | Validation of gene expression using RT-qPCR. RNA-seq results of most significant DEGs were verified by RT-qPCR. mRNA levels relative to controls plotted as individual data points with mean ± SEM. Significances based on one-way ANOVA with **p < 0.01.

Supplementary Figure 6 | Gene expression changes during the menstrual cycle are missing in endometrium of MRKH patients. (A) Venn diagram comparing menstrual cycle-dependent DEGs between control and MRKH type 1 samples. (B) Enrichment analysis identified several significantly overrepresented Gene Ontology terms among the 818 DEGs from the control samples (see A). Top five terms with number of associated genes are shown according to their significance. CC: cellular compartment. (C) Expression profiles (log2 expression change relative to Ctrl group) of 818 DEGs differentially expressed between proliferative and secretory controls shown across all samples. Rows hierarchically clustered by Euclidian distance and ward.D2 method. Cycle information (proliferative or secretory) and patient type (sporadic, familial, or control) on top. For details see Supplementary Table S1.

Supplementary Figure 7 | Differentially expressed genes in both types of MRKH are enriched for EGR1, KLF9, and EZH2 binding sites. (A) Promoter analysis of 2121 DEGs for overrepresented transcription factor binding sites. Depicted are z-scores for different position weight matrices of known transcription factors that are themselves among the DEGs. Higher z-scores reflect higher enrichment. Shown are the top five significantly enriched matrices. (B) Expression levels in normalized reads per kilobase per million (nRPKMs) for EGR1 and KLF9 plotted as individual data points with mean ± SEM. (C) Enrichment analysis of transcriptional regulators for the 2121 DEGs identified in MRKH patients based on ChIP-seq and DNase-I data according to TFEA.ChIP. EZH2 is predicted to bind significantly more genes of the DEGs than in the rest of the genome. Analysis based on default parameters for binding sites <1 kB upstreams including enhancer elements. Each dot represents a ChIP-seq accession, EZH2-related accessions in purple. (D) GSEA-like analysis of transcription regulators for 2121 DEGs based on TFEA.ChIP with default parameters and binding sites <1 kB upstream, including enhancer elements. Results indicate EZH2 to be the most significantly enriched regulator in the ranked gene set of DEGs. (E) Expression levels in normalized reads per kilobase per million (nRPKMs) for EZH2 plotted as individual data points with mean ± SEM.

Supplementary Figure 8 | Co-expression analysis points to disease-associated modules. (A) Representation of the hierarchical gene clustering tree leading to 35 modules of co-expressed genes. Leaves correspond to 15,361 genes included in the analysis, and height reflects closeness of individual genes. Lower panel shows colors assigned to each module by the Dynamic Tree Cut and modules assigned consecutive to the Merged Dynamic method using a dissimilarity threshold of 0.1. (B) Disease correlations with the corresponding p-values for each module. Each cell contains the correlation coefficient between the expression profile of a module and the disease and is color-coded accordingly. Numbers in brackets indicate associated p-values.

Supplementary Figure 9 | Gene expression changes for altered candidates of the WNT signaling pathway and HOX cluster. Expression levels in normalized reads per kilobase per million (nRPKMs) for differentially expressed genes of the WNT signaling pathway and HOX clusters previously linked to MRKH and Müllerian duct development (Ledig and Wieacker, 2018). Plotted as individual data points with mean ± SEM.

Supplementary Table 1 | Demographic and clinical characteristics of MRKH patients and controls. The labels are used as following. Δ patient samples excluded from analysis due to deviating tissue composition; ∗ two sisters from family A; ° two sisters from family B; N/A, not applicable (hysterectomy control); B = bilateral, L = left, R = right; cycle phase 1 ≜ proliferative phase, cycle phase 2 ≜ secretory phase.

Supplementary Table 2 | Summary of demographic and clinical characteristics of MRKH patients and controls used for the analysis. Samples excluded from the analysis due to tissue composition (see Supplementary Table S1) were not included in the calculation of the depicted values.

Supplementary Table 3 | List of primer sequences used for RT-qPCR.

Supplementary Table 4 | Top 50 up- and downregulated genes in Type 1/Ctrl, ordered by padj value.

Supplementary Table 5 | Top 50 up- and downregulated genes in Type 2/Ctrl, ordered by padj value.
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The serum- and glucocorticoid-inducible kinase 1 (SGK1) is subject to genetic up-regulation by diverse stimulators including glucocorticoids, mineralocorticoids, dehydration, ischemia, radiation and hyperosmotic shock. To become active, the expressed kinase requires phosphorylation, which is accomplished by PI3K/PDK1 and mTOR dependent signaling. SGK1 enhances the expression/activity of various transport proteins including Na+/K+-ATPase as well as ion-, glucose-, and amino acid- carriers in the plasma membrane. SGK1 can further up-regulate diverse ion channels, such as Na+-, Ca2+-, K+- and Cl– channels. SGK1 regulates expression/activity of a wide variety of transcription factors (such as FKHRL1/Foxo3a, β-catenin, NFκB and p53). SGK1 thus contributes to the regulation of transport, glycolysis, angiogenesis, cell survival, immune regulation, cell migration, tissue fibrosis and tissue calcification. In this review we summarized the current findings that SGK1 plays a crucial function in the regulation of endometrial function. Specifically, it plays a dual role in the regulation of endometrial receptivity necessary for implantation and, subsequently in pregnancy maintenance. Furthermore, fetal programming of blood pressure regulation requires maternal SGK1. Underlying mechanisms are, however, still ill-defined and there is a substantial need for additional information to fully understand the role of SGK1 in the orchestration of embryo implantation, embryo survival and fetal programming.

Keywords: SGK1, cell survival, cell migration, pregnancy, infertility


INTRODUCTION

Serum and glucocorticoid-inducible kinase 1 (SGK1) was discovered as an immediate early gene, transcriptionally induced in rat mammary cancer cells by glucocorticoids and serum (Webster et al., 1993). SGK1 is evolutionarily conserved and is found in almost all tissues (Arencibia et al., 2013). However, it is strictly transcriptionally and post-transcriptionally regulated (Waldegger et al., 1997; Brickley et al., 2002; Belova et al., 2006; Lang et al., 2006; Di Cristofano, 2017). Enhanced activity of SGK1 plays a decisive role in the pathophysiology of several clinical disorders, such as metabolic syndrome, fibrosis, vascular occlusion, tissue calcification, neurodegeneration, inflammation, autoimmune disease, malignancy and compromised female reproduction (Salker et al., 2011; Harries et al., 2012; Kleinewietfeld et al., 2013; Lang and Voelkl, 2013; Pelzl et al., 2017). Twin studies have disclosed a gain-of-function SGK1 gene variant in intron 6 [I6CC] and in exon 8 [E8CC/CT] (Busjahn et al., 2004). The prevalence of the I6C/E8CC/CT genotype was approximately 3–5% in Caucasians and 10% in African/Asian population (Busjahn et al., 2004; Schwab et al., 2008). Individuals with the SGK1 polymorphism were associated with moderately enhanced occurrence of hypertension, shortened QT interval in electrocardiograms, stroke, obesity and diabetes (Busjahn et al., 2004; Schwab et al., 2008). A recent paper also reported that SGK1 variants were associated with chronic heart disease and depression in the Chinese Han population (Han et al., 2019).

The present review provides a short synopsis of the mechanisms regulating SGK1 expression and activity, the molecular SGK1 targets as well as the SGK1-dependent cell functions and survival. We also highlight the role of SGK1 in obesity and diabetes, and in inflammatory diseases such as endometriosis. Most importantly, the review amplifies on the involvement of SGK1 in the regulation of embryo implantation, embryo survival and fetal programming.



SGK1 REGULATION

Serum- and Glucocorticoid- kinases (SGKs) are members of the AGC (PKA-, PKB-,PKG- and PKC-related) family of serine/threonine kinases (Lang et al., 2006; Heikamp et al., 2014; Di Cristofano, 2017). SGKs represent one of the most evolutionarily conserved groups of protein kinases in the eukaryotic kingdom (Heikamp et al., 2014). The SGK family consists of three distinct but highly homologous isoforms (SGK1, SGK2 and SGK3) that are produced from three distinct genes localized on different chromosomes (Kobayashi et al., 1999).

Structurally, SGK1 consists of three domains: an N-terminal variable region, a catalytic domain, and the C-terminal tail (Zhao et al., 2007). SGK1 is subject to rigorous temporal and spatial regulation, mostly via phosphorylation of two conserved residues; one in the activation loop and the other in the hydrophobic motif within the C-tail, which is indispensable for full activation (Kobayashi and Cohen, 1999; Biondi et al., 2001).

Expressed SGK1 protein is not constitutively active but requires activation to be functional (Di Cristofano, 2017). In 1999, two key studies reported that SGK1 phosphorylation and activation was governed by the PI3K signaling cascade (Kobayashi and Cohen, 1999; Park et al., 1999). These studies emerged from the concept that the catalytic and C-terminal domains of SGK1 are highly homologous to that of other AGC kinases (Kobayashi and Cohen, 1999; Park et al., 1999). SGK1 function is directly dependent on mammalian target of rapamycin (mTOR) phosphorylation. Following the mTOR-dependent hydrophobic motif (H-motif) phosphorylation on serine 422 (García-Martínez and Alessi, 2008), the kinase changes into an open conformation for phosphorylation and complete activation by 3-phosphoinositide-dependent kinase-1 (PDK1) (Hong et al., 2008).

A plenitude of studies has now shown that SGK1 transcription is regulated by a multitude of stimuli and several inhibitors (Table 1). Stimulators of SGK1 activity and signaling involved are listed in Table 2 (Kobayashi and Cohen, 1999; Biondi et al., 2001; Collins et al., 2003; Lang et al., 2006). SGK1 activity is suppressed by the phosphatase and tensin homolog (PTEN), which degrades PIP3 (Biondi et al., 2001).


TABLE 1. Regulators of SGK1 expression.
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TABLE 2. Regulators of SGK1 activity.

[image: Table 2]Within the first 60 amino acids are the residues required for SGK1 degradation (Brickley et al., 2002). More precisely, a six amino acid motif (deficient of lysines) is required for ubiquitination and degradation by the 26S proteasome (Bogusz et al., 2006). Degradation of SGK1 requires four different E3 ubiquitin ligases: U-box E3 ubiquitin ligase CHIP, transmembrane E3 ubiquitin ligase HRD1, ubiquitin ligase neural precursor cell expressed developmentally downregulated gene 4-like (NEDD4L) and as shown more recently, a complex that includes Rictor, Cullin-1 and Rbx1 (Zhou and Snyder, 2005; Arteaga et al., 2006; Belova et al., 2006; Gao et al., 2009). Inhibitors of SGK1 degradation include glucocorticoid-induced leucine zipper protein-1 (GILZ) (Soundararajan et al., 2010).



SGK1 TARGETS

SGK1 phosphorylates serine/threonine at the following amino acid sequences: R-X-R-X-X-(S/T)-phi and R-R-X-S/T (X = any amino acid, R = arginine, phi = hydrophobic amino acid) (Park et al., 1999). Other SGK1 target proteins are similarly phosphorylated by other kinases, such as SGK2, SGK3 and protein kinase B (PKB/Akt) isoforms (Debonneville et al., 2001).

SGK1-regulated proteins are listed in Table 3. They include diverse ion channels, transporters and carriers (Lang et al., 2006). SGK1 regulates a number of signaling pathways and transcription factors including NFκB, CREB and FOXO3a (McCaig et al., 2011; Ohashi et al., 2011; Sahin et al., 2013; Voelkl et al., 2015). Interestingly, SGK1 can upregulate NFκB, by phosphorylation of the inhibitory protein IκB and downregulate NFκB by activation of N-Myc downstream-regulated gene-1 (NDRG1)–a negative regulator of NFκB signaling (Murakami et al., 2010; Zarrinpashneh et al., 2013). The only proteins hitherto known to be exclusive SGK1 targets are NDRG1 and NDRG2 (Weiler et al., 2013; Matschke et al., 2015).


TABLE 3. SGK1-regulated target proteins.
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SGK1 IN THE REGULATION OF CELL FUNCTION AND SURVIVAL

SGK1 enhances cellular energy supply from glycolysis, at least in part by up-regulation of cellular glucose uptake and of the Na+/H+ exchanger with subsequent cytosolic alkalinization, which in turn enhances glycolytic flux (Kobayashi and Cohen, 1999; Rusai et al., 2010; Rotte et al., 2011).

SGK1 contributes to the regulation of embryonic and ischemic angiogenesis, an effect involving transcription factor NFκB, which in turn up-regulates vascular endothelial growth factor A (VEGF-A) thus promoting endothelial cell migration and tube formation (Catela et al., 2010; Zarrinpashneh et al., 2013).

In keeping with its role in cell survival and proliferation, copy number variation, as well as an increase in the expression and/or activity of SGK1, has been found in several human tumors (Brunet et al., 2001; Shelly and Herrera, 2002; Zhang et al., 2005; Heise et al., 2010; Schmidt et al., 2014; Lee et al., 2019). In agreement, SGK1 overexpression can confer resistance of cancer cells to chemotherapy and radiation (Sommer et al., 2013; Talarico et al., 2016). SGK1 is partially effective by enhancement of store-operated Ca2+ entry (SOCE), which is accomplished by the Ca2+ channel ORAI1 and its regulator STIM1 (Eylenstein et al., 2011, 2012; Borst et al., 2012; Schmidt et al., 2014). SOCE triggers cytosolic Ca2+ oscillations with subsequent depolymerization of the actin filaments and the decomposition of the actin skeleton is a prerequisite for cell proliferation (Schmid et al., 2012). The electrical driving force for Ca2+ entry is maintained by SGK1 sensitive K+ channels (Seebohm et al., 2005). Further, SGK1 supports cell proliferation and survival by inactivating the pro-apoptotic transcription factor FOXO3A/FKRHL1 (Amato et al., 2013; Sahin et al., 2013), by inhibition of GSK-3 leading to stimulation of β-catenin (Zhong et al., 2014), and by stimulation of IKKβ leading to activation of NFκB (Zhang et al., 2005). SGK1 also, activates Mouse Double Minutes 2 (MDM2)- an ubiquitin ligase inducing degradation of p53 (Amato et al., 2009). In addition, SGK1 can disrupt binding of SEK1 to JNK1 and MEKK1 (Kim et al., 2007) and enhances Ran binding protein (RanBP), which in turn interacts with microtubule organization and mitotic stability (Amato et al., 2013). Through RANBP, SGK1 stringently governs the nucleo-cytoplasmic shuttling of pre-miRNAs, a necessary condition for miRNA maturation, thus modulating the epigenome (Dattilo et al., 2017).

SGK1 can also modulate cellular motility (Caglayan et al., 2011; Schmidt et al., 2012; Zarrinpashneh et al., 2013; Walker-Allgaier et al., 2017; Liu et al., 2018). SGK1-dependent mechanisms contributing to migration include activation of NFκB with subsequent up-regulation of ORAI/STIM and thus of store-operated Ca2+ entry (Eylenstein et al., 2011; Walker-Allgaier et al., 2017). Moreover, SGK1 stimulates Na+,K+,2Cl– cotransporters and Na+/H+ exchangers (Wang et al., 2005), carriers involved in cellular migration (Stock and Schwab, 2009; Delpire and Gagnon, 2018). Collectively, SGK1 can thus augment invasiveness and metastasis.

SGK1 expression is enhanced by TGF-β which is a stimulator of fibrosis (Akhurst and Hata, 2012; Voelkl et al., 2013; Guo et al., 2016). TGF-β-activated transcription factors include SMAD2 and SMAD3. SGK1 in turn augments TGF-β effects by inactivation of the ubiquitin ligase NEDD4L that normally triggers the degradation of SMAD2/3 (Gao et al., 2009; Xu et al., 2012). Signaling involved in the stimulation of fibrosis by SGK1 further includes pro-fibrotic transcription factor NFκB (Shih et al., 2011; Stone et al., 2011) and connective tissue growth factor (CTGF) (Das et al., 2012; Voelkl et al., 2012; Yang et al., 2012; Chilukoti et al., 2013; Tsai et al., 2014).

SGK1 stimulates tissue calcification, which is in part by up-regulation of osteo-/chondrogenic signaling including activation of the transcription factors MSX2 and CBFA1 (Voelkl et al., 2018). The effect again involves up-regulation of NFκB, a potent stimulator of vascular calcification (Zhao et al., 2012; Voelkl et al., 2018).



SGK1 IN THE REGULATION OF ENDOMETRIAL FUNCTION AND INFERTILITY

The endometrium, the functional layer of the uterus acts as the site for embryo implantation and nutrient support for the growing conceptus (Aghajanova et al., 2008). Embryo implantation and fetal growth strictly depend on the receptive phenotype expressed by the endometrium during the implantation window (6 days post ovulatory phase) with subsequent differentiation of the stromal fibroblasts into specialized decidual cells (Gellersen and Brosens, 2003; Teklenburg et al., 2010; Lucas et al., 2013). The decidualization process is accompanied by transition of thin elongated stromal cells into an enlarged, rounded morphology and induction of the specific marker genes such as insulin-like growth factor-binding protein 1 (IGFBP-1) and prolactin (PRL) (Teklenburg et al., 2010; Kusama et al., 2013). This process is mediated by cyclic adenosine monophosphate (cAMP) signal transduction coupled with progesterone signaling (Brar et al., 1997; Gellersen and Brosens, 2003). It is also characterized by the influx of maternal natural killer (uNK) cells, vascular remodeling and transient oedema (Gellersen and Brosens, 2014). Decidual cells play an important task in embryo ‘check point’ or ‘quality control’ and pro-actively reject developmentally impaired blastocysts, as these cells are acutely accustomed to react to signals from unhealthy embryos (Salker et al., 2010). Decidual cells also aid in establishing functional feto-maternal interface, maintain tissue haemostasis, modulate immune cells and can control trophoblast invasion (Figure 1). Additionally, they exert cellular anti-oxidative defense against the reactive oxygen species (ROS) generated at the feto-maternal interface in addition to silencing of pro-apoptotic pathways (Dey et al., 2004; Kajihara et al., 2006; Leitao et al., 2010; Salker et al., 2012; Lou et al., 2016).
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FIGURE 1. Decidualization of endometrial stromal cells: Endometrial decidualization, a process imperative for pregnancy in all species with invading embryos, is characterized by the transformation of stromal fibroblasts into secretory decidual cells. Decidual cells are a priori programmed to select against poor quality embryos. Modified and adapted from Alauddin et al. (2020) with permission.


miRNAs constitute a family of short non-coding RNA molecules of 18–24 nucleotides in length that regulate gene expression at the post-transcriptional level, targeting sequences in the transcript 3′ untranslated regions (3′UTR) that are only partially complementary to the miRNA, causing a repression of protein synthesis (Bartel, 2009; Wahid et al., 2010; Gulyaeva and Kushlinskiy, 2016). miRNAs are expressed in most organisms and regulate the expression of genes which are involved in different biological processes including cell proliferation, embryo development, organ development and cell motility (Christopher et al., 2016). More than 2500 different mature miRNA species present in humans have been registered in the miRNA database (Juzenas et al., 2017; Kozomara et al., 2019). Overexpression and underexpression of miRNAs are associated with a variety of pathologies including: ectopic pregnancy, endometriosis and endometrial cancer (Galliano and Pellicer, 2014; Yanokura et al., 2015). In the human endometrium, several studies, including next generation sequencing have identified the expression of several miRNAs. Among those altered include members of the miR-200 family (Alowayed et al., 2016; Tamaru et al., 2020).

Furthermore, miRNAs can also be secreted by cells into the extracellular environment (Turchinovich et al., 2012). Extracellular miRNAs exist in association with proteins, bound to lipoproteins or can be packaged into membrane-bound extracellular vesicles (EVs) (Groot and Lee, 2020). Recently, a study suggested that EVs can serve as an important pathway for the transfer of genetic information at the maternal-fetal interface and potentially, could control gene expression in the recipient cells and alter its physiology (Kurian and Modi, 2019; Tan et al., 2020). Thus, miRNAs also play a crucial role in the regulation of the endometrial physiology and the implantation process of the embryo. Furthermore, miRNAs are emerging diagnostic markers and potential therapeutic tools for understanding implantation disorders. However, further research is needed before miRNAs can be used in clinical practice for identifying and treating implantation failure.

Failed interaction between the invading blastocyst and the endometrial surface coinciding along with an impaired maternal decidual response is thought to be a major cause for infertility and pregnancy loss (Koot et al., 2012; Zhang et al., 2013; Lou et al., 2016). With alarming increase in infertility cases affecting about 10% of couples both in developed and developing countries, investing in strategies to understand the endometrial function is of importance. Studies suggest uterine receptivity to the invading embryo and fetal survival depends on the regulation of key uterine regulators (Dey et al., 2004; Cha et al., 2012; Koot et al., 2012; Zhang et al., 2013).

SGK1 is one such key regulator that is believed to have a major role in regulating a myriad of physiological processes important in pregnancy success (Salker et al., 2011; Cha et al., 2012; Lou et al., 2016). The primary evidence to imply the role of SGK1 in endometrial function and fertility arose from a microarray screening experiment of mid luteal (LH +5 to +10) endometrial biopsies obtained from both fertile (control) and infertile women (Feroze-Zaidi et al., 2007). SGK1 was significantly elevated in response to an increase of progesterone levels during the mid-luteal phase of the cyclic endometrium in both luminal epithelial cells and then in decidualizing stroma (Feroze-Zaidi et al., 2007; Salker et al., 2011). Importantly, these studies showed that during the implantation window there must be a decline in SGK1 expression levels in luminal epithelium to infer endometrial receptivity (Feroze-Zaidi et al., 2007; Salker et al., 2011).

To define the exact role of SGK1 in implantation, the expression levels of SGK1 in the mid-secretory phase endometrial biopsies from subjects with proven live birth (fertile) or with recurrent/unexplained implantation failure were examined (Salker et al., 2011). This study showed that enhanced endometrial SGK1 activity was associated in women with unexplained infertility in comparison with fertile controls in the luminal epithelium (Salker et al., 2011; Lou et al., 2016). Further, to investigate if sustained activity of SGK1 in the endometrial epithelium interferes with embryo implantation, an expression vector encoding constitutively active SGK1 (SGK-S422D) was injected into the uterine lumen of wild type female mice (using a natural mating model). The results showed a complete abolishment of implantation sites in animals expressing constitutively active SGK1 (Salker et al., 2011).

SGK1 acts as a regulator of ENaC and several other ion channels. SGK1 directly regulates ENaC activity in the endometrium (Salker et al., 2016) and enhances its expression through inhibition of ubiquitin ligase NEDD 4-2 (Heise et al., 2010; Salker et al., 2011). ENaC detected in epithelial cells is a major modulator of uterine luminal fluid (ULF) secretion and reabsorption before embryo implantation, thereby promoting endometrium receptivity and implantation (Yang et al., 2004; Ruan et al., 2012; Zhang et al., 2013).

In addition to ENaC, elevated SGK1 levels also upregulates the cystic fibrosis transmembrane conductance regulator (CFTR) (Salker et al., 2011), which is an another vital factor that is associated with abnormal ULF accumulation and in in vitro fertilization (IVF) treatment failure (Yang et al., 2004; Chan et al., 2009; Salker et al., 2011; Lou et al., 2016). Therefore, it could be postulated that a sustained increase of SGK1 in endometrium epithelium could in fact perturb ULF (Figure 2) by causing premature uterine closure aiding in insufficient adhesion of the blastocyst to the uterine epithelium or creating a hostile environment which prevents implantation (Lou et al., 2016). Given the diverse roles of SGK1 in the regulation of ion channels, it remains to be determined which other channels are involved in regulating ULF and implantation. Furthermore, aberrant expression of SGK1 in the mouse luminal epithelium either suppressed or completely abolished the induction of key endometrial receptivity markers, such as leukemia inhibitory factor (Lif), heparin-binding EGF-like growth factor (Hbef) and homeobox protein Hox-A10 (Hoxa10) leading to conception delay and thus implantation failure (Fisher and Giudice, 2011; Salker et al., 2011; Lou et al., 2016). Therefore, it is conceivable that excessive SGK1 in the luminal epithelium of the endometrium could disturb the delicate ULF balance causing a hostile environment thus preventing embryo implantation as well as dysregulating (directly or indirectly) endometrial receptivity genes, which contributes to unexplained implantation failure in humans.
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FIGURE 2. SGK1 in infertility: A transient decline of SGK1 activity in the endometrial epithelium promotes blastocyst apposition by regulating the activities of Epithelial sodium channel (ENaC) and Cystic fibrosis transmembrane conductance regulator (CFTR) to achieve appropriate uterine luminal fluid (ULF) secretion and absorption during the window of endometrial receptivity to confer successful implantation. Whereas, when expressed in high levels in the luminal epithelium, SGK1 is speculated to perturb uterine luminal fluid balance, attenuate endometrial receptivity and thereby resulting in implantation failure.




SGK1, OBESITY AND DIABETES

Both obesity and diabetes are associated with reproductive failure (Dağ and Dilbaz, 2015; Thong et al., 2020). SGK1 participates in the development of obesity (Li et al., 2013), which is well known to cause insulin resistance and eventually leading to type 2 diabetes (Lang et al., 2009). SGK1 can promote the development of obesity by stimulation of the Na+ coupled glucose transporter mainly by SGLT1, which aids intestinal uptake of glucose (Jeyaraj et al., 2007). Rapid glucose absorption results in excessive insulin release and deposition of fat, with a following decrease of plasma glucose concentration, which prompts repeated glucose uptake and thus obesity (Bano, 2013). Further, overexpression of SGK1 enhances adipocyte differentiation (Di Pietro et al., 2010). The role of SGK1 in the development of obesity is emphasized by the finding that the I6C/E8CC/CT SGK1 variant is related to increased body weight (Busjahn et al., 2004) and is more prevalent in patients with type 2 diabetes than in individuals without a family history of diabetes (Schwab et al., 2008). This polymorphism which pre-disposes to obesity, is also associated with moderately enhanced blood pressure and hyperinsulinemia, which are all key factors in metabolic syndrome (Norlander et al., 2017).

In diabetes mellitus, excessive plasma glucose concentrations can upregulate intestinal SGK1 expression and thus SGK1-dependent stimulation of SGLT1, contributing to the maintenance of obesity (Dieter et al., 2004). A number of studies have proposed that abnormal glucose metabolism in the endometrium contributes to the increased risk of adverse pregnancy outcomes (Salker et al., 2017; Flannery et al., 2018; Raglan et al., 2020). It has now been reported, that SGLT1 is indeed expressed in the endometrium and controls glycogen accumulation essential for histiotrophic nutrition in pregnancy (Salker et al., 2017). Further, loss of Sglt1 compromised endometrial glycogen storage, resulting in a reduced litter size and low birth weight in mice. Comparative SGLT1 deficiency in the human endometrium (at implantation) predisposed for early pregnancy failure and obstetrical complications, including fetal growth restriction (Salker et al., 2017). In view of the present observations, particular caution is warranted in pre-conception or during pregnancy if SGLT1 inhibitors are considered for the treatment of diabetes (Kalra et al., 2015). Further, SGK1 inhibitors are useful, however, only, if they do not hinder the activity of the PKB/Akt isoforms, which would impede cellular glucose uptake and thus would be expected to exacerbate diabetic hyperglycemia.

Women beginning their pregnancies as either overweight [body mass index (BMI), 25–29.9 kg/m2] or obese (BMI ≥ 30 kg/m2) have an increased risk to deliver large for gestational age (LGA) babies (Ziauddeen et al., 2019). Placental nutrient transport is controlled by fetal, placental and maternal factors. It is well established that IGF-I, insulin and mTOR signaling stimulate placental amino acid transport (Rosario et al., 2011, 2015). All three factors can stimulate SGK1 (Park et al., 1999; Hall et al., 2012). Whether feedback mechanisms exist to perpetuate this pathway requires further elucidation. These studies will increase our understanding of the mechanisms linking maternal obesity and LGA at birth may facilitate the development of novel intervention strategies to alleviate excessive fetal overgrowth.



SGK1 AND ENDOMETRIOSIS

Endometriosis is a debilitating disease that affects 5–10% of women of reproductive age (González-Echevarría et al., 2019). Clinical manifestations of endometriosis include inflammation, chronic pelvic pain and infertility (Klemmt and Starzinski-Powitz, 2018). The pathogenesis of endometriosis has not been clearly defined though the current paradigm is thought to be via retrograde menstruation (Sourial et al., 2014). Endometriotic tissues are estrogen-dependent and are associated with enhanced aromatase expression and local estrogen production (Kitawaki et al., 2002). It is noteworthy to point out that hypomethylation of the Estrogen Receptor 2 (ESR2) promoter is associated with increased gene and protein levels in pathological tissues and an increased ‘inflammatory state’ (Xue et al., 2007).

Additionally, it has been demonstrated that SGK1 expression is significantly increased in human endometriotic lesions compared with healthy controls and that PGE2 mediated-inflammation perpetuates SGK1 activity (Lou et al., 2017). Oestradiol-sensitive overexpression of SGK1 by ESR2 promoted endometriotic stromal cell survival by phosphorylating and inactivating the pro-apoptotic transcription factor, FOXO3a (Monsivais et al., 2016). These findings agree with the role of SGK1 in cell proliferation and survival. Additionally, endometrial SGK1 up-regulates the activities of Orai1 and SOCE, which triggers cell proliferation and migration, thereby perpetuating endometrial regeneration of abnormal tissue (Schmidt et al., 2014). This biological role of SGK1 in the endometrium has important bearings on implantation because of the frequency of infertility in women with endometriosis.



SGK1 AND PREGNANCY LOSS

Once the embryo has adhered to the luminal epithelium of the endometrium via ligand dependent interactions, the invading embryo is actively encapsulated by the underlying decidualized stromal cells. These highly specialized cells aid in defining healthy feto-maternal interface, desirable for embryo development (Lucas et al., 2013).

Although SGK1 expression and activity decline during the implantation window in the uterine epithelium, it is found to be highly induced in the decidualizing stroma underlying the epithelium. The decidua regulates trophoblast invasion and placenta formation (Dey et al., 2004). SGK1 levels are high in the early pregnancy decidua compared with normal menstrual endometrium upon stimulation of progesterone (Salker et al., 2011; Lou et al., 2016). Phospho-SGK1 levels are downregulated in the stromal cells in mid-secretory endometrium samples of women with recurrent pregnancy loss (>3 or more losses prior to 24 weeks of gestation), a finding directing to the possible protective role of SGK1 activity in the maternal decidual response (Salker et al., 2011).

To further explore the role of maternal SGK1, these authors turned to the SGK1 knockout mouse model. The authors revealed that in pregnant Sgk1 knockout (sgk1–/–) mice, the uteri/implantation sites, showed evidence of uterine bleeding, deficiency in fetal growth and spontaneous (30%) fetal loss akin to human miscarriage (Fisher and Giudice, 2011; Salker et al., 2011). In line with this, in vitro SGK1 knockdown sensitizes decidual stromal cells to considerable oxidative stress at the utero-placental interface by deregulation of free radial scavengers (GPX3, SOD2, TXN, GLRX1 and PRDX2) subsequently inducing excessive intracellular ROS resulting in cell apoptosis at the maternal fetal interface (Salker et al., 2011; Figure 3).
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FIGURE 3. SGK1 and pregnancy loss: Expression of SGK1 rises in the decidual (stroma) compartment of the endometrium to sustain early pregnancy. SGK1 modulates cell differentiation, proliferation and survival of the decidua and provide with antioxidant defenses at the feto-maternal interface. Thus, when SGK1 levels fall in the decidual stroma it results in poor cell proliferation, reduction in antioxidant defense resulting in cell death and reduction in histotrophic nutritional support causing early pregnancy loss. Low maternal SGK1 levels could also possibly influence endometrial angiogenesis and fetal programming.


As mentioned above, SGK1 supports cell proliferation and survival by regulating various membrane ion transporters as well as K+, Cl– and Ca2+ channels (Lang et al., 2006). Specifically, SGK1 contributes to survival of endometrial stromal cells, which is essential for decidualization via phosphorylation and subsequent inactivation of pro-apoptotic FOXO3a (Lou et al., 2016; Monsivais et al., 2016). Thus, loss of SGK1 in stromal decidua represses stromal cell proliferation and survival required for decidualization, dysregulates intracellular ion homeostasis in differentiating cells and leads to oxidative cell death at the maternal-fetal interface causing pregnancy failure (Salker et al., 2011; Lou et al., 2016).

In summary, the different mechanistic impact on embryo implantation and pregnancy maintenance in the two distinct cellular compartments of the endometrium exerted by SGK1 makes it a key player in maintaining the functional reproductive axis. More precise understanding of the role of SGK1 in reproductive disorders mainly in infertility and miscarriage will provide potential promising opportunities for clinical intervention.



SGK1 AND IMMUNE CELLS IN PREGNANCY

The fetus has a genetic makeup derived from both paternal and maternal genes and is therefore a semi-allograft to the maternal immune system (Mor and Cardenas, 2010; Negishi et al., 2018). Intriguingly, the fetus evades immune rejection and is tolerated for the duration of pregnancy. This phenomenon was first described by Sir Peter Medawar in 1953 as ‘the paradox of pregnancy’ (Solano, 2019). The mechanism behind this remains a central question in reproductive immunology. During the decidual process, there is an influx of innate immune cells that is primarily populated by three leukocyte subpopulations, namely uNK cells, macrophages, and T cells. Antibody producing B cells are virtually absent (Suzuki et al., 1995; Bulmer and Lash, 2019; Solano, 2019).

The largest populations (10–15%) of decidual immune cells are the uNK cells (CD56brightCD16–) (Bulmer and Lash, 2019). They participate in coordinating important pregnancy events such as implantation and placentation (Sojka et al., 2019). uNK cells are highly localized to the areas surrounding the specialized decidual cells (Bulmer and Lash, 2019). Decidualization and the unique endocrine signals from decidua result in recruitment of NK cells from the periphery to the endometrium (Solano, 2019). Chemokines/cytokines such as IL-15, IL-7 and TGFβ-1 secreted by the uterine decidua attract NK cells to the endometrium and also stimulate their differentiation (Kauma et al., 1996; Rebecca et al., 2006). These factors are increased in the endometrium during the secretory phase and in early pregnancy. uNK cells secrete a plethora of cytokines such as granulocyte macrophage colony stimulating factor (GM-CSF), Interferon-γ (IFN-γ), IL-2, IL-10, leukemia inhibitory factor (LIF) and matrix metallopeptidase (MMP), suggesting that uNK cells may have functions related to the dialogue at the maternal-embryonic interface and subsequent development of the placenta (Kalkunte et al., 2009; Hara et al., 2016; Sojka et al., 2019). RNA sequencing and explant studies characterized uNK cells as highly pro-angiogenic cells that produce angiogenic factors such as members of the VEGF family, including placenta growth factor (PLGF) (Quenby et al., 2009; Gong et al., 2014). Mouse knock-out models devoid of uNK cells have shown that uNK cells not only participate in angiogenesis, but also regulate the structure of blood vessels in the uterus (Croy et al., 2003). Recently, it was shown that a subpopulation of endometrial stromal cells undergoes senescence during decidualization (Brighton et al., 2017). These senescent cells were then cleared by uNK cells via the perforin/granzyme B pathway (Brighton et al., 2017). Homeostasis of decidual cell senescence and uNK cell clearance is proposed to be essential for the establishment of a healthy window of implantation (Brighton et al., 2017; Lucas et al., 2020). Dysregulation in these processes may well contribute to reproductive failure. The role of uNK cells in pregnancy still remains unclear; however, this is one of the first reports of their critical activity within the non-pregnant uterus.

Besides NK cells, T cells are also a major cell population in the endometrium and decidua (Lissauer et al., 2017). It has been long proposed that maternal tolerance is established by a predominance of T helper type 2 (Th2) immunity over Th1 immunity during pregnancy (Th1/Th2 balance) (Sykes et al., 2012). SGK1 is a positive regulator of Th2 differentiation and a negative regulator of Th1 differentiation (Heikamp et al., 2014; Norton and Screaton, 2014). In murine CD4+ helper T cells, SGK1 can phosphorylate GSK-3β and block the degradation of β-catenin (Zhu et al., 2020). This, in turn, can inhibit downstream targets associated with the Th1 phenotype by increasing T cell factor 1 (TCF1) (Norton and Screaton, 2014). Moreover, SGK1 can also phosphorylate Nedd4-2, which inhibits the ubiquitination of JunB (Yang and Kumar, 2010). The stability of JunB contributes to IL-4 and GATA-3 expression, which is required for the Th2 cell lineage (Saito et al., 2010). Loss of SGK1 abolishes the inhibition of GSK-3β and Nedd4-2 (Di Cristofano, 2017), thus promoting the Th1 and inhibiting the Th2 phenotype. However, both Th1 and Th2 dominant immunity are observed in pregnancy complications (Feyaerts et al., 2017) therefore whether these pathways contribute to pregnancy maintenance needs further investigation.

Th17 cells and regulatory T (Treg) cells have been shown to play an important role in pregnancy (Figueiredo and Schumacher, 2016). SGK1 contributes to the regulation of inflammation and is decisive for the up-regulation of Th17 cells with subsequent release of the pro-inflammatory cytokines GM-CSF, TNF-α and IL-2 (Wu et al., 2013, 2018). SGK1 regulates IL-23 signaling by phosphorylating Foxo1 and reducing its nuclear exclusion, thus promoting IL-23 receptor expression (Wu et al., 2013). The pathogenic functions of Th17 cells are enhanced by the IL-23 receptor. Foxp3, a critical regulator of Treg cell development and function is also controlled by Foxo1 activity (Harada et al., 2010). Although much effort has been put in elucidating how the immune system contributes to pregnancy, particularly in mice, knowledge on early human pregnancy is limited.

Therefore, the simplistic notion that the Th1/Th2 balance is necessary for a healthy pregnancy is likely to be replaced with a complex interplay including different helper T cells (Th1/Th2/Th17/Treg axis). Therefore, future studies should explore the influence of different triggers on immune cells in the uterus before and during pregnancy and, how deregulation can lead to pregnancy complications.

One of the important components of the innate immune population are the gamma/delta (γδ) T cells (Mincheva-Nilsson, 2003). Earlier studies show that these cells play a pivotal role in maintaining homeostasis by clearing infections and also ensuring immune tolerance at the feto-maternal interface (Carding and Egan, 2002). Thus, these cells play both a regulatory and an effector role (Suzuki et al., 1995). Interestingly Mincheva-Nilsson et al., showed an extrathymic differentiation of γδ T cells in the decidua (Mincheva-Nilsson et al., 1997). This could help prime the maternal immune system to the growing fetus, as the first encounter and presentation of fetal antigens to the mother takes place in the decidua. Thus, the expansion and maturation of γδ T cells in the uterine decidua might be a possible mechanism aiding the maternal innate immune system to accept the pregnancy. Further, in celiac disease, SGK1 supports epithelial cell survival by inhibiting apoptosis induced by intraepithelial lymphocytes (IELs) (Szebeni et al., 2010). γδ T cells are present in abundance within the IELs cell population aiding in an epithelial defense mechanism (Cheroutre et al., 2011). It is tempting to speculate that overexpression of SGK1 in the uterine epithelium could drive enhanced epithelial cell protection and survival by inhibiting apoptotic signals from the uterine γδ T cells present. This altered epithelial cell death might have deranged effects on early phases of implantation, as physiological apoptosis of uterine epithelial cells is an essential checkpoint for successful blastocyst implantation in a process known as ‘displacement penetration’ (Joswig et al., 2003; Boeddeker and Hess, 2015).

The uterine immune milieu is believed to be strongly modulated by the crosstalk between the endometrial cells and the uterine immune cell population. The evidence of decidua acting as an extrathymic maturation site for γδ T cells and also controlling the homing and differentiation of uNK cells implies the importance of decidual microenvironment and the crosstalk between uterine cells in immunoregulation during pregnancy. Thus, it is reasonable to postulate that the aberrant levels of SGK1 in the endometrial compartments might have an unfavorable effect on the uterine immune cell populations. For instance, high levels of SGK1 in stromal cells causing impaired uterine decidua could also have adverse effect on differentiation of γδ T cells and uNK cells. Inefficient maturation of these immune cells at the decidua could lead to poor immune tolerance and improper vessel remodeling.

A better understanding of uterine SGK1 and immune modulation at the feto-maternal interface may help develop new diagnostic biomarkers and related targeted therapies for miscarriage and other obstetrical complications.



SGK1 IN FETAL PROGRAMMING

The nutritional status of the mother is an important factor that affects fetal programming (Langley-Evans et al., 1994; Vehaskari et al., 2001; Woods et al., 2001; Lamireau et al., 2002; Manning et al., 2002; McMullen and Langley-Evans, 2005; Welham et al., 2005; Maria Pereira Pires et al., 2006; Pladys et al., 2006; Zambrano et al., 2006; Hocher, 2007; Dörsam et al., 2019; Rughani et al., 2020; Zhou et al., 2020). To investigate the impact of SGK1 on fetal programming and hypertension (blood pressure), Rexhepaj et al., mated wild-type (sgk1+/+) male mice with sgk1–/– female mice, and sgk1–/– males with sgk1+/+ females, resulting in heterozygotic (sgk1–/+) offspring in both cases (Rexhepaj et al., 2008). During mating and pregnancy, the animals were subjected to low protein diet (8%). As a result prenatal protein restriction of wild type (sgk1+/+) maternal mice led to offspring with a slower weight gain and significantly higher blood pressure after birth (Rexhepaj et al., 2008).

Thus, maternal signals mediated by SGK1 play a decisive role in fetal programming of hypertension induced by prenatal protein restriction (Rexhepaj et al., 2008). In a rat model, the miR-200 family and their associated mRNAs from vascular specimens from the offspring of dams undernourished during gestation were dysregulated (Khorram et al., 2010). Interestingly, these changes in miR-200 were still prominent 1 year after birth. Bioinformatics analyses obtained from the miRbase server showed that there is a paired seed region for miR-200 on the SGK1 3′UTR. It is therefore tempting to speculate that miR-200 could directly modulate SGK1 expression as an upstream regulator thus, modifying the function of endothelial cells or angiogenic signaling during pregnancy.

SGK1 also participates in embryonic neoangiogenesis by phosphorylating its physiological substrate NDRG1 and modulating expression of angiogenic factor VEGFA via the NFκB signaling axis (Zygmunt et al., 2003; Zarrinpashneh et al., 2013; Lou et al., 2016). Also, SGK1 plays a role in vascular remodeling in angiogenesis by regulating the expression of notch-signaling genes and arterial markers Efnb2 and Nrp1 (Catela et al., 2010). Given this, loss of maternal SGK1 may contribute to a reduction in endometrial vessel development, thereby contributing to growth restriction (IGUR), thus a lower pup weight. However, to prove this conjecture more investigations are essential to better appreciate the function of endometrial SGK1 and angiogenesis. Thus, these studies propose that maternal signals facilitated by SGK1 have a substantial role to play in in-utero programming of fetal blood pressure induced by a restricted (maternal) protein diet during pregnancy.



FUTURE PERSPECTIVE AND LIMITATIONS

Despite years of research, we still lack clarity about how the endometrium supports implantation and the maintenance of an ensuing pregnancy. Though, several potential biomarkers of endometrial receptivity have been proposed, we still lack the in-depth theoretical knowledge to design targeted therapies for infertility. The numbers of infertility patients are staggering, ∼15% of couples cannot conceive and ∼30% of established pregnancies are lost, and these numbers are rising (Teklenburg et al., 2010). Thus, there is a crucial need for development in reproductive medicine both at the ‘bench and bedside’. Studies addressing human reproduction face many challenges, including the ethical unfeasibility of obtaining samples in normal gestation to study implantation and very early pregnancy in humans. Murine studies have been instrumental in shedding light into the intricacies of embryo implantation and pregnancy. However, the major hurdle is in translating the key molecules found from murine models to humans.

In the endometrium of humans and mice, SGK1 influences reproductive success by fine balancing expression and activity at the preimplantation stage and in the decidualizing stroma. SGK1s’ clinical implication in fertility and pregnancy loss makes it a potential target for therapeutic intervention. In particular, as the transient decline of SGK1 is beneficial for successful implantation, commercial SGK1 inhibitors, such as EMD638683, GSK650394, or the new SGK1 inhibitor, named SI113, might also be considered for treatment of infertility to aid patients who undergo IVF at the mid-secretory phase of the cycle or as a non-hormonal contraceptive.

Critically, most of the data presented are based on cell-lines and the fact that SGK1 deficiency (knock out), in vivo, has minimal consequences for normal homeostasis. These studies associate SGK1 activation to specific pathways are rather restricted and often susceptible to caveats, including the use of overexpression (e.g., plasmid DNA) systems and the obvious lack of a multi-cellular environment. Current and future efforts, notably utilizing genetically engineered or uterine specific mouse models, shRNA-based cell systems, organoids or organ-on-a-chip methodologies (Politi et al., 2004; Gnecco et al., 2017; Hibaoui and Feki, 2020) will facilitate progress and delineate the signaling molecules and pathways that are directly and specifically controlled by SGK1 in the endometrium and eventually provide more insight into the intricate maternal-fetal labyrinthine.



CONCLUSION AND OUTLOOK

Globally, 90,000,000 couples (one in seven) have difficulties conceiving, and in excess of 30,000 IVF treatment cycles fail annually in Germany alone, usually because of embryo implantation failure and a further 15% of clinically recognized pregnancies go on to miscarry (European IVF-Monitoring Consortium (EIM) for the European Society of Human Reproduction and Embryology [ESHRE] et al., 2016). With delay in childbearing age and factors influencing fertility such as obesity, there will be a greater dependency on IVF. By 2027, the socio-economic impact for IVF (and its subsidiaries) is estimated to exceed $37.7 Billion USD (Research, 2020). These statistics are startling, but these numbers are likely to increase. Therefore, efforts have been made in this direction in recent years to try to realize novel methods for detection of biomarkers and drug targets.

This review has presented evidence regarding SGK1 as potential endometrial regulator. Dysregulated SGK1 is implicated in impaired endometrial receptivity, implantation failure, endometriosis and in fetal programming. In fact, there is currently great interest in identifying gene targets that can be used as markers for the early detection of endometrial disorders and fertility. However, the implications of the findings described throughout this review need to be confirmed in large clinical trials before they become a real approach in daily clinical practice for assessing embryonic and endometrial health, and thereby increasing pregnancy rates per transfer after IVF.

In summary, maternal SGK1 plays a decisive role in mediating initial interaction of the implanting blastocyst with the endometrium, helps to maintain functional feto-maternal interface for pregnancy survival and contributes to fetal programming. It is hoped that future studies will lead to improved diagnostic and predictive tools that will assist in patient stratification and ultimately, improved pregnancy outcomes.
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C-Peptide Inhibits Decidualization in Human Endometrial Stromal Cells via GSK3β-PP1
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Decidualization refers to the functional differentiation of endometrial stromal cells and plays a significant role in embryo implantation and pregnancy. C-peptide is excreted in equimolar concentrations as that of insulin during the metabolism of proinsulin in pancreatic beta-cells. High levels of C-peptide are correlated with hyperinsulinemia and polycystic ovarian syndrome, which show a defect in decidualization. However, the role of C-peptide in decidualization has not yet been studied. Here, we identified C-peptide as an endogenous antideciduogenic factor. This inhibitory function was confirmed by the reduced expression of decidual markers, including prolactin, insulin-like growth factor-binding protein-1, and Forkhead box protein O1 as well as by the fibroblastic morphological change in the presence of C-peptide. C-peptide also enhanced cellular senescence and decreased the proportion of apoptotic cells during decidualization. In addition, C-peptide potentiated the inhibitory effects of both insulin and palmitic acid in an AKT- and autophagy-independent manner, respectively. Furthermore, C-peptide augmented protein phosphatase 1 (PP1) activity, leading to a reduction in the inhibitory phosphorylation of glycogen synthase kinase (GSK)3β, which resulted in enhanced cellular senescence and decreased apoptosis during decidualization. Taken together, our findings suggest that C-peptide is an antideciduogenic factor acting via the regulation between PP1 and GSK3β in patients with hyperinsulinemia.
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INTRODUCTION

The human proinsulin connecting peptide (C-peptide) is composed of 31 amino acids, which are cleaved from proinsulin during proteolytic processing (Bhatt et al., 2014; Leno-Duran et al., 2014). C-peptide links and stabilizes the A- and B- chains of insulin molecules, resulting in its proper folding and interchain disulfide bond formation. C-peptide and insulin are secreted in equimolar concentrations from the pancreatic β-cells (Beischer et al., 1976; Wahren et al., 2000), with C-peptide largely viewed as an inert marker for insulin production with negligible metabolism in the liver (Hills and Brunskill, 2009). However, recent studies have revealed several important physiological and protective functions of C-peptide in diabetic complications, suggesting that this byproduct may play a hormone-like role in diverse aspects of cellular signaling.

It has been suggested that C-peptide exerts its effect by binding to Gαi-coupled G-protein-coupled receptor (GPCR) on the cellular surface, which is supported by a previous study that demonstrated high-affinity interactions between a fluorophore-labeled C-peptide and human cell membranes (Rigler et al., 1999). C-peptide has been reported to activate phospholipase C (PLC) – Ca2+-dependent signaling pathways, thereby increasing the activity of both Na+-K+-ATPase and endothelial nitric oxide synthase. It has also been shown to stimulate mitogen-activated protein kinase (MAPK), leading to the activation of Na+-K+-ATPase and numerous transcription factors, including cAMP response element-binding protein (CREB), nuclear factor kappa beta (NF-κB), and activating transcription factor 1 (ATF1). These functions may play some protective roles in diabetic vascular dysfunction, micro- and/or macro-vascular damage, and diabetic neuropathy (Wahren et al., 2000). In addition, C-peptide induces cyclin D1 expression, promoting the critical transition of cell proliferation from G1- to S-phase via the activation of retinoblastoma protein phosphorylation in smooth muscles of both rats and humans (Walcher et al., 2006). These results suggest that C-peptide plays several functional roles in diverse tissues and biological contexts, in addition to its role in diabetes. However, the potential effects of C-peptide signaling on endometrium differentiation during embryo implantation and pregnancy maintenance have not yet been investigated.

Decidualization is the process of transformation of endometrial fibroblasts to secretory round-shaped decidual cells during the menstrual cycle and pregnancy (Gellersen and Brosens, 2014). Elevated progesterone levels during the mid-secretory phase of the menstrual cycle induce a decidua-like morphological change in the stromal cells that surround the spiral arteries in the endometrium (Okada et al., 2018). During this process, the decidual stromal cells provide the key nutrients to support placental development and ultimately embryo implantation (Dunn et al., 2003). The extended cytoplasm of the decidual stromal cells contains glycogen and lipid droplets and an increased number of intracellular phagosomes and lysosomes, possibly contributing to the intense remodeling of the extracellular matrix (ECM) and the release of diverse cytokines and signaling molecules (Gellersen and Brosens, 2014). In addition, these cells express diverse signal coordinators, which serve as decidual markers, including prolactin (PRL), insulin-like growth factor-binding protein-1 (IGFBP1), Forkhead box protein O1 (FOXO1), and the NODAL-signaling pathway inhibitor left-right determination factor 2 (LEFTY2).

A high level of C-peptide is closely accompanied by hyperinsulinemia and insulin resistance (Hills and Brunskill, 2009), which have been linked to several endocrine conditions and pregnancy complications. Patients with polycystic ovarian syndrome (PCOS), characterized by hyperandrogenism and hyperinsulinemia, have a high risk of recurrent pregnancy loss and miscarriage (Chakraborty et al., 2013). Treatment of patients with PCOS with metformin reduces the occurrence of early pregnancy loss (Nawaz and Rizvi, 2010), suggesting that insulin resistance or hyperinsulinemia may play a significant role in early pregnancy loss in PCOS patients. Hence, we hypothesize that C-peptide under hyperinsulinemia affects decidualization and subsequently maintaining pregnancy. Here, we examined for the first time whether C-peptide played a role in decidualization and further investigated the mechanistic regulation involved. Our findings reveal a novel role for C-peptide in the endometrium and provide an explanation for the high risk of recurrent pregnancy loss in patients with hyperinsulinemia.



MATERIALS AND METHODS


Antibodies and Other Reagents

The primary antibodies used in this study are listed in Supplementary Table 1. The secondary antibodies were obtained from Jackson Immuno Research Laboratories Inc. (West Grove, PA, United States) (anti-mouse #115-035-003; anti-rabbit# 211-002-171). The C-peptide was synthesized by Peptrone (Daejon, South Korea). A palmitic acid (PA) solution was prepared using 20 mM PA in 150 mM NaCl with 5% bovine serum albumin. Okadaic acid (OA) was dissolved in DMSO. A list of the reagents used in this study is provided in Supplementary Table 2.



Isolation and Culture of Human eSCs

Human endometrial stromal cells (human eSCs) were isolated from the human endometrium acquired through hysterectomies of 25 premenopausal women aged 46–52 years. The participants showed no sign of glucose metabolism irregularities, diabetes, or PCOS and underwent surgery for non-endometrial abnormalities at the Gil Hospital. The information of participants is presented in Supplementary Table 3. All experiments were performed in compliance with the relevant guidelines and regulations of Gachon University (GAIRB2018-301). Written informed consent was obtained from all participants. Isolation of eSCs was performed following a previously reported procedure (Yoon et al., 2007). After isolation, the cells were used under 4 passages. Human eSCs were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 1 g/L glucose and supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO2 and were detached from the plate using 0.05% trypsin-EDTA (Welgene, Gyeongsangbuk-do, South Korea). In vitro decidualization was induced by plating the cells and growing them to 100% confluency by treating them with DMEM containing 10% FBS, 1% penicillin/streptomycin (10,000 U/mL), and 0.5 mM 8-bromo adenosine 3′5′-cyclic adenosine monophosphate (8-Br-cAMP). Fresh medium was provided on alternate days (Baek et al., 2018).



Cell Lysis and Western Blot Analysis

Human eSCs were washed once with ice-cold phosphate-buffered saline (PBS), scraped, and lysed with 1X lysis buffer (Cell Signaling Technology). The supernatant was collected after microcentrifugation at 13,000 × g for 10 min and then boiled for 5 min in sodium dodecyl sulfate (SDS) sample buffer (Baek et al., 2019). Proteins were then subjected to SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, United States). These membranes were blocked with 5% skimmed milk phosphate buffered saline with 0.1% Tween 20 (PBST) for 30 min and then incubated overnight with the primary antibodies in 5% skimmed milk in PBST. Membranes were then washed and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 30 min at room temperature. Secondary antibodies were detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore). The experiment was performed according to the manufacturer’s instructions.



Quantitative Reverse Transcription PCR

Total RNA was extracted from the human eSCs using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, United States), and 2 μg of this RNA was used to synthesize cDNA using the TOPscriptTM RT DryMIX kit (dT18 plus) following the manufacturer’s instructions (Enzynomics, Daejeon, South Korea). Quantitative reverse transcription PCR (qRT-PCR) was conducted using TOPrealTM qPCR 2X PreMIX (SYBR Green with high ROX) (Enzynomics) and a CFX384 C1000 Thermal Cycler (Bio-Rad, Hercules, CA, United States). Human L19 was used to normalize IL-8 expression, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to normalize the expression of the other genes. The primers used for qRT-PCR, such as for FOXO1, GAPDH, IGFBP1, PRL (Baek et al., 2018), L19 (Francis et al., 2006), p16 (Zhang et al., 2017), and p53 (Zhou et al., 2017) have been previously reported. Primers for IL8 and p21 are listed in Supplementary Table 4.



Cell Proliferation and Viability

The proliferation of human eSCs was evaluated using a cell counting kit (CCK)-8 (Dojindo Laboratories Kumamoto, Japan) following the manufacturer’s instructions. In addition, 5-ethynyl-2′-deoxyuridine (EdU) labeling was performed as previously reported (Son et al., 2019). Briefly, the cells were pulsed with Edu (10 μM) for 2 h before harvesting. Then, the cells were fixed in 3.7% formaldehyde for 15 min and labeled with an Edu mixture containing ascorbic acid, CuSO4, and fluorescein (FAM) azide at final concentrations of 500, 100, and 10 mM, respectively, for 30 min at room temperature in the dark. After incubation with 4′,6′-diamidino-2-phenylindole (DAPI) (1:5,000) for 20 min, the cells were observed under a fluorescent microscope (Olympus CKX3-Houn Microscope; Olympus, Tokyo, Japan) equipped with a 20X objective. The fluorescent images were captured using Retiga R6 (Qimaging, Surrey, BC, Canada). EdU-labeled cells were counted using an ImageJ cell counter.



Analysis of Apoptotic Cells

Apoptosis was examined using a TUNEL assay kit according to the manufacturer’s protocol (Promega, Madison, WI, United States).



Cell Cycle Analysis

The cells were collected by centrifugation at 1000 × g for 5 min at a concentration of 3 × 105 cells per tube and washed twice with PBS. The cell pellets were suspended in 70% ethanol (1 mL) at 4 °C for 1 h and washed again once with PBS. They were then re-suspended in 0.5 mL of propidium iodide (PI, 50 mg/L) and 1.5% RNase A (7 mg/mL) for 30 min at 37 °C in the dark, and analyzed using flow cytometry (BD FACS Calibur; BD Biosciences, San Jose, CA, United States).



β-Galactosidase Staining

The cells were stained with senescence-associated β-galactosidase (senescence-associated β-galactosidase staining kit, Cell Signaling Technology) according to the manufacturer’s instructions. The cells were photographed using an Imager Z1 (Zeiss) microscope equipped with a 5X objective (Oberkochen, Land Baden-Württemberg, Germany). Senescent cells were detected as blue-stained, and the staining intensity of positive cells was scored as 0 (staining absent), 1 (partial cytoplasmic staining), and 2 (total cytoplasmic staining). A total of 300 cells were counted in three random fields of view for each sample.



Protein Phosphatase Assay

Protein phosphatase activity was measured as previously reported (McAvoy and Nairn, 2010). Briefly, the cells were lysed using passive lysis buffer (Promega) and reacted with p-nitrophenylphosphate for 45 min in a colorimetric assay buffer (20 mM Tris pH 7.5, 5 mM MgCl2, 1 mM ethylene glycol-bis (β-aminoethyl ether)-N,N′,N′,N-tetraacetic acid (EGTA), 0.02% β-mercaptoethanol, and 0.1 mg/mL bovine serum albumin). The absorbance was measured at 405 nm. The lysate containing the phosphatase inhibitor was used as a blank.



Lentivirus-Mediated Short Hairpin RNA and Transfection

Protein phosphatase catalytic subunit a (PPP1Ca) shRNAs were obtained from Sigma-Aldrich in the pLKO.1-puro vector (MISSION shRNA). Clone IDs were PP1C-1, TRCN0000002452, PP1C-2, and TRC0000002455, and the lentivirus packaging and testing were performed as previously described (Baek et al., 2018).



Statistical Analysis

All quantitative data are represented as the mean ± standard deviation (SD) of at least three independent experiments. All data points are shown as dots in all quantified graphs. Means were calculated from the results of 3 to 6 independent experiments for all figures. The exact sample size for each experiment is described in the figure legends. Where necessary, the statistical significance of the data was determined using a two-tailed paired Student’s t-test using Excel. The specific types of tests and the P-values, when applicable, are indicated in the figure legends. P-values < 0.05 were considered statistically significant.



RESULTS


C-Peptide Decreases Decidualization in Human Endometrial Stromal Cells

To assess the effect of C-peptide on decidualization in human eSCs, the cells were treated with 0.5 mM 8-Br-cAMP in the presence or absence of C-peptide. The cells were differentiated in the presence of 8-Br-cAMP as shown by increased mRNA expression of decidualization markers, including PRL, IGFBP1, and FOXO1 (Figure 1A). Notably, treatment with C-peptide significantly decreased the mRNA expression of PRL, IGFBP1, and FOXO1 in a concentration-dependent manner (Figure 1A). The low concentration of C-peptide (1 nM) started to decrease PRL mRNA expression after induction of decidualization for 2 days (Supplementary Figure 1A), and inhibited for 3 or 6 day-decidualization (Supplementary Figures 1A,B). Primary eSCs from different individuals were differentiated using 8-Br-cAMP induction over a 2 day-period in the presence or absence of 50 nM C-peptide, and the results of their differentiation confirmed the antideciduogenic effect of C-peptide (Figure 1B). In addition, human eSCs remained fibroblast-like in the presence of 8-Br-cAMP and 50 nM C-peptide for 4 days as observed under a microscope, whereas the cells treated with only 8-Br-cAMP were enlarged and round (Figure 1C). The antideciduoginic effect in C-peptide and 8-Br-cAMP-co-treated cells for 4 days were proved by the decrease in mRNA expression of decidualization markers (Supplementary Figure 1C). When 8-Br-cAMP was withdrawn from the decidualized human eSCs, human eSCs underwent dedifferentiation and reverted to fibroblast-like cells with low levels of PRL and IGFBP1, as previously reported (Yoon et al., 2007; Figure 1D). This reversal in the presence of C-peptide was comparable to the observations made in the absence of C-peptide (Figure 1D; second bar vs. third bar), indicating that C-peptide did not facilitate the restoration of the growth status of human eSCs. In addition, C-peptide did not affect human eSCs exiting the cell cycle, as reflected by no changes in EdU-positive cell staining during c-AMP-induced decidualization (Figure 1E), along with no changes in cyclin D1 expression (Figure 1F), or in the G1, G2, and S phase ratios of PI-stained cells (Figure 1G).
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FIGURE 1. C-peptide decreases decidualization in human endometrial stromal cells. (A) Human eSCs were induced to decidualize with 0.5 mM 8-Br-cAMP in the presence of an indicated concentration of C-peptide for 24 h. The cells were then lysed and subjected to qRT-PCR (n = 3). (B) qRT-PCR results for human eSCs from three different people (n = 3) treated with 0.5 mM 8-Br-cAMP with or without 50 nM C-peptide for 24 h. (C) Cells were induced to differentiate in the presence of 8-Br-cAMP with or without 50 nM C-peptide for 4 days and photographed using Nikon Eclipse Ti2 microscope (X4). Scale bar = 100 μm (n = 3). (D) Human eSCs were induced to differentiate in the presence of 0.5 mM 8-Br-cAMP for 2 days; subsequently, the 8-Br-cAMP was withdrawn, and the cells were incubated for further 2 days. The cells were lysed and analyzed using qRT-PCR (n = 3). (E) Cells were induced to decidualize using 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 24 h and stained for detecting EdU incorporation. The cells were photographed using Olympus CKX53 microscope (X20). Scale bar = 50 μm (n = 3). (F) Cells were treated with 50 nM C-peptide for 24 h and then subjected to western blot analysis (n = 3). (G) Cells were treated as in (E), stained with PI, and analyzed using flow cytometry (n = 3). *P < 0.05, **P < 0.01 versus an undifferentiated control; #P < 0.05 vs. a differentiated control. Human eSCs from two to three different people were used.




C-Peptide Increases Cellular Senescence and Decreases Apoptosis During Decidualization

Senescence-associated β-galactosidase (SAβG)+ cell numbers increase during decidualization, whereas cellular senescence prevents the differentiation of endometrial mesenchymal stem cells in decidualized cultures (Brighton et al., 2017). When cells were decidualized with 8-Br-cAMP in the presence of C-peptide, SAβG+ eSCs increased in a dose-dependent manner (Figure 2A). Although this marker for cellular senescence is expressed heterogeneously depending on both the cell type and the insult, the stimulus of senescence increases the expression of cell cycle arrest mediators such as p21 as well as secreted factors of senescence-associated secreted phenotypes (SASP) such as IL-8 (Deryabin et al., 2020). The mRNA levels of senescence markers p21 and IL-8 increased significantly 24 h after treatment with 8-Br-cAMP and C-peptide (Figure 2B). In addition, apoptosis was decreased, as demonstrated by a decrease in the number of dead-end TUNEL-positive cells during 8-Br-cAMP-induced decidualization (Figure 2C). Apoptosis increases during c-AMP-induced decidualization (Leno-Duran et al., 2014) and senescence counteracts apoptosis in a p21-dependent manner (Munoz-Espin et al., 2013). Thus, these observations suggest that C-peptide leads to an increase in decidual senescence and a decrease in apoptosis, resulting in defective decidualization.
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FIGURE 2. C-peptide increases cellular senescence but decreases apoptosis. (A) Human eSCs were induced to differentiate in the presence of 0.5 mM 8-Br-cAMP with or without 50 nM or 100 nM C-peptide for 4 days, and cellular senescence was measured using a senescence-β-galactosidase (SA-βG) assay. The cells were photographed by Zeiss imager Z1 microscope (X5). The staining intensity of the positive cells was scored as 0 (staining absent); 1 (partial cytoplasmic staining); or 2 (total cytoplasmic staining). Scale bar = 100 μm (n = 3). (B) The cells were decidualized with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 24 h. These cells were then lysed and subjected to qRT-PCR analysis (n = 3). (C) The cells were induced to differentiate in the presence of 0.5 mM 8-Br-cAMP with or without C-peptide for 2 days and then subjected to the TUNEL assay. The cells were photographed using Olympus CKX53 microscope (X20). Scale bar = 50 μm (n = 3). *P < 0.05, **P < 0.01 vs. an undifferentiated control; #P < 0.05 versus a differentiated control. Human eSCs from two to three different people were used.




C-Peptide Potentiates the Inhibitory Effect of Either Insulin or Palmitic Acid on Decidualization

C-peptide is produced at equimolar concentrations to that of insulin in pancreatic β-cells during the enzymatic cleavage of proinsulin to insulin (Jones and Hattersley, 2013). Thus, we speculated whether the antideciduogenic effect of C-peptide was regulated by the same pathway as that of insulin. Insulin inhibits decidualization by decreasing the expression of IGFBP1, but not PRL, in a FOXO1-dependent manner (Ujvari et al., 2017). As shown in Figure 3A, treatment with insulin reduced the mRNA expression of IGFBP1, as previously reported (Ujvari et al., 2017). Notably, cotreatment with insulin and C-peptide further inhibited IGFBP1 mRNA expression (Figure 3A), suggesting that C-peptide has an additional inhibitory effect on IGFBP1 expression in addition to the antideciduogenic effects of insulin. In addition, the phosphorylation of AKT and FOXO1 increased in the presence of insulin during decidualization, as previously reported (Ujvari et al., 2017), whereas they remained unchanged following treatment with C-peptide (Figures 3B,C). Moreover, cotreatment with insulin and C-peptide did not potentiate the phosphorylation of AKT and FOXO1 (Figures 3B,C), indicating that C-peptide inhibited 8-Br-cAMP-induced decidualization independent of AKT/FOXO1 signaling. In addition, C-peptide levels are reportedly increased in obese women with hyperinsulinemia (Poniedziałek-Czajkowska et al., 2018). Palmitic acid (PA) is the most abundant unsaturated fatty acid in the current western diet and contributes to hyperlipidemia (Kien et al., 2014). PA has been reported to inhibit decidualization by decreasing autophagic flux (Rhee et al., 2016). Exposure to 100 μM PA suppressed decidualization, as demonstrated by a decrease in mRNA expression of PRL and IGFBP1, as previously reported (Rhee et al., 2016), and co-treatment with PA and C-peptide reduced PRL and IGFBP1 mRNA expression (Figure 4A). However, autophagic flux remained unchanged in the presence of C-peptide, whereas it was dampened in the presence of PA or the combination of C-peptide and PA (Figure 4B), suggesting that C-peptide regulates decidualization via a mechanism different from autophagic flux.
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FIGURE 3. C-peptide inhibits decidualization independent of insulin-induced inhibitory mechanism. (A) Human eSCs were induced to differentiate using 0.5 mM 8-Br-cAMP in the presence of 100 nM insulin, 50 nM C-peptide, or cotreatment with insulin and C-peptide for 48 h, followed by cell lysis and qRT-PCR analysis of the RNA samples (n = 3). (B) The cells were treated as described in (A), followed by lysis, and the lysates were subjected to western blotting (n = 3). (C) The relative intensities of the bands were quantified using ImageJ analysis software (n = 3). Data represent pSer473-AKT and pThr308-AKT as compared to AKT and pSer256-FOXO1 as compared to FOXO1. *P < 0.05 versus an undifferentiated control; #P < 0.05 vs. a differentiated control. Human eSCs from two to three different people were used.
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FIGURE 4. C-peptide potentiates the inhibitory effect of palmitic acid on decidualization through autophagy-independent mechanism. (A) Human eSCs were treated with 0.5 mM 8-Br-cAMP in the presence or absence of 100 μM palmitic acid and 50 nM C-peptide for 24 h as indicated. The cells were lysed and subjected to qRT-PCR analysis (n = 3). *P < 0.05 vs. an undifferentiated control; #P < 0.05 vs. a differentiated control. (B) The cells were treated as described in (A), lysed, and the lysates were subjected to western blotting. The relative intensities of the bands were quantified using ImageJ analysis software (n = 3). Data represent LC3B as compared to tubulin and p62 as compared to tubulin. *P < 0.05 vs. a 8-Br-cAMP-treated group; #P < 0.05 vs. a PA and 8-Br-cAMP-treated group. Human eSCs from two to three different people were used.




C-Peptide Decreases the Phosphorylation of GSK3β at Ser9 in a PP1-Dependent Manner

To uncover the mechanism underlying the effect of C-peptide on decidualization, we evaluated the phosphorylation status of GSK3β in C-peptide-treated human eSCs. Inhibition of GSK3β attenuates apoptosis (Souder and Anderson, 2019), and GSK3β blockage is reported to be accompanied by a decrease in the level of SAβG+ cells (Zmijewski and Jope, 2004). The changes in GSK3β activity are facilitated by the inhibitory phosphorylation of Ser9 in the amino-terminal motif, which is regulated by several kinases, including AKT, PKA/PKC, and p90RSK (Manning and Toker, 2017). Treatment with C-peptide reduced phosphorylation of GSK3β at Ser9 in undifferentiated human eSCs (Figure 5A) as well as in decidualized eSCs (Figure 5B). The protein level of β-catenin remained unchanged after stimulation with C-peptide (Figure 5A). Notably, C-peptide activated protein phosphatase activity (Figure 5C). Knockdown of PP1 C (catalytic subunit) with two independent shRNAs decreased C-peptide-induced protein phosphatase activity in human eSCs (Figure 5D), suggesting that protein phosphatase activity is primarily facilitated by PP1 activity in C-peptide-stimulated human eSCs. Both PP1C knockdown (Figure 5E) and pretreatment with okadaic acid (OA), an inhibitor of PP1 (Yoon et al., 2005), for 1 h (Figure 5F) restored GSK3β phosphorylation in C-peptide-stimulated cells, implying the involvement of PP1 in the regulation of GSK3β phosphorylation. In addition, C-peptide induced PP1 inhibitor2 (I2) phosphorylation at Thr72 (Figure 5G), which induced the dissociation of I2 from PP1 and subsequent activation of PP1 (Monteserin-Garcia et al., 2013). In line with this result, GSK3β inhibition by LiCl abolished C-peptide-induced protein phosphatase activity (Figure 5H), suggesting that GSK3β activation is required for PP1 protein phosphatase activity via I2 phosphorylation. Additionally, C-peptide-induced reduction in GSK3β phosphorylation was abolished in both OA and LiCl-pretreated human eSCs during decidualization (Figure 6A). mRNA expression of decidualization markers, PRL and IGFBP1, was restored by PP1C knockdown (Figure 6B), PP1 inhibition by OA, and GSK3β blockage by LiCl (Figure 6C). These results suggest that the antideciduogenic effect of C-peptide is facilitated by a decrease in inhibitory GSK3β phosphorylation, which is achieved using a PP1-dependent mechanism.
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FIGURE 5. C-peptide decreases the phosphorylation of GSK3β in PP1 activity-dependent manner. (A) Human eSCs were serum-starved for 18 h and treated with 1 nM or 50 nM C-peptide for 10 min. The cells were lysed and subjected to western blotting (n = 3). (B) Cells were treated with 0.5 mM 8-Br-cAMP in the presence of 50 nM C-peptide for 4 days. The cells were lysed and subjected to western blotting (n = 3). (C) Human eSCs were serum-starved for 18 h and treated with 50 nM C-peptide for 10 min. The cells were lysed and subjected to a protein phosphatase (PP) assay using p-nitrophenyl phosphate and evaluated at 405 nm (n = 6). (D,E) Human eSCs were transduced with shScram and shPP1C and selected using 2 μM puromycin for 5 days. Cells were serum-starved and treated with 50 nM C-peptide for 10 min. (D) PP activity was evaluated as same as (C). (D,E) The lysates were analyzed by western blotting. (F) After cells were serum-starved for 18 h and pretreated with 10 nM or 30 nM OA for 1 h, cells were treated with 50 nM C-peptide for 10 min. The lysates were subjected to western blot analysis. (G) Cells were treated as (C), lysed and subjected to western blotting (n = 3). (H) The cells were serum-starved for 18 h, pretreated with 40 μM LiCl for 1 h, treated with 50 nM C-peptide for 10 min, and subjected to PP activity assay (n = 3). *P < 0.05 vs. control; #P < 0.05 vs. a differentiated control (B) or C-peptide-treated cells (D,F,H). The relative intensities of the bands were quantified using ImageJ analysis software. Data represent pSer9-GSK3β as compared to GSK3β (A,B,F), β-catenin to tubulin (A), and pThr72-I2 to I2 (G). Human eSCs from two to four different people were used.



[image: image]

FIGURE 6. C-peptide inhibits decidualization in a GSK3β-PP1 activity-dependent manner. (A) Human eSCs were pretreated with 10 nM OA or 40 μM LiCl for 1 h and induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of C-peptide for 24 h. Cells were then lysed and subjected to western blotting (n = 3). The relative intensities of the bands were quantified using ImageJ analysis software. Data represent pSer9-GSK3b as compared to GSK3b. (B) The cells were transduced with shScram and shPP1C and selected using 2 μM puromycin for 5 days. The cells were induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 24 h. The cell lysates were subjected to qRT-PCR analysis (n = 3). (C) The cells were treated as described in (A) and subjected to qRT-PCR analysis (n = 3). *P < 0.05 vs. an undifferentiated control; #P < 0.05 vs. a differentiated control (A–C). Human eSCs from two to four different people were used.




C-Peptide Increases Cellular Senescence and Decreases Apoptosis Using a GSK3β-PP1-Dependent Mechanism

If both PP1 and GSK3β are responsible for the antideciduogenic effect of C-peptide in human eSCs, one would expect that PP1 and GSK3β regulated cellular senescence and apoptosis during 8-Br-cAMP-induced decidualization. First, we assessed the effect of PP1C on cellular senescence in human eSCs. The depletion of PP1C using shRNA (Figures 7A,B) or inhibition of PP1 with OA pretreatment (Figures 7C,D) significantly reduced the number of SAβG+ eSCs and the mRNA expression of IL-8, p21, and p16 during 8-Br-cAMP-induced decidualization. In addition, pretreatment with LiCl significantly decreased SAβG+ eSCs and the mRNA expression of IL-8, p21, and p16 during 8-Br-cAMP-induced decidualization (Figures 7C,D). The number of TUNEL+ cells in C-peptide-treated PP1C knockdown cells was comparable to that in scramble-infected control cells (Figure 8A). In addition, the number of TUNEL+ cells was also elevated in OA or LiCl-pretreated eSCs in the presence of C-peptide during decidualization (Figure 8B). Consistently, the number of decidualized cells that were pretreated with OA or LiCl remained unchanged as compared to the differentiated control in C-peptide-treated cells, as proved by the CCK-8 assay (Figure 8C). These results suggest that C-peptide plays a vital role in increasing cellular senescence and decreasing apoptosis in a GSK3β- and PP1-dependent manner.
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FIGURE 7. C-peptide increases cellular senescence via PP1-GSK3β. (A,B) Human eSCs were transduced with shScram and shPP1C, selected using 2 μM puromycin for 5 days. (A) Cells were induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 4 days. Cellular senescence was measured using a senescence-associated β-galactosidase (SA-βG) assay (n = 3). (B) Cells were differentiated as (A) for 24 h. The lysates were subjected to qRT-PCR (n = 3). (C) Cells were pretreated with 10 nM OA or 40 μM LiCl for 1 h and then induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 4 days. Cellular senescence was measured using SA-βG assay (n = 3). (D) The cells were treated as described in (C) for 24 h, followed by lysis, and the RNA was analyzed by qRT-PCR. *P < 0.05 vs. an undifferentiated control; #P < 0.05 vs. a differentiated control. The cells were photographed by imager Z1 Zeiss microscope (X5), Scale bar = 100 μm. Human eSCs from two to four different people were used.



[image: image]

FIGURE 8. C-peptide inhibits apoptosis in a PP1-GSK3β-dependent manner. (A) Human eSCs were transduced with shScram and shPP1C, followed by selection using 2 μM puromycin for 5 days. Cells were induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 2 days. Cells were then subjected to TUNEL assay, and TUNEL+ nuclei were counted using Image J (n = 3). (B) Cells were pretreated with 10 nM OA or 40 μM LiCl for 1 h and then induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for 2 days. Cells were subjected to TUNEL assay (n = 3). (C) Cells were pretreated with 10 nM OA or 40 μM LiCl for 1 h and then induced to differentiate with 0.5 mM 8-Br-cAMP in the presence or absence of 50 nM C-peptide for the indicated times. The cells were lysed and subjected to CCK-8 assay (n = 3). *P < 0.05 vs. an undifferentiated control; #P < 0.05 vs. a differentiated control. The cells were photographed using Olympus CKX53 microscope (X20). Scale bar = 50 μm. Human eSCs from two to four different people were used.




DISCUSSION

C-peptide was initially considered an inert metabolic byproduct, but recently it has been shown to be a critical molecule for the regulation of various cellular and physiological conditions, especially those related to diabetes (Bhatt et al., 2014). This study demonstrates that C-peptide inhibits, but does not completely obstruct decidualization, which increases cellular senescence and decreases apoptosis in human eSCs via a GSK3β- and PP1-dependent mechanism (Figure 9). In addition, C-peptide activated PP1 activity using a GSK3β-dependent mechanism, implying that these proteins create a positive feedback loop. The novel antideciduogenic effect of C-peptide supports the growing belief that C-peptide should be considered a critical factor in embryo implantation and pregnancy maintenance.
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FIGURE 9. A hypothetical model of the antideciduogenic effect of C-peptide. C-peptide activates PP1, which dephosphorylates GSK3β inhibitory phosphorylation at Ser 9. At the same time, active GSK3β phosphorylates I2 at Thr72, which might result in the dissociation of I2 from PP1. The cross-activation between PP1 and GSK3β increases cellular senescence and decreases apoptosis, leading to the inhibition of decidualization.


The level of C-peptide is normally 0.3–0.6 nM/L under fasting conditions, 1–3 nM/L under postprandial conditions (Leighton et al., 2017), and 0.77–1 nM/L in PCOS patients (Park et al., 2001; Ehrmann et al., 2004; de Medeiros et al., 2018); C-peptide has a half-life of 20–30 min (Jones and Hattersley, 2013). In the present study, we utilized 0.5–100 nM C-peptide; in most cases 50 nM was used. Treatment with physiological levels of C-peptide (1 nM) for 10 min with dephosphorylated GSK3β (Figure 5A), suggested that the physiological concentration of C-peptide is effective enough to induce cellular signaling in human eSCs. In contrast, longer treatment with 1 nM C-peptide (more than 48h) is required to decrease the mRNA expression of PRL (Supplementary Figure 1A). Hence, we assumed that a high concentration of C-peptide is required for maintaining the effective level of C-peptide for 24–96 h (1–4 days) following the induction of decidualization. Importantly, to provide continuous supplementation with C-peptide over a long period, it should be administrated in vivo by using subcutaneously implanted osmotic pumps (Bhatt et al., 2013; Lim et al., 2015; Jeon et al., 2019). This ongoing supplementation is indispensable for testing the effect of C-peptide in decidualization in vivo. Along with the inhibitory role of C-peptide in decidualization in vitro, further investigation with osmotic pumps is required for determining the function of C-peptide in decidualization in vivo.

Identification of the C-peptide receptor is necessary to decipher the mode of action and the biological role of C-peptide in diabetes-related complications. Previous studies have suggested that C-peptide is associated with the activation of a G protein-coupled receptor (GPCR) with GPR146 identified as a potential C-peptide receptor following the investigation of 136 orphan GPCRs using ligand-receptor matching methodologies (Yosten et al., 2013). The knockdown of GPR146 inhibited C-peptide-induced c-Fos expression in the gastric carcinoma cell line KATO III (Yosten et al., 2013). C-peptide was co-localized with GPR146 on the KATO III cell membrane, leading to the internalization of GPR146 (Yosten et al., 2013). However, a recent study did not support the finding that GPR146 is the C-peptide receptor (Lindfors et al., 2020). They utilized dynamic mass distribution, arrestin binding assays with GPR146 overexpressing cells, and cellular binding and internalization under a fluorescent microscope. None of these assays demonstrated reliable binding of GPR146 and C-peptide, or internalization of GPR146 in the presence of C-peptide. Since studies on C-peptide-related receptors in the endometrium have not been reported, further investigations need to be performed to examine the receptors and their C-peptide-induced antideciduogenic effects in the endometrium, possibly focusing on the highly expressed GPRs, including GPR139 or GPR161 (https://www.proteinatlas.org/ENSG00000180269-GPR139/tissue).

In this study, we found that C-peptide activated PP1, leading to dephosphorylation of GSK3β at Ser9 and activating GSK3β in human eSCs. Notably, PP1 was shown to be the primary effector of protein phosphatase activity in human eSCs (Figure 5). Spatial and temporal PP1 activity is regulated by the interactions between PP1 and the phosphatase-interacting proteins (PIP) (Pradhan et al., 2017). In the present study, GSK3β induced I2 phosphorylation at Thr72, which induced the dissociation of I2 from PP1 to activate PP1 activity (Monteserin-Garcia et al., 2013). Both knockdown and inhibition of PP1 restored GSK3β inhibitory phosphorylation, and pretreatment with LiCl also decreased C-peptide-induced protein phosphatase activity. GSK3β, an isoform of GSK, functions as a critical regulator of cell growth and development (Souder and Anderson, 2019). The activity of GSK3β is regulated by its inhibitory phosphorylation and sequestration in the cytosolic complex by Wnt, and GSK3β inactivation promotes cellular proliferation and differentiation by regulating the phosphorylation of cyclin D1 or β-catenin (Rider et al., 2006). Thus, the cross-activation of PP1-GSK3β is essential to the antideciduogenic function of C-peptide, although the primary effector between PP1 and GSK3β needs to be confirmed.

In addition, we found that GSK3β activity is associated with an increase in SAβG+ cells and a decrease in apoptotic cells in C-peptide-treated decidual cells. GSK3β has been reported to translocate to the nucleus and interact with p53 in old, senescent WI-38 human fetal lung fibroblasts. In addition, treatment with lithium, a GSK blocker, reduced the levels of p53, p21, and SAβG+ WI-38 cells (Zmijewski and Jope, 2004). Furthermore, we observed that C-peptide increased the number of SAβG+ eSCs but decreased that of apoptotic eSCs in a GSK3β-PP1-dependent manner. The interaction between cellular senescence and apoptosis depends on the cell type (Childs et al., 2014). Senescent cells affect the growth or apoptotic program of neighboring cells by secreting soluble factors known as SASP (Childs et al., 2014). Conversely, apoptosis resistance could induce cellular senescence; apoptotic stimuli such as UVB or high-dose H2O2 promote cellular senescence and cell survival by upregulating antiapoptotic Bcl-2 (Childs et al., 2014). Moreover, serum withdrawal leads to replicative cellular senescence together with anti-apoptotic signaling via an increased level of Bcl-2 in human fibroblasts (Childs et al., 2014). Which signal between cellular senescence and apoptosis acts primarily in the stimulation of C-peptide needs to be further investigated.

The link between impaired decidualization of eSCs and the development of senescence has recently been investigated. An increase in p21 expression was accompanied by cellular senescence in both NEDD8 and exchange protein activated by cAMP2 (EPAC2)-calneticulin-inhibited decidualization (Kusama et al., 2014; Liao et al., 2015). In addition, there was a subpopulation of senescent decidual cells, resulting in the presence of various senescent characteristics (p53 stabilization, enhanced expression of CDK inhibitor p16, decreased expression of lamin B1, histone H3 trimethylation, cell size increase, and SA-β-Gal activity). The decidual cells became polarized to form a mature subpopulation of acutely senescent decidual cells, which were abolished by uterine natural killer (uNK) cells in an interleukin 15 (IL-15)-dependent manner (Ochiai et al., 2019). Furthermore, senescent decidual cells have been hypothesized to develop from these presenescent, undifferentiated populations, which exert a significant influence on the secretory profile of the cells during decidualization (Deryabin et al., 2020). Immune cells clear senescent decidual cells, decreasing the number of emerging progesterone-resistant secondary senescent decidual cells, blocking in recurrent pregnancy loss (Lucas et al., 2020). Whether C-peptide regulates the immune cell population, including uNK cells, during decidualization warrants further investigation.

Our study is the first to establish an antideciduogenic role for C-peptide in human eSCs (Figure 9). C-peptide also controls the activation of GSK3β and PP1, thereby modulating cellular senescence and apoptosis during decidualization. This study provides useful insights into the physiological role of C-peptide in hyperinsulinemia conditions and expands our understanding of the underlying mechanism of recurrent pregnancy loss in patients with diabetes and PCOS.
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Vascular adhesion protein-1 (VAP-1) is an inflammation-inducible adhesion molecule and a primary amine oxidase involved in immune cell trafficking. Leukocyte extravasation into tissues is mediated by adhesion molecules expressed on endothelial cells and pericytes. Pericytes play a major role in the angiogenesis and vascularization of cycling endometrium. However, the functional properties of pericytes in the human endometrium are not known. Here we show that pericytes surrounding the spiral arterioles in midluteal human endometrium constitutively express VAP-1. We first characterize these pericytes and demonstrate that knockdown of VAP-1 perturbed their biophysical properties and compromised their contractile, migratory, adhesive and clonogenic capacities. Furthermore, we show that loss of VAP-1 disrupts pericyte-uterine natural killer cell interactions in vitro. Taken together, the data not only reveal that endometrial pericytes represent a cell population with distinct biophysical and functional properties but also suggest a pivotal role for VAP-1 in regulating the recruitment of innate immune cells in human endometrium. We posit that VAP-1 could serve as a potential biomarker for pregnancy pathologies caused by a compromised perivascular environment prior to conception.
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INTRODUCTION

The human endometrium undergoes iterative cycles of growth, differentiation and shedding during the reproductive years. This highly dynamic tissue is dependent on mesenchymal stem/progenitor cells (MSCs) that bestow its regeneration capacity during each menstrual cycle (Gargett et al., 2015). Endometrial MSCs (eMSCs) reside predominantly around the spiral arteries and arterioles in both the basal and functional layers of the endometrium. Studies have shown that eMSCs have properties akin to bone marrow MSCs (Dominici et al., 2006), such as clonogenicity, multipotency, self-renewal capability in-vitro and the ability to reconstitute endometrial tissue in vivo (Gargett et al., 2009; Masuda et al., 2010, 2012; Cervelló et al., 2011). Phenotypic markers enriched in eMSCs, including melanoma cell adhesion molecule (MCAM, also known as CD146) and platelet derived growth factor receptor β (PDGFRB), suggest that they arise from in vivo pericytes (Schwab and Gargett, 2007). Sushi domain containing 2 (SUSD2) is a single marker of eMSCs (Masuda et al., 2012). During the midluteal window of implantation, SUSD2+ cells reside around the emerging spiral arterioles and are characterized by the expression of genes encoding prototypic pericyte markers, including PDGFRB, CD146, neural/glial antigen 2 (CSPG4), and α-smooth muscle actin (ACTA2) (Armulik et al., 2011; Murakami et al., 2014; Ferland-Mccollough et al., 2017). Compared to (SUSD2−) endometrial stromal cells (EnSCs), the SUSD2+ cell fraction is enriched in clonal MSCs (Murakami et al., 2013; Lucas et al., 2016), indicating that they are integral to the perivascular stem cell niche in human endometrium (Santamaria et al., 2018).

Decidualization of the endometrium occurs in all placental mammals where the implanting embryo breaches the luminal epithelium and embeds in the underlying stroma (Gellersen and Brosens, 2014). During this process, EnSCs differentiate into specialized decidual cells, which first form a stress-resistant matrix around the conceptus and then coordinate trophoblast invasion and haemochorial placenta formation (Leitao et al., 2010; Weimar et al., 2012; Gellersen and Brosens, 2014; Muter et al., 2016). Decidualization is intimately linked to the accumulation of tissue-resident CD56superbright uterine natural killer (uNK) cells that are phenotypically and functionally distinct from conventional NK (cNK) cells in the circulation (Gaynor and Colucci, 2017; Sojka et al., 2018, 2019; Yang et al., 2018; Sojka, 2020). In cycling human endometrium, decidual transformation of the stroma starts around the spiral arterioles during the midluteal implantation window and is paralleled by a marked increase in uNK cells (Gellersen and Brosens, 2014; Brighton et al., 2017). In pregnancy, uNK cells continue to proliferate and their abundance peaks during the first trimester where they constitute 70% of all immune cells in decidua (Bulmer et al., 1991; King et al., 1991; Brosens et al., 2019). Single-cell transcriptomic analysis of midluteal endometrial biopsies and first trimester decidua identified 3 main uNK subpopulations (Vento-Tormo et al., 2018), which likely exert distinct roles in tissue homeostasis (Brighton et al., 2017), maternal allorecognition of placental trophoblast (Moffett-King, 2002), spiral artery remodeling (Robson et al., 2012), and immunomodulation of local myeloid cells and T cells (Vento-Tormo et al., 2018). The discovery of distinct uNK subsets in human endometrium, both before and during pregnancy, is in keeping with growing evidence that they likely arise from different sources, including from resident progenitors in the basal endometrium, homing of hematopoietic progenitor cells, and extravasation and reprogramming of cNK cells (Matsuura-Sawada et al., 2005; Vacca et al., 2011; Chiossone et al., 2014). However, how NK cells, or their precursors, migrate to and populate the endometrium is not understood.

Vascular adhesion protein-1 (VAP-1) is encoded by the amino-oxidase copper-containing 3 (AOC3) gene. VAP-1 is expressed in pericytes and vascular endothelium and is involved in leukocyte extravasation to inflamed tissues (Salmi and Jalkanen, 1992, 2005, 2019). In endothelial cells, inflammatory signals result in rapid expression of VAP-1 on the cell surface, enabling interaction with leucocytes through its adhesive function (Salmi et al., 1993; Jaakkola et al., 2000). VAP-1 is also known as semicarbazide-sensitive amine oxidase (SSAO), which refer to its ability to oxidize primary amines in a reaction that produces the corresponding aldehyde, hydrogen peroxide and ammonia (Salmi and Jalkanen, 2019). In fact, VAP-1 oxidase activity in endothelial cells upregulates the expression of various other adhesion molecules involved in the leukocyte extravasation cascade (Jalkanen et al., 2007; Jalkanen and Salmi, 2008). Further, VAP-1 exerts multiple additional functions in other cell types, including regulating glucose and long-chain fatty acids uptake in adipocytes (Yang et al., 2018; Salmi and Jalkanen, 2019). Based on RNA-sequencing, we reported previously that AOC3, coding VAP-1, is highly expressed in freshly isolated SUSD2+ human endometrial cells (Murakami et al., 2014).

In this study, we demonstrate that the biophysical and functional properties of SUSD2+ endometrial pericytes are not only distinct from stromal cells but critically dependent on VAP-1 expression.



MATERIALS AND METHODS


Human Endometrial Tissue Collection

The study was approved by the National Health Service National Research Ethics Hammersmith and Queen Charlotte's & Chelsea Research Ethics Committee (1997/5065). Subjects were recruited from the Implantation Clinic, a dedicated research clinic at University Hospitals Coventry and Warwickshire National Health Service Trust. Written informed consent was obtained from all participants in accordance with the guidelines in The Declaration of Helsinki 2000. Samples were obtained using a Wallach Endocell sampler (Wallach) under ultrasound guidance, starting from the uterine fundus and moving downward to the internal cervical ostium. Endometrial biopsies were timed between 6 and 10 days after the pre-ovulatory LH surge. All biopsies were obtained in ovulatory cycles and none of the subjects were on hormonal treatments for at least 3 months prior to the procedure.



Primary EnSCs and SUSD2+ Pericytes

Primary EnSCs were isolated from endometrial tissues as described in detail elsewhere (Barros et al., 2016). Briefly, samples were washed in DMEM/F-12 medium (Thermo Fisher Scientific), finely minced, and enzymatically digested with collagenase (0.5 mg/ml; Merck) and deoxyribonuclease (DNase) type I (0.1 mg/ml; Roche) for 1 h at 37°C. The dissociated cells were filtered through a 40 μm cell strainer (Thermo Fisher Scientific). Stromal cells and blood cells, present as a single-cell suspension, passed through the cell strainer, whereas the undigested fragments, mostly comprising glandular clumps, were retained on the strainer. Single-cell suspensions were layered over Ficoll-Paque PLUS (GE Healthcare) and centrifuged to remove erythrocytes. The medium/Ficoll-Paque PLUS interface, containing EnSCs, was carefully aspirated, washed with DMEM/F-12 medium, and then subjected to magnetic bead separation to isolate SUSD2+ and SUSD2− endometrial cells as described previously (Murakami et al., 2013, 2014). Briefly, freshly isolated EnSCs suspensions (1 × 106 cells/100 μl of Magnetic Bead buffer consisting of 0.5% BSA in PBS) were incubated with phycoerythrin (PE) conjugated antihuman SUSD2 (W5C5) antibody (5 μl/1 × 106 cells; BioLegend) on ice for 20 min. Cell suspensions (1 × 107 cells/80 μl of magnetic bead buffer) were then incubated with anti-PE-magnetic- activated cell sorting MicroBeads (20 μl/1 × 107 cells; Miltenyi Biotec) on ice for 20 min. Cell suspensions (1 × 108 cells/500 μl of magnetic bead buffer) were applied onto MS columns (Miltenyi Biotec) in a magnetic field, followed by washing with 500 μl of magnetic bead buffer three times. Magnetically labeled SUSD2+ cells were retained on the column whereas SUSD2− cells passed through the column. The columns were removed from the magnetic field and SUSD2+ cells were flushed with 1 ml of magnetic bead buffer. Freshly isolated SUSD2+and SUSD2− cells were expanded in growth medium consisting of DMEM/F12 with 10% dextran-coated charcoal-treated (DCC) fetal bovine serum,1% L-glutamine (Thermo Fisher Scientific), 1% antibiotic-antimycotic solution (Thermo Fisher Scientific), insulin (2 μg/ml; Merck), estradiol (1 nM; Merck), and basic fibroblast growth factor (10 ng/ml; Merck Millipore).



Isolation of uNK Cells

uNK cells were isolated from the EnSCs supernatant after overnight culture from fresh biopsies. Erythrocytes were first removed by Ficoll-Paque PLUS and the uNK cells were isolated using the magnetic bead separation as described previously (Brighton et al., 2017). PE conjugated anti human CD56 antibody (BioLegend) was used for the separation and cells were grown in RPMI medium (Thermo Fisher Scientific) supplemented with 10% dextran-coated charcoal-treated fetal bovine serum, 1% L-glutamine (Thermo Fisher Scientific), 1% antibiotic-antimycotic solution (Thermo Fisher Scientific), and 2 ng/ml IL-15 (Merck). Primary uNK cells were used within 3 days of isolation.



Transient Transfection

Endometrial pericytes were transfected with small interfering RNA (siRNA) by jet-PRIME Polyplus transfection kit (VWR International). For gene silencing, pericytes were transiently transfected with 50 nM AOC3/VAP-1-siGENOME SMARTpool (si-VAP-1) or siGENOME Non-Targeting siRNAPool 1 (si-NT) (Horizon Discovery). Media was changed after 24 h and further experiments were performed after 48 h after the transfection. Transfection studies were performed in triplicate and repeated on primary cultures from three subjects.



Adhesion Assay

A modified form of the Stamper-Woodruff adhesion assay was used in order to investigate the adhesion properties of pericytes as described previously (Wadkin et al., 2017). The pericytes were grown in four well chamber slides and either transfected (24 h) with si-VAP-1 or si-NT or treated with the VAP-1 blocking antibody (10 μg/ml, TK8-14) for 2 h at 37°C. The cells were overlaid with (1 × 105) uNK cells and incubated for 2 h at 37°C. Unbound cells were washed with PBS. Adherent cells were fixed with 4% paraformaldehyde (PFA; Merck) for 10 min, stained with anti-human CD56 antibody (Leica Biosystems) and visualized with the Novolink Polymer Detection System (Leica Biosystems) according to the manufacturer's protocol. Number of uNK cells bound to pericytes were determined by counting the uNK cells present in 10 representative low-power fields per experiment from three independent primary cultures.



Immunohistochemistry

Endometrial biopsies were fixed overnight in 10% neutral buffered formalin at 4°C and wax embedded in Surgipath Formula “R” paraffin using the Shandon Excelsior ES Tissue processor (Thermo Fisher Scientific). Tissues were sliced into 3 μM sections on a microtome and adhered to coverslips by overnight incubation at 60°C. Deparaffinization, antigen retrieval (sodium citrate buffer; 10 mM sodium citrate, 0.05% Tween-20, pH 6), antibody staining, hematoxylin counter stain and DAB color development were performed and visualized with the Novolink Polymer Detection System (Leica Biosystems) according to the manufacturer's protocol. Tissue sections were stained for VAP-1 (TK10-79, gift from Finnish group) using a 1:200 dilution. Stained slides were de-hydrated, cleared and cover-slipped in a Tissue-Tek Prisma Automated Slide Stainer, model 6134 (Sakura Flinetek Inc. CA, USA) using DPX coverslip mountant. Bright-field images were obtained on a Mirax Midi slide scanner using a 20x objective lens and opened in Panoramic Viewer v1.15.4.



Immunocytochemistry

Immunocytochemistry was performed using SUSD2+ cells with si-VAP-1 or si-NT transfection. For actin staining, these cells were fixed in cytoskeleton buffer solution (CBS: 10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl, 2 mM EGTA, 0.32 M Sucrose) containing 4% PFA and stained with Acti-Stain 555 Fluorescent Phalloidin (PHDH1, 1/1000, Cytoskeleton, Inc). Cells were imaged using a 40× oil objective on an Olympus Deltavision microscope (Applied Precision, LLC) equipped with eGFP, mCherry filter sets and a CoolSNAP HQ2 camera (Photometrics) under the control of SoftWoRx (Applied Precision).



Scratch Assay

Pericytes were grown in glass bottom 35 mm dishes and transfected with si-VAP-1 and si-NT. After 48 h, a scratch was produced in the monolayer using a P200 pipette tip. The cells were washed twice, to remove the dislodged cells and growth media containing 2% serum and supplemented with 10 ng/μl HB-EGF to allow migration. Images were taken at time zero and after 20 h of migration using a bright field microscope. The experiment was repeated in three patient samples. Migration was also monitored using time-lapse microscopy with images acquired every 10 min for 20 h. Cells were tracked manually using ImageJ plugin MTrack to determine the average speed.



Migration and Proliferation Assays

The rate of cell migration was also monitored in real-time with the xCELLigence system Real-Time Cell Analyser (RTCA) DP instrument (Roche). For migration experiments, the 16 well CIM plates were used and the EnSCs were serum starved ~4 h prior to conducting the experiment. The UC (upper chamber) of the CIM-plates was coated with 1 μg/ml of fibronectin for 20 min at 37°C. A total of 3 × 105 cells were seeded in each well of the UC in serum-free media. In the LC (lower chamber) of the CIM plate, serum free media was added supplemented with 10 ng/ml heparin-binding EGF-like growth factor (HB-EGF) as chemoattractant. Dexamethasone (10 μM) was used as a migration inhibitor. The CIM-plates were left in the hood for 1 h to allow cell attachment. The impedance value of each well was automatically monitored by the xCELLigence system for 20 h and expressed as a cell index value. Cell proliferation was also monitored in real-time using the xCELLigence system E-Plate. Cells were seeded (1 × 105 per well) and cultured in 10% DCC-FBS until 80% confluency. The xCELLigence RTCA DP instrument was placed at 37°C in a humidified environment with 95% air and 5% CO2. Individual wells within the E-plate-16 were referenced immediately and monitored every 15 min for 48 to 72 h. Changes in cell index were captured and analyzed using the RTCA Software v1.2 supplied with the instrument.



Cell Contraction Force Measurements

Primary endometrial pericytes and EnSCs were embedded into collagen at a density of 1 × 106 cells/gel. Single cell contraction force per gel was measured using the depth-sensing nanoindentation system for force. This novel technique combines a nanomechanical tester with a mathematical model to quantify cell contraction force (Jin et al., 2015, 2016). The test was constructed to measure the elasticity (Young's modulus), the change of radius and thickness of cell-embedded hydrogel. The tester consists of an ultra-sensitive force transducer (406A, Aurora Scientific) attached with a cylindrical flat punch as an indenter, a Z-axis motorized stage (UTS 100CC with ESP301 Motion Controller, Newport), Nikon TE2000-S microscope and temperature controller (ibidi). All components of the system are controlled by computerized software (LabVIEW, National Instruments). The tester has ultimate resolutions of 10 nN in force and 100 nm in displacement, respectively. Nanoindentation of endometrial cells in collagen gel was performed by sensing the depth from the surface to the bottom of collagen gel at a constant speed of 40 μm/s and a fixed temperature of 37°C, respectively. At the meantime, force transducer and motorized stage were programmed to record the Force–Displacement (F-D) curves. The first 30% of the curve was extracted to determine Young's modulus (E) of the collagen gel by fitting a non-linear strain dependent elasticity model. In parallel, the thickness of the gel at 0 h and 72 h (h0 and h1) was also measured by the nanomechanical tester at ten different positions per gel. The radius differentiation of collagen gel between 0 and 72 h (r0 and r1) was measured by calculating the image pixel percentage of the gel against the background in the Petri dishes. Details of the model have been described previously (Jin et al., 2015, 2016). The final equation is expressed as:
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where ε* is the overall strain generated from gel shrinkage, i.e., ε*=(r0-r1)/r0. Based on the above equation, the overall cell contraction force (F) can then be estimated by the measured gel thickness, radius and Young's modulus.



Atomic Force Microscopy (AFM) Force Spectroscopy

Single-cell elasticity was determined using AFM-based nanoindentation. Pericytes were grown in 35 mm tissue culture dishes and experiments were performed by operating the AFM NanoWizard module (JPK Instruments) in force spectroscopy mode. The AFM was installed on an Eclipse TE 300 inverted microscope (Nikon) and phase microscopy images were acquired using a CCD camera (DFK 31AF01 – Firewire, The Imaging Source) connected on the side port of the microscope. During each experiment, cells were maintained at a physiological temperature (37°C) by combining the BioCell™ temperature controller (JPK Instruments) with the AFM stage. The whole AFM-FS set-up with the CCD camera was driven by JPK's CellHesion200 software. Images were captured using a 20× magnification lens. The entire optical microscope and AFM headset-up was supported on an anti-vibration table. Arrow sensors (TL1, NanoWorld AG), which are tipless cantilevers with a force constant of 0.03 N/m, were used for performing single cell force spectroscopy measurements. A polystyrene spherical bead (10.4 μm) (Polybeads, Polysciences) was glued at the end of the cantilever. Calibration curves were performed on the same Petri dishes used for cell culturing, as well as the same experimental conditions i.e., temperature and fluid media. The cantilever's deflection was converted into force, by using the second resonance peak of the thermal noise method. Since the resonance of soft cantilevers in fluid is much lower and very susceptible to noise, a correction factor of 0.251 was used. Changes in the temperature of the room were <0.5–1.0°C during the experimental measurements. To process all force-displacement curves the JPK Data analysis software was used and Hertz contact mechanics for a spherical probe were applied for quantification. The force (F) applied on the cell was determined as a function of indentation depth δ as follows,
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where E and v are the Young's Modulus and Poisson's ratio of the cell, respectively, α is the radius of probe-cell contact circle, and RS is the radius of the spherical probe. The assumptions for the application of Hertz model on soft biological material has been previously described (Siamantouras et al., 2016).



In vitro Colony-Forming Unit (CFU) Assay

CFU assays were performed as described (Murakami et al., 2014), 48 h after the si-RNA transfection 500 pericytes were seeded per well (50 cells/cm2) into 10 μg/ml fibronectin-coated 6-well plates and cultured in 10% DMEM/F12 containing 10 ng/ml basic fibroblast growth factor for 12 days with a 50% media change on day 7. Careful attention was made not disturb cells during first 24 to 48 h of culture. Cultures were examined periodically to confirm colonies arose from single cells. At termination, wells were washed free of media with PBS and fixed in 4% formalin for 10 min at RT before colonies were stained with haematoxylin for 3 min. Colonies were visualized on an EVOS AUTO microscope (Thermo Fisher Scientific) with a 4× objective lens using scan and stitch modalities, with post-editing in ImageJ image analysis software to smooth joins. Colonies of more than 50 cells were counted. Cloning efficiency (%) was calculated as the number of colonies formed/number of cells seeded × 100.



Quantification of Gene Expression (RT-qPCR Analysis)

Total RNA was extracted from EnSCs cultures using RNA STAT-60 (AMS Biotechnology). Equal amounts of total RNA (1 μg) were treated with DNase and reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen), and the resulting cDNA was used as template in RT-qPCR analysis. Detection of gene expression was performed with Power SYBR Green Master Mix (Thermo Fisher Scientific), and the 7500 Real-Time PCR System (Applied Biosystems). The expression levels of the samples were calculated using the ΔΔCt method, incorporating the efficiencies of each primer pair. The variances of input cDNA were normalized against the levels of the L19 housekeeping gene. All measurements were performed in triplicate. Melting curve analysis confirmed amplification specificity. Primer sequences used are as follows: AOC3, forward: TCC TGT GCC AGG ACT CTCTT and reverse CAA GGT TCA GTG TCC CCT GT; ELN, forward: GTG CTG GTG TTC CTG GAC TT and reverse: GCC AGG GCT CCA GGT ACT; MYH11, forward: CAG GAA ACT TCG CAG TGA TGC and reverse: TCC TCA GAA CCA TCT GC; CNN1, forward: CCA AAA TTG GCA CCA GCT GGA G and reverse: TGT CGT GGG GCT TCA CCC; VCAM1, forward: TGCA CAG TGA CTT GTG GACA TA and reverse: ACC ACT CAT CTC GAT TTC TGG A; ICAM1, forward: CCT TCC TCA CCG TGT ACT G and reverse: AGC GTA GGG TAA GGT TCT TGC; SUSD2, forward: CTG GAT GGA CCT GAA AGG AA and reverse: AGC ATG GAC CCT GTC; L19, forward: GCG GAA GGG TAC AGC CAA T and reverse: GCA GCC GGC GCA AA.



Western Blot Analysis

Protein extracts were prepared by lysing the cells in RIPA buffer containing protease inhibitors (cOmplete, Mini, EDTA free; Roche). Protein yield was quantified using the Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad). Equal amounts of protein were separated by SDS-PAGE before wet transfer onto PVDF membrane (GE Healthcare). Non-specific binding sites were blocked by 5% non-fat dry milk in Tris-buffered saline Tween [130 mM NaCl, 20 mM Tris (pH 7.6) and 1% Tween 20] for 1 h at room temperature on a rolling/shaking surface. The following primary antibodies were purchased from Abcam: anti-CNN1 (ab46794, 1:1000), anti-ELN (ab77804, 1:500) and anti-β-actin (ab8226, 1: 100,000). Anti-VAP-1 antibodies were purchased from R&D systems (MAB3957, 1:1000) and the anti-MYH11 antibodies were purchased from Proteintech (21404-1-AP, 1:1000). Protein complexes were visualized with ECL prime chemiluminescence (GE Healthcare) and imaged using the G:BOX from Syngene.



Statistical Analysis

GraphPad Prism v8 (GraphPad Software Inc.) was used for statistical analyses. Data were checked for normal distribution using Shapiro-Wilk test. Unpaired or paired t-test was performed, as appropriate, to determine statistical significance between groups for normally distributed data and the Mann-Whitney U test was used for non-parametric data. P < 0.05 was considered significant.




RESULTS


Characterization of Primary Endometrial Pericytes and EnSCs

Immunohistochemical analysis of luteal endometrial biopsies show VAP-1 expression in cells surrounding the endothelium of the emerging spiral arterioles (Figure 1A). We reported previously that AOC3, encoding VAP-1, is highly expressed in freshly isolated SUSD2+ EnSCs (Murakami et al., 2014). Here we show that VAP-1 protein levels are also significantly enriched in freshly isolated SUSD2+ cells when compared to SUSD2− EnSCs [P = 0.0342; Figure 1B]. In addition to VAP-1, SUSD2+ cells express higher levels of other perivascular genes, including ELN (encoding elastin) [P = 0.0232 (left panel); Figure 1C], CNN1 (calponin 1) [P = 0.0304 (middle panel); Figure 1C], and MYH11 (myosin heavy chain 11) [P = 0.0089 (right panel); Figure 1C]. Real-time monitoring of primary cells using microelectronic sensor technology (xCELLigence) revealed that SUSD2+ cells proliferate and migrate faster than corresponding EnSCs (Figure 1D, P < 0.0001). Single-cell contraction force was measured on EnSCs and SUSD2+ cells embedded in a collagen gel using the depth-sensing nanoindentation system for force (Jin et al., 2015). As shown in Figure 1E, cell contraction force was significantly higher in SUSD2+ cells (P = 0.0042). Thus, based on gene expression, functional and biophysical profiling, we conclude that SUSD2+ cells are bona fide pericytes in cycling human endometrium (Ferland-Mccollough et al., 2017). Hence, hereafter we will refer to SUSD2+ cells as pericytes.
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FIGURE 1. Biophysical and functional characterization of endometrial pericytes and EnSCs. (A) Immunohistochemistry showing VAP-1 expression in luteal-phase human endometrium, hematoxylin was used to stain the nuclei. Staining indicates VAP-1 reactivity in the vasculature and spiral arteries, arrow pointing to spiral artery. Scale bar: 200 μm. (B) VAP-1 expression was determined at protein level in freshly isolated SUSD2+ pericytes and SUSD2− EnSCs from three independent endometrial biopsies by Western blot analysis and normalized to β-actin and relative intensity determined by densitometry; Student's t-test; *P < 0.05. (C) Expression of ELN (left panel), CNN1 (middle panel) and MYH11 (right panel) transcripts was determined by RT-qPCR in freshly isolated SUSD2+ pericytes and SUSD2− EnSCs from four independent endometrial biopsies; Student's t-test; *P < 0.05; **P < 0.01. (D) Representative graphs showing proliferation and migration SUSD2+ pericytes and SUSD2− EnSCs monitored in real-time using the xCELLigence system for the indicated time-points. (E) freshly isolated SUSD2+ pericytes and SUSD2− EnSCs were embedded into collagen at a density of 1 × 106 cells per gel. Single cell contraction force was measured using the depth-sensing nanoindentation system. Data represent mean ± SEM of four biological repeat experiments. Student's t-test; **P < 0.01; ****P < 0.0001.




VAP-1 Is a Pivotal Regulator of Endometrial Pericytes

To gain insight into the role of VAP-1, primary pericytes were cultured until confluency, transfected with VAP-1 or non-targeting (NT) siRNA, and then harvested after 48 h. Knockdown resulted in 74 ± 3% and 76 ± 5% (mean ± SD) reduction in AOC3 mRNA and VAP-1 protein levels, respectively. Strikingly, VAP-1 knockdown was sufficient to lower the expression of ELN, CNN1 and MYH11 mRNA and protein levels (Figures 2A,B). Expression of genes encoding other adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), was also significantly reduced following VAP-1 knockdown. By contrast, VAP-1 knockdown upregulated SUSD2 mRNA expression. Loss of VAP-1 had no impact on cell proliferation but the motility or migratory capacity of endometrial pericytes was compromised (Figure 2C, P < 0.0001; left and right panels, respectively). The impact of VAP-1 knockdown on migration was also assessed in a scratch assay (Supplementary Video 1). Live-cell microscopy revealed significantly lower migration distance (left panel) and speed (right panel) in primary pericytes transfected first with VAP-1 siRNA compared to NT siRNA (P = 0.0038 and P < 0.0001, respectively; Figure 2D).
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FIGURE 2. VAP-1 is a pivotal regulator of endometrial pericytes. (A) AOC3, ELN, CNN1, MYH11, VCAM1, ICAM1, and SUSD2 mRNA levels were determined in primary pericytes 48 h following transfection with either non-targeting siRNA (si-NT) or siRNA targeting AOC3 (si-VAP-1). (B) In parallel experiments, VAP-1, elastin (ELN), calponin 1 (CNN1), and myosin heavy chain 11 (MYH11) protein levels were determined by Western blot analysis, normalized to β-actin levels, and relative intensity determined by densitometry. The data show fold-change (mean ± SEM) in transcript and percent-change (mean ± SEM) in protein level, respectively in cultures first transfected with si-AOC3 compared to si-NT (dotted line). The experiments were repeated in three or more independent primary cultures (right panel). (C) Representative graphs showing the proliferative (left panel) and migratory capacity (right panel), monitored in real-time using the xCELLigence system, of primary pericytes 48 h following transfection with either si-NT or si-AOC3. (D) siRNA transfected pericytes were subjected to a scratch assay and monitored using live-cell microscopy (see Supplementary Video 1). Average migration (left panel) and track speed (right panel) was measured by tracking >10 cells in three independent primary culture. Data are mean ± SEM. Student's t-test; **P < 0.01; ***P < 0.001. (E) Pericytes first transfected with si-NT or si-AOC3 were embedded into collagen at a density of 1 × 106 cells per gel. Single cell contraction force per gel was measured using the depth-sensing nanoindentation system for force in 6 independent primary cultures. Data are mean ± SEM. Student's t-test; *P < 0.05. (Figure 2E, left panel). Cell stiffness, expressed as Young's modulus, was measured by atomic force microscopy in pericytes first transfected with either si-NT or si-AOC3 from three independent primary cultures. Mann–Whitney U-test. *P < 0.05 (Figure 2E, right panel). (F) Actin microfilaments (red) in primary pericytes first transfected with si-NT or si-AOC3 (left panel). Scale bar: 200 μm. The mean actin intensity per cells was measured in three biological repeat experiments using the image J software (right panel). Data are mean ± SEM. Mann–Whitney U test; **P < 0.01. (G) Cloning efficiency in pericytes transfected with si-NT and si-AOC3. Colony numbers were counted on day 12. Data are pooled from 3 independent experiments and displayed as mean ± sem. Student's t-test; **P < 0.01; ****P < 0.0001.


Next, we explored the impact of VAP-1 knockdown on the biophysical properties of primary endometrial pericytes. Cell contractility was measured by the collagen gel contraction assay and single cell elasticity by atomic force microscopy (AFM). As shown in Figure 2E (left panel), VAP-1 knockdown resulted in lower contractility of individual pericytes (P = 0.0245), but increased cell stiffness as determined by Young's modulus (P = 0.0368; Figure 2E right panel). To understand this loss of cell elasticity, we examined the actin cytoskeleton by confocal microscopy in primary pericytes first transfected with VAP-1 or NT siRNA. As shown in Figure 2F (left panel), loss of VAP-1 significantly reduced the mean actin intensity per cell (P = 0.0047, Figure 2F; right panel). In addition, the cellular distribution of actin microfilaments (F-actin) was altered upon VAP-1 knockdown, characterized by depletion of F-actin in the center of the cell but enrichment near the cell membrane (Figure 2F; left panel). This redistribution of F-actin likely accounts for the increased cell stiffness and higher resilience force observed by AFM in cells transfected with VAP-1 siRNA.

To further investigate whether VAP-1 is required for clonogenicity of endometrial pericytes, we subjected cells first transfected with si-VAP-1 or si-NT to colony forming unit (CFU) assays. As shown in Figure 2G, VAP-1 depletion significantly reduced the CFU activity of primary endometrial pericytes (P = 0.0029 and P < 0.01, Figure 2G). Taken together, these data suggest that VAP-1 is not only required for the cellular and biophysical properties of endometrial pericytes, but also for the clonal and self-renewal properties of the cells.

TK8-14 is a monoclonal VAP-1 antibody that selectively blocks the adhesion function of VAP-1 but not its enzymatic activity toward small molecule substrates (Kirton et al., 2005). We examined whether the loss of function associated with VAP-1 knockdown could be mimicked by the VAP-1 function-blocking TK8-14 antibody. As expected, incubation of primary pericytes with the TK8-14 antibody had no impact on cell proliferation (Supplementary Figure 1A). However, the TK8-14 antibody recapitulated the significant effects of VAP-1 knockdown on cell migration, contractility and stiffness (Supplementary Figures 1B–D), indicating that loss of adhesive properties accounts for the observed cellular impairment upon VAP-1 knockdown.



VAP-1 Is Required for Pericyte-uNK Cell Interactions

Since VAP-1 regulates leukocyte extravasation from blood into tissues (Salmi and Jalkanen, 1992, 2005, 2019), we postulated a role for this adhesion molecule in pericyte-uNK cell interactions. To test this hypothesis, we demonstrated that freshly isolated uNK cells adhere to primary pericytes in a modified Stamper-Woodruff adhesion assay (Figures 3A,B). Notably, VAP-1 knockdown or incubation with the TK8-14 antibody significantly reduced the number of uNK cells stably adherent to pericytes (P = 0.0088 and P ≤ 0.0001, respectively; Figures 3A,B). These finding suggest a role for VAP-1 in pericyte-uNK cell interactions during the secretory phase of the menstrual cycle and in early pregnancy.


[image: Figure 3]
FIGURE 3. VAP-1 mediate binding uNK cells to pericytes. (A) Representative image of Stamper-Woodruff assay performed on pericytes first transfected with si-AOC3 or si-NT. Arrows indicate CD56+ uNK cells (left panels). Scale bar: 200 μm. The average number of uNK cells was determined by analyzing multiple images taken randomly at 20× magnification in five biological repeat experiments (right panel, Y-axis shows binding of uNK cells). Student's t-test; **P < 0.01. (B) Pericyte cultures were incubated with TK8-14, a monoclonal VAP-1 blocking antibody, for 2 h and then subjected to Stamper-Woodruff assay. Data represent mean ± SEM of three biological repeat experiments. Student's t-test; *P < 0.05; ***P < 0.001.





DISCUSSION

This study focuses on VAP-1 and its relationship with the biophysical properties of endometrial pericytes. We report that VAP-1 is highly expressed on the pericytes around the spiral arterioles in the human endometrium. Analyses of primary cultures demonstrated that endometrial pericytes exhibit increased proliferative, contractile, migratory, adhesive and clonogenic capacities when compared to their stromal counterparts (EnSC). We further show that constitutive expression of VAP-1 is indispensable for the biophysical and functional properties of endometrial pericytes. VAP-1 knockdown in primary endometrial pericytes attenuated the expression of key structural (ELN, CNN1 and MYH11) and adhesion (ICAM1 and VCAM1) genes. Commensurate, VAP-1 has been shown to function in concert with VCAM-1 and ICAM-1 in pulmonary mouse model (Ferjančič et al., 2013). Furthermore, VAP-1 depletion disrupted the actin cytoskeleton, resulting in increased cell stiffness and loss of contractility. Endometrial pericytes could contract or relax, and thereby regulate blood flow within spiral arterioles (Brown et al., 2019). We demonstrate that optimal contractility of endometrial pericytes is VAP-1-dependent, which suggests that this multifaceted adhesion molecule not only contributes to the integrity of rapidly growing spiral arterioles, but plausibly also plays a role in inducing a physiologically hypoxic environment in early pregnancy that stimulates cell proliferation and angiogenesis during placental development and fetal organogenesis (Burton et al., 2003).

Loss of VAP-1 also resulted in reduced clonogenicity and motility in endometrial pericytes. Human placental mesenchymal stem cells have been shown to promote angiogenesis by directly differentiating into endothelial cells (Lee et al., 2009; Tran et al., 2011; Salomon et al., 2013). Consequently, we postulate that endometrial pericytes may migrate across the endothelial barrier and differentiate into endothelial cells and/or serve as a reservoir of progenitor cells to the intensive tissue remodeling upon embryo implantation and early pregnancy.

While the proliferative capacity of endometrial pericytes was unperturbed upon VAP-1 knockdown, the migratory capacity of the cells was markedly impaired upon VAP-1 depletion. Weston and colleagues reported that VAP-1 promotes wound healing and spreading of hepatic stromal cells (Weston et al., 2015), further suggesting a plausible role for these cell in endometrial repair following menstruation.

Unexpectedly, VAP-1 depletion also resulted in increased expression of SUSD2, perhaps reflecting a compensatory mechanism. Not only are both proteins expressed around the spiral arteries in human endometrium (Uhlén et al., 2015), SUSD2 was shown to exert similar functions to VAP-1 in promoting leukocyte infiltration and neovascularization, which suggest that VAP-1 and SUSD2 may work in a compensatory fashion (Nakao et al., 2011; Hultgren et al., 2017). Further studies are required to investigate the interaction between these two molecules and pinpoint such compensatory mechanisms.

In this study we report that VAP-1 depletion by si-RNA or VAP-1 blocking antibody resulted in significant reduction in uNK cell adhesion into endometrial pericytes. We reported previously that decidualization transforms endometrial pericytes into highly secretory cells and the dominant source of multiple factors implicated in chemotaxis, differentiation and maturation of uNK precursors (Murakami et al., 2014). For example, decidualization of primary endometrial pericytes in culture triggers the secretion of CCL2, CXCL9 and CXCL12, chemokines implicated in homing of NK and hematopoietic stem/progenitor cells (Robertson, 2002; Deshmane et al., 2009; Noda et al., 2011). Further, decidualizing primary pericytes also secrete high levels of stem cell factor and IL-15, which promote differentiation of CD34+ hematopoietic stem/progenitor cells and their subsequent maturation into uNK cells (Vacca et al., 2011). It would be of interest to study the role of VAP-1 on decidualization of pericytes and study how it alters the secretome to influence uNK cell adhesion.

A limitation of our study is that our functional analyses of VAP-1 was confined to freshly isolated primary endometrial pericytes in culture. Whether VAP-1 play a role in decidual transformation of endometrial pericytes warrants further investigation. In addition, the physiological role of VAP-1 in pregnancy, and specifically its role in uNK cell-dependent spiral artery remodeling, awaits further elucidation.

In summary, we demonstrated that the biophysical and functional properties of endometrial pericytes are distinct from non-vascular stromal cells. We also showed that the constitutive expression of VAP-1 is vital for pericyte function and may play a role in recruitment of uNK cells upon decidualization. Our findings point toward the intriguing possibility that the origins of prevalent pregnancy disorders caused by impaired spiral artery remodeling, such as preeclampsia and intrauterine growth restriction, lie in a failure to establish a specialized perivascular microenvironment prior to conception.
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Supplementary Figure 1. TK8-14 blocks adhesive function of VAP-1. (A) Representative graph shows proliferation of pericytes untreated cells (CL, black line) and treated with TK8-14 blocking antibody (red line) monitored in real-time using the xCELLigence system (n = 3). (B) Representative graph shows Migration of pericytes; untreated cells (CL, black line) and treated with TK8-14 blocking antibody (red line) monitored in real-time using the xCELLigence system (n = 3). (C) Pericytes treated with and without the TK8-14 were embedded into collagen at a density of 1 × 106 cells per gel. Single cell contraction force per gel was measured using the depth-sensing nanoindentation system for force in 4 independent primary cultures. Data are mean ± SEM. Student's t-test; *P < 0.01. (D) Cell stiffness, expressed as Young's modulus, was measured by atomic force microscopy in pericytes treated with and without TK8-14 antibody from 3 independent primary cultures. Mann–Whitney U-test. *P < 0.001; **P < 0.01 and ****P < 0.0001, respectively.

Supplementary Video 1. AOC3 knockdown impairs pericyte migration in a scratch assay. Si-RNA transfected pericytes [si-AOC3 (1b) and si-NT (1a)] were subjected to a scratch assay and cell migration was monitored using time-lapse microscopy with images acquired every 10 min for 20 h. Cells were tracked manually using ImageJ plugin MTrack to determine the average speed. >10 cells were tracked in 3 independent primary culture for each group.
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Differentiation of endometrial fibroblasts into specialized decidual cells controls embryo implantation and transforms the cycling endometrium into a semi-permanent, immune-protective matrix that accommodates the placenta throughout pregnancy. This process starts during the midluteal phase of the menstrual cycle with decidual transformation of perivascular cells (PVC) surrounding the terminal spiral arterioles and endometrial stromal cells (EnSC) underlying the luminal epithelium. Decidualization involves extensive cellular reprogramming and acquisition of a secretory phenotype, essential for coordinated placental trophoblast invasion. Secreted metabolites are an emerging class of signaling molecules, collectively known as the exometabolome. Here, we used liquid chromatography-mass spectrometry to characterize and analyze time-resolved changes in metabolite secretion (exometabolome) of primary PVC and EnSC decidualized over 8 days. PVC were isolated using positive selection of the cell surface marker SUSD2. We identified 79 annotated metabolites differentially secreted upon decidualization, including prostaglandin, sphingolipid, and hyaluronic acid metabolites. Secreted metabolites encompassed 21 metabolic pathways, most prominently glycerolipid and pyrimidine metabolism. Although temporal exometabolome changes were comparable between decidualizing PVC and EnSC, 32 metabolites were differentially secreted across the decidualization time-course. Further, targeted metabolomics demonstrated significant differences in secretion of purine pathway metabolites between decidualized PVC and EnSC. Taken together, our findings indicate that the metabolic footprints generated by different decidual subpopulations encode spatiotemporal information that may be important for optimal embryo implantation.
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INTRODUCTION

Cyclical decidualization, i.e., differentiation of endometrial fibroblasts into specialized decidual cells, is a hallmark of menstruating mammals (Brosens et al., 2009; Emera et al., 2012). Rather than being triggered by an implanting embryo, decidualization in menstruating species is initiated during the midluteal phase of each cycle in response to sustained progesterone signaling and rising intracellular cyclic adenosine monophosphate (cAMP) levels (Gellersen and Brosens, 2014). Initially, decidual changes are most prominent in sushi domain-containing 2-positive (SUSD2+) cells surrounding the terminal spiral arterioles and in SUSD2− stromal cells underlying the luminal epithelium (Murakami et al., 2014), and then spread to encompass the entire stromal compartment (Gellersen and Brosens, 2014). In parallel, proliferating innate immune cells accumulate, foremost uterine natural killer cells (Brighton et al., 2017). Upon embryo implantation, decidualizing cells rapidly encapsulate the conceptus (Weimar et al., 2012; Berkhout et al., 2018), engage in embryo biosensing and selection (Brosens et al., 2014; Macklon and Brosens, 2014), and then form an immune-privileged decidual matrix that controls interstitial and intravascular trophoblast invasion (Nancy et al., 2012; Erlebacher, 2013; Gellersen and Brosens, 2014).

Recent studies have shown that decidualization is a multistep differentiation process, which starts with an evolutionarily conserved acute cellular stress response (Erkenbrack et al., 2018; Stadtmauer and Wagner, 2020), characterized by a burst of reactive oxygen species (ROS) production and release of proinflammatory cytokines (Al-Sabbagh et al., 2011; Salker et al., 2012; Brighton et al., 2017; Lucas et al., 2020). After a lag period of several days, differentiating cells lose their fibroblastic appearance and emerge as secretory decidual cells with abundant cytoplasm and prominent endoplasmic reticulum (Gellersen and Brosens, 2014). At a molecular level, the decidual transformation of endometrial fibroblasts involves genome-wide remodeling of the chromatin landscape (Vrljicak et al., 2018) extensive reprogramming of multiple signal transduction and metabolic pathways (Leitao et al., 2010; Muter et al., 2016, 2018) and activation of decidual gene networks (Takano et al., 2007; Cloke et al., 2008; Mazur et al., 2015). Decidualization of EnSC has been associated with alterations in respiration and mitochondrial metabolism (Ryu et al., 2020). At a functional level, decidualization transforms endometrial fibroblasts into secretory cells that are anti-inflammatory (Kuroda et al., 2013; Lucas et al., 2020), resistant to stress signals (Kajihara et al., 2006; Leitao et al., 2010; Lucas et al., 2020), and highly responsive to embryonic cues (Teklenburg et al., 2010; Brosens et al., 2014).

The decidual secretome is highly dynamic. Its composition changes across the different phases of the decidual pathway (Salker et al., 2012; Lucas et al., 2016, 2020) and the amplitude of the secretory response depends on the topography of cells in the native tissue (Murakami et al., 2014). For example, analysis of paired SUSD2− and SUSD2+ cell cultures demonstrated that perivascular SUSD2+ cells secrete significantly higher levels of various chemokines and cytokines, including chemokine (C-C motif) ligand 7 (CCL7) and leukemia inhibitory factor (LIF) (Murakami et al., 2014). These observations indicate that topographical microenvironments and chemokine gradients are established upon decidualization, which likely promote and direct trophoblast migration toward the spiral arterioles. Initially, invasion of the vessels results in plugging of these arteries by trophoblast. This facilitates conceptus development under low oxygen conditions, shielded from various environmental stressors. Notably, RNA-sequencing demonstrated that SUSD2 + stromal cells highly express genes encoding prototypic pericyte markers, including platelet-derived growth factor receptor (PDGFRB), CD146 (MCAM), neural/glial antigen 2 (CSPG4), and α smooth muscle actin (ACTA2) (Armulik et al., 2011; Ferland-McCollough et al., 2017). Hence, hereafter SUSD2+ cells are termed perivascular cells (PVC) whereas SUSD2− stromal cells are referred to as endometrial stromal cells (EnSC). On average 6 and 94% of non-immune stromal cells isolated from midluteal biopsies are PVC and EnSC, respectively (Lucas et al., 2016).

The metabolome encompasses a plethora of small organic molecules below 1.5 kDa with diverse physical and chemical structures, including nucleosides, amino acids, carbohydrates, and lipids (Cui et al., 2018). Exometabolomics, also known as metabolic footprinting, is the study of how cells transform their surrounding microenvironment through the secretion of metabolites. Exometabolomics have been used to study the secreted metabolome profile of micro-organisms, with mammalian exometabolomics being a nascent field (Birkenstock et al., 2012; Su et al., 2016). To date, exometabolomics has been performed to understand differences in profile of breast cancer cell lines, T-cell immunity, and stem cells (Ferreiro-Vera et al., 2011; Garcia-Manteiga et al., 2011; Matta et al., 2017). However, the exometabolome has not been established during decidualization. We hypothesize that specific temporally regulated secreted metabolites rapidly change upon decidualization, and that PVC and EnSC have distinct exometabolomes thereby establishing distinct microenvironmental niches.

In this study, we used both untargeted and targeted LC-MS exometabolomics to map the dynamic changes in the metabolic footprints of 12 paired PVC and EnSC cultures decidualized over an 8-day time-course.



MATERIALS AND METHODS


Patient Selection and Endometrial Tissue Collection

The study was approved by the NHS National Research Ethics – Hammersmith and Queen Charlotte’s and Chelsea Research Ethics Committee (1997/5065). Endometrial biopsies from 12 patients were obtained in the Implantation Clinic, a specialized research clinic at University Hospitals Coventry and Warwickshire National Health Service Trust. Written informed consent was given by all participants in accordance with The Declaration of Helsinki 2000. Endometrial biopsies, timed 6 to 10 days following the preovulatory luteinizing hormone surge, were taken using a Wallach EndocellTM sampler (Wallach, Trumbull, United States) following a transvaginal ultrasound scan to exclude overt uterine pathology. Further, none of the participants had been prescribed hormonal treatment in at least 3 months prior to biopsy. Demographic details are summarized in Supplementary Table 1.



Isolation of PVC and EnSC From Endometrial Biopsies

Single-cell suspensions of EnSC were isolated from 12 midluteal biopsies as described previously (Masuda et al., 2012). In short, samples were collected in DMEM/F-12 with 10% dextran coated charcoal activated fetal bovine serum (DCC-FBS), finely chopped, and enzymatically digested with deoxyribonuclease type I (0.1 mg/mL; Roche, Burgess Hill, United Kingdom) and collagenase (0.5 mg/mL; Sigma-Aldrich, Gillingham, United Kingdom) for 1 h at 37°C. The cells were passed through a 40 μm cell strainer (Fisher Scientific, Loughborough, United Kingdom), which retained epithelial cells more resistant to enzymatic digestion. Ficoll-Paque PLUS (GE Healthcare, Little Chalfont, United Kingdom) was utilized to remove erythrocytes from the stromal cell fraction. Subsequently, SUSD2+ and SUSD2− cells were isolated using magnetic bead sorting, as detailed previously (Masuda et al., 2012). Briefly, up to 1 × 106 EnSC/100 μL of Magnetic Bead Buffer (0.5% BSA in PBS) were combined with 5 μL/1 × 106 cells phycoerythrin (PE) conjugated anti-human SUSD2 antibody (BioLegend, London, United Kingdom). After 20 min on ice, approximately 1 × 107 cells/80 μL of Magnetic Bead Buffer were incubated with anti-PE-magnetic-activated cell sorting MicroBeads (20 μL/1 × 107 cells; Miltenyi Biotec, United Kingdom) for another 20 min. Cell suspensions (up to 1 × 108 cells/500 μL of Magnetic Bead Buffer) were applied onto MS columns (Miltenyi Biotec) in a magnetic field, and washed multiple times with 500 μL of Magnetic Bead Buffer. SUSD2− cells passed freely through the column, whereas magnetically labeled SUSD2+ cells were retained. Following removal from the magnetic field, SUSD2+ cells were eluted from the columns with 1 mL of Magnetic Bead Buffer. Purified SUSD2− and SUSD2+ cells were expanded in DMEM/F12 with 10% DCC-FBS, 1% antibiotic-antimycotic solution (Invitrogen), 1% L-glutamine (Invitrogen), estradiol (1 nM; Sigma-Aldrich), insulin (2 μg/mL; Sigma-Aldrich), and basic fibroblast growth factor (10 ng/mL; Merck Millipore, Watford, United Kingdom). Decidualization experiments were carried out at passage 2. Briefly, paired SUSD2− and SUSD2 + cells were seeded 6-well plates at a density of 2 × 105 cells/well and decidualized when confluent with 0.5 mM 8-bromoadenosine cAMP (8-bromo-cAMP; Sigma-Aldrich) and 1 μM medroxyprogesterone acetate (MPA; Sigma-Aldrich) in phenol red-free DMEM/F12 containing 2% DCC-FBS, 1% antibiotic-antimycotic solution. The spent medium was collected every 48 h for analysis, stored at −80°C and the differentiation medium refreshed. Decidual status was confirmed using transcript levels of the decidual marker gene PRL.



Immunofluorescence

Immunostaining was completed at passage 1. Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10 min and blocked with 3% BSA or 5% normal goat serum in PBS for 30 min. Cells were then incubated with an anti-human VAP-1 antibody (HPA000980, 1:100; Sigma Aldrich) for 1 h at room temperature, followed by incubation with Alexa Fluor 488 anti-rabbit secondary antibody for 1 h at RT (1:1000; Thermo Fisher Scientific). Slides were mounted with VECTASHIELD anti-fade mounting media with DAPI (Vector Laboratories) to visualize the nuclei. Images were captured using a Zeiss Laser Scanning Microscope LSM 510 at 60× magnification.



Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from EnSC and PVC cultures using RNA STAT-60 (AMS Biotechnology). Equal amounts of total RNA (1 μg) were treated with DNase and reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen), and the resulting cDNA was used as template in RT-qPCR analysis. Detection of gene expression was performed with Power SYBR Green Master Mix (Thermo Fisher Scientific), and the 7500 Real-Time PCR System (Applied Biosystems). The expression levels of the samples were calculated using the ΔΔCt method, incorporating the efficiencies of each primer pair. The variances of input cDNA were normalized against the levels of the L19 housekeeping gene. All measurements were performed in triplicate. Melting curve analysis confirmed amplification specificity. Primer sequences used were as follows: AOC3, forward: TCC TGT GCC AGG ACT CTCTT and reverse CAA GGT TCA GTG TCC CCT GT; L19, forward: GCG GAA GGG TAC AGC CAA T and reverse: GCA GCC GGC GCA AA; PRL, sense 5′-AAG CTG TAG AGA TTG AGG AGC AAA C-3′, PRL antisense 5′-TCA GGA TGA ACC TGG CTG ACT A-3′.



Preparation of Spent Medium for Analysis

For untargeted exometabolome analysis, samples were prepared as described previously (Zhu et al., 2011; Cui et al., 2013) with some modifications. Briefly 50 μL of EnSC and PVC conditioned media were thawed at 4°C, and quality control (QC) samples were prepared by mixing an equal amount of conditioned media from each of the samples. Both QC and the conditioned media from PVC and EnSC were processed in the same way. Proteins were precipitated with 200 μL ice-cold methanol containing 10 μg/mL 9-fluorenylmethoxycarbonyl-glycine as an internal standard (ISTD), and vortexed. Following centrifugation at 16,000 rpm for 10 min at 4°C, the supernatant was collected and evaporated until dry in a speed vacuum evaporator then resuspended in 200 μL of water/methanol (98:2; v/v) for liquid chromatography-mass spectrometry (LC-MS) analysis. All samples were kept at 4°C and analyzed within 48 h. The sample run order was randomized to remove batch effects and the QC samples were analyzed after every eight samples to monitor the stability of the system.



Untargeted LC-MS Exometabolomics

Untargeted exometabolomics was performed as previously described (Cui et al., 2017). The prepared conditioned media was analyzed using Agilent 1290 ultrahigh-pressure liquid chromatography system (Waldbronn, Germany) equipped with a 6520 QTOF mass detector managed by a MassHunter workstation. The oven temperature was set at 45°C.

The 5 μL of injected sample was separated using an Agilent rapid resolution HT Zorbax SB-C18 column (2.1 × 50 mm, 1.8 mm; Agilent Technologies, Santa Clara, CA, United States), 0.4 mL/min flow rate, and a gradient elution involving a mobile phase consisting of (A) 0.1% formic acid in water and (B) 0.1% formic acid in methanol. To start the mobile phase was set at 5% B, with a 7-min linear gradient to 70% B, then a 12 min gradient to 100% B. This was held for 3 min then returned to 5% B in 0.1 min.

Both positive and negative electrospray ionization were used to collect mass data between m/z 100 and 1000 at a rate of two scans per second. The ion spray was set at 4,000 V, and the heated capillary temperature was maintained at 350°C. The drying gas and nebulizer nitrogen gas flow rates were 12.0 L/min and 50 psi, respectively. Two reference masses (m/z 121.0509 (C5H4N4) and m/z 922.0098 (C18H18O6N3P3F24) were continuously infused to the system to allow constant mass correction during the run.



Targeted LC-MS Exometabolomics

Adenosine, inosine, hypoxanthine, and xanthine were measured and analyzed by targeted LC-MS/MS analysis. The analysis was conducted as described previously with some modifications (Garcia-Manteiga et al., 2011). Briefly, LC-MS analysis was performed with Agilent 1290 ultrahigh-pressure liquid chromatography system (Waldbronn, Germany) coupled to an electrospray ionization with iFunnel Technology on an Agilent 6490 triple quadrupole mass spectrometer.

The auto-sampler was cooled at 4°C and 2 μL of injected sample was chromatographically separated using an Atlantis HILIC column (2.1 × 100 mm; Waters, Eschborn, Germany). The mobile phases were (A) 10 mM ammonium formate and 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. Initially, 100% was utilized for 2 min, then reduced to 80% in a linear gradient for 11 min, and to 40% B over 1 min. This was held for 5 min and then the mobile phase was returned to starting conditions over 6 min. The column was kept at 45°C and the flow rate was 0.4 mL/min. Direct infusion of individual standard solutions allowed optimization of both the mass transition and collision energy for each compound by direct infusion. Both positive and negative electrospray ionization modes were performed with the following source parameters: drying gas temperature at 250°C with a flow of 14 L/min, sheath gas temperature at 400°C with a flow of 11 L/min, nebulizer gas pressure at 40 psi, capillary voltage 4,000 V and 3,500 V for positive and negative mode, respectively, and nozzle voltage 500 V for both positive and negative modes.



Data Analysis

Raw spectrometric data in untargeted metabolomics were analyzed by MassHunter Qualitative Analysis software (Agilent Technologies, United States). The Molecular Feature Extractor algorithm was used to obtain the molecular features, employing the retention time (RT), chromatographic peak intensity and accurate mass as input. Next, the features were analyzed by MassHunter Mass Profiler Professional software (Agilent Technologies, United States). Here, only features detected in at least 80% of the samples at the same sampling time point signal with an intensity ≥20,000 counts, three-times the limit of detection of the LC-MS instrument, were kept for further processing. Pre-statistical filtering of samples was performed, including the removal of samples with more than 60% missing data. One sample had 62% missing data and was subsequently removed from the untargeted analysis. The tolerance window for alignment of RT and m/z values was set at 0.15 min and 2 mDa, respectively, and the data normalized to the 9-fluorenylmethoxycarbonyl-glycine ISTD spike.

Raw spectrometric data in targeted metabolomics were processed using MassHunter Workstation Quantitative Analysis software (Agilent Technologies, United States). Missing values were imputed using half the lowest value. For both untargeted and targeted analysis, metabolites that were differentially expressed were inputted into the Metaboanalyst Pathway Analysis Tool to identify pathways that were altered during decidualization or between PVC and EnSC. This incorporates both pathway topology and enrichment analysis to output pathways that have changed significantly, and the pathway impact (Chong et al., 2019). The hypergeometric test was used and relative-betweenness centrality for over-representation analysis and pathway topology analysis, respectively. The pathway impact is calculated by the number of compounds that are significantly altered in relation to the total number of compounds in the pathway (Chong et al., 2019).



Statistical Analysis

For statistical analysis, non-parametric Test (Wilcoxon, Mann–Whitney test) with Holm-Sidak Multiple Testing Correction was employed and statistical significance was set at p < 0.05. For multivariate data analysis using hierarchical clustering or partial least squares regression (PLSR) analysis, data were normalized by applying log2, median-centering and dividing by standard deviation. Unsupervised Euclidean distance hierarchical clustering was performed using HemI (Deng et al., 2014). In addition, fold change (FC) analysis was performed to further filter the features and only those features with FC > 1.5 were selected as potential significantly altered metabolites across decidualization.



Compound Identification

The identification of the differential metabolites structure was based on our published work (Cui et al., 2017). Briefly, MassHunter software (Agilent) was used to calculate the elemental compositions of the metabolites based on their exact mass, the isotope pattern, and the nitrogen rule. The elemental composition in combination with the exact mass were used in open-source database searches, including HMDB1, LIPIDMAPS2, MassBank3, and METLIN4. Next, MS/MS experiments were performed to obtain structural information from the fragmentation pattern of the metabolite and these MS/MS spectra were searched and compared to compounds in the databases. Finally, the metabolites were confirmed by comparison with the standards where commercially available. The metabolites meet the minimum reporting standards for chemical analysis in metabolomics recommended by Metabolomics Standard Initiative (MSI) (Sumner et al., 2007).



RESULTS


Exometabolic Footprints of Decidualizing Primary EnSC

The endometrial stromal fraction of 12 midluteal biopsies were separated into SUSD2+ PVC and SUSD2− EnSC by magnetic-activated cell sorting (MACS) (Figure 1). These cells were tested for AOC3/VAP-1 expression, as we have previously reported that AOC3 is highly enriched in PVC cells (Murakami et al., 2014). AOC3 mRNA levels were significantly enriched in freshly isolated PVC cells when compared to their EnSC counterparts (p = 0.0052; Figure 1B). Immunofluorescence showed VAP-1 immunoreactivity on the cell surface of SUSD2 + cells whereas more discrete, punctate cytoplasmic staining was observed in EnSC (Figure 1C and Supplementary Figures 1, 2). Both subpopulations were cultured to confluency and then decidualized over 8 days. Conditioned culture media of paired decidualizing PVC and EnSC cultures were collected every 48 h and subjected LC-MS based metabolomics.
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FIGURE 1. Exometabolic footprints of decidualizing primary EnSC (A) Schematic representation of experimental design and the analytical process. Paired PVC and EnSC cultured were established from 12 endometrial biopsies. Conditioned media was collected from undifferentiated cultures (D0, day 0) and after 2, 4, and 8 days of decidualization. (B) Quantitative real-time PCR measuring AOC3 mRNA in PVC and EnSC. (C) Immunofluorescence staining of VAP-1 (green) in PVC and EnSC, following magnetic-activated sorting. DAPI (blue) was utilized to stain the nuclei. Pictures were taken at 60× magnification with a Zeiss Laser Scanning Microscope LSM 510. Scale bar represents 160 pixels. **p < 0.01.


A total of 145 annotated secreted metabolites and 5 unidentified metabolites were detected in the conditioned media of both PVC and EnSC (Supplementary Table 2). There were no metabolites unique to either PVC or EnSC. Hence, the metabolite data of PVC and EnSC were first combined to construct a temporal map of metabolic footprints associated with decidualization.

The QC samples clustered together in principal component analysis (PCA) scores plots (Supplementary Figure 3), indicating good stability and reproducibility of the chromatographic separation throughout the entire sequence. PLSR analysis separated the decidual time points into distinct groups (Figure 2A). Regression coefficients were used to identify metabolites that shaped the progression of decidualizing cells throughout the time-course. Metabolites with the five highest β-coefficient (β) at each timepoint are depicted in Figure 2B. Phenylalanyl-tyrosine (β: 0.02), 2,3-dinor-8-iso prostaglandin F2α (2,3-dinor-8-isoPGF2α) (β: 0.01), and hypoxanthine (β: 0.02) were identified, respectively, as influencers on day 0 (undifferentiated cells), day 2 and day 4 of the decidual time-course. Adenosine thiamine triphosphate (AThTP) (β: 0.01) and hyaluronic acid (β: 0.01) were the highest influencers of day 8 of decidualization.
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FIGURE 2. Temporal exometabolome of EnSC. (A) Partial least squares regression (PLSR) analysis separated the exometabolomes according to decidual time-points. The secreted metabolite levels were log2 transformed, the data centered using median, and scaled by SD. (B) Metabolites with the top five PLSR regression coefficients across the decidual time-course.


The exometabolome analysis of conditioned media revealed a marked temporal change in metabolic footprints upon decidualization. Out of the 150 detected compounds, the secreted levels of 79 metabolites changed by 1.5-fold (p < 0.05) over the 8-day decidual time-course (Figure 3A and Supplementary Table 3). Unsupervised hierarchical clustering showed a major bifurcation in exometabolome profiles between undifferentiated and decidualizing cells. Further, each decidual time-point was characterized by a unique footprint, which supports the notion that decidualization is a multistep differentiation process (Figure 3A).
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FIGURE 3. Exometabolic footprints of decidualizing primary EnSC. (A) Heatmap of differentially secreted metabolites across the time-course based on unsupervised Euclidean distance hierarchical clustering. (B) Representative metabolites altered upon decidualization. Data represent mean ± SD. N.D, not detected. Different letters above the SD indicates differential secretion at the indicated time-point (p < 0.05; t-test with Holm-Sidak correction). (C) MetaboAnalyst pathway analysis across decidualization in EnSC. The most enriched pathways include VLIB, valine, leucine, and isoleucine biosynthesis; GM, glycero-phospholipid metabolism; GSTM, glycine, serine, and threonine metabolism; PTTB, phenylalanine tyrosine and tryptophan biosynthesis; LM, linoleic acid metabolism; and PM, pyrimidine metabolism. Other pathways are numbered and tabulated in Supplementary Figure 5.


Figure 3B highlights several regulated secreted metabolites, some of which are already implicated in decidualization. For example, the prostaglandin metabolite, 2, 3-dinor-8-isoPGF2α, which can be derived from PGE2, was undetectable in undifferentiated cultures but consistently upregulated in differentiating cells throughout the decidual time-course. Secreted levels of glucosylsphingosine, a sphingolipid metabolite, followed the same pattern, in keeping with the dependency of the decidual process on de novo sphingolipid synthesis (Mizugishi et al., 2007; Ding et al., 2018). Several metabolites were selectively secreted by the decidualizing cells on day 8, including 5-amino-3-oxohexanoate and hyaluronic acid (HA). HA prevents apoptosis of decidual cells through binding to its receptor CD44 (Takizawa et al., 2014). 20-trihydroxy-leukotriene-B4 and PE (18:3/14:1) are examples of metabolites whose extracellular concentrations declined upon decidualization, whereas phosphatidylcholine (PC) (16:0/16:0) and lactosamine exemplify metabolites exhibiting a biphasic secreted pattern, peaking on day 2 and day 4 of decidualization, respectively. A difference in molecular mass distinguishes endogenous cyclic AMP levels which increased upon decidualization from the 8-bromo-cAMP utilized to stimulate decidualization.

Metaboanalyst was used to identify metabolic pathways regulated upon decidualization (Chong et al., 2019). Twenty-one metabolic pathways were identified across the decidual time-course (Supplementary Figure 4). As shown in Figure 3C, prominent pathways enriched across the decidual time-course included valine, leucine, and isoleucine biosynthesis (VLIB), glycerophospholipid metabolism (GM), and phenylalanine, tyrosine, and tryptophan metabolism (PTTM). Pyrimidine metabolism (PM) was enriched on day 8 of decidualization, suggesting the requirement for pyrimidines as nitrogenous bases in DNA and RNA.



Metabolites Differentially Secreted by Decidualizing PVC and EnSC

The temporal changes in the metabolic footprints of decidualizing PVC and EnSC were comparable but not identical, as demonstrated PLSR analysis (Supplementary Figure 5). Notably, apart from a single metabolite (N2, N2-Dimethylguanosine), no significant difference was observed in the exometabolomes of undifferentiated PVC and EnSC. By day 2 of decidualization, however, the secreted levels of 12 annotated metabolites were significantly higher in PVC compared to EnSC and 4 were lower (1.5 fold-change, p < 0.05; Supplementary Table 4). By day 4 and day 8 of decidualization, secreted levels of 6 and 9 metabolites, respectively, were significantly different between PVC and EnSC (Supplementary Table 4). Out of a total of 32 differentially secreted, annotated metabolites, 20 were more abundantly expressed by PVC. Figure 4A shows examples of metabolites differentially secreted between PVC and EnSC at each timepoint of the decidual pathway.
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FIGURE 4. Metabolites differentially secreted by decidualizing PVC and EnSC. (A) Compounds significantly different between PVC and EnSC. Data represents mean ± SD. * indicates p < 0.05 (t-test with Holm-Sidak correction). (B) Metaboanalyst Pathway analysis comparing PVC to EnSC of untargeted metabolomics by for day 2, 4, and 8 decidualization. Pathways labeled: GSTM, glycine, serine, and threonine metabolism; VLIB, valine, leucine, and isoleucine biosynthesis; BM, biotin metabolism; TCA, tricarboxylic acid cycle; PyM, pyruvate metabolism; SM, sphingolipid metabolism; PPM, pentose phosphate metabolism; PPS, phosphatidylinositol signaling system; IPM, inositol phosphate metabolism; and PuM, purine metabolism. Other pathways, represented by numbers, can be found in Supplementary Figure 6.


To further elucidate the metabolic differences between PVC and EnSC upon decidualization, pathway enrichment analysis was performed (Figure 4B). Interestingly, distinct metabolomic profiles emerged. The tricarboxylic acid cycle (TCA), and glycine, serine and threonine metabolism (GSTM) were enriched in PVC cells on day 2 of decidualization. Enrichment of sphingolipid metabolism (SM) arose at in PVC at day 4, whereas inositol phosphate metabolism (IPM) and the pentose phosphate metabolism (PPM) were more prominent in EnSC. Finally, on day 8, sphingolipid (SM) and purine metabolism (PuM) were enriched in PVC. Purine metabolism had the highest pathway impact and significance (Figure 4B and Supplementary Figure 6), suggesting a greater autocrine or paracrine requirement of purine signaling upon decidualization in PVC when compared to EnSC.



Targeted Exometabolomic Analysis Validates Altered Purine Metabolite Secretion Upon Decidualization

The enrichment in purine metabolism (Figure 5A) prompted us to investigate its wider metabolomic network in greater depth. We developed an analytically robust targeted mass spectrometry analysis (average coefficient of variation = 23.9%) to assess adenosine, inosine, hypoxanthine, and xanthine levels. Adenosine (7.8 fold-change, p = 0.0001), inosine (1.53 fold-change, p < 0.02) and xanthine (3.1 fold-change, p = 0.0001) were significantly higher in PVC on day 8 of the decidual time-course in comparison to undifferentiated cells whereas uridine (0.21 fold-change, p < 0.0001) and cytidine (0.42 fold-change, p = 0.001) were significantly lower. Furthermore, xanthine levels were significantly lower in PVC compared to EnSC conditioned media in both undifferentiated and decidualized cultures (Figure 5B and Supplementary Table 5).
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FIGURE 5. Targeted exometabolomic analysis validates altered purine metabolite secretion at day 8 of decidualization. (A) Schematic overview of the purine metabolic pathway. (B) Secreted purine metabolites were measured by targeted mass spectrometry in conditioned medium of paired PVC and EnSC cultures decidualized for 8 days. The data show the relative change in secreted metabolite levels in PVC compared to EnSC cultures. The data are mean ± SD and the individual data points show variability between paired cultures. * indicates p < 0.05 (t-test with Holm-Sidak correction).




DISCUSSION

Several studies have documented the dynamic changes in the EnSC transcriptome, proteome and secretome upon decidualization (Garrido-Gomez et al., 2011; Murakami et al., 2014; Rytkönen et al., 2019), but changes in secreted metabolites that may function as signaling molecules have not yet been characterized. Understanding the niche signaling enhances our understanding of human implantation and pregnancy. Here, we demonstrate that decidualization of EnSC and PVC induces conspicuous metabolic footprints that are tightly regulated in a temporal fashion. For instance, HA secretion was prominent upon full decidualization (day 8) in both EnSC and PVC. This ECM macromolecule has gel properties and is typically highly expressed in rapidly expanding tissues (Karousou et al., 2017). The temporally restricted pattern of HA secretion upon decidualization, therefore, suggests a potential role in decidual expansion in early pregnancy. HA also binds CD44 expressed on extravillous trophoblast and vasculature, indicating a role in spiral artery remodeling (Takizawa et al., 2014). Moreover, loss of HA secretion has been linked to miscarriage (Takizawa et al., 2014), which further underscores the importance of appropriate temporospatial secretion of this ECM component in pregnancy.

Our untargeted analysis also revealed significant changes in secreted lipid metabolites upon decidualization. Phosphodimethyl-EA and PC (16:0/16:0) are present in phospholipid bilayers, act as signaling molecules, and contribute phosphoethanolamine and phosphocholine, respectively, to form sphingolipids such as sphingomyelin (Gault et al., 2010; Merrill, 2011; Furse and de Kroon, 2015). Decreasing levels of phosphodimethyl-EA, PC (16:0/16:0) upon decidualization occurred in concert with increased secretion of glucosylsphingosine, indicating a role for extracellular sphingolipids. Enhanced sphingolipid secretion corroborates recent findings from mice demonstrating that genes encoding sphingolipid producing enzymes are upregulated upon decidualization (Ding et al., 2018). Mice deficient in sphingolipid synthesizing enzymes exhibit impaired decidualization, reduced implantation sites, and vascular endothelial defects that compromise trophoblast from invading the maternal vasculature (Mizugishi et al., 2007; Ding et al., 2018). Sphingolipids play a role in angiogenesis and promote phospholipase A2 enzymatic activity, the enzyme required to form arachidonic acid, a precursor for prostaglandins and leukotrienes (Murakami and Kudo, 2002; Singh and Subbaiah, 2007). While 20-trihydroxyleukotriene secretion decreased upon decidualization, 2,3-dinor-8-isoPGF2α levels were consistently elevated across the time-course, suggesting that sustained de novo synthesis of sphingolipids is important for decidualization, as demonstrated in mice (Ding et al., 2018). Alterations in pyrimidine and glycerolipid metabolism coincides with morphological changes observed during decidualization. Enrichment of glycolipids metabolism across decidualization, a precursor to fatty acid production, is consistent with the accumulation of lipid droplets, a key energy store, upon decidualization (Guo et al., 2009; Kuroda et al., 2013; Gellersen and Brosens, 2014), whereas pyrimidines are required for nucleic acid production and as an energy carrier in differentiation (Lane and Fan, 2015).

Exometabolomic differences were also observed between PVC and EnSC. The most notable differences occurred on day 2 of decidualization, i.e., coinciding with the initial inflammatory phase (Salker et al., 2012; Stadtmauer and Wagner, 2020). The secreted response at this time-point was also more pronounced in PVC than EnSC, in keeping with the topology of decidualization in vivo (Murakami et al., 2014). The PVC exometabolome on day 2 was enriched in higher energy metabolites linked to pyruvate metabolism and TCA cycle, indicative of Warburg effect or active metabolism (DeBerardinis and Chandel, 2020). On day 8 of the decidual time-course, the PVC exometabolome was enriched for other metabolites, such as sphingolipids and purines involved in signaling and structural integrity (Merrill, 2011; Linden et al., 2019).

Purines, along with pyrimidines, stimulate purinergic receptors, which belong to two subfamilies, the P2X and P2Y receptors (P2XR and P2YR, respectively). P2XR are plasma membrane channels that increase cytosolic Ca2+ concentration and mediate the flux of K+ and Na+ upon activation (di Virgilio and Adinolfi, 2017). P2 × 4R is linked to PGE2 signaling (Ulmann et al., 2010). P2YR are G-protein coupled receptors that modulate Ca2+ mobilization and cAMP signaling in response to either the pyrimidines adenine and uridine, or purines. The affinity for different ligands varies between receptors; for example, P2Y2R preferentially binds UTP, whereas P2Y11R binds ATP (Giuliani et al., 2019).

Purines modulate cell growth, act as coenzymes, and are a source of energy whereas pyrimidines contribute to phospholipid biosynthesis, glycosylation and detoxification (Löffler et al., 2005; Yin et al., 2018). Not only do endometrial cells, and particularly epithelial cells, express purinergic receptors but placental trophoblast expresses nearly the entire repertoire of purinergic receptors (Roberts et al., 2006, 2007; Burnstock, 2014). Thus, purine and pyrimidine nucleotides potentially act as metabolic signals acting on the purinergic receptors at the placental-decidual interface. In concurrence, purine derivatives are over-represented in bovine conceptus elongation, further emphasizing the importance of purines in conceptus development (Simintiras et al., 2019).

Intriguingly, purine levels correlate with the induction of stress ligands expression, such as the cell surface glycoprotein MHC class I polypeptide-related sequence A (MICA), a ligand for the natural killer group 2D receptor (NKG2D) (McCarthy et al., 2018). Recently, uNK cells were shown to target and eliminate senescent decidual cells through activation of NKG2D receptors (Brighton et al., 2017; Lucas et al., 2020), a process that is purportedly essential to prevent chronic senescence of the placental-decidual interface in pregnancy, leading to tissue breakdown and miscarriage (Lucas et al., 2020).

Targeted LC-MS demonstrated markedly lower levels of xanthine in PVC compared to EnSC, irrespective of decidualization. By contrast, decidualized PVC secreted higher levels of adenosine and inosine. Adenosine is an anti-inflammatory metabolite and stress signal (Kaster et al., 2013), and precursor to inosine. Inosine, an immunomodulator, is exported from cells through nucleoside transporters when intracellular concentrations are high (Kaster et al., 2013). Extracellular inosine signals through adenosine receptors and is broken down to form the downstream metabolite hypoxanthine. Xanthine is formed during the breakdown of hypoxanthine by xanthine dehydrogenase (XDH). In keeping with our observations, XDH transcript levels are significantly lower in PVC compared to EnSC (Murakami et al., 2014). Lower xanthine secretion by PVC suggests that higher energy purines are important in the perivascular niche as hypoxanthine is readily available to form inosine, a paracrine signaling molecule that can be recycled back to produce upstream metabolites, such as ATP. Extracellular release of ATP can induce a pro-inflammatory state, regulate the binding activity of estrogen receptors, increase production of reactive oxygen species, and induce metalloproteinase expression (Chang et al., 2007; Cruz et al., 2007; Cekic and Linden, 2016). Furthermore, ATP has been shown to promote IL-8 secretion in endometrial epithelial cells and stimulate decidualization (Gu et al., 2020). Thus, redirecting hypoxanthine toward the upstream purines may represent a mechanism to heighten decidualization of PVC cells. Taken together, the data suggest that a balance and switch between ATP, a mainly proinflammatory molecule, and adenosine, an anti-inflammatory factor, is required for an effective decidual response. Our results reflect the exometabolomic footprint of decidualizing cells from women with fertility issues. Evaluation of other samples, including women with normal reproductive histories, are required to test generalizability. In summary, this study is the first to map the temporally resolved exometabolome changes in differentiating human EnSC and to highlight the potential of secreted metabolites acting as autocrine or paracrine signaling molecules as the decidual process unfolds. Although the overall temporal change in metabolic footprints was remarkably consistent between decidualizing PVC and EnSC, differential secretion of specific metabolites not only reflects metabolic differences between stromal subpopulations but also raises the possibility of spatial organization of metabolic cues at the decidual-placental interface.
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Endometrium is the uterine lining that undergoes hundreds of cycles of proliferation, differentiation, and desquamation throughout a woman's reproductive life. Recently, much attention is paid to the appropriate endometrial functioning, as decreased endometrial receptivity is stated to be one of the concerns heavily influencing successes of embryo implantation rates and the efficacy of in vitro fertilization (IVF) treatment. In order to acquire and maintain the desired endometrial receptivity during IVF cycles, luteal phase support by various progestagens or other hormonal combinations is generally recommended. However, today, the selection of the specific hormonal therapy during IVF seems to be empirical, mainly due to a lack of appropriate tools for personalized approach. Here, we designed the genetic tool for patient-specific optimization of hormonal supplementation schemes required for the maintenance of endometrial receptivity during luteal phase. We optimized and characterized in vitro endometrial stromal cell (ESC) decidualization model as the adequate physiological reflection of endometrial sensitivity to steroid hormones. Based on the whole transcriptome RNA sequencing and the corresponding bioinformatics, we proposed that activation of the decidual prolactin (PRL) promoter containing ancient transposons MER20 and MER39 may reflect functioning of the core decidual regulatory network. Furthermore, we cloned the sequence of decidual PRL promoter containing MER20 and part of MER39 into the expression vector to estimate the effectiveness of ESC decidual response and verified sensitivity of the designed system. We additionally confirmed specificity of the generated tool using human diploid fibroblasts and adipose-derived human mesenchymal stem cells. Finally, we demonstrated the possibility to apply our tool for personalized hormone screening by comparing the effects of natural progesterone and three synthetic analogs (medroxyprogesterone 17-acetate, 17α-hydroxyprogesterone caproate, dydrogesterone) on decidualization of six ESC lines obtained from patients planning to undergo the IVF procedure. To sum up, we developed the “all-in-one” genetic tool based on the MER20/MER39 expression cassette that provides the ability to predict the most appropriate hormonal cocktail for endometrial receptivity maintenance specifically and safely for the patient, and thus to define the personal treatment strategy prior to the IVF procedure.

Keywords: endometrial stromal cells, decidualization, in vitro fertilization, progesterone, transposons, luteal phase


INTRODUCTION

Infertility is a global public health issue of modern healthcare that affects a significant proportion of humanity according to the (World Health Organization., 2020). In vitro fertilization (IVF) is considered to be the leading approach for infertility curing. Though this type of assisted reproductive technology (ART) seems to be the most effective, in fact, the rate of positive outcomes does not exceed 30% (Gleicher et al., 2019). The “bottleneck” heavily influencing the success of IVF treatment is adequate embryo implantation requiring embryo-endometrial synchronicity (Salker et al., 2010; Teh et al., 2016). To this end, embryo transferring should be performed in the strictly defined time point, when endometrium is characterized by the maximal receptivity to embryonic signals. Importantly, recent observations suggest that endometrial dysfunction (decreased endometrial receptivity) is the cause of implantation failure in about 30% of cases (Tomari et al., 2020).

During each natural cycle, there is only a short period of time termed “window of implantation,” when endometrium transforms into a receptive tissue that enables embryo implantation. The essential step of such transformation is decidualization of the uterine stromal compartment, specifically of the endometrial stromal cells (ESCs) (Okada et al., 2018). Decidualization is initiated during the midluteal phase of the menstrual cycle ~6 days after the ovulation marking the onset of the window of implantation. This tissue-specific differentiation of ESCs is governed by ovarian steroid hormones, particularly by the elevated levels of progesterone, that induce accumulation of the intracellular cyclic adenosine monophosphate (cAMP) and activation of the progesterone and/or cAMP-regulated signaling networks (Okada et al., 2018). Considerable alterations in gene expression profile during ESC decidualization drive dramatic morphological and functional changes, including cytoskeletal and extracellular matrix rearrangements facilitating trophoblast invasion and significant modulation of the secretory activity that contributes to trophoblast growth, prevention of the maternal immunological rejection, and promotion of angiogenesis (Gellersen and Brosens, 2014; Okada et al., 2018). Therefore, decidualized ESC play a crucial role in the establishment of a pregnancy, whereas impairment of this process can lead to a variety of pregnancy complications and might be the cause of implantation failure in IVF (Gellersen and Brosens, 2014; Okada et al., 2018; Deryabin et al., 2020; Tomari et al., 2020).

In order to acquire and maintain the desired endometrial receptivity during IVF cycles, luteal phase support by progestagens is generally recommended (Clinical Practice Guidelines from the Practice Committee of American Society for Reproductive Medicine, 2008; National Collaborating Centre for Women's and Children's Health, 2013). The need for luteal phase support results from exogenous hormonal administration that is commonly used for the artificial regulation of the menstrual cycle during IVF (Palomba et al., 2015). Such hormonal treatment may cause variations in the supraphysiological progesterone and estradiol levels in the early luteal phase leading to asynchrony between the embryo and endometrium, therefore luteal phase support is required. A plenty of meta-analysis performed either for fresh, frozen, or donor embryo transfers confirms that luteal phase support exerts a significant positive effect on clinical pregnancy (Van der Linden et al., 2011; Palomba et al., 2015). Although scientific society agreed to recommend exogenous progesterone for luteal phase support, a lot of clinical trials aimed to test its synthetic analogs and various hormonal combinations to find a “golden standard” for increasing IVF effectiveness (Abate et al., 1999; Yu et al., 2018; Brum Scheffer et al., 2019; Fusi et al., 2019; Griesinger et al., 2019). However, search for the universal approach might not be entirely a rational strategy, as endometrium of different patients can vary significantly in the degree of maturation, expression of progesterone and estrogen receptors, and other marker molecules (Díaz-Gimeno et al., 2011). Moreover, female infertility may be accompanied by various gynecological complications, e.g., tubal obstruction, anovulation, infection, polycystic ovarian syndrome, premature ovarian failure, and so on (Vannuccini et al., 2016). These observations testify that the exact hormonal supplementation scheme should rather be patient specific than universal to achieve more efficacies in IVF. Mainly due to the lack of the appropriate tools for personalized approach, today the selection of the concrete hormonal therapy during IVF seems to be empirical.

The aim of the present study was to develop easy-to-use and cost-effective tool for personalized screening of female sex steroid hormones based on the endometrial receptivity assessment. The design of this instrument included several stages. Firstly, we optimized and characterized in vitro ESC decidualization model as the adequate physiological reflection of endometrial sensitivity to steroid hormones. Secondly, based on the RNA-seq and bioinformatic analyses, we proposed that activation of the decidual PRL promoter containing ancient transposons may serve as an integral index of the decidual regulatory network functioning. Thirdly, using the sequence of decidual PRL promoter containing MER20 and part of MER39, we constructed expression vector to estimate the effectiveness of ESC decidual response and verified sensitivity and specificity of the designed system. Finally, we confirmed the possibility to apply our tool for personalized hormone screening by comparing the effects of natural progesterone and three synthetic analogs on decidualization of six ESC lines obtained from patients planning to undergo the IVF procedure.



MATERIALS AND METHODS


Cell Cultures

Patients' samples of menstrual blood containing fragments of the desquamated endometrium were obtained under a cooperation agreement with the Almazov National Medical Research Center. Human ESCs were isolated from desquamated endometrium according to the procedure described previously (Zemelko et al., 2012). The study was reviewed and approved by the Local Bioethics Committee of the Institute of Cytology of the Russian Academy. Human diploid fibroblasts, adipose-derived human mesenchymal stem cells and HEK293T cells were obtained from Russian Cell Culture Collection (Institite of Cytology RAS, Saint-Petersburg). All cells were cultured in DMEM/F12 (Gibco BRL, USA), except for HEK293T that were cultured in DMEM (Biolot, Russian Federation) at 37°C in a humidified incubator, containing 5% CO2. Cultural media was supplemented with 10% FBS (HyClone, USA), 1% penicillin-streptomycin (Gibco BRL, USA), and 1% GlutaMAX (Gibco BRL, USA). Serial passaging was performed when the cells reached 80–90% confluence. For the experiments, cells at early passages were used.



Decidualization Induction

After the cells reached 80% density, the medium was exchanged for serum-free medium for 24 h. The next day, medium was replaced by the fresh medium containing 2% of serum and 0.3 mM N6,2′-O-dibutyryladenosine 3′,5′-cAMP (Sigma-Aldrich, USA), 10 nM β-estradiol (E2) (Sigma-Aldrich, USA), and 1 μM medroxyprogesterone 17-acetate (MPA) (Sigma-Aldrich, USA), such medium was exchanged every second day. To compare progesterone and various progestins, MPA in the induction media was replaced by the equivalent amounts of progesterone (Sigma-Aldrich, USA)/17α-hydroxyprogesterone caproate (Merck, USA)/dydrogesterone (Merck, USA).



Western Blotting

Western blotting was performed as described previously (Borodkina et al., 2014). SDS-PAGE electrophoresis, transfer to nitrocellulose membrane, and immunoblotting with ECL (Thermo Scientific, USA) detection were performed according to standard manufacturer's protocols (Bio-Rad Laboratories, USA). Antibodies against the following proteins were used: glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (clone 14C10) (#2118, Cell Signaling, USA), E-cadherin (clone HECD-1) (ab1416, Abcam, UK), vimentin (clone RV202) (ab8978, Abcam, UK), progesterone receptor A/B (clone D8Q2J) (#8757, Cell Signaling, USA), estrogen receptor α (clone D6R2W), as well as horseradish peroxidase-conjugated goat anti-rabbit IgG (GAR-HRP, Cell Signaling, USA) and antimouse IgG (GAM-HRP, Cell Signaling, USA).



RNA Extraction, Reverse Transcription, and Real-Time PCR

RNA extraction, reverse transcription, and real-time PCR were performed as described in our previous study (Griukova et al., 2019). Primer sequences and the corresponding annealing temperatures are listed in Table 1.


Table 1. Primer oligonucleotide sequences.
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F-Actin Cytoskeleton Visualization

Cells grown on coverslips were fixed with 4% formaldehyde (15 min), permeabilized with 0.1% Triton X-100 (10 min) and blocked with 1% BSA (1 h). Cells were incubated with rhodamine phalloidin (Thermo Scientific, USA) for 30 min at 37°C and then washed three times with PBS/0.1% Tween 20. The slides were counterstained with 1 μg/ml DAPI (Sigma-Aldrich, USA) and mounted using 2% propyl gallate. A ZOE Fluorescent Cell Imager (BioRad, USA) was used to view and acquire images.



ELISA

The amounts of secreted PRL and IGFBP-1 were quantified in the cell supernatants by the Prolactine Human ELISA Kit (Abcam, USA) and Human IGFBP-1 ELISA Kit (Sigma-Aldrich, USA). The data were normalized to the total amount of protein determined by the Bradford method. Positive and negative controls provided by the manufacturer were performed in parallel for comparisons. To determine the concentration of secreted proteins in samples, GraphPad Prism 5 was used.



RNA Preparation and Whole Transcriptome RNA Sequencing

Total RNA was extracted from the non-differentiated and decidualized ESCs using ExtractRNA reagent (Evrogen, Russia) according to the manufacturer's protocol. The concentration of RNA was calculated using the Qubit 3.0 Fluorometer (Thermo Scientific, USA). The quality control was performed with Bioanalyzer 2100 (Agilent, USA) capillary gel electrophoresis. The lower threshold for RIS quality control of the samples was no <9. CDNA was synthesized from total RNA using Mint-2 kit (Evrogen, Russia) according to the manufacturer's protocol. The RNA libraries were prepared with the Qiaseq FX DNA Library kit (Qiagen, Germany). The whole transcriptome RNA sequencing (RNA-Seq) was performed with the HiSeq 2500 sequencing platform (Illumina, San Diego, CA, USA) in the single-end mode and with a read length of 50 bp in a rapid run mode.



RNA-Seq Read Processing, Transcripts Quantification, and Differential Expression Analysis

Raw data comprising four biological replicates for each condition (non-differentiated and differentiated) were processed as follows. Raw reads underwent quality filtering via the FilterByTile script from the BBtools package using the default options (version 38.75) (Bushnell, 2014). The remaining reads were additionally filtered and trimmed with the use of trimFilter script from the FastqPuri package (version 1.0.7) (Pérez-Rubio et al., 2019). In particular, trimming operation was applied for both ends of reads if they contained Ns or their quality was below the quality threshold set to 27, all reads shorter than 25 bases were discarded. The quality control of trimming was held with the FastQC software (version 0.11.7) and FastqPuri scripts (Andrews, 2010). The reads, having passed both operations, comprised no <90% of the initial data, with the average read length close to 50 bases.

For transcript abundances, estimating the salmon lightweight mapping was applied (version 1.1.0) (Patro et al., 2017). The mapping was performed in the selective alignment mode. The list of decoys was generated based on the Gencode human reference genome GRCh38.p13 (release 33) and used further for building the index on concatenated transcriptome and genome Gencode reference files (release 33) using k-mer size of 21. Mapping operations were run with additional flags –numBootstraps 30 –seqBias –gcBias –validateMappings. Resulting mapping rates were around 70%.

Further data processing was performed using R version 3.6.3 with the Tidyverse collection of packages (version 1.3.0). Estimated gene counts, metadata, and transcript ranges were loaded into R using tximeta (version 1.4.5) and summarized to a gene level (Love et al., 2020). Resulting count matrix was filtered to contain rows having at least 10 estimated counts across all samples; the resulting matrix contained 20,428 genes. Gene differential expression (DE) analysis and log fold change (LFC) estimation (Figure 1E, Supplementary Tables 1, 2) were computed using DESeq2 (version 1.26.0) with a design formula controlling for cell differentiation status (Love et al., 2014). To strengthen DE analysis, here, we correct LFC using combination of adaptive shrinkage estimator from the apeglm package (version 1.8.0) and specifying additional LFC threshold equal to 0.667 (Zhu et al., 2018). This testing produced alternative p-values or s values telling whether the LFC is greater in absolute value than the threshold. Thus, returned s values provided the probability of “false signs or small” events (FSOS) among the tests with equal or smaller s value than a given genes s value, where “small” was specified by LFC threshold (Stephens, 2016). Genes that had s value smaller than 0.005 were defined as differentially expressed (LFC >0.67 (up): 1,385, LFC ≤0.67 (down): 1,505).
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FIGURE 1. Characteristic features acquired during tissue-specific ESC decidualization. (A) ESCs switch morphology from fibroblast like to epithelial like in 8 days after decidualization induction. Scale bar is 500 μm for all images. (B) Rhodamine phalloidin staining reflects actin cytoskeleton rearrangements in decidualized ESCs. Scale bar is 100 μm for all images. (C) Decidual transformation of ESCs is accompanied by the gradual increase in E-cadherin expression and decline in vimentin expression as indicated by Western blotting with specific antibodies. Representative blots of the three experiments are shown here. GAPDH was used as loading control. (D) ACTA1, CDH1, TWIST, and VIM genes expression levels in ESCs decidualized for 8 days estimated by RT-PCR. Values are M ± S.D. (N = 3). *p < 0.05; ***p < 0.005 differentiated vs. non-differentiated cells by Student's t-test. (E) Heatmap demonstrating top 30 differentially expressed genes in the untreated and decidualized ESCs scaled by normalized and rlog-transformed transcripts counts. (F) Gene set functional enrichment analysis of up- and downregulated cellular processes and pathways in differentiating ESCs in KEGG DB terms. (G) Western blot analysis of progesterone receptor A/B and estrogen receptor α expression performed during ESC decidualization. Representative results of the three experiments are shown here. GAPDH was used as loading control. (H) Analysis of FOXO1, IGFBP1, PRL, and CLU expression levels by RT-PCR. Values are M ± S.D. (N = 3). ***p < 0.005 differentiated vs. non-differentiated cells by Student's t-test. (I) The amounts of secreted PRL and IGFBP-1 were estimated by ELISA in the cell supernatants of undifferentiated and decidualized ESCs. ELISA values presented as M ± S.D. (N = 4). ***p < 0.005 by Student's t-test.




Bioinformatic Data Analysis

Heatmaps were constructed with the use of genefilter (version 1.38.0) and pheatmap (version 1.0.12) R packages. Gene set enrichment analysis was conducted using clusterProfiler (version 3.14.3) and fgsea (version 1.12.0) R packages based on ranking genes by estimated shrunken LFC values, and p-values were adjusted according to the Benjamin–Hochberg multiple test adjustment and q-value cutoff of 0.1 (Yu et al., 2012). Testing gene list in terms of biological processes and pathways was conducted based on KEGG Pathway DB (Kanehisa et al., 2017).

For prediction of transcription factors (TFs) binding to decidual PRL promoter sequence HumanTFDB (AnimalTFDB release 3) and PROMO (version 3.0.2), web applications were used with the confidence thresholds p < 0.0001, q < 0.1, and dissimilarity <10%, respectively (Farré et al., 2003; Hu et al., 2019). Obtained lists of binding sites were additionally manually filtered from redundancy. Gene set enrichment analysis in terms of regulation by TFs were performed via clusterProfiler and fgsea R packges as described above based on TF regulons gathered from the TRED DB (Jiang et al., 2007).



Dec_pPRL-Mcherry Plasmid Construction

Genomic DNA was isolated using NucleoSpin tissue kit (Macherey-Nagel, Germany) according to the manufacturer's instructions. The DNA fragment −524/+65 around decidual PRL transcription start site was amplified by PCR with primers forward (5′-ACTTTAATTAAGACAGTCTCATCTCCATTATTGACTGCA-3′) and reverse (5′-TTGACCGGTGTCTCTGTCTTTGAGGGTACTTCTG-3′). Amplified PCR product was purified using QIAquick gel extraction kit (Qiagen, Germany). Backbone vector pUltra-hot (https://www.addgene.org/24130/) and the insert were double digested with the following restriction enzymes AgeI (NEB, UK) and PacI (NEB, UK) at 37°C for 1 h in NEBuffer 1.1 (NEB, UK). Ligation was performed using Quick Ligation kit (NEB, UK). The obtained plasmid was then amplified in Stbl3 chemically competent Escherichia coli.



Lentivirus Production, Titration, and Cell Transduction

Protocols of lentiviral particle production and ESC lentiviral transduction are described in detail in our previous article (Deryabin et al., 2019). For virus titration, ESCs were used. The cells were plated at 105 in 35 mm dishes in 1 ml of the complete medium and the next day were transduced with serially diluted viral stocks in fresh complete medium supplemented with 20 mg/ml of protamine sulfate (Ps) (Sigma-Aldrich, USA) for 18 h. Then the medium was replaced to the “induction” medium containing cAMP, MPA, and E2. Cells were cultured for 8 days and then mCherry fluorescence was analyzed by flow cytometry. Viral integration frequency was assessed according to the procedure described by Barczak et al. (2015). Primers' sequences are presented in Table 1.



Flow Cytometry Analysis

Measurement of mCherry fluorescence was carried out by flow cytometry using the CytoFLEX (Beckman Coulter, USA) with the peak excitation wavelength for mCherry 587 nm and emission 610 nm. The obtained data were analyzed using CytExpert software version 1.2. At least 104 cells were measured per sample. In order to access cell viability, DAPI (Sigma) was added to each sample just before analysis.



Statistical Analysis

Unless otherwise indicated, all quantitative data are shown as M ± S.D. To get significance in the difference between two groups, Student's t-test was applied. For multiple comparisons between groups, ANOVA with Tukey HSD was used. Statistical analysis was performed using R software.




RESULTS


Phenotypic and Transcriptomic Alterations Accompanying in vitro Decidualization of Human Endometrial Stromal Cells

In order to develop the appropriate genetic tool to assess endometrial sensitivity to sex steroid hormones, we first optimized in vitro model that adequately reproduces ESC decidualization. To this end, we applied the “induction cocktail” containing cAMP, 17-beta-E2, and MPA. To begin with, we analyzed the morphological alterations accompanying decidualization. As shown in Figures 1A, B, ESCs switched morphology from fibroblast like to polygonal epithelial like upon decidualization induction. The revealed morphological shift coincided with the gradual decrease in vimentin expression and simultaneous rise in E-cadherin protein level, suggesting in favor of mesenshymal-to-epithelial transition (MET) (Figure 1C). As the additional confirmation of MET progression during ESC decidualization, we observed the decline in expression levels of ACTA1, CDH1, TWIST, and VIM genes (Figure 1D).

To further characterize the relevance of our in vitro decidualization model, we compared transcriptomic signatures of undifferentiated and decidualized ESCs using RNA-seq. Among 2,890 differentially expressed genes (DEGs) in decidualized ESCs (FSOS s value <0.005), 1,385 were upregulated, while 1,505 were downregulated (full list of identified genes is presented in Supplementary Table 1; full list of DEGs is presented in Supplementary Table 2). As expected, all the key participants of the classical decidual response, such as IGFBP1, PRL, PROK1, FOXO1, PGR, CEBPB, WNT4, LEFTY2, and CLU were upregulated in decidualized ESCs (Figure 1E, Supplementary Table 2). We annotated all the identified genes by KEGG pathway terms to identify molecular pathways that were recruited into ESC decidualization (Supplementary Table 3). We found that several pathways with important roles in decidualization were over-represented among the recruited genes, including “steroid hormone biosynthesis,” “cytokine-cytokine receptor interaction,” and “ovarian steroidogenesis” (Figure 1F). At the same time “cell cycle,” “DNA replication,” and “regulation of actin cytoskeleton” pathways were significantly downregulated upon ESC decidualization (Figure 1F).

To validate the results of RNA-seq, we analyzed protein and gene expression levels of the most important players mediating decidual reaction. Namely, we detected increase in the levels of progesterone (PR) and estrogene receptors (ER) during ESC decidualization (Figure 1G). Both nuclear receptors act as transcription factors upon binding to the corresponding hormones and thus directly regulate expression of a large number of decidual genes. In addition, we observed enhanced expression of FOXO1, another core decidual transcription factor (Figure 1H). The above transcription factors are known to be responsible for the expression of the decidual marker genes—PRL and IGFBP1. Indeed, we revealed significant increase in mRNA levels both of PRL and IGFBP1 (Figure 1H). The relevant proteins encoded by these genes are secreted by decidualized ESCs and serve as biochemical markers for stromal cell differentiation (Okada et al., 2018). Using enzyme-linked immunosorbent assay, we detected substantial elevation in the IGFBP1 and PRL protein contents in the conditioned media collected from decidualized ESCs (Figure 1I).

Together, the results described within this part are mostly in line with the existing ones and clearly demonstrate that the selected treatment design of ESCs sufficiently reflects stromal decidualization (Rytkönen et al., 2019).



Activation of Decidual PRL Promoter Containing Ancient Transposons Reflects Functioning of the Decidual Regulatory Network

Having established the optimal in vitro conditions to induce ESC decidualization, we next tried to elucidate the most universal genetic marker that would allow assessing the effectiveness of this reaction, and thus can form the core of the genetic tool for endometrial receptivity estimation. In this context, we paid particular attention to the decidual PRL (dPRL) promoter as the possible transgene candidate. This promoter controls tissue-specific expression of the decidual marker gene PRL in endometrium. DPRL promoter localizes 6 kb upstream of the first exon transcribed in the pituitary, therefore, decidual PRL transcript contains additional 5′-untranslated exon compared with the PRL expressed in the pituitary (Gellersen et al., 1989; Telgmann et al., 1997). The major activity of the dPRL promoter is fully covered by the region within −332/+65 from decidual transcription start site (TSS) (Telgmann et al., 1997). This region includes the full-length sequence of MER20 and part of MER39 transposons (Gellersen and Brosens, 2014). Cis-regulatory (promoter/enhancer) function of MER20/MER39 region is predominantly mediated by the TF binding sites present within this sequence (Lynch et al., 2011; Emera and Wagner, 2012). By applying two different bioinformatic tools HumanTFDB and Promo v3.0.2, we identified 20 TFs predicted to bind with the dPRL promoter sequence with high probability, including CEBP/B, PR, STAT5A, XBP-1, and ER important for pregnancy (Figure 2A). As expected, among the predicted TFs, there were TFs previously proved to bind this region using chromatin immunoprecipitation with quantitative PCR (Lynch et al., 2011).
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FIGURE 2. Characterization of decidual PRL promoter as the “core” element for the integral decidualization assessment. (A) Venn diagram reflecting the number of predicted TFs able to bind the decidual PRL promoter sequence. (B) Expression levels and the numbers of predicted binding sites for the TFs proposed to bind the decidual PRL promoter sequence in decidualized and non-differentiated ESCs. (C, D) Gene set enrichment analysis in terms of regulation by TFs based on TRED DB built on the pre-ranked gene list by either absolute or original value of LFC from DE analysis of decidualized vs. non-differentiated ESCs, respectively.


To drive gene expression, availability and accessibility of binding sites should be essentially accompanied by the appropriate TF repertoire to utilize these binding sites. Importantly, we observed upregulation of almost all the above mentioned TFs in decidualized ESCs, what favors the acquisition of the appropriate TF profile during ESC decidualization (Figure 2B). These results were additionally verified by qPCR (Supplementary Figure 1B). Furthermore, these TFs were predicted to have several binding sites within the analyzed region (Figure 2B).

We then tested whether the revealed TFs are indeed responsible for the regulation of the effector decidual program. To this end, we annotated genes expressed in ESCs in TF regulatory terms (TRED DB) using gene set enrichment analysis. It should be emphasized that it was DEGs that turned out to be regulated by the identified TFs in decidualized ESCs (Figure 2C, Supplementary Table 4). Moreover, we revealed the tendency for the upregulated genes in decidualized ESCs to be predominantly controlled by the defined list of TFs (Figure 2D, Supplementary Table 5).

Thus, insertion of the cassette carrying these transposons may function as a platform for the key transcription factors that regulate ESC decidualization, and its activation may reflect the adequacy of the transcription regulator profile that manages the expression of the whole decidual network in ESCs. Being rather small and at the same time extremely capacious, MER20/MER39 sequence includes a plenty of binding sites for the core TFs that regulate the whole decidual network, what makes it an ideal candidate to estimate the overall decidual response.



Development and Characterization of the Fluorescent Reporter System Based on the dPRL Promoter Activation

According to the results described above, dPRL promoter seemed to be a good candidate to become a core fragment of the “all-in-one” genetic tool to estimate integral endometrial receptivity. To this end, we amplified the region −524/+65 around dPRL TSS that covers −332/+65 region previously described to be responsible for the full activity of the dPRL promoter (Telgmann et al., 1997). The amplified region was further cloned into the pUltra-hot lentivector (https://www.addgene.org/24130/) instead of UbC promoter, so that mCherry fluorescent protein expression was under control of the dPRL promoter (dec_pPRL-mCherry) (Figure 3A). Thereby, the designed genetic construct allows assessing the effectiveness of decidualization simply by mCherry fluorescence intensity.
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FIGURE 3. Dec_pPRL-mCherry reporter system allows estimating ESC decidualization. (A) Schematic presentation of the transgene cassette containing MER20 and part of MER39 with the corresponding TF binding sites and the designed dec_pPRL-mCherry expression vector. (B) Dynamics of ESC decidualization assessed by mCherry fluorescence intensity upon serial addition and removal of the “induction” media. Values are M ± S.D. (N = 4). ns, not significant; ***p < 0.005 by one-way ANOVA in differentiated and non-differentiated cell groups. A.u., arbitrary units. (C) Modulations of mCherry fluorescence correlated with the alterations in the expression levels of the key decidual genes in ESCs analyzed by RT-PCR, when reproducing the same experimental conditions as in (B). Values are M ± S.D. (N = 3). *p < 0.05; ***p < 0.005 by ANOVA with Tukey HSD vs. non-differentiated cells (day 0). (D, E) Specificity of the developed tool analyzed by the level of mCherry fluorescence in HDF, AdMSCs, and five ESC lines in 8 days after hormonal supplementation either by FACS or by ZOE fluorescent cell imager, respectively. Values are M ± S.D. (N = 3). *p < 0.05; **p < 0.01; ***p < 0.005 differentiated vs. non-differentiated cells by Student's t-test. A.u., arbitrary units. Scale bars of all images are 200 μm.


In order to characterize dec_pPRL-mCherry tool, we performed a series of experiments aimed to estimate its sensitivity and specificity. Firstly, we analyzed the dynamic changes of mCherry fluorescence in transduced ESCs upon addition and removal of the differentiation “induction cocktail.” As shown in Figure 3B, mCherry fluorescence gradually increased during 8 days of the constant presence of the “induction cocktail,” reflecting the progression of ESC decidualization. Decidualized ESCs are known to dedifferentiate upon removal of the induction media in vitro. Indeed, we observed slight decrease in the fluorescent signal 4 days after the media replacement (Figure 3B). Moreover, fluorescence raised again in response to repeated hormonal supplementation (Figure 3B). Of note, undifferentiated cells displayed stably low fluorescence level during the whole observation period. The results of fluorescence estimation by FACS completely coincided with the expression dynamics of the key decidual genes PRL, IGFBP1, FOXO1, and CLU obtained by RT-PCR (Figure 3C). Together, these results demonstrate that our reporter system reflects decidualization with a high degree of sensitivity.

We next examined the specificity of the developed tool. To do so, along with the five primary ESC lines, we transduced human diploid fibroblasts (HDF) and adipose-derived human mesenchymal stem cells (adMSCs) with the dec_pPRL-mCherry expression vector. As expected, in both cell lines of non-endometrial origin, there was almost no increase in mCherry fluorescence as well as no upregulation in the expression of the most important decidual marker genes PRL and IGFBP1 upon hormonal treatment (Figures 3D,E, Supplementary Figure 1A). On the contrary, all ESC lines reacted significantly to the induction media as indicated by more than 10-fold increase in fluorescence (Figures 3D,E). Together, these suggest that cell types of non-endometrial origin lack the appropriate transcription factor repertoire to utilize MER20/MER39 cassette as a regulatory platform to drive mCherry expression. The absence of the appropriate TF repertoire in cells of nonendometrial origin was additionally verified by the qPCR for PGR, ESR1, XBP1, and CEBP/B (Supplementary Figure 1B). Finally, we have developed rather sensitive and specific tool to estimate decidual reaction of ESCs.



Dec_pPRL-Mcherry Tool Can Be Applied for the Personalized Selection of the Hormonal Supplementation Scheme

One of the feasible applications of the designed system seemed to be the selection of the patient-specific hormonal supplementation scheme. To test this suggestion, we initially compared decidual reaction of the primary ESC line expressing Dec_pPRL-mCherry vector toward progesterone (P4) and synthetic progestogens, including MPA, dydrogesterone (DYDR), or 17-hydroxyprogesterone caproate (17-OH). To unify the experimental conditions, E2 and cAMP were added to each group tested, except for the untreated one. As shown in Figure 4A, decidual response varied significantly depending on the type of progestogen applied. The most abundant reaction was achieved when ESCs were treated with MPA or 17-OH, whereas the lowest response was induced by DYDR (Figure 4A). Thus, our genetic tool is sensitive enough to compare stromal reaction induced by various hormonal analogs and may be used to choose the most appropriate one.
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FIGURE 4. Generated Dec_pPRL-mCherry tool can be applied for personalized screening of the sex steroid hormones. (A) ESC (line 2804) decidual reaction significantly varies dependently on the hormonal combination applied as indicated by the level of mCherry fluorescence assessed by FACS. Values are M ± S.D. (N = 3). *p < 0.05; **p < 0.01; ***p < 0.005 by ANOVA with Tukey HSD vs. non-differetiated cells. A.u., arbitrary units. (B) Various ESC lines differ in the basal mCherry fluorescence levels. Values are M ± S.D. (N = 3). ***p < 0.005 by one-way ANOVA. A.u., arbitrary units. (C) Tested ESC lines responded differently toward various “hormonal cocktails” applied to induce decidualization. Values are presented as fold changes reflecting the ratios of mCherry fluorescence on day 8 of differentiation to the appropriate basal fluorescence, calculated for each ESC line and compound combination tested. M ± S.D. (N = 3). *p < 0.05; ***p < 0.005 by ANOVA with Tukey HSD vs. (E2 + cAMP)-treated ESCs.


In order to extend our observations, we further reproduced the above experimental approach using six ESC lines obtained from patients who were planning to undergo the IVF procedure. It should be specifically highlighted that both selection of the suitable donor and biomaterial sampling procedures were strictly regulated, nevertheless, isolated ESC lines varied to some extent in the basal mCherry fluorescence levels [though the viral integration frequencies were comparable between all the tested lines (Supplementary Figure 2)] (Figure 4B). Of note, this difference should be necessarily taken into account, since it could significantly distort the results of the comparison. To avoid any possible errors in the further analysis, we normalized mCherry fluorescence induced by either stimulus per basal mCherry fluorescence for each cell line tested. Obtained fold changes were then used for the comparison. In order to verify the results obtained using Dec_pPRL-mCherry vector, we assessed expression levels of the key decidual marker genes (PRL and IGFBP1) as well as the described TFs for two ESC lines (Supplementary Figures 3A,B). Based on the data presented in Figure 4C, Supplementary Figure 3, several important conclusions logically flowed out. Firstly, there was a clear patient-specific difference in the ESC decidual reaction, what might reflect variations in the receptivity of endometrial stroma. Secondly, supplementation with the diverse progesterone analogs enhanced decidualization of different ESC lines to varying degrees, demonstrating the necessity for personalized hormonal selection. For example, in case of the 3110 ESC lines that turned out to be the most insensitive toward hormonal treatment, there would be no benefit in using P4 or DYDR, as these compounds did not display any additional inducing effect, while application of 17-OH led to an obvious increase in decidual response and thus might have some positive impact on endometrial receptivity (Figure 4C). Furthermore, we tested whether increasing progestagens' concentrations can enhance decidual response of ESCs. To do so, we estimated mCherry fluorescence of the low-responsive cell line 3,110 toward increasing concentrations of various progestagens (1, 5, and 15 μM). Indeed, increasing concentrations to 5 μM led to a more pronounced decidual response for all the tested compounds (Supplementary Figure 4A). However, P4 and DYDR even at concentrations of 5 μM were not able to induce more pronounced decidualization compared with 1 μM of MPA or 17-OH. Interestingly, increasing concentration to 15 μM did not further enhance decidual reaction of ESC line 3,110, except for DYDR (Supplementary Figure 4A). Moreover, such an increase in concentration resulted in cell death as indicated in Supplementary Figure 4B. These results correlate well with the recently published data showing that the high concentration of progesterone is harmful for endometrial receptivity and decidualization (Liang et al., 2018).

Finally, we can conclude that the proposed approach comprising the genetic reporter system based on the activation of the MER20 and MER39-containing decidual PRL promoter, on the one hand, and the model of in vitro ESC decidualization, on the other hand, represents a novel tool to assess endometrial receptivity for personalized screening of female sex steroid hormones.




DISCUSSION

Since IVF became routinely applied for infertility treatment, huge efforts are spent to increase its effectiveness. Currently, this issue has become particularly acute as the trend of the last 4 years indicates a significant decline in the positive clinical outcomes of IVF (Gleicher et al., 2019). The observed decrease in the live birth rates is partially due to the obvious patients' desire to increase the safety of the IVF procedure for the maternal organism and to obtain the predictable outcome (reduce the rate of multiple pregnancies) (Martikainen et al., 2001). This point is satisfied by the elective single embryo transfer, what, however, heavily influences IVF success rates (Gleicher et al., 2019). Such a correlation between the use of a single embryo and the decline in the IVF efficacy dictates a certain need for personalization of the applied approaches. Indeed, today, there is a tendency toward the development of the high-tech patient-specific strategies in IVF; for example, preimplantation genetic testing for aneuploidy (PGT-A) using NGS technologies gradually becomes an integral part during IVF (Brezina et al., 2016). PGT-A test allows selecting the best embryo for the transfer by analyzing genetic background of the separate blastomers composing embryo. Less-risky variation of the PGT-A also available today is non-invasive PGT-A based on the sequencing cell-free DNA released into the culture medium from both trophectoderm and inner cell mass (Huang et al., 2019). Other brilliant examples of personalized tools using the latest scientific technologies for IVF improvement are endometrial reciptivity analysis (ERA) and window implantation (WIN) tests (Haouzi et al., 2009; Díaz-Gimeno et al., 2011; Messaoudi et al., 2019). The fundamental basis of these techniques is a shift in gene expression profile associated with the transition of the human endometrium from a prereceptive to a receptive state. Both tests involve multiple gene expression analyses combined with the appropriate bioinformatics to define short period of time, when endometrium is properly developed to accept transferring embryo.

Within the present study, we also focused on the adequate endometrium preparation as the strategy to increase success of IVF. To this end, we designed the patient-specific genetic tool to optimize hormonal supplementation schemes required for the maintenance of endometrial receptivity during luteal phase. Luteal phase support seems to be a live issue, as progesterone insufficiency to maintain a regulatory secretory endometrium is a fairly common consequence of hormonal stimulation in IVF protocols (Van der Linden et al., 2011; Palomba et al., 2015). Thereby, today, a lot of studies are held to select the suitable dosage, duration, and administration routes for progesterone that is typically applied for luteal phase support (Palomba et al., 2015; Watters et al., 2020). Moreover, much attention is paid to choose more effective alternatives to natural progesterone by testing various progestins and/or other hormonal combinations for endometrial receptivity maintenance during luteal phase (Abate et al., 1999; Yu et al., 2018; Brum Scheffer et al., 2019; Fusi et al., 2019; Griesinger et al., 2019). Importantly, most of the conclusions relative to this problem are obtained via randomized clinical trials (RCTs) and corresponding systematic reviews, retrospective observational studies, and meta-analysis. In order to convert observations of RCTs to reliable findings, such trials should be performed on the large cohorts. Moreover, clinical studies may have unpredictable side effects for the participants. Limitations of the systematic reviews and meta-analysis are always inherent to the limitations of the included RCTs. Even more important that such approaches are far from being patient specific, on the contrary, they imply certain level of unification both of the patients and the provided recommendations.

The starting point to generate genetic tool assessing endometrial receptivity was selection of the appropriate testing model, and in vitro decidualization of ESCs perfectly matched our selection criteria. Being the physiological reaction of the endometrial stroma toward the ovarian steroids, decidualization reflects the transition of the endometrium to a receptive state and is a prerequisite for successful blastocyst implantation (Okada et al., 2018). Today, the vast majority of fundamental studies unraveling various aspects of endometrial receptivity, such as identification of the key molecular regulators and participants, interactions with trophoblast or uterine NK cells, are performed using ESC in vitro deidualization model (Gellersen et al., 2010; Garrido-Gomez et al., 2017; Lucas et al., 2020). Though slightly different cocktails are used to induce decidualization of ESCs, most of them are combinations of progesterone/progestin, E2, and cAMP (reviewed in Gellersen and Brosens, 2014). Here, we applied the most common induction mixture containing all three agents. Treating primary ESCs with this cocktail led to the significant alterations in gene expression profile, differentially expressed genes clustered in processes relevant to the decidualization, including extracellular matrix remodeling and regulation of the local immune response. As expected, we observed the appearance of the classic decidual markers—PRL and IGFBP1. Thereby, in vitro decidualization of ESCs may be used as the model to estimate endometrial receptivity.

The preferable features of the diagnostic tools to become applicable in the routine clinical testing are the simplicity in performance together with the representativeness regarding the assessed parameter. In this context, the integral characteristic reflecting the activity of the whole decidual network seems to be more appropriate than estimation of the expression levels of a predefined set of genes involved in ESC decidualization. The fundamental background suggesting the existence of the integral molecular regulators that orchestrate ESC decidual reaction can be found in the phylogenetic studies on the evolution of pregnancy in Eutherian mammals (Lynch et al., 2011, 2015; Emera and Wagner, 2012; Emera et al., 2012). It is known that ESC decidualization evolved exactly in Eutherians and, therefore, is considered to underlie the key distinctive features of the prolonged pregnancy in Eutherian mammals, including direct implantation of the blastocyst into maternal endometrium, feto-maternal communication, and maternal immunotolerance to semi-allogenic fetus (Emera et al., 2012). When tracing the molecular origin of the regulatory landscape that manages decidualization, crucial role for the ancient mammalian transposable elements in orchestrating the transcriptional response of decidualizing ESCs was established (Emera and Wagner, 2012; Emera et al., 2012). Among the described ancient transposons involved in the regulation of the decidual gene network, MER20 and MER39 seem to be the most characterized (Gerlo et al., 2006; Lynch et al., 2011; Emera and Wagner, 2012; Gellersen and Brosens, 2014). Both transposons are inserted into the decidual PRL promoter, thus controlling PRL expression in differentiated ESCs (Emera and Wagner, 2012). Moreover, in previous studies, MER20 was found within the 200-kb window around the TSS of the other genes differentially regulated upon decidualization, suggesting that ESCs utilize MER20 as progesterone/cAMP-responsive elements to drive expression of decidual-specific genes (Lynch et al., 2011). In line with the other authors, we observed that the sequence of MER20/MER39 transposons donated binding motifs for the core decidual transcription factors CEBP/B, PR, STAT5A, XBP-1, and ER (Lynch et al., 2011). Moreover, we revealed that these transcription factors were upregulated and controlled activity of the vast majority of the differentially expressed genes in decidual ESCs. Together, this led us to the suggestion that MER20/MER39 cassette may function as a platform for the key transcription factors that regulate ESC decidualization, and its activation may reflect the adequacy of the transcription regulators profile that manages the whole decidual program in ESCs. Thus, the short sequence of dPRL promoter containing MER20 and MER39 can be utilized to estimate endometrial receptivity.

Having established the “seed” element of the designed genetic tool for endometrial receptivity assessment, the next step was to develop the simple approach to evaluate its activity. To this end, using molecular cloning, we constructed lentivector-containing fluorescent reporter controlled by the decidual PRL promoter including MER20 and part of MER39 sequences. Thus, endometrial receptivity could be easily estimated by the fluorescent intensity of transduced ESCs upon decidualization stimuli. As expected, fluorescent level correlated well with the expression of the core decidual genes, namely PRL, IGFBP1, FOXO1, and CLU. It should be specifically highlighted that neither adMSCs nor HDF transduced with the constructed lentivector, thus carrying progesterone/cAMP-responsive elements within MER20 and MER39 sequences inserted into the genome, displayed significant increase in fluorescence in response to exogenous hormones and cAMP composing decidualization cocktail. The latter demonstrates specificity of our genetic tool and proves the lack of the appropriate transcription factor repertoire to utilize MER20/MER39 as progesterone/cAMP-responsive regulatory elements in cell types other than ESCs.

Interestingly, almost simultaneously with our research, another group developed a high-throughput screening tool to study the molecular regulators of decidualization at the genetic level (Haller et al., 2019). Specifically, the authors used immortalized human ESC line transduced with the genetic construct that upon recombination carried yellow fluorescent protein under the PRL promoter. This system was used to perform a genome-wide siRNA library screen and thus to reveal genetic and chemical modulators of decidualization. Though we were not able to find the exact parameters and characteristics of the cloned PRL promoter region, the authors also suggest that the developed construct based on the activity of the PRL promoter reflects the quantifiable visual readout of the overall decidualization response.

Today, progesterone, 17-OH, and DYDR are clinically approved for luteal phase support (Griesinger et al., 2019). In fact, it remains unclear on what basis one or another compound is preferred. Often the selection of the drug is due to the ease of application (orally vs. other routes). While progesterone can be administered orally, intramuscularly, vaginally, or rectally, DYDR is administered orally due to suggested enhanced oral bioavailability (Schindler et al., 2003). Therefore, DYDR seems to be prescribed more often. 17-OH was shown to be more effective for luteal phase support compared with progesterone (Unfer et al., 2004) though it is rather rarely prescribed. Bearing in mind the absence of the concrete strategy for drug prescription during luteal phase support, our tool can provide solid base to select the appropriate substance. Possible clinical adaptation of our genetic tool is displayed in Figure 5. By applying this protocol, we were able to compare the responsiveness of several ESC lines toward different progesterone analogs. Of note, ESC lines differed significantly from one another in the decidual response caused by either combination. Nevertheless, 17-OH and MPA turned out to be the most effective for all the tested lines. In favor of this observation, 17-OH was shown to be the drug of choice in the support of the luteal phase (Abate et al., 1999). However, going back to the patient-specificity, in one of the tested ESC lines, 17-OH caused an ~15 times rise in the fluorescence level, suggesting an extremely intense decidual reaction. Such a hyper-reaction of endometrium may be somewhat deleterious, as rapid or early secretory transformation and/or abnormal endometrial development can impair optimal uterine receptivity and embryo implantation by disrupting embryo-endometrial synchrony (Teh et al., 2016). Recently, it was shown that premature expression of the decidualization marker PRL during the luteal phase is associated with recurrent implantation failure (Berkhout et al., 2020). In hyper-reactive cells, decidual reaction is equally likely to be more pronounced or develop more rapidly peaking earlier than it is supposed to, both leading to inappropriate expression and secretion profile at the moment of implantation. Therefore, choosing another compound for this specific patient might be more preferable. On the contrary, among the lines tested, there was the very low-responsive one. Hypo-reaction revealed using our genetic tool allows suggesting that such ESCs lack appropriate expression profile, thus their decidualization is impaired. The correlation between impaired decidualization and implantation failures has a lot of evidence in the literature. For example, ESCs purified from women suffering from recurrent pregnancy loss were characterized by decreased decidualization (particularly by decreased PRL expression) (Salker et al., 2010). In case of this patient, supplementation with natural progesterone or dydrogesterone would not provide any additional stimulating effect, whereas 17-OH could cause enhancement of the decidual response. Unexpected results were obtained for dydrogesterone. This progestin is almost as often prescribed as the progesterone itself to support the luteal phase (Barbosa et al., 2016; Griesinger et al., 2018, 2019). Moreover, it was suggested that dydrogesterone may be even more preferable for this purpose than natural progesterone (Griesinger et al., 2019). According to our results, dydrogesterone caused the modest decidual reaction compared with all the tested compounds in each ESC line. One of the possible strategies to enhance decidualization of the low-responsive ESCs might seem to be the increase in the concentration of the drug applied for luteal phase support. Indeed, according to our data, slight increase in the concentration of progestagens may enhance ESC decidualization to some extent; however, further rise in the concentration did not intensify decidual response while inducing ESC death. These results are in line with the recently published data demonstrating that excess of progesterone compromises in vitro decidualization of ESCs and negatively affects embryo implantation in the mouse models (Liang et al., 2018).
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FIGURE 5. Possible clinical adaptation of the designed genetic tool assessing endometrial receptivity for personalized screening of female sex steroid hormones. Several stages of the clinical adaptation of our tool are presented here. (1) To receive the biological samples of endometrial tissue. This non-invasive and non-traumatic procedure can be realized simply by collection of the desquamated endometrium, contained in menstrual blood (Zemelko et al., 2012; Bozorgmehr et al., 2020). (2) Pieces of endometrium are plated on the Petri dishes and (3) patient-specific ESC lines can be easily obtained due to adhesive properties of these cells. (4) Transduction of the primary ESCs with the lentiviruses encoding our genetic construct (Deryabin et al., 2019). (5) Decidual response of ESCs toward various hormonal combinations can be compared by flow cytometry analysis.


To sum up, the all-in-one genetic tool based on the MER20/MER39 expression cassette provides the ability to predict the most appropriate hormonal cocktail for endometrial receptivity maintenance specifically and safely for the patient, and thus to define the personal treatment strategy prior to IVF procedure.
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Supplementary Figure 1. Expression of the (A) key decidual marker genes PRL and IGFBP1 as well as (B) the TFs regulating decidualization in ESCs, HDF, and Ad-MSCs by RT-PCR. Values are M ± S.D. (N = 3). *p < 0.05; **p < 0.01; ***p < 0.005 differentiated vs. non-differentiated cells by Student's t-test.

Supplementary Figure 2. Viral integration frequencies assessed for the ESC lines. Viral integration frequency was assessed according to the procedure described by Barczak et al. (2015). In brief, lentiviral copy number at an integrated lentiviral DNA level was estimated as the relation of exogenous Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) to endogenous single-copy albumin gene by real-time PCR. Values are M ± S.D. (N = 3).

Supplementary Figure 3. Expression of the (A) key decidual marker genes PRL and IGFBP1 as well as (B) the TFs regulating decidualization in 2503 and 3110 primary ESC lines. Decidualization was induced by E2+cAMP+MPA and assessed on day 8 of differentiation. Values are M ± S.D. (N = 3). *p < 0.05; **p < 0.01; and ***p < 0.005 differentiated vs. non-differentiated cells by Student's t-test.

Supplementary Figure 4. Effects of the increasing doses of progestagens on (A) decidualization of ESCs (line 3110) assessed using Dec_pPRL-mCherry reporter system and (B) the corresponding cell viability. x-Axis in the dot plots is the intensity of mCherry fluorescence reflecting decidualization progression. y-Axis is the intensity of DAPI fluorescence reflecting dying cells. Values are M ± S.D. (N = 3). *p < 0.05; **p < 0.01, ***p < 0.005 by ANOVA with Tukey HSD vs. standard 1 μM progesatgen concentration for each compound.

Supplementary Table 1. The results of DE analysis of decidualized vs. non-differentiated ESCs.

Supplementary Table 2. Subset of DEGs identified from DE analysis of decidualized vs. non-differentiated ESCs.

Supplementary Table 3. Gene set enrichment analysis for biological processes and pathways in KEGG pathway DB of decidualized vs. non-differentiated ESCs.

Supplementary Table 4. Gene set enrichment analysis in terms of regulation by TFs based on TRED DB built on the preranked gene list by absolute value of LFC from DE analysis of decidualized vs. non-differentiated ESCs.

Supplementary Table 5. Gene set enrichment analysis in terms of regulation by TFs based on TRED DB build on the pre-ranked gene list by LFC from DE analysis of decidualized vs. non-differentiated ESCs.
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cAMP, cyclic adenosine monophosphate; DEGs, differentially expressed genes; dPRL, decidual PRL promoter; DYDR, dydrogesterone; E2, β-estradiol; ESCs, endometrial stromal cells; ER, estrogen receptor; ESR1, estrogen receptor gene; IVF, in vitro fertilization; LFC, log fold change; MPA, medroxyprogesterone 17-acetate; P4, progesterone; PRL, prolactin; PR, progesterone receptor; PGR, progesterone receptor gene; TFs, transcription factors; TSS, transcription start site; 17-OH, 17α-hydroxyprogesterone caproate.
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Repeated implantation failures are a constant challenge in reproductive medicine with a significant impact both on health providers and on infertile couples. Several approaches have been proposed so far as effective; however, accumulative data have clarified that most of the treatment options do not have the evidence base for a generalized application to be suggested by the relevant societies. Implantation failures are attributed to either poor quality embryos or to defected endometrial receptivity. The current review aims to summarize in a systematic way all the new trends in managing RIF via interference with endometrial receptivity. The authors focus mainly, but not exclusively, on endometrial injury prior to embryo transfer and endometrial priming with autologous cells or biological agents. To this direction, a systematic search of the Pubmed database has been conducted taking into account the emerged evidence of the last two decades. All the suggested interventions are herein presented and analyzed in terms of reproductive outcomes. It is evident that properly powered and designed randomized trials are needed to support a new standard approach in RIF treatment that will safely be incorporated in national and international guidelines.
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INTRODUCTION

Repeated implantation failure (RIF) is one of the main challenges in human reproduction. Due to the fact that RIF was initially considered a rather heterogeneous entity, a definition was difficult to establish. It is however accepted that RIF is defined as “the failure to achieve a clinical pregnancy after transfer of at least four good-quality embryos in a minimum of three fresh or frozen cycles in a woman under the age of 40 years” (Coughlan et al., 2014a). This definition is further challenged upon the number and the type of embryos transferred (number of cleavage embryos vs. number of blastocysts), along with the definition of the primary endpoint for a cycle to be successful (biochemical vs. clinical pregnancy) (Cakiroglu and Tiras, 2020). Even so, the even existence of RIF as a clinical entity is under doubt (Ben Rafael, 2020). Due to the diversity of the RIF definitions, data on RIF incidence is rather restricted (Bashiri et al., 2018).

RIF is a burden both for the health providers and the couples. Health providers are required to proceed to assisted reproduction techniques with rather small success rates, while the couples are overloaded with psychological stress (Coughlan et al., 2014b; Stanhiser and Steiner, 2018), not to mention the financial pressure due to the repeated cycles. It is thus imperative for health providers to employ novel tools aiming to improve the reproductive outcome. So far, only hysteroscopy to treat endometrial pathology (Mao et al., 2019), and treatment of hydrosalpinges (Coughlan, 2018) have been proven significantly beneficial and as such they have been incorporated in standard care. However, several approaches have emerged in the literature claiming to act like the “Holy Grail” in management of unexplained RIF.

Herein, we present a systematic effort to present the existing evidence on most of the novel approaches aiming to improve implantation and thus reproductive outcomes in case of unexplained RIF.



THE ENDOMETRIAL PATHOPHYSIOLOGY OF RIF

The etiology of RIF can be attributed to dysfunction of the two major players of implantation, namely the embryo and the endometrium. As far as the embryo is concerned, poor quality embryos or sperm along with parental chromosomal anomalies are the main causes of an embryo failing to implant (Coughlan et al., 2014a). Such issues of poor quality gametes can be easily diagnosed prior to IVF. On the other hand, deranged endometrial receptivity is more difficult to evaluate; apart from hysteroscopy to assess the endometrial cavity, only very recently molecular diagnostic arrays have been available in order to predict an IVF candidate as a RIF patient; however, the evidence is rather weak for such approach to be established in clinical practice (Bassil et al., 2018). The molecular signature of RIF is constantly under investigation; a recent report has shown that a molecular signature of 303 genes extracted from endometrial sampling could safely discriminate between normal and RIF individuals (Koot et al., 2016). Such approaches, although promising, need further validation in order to be released for clinical practice.


The Endometrial Pathophysiology of RIF: Well-Established RIF Causes


Anatomical Disorders

RIF may be attributed to anatomical disorders that distort the endometrial cavity, being undiagnosed before IVF treatment. In that context, fibroids have been reported as negative prognosticators to IVF success (Wang et al., 2018; Rikhraj et al., 2020), altering endometrial receptivity by modifying HOXA10 and LIF expression (Makker et al., 2017; Kara et al., 2019; Pier et al., 2020). Endometrial adhesions as a result of infection or prior surgical procedure may also be considered to be associated with thin endometrium and low receptivity potential (Wang et al., 2020). Finally, hydrosalpinges are well-accepted as a cause for RIF, since the inflammatory fluid may affect both the embryo and the endometrium (Volodarsky-Perel et al., 2019). Of note is the fact that patients with the above mentioned anatomical disorders may receive surgical treatment prior to IVF with significantly improved reproductive outcomes.



Unexplained RIF: Proposed Endometrial Pathophysiology


Immunological Disorders

The immunological profile of the receptive endometrium presents several characteristics that seem to be impaired in case of implantation failure. The first cellular population to be considered of interest was the natural killer (NK) cells, due to their ability to destroy allogenic cellular signals. It has been previously reported that increased numbers and activity of peripheral NK cells are associated with a negative pregnancy outcome (biochemical pregnancy or miscarriage) (Yamada et al., 2003). To the same direction, a parallel increase in peripheral and uterine NK cell numbers and NK activity was found in women diagnosed as RIF (Santillán et al., 2015). However, the role of the NK cells in human reproduction is quite complex; NK cells constitute a rather diverse cellular population making the discrimination between peripheral and uterine NK cells rather difficult. Interestingly, it was shown that even uterine NK cells may be divided into three subsets with different immunological properties (Vento-Tormo et al., 2018). Perhaps, due to this diversity, the first meta-analysis in the field, including studies assessing NK cell biology prior IVF treatment, showed no significant difference in NK cell count and activity between fertile and infertile women (Seshadri and Sunkara, 2014). Emerging evidence now put in doubt the initial notion that NK cell density and activity may predict RIF (Donoghue et al., 2019; Zhang et al., 2020), while a recent meta-analysis highlights that studies reporting interventions based on NK status are heterogeneous and lack the quality to produce solid evidence (Woon et al., 2020).

The role of differential expression of several cytokines in implantation has been well described in the literature. A constant shift to a Th1 cytokine pro-inflammatory profile contributes to implantation failure or miscarriage (Liang et al., 2015). On the contrary, a shift toward a Th2 anti-inflammatory cytokine profile supports implantation and early fetal development. Interestingly, a successful implantation requires a T-regulatory (Treg) cell profile, while a shift toward a Th17 phenotype is associated with poor reproductive outcomes (Ali et al., 2018). It is reported that up to 80% of RIF cases may present with an abnormal cytokine profile (Lédée et al., 2016). It must be pointed out though, that, even well-studied, the above mentioned findings should be met with caution. The correlation of the immune profile with reproductive success has not been principally validated; it has been proven within special research settings.



Non-immunological Disorders

Several signaling pathways have been reported as impaired in case of repeated implantation failures. A recent transcriptome analysis has revealed that, in case of RIF, leukemia inhibitory factor (LIF) was reduced along with the expression of S100 calcium binding protein P (S100P), Chemokine (C-X-C motif) ligand 13 (CXCL13), SIX homeobox 1 (SIX1) and signal transducer, and activator of transcription 3 (STAT3) (Choi et al., 2016). Additionally, the endometrium of RIF patients has been characterized as of low MUC1 expression, this being an independent prognosticator of implantation failure (Wu et al., 2018). Furthermore, platelet and endothelial cell adhesion molecule 1 (PECAM1) and transforming growth factor β1 (TGF-β1) were also significantly reduced in RIF (Guo et al., 2018). Apart from altered implantation markers, it has been previously shown that prostaglandins’ synthesis is deranged in case of RIF, implying a defective endometrial inflammation in favor of implantation failure (Achache et al., 2010; Demiral Keleş et al., 2020). Finally studies evaluating metabolomics (RoyChoudhury et al., 2016) and microRNAs (Shi et al., 2017) have shown that RIF may be featured by a significant different profile that could be associated with poor reproductive outcome.



Chronic Endometritis

Chronic endometritis (CE) is an emerging entity considered to negative affect reproductive outcomes in case of IVF treatment. Especially in RIF, CE has been reported at an incidence of ranging from 14 to 30% with decreased pregnancy success rates (Quaas and Dokras, 2008; Bouet et al., 2016). EC diagnosis is rather complicated. Endometrial cavity assessment is initially performed via hysteroscopy, recognizing subtle endometrial lesions like micropolyps, stromal edema and profound vascularity attributed to inflammatory angiogenesis (Gkrozou et al., 2020). The gold standard in establishing CE diagnosis is the recognition of increased plasma cell density in the endometrial stroma, either by standard histology (Kasius et al., 2012), or even better, by immunohistochemically marking plasma cells with anti-CD163 (Fan et al., 2019; Li et al., 2020; Xu et al., 2020). A complementary approach is endometrial sampling for microbial culture. The most common pathogens identified are so far group B Streptococcus, Escherichia Coli, Streptococcus Faecalis, Mycoplasma (Cicinelli et al., 2015). Of note is the constant risk of sample contamination with vaginal or cervical pathogens. CE is considered to affect endometrial receptivity via establishing a dysbiotic endometrial environment featured by dense lymphocyte populations along with a shift toward inflammatory cytokine profiles (Th1/Th17) (Mor and Kwon, 2015; Al-Nasiry et al., 2020).



Thin Endometrium

Although there is no universal consensus about the threshold of thin endometrium, an endometrial thickness below 8 mm is generally accepted as characteristic for thin endometrium. Thin endometrium is a risk factor for implantation failure (Liu et al., 2018). Thin endometrium could be initially attributed to previous endometrial infection or intra-cavitary intervention. In the absence of an obvious cause, it is suggested that it could be the end result of defective angiogenesis, depriving the endometrium from the necessary nutrients and oxygen (Miwa et al., 2009). Several approaches have been proposed including adhesiolysis and estrogen treatment (Lebovitz and Orvieto, 2014). However, thin endometrium remains a challenge and as such novel approaches need to be devised and properly evaluated.



Dysbiotic Microbiome: A Novel Pathophysiologic Approach in RIF

During the last decade, with the technological evolution of new generation sequencing, it became feasible to evaluate the microbiome of the reproductive system. It is currently known that the vagina microbiome is considered of low diversity, having predominantly lactobacillus species (Ravel et al., 2011). Lactobacillus is the natural guardian of the vagina, since it metabolizes glycogen released by vaginal epithelium to lactic acid, securing a low pH which in turn inhibits the growth of local pathogens. Several controlled studies have been published, demonstrating that altered vaginal or even endometrial microbiome could be associated with poor reproductive outcomes. Of note is the study by Moreno et al. (2016) showing that pathological endometrial microbiota are associated with implantation failure. These studies have been recently systematically reviewed with the conclusion being supportive for the altered lactobacillus population to be a potential cause of impaired endometrial receptivity (Bracewell-Milnes et al., 2018). Normal endometrial microbiome is expected to be of low biomass, exerting a moderate local immune stimulation in favor of normal tissue remodeling (Einenkel et al., 2019). Furthermore, it is expected to support the endometrium via production of metabolites, while concurrently it blocks pathogen migration via spatial antagonization (Benner et al., 2018). On the contrary, dysbiotic microbiota are featured by abundancy and a powerful immune stimulation with a local destructive result (Einenkel et al., 2019). It has been noted that normally, the endometrial microbiome contributes to a cytokine profile toward Th2/Treg immunity (Al-Nasiry et al., 2020). On the other hand, dysbiosis, induces a Th1/Th17 profile exerting a negative effect on tissue remodeling and trophoblast invasion (Al-Nasiry et al., 2020). Finally, the dysbiotic microbiome contributes to local oxidative stress with detrimental effect on endometrial cell homeostasis (Baker et al., 2018).

Despite the initiated enthusiasm, there are several issues regarding the procedure of sampling and evaluating endometrial microbiota. It has been reported that endometrial microbiome may fluctuate according to the circulating estrogen and progesterone (Molina et al., 2020). Additionally, it may be altered by infectious agents, increasing age, physical activity, pregnancy and childbirth (Molina et al., 2020). More importantly, endometrial microbiome evaluation is under the influence of technical details that need standardization. There is always the risk of contamination by the vaginal microbiome (Salter et al., 2014; Glassing et al., 2016). This demands a careful sampling along with setting proper negative controls (Kim et al., 2017). The platform used for sequencing may also affect the results (Clooney et al., 2016). Moreover, since endometrial microbiome is of low biomass, special DNA isolation kits are needed in order to minimize the risk of misinterpretation of the results along with the risk of inserting bias via the statistical method applied (Eisenhofer et al., 2019; Weyrich et al., 2019). Finally, the results need further critical analysis, since detecting 16s rRNA does not mean that the strains identified are necessary viable or abundant. To this direction, no “core endometrial microbiome” has been presented so far, nor has this been correlated with normal/fertile endometrium or any uterine pathology (like polyps or retarded decidualization).



MATERIALS AND METHODS

The aim of the current study was to highlight novel approaches in the field of unexplained RIF treatment. The Pubmed database was screened with the following searches: (“Endometrial injury” OR “Endometrial scratching”), [(“HCG” OR “human chorionic gonadotropin”) AND (“intrauterine” OR “infusion” OR “injection” OR “administration”)], [(“PBMC” OR “peripheral blood mononuclear cells” OR “peripheral blood monocytes”) AND (“intrauterine” OR “infusion” OR “injection” OR “administration”)], [(“G-CSF” OR “Granulocyte colony stimulating factor”) AND (“IVF” OR “assisted reproduction”)], [(“atosiban” AND (“IVF” OR “assisted reproduction”)], [(“GH” OR “Growth hormone”) AND (“IVF” OR “assisted reproduction”)], [(“PRP” OR “platelet-rich plasma”) AND (“IVF” OR “assisted reproduction”)], (“antibiotics” AND “chronic endometritis”), [(“microbiome” AND (“IVF” OR “assisted reproduction”)]. The publications were screened by title relevance and thereafter by abstract relevance. Only controlled trials and meta-analyses were included. Meta-analyses’ references were also screened for Pubmed publications.



APPROACHES TO IMPROVE ENDOMETRIAL RECEPTIVITY IN UNEXPLAINED RIF PATIENTS


The Role of Endometrial Injury in Improving Reproductive Outcomes in Women With RIF

The concept of performing an endometrial injury as a means of improving endometrial receptivity has been reported by Barash et al. (2003). The authors demonstrated, for the first time, a significant improvement both in implantation and clinical pregnancy rates. This report triggered a massive positive reaction by clinical research teams aiming to incorporate this simple and low cost approach in their everyday clinical practice. As a result, both basic science teams and clinicians published a significant number of studies in the view both to delineate possible potential pathophysiological mechanisms, along with producing solid clinical evidence for endometrial injury to be accepted as a therapeutic procedure.

As far as basic science is concerned, endometrial injury has initially been proposed to induce an aseptic inflammatory reaction possibly shifting the endometrial immune profile toward a Th2/M2 state (Granot et al., 2012). It was, thus, shown that endometrial injury may up-regulate the endometrial expression of several pro-decidualization molecules, including MUC-1, crystalline aB, APOD, and PLA2 (Kalma et al., 2009). MUC-1 is known to be up-regulated by progesterone affecting endometrial receptivity, acting at the same time as an independent receptivity marker in case of RIF (Wu et al., 2018). To the same direction, it has been shown that endometrial injury may induce uroplakin Ib expression, a molecule up-regulated mainly during the window of implantation (Kalma et al., 2009). Further studies have shown an induction of the endometrial repair mechanism involving the up-regulation of TNFα (Gnainsky et al., 2010). This in turn initiates the chemo-attraction of monocytes and dendritic cells, thus increasing the number of endometrial macrophages in favor of the implantation process, since they trigger the endometrial expression of osteopontin, a well-known receptivity marker (Gnainsky et al., 2015). More recent studies have also highlighted the activation of local angiogenesis as this is identified by elevated expression of VEGF, a phenomenon attributed to elevated HIF-1α expression as a result of inflammatory hypoxia (Yu et al., 2019). The complex network of aseptic inflammation and angiogenesis mediators has been considered as a positive contributor to receptivity (Yang et al., 2019).

In the field of clinical trials, many non-randomized and randomized controlled trials have been published (summarized in Table 1). All the trials have employed endometrial injury following various protocols in terms of: (a) number of procedures prior to embryo transfer, and (b) the timing of the procedure (follicular or luteal phase or both). Following the time line of the trials published since 2003 up to present, it can be recognized that initially the results were very supportive of the procedure and this was further presented in the first meta-analyses presented in 2012 (El-Toukhy et al., 2012; Nastri et al., 2012; Potdar et al., 2012). The initial enthusiasm was followed by comments regarding the quality of the included randomized trials, along with concerns upon a possible selection bias (Simón and Bellver, 2014). Since then, further studies of different sizes and methodology have been added, increasing the heterogeneity. Due to the lack of uniformity in performing the procedure, the most recent meta-analyses have noted the weaknesses of the randomized trials, pooling data that lead to rather discouragement (Gui et al., 2019; Sar-Shalom Nahshon et al., 2019; van Hoogenhuijze et al., 2019; Vitagliano et al., 2019). To this direction, a critical review of the randomized controlled trials published so far, revealed several issues in trials’ design, underlying that caution is needed especially when pooling low-quality evidence (Li et al., 2019). Very recently, a properly powered randomized trial has been published (Lensen et al., 2019a). Having recruited 1,364 patients randomized to receive or not an endometrial injury prior to embryo transfer, the authors state that performing an endometrial injury in everyday practice does not significantly alter the reproductive outcomes (Lensen et al., 2019a).


TABLE 1. Salient features of the included studies on endometrial injury as an intervention in improving endometrial receptivity.

[image: Table 1]The evidence produced from this study (Lensen et al., 2019a), has initiated a long series of debates in terms of the endometrial injury application, along with the ethical dilemma of offering a procedure proven as useless or even possibly harmful (Yeung et al., 2014; Frantz et al., 2019; Lensen et al., 2019b; Mackens et al., 2020). This is especially important in case of selected groups receiving assisted reproduction treatments like women with RIF. Although Lensen et al. reported that endometrial injury was not efficient in women with RIF (Lensen et al., 2019a), this result was extracted by a sub-group analysis of the population. Despite the fact that the study was properly powered to identify a significant difference of 15% between the study and the control groups, there are always methodological issues in sub-group analyses, mainly due to lack of stratified randomization (VanderWeele and Knol, 2011; Lensen et al., 2019b). The clinical evidence to support endometrial injury in women with RIF is based on significantly fewer studies compared to the total number of studies published so far (see Table 1). The heterogeneity of these studies was addressed in a previous systematic review (Panagiotopoulou et al., 2015). Most of the studies have been summarized in a recent meta-analysis which clearly demonstrates that in case of women with RIF, endometrial injury may significantly improve reproductive outcomes (Vitagliano et al., 2018a). Interestingly, the same research group has demonstrated in a separate meta-analysis that the positive effect of the procedure does not exist in case of women receiving their first IVF treatment (Vitagliano et al., 2019). This is in line with the report of Lensen et al. (2019a), strengthening the notion that endometrial injury should not be an everyday practice anymore. A properly designed randomized controlled trial is expected to delineate whether offering endometrial injury is beneficial to women with RIF. Until then, the patients should be properly informed about the potential benefits of the procedure and the lack of solid evidence.



Intrauterine Administration of Human Chorionic Gonadotropin (HCG)

The concept of administering HCG in the uterine cavity before embryo transfer was based on evidence produced during the last two decades. It is well-established that HCG is the first molecule to participate in the cross-talk between the embryo and the maternal decidua. HCG is expressed even at the stage of the 8-cell embryos (Bonduelle et al., 1988; Lopata and Hay, 1989), following a specific pattern of augmentation during implantation and trophoblast invasion, inducing the differentiation of the cytotrophoblast to syncytiotrophoblast. At the same time a switch from the standard HCG to the hyperglycosylated HCG isoform (H-HCG) is characteristic during blastocyst hatching, with the latter being involved in extravillous trophoblast proliferation and invasion (Cole, 2010; Guibourdenche et al., 2010). It is thus evident that the concurrent actions of HCG and HCG-H enhance placentation and thus early fetal development.

The role of HCG was further established in reproductive physiology by several reports investigating the impact of HCG on the endometrium during decidualization, implantation and trophoblast invasion. HCG was found to induce α-smooth muscle actin in endometrial stroma fibroblasts (Fazleabas et al., 1999), a fact linked to decidualization. Additionally, HCG was reported to be a regulator of glycodelin (Toth et al., 2008) and progesterone receptors’ expression (Tapia-Pizarro et al., 2017), both regulating decidualization. To the same direction HCG was demonstrated as a facilitator of implantation, since several receptivity-related molecules like VEGF, HOXA-10, and galectin-3 are up-regulated by HCG (Fogle et al., 2010; Yang et al., 2013). Interestingly, HCG was recently reported to mediate chemo-attraction (Schumacher et al., 2009) and differentiation of T-regulatory (Treg) cells (Diao et al., 2017), while inducing T-cell apoptosis via the Fas/FasL system, thus acting as a local immuno-modulator during implantation and trophoblast invasion (Kayisli et al., 2003). Concurrently, HCG was shown to promote trophoblast invasion by upregulating the pro-invasive VEGF, LIF and MMP-9 (Licht et al., 1998; Fluhr et al.,2008a,b), while down-regulating tissue inhibitors of metalloproteinases (Fluhr et al., 2008a; Tapia-Pizarro et al., 2013). Interestingly, HCG may also pose a negative effect on the endometrium; a prolonged low-dose HCG administration was proved to downregulate the LH-HCG receptor, possibly making the endometrium unresponsive to blastocyst secreted HCG (Evans and Salamonsen, 2013).

All the above established an evidence base for clinical trials. A moderate number of clinical trials have been performed so far (summarized in Table 2), with the majority of them being randomized controlled trials (Mansour et al., 2011; Hong et al., 2014; Santibañez et al., 2014; Zarei et al., 2014; Aaleyasin et al., 2015; Wirleitner et al., 2015; Dehghani Firouzabadi et al., 2016; Navali et al., 2016; Huang et al., 2017a; Mostajeran et al., 2017; Boonsuk et al., 2018; Hafezi et al., 2018; Laokirkkiat and Thanaboonyawat, 2019). Despite the anticipation for solid evidence, an in-depth evaluation reveals high heterogeneity due to different methodologies applied. Indeed, treatment protocols differ in terms of HCG dosage, timing of intrauterine administration and the stage of the embryos transferred. Apart from protocol heterogeneity, patient characteristics differ as well, ranging from infertile women to patients experiencing repeated implantation failures. These differences can initially explain the contradicting results of the published trials along with the opposing conclusions drawn by the meta-analyses performed during the last 5 years. So far four meta-analyses (Ye et al., 2015; Osman et al., 2016; Hou et al., 2018; Gao et al., 2019) and one Cochrane review (Craciunas et al., 2018) have been performed with opposing results. Only 2 out of the 4 meta-analyses present a significant benefit (Ye et al., 2015; Gao et al., 2019). An in-depth analysis of the most recent meta-analyses has revealed differences in the included studies, mainly being reports published as abstracts in proceedings’ volumes possibly published with less stringent criteria in terms of a peer review process. To date, the recent Cochrane review with 4,751 participants is the largest pooled population (Craciunas et al., 2018). The authors consider that a meta-analysis to address the efficacy of intra-uterine HCG administration, is not feasible due to the heterogeneity mostly attributed to the HCG dosage and the stage of the embryo transferred (Craciunas et al., 2018). To the direction of increased heterogeneity, the source of HCG administered (recombinant vs. urinary) could also be pointed out. By performing sub-group meta-analysis, Craciunas et al. (2018) conclude that HCG may improve reproductive outcomes only in case of cleavage embryos after having primed the endometrial cavity with at least 500IU of HCG. Surprisingly, being in line with the findings of Evans and Salamonsen urging for a potential negative effect of HCG in implantation (Evans and Salamonsen, 2013), a recent non-randomized trial reported a significantly negative outcome when HCG was administered in non-RIF patients followed by a fresh embryo transfer (Volovsky et al., 2018).


TABLE 2. Salient features of the included studies on HCG as an intervention in improving endometrial receptivity.

[image: Table 2]The issue of HCG administration in case of women with RIF is even more perplexed. A recent proteomic analysis of women with RIF showed a different proteomic profile compared to fertile controls even in molecules not included in commercially available receptivity assays (Bielfeld et al., 2019). Interestingly it was shown in vitro that HCG could alter the proteomic profile in terms of endocytosis, HIF signaling and chemokine production (Bielfeld et al., 2019). This proves that RIF patients constitute a distinct population not to be treated simply as “infertile.” Such an approach dictates clinical trials to be designed exclusively for RIF patients. So far, only one full-paper RCT has been published addressing the issue of HCG efficacy in women with RIF, reporting HCG as significantly beneficial compared to controls; however benefit was shown even from placebo, implying an underlying endometrial injury effect (Huang et al., 2017a). The major core of evidence stems from non-randomized trials. A recent meta-analysis has summarized this evidence, supporting the use of HCG as an endometrial primer prior to embryo transfer in women with RIF (Xie et al., 2019). However, this meta-analysis has included both RCTs (including 2 RCTs published as abstracts) and non-randomized trials, a fact that poses a question upon the level of evidence produced. Further properly powered studies are needed to clarify the role of intrauterine HCG administration as a treatment option in women with RIF. Until such solid evidence emerges, the most prudent approach is to adhere to the findings of Craciunas et al. (2018). Even this is the best existing evidence so far, until properly designed randomized controlled trials verify such finding, HCG is not to be incorporated in clinical practice. It could be offered as a treatment option within the frame of a research protocol.



Intra-Uterine Administration of Peripheral Blood Mononuclear Cells (PBMC)

Early reports based on in vitro and in vivo experiments have suggested that PBMC may modulate endometrial receptivity by (a) inducing a Th2 cytokine profile (Hashii et al., 1998), and (b) regulating trophoblast invasion (Nakayama et al., 2002). Further postulations have been expressed: being a heterogeneous cell population (B- and T-lymphocytes, monocytes and macrophages) PBMC were considered ideal in mimicking the implantation process, namely an acute Th1 reaction to facilitate blastocyst adhesion followed by a Th2 modulation to achieve maternal-fetal immune tolerance and controlled blastocyst invasion (Mor et al., 2011). The first landmark study in the field was published by Yoshioka et al. (2006), showing that intrauterine administration of HCG-treated PBMCs could significantly improve reproductive outcomes in women with RIF. Since then a number of studies have been performed so far, with a moderate degree of heterogeneity. The published studies (summarized in Table 3), differ in terms of (a) population characteristics (infertile vs. exclusively RIF patients), (b) the transferred embryos (cleavage embryos vs. blastocysts, fresh vs. frozen embryos), c) the PBMC activation protocol (no-activation, activation by HCG, activation by corticotropin-releasing hormone-CRH). A critical approach in the published literature reveals the fact that although the randomized controlled trials (mainly focusing at RIF) performed (Madkour et al., 2016; Yu et al., 2016; Nobijari et al., 2019; Pourmoghadam et al., 2020b) are comparable to non-randomized trials (Yoshioka et al., 2006; Okitsu et al., 2011; Makrigiannakis et al., 2015; Li et al., 2017b; Makrigiannakis et al., 2019) in terms of quantity, the pooled number of participants is greater for the non-randomized trials. This may question the level of the overall evidence produced.


TABLE 3. Salient features of the included studies on PBMC as an intervention in improving endometrial receptivity.

[image: Table 3]Recently, an array of meta-analyses has emerged, three referring to infertile populations in general (Maleki-Hajiagha et al., 2019; Yakin et al., 2019; Yang et al., 2020) and one referring to patients with RIF (Pourmoghadam et al., 2020a). Of the meta-analysis, evaluating the method as an intervention for infertility in general, the one that supports a significant benefit to the general infertile population (Maleki-Hajiagha et al., 2019) involves fewer participants than the two that draw a non-significant result (Yakin et al., 2019; Yang et al., 2020). Interestingly, subgroup analysis has revealed a significant improvement in reproductive outcomes in women with RIF (Yakin et al., 2019; Yang et al., 2020). The only meta-analysis focused on RIF, having included 1,215 participants, has concluded that intra-uterine administration of PBMC significantly improves the reproductive result in women with RIF (Pourmoghadam et al., 2020a). The results of the meta-analyses, combined, regarding the significantly positive results on RIF, imply a future role for this procedure in treating women with RIF. However, these findings should be treated with caution rather than enthusiasm. The level of evidence is rather weak and thus properly powered randomized trials are needed to enhance the evidence base to an acceptable level.



Intrauterine Administration of Platelet-Rich Plasma

Platelet-rich-plasma (PRP) is a platelet-rich whole blood extract, having removed red and white blood cells. It is considered an inexpensive means of delivering high concentrations of growth factors since activated platelets release, via their α-granules, high concentrations of VEGF, TGFβ and PDGF (Lang et al., 2017; Baba et al., 2019). As a result PRP is considered effective as a regeneration and anti-inflammatory agent (Vitagliano et al., 2019; Arora and Arora, 2020). Local administration of PRP has been used in several medical fields like orthopedics, otolaryngology and ophthalmology. Five years ago, PRP was successfully applied for the first time as an intervention for improving refractory endometrium of women to receive IVF (Chang et al., 2015). Since then, several case series have been published with promising results. So far, three randomized controlled trials (Eftekhar et al., 2018; Nazari et al., 2020; Zamaniyan et al., 2020) along with two non-randomized controlled trials (Chang et al., 2019; Coksuer et al., 2019) have been published showing significant improvement of the reproductive outcomes. The single meta-analysis in the literature has included seven studies (625 participants) of which 3 were randomized controlled trials and four were cohort studies (Maleki-Hajiagha et al., 2020) (Table 4). One of these four studies compared PRP administration with G-CSF administration while the rest used untreated controls (Maleki-Hajiagha et al., 2020). Of the three RCTs included, one was available as abstract. It was shown that all reproductive outcomes were significantly improved in PRP-treated cases (Maleki-Hajiagha et al., 2020).


TABLE 4. Salient features of the included studies on PRP as an intervention in improving endometrial receptivity.

[image: Table 4]The data upon women with RIF are also rather weak. Two randomized controlled trials and one non-randomized controlled trial address the PRP treatment in women with RIF reporting significant improvement in IVF efficacy (Coksuer et al., 2019; Nazari et al., 2020; Zamaniyan et al., 2020), however the patients recruited in total do not allow extraction of definite conclusions. Thus, until evidence of properly designed randomized trials emerge, PRP should be offered within the frame of a trial.



Granulocyte Colony Stimulating Factor (G-CSF)

The role of G-CSF in reproductive physiology has been mainly studied the last two decades. G-CSF is produced by the granulosa cells during ovulation (Robert et al., 2019). It can be identified in the uterus mainly on the uterine NK cells, which play a major role during implantation both by enhancing receptivity and enabling endometrial synchronization (Sharma and Das, 2014; Robert et al., 2019). More importantly, G-CSF has been shown to regulate Th2 immunity, contributing to maternal-fetal immuno-tolerance (Moldenhauer et al., 2010).

The positive effects exerted by G-CSF on endometrial receptivity and implantation, supported the idea of using G-CSF as a local or systematic immune-modulator during IVF, and thus several observational studies and thereafter randomized and non-randomized clinical trials have emerged. Of note is the heterogeneity of the studies. Different populations selected (infertile, RIF, cases with thin endometrium), different ways of administration (intrauterine, subcutaneously), different concentrations offered and different study endpoints made it difficult to extract a solid conclusion. So far 10 randomized controlled trials have been published (Barad et al., 2014; Aleyasin et al., 2016; Davari-Tanha et al., 2016; Eftekhar et al.,2016a,b; Sarvi et al., 2017; Arefi et al., 2018; Bakirarar et al., 2018; Huang et al., 2020a; Kalem et al., 2020), with conflicting results, followed by meta-analyses in a timely manner (presented in Table 5). The six meta-analyses published present rather supportive results (Zhao et al., 2016; Kamath et al., 2017; Li et al., 2017a; Hou et al., 2018; Jiang et al., 2020; Kamath et al., 2020). However, most of the meta-analyses have included both randomized controlled trials and non-randomized trials, weakening the level of evidence. The most powered meta-analysis at the moment is a Cochrane review including 15 randomized control trials with 1,253 participants (Kamath et al., 2020). The authors have shown a weak positive impact of G-CSF in reproductive outcomes, advising caution due to low quality data and increased uncertainty. As far as RIF cases are concerned, it was found that there could be a benefit by G-CSF administration (Kamath et al., 2020).


TABLE 5. Salient features of the included studies on G-CSF as an intervention in improving endometrial receptivity.

[image: Table 5]To the same direction most of the meta-analyses have showed a positive impact of G-CSF administration in case of RIF. Due, though, to the poor quality studies included, an increased level of uncertainty is generally noted. This uncertainty is in line with a recent randomized controlled trial showing that in case of RIF patients with normal endometrial thickness, G-CSF does not alter reproductive outcome (Kalem et al., 2020). It is thus evident that G-CSF is not to be applied as infertility intervention in the general population. Even in case of RIF the evidence does not allow G-CSF incorporation to the everyday practice. Properly powered studies are needed to clarify to which group of infertile patients would G-CSF offer some benefit.



Growth Hormone (GH)

The role of growth hormone in endometrial receptivity is still under investigation. It has been shown that GH receptors are expressed by endometrial epithelium, selectively during the mid-luteal phase (possibly during the window of implantation) and thereafter during decidualization (Sbracia et al., 2004). This expression pattern is similar to other molecules linked to endometrial receptivity. Additionally, it has been recently reported that GH may act, directly or indirectly, as an inducer for VEGF and integrin B3 expression, both involved in endometrial receptivity (Cui et al., 2019). As a result, GH has been demonstrated to be a mediator toward endometrial thickening, being rather appealing as a research intervention for women with thin endometrium (Lan et al., 2019). The evidence supporting GH for treating infertile women stems mainly from studies focusing on poor ovarian responders, mainly due to the parallel action that GH exerts on the ovary (Altmäe and Aghajanova, 2019; Huang et al., 2020b). So far, only one randomized trial has been published studying the GH-impact on women with RIF (Altmäe et al., 2018). The authors report that GH-treated RIF patients presented with significantly thicker endometrium and achieved significantly better reproductive outcomes compared to untreated RIF patients or women receiving their first IVF cycle (Altmäe et al., 2018). Although GH treatment seems promising, the lack of evidence does not allow its use as a standard of care.



Atosiban

Atosiban is a receptor inhibitor of oxytocin and V1a vasopressin. Based on the observation that embryo-transfer may trigger uterine contractions, which could be detrimental in embryonic apposition, the first case report of a successful pregnancy after atosiban was published in 2007 (Pierzynski et al., 2007). Since then four randomized controlled trials (Table 6) have been published (Moraloglu et al., 2010; Ng et al., 2014; He et al., 2016; Yuan et al., 2019), with the most powered reporting a non-significant effect on reproductive outcomes on the general population (Ng et al., 2014). A recent meta-analysis combining six studies (1,754 participants) shows a rather weak improvement in clinical pregnancy rates but no effect on live birth rates in the general population (Huang et al., 2017b). Of note is the fact that this meta-analysis included both randomized and non-randomized trials, thus weakening the level of evidence of the reported findings. Only two non-randomized studies on RIF patients report a significant benefit after atosiban treatment (Chou et al., 2011; Lan et al., 2012). Interestingly, both the meta-analysis (Huang et al., 2017b) and a recent prospective study on women with at least one IVF effort (Wu et al., 2020), after performing subgroup analysis, report significant improvement on the reproductive outcomes in case of RIF patients. Taking into consideration the fact that subgroup analysis may include a risk of statistical bias, this observation implies a potential role for atosiban when treating women with RIF. Properly powered randomized controlled trials are needed to delineate atosiban efficacy.


TABLE 6. Salient features of the included studies on atosiban as an intervention in improving endometrial receptivity.

[image: Table 6]


Antibiotics for Chronic Endometritis

The field of chronic endometritis (CE) is emerging, especially in unexplained RIF, since CE presents a subtle course that can be easily missed. Few reports have been published so far upon antibiotic treatment in case of CE diagnosed in women with unexplained RIF (Johnston-MacAnanny et al., 2010; Yang et al., 2014; Cicinelli et al., 2015; Tersoglio et al., 2015; Bouet et al., 2016; Kitaya et al., 2017; Zhang et al., 2019). Analyzing this therapeutic approach, it can be easily seen that there is substantial heterogeneity in terms of antibiotic treatment: antibiotics are offered according to microbial cultures or empirically, including penicillins, cephalosporins, kinolones, metronidazole, clindamycin, tetracyclines (mainly doxycycline), and aminoglycodides (gentamycine). The course of treatment also varies. Interestingly, apart from the standard per os treatment, the intrauterine approach has also been presented (Zhang et al., 2019). All the studies published so far are non-randomized thus producing low level of evidence. Two recent meta-analyses have summarized the existing results, supporting antibiotic treatment as an approach to improve reproductive outcomes in women with RIF (Vitagliano et al., 2018b; Huang et al., 2020b). Additionally, it is highlighted that a stringent approach in setting the diagnosis may reveal lower CE incidences and reproductive outcomes compared to approaches with broader diagnostic criteria (Huang et al., 2020b). Long-term treatments seem more beneficial compared to short-term antibiotic courses (Huang et al., 2020b).



Efforts to Intervene in Case of Endometrial Dysbiosis

The concept of endometrial dysbiosis is emerging during the last 5 years. Several approaches have been proposed as potentially effective in restoring normal endometrial microbiome. However it must be taken under consideration the fact that to date there is no core endometrial microbiome, therefore restoring to normal could be a matter of question (Molina et al., 2020). Microbiome restoration is initially approached by the administration of antibiotics, considering that most of the time dysbiotic microbiota may include pathogens well-controlled by standard anti-microbial agents (Kyono et al., 2019). Several routes of administration have been proposed so far including oral, vaginal and intrauterine (Molina et al., 2020). Additionally, the administration of pro- and pre-biotics has been tested as auxiliary means of maintaining or amplifying the eubiotic bacteria. Of note is the mode of action of pro-biotics—bacteria involved in normal microbiome, administered in the context to colonize in an antagonizing fashion the dysbiotic microbial counterparts (Chenoll et al., 2019). On the contrary, pre-biotics are molecules uptaken by normal microbial populations, facilitating their survival. Pre- and pro-biotics are usually co-administered with antibiotics. A recent study investigated different routes of antibiotic administration (metronidazole) combined with prebiotic (lactoferrin) and probiotic administration, concluded that the combined vaginal and oral metronidazole administration along with a vaginal probiotic treatment could restore normal endometrial microbiome in women with RIF (Kadogami et al., 2020). New approaches have been proposed as promising, lacking evidence at the moment. Vaginal microbiome transplants have been considered as a possibility. A recent study showed the restoration of the vaginal microbiome in case of refractory vaginosis (Lev-Sagie et al., 2019), a fact that could imply further colonization of the endometrial cavity by the ascending route. Taking all the above into consideration, it is clear that there is no evidence at the moment to support both endometrial microbiome assessment and thereafter interventions toward restoration to normal. Such efforts have to be strictly performed in the frame of a research protocol.



CONCLUSION

All the novel interventions, aiming to treat unexplained RIF, lack the evidence required in order to be incorporated to standard of care. Properly designed randomized trials are therefore needed to clarify which could be beneficial in RIF treatment. RIF patients should be properly informed regarding potential benefits and risks.
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Synchrony between progesterone-driven endometrial receptivity and the arrival of a euploid blastocyst is essential for embryo implantation, a prerequisite event in the establishment of a successful pregnancy. Advancement of embryo implantation within the uterus also requires stromal fibroblasts of the endometrium to transform into epithelioid decidual cells, a progesterone-dependent cellular transformation process termed decidualization. Although progesterone is indispensable for these cellular processes, the molecular underpinnings are not fully understood. Because human studies are restricted, much of our fundamental understanding of progesterone signaling in endometrial periimplantation biology comes from in vitro and in vivo experimental systems. In this review, we focus on the tremendous progress attained with the use of engineered mouse models together with high throughput genome-scale analysis in disclosing key signals, pathways and networks that are required for normal endometrial responses to progesterone during the periimplantation period. Many molecular mediators and modifiers of the progesterone response are implicated in cross talk signaling between epithelial and stromal cells of the endometrium, an intercellular communication system that is critical for the ordered spatiotemporal control of embryo invasion within the maternal compartment. Accordingly, derailment of these signaling systems is causally linked with infertility, early embryo miscarriage and gestational complications that symptomatically manifest later in pregnancy. Such aberrant progesterone molecular responses also contribute to endometrial pathologies such as endometriosis, endometrial hyperplasia and cancer. Therefore, our review makes the case that further identification and functional analysis of key molecular mediators and modifiers of the endometrial response to progesterone will not only provide much-needed molecular insight into the early endometrial cellular changes that promote pregnancy establishment but lend credible hope for the development of more effective mechanism-based molecular diagnostics and precision therapies in the clinical management of female infertility, subfertility and a subset of gynecological morbidities.
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INTRODUCTION

Estimated to reach eight billion by 2024 (United Nations, 2019), the projected size of the global human population is impressive. However, this population number will be attained not because of human fecundity but despite it. Seminal studies by Wilcox and others revealed that the chance for a live birth per natural menstrual cycle [the monthly fecundity rate (MFR)] is only ∼30% for healthy couples in their reproductive prime (Zinaman et al., 1996; Wilcox et al., 1999; Macklon et al., 2002). The remarkably low human MFR stands in stark contrast to other primate species with MFRs reaching ∼80%; reviewed in Macklon and Brosens (2014). Contributing to the low MFR in humans is that nearly 55% of conceptions terminate due to either implantation failure or preclinical miscarriage (Wilcox et al., 1999; Macklon et al., 2002). Because these pregnancy losses occur before the time of a missed menstrual period or before the rise in detectable embryonic-derived human chorionic gonadotropin (hCG), couples are usually unaware of the loss. In addition to preclinical losses, ∼10–15% of clinically recognized pregnancies miscarry within the first trimester (Chard, 1991; Macklon et al., 2002); the etiologic origin of many of these losses is thought to arise during the preclinical period (Norwitz et al., 2001).

The relatively low MFR in humans also sets limits for success when using assisted reproductive technology (ART), which includes in vitro fertilization followed by embryo transfer (IVF-ET); reviewed in Bischof et al. (2006) and Blesa et al. (2014). Current ART services commonly depend on the transfer of a morphologically high-grade embryo into a receptive endometrium to achieve a successful singleton pregnancy. Notwithstanding the extraordinary progress in ART over the past four decades, only ∼50% of embryos implant after transfer; of these, a mere ∼50% advance to live births (Boomsma et al., 2009; Kupka et al., 2014). These losses are distressing to patients and their fertility specialists alike, particularly when critical milestones for success (i.e., embryo number and quality) during an IVF-ET cycle have been reached.

Apart from deficiencies in embryo quality, defects in endometrial function are now considered important etiologic factors in implantation failure and early miscarriage following a natural or assisted conception (Valbuena et al., 2017; Valdes et al., 2017). Moreover, in the diagnosis of the underlying cause(s) of recurrent pregnancy loss (Rai and Regan, 2006; Bellver and Simon, 2018), a dysfunctional endometrium is frequently suspected as a causal factor after embryonic chromosomal abnormalities and maternal factors—endocrine, genetic, immunological, and thrombophilic disorders along with uterine anatomic defects—are eliminated as etiologic contributors.

Therefore, if we are to increase pregnancy success rates currently achieved by natural or assisted conception as well as improve outcomes for those women at high-risk for early pregnancy loss, significant expansion not only in our cellular but also molecular understanding of endometrial function during the periimplantation period is required. With the aforementioned as background, this review will profile a selection of pivotal molecular mechanisms, primarily revealed by mouse studies in conjunction with in vitro approaches, which are indispensable for progesterone-dependent endometrial receptivity and decidualization, cellular processes that ensure successful embryo implantation in members of the eutherian mammalian class, which includes the human and mouse.



HUMAN AND MOUSE: DIFFERENT BUT THE SAME

Although comparative phylogenomics estimate that the human and murine lineages diverged ∼70–90 million years ago; reviewed in Nei and Glazko (2002), the mouse has proven to be an essential proxy for modeling human endometrial function in vivo. Despite being a distant evolutionary relative, the mouse shares with the human many important endometrial cellular responses to hormones during early gestation. While the initial cellular events of embryo implantation in the human endometrium are interstitial (i.e., the blastocyst fully embeds within the endometrium) as opposed to eccentric (i.e., the blastocyst implants within a uterine crypt) in the mouse (Cha et al., 2012b; Ander et al., 2019), the basic cellular responses to progesterone that prime the endometrium to be receptive to embryo implantation are common in both species. Therefore, these observations argue that the fundamental molecular mechanisms driving progesterone control of these endometrial cellular responses are also conserved, a consensus that has popularized the mouse as the “go-to” in vivo experimental surrogate for the human when illuminating the “black-box” of embryo implantation (Macklon et al., 2002).

Apart from the established arsenal of surgical and hormone treatment protocols specifically tailored for mouse periimplantation investigations, the genetic tractability of the mouse further underscores its versatility when assigning genes, pathways, and networks with a specific endometrial cellular response(s) at the whole organism level. Specifically, mouse engineering in general and conditional genetic technology in particular have proven invaluable interrogative methodologies in accelerating our functional understanding of progesterone-dependent endometrial cellular processes during the periimplantation window. However, a mouse study is not complete without follow-up translational validation, usually with in vitro and/or ex vivo systems that model the human [i.e., histological and/or cell analysis of human tissue, endometrial cell culture, co-culture or an organoid culture system (Fitzgerald et al., 2020)].

Before proceeding to the review’s main focus, an overview of the salient stages of the implantation process in the murine endometrium—with relevant cross comparisons to the human—is instructive to provide physiological and cellular context to the described associated progesterone-dependent molecular mechanisms that follow.



PERIIMPLANTATION BIOLOGY OF THE MURINE ENDOMETRIUM


Synchronicity Underlies Embryo Implantation Success

Following oocyte fertilization in the oviduct (or fallopian tube in the human), the single-celled zygote—through a series of cell divisions—develops to the advanced morula stage upon entry into the uterine cavity, a developmental journey of 3–4 and 5–7 days in the mouse and human, respectively (Carson et al., 2000; Wang and Dey, 2006; Evans et al., 2016). On the afternoon of gestation day (GD) 4 in the mouse, the late-stage blastocyst—comprising an inner cell mass (ICM) and an outer trophectodermal cell layer—attaches to the apical surface of the luminal epithelial lining of the implantation chamber (or crypt) of a transiently receptive endometrium (Figures 1A,B). Trophectodermal attachment to the anti-mesometrial side of the uterus is termed “the attachment reaction” in which the ICM of the blastocyst orients toward the mesometrial pole (the presumptive site for placentation) of an increasingly vascularized endometrium (Figures 1A,B).
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FIGURE 1. Cellular changes in the murine uterus during the periimplantation period. (A) On the evening of GD 4, the late-stage blastocyst attaches to the luminal epithelium of the implantation chamber (also known as the crypt) of the receptive endometrium. Note: GD 1 is defined here as the day an early morning vaginal plug is detected following overnight housing of the female with the male. The acronyms: LE, GE, AM denote luminal epithelium, glandular epithelium and antimesometrial pole respectively. (B) Following embryo attachment late on GD 4, subepithelial stromal cells surrounding the nidating blastocyst undergo extensive proliferation by the morning of GD 5. On the afternoon of GD 5, proliferating stromal fibroblasts surrounding the blastocyst differentiate to form an avascular primary decidual zone (PDZ), which initially expands toward the antimesometrial (AM) pole (see inset). At this time, the LE starts to degenerate (see inset); TE denotes the mural trophectoderm of the blastocyst, which soon breaches the LE divide to invade the underlying stroma. (C) By GD 6, the PDZ is well established, the implantation chamber epithelium is removed, and the formation of the secondary decidual zone (SDZ) surrounding the PDZ has occurred. At this time, cell proliferation is significantly decreased in the PDZ but continues in the SDZ, which expands and spreads to form the antimesometrial decidua toward the AM pole and subsequently the mesometrial decidua toward the M pole (the presumptive site for placentation). Containing terminally differentiated decidual cells, many of which are polyploid with large mono- or binuclei, the SDZ reaches full development by GD 8. In addition to decidual cells, the SDZ also includes an increased number of small blood vessels as well as a range of immune cell types (i.e., large granular uNK, macrophage and dendritic cells) that are critical for early pregnancy establishment. By GD 8, the PDZ is markedly degenerated, and from this day onwards, placental and embryonic expansion progressively replaces the SDZ. Such an expansion transforms the antimesometrial decidua to a thin layer of cells termed the decidua capsularis. With pregnancy progression, the mesometrial decidua thins to the decidua basalis to accommodate the enlarging placenta, containing the embryonic-derived spongiotrophoblast cell layer and labyrinth zone. Blood vessels are denoted by BV. The dotted arrow indicates the direction of SDZ expansion. Elements of this artwork were adapted in modified form with permission from Lim and Wang (2010).


In the human, the putative attachment reaction is considered to occur within the uterine fundus during the mid-secretory phase of the cycle (or ∼7–10 days after ovulation) (Evans et al., 2016). Unlike the mouse, the ICM of the apposed human blastocyst orientates toward the point of attachment during the implantation process. In both species, the temporal window of endometrial receptivity is relatively short (a ∼24 h implantation window for the ∼4–5 day murine estrous cycle, and a ∼2–4 day implantation window for the ∼28–30 day human menstrual cycle). Importantly, the opening of the endometrial receptivity window must synchronize with the on-time arrival of a competent blastocyst if successful implantation is to occur within this short time frame.

From GD 3 onwards in the mouse, a synchronous postovulatory rise in systemic progesterone levels is critical for the estrogen-primed endometrium to enter the transient receptive state that is permissive to embryo attachment, adhesion and ultimately invasion (Cha et al., 2012b; Namiki et al., 2018). Produced and secreted from newly formed corpora lutea of the ovary, progesterone primarily suppresses pre-ovulatory estrogen-induced proliferation of endometrial epithelia that occurred during the pre-receptive period (GD 1–3). The net result of this progesterone exposure is the transition of the endometrial epithelium from a proliferative to a differentiative state, a cellular transition that is conducive to blastocyst attachment. Detailed later, a majority of the molecular mechanisms identified to date that drive endometrial progesterone responses during this period have been shown to directly or indirectly suppress estrogen-induced epithelial proliferation. By GD 4, the underlying stroma synchronously proliferates in response to both progesterone and a small nidatory spike in estrogen, which together trigger the endometrial receptive state for embryo attachment.

On the afternoon of murine GD 5, subepithelial stromal cells encircling the nidating blastocyst within the epithelial implantation chamber undergo rapid progesterone-dependent proliferation. Toward the anti-mesometrial (AM) pole, proliferating stromal cells differentiate to form the primary decidual zone (PDZ). The transformation of stromal fibroblasts into densely packed epithelioid decidual cells of the PDZ is termed decidualization (Gellersen and Brosens, 2014; Figure 1B). By acting as a transient permeability barrier against immune cells and other potential harmful responses from the maternal compartment, the avascular PDZ is thought to protect the embryo following loss of the implantation chamber epithelium (Tung et al., 1986; Tan et al., 2002). For example, as a mechanism to avoid sudden oxidative stress, it’s proposed that the PDZ enables the gradual stromal acclimation of the embryo as it leaves the hypoxic epithelial environment of the implantation chamber to the relatively normoxic conditions of the stromal compartment (Tung et al., 1986). By GD 6, the PDZ is completely formed and is surrounded by a secondary decidual zone (SDZ; Figures 1B,C). At this time, the PDZ ceases cellular proliferation and begins to degenerate while the SDZ, enriched with small blood vessels, continues to proliferate. Fully developed at GD 8, the SDZ comprises large terminally differentiated decidual cells, many display polyploidy due to endoreduplication, which results in large mono- or binuclear cellular subpopulations. To meet the nutritional demands of a rapidly developing murine embryo, repeated rounds of DNA replication without cytokinesis is thought to be one of a number of strategies by which decidual cells rapidly increase histiotropic protein synthesis through enhancing transcriptional output (Das, 2009).

Decidualization spreads throughout the anti-mesometrial region forming the anti-mesometrial decidua before advancing to the mesometrial region, which eventually will form the decidua basalis (Figure 1C). After GD 8, the SDZ (now the anti-mesometrial decidua) is progressively replaced by placental and embryonic growth except for a thin cellular layer, termed the decidua capsularis (Figure 1C). Diametrically opposite, the mesometrial decidua gradually thins to the decidua basalis to accommodate formation and enlargement of the placenta (Figure 1C). In the case of the mouse, maintenance of pregnancy to parturition relies on sustained progesterone secretion from the corpus luteum. In the human, following the luteoplacental shift at 5–7 weeks of gestation (Turco and Moffett, 2019), the fetal placenta maintains continuously high levels of progesterone throughout the remaining two trimesters (Evans et al., 2016).

Unlike the mouse and the majority of placental mammals, in the human, along with anthropoid primates and a few non-primate species (i.e., the spiny mouse, the elephant shrew, and certain bat species), decidualization is not triggered by an implanting conceptus (Emera et al., 2012; Gellersen and Brosens, 2014; Evans et al., 2016; Bellofiore et al., 2017). Instead, decidualization only requires systemic hormones and local signals (in particular, cAMP) during the progesterone-dominant mid-secretory phase of a non-conception cycle (Gellersen and Brosens, 2003, 2014). Once initiated, progressive development and expansion of the endometrial decidual response is predicated on persistent progesterone exposure that only occurs if pregnancy is established and maintained (Evans et al., 2016). Fortunately for translational investigations, isolated human endometrial stromal cells can decidualize in vitro, requiring only cAMP, estradiol, and a progestin in the culture medium (Brosens et al., 1999). This cell assay has proven to be invaluable in translationally validating findings first made in the mouse.



Decidualization: The Gateway to Placentation

While encapsulating the invading conceptus, decidual cells provide histiotropic nutrition until uteroplacental perfusion is established, which occurs after GD 8 in the mouse and by the end of the first trimester in the human (Cha et al., 2012b; Gellersen and Brosens, 2014; Evans et al., 2016; Ander et al., 2019; Turco and Moffett, 2019). Further underscoring their pleiotropic properties, decidual cells support an immunotolerant milieu to prevent rejection of the hemiallogeneic conceptus (Ander et al., 2019). As mentioned, decidual cells are also responsible for protecting against maternal stress stimuli (i.e., changes in oxygen tension and production of free radicals). The physical barrier presented by large decidual cells with their tight intercellular junctions serves as one strategy to regulate the orderly invasion of the conceptus into the endometrial compartment, which is critical not only for effective placenta formation but also to safeguard uterine integrity for future pregnancies (Emera et al., 2012). In the human at least, compelling data support decidual cells as biosensors that negatively select for non-viable embryos to prevent early establishment of pregnancies predestined for failure in the first or subsequent trimesters (Teklenburg et al., 2010; Brosens et al., 2014).

Apart from decidual cells, a large percentage of the decidua is comprised of a variety of maternal immune cells: uterine natural killer (uNK) cells [termed decidual NK (dNK) cells in the human (Sojka et al., 2019)], macrophages, T-regulatory cells and dendritic cells (Ander et al., 2019). Representing the majority of the maternal immune cells in the decidua, NK cells surrounding the maternal spiral arterioles are critical for promoting an immunosuppressive microenvironment for the invading hemiallogeneic conceptus (Fu et al., 2013). As a critical step toward placentation, NK cells also remodel spiral arterioles to enable endovascular trophoblast invasion, which leads to hemochorial placentation in the mouse and human (Evans et al., 2016). Further highlighting the functional versatility of these immune cells, NK cells limit excessive trophectodermal uterine invasion by eliciting apoptosis of the advancing cellular front of the extravillous trophectoderm of the conceptus (von Rango et al., 2003; Sliz et al., 2019). Data also support dNK cells in the clearance of premature senescent decidual cells (Brighton et al., 2017), a strategy by which immune cells maintain decidual health to avoid embryo implantation failure, early miscarriage, or pre-term birth (Cha et al., 2012a). Importantly, recent single cell profiling investigations have begun to identify the extracellular crosstalk signals (i.e., cytokine/cytokine receptor and other ligand/receptor pairs) that operate between the trophoblast, decidual, and immune cell-types (Nelson et al., 2016; Pavlicev et al., 2017; Suryawanshi et al., 2018; Vento-Tormo et al., 2018).

Collectively, investigations of uterine periimplantation biology demonstrate that progesterone-dependent endometrial receptivity and decidualization are crucial reproductive cellular processes that comprise a tightly synchronized continuum of endometrial cellular changes in which the successful conclusion of one cellular process relies on the successful completion of preceding cellular events (Cha et al., 2012b). Importantly, a number of adverse obstetric outcomes—early fetal miscarriage due to placental insufficiency, placenta accreta, preeclampsia, fetal growth restriction, and preterm birth—have been causally linked to placental abnormalities, the etiologic origins of which are suspected to arise due to defective decidualization (Norwitz et al., 2001).

As with any biology that can succumb to pathology, advancing our understanding of the critical molecular mechanisms that drive normal progesterone-dependent endometrial responses during early pregnancy is a prerequisite to developing novel mechanism-based diagnostics, prognostics and therapeutics not only for implantation failure but also for later gestational complications that occur due to derailment of normal endometrial receptivity and decidualization.

For the remainder of the review, a brief synopsis of the progesterone receptor (PGR) is provided before describing a signaling network that typifies the quintessential mediator role of the early progesterone response, which is required for development of the endometrial receptive and decidualized state. Finally, the review concludes by showcasing one example each of an epithelial and stromal modifier of the progesterone response that is critical for early pregnancy establishment.



TRANSCRIPTIONAL REPROGRAMMING UNDERPINS ENDOMETRIAL RESPONSES TO PROGESTERONE DURING THE PERIIMPLANTATION PERIOD


The Endometrial Progesterone Receptor: The Apex Transcriptional Regulator

The majority of tissue and cellular responses to systemic progesterone are mediated by the PGR, which is a group C member of nuclear receptor subfamily 3 (NR3C), a subfamily of 3-ketosteroid binding receptors of the nuclear receptor superfamily of transcription factors (Tsai and O’Malley, 1994; Mangelsdorf et al., 1995; DeMayo and Lydon, 2020). The PGR is modular in structure with defined functional domains, which include an extended N-terminus, a central DNA-binding motif with a hinge region, followed by the ligand-binding sequence; reviewed in Diep et al. (2015) and Grimm et al. (2016). Three activational domains are dispersed throughout the PGR, which interface with primary coregulators during transcriptional complex assembly. Not shared by most members of the superfamily, the PGR comprises two receptor isoforms (PGR-A and PGR-B) that are identical in sequence except that the human PGR-A isoform lacks the first 164 amino acid residues of the N-terminal domain. The absence of this amino acid sequence contributes, in part, to the different transactivational properties of PGR-A and PGR-B (Bain et al., 2000). Encoded by a single gene that uses the PGR-B distal and PGR-A proximal promoters to modulate expression of the corresponding isoform (Kastner et al., 1990), PGR-A and PGR-B are usually co-expressed in target tissues. As a result, the progesterone response of a target tissue is viewed as dependent on the relative ratio of the PGR-B and PGR-A isoforms within a cell population, in which discrete isoform homodimers and/or heterodimers mediate specific transactivational responses on target gene expression.

The mechanism of PGR action was originally viewed as progesterone hormone diffusing the plasma membrane of a target cell to bind the ligand-binding domain of the PGR; prior to ligand binding, PGR is pre-assembled within a multimeric protein complex (Pratt and Toft, 1997). Ligand binding elicits a conformational change in PGR [“the activation step”; O’Malley et al., 1969; O’Malley and Schrader, 1972] with concomitant disassembly of the complex. Following activation, ligand-bound PGR translocates to the nucleus to directly bind as a dimer (or monomer) to a specific progesterone response element(s) (PREs) within a target gene promoter or distant enhancer. The DNA-bound PGR along with coregulators (i.e., coactivators and corepressors) and ancillary cofactors assemble within the developing transcriptional complex to up- or down-regulate target gene expression, the ultimate molecular output of the progesterone response in a tissue. In the uterus, as in many target tissues, ovarian estrogen induces PGR expression, via its nuclear receptor [the estrogen receptor–α (ESR1); Graham and Clarke, 1997]. However, in many physiological contexts, estrogen-induced PGR-mediated signaling suppresses ESR1 activity, which is a critical regulatory response for uterine receptivity and implantation as detailed below.

Cell assays also reveal that post-translational modifications (PTMs) control PGR expression levels as well as the nuclear receptor’s transactivational activity, intracellular trafficking and target gene selection properties (Hagan and Lange, 2014). Moreover, in vitro studies show that PGR can indirectly modulate gene expression without the requirement for direct DNA binding (Grimm et al., 2016). The PGR has also been linked to non-genomic effects that occur outside the confines of the nucleus (Hagan and Lange, 2014; Grimm et al., 2016). Within an in vitro context, these mechanisms of action investigations provide provocative concepts to explain the possible diverse mechanisms by which PGR markedly expands its signaling capability beyond the classical mode of action. However, whether these non-classical modes of PGR signaling can be functionally linked to physiological and/or pathophysiological endpoints in the uterus has yet to be established.

Irrespective of whether any of these mechanisms are involved, early investigations on the PGR knockout (PRKO) mouse unequivocally confirmed the singular in vivo importance of the PGR transcription factor—and, by extension, the receptor’s downstream molecular targets (unknown at the time)—in female reproductive biology in general and in endometrial function in particular (Lydon et al., 1995). These investigations and others also confirmed that absence of PGR-mediated signaling results in endometrial unopposed estrogen action, which contributes to the PRKO infertility phenotype (Lydon et al., 1995) as well as endometrial pathologies, such as endometriosis (Fang et al., 2004). However, studies using PGR isoform specific knockout mice surprisingly revealed that only the PGR-A isoform is essential for pregnancy establishment, indicating PGR-B as well as isoform heterodimerization are dispensable for murine fecundity (Mulac-Jericevic et al., 2000, 2003). Importantly, however, it should be noted that both PGR isoforms are required for pregnancy success in the human (Kaya et al., 2015), highlighting a clear distinction between human and mouse.

Since its discovery as a nuclear receptor transcription factor (Conneely et al., 1986; Jeltsch et al., 1986), we have known that ligand-bound PGR, in coordination primarily with ESR1 signaling, must render a receptive and decidualized endometrial phenotype through control of transcriptional networks in a cell-type specific manner. Therefore, tremendous efforts have been expended toward identifying and characterizing the pivotal molecular signals that mediate and modify the endometrial progesterone response. Such efforts are driven by the hope that, with this deeper mechanistic understanding of endometrial PGR action, new molecular signals may be identified that contribute to more effective clinical diagnostics and therapeutics to address periimplantation failure as well as adverse pregnancy outcomes that manifest in later trimesters. Furthermore, such mechanism-based precision medicine could conceivably be repurposed to treat a variety of uterine pathologies resulting from aberrant progesterone responsiveness.



ENDOMETRIAL MOLECULAR MEDIATORS OF THE PROGESTERONE RECEPTOR DURING THE PREIIMPLANTATION PERIOD

Successful embryo implantation relies not only on bidirectional communication between the embryonic trophectoderm and endometrium but also on signaling crosstalk between the epithelial and stromal cellular compartments of the endometrium (Cha et al., 2012b; Hantak et al., 2014). The use of state-of-the-art engineered mouse models in tandem with high throughput transcript profiling methods—and more recently cistromic analysis—have identified signaling mediators and modifiers of endometrial PGR action, many of which belong to major paracrine signaling factor families that control the most fundamental cellular processes in pre-and post-natal tissue development and function.


The Indian Hedgehog Signaling Axis

The Indian hedgehog (IHH) morphogen is a member of the highly conserved hedgehog family of ligands (Ng and Curran, 2011), which includes sonic and desert hedgehog. As diffusible morphogens, hedgehog family members control a wide-range of biological processes, including cellular proliferative and differentiative programs as well as short-range intercellular communication. Cellular processes that are crucial for coordinated development of the vertebrate body plan, organogenesis, tissue homeostasis, stem cell maintenance, and oncogenesis.

Prior to murine embryo implantation, progesterone increases Ihh transcript levels in the luminal epithelium of the endometrium (Matsumoto et al., 2002; Takamoto et al., 2002). As described below, subsequent genome-wide chromatin occupancy studies would reveal that PGR directly binds the murine Ihh locus to mediate progesterone-induction of Ihh transcription directly (Wang et al., 2018). Interestingly, recent transcriptomic and cistromic analysis in conjunction with mouse studies reveal that the SOX17 transcription factor, a member of the SRY-determining region Y-related high-mobility group (HMG) box (SOX) family of transcription factors (Grimm et al., 2019), is both a direct target of PGR and required for full progesterone-induction of epithelial Ihh expression in the murine endometrium (Wang et al., 2018; Figure 2A). Described in more detail later, the GATA2 transcription factor also acts along with PGR and SOX17 to directly control Ihh expression in the mouse uterus. In the human, endometrial IHH levels are increased during the progesterone-dominant secretory phase of the menstrual cycle (Wei et al., 2010), supporting human IHH as a progesterone responsive target during the window of implantation. Further translational support for IHH as a PGR target arises from recent investigations using ulipristal acetate (UPA), a selective PGR modulator (SPRM) (Whitaker et al., 2017). Acting as a mixed progestin agonist and antagonist, UPA is known to exert well defined PGR modulator associated endometrial changes (PAEC). Indicated for women who are susceptible to heavy menstrual bleeding, UPA was shown to significantly increase endometrial IHH levels compared to peak levels observed in endometrial tissue biopsied from untreated women during the progesterone-dominant secretory phase of the cycle.
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FIGURE 2. Signaling cross talk drives progesterone-dependent endometrial receptivity and decidualization. (A) Spanning the epithelial-stromal divide of the endometrium, the progesterone-PGR-IHH-COUP-TFII signaling axis primarily controls ESR1 activity in the epithelium. Suppression of ESR1 activity is a prerequisite for luminal epithelial differentiation of the endometrium to be receptive to embryo attachment and implantation. Note: Msx 1 and 2—and many other important mediator signals—that are important in this process are not shown. (B) A representative signaling network that is essential for progesterone driven endometrial stromal cell decidualization is shown. The dotted arrows indicate signaling relationships for which direct regulatory control has yet to be established. Adapted with permission in modified form from Wu et al. (2018).


Studies using the PRKO mouse and a conditional Ihh-knockout mouse collectively demonstrated that progesterone induction of Ihh was through its nuclear receptor (Takamoto et al., 2002), and that elaboration of the receptive and decidualized endometrium relies on this induction (Lee et al., 2006). Importantly, examination of the pathohistology of the conditional Ihh-knockout endometrium revealed the presence of numerous cystic glandular ducts and a hyalinized stroma (Lee et al., 2006; Franco et al., 2010), histological hallmarks of a persistent estrogenized uterus. As a paracrine diffusible morphogen that facilitates endometrial epithelial-stromal crosstalk, epithelial-derived IHH was shown to activate the canonical hedgehog signal transduction pathway within the subluminal stroma (Figure 2A), thereby initiating epithelial-stromal crosstalk. The cognate hedgehog effector pathway in the stroma is comprised of the IHH receptor patched-1 (PTCH1), the activated intracellular transducer: smoothened (SMO) and the glioma-associated oncogene homolog (GLI) transcription factors (Figure 2A). Activation of the IHH signaling axis culminates with the activator form of GLI translocating to the nucleus to control transcriptional programming by directly binding target gene promoters.

Further mapping the IHH signaling pathway, the Tsai group demonstrated that activation of hedgehog signaling supports the expression of the orphan nuclear receptor: chicken ovalbumin upstream promoter transcription factor II [COUP-TFII; or nuclear receptor subfamily 2, group F, member 2 (NR2F2)] in the endometrial stroma (Takamoto et al., 2002; Figure 2A). A pivotal differentiation factor in the mesenchyme, COUP-TFII controls a plethora of developmental and physiological processes, ranging from organogenesis, angiogenesis and inflammation to cell adhesion and cell fate specification (Wu et al., 2016). Infertility resulting from conditional ablation of Coup-tfII in the female mouse is due to failures in embryo implantation and stromal decidualization (Kurihara et al., 2007; Lee et al., 2010); endometrial defects that are associated with a heightened estrogenized uterus due to persistent increased ESR1 activity. In the human, abnormal reduction in both IHH and COUP-TFII levels in the endometrium is associated with endometriosis (Whitaker et al., 2017). Apart from maintaining prolonged ESR1 activity and stability, suppression of COUP-TFII levels is linked to increased proinflammatory cytokine levels (Li et al., 2013; Lin et al., 2014), angiogenesis (Fu et al., 2018), and local estrogen synthesis (Zeitoun et al., 1999; Zeitoun and Bulun, 1999; Attar et al., 2009), all of which markedly promote the pathogenesis of endometriosis.

Increased COUP-TFII expression by PGR-IHH signaling not only results in increased stromal PGR levels but also the levels of stromal heart and neural crest derivatives expressed transcript 2 (Hand2) (Li et al., 2011; Marinic et al., 2021; Figure 2A), which is a basic helix-loop-helix transcription factor. To date, studies have not established whether the COUP-TFII transcription factor directly or indirectly (i.e., via stromal PGR) increases stromal Hand2 levels; however, HAND2 suppresses stromal fibroblast growth factor (Fgf) family members (Fgf−1, −2, −9, and −18) in the endometrium (Li et al., 2011; Figure 2A). Accordingly, conditional Hand2 knockout mouse studies revealed that significant induction of stromal Fgf expression in the endometrium represents one of the molecular consequences of Hand2 ablation (Li et al., 2011).

Through paracrine signaling within the normal endometrium, stromal FGFs bind their cognate transmembrane tyrosine kinase receptors (FGFRs with ancillary docking factors) located in epithelial cells. Engagement of stromal-derived FGF ligand with its epithelial-derived receptor elicits phosphorylation (and activation) of extracellular signal regulated kinases 1 and 2 (ERK1/2). In turn, activated ERK1/2 phosphorylate ESR1 to activate and stabilize ESR1 in the epithelium (Figure 2A). During the pre-receptive period, activated ESR1 not only triggers epithelial proliferation but also maintains expression of mucin 1 (MUC1) (Li et al., 2011). The apical surface of luminal epithelial cells expresses the MUC1 glycoprotein as a barrier to embryo attachment (Surveyor et al., 1995). Moreover, protracted proliferation of the glandular epithelium blocks expression of the leukemia inhibitory factor [LIF; Stewart et al., 1992), an interleukin 6 family cytokine member] as well as the Forkhead box A2 (FOX A2) transcription factor (Kelleher et al., 2017), which are both essential signals for embryo implantation. Noteworthy is the increasing number of clinical reports that implicate perturbation of HAND2 and FGF levels with aberrant progesterone responses in the human endometrium that lead to endometriosis, endometrial hyperplasia and carcinoma (Jones et al., 2013; Buell-Gutbrod et al., 2015; Logan et al., 2018; Kato et al., 2019).

Therefore, perturbation in the normal levels of any component of the progesterone-PGR-IHH-COUP-TFII-HAND2 signaling axis is predicted to result in unwarranted activation of epithelial ESR1 (Figure 2A).



Endometrial Receptivity and Decidualization: Molecular Ties That Bind

Disclosing the intricate signaling networks that mediate progesterone-dependent epithelial-stromal crosstalk and drive endometrial receptivity also revealed the degree to which endometrial receptivity and decidualization are closely connected at the molecular level. Induction of COUP-TFII by the PGR-IHH signaling axis also increases levels of stromal bone morphogenetic protein 2 (Bmp2) (Kurihara et al., 2007), which is a member of the transforming growth factor beta (TGFβ) superfamily of cytokines. Increased Bmp2 levels are associated with increased levels of wingless-type MMTV integration site (WNT) family member 4 (Wnt 4) in the stroma (Li et al., 2007; Figure 2B). Both clinical and mouse studies show that BMP2 and WNT 4 (along with COUP-TFII and IHH) are indispensable for PGR-dependent endometrial stromal cell decidualization (Takamoto et al., 2002; Kurihara et al., 2007; Lee et al., 2007; Franco et al., 2010). Also, epidermal growth factor receptor (Egfr) signaling is linked to increased levels of Bmp2 and Wnt4 in the murine uterus during early pregnancy (Large et al., 2014). Increasing this regulatory complexity to the next level are the findings that BMP2 induces members of the muscle segment homeobox (Msx) family of transcription factors (Msx 1 and 2) (Nallasamy et al., 2019), which also contribute to the epithelial-stromal crosstalk that is essential for endometrial receptivity (Daikoku et al., 2011; Nallasamy et al., 2012).



MODIFIERS OF PGR MEDIATED RESPONSES IN THE ENDOMETRIAL EPITHELIUM AND STROMA

Molecular modifiers of PGR activity modify its regulation of target gene transcriptional output through various mechanisms: from controlling PGR stability and ligand binding affinity to coregulating PGR-dependent gene expression programs. An increasing number of epithelial and stromal modifiers of PGR action has recently been characterized in the mouse, many of which have strong translational significance.


The GATA 2 Transcription Factor: An Epithelial PGR Modifier

Binding an evolutionarily conserved short GATA DNA sequence, the six member family of GATA-binding transcription factors control a broad spectrum of biological processes, ranging from hematopoiesis, adipocyte development to pituitary gland function (Tremblay et al., 2018). Through DNA binding, GATA transcription factors primarily perform as “pioneer factors” by opening heterochromatin following the recruitment and assistance of epigenetic modifiers. With open chromatin, transcriptional regulators (i.e., coactivators and corepressors) combinatorially assemble at proximal promoters or distal enhancer elements of target genes to control transcriptional output.

Initial studies demonstrated a strong correlation between GATA2 and PGR expression in human endometrial tissues (Rubel et al., 2012, 2016), suggesting a signaling connection. While GATA2 is expressed in the epithelial and stromal compartments of the murine endometrium, its expression is coincident with PGR expression in the endometrial epithelium (Rubel et al., 2012). For both transcription factors, epithelial expression levels peak just before entry into the window of receptivity (Rubel et al., 2012), only to rapidly decline thereafter. Engineered mice in which the function of GATA2 or PGR is selectively abrogated in the endometrial epithelium exhibit similar impairments in uterine receptivity and decidualization (Franco et al., 2012; Rubel et al., 2016), providing in vivo support for a mechanistic link between the two transcription factors.

Importantly, examination of the murine endometrium with a conditional Gata2 null mutation revealed that the levels of epithelial Pgr are significantly reduced when compared to control mice (Figure 3A; Rubel et al., 2016). These results indicated that endometrial GATA2 directly or indirectly controls the epithelial levels of PGR—and by extension, its target genes. Chromatin immunoprecipitation experiments demonstrated that GATA2 directly binds within the 5′ regulatory region (including the proximal promoter) of the murine Pgr gene (Figure 3B; Rubel et al., 2016), providing strong molecular support for GATA2 as a direct modifier of PGR expression. Interestingly, these studies also showed that GATA2 co-occupies with PGR, SOX17, and FOXA2 within regulatory regions that control Ihh expression (Figure 3C). Noteworthy, Sox17 is also a direct target of GATA2 and PGR (Wang et al., 2018), and the FOXA2 transcription factor is required for glandular epithelial functions required for pregnancy establishment (Kelleher et al., 2017). These findings collectively suggest that GATA2 modifies progesterone signaling not only through direct regulation of Pgr transcription but also by jointly acting with PGR to regulate target gene expression (Rubel et al., 2016).
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FIGURE 3. The GATA2 transcription factor is a direct epithelial modifier of PGR-mediated transcription in the murine endometrium. (A) Quantitative real-time PCR analysis reveals that absence of GATA2 in the endometrium of the ovariectomized mouse results in a significant reduction in Pgr transcript levels. Note: in the uterus of an ovariectomized control mouse, the majority of Pgr expression in located in the epithelial compartment (Rubel et al., 2016). Also note that the GATA2 transcription factor is conditionally ablated in PGR positive cells of the uterus in the Gata2d/d mouse. In silico analysis highlights numerous candidate DNA binding motifs for GATA2, which are located throughout the 5′ regulatory regions of the murine Pgr gene (red boxes) and red highlighted sequences. Chromatin immunoprecipitation and in vitro transient transfection experiments confirmed that many of these binding sites directly bind GATA2 and are functional (Rubel et al., 2016). (B) Using uterine tissue from ovariectomized mice treated with progesterone for 6 h, chromatin immunoprecipitation followed by genome-wide sequencing (ChIP-seq) identified enriched binding motifs for the GATA2 and PGR transcription factors within GATA2 binding intervals throughout the genome. The Venn diagram displays the progesterone responsive genes in the mouse uterus that contain binding sites for PGR or GATA2 within ± 25 kb of gene boundaries. Note: the significant overlap (935 genes) that represent genes jointly bound by PGR and GATA2 (Rubel et al., 2016). (C) The traces show the co-occupancy locations of the PGR, GATA 2, SOX17, and FOXA2 transcription factors at a distal enhancer region on the murine Ihh gene (Wang et al., 2018). Note: SOX17 is also a direct target of GATA2 and PGR (Wang et al., 2018); the FOXA2 transcription factor (not covered in this review) is critical for uterine glandular epithelial function that is required for pregnancy establishment (Kelleher et al., 2017). With permission, parts of this schematic were reproduced in modified form from Rubel et al. (2016) and Wang et al. (2018). **p < 0.01.


Of translational significance, integration of expression array datasets from human and murine endometrial tissue uncovered an evolutionarily conserved GATA2-PGR-SOX17 dependent regulatory network that is predicted to control the majority of endometrial target mediators of normal progesterone responsiveness (Rubel et al., 2016; Wang et al., 2018). Based on these observations, perturbation in endometrial GATA2 levels is predicted to cause endometrial pathologies due to progesterone resistance. Indeed, one report describes endometrial GATA2 levels are markedly decreased in women with endometriosis (Dyson et al., 2014). While in the mouse, ablation of GATA2 function in the endometrium results in epithelial hallmarks of unopposed estrogen signaling, which include abnormal epithelial integrity, characterized by extensive basal cell stratification (Franco et al., 2012; Rubel et al., 2016).

Interestingly, prostate studies reveal that GATA2 can bind upstream regulatory elements to increase expression levels of the androgen receptor [(AR) a NR3C subfamily member and close relative of PGR; Wu et al., 2014]. As a pioneer factor in prostate cells, GATA2 promotes chromatin accessibility at enhancer regions through recruitment of p300 histone acetyltransferase to generate active chromatin by acetylating lysine 27 in histone 3 (H3K27). Moreover, GATA2 has been shown to create and maintain regulatory chromatin loops between AR-bound distal enhancers and promoters of AR target genes by recruiting the mediator coregulator complex. Interestingly, a similar DNA looping mechanism has been put forward to explain the joint regulation by PGR and GATA2 of target genes in a murine mammary gland adenocarcinoma cell line (Magklara and Smith, 2009). Whether similar modifier mechanisms in the endometrial epithelium apply to GATA2 modification of Pgr expression levels and its signaling program warrants further investigation.



Steroid Receptor Coactivator-2: A Stromal Modifier

Steroid Receptor Coactivator-2 (SRC-2; also known as NCOA2, GRIP1, and TIF2) is a member of the p160/SRC family of coactivators, which also comprises SRC-1 and SRC-3 (Xu et al., 2009; Szwarc et al., 2014b). As pleiotropic coregulators, SRC family members regulate a myriad of physiological responses and clinicopathologies. The pleiotropic properties of SRCs are due to their large size and structural complexity, which enable this coregulator family to modulate both nuclear receptor and non-nuclear receptor signaling. Using the PGR as a molecular bait in a two-hybrid system, the first SRC family member (SRC-1) was isolated and characterized as a primary coactivator of DNA-bound nuclear receptors (Onate et al., 1995). Since then, SRC family members have been shown to act as non-overlapping coactivators of numerous members of the nuclear receptor superfamily (Xu et al., 2009). For example, early studies demonstrated a potent coactivator role for SRC-2 in PGR-mediated transactivation in vitro (Hofman et al., 2002). Numerous investigations demonstrated that SRCs transmit the activation signal from DNA-bound nuclear receptors to secondary coregulators (p300) and ancillary factors, which in turn stream the signal to the general transcriptional complex to induce target gene transcription (Xu et al., 2009). Although important for nuclear receptor function, the complex functional domain organization of SRCs—containing numerous composite protein-protein interaction surfaces (Figure 4A)—strongly predicted that this coregulator class may serve as multifunctional integrators for a broad array of signals distinct from those mediated by nuclear receptors.
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FIGURE 4. The SRC-2 coactivator is required for progesterone-dependent acceleration of the glycolytic flux that drives endometrial stromal cell decidualization. (A) The pleiotropic properties of SRC-2 are based on its complex protein functional domain organization. Activation domains 1–3 (AD1-3), receptor interaction domain (RID), basic helix-loop-helix domain (bHLH), the Per/ARNT/Sim domains -A and -B (PAS-A and –B), leucine-X-X-leucine-leucine [X denotes any amino acid (LXXLL)], and the glutamine-rich/interaction motif (Q-rich/IM) are indicated. (B) To generate sufficient numbers of epithelioid decidual cells to support embryo implantation, stromal fibroblasts of the endometrium rapidly proliferate in response to progesterone prior to their differentiation. By markedly increasing the rate of glucose uptake and glycolysis, an endometrial stromal cell rapidly produces two daughter cells following mitosis. Glycolysis from glucose to pyruvate is referred to as the glycolytic flux. Increasing the glycolytic flux serves to rapidly provide the necessary bioenergy and biomolecules to meet the urgent demands of a proliferating endometrial stromal cell that is about to form two daughter cells. The progesterone-dependent acceleration of the glycolytic flux requires SRC-2 co-regulation of PGR-mediated induction of PFKFB3 (Kommagani et al., 2013), a potent positive regulator of the glycolytic flux. Using its kinase domain, PFKFB3 converts fructose-6-P to fructose-2, 6-P, which allosterically activates PFK-1, a pivotal checkpoint of glycolysis. Increasing the glycolytic flux results in a net gain of two ATP molecules per glucose molecule catabolized, and the generation of glycolytic intermediates (i.e., glucose-6-P and pyruvate) to furnish the required precursors for macromolecular and organelle biosynthesis by downstream anabolic pathways. 6-Phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3, phosphofructokinase-1 are abbreviated by PFKFB3 and PF-1, respectively. With permission, aspects of this figure were reproduced in modified form from Szwarc et al. (2014b).


Studies on the SRC-2 knockout (SRC-2KO) mouse were the first to demonstrate a critical role for this coactivator in both male and female reproductive function (Gehin et al., 2002). In the male, SRC-2 acts as an AR coactivator in the prostate and testes (Gehin et al., 2002; Mark et al., 2004; Ye et al., 2005; Vija et al., 2013). In the case of the SRC-2KO female, initial phenotype analysis indicated that the infertility phenotype arises due to significant placental hypoplasia (Gehin et al., 2002). However, selective ablation of SRC-2 in cells expressing the PGR revealed that endometrial SRC-2 is required earlier in gestation, specifically during the peri-implantation period (Mukherjee et al., 2006b). In this conditional knockout model, embryos fail to implant due to impaired progesterone-dependent endometrial stromal cell decidualization. In addition to gene ablation strategies, experimentally increasing SRC-2 levels in the murine uterus also leads to a severe subfertility phenotype, which is associated with impaired endometrial decidualization with enhanced estrogen sensitivity (Szwarc et al., 2014a). While SRC-2 levels in the epithelium and stroma of the endometrium do not change significantly during the human cycle or in the early pregnant mouse (Jeong et al., 2005; Mukherjee et al., 2006a), the above mouse studies underscore the critical importance of tight control of the levels of this coregulator to ensure normal endometrial function; note: perturbation in SRC levels is a frequent etiologic factor in many tissue pathologies (Xu et al., 2009).

Of translational importance, SRC-2 is also required for progesterone-driven decidualization of primary human endometrial stromal cells in culture (Kommagani et al., 2013), furnishing strong evolutionary support for this endometrial coregulator in periimplantation biology. Both human cell and mouse studies demonstrated that SRC-2 is indispensable for rapid progesterone-driven endometrial stromal cell proliferation, which is crucial for timely development of the receptive endometrium (Kommagani et al., 2013). Requiring markedly increased metabolic expenditure, this cell-division period accelerates enlargement of the endometrial stromal cell pool prior to its terminal differentiation into decidual cells (Sroga et al., 2012).

In accordance with its coregulator role in metabolism (Stashi et al., 2014; O’Malley, 2020), metabolomics revealed SRC-2 to be essential for progesterone-dependent acceleration of the glycolytic flux in cultured primary human endometrial stromal cells prior to their decidualization (Kommagani et al., 2013). Accelerating the glycolytic flux facilitates rapid supply of the necessary ATP levels and glycolytic intermediates to downstream anabolic pathways that produce biomass required for cell growth prior to mitosis (Vander Heiden et al., 2009). Specifically, SRC-2 is required for progesterone-induction of 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3 (PFKFB3; Figure 4B), a bifunctional enzyme that is indispensable for a myriad of cellular processes from embryogenesis, post-natal cellular proliferation to cancer progression (Chesney et al., 2005; Chesney, 2006; Clem et al., 2008). Notably, the PFKFB3 enzyme was first discovered in the human placenta (Fukasawa et al., 2004) and induced by progestins in cultured human breast cancer cells (Novellasdemunt et al., 2012). The kinase function of PFKFB3 phosphorylates fructose-6-phosphate to fructose-2, 6-phosphate (Figure 4B). Fructose-2, 6-phosphate is a key allosteric activator of phosphofructokinase-1 (PFK-1), a critical rate-limiting checkpoint of the glycolysis pathway (Uyeda et al., 1981; Van Schaftingen et al., 1981). With acceleration of the glycolytic flux via the PFK-1 checkpoint, anabolic pathways (i.e., the pentose phosphate pathway) can accelerate endometrial stromal cell proliferation to ensure timely and complete decidualization. Both in cultured human endometrial stromal cells and in the mouse, inhibiting PFKFB3 activity blocks decidualization (Kommagani et al., 2013), underscoring the importance of this glycolytic regulator to the decidualization process.

While highlighting a critical modifier role for endometrial stromal SRC-2 in progesterone-dependent early pregnancy establishment, findings from these investigations pose fascinating questions for future studies: (1) Does stromal SRC-2 control other metabolic programs that promote endometrial stromal cell decidualization? The question is raised because SRC-2 (along with other SRC members) is an established coregulator of carbohydrate, lipid, and amino acid metabolism in other physiological systems (Stashi et al., 2014; O’Malley, 2020). Furthermore, SRC-2 in human endometrial cancer cells was recently shown to be essential for the normal performance of the pentose phosphate pathway in addition to maintaining cellular glycolytic capacity and oxidative phosphorylation (Szwarc et al., 2018b). As an anabolic multi-enzyme pathway, the pentose phosphate pathway generates NADPH for reductive biosynthesis as well as pentoses (including ribose 5-phosphate) to generate nucleotides for DNA and RNA synthesis. Together, these SRC-2 dependent pathways are required to drive rapid proliferation and anchorage independent growth of this cancer cell type (Szwarc et al., 2018b). Whether SRC-2 is also required for pentose phosphate pathway functionality in normal human endometrial cells awaits investigation; (2) Is impaired control of the glycolytic pathway an underpinning for the implicated role of SRC-2 in endometrial pathologies as observed in patients with polycystic ovary syndrome or endometrial cancer? A majority of cancers rely on the induction of PFKFB3 and the acceleration of the glycolytic flux for enhanced cellular proliferation (Clem et al., 2008; Yalcin et al., 2009; Novellasdemunt et al., 2013). Increased expression levels of SRC-2 (and SRC-3) are detected in endometrial hyperplasia as well as in the endometrium of patients diagnosed with polycystic ovary syndrome (Gregory et al., 2002), a patient group susceptible to endometrial cancer (Coulam et al., 1983; Pillay et al., 2006). Indeed, increasing SRC-2 levels in the murine endometrium results in endometrial hyperplasia, further supporting the above translational observations (Szwarc et al., 2014a). Therefore, it will be interesting to determine whether perturbation in SRC-2 levels causes abnormal induction of PFKFB3 that promotes these endometrial proliferative disorders. As inhibitors of PFKFB3 show recent promise as plausible treatment options for proliferative disorders such as cancer (Wang Y. et al., 2020), targeting PFKFB3 may also be an option to treat endometrial pathologies with an unchecked proliferative phenotype; (3) Does epithelial-derived SRC-2 have a role in endometrial receptivity and decidualization? Similar to GATA2, SRC-2 is expressed in both the epithelial and stromal compartments of the human and mouse endometrium (Jeong et al., 2005; Mukherjee et al., 2006a). As described above, stromal-derived SRC-2 has a clear modifier role in progesterone signaling processes in the endometrium that are for important embryo implantation; however, the involvement of endometrial epithelial SRC-2 in the implantation process is unknown; and finally (4) In addition to metabolic pathways, can SRC-2 control other progesterone responsive signals that are crucial for endometrial stromal cell decidualization? Recent transcriptomic and cistromic investigations have not only underscored the critical importance of SRC-2 in the full induction of the majority of known molecular mediators of progesterone during human endometrial stromal cell decidualization but have also uncovered new gene targets coregulated by SRC-2 and the PGR that may represent new lines of future investigation to understand coregulator control of early progesterone responses in the endometrium during the periimplantation period (Szwarc et al., 2018a).



CONCLUSION AND FUTURE PERSPECTIVES

Even after 75 million years of evolutionary divergence (Nei and Glazko, 2002), the uterus of the human and mouse still share a remarkable degree of cellular and molecular conservation. This conservation has made the mouse the de facto model for interrogating endometrial function in a living eutherian mammal. Due to its genetic and experimental malleability, the mouse has shed new light into the “black box” of endometrial periimplantation biology (Macklon et al., 2002), particularly relating to endometrial progesterone responses before placentation. Recent molecular phenotyping approaches, transcriptomics and cistromics in particular, applied to the endometrium of the engineered mouse have enabled a more integrative analysis of endometrial gene expression and regulatory networks on a genome-wide scale. From these studies, we can now appreciate the tremendous regulatory complexity required to mediate and modify endometrial progesterone responses during the periimplantation period. Such complexity underpins endometrial epithelial-stromal cross talk that drives pregnancy establishment. Further underscoring this regulatory complexity is the myriad of signals that are involved, which include transcription factors, growth factors, morphogens and cytokines as well as metabolic signals. Because of the immense scale and complexity of these interconnected signaling networks, codification of the regulatory hierarchical mechanisms by which these networks are coordinately integrated in a spatiotemporal manner will be a formidable but important challenge.

This review profiled just a small selection of endometrial molecular mediators and modifiers of the progesterone response that are essential for embryo implantation. While many of these factors are causally linked to the development of the decidual cell from the stromal fibroblast, their role in the manifold functions of the decidual cell following its development is not fully understood. As described previously, many of these functions include angiogenesis, local immunosuppression, immune cell influx and prevention of pre-mature senescence. Exploration of these aspects of decidual cell function in the mouse using cre-dependent gene ablation technologies can only occur with the development of new cre drivers that are selectively expressed in the stromal cell following decidualization.

With the advent of CRISPR/Cas9 gene editing methodologies (Doudna and Charpentier, 2014), structure-function analysis of the molecular mediators and modifiers of the endometrial progesterone response is now a realizable goal in the mouse. With this technology, the precise mechanistic dissection of functional domains, critical protein-protein interaction motifs and PTM sites of a mediator or modifier of progesterone-driven endometrial receptivity and decidualization will be possible. Already cis-regulatory elements of transcription factors have been functionally evaluated in the mouse by CRISPR/Cas9 methods (Wang et al., 2018). With our ability to map the genome-wide locations of distal enhancer elements of transcription factors and coactivators to their potential target gene promoters using such 3D genomic technologies as high throughput chromosome conformation capture (Hi-C) (Dekker et al., 2013), elucidation of the individual or combined in vivo importance of these enhancer-promoter pairs to murine endometrial periimplantation biology is now a reality.

Single cell or cell atlas technologies are recently responsible for stunning advances in our molecular understanding of the interactome that operates between cells derived from the human trophoblast and the endometrial stroma (Pavlicev et al., 2017; Rajagopalan and Long, 2018; Suryawanshi et al., 2018; Vento-Tormo et al., 2018). Elegant single-cell RNA sequencing (scRNAseq) investigations of the normal human endometrium have also resolved its cellular heterogeneity into multiple dimensions across the menstrual cycle (Giudice, 2020; Wang W. et al., 2020). Such studies have provided novel molecular descriptors for menstrual-cycle phase transitions, biomarkers that signal the emergence of the “window of implantation” (WOI), and critical insights into the spatiotemporal dynamics of intercellular communication systems that modulate with the changing hormonal environment of the cycle. In many of these studies, single cell transcriptomics resolved previously unknown rare cell types from supposedly homogenous cell populations, a capability that is lacking with conventional tissue-level or bulk transcriptomics (Pavlicev et al., 2017; Rajagopalan and Long, 2018; Suryawanshi et al., 2018; Vento-Tormo et al., 2018; Fitzgerald et al., 2019; Cochrane et al., 2020; Giudice, 2020; Lucas et al., 2020; Wang W. et al., 2020). Just as single-cell approaches have significantly informed our understanding of various interactomes that coexist in human endometrial cell populations so too have these methods recently advanced our knowledge of interactomes in the mouse uterus, particularly within the endometrial epithelium and placenta (Nelson et al., 2016; Wu et al., 2017). These studies along with the future application of these approaches and emergent derivations thereof [i.e., high definition spatial transcriptomics as well as scRNAseq combined with ATAC-seq methods (Hendrickson et al., 2018; Vickovic et al., 2019)] to the murine endometrium of the engineered mouse will not only complement but will markedly extend recent findings made with human endometrial cells.

At present there is no in vivo model that matches the mouse in terms of interrogating the molecular mechanisms by which progesterone governs endometrial function at the whole organism level. Therefore, the engineered mouse will continue to enrich our understanding of endometrial progesterone responsiveness as it relates to pregnancy establishment. Looking forward, we predict that molecular phenotyping of the murine endometrium at high resolution—in concert with translational studies—will provide a more comprehensive molecular understanding of progesterone’s role not only in endometrial receptivity, decidualization and implantation success but also in gynecological morbidities suffered by women who are diagnosed with an endometrium with a compromised progesterone response.

Far from hype, the aforementioned provides genuine hope that we are entering a propitious time for the accelerated development of personalized mechanism-based diagnostic and targeted therapeutics for endometrium-based infertility and associated progesterone-responsive disorders. The ultimate hope is that such developments will be actionable in the clinic sooner rather than later to maintain, restore or optimize endometrial function in otherwise healthy women.
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The human endometrium undergoes approximately 450 cycles of proliferation, differentiation, shedding and regeneration over a woman’s reproductive lifetime. The regenerative capacity of the endometrium is attributed to stem/progenitor cells residing in the basalis layer of the tissue. Mesenchymal stem cells have been extensively studied in the endometrium, whereas endometrial epithelial stem/progenitor cells have remained more elusive. This review details the discovery of human and mouse endometrial epithelial stem/progenitor cells. It highlights recent significant developments identifying putative markers of these epithelial stem/progenitor cells that reveal their in vivo identity, location in both human and mouse endometrium, raising common but also different viewpoints. The review also outlines the techniques used to identify epithelial stem/progenitor cells, specifically in vitro functional assays and in vivo lineage tracing. We will also discuss their known interactions and hierarchy and known roles in endometrial dynamics across the menstrual or estrous cycle including re-epithelialization at menses and regeneration of the tissue during the proliferative phase. We also detail their potential role in endometrial proliferative disorders such as endometriosis.
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INTRODUCTION


The Endometrium

The endometrium is a unique tissue that undergoes monthly cycles of proliferation, differentiation, breakdown, shedding and repair under the control of fluctuations in circulating ovarian hormones, 17 β-estradiol and progesterone (Jabbour et al., 2006). The endometrium is composed of two layers. The basalis, adjacent to the myometrium, is not shed at menstruation and from this layer the functionalis arises each month (Gargett et al., 2012). The functionalis, the upper layer of the endometrium, undergoes the most structural changes during the menstrual cycle. During the proliferative phase, under the influence of ovarian-derived estradiol (Ferenczy et al., 1979; Punyadeera et al., 2006), the endometrial glandular epithelium, stroma, and vasculature undergo extensive proliferation. Three dimensional (3D) reconstruction reveals basalis glands form horizontal, branching networks, whereas the functionalis glands grow vertically from these branches (Tempest et al., 2020; Yamaguchi et al., 2020). During the secretory phase, under the influence of ovarian-derived progesterone, the functionalis undergoes changes to prepare for pregnancy; the endometrial epithelial cells differentiate into secretory cells, producing histotroph to nourish an implanting embryo (Burton et al., 2002), regions of stromal cells differentiate into epithelial-like decidual cells, spiral arterioles remodel and uterine natural killer cells become the dominant leukocyte to assist with allorecognition (Gibson et al., 2015). In the absence of a pregnancy, the corpus luteum regresses, circulating progesterone concentrations fall and the functionalis loses structural integrity and sheds in a piecemeal fashion (Garry et al., 2009).



Regenerative Capacity of the Endometrium

Whilst the outward manifestation of menstruation, vaginal bleeding, may be experienced for 5 days or longer in some women, repair processes are initiated at the beginning of this process. Immediate post-menstrual repair involving re-epithelization of the luminal epithelium commences within 48 h of onset (Ferenczy, 1976) in a steroid hormone-depleted micro-environment, and when epithelial estrogen receptor alpha (ERα, ESR1) expression is low (Okulicz and Scarrell, 1998; Figure 1). Indeed, estrogen is not required for endometrial re-epithelialization as evidenced in animal models of endometrial repair (Matsuura-Sawada et al., 2005; Kaitu’u-Lino et al., 2007). Histological and scanning electron microscopic examination of menstrual phase endometrium reveals epithelial extensions of glandular epithelium over the denuded surface (Ferenczy, 1976; Ludwig and Spornitz, 1991), supporting the concept that new luminal epithelial cells arise from the residual basal glandular epithelium (Figures 1B,C). Mesenchymal to epithelial transition (MET) may also occur during re-epithelialization (Garry et al., 2010; Patterson et al., 2013; Cousins et al., 2014), where residual stromal fibroblasts undergo cellular transformation to form new luminal epithelial cells. However, a recent cell fate tracing study using multiple Cre-loxP activated models found no evidence of MET in cycling adult endometrium (see section on the role of endometrial epithelial stem/progenitor cells in re-epithelization and post-partum regeneration).
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FIGURE 1. Scanning electron microscopy of human endometrial microarchitecture during menstruation. (A) Day 2, basalis glandular epithelial stump protrudes into the uterine lumen. (B) Day 4, newly formed luminal epithelium progressively covering fibrin-coated denuded areas. (C) Day 7, re-epithelialization has been completed. Adapted with permission from Ludwig and Spornitz (1991).


Post menstruation, the functionalis endometrium grows from the remaining basalis which has a thickness of 0.5 mm, reaching a maximum thickness of 7–8 mm by the mid-proliferative phase (McLennan and Rydell, 1965; Figure 2A). This remarkable regenerative capacity is likely mediated by stem/progenitor cells located in the basalis layer (Chan et al., 2004; Gargett, 2007a). Different populations of endometrial stem/progenitor cells have been identified, including endometrial mesenchymal stem cells (eMSCs) and endometrial epithelial stem/progenitor cells (eES/PCs). The focus of this review are the eES/PCs. Readers interested in eMSCs are referred to a recent detailed review (Bozorgmehr et al., 2020).
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FIGURE 2. Human endometrial epithelial location and hierarchy. (A) Full-thickness proliferative and secretory stage premenopausal endometrium. Functionalis and basalis delineated by dotted line. Glands (g) extend from the luminal epithelium to the endometrial-myometrial junction, showing branching and horizontal gland profiles in the deep basalis. (B) Epithelial stem/progenitor hierarchy. Adapted with permission from Gargett et al. (2012) and Filby et al. (2020).




Cyclical Turnover in the Mouse Endometrium

Similar to human, the endometrial epithelium of the adult mouse uterus consists of luminal (LE) and glandular (GE) epithelia, two histologically and functionally distinct cell types (Figure 3A). The simple columnar LE lines the inner surface of the endometrium, the cuboidal GE forms tubular gland structures surrounded by stromal cells. Like women, the mouse endometrium responds to cyclical changes in circulating ovarian steroid hormones, but they do not menstruate. Whereas women undergo an approximate 28 days menstrual cycle, mice have an estrous cycle lasting approximately 4 days (Nelson et al., 1982). The estrous cycle comprises four stages; the estrogen-dominated proestrus and estrus stages and the progesterone-dominant metestrus and diestrus (Byers et al., 2012). Unlike women, the mouse endometrium does not undergo spontaneous decidualization in the presence of progesterone, it requires a physical stimulus, i.e., the presence of a blastocyst, for a decidual reaction to occur (Finn, 1977). Similar to human endometrium, the mouse endometrium is composed of a myometrium, a thin compact basal layer and a loosely compacted functional stromal layer covered with a luminal epithelium and glands penetrating the stromal layer to form a mucosa.
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FIGURE 3. Mouse endometrium and epithelial unit. (A) Longitudinal section of estrous cycling endometrium, hematoxylin, and eosin stained. (B) A representative uterine epithelial unit stained with CD326 (EpCAM, epithelial marker, green) is composed of LE, duct and single gland labeled by FOXA2 (red) in adult wild-type uterine tissue section. The dotted line shows the intersection zone between luminal and gland epithelial compartments. Scale bar: 5 μm.


During proestrus, under the influence of increasing concentrations of circulating estrogens, uterine water content, height of LE cells and GE proliferation increases (Wood et al., 2007). During oestrus, the uterus is distended, and the endometrial glands exhibit maximal secretory activity (Bertolin and Murphy, 2014). In the absence of pregnancy, the endometrium enters metestrus, where degeneration occurs, the LE and GE undergo significant apoptosis (Wood et al., 2007) and the LE undergoes vacuolar degeneration (Bertolin and Murphy, 2014). As the endometrium enters diestrus, LE cells are columnar and endometrial glands are atrophic in the absence of steroidal support (Bertolin and Murphy, 2014).

Menstruation can be mimicked in a mouse using exogenous steroids and inducing artificial decidualization via delivery of sesame oil into the lumen of the uterine cavity (Brasted et al., 2003; Cousins et al., 2014). Post-partum repair can also be modeled in mice using pseudopregnancy models (Fan et al., 2008; Rudolph et al., 2012; Patterson et al., 2013) to provide a useful model for studying endometrial dynamics.

Whilst the cyclical changes in the mouse endometrium during the estrous cycle are not as dynamic as in human endometrium, putative stem/progenitor populations have been identified in the mouse endometrium, which likely support cell turnover and endometrial repair and regeneration post-partum (Chan and Gargett, 2006; Huang et al., 2012; Cao et al., 2015). While definitive endometrial epithelial stem/progenitor cell markers are still lacking for both mouse and human, new markers of these cells are emerging, which will enable their role in endometrial regeneration to be determined in the near future.




IDENTIFYING EPITHELIAL STEM/PROGENITOR CELLS


Characterization of Adult Stem Cells

Stem/progenitor cells are rare cells present in most postnatal tissues and organs, where they function in maintaining cellular homeostasis of the tissue or organ (Snyder and Loring, 2005; Gargett, 2007b). Stem/progenitor cells are initially identified by their functional attributes that distinguish them from the bulk of the cells comprising the tissue or organ. Identifying criteria of stem/progenitor cells are self-renewal, high proliferative potential and capacity to differentiate into one or more cell types of the tissue in which they reside (Potten and Loeffler, 1990). Paradoxically, epithelial stem/progenitor cells are quiescent and rarely proliferate, despite their ability to initiate a cascade of daughter cell proliferation to restore tissue homeostasis following tissue damage. The stem cell niche, comprising the stem/progenitor cell and neighboring differentiated niche cells, secreted molecules and extracellular matrix regulates resident stem/progenitor cell proliferation and cell fate decisions (Eckfeldt et al., 2005).



Functional Assays of Stem/Progenitor Cell Activity

Initially, human stem/progenitor cells are characterized by functional assays assessing their key attributes as there are no universal stem/progenitor cell markers. Clonogenicity, defined as the ability of a single cell to initiate a colony of cells when seeded as single cells at extremely low seeding densities, is the most commonly used approach for identifying a stem/progenitor cell activity (Gargett, 2007a). Self-renewal is a defining feature of stem/progenitor cells and can be assessed by serial cloning of individual cells in vitro (Gargett et al., 2009) and in serial transplantation at limiting cell numbers in vivo (Asselin-Labat et al., 2006). Proliferative potential is assessed by serial passaging of cells to calculate the number of population doublings before senescence is reached (Li et al., 1998; Gargett et al., 2009). Differentiation is determined by culture of the putative stem/progenitor cell population in induction media containing key differentiation factors or transplanting them into orthotopic or ectopic sites (e.g., kidney capsule) and analyzing the cells formed in the neo-tissue generated (Kaur et al., 2004; Joseph and Morrison, 2005).

Although there is no universal marker that defines the many human stem/progenitor cell types identified to date, some are common for several of these cells from different tissues. Some stem/progenitor cell markers have functional roles in tissue homeostasis, but often this is not the case. Some markers may be a stem/progenitor cell marker in one tissue, e.g., CD34 is a hemopoietic stem cell marker in bone marrow, but also marks mature endothelial cells in other tissues. It is important that any phenotypic marker defining a specific stem/progenitor cell population has been verified to enrich for the cell type in one or more of the functional assays listed above (Kaur et al., 2004; Gargett, 2007a). Side population (SP) cells, identified as a small population of cells capable of effluxing the vital DNA-binding dye, Hoechst 33342 by dual wavelength flow cytometry, may be used as an assay of potential stem/progenitor cells in a cell population (Challen and Little, 2006). Another approach uses label retention of DNA synthesis labels, such as bromodeoxyuridine (BrdU), in studies which may indirectly predict potential stem/progenitor cell populations retaining the label following a chase period while their proliferating progeny rapidly dilute the label to histologically non-detectable levels (Braun and Watt, 2004). Further evidence is required to functionally verify the stem or progenitor identity of cells labeled by both approaches.



Lineage Tracing to Identify Stem/Progenitor Cells

Lineage tracing is a powerful technique used to identify stem/progenitor cells. It has evolved since its initial use in the late nineteenth century, where dyes and fluorescent tracers were the most commonly used approach (Kretzschmar and Watt, 2012). Using a pulse-chase approach, a single marked cell is traced for a length of time by following the transmission of the cell’s mark to its progeny. Analyzing the cellular phenotype, location, and number of the marked progeny, provides information on the identity of the initial marked cell that generated a clone of cells in vivo. Using this technique, researchers have extensively identified adult stem cell populations in the intestine (Barker et al., 2007), liver (Wang et al., 2015), and uterus (Jin, 2019).

Today, the predominant method of lineage tracing is cell marking by genetic recombination. Here, the expression of a cell or tissue specific recombinase enzyme leads to the subsequent expression of a conditional reporter gene. This allows for the permanent genetic labeling of a cell and its future progeny. There are two widely used recombination systems: one adapted from bacteriophage P1 (Cre-loxP) and used predominantly in mice, and the other adapted from Saccharomyces cerevisiae (FLP-FRT) and used predominantly in Drosophila. This review will focus on the Cre-loxP recombination system used in mice. In this site-specific recombination system, one mouse line contains a tissue or cell-specific promotor expressing Cre recombinase, with the enzyme’s activity temporally controlled through its fusion with an estrogen receptor (Feil et al., 1997) or progesterone receptor (Kyrkanides et al., 2003). Activation of Cre recombinase is dependent on the administration of tamoxifen or mifepristone, estrogen and progesterone receptor-binding ligands, respectively (Feil et al., 1997; Kyrkanides et al., 2003). This Cre recombinase containing mouse line is crossed with a mouse line containing a reporter gene, such as Rosa26-lacZ, Rosa26-GFP, Rosa26-tdTomato flanked by a loxP-STOP-loxP sequence. The administration of tamoxifen or mifepristone results in the tissue or cell-specific activation of Cre recombinase and the enzyme’s excision of the STOP sequence, allowing expression of the reporter gene (β-galactosidase, GFP, tdTomato for the above examples, respectively), and the permanent genetic labeling of the tissue or cell population and their progeny. The use of low ligand doses allows for the labeling of individual cells and their clones, with subsequent lineage tracing potentially leading to the identification of a stem/progenitor cell population.

Self-renewal and differentiation, hallmarks of stem cells, can be directly assessed by single-cell lineage tracing under physiological conditions. In one approach, a single cell is genetically marked to enable transmission of that mark to the cell’s progeny, resulting in a labeled clone. The properties of the labeled clone determine whether or not it is a stem cell clone, thus identifying the founder cell as stem cell or not (Fox et al., 2009). The lineage mark does not change the properties of the marked cell, or its progeny, or the surrounding environment (Kretzschmar and Watt, 2012). Thus, lineage tracing reflects a cell’s physiological behavior and fate in the context of its stem cell niche in the intact tissue, which is not possible in non-niche environments, such as in vitro clonogenicity assays or transplantation. Another advantage of single-cell lineage tracing is that it can be performed in any cell type without knowing the specific gene markers of this cell type (Kretzschmar and Watt, 2012). Using the Cre-loxP recombination system in mice has led to numerous discoveries of stem cell populations. Intestinal epithelial stem cells were discovered using the marker gene leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) (Barker et al., 2007). Initial screening identified Lgr5 as a Wnt target with expression restricted to the intestinal crypts. A transgenic mouse line containing a knock-in fluorescently tagged Lgr5 promotor next to an inducible Cre recombinase and the Rosa26-lacZ reporter strain was used to trace the lineage of Lgr5+ cells over time. Observation and quantification of the number of clones, their position, and differentiated clonal cell phenotypes identified Lgr5+ crypt base columnar cells as the epithelial stem cells of the intestine (Barker et al., 2007). Similarly, using the Wnt-responsive marker gene Axin2, an epithelial stem cell population was discovered in mouse liver (Wang et al., 2015). Using a mouse line containing an Axin2 promotor positioned next to an inducible Cre recombinase and the Rosa26-mTmG reporter strain, the expression of Axin2+ cells was traced, showing they produced clones that expanded concentrically from the central veins. The pericentral Axin2+ cells were capable of self-renewal and differentiating into the hepatocyte population (Wang et al., 2015).




HUMAN ENDOMETRIAL EPITHELIAL STEM/PROGENITOR CELLS

Endometrial epithelial stem/progenitor cells were first identified as clonogenic cells, comprising 0.22% of single cell suspensions of EpCAM+ epithelial cells obtained from hysterectomy tissue which includes the basalis layer (Chan et al., 2004; Schwab et al., 2005). Both large (0.08% of epithelial cells) and small clones (0.14%) were generated. The frequency of clonogenic human endometrial epithelial cells using limiting dilution analysis was 1/174 (0.57%) epithelial cells (Gargett et al., 2009), similar to epithelial colony forming unit (CFU) cells. In serum-free medium, stromal feeder layers and growth factors EGF, TGFα, or PDGF-BB were required for growth indicating the importance of epithelial-stromal interaction. Large endometrial epithelial clones underwent self-renewal in vitro as demonstrated by serial cloning at very low seeding densities (10–20 cells/cm2) (Gargett et al., 2009), 35–45 population doublings and differentiation into large gland like structures in 3D organoid-type cultures. In comparison, small epithelial clones showed limited self-renewal, proliferation and only generated small spheroidal structures. Endometrial SP cells are heterogeneous and include all cell lineages of human endometrium, of which 27% are EpCAM+ epithelial cells (Miyazaki et al., 2012; Gargett et al., 2016). SP cells very occasionally reconstitute epithelial glands (0.02–8%) when transplanted into immunocompromised mice (Masuda et al., 2010; Cervelló et al., 2011). While these attributes of rare epithelial cells indicate stem/progenitor cell activity in human endometrium they provide no evidence of their location or stem cell niche.


Markers and Location


Human Endometrial Basalis Epithelial Markers

It has been hypothesized that human endometrial epithelial stem/progenitor cells are located in the basalis layer, thereby providing a source of cells to regenerate the endometrial functionalis each month (Gargett, 2004, 2007b; Figure 2B). Thus, initial attempts to find specific markers for these stem/progenitor cells focused on the basalis layer. The first basalis-specific epithelial marker identified was nuclear AXIN2 in 2012. AXIN2 was discovered using a gene microarray approach, comparing highly purified EpCAM+ epithelial cells isolated from pre- and post-menopausal hysterectomy endometrium (Nguyen et al., 2012). The rationale for this approach was based on the following assumptions; post-menopausal endometrial epithelial cells have a similar gene expression profile to basalis epithelial cells of pre-menopausal endometrium, that the functionalis would dilute gene expression of the basalis in pre-menopausal endometrium, and that estrogen stimulates the scant epithelial cells present in atrophic post-menopausal endometrium to regenerate functionalis-like glands. Indeed, the gene profile of post-menopausal endometrial epithelium showed marked similarity to laser-captured micro-dissected menstrual endometrial epithelium (Gaide Chevronnay et al., 2009). Many WNT signaling pathway molecules were differentially expressed, with AXIN2 and SOX9 upregulated in post-menopausal endometrial epithelial cells. Immunofluorescence and confocal microscopy showed specific nuclear AXIN2 immunoreactivity in pre-menopausal basalis epithelial cells, while cytoplasmic AXIN2 was observed in functionalis epithelium (Nguyen et al., 2012). AXIN2 mRNA and nuclear SOX9 and β-catenin proteins have since been described in basalis glands of human endometrium (Valentijn et al., 2013; Syed et al., 2020). As nuclear markers, AXIN2, SOX9 and β-catenin are not convenient markers for prospective isolation of basalis epithelial cells to demonstrate stem/progenitor cell functional activity. Surface markers are required.



Surface Markers of Human Endometrial Epithelial Stem/Progenitor Cells

Two surface markers have been identified in subpopulations of basalisepithelium that enrich for stem/progenitor cell activity in several functional assays confirming stem/progenitor status. One is N-cadherin, identified in an unbiased approach using the same pre- versus post-menopausal gene profiling of highly purified EpCAM+ epithelial cells from hysterectomy tissue described in the previous section (Nguyen et al., 2017). Of the 11 surface markers showing increased expression in post-menopausal epithelial cells, CDH2 was the most consistently differentially expressed as shown in the heat map and confirmed by qPCR in a validating set of endometrial epithelial samples (Nguyen et al., 2017). Importantly, N-cadherin+ (protein encoded by the CDH2 gene) endometrial epithelial cells were more clonogenic than N-cadherin– epithelial cells, showed greater self-renewal and more population doublings by serial cloning. They also differentiated into cytokeratin-expressing organoids in 3D culture. N-cadherin-immunostained epithelial cells were located in the bases of the glands adjacent to the myometrium in pre- and post-menopausal endometrium (Nguyen et al., 2017). They colocalized with cytokeratin, ERα and E-cadherin, suggesting they were not undergoing epithelial-mesenchymal transition (EMT). They were generally quiescent as few immunolocalized with the proliferation marker, KI67. N-cadherin+ cells were localized to the apical and lateral surfaces of the epithelial cells and rarely colocalized with the basalis epithelial marker nuclear SOX9. It is possible that the N-cadherin+ cells are located on horizontal branching and rhizome like glandular structures recently identified in the basalis of human endometrium (Tempest et al., 2020; Yamaguchi et al., 2020).

A second marker, SSEA-1 or CD15, identifies basalis epithelial cells in pre-menopausal and post-menopausal endometrium (Valentijn et al., 2013). While the stem/progenitor cell activity of freshly isolated SSEA-1+ epithelial cells has not yet been determined, cultured SSEA-1+ cells form larger spheroids in 3D cultures than SSEA– cells. SSEA-1+ cells have longer telomeres and greater telomerase activity than SSEA-1– cells, characteristics suggestive of a stem/progenitor cell. Cultured SSEA-1+ spheroids show weak immunoreactivity for nuclear ERα or PR, suggesting they were derived from the ill-defined basalis-functionalis junction rather than the deep basalis, since basalis epithelial cells express ERα throughout the menstrual cycle (Leyendecker et al., 2002). Of interest is that nuclear SOX9 is found in SSEA-1+ cells and some SSEA-1+ cells show nuclear β-catenin, indicating active WNT signaling, potentially maintaining an undifferentiated epithelial state. Co-localization with another WNT signaling marker, nuclear AXIN2 protein has not yet been reported for SSEA-1+ cells. The luminal epithelium also contains numerous SSEA-1+ cells with nuclear SOX9. Whether these have stem/progenitor function remains uncertain given that they are shed each month during menstruation (Valentijn et al., 2013) but they could be derived from the glandular epithelial cells that re-epithelialize the denuded surface during menstruation, although there is no proof (Figure 1).

Another marker, LGR5, is a receptor for R-spondin and functions in the canonical WNT signaling pathway. LGR5 is a surface marker of intestinal epithelial stem cells, but is a controversial marker of human endometrial epithelial stem/progenitor cells, as evidenced by conflicting reports of its expression during the menstrual cycle (Gil-Sanchis et al., 2013; Tempest et al., 2018a), most likely due to the poor quality of available antibodies and co-localization with leukocyte markers CD45 and CD163 (Tempest et al., 2018a). Human LGR5+ endometrial epithelial cells have not been assessed in functional stem cell assays during the normal menstrual cycle or in post-partum regeneration, limiting our understanding of the identity of these cells. Organoid culture of LGR5+ epithelial cells would be beneficial in assessing the self-renewal and differentiation properties of human LGR5+ endometrial epithelial cells. It is clear further work is required to validate LGR5+ as a definitive endometrial epithelial stem/progenitor cell marker.

A range of stem cell markers in non-endometrial tissues have been investigated in human endometrium, but their validation as markers of epithelial cells with stem/progenitor activity has not been determined. These have been summarized in a recent review (Tempest et al., 2018b).




Endometrial Epithelial Stem/Progenitor Cell Hierarchy

Dual color immunofluorescence of N-cadherin with SSEA-1 or SOX9 in human endometrium showed little co-localization by confocal microscopy (Nguyen et al., 2017). Rather, SSEA-1+ and SOX9+ epithelial cells were proximal to N-cadherin+ epithelial cells and appeared to overlap the basalis-functionalis “junction”, suggesting a potential differentiation hierarchy of epithelial cells exists in human endometrial epithelium (Figure 2B). The most primitive may be the clonogenic, self-renewing N-cadherin+SSEA-1– epithelial cells located in the deepest gland profiles, some of which appear to branch or are only found on half a profile (Nguyen et al., 2017). These may give rise to a very small population of N-cadherin+SSEA-1+ cells closer to the functionalis, which in turn generate the more proximal N-cadherin–SSEA-1+ epithelial cells which appear to span the basalis-functionalis “junction” and are also present in the luminal epithelium. The most numerous and most differentiated epithelial cells are N-cadherin–SSEA-1– cells of the functionalis glands. N-cadherin also colocalizes with the ALDH1A1 isoform of an epithelial stem cell lineage marker, aldehyde dehydrogenase I (ALDH1), in the deep basalis, with 78% of N-cadherin+ cells showing colocalization (Ma et al., 2020). This potentially suggests additional cell types in the endometrial epithelial stem/progenitor cell hierarchy. ALDH1A1 is a cytoplasmic enzyme that converts retinal to retinoic acid suggesting that the retinoic acid pathway may have important roles in clonogenic N-cadherin+ cells. The distribution of ALDH1A1 suggests these cells are unlikely to co-express SSEA-1 or SOX9. Recently, single cell transcriptomics of human endometrial biopsy tissue showed a small distinct population of ciliated epithelial cells (Wang et al., 2020). However, neither CDH2, ALDH1A1 nor FUT4 [α-(1,3)-fucosyltransferase 4] catalyzing protein glycosylation associated with the expression of SSEA-1 were identified in the gene profiles, suggesting the basalis epithelium was not sampled. It is also not known whether ciliated cells are part of the putative endometrial epithelial hierarchy. Nor is it clear how this epithelial hierarchy are located in 3D endometrium, given the degree of gland branching and rhizome formation in the basalis glands (Tempest et al., 2020; Yamaguchi et al., 2020).

Mutations in cytochrome c oxidase (CCO) have been used to visualize cell lineages in the intestine (Taylor et al., 2003). In the endometrium, in vivo lineage tracing using mitochondrial DNA passenger mutations as clonal markers identified a stem cell niche in the basalis GE (Tempest et al., 2020). Multiple CCO-deficient cell clusters are located in the basalis GE and genome sequencing of each cluster revealed common somatic mutations, indicative of a similar cell of origin (Tempest et al., 2020). Individual glands in the functionalis may have more than one epithelial stem/progenitor cell as they appear to arise from horizontal branching glands. Interestingly, the number of CCO-deficient clusters increased with age, peaking at age 50 before declining around age 60, indicative of stem quiescence associated with menopause (Tempest et al., 2020). Reassessing the apparent epithelial hierarchy in horizontal branching basalis glands and in the vertical glands that appear to sprout from them will be important. It also explains why only the basal half of some gland profiles contained N-cadherin+ epithelial cells (Nguyen et al., 2017). This horizontal glandular structure of the deepest endometrial glands suggests a mechanism that prevents their shedding during menstruation, thus preserving a glandular reservoir of stem/progenitor cells required for regenerating the functionalis glands each month (Tempest et al., 2020).

The current model of the putative stem/progenitor cell populations in human endometrium are based on 2D imaging with its inherent limitations. Future research using in vivo lineage tracing of passenger mutations (as above), new tissue clearing methods, slice cultures (see below), organoid models and molecular (sequencing) will enable investigation of the epithelial hierarchy in 3D and at the single cell level. These approaches will inform and may build on the current models.



Role of Stem/Progenitor Cells in Endometrial Repair and Re-epithelialization

Endometrial repair following menstruation is a rapid process that occurs over a 48-h period in the absence of circulating estrogens. Scanning electron microscopy studies show that repair is initiated on days 2–3 of the menstrual cycle and is completed by days 4–5 (Ferenczy, 1976) as evidenced by an intact luminal epithelium. The endometrium sheds and repairs concurrently in a piecemeal fashion, as shown by areas of new luminal epithelial cells adjacent to shedding functionalis (Garry et al., 2009). There are a number of potential mechanisms of re-epithelialization, the most commonly accepted theory suggesting that the new luminal epithelium arises from the glandular epithelium of exposed basalis glands (Novak and Te Linde, 1924). These cells migrate from the protruding stumps of glands over the denuded surface to rapidly form a new luminal epithelium (Ludwig and Spornitz, 1991; Figure 1). This mechanism likely explains the presence of luminal epithelial SSEA-1+SOX9+ cells described above, as the functionalis layer regenerates from the re-epithelialized basalis, and the luminal epithelium retains the SSEA-1+SOX9+ phenotype as it is pushed ever upwards during endometrial growth. It is also possible that residual SSEA-1+ luminal epithelial cells may be activated at menstruation to support rapid re-epithelialization during piecemeal shedding of the functionalis, given the adhesive and migratory properties of SSEA-1+ cells (Valentijn et al., 2013). Shedding functionalis remnants can also get trapped under the new migrating luminal epithelium, where they are reorganized and incorporated into the newly developing functionalis in the subsequent cycle (Henriet et al., 2012). This may also explain the presence of SSEA-1+ cells in the new luminal epithelium.

Another proposed mechanism is MET, where stromal cells close to the luminal surface appear to become new luminal epithelial cells (Garry et al., 2010). These cells can be identified by dual staining of mesenchymal and epithelial markers, such as cytokeratin and vimentin. As a mesodermal-derived epithelium, human endometrial epithelium co-expresses cytokeratin and vimentin. Whether these cells are derived from an endometrial progenitor population, such as a basalis epithelial progenitor that has previously undergone EMT remains to be elucidated. MET has been studied more comprehensively in mouse models of regeneration, which are described below.



Role of Epithelial Stem/Progenitor Cells in Endometrial Regeneration

The contribution of stem/progenitor cells in endometrial regeneration has been well documented in xenograft models, where single cell suspensions of endometrial epithelial and stromal cells transplanted under the kidney capsule self-organize into endometrial glands and stroma (Masuda et al., 2007). These endometrial like structures respond to cyclical exogenous estradiol and progesterone and exhibit blood-filled cyst formation when steroid hormone support is withdrawn (Masuda et al., 2007). Clonally-derived side population cells of epithelial and stromal origin can also form endometrial-like structures under the kidney capsule (Cervelló et al., 2011).

A new in vitro system involving human endometrial tissue slice culture shows promise in enabling the investigation of the role of epithelial progenitor cells in endometrial regeneration. Of particular importance is that this culture system provides a multicellular, 3D “in vivo-like” system, which maintains endometrial zonation (Muruganandan et al., 2020). In this model, tissue slices respond to estrogen and progesterone over a 21-day period. LacZ staining via adeno-mediated gene delivery can be achieved, however, specific delivery to only the epithelium needs further optimization (Muruganandan et al., 2020). This model has the potential for investigating the interactions and dynamics of epithelial stem/progenitor cells in situ, particularly during the estrogen dominant proliferative phase of rapid endometrial functionalis growth.

As described earlier, a potential epithelial progenitor hierarchy exists in the glandular epithelium, which is thought to support regeneration of the tissue as estradiol concentrations begin to rise following menstruation. N-cadherin+ cells express ERα (Nguyen et al., 2017) and, as is typical for stem/progenitor populations, rarely proliferate. As in other tissues, such as the intestine, more mature cells in the endometrial epithelial hierarchy may be responsible for glandular epithelial cell proliferation in the rapidly growing functionalis glands. Such cells, defined as a transit amplifying population, with the capacity to rapidly proliferate and produce more differentiated cells, amplify the output from each stem cell division. These transit amplifying cells (TAC) are present either in the functionalis as an ERα+ TAC or possibly as SSEA-1+ TAC around the basalis-functionalis junction.

Epithelial expression of SOX9 is higher in the proliferative phase than the secretory phase (Saegusa et al., 2012) and co-localizes with SSEA-1 in the basalis epithelium. It has been suggested that SOX9 may act as a checkpoint to prevent hyperplasia (Prévostel et al., 2016) highlighting its importance in the epithelial cell regulation and overall tissue homeostasis. Since SOX9 is a WNT pathway transcription factor and the WNT/β catenin pathway is critical to maintaining epithelial cell integrity in other organs, such as the intestine (Fevr et al., 2007), it is possible that SOX9 plays a key role in epithelial cell proliferation following menstruation. Nuclear AXIN2 is expressed by basalis epithelial cells (Nguyen et al., 2012) in both pre- and post-menopausal women, where it acts as a negative regulator of WNT signaling to maintain the epithelial stem/progenitor niche (Nguyen et al., 2012). Clearly more detailed studies at the single cell level are needed to delineate the roles of the various cells of the endometrial epithelial hierarchy in endometrial re-epithelialization and regeneration.



Role of Stem/Progenitor Cells in Endometrial Pathologies—Endometriosis and Endometrial Cancer

Endometriosis is characterized by the presence of endometrial-like tissue in the peritoneal cavity. Retrograde menstruation, where menstrual fragments flow backward through the fallopian tubes into the peritoneal cavity, is likely the main cause of endometriosis. Given that 90% of all women exhibit retrograde menstruation, and the prevalence of endometrial cells in the peritoneal cavity is similar in women with or without the disease (Dorien et al., 2017), other mechanisms must be involved to account for the subset of women who develop endometriosis. Whilst the number of endometrial cells in the peritoneal fluid does not differ, the cell types contained in the shed tissue may have an important role. Indeed, it has been hypothesized that endometrial epithelial stem/progenitor cells are shed in menstrual fluid which gain access to the peritoneal cavity by retrograde menstruation where they initiate lesions via their clonogenic activity (Gargett, 2007b; Gargett et al., 2016; Cousins et al., 2018a; Filby et al., 2020). Women with endometriosis have more SSEA-1+SOX9+ epithelial cells in their functionalis compared to normal women. These cells can form 3D structures in vitro, suggesting that they may generate lesions in vivo when the functionalis is retrogradely shed at menstruation (Hapangama et al., 2019). Similar to healthy controls, the eutopic expression of LGR5 does not change over the menstrual cycle. However, an increase in the expression of LGR5 was observed in ectopic lesions when compared to eutopic endometrium (Vallvé-Juanico et al., 2018) which may suggest its involvement in disease pathogenesis. Menstrual effluent of women with endometriosis also contains an increased number of basalis fragments (Leyendecker et al., 2002), suggesting that the resident stem/progenitor cell populations may also contribute to the survival of tissue fragments reaching the pelvic cavity.

Endometrial epithelial stem/progenitor cells have rarely been isolated from menstrual blood, although endometrial mesenchymal stem cells and stromal fibroblasts are well characterized in menstrual fluid (Musina et al., 2008; Bozorgmehr et al., 2020). The endometrial epithelial basalis marker SSEA-1 has been identified in ectopic endometriosis lesions (Valentijn et al., 2013) which may support their role in lesion establishment and progression (Valentijn et al., 2013). SOX9, a marker of stem/progenitor activity in other tissues, is normally expressed in the basalis, but women with endometriosis exhibit a higher number of SSEA-1+SOX9+ cells in the functionalis during the secretory phase of the menstrual cycle. Isolated SSEA-1+SOX9+ cells differentiated into endometriotic gland like structures in 3D culture (Hapangama et al., 2019). Deep basalis epithelial markers ALDH1 isoforms ALDH1A1, and ALDH1A3 are increased in the epithelium of ovarian endometriomas, and ALDH1A3 is increased in the epithelium of lesions found on the bowel (Ma et al., 2020), potentially suggesting the cells were derived from basalis epithelium. All of these findings suggest that endometriosis lesion survival depends on the presence of one or more basalis-derived epithelial stem/progenitor cells.

Endometrial cancer is the most common gynecological cancer. Cancer stem cells (CSCs) are implicated in tumor initiation, progression, metastasis and recurrence. Endometrial CSCs are thought to originate through several mechanisms including; genetic mutation or epigenetic alteration of epithelial stem/progenitor cells residing in the tissue, de-differentiation of endometrial epithelial cells which form a CSC progenitor, or via EMT of endometrial Side Population cells (Giannone et al., 2019). Endometrial CSC were initially identified as clonogenic cells which generated tumors recapitulating the histology and several markers of the parent tumors when transplanted in limiting dilution into an immunocompromised mouse model (Hubbard et al., 2009). The tumors could be serially transplanted indicating self-renewal of the tumor-initiating cells. Putative epithelial stem/progenitor marker CD44 has been suggested as an endometrial CSC marker, showing upregulation in endometrial carcinoma compared to normal endometrium (Gao et al., 2012; Torres et al., 2019). SOX9 is up-regulated in endometrial cancer and in endometrial hyperplasia (Gonzalez et al., 2016). N-cadherin protein is also increased in the glandular epithelium of endometrioid adenocarcinomas (Xie et al., 2017), highlighting a role for abnormal basalis-derived epithelial stem/progenitor cells in endometrial proliferative diseases.




MOUSE ENDOMETRIAL EPITHELIAL STEM/PROGENITOR CELLS

At birth, the murine uterus lacks endometrial glands and consists of a tube lined with a simple luminal epithelium supported by undifferentiated mesenchyme. The LE forms buds which invade the mesenchyme to initiate the development of GE around post-natal day 5 (P5). Around P7, histologically distinct uterine glands appear in the endometrium (Branham et al., 1985; Gargett and Chan, 2006), which continue to extend from the LE into the surrounding endometrial stroma forming the basic adult configuration of the murine uterus by P15 (Gray et al., 2001). Individual uterine epithelial units, comprising a region of LE, glands surrounded by stromal cells and the intersection zone between LE and the gland (Figure 3B) form the basic structure of the entire endometrial epithelium (Jin, 2019). The endometrium becomes functional, undergoing cyclical regression and regeneration, when the reproductive hormones estrogen and progesterone are secreted by the ovaries. The LE regulates embryo attachment for implantation, and GE regulates embryo survival and growth, stromal cell decidualization and placental development (Wang et al., 2013; Spencer et al., 2019; Ye, 2020). To date, there are no definitive stem cell markers for the mouse endometrium.


Location of Murine Endometrial Epithelial Stem/Progenitor Cells

Before more sophisticated methods were available, DNA label retention was used extensively to predict the existence and location of potential endometrial epithelial stem/progenitor cells. Epithelial label retaining cells (LRCs) are absent or very rare after a 3- to 4-week chase in postnatal and prepubertal mouse models and predominantly found in the LE along with rare LRC in the GE (Gargett and Chan, 2006; Cervelló et al., 2007; Patterson and Pru, 2013). These LE LRCs do not express Esr1 (ERα), in contrast to neighboring Esr1+ non-LRC. This molecular difference may be used to characterize their identity and function (Gargett and Chan, 2006; Chan et al., 2012). LRCs initiated estrogen-induced endometrial epithelial regeneration in ovariectomized mice (Chan et al., 2012). By applying genetic labeling of H2B-GFP, peripubertal labeling resulted in glandular LRCs persisting for 8 months and through several pregnancies (Patterson and Pru, 2013). However, long-term persistent glandular LRCs were not seen post H2B-GFP labeling in adult cycling mice (Wang et al., 2012). Thus, the LRC approach is limited in definitively identifying stem/progenitor populations and their location, likely due to variables such as timing of the initial pulse, length of chase and labeling cells on their penultimate cell division (Gargett et al., 2016).

Mouse telomerase reverse transcriptase (mTert) marks stem cells in the intestine (Breault et al., 2008) and was recently shown to mark rare stromal, epithelial and leukocyte populations in the mouse endometrium. Epithelial mTert expression does not co-localize with BrdU, indicating that mTert is independent of LRCs and marks a different progenitor cell type (Deane et al., 2016). Wild-type recipients of bone marrow transplants from mTert-GFP or Chβ-actin-GFP reporter mice demonstrated no contribution of bone marrow-derived cells to endometrial epithelial lineages, but contributed to immune cells which were likely misidentified in previous studies (Ong et al., 2018).

The first CreERT2-LoxP–based single-cell lineage tracing system in the adult mouse uterus to functionally identify epithelial stem cells resulted from characterizing stem cell clones in vivo (Jin, 2019). In this study, a mouse line containing a Keratin19 (epithelial marker) promotor positioned next to an inducible Cre recombinase was crossed with the Rosa26-YFP reporter strain to lineage label epithelial cells. By quantifying distinct cellular phenotypes (EpCAM+FOXA2– luminal vs. EpCAM+FOXA2+ glandular) and the proliferative ability (KI67+) of the endometrial epithelium, different clonal populations were identified in the mouse endometrial epithelium. The founder cells of mixed clones, originating from the intersection zone of the LE and GE, were identified as endometrial epithelial stem cells (Jin, 2019; Figure 3B). Such tissue distribution supports that these bipotent endometrial epithelial stem cells bidirectionally differentiate into LE and GE for maintaining homeostasis and regeneration of mouse endometrial epithelium under physiological conditions (Jin, 2019).

Another recent lineage tracing study in the mouse uterus claimed Axin2-expressing cells residing in endometrial glands as the stem cell source responsible for epithelial regeneration (Syed et al., 2020). In this study, tetracycline induction and Cre-mediated recombination system were combined to label and trace the behavior and fate of the Axin2-expressing cells. Around 29% of GE are Axin2+, querying the enrichment level of the endometrial epithelial stem cell population, which is expected to be rare as for other adult stem cells. Lineage tracing Axin2+ cells revealed their location in gland bases, where they progressively expanded to occupy entire glands after 90 days using an initial subset of labeled Axin2+ GE cells, or after 70 days when all Axin2+ GE cells were labeled and traced. The mouse endometrium is a highly regenerative tissue with substantial epithelial turnover during each 4-to 5-day estrous cycle. A 90-day trace is equivalent to 22–23 cycles, and 70 days equates to 14–15 cycles. However, there was a limited contribution of Axin2+ GE to the LE under both experimental conditions during normal estrous cycling. Even after six cycles of pregnancy and involution (180 days) following 1 week of maximally labeled Axin2+ GE cells, the contribution of Axin2+ GE to the LE is minimal. Thus, Axin2+ GE has a very limited contribution to LE after multiple cycling or post-partum injury, but a high contribution to GE, suggesting Axin2+ GE supply to LE is insufficient to maintain homeostasis or renewal of LE (Syed et al., 2020). It appears that Axin2+ GE is a GE-specific progenitor cell, particularly given that the cellular turnover of LE is substantially greater than GE in cycling mice (Kaitu’u-Lino et al., 2010). Using a different GE specific marker, lineage tracing of Foxa2+ GE fate completely excluded the contribution of GE to LE (Jin, 2019). This was further verified by evidence that Lgr5+ progenitor cells located on the tips of developing endometrial glands after birth are exclusively responsible for the development and maintenance of uterine glands (Seishima et al., 2019). Lineage tracing of Pax8+ epithelial cells revealed a potential cellular source to maintain both luminal and glandular epithelia, however, their potency is difficult to be determined, as Pax8 is abundant throughout the entire endometrial epithelium (Fu et al., 2020). The epithelial stem cell population located in the intersection area between LE and GE maintains and renews both LE and GE efficiently to supply cellular requirement during cycling and the post-partum period (Jin, 2019). Thus, the intersectional location of the adult endometrial epithelial stem cells well supports the physiology and function of mouse uterine endometrium.

The niche for endometrial epithelial stem cells in both mice and humans is not as well studied as other organs. Endometrial stem/progenitor cells are a relatively new field and it took time to identify specific marker (s) for these cell populations in human and they are still to be identified in the mouse. This limits the identification of their microenvironment on a cellular and molecular level. There is currently insufficient published knowledge to provide a detailed understanding of the endometrial epithelial stem cell niche in this review. However, it is anticipated that new studies in the next few years will generate discoveries on the endometrial epithelial stem cell niche.



Role of Endometrial Epithelial Stem/Progenitor Cells in Re-epithelization and Post-partum Regeneration

Stem cell contributions to re-epithelization can be studied using mouse models of menstruation (Brasted et al., 2003; Cousins et al., 2014) or pseudopregnancy (Huang et al., 2012; Patterson et al., 2013). MET has been studied in both models. Cells expressing both cytokeratin and vimentin were observed close to areas of repair within 12 h of progesterone withdrawal in a menses-like model (Cousins et al., 2014), with significant increases of epithelial Wnt7a mRNA coinciding with decreasing concentrations of stromal Wnt4 mRNA suggesting stem/progenitor activity and MET. In a postpartum repair model, a group of stromal cells expressing Anti Mullerian Hormone Receptor type II contributed to epithelial repair and regeneration via MET (Huang et al., 2012; Patterson et al., 2013). A comprehensive investigation into a role for MET in endometrial regeneration using a number of different lineage tracing mouse lines indicates that mesenchymal reporter-positive epithelial cells were identified at birth and maintained in adult epithelium, as expected for a mesodermal-derived epithelium. However, evidence of MET of adult mesenchymal cells, particularly during post-partum repair, was not identified suggesting that it is unlikely that the mesenchyme contributes to the adult epithelium (Ghosh et al., 2020).

SP cells have been found in the stroma in postpartum mice but not in the normal cycling endometrium (Hu et al., 2010). The identity and role of endometrial SP cells remain unclear. Unlike in estrous cycling mice, mTert+ LE cells were not observed prior to endometrial breakdown, most likely due to the high exogenous progesterone support. Following progesterone withdrawal and induction of menses, LE mTert+ clusters were identified in the repairing epithelium (Cousins et al., 2018b), suggesting activation to support immediate repair mechanisms. During this initial repair event no GE mTert+ cells are identified, suggesting that GE expression of mTert may be estrogen dependent and may have a role in endometrial regeneration. LE mTert+ cells were located adjacent to clusters of KI67+ cells suggesting that mTert+ cells may undergo asymmetrical division to form TACs, which proliferate to form new LE cells (Cousins et al., 2018b). Similarly, extensive cell turnover of the LE was demonstrated during the repair phase in an induced menstruation-like event, which was followed by GE proliferation (Kaitu’u-Lino et al., 2010). These concepts are also in keeping with how the GE supports regeneration in the human endometrium.

Whilst the bone marrow does not appear to contribute to the endometrial epithelium during the estrous cycle, bone marrow transplantation studies under pathological conditions have revealed a limited contribution of bone marrow-derived cells to endometrial regeneration (Bratincsak et al., 2007; Du and Taylor, 2007; Mints et al., 2008; Du et al., 2012; Morelli et al., 2013).

Lineage tracing has provided direct evidence that the epithelial stem cells in the intersection zone between LE and GE are capable of life-long maintenance of the self-renewing endometrial epithelium and post-partum regeneration of epithelial lineages (Jin, 2019). Axin2+ (Syed et al., 2020) or Lgr5+ (Seishima et al., 2019) progenitor GE cells located at the tips (base) of glands support the cyclical renewal and/or post-partum regeneration of endometrial GE in mice. It would be interesting to reveal the relationship among the epithelial stem cells in the intersection area, Axin2+ and Lgr5+ GE progenitors in future studies. It is possible that the epithelial stem cells in the intersection area differentiate into either Axin2+ or Lgr5+ GE progenitors with significant overlap between these 2 progenitor cells given the role of both markers in the Wnt signaling pathway.




CONCLUSION

Accumulating reports of endometrial epithelial stem/progenitor cells have revealed their important roles in homeostasis and regeneration of the endometrial lining of the uterus in both humans and mice. Increasing knowledge of endometrial stem/progenitor cell biology and their niches provides new understanding of the remarkable regenerative capacity of mouse and human endometrium. It also contributes new insight into endometrial proliferative disorders, offering potential for new therapies targeting the epithelial stem/progenitor cells. In mice, lineage tracing single cells in the whole uterus reliably tracks the behavior and fate of the endometrial epithelial stem/progenitor cells, by which, potency, location and markers of endometrial epithelial stem/progenitor cells have been advanced. In humans, previous and recent studies applying functional stem cell assays including organoid formation and specific surface marker identification have enabled characterization of the location of endometrial epithelial stem/progenitor cells. The surface markers identified for human endometrial epithelial stem/progenitor cells allow their isolation and future manipulation for treatment of infertility or miscarriage caused by an inadequate endometrial proliferation. Single cell sequencing comparing basalis, functionalis and luminal epithelium will likely increase our understanding of the epithelial hierarchy in human endometrium in relation to the newly discovered unique structural differences between these endometrial zones. The regulatory mechanisms of self-renewal and differentiation of endometrial epithelial stem/progenitor cells are the scientific premise needed to decode aberrations in these cells and their role in the development of endometrial diseases such as endometriosis and endometrial cancer. Only then can effective treatments be developed that target abnormal endometrial epithelial stem/progenitor cells. The promise of endometrial epithelial stem/progenitor cells for regenerative medicine, their markers and their regulatory mechanisms of self-renewal and differentiation should ensure further research in these areas are pursued.
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Prednisolone Alters Endometrial Decidual Cells and Affects Decidual-Trophoblast Interactions
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Poor pregnancy outcomes such as recurrent pregnancy loss (RPL) and preeclampsia are associated with impaired decidualization and abnormal trophoblast invasion. Emerging evidence suggests that use of corticosteroids, including prednisolone affects fertility by altering uterine function and may be associated with preeclampsia incidence. In this study, using primary and gestational-age appropriate tissue, we aimed to define the effect of prednisolone on human endometrial stromal fibroblast (hESF) decidualization and determine whether hESF decidualization in the presence of prednisolone would alter hESF regulation of trophoblast function. We found that prednisolone treatment reduced hESF cytokine expression (IL6, IL11, IL18, LIF, and LIFR) but had no effect on hESF expression or secretion of the classic markers of decidualization [prolactin (PRL) and IGFBP1]. Using proteomics we determined that prednisolone altered decidualized hESF protein production, enriching hESF proteins associated with acetylation and mitrochondria. Conditioned media from hESF decidualized in the presence of prednisolone significantly enhanced trophoblast outgrowth and trophoblast mRNA expression of cell motility gene PLCG1 and reduced trophoblast production of PGF. Prednisolone treatment during the menstrual cycle and 1st trimester of pregnancy might alter decidual interactions with other cells, including invasive trophoblast.

Keywords: prednisolone, decidualization, trophoblast, recurrent pregnancy loss, preeclampsia


INTRODUCTION

To prepare for embryo implantation and pregnancy, uterine endometrial stromal fibroblast [human(h)ESF] differentiate or “decidualize” in response to progesterone to become decidual cells (Evans et al., 2016). Decidualization is initiated immediately post-ovulation under the control of progesterone and involves the reprogramming of hESF such that different genes are expressed at different stages of differentiation (Popovici et al., 2000). During implantation extravillous trophoblast (EVT) invades into the decidualized endometrium (decidua) and upper third of the myometrium (Lunghi et al., 2007). The decidua produces factors which regulate trophoblast invasion (Dimitriadis et al., 2005; Lunghi et al., 2007; Burton et al., 2010; Menkhorst et al., 2012, 2015, 2019; Pollheimer et al., 2018) and protect the conceptus from the maternal immune system and oxidative stress (Evans et al., 2016; Okada et al., 2018). Poor pregnancy outcomes including recurrent pregnancy loss (RPL) and preeclampsia are associated with impaired decidualization (Founds et al., 2009; Salker et al., 2010; Dimitriadis et al., 2020).

Prednisolone is a corticosteroid which classically acts via the glucocorticoid receptor (GR) and has anti-inflammatory and immuno-modulatory effects (Frolkis et al., 2010). Prednisolone administration during the menstrual cycle and early pregnancy may affect endometrial stromal and trophoblast cells: GR are present in the glandular epithelium and stromal cells of the endometrium and 1st trimester decidua (Henderson et al., 2003) as well as trophoblast cells of the 1st trimester placenta (Yang et al., 2016; Kisanga et al., 2018). Murine models suggest that prednisolone or other corticosteroid administration during early pregnancy affects fertility and pregnancy outcome via actions on the uterus (Matejevic et al., 1995; Li et al., 2018; Kieffer et al., 2020), however, the precise impact of these drugs on endometrial cells specifically is unknown.

Prednisolone is used an off-label therapy for RPL to reduce uterine Natural Killer (uNK) cell numbers (Dimitriadis et al., 2020). The reported efficacy of prednisolone at preventing miscarriage in women with a history of idiopathic miscarriage is highly variable between studies (Tang et al., 2013; Gomaa et al., 2014; Dan et al., 2015; Cooper et al., 2019) however, the most recent systematic review and meta-analysis found that prednisolone administration did not improve miscarriage rates or pregnancy outcome (Woon et al., 2020). Concerningly, there is emerging evidence linking corticosteroid use to preeclampsia incidence in women (Boyd et al., 2015; Bandoli et al., 2017) and dexamethasone treatment in pregnant rats induces the development of PE features (Zhang et al., 2016, 2018), however, most studies investigating the role of prednisolone in RPL are not sufficiently powered to identify rare pregnancy outcomes such as preeclampsia.

We hypothesized that prednisolone treatment may have off-target actions on endometrial stromal fibroblasts, affecting decidualization, decidual regulation of trophoblast function and ultimately the formation of a healthy placenta. In this study, using primary and gestational-age appropriate tissue, we aimed to define the effect of prednisolone on hESF decidualization and determine whether hESF decidualized in the presence of prednisolone would differently regulate trophoblast function.



MATERIALS AND METHODS

This study was conducted under approvals from The Royal Women’s Hospital and Monash Health Human Research and Ethics Committees (#90317B, #06014C, and #03066B). Written and informed consent was obtained from each patient before surgery. All experiments were performed in accordance with the NHMRC guidelines for ethical conduct in human research.

Endometrial biopsies were collected by dilatation and curettage from women (n = 15 women; age 36.4 ± 1.3 years; range 29–46 years). Women were fertile (n = 2/15), primary infertile (n = 3/15; unable to conceive for ≥12 months), secondary infertile (n = 9/15; unable to conceive for >6–12 months but who have had a previous successful pregnancy), or unknown fertility (n = 1/15; have not attempted to conceive). 4/15 women had polyps, 1/15 had endometriosis, 1/15 had PCOS, 2/15 had menorrhagia and the reminder (7/15) had no obvious endometrial pathology. The women had no hormonal treatment for ≥3 months before tissue collection, however, 2/15 were prescribed prednisolone.

Products of conception were collected from first trimester pregnancies (n = 9; amenorrhea 5–13 weeks) following elective termination of pregnancy by evacuation for psychosocial reasons.


Culture Conditions

All cells were cultured at 37°C in a 5% CO2 humidified culture incubator. hESF were maintained in DMEM/F12 (Gibco, Thermo Fisher Scientific, Inc.) plus 10% charcoal stripped Fetal Bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc.) and 1% antibiotics (penicillin, streptomycin, amphotericin B; Gibco, Thermo Fisher Scientific, Inc.). Isolated EVTs were maintained in DMEM/F12 containing 10% heat-inactivated FBS (Gibco, Thermo Fisher Scientific, Inc.) and 1% antibiotics.



Decidualization

hESF were isolated as previously described by collagenase digestion and filtration (Menkhorst et al., 2017) which results in a 97% pure stromal cell culture (Dimitriadis et al., 2002). hESF were decidualized as previously described (Menkhorst et al., 2017). Briefly, hESF were treated with estradiol (E, 10–8 M; Sigma) alone or E plus medroxyprogesterone acetate (MPA, 10–7 M; Sigma) in DMEM/F12 containing 2% charcoal stripped FBS and 1% antibiotics for up to 14 days. The media was refreshed every 2–3 days, on a Monday, Wednesday, and Friday. 9/15 cultures (eight secondary infertile, one fertile) were frozen after isolation and subsequently thawed for decidualization, proteomics and trophoblast experiments; 6/15 (two fertile, three primary infertile, and one unknown) were decidualized without being frozen and thawed for decidualization and trophoblast experiments.



Prednisolone Treatment

To determine the effect of prednisolone on hESF gene expression, non-decidualized hESF (n = 5 biological replicates) were treated with prednisolone (0.5 μg/ml; Aspen Pharmacare; vehicle control DMSO) for 16 h. To determine the effect of prednisolone treatment during decidualization, hESF (n = 11 biological replicates) undergoing in vitro decidualization as described above were treated with prednisolone (0.5 μg/ml) for 12–13 days. On days 9/10 or 12/13 media that had been incubated with cells for 48 h (conditioned media, CM; added to cells either days 7/8 or 10/11) was collected for prolactin (PRL) or insulin-like growth factor binding protein 1 (IGFBP1) ELISA. The day of collection varied as decidualization treatments were started as soon as the hESF were confluent and media was only changed on Monday, Wednesday, and Friday. On day 13 hESF were washed twice with PBS and cells were cultured for a further 24 h in decidualization treatment (E + MPA) only (prednisolone washout). Cells and CM collected from decidualized hESF on day 14 was pooled and used for trophoblast/outgrowth treatments and day 14 hESF cells (n = 3) were used for gene expression and proteomics analyses. The dose of prednisolone was determined from concentration in plasma following a single 20 mg dose (Wilson et al., 1977) and subsequent trial of various doses (0.05, 0.5, and 5 μg/ml) in vitro. We found 0.5 μg/ml prednisolone effectively suppressed hESF pro-inflammatory cytokine production (Figure 1A).
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FIGURE 1. Prednisolone suppressedpro-inflammatory cytokine production by human endometrial stromalfibroblast (hESF). Prednisolone treatment: (A) inhibitedhESF pro-inflammatory cytokine [interleukin (IL) 6, and IL18] gene expression, but had no effect on IL10 gene expression, paired t-test, n = 3-4/group; (B) had no effect on hESF glucocorticoid receptor (GR) gene expression, paired t-test, n = 4/group; (C) had no effect on classic decidualization makers prolactin (PRL) or insulin-like growth factor binding protein (IGFBP)1 expression; (D) had no effect on decidualization genes bone morphogenic protein (BMP)2, BMP7, homeobox A (HOXA)10 or inhibinβA (INHBA), but inhibited IL11, leukemia inhibitory factor (LIF) and LIF receptor (LIFR) gene expression, paired t-test, n = 4/group. Data presented as mean ± SEM; *P < 0.05.




Treatment of Trophoblast With hESF Conditioned Media


Trophoblast Outgrowth

Trophoblast outgrowth from villous tips (n = 6 biological replicates) was quantified as previously described (Winship et al., 2015; Menkhorst et al., 2019) with slight modification: villous tips were seeded on to neat growth-factor reduced MatrigelTM (Corning) instead of collagen. After 48 h of culture outgrowing villous tips were treated with day 14 hESF CM (FC 50%) for 72 h. The tips were photographed at 48 and 120 h and area of outgrowth quantified using ImageJ at 120 h (normalized to outgrowth at 48 h).



EVT Gene Expression

Trophoblast were isolated as previously described (Menkhorst et al., 2012) and cultured on growth factor reduced MatrigelTM diluted 1:5 in DMEM/F12 to promote differentiation toward the EVT phenotype. EVTs (n = 3 biological replicates) were treated with neat day 14 hESF CM for 16 h before RNA isolation for gene expression analysis.




Prolactin and IGFBP1 ELISA

Prolactin and IGFBP1 secretion by decidualized hESF (days 9/10 and 12/13) was quantified by ELISA of hESF CM as per the manufacturer’s instructions (DuoSet kits #DY682 and #DY871, R&D systems). Briefly, capture antibody was diluted in phosphate buffered saline and used to coat a 96 well microplate overnight at room temperature (RT; 100 μL/well). The following morning the capture antibody was aspirated before the plate was washed three times with wash buffer before non-specific antibody binding was blocked by incubation with reagent diluent (300 μL) for 1 h at RT. The plate was again washed before 100 μL standards or hESF CM was added to the plate and incubated for 2 h at RT. Each standard or sample was assayed in duplicate technical replicates. hESF CM was assayed neat for the PRL ELISA and diluted 1:2 in reagent diluent for the IGFBP1 ELISA. Following a further wash step 100 μl detection antibody was incubated for 2 h at RT. The plate was again washed before 100 μl Streptavidin-HRP complex was incubated for 20 min at RT. The plate was washed a final time before 100 μl of substrate solution was added to each well (incubated for 20 min at RT) and finally minutes 50 μl of Stop solution added to each well. The optical density of each well was immediately determined using a microplate reader (Biostrategy Spectramax PLUS Plate Reader) set to 450 nm.



Gene Expression

RNA extraction and quantitative RT-PCR was performed as previously described (Menkhorst et al., 2020) using Tri Reagent (Sigma-Aldrich) or the RNeasy mini kit (QIAGEN), Superscript III First-Strand Synthesis System (Thermo-Fisher) and Power SYBR Green master mix (Applied Biosystems) on the Veriti 7 fast block real-time qPCR system (Applied Biosystems). A template-free negative control in the presence of primers and RNase-free water only was added for each run and each sample assayed in triplicate technical replicates. Primer sequences are shown in Supplementary Table 1; primers were obtained from Sigma-Aldrich. The qPCR protocol was as follows: 95°C for 10 min and 40 cycles of 95°C for 15 s followed by 60°C for 1 min. Relative expression levels were calculated using comparative cycle threshold method (ΔΔCT) as outlined in the manufacturer’s user manual.

PCR Array: To determine the potential mechanisms by which prednisolone-treated hESF induced trophoblast outgrowth we used a QIAGEN Cell Motility Array (PAHS-1282A) as per the manufacturer’s instructions on EVT treated with hESF CM. RNA was pooled from n = 2 tissues for the array.



Mass Spectrometry

Decidualized hESF (n = 3 biological replicates) cellular proteins following decidualization including treatment with 0.5 μg/ml prednisolone or vehicle control were identified using mass spectrometry. Day 14 cells were lysed and homogenized in ice-cold universal lysis buffer as previously described (Menkhorst et al., 2012).

Full details are provided in the Supplementary Material. Briefly, 3 μg total cellular protein quantified using BCA assay (Pierce) was used for Solid-Phase Protein Preparation followed by LC-MS/MS as previously described (Dagley et al., 2019; Hughes et al., 2019). The analysis of the samples was based on the label-free quantification (LFQ) intensities. Initial analyses and visualization of proteomics data was performed using LFQ-Analyst (Shah et al., 2020). The data was statistically evaluated using Perseus software (version 1.6.7.0). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD020543. Assessment of protein function enrichment was performed using DAVID Bioinformatics Resources 6.81 (Huang Da et al., 2009b, a), selecting Homo sapiens as the reference species.



Statistical Analysis

GraphPad Prism 9.02 was used for all statistical analysis. Pairedt-tests and repeated measures ANOVA were used. All data is presented as mean ± SEM. p < 0.05 was considered statistically significant.




RESULTS


Prednisolone Regulated hESF Cytokine Production

To confirm that prednisolone was active in hESF we determined whether prednisolone altered mRNA expression of cytokines known to be regulated by prednisolone. Prednisolone treatment of non-decidualized hESF significantly inhibited mRNA expression of the pro-inflammatory cytokines interleukin (IL) 6 (7.8-fold), and IL18 (2.6-fold), but had no effect on IL10 (Figure 1A) or GR expression (Figure 1B) compared to control.



Prednisolone Had No Effect on the Classical Markers of hESF Decidualization

We determined whether prednisolone could directly regulate genes associated with decidualization: prednisolone had no effect on PRL, IGFBP1 (Figure 1C), bone morphogenic protein (BMP) 2, BMP7, homeobox A (HOXA) 10, or inhibinβA (INHBA) production, but significantly inhibited IL11 (sixfold), Leukemia inhibitory factor (LIF; eightfold), and LIF receptor (LIFR; twofold) mRNA expression (Figure 1D).

Long-term treatment of hESF with estrogen plus MPA induced decidualization as demonstrated by detectable PRL and IGFBP1 secretion (Figures 2A,B; E alone treatment showed undetectable PRL and IGFBP1 at Day 9/10 and 12/13, data not shown). Addition of 0.5 μg/ml prednisolone to the decidualization treatment showed no significant effect on PRL or IGFBP1 secretion in hESF cultured fresh (Figure 2A; 3/4 primary infertile, 1/4 unknown fertility) or frozen down before seeding for decidualization treatments (Figure 2B; 3/4 secondary infertile, 1/4 fertile).
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FIGURE 2. Prednisolone had no effect on classic decidualization markergene expression or secretion by decidualized human endometrial stromal fibroblast (hESF). Prednisolone treatment: (A,B) had no effect on decidualized hESF secretion of PRL or IGFBP1 from hESF (A) cultured fresh or (B) cultured from frozen stocks, repeated measures ANOVA; n = 3-4/group; (C–F) had no effect on decidualized hESF production of (C) GR; (D) classic decidualization markers PRL or IGFBP1; (E) decidualization genes BMP2, BMP7, HOXA10, IL11, INHBA, LIF or LIFR; (F) preeclampsia-associated genes endoglin (ENG), vascular endothelial growth factor receptor (FLT1) or placental-like growth factor (PGF), paired t-test, n = 4/group; Data presented as mean ± SEM; *P < 0.05.


Decidualized hESF gene expression following long-term treatment with hESF was examined 24 h after prednisolone withdrawal (day 14). There was no effect of prednisolone on decidualized hESF GR (Figure 2C), PRL, IGFBP1 (Figure 2D), BMP2, BMP7, HOXA10, IL11, INHBA, LIF, LIFR (Figure 2E), endoglin (ENG), vascular endothelial growth factor receptor (FLT1), or placental-like growth factor (PGF) production (Figure 2F).



Prednisolone Altered Decidualized hESF Protein Production

We performed proteomics on hESF cellular protein following in vitro decidualization in the presence of prednisolone (0.5 μg/ml) or vehicle control (DMSO) to identify decidualized hESF proteins regulated by prednisolone. We identified 2,254 individual proteins with >2 peptides in control decidualized hESF by mass spectrometry. We quantitated the production of 1,824 individual proteins between control and prednisolone-treated hESF.

Prednisolone treatment substantially altered decidualized hESF protein production (Figures 3A,B). 176 proteins showed significant fold-changes following prednisolone treatment (Figure 3C), including one down-regulated (Signal recognition particle subunit SRP72) and 175 up-regulated (Supplementary Table 2). Functional clustering analysis (DAVID) identified that hESF decidualized in the presence of prednisolone had enrichment of proteins associated with acetylation (3.4-fold), mitochondrion inner membrane (14.6-fold), mitochondrion (5.7-fold), membrane (1.9-fold), and transport (3.3-fold) (Figure 3D and Supplementary Table 3).
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FIGURE 3. Analysis of differently regulated decidualized human endometrial stromal fibroblast (hESF) proteins following in vitro decidualization in the presence of prednisolone. (A) Principal components analysis. (B) Heat-map. (C) Volcano plot. (D) Enriched pathways. Individual numbers of proteins identified is indicated in white at the base of each bar. Case: prednisolone treated hESF; Control: vehicle control treated hESF.




Trophoblast Outgrowth Was Enhanced by hESF Decidualized in Presence of Prednisolone

To determine whether decidualization in the presence of prednisolone would impact decidual-trophoblast interactions we determined the effect of hESF CM on EVT outgrowth. EVT outgrowth was significantly enhanced following treatment with CM from hESF decidualized in the presence of prednisolone (1.7-fold, Figure 4A) compared to hESF decidualized in the presence of the vehicle control. The potential mechanism by which CM from hESF decidualized in the presence of prednisolone enhanced EVT outgrowth was investigated by assessing EVT gene expression following treatment with decidualized hESF CM (16 h) using a cell motility array (Supplementary Table 4). Genes highly altered on the array were validated by qPCR (Figure 4B). Phospholipase C, gamma 1 (PLCG1) was significantly increased in EVT exposed to prednisolone-treated decidualized hESF CM (1.2-fold, Figure 3B). To further investigate the effect of CM from hESF decidualized in the presence of prednisolone, we assessed EVT expression of genes associated with inflammation and preeclampsia (Figures 4C,D). Placental-like Growth Factor (PGF) was significantly decreased in EVT exposed to prednisolone-treated decidualized hESF CM (1.3-fold, Figure 4D).
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FIGURE 4. Prednisolone altered human endometrial stromal fibroblast (hESF) regulation of trophoblast function. (A) Extravillous trophoblast (EVT) outgrowth was significantly enhanced by conditioned media (CM) from hESF decidualized in the presence of prednisolone. Image shows representative outgrowth from villous tip. Insert shows area of outgrowth highlighted by dotted line. Paired t-test, n = 6. (B) EVT PLCG1 expression was significantly increased by treatment with CM from hESF decidualized in the presence of prednisolone. Paired t-test, n = 3/group. (C) EVT IL6 and IL18 expression was not altered by treatment with CM from hESF decidualized in the presence of prednisolone. Paired t-test, n = 3/group. (D) EVT PGF expression was significantly inhibited by treatment with CM from hESF decidualized in the presence of prednisolone. Paired t-test, n = 3/group. Data presented as mean ± SEM; *P < 0.05.





DISCUSSION

This is the first study to investigate the effect of prednisolone treatment on decidualization and decidual-trophoblast interactions. Prednisolone treatment during in vitro decidualization did not alter production of the classic decidualization markers PRL or IGFBP1 but altered hESF cytokine gene expression and decidualized hESF cellular protein. Intriguingly, trophoblast-decidual interactions were altered following hESF decidualization in the presence of prednisolone: we found prednisolone treatment enhanced trophoblast outgrowth, elevated EVT PLCG1 production and reduced EVT PGF production.

To our knowledge the direct effect of prednisolone on decidualization in women has never been investigated. Although prednisolone has been shown to downregulate GR production in HeLa cells (Shimojo et al., 1995) here we saw no effect on GR production in non-decidualized or decidualized hESF. Our data suggests that prednisolone suppresses hESF pro-inflammatory cytokine production as has previously been shown in other cell types (Karagiannidis et al., 2004; Andersson et al., 2005; Shmarina et al., 2017). It is interesting that prednisolone suppressed hESF production of IL11, LIF, and LIFR which we previously showed enhanced progesterone-induced decidualization (Dimitriadis et al., 2003; Shyua et al., 2011). Inhibition of IL11 expression by methylprednisolone has previously been show in bronchial epithelium (Chakir et al., 2003), but there is no previous investigation of the effect of prednisolone on LIF production. As IL11 and LIF are only two of many pathways altered during decidualization (Gellersen and Brosens, 2014; Evans et al., 2016) it is unsurprising that suppression of IL11 and LIF did not lead to altered production of PRL or IGFBP1, however, dysregulation of these factors may still impact hESF decidualization. It must be noted that the absolute levels of PRL and IGFBP1 secretion were different between hESF cultured fresh vs. those which were frozen before thawing for culture experiments. As most of the fresh hESF were from women with primary infertility and most of the frozen hESF were from women with secondary infertility this difference could also reflect the clinical characteristics of the women. Regardless, prednisolone had no effect on PRL or IGFBP1 production by hESF.

Since we found no effect of prednisolone treatment on gene expression or secretion of the classical markers of decidualization, we performed mass spectrometry to identify whether hESF proteins were altered by prednisolone treatment during decidualization. Of the 176 hESF proteins significantly regulated by prednisolone, 27 had previously been identified in decidua, including factors which promote decidualization [including GNA11/GNAQ (De Oliveira et al., 2019), CDK6 (Tan et al., 2002), and SCRIB (Whitby et al., 2018; Yuan et al., 2019)], or which are upregulated during decidualization [including CTTN (Paule et al., 2011), CTNNA1 (Patterson et al., 2017), SPTLC2 (Ding et al., 2018), and ALDH1A1 (Tomari et al., 2020)]. Decidualization itself is associated with substantial post-translational modification (Díaz-Gimeno et al., 2014) and here we found that prednisolone stimulated the production of proteins associated with acetylation, however, the effect of altered acetylation in decidualized hESF is unknown. Prednisolone treatment also altered hESF proteins associated with mitochondria, including increased production of factors associated with ATP generation and transport (e.g., UQCRC2, VDAC1/2; ATP5 synthases; NDUF enzymes; SLC25A mitochondrial carrier proteins). Again, the precise effect of altered hESF mitochondrial function is unknown. It is likely that proteins regulated by prednisolone will alter decidual cell interactions with other cells in the uterus, including trophoblast as demonstrated here.

We previously observed that CM from decidualized hESF enhanced trophoblast outgrowth when compared to non-decidualized hESF (Menkhorst et al., 2019). Despite prednisolone having no effect on classic markers of decidualization we observed that CM from hESF decidualized in the presence of prednisolone enhanced trophoblast outgrowth, suggesting that prednisolone altered hESF release of factors which regulate trophoblast function. Future studies are required to elucidate how prednisolone alters hESF CM and thus decidual regulation of trophoblast invasion, however, the data presented here suggests hESF CM may alter trophoblast motility genes including PLCG1. PLCG1 has not previously been identified in trophoblast or the placenta, however, it has well established roles in tumor metastasis where it promotes cell invasion (Kunze et al., 2014; Jang et al., 2018; Tang et al., 2019), potentially via its interactions with MMP2 (Zhang et al., 2019) or EGFR signaling (Jang et al., 2018). The precise effect that increased PLCG1 production by EVTs would have on trophoblast invasion and whether hESF CM regulates other trophoblast functions including viability or proliferation remains to be experimentally determined.

There is emerging evidence linking corticosteroid use to preeclampsia incidence in women (Bandoli et al., 2017) and the development of PE features in rodents (Zhang et al., 2016, 2018). The Danish National Cohort study identified corticosteroid medication use for inflammatory bowel disease had a strong and significant association with preeclampsia (Boyd et al., 2015). Diseases for which prednisolone is a common treatment are also conditions with elevated risk of preeclampsia, including Antiphospholipid syndrome (APS) (when prescribed in addition to aspirin and heparin) (Empson and Al, 2005), chronic kidney disease (10-fold increased risk of preeclampsia) (Wiles et al., 2020) and systemic lupus erythematosus (14% increased risk of preeclampsia) (Chen et al., 2019), however, the contribution of prednisolone vs. the effect of the disease itself to preeclampsia risk has not been established.

The contribution of decidual deficiency in the etiology of preeclampsia is emerging (Garrido-Gómez et al., 2020). Here we found that EVT treated with CM from hESF decidualized in the presence of prednisolone had reduced PGF production. Serum PGF is reduced in early pregnancy serum of women who develop PE and is a biomarker used in the 1st trimester screening test for preterm preeclampsia (Akolekar et al., 2013). In this study hESF also had altered production of factors previously identified to be increased in the decidua of women with preeclampsia, including COL4A1 (Yong et al., 2014, 2015), LNPEP (Yong et al., 2014), TM9SF2 (Garrido-Gomez et al., 2017) and COTL1 (Garrido-Gomez et al., 2017). The impact of prednisolone treatment on the decidua and decidual function could be a novel mechanism by which prednisolone or other corticosteroid use increases preeclampsia risk.

Overall, this study demonstrates that prednisolone alters decidualized hESF and altered decidual-trophoblast interactions. The clinical consequences of these changes are unknown, however, as all available data suggests that corticosteroid administration has no beneficial effect for IVF (Kaye et al., 2017; Mohammadi Yeganeh et al., 2018), RPL (Tang et al., 2013; Cooper et al., 2019; Woon et al., 2020), or repeated implantation failure (Siristatidis et al., 2018) and the emerging evidence that corticosteroid use during pregnancy may be associated with poor obstetrical outcomes (Boyd et al., 2015; Bandoli et al., 2017), off-label use of corticosteroids, in particular prednisolone, during the period of decidualization (secretory phase of the menstrual cycle and the 1st trimester), should be carefully considered.
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Appropriate growth and development of the endometrium across the menstrual cycle is key for a woman’s quality of life and reproductive well-being. Recurrent pregnancy loss (RPL) and heavy menstrual bleeding (HMB) affect a significant proportion of the female population worldwide. These endometrial pathologies have a significant impact on a woman’s quality of life as well as placing a high economic burden on a country’s health service. An underlying cause for both conditions is unknown in approximately 50% of cases. Previous research has demonstrated that aberrant endometrial vascular maturation is associated with both RPL and HMB, where it is increased in RPL but reduced in HMB. TGFβ1 is one of the key growth factors that regulate vascular maturation, by inducing phenotypic switching of vascular smooth muscle cells (VSMCs) from a synthetic phenotype to a more contractile one. Our previous data demonstrated an increase in TGFβ1 in the endometrium of RPL, while others have shown a decrease in women with HMB. However, TGFβ1 bioavailability is tightly controlled, and we therefore sought to perform an extensive immunohistochemical analysis of different components in the pathway in the endometrium of normal controls, women with HMB or RPL. In addition, two in vitro models were used to examine the role of TGFβ1 in endometrial vascular maturation and endothelial cell (EC):VSMC association. Taken all together, the immunohistochemical data suggest a decrease in bioavailability, receptor binding capacity, and signaling in the endometrium of women with HMB compared with controls. In contrast, there is an increase in the bioavailability of active TGFβ1 in the endometrium of women with RPL compared with controls. Endometrial explants cultured in TGFβ1 had an increase in the number of vessels associated with contractile VSMC markers, although the total number of vessels did not increase. In addition, TGFβ1 increased EC:VSMC association in an in vitro model. In conclusion, TGFβ1 is a key regulator of endometrial vascular maturation and could be considered as a therapeutic target for women suffering from HMB and/or RPL.
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INTRODUCTION

The endometrium is one of the most dynamic tissues in the human body, undergoing a repetitive cycle of proliferation, differentiation and breakdown every month during the menstrual cycle. After menstruation, the endometrium functionalis is regenerated from the remaining endometrium basalis, a niche for endometrial stem cells and stumps of the endometrial vasculature. Increasing evidence suggests that dysregulated regeneration of the endometrium may contribute to conditions affecting a woman’s reproductive health, e.g., recurrent pregnancy loss (RPL) and heavy menstrual bleeding (HMB). Abnormal development and flow in these endometrial blood vessels has been implicated in various reproductive disorders including RPL, recurrent implantation failure (RIF), unexplained infertility, and HMB (Goswamy et al., 1988; Steer et al., 1994; Habara et al., 2002; Quenby et al., 2009).

Heavy menstrual bleeding (HMB) affects approximately 10 million women annually in the United States, including 30% of women of reproductive age, and significantly impacts a woman’s quality of life and impacts society in terms of health care costs and lost productivity of the female workforce (Hapangama and Bulmer, 2016; NICE, 2018; Critchley et al., 2020). While HMB may result from clinical conditions such as uterine fibroids and adenomyosis, approximately 50% of the cases remain unexplained (Rees, 1987; Davis and Sparzak, 2020) and current treatment options often compromise fertility either temporarily or permanently. We and others have previously demonstrated that vascular structure and maturation is anomalous in the endometrium of women with HMB (Abberton et al., 1999a,b; Hurskainen et al., 1999; Rogers and Abberton, 2003; Biswas Shivhare et al., 2014, 2018).

Recurrent pregnancy loss is defined as two or more consecutive pregnancy losses; many cases are idiopathic (Quenby and Farquharson, 1993; Rai and Regan, 2006), although an altered endometrial environment may be a contributory factor to these idiopathic cases (Brosens and Gellersen, 2010). We and others have shown that women with a history of RPL have increased endometrial blood vessel maturity and blood flow (demonstrated by uterine artery Doppler) (Quenby et al., 2009; El-Azzamy et al., 2018). Embryo implantation occurs in a low oxygen environment (2–3% O2) (Yedwab et al., 1976; Rodesch et al., 1992), with oxygen levels in the intervillous space rising to 6–8% O2 between 10 and 12 weeks gestation (Jauniaux et al., 2000). Inappropriate maternal blood flow to the intervillous space may be underpinned by several different pathologies and has been proposed to be a final common pathway in both sporadic miscarriage and RPL (Jauniaux et al., 2000). Therefore, we propose that the described changes in the endometrial vasculature in women with a history of RPL may lead to excess oxygen at the early implantation site, resulting in oxidative stress damage to the developing embryo and placenta.

The carefully timed cyclic features of angiogenesis and remodeling of monthly endometrial growth and regression results from a complex network of interactions between hormones and pro- or anti-angiogenic growth factors (Rogers et al., 2009). Although estrogen and progesterone are the primary regulators of endometrial angiogenesis (Iruela-Arispe et al., 1999; Hague et al., 2002), their action is indirectly mediated by several growth factors expressed by the diverse cell population in the endometrium (Hapangama et al., 2015; Kamal et al., 2016). The endometrium is a rich source of angiogenic growth factors (AGFs), which show temporal changes in expression patterns across the menstrual cycle (Lash et al., 2012).

TGFβ1 is secreted as a latent form, its activation and consequent bioavailability is tightly regulated in a multistep process which includes secretion, storage and interaction with ECM components, release from ECM and finally activation prior to receptor binding (ten Dijke and Arthur, 2007). The inactive TGFβ peptide consists of a TGFβ dimer, covalently bound to the latency-associated peptide (LAP) forming the small latent complex (SLC), which can subsequently covalently attach to the large latent TGFβ-binding protein (LTBP1) to form the large latent complex (LLC) (Kanzaki et al., 1990; Saharinen et al., 1996; Maroni and Davis, 2011). The LLC binds to microfibrils and ECM via the LTBP. The degradation of these microfibrils via inflammatory proteolytic enzymes like elastase displaces the LLC from ECM, prior to TGFβ activation (Chaudhry et al., 2007; ten Dijke and Arthur, 2007). Following displacement from ECM, the mature TGFβ dimer is released from the LAP and activated by matrix metalloproteases 2 and 9 (MMP2, MMP9), thrombospondin-1 (THBS1) or integrins in a cell-specific manner, prior to binding to their signaling receptors (Crawford et al., 1998; Annes et al., 2003; Sheppard, 2005; ten Dijke and Arthur, 2007). Active TGFβ dimer signaling is mediated via two pairs of transmembrane receptor serine/threonine kinases knows as the TGFβ type I (TGFβRI) and TGFβ type II (TGFβRII) and/or accessory receptors TGFβRIII (betaglycan) and endoglin (on ECs). One TGFβRII and two distinct TGFβRI receptors; endothelium restricted activin receptor-like kinase (ALK)1 and widely expressed ALK5, are indicated in the TGFβ signaling pathway. Active TGFβ binds to TGFβRII, which recruits, phosphorylates and activates TGFβRI (ALK5), which in turn phosphorylates Smad transcription factors Smad2 and 3, which in turn interact either with SMAD4 to regulate targeted gene expression or with Smad7 resulting in inhibition of this cascade (ten Dijke and Arthur, 2007; Massagué et al., 2008). One of the functions of TGFβ1, is regulation of vascular smooth muscle cell (VSMC) recruitment as well as phenotypic switching from a synthetic to more contractile cell type, which is associated with more mature blood vessels (Lebrin et al., 2005). TGFβ1 and its receptors are expressed in the endometrium across the menstrual cycle, and TGFβ1 is also increased in RPL, a condition associated with increased vascular maturation (Lash et al., 2012). Expression of TGFβ1 has previously been shown to be either unchanged (Abberton et al., 1999b) or reduced in the endometrium of women with HMB (Maybin et al., 2017).

We, and others, have previously demonstrated altered endometrial vascular development in women with HMB and RPL (Abberton et al., 1999b; Quenby et al., 2009; Biswas Shivhare et al., 2014, 2018). We have also shown that TGFβ1 immunoreactivity is increased in the endometrium of RPL (Lash et al., 2012). We therefore hypothesized that expression of TGFβ1, or its receptors, is reduced in the endometrium of women with HMB. We also aimed to further explore the expression of members of the TGFβ1 activation and signaling cascade in endometrium derived from women with a history of RPL and HMB.



MATERIALS AND METHODS


Samples

Endometrial biopsies were obtained with informed consent from women undergoing hysterectomy at the Royal Victoria Infirmary, Newcastle upon Tyne, United Kingdom; Liverpool Women’s Hospital, Liverpool, United Kingdom; or Guangzhou Women and Children’s Medical Center (GWCMC), Guangzhou, China. HMB was defined as excessive menstrual blood loss which interferes with the woman’s physical, emotional, social, and material quality of life, and which can occur alone or in combination with other symptoms (NICE, 2018). In line with the hospital guidelines, empirical blood-loss measurements were not taken, and all cases were idiopathic. All women in the HMB group had unexplained disease, with no known underlying pathologies. RPL was defined as 2 or more consecutive miscarriages with no known causes after extensive examination. The control group was fertile women without any uterine pathology potentially associated with known endometrial abnormality (e.g., endometriosis, adenomyosis, leiomyomata, heavy irregular bleeding, or HMB) undergoing hysterectomy due to prolapse, cystocele, rectocele, urinary, or stress incontinence. Any women who had received hormone treatment within 3 months prior to the operation were excluded from the study. The menstrual cycle phase was staged according to standard morphological criteria (Noyes et al., 1975) by specialist gynecology histopathologists.

Endometrial biopsies (N = 5, in each of proliferative-early secretory (P/ES), and mid-late secretory (MS/LS) phases) were obtained from both control and women with HMB. Pipelle biopsies were taken from women with RPL at day 7–9 after the luteinizing hormone (LH) surge as previously described (Lash et al., 2012). The biopsies were fixed in 10% neutral buffered formalin for 24–48 h, routinely processed and embedded in paraffin wax, and 3 μm serial sections were cut for immunohistochemistry. The study was approved by Newcastle and North Tyneside Research Ethics Committee (Ref: 10/H0906/71), Liverpool Adult Ethics Committee (Ref: 09/H1005/55), and the GWCMC Ethics Committee (Ref: 2016021633). Patient demographics are shown in Table 1.


TABLE 1. Patient information for control, heavy menstrual bleeding and recurrent pregnancy loss groups [Mean (range)].

[image: Table 1]Endometrial biopsies for explant culture were obtained from women undergoing hysterectomy at the Royal Victoria Infirmary, Newcastle upon Tyne. Following surgery, the hysterectomy specimen was inspected by a clinical pathologist who excluded any suspicion of significant endometrial or cervical pathology and excised a block of endometrium or myometrium with overlying endometrium measuring approximately 2 × 2 cm. In the research laboratory the biopsy was further dissected into five approximately equal sections, placed into separate wells of a 48-well plate and cultured in control medium [DMEM-F12 containing 10% FBS, penicillin/streptomycin, L-glutamine (Life Technologies, Paisley, United Kingdom)], TGFβ1 (1 ng/ml, 10 ng/ml; Peprotech EC Ltd., London, United Kingdom) or anti-TGFβ1 antibody (10 ng/ml, AbCam) for 72 h, with treatment medium being changed after every 24 h. Controls contained 2 μM citric acid diluted in the appropriate culture medium. After 72 h, the tissue sections were removed from the plate, immediately fixed in neutral buffered formalin in five separately labeled containers and FFPE sections prepared for immunohistochemistry analysis.



Immunohistochemistry

Paraffin sections (3 μm) were dewaxed in xylene, rehydrated through descending concentrations of alcohol and incubated in 1% H2O2 in water for 10 min to block endogenous peroxidase activity. All washes were performed in 0.15M Tris-buffered 0.05M saline, pH 7.6 (TBS). Immunostaining was performed as previously described in detail (Schiessl et al., 2009). Antibodies were detected using an avidin-biotin-peroxidase technique (Vectastain Elite ABC kit; Vector Laboratories, Peterborough, United Kingdom). Details of source and dilution for all antibodies are provided in Supplementary Table 1. The reaction was developed for 1–2 min with 3,3′-diaminobenzidine (DAB; Sigma Chemical Co. Dorset, United Kingdom) containing 0.01% H2O2 to give a brown reaction product. Following this, sections were lightly counterstained with Mayer’s hematoxylin for 30 s, dehydrated, cleared in xylene and mounted with DPX synthetic resin (Raymond A. Lamb Ltd., London, United Kingdom). Positive and negative (replacement of the primary antibody by appropriate non-immune serum) controls were performed for all antibodies and samples.



Quantitative Image Analysis


Angiogenic Growth Factor (AGF) Expression in the Endometrium

Sections were examined using a Nikon Eclipse 80i microscope with a 20x objective and 10x eyepiece. AGF expression was assessed in the endometrial vessels, stroma, and glands (N = 5) in each of P/ES, MS/LS from both controls and women with HMB, and MS/LS from women with RPL by an observer, who was blinded to the origin of the sample using a modified “Quickscore” method (Schiessl et al., 2009). The whole of each section was assessed and the proportion of cells (1 = 0–25%, 2 > 25–50%, 3 > 50–75%, 4 > 75–100%) staining at a particular intensity (0 = negative, 1 = weak, 2 = moderate, 3 = strong) was taken into account. The percentage and intensity scores were then multiplied and summed to give a possible score range of 0–12. Vessels were identified by their smooth profile and by the surrounding layer(s) of smooth muscle cells. Only vessels with a visible lumen were included in the analysis.



VSMC Differentiation Marker Expression and ECM Component Expression in Cultured Endometrium

Sections were examined using a Nikon Eclipse 80i microscope with a 20x objective and 10x eyepiece. Expression of VSMC differentiation markers, EC, and ECM components was assessed in vessels in the entire tissue biopsies (N = 3 endometrium) in the proliferative phase from controls by an observer, who was blinded to the origin of the sample. Vessels were identified by their smooth profile and by the surrounding layer(s) of smooth muscle cells. Only vessels with a visible lumen were included in the analysis. Expression of VSMC differentiation markers and vascular ECM components was assessed by counting manually the percentage of vessels positively stained for each marker compared with the total number of vessels in the entire tissue as identified by CD31 + staining. VSMC differentiation marker immunostaining intensity was assessed by modified “Quickscore” as described above.



Isolation of Endothelial Cells and Vascular Smooth Muscle Cells From Saphenous Vein

Segments of saphenous vein (SV), obtained during coronary bypass operation, ≥2 cm in length were used for isolation of ECs and VSMCs. Veins were flushed with sterile PBS (pH 7.4) to remove red blood cells, one end constricted and filled with warmed endothelial cell digestion medium (0.1% Type I collagenase in PBS; Sigma), the other end was then constricted and incubated for 15 min at 37°C. The vein segment was then flushed with 3–4 ml PBS (pH 7.4), the medium collected, centrifuged (200 g for 5 min) and the resultant cell pellet re-suspended in EC culture medium (EC Growth Kit-BBE in vascular cell basal medium; LGC Standards Ltd, Teddington, United Kingdom), plated into one well of a 6-well plate and cultured at 37°C. A second 40 min incubation in EC digestion medium was performed and the resultant cell pellet also re-suspended in EC culture medium and plated. A final 50 min incubation in VSMC digestion medium [0.1% Type I collagenase, 0.02% elastase, 0.02% DNase in PBS (pH7.4); Sigma] was performed, the resultant cell pellet re-suspended in VSMC culture medium (Ham’s F12K containing 10% FBS, 30 μg/ml EC growth supplement, 50 μg/ml ascorbic acid, 1% HEPES, 2.3 mg/ml TES, 1% insulin/transferrin/sodium selenite, 1% amphotericin, 1% penicillin/streptomycin; LGC Standards or Sigma), plated in one well of a 6-well plate and incubated at 37°C. After 24 h, medium in each well was replaced with 2 ml appropriate EC or VSMC medium and incubated at 37°C until 90% confluence was reached. Isolated cells were characterized by immunocytochemistry for Factor VIII related antigen (F8RA), CD31 and CD34 (ECs), and alpha-smooth muscle actin (αSMA), h-caldesmon, and myosin heavy chain (VSMCs). Cells that were >99% pure and were between passages 3 and 5 were used for further experiments.



EC:VSMC Association Assay

ECs and VSMCs were incubated at 37°C, 5% CO2 for 30 min in cell tracker CFSE (5 mM stock diluted 1:5000 in EC basal medium; Invitrogen) and CMRA (10 mM stock diluted 1:2000 in VSMC basal medium; Invitrogen), respectively. EC (6 × 103 cells/well) were plated into 8-well chambers slides, 4 wells of which had been precoated with 5 μl growth factor reduced Matrigel (BD) and incubated for 4.5 h at 37°C at which point VSMCs (6 × 103 cells/well) in cell media (0, 1, 10 ng/ml TGFβ1) were added. Following a further 1 h incubation, time-lapse live imaging was performed on a Nikon Eclipse-i laser-scanning confocal microscope, equipped with 37°C incubator and 5% CO2 supply, using 20x oil objective, 10x eyepiece and excitation wavelengths of 492 nm (CFSE) and 548 nm (CMRA). Live imaging was carried out for up to 10 h and images captured every 15 min.

In order to study EC:VSMC interaction on matrigel, the following parameters were included: (a) total number of honeycomb (or tubule) structures with ≥ 3 arms, (b) the total number of nodes, (c) arm length, (d) the number of complete honeycombs (with an enclosed area), (e) the perimeter of the complete honeycombs, and finally (f) the percentage of VSMC coverage of the complete honeycombs determined as described below.

The digital time-lapse movies were analyzed using the open-source ImageJ software package in combination with the “cell counter” plugin to manually count the total number of honeycombs, number of nodes, complete honeycombs and measure the perimeter of three randomly chosen complete honeycombs at t = 10 h and the length of 5 randomly chosen arms at t = 10 h. The percentage of VSMC coverage was analyzed by measuring the total length of one complete honeycomb covered with VSMCs with respect to the EC perimeter length of the honeycomb.



AGF Secretion

Saphenous vein-derived ECs and VSMCs were separately cultured on 6-well plates and treated with TGFβ1 (0, 1, and 10 ng/ml) for 24 h. The resulting conditioned medium was harvested and used to determine the relative levels of AGFs by ELISA (VEGF-C, Ang-1, TGF-β1; R&D Systems Ltd) or Quantibody multiplex array (Angiogenin, Ang-2, EGF, bFGF, HB-EGF, HGF, Leptin, PDGF-BB, PlGF, VEGF-A; Raybiotech, Norcross, United States) according to the manufacturers’ instructions. Each experiment was performed on three separate occasions.



Statistical Analysis

Statistical analyses were performed using SPSS version 15.0 (SPSS Inc.). Data are presented as means ± standard error of mean (SEM) and differences were considered statistically significant at P ≤ 0.05. For comparison of three or more groups, Kruskal–Wallis or ANOVA with post hoc tests were used for non-parametric or parametric data as appropriate. For comparison of 2 groups Mann–Whitney U or Students t test were used for non-parametric or parametric data as appropriate.



RESULTS


Factors Involved in TGFβ1 Activation

There was weak to moderate immunoreactivity for LTBP1 in the stroma, glandular epithelium and vessels of the endometrium that did not alter across the menstrual cycle on in cases of HMB or RPL (Figures 1A,B). THBS1 showed moderate immunoreactivity in the endometrial stroma, glandular epithelium and vessels that did not alter across the menstrual cycle in control women or in women with HMB (Figures 1A,B). However, THBS1 immunoreactivity was increased in the stroma (P < 0.001), glandular epithelium (P < 0.05) and vessels (P < 0.01) of women with RPL compared with control women in the MS/LS phase of the menstrual cycle (Figures 1A,B). MMP2 showed weak to moderate immunoreactivity in the endometrial stroma, glandular epithelium, and vessels that did not alter with the menstrual cycle in control women or in women with RPL (Figures 1A,B). In MS/LS endometrium of women with HMB, MMP2 immunoreactivity was increased compared with controls (Stroma P < 0.05, glandular epithelium P < 0.05, vessels P < 0.05) (Figures 1A,B). Immunoreactivity for MMP9 was weak in all sections of the endometrium examined and did not alter with the menstrual cycle in control women or in women with HMB (Figures 1A,B); however, in comparison, women with RPL demonstrated an increase in MMP9 immunoreactivity in the endometrial vessels (P < 0.05) (Figures 1A,B).
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FIGURE 1. (A) Representative photomicrographs of immunostaining for large latent TGFβ-binding protein (LTBP1), thrombospondin (THBS1), matrix metalloproteinase (MMP)2 and MMP9 in proliferative/early secretory (P/ES), mid/late secretory (MS/LS) phase of the menstrual cycle in control and women with heavy menstrual bleeding (HMB), and MS/LS phase of women with recurrent pregnancy loss (RPL). Scale bar = 200 μm. Insets show enlarged magnification of one endometrial blood vessel. (B) Histograms showing quickscore for LTBP1, THBS1, MMP2, and MMP9 in endometrial stromal cells, glandular epithelium and blood vessels (EC + VSMC) n = 5 each group. * = P < 0.05, ** = P < 0.01, *** = P < 0.001.




TGFβ1 and Receptors

We have previously reported that immunoreactivity for TGFβ1 is increased in the endometrium of women with RPL, while TGFβRI and TGFβRII are decreased (Lash et al., 2012). In the current study immunoreactivity for TGFβ1 was weak to moderate and was increased in the vessels of control women in the MS/LS phase of the menstrual cycle compared to the P/ES phase (P < 0.001) (Figures 2A,B). Stromal immunoreactivity was reduced in the P/ES phase of women with HMB compared with controls (P < 0.05), and in women with HMB was increased in the MS/LS phase compared with the P/ES phase (P < 0.05) (Figures 2A,B). Immunoreactivity for TGFβRI and TGFβRII was also weak to moderate and did not alter with the menstrual cycle in control women or women with HMB (Figures 2A,B). Vascular immunoreactivity for TGFβRI was reduced in women with HMB in both the P/ES (P < 0.01) and MS/LS (P < 0.05) phases of the menstrual cycle compared with controls. Glandular immunoreactivity was also reduced in the MS/LS phase of HMB women compared with controls (P < 0.01) (Figures 2A,B). In addition, stromal (P < 0.01) and vascular (P < 0.05) immunoreactivity for TGFβRII was reduced in P/ES phase of the menstrual cycle of women with HMB compared with controls (Figures 2A,B).
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FIGURE 2. (A) Representative photomicrographs of immunostaining for TGFβ1, TGFβRI, and TGFβRII in proliferative/early secretory (P/ES), mid/late secretory (MS/LS) phase of the menstrual cycle in control and women with heavy menstrual bleeding (HMB), and MS/LS phase of women with recurrent pregnancy loss (RPL). Scale bar = 200μm. Insets show enlarged magnification of one endometrial blood vessel. (B) Histograms showing quickscore for TGFβ1, TGFβRI, and TGFβRII in endometrial stromal cells, glandular epithelium and blood vessels (EC + VSMC) n = 5 each group. * = P < 0.05, ** = P < 0.01, *** = P < 0.001.


Immunoreactivity for ALK4 was weak to moderate in all cell types and was reduced in the stroma of control women in the MS/LS phase of the menstrual cycle compared to the P/ES phase (P < 0.01), but was increased in both the glandular epithelium (P < 0.01) and vessels (P < 0.05) (Figures 3A,B). In addition, ALK4 was increased in stroma (P < 0.01) and vessels (P < 0.05) in the MS/LS phase of the menstrual cycle of women with HMB compared with the P/ES phase. In the P/ES phase of the cycle of women with HMB, ALK4 immunoreactivity in the stroma was reduced compared with the control samples from the same cycle phase (P < 0.01). In the MS/LS of women with HMB, ALK4 immunoreactivity in the glandular epithelium was reduced compared to controls (P < 0.05). In the MS/LS of women with RPL, ALK4 immunoreactivity in the stroma was increased compared to controls (P < 0.01). ALK7 immunoreactivity was weak to moderate in the stroma, glandular epithelium and vessels and did not alter across the menstrual cycle of controls, or in women with HMB or RPL (Figures 3A,B).
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FIGURE 3. (A) Representative photomicrographs of immunostaining for activin-like receptor (ALK)4 and ALK7 in proliferative/early secretory (P/ES), mid/late secretory (MS/LS) phase of the menstrual cycle in control and women with heavy menstrual bleeding (HMB), and MS/LS phase of women with recurrent pregnancy loss (RPL). Scale bar = 200 μm. Insets show enlarged magnification of one endometrial blood vessel. (B) Histograms showing quickscore for ALK4 and ALK7 in endometrial stromal cells, glandular epithelium and blood vessels (EC + VSMC) n = 5 each group. * = P < 0.05, ** = P < 0.01.


Immunoreactivity for integrin αv was weak in stroma, glandular epithelium, and vessels, which was increased in the stroma in the MS/LS phase of controls compared with the P/ES phase (P < 0.05) (Figures 4A,B). In the P/ES phase glandular epithelium of women with HMB, integrin αv immunoreactivity was increased compared to controls (P < 0.05). In RPL, integrin αv immunoreactivity in stroma was decreased (P < 0.01), but increased in glandular epithelium (P < 0.05) and vessels (P < 0.01) compared to controls. Integrin β3 immunoreactivity was weak in stroma, glandular epithelium, and vessels that did not alter across the menstrual cycle of controls (Figures 4A,B). In women with HMB and RPL MS/LS, immunoreactivity of integrin β3 in stroma (HMB P < 0.05, RPL P < 0.01) and glandular epithelium (HMB P < 0.05, RPL P < 0.01) was increased compared to controls; in RPL vessel (P < 0.05), immunoreactivity was also increased compared to controls. Integrin β6 immunoreactivity in stroma, glandular epithelium, and vessels was weak and did not change across the menstrual cycle (Figures 4A,B). In the P/ES phase of the menstrual cycle in women with HMB immunoreactivity for integrin β6 in glandular epithelium (P < 0.05) and vessels (P < 0.05) was increased compared with controls, while stromal immunoreactivity was increased in the MS/LS phase of the menstrual cycle (P < 0.05) (Figures 4A,B). In women with RPL glandular epithelial immunoreactivity of integrin β6 was increased compared to controls (P < 0.05).
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FIGURE 4. (A) Representative photomicrographs of immunostaining for integrins αv, β3, and β6 in proliferative/early secretory (P/ES), mid/late secretory (MS/LS) phase of the menstrual cycle in control and women with heavy menstrual bleeding (HMB), and MS/LS phase of women with recurrent pregnancy loss (RPL). Scale bar = 200 μm. Insets show enlarged magnification of one endometrial blood vessel. (B) Histograms showing quickscore for integrins αv, β3, and β6 in endometrial stromal cells, glandular epithelium and blood vessels (EC + VSMC) n = 5 each group. * = P < 0.05, ** = P < 0.01.




TGFβ1 Signaling Pathway

Immunoreactivity for Smad2 was weak to moderate in endometrial stroma, glandular epithelium and vessels, which did not alter across the menstrual cycle of controls or in women with HMB or RPL (Figures 5A,B). Moderate immunostaining for Smad3 was observed in stroma, glandular epithelium and vessels, and did not alter across the menstrual cycle in controls (Figures 5A,B). Smad3 immunoreactivity was reduced in MS/LS phase stroma (P < 0.01), glandular epithelium (P < 0.05) and vessels (P < 0.05) in women with HMB compared to controls, stromal Smad3 was also reduced in women with RPL (P < 0.05) (Figures 5A,B). Smad4 immunoreactivity was weak to moderate in stroma, glandular epithelium, and vessels and increased in glandular epithelium of controls (P < 0.05) and HMB (P < 0.05) in MS/LS compared with P/ES phase endometrium (Figures 5A,B). Vessel immunoreactivity of Smad4 was reduced in MS/LS phase in both women with RPL (P < 0.05) and HMB (P < 0.05) compared to controls (Figures 5A,B). Moderate immunoreactivity for Smad7 was observed in stroma, glandular epithelium, and vessels and did not alter across the menstrual cycle of controls or in women with HMB (Figures 5A,B). Immunoreactivity for Smad7 was reduced in both endometrial glandular epithelium (P < 0.05) and vessels (P < 0.05) of women with RPL compared with controls (Figures 5A,B).
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FIGURE 5. (A) Representative photomicrographs of immunostaining for Smad2, Smad3, Smad4, and Smad7 in proliferative/early secretory (P/ES), mid/late secretory (MS/LS) phase of the menstrual cycle in control and women with heavy menstrual bleeding (HMB), and MS/LS phase of women with recurrent pregnancy loss (RPL). Scale bar = 200 μm. Insets show enlarged magnification of one endometrial blood vessel. (B) Histograms showing quickscore for Smad2, Smad3, Smad4, and Smad7 in endometrial stromal cells, glandular epithelium, and blood vessels (EC + VSMC) n = 5 each group. * = P < 0.05, ** = P < 0.01.




Effect of TGFβ1 on Endometrial Vascular Development

To determine whether TGFβ1 plays a role in endometrial vascular development small endometrial biopsies were cultured in TGFβ1 or anti-TGFβ1 and assessed by immunohistochemistry for the total number of CD31+ vessels, the percentage of CD31+ vessels that also expressed VSMC markers or ECM components, and the intensity of immunoreactivity of those markers. Representative photomicrographs are shown in Figure 6.
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FIGURE 6. Representative photomicrographs of TGFβ1 (10 ng/ml) and anti-TGFβ1 (10 ng/ml) treated proliferative endometrium explants immunostained for CD31, h-caldesmon, osteopontin, collagen IV. Scale bar = 200 μm.


The total number of CD31+ endometrial vessels did not alter after treatment with TGFβ1 (10 ng/ml) or anti-TGFβ1 (10 ng/ml) (control 7.3 ± 2.7; TGFβ1 6.9 ± 3.6; anti-TGFβ1 6.6 ± 4.3). Around 30% CD31+ endometrial vessels also expressed h-caldesmon in the untreated control group. This was reduced when treated with either TGFβ1 (∼20%) or anti-TGFβ1 (∼12%) compared with the untreated group. The immunoreactivity of h-caldesmon did not alter with treatment (control 2.0 ± 0; TGFβ1 3.0 ± 0; anti-TGFβ1 4.0 ± 1.0). Around 10% CD31+ endometrial vessels also expressed smoothelin in the untreated control group, that was reduced after treatment with TGFβ1 (< 5%) or anti-TGFβ1 (< 5%). Smoothelin immunoreactivity intensity was not altered by treatment (control 1.0 ± 1.0; TGFβ1 1.0 ± 1.0; anti-TGFβ1 2.0 ± 2.0). Around 15% CD31+ endometrial vessels also expressed calponin, which was reduced after treatment with TGFβ1 (< 5%) or anti-TGFβ1 (< 5%). However, the immunoreactivity intensity for calponin was not altered (control 2.5 ± 0.5; TGFβ1 2.5 ± 0.5; anti-TGFβ1 2.0 ± 1.0). In the endometrial explants, all of the CD31+ vessels expressed collagen IV and osteopontin in the untreated control group, which was unaltered after treatment with TGFβ1 (100%) or anti-TGFβ1 (100%). The immunoreactivity intensity was also unaltered by treatment (collagen IV: control 9.0 ± 1.0; TGFβ1 9.5 ± 1.5; anti-TGFβ1 10.5 ± 1.5; osteopontin: control 8.0 ± 0; TGFβ1 7.5 ± 0.5; anti-TGFβ1 8.0 ± 1.0).



Effect of TGFβ1 on EC:VSMC Association in vitro

To determine how TGFβ1 effects the association of EC and VSMCs, we developed an in vitro assay extension of the commonly used EC tubule formation assay (Figure 7A). In addition to assessing the total number of honeycombs formed and the average length of the perimeter of each honeycomb, the % of honeycomb length covered by VSMCs was also determined. The total number of nodes and arm lengths were also assessed but this did not alter with treatment (data not shown). Treatment with TGFβ1 reduced the total number of honeycombs after 10 h (1 ng/ml, P = 0.005; 10 ng/ml P = 0.002) (Figure 7B), and the perimeter length (1 ng/ml, P = 0.01; 10 ng/ml, P = 0.005) (Figure 7C). However, it also increased the percentage of EC honeycombs covered by VSMCs (1 ng/ml, P = 0.04; 10 ng/ml, P = 0.04) (Figure 7D).


[image: image]

FIGURE 7. (A) Representative photomicrographs of EC tubules (green) covered by VSMCs (red) in control and TGFβ1 (1 and 10 ng/ml) treated wells (10 h). (B–D) Graphical representation of endothelial cell honeycomb number (B), honeycomb perimeter length (C) and percentage VSMC coverage of the EC tubules (D) in the VSMC:EC association assay after treatment with TGFβ1 for 10 h. (E,F) EC (E) and VSMC (F) secretion of a range of angiogenic growth factors after TGFβ1 treatment. N = 5 all conditions. Data are shown as mean ± SD.


To determine the potential mechanism by which TGFβ1 might increase EC:VSMC association secretion of a range of angiogenic growth factors by EC or VSMC after treatment with TGFβ1 was assessed by multiplex assay. Neither EC or VSMC secreted detectable levels of leptin, EGF or HB-EGF, and VSMC did not have detectable levels of VEGF-C. Treatment of EC with TGFβ1 did not alter secretion levels of any of the proteins investigated (Figure 7E). Treatment of VSMC with TGFβ1 only increased the secretion of TGFβ1 itself (10 ng/ml, P = 0.01, Figure 7F).



DISCUSSION

Both HMB and RPL are associated with alterations in endometrial vascular development. In the current study, we demonstrate dysregulation of TGFβ1 and associated activation and signaling pathway proteins in the endometrium of women with HMB or RPL compared with normal controls. TGFβ1 is one of the key growth factors that drives VSMC maturation, and using an in vitro EC:VSMC association assay, we demonstrate an increased association of VSMCs with pre-existing EC tubules after treatment with TGFβ1. This is one of the most comprehensive immunohistochemical studies of TGFβ1 binding and signaling pathway components in the normal and pathological endometrium and will give us insights into the importance of this growth factor in endometrial regeneration and pathology.

Angiogenesis and vascular development take place in the endometrium across the menstrual cycle through elongation of vascular stubs in the endometrium basalis, which were left after menstrual shedding of the endometrium functionalis (Girling and Rogers, 2005, 2009). While the process of blood vessel growth and development in endometrium remains under the master control of steroid hormones, angiogenic growth factors such as TGFβ1 and its receptors may directly regulate EC proliferation and/or apoptosis, interaction with and integrity of ECM components, as well as recruitment and maturation of VSMCs, which ultimately results in vascular development and maturation (Dickson et al., 1995; Pepper, 1997; Massague et al., 2000; Tabibzadeh, 2002; Distler et al., 2003). The majority of TGFβ1 is found as a latent form bound to latency associated proteins and then often also held within the ECM close to the cell membrane by different integrins. When required, it can be activated by proteases or thrombospondin and bind to TGFβRII, which recruits TGFβRI or the alternative receptors ALK4 and ALK7, thereby setting up the Smad signaling pathway involving phosphorylation of Smads2, 3, 4, and 7, with eventual nuclear translocation of p-Smad4 and transcription regulation. Therefore, alteration in the expression of any of these factors will lead to aberrant vascular development, dependent on the balance of direction of change for all these pathway components.

In HMB, we and others have shown a failure in vascular maturation in the mid-late secretory phase of the menstrual cycle (Abberton et al., 1999b; Biswas Shivhare et al., 2014; Biswas Shivhare et al., 2018). In the current study, we demonstrate that in women with HMB, there was no change in the immunoreactivity for LTBP1, THBS1, or MMP9 in any of the cell types investigated. However, MMP2 immunoreactivity in stromal cells, glandular epithelium, and vessels was increased suggesting a potential increase in bioactive TGFβ1. However, there was a decrease in immunoreactivity in TGFβ1 (stromal cells), TGFβRI (glandular epithelium and vessels), TGFβRII (stromal cells and vessels), and ALK4 (stromal cells and glandular epithelium), which together suggest lowered levels of TGFβ1 and availability of both classical and alternative receptors. In particular, lowered stromal cell TGFβ1 and reduced vascular immunoreactivity for both TGF receptors would suggest a decrease in bioactivity in the maturing vasculature. In addition, there was an increase in the immunoreactivity of integrins β3 (stromal cells and glandular epithelium) and β6 (stromal cells and vessels), which bind active TGFβ1 making it available for receptor binding. Finally, there was decreased immunoreactivity for Smad3 (all cell types) and Smad4 (vessels), suggesting a decrease in signaling capacity, particularly in the developing vasculature. These data suggest an overall decrease in TGFβ1, subsequent receptor, and signaling capacity predominantly localized to the vasculature and thereby contributing to the decreased vascular maturation observed in women with HMB (Figure 8A). In contrast, Rae et al. (2009) demonstrated a decrease in mRNA for THBS1 in women with HMB compared with controls. In vitro studies suggested that the reduced THBS1 was due to an inactivation of cortisol, and both THBS1 and cortisol led to increased tubule formation of ECs (Rae et al., 2009). In addition to its ability to activate latent TGFβ1 in a non-proteolytic manner, THBS1 is also an angiogenesis inhibitor. However, in our experience, HMB is not associated with dysregulated angiogenesis but with a failure of maturation of the endometrial blood vessels, leading to premature and extended bleeding and menstrual shedding that may also be associated with hypoxia due to this failure to develop an adequate vascular environment (Maybin et al., 2018). Two other studies have previously investigated TGFβ1 and associated proteins in the endometrium of HMB with varying results. Abberton et al. (1999b) demonstrated no difference in TGFβ1 immunoreactivity in an immunohistochemical study of endometrium from control women and those with HMB. More recently, Maybin et al. (2017) reported no difference in mRNA levels for TGFβ1, TGFβRI, or TGFβRII in endometrium of women with HMB compared with controls. However, they did demonstrate a decrease in immunoreactivity for TGFβ1 in the stromal cells of women with HMB compared with controls. In addition, they also demonstrated a decrease in Smad2 and Smad3 mRNA and levels of their corresponding phosphoproteins in women with HMB. The findings of the current study are more consistent with those of Maybin et al. (2017), and any differences may be due to differences in methodology, menstrual cycle groupings, and classification of HMB. Maybin et al. (2017) used an empirical definition of HMB with 80 mL menstrual blood loss as the cut off, whereas blood loss was not objectively measured in our study, and we used the current clinical assessment of patient declared HMB; thus, the classification used in the current study was more subjective.
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FIGURE 8. Pictorial representation of the overall changes in immunoreactivity stromal cells, glandular epithelium, and vessels in the endometrium of women with HMB (A) or RPL (B). Note that for simplicity, immune cells have not been depicted in the stroma, and only factors which demonstrated significant differences in immunoreactivity have been shown.


In contrast to HMB, we and others have shown increased endometrial vascular maturation in women with RPL (Quenby et al., 2009; El-Azzamy et al., 2018). We had also previously shown that immunoreactivity for TGFβ1 (vessels) was increased, and both TGFβRI (stromal cells, glandular epithelium, and vessels) and TGFβRII (vessels) decreased in the endometrium of women with RPL compared to controls (Lash et al., 2012). In the current study, we also show an increase in both THBS1 (all cell types) and MMP9 (vessels), suggesting an increase in both the non-proteolytic and proteolytic pathways for TGFβ1 activation in the developing vasculature. In addition, immunoreactivity for the alternative receptor ALK4 (stromal cells) was increased, as were the integrins β3 (stromal cells and vessels) and β6 (glandular epithelium). Immunoreactivity for integrin αv had variable expression, was increased in the glandular epithelium and vessels, but reduced in stromal cells. These data suggest potential increased bioavailability of and binding capacity for TGFβ1. In addition, immunoreactivity for Smad3 (stromal cells), 4 (vessels), and 7 (glandular epithelium and vessels) were all decreased in women with RPL. Taken together, these data suggest an increase in bioactive TGFβ1 in and near the vasculature, although signaling capacity may be reduced. The observed increase in bioactive TGFβ1 likely contributes to the increased vascular maturation observed in women with RPL (Figure 8B).

Using two different in vitro models, culture of endometrial explants and a novel EC:VSMC association assay, it was also demonstrated that treatment with TGFβ1 increased recruitment of VSMCs to the endometrial vasculature as well as their differentiation into a more contractile phenotype. In addition, TGFβ1 increased TGFβ1 secretion by VSMCs, but not ECs, and did not alter secretion of any other factor investigated suggesting the existence of a positive regulation loop for vascular TGFβ1 expression. TGFβ1 is the best described growth factor driving the differentiation of the phenotypically plastic VSMCs from the synthetic state to the more mature contractile state. VSMC phenotypic switching is primarily regulated by the master transcription factors mycodelin and KLF4, with mycodelin driving differentiation to a contractile state and KLF4 driving the reverse. TGFβ1 can regulate mycodelin expression either directly via the Smad pathway or via regulation of different miRNA species (Chan et al., 2010; Davis-Dusenbery et al., 2011; Lim et al., 2020).

One limitation of the current study is that is uses semiquantitative immunohistochemical scoring to assess expression levels of the investigated proteins. However, the advantage of this technique is that we can assess different cellular components separately, and as was revealed, changes in the expression patterns were often cell specific, and these results may have been masked by whole tissue Western Blot or qPCR studies (Maclean et al., 2020). The second limitation is the use of subjective measurement criteria for HMB; while these criteria are in line with NICE guidelines (2018) and are in accordance with routine clinical practice, it is possible that some of our patients did not have greater than 80 mL blood loss and that some of our control women did but had not reported HMB symptoms. However, since the women were undergoing a major surgery, a hysterectomy, for their HMB, we believe our HMB group was a clinically suitable group to study.

Taken together, the data presented in the current study suggest that TGFβ1 is a key regulatory pathway for vascular maturation in the endometrium across the menstrual cycle, and when this pathway is dysregulated, it contributes to the altered vascular development observed in conditions such as HMB and RPL. However, we still do not understand how the TGFβ1 pathway is regulated in the endometrium, and studies are currently underway in our laboratories to investigate the role of miRNA in the regulation of this pathway in both HMB and RPL. Manipulation of the TGFβ1 pathway maybe a viable option for the treatment of both HMB and RPL in women who wish to preserve their fertility, especially as the development of TGFβ1 pathway modulators is already being explored for the treatment of metastatic cancer, with the possibility of repurposing of these therapeutics for the treatment of women with HMB and/or RPL, although any treatment in the latter group would need to be pre-pregnancy.
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Pregnancy in humans is a multi-step complex physiological process comprising three discrete events, decidualization, implantation and placentation. Its overall success depends on the incremental advantage that each of the preceding stages passes on to the next. The success of these synchronized sequels of events is an outcome of timely coordination between them. The pregnancy events are coordinated and governed primarily by the ovarian steroid hormones, estrogen and progesterone, which are essentially ligand-activated transcription factors. It’s well known that intercellular signaling of steroid hormones engages a plethora of adapter proteins that participate in executing the biological functions. This involves binding of the hormone receptor complex to the DNA response elements in a sequence specific manner. Working with Drosophila melanogaster, the heat shock proteins (HSPs) were originally described by Ferruccio Ritossa back in the early 1960s. Over the years, there has been considerable advancement of our understanding of these conserved families of proteins, particularly in pregnancy. Accumulating evidence suggests that endometrial and uterine cells have an abundance of HSP27, HSP60, HSP70 and HSP90, implying their possible involvement during the pregnancy process. HSPs have been found to be associated with decidualization, implantation and placentation, with their dysregulation associated with implantation failure, pregnancy loss and other feto-maternal complications. Furthermore, HSP is also associated with stress response, specifically in modulating the ER stress, a critical determinant for reproductive success. Recent advances suggest a therapeutic role of HSPs proteins in improving the pregnancy outcome. In this review, we summarized our latest understanding of the role of different members of the HSP families during pregnancy and associated complications based on experimental and clinical evidences, thereby redefining and exploring their novel function with new perspective, beyond their prototype role as molecular chaperones.
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INTRODUCTION

Pregnancy in humans is highly complex physiological event. Its fate largely depends on the success of three distinct processes including decidualization, implantation and placentation (Cha et al., 2012). As we know, pregnancy is associated with extensive remodeling of maternal endometrium to transform it into a receptive environment in order to accommodate the developing embryo. The transformation of elongated, fibroblast-like mesenchymal cells in the stromal compartment of the endometrium into specialist rounded, epithelioid-like decidual cells, referred to as decidualization and is essential for embryo recognition and adherence, trophoblast invasion, placenta formation, protection of developing embryo from maternal immune surveillance as well as in providing nutritional assistance to the developing embryo (Gellersen and Brosens, 2014). Decidualization of the endometrial stromal cells has been observed only in invasive placentation species, although some species, such as sheep, in which decidualization–like a phenomenon, have also been reported (Johnson et al., 2003). In humans, decidualization starts approximately 6 days post-ovulation (Gellersen and Brosens, 2014). The decidualization of the endometrial cells in humans is believed to be under maternal control involving interplay of ovarian steroid hormones, estrogen and progesterone. The differentiation of stromal cells into decidual cells also provides a platform for extensive cross-talk between the uterine stromal cells and the maternal immune cells. The massive influx of uterine leukocytes consisting largely of uterine natural killer (uNK) cells is a hallmark of decidualization during pregnancy (Moffett-King, 2002; Croy et al., 2006). The presence of CD163 + macrophages as well as scattered population of uterine T-cells and dendritic cells (uDCs) have some roles in decidualization; however, their exact involvement in pregnancy has yet to be elucidated (Rieger et al., 2004; Russell et al., 2013). The decidual cells are routinely formed and shed off in the absence of an embryo in the uterine endometrium and play a crucial role in the recognition and elimination of defective embryos.

Implantation is a process comprising apposition, adhesion and invasion by which the blastocyst comes in profound physical-physiological contact with the uterine luminal epithelium resulting in the establishment of functional communication of blood vessels of an embryo with the maternal circulation system (Enders and Schlafke, 1967, 1969). The process of implantation varies from species to species. The mechanism of embryo-uterine dialog after decidualization is poorly understood. However, the implantation involves complex cell-cell and cell-matrix interactions facilitated by a tight network of spatiotemporally regulated endocrine, paracrine, autocrine, and juxtacrine modulators (Singh et al., 2011). The implantation window is a crucial factor in pregnancy. In humans, it usually occurs around 6 days after ovulation and lasts for ∼4 days (Bergh and Navot, 1992; Harper, 1992), however, there is the report which suggests its occurrence after 9 days of ovulation, ranging between 6 and 12 post-ovulation days (Wilcox et al., 1999). The implantation occurs only during this window (Fawcett, 1950). Most cases of a failed pregnancy in humans are attributed due to implantation failure (Urman et al., 2005; Bashiri et al., 2018). For better pregnancy outcomes, the mid-luteal phase (∼7–10 days after ovulation) is considered to be a favorable period for embryo implantation when maximum endometrial receptivity has been observed (Wang and Dey, 2006).

Placentation is a discrete event that occurred during pregnancy. The placenta is thought to be a unique communication bridge between the mother and its fetus (Burton and Fowden, 2015). It is derived from extraembryonic tissues and developed rapidly during the first weeks of gestation. During the entire span of gestation, it undergoes dynamic structural and functional changes to meet out the various kinds of requirements of developing fetus (Hamilton and Boyd, 1960). The placenta, throughout the course of pregnancy, not only play its role in the physiological adaptation of the mother to immunological tolerance (Guleria and Sayegh, 2007; Ander et al., 2019) but also in providing nutritional support and oxygen to the developing fetus as well as in washing out its waste products (Hagerman and Villee, 1960; Knipp et al., 1999). The defective formation of the placenta results in the development of various pregnancy complications including miscarriage (Hustin et al., 1990; Jauniaux and Burton, 2005), stillbirth (Ornoy et al., 1981; Reddy et al., 2009), pre-term birth (Faye-Petersen, 2008; Vahanian et al., 2015), intrauterine growth restriction (Scifres and Nelson, 2009; Burton and Jauniaux, 2018), and pre-eclampsia (Jauniaux et al., 2006; Fisher, 2015).

The events of pregnancy are primarily thought to be regulated by interplay of ovarian steroids. However, experimental evidence that emerged over the decades suggested the role of various molecular signaling cascades in the pregnancy (Zhang et al., 2013; Robertshaw et al., 2016; Matsumoto, 2017; Ni and Li, 2017; Knöfler et al., 2019; Massimiani et al., 2019). It is result of a series of works that PRL (Riddick et al., 1978; Golander et al., 1979) and IGFBP-1 (Rutanen et al., 1985, 1986) have now been established as markers of the decidualization whereas the information on precise role of an array of molecules including cell adhesion molecules (Lessey et al., 1994; Lyall, 1998), extra cellular matrix proteins (O’Connor et al., 2020), matrix metalloproteinases (MMPs) (Chen and Khalil, 2017), transcription factors (Knöfler et al., 2001; Chen et al., 2013), cytokines (Wegmann et al., 1993; Chaouat et al., 2004; Wilczynski, 2005; Yockey and Iwasaki, 2018), chemokines (Red-Horse et al., 2004; Du et al., 2014), growth factors (Ances, 1973; Forbes and Westwood, 2010; Chau et al., 2017), cell cycle regulators (Korgun et al., 2006; Das, 2009; Wang et al., 2018), reactive nitrogen and oxygen species (Williams et al., 1997; Schoots et al., 2018; Chiarello et al., 2020), transporters (Bloise et al., 2016), angiogenic factors (Torry et al., 2007; Llurba et al., 2015), neuropeptides (Mione et al., 1990; Jovanovic et al., 2000; Pazos et al., 2014; Paiva et al., 2016), apoptotic molecules (Cobellis et al., 2007; Hung et al., 2008; Boeddeker and Hess, 2015), and heat shock proteins (Tabibzadeh and Broome, 1999; Neuer et al., 2000; Grigore and Indrei, 2001; MacPhee and Miskiewicz, 2017) in the processes of the pregnancy is continuously increasing. The role of heat shock proteins, possibly the least explored in the pregnancy, is crucial as they are responsible for maintaining the protein homeostasis in the uterine endometrial cells during the adverse physiological, pathological and environmental conditions (Tabibzadeh and Broome, 1999; Neuer et al., 2000). Moreover, HSPs are amongst the first proteins synthesized during the development of the mammalian embryo. They affect almost all stages of reproduction (Neuer et al., 1999). In the present review, we summarized the current knowledge on role of HSPs in the various events of the pregnancy and associated complications, thereby redefining and exploring their novel function with new perspective, beyond their fundamental role as molecular chaperones.



HEAT SHOCK PROTEINS: MOLECULE OF UNIVERSAL OCCURRENCE

With the discovery of the phenomenon of puffing in salivary gland chromosomes of the Drosophila melanogaster upon exposure to heat by Ritossa (1962), a major shift in our understanding of the heat shock response of this fruit fly was observed during 1960–1970s. It was not only until 1974, 12 years after the first observations of puffing pattern, is the first gene product was identified by Tissières et al. (1974) and was termed as heat shock proteins (HSPs). HSPs are a large family of proteins constitutively expressed in all living organisms. These proteins are mainly localized in distinct cellular pockets ranging from the cytosol to nuclei (Schlesinger et al., 1982; Craig, 1985; Lindquist, 1986; Jee et al., 2008). They are highly conserved in nature (Craig, 1985; Lindquist and Craig, 1988; Huang et al., 2008). As the name implies, these proteins were initially produced against the heat exposure only, but later, it was found that HSPs are expressed in response to a variety of physical, chemical and environmental stresses including nutrient withdrawal (Mailhos et al., 1993), exposure to ultraviolet irradiation (Simon et al., 1995), polyglutamine repeat expansion (Warrick et al., 1999), and TNF (Jäättelä and Wissing, 1993; Van Molle et al., 2002). To date, approximately 50–200 genes were found to be significantly induced upon heat stress in various animal models (Richter et al., 2010).

The heat shock proteins have been classified in many ways. Conventionally, the molecular mass was considered a major criterion for classifying the HSP. On the basis of molecular size, HSP has been classified in seven major classes, (i) HSP10, (ii) Small Heat Shock Proteins (sHSPs), (iii) HSP40, (iv) HSP60, (v) HSP70, (vi) HSP90, and (vii) HSP110 (Craig et al., 1993; Fink, 1999; Zuo et al., 2016). In addition, the HSPs were also categorized in various classes on the basis of their functionality and cellular properties (Richter et al., 2010). Recently, a new system of nomenclature of human HSP was proposed by Kampinga et al. (2009), which was primarily based on systematic gene symbols. Using this system, human HSPs were further classified into the following families, namely, HSPB (Small HSP), DNAJ (HSP40), HSPD/E (HSP60/HSP10) and CCT (TRiC), HSPA (HSP70), HSPC (HSP90) and HSPH (HSP110) (Vos et al., 2008; Kampinga et al., 2009). The HSPH, HSPA, HSPD/E, and CCT facilitate co-translational or post-translational protein folding and protein translocation across the membranes in ATP-dependent manner (Vos et al., 2008; Kampinga et al., 2009) while DNAJ and HSPB play their role as co-chaperone (Laufen et al., 1999) and chaperone (Bakthisaran et al., 2015) respectively. HSPC functionally works as a molecular chaperone promoting the folding of newly synthesized proteins or misfolded proteins. In addition, the members of this protein family are also involved in the degradation of incorrectly or disordered proteins (Hoter et al., 2018).

The HSPs regulate a large number of cellular processes in a living organism (Figure 1). They are not only crucial for maintaining protein homeostasis in the cell acting as a molecular chaperone (Ellis et al., 1989; Ellis and van der Vies, 1991; Gething and Sambrook, 1992; Welch, 1993) but also play vital role in a wide range of fundamental biological processes including signal transduction (Asea and Kaur, 2019), transcription and translation mechanism (Cuesta et al., 2000; Zhang et al., 2011), cell cycle regulation (Pechan, 1991; Helmbrecht et al., 2000; Nakai and Ishikawa, 2001), apoptosis (Beere, 2004), anti-oxidation (Arrigo, 2001; Liu et al., 2015; Ghosh et al., 2018), tumorigenesis (Calderwood et al., 2006), metastasis (Bausero and Asea, 2007; Koga et al., 2009), proteolysis (Kaarniranta et al., 2009), cellular integrity (Palotai et al., 2008; Wettstein et al., 2012), immunity (Srivastava et al., 1998; Srivastava, 2002; Tsan and Gao, 2004), reproduction (Neuer et al., 2000), and autoimmunity (Rajaiah and Moudgil, 2009). In addition to these, HSP also plays a critical role in the pathogenesis of many human diseases including cancer, cataracts, infectious and inflammatory diseases, neurodegeneration, cardiomyopathies, and congenital diseases (Latchman, 1991; Sun and MacRae, 2005; Laskowska et al., 2010; Datskevich et al., 2012; Pockley and Henderson, 2018).
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FIGURE 1. Schematic representation showing the flow of information through the cellular signaling pathway. HSPs form a critical hub of this cellular communication channel integrating the external information with the nuclear circuitry to modulate gene expression in response to a physiological demand.




HEAT SHOCK PROTEINS IN DECIDUALIZATION

The human endometrium undergoes monthly cycles of proliferation, secretory changes and shedding in response to changing levels of steroid hormones. The human endometrium is a steroid-responsive tissue. A quantum of studies suggests that estrogen and progesterone engages HSP to modulate the steroid hormone production as well as responsiveness in the endometrium (Renoir et al., 1990; Bagchi et al., 1991; Kimmins and MacRae, 2000; Neuer et al., 2000; Olvera-Sanchez et al., 2019). Not only this, steroid hormones also regulate the synthesis of HSPs in uterine tissues. In this context, Padwick et al., 1994) have demonstrated the hormonal regulation of HSP27 production in human endometrial and stromal cells derived from pre-menopausal and post-menopausal women and shown that the synthesis of HSP27 is increased by estrogen while progestins inhibit its production in glandular epithelium but not in stroma. In stromal cells, the estrogen does not alter the profile of HSP 27. It was further observed that HSP27 is only localized in stromal decidual cells and may be detected till tenth week of gestation (Padwick et al., 1994). Study carried out in pregnant sheep also showed that estradiol increases expression of HSP70 and HSP90 in myometrium and endometrium of ewes. On contrary, progesterone does not affect the cellular expression of HSP70 and HSP90 and inhibits the estradiol induced increase in expression of these HSPs (Wu et al., 1996). This study also suggests that the elevated expression of HSP70 and HSP90 may in turn inhibit the progesterone receptors and activate the estrogen receptors function in uterine tissues. Later on, Bany and Schultz (2001) found that when progesterone was administered to ovariectomized mice, it caused a significant increase in steady state levels of HSP20 like mRNA in the uterus. Although estradiol −17 β treatment had no effect on expression of HSP20 like mRNA but it significantly reduced the effect of progesterone. They also reported that HSP20 like mRNA was localized to the decidualizing endometrial stromal cells. Similarly, Zuo et al. (2014) also observed that when decidualized endometrial stromal cells of mice are treated with progesterone, Crystallin αβ, a small heat shock protein, is induced via HIF1α. By performing knockdown experiments, this group showed that Crystallin αβ may protect decidualization against oxidative or inflammatory stress conditions in mouse uterus, thus, acting as a molecular guard in early pregnancy (Zuo et al., 2014).

Several HSPs including HSP27, HSP60, HSP70, HSP90, and alpha-crystallin B chain may take part in this process of endometrial function (Tabibzadeh and Broome, 1999; Neuer et al., 2000; Zuo et al., 2014; Peng et al., 2017) (Table 1). This is more evident by the fact that HSP shows a sharp increase in the human endometrium post-ovulation, especially in the early secretory phase, when maximum endometrial receptivity is observed. Quite unexpectedly, HSP90 remained unaltered in the human endometrium throughout the menstrual cycle while HSP27, HSP60 and HSC70 (also known as HSPA8/HSC71/HSP71/HSP73) increased progressively during the late proliferative and early secretory phases (Tabibzadeh et al., 1996). In the contrary, Shah et al. (1998) showed that the cellular expression of HSP27 and HSP60 was unaffected with the change in gestation while the synthesis of HSP70 and HSP90 was decreased with progression in gestation. In normal human pregnancy, the serum level of HSP70 is decreased as compared to normal non-pregnant women and this decreased HSP70 level showed positive association with gestational age and an inverse association with maternal age (Molvarec et al., 2007). Moreover, the decreased circulating HSP70 concentrations help in maintaining the immune tolerance in pregnancy and establishment of fetus. Conversely, the increased circulating levels of HSP70 were found to be associated with several pregnancy complications including pre-eclampsia and syndrome of hemolysis, elevated liver enzymes and low platelet count (HELLP syndrome) (Molvarec et al., 2006; Molvarec et al., 2007; Madách et al., 2008; Molvarec et al., 2011; Peraçoli et al., 2013; Álvarez-Cabrera et al., 2018). In preeclamptic women, the elevated serum HSP70 level may be a marker of systemic inflammation, oxidative stress and hepatocellular injury (Molvarec et al., 2009; Álvarez-Cabrera et al., 2018). It is believed that the HSP70 mediated generation of proinflammatory immune responses may be one of the reasons behind maternal immune directed rejection of the fetus (Molvarec et al., 2010). Our study suggests that the increased expression of HSP70 induces damage of decidual tissues and other harmful events, resulting in disruption of pregnancy cycles (Tan et al., 2007). There are evidence which suggest that HSP70 also plays crucial role in pre-term delivery (Molvarec et al., 2010) and its synthesis is triggered by the factors which are involved in etiology and pathogenesis of this serious obstetrical disorder (Prohászka and Füst, 2004). The increased serum HSP70 levels in healthy pregnant women at term might result in onset of labor (Molvarec et al., 2010). Using sheep model, Wu et al. (1996) showed that elevated levels of HSP70 and HSP90 may modulate the functions of progesterone and estrogen receptors in uterine tissues which may lead to onset of labor. Study also suggests that in treatment–resistant pre-term delivery cases, the serum levels of HSP70 are also significantly elevated and this may be a marker for assessing the curative effects of treatment in the treatment refractory pre-term cases (Fukushima et al., 2005).


TABLE 1. Role of HSP in pregnancy.

[image: Table 1]In addition, the presence of HSP70 in trophoblast giant cell (TGC), a cell that plays a vital role in uterine decidualization in the decidua, has been correlated with excess uterine sensitivity, which is thought to be a factor responsible for spontaneous abortion (Watanabe et al., 2008). Peng et al. (2017) showed a correlation between aberrant expression of HSP70 and spontaneous abortion. They also suggested that HSP70 may induce apoptosis in decidual tissues, a cause of spontaneous abortion. Gonadotropin-releasing hormone (GnRH) is also involved in the regulation of apoptosis in human decidual stromal cells (Schäfer-Somi, 2012). By conducting a series of studies in mouse models, Ciocca et al. (1996) demonstrated the importance of HSP25/27 in early and late decidualization and placentation stages of pregnancy.

Even though one can associate the importance of HSPs with the decidual function, little is known about their localization during the course of normal pregnancy. In an immunostaining based study, HSP27, HSP60, HSP70, and HSP90 were immunolocalized in the decidual stromal cells during each trimester of pregnancy. It was also noticed that HSP27 was mainly localized in the cytoplasm, whereas HSP60 and HSP90 were present in the nucleus of the cell. The HSP70 were found in an equal amount in both the nucleus and the cytoplasm (Shah et al., 1998). HSP25/27 was also present in the endometrial pre-decidual cells as well as in decidual cells attached to the placenta (Ciocca et al., 1996).

As discussed elsewhere, embryo implantation involves obligatory steps, namely apposition, adhesion and invasion of the blastocyst, ensuring that the trophoblast cells attach to the receptive endometrium. It is well established that the human endometrial stromal cells (hESCs) undergo decidualization to mediate cross-talk between the endometrium and a hatched blastocyst (Gellersen et al., 2007), which might serve as a rate-limiting step during the trophoblast invasion (Dunn et al., 2003). Decidualization involves morphological, biochemical as well as metabolic changes of the hESC through ovarian steroids, estrogen and progesterone. Abnormal decidualization contributes to endometrial and pregnancy complications that are frequently associated with pregnancy loss The mechanism which takes part in the responsiveness of decidualized hESCs to developmentally impaired human embryos is not known. However, studies suggest that HSPA8 (also known as HSC70/HSC71/HSP71/HSP73) may be associated with poor receptivity. Incidentally, HSPA8 was also found to be the most significantly down-regulated gene among 449 other genes whose expression was found to be altered during interaction of decidualizing hESC with developmentally compromised human embryos in a microarray analysis. In the normal decidualizing hESCs, the expression of HSPA8 was always high, suggesting its relevant role in the decidualization (Brosens et al., 2014). In addition, cAMP induced PRL also plays crucial role in the decidualization of endometrial stromal cells. The presence of HSP27, which is a characteristics product of decidual cells, in the culture medium indicates the successful transformation of fibroblast-like stromal cells to the epithelioid-like decidual cells upon treatment of stromal cells with PRL and cAMP derivatives (Tang et al., 1993). Another study suggests that HSP70 induces the “Proinflammatory Maturation Program” in decidual CD1a+ dendritic cells engaging through the TLRs. HSP70 binds CD91 and TLR4 on decidual CD1a+ DCs, causing their maturation, along with the synthesis of IL-15 (Redzovic et al., 2015).

The role of HSP in protecting the endometrial cells against cytotoxic damage caused by the influx of cytokines and reactive oxygen species (ROS) is continuously gaining attention. During menstruation, endometrial leukocytes produce a plethora of regulatory molecules including cytokines, chemokines, vasoactive agents (e.g., nitric oxide, prostaglandins) and ROS (Salamonsen et al., 1999; Salamonsen and Lathbury, 2000; von Wolff et al., 2000; Thiruchelvam et al., 2013). The continuous accumulation of these cellular products, e.g., TNF-α, in the endometrium, causes local inflammation and tissue damage. Here, HSP appears as a shield in protecting the endometrial cells from the lethal effects of inflammation. HSP70 was found to protect the cells from ROS-induced DNA strand breaks and lipid peroxidation, thus, inhibiting the process of apoptosis-mediated cell deaths (Jacquier-Sarlin et al., 1994). HSP70 also protects the cells from TNF-α mediated cytotoxicity and inflammatory shock (Jäättelä, 1993; Van Molle et al., 2002).



HEAT SHOCK PROTEINS IN IMPLANTATION

Heat shock protein seems to possess some roles in embryo implantation. However, definitive information on its involvement in embryogenesis is still unknown Available pieces of evidence suggest that HSP may not only destabilize the epithelial barrier at the site of implantation by regulating the uterine cell apoptosis but also facilitate the trophoblast invasion (Yuan et al., 2009) and survival (Jain et al., 2017) by this process. The occurrence of HSP105 in luminal epithelium on day one and increased expression in stromal cells at day 6 as well as a reduction in the number of implanted embryos after the suppression of HSP105 expression in Sprague Dawley rats indicate the necessity of HSP105 for embryos implantation and subsequent development (Yuan et al., 2009). Similarly, higher expression of HSP105 during gestational days 9–12 in the ICR mice embryos (Hatayama et al., 1997) and synthesis of HSC70 and HSP90α and β by murine embryo at a very high rate during the pre-implantation phase of development (Loones et al., 1997) suggest that HSP may have a role in early stages of pregnancy. Further study suggested that HSP60 and HSP70 promote blastocyst development and their inhibition not only retarded the growth of blastocyst but increased the rate of apoptosis mediated cell death in embryos. Thus, HSP’s presence in cellular machinery is thought to be indispensable for providing a conducive environment to embryo implantation and avoiding pre-implantation embryo death (Esfandiari et al., 2002).

The role of heat shock proteins in reproduction was known after observing the fact that maternal hyperthermia is a potent cause of prenatal death of embryos as well as birth defects in a number of animals including in the monkeys (Poswillo et al., 1974; Hendrickx et al., 1979; Bell, 1987) and humans (Edwards, 1986; Edwards et al., 1995). The post-implantation teratogenic effects of hyperthermia have been manifested in the embryos in the form of significant developmental anomalies, which include the absence of developed forebrain and eyes (Walsh et al., 1997). However, to nullify the effect of elevated cellular temperature and maintaining protein homeostasis, cells quickly generate heat shock response as a part of protective mechanisms, which is characterized by halting of normal protein synthesis and concurrent induction of HSP synthesis. In adverse hyperthermic conditions, HSP provides a safeguard to the cells against temperature-induced damage by performing its function as a molecular chaperone. The mechanistic insight of the chaperone mechanism of HSP suggests that during thermal stress, HSP binds to the active site on nascent or heat-denatured and improperly folded constitutive and functional proteins leading to the prevention of protein aggregations. Also, HSP helps the denatured proteins in their clearance through proteasome associated degradation route or regaining their functional backbone (Walsh et al., 1997). Studies demonstrated that HSC70 of HSP70 class is constitutively expressed in pre-implantation mouse 2-cell stage embryos (Mezger et al., 1991), its presence in 8-cell embryos was also detected. The heat-inducible HSP was found in pre-implantation embryos upto two cell stage and its synthesis was not reported in mouse and rabbit embryos between 2-cell and blastocyst stages (Morange et al., 1984; Heikkila et al., 1985). In contrast, Mirkes and Doggett (1992) demonstrated the presence of HSP72 in 10 days of rat embryos. After the blastocyst stage, the transcription of HSP genes and their high cellular level suggest that these stress proteins might confer some level of protection to the cells against hyperthermia and other stresses induced damage (Walsh et al., 1997). A subsequent study conducted on transgenic mice showed that HSP70 play a direct role in protecting the post-implantation embryos from the lethal effects of hyperthermia by inducing thermo-tolerance (Mirkes et al., 1999).

Synthesis of HSP was largely observed in those kinds of uterine tissues that are thought to be necessary for establishing the pregnancy. Tabibzadeh et al. (1996) identified several human HSP in the endometrium of healthy women, notably in the first trimester of pregnancy, suggesting their important role during early pregnancy. HSP is also present in the apical surface of the syncytiotrophoblasts of the human placenta, showing its involvement in feto-maternal cross talks (Divers et al., 1995; Ziegert et al., 1999).

With the introduction of the heat shock “memory” concept in HSP-pregnancy biology by Jia et al. (2010), HSP’s role in embryo implantation is indeed widened, thereby opening new avenue of knowledge. Using pre-implantation mouse embryo, this Boston based group has demonstrated that heat shock, possibly mediated through HSP engagement, can impart a transcriptional memory that could influence the outcome of embryo implantation and heat shock memory persists after several rounds of DNA replications and cell divisions in developing embryos.



HEAT SHOCK PROTEINS IN PLACENTATION

Placentation essentially means the formation as well as the proper functioning of the placenta. The development of the placenta begins immediately after implantation of the blastocyst in the endometrium. The placenta participates in several complexes vital feto-maternal dialog that plays a central role in the maintenance of pregnancy and the health of both the developing fetus and its mother. Therefore, it is now regarded that disordered placental function and disarrayed feto-placental communication is the seeding point for several placental insufficiencies as seen during pregnancy (Brosens et al., 2011).

Heat shock proteins have largely been implicated in the placenta-associated pregnancies complications. The glucose-regulated protein (GRP78), also referred to as BiP/HSPA5, is a HSP70 molecular chaperone protein which was found to be involved in a wide range of physiological and pathological processes related to reproduction. Several studies suggest that this endoplasmic reticulum (ER) chaperone protein mediates the various processes of placentation during pregnancy (Zhang, 2017). Notably, GRP78 promotes syncytialisation (cytrophoblastic cells-syncytiotrophoblast fusion process) in the placenta (Fradet et al., 2012). Further, it was observed that HSP40 is also involved the regulating the activity of another HSP, i.e., HSP70, as a co-chaperone (Yang et al., 2015). HSP27 was also upregulated in the human placenta. In fact, HSP27 was mainly present in the trophoblasts (Shin et al., 2011). The occurrence of HSP27, HSP40 and HSP70 in the placenta has a significant impact on the pregnancy outcome. For a normal pregnancy, it is expected that a balance between the expression of these HSPs in the placental tissues is necessary; otherwise, pre-eclampsia like condition may be developed (Hnat et al., 2005; Kim et al., 2007; Webster et al., 2007; Shin et al., 2011; Abdulsid et al., 2013; Yang et al., 2015). Since HSP27 and HSP70 can induce anti-apoptotic responses and are considered one of the biomarkers of oxidative stress and apoptotic like conditions, so, their up-regulation in placental tissues is the indication of an occurrence of apoptosis in the placenta and subsequent abnormality in the pregnancy. Increased expression of HSP70 and HSP90B in chorionic villi may cause miscarriages (Sotiriou et al., 2004).

There are various underlying risk factors that profoundly affect the pregnancy and development of the fetus. Among these factors, diabetes mellitus (DM) is considered a significant risk factor for a pregnant woman. DM induces oxidative stress and inflammation in the placenta during early pregnancy and is mostly responsible for inadequate embryonic and feto-placental development leading to the generation of various types of pregnancy complications (Biri et al., 2006; Kleiblova et al., 2010; Aye et al., 2014). Usually, the levels of HSPs in diabetic patients are found to be lower and this may be one of the reasons of increased oxidative stress and tissue inflammation (Zilaee and Shirali, 2016). Moreover, HSP may play a role in mediating the effect of diabetes during pregnancy (Skórzyńska-Dziduszko et al., 2018). The elevated levels of HSP70 in the first trimester placental tissues of DM women as compared to normal pregnant women suggest the involvement of HSP in diabetes-associated pregnancy complications (Gauster et al., 2017). In a patient-based study, it was found that release of HSP72 in response to glucose challenge in non-obese black women is an intrinsic mechanism to regulate insulin production and also to protect the mother and fetus from hyperglycemia or hyperinsulinemia (Jaffe et al., 2013). Surprisingly, the intervention with HSP in DM patients ameliorated the ER stress, implying the therapeutic potential of HSP in DM management also (Yung et al., 2016).



HEAT SHOCK PROTEINS AND ADVERSE PREGNANCY OUTCOME

Heat shock protein plays a crucial role in preventing protein aggregation and their dysregulation often results in disease conditions. Chang et al. (2013) demonstrated that HSP90 inhibitor 17-AAG prevents ROS-induced aggregation of TDP-43. This behavior can have a profound influence on cell and developmental process. HSP mediated signal changes may contribute to living fetal delivery. This was evident in a study where preeclamptic patient samples manifested a significant decrease in viability of endothelial cells and an elevation in HSP70, HSP90, and Bcl-2 without affecting the fetal life (Padmini et al., 2012).

Heat shock protein is involved in orchestrating important cellular events essential for both physiological and pathological conditions. While its necessity for embryo development has been felt since long time, its recent association with adverse pregnancy outcomes (APOs) has become a matter of concern. In this context, a study which was conducted in case-control setting with 55 women with APOs along with 110 age-matched controls showed strong association of HSP70 with the development of APOs during pregnancy. Since the HSP levels were found significantly higher in the women with APOs than normal controls, it was suggested that while HSP’s physiological levels are needed for maintaining homeostasis, an unusually high HSP70 level may indicate a disproportionate tissue injury. Lymphocytes are known to release vasoactive substances and cytokines that could alter the vascular tone and contribute significantly to hypertension (Tan et al., 2007). In a similar case-control study, it was observed that out of 142 subjects with gestational hypertension and pre-eclampsia, there was a significant elevation in serum HSP70 levels as compared to healthy normotensive controls, indicating a contribution of HSP to the pathogenesis of pre-eclampsia (Molvarec et al., 2006). Along with HSP70, NO is also associated with the onset of pre-eclampsia, contributing to fetal growth restriction and altered maternal and feto-placental hemodynamics (Yoshida and Xia, 2003; Lai et al., 2020). Interestingly, elevated HSP70 seems to suppress NO levels mediating this abnormality (Lai et al., 2020). Álvarez-Cabrera et al. (2018) found that serum levels of HSP60 were also elevated in preeclamptic subjects. The exceptionally high levels of HSP70 in treatment-resistant pre-term delivery cases suggest that HSP70 may be a valuable marker for assessing the curative effects of pre-term delivery treatment (Fukushima et al., 2005). Recently, it was demonstrated that early change in HSP40/70 ratio might be a predictive marker of miscarriage during pregnancy and balance between their circulatory levels are necessary to stop pre-term delivery (Makri et al., 2019). The higher expression of HSP70 may also be associated with spontaneous abortion (Peng et al., 2017). Not only this, pre-term pre-mature rupture of the membranes and spontaneous pre-term labor was also associated with deregulated expression of HSPs. In these cases of pregnancy complications, the expression of several HSPs including HSP27, HSP60, HSP70, HSP90 and HSPBP1, were found severely altered (Dvorakova et al., 2017; Song et al., 2020). Therefore, it can be concluded from the above observations that HSP profoundly influences various aspects of pregnancy and its normal cellular levels may be vital for the successful delivery of the fetus.



ENDOPLASMIC RETICULUM STRESS, PREGNANCY AND HSP

Endoplasmic reticulum (ER) plays a crucial role in the post-translational modification of the proteins involving folding, maturation and trafficking of the secretary and membrane-bound proteins in all eukaryotic cells (Braakman and Hebert, 2013; Reid and Nicchitta, 2015; Wang and Kaufman, 2016; Bhattarai et al., 2020). In the lumen of the ER, the newly synthesized secretory proteins are folded to acquire their functionally relevant native conformation with the aid of a set of ER-resident folding enzymes and molecular chaperones including GRP78/BiP. The correctly folded proteins then travel to the Golgi apparatus, where they are finally packaged and processed for presentation to their final destination through secretary pathway (Braakman and Hebert, 2013). This whole protein folding process and trafficking are precisely regulated and monitored by intrinsic quality check mechanisms which is responsible to ensure the transport of properly folded and functionally viable proteins from ER to the other cellular locations. The misfolded and/or unfolded proteins are retained by the ER and subsequently subjected for proteasomal-mediated degradation through ER-associated degradation (ERAD) mechanisms (Rapoport, 1992; Ellgaard and Helenius, 2003; Hebert and Molinari, 2007; Vembar and Brodsky, 2008). Specific regulatory mechanisms and vigilant to endure that balance between protein loading and handling/processing capacity of the loaded nascent proteins, are strictly enforced. This homeostatic mechanism reaches its breaking point under extraordinary conditions encountering sudden assault like oxidative stress, hypoxia/ischemia, viral infections, nutrient starvation, acid-base imbalance, obesity and impaired calcium homeostasis (Kim et al., 2008; Dufey et al., 2014; Shah et al., 2017; Yilmaz, 2017; Villalobos-Labra et al., 2018) leading to the accumulation of misfolded proteins in the ER. Due to this potentially dangerous condition, the normal functions of ER are drastically compromised. Also, ER puts extra effort into maintaining the protein homeostasis; as a result excess energy is spent, causing depletion of cellular energy reservoirs and nutrient deprivation. These all contribute in development of a lethal cellular condition, better known as the ER stress. To cope this destructive cellular event, ER activates an evolutionary conserved emergency cascades collectively known as the unfolded protein response (UPR). The major aim of this UPR is, initially, to regain the disrupted protein homeostasis by bringing reduction in load on protein folding machinery through stopping the entrance of nascent polypeptide chains in the lumen of ER, enhancing the synthesis of more ER and other organelles, increasing ER folding capacity, engaging more molecular chaperones and activating the ERAD mediated degradation of misfolded/unfolded proteins (Ron and Walter, 2007; Burton and Yung, 2011; Hetz et al., 2020). If all attempts to restore the ER homeostasis are not materialized, then the defected cell is degenerated through programmed cell death (Xu et al., 2005; Kim et al., 2008; Maly and Papa, 2014).

Endoplasmic reticulum stress has been implicated in the development of many diseases/disorders including diabetes, cancer, metabolic diseases and neurodegenerative disorders (Yoshida, 2007; Lin et al., 2008; Ozcan and Tabas, 2012). A bulk of reports suggested the crucial role of ER stress in pregnancy (Yung et al., 2012; Mizuuchi et al., 2016; Lee et al., 2019; Nakashima et al., 2019). A persistent ER stress can result in compromised decidualization, implantation, placentation, pre-implantation and embryo development (Yang et al., 2016). It may lead to the development of pregnancy-related complications (Figure 2) including pre-eclampsia, recurrent pregnancy loss and IUGR (Bastida-Ruiz et al., 2017). Evidence also suggest that efficient UPR may help the cells to circumvent the lethal ER stress and may particularly helpful for facilitation of important phages of pregnancy such as decidualization and placentation (Bastida-Ruiz et al., 2017).
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FIGURE 2. Chain of events originating from cellular stress response as well as ER stress that converges to placenta pathologies and other pregnancy disorders. HSP plays a fundamental role buffering these stresses thereby improving the overall reproductive success. Placental inefficiency like pre-eclampsia and other related complications results from cellular stress and aberrant immune response. HSP plays a crucial role in fine tuning these processes preventing pregnancy loss.


Glucose-regulated protein is a vital element of UPR. As a molecular chaperone, it is involved in the correct folding of nascent polypeptides, maintenance of native conformations of folded proteins, prevention of proteins intermediates aggregation and ERAD mediated degradation of misfolded and/or unfolded proteins in Ca2+ dependent manner (Haas, 1994; Gething, 1999; Wang et al., 2017; Pobre et al., 2019). It is also necessary for maintaining Ca2+ homeostasis in the ER lumen (Krebs et al., 2015). Moreover, GPR78 may protect the cells against cellular stress and ER stress-induced cellular dysfunction (Yu et al., 1999; Suyama et al., 2011; Louessard et al., 2017). It plays a role in cell viability as this ER-resident chaperone has been reported to suppress the expression of crucial components of apoptosis cascades such as caspase-7 and caspase-12, thus, having an anti-apoptotic role (Rao et al., 2002; Reddy et al., 2003). In the ER stress-mediated apoptosis, caspase-12 plays a directing role in activating the signaling cascades pertaining to programmed cell death (Szegezdi et al., 2003; Rao et al., 2004). The expression of GRP78 depends on the cellular load of the newly synthesized protein in the lumen of ER (Kim and Arvan, 1998).

Over the past few years, GRP78 has been studied for its implication in various processes of reproduction/pregnancy. However, its mechanism of action is not fully understood. The higher expression of GPR78 in uterine glandular epithelial and stromal cells is necessary for synthesis and secretion of the proteins having a role in the uterine sensitization for decidualization (Simmons and Kennedy, 2000). Further, it was observed that increased expression of GRP78 is a part of UPR against the ER stress induced by dysregulation of HSPA8 in the hESCs (Brosens et al., 2014). In addition, it regulates the endometrial homeostasis throughout menstrual cycles, probably by controlling the mechanism of protein folding and ERAD directed removal of misfolded and or unfolded proteins buffers, besides maintaining the Ca2+ levels (Guzel et al., 2011). The expression of GRP78 in human endometrium was cycle-dependent and its highest cellular levels were observed during early proliferative and late secretory phases, when E2 levels were found to be lowest (Guzel et al., 2011). Also, there is an inverse correlation between the synthesis of GRP78 and estradiol (E2) levels. Further studies demonstrated that E2 signaling cascades directly regulate the expression of GRP78 and hence, it was assumed that E2 participates in ER homeostasis (Guzel et al., 2017). Das et al. (2000) showed that the presence of E2 in the cellular milieu significantly modulates the GRP78 expression and this GRP78 induction is independent of estrogen receptors ERα and ERβ. In the mouse uterine stromal cells, the expression of GRP78 is dependent on the presence of E2. There was no expression of GRP78 in the absence of E2 (Ray et al., 2006). We revealed that the E2 treatment to both endometrial glandular and stromal cells did not alter the expression profile of GRP78, suggesting an indirect E2 mediated effects in induction of GRP78 expression as observed in situ (Guzel et al., 2011).

The ER homeostasis in human endometrial endothelial cells is also a cycle-dependent event. The maximum expression of GRP78 is achieved in the late secretory phase. Moreover, exogenous addition of TNF-α and IL-1β to the endothelial cells results in enhanced GRP78 synthesis as well as secretion of IL-8, suggesting the involvement of TNF-α and IL-1β in the disruption of ER homeostasis in the endothelial cells (Ocak et al., 2011). An insight from the mouse model suggests that GRP78 has some critical roles in embryo implantation too (Reese et al., 2001). The findings of studies carried out in women with recurrent miscarriage also supported the animal data. It was shown that GRP78 is involved in modulating the immune responses during the “Implantation Window.” In addition, HSP70, whose production is induced by pre-implanting embryo also facilitates implantation (Brosens et al., 2014). Further, Galgani et al. (2015) examined the link between ER stress and defective endometrial receptivity and found that elevated endometrial levels of GRP78 may be one of the factors behind defective implantation in women with recurrent miscarriage.

Glucose-regulated protein has been studied for its role in defective placentation and associated pregnancy complications including pre-eclampsia. Studies suggest that GRP78 facilitates syncytialisation, a process that is essential for placentation (Fradet et al., 2012; Bastida-Ruiz et al., 2020). However, for mediating these trophoblastic cell fusions, GRP78 requires interaction with α2-macroglobulin (Bastida-Ruiz et al., 2020). It was also showed that deregulated GRP78 expression or relocation of GRP78 from endoplasmic reticulum to the membrane of cytrophoblastic cells may result in development of pre-eclampsia, which is thought to be caused due to defective syncytialisation (Fradet et al., 2012). GRP78 was expressed on the trophoblastic cell surface under stress and hypoxic conditions along with p53. Moreover, this molecular chaperone is involved in the inactivation and stabilization of p53. In addition, GRP78 is a crucial player in the trophoblast invasion (Arnaudeau et al., 2009). A series of studies suggested that GRP78 may play an essential role in the pathogenesis of pre-eclampsia. In several preeclamptic women, the level of anti-GRP78 antibody was significantly higher than normal control and hence, it is considered a new biomarker of severe pre-eclampsia (Laverrière et al., 2009; Rezanejhad et al., 2013).



HSP AND PREGNANCY FAILURE

The presence of anti-HSP antibody in the pregnant women’s sample has been correlated with reproductive failure after IVF treatment. There is experimental evidence showing that anti-chlamydial HSP60 IgA antibodies in the sample of women undergoing IVF had a significant correlation with biochemical pregnancies after successful embryo transfer (Witkin et al., 1996). The women with a proven history of primary infertility had a significantly higher prevalence of anti-human HSP60 IgA antibodies than fertile females. Similarly, the women with a prior history of two or more consecutive first-trimester spontaneous abortions had a greater prevalence of anti-human HSP60 IgG antibodies than age-matched fertile women, implying the role of the anti-HSP body in adverse pregnancy outcome (Witkin et al., 1996). We also showed that the anti-HSP60 and anti-HSP70 antibody levels were significantly higher in the women with recurrent pregnancy loss (RPL) than normal controls (Matsuda et al., 2017). Our study further suggests that the presence of anti-human HSP60 IgA antibodies in women indicates host acute immune response as we have shown a significant correlation between the presence of IgA to the human HSP60 and production of pro-inflammatory cytokines such as IFN-γ and TNF-α in the cervical samples of infertile women. Notably, the fertile women had a higher prevalence of IL-10, an anti-inflammatory cytokine, in their cervical samples (Witkin et al., 1996). Similar observations of some other studies suggested that immune sensitization to conserved epitopes expressing by chlamydial or human HSP60 may be a cause for implantation failure and also for poor IVF outcome, despite successful embryo transfer in the women having unexplained reproductive complications (Witkin et al., 1994; Neuer et al., 1997).

After the advent of IVF, a major paradigm shift in the infertility treatment was noticed over some years. However, in vitro studies showed that during IVF procedure, embryos express HSP to cope stressful manipulation conditions including thermal variance and altered cellular environment. The induced synthesis of HSP in highly vulnerable conditions in embryos may also be seen as an essential requirement for the growth and development of embryos. Otherwise the survival of developing embryos would be difficult in the adverse environmental conditions. Using a mouse-based study, it was observed that a multi-fold expression of HSP70 in preimplanting embryos is a necessity to nullify the adverse stress conditions (Christians et al., 1995, 1997). Interestingly, the presence of anti-HSP antibodies to common eukaryotic HSPs in the culture medium can be detrimental for embryo growth. Neuer and his group conducted a study which showed that when 2-cell mouse embryos were cultured in the presence or absence of mammalian HSP60, HSP70 and HSP90 specific monoclonal antibodies, the antibodies severely compromise the growth and development of embryos but at particular developmental stages (Neuer et al., 1998). The contribution of HSP in conditioning the embryo environment has a direct effect on the IVF success rate and event free growth of developing embryos. The low dose of HSP60 exerted a positive effect on the 2-cell embryo development while the HSP60 at a high dose significantly impairs IVF and embryo cleavage rates (Abdi et al., 2019). These developmentally impaired embryos appeared as apoptotic cells and hence, eliminated by the programmed cell death. The findings of this mouse based in vitro studies have helped us to understand the association between the prevalence of anti-HSP antibodies and pregnancy failure, specifically IVF impairment.



CONCLUDING REMARKS

Ever since its discovery, HSP is accepted as the organism’s stress buffers. Unicellular and multicellular organisms often encounter various stressful conditions, need not necessarily heat or high temperature. These include exposure to toxins, stress, heavy metals or even environmental pollutants. In response to these assaults, cells activate specific signaling pathways leading to the induction and transient expression of heat shock proteins. Of HSP’s numerous functions, the primary responsibilities are essential to managing the unfolded proteins accumulated from these assaults. HSPs prevent the accumulation of non-specific proteins. While gentle heat stress often leads to the reorganization of actin filaments into stress fibers, more harsh stress results in protein aggregation. Toivola et al. (2010) reported that vimentin or other filament-forming proteins form aggregates upon high stress leading to the collapse of intermediary, actin and tubulin networks. HSP is also a cellular gatekeeper, acting as molecular chaperones guiding other proteins to fold in the proper orientation. Several members of the HSP families are associated with the protein biogenesis acting as a molecular chaperone. While HSP70 interacts with incompletely folded proteins, HSP60 also binds to unfolded proteins, preventing their aggregation (Craig et al., 1993). In addition to their classical role in assisted protein folding, HSP seems to have a pleiotropic role. It is known that tumor cells are more HSP chaperonage-dependent than normal cells for proliferation and survival because a large number of oncoproteins in cancer cells are often misfolded and require enhanced chaperonage activity correction (Chatterjee and Burns, 2017). We curated literature to identify the additional role of HSP in the context of pregnancy and reproduction. From our survey, it appears that HSP is critical for pregnancy, fine-tuning and orchestrating almost at all the stages of the multiple steps of the entire reproductive program. Usually, most HSPs are intracellular proteins. However, under some stress stimuli, these are released from the cells in the extracellular space (Multhoff and Hightower, 2011; Calderwood et al., 2016) ultimately interact with immune cells to influence the immune system. It is, therefore, conceivable that released HSP can elicit an immune response. This becomes even significant during pregnancy, where an aberrant maternal immune system can have harmful consequences on the developing fetus (Krieg and Westphal, 2015; Modzelewski et al., 2019).

Further, HSP acting as a guardian of protein folding is also associated with executing unfolded protein response pathways, which in turn can influence pregnancy outcome. This is observed in DDK syndrome (Hao et al., 2009). DDK syndrome is embryonic lethal that occurs during the morula–blastocyst transition. This resulted when female mice of the DDK strain were mated with other inbred males resulting in pregnancy loss. It was observed that abnormal HSPA5 accumulation and ER structure in the DDK × C57BL/6 embryos suggest that an unfolded protein response is induced in these DDK embryos and is due to their inability to deal with the UPR ER stress (Hao et al., 2009). A similar observation by Cao and Kaufman (2014) revealed that abnormal protein accumulation resulting from oxidative stress could generate ER stress can lead to pregnancy loss.

Therefore, we may conclude that the heat shock response that was evolutionary conserved and critical for living organisms have evolved to buffer additional roles related to the organism’s reproductive success. HSP seems to integrate into several critical stages of embryogenesis and implantation and its successful outcome. It would be appropriate if the therapeutic potential of HSP is harnessed in improving the better pregnancy outcome. The implication of HSP in improving the success rate of IVF may be proved a boon for child aspirants.
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Uterine fibroids (leiomyomas) are the most common benign gynecological tumors in women of reproductive age worldwide. They cause heavy menstrual bleeding, usually leading to severe anemia, pelvic pain/pressure, infertility, and other debilitating morbidities. Fibroids are believed to be monoclonal tumors arising from the myometrium, and recent studies have demonstrated that fibroids actively influence the endometrium globally. Studies suggest a direct relationship between the number of fibroids removed and fertility problems. In this review, our objective was to provide a complete overview of the origin of uterine fibroids and the molecular pathways and processes implicated in their development and growth, which can directly affect the function of a healthy endometrium. One of the most common characteristics of fibroids is the excessive production of extracellular matrix (ECM) components, which contributes to the stiffness and expansion of fibroids. ECM may serve as a reservoir of profibrotic growth factors such as the transforming growth factor β (TGF-β) and a modulator of their availability and actions. Fibroids also elicit mechanotransduction changes that result in decreased uterine wall contractility and increased myometrium rigidity, which affect normal biological uterine functions such as menstrual bleeding, receptivity, and implantation. Changes in the microRNA (miRNA) expression in fibroids and myometrial cells appear to modulate the TGF-β pathways and the expression of regulators of ECM production. Taken together, these findings demonstrate an interaction among the ECM components, TGF-β family signaling, miRNAs, and the endometrial vascular system. Targeting these components will be fundamental to developing novel pharmacotherapies that not only treat uterine fibroids but also restore normal endometrial function.
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INTRODUCTION

Uterine fibroids (UFs), also known as leiomyomas, are benign tumors in women of reproductive age. Despite their benign nature, they are able to undergo rapid and significant growth (Andersen and Barbieri, 1995). They cause irregular and heavy menstrual bleeding (HMB), leading to severe anemia, dysmenorrhea, pelvic pressure and pain, urinary incontinence, dyspareunia, infertility, preterm labor, and early and recurrent pregnancy loss (Stewart, 2001; Wallach and Vlahos, 2004). UFs are present in more than 70% of women, become symptomatic in approximately 30% of women, and are the most common clinical indication for hysterectomy that prematurely ends a woman’s reproductive life (Walker and Stewart, 2005). African American women are more likely to develop UFs at an early age and to present more severe clinical symptoms compared to Caucasian women (Kjerulff et al., 1996). Other risk factors for UFs include age, obesity, hypovitaminosis D, and endogenous and exogenous hormonal factors (Pavone et al., 2018; Ali et al., 2019; Bariani et al., 2020). Despite the high prevalence of UFs, there are no approved effective pharmacotherapies, and surgery remains the main option for UF treatment (Bulun, 2013). UF prevalence is a personal and economic burden, within an estimated healthcare cost of United States $34 billion annually in the United States (Cardozo et al., 2012).

UFs cause HMB and poor uterine receptivity and implantation leading to infertility, two major female reproductive disorders affecting millions of women in the United States and globally. Both disorders reflect endometrial dysfunctions caused by the presence of UFs, and the degree of dysfunction appears associated with the location and size of the UFs. There is a significant gap in our understanding of how UFs affect endometrial function. It is generally agreed that the expansion in the endometrial surface area caused by UFs leads to greater menstrual bleeding and transformations in the shape of uterine cells that affect gene expression and function. Yet, recent studies have demonstrated that UFs actively influence not only the adjacent endometrium but also the uterus as a whole (Rackow and Taylor, 2010). We conducted a literature review to highlight new and significant insights into endometrial and UF biology, with the goal of elucidating the effects of UFs on human endometrial function, particularly HMB, infertility, and pregnancy complications.



METHODS

We used several strategies to identify primary research literature, review articles, and book chapters related to UFs and the negative impacts of UFs on endometrial function, focusing on HMB, infertility, and pregnancy complications. We did not place restrictions on year of publication and included all relevant publications up to November 2020. We performed PubMed and Google Scholar searches to identify relevant articles using the following keywords either alone or in combination with “uterine fibroid(s), uterine leiomyoma, and endometrium,” “heavy menstrual bleeding,” “recurrent pregnancy loss,” “miscarriage,” “early pregnancy loss,” “infertility,” and “subfertility.” We also considered additional pertinent articles included as references in the downloaded articles. With this review, we summarize and expand on what is presently known regarding the influence of UFs on the endometrium and the associated clinical consequences of UFs such as HMB and infertility.



RESULTS


Origin of Uterine Fibroids

UFs are monoclonal tumors (Holdsworth-Carson et al., 2014), and increasing evidence indicates that they arise from a single myometrial stem cell (MMSC) (Mas et al., 2012; Yin et al., 2015). MMSCs constitute a small proportion of the total population of cells and express specific surface markers that distinguish them from the bulk of other cells (Mas et al., 2015). The plasticity of MMSCs during development and tissue maintenance permits the acquisition of mutations or aberrant cellular reprogramming via epigenetic mechanisms. Consequently, normal MMSCs can be converted into tumor-initiating stem cells (TICs) that are able to initiate UF development. The most common genetic drivers associated with the development of UFs are somatic mutations present in exons 1 and 2 of the MED12 gene, which encodes a subunit of the mediator complex, a co-activator involved in the transcription of nearly all RNA polymerase II-dependent genes (Makinen et al., 2011). In addition to MED12 mutations, which account for ∼70% of UFs (Je et al., 2012; Kämpjärvi et al., 2014), a proportionally smaller fraction of UFs is thought to arise from genetic alterations leading to the overexpression of high-mobility group AT-hook 2 (HMGA2, ∼20%), biallelic inactivation of fumarate hydratase (FH, ∼2%) (Mehine et al., 2016), and disruption of the COL4A6 locus (∼3%).



Factors Implicated in Uterine Fibroid Development and Growth and Their Influence on Endometrial Biology

The exact cellular and molecular mechanisms that direct and control the development and growth of UFs are not clearly elucidated. However, several factors have been implicated in the development and growth of UFs, such as cytokines, chemokines, growth factors, extracellular matrix (ECM) components, factors involved in the DNA damage response and inflammation, vasoactive substances, and microRNAs (Figure 1). The factors expressed and secreted by UFs could affect endometrial cell growth and function and vessel remodeling, thereby contributing to the increased incidence of HMB, irregular menses, and infertility (Table 1). One of the main characteristics of UFs is a remarkably excessive production of ECM components including collagens, fibronectin, proteoglycans, and laminins (Norian et al., 2009).
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FIGURE 1. Factors implicated in uterine fibroid (UF) development and growth may influence the endometrial biology. Extracellular matrix (ECM) components, microRNAs (miRNAs), growth factors, cytokines, and chemokines are involved in UF development. These factors may also affect endometrial cell growth and function and vessel remodeling, thereby contributing to the increased incidence of reproductive complications such as heavy and irregular menses and infertility. In addition, we propose that UFs may impact the endometrial microbiome composition.



TABLE 1. Differential expressions of the factors involved in uterine fibroid (UF) development and growth and its effect on the endometrium.
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Extracellular Matrix Components and UFs

Extracellular Matrix Component accumulation and remodeling are thought to be critical in the transformation of the myometrium into UFs. Pivotal ECM components including collagen, fibronectin, and proteoglycans are upregulated in UFs compared to the adjacent myometrium (reviewed in Islam et al., 2018) and may be responsible for the increased tissue stiffness and decreased stretch. Interestingly, cells can sense and respond to mechanical stimuli from the environment, such as stretch or compression, by converting them into biochemical signals (Leppert et al., 2014). Furthermore, the ECM may serve as a reservoir of profibrotic growth factors such as the transforming growth factor-β (TGF-β), thus acting as a modulator of their availability and actions (Islam et al., 2018). Beyond its structural role, the ECM is involved in various cellular processes, including cell proliferation and cell death. The structure, organization, and molecular composition of the endometrial ECM are significantly modified during the menstrual cycle and decidualization (Tanaka et al., 2009; Favaro et al., 2014; Okada et al., 2018). In this respect, changes in the ECM environment due to the presence of UFs can significantly disturb normal endometrial physiological functions. UFs may elicit mechanotransduction changes that result in a decreased uterine wall contractility and an increased myometrial rigidity, which in turn affect normal biological uterine functions like menstrual bleeding, receptivity, and implantation. Depending on the location and size of the UFs, an increase in stiffness can affect the endometrium locally by significantly altering stretch and stress and affect gene expression globally (Rogers et al., 2008; Norian et al., 2012). The physical presence of UFs also affects the function of the endometrium, for example by obstructing the transport of gametes or embryo (Deligdish and Loewenthal, 1970) and hindering implantation by altering the normal patterns of myometrial contractions (Lyons et al., 1991). UFs also impair endometrial decidualization in the mid-luteal window of implantation by altering the endomyometrial junctional (EMJ) zone and significantly reducing the concentrations of both macrophages and uterine natural killer (uNK) cells (Kitaya and Yasuo, 2010b) and by altering steroid receptors (Brosens et al., 2003; Tocci et al., 2008). Another important contributor to conception and implantation is uterine peristalsis; the physical presence of UFs causes a decrease in the acceleration of myometrial peristalsis in the mid-luteal period (Kido et al., 2014). Conditions related to uterine peristalsis may contribute to the pathogenesis of several disorders and may impair sperm and embryo transport as well as implantation (Yoshino et al., 2010).



MicroRNAs in the Regulation of Uterine Fibroids and Their Effects on the Endometrium

MicroRNAs (miRNAs) are small non-coding RNA molecules of approximately 22 nucleotides that function as posttranscriptional regulators of gene expression, affecting a wide array of physiological and pathological processes. miRNAs not only act inside cells but are also released by cells into the extracellular environment to act as autocrine, paracrine, and/or endocrine modulators in recipient cells. Consequently, miRNAs produced and secreted by UFs may influence the entire endometrium. Ali et al. (2020) summarized that multiple studies have reported differential miRNA expressions in UFs compared with matched healthy myometrium. Specifically, UFs have significantly dysregulated the levels of the let-7 family members, miR-21, miR-29b/c, and miR-200c, among others (Wang et al., 2007; Marsh et al., 2008; Chuang et al., 2012a,b). Importantly, the expressions of let-7 miRNAs are significantly upregulated in UFs compared to the matched myometrium, with higher levels of let-7 miRNAs in small UFs (≤3 cm) compared to large UFs (>10 cm) (Wang et al., 2007). Notably, let-7 family members negatively regulated HMGA2 (Wang et al., 2007) and are associated with endometrial receptivity (Inyawilert et al., 2015; Liu et al., 2016). Wang et al. (2007) described miR-21 as the most highly upregulated miRNA in UFs. Interestingly, miR-21 is differentially expressed in endometrial stromal cells and glandular epithelial cells (Nothnick, 2016). Within the miR-29 family, miR-29c expression is downregulated in UFs compared with the myometrium; this miRNA targets the ECM and DNA methylation enzymes (Chuang and Khorram, 2016). Within the endometrium of fertile women, miR-29c is differentially regulated across the fertile menstrual cycle: it is elevated in the mid-secretory, receptive phase compared to the proliferative phase (Kuokkanen et al., 2010). This finding suggests that miR-29c may influence endometrial genes associated with cell cycle progression and apoptotic processes. Furthermore, miR-29c expression is linked to infertility; it is upregulated in the early secretory and mid-secretory phases in the endometrium of infertile women compared to the fertile endometrium in the same phase (Griffiths et al., 2019).

Conversely, miR-200c levels are downregulated in UFs compared to the myometrial tissue, with evidence suggesting a biological role in UF pathophysiology (Chuang et al., 2012b). Moreover, aberrant expression of miR-200c varies by ethnicity, with much lower levels in UF samples from African Americans compared with Caucasian samples (Chuang et al., 2012b). The expression of miR-200c is significantly upregulated in mid-secretory cycle phase samples, and this miRNA is predicted to target many cell cycle genes (Kuokkanen et al., 2010). A very recent study demonstrated that the long non-coding RNA X-inactive specific (XIST) is expressed at higher levels in UFs compared with normal myometrium and that it acts as a molecular sponge for both miR-29c and miR-200c, downregulating the levels of these miRNAs in UFs (Chuang et al., 2020).

It is important to highlight that miRNAs target genes involved in cell growth (miRNA-21/TGF-β), ECM remodeling (miRNA-29/COL1A1 and COL3A), angiogenesis (miRNA-200c, VEGF), and inflammation (miRNA-93/IL-8), leading to complex regulatory networks in UFs that can affect the endometrium (Chuang et al., 2012a,b; Karmon et al., 2014; Ciebiera et al., 2020). Furthermore, steroid hormone signaling, which is crucial in both UF development and endometrial function, regulates miRNAs and vice versa (Klinge, 2009; Yuan et al., 2015; Gilam et al., 2017). Consequently, the interaction of multiple active molecules in and around UFs drives the creation of an abnormal endometrial environment leading to adverse menstrual and pregnancy-related outcomes.



DNA Damage and Repair in Uterine Fibroids

DNA damage can give rise to tumor initiation and progression. Diverse types of DNA damage can be repaired by different mechanisms, such as homologous recombination (HR), non-homologous end joining (NHEJ), and mismatch repair (MMR), among others. Impaired DNA damage repair can provoke genomic instability and lead to genetic alterations. Previous studies from our group revealed the downregulation of several DNA damage repair genes in UFs compared with the adjacent myometrium in women with UFs (Yang et al., 2016; Ali et al., 2019). Prusinski Fernung et al. (2019) compared DNA repair in Stro-1+/CD44+ MMSCs isolated from human UFs and the adjacent myometrium, revealing increased DNA damage and altered DNA damage repair gene expression and signaling in UFs.

The Eker rat is a unique model to study UF development and the role of early-life exposure to endocrine-disrupting chemicals in UF etiology. We used this model to reveal the accumulation of DNA damage in MMSCs isolated form 5-month-old Eker rats in response to developmental diethylstilbestrol (DES, an endocrine-disrupting chemical) exposure (Prusinski Fernung et al., 2018; Elkafas et al., 2020). In addition, we found that the ability to repair DNA double-strand breaks is impaired in DES-MMSCs compared with vehicle (VEH)-MMSCs.



Endometrial Dysfunction Caused by Uterine Fibroids: Heavy Menstrual Bleeding and Poor Receptivity and Implantation Leading to Infertility


Uterine Fibroids and Heavy Menstrual Bleeding

The knowledge gap that links UFs to HMB has limited the development of non-invasive treatment options. HMB is the most common type of abnormal uterine bleeding in women with UFs, and it is commonly accompanied by dysmenorrhea (ACOG Practice Bulletin, 2008; Zimmermann et al., 2012). HMB leads to frequent visits to the emergency room and is the number one indication for hysterectomy (Côté et al., 2003). Women with UF-associated HMB also have a higher risk of developing depression, emotional distress, anxiety, marital strife, and loss of intellectual and work productivity, all of which significantly affect quality of life (Marsh et al., 2014). Menstrual bleeding is a multifaceted combination of interacting processes including angiogenesis, vasodilation, vasoconstriction, coagulation, and inflammation. It is believed that mainly bulky submucosal and intramural UFs affect the normal contractions of the myometrium during menstruation. In normal menstrual cycles, myometrial contractions help to expel uterine menstruation products and reduce loss of blood from endometrial vessels; women with UFs have abnormal myometrial contractions leading to heavy and prolonged menstrual bleeding (Bulun, 2013). The most significant menstrual vasoconstrictors are endothelin-1 (ET1) and prostaglandin F2α (PGFα). ET1 is a strong vasoconstrictor that triggers myometrial contraction and mitogenesis (Masaki, 1993; Maybin and Critchley, 2015). It is mainly expressed in the endometrium, where it is involved in spiral arteriole vasoconstriction and blood flow. ET1 works by binding to its receptors: endothelin type A receptor (ETAR) and endothelin type B receptor (ETBR). Interestingly, women with UFs have greater endometrial expression of ETAR and a lower expression of ETBR compared to normal endometrium. The imbalance in the expressions of ETAR and ETBR in women with UFs may alter ET1 signaling, leading to faulty vasoconstriction, abnormal uterine contractions, and excessive and prolonged menstrual blood flow. There is general consensus that women with UFs and HMB exhibit more dilated endometrial stromal venous spaces compared to women without UFs. Abnormal vasoconstriction might be one of the possible mechanisms underlying HMB (Farrer-Brown et al., 1971). The receptors of the vasoconstrictor PGF2α are expressed in the healthy endometrium and control uterine contractions. Women with UFs have higher levels of endometrial PGF2α, which results in abnormal uterine contractions that could further contribute to HMB (Figure 2; Pekonen et al., 1994; Miura et al., 2006).
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FIGURE 2. The presence of uterine fibroids (UFs) may interfere with the endometrial pathways involved in the menstrual cycle, leading to heavy menstrual bleeding. Balance among hormones, growth factors, cytokines, and other factors regulates the cyclic endometrial growth and bleeding. Transforming growth factor-beta (TGF-β), its receptors (TGF-βR), and downstream SMADs are important for endometrial remodeling during menses, and excessive levels of these factors may suppress the gene expressions of the fibrinolytic and anticoagulant components. Prostaglandin F2α (PGF2α) and endothelin-1 (ET-1) are involved in spiral artery vasoconstriction and myometrial constriction during the menstruation period. Vascular endothelial growth factor (VEGF), the most specific endothelial cell growth factor, and platelet-derived growth factor (PDGF) play a role in endometrial angiogenesis, an essential process of endometrial renewal. Nitric oxide (NO) is produced downstream of ET-1 and VEGF signaling, and it is a potent vasodilator. Tumor necrosis factor-alpha (TNF-α) contributes to the process of menstrual shedding and bleeding through the induction of apoptosis. White arrows within circles indicate uterine changes due to UFs presence, which may dysregulate normal endometrium activity, causing excessive endometrium development and, eventually, heavy menstrual bleeding.


Numerous other factors, including cytokines, chemokines, and inflammatory molecules, play important roles in the endometrium during menstrual bleeding and may contribute to UF biology and pathophysiology. Tumor necrosis factor alpha (TNF-α) (Ciebiera et al., 2018b), interleukin 1 (IL-1), IL-11 (Luo et al., 2005), IL-13, IL-15, IL-33 (Santulli et al., 2013), interferon gamma (IFN-γ), and granulocyte–macrophage colony-stimulating factor (G-CSF) (Chegini et al., 1999) are involved in UF pathogenesis. Specifically, TNF-α participates in tissue homeostasis and systemic inflammation, and it is also related to UF-associated HMB (Ciebiera et al., 2018b). TNF-α expression levels are higher in UFs compared with the adjacent myometrium (Kurachi et al., 2001). Moreover, Ciebiera et al. (2018a) demonstrated that TNF-α serum levels are elevated in women with clinically symptomatic UFs. TNF-α is elevated in the menstrual effluent of women with HMB (Malik et al., 2006); thus, this molecule may act as an important local signal that contributes to the process of menstrual shedding and bleeding in UFs (Tabibzadeh, 1996).

Chemokines are a family of chemoattractant cytokines that regulate the infiltration of immune cells subsets, such as leukocytes, into tumors (Nagarsheth et al., 2017) as well as into the endometrium during the normal menstrual cycle (Thiruchelvam et al., 2013). IL-8, which chemoattracts neutrophils, is secreted by several cell types and contributes significantly to various disease-associated processes, including tissue injury, fibrosis, and angiogenesis (Russo et al., 2014). Senturk et al. (2001) demonstrated higher levels of IL-8 and its receptor in the myometrium immediately surrounding the UF compared with the UF itself. Within the endometrium, the IL-8 messenger RNA (mRNA) levels fluctuate throughout the menstrual cycle, with significantly higher expression in the late secretory and early to mid-proliferative phases compared to the mid cycle, suggesting that sex hormones may regulate IL-8 gene expression (Arici et al., 1998a). Like IL-8, the monocyte chemoattractant protein-1 (MCP-1) mRNA levels in UFs are lower than those in the adjacent myometrium (Sozen et al., 1998). Interestingly, higher MCP-1 levels were reported in the myometrium adjacent to UFs than in the myometrium of healthy control patients (Sozen et al., 1998). In the endometrium, MCP-1 plays a key role in the control of macrophage migration in the endometrium. One study revealed that the highest levels of MCP-1 are detected when the estrogen levels are low, and MCP-1 levels are lowest around the time of ovulation, when the estrogen levels are high (Arici et al., 1999). In this context, it is possible that cytokine and chemokine expressions in the endometrium are affected by the presence of UFs, resulting in changes in the endometrial cellular function.

Several studies have demonstrated that TGF-β (Norian et al., 2009; Ciebiera et al., 2017), vascular endothelial growth factor (VEGF) (Gentry et al., 2001; Tal and Segars, 2014), platelet-derived growth factor (PDGF) (Hwu et al., 2008; Suo et al., 2009), and epidermal growth factor (EGF) (Harrison-Woolrych et al., 1994; Vollenhoven et al., 1995; Dixon et al., 2000) are differentially expressed in UFs compared to the healthy myometrium. A significantly higher expression of VEGF-A is observed in large and small UFs of younger women, indicating that angiogenesis does not depend on UFs size (Plewka et al., 2016). Estrogens upregulate PDGF expression and downregulate EGF expression in UFs (Yin et al., 2011). TGF-β and its profibrotic effects play a significant role in the pathophysiology of UFs (Ciebiera et al., 2017). At the same time, it is well known that TGF-β is involved in the initiation of menstruation and in the rapid proliferation and remodeling of endometrial tissue during the menstrual cycle and the preparation of the endometrium for implantation (Jones et al., 2006; Omwandho et al., 2010). In addition, higher levels of basic fibroblast growth factor receptor 1 (FGFR1) and basic fibroblast growth factor (bFGF) observed in women with UFs may lead to aberrant angiogenesis and HMB (Anania et al., 1997). UFs-secreted TGF-β3 provokes bone morphogenetic protein-2 (BMP2) resistance in the endometrium by downregulation of its receptor BMPR2 and leads to defective endometrial decidualization, as assessed by several decidualization markers after rhBMP2 treatment (Sinclair et al., 2011). TGF-β3 also plays a crucial role in UF-associated HMB, leading to the reduced expressions of thrombomodulin, PAI-1, and ATIII in the endometrium, likely contributing to menorrhagia (Sinclair et al., 2011). BMP7 inhibits the proliferation and decidualization in endometrial stromal cells, and it is significantly upregulated in women with abnormal menstrual bleeding (Richards et al., 2017). The higher levels of TGF-β3 observed in women with UFs inhibit the secretion of coagulation and thrombosis factors including thrombomodulin, antithrombin III, and plasminogen activator inhibitor 1 (PAI1) (Sinclair et al., 2011). Consequently, higher levels of TGF-β3 secreted by UFs dysregulate the expressions of genes associated with anticoagulant and fibrinolytic action, leading to HMB.

Evidence suggests that women with UFs have increased angiogenesis and that angiogenic growth factors such as VEGF and PDGF are involved in the abnormal vasculature formation and other features of UF pathophysiology (Figure 3; Tal and Segars, 2014). Although the regulation of EGF expression in UFs compared to the myometrium is not clear, a role of EGF in UF growth is supported by the fact that the selective EGF-R blocker AG1478 inhibits UF cell proliferation (Shushan, 2004). Endometrial angiogenesis involves numerous factors and is a fundamental process for generating new capillary blood vessels during menstrual cycles and early pregnancy. It is well documented that UFs exhibit abnormal vasoconstriction including vasocongestion and dilated venous spaces (Farrer-Brown et al., 1971). A recent clinical trial of women with UFs treated with asoprisnil over the course of a year demonstrated an increase in endometrial thickness and cessation of HMB (Diamond et al., 2019). Several studies have demonstrated that angiogenic factors are differentially upregulated in UFs compared to the adjacent and distant myometrium (Anania et al., 1997). In this regard, increased expressions of angiogenic factors and their receptors in UFs may influence endometrial proliferation, ECM formation, angiogenesis, and vascularization and contribute, at least in part, to UF-associated abnormal bleeding. Taken together, changes in the number of active molecules produce an abnormal endometrial environment in UFs that leads to HMB.
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FIGURE 3. Effect of uterine fibroids (UFs) on heavy menstrual bleeding. The presence of UFs causes alterations in the endometrial vascular architecture and function, contributing to increased and prolonged menstrual bleeding. UFs influence the production of angiogenic factors such as VEGF, VEGFA, ET-1, EGF, and PDGF, among others, which support increased angiogenesis. EGF, epidermal growth factor; ET-1, endothelin 1; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor; VEGFA, vascular endothelial growth factor A.




The Impact of Uterine Fibroids on Fertility

UFs are symptomatic in approximately 30% of cases, causing HMB, pelvic pain, and infertility (Stewart, 2001; Wallach and Vlahos, 2004). The impact of UFs on fertility is complex and remains controversial. UFs are present in up to 27% of patients seeking reproductive assistance and may be the only cause of infertility in 1–3% of infertile patients (Ezzati et al., 2009; Cook et al., 2010; Guo and Segars, 2012). The most common types of UFs are intramural, submucosal, and subserosal. The clinical symptoms are influenced by UF size and anatomical location, and they are characterized by an excessive production of ECM leading to abnormal uterine contractility and decreased blood supply to the endometrium (Eldar-Geva et al., 1998; Casini et al., 2006). UFs situated completely or partially within the endometrial cavity usually cause anatomical distortion of the uterine cavity and are implicated in altering endometrial receptivity, with decreased implantation and pregnancy rates (Pritts et al., 2009).



Classification of UFs and Associated Endometrial Dysfunction

UFs are categorized according to their anatomical location into three main types: subserosal, intramural, and submucosa, with the most recent classification described by FIGO 2011 (Munro et al., 2011). Subserosal UFs are the least common type of UFs, protruding to the outside of the uterus (outer surface of the uterus) with minimum extension into the myometrial muscle layer. Consequently, subserosal UFs do not affect fertility, though they might cause minor alterations in uterine contractility and gamete migration. No differences in the rates of implantation, current pregnancy, and live birth were seen when comparing patients with subserosal UFs and those with no UF (Casini et al., 2006; Pritts et al., 2009).

Intramural UFs are the most common type and grow within the muscle layer. Depending on their size, intramural UFs can negatively impact fertility. There is broad agreement that intramural UFs that distort the endometrial cavity lead to decreased implantation and pregnancy rates and increased miscarriage rates. However, evidence on the effect of intramural UFs that do not distort the endometrial cavity on reproductive outcomes remains inconsistent. Most studies concur that non-cavity-distorting intramural UFs affect reproductive outcomes to a lesser degree compared to cavity-distorting intramural UFs. A recent study demonstrated abnormal Akt signaling in infertile women with non-cavity-distorting intramural UFs; these women exhibited higher expressions of Akt1, Akt2, p-Akt, and phospho-PTEN and a lower expression of PTEN mRNA in the endometrium compared to fertile women (Makker et al., 2018). In 1998, several studies demonstrated a reduction in the implantation and pregnancy rates in women with intramural UFs regardless of any cavity distortion (Eldar-Geva et al., 1998; Stovall et al., 1998). Recent studies have also shown a negative impact of intramural UFs on the implantation [16.4 vs. 27.7%, odds ratio (OR) = 0.62, 95%CI = 0.48–0.8] and delivery (31.2 vs. 40.9%, OR = 0.60, 95%CI = 0.50–0.950) rates in patients undergoing assisted reproduction when compared with patients with no UF (Benecke et al., 2005; Somigliana et al., 2007). Similarly, Pritts et al. (2009) performed a systematic review of in vitro fertilization (IVF) and non-IVF patients in relation to the effects of UFs on fertility. The authors confirmed the negative impact of intramural UFs on the fertility outcomes, with lower clinical pregnancy rates (OR = 0.81, 95%CI = 0.696–0.941), implantation (OR = 0.684, 95%CI = 0.587-0.796), and live birth rates (OR = 0.7, 95%CI = 0.583-0.848), along with increased spontaneous abortion rates (OR = 1.7, 95%CI = 1.226–2.489). Additional studies have reported differences in the ECM components and miRNA expression profiles in UFs with or without endometrial cavity distortion. Kim et al. (2018) reported higher expressions of estrogen receptor, matrix metalloproteinases (MMPs), and tissue inhibitors of MMPs (TIMPs) and lower expressions of miR-29c and miR200c in UFs with compared to UFs without distortion of the endometrial cavity.

Submucosal UFs generally bulge into the uterine cavity and are more likely to affect fertility due to their proximity to the endometrium, distortion of the endometrial cavity, and interference with embryo implantation and placentation (Figure 4). The harmful influence of submucosal and large cavity-distorting UFs on reproductive outcomes is well recognized and guides clinical management (Pritts et al., 2009; Olive and Pritts, 2010). Approximately 26% of women have had submucosal UFs by the time they reach their late 40s (Baird et al., 2003). In their meta-analysis, Pritts et al. (2009) revealed that patients with submucosal UFs have reduced clinical pregnancy rates [relative risk (RR) = 0.363, 95%CI = 0.179–0.737], implantation rates (RR = 0.318, 95%CI = 0.123–0.649), and ongoing pregnancy/live birth rates (RR = 0.318, 95%CI = 0.119–0.850) and an increased risk of spontaneous miscarriage (RR = 1.678, 95%CI = 1.373–2.051). Interestingly, a recent retrospective study analyzed the long-term fertility consequences after myomectomy relative to the number of UFs removed. They found a direct relationship between the number of UFs removed and fertility problems. UF patients with more than six UFs removed were less likely to achieve pregnancy or carry a birth to full term, and more likely to need fertility treatment, compared to women with six or fewer UFs removed (Shue et al., 2018). Infertility is a multifaceted disorder, and the precise influence of UFs on pregnancy outcomes is difficult to assess. However, it is well documented that submucosal and intramural UFs that alter the uterine cavity have a negative impact on endometrial receptivity, implantation, and live birth rates (Bulletti et al., 2004; Casini et al., 2006).
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FIGURE 4. Effect of uterine fibroids (UFs) on endometrial receptivity and implantation. The presence of UFs impacts endometrial gene expression, contributing to failure in endometrial receptivity. In addition, submucosal UFs can distort the uterine cavity, which interferes with embryo implantation and placentation, likely affecting fertility. ALDH3A2, aldehyde dehydrogenase 3 family member 2; BMP2, bone morphogenetic protein 2; HOX10, homeobox gene 10; IL-11, interleukin 11; LIF, leukemia inhibitory factor; MCP-1, monocyte chemoattractant protein-1; TGF-β3, transforming growth factor beta 3.




Effect of Uterine Fibroids on Endometrial Receptivity and Implantation

Implantation is a process that involves a highly regulated and synchronous development of the embryo and the endometrium to make it amenable to implantation, a process that occurs between 7 and 10 days after ovulation and is known as the window of implantation (WOI) (Achache and Revel, 2006). Endometrial receptivity allows for implantation of the embryo, and it is a multidimensional process of molecular events influenced by hormones, cytokines, growth factors, and other signaling molecules. Any abnormality can lead to implantation failure, early pregnancy loss, or problems conceiving.



Critical Factors in Endometrial Implantation

The family of homeobox genes comprises 39 HOX transcription factors that are fundamental to the proper development of the female reproductive tract and to endometrial development during the menstrual cycle (Du and Taylor, 2015). HOX genes are also crucial to endometrial receptivity; the most relevant are HOXA10 and HOXA11, which are expressed in the endometrium throughout the proliferative phase and reach a peak in the mid-secretory phase under the influence of progesterone (Taylor et al., 1998, 1999). The proteins encoded by these genes affect endometrial receptivity by inhibiting or activating target genes including β3-integrin and Emx2 (Figure 3; Du and Taylor, 2015). HOXA10 and HOXA11 are downregulated in the secretory phase of women with low rates of implantation (Taylor et al., 1999; Bagot et al., 2000). HOXA10 expression is also reduced in the endometrium of women with submucosal UFs; the reduction is detected throughout the endometrium, but is significantly reduced in the endometrium covering submucosal UFs (Rackow and Taylor, 2010). Endometrial expressions of HOXA10 and HOXA11 increase after myomectomy of intramural UFs, but not submucosal UFs (Unlu et al., 2016). A study analyzing endometrial HOXA10 and HOXA11 levels during the WOI in infertile women with intramural UFs found significantly decreased levels of HOXA10 and HOXA11 and a slight decrease in E-cadherin compared to healthy fertile women (Makker et al., 2017). HOX genes are regulated by BMP2; consequently, increased endometrial resistance to BMP2 could contribute to the low HOXA10 and HOXA11 levels in the endometrium of women with UFs (Sinclair et al., 2011; Doherty and Taylor, 2015). Endometrial HOXA10 and HOXA11 expressions are upregulated by progesterone and 17β-estradiol during the mid-secretory phase and improve endometrial receptivity (Cermik et al., 2001).

Numerous studies have analyzed gene expression in endometrial tissue from women with intramural and/or submucosal UFs and women without UF to investigate correlations with endometrial receptivity. These studies identified several genes that are differentially expressed during the mid-secretory phase. However, the genes reported to be significantly altered vary across studies, and the precise mechanism by which gene alterations affect receptivity remains unclear (Gómez et al., 2015; Aghajanova et al., 2017). One study investigated gene expressions during the WOI in women with and without intramural UFs and in those without and with observed alterations in aldehyde dehydrogenase 3 family member 2 (ALDH3A2) and the glycodelin expression in women with intramural UFs of >5 cm (Horcajadas et al., 2008). The findings indicated that larger intramural UFs may have a more significant impact on endometrial gene expressions; more studies are needed to better understand this association. In addition, analyses of gene expressions during WOI revealed endometrial dysregulation of the molecules involved in cell adhesion. One study reported the downregulation of E-cadherin and the increased expressions of integrin and osteopontin in women with non-cavity-distorting intramural UFs, as well as an increased pinopode formation (Bentin-Ley, 2000; Apparao et al., 2001; Lessey, 2002). Recently, a very well-designed study investigated the association between the expressions of endometrial receptivity genes and essential endometrial functions such as decidualization, proliferation, and apoptosis in women with UFs. Women with UFs demonstrated significantly altered transcriptional patterns throughout the menstrual cycle compared to healthy women, although no significant differences were observed in the expressions of receptivity and decidualization genes (Aghajanova et al., 2017).

A significant number of endometrial events are crucial to boost endometrial receptivity, which requires a complex interchange among paracrine and autocrine factors such as cytokines, chemokines, their receptors, and secondary messengers. The surge in progesterone following ovulation leads to decidualization of the endometrium and is characterized by rising levels of VEGF, prostaglandins, and immune cells (macrophages and natural killer cells) (Wang et al., 2000; Lee et al., 2015). During decidualization, there is an increase in endometrial blood vessel permeability and the production of cytokines necessary for implantation, such as leukocyte inhibitory factor (LIF), which is a marker of the WOI. Successful embryo implantation is the result of a bidirectional invasive process that is coordinated by decidual markers including LIF, prolactin, insulin-like growth factor-binding protein 1 (ILGFBP1), and IL-11. LIF and IL-11 are crucial decidual markers for embryo implantation (Stewart et al., 1992; Dimitriadis et al., 2005; Hasegawa et al., 2012). These factors bind to their respective ligand-specific receptors, LIFR and IL-11R, which share the same signal transduction target, gp130. Murine studies have demonstrated that the gp130 pathway is vital for embryo implantation and that its inactivation leads to failure of implantation (Ernst et al., 2001). LIF is a key player in the endometrium and is required for decidualization; embryos from mice lacking LIF are unable to implant in the endometrium of mice lacking LIF, but are able to implant in the endometrium of wild-type mice (Stewart et al., 1992; Robb et al., 1998). In several human studies, the LIF levels were shown to be upregulated in the luteal phase and reach their highest expression levels during WOI; in contrast, women with submucosal UFs show decreased levels of LIF during the luteal phase. Additionally, a recent study demonstrated that LIF is significantly downregulated in the endometrium of women with large (≥3 cm) and non-cavity-distorting intramural UFs (Pier et al., 2020). Once the embryo has attached to the endometrium, IL-11 moderates trophoblast invasion. Reduced levels of IL-11 lead to decreased levels of natural killer (NK) cells in the secretory endometrium and to early pregnancy loss in mice and humans (Hasegawa et al., 2012). The presence of submucosal UFs leading to reduced IL-11 during the WOI may thus cause implantation problems (Hambartsoumian, 1998).

Progesterone is vital for decidualization and the production of immune cells, such as macrophages and NK cells. Macrophages secrete crucial cytokines for implantation, such as LIF, and they are critical during trophoblast invasion and placental development (Miura et al., 2006; Jensen et al., 2012; Helige et al., 2014). During the WOI, NK cells are the predominant immune cells and are critical regulators of immunotolerance, trophoblast migration and invasion, and angiogenesis. NK cells secrete VEGF and placental growth factor, both of which play a role in trophoblast invasion and maternal uterine vasculature remodeling (Wang et al., 2000; Tayade et al., 2007). Murine studies have shown that mice lacking NK cells are able to achieve pregnancy, but they have significant rates of fetal loss, preeclampsia, and intrauterine growth restriction (King, 2000). Human studies of the mid-secretory endometrium of women with and without UFs demonstrated a rise in macrophage production and a reduction in the production of NK cells (Kitaya and Yasuo, 2010b). The dysregulated levels of NK cells and macrophages lead to abnormal endometrial function and may contribute to failure in endometrial receptivity and implantation. Moreover, women with UFs have greater expression of MCP-1, which is associated with a higher density of macrophages and PGF2α and an inflammatory effect in the endometrium. Recent studies analyzed the endometrial flushing levels to check for endometrial receptivity markers and found a significant reduction in the IL-2 levels, but no significant differences in PGF2α, ανβ3 integrin, and TNF-α in women with UFs compared to healthy women (Demir et al., 2017, 2019). The same study found only a slight increase in glycodelin in women with UFs.

Growth factors play crucial roles in decidualization and implantation, and they are dependent on progesterone. Important growth factors include members of the TGF-β family, such as heparin-binding epidermal growth factor (HB-EGF), which stimulates the secretion of BMP2 and its downstream target member WNT4 (Paria et al., 2001; Li et al., 2013). The stimulation of BMP2 levels by progesterone seems to be essential for WNT4 activation and, consequently, implantation. Murine studies have demonstrated that mice lacking BMP2 are incapable of achieving endometrial decidual differentiation (Lee et al., 2007; Li et al., 2007). Though embryo attachment is achievable, the lack of decidual differentiation leads to faulty implantation and pregnancy loss. Human studies have shown that BMP2 resistance occurs in submucosal UFs, and this resistance adversely affects cell proliferation and differentiation, leading to impaired decidualization and faulty implantation. Most women with submucosal UFs secrete higher levels of TGF-β3, a factor that impairs the signaling of BMP2 in the endometrium and is associated with defective embryo implantation in UFs (Lee et al., 2007). In general, studies have shown a direct correlation of the expression level of TGF-β and UF burden. Significantly, lower levels of BMP2 are associated with decreased endometrial stromal cell expressions of HOXA10 and LIF (Sinclair et al., 2011), a higher rate of spontaneous abortions, and a lower rate of implantation.



DISCUSSION

In summary, it is critical to understand how UFs affect the normal physiology of the endometrium and lead to two of the most common endometrial dysfunctions: HMB and subfertility. There is a crucial need for non-invasive treatment options and anti-fibroid therapeutics, which disproportionally affect African American women and cause a significant burden on women’s everyday quality of life. In general, it is believed that UFs cause abnormal menstrual bleeding by altering local and distant endometrial gene expressions, which subsequently alters endometrial function. UFs affect the normal endometrium by modifying the vascular architecture, impairing the normal contractility, and altering the production of angiogenic factors (Figure 2; VEGF, VEGFA, and ET-1), cytokines (TNF-α), chemokines, growth factors (TGF-β, bFGF, EGF, PDGF, and PDEF), prostaglandins (PGF2α), and factors involved in coagulation and fibrinolysis (PAI1, tPA, ATIII, and TM). It is of paramount importance to investigate the mechanisms underlying HMB and subfertility secondary to decreased receptivity and implantation in women with UFs and to better understand the processes underlying UF pathophysiology so that new therapeutics can be identified.

Overall, some of the main factors that affect fertility in women with UFs are distortion of the endometrium and uterine cavity, interference with the normal patterns of endocrine function, abnormal uterine vascularization, endometrial inflammation, and dysfunctional uterine contractility (Rogers et al., 2008; Rackow and Taylor, 2010; Norian et al., 2012). The impact of submucosal and intramural UFs that distort the uterine cavity is well documented, with negative effects on endometrial receptivity, implantation, and pregnancy, increased miscarriage rates, and decreased live birth rates (Pritts et al., 2009). However, the effect of endometrial non-cavity-distorting intramural UFs remains inconsistent, with most studies concurring that they affect reproductive outcomes to some extent, but to a lesser degree. Several mechanisms have been proposed to explain the effects of UFs on fertility, including simple physical impedance by obstructing the transport of gametes or embryos. Other mechanisms delay implantation by altering the normal pattern of myometrial contractions (Lyons et al., 1991), inducing a chronic inflammatory reaction and fibrosis, and impairing endometrial decidualization in the mid-luteal WOI by significantly reducing the concentrations of both macrophages and uNK cells in the EMJ zone (Kitaya and Yasuo, 2010a; Kido et al., 2014). Physical disruptions of the EMJ and alteration of the steroid receptors, acceleration of myometrial peristalsis in the mid-luteal period, and upregulation of the prolactin and aromatase levels are additional mechanisms by which UFs may affect fertility (Brosens et al., 2003; Tocci et al., 2008; Yoshino et al., 2010).

The field continues to advance with innovative studies examining the impact of UF-derived exosomes on the human endometrium and the impact of UFs on the endometrial microbiome (Figure 5), and this is an area of active investigation in our lab. Though limited data are available, it is hypothesized that the UF secretome is delivered to the human endometrium via exosomes, which affect critical biological functions including menstrual bleeding, endometrial receptivity, and implantation. Exosomes are vesicles ranging from 30 to 150 nm, derived from the fusion of multivesicular bodies with the plasma membrane and are secreted by a variety of cells. They consist of a lipid bilayer membrane and contain various functionally active proteins, mRNAs, and miRNAs that are delivered to target cells and tissues. Exosomes play crucial physiological roles as mediators of intercellular cell signaling between neighboring cells and distant tissues, acting independently but synergistically with soluble factors and hormones (Di Pietro, 2016). One preliminary study by Brakta et al. (2015) characterized exosomes derived from human UF stem cells. The authors described a significantly higher exosome production and an increased cell proliferation under hypoxic conditions compared to normoxic conditions. There is consensus that the vagina is colonized with bacteria, while the uterus and the rest of the upper reproductive tract are considered sterile. However, recent studies have demonstrated the presence of bacteria continuum throughout the reproductive female tract, challenging the traditional dogma (Chen et al., 2017). The role of the endometrial microbiome under normal physiological conditions and in disease conditions is an area of active investigation, and currently, research in our team is focusing on the impact of an altered microbiome in women with UFs. Most endometrial microbiome studies have focused on pregnancy, leaving a significant gap in our understanding of the role of the microbiome in UFs. The term “estrobolome” was recently coined to describe the secretion of circulating estrogens and their impact on the microbiome. We predict that the estrobolome plays a crucial role in UF pathophysiology, as fibroids are estrogen- and progesterone-dependent, and endometrial microbiome dysbiosis may contribute to modifications in the normal actions of estrogen in women with UFs. In the absence of a well-defined catalog of endometrial microbiota, we postulate that the presence of UFs impacts the composition of the endometrial microbiome (Figure 5). Recently, Dr. El Andaloussi was the first to report a 16S rRNA screen of the microbiome in human UF. His study demonstrated a higher alpha and beta diversity in the endometrium of women with UFs compared to a healthy endometrium (El Andaloussi et al., 2020). Investigating the effect of UFs on the endometrial microbiome may lead to the development of novel non-hormonal, non-invasive treatment options for UFs and its associated endometrial dysfunctions. Overall, there is an urgent need to discover novel therapeutics for the treatment of UFs, a common disease with a huge personal and societal burden globally and in the United States, affecting critical reproductive functions like menstrual bleeding and fertility.


[image: image]

FIGURE 5. Proposed model of future directions in the uterine fibroid (UF) field. The presence of UFs causes alterations in the healthy endometrial microbiome and changes in the exosome content, leading to increased factors involved in cell proliferation, angiogenesis, and inflammation, among others. This creates a vicious cycle contributing to increased and prolonged heavy menstrual bleeding in women with UFs.
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Embryo implantation is a complex and tightly regulated process. In humans, uterine luminal epithelium functions as a biosensor gauging the embryo quality and transmitting this information to the underlying endometrial stromal cells. This quality control ensures that only high quality embryos are implanted, while aberrant ones are rejected. The mechanisms of the embryo-uterine mucosa crosstalk remain incompletely understood. Trypsin, a serine protease secreted by the blastocyst, has been implicated in the cross-signaling. Here we address the mechanisms by which trypsin triggers the intracellular calcium signaling in uterine epithelium. We found that protease-activated G-protein coupled receptors are the main mechanism mediating the effects of trypsin in human uterine epithelium. In addition, trypsin activates the epithelial sodium channels thus increasing the intracellular Na+ concentration and promoting Ca2+ entry on the reverse mode of the sodium/calcium exchanger.
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INTRODUCTION

Pregnancy is a complex and highly coordinated physiological process that includes implantation, decidualization, placentation and birth of offspring through the process of parturition (Cha et al., 2012). The fertilized egg undergoes multiple mitotic divisions and enters the uterine cavity as a blastocyst. At the blastocyst stage, embryos mature, hatch from their outer shells (zona pellucidae) and then gain implantation competency. Further embryonic development critically depends on implantation of the hatched blastocyst into the maternal endometrium. The main purpose of implantation is to ensure that the blastocyst firmly anchors into the endometrial stroma, which will support the developing embryo and allow the process of placentation to begin (Wang and Dey, 2006). Implantation involves intimate interaction between an implantation-competent blastocyst and a receptive uterus, which occurs in a limited time period referred to as the window of implantation. Based on animal models, the uterine luminal epithelium has been considered solely responsible for the window of implantation. In polytocous species like mice or rats, transient expression of receptivity genes allow simultaneous implantation and correct spacing of multiple embryos at identical stages of development in an optimal endometrial environment (Kaneko et al., 2011). In contrast, humans, as a monotocous species, have to deal with highly invasive embryos that often display genomic instability and chromosomal aberrations (Mertzanidou et al., 2013). Under these conditions, the luminal epithelium functions as a biosensor gauging the embryo quality and transmitting this information to the underlying endometrial stromal cells to induce an environment that either supports further implantation or discards the aberrant embryo by menstruation-like shedding of the endometrium. Although a multitude of cellular signaling pathways involved in embryo-uterine crosstalk have been identified through gene expression studies and transgenic mouse models, a comprehensive understanding of the mechanisms of embryo-uterine interaction is still missing (Aplin, 2006; Zhang et al., 2013). Our previous work has shown that many metabolic and pro-inflammatory genes in human and murine endometrium are up-regulated in response to embryo-conditioned culture medium, suggesting that developing embryos secrete humoral factor(s) capable of inducing profound transcriptional responses in the endometrium (Brosens et al., 2014). Experiments in mice have shown that embryo-released serine protease, trypsin, triggers intracellular Ca2+ ([Ca2+]i) transients that lead to prostaglandin E2 (PGE2) release, phosphorylation of the transcription factor CREB and up-regulation of cyclooxygenase 2 (COX-2) required for prostaglandin synthesis from arachidonic acid (Ruan et al., 2012). This study has demonstrated the involvement of the epithelial Na+ channel (ENaC) in trypsin-induced [Ca2+]i transients. Similarly to other epithelia (Rossier and Stutts, 2009), trypsin activates the uterine ENaC via proteolytic cleavage of the gamma subunit leading to inward current and membrane depolarization. The authors proposed that this depolarization triggers Ca2+ entry into epithelial cells through voltage-gated L-type Ca2+ channels (Ruan et al., 2012). However, evidence for the involvement of voltage-gated Ca2+ channels in uterine epithelial responses is not very convincing since trypsin-induced [Ca2+]i transients were only partially inhibited by high doses (above 10 μM) of the L-type Ca2+ channel blocker nifedipine. At these concentrations, nifedipine may affect other ion channels/transporters in addition to the voltage-gated Ca2+ channel blockade. Indeed, a direct inhibition of alveolar ENaC by high doses of voltage-gated Ca2+ channel blockers has been described in the literature (Marunaka and Niisato, 2002). Most likely, mechanisms underlying the trypsin-induced Ca2+ signaling in uterine epithelium are more complex than a simple Ca2+ entry through voltage-gated Ca2+ channels. Nonetheless, the findings presented by Ruan et al. (2012) are important as they draw attention to a novel role for the embryo-derived serine proteases, namely their contribution to the embryo-uterine signaling dialogue, and highlight the importance of epithelial [Ca2+]i signaling for embryo implantation. Previous studies have demonstrated that trophoblast spheroids can elevate [Ca2+]i in RL95-2 cells, a human uterine epithelial cell line, by activating Ca2+ entry via mechano-sensitive Ca2+ permeable channels leading to the induction of epithelial adhesiveness (Tinel et al., 2000). However, the mechanism(s) mediating the protease-induced [Ca2+]i signaling in human uterine epithelium remains incompletely understood. In this report, we present evidence for the protease-activated G-protein coupled receptors (GPCR) involvement in trypsin-induced Ca2+ signaling in the primary human uterine epithelium and in the Ishikawa cell line.



MATERIALS AND METHODS


Cell Culture

Initial experiments were performed on primary cultures of human uterine epithelial cells. Endometrial biopsies were obtained from women attending the Implantation Research Clinic, University Hospitals Coventry and Warwickshire National Health Service Trust. Written informed consent was obtained in accordance with the Declaration of Helsinki 2000. The study was approved by the NHS National Research Ethics Committee of Hammersmith and Queen Charlotte’s Hospital NHS Trust (1997/5065). Endometrial biopsies were obtained from four women attending the Implantation Clinic at University Hospitals Coventry and Warwickshire NHS Trust. All research was undertaken with full ethical approval and with written informed consent obtained from all participants in accordance with The Declaration of Helsinki 2000. Biopsies were taken during the secretory phase of the menstrual cycle using an EndocellTM cannula, starting from the uterine fundus and moving downward to the internal cervical ostium. The biopsy was collected in a labeled Bijoux tube containing 5 ml of cell culture medium and transferred to the lab for processing as quickly as possible. The endometrial epithelial cells were isolated from the endometrial biopsies using collagenase and DNase digestion as described in detail elsewhere (Barros et al., 2016). After separation of uterine glands from the stromal and immune cells, the former were further digested with trypsin to obtain a single-cell suspension. Dissociated epithelial cells were plated into glass-bottomed 35 mm Petri dishes (Mattek) and incubated at 37°C in a humidified incubator in 5% CO2 for up to a week before using them in Ca2+ imaging experiments. Three to six Petri dishes per biopsy were used in the Ca2+ imaging experiments.

In the initial experiments, we found that primary uterine epithelial cells generated [Ca2+]i responses to trypsin application similar to those observed in Ishikawa cells, an uterine epithelial cancer cell line. Given this similarity between the primary human endometrial epithelial cells and the Ishikawa cell line, subsequent mechanistic experiments were performed on Ishikawa cells. The Ishikawa cell line was obtained from Sigma-Aldrich and cultured in glass-bottomed 35 mm Petri dishes using a cell culture method similar to that described by Schmidt and colleagues (Schmidt et al., 2014). Ishikawa cells were used in Ca2+ imaging experiments within a week after passaging. Before the experiment, the cells were cultured overnight in serum-free DMEM.



Ca2+ Imaging

For imaging intracellular calcium ([Ca2+]i) responses to trypsin, a ratiometric Ca2+-sensitive indicator Fura-2 was employed. The cells were washed with physiological saline solution (PSS) of the following composition (in mmol/l): 135 NaCl, 4 KCl, 1.2 MgCl2, 2 CaCl2, 5 HEPES and 10 Glucose. The pH of this solution was adjusted to 7.4 with NaOH. The Fura-2 indicator was loaded into cells as acetoxymethyl ester dissolved in DMSO and diluted with PSS to a final concentration of 2.5 μM. The loading solution also contained 0.05% of non-ionic detergent Pluronic F127 to aid the dye dispersal and 2 mM probenecid to facilitate dye retention in the cytoplasm. After 60 min loading at room temperature the cells were washed with PSS and incubated on the bench while protected from ambient light for another 30 min to ensure complete de-esterification of the dye. After that, the Petri dish with Fura-2 loaded cells was mounted on the stage of an inverted microscope (Olympus IX71, United Kingdom) and superfused with pre-warmed to 35°C PSS. Trypsin and other drugs were applied to cells within the field of view using a gravity-fed multi-tube preheater (MPRE8, Cell MicroControls, United States). A fast monochromator (Polychrome V, TILL Photonics, Germany) provided Fura-2 excitation alternating between 360 ± 12 and 380 ± 12 nm. The resulting Fura-2 fluorescence was separated from the excitation light by a 495 nm dichromatic mirror (Chroma, United States) and recorded at a wavelength above 510 nm. Time series of fluorescence images were collected at 1 ratio-pair per second using a front-illuminated EMCCD camera (Luca, Andor, United Kingdom) controlled by the WinFluor software package (J. Dempster, Strathclyde University, United Kingdom). The camera exposure was set to 50 ms and the cells were not illuminated for the rest of the cycle time. This substantially reduced the photo-bleaching of Fura-2 during long-lasting experiments. The same software was used for the extraction of fluorescence intensities and calculation of Fura-2 ratio representing the [Ca2+]i dynamics.

All solutions were prepared using analytical grade salts and deionized water. Trypsin was supplied by Worthington Biochemical Corporation, United States. DMSO, Pluronic F127 and Fura-2/AM were purchased from the Molecular Probes, United States. PAR agonist and antagonist peptides, amiloride, SN-6 and the store operated channel inhibitor GSK7975A were supplied by Tocris Bioscience, United Kingdom. All other reagents were purchased from Sigma, United Kingdom.



Data Quantification and Analysis

Background fluorescence was calculated from areas devoid of cells and subtracted from each time series. To quantify the cellular [Ca2+]i responses to trypsin and other agents, regions of interest (ROIs) were drawn around each cell within the field of view, the mean intensity values were extracted from the ROIs and the ratio between fluorescence intensities exited at 360 and 380 nm were calculated in WinFluor. The technical graphing and data analysis software package IgorPro 7.0.8.1 (Wavemetrics, United States) was used for statistical analyses and preparation of figures. The data were obtained from at least three different cultures. Where appropriate, statistical comparisons were made using unpaired t-test. When multiple comparisons were made, a 1-way ANOVA followed by Dunnet’s post hoc test was used.



RESULTS

We reasoned that the concentrations of the embryo-secreted protease are unlikely to reach a micro-molar level around the uterine epithelium during human embryo implantation. We therefore tested a low-nanomolar concentration range of trypsin for its effectiveness at triggering the [Ca2+]i responses in primary uterine epithelial cells and in the Ishikawa cell line. Figure 1 illustrates typical [Ca2+]i responses to the application of 5 nM trypsin dissolved in PSS. In the majority of cells, trypsin at this concentration triggered a rapid transient rise in [Ca2+]i followed by a long-lasting oscillation (Figures 1A,C). In about a quarter of all cells tested (31 out of 132), a steady elevation of [Ca2+]i was observed after the initial [Ca2+]i transient instead of oscillations. The responses to 1 and 0.5 nM trypsin were similar to that triggered by 5–10 nM but the number of cells responding to trypsin declined in proportion to the decrease in trypsin concentration (not illustrated). We elected to use 5–10 nM trypsin in all the subsequent experiments.
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FIGURE 1. Examples of trypsin-induced [Ca2+]i signals in human primary uterine epithelial cells (left-hand panel) and in the Ishikawa cell line (right-hand panel). Application of 5 nM trypsin (indicated by a solid bar above each trace) triggered an initial transient elevation of [Ca2+]i followed by [Ca2+]i oscillations of variable frequency and amplitude (A,C) or by a non-oscillatory plateau of variable height (B,D). Records are typical of 87 cells from 4 separate cultures.


The [Ca2+]i dynamics were very similar in the primary epithelium and in Ishikawa cells, bar for the occasional irregular spontaneous activity sometimes observed in primary epithelium before the application of trypsin but never in the cell line (compare left-hand and right-hand panels of Figure 1). Given the similarity of trypsin-induced [Ca2+]i signaling in Ishikawa cells to that in primary uterine epithelium and the amenity of the cell line to different experimental maneuvers, we used Ishikawa cells to conduct in subsequent experiments.


Store Operated Ca2+ Entry Is Vital for the Oscillations

When trypsin was applied in the absence of extracellular Ca2+, there was only a single [Ca2+]i transient observed, which was followed by an exponential decline below the pre-stimulation level. Readmission of extracellular Ca2+ in a continuous presence of trypsin triggered immediate rise in [Ca2+]i and reappearance of the oscillations (illustrated in Figure 2A). To test the route for the extracellular Ca2+ entry, we employed GSK7975A (Derler et al., 2013), a specific inhibitor of the store operated Ca2+ channels. In the presence of this inhibitor, trypsin-induced [Ca2+]i oscillations were abolished, either immediately (Figure 2B) or after several declining oscillations (Figure 2C). The initial [Ca2+]i transient was unaffected by the GSK7975A application, but it was not followed by the oscillations, only a slightly elevated [Ca2+]i level was maintained. Sometimes this was accompanied by slow and irregular fluctuations of [Ca2+]i (Figure 2D). These results suggest that the main mechanism that sustains the trypsin-induced [Ca2+]i oscillations was Ca2+ entry through the STIM/Orai store operated Ca2+ channels, a hallmark feature of the GPCR-mediated Ca2+ signaling. We explored this in the next series of experiments.
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FIGURE 2. Store-operated Ca2+ entry contributes to trypsin- induced [Ca2+]i. (A) In Ca2+-free solution, trypsin application produced only the initial [Ca2+]i transient but no oscillations (typical of n = 7). Upon re-addition of extracellular Ca2+, [Ca2+]i oscillations reappeared. (B–D) Typical responses to trypsin (5 nM) in the presence of store operated Ca2+ channel inhibitor GSK7975A. Addition of GSK7975A (5 μM) to trypsin containing solution abolished the oscillations, either immediately (B) or after several oscillations of diminishing amplitude (C) leaving behind a slightly elevated level of [Ca2+]i sometimes accompanied by slow irregular fluctuations (D) (n = 34 cells from two different cultures).




Effects of PAR Peptides

Figure 3A illustrates the effect of the PAR2 activating peptide SLIGRL-NH2 application to Ishikawa cell. The response was similar to that induced by trypsin and comprised an initial transient rise in [Ca2+]i due to the release from the intracellular store followed by [Ca2+]i oscillations. After the washout of PAR2 agonist peptide, the cells were capable of responding to trypsin (Figure 3A). Application of TFLLR-NH2, the PAR1 activating peptide, also induced [Ca2+]i responses in Ishikawa cells (not illustrated). On the other hand, pretreatment of the cells with FSLLRY-NH2, a PAR-2 inhibiting peptide, abolished both components of the [Ca2+]i response to trypsin. That is, not only the [Ca2+]i oscillations were abolished but the initial [Ca2+]i transient was eliminated as well (see Figure 3B). Interestingly, a small and slow rise in [Ca2+]i, similar to that observed in the experiments with GSK7975A remained in the presence of FSLLRY-NH2. This may indicate the presence of an additional trypsin-activated Ca2+ entry pathway unrelated to the GPCRs or store-operated Ca2+ channels. An obvious candidate for such a mechanism could be ENaC that has already been shown to contribute to embryo implantation in mice (Ruan et al., 2012). We explored this in Ishikawa cells using amiloride, a potent inhibitor of ENaC.
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FIGURE 3. Role of proteinase activated receptors, ENaC and sodium/calcium exchanger in the trypsin-induced [Ca2+]i responses. (A) Application of PAR2 agonist SLIGRL-NH2 (10 μM, empty bar) produced a [Ca2+]i response similar to that elicited by subsequent trypsin (5 nM, solid bar) application to the same cell. (B) Both the initial transient and [Ca2+]i oscillations in response to trypsin (5 nM, solid bar) were abolished by the PAR2 inhibiting peptide FSLLRY-NH2 (10 μM, empty bar). Traces shown are typical of 46 cells from three separate cultures. (C) Application of ENaC inhibitor amiloride (10 μM, dashed bar) partially inhibited [Ca2+]i oscillations but not the initial [Ca2+]i transient in response to trypsin (5 nM, solid bar) (n = 113 cells from four separate cultures). (D) Inhibitor of the reverse mode of sodium/calcium exchanger SN-6 (10 μM, dashed bar) had similar to amiloride effect (n = 24 cell from three separate cultures).




Role of ENaC

As illustrated in Figure 3C, ENaC inhibition failed to eliminate the initial component of the trypsin-induced [Ca2+]i response but reduced the amplitude and, to a lesser extent, the frequency of subsequent [Ca2+]i oscillations. De-inhibition of ENaC by rapid removal of amiloride led to a transient resurgence of the trypsin-induced [Ca2+]i oscillations amplitude (Figure 3C). This was consistently observed in all 78 cells from five different cultures. A similar effect was observed in the experiments with SN-6, a preferential inhibitor of the reverse mode of the sodium/calcium exchanger (Niu et al., 2007; Gandhi et al., 2013). Pre-incubation of cells with 10 μM of SN-6 reduced the amplitude and frequency of [Ca2+]i oscillations without affecting the initial [Ca2+]i transient in response to trypsin (Figure 3D). There was also a re-bounce effect upon a rapid washout of SN-6. In fact, the resurgence of the [Ca2+]i oscillation was more pronounced compared to that after the amiloride withdrawal. Taken together, these results suggest that the additional pathway for the extracellular Ca2+ entry is the reverse mode of the sodium/calcium exchanger (NCX).



DISCUSSION

In this report, we examined the mechanism of the trypsin-induced [Ca2+]i signaling in human uterine epithelial cells. Our main findings are: (i) the effects of trypsin application are similar in primary human uterine epithelium and in the Ishikawa cell line; and (ii) the peptide agonists of PAR1 and PAR2 can mimic the effects of low concentrations of trypsin on uterine epithelial [Ca2+]i dynamics while the PAR inhibitor peptide eliminates this effect. These results are compatible with the idea that the proteinase activated receptors play a major role in the trypsin-induced endometrial [Ca2+]i signaling. This is in contrast to the mechanism proposed for implantation in mice, where ENaC and the L-type Ca2+ channels are thought to be pivotal players (Ruan et al., 2012). Nevertheless, our results with ENaC inhibitor amiloride and the NCX inhibitor SN-6 suggest that ENaC-NCX system can provide an additional route for extracellular Ca2+ entry in parallel to that afforded by the PAR activation of store-operated Ca2+ channels. The schematic drawing in Figure 4 summarizes our understanding of the result obtained in this study. We suggest that trypsin released from the trophectoderm of implanting embryo binds to PAR2, thereby triggering a classical GPCR-mediated intracellular Ca2+ release followed by store-operated Ca2 entry via the STIM/orai voltage-independent Ca2+ channels. In parallel, trypsin cleaves the gamma-subunit of the epithelial sodium channel thereby activating the Na+ entry via ENaC. The role of epithelial sodium channels and the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channels in uterine fluid secretion and reabsorption has long been recognized as an important determinant of uterine closure, a mechanism by which embryos are held in contact with the uterine epithelium before initiation of implantation (Chan et al., 2002; Naftalin et al., 2002). Similar to other ion transporting epithelia, uterine ENaC and CFTR co-localize to microvilli on the apical membrane and functionally interact with each other to provide electrically coupled ionic fluxes (Horisberger, 2003; Konstas et al., 2003). Inward currents through ENaC and CFTR are counterbalanced by outward current through the large conductance Ca2+-activated potassium channels (Zhang et al., 2012). We propose that Na+ entry into the intravillous space via trypsin-activated ENaC will depolarize the cellular membrane and increase the intravillous Na2+ concentration sufficiently high to reverse the NCX thereby providing means for Ca2+ entry into the intravillous space. Diffusion of Ca2+ from the microvilli into the bulk cytoplasm will increase [Ca2+]i and, in parallel with store-operated calcium entry, act as a source for re-filling of the endoplasmic reticulum. Increased [Ca2+]i will also activate the BK channels leading to repolarization and termination of Ca2+ entry via the reverse mode of NCX. Thus, the proposed two mechanisms will act in coherence to sustain the [Ca2+]i oscillations. Misbalance between the rates of Ca2+ entry and Ca2+ accumulation into the endoplasmic reticulum may manifest itself as a steady, non-oscillatory Ca plateau of variable height, which we observed in a proportion of cells. The coexistence of the two parallel routes for Ca2+ entry will ensure a robust activation of prostaglandin E production vital for decidualization of endometrial stromal cells.


[image: image]

FIGURE 4. Summary of the proposed model for trypsin induced Ca2+ signaling in uterine epithelium. Trypsin is released by the trophectoderm of the implanting embryo and acts on proteinase activated receptors thereby triggering the release of Ca2+ from the endoplasmic reticulum. Emptying the reticulum triggers store-operated Ca2+ entry. In parallel, trypsin activates ENaC located in the microvilli of the uterine epithelial cells leading to the increase in the intravillous Na2+ level, reversal of the Na+/Ca2+ exchanger and additional Ca2+ entry into cytoplasm.
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The human endometrium is the innermost mucosal membrane of the uterus and is the first point of contact for an implanting blastocyst. A wide variety of immune cells are found amongst the endometrial epithelial layers and stromal cells which both provide host immune responses against pathogens and also assist with placentation and pregnancy establishment, however, B cells have not been characterized, despite being a vital player in both adaptive and mucosal immunity. Through analysis of mid-luteal endometrial biopsies, we find 1–5% of endometrial immune cells are B cells, the majority were naïve or memory B cells, with few plasma cells. Compared with circulating B cells, endometrial B cells had an activated phenotype, with increased expression of CD69, HLA-DR, CD74, and CD83, and IL-10 production capacities. PD1+CXCR5+ICOS+ T follicular helper-like cells and FAS+IgD–BCL6+ germinal center B cells were also present in the endometrium, which may indicate that endometrial B cells are playing an active role through germinal center reactions in the human endometrial environment.
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INTRODUCTION

The human endometrium is a mucosal tissue containing immune cells which provide defense against uterine pathogens and have a role in immune tolerance for the successful establishment of pregnancy, as the semi-allogeneic embryo must invade through the tissue during placentation. NK, T, B, and macrophage cells are present in the endometrium, with reported changes to cellular proportions and functions across the menstrual cycle (Wira et al., 2015). The phenotypes and function of NK cells, T cells, and macrophages are widely characterized, with their dysregulation implicated in various reproductive pathologies such as infertility, recurrent pregnancy loss (RPL) and endometriosis (Brazdova et al., 2016; Vallvé-Juanico et al., 2019; Lucas et al., 2020). However, B cells are comparatively understudied in the endometrium despite their vital role in mucosal immunity (Vajdy, 2006).

Central to the adaptive humoral immune system, B cells display notable phenotypic and functional diversity between various known subsets. In brief, transitional B cells migrate from the bone marrow, subsequently mature into antigen-naïve B cells and enter into the periphery. After antigen encounter, naïve B cells can either differentiate into short-lived plasmablasts, or enter into germinal centers (GCs) and differentiate into memory B cells or long-lived plasma cells. This GC reaction relies on the involvement of T follicular helper (Tfh) cells and typically happens in the secondary lymphoid organs (SLOs), such as lymph nodes, tonsils, spleen or mucosal associated lymphoid tissue (MALT) (LeBien and Tedder, 2008). In addition to SLOs, GC or GC-like structures have also been described in ectopic or tertiary lymphoid structures (TLSs), where the GC supports local adaptive immune responses toward locally displayed antigens (Pipi et al., 2018). Other B cell subsets also exist, Breg are a rare B cell subset with regulatory/suppressor function, which is mostly but not solely achieved through the production of IL-10. Breg can also promote the development of Treg, a crucial player in the endometrial immune environment, possibly via TGF-β production (Lee et al., 2014). The involvement of Breg in pregnancy was recently recognized, in mice uteri, an expanded pool of IL-10-producing B cells are observed during implantation, contributing to the successful establishment of maternal immunological tolerance in early pregnancy through their regulatory function (Guzman-Genuino et al., 2019).

In this study, human endometrium and peripheral blood samples were collected from women during the mid-luteal phase of the menstrual cycle. We determined the B cell subsets present in the endometrium, specifically identifying a broad cellular repertoire, including the presence of both IL-10 producing B cells which may indicate the present of Breg, and also B cells that have a phenotype indicative of GC. We identify markers on endometrial B cells that are highly upregulated compared to peripheral blood B cells, which indicates endometrial B cells are likely tissue resident.



MATERIALS AND METHODS


Sample Collection and Processing

The study was approved by the Oxford Research Ethics Committee C (ref:08/H0606/94 and ref:18/SC/0216). All participants gave written informed consent in accordance with the Helsinki Declaration of 1975. All recruits were patients attending Oxford Fertility, Wolfson Fertility Centre at Hammersmith Hospital, or the Recurrent Miscarriage Clinic in the Oxford University Hospitals NHS Foundation Trust, John Radcliffe Hospital between 2016 and 2018. All women were≤40 years of age. Blood and/or endometrial samples were taken in the mid-luteal phase of the menstrual cycle, during which the endometrial cells adapt for embryo receptivity, a period known as the window of implantation. LH-surge testing or known regular cycle length timing were used in determining the mid-luteal phase.

Peripheral blood mononuclear cells (PBMC) were isolated using lymphoprep (Axis Shield Diagnostics). Endometrial samples were obtained with an Endocell disposable endometrial cell sampler (Wallach Surgical devices, Trumbull, CT, United States). Endometrial samples were either digested with Collagenase D or mechanically digested if Collagenase D was shown to negatively impact the surface marker expression on the targeted cell type (i.e., CXCR5). For Collagenase D digestion, endometrial samples were incubated with 100 μg/ml DNase I and 2 mg/ml Collagenase D in Dulbecco’s Modified Eagle’s Medium + 10% Fetal bovine serum for 30 min in 37°C shaking incubator. For mechanical digestion, endometrial biopsies were cut into 1 mm3 fragments and transferred to 10 ml Dulbecco’s Modified Eagle’s Medium + 10% Fetal bovine serum with 100 μg/ml DNase I for mechanically digestion. All tissue digests were passed through sequential 70 and 40 μm cell strainers. Single cell suspensions were frozen in 10% DMSO/FCS using a Nalgene Mr. Frosty Freezing chamber (Thermo Fisher), before being transferred to liquid nitrogen for storage prior to use.



Cell Sorting

Frozen endometrial cell digests or isolated PBMCs were thawed into HS-media (RPMI1640 + 10%FCS + 1% human serum + 2 mM glutamine + 100 IU/ml penicillin + 100 μg/ml streptomycin) at 37°C and centrifuged at 300 × g. Endometrial cells were re-suspended in HS-media and transferred to a 25 cm2 flask for 30 min at 37°C/5% CO2, then supernatants containing non-adhered cells were further transferred to a fresh flask for an additional 30 min incubation, for stromal and epithelial cell depletion. Supernatants were then removed lymphocytes isolated using lymphoprep (Axis-shield). Cells were washed in PBS and stained with DAPI (Biolegend, San Diego, CA, United States) and antibodies CD45 BV650TM, CD3 APC FIRETM 750, and CD19 PE (all from Biolegend, San Diego, CA, United States), then sorted using an Aria III (BD Biosciences, Franklin Lakes, NJ, United States) with 85 μm nozzle. CD19+ B cells were isolated as singlet cells (FSC-H vs FSC-A), Zombie AquaTM –, CD45+, CD3–, CD19+. 6486 ± 7965 (mean ± SD) CD19+ B cells were sorted with sorting purity over 98% for all samples.



B Cell Stimulation Assay

Sorted CD19+ B cells were placed in a 96 well U bottom plate (Eppendorf, Germany) with HS-media overnight, with <5,000 cells per well. Cells were then un-stimulated (controls) or treated with 1 mg/ml PMA + 1 mg/ml LPS + 1 mM ionomycin in 100 μl Culture Medium for 43 h, then Brefeldin A (Biolegend, San Diego, CA, United States) was added for an additional 5 h. Both stimulated and un-stimulated cells were then subjected to flow cytometric staining.



RNA Extraction and Quantification

Immediately after sorting, cells were pelleted by centrifugation and re-suspended in RLT buffer (Qiagen, Germantown, MD, United States) and RNA was extracted using QIAGEN RNeasy Micro Kits (Qiagen, Germantown, MD, United States) according to the manufacturer’s protocol. RNA quantity and quality were accessed on Agilent 4200 TapeStation System (Agilent, Santa Clara, CA, United States) according to the manufacturer’s protocol.



RNA Sequencing: Library Preparation, Sequencing and Data Analysis

The library was prepared using a Standard Nextera Illumina Library Prep kit using a unique dual- index strategy to barcode cDNA fragments. DNA samples were amplified for 16 cycles and the cDNA quantities assessed using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, United States) with Quant-iT PicoGreen (Thermo Fisher, Waltham, MA, United States). Clustering and sequencing was carried out by Novogene Co., Ltd. Briefly, clustering of the index-coded samples was performed on a cBot Cluster Generation System using PE Cluster Kit cBot-HS (Illumina) and paired end RNA sequencing was performed using the Novoseq 6000 platform, with 125 bp/150 bp read length and approximately 25 million reads per sample. Quality control was performed by Novogene Co., Ltd and reads mapped to Ensemble Homo Sapiens cDNA database release 94. Data analysis was performed using R (version 3.5.3) and RStudio, heatmap of top 50 expressed genes in endometrial B cells was generated using DESeq2 (Love et al., 2014).



Flow Cytometry Analysis

All flow cytometry reagents were from Biolegend unless otherwise stated. Fc receptors were blocked using FcR Blocking Reagent (Miltenyi, Germany). Samples were incubated with Zombie-Aqua Fixable Viability kit for 15 min in the dark, then cells washed in PBS/2%FCS and antibodies toward cell surface markers were added for 20 min at 4°C in the dark. Antibodies used were CD45-BV650TM (HI30) or CD45-AlexaFluor700 (HI30), CD19-FITC (HIB19) or CD19- PECy7 (HIB19), CD27-PEDAZZLETM 594 (O323) or CD27-BV785TM (O323), CD38-PE (HB-7) or CD38-APCFireTM 750 (HB-7), CD24-APC (ML5) or CD24-BV421TM (ML5), CD138-BV711TM (MI15), IgM-PECy7 (MHM-88), IgG-BV421TM (M1310G05), IgA-APCVio770 (REA1014, Miltenyi, Germany), CD83-BV785TM (HB15e), CD74-PE (LN2), HLA DR-APC (L243), CD69-PE_DAZZLETM (FN50) or CD69-BV785TM (FN50), CD3-APCFireTM 750 (UCHT1), CD4-FITC (OKT4), ICOS-BV650TM (C398.4A), CXCR5-BV421TM (J252D4), PD1-APC (EH12.2H7), IgD-PE_DAZZLETM (IA6-2), FAS-BV711TM (DX2). Afterward, cells were washed in PBS/2% FCS, and if necessary intracellular antibody staining was performed using Cytofix/Cytoperm Kit (BD, Franklin Lakes, NJ, United States), cells were fixed for 30 min then transferred into PBS/2% FCS overnight, then permeabilization performed before addition of antibodies IL-10-AlexaFluor488 (JES3-9D7), TGF-β-APC (TW4-6H10) or BCL6-PE (IG191E/A8) for 1 h incubation.

Data was acquired using an LSR-II flow cytometer (BD Biosciences) and data analyzed using FlowJo software (Tree Star Inc.), fluorescence Minus One (FMO) controls established gating strategies. Statistical analysis was performed using GraphPad Prism 7.03. Normal data distributions were confirmed using Shapiro-Wilk tests, parametric data were then analyzed using Student’s t-test. Data were represented as mean ± SD. Differences were considered significant if p < 0.05.



RESULTS

Endometrial biopsies and peripheral blood samples were taken during the mid-luteal phase of the menstrual cycle. Single cell suspensions were obtained and flow cytometry was performed to identify endometrial B cells and peripheral blood B cells. Endometrial B cells (CD19+) comprised 3.3 ± 2.8% (mean ± SD) of the total CD45+ lymphocytes, which was significantly lower than found in the peripheral blood (Figure 1A, n = 10). Various B cell subset in the human endometrium were identified (representative flow cytometry staining Figure 1B(i-x) and summarized in Figure 1C, n ≥ 6). Endometrial immune cells were gated on FSC vs. SSC (1B-ii) and CD45+CD19+ events (1B-iii). The majority (63.6 ± 9.6%) of endometrial B cells were IgM+IgG–IgA– and thus naïve B cells, 6.3 ± 4.1% and 8.6 ± 3.7% of all endometrial B cells were IgM–IgG+ and IgM–IgA+, respectively, (1B-iv and-v). 28.3 ± 10.1% of all endometrial B cells were CD27+ and therefore designated memory B cells (Figure 1B-vi). CD138+ plasma cells and CD38hi CD24– plasmablasts were scarce (<2%) in most endometrial B cell samples (Figure 1B-vii and -viii). In addition, FAS+IgD– GC B cells were found in all six endometrial samples, accounting for 12.2 ± 8.6% of all CD19+ B cells (Figure 1B-ix), with a significantly higher level of intracellular BCL6 expression compared with FAS– B cells (Figure 1B-x). Apart from GC B cells, which are largely absent in peripheral blood, the proportional distribution of endometrial B cell subsets is similar to that in the peripheral B cells, naïve B cells comprise about 60–70% of all B cells and memory B cells account for 20–30% of all B cells (Perez-Andres et al., 2010; Kaminski et al., 2012; Clavarino et al., 2016).
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FIGURE 1. Endometrial B cell subsets analysis. (A) Flow cytometric analysis of B cells (n = 10) showing the proportion of B cells in the endometrium vs. peripheral blood. (B) Representative flow cytometric staining of endometrial B cells: i–iii, FSC-A vs. SSC-A and FSC-H determine lymphocyte singlet cells, ZAlo/CD45+/CD19+ were identified as B cells; iv and v, IgA+ and IgG+ B cells were identified; vi, IgM+CD27– were identified as na ve B cells, CD27+ were identified as memory B cells; vii, CD24– CD38hi were identified as plasmablasts; viii, CD138+ were identified as plasma cells; ix, FAS+IgD– were identified as GC B cells. x, Flow cytometric analysis of BCL6 MFI in GC B cells vs. FAS– B cells (n = 6). (C) Flow cytometric analysis of the proportion of B cell subsets in the endometrium (n ≥ 6). Different flow cytometric panels were separated by a dash line. Dots are individual samples and bars = mean ± S.E.M.


Next, we examined whether IL-10 secreting Breg cells are present in the human endometrium. Peripheral and endometrial CD19+ B cells were obtained by flow cytometric cell sorting. Sorted CD19+ B cells were either stimulated with PMS + LPS + ionomycin, or left untreated for 48 h. As shown in Figures 2A,B, all peripheral and endometrial CD19+ B cells displayed a significantly higher level of IL-10 MFI after stimulation, the expression level of IL-10 was similar between simulated peripheral and endometrial CD19+ B cells (n = 3). They also exhibited a higher level of TGF-β after stimulation, but no significant difference was observed between stimulated and unstimulated groups (Figures 2,B, p = 0.06). In circulating CD19+ B cells, IL-10 production capacity has been reported to be enriched in the Breg populations, which can be identified by flow cytometry as CD27+CD24hi or CD38hiCD24hi (Hasan et al., 2019; Lin et al., 2019). In the peripheral blood samples, CD27+CD24hi Bregs accounted for 10.6 ± 2.5% of all CD19+ B cells, CD38hiCD24hi Bregs represented 6.2 ± 2.0% of all CD19+ B cells (n = 3). In the endometrial samples, CD27+CD24hi Bregs were comprised 16.9 ± 0.9% of all CD19+ B cells, CD38hiCD24hi Bregs comprised 11.0 ± 2.0% of all CD19+ B cells (Figure 2C, n = 3). As shown in Figure 2D, in peripheral CD19+ B cells, IL-10 expression was significantly enriched in CD27+CD24hi Bregs, while the enrichment was not significant in CD38hiCD24hi Bregs (p = 0.07). For endometrial CD19+ B cells, IL-10 expression was not enriched in either CD27+CD24hi or CD38hiCD24hi Breg populations (p = 0.1).
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FIGURE 2. Endometrial and peripheral B cell IL-10 and TGF-β production after stimulation. Sorted endometrial and peripheral CD19+ B cells were either treated with PMS + LPS + ionomycin (P + L + I) or left untreated for 48 h. (A) Histograms of IL-10 and TGF-β expression levels in untreated peripheral B cells, P + I + L treated endometrial B cells and P + I + L treated peripheral B cells (n = 3). (B) Scatter plot of IL-10 and TGF-β expression levels in all groups. (C) Representative flow cytometric staining of endometrial Breg cells (CD24hiCD27hi or CD24hiCD38hi). (D) Flow cytometric analysis of IL-10 MFI in peripheral and endometrial Breg cells vs. all B cells (n = 3). Dots are individual samples and bars = mean ± S.E.M.


RNA-seq analysis on sorted CD19+ endometrial B cells was then performed on 15 samples. Overall, DESeq2 analysis returned 60,448 encoding genes, and 27,346 displayed non-zero read counts in the endometrial B cell sample set. The top 50 expressed genes from the endometrial B cell samples (n = 15) are illustrated, manually categorized into groups pertaining functions (Figure 3A). B cell signature genes were high, including pan-B cell marker (CD20), MHC related genes (CD74, CD83, HLA-DR, etc.) and immunoglobulin genes (IGHM, IGHA1, and IGHG1). Additionally, transcription factors (FOS, KLF6, JUND, etc.) and anti-inflammation related genes (TSC22D3 and ZFP36) were highly expressed in endometrial B cell samples along with the tissue resident and early activation marker CD69. Housekeeping genes, mitochondrial functional related genes and heat shock genes are also highly expressed. Flow cytometry was then performed to examine the protein expression level of CD69, CD74, CD83, and HLA-DR on endometrial B cells compared to peripheral blood counterparts. We found endometrial B cells express significantly higher protein levels of CD69, CD74, CD83, and HLA-DR compared with peripheral B cells (n ≥ 6). This result suggests endometrial B cells have tissue resident-like phenotype with an activated MHC expression profile.
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FIGURE 3. Endometrial B cells exhibit tissue resident-like phenotype with an activated MHC expression profile compared with peripheral B cells. (A) Heatmap of top 50 expressed genes in endometrial B cells. Genes were clustered based on their biological functions. (B–E) Flow cytometric analysis of B cells (n ≥ 6) showing the CD69 MFI, CD74 MFI, CD83 MFI, and HLA-DR MFI of CD19+ B cells in the endometrium vs. peripheral blood. Dots are individual samples and bars = mean ± S.E.M.


Having identified the presence of endometrial Fas+IgD–Bcl6+ GC-like B cells (Figure 1C), we also performed flow cytometry to detect if Tfh are present in the endometrium considering the functional importance of Tfh in GCs during B cell development. PD1+ICOS+CXCR5+ Tfh-like cells were identified in all 6 endometrial samples (Supplementary Figures 1A–C), they comprised 3.2 ± 1.6% of all CD4+ T cells. However, these Tfh-like cells did not have a higher level of intracellular BCL6 expression compared with PD1–ICOS–CD4+ T cells (Supplementary Figure 1A-iv). In terms of tissue residency, the majority of CD4+ T cells were CD69+, including PD1+ICOS+CXCR5+ Tfh-like cells and PD1–ICOS–CD4+ T cells (data not shown).



DISCUSSION

Endometrial B cells, largely consist of naïve B cells and memory B cells, have an activated phenotype compared with peripheral blood B cells, with a significant increase in CD74, HLA-DR, and CD83 expression levels. Both CD74 and HLA-DR have a well-established function in antigen presentation. CD74 is also known as the MHCII invariant chain that forms nonameric complexes with nascent MHCII molecules (Gil-Yarom et al., 2017), HLA-DR is an MHC class II cell surface receptor. The increased expression levels of CD74 and HLA-DR suggest an activated MHC class II signaling pathway in endometrial B cells, which could lead to tyrosine phosphorylation, calcium mobilization, AKT, ERK, and JNK activation (Mooney et al., 1990; Bouillon et al., 2003; Guo et al., 2003; Katikaneni and Jin, 2019). Studies have also shown that, in comparison to MHCII– B cells, MHCII+ B cells had a substantial advantage in proliferation, differentiation into plasmablasts, or GC B cells, and isotype switching (Giles et al., 2015; Katikaneni and Jin, 2019). Similarly, CD83 has also shown to be a modulator for B cell maturation, activation and GC responses (Krzyzak et al., 2016; Li et al., 2019). Therefore, the upregulation of CD74, HLA-DR, and CD83 suggest endometrial B cells could undergo dynamic developmental processes such as GC reactions, and may playing an active role in the human endometrial immune environment. Additionally, an increased expression of tissue resident marker CD69 (Cibrián and Sánchez-Madrid, 2017; Savelyeva and Ottensmeier, 2020) is observed on endometrial B cells compared with their peripheral counterparts, confirmed that the majority of endometrial B cells are tissue resident-like B cells.

Flow cytometric analysis revealed the existence of GC B cells (CD19+FAS+IgD–BCL6+) and Tfh-like cells (CD4+PD1+ICOS+CXCR5+) in the human endometrium by flow cytometry. The tissue resident-like GC B cells indicated that endometrial B cells are likely to be an active player in the endometrial immune environments, possibly through GC reactions and the generation of endometrial memory B cells, which represent around 28% of all endometrial B cells. The presence of GC B cells correlates with the upregulation of CD74, HLA-DR, and CD83 on endometrial B cells. Higher levels of CD74 and HLA-DR expression have been shown in GC B cells compared with naïve and memory B cells, indicating the synthesis of new MHCII molecules that could enhance B cell antigen presentation capacities (Chalouni et al., 2003). CD83 is also expressed on GC B cells. In murine studies, CD83 is used as a marker for light zone B cells and might be involved in the antigen presentation to Tfh cells in the light zone (Krzyzak et al., 2016; Li et al., 2019). Apart from GC B cells, CD4+PD1+ICOS+CXCR5+ Tfh-like cells are also identified in the human endometrium, accounting for approximately 3.2% of all CD4+ T cells. However, compared with CD4+PD1–ICOS–CXCR5– T cells, Tfh-like cells do not have a higher expression of BCL6, which is a defining marker for Tfh cells (Crotty, 2014). Although BCL6 expression levels fluctuate during Tfh cell development, Tfh cells should express higher level of BCL6 compared with CD4+PD1–ICOS–CXCR5– T cells (Baumjohann et al., 2011; Li and Pauza, 2015). It might be possible that during the mid-luteal phase, the induction and initial development of GC-like reaction was formed independent of Tfh cells (Lentz and Manser, 2001). This GC-like reaction could later be developed into a Tfh-dependent GC, which may contribute to the generation of class-switched B cells and plasmablasts found in the decidua (Huang et al., 2017; Leng et al., 2019). Additionally, the infiltration of plasma cells has been described in endometrial inflammatory conditions such as endometritis (Cicinelli et al., 2019; Song et al., 2019; Zargar et al., 2020), there is a possibility that these GC B cells and Tfh-like cells are implicated in this process by providing the site of plasma cell generation. This proposed GC-like reaction could be linked to the LAs structure identified in the endometrial lower functional layer or the basal layer, where B cells are surrounded by T cells and macrophages (Klentzeris et al., 1992; Mettler et al., 1997; Yeaman et al., 1997, 2001; Disep et al., 2004). Further research is needed in understanding the cellular components and function of endometrial LAs and whether they can be classified as novel TLSs, and if they alter in endometrial associated reproductive pathologies. Our data are from a mixture of both fertile women and those with associated reproductive pathology, therefore it may be possible TLS are present in both healthy control women and those effected by disease.

Endometrial B cells are also capable of IL-10 production after stimulation, with a similar IL-10 expression level compared with matched peripheral blood samples. Considering the functional importance of IL-10 producing B cells in early pregnancy (Jensen et al., 2013; Guzman-Genuino and Diener, 2017; Esteve-Solé et al., 2018; Busse et al., 2019), this finding could help us to better understand the B cell role in the endometrial immune environment, and how different cellular components interact with each other.
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Pregnancy loss is a frequent occurrence during the peri-implantation period, when there is high glucose demand for embryonic development and endometrial decidualization. Glucose is among the most essential uterine fluid components required for those processes. Numerous studies associate abnormal glucose metabolism in the endometrium with a higher risk of adverse pregnancy outcomes. The endometrium is incapable of synthesizing glucose, which thus must be delivered into the uterine lumen by glucose transporters (GLUTs) and/or the sodium-dependent glucose transporter 1 (SGLT1). Among the 26 glucose transporters (14 GLUTs and 12 SGLTs) described, 10 (9 GLUTs and SGLT1) are expressed in rodents and 8 (7 GLUTs and SGLT1) in the human uterus. This review summarizes present knowledge on the most studied glucose transporters in the uterine endometrium (GLUT1, GLUT3, GLUT4, and GLUT8), whose data regarding function and regulation are still lacking. We present the recently discovered SGLT1 in the mouse and human endometrium, responsible for controlling glycogen accumulation essential for embryo implantation. Moreover, we describe the epigenetic regulation of endometrial GLUTs, as well as signaling pathways included in uterine GLUT’s expression. Further investigation of the GLUTs function in different endometrial cells is of high importance, as numerous glucose transporters are associated with infertility, polycystic ovary syndrome, and gestational diabetes.
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INTRODUCTION

Intrauterine or early pregnancy loss occurs due to fetal chromosomal abnormalities, irregular maternal hormone secretion/action, or inappropriate nutritional support of uterine endometrium or embryos (Dean, 2019). More than 50% of pregnancies are lost in humans, mostly before or during embryo implantation, when there is high glucose demand. Glucose, a major source of metabolic energy, is crucial for endometrial decidualization and embryonic development (Pantaleon and Kaye, 1998). When glucose enters uterine fibroblasts, it is metabolized via multiple pathways to support decidualization, which is an essential process of endometrial stromal cells (ESCs) to support pregnancy. In decidua, the Warburg metabolism, a mechanism of glucose-derived carbon metabolism, is increased in this scenario, providing ATP and lactate for cell proliferation (Zuo et al., 2015). Inhibition of the glucose metabolism via the pentose phosphate pathway with glucosamine or dehydroepiandrosterone leads to impaired decidualization in mice (Frolova and Moley, 2011a; Tsai et al., 2013). Diabetic rodents likewise exhibit impaired endometrial decidualization (Garris, 1988; Burke et al., 2007). Moreover, obesity in women is associated with changes in the endometrial microenvironment affecting endometrial function and embryo implantation (Antoniotti et al., 2018). However, high glucose concentrations (up to 17.5 mM) did not impact the decidualization of human endometrial stromal cells (hESCs) in vitro, (Frolova and Moley, 2011a) which could be attributed to short-term exposure.

High glucose concentrations can be toxic to embryos, suggesting that there is an optimal glucose requirement for pre-implantation and embryo survival (Diamond et al., 1991; Bermejo-Alvarez et al., 2012). Dysregulation of the hexosamine biosynthetic pathway and O-linked protein glycosylation are the underlying mechanisms of glucotoxicity (due to hyperglycemia) acting on early embryo development (Pantaleon et al., 2010).

Embryo implantation is a synchronized process between an activated blastocyst and a receptive endometrium requiring glucose concentration sustained within a narrow range to optimize endometrial decidualization and embryo development. Otherwise, too high, or too low glucose levels could severely impair its development (Dean, 2019).

The uterine endometrium is a highly active tissue demanding a constant supply of glucose. It comprises two functionally different layers. The basal layer, attached to the myometrium, is stable and is not shed during the menstrual cycle. In contrast, the functional layer below the luminal epithelium is transient, undergoing changes throughout the cycle. The endometrium is composed of stromal cells, luminal and glandular epithelial cells, and endothelial cells (Frolova and Moley, 2011b). The endometrial glucose metabolism is enhanced when the epithelium and stroma prepare for embryo implantation. Furthermore, it is also high during the differentiation of the functional layer into the decidua, which is responsible for nutritional and physical support for the developing conceptus (embryo and associated membranes) (von Wolff et al., 2003; Frolova et al., 2009; Kim and Moley, 2009; Frolova and Moley, 2011b; Mori et al., 2016). The importance of the glucose metabolism for a successful pregnancy is indicated by the glycogen storage in endometrial epithelial cells during the implantation period, more precisely in the mid-secretory phase (von Wolff et al., 2003).

The uterine endometrium and conceptus cannot carry out gluconeogenesis. The first step in glucose utilization is its uptake into cells. Transmembrane transport of glucose in mammalian cells occurs via glucose transporters (GLUTs, SLC2 family) or sodium-glucose linked transporters (SGLTs, SLC5 family). GLUTs mediate glucose transport via facilitative diffusion, while SGLTs do so via the secondary active transport driven by the electrochemical Na+-gradient across the membrane (Hediger and Rhoads, 1994; Uldry and Thorens, 2004; Wright et al., 2011; Mueckler and Thorens, 2013; Wright, 2013). Thus far, 26 different glucose transporters, including 14 GLUTs and 12 SGLTs, have been described in humans and rodents, and their functions were proposed (Sabolic et al., 2012; Mueckler and Thorens, 2013; Wright, 2013; Vrhovac et al., 2015; Salker et al., 2017; Sharma et al., 2017; Vrhovac Madunic et al., 2017; Koepsell, 2020). The physiological function of numerous GLUTs relies on glucose as the main circulating fuel. Moreover, there is need for different cell type-specific glucose transporters with a variety of kinetic and regulatory properties (Mueckler and Thorens, 2013; Wright, 2013), as each GLUT isoform regulates glucose metabolism, gene expression, and differentiation or (patho) physiological conditions in different cell types (Vrhovac et al., 2014).

One or more GLUTs exist in every cell type, GLUT1–4 being the most studied forms. GLUT1 is expressed ubiquitously, and it is responsible for the basal uptake and glucose storage in all cells. GLUT2 is found in the liver, kidney, and small intestine, and it is associated with the insulin-dependent glucose uptake (Mueckler and Thorens, 2013). The high-affinity transporter GLUT3 is abundant in the brain, testes, placenta, and other organs with an intensive glucose metabolism (Maher et al., 1992; Burant and Davidson, 1994; Boileau et al., 1995; Hauguel-de Mouzon et al., 1997). GLUT4 is an insulin-dependent transporter that regulates fast glucose uptake into skeletal and heart muscle cells, adipocytes, and placental cells (Bell et al., 1990; Mueckler, 1990; Xing et al., 1998). GLUT8 is responsible for insulin-stimulated glucose uptake in the blastocyst (Carayannopoulos et al., 2000; Doege et al., 2000; Pinto et al., 2002). Different GLUTs are upregulated in cancer and other diseases, particularly GLUT1 and GLUT3, and their inhibitors have been proposed as novel approaches for treatments (Reckzeh et al., 2020).

SGLTs are responsible for complementing insulin and glucagon in the regulation of glucose homeostasis (Wright et al., 2011; Wright, 2013). The founding member of the SLC5 family, SGLT2, is a kidney-specific transporter found in healthy experimental animals and humans (Chen et al., 2010; Sabolic et al., 2012). SGLT2 and dual SGLT1/SGLT2 inhibitors have already been used in the treatment of diabetes (Vallon, 2015; Ghezzi et al., 2018). An overexpression of both transporters has been detected in diabetes and numerous cancer types (Scafoglio et al., 2015; Vallon, 2015; Koepsell, 2017; Vrhovac Madunic et al., 2018; Otto et al., 2020; Wright, 2020), making them a new target for cancer therapy.

Among these SGLTs, SGLT1, and SGLT2 have been frequently investigated, as they play key roles in the transport of glucose and sodium across the brush border membrane of intestinal and renal cells.

Data on the expression and function of endometrial GLUTs are very limited. According to the literature, nine GLUTs have been described in the rodent and seven in the human uterus. The only finding of the high-affinity Na+-coupled glucose transporter in the endometrium is that of SGLT1 in mouse and human epithelial cells (Salker et al., 2017).

Here, we summarize present knowledge on the most studied glucose transporters in the endometrium: GLUT1, GLUT3, GLUT4, GLUT8, and the recently discovered SGLT1 (Figure 1). We also describe the function of GLUTs in uterine physiology (menstrual cycle and early pregnancy), their epigenetic regulation, cell signaling, and their role in infertility and polycystic ovary syndrome (PCOS).
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FIGURE 1. Endometrial glucose transporters (GLUTs) and sodium-glucose transporter 1 (SGLT1). Most studied GLUTs and SGLTs in different cell types of the endometrium and changes in their mRNA/protein expression in the menstrual cycle (follicular/proliferative phase and luteal/secretory phase) and during decidualization, are presented.


The aim of this review is to broaden the knowledge about the endometrial role of GLUTs in healthy and diseased conditions.


GLUT1

GLUT1 (SLC2A1) was the first facilitative glucose transporter to be discovered, having been purified from human erythrocytes (Kasahara and Hinkle, 1977) and cloned from HepG2 cells (Mueckler et al., 1985). GLUT1 is ubiquitously expressed in all organs, ranging from endothelial cells of the blood-brain barrier to fetal tissues; however, it is most abundant in erythrocytes, where it increases the cells’ glucose carrying capacity (Mueckler and Thorens, 2013). Besides glucose, it transports other sugars including mannose, galactose, glucosamine, and reduced ascorbate (Carruthers et al., 2009; Mueckler and Thorens, 2013). Several research groups reported GLUT1 expression in the placenta (Fukumoto et al., 1988; Bell et al., 1990; Farell et al., 1992; Takata et al., 1992; Jansson et al., 1993; Clarson et al., 1997). In different cells and tissues, GLUT1 is regulated by glucose concentration, insulin, and growth factors (Mueckler and Thorens, 2013).

GLUT1 was the first GLUT to be found in the endometrium; more precisely, its mRNA is abundant in ESCs of both human and rodents. High GLUT1 levels have been detected in decidua during pregnancy, implying the role of GLUT1 in maintaining pregnancy and fetal development (Sakata et al., 1995; Yamaguchi et al., 1996; Frolova et al., 2009). Furthermore, it was shown that during decidualization, GLUT1 protein levels can increase up to 10 times and are accompanied by an increase in the glucose uptake in vivo (Frolova et al., 2009; Neff et al., 2020). GLUT1 upregulation has also been reported in decidualized hESCs (Tamura et al., 2014). In contrast, downregulated GLUT1 in ESCs lead to a reduced glucose uptake and suppressed decidualization (Huang et al., 2019). Accordingly, in cultured hESCs, the GLUT1 knockdown impaired decidualization (Frolova and Moley, 2011a). A recent study reported that hESCs are able to survive the hypoxic environment by activating metabolic pathways via GLUTs, which could be relevant for the menstrual and implantation period (Kido et al., 2020).

In the human endometrium, GLUT1 expression is upregulated during the peri-implantation period, and is higher during the secretory phase compared to the proliferative phase (Korgun et al., 2001; Strowitzki et al., 2001; Zhang et al., 2020). In contrast, no difference was observed in the expression of GLUT3 in different phases. This result is consistent with immunohistochemical analysis (Zhang et al., 2020). An adequate glucose metabolism is crucial for endometrial differentiation and decidualization processes. These processes are mainly mediated by progesterone (P4) and partially by 17β-estradiol (E2). In vitro studies demonstrated that GLUT1 is upregulated by P4 in murine ESCs, and furthermore that 17β-estradiol E2 reverses the effect of P4, bringing GLUT1 expression back to its basic level (Frolova et al., 2009). Although this finding indicates the opposite effect of E2 and P4 on GLUT1, both hormones are present at the time of implantation, indicating their interplay in the regulation of GLUT1. A recent study confirmed these findings in vivo, showing that P4 was responsible for the upregulation of GLUT1 protein in the murine uterus (Zhang et al., 2020). In women with idiopathic infertility, GLUT1 is significantly reduced, suggesting its enrolment in the regulation of endometrial function (von Wolff et al., 2003). Further, a GLUT1 knockdown resulted in failed embryo implantation in vivo, indicating that GLUT1 silencing affects the endometrium, rather than the embryo (Zhang et al., 2020). These findings propose that pregnancy failure may be associated to a lower GLUT1-mediated glucose metabolism, resulting in reduced endometrial receptivity.

A recent in vitro study showed that high insulin concentrations downregulate the GLUT1 gene and protein expression, which is accompanied by a slight reduction in the glucose uptake in decidualizing hESCs (Jakson et al., 2020). Further clinical studies are necessary to determine the importance of insulin regulation in endometrial function and decidualization in patients with insulin resistance and hyperinsulinemia.



GLUT3

GLUT3 (SLC2A3) is a high-affinity glucose transporter expressed in tissues with an intensive glucose metabolism, such as the brain, placenta, preimplantation embryos, sperm, and testes (Maher et al., 1992; Shepherd et al., 1992; Haber et al., 1993; Burant and Davidson, 1994; Boileau et al., 1995; Hauguel-de Mouzon et al., 1997; Pantaleon et al., 1997).

In the human endometrium, GLUT3 is expressed in the proliferative phase and decidua at a constant level throughout different menstrual stages or in early pregnancy (Hahn et al., 2001; von Wolff et al., 2003; Korgun et al., 2005). GLUT3 and GLUT1 are differentially expressed in utero-placental modulation. In mouse decidua, GLUT1 is upregulated after mid-pregnancy, whereas GLUT3 is slightly downregulated, indicating that this glucose transporter is not crucial after mid-pregnancy (Yamaguchi et al., 1996). This decrease was confirmed in rats, where GLUT3 is found in the uterine epithelium and stroma, and its expression increases through day 4 since gestation (Korgun et al., 2001). A correlation between placental and uterine GLUT3 expression with serum progesterone levels has been shown during early pregnancy (Ferre-Dolcet et al., 2018).

Studies using GLUT3 KO mice showed that GLUT3 is not essential for fertilization or implantation of blastocysts, but for the development of early post-implanted embryos. The deletion of GLUT3 inhibits early embryonic development due to apoptosis of ectodermal cells shortly after implantation (Schmidt et al., 2009).

In summary, GLUT1 is a basal transporter that is responsible for constant glucose intake during the entire pregnancy, whereas GLUT3 is required for optimizing glucose uptake in the first trimester when maternal circulation through the placenta is not yet established. Putatively, GLUT3 may function as a “scavenger” glucose isoform, acting in circumstances when extracellular glucose levels are lower than the normal circulating ones (Brown et al., 2011). Therefore, GLUT3 may represent an important transporter for fetal supply in early gestation. However, further studies on GLUT3 expression and function in the endometrium are required.



GLUT4

GLUT4 (SLC2A4) is an insulin-regulated transporter found in the heart, skeletal muscle, adipose tissue and brain (Bryant et al., 2002; McKinnon et al., 2014). Reversible translocation of GLUT4 to the cell surface, stimulated by insulin, leads to rapid glucose uptake into the cell (Pessin et al., 1999; Bryant et al., 2002). Several studies found muscle and fat cell insulin resistance to be associated with decreased GLUT4 expression and its impaired translocation (Dunaif, 1997; Shepherd and Kahn, 1999; Mueckler, 2001), contributing to insulin resistance and Type II diabetes (Bryant et al., 2002).

Data on GLUT4 in endometrial tissue are scarce and inconsistent. Endometrial GLUT4 was detected only in epithelial cells by some research groups (Mioni et al., 2012), while others found it in both stromal and epithelial cells (Cui et al., 2015). In contrast, some reported the absence of GLUT4 in endometrial tissue and stromal cells (von Wolff et al., 2003; Frolova and Moley, 2011a).

Insulin-dependent endometrial GLUT4 was found maximally expressed in the follicular phase of menstrual cycle, with a decline in the luteal phase (Mioni et al., 2012; Zhai et al., 2012; Cui et al., 2015). In contrast, GLUT1, which is an insulin independent transporter, was found maximally expressed in the luteal phase and mainly localized in the cytoplasm of stromal cells predetermined to transform into decidual cells (Mioni et al., 2012).

Although little is known about the insulin dependence of the endometrium, GLUT4 was found in endometrial epithelial cells (Mioni et al., 2004; Mozzanega et al., 2004; Fornes et al., 2010; Zhai et al., 2012). Moreover, Mioni et al. (2004) demonstrated that GLUT4 is dysregulated in the endometrium of PCOS patients. This is important, as PCOS is the most common metabolic and endocrine disorder affecting 5–10% of all women of reproductive age (Diamanti-Kandarakis, 2008). Chronic anovulation is one of its hallmarks, and about 75% of infertility due to anovulation is attributed to PCOS (Costello and Eden, 2003). Other important clinical manifestations of PCOS may also include obesity, insulin resistance (IR), and signs of androgen excess (Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group, 2004).

Endometrial GLUT4 is significantly decreased in hyperinsulinemic women with PCOS, compared to those with PCOS but without IR. This implies a link between hyperinsulinism and GLUT4 downregulation. In women with PCOS and no IR, endometrial GLUT4 was significantly decreased only in obese women (Mioni et al., 2004). This is important, as IR is found in 50–70% of all women with PCOS (Sirmans and Pate, 2013), consequently leading to hyperinsulinism (Dunaif, 1997) in both obese and non-obese patients, with obesity aggravating IR (Maison et al., 2001). It is noteworthy that 30–50% patients with PCOS are obese (Sam, 2007; Barber et al., 2019). Hyperandrogenemia negatively affects glucose uptake in endometrial cells regulated by GLUT4 (Rosas et al., 2010; Zhang and Liao, 2010; Rivero et al., 2012; Li et al., 2015). However, one study reported no connection between the hyperandrogenic syndrome per se and GLUT4-regulated glucose uptake (Mioni et al., 2004). All these findings can possibly explain the reduced pregnancy rate in women with PCOS at only 30–40%, although their ovulation rate reaches up to 80% (Imani et al., 2002). Furthermore, they experience a higher rate of spontaneous and recurrent abortions (Giudice, 2006). It has been shown that hyperinsulinemia does not have a direct effect on LH secretion, and therefore does not cause the hypothalamic-pituitary-ovarian axis dysfunction in PCOS. However, in vivo and in vitro studies confirmed that insulin excess stimulates further androgen production in ovaries via insulin receptors on theca/interstitial ovarian stromal cells, therefore aggravating already increased ovarian androgen production in PCOS and lowering the hepatic sex-hormone binding globulin (Smith et al., 1987; Plymate et al., 1988; Nestler et al., 1998; Baillargeon, 2007; Rosenfield and Ehrmann, 2016).

IR in PCOS patients is commonly treated with antidiabetic drug metformin (1,1-dimethylbuguanide hydrochloride), which is known to improve insulin sensitivity and decrease insulin and androgen levels, thus promoting ovulation (Harborne et al., 2003; Lord et al., 2003). Endometrial GLUT4 is lower in PCOS than in non-PCOS patients. However, after 3 months of metformin treatment, GLUT4 mRNA and protein expression is increased in the endometrium of PCOS patients (Zhai et al., 2012). Moreover, metformin directly restores endometrial function by increasing GLUT4 expression (Carvajal et al., 2013). In addition, metformin increases serum IGF-1 and glycodelin during the luteal phase (Jakubowicz et al., 2001; Palomba et al., 2006), which may contribute to an improved endometrial environment for the establishment and maintenance of pregnancy (Carvajal et al., 2013).

GLUT4 may be regulated by steroid hormones. Progesterone (P4) alone, and in combination with estradiol (E2), decreases endometrial GLUT4, suggesting that an abnormal hormonal secretion pattern, such as in PCOS, could disrupt normal GLUT4 expression (Cui et al., 2015).

The importance of GLUT4 in the endometrium is well established, although numerous studies were performed on only a small number of patients. Therefore, the elucidation of endometrial GLUT4 function and its molecular mechanisms in physiological and pathophysiological (such as PCOS) states is of high interest. Furthermore, due to its limited cellular expression and inducible nature, GLUT4 could be a desirable target for new non-hormone-based drugs (McKinnon et al., 2014).



GLUT8

The GLUT8 (SLC2A8) transporter is mostly present in the brain and testes (Doege et al., 2000; Carosa et al., 2005), but is also detected in the uterus, ovary, and term placenta (Carayannopoulos et al., 2000; Ibberson et al., 2000; Limesand et al., 2004; Schmidt et al., 2009). It is localized in intracellular membranes of predominantly late endosomes and lysosomes, as well as in the ER and trans-Golgi (Stanirowski et al., 2017). The late-endosomal/lysosomal limiting membrane is the cellular hub for various metabolic reactions (e.g., mTORC1 recruitment to the lysosomal membrane, modulation of mitochondrial homeostasis, regulation of protein, and lipid content of the cellular membrane and membranes of various vesicles). Therefore, besides transporting glucose, GLUT8 may also function as a sensor for various metabolites in cellular metabolic homeostasis (Alexander et al., 2020). Some of the GLUT8 is cleaved into N-terminal and C-terminal peptides. Of its 12 trans-membrane domains, the cleavage occurs at domain 10, which happens to be the only one that is 100% conserved across the species. The full-length and N-terminal cleaved proteins are retained at the endosomal/lysosomal boundary, whereas the carboxy domain accumulates in a different population of vesicles and is unlikely to perform transport (Alexander et al., 2020). GLUT8 is one of several GLUT species that exists as several alternatively spliced mRNA variants, and there is few available data on its functionality. Alexander et al. (2020) concentrated on its expression in breast cancer and found that GLUT8 has three such variants: v1 (full-length), v2 (missing exon 9 and part of the C-terminus) and v3 (missing exon 2 and 3). In normal human tissue, by far the highest expressions of v1 and v3 mRNA variants are found in the testis, followed by liver and muscle, and only very little in the mammary gland, with the full-length version being predominant and v3 accounting for only about 5–10% of the total GLUT8 mRNA. The expression survey found that only the full-length GLUT8 variant is translated into stable, functional protein in both normal and tumor tissues (Alexander et al., 2020).

In the endometrium, GLUT8 can provide glucose required for protein glycosylation in the ER during decidualization (Frolova and Moley, 2011b). GLUT8 is elevated in ESCs upon decidualization in mice and humans, whereas the protein expression is not increased (Frolova and Moley, 2011a). Mouse Slc2a8-/- mutants exhibited disordered decidualization, indicating that SLC2A8 plays an important role in this process (Adastra et al., 2012). Among other GLUTs, only GLUT8 was found to be reduced in hESCs in a hypoxic environment. Recently, it was reported that suppressing GLUT8 under hypoxia might promote the preferential use of glucose for glycolysis (Kido et al., 2020). Hence, gaining an understanding of hESCs behavior in the hypoxic conditions of menstrual and implantation periods is of great importance.

GLUT8 is anchored at intracellular membranes, and it is not sensitive to insulin in most tissues, unlike certain other GLUT family members (e.g., GLUT4 and GLUT12). The blastocyst is an exception. Namely, it has been shown that in the blastocyst, GLUT8 translocates to the plasma membrane in response to insulin stimulation and imports glucose. Thus, it is considered critical for murine blastocyst survival (Carayannopoulos et al., 2000; Pinto et al., 2002; von Wolff et al., 2003).



Sodium-Glucose Transporter 1

Sodium-glucose transporter 1 is primarily expressed in the small intestine and kidneys, but it is also found in the heart, liver, pancreas, brain, lungs, prostate, and uterus (Wright et al., 2004; Vallon et al., 2011; Gorboulev et al., 2012; Kashiwagi et al., 2015; Vrhovac et al., 2015; Salker et al., 2017; Sharma et al., 2017; Vrhovac Madunic et al., 2017).

The first report of SGLT1 expression and activity in murine and human endometrial epithelial cells showed that it is responsible for controlling glycogen accumulation essential for embryo implantation (Salker et al., 2017). Endometrial glycogen is associated with fertility. During peri-implantation and in early pregnancy, the increase in endometrial glycogen represents a highly important source of glucose. Glycogen production requires the cellular uptake of glucose, mostly by passive transporter GLUTs. Recently, another mechanism of accumulating glucose has been demonstrated via the secondary active transporter SGLT1, which can mediate glucose uptake even at low extracellular glucose concentrations (Salker et al., 2017). Glucose transport across the endometrium (at the estrus phase of the cycle) was detected in wild type, but not in SGLT1-knockout mice. The SGLT1 deficiency notably decreased the endometrial glycogen, litter size, and weight of the offspring. Moreover, SGLT1 was upregulated upon the decidualization of primary hESCs, which is crucial for embryo implantation. Furthermore, endometrial SGLT1 levels are significantly lower in women with recurrent pregnancy loss when compared to women with a healthy pregnancy. The study reveals a novel mechanism for adequate endometrial glycogen storage for pregnancy as a key factor for embryo implantation. Overall, endometrial SGLT1 deficiency in the human during implantation may lead to early pregnancy failure and obstetrical complications, including low fetal growth (Salker et al., 2017). These results suggest that caution is needed in the period of preconception and during pregnancy if SGLT1 inhibitors are considered for the treatment of diabetes (Vallon, 2015; Song et al., 2016).



Signaling Pathways in GLUT Expression

One of the crucial signaling pathways in the glucose metabolism is the insulin pathway, with insulin acting as a main regulator of blood glucose concentration by increasing glucose uptake in muscles and fatty tissue, while inhibiting its production in liver (Saltiel and Kahn, 2001). The primary function of insulin is to maintain glucose homeostasis by translocating GLUT4 to the cell surface via activation of the PI3K/Akt pathway (Bryant et al., 2002). Maintaining the physiologically relevant narrow range of blood glucose concentration requires tight and rapid control of insulin signaling.

An essential step in successful pregnancy is decidualization of the human endometrium, a process consisting of many morphological changes and a functional differentiation of ESCs. This process depends on a complex interaction of transcription factors, cytokines, cell cycle regulators, and signaling pathways (Okada et al., 2018). Proliferation of the endometrium is induced by insulin through the insulin-like growth factor 1 (IGF-1), induced by estrogen in the proliferative phase (Strowitzki et al., 2006). A study by Nandi et al. (2010) reported that impaired insulin signaling affects female reproduction health through the hypothalamic-pituitary-gonadal axis, resulting in altered cycles and follicular development. Authors also observed unsuccessful pregnancies, increased calcification of placentae, and small embryos in insulin-resistant and hyperinsulinemic model mice. Other studies proposed that hyperandrogenism in the ovaries of PCOS patients could disrupt the insulin pathway (Zhang and Liao, 2010) and affect the function of the endometrium (Diamanti-Kandarakis and Papavassiliou, 2006). Furthermore, hyperinsulinism observed in PCOS patients lowers the concentration of circulating glycodelin (biomarker of endometrial function) and insulin-like growth factor-binding protein-1 (IGFBP-1), a feto-maternal interface adhesion factor. This contributes to early pregnancy loss due to diminished endometrial receptivity caused by decreased uterine vascularity and endometrial blood flow (Jakubowicz et al., 2001). A recent study showed that the deletion of ovary-specific insulin and/or IGF-1 receptor(s) caused infertility in mice as a consequence of impaired ovulation, luteal differentiation, uterine receptivity, and steroid hormone signaling (Sekulovski et al., 2020). Furthermore, dual receptor ablation compromised decidualization, reduced endometrial thickness, and inhibited embryo implantation. Authors further observed decreased activation of ERK/MAPK signaling (Sekulovski et al., 2021). Other pathological states, such as inflammation and obesity, cause insulin resistance by serine phosphorylation of the insulin receptor or insulin receptor substrate (IRS) proteins by TNF-α and PKCε (Hotamisligil, 1999). A subsequent decrease in tyrosine phosphorylation inhibits kinase activity of IR. A study by Bergman et al. (2019) suggested that IR and type 2 diabetes can be caused by reduced hepatic clearance of insulin. Samuel and Shulman (2012) reported ectopic lipid accumulation, and the activation of unfolded protein response likewise led to the development of IR.

Other signaling pathways have been linked to the regulation of GLUT expression. Models of artificial decidualization and delayed/activated implantation have demonstrated that the expression of murine uterine epithelial GLUT1, GLUT8, and GLUT9B are regulated by estradiol and progesterone through Akt/MAPK/PRKAA signaling (Kim and Moley, 2009). This result implies that the hormonal changes associated with early pregnancy affect GLUT expression and indicate an important role of uterine glucose utilization in endometrial decidualization, embryo implantation, and maintenance of pregnancy. Similarly, GLUT1 has been shown to be induced by progesterone-activated Hif1α and c-Myc via the PI3K/Akt signaling pathway during decidualization at the sites of murine embryo implantation. The corresponding increase in GLUT1 expression was one of the drivers of decidual glycolysis taking place under normoxic conditions, a phenomenon the authors termed Warburg-like glycolysis (Zuo et al., 2015). Another study analyzed the GLUT isoform expression in a PCOS-like model of uterine IR and hyperandrogenism (Zhang et al., 2016). Their results revealed both an increase and decrease in the mRNAs expression in rats treated with insulin. In contrast, most GLUT genes (including GLUT4) were downregulated in hyperandrogenic conditions. The authors suggested that chronic treatment with insulin and hCG causes changes in the GLUT expression due to altered PI3K/Akt and MAPK/ERK signaling pathways, which contributes to the initiation and development of local uterine IR. Another signaling pathway connecting GLUT expression and uterine decidualization is Notch signaling. In vitro and in vivo experiments demonstrated that inhibition of Notch signaling through endometrial loss of the RBPJ transcription factor leads to impaired decidualization in the murine uterus and in human endometrial fibroblasts associated with reduced progesterone receptor and GLUT1 expression (Strug et al., 2019).



Epigenetic Regulation of Glucose Transporters

Knowledge about epigenetic regulation of endometrial GLUTs is limited, as there is almost no experimental data on the epigenetic regulation of these transporters in the endometrium. Epigenetic modifications, including histone modification, DNA methylation, and non-coding RNAs, play an important role in the decidualization of hESCs by influencing the expression of target genes (Sugino et al., 2016; Liu et al., 2020). A genome-wide analysis of histone modifications showed that the induction of decidualization increases H3K27ac and H3K4me3 signals in many proximal and distal promoter regions in the hESCs. These modified promoter regions are involved in the upregulation of gene expression that occurs during decidualization. Regions with increased H3K27ac and H3K4me3 signals are associated with the insulin signaling pathway, which may enhance glucose uptake and thereby contribute to decidualization (Tamura et al., 2014). It has also been suggested that the insulin signaling pathway contributes to decidualization through the increase of glucose uptake, and showed that glucose may regulate histone acetylation of gene promoters in decidualizing stromal cells (Jozaki et al., 2019). However, there are conflicting studies regarding the involvement of the insulin signaling pathway in glucose uptake during decidualization. Endometrial expression of GLUT4, the most important insulin-dependent glucose transporter, was higher in the proliferative than in the secretory phase of the menstrual cycle, which is in agreement with another study (Mioni et al., 2012; Cui et al., 2015). The increase in the endometrial insulin receptor expression was not coupled with a parallel increase of GLUT4, which significantly decreased from the proliferative to secretory phase, suggesting that insulin resistance can be achieved at the endometrial cell level in the secretory phase of the menstrual cycle (Mioni et al., 2012). The epigenetic regulation of endometrial GLUT4 expression is unclear. It has been demonstrated that the estrogen receptor β (ERβ) is recruited to the region of Glut4 promoter containing CpG in island 1 (CpG11). The transcription of Glut4 was markedly reduced in mouse embryonic fibroblasts lacking ERβ. The authors showed that ERβ protects the Glut4 promoter from DNA methylation, which is involved in Glut4 regulation (Rüegg et al., 2011). In the human endometrium, the ERβ mRNA level was highest during the proliferation phase and noticeably decreased with the progression of the secretory phase (Matsuzaki et al., 1999). Because GLUT4 levels decrease from the proliferative to the secretory phase (Mioni et al., 2012; Cui et al., 2015), ERβ could be responsible for mediating epigenetic events and thereby regulating endometrial GLUT4 expression throughout the menstrual cycle.

Several miRNAs have been validated as direct inhibitors of GLUT4 expression: miR-93-5p, miR-106b-5p, and miR-223-3p. These miRNAs are upregulated in adipose or muscle tissues of humans or animals with IR (Chen et al., 2013; Chuang et al., 2015; Zhou et al., 2016; Esteves et al., 2017). MiR-93-5p expression correlated negatively with GLUT4 expression in subcutaneous adipose tissue of women with PCOS (Chen et al., 2013); however, this has not yet been established for endometrial tissue. Women with PCOS exhibited a lower level of GLUT4 mRNA in their proliferative endometrium (Ujvari et al., 2014), which could impair glucose uptake in ESCs and thereby negatively affect decidualization. Whether the abovementioned miRNAs are involved in the regulation of endometrial GLUT4 in PCOS and non-PCOS women would be an interesting research topic.

Moreover, progesterone-induced miR-152 regulates glucose concentration of uterine fluid by downregulating Glut3 in the mouse endometrial epithelium, thus affecting early embryonic development and implantation (Nie et al., 2019). Apart from the miRNA already mentioned above, long non-coding RNA NICI could also regulate GLUT3, which is the case in different types of human cells. This regulation is mediated through transcriptional activation rather than post-transcriptional mechanisms. It was shown that hypoxia drives GLUT3 expression through hypoxia-inducible transcription factor (HIF)-mediated induction of NICI expression (Lauer et al., 2020). Hypoxic conditions could occur during the menstrual and implantation period (Maybin and Critchley, 2015; Matsumoto et al., 2018; Kido et al., 2020). GLUT1 is important for the glycolytic metabolism of hESC in hypoxic environments (Kido et al., 2020). GLUT3 is also induced in an hypoxic environment (Mimura et al., 2012), but this has not yet been reported for endometrial GLUT3. In summary, long non-coding RNA NICI could induce endometrial GLUT3 expression in hypoxic conditions, which could occur during the menstrual and implantation period.

Further studies are needed to explore the epigenetic modifications involved in the regulation of GLUT gene expression, thereby affecting glucose metabolism during decidualization.



CONCLUSION AND FUTURE PERSPECTIVES

Several GLUTs and the recently detected SGLT1 are expressed in the uterine endometrium; however, data regarding their function are either very limited or conflicting. Understanding the role of GLUTs and hormonal mechanisms regulating their functions in the endometrium will lead us to a better competence in increasing fertility. It is, moreover, important to identify other GLUT in the endometrium that could function as compensatory transporters when some are inhibited or not functioning. Furthermore, a better understanding of endometrial GLUTs’ and SGLTs’ roles in early pregnancy may aid in the development of novel diagnostic markers and relevant therapies for miscarriage and other obstetrical complications. Understanding the mechanism linking the SGLTs and maternal obesity may help develop novel strategies to lower fetal overgrowth.

Endometrial cells undergo differentiation and maturation during the proliferative and mid-secretory phase of the menstrual cycle. These processes are crucial for the embryo-receptive state and thus for achieving and maintaining pregnancy, processes that depend on sufficient glucose intake, metabolism, and storage. Further studies are needed to determine the role of GLUTs in the endometrial stroma and epithelium. GLUT3, which is abundant in the endometrium and highly expressed in the placenta, and intracellular GLUT8 are interesting candidates for providing a mechanism in idiopathic infertility. Developing therapies affecting the glucose metabolism can also be potential aims.

Studies on glucose endometrial metabolism are necessary to understand the mechanism behind metabolism-related diseases affecting human reproductive health, such as preeclampsia, idiopathic infertility, and PCOS. Further clarification of GLUTs’ role in downstream signaling pathways governed by pregnancy-related hormonal changes could lead to the development of non-hormonal therapies for the prevention of pregnancy loss and implantation failures.
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Endometriosis is an inflammatory disease that presents with ectopic endometriotic lesions. Reduced immunosurveillance of these lesions has been proposed to be playing a role in the pathology of endometriosis. Mesenchymal stromal cells (MSC) are found in ectopic lesions and may decrease immunosurveillance. In the present study, we examined if MSC contribute to reduced immunosurveillance through their immunosuppressive effects on natural killer (NK) cells. Stromal cells from endometriotic ovarian cysts (ESCcyst) and eutopic endometrium (ESCendo) of women with endometriosis and their conditioned medium were used in co-cultures with allogeneic peripheral blood NK cells. Following culture, NK cells were examined phenotypically for their expression of activating, inhibitory, maturation, and adhesion receptors and co-receptors, as well as the degranulation (CD107a) marker and the immunostimulatory (interferon-γ) and immunosuppressive (transforming growth factor beta 1 and interleukin-10) cytokines. Moreover, NK cell cytotoxicity was examined using chromium 51 release killing assays. There were no differences between ESCcyst and ESCendo regarding their effects on NK cell cytotoxicity in both conditioned medium and direct co-culture experiments. Additionally, there were no differences between ESCcyst and ESCendo regarding their impact on NK cells’ phenotype and degranulation in both conditioned medium and direct co-culture experiments. Although there were no differences found for DNAX accessory molecule-1 (DNAM-1) and NKp44, we found that the expression of the NK cell ligand CD155 that binds DNAM-1 and proliferating cell nuclear antigen (PCNA) that binds NKp44 was significantly less on ESCcyst than on ESCendo. These findings were not supported by the results that the expression of the known and unknown ligands on ESCcyst for DNAM-1 and NKp44 using chimeric proteins was not significantly different compared to ESCendo. In conclusion, the results suggest that ectopic MSC may not contribute to reduced immunosurveillance in endometriosis through their inhibitory effects on NK cells. This suggests that NK cell inhibition in the pelvic cavity of women with endometriosis develops due to other factors.
Keywords: mesenchymal stromal cells, natural killer cells, endometriotic stromal cells, endometrial stromal cells, immunosuppressive, immunosurveillance, endometriosis
INTRODUCTION
Endometriosis is a benign gynecological disease where the endometrium is found growing in ectopic sites, the pelvic cavity being the most common site (Vercellini et al., 2014). Endometriosis exhibits chronic inflammation, and its pathology is still not clearly understood (Vercellini et al., 2014). Approximately 10% of women of reproductive age are affected, and the main symptoms are pelvic pain and infertility (Kitawaki et al., 2002). The Sampson theory of ectopic implantation of the endometrium within the pelvic cavity by retrograde menstruation is the most widely accepted explanation for the origin of endometriosis. Although almost all women exhibit this phenomenon, only a small number develop the disease (Sourial et al., 2014), indicating that other factors may play a role in developing endometriosis. Various studies point to the notion that mesenchymal stromal cells (MSC) may contribute to the pathology (Mei et al., 2013; Mei et al., 2014; Nikoo et al., 2014) and that there is an immunological dysfunction (Schulke et al., 2009; Osuga et al., 2011; Kang et al., 2014) in the pelvic cavity leading to the survival and growth of ectopic tissue, which would normally be cleared away (Leavy, 2015).
MSC are mesodermal multipotent cells with known immunosuppressive effects found in different types of tissues (Fontaine et al., 2016; Abumaree et al., 2017). Moreover, we (Abomaray et al., 2017) and others (Kao et al., 2011) have found MSC in endometriotic lesions and the eutopic endometrium of women with endometriosis. The immunosuppressive effects of MSC on immune cell types such as macrophages (Abumaree et al., 2013) and natural killer cells (Spaggiari et al., 2008) have led to their use in clinical trials as a treatment for inflammatory diseases (Abumaree et al., 2017). However, we found that MSC may not be useful as a therapy for endometriosis, because they may directly support ectopic tissue growth (Abomaray et al., 2018). In addition, we found that in women with endometriosis, the inflammatory pelvic cavity may induce ectopic MSC to become more immunosuppressive than endometrial MSC (Abomaray et al., 2017). The ectopic MSC may be promoting alternative activation of macrophages (Abomaray et al., 2017), which is a finding that is in line with what is currently known about the macrophages present in the pelvic cavity, that they are predominantly immunosuppressive M2 macrophages (Bacci et al., 2009). Ectopic MSC may also influence the immunosurveillance of ectopic tissue through their effects on natural killer (NK) cells. Interestingly, NK cells have also been implicated in the pathology of endometriosis (Kang et al., 2014).
NK cells are lymphocytes involved in the innate immune system’s defense against cells that have been transformed by pathogens or malignancy (Chan et al., 2014). NK cells perform their cytotoxic functions via a detection system that involves various cell surface activating receptors such as NK group 2D (NKG2D) and DNAX accessory molecule-1 (DNAM-1) and inhibitory receptors such as NKG2A (Thiruchelvam et al., 2015). Moreover, killer cell immunoglobulin-like receptors, which are found on the surface of NK cells, are also involved in recognizing human leukocyte antigen (HLA) class I molecules on target cells to regulate NK cell cytotoxicity (Jeung et al., 2016). The extent of NK cell activation depends on the corresponding NK cell stress ligands and HLA proteins present on target cells, as well as the presence of cytokines in their microenvironment, such as interleukin-2 (IL-2) that is known to activate NK cells (Thiruchelvam et al., 2015; Kadri et al., 2016). NK cell activation induces their secretion of immunostimulatory cytokines, such as interferon-gamma (IFN-γ) (Vivier et al., 2008). In addition, it leads to their degranulation and release of CD107a-positive granules containing molecules, cytotoxic proteins, such as perforin, and the serine protease granzyme b that forms holes in the membranes of target cells and induces their subsequent apoptosis, respectively (Vivier et al., 2008).
Several studies have found that NK cells are inhibited in the pelvic cavity of women with endometriosis (Oosterlynck et al., 1991; Oosterlynck et al., 1992; Liu et al., 2018) and that the peritoneal fluid in women with endometriosis may contain certain factors that are inhibiting the function of NK cells (Oosterlynck et al., 1993; Kang et al., 2014). In addition, some studies have examined interactions between NK cells and ectopic MSC (Yu et al., 2016; Yang et al., 2017; Liu et al., 2018), suggesting that stromal cells may be involved in the inhibition of NK cells in the pelvic cavity in women with endometriosis. However, a comparison of the effects of stromal cells from endometriotic ovarian cysts (ESCcyst) and the endometrium (ESCendo) of women with endometriosis on NK cells in vitro has not been carried out previously. This comparison was made since ESCcyst are most likely derived from ESCendo based on the Sampson theory of retrograde menstruation, so we set out to examine the effects of the inflammatory pelvic cavity on ESCcyst and hence their subsequent effects on NK cells. Therefore, this study compared the effects of ESCcyst and ESCendo of the same individuals on allogeneic peripheral blood NK cells in vitro. We hypothesized that ectopic MSC might be inhibiting the phenotype and cytotoxic functions of NK cells and contributing further to the overall reduced immunosurveillance of ectopic tissue in the pelvic cavity of women with endometriosis.
MATERIALS AND METHODS
Human Tissue Samples
Two types of tissues were collected: 1) endometriotic ovarian cysts (ectopic endometrium) and 2) endometrium from the same women with endometriosis (eutopic endometrium). The endometriotic ovarian cysts and endometrium were collected from women aged between 31 and 42 years (mean ± SD, 36.3 ± 5.8 years, n = 4) undergoing laparoscopic surgery for confirmation and/or treatment of endometriosis. All women were histologically confirmed to have endometriosis by a pathologist. Only one woman underwent hormonal treatment. Two of the biopsies were from the proliferative phase, one was unknown, and one had amenorrhea. Ethical approval was obtained from The Regional Ethical Review Board in Stockholm (2013/1094-31/2), and informed oral and written consents were obtained from each participant.
Isolation of Stromal Cells From Eutopic and Ectopic Endometrium
Stromal cells from human endometrial and endometriotic ovarian cyst tissues were isolated as previously described (Abomaray et al., 2017). Briefly, the tissues were digested to produce a single-cell suspension using 1 mg/ml collagenase type I (Sigma, Missouri, United States) diluted in Hank’s Balanced Salt Solution (Life Technologies, Paisley, United Kingdom) (90 min for endometriotic tissue and 30 min for endometrial tissue) at 37°C with regular shaking every 10 min. The digested tissues were filtered through 100- and 40-μm cell strainers (Corning, New York, United States). The cell suspension was washed with phosphate-buffered saline (PBS) (Life Technologies); then, the cell pellet was resuspended in complete growth medium containing Dulbecco’s Modified Essential Medium Low Glucose (DMEM-LG) (Life Technologies) + 10% MSC certified fetal calf serum (FCS) (Life Technologies) + 1% antibiotic and antimycotic (Life Technologies). The cells were cultured at 4,000 viable cells/cm2 in tissue culture flasks at 37°C with 5% CO2. When the cells reached 70%–90% confluency, they were trypsinized using 0.05% trypsin/EDTA (Life Technologies) and used for the experiments. To ensure that a pure population of cells was retrieved, the stromal cells were used at passages three to seven, as earlier passages of primary cells may be contaminated with other cell types. The stromal cells’ morphology, expression of MSC markers, their ability to form colonies, and differentiation into osteoblasts and adipocytes were characterized as previously described (Abomaray et al., 2017). The isolated cells formed colonies, had ≥95% expression for the MSC markers and ≤5% expression for the non-MSC markers, as well as differentiated into osteoblasts and adipocytes, altogether indicating that they are MSC (Abomaray et al., 2017).
Isolation of Human Natural Killer Cells
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from healthy female donors using a Lymphoprep gradient separation according to the manufacturer’s instructions (Axis-Shield). Peripheral blood NK cells were isolated from the PBMCs (n = 30) using the NK Cell Isolation Kit (Miltenyi Biotech, Lund, Sweden) and a magnetic cell separation system (Miltenyi Biotech) as described previously (Abumaree et al., 2012). Isolated NK cells were cultured in complete growth medium containing stem cell growth medium (SCGM) (CellGenix, Freiburg, Germany) + 20% FCS + 500 IU/ml IL-2 (R&D Systems) for all experiments. The purity of the isolated NK cells was assessed by flow cytometry using the anti-CD56 and anti-CD3 monoclonal antibodies (Becton-Dickinson). Samples with a purity of ≥95% were used for experiments.
Conditioned Medium Experiments
When the confluency for ESCcyst and ESCendo was ∼70%, the growth medium was discarded, the cells were washed twice with PBS, and then fresh growth medium was added. After 3 days, this conditioned medium was collected, centrifuged at 500g for 10 min to remove cellular debris, aliquoted, and frozen at −80°C. Following their isolation from PBMCs, NK cells were cultured in growth medium containing 50% of the aforementioned conditioned medium of ESCcyst or ESCendo and 50% SCGM growth medium containing SCGM + 20% FCS and 500 IU/ml IL-2 for 5 days. In addition, NK cells cultured in only complete SCGM growth medium were added as a control. Then, the NK cells were harvested for use in chromium 51 (51Cr) release assays with the non-adherent K562 cell line (ATCC) (chronic myelogenous leukemia cells that do not express HLA class I and therefore are efficiently lysed by NK cells) as target cells at 0.3:1, 1:1, 3:1, and 10:1 effector-to-target (E:T) cell ratios. The NK cells were also examined for their phenotype and degranulation using extracellular and intracellular flow cytometry.
Direct Co-Culture Experiments
Following their isolation from PBMCs, NK cells were cultured in complete growth medium containing SCGM + 10% FCS + 500 IU/ml IL-2 for 2 days. Then, the NK cells were harvested for use in 51Cr release assays using ESCcyst or ESCendo as target cells in direct co-culture killing assay at 0.3:1, 1:1, 3:1, and 10:1 E:T ratios. The 3:1 cell ratio was selected and used to co-culture NK cells with ESCcyst or ESCendo as target cells, in order to examine NK cell phenotype and degranulation using extracellular and intracellular flow cytometry.
Chromium 51 Release Assay
The 51Cr release assay was performed as previously published (Oosterlynck et al., 1991; Chrobok et al., 2019), but with slight modifications as described below. Briefly, the target cells (K562 cell line or ESC) were harvested and washed twice with PBS. For labeling with 51Cr, 100 µl of 1mCi (PerkinElmer) was added per 1 million K562 cells, or 15 µl of 1mCi + 15 µl Roswell Park Memorial Institute (RPMI) 1640 (GlutaMAX + 25 mM HEPES) (Life Technologies) were added per 0.15 × 105 ESC. The target cells were incubated for 1 h at 37°C and 5% CO2, and they were gently resuspended regularly every 15 min in the case of ESC. The cells were washed twice with PBS, resuspended in RPMI 1640 + 10% FCS, and viable cells were counted. NK cells at densities of 1 × 103, 3 × 103, 9 × 103, and 30 × 103 cells in complete growth medium containing RPMI 1640 + 10% FCS were added per well in U-bottom 96-well plates (Corning), and 3,000 target cells were added to each well, so that E:T cell ratios of 0.3:1, 1:1, 3:1, and 10:1 were achieved. Negative control wells contained target cells in RPMI 1640 + 10% FCS for spontaneous release of 51Cr, and positive control wells contained 2 M hydrochloric acid for maximum lysis of 51Cr-labeled target cells and maximum release of 51Cr. All tests were performed in triplicates. The 96-well plates were incubated for 4 h at 37°C and 5% CO2, centrifuged at 300g for 5 min, and 70 µl of supernatant was transferred to micro-dilution tubes (SSIbio, United States) and analyzed in an Automatic Gamma Counter (PerkinElmer). The counts per minute were used to calculate the percentage killing of the target cells carried out by the effector NK cells using the standard formula:
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Extracellular Flow Cytometry
The NK cells or the ESC were labeled with Aqua-Vivid (live/dead cell marker, Invitrogen) for 20 min at 4°C, then washed with washing buffer (PBS + 2% FCS). For the conditioned medium experiments, the NK cells were labeled with the backbone receptors (found in all the panels) including CD3, CD14, CD19, CD56, and CD16; the activating receptors NKp30, NKp44, NKp46, NKG2D, NKG2C, and DNAM-1; the inhibitory receptor NKG2A; the maturation receptors including CD27, CD57, and cluster of differentiation molecule 11B (CD11b); and the adhesion receptors and co-receptors CD160, CD2, NKp80, CD2-like receptor activating cytotoxic cells (CRACC), CD161, sialic acid-binding Ig-like lectin 7 (Siglec 7), sialic acid-binding Ig-like lectin 9 (Siglec 9), anti-NK-T-B cell antigen (NTBA), and 2B4 (all monoclonal antibodies are from BD Biosciences or Biolegend: CD112 and CD155, see Table 1 for the colors of the fluorochromes) for 25 min at 4°C. For the direct co-culture experiments, the NK cells were labeled with CD3, CD16, and CD56, as well as the inhibitory receptors NKG2A, TIGIT, and CD96 and the activating receptor DNAM-1 (all monoclonal antibodies are from Becton-Dickinson or Biolegend: CD112 and CD155, see Table 1 for the colors of the fluorochromes) for 25 min at 4°C. For NK cell ligand staining, ESCcyst and ESCendo were labeled with E-cadherin (E-cad), N-cadherin (N-cad), CD155, CD112, MHC class I polypeptide-related sequence A or B (MIC-AB), human leukocyte antigen ABC (HLA-ABC), proliferating cell nuclear antigen (PCNA), and human leukocyte antigen C (HLA-C) (all monoclonal antibodies are from Becton-Dickinson, see Table 1 for the colors of the fluorochromes) for 25 min at 4°C. All the mastermixes containing the antibodies were prepared in brilliant staining buffer (Becton-Dickinson). For chimeric protein staining, ESCcyst and ESCendo were labeled with chimeric proteins consisting of human IgG fused to either NKG2D, NKp30, NKp44, NKp46, or DNAM-1 for 25 min at 4°C (all chimeric proteins are from R&D, see Table 1), then washed once with a washing buffer, before being labeled with a PE-conjugated secondary antibody for 25 min at 4°C (the secondary antibody was used alone as a control). The NK cells or the ESC were washed once with PBS, then resuspended in PBS and fixed with paraformaldehyde (PFA) (Sigma), before being acquired with the LSR Fortessa (BD) or CytoFLEX S Flow Cytometers (Beckman Coulter), respectively. The fluorescence minus one (FMO) controls, unstained cells, and backbone receptors were used to set the gates, and unstained cells and beads were used to compensate the fluorochromes (Becton-Dickinson). The data were analyzed using the software FlowJo (version 10.1r5, Tree Star, Inc. Ashland, United States).
TABLE 1 | Antibodies and their fluorochromes used in this study.
[image: Table 1]Intracellular Flow Cytometry
The NK cells were incubated with target cells (ESCcyst and ESCendo) or the K562 cell line (positive control) or treated with phorbol myristate acetate (PMA) (Sigma) and ionomycin (positive control, Sigma) to induce cellular activation. The CD107a FITC antibody (Becton-Dickinson) was added, and the cells were incubated for 1 h at 37°C and 5% CO2. Then, GolgiStop (BD Biosciences, California, United States) was added, and the cells were incubated for an additional 3 h at 37°C and 5% CO2; after which, the cells were washed twice with PBS; stained with CD3, CD16, and CD56 prepared in BD Brilliant Stain Buffer; and incubated for 25 min at 4°C. The cells were washed with PBS and fixed and permeabilized using BD cytofix/cytoperm (BD Biosciences) for 10 min at room temperature (RT). The cells were washed with 1X Perm/Wash (BD Biosciences), then stained for IFN-γ (Becton-Dickinson) for the conditioned medium experiments or stained with IFN-γ, interleukin-10 (IL-10), and transforming growth factor beta 1 (TGFβ1/LAP1) (all Becton-Dickinson) for the direct co-culture experiments, prepared in 1X Perm/Wash, and incubated for 25 min at RT. The NK cells were then washed twice with 1X Perm/Wash and PBS, then resuspended in PBS and fixed with PFA, before being acquired on the CytoFLEX S Flow Cytometer (Beckman Coulter). FMO controls and unstimulated NK cells were used to set the gates. Unstained cells and beads were used for compensation of the fluorochromes. The data were analyzed using the software FlowJo.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 6. When the data were normally distributed, the means were analyzed with Student’s t-test, and when it was not normally distributed, the medians were analyzed with the Mann–Whitney test. All values are shown as the mean ± standard deviations (SD). For the study, n refers to the number of biological replicates. Results were considered to be statistically significant if p < 0.05.
RESULTS
The Effect of Secreted Factors From ESC on NK Cell Phenotype
We set out to determine the effects of ESCcyst and ESCendo, respectively, on the expression of activating receptors, adhesion receptors and co-receptors, maturation markers, and inhibitory receptors of NK cells. We chose healthy donor peripheral blood NK cells as they have not been in the inflammatory environment in the pelvic cavity that is described in the endometriosis setting. NK cells were isolated and cultured for 5 days in the presence of IL-2 in the conditioned medium of ESCcyst or ESCendo or control medium as described in Materials and Methods section. After 5 days, the NK cells were analyzed by flow cytometry for surface expression of activating and inhibitory receptors, as well as maturation and adhesion receptors and co-receptors. There was no significant the asteriks in NKp44 plot should be above the SCGM control box (white), as that differed from the 2 experimental samples. These did not differe form each other, as described in this section of the Results. Difference in the percentage expression of any of the analyzed receptors between the two groups that were cultured with conditioned medium from either ESCendo or ESCcyst (Figure 1A–D). Furthermore, there was no significant difference in the expression levels (median fluorescence intensity, MFI) (Supplementary Figure S1A–D).
[image: Figure 1]FIGURE 1 | The phenotype of NK cells following culture in the conditioned medium of ESCcyst or ESCendo or in SCGM control medium for 5 days was analyzed using flow cytometry. There were no significant differences for the percentage expression between ESCcyst- and ESCendo-treated NK cells for all of the activating receptors (A), adhesion receptors and co-receptors (B), and maturation (C) and inhibitory (D) receptors. The conditioned medium was 50% derived from ESCcyst or ESCendo and 50% complete SCGM growth medium or 100% SCGM control medium. Eight independent experiments (n = 3 biological replicates) were carried out. Mean ± SD. NK, natural killer; ESCcyst, endometriotic ovarian cysts; ESCendo, eutopic endometrium; SCGM, stem cell growth medium.
The Effect of Secreted Factors From ESC on NK Cell Functionality
In order to determine the effects of ESCcyst and ESCendo, respectively, on NK cell functional responses, we cultured healthy donor peripheral blood NK cells in the conditioned medium of ESCcyst or ESCendo in the presence of IL-2. After 5 days, NK cells were used in functional assays to determine whether the soluble factors secreted by ESC had a potential inhibitory or activating effect on NK cells. We used a standard 4-h 51Cr release assay against K562 cells, a myelogenous leukemia cell line that is killed efficiently by healthy donor NK cells. We ensured that the assay worked by utilizing positive and negative controls, which had maximum and minimum 51Cr release, respectively. NK cells that had been cultured in the conditioned medium from ESCcyst had a small but significant (p < 0.05) increase in killing K562 target cells compared to NK cells that had been cultured in the conditioned medium from ESCendo. This was seen at the 0.3:1, 1:1, and 3:1 cell ratios, but there was no difference for the 10:1 cell ratio (Figure 2A). Although secreted factors of ESCcyst and ESCendo had similar effects on allogeneic NK cell cytotoxicity, we asked if these may impose different effects on NK cell degranulation and cytokine production. NK cells were cultured in the conditioned media as before and then used in a flow cytometry-based functionality assay, where K562 cells were used as stimulating cells. Degranulation was assessed by CD107a surface expression, while cytokine production was measured by intracellular staining of the pro-inflammatory cytokine IFN-γ (Figure 2B, C). NK cells cultured in conditioned media responded to stimulation by K562 target cells (Supplementary Figure S2). However, there was no significant difference when NK cells were cultured in the conditioned medium from ESCcyst compared to the NK cells cultured in the conditioned medium from ESCendo (Figure 2C). Taken together, the results indicate that there is only a minor increase in cytotoxicity when NK cells were cultured in the conditioned medium from ESCcyst compared to those cultured in the conditioned medium from ESCendo.
[image: Figure 2]FIGURE 2 | Chromium 51 (51Cr) release assays for NK cell killing of the K562 cell line following their culture in the conditioned medium of ESCcyst or ESCendo or control medium for 5 days (A), as well as degranulation of NK cells following culture in the conditioned medium of ESCcyst or ESCendo or control medium for 5 days analyzed using flow cytometry (B, C). There was a significant (p < 0.05) increase in NK cell (effector) killing of the K562 cell line (target) following their treatment with the conditioned medium of ESCcyst compared to ESCendo at only the 0.3:1, 1:1, and 3:1 cell ratios (A). Representative dot plots showing interferon-gamma (IFN-γ) versus CD107a expression for the NK cells cultured in the conditioned medium of ESCcyst or ESCendo or control medium for 5 days, then either unstimulated or stimulated with K562 cells (B). There were no significant differences for the percentage expression between ESCcyst, ESCendo, and SCGM-treated NK cells following culture with the K562 cell line for the degranulation marker CD107a or the immunostimulatory cytokine IFN-γ and for the percentage of NK cells that degranulated and expressed IFN-γ (C). The conditioned medium was 50% derived from ESCcyst or ESCendo and 50% complete SCGM growth medium or 100% SCGM control medium. Seven (A) independent experiments (n = 4 biological replicates) were carried out in triplicate. Eight (B, C) independent experiments (n = 3 biological replicates) were carried out. Mean ± SD. CM, conditioned medium.
The Killing of ESC by NK Cells
NK cells are not only known to kill transformed and infected cells but can also clear the body of activated and proliferating cells to maintain homeostasis. We asked whether healthy donor peripheral blood NK cells would kill ESC from ectopic or eutopic endometrium isolated from the same individuals with endometriosis. To assess this, we used ESCcyst or ESCendo as target cells in the functional assays described above. For direct cytotoxicity, ESCcyst or ESCendo were labeled with 51Cr as described in the Materials and Methods section and then used as target cells in a standard 4-h killing assay. NK cell cytotoxicity was similar for ESCcyst compared to ESCendo, in all the cell ratios used, except for the 0.3:1 cell ratio that had a significant difference (p < 0.05) (Figure 3A). In order to assess NK cell responses towards ESC, we assessed degranulation and cytokine production of NK cells as described before. In addition to IFN-γ, we also stained for the anti-inflammatory cytokines TGFβ1 and IL-10 in this assay. NK cells that were stimulated with the K562 cell line as a positive control showed that the percentage of NK cells that expressed the degranulation marker CD107a and IFN-γ was significantly (p < 0.05) greater compared to unstimulated NK cells (Supplementary Figure S3A). The expression of CD107a and IFN-γ of NK cells stimulated by ESCcyst was not significantly different from the NK cells stimulated by ESCendo (Figure 3B). Furthermore, the expression of the immunosuppressive cytokines TGFβ1 and IL-10 did not differ significantly between stimulation with ESCcyst or ESCendo (Figure 3C). Moreover, the expression levels did not show significant differences for any functional markers (Supplementary Figure S3B, C). Taken together, the results indicate that peripheral blood NK cells do not exert different functional responses when stimulated with ESC from either ectopic or eutopic endometrium.
[image: Figure 3]FIGURE 3 | Chromium 51 (51Cr) release assays for NK cell killing of ESCcyst or ESCendo (A), as well as degranulation of NK cells when stimulated with ESCcyst or ESCendo for 4 h at a 3:1 cell ratio analyzed using flow cytometry (B, C). NK cell (effector) killing of ESCcyst or ESCendo (target) was not significantly different for all the cell ratios, except the 0.3:1 cell ratio (A). There were no significant differences between ESCcyst- and ESCendo-stimulated NK cells for the percentage expression of the degranulation marker CD107a or IFN-γ and for the percentage of NK cells that degranulated and expressed IFN-γ (B). The percentage expression of the immunosuppressive cytokines transforming growth factor beta 1 (TGFβ1) and interleukin-10 (IL-10) in the NK cells that were stimulated with ESCcyst was not different from the NK cells stimulated with ESCendo (C). Five (A) independent experiments (n = 4 biological replicates) were carried out in triplicate. Six–eight (B, C) independent experiments (n = 4 biological replicates) were carried out. Mean ± SD.
The Comparison of NK Cell Ligand Expression in ESCcyst and ESCendo
The expression of NK cell ligands on ESC could activate or inhibit NK cells (Thiruchelvam et al., 2015); therefore, we examined their expression on ESCendo and ESCcyst. We stained the ESC with antibodies specific for known ligands of typical NK cell receptors (Figure 4) and chimeric proteins consisting of the extracellular domains of activating NK cell receptors, for detection of unknown ligands to these receptors (Supplementary Figure S4A, B). The ESC express N-cad, CD155, CD112, HLA-AB, and PCNA (Figure 4). The ligands for inhibitory NK cell receptors, N-cad, and HLA-ABC did not show a difference in surface expression between ESCcyst and ESCendo (Figure 4). However, some ligands for activating NK cell receptors were expressed lower on ESCcyst compared to ESCendo (Figure 4). The adhesion molecules CD155 and CD112 that bind to the activating NK cell receptor DNAM-1 were both down-regulated on ESCcyst compared to ESCendo (Figure 4). Both molecules can also be recognized by the inhibitory receptors TIGIT and CD96. In addition, MIC-AB (recognized by NKG2D) and PCNA (recognized by NKp30 and NKp44) (Rosental et al., 2011; Kundu et al., 2019) were expressed lower on ESCcyst compared to ESCendo (Figure 4). However, when staining with chimeric proteins, we could not see a difference in the proportion of cells expressing the ligands as well as the expression levels of the ligands (Supplementary Figure S4A, B). Taken together, the results indicate that there is an expression of ligands that could trigger NK cells differently in ESCcyst compared to ESCendo.
[image: Figure 4]FIGURE 4 | The expression of known NK cell ligands on ESCcyst and ESCendo was examined using monoclonal antibodies, with representative histograms. There were no differences in the percentage expression of all the NK cell ligands using the monoclonal antibodies between ESCcyst and ESCendo, except for CD112, CD155, proliferating cell nuclear antigen (PCNA), and MHC class I polypeptide-related sequence A or B (MIC-AB), which were significantly (p < 0.05) different. Eight independent experiments (n = 4 biological replicates) were carried out. Mean ± SD.
DNAM-1 and TIGIT on NK Cells May Interact With CD155 and CD112 on ESC
Since both CD112 and CD155, the common ligands for DNAM-1, TIGIT, and CD96, were differentially expressed on ESC, we asked whether there was any down-regulation of these NK cell receptors during the interaction of NK cells with ESC. Therefore, we stimulated healthy donor peripheral blood NK cells with ESCcyst or ESCendo for 4 h and measured the levels of DNAM-1, TIGIT, and CD96 after the assay by flow cytometry. Compared to unstimulated NK cells that had been incubated with medium only, the expression levels of DNAM-1 (Figure 5A) and TIGIT (Figure 5B), but not CD96 (Figure 5C), decreased on NK cells stimulated with ESC. While the expression of DNAM-1 decreased more for ESCendo than for ESCcyst, the opposite was observed for TIGIT. The expression of another inhibitory receptor, NKG2A, was not changed upon stimulation with ESC (Supplementary Figure S5). These results could indicate that NK cells interact with ESC via the receptors DNAM-1 and TIGIT on NK cells, with the ligands CD155 and CD1112 on ESC. This interaction could favor the activating receptor DNAM-1 when NK cells are recognizing ESCendo, while it could be biased towards TIGIT when they interact with ESCcyst.
[image: Figure 5]FIGURE 5 | Receptor expression of NK cells stimulated with ESCcyst or ESCendo for 4 h at a 3:1 cell ratio was analyzed using flow cytometry, showing representative histograms. The percentage expression and expression levels of the surface activating receptor DNAM-1 in the NK cells stimulated with ESCcyst were not significantly different compared to the NK cells that were stimulated with ESCendo (A). The NK cells that were stimulated with ESCcyst showed no difference for the percentage expression and the expression levels compared to the NK cells that were stimulated with ESCendo, for the surface inhibitory receptors TIGIT and CD96 (B, C). Unstimulated NK cells were incubated with medium only. The fluorescence minus one (FMO) controls contained all of the NK cell markers examined, except each marker presented here. Six–eight independent experiments (n = 4 biological replicates) were carried out. Mean ± SD.
DISCUSSION
Currently, the cause of reduced immunosurveillance of endometriotic lesions in the pelvic cavity of women with endometriosis is unknown. One of the components of this reduced immunosurveillance is the inhibition of NK cells (Oosterlynck et al., 1991; Oosterlynck et al., 1992; Liu et al., 2018; Xu, 2019). Therefore, in the present study, we investigated if ESCcyst may also be involved in NK cell-mediated inhibition, because we previously found that they may possess immunosuppressive properties (Abomaray et al., 2017). However, the findings from the present study suggest that ESC from endometriotic ovarian cysts may not impose a more significant inhibition on NK cells compared to ESC from the endometrium.
We found that treating healthy allogeneic NK cells with conditioned medium from ESCcyst and ESCendo did not result in a substantial difference in NK cell cytotoxicity. In line with this, the phenotype of NK cells treated with conditioned medium from ESCcyst was similar to that of NK cells treated with conditioned medium from ESCendo; there were no significant differences in the proportion of cells expressing the receptors and the expression levels of the activating, inhibitory, maturation, or adhesion receptors and co-receptors. Moreover, secreted factors of ESCcyst or ESCendo did not induce or dampen the functional responses of NK cells against the standard NK-target cell line K562. There have been no studies comparing the conditioned medium of ESCcyst and ESCendo on the phenotype of NK cells to the best of our knowledge. However, there have been studies examining the effects of conditioned medium of ESC on NK cell cytotoxicity. Previously, Somigliana et al. (1996b) examined the effect of conditioned medium from ESCendo from healthy female volunteers (ESCendohv) on the cytotoxicity of NK cells isolated from healthy female volunteers using ESCendohv as target cells and found that NK cell cytotoxicity was significantly inhibited. The same group compared the effects of conditioned medium from ESCendo to ESCendohv on the cytotoxicity of NK cells isolated from healthy female volunteers using ESCendohv as target cells, and they found that NK cell cytotoxicity was significantly inhibited by conditioned medium from ESCendo compared to ESCendohv (Somigliana et al., 1996a). At present, we do not know why our results do not show a reduction of NK cell cytotoxicity when cultured in conditioned medium from ESC. The studies by Somigliana et al. (1996a; 1996b) compare ESCendo to ESCendohv, and this may introduce inter-individual variations in terms of the immunological microenvironment and endocrine factors. Furthermore, healthy eutopic endometrium serves as an inappropriate model for studying NK cell responses in endometriosis, as ESC from ectopic endometriotic lesions may have a significantly different behavior. By contrast, in the current study, we compared NK cells cultured in conditioned medium from ESCendo or ESCcyst that were isolated from different sites of the same women with endometriosis. This setup allows us to study the effects of ESC from different microenvironments, but from the same individuals, on NK cell functions. One potential pitfall of this setup may be the fact that factors secreted into the conditioned medium of ESCcyst may not have been present at a significant concentration to have an evident effect on NK cell cytotoxicity since they may have been short-lived as many cytokines are (Zhou et al., 2010). Therefore, we used ESC from the different sites as target cells to stimulate the NK cells to compare the effects of direct contact with ESCcyst and ESCendo on NK cell cytotoxicity.
Similarly, as for the experiments using the conditioned medium, the cytotoxicity of the NK cells was not different towards ESCendo or ESCcyst. Previously, Oosterlynck et al. (1991; 1992) found that NK cells from the peripheral blood and peritoneal fluid of women with endometriosis have significantly reduced cytotoxicity against the K562 cell line and autologous ESCendo compared to NK cells from women without endometriosis. A similar study found that NK cells from the peripheral blood and peritoneal fluid of women with endometriosis had significantly reduced cytotoxicity against the K562 cell line compared to women without endometriosis (Wu et al., 2000).
NK cells recognize target cells via an array of germline-encoded activating and inhibitory receptors. The integration of positive and negative signals determines whether the NK cell becomes activated and if the target cell is killed (DOI: 10.1038/ni1581, L Lanier: up on the tightrope: natural killer cell activation and inhibition). We therefore set out to identify the ligands on ESC that may contribute to the recognition by NK cells. We used a panel of antibodies for inhibitory and activating ligands, as well as chimeric proteins that bind the ligands via the natural receptor–ligand interaction. We found that ESC express several ligands for activating and inhibitory NK cell receptors. However, only the CD155 and CD112 ligands for the NK cell receptors DNAM-1, TIGIT, and CD96 differed in their expression between ESCendo and ESCcyst. Therefore, we speculate that one or several NK cell receptors of this receptor–ligand network may interact with the ligands on ESC. We saw receptor down-regulation after 4 h of co-culture of DNAM-1 and TIGIT, but not of CD96. This down-regulation may indicate an interaction with the ligands on ESC.
In addition to DNAM-1 and TIGIT, the expression of PCNA, a ligand for NKp30 and NKp44, was significantly less on ESCcyst than on ESCendo, which is known to inhibit NK cell function through the NKp44 receptor (Kundu et al., 2019). Interestingly, Yu et al. (2016) have shown that ESC from ectopic endometrium secrete high amounts of IL-15, which leads to a down-regulation of NKp44 and NKG2D on NK cells. Taken together, these combined findings may hint towards the regulation of DNAM-1, TIGIT, NKp44, and NKG2D on NK cells by ESC. However, we could neither detect high levels of the NKG2D-ligands MIC-A/B on ESC nor was there a difference between ESCendo and ESCcyst in the expression of MIC-A/B. The same group used NK cells cultured alone or in indirect transwell co-cultures with ESC from ectopic lesions, and then, the NK cells were kept in direct co-culture with ESC from ectopic lesions in a different cytotoxicity assay (lactate dehydrogenase assay) (Yang et al., 2017). They found no significant differences in NK cell cytotoxicity between NK cells cultured alone and NK cells indirectly co-cultured with ESC from ectopic lesions (Yang et al., 2017), similar to our results with conditioned medium from ESCendo and ESCcyst. They further employed a co-culture system where ESCcyst and macrophages were directly co-cultured with NK cells and compared the results to NK cells cultured alone (Yang et al., 2017). It was found that NK cell cytotoxicity was significantly reduced, and it was determined that it may be due to the secretion of the immunosuppressive molecules transforming growth factor beta 1 and IL-10 from both ESCcyst and macrophages (Yang et al., 2017). However, it seems that the effects on the NK cells are mostly mediated through macrophages and not ESCcyst, since NK cell cytotoxicity was not reduced following co-culture with only ESCcyst (Yang et al., 2017). In another study, NK cells were cultured with ESCendohv or ectopic ESC; it was found that the NK cells significantly enhanced their expression of the immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO), especially following culture with ectopic ESC, and the effect was partly due to ESC-derived TGFβ1 (Liu et al., 2018). Moreover, when the NK cells were in turn cultured with ectopic ESC, their cytotoxicity was significantly inhibited, and this was attributed to their expression of IDO (Liu et al., 2018). As all the studies mentioned above, we have used NK cells from healthy female volunteers. The use of healthy NK cells that have previously not been in the environment of the inflammatory pelvic cavity described in the endometriosis setting allows one to examine if ESCcyst are more immunosuppressive, at least through their effects on the NK cells, than ESCendo, due to this inflammatory environment found in the pelvic cavity of women with endometriosis. However, future studies could investigate the effects of ESC on NK cells isolated from women with endometriosis, when studying MSC immunomodulation of NK cells in endometriosis.
Although our study used stromal cells from a limited number of donors, the results were consistent between the four women with endometriosis that we studied. Moreover, to our knowledge, this is the first study directly comparing the effects of ESCcyst and ESCendo from the same women with endometriosis on with endometriosis on previously unaffected healthy donor NK cells. Our results suggest that ectopic MSC may not be contributing to the reduced immunosurveillance in the pelvic cavity of women with endometriosis through their effects on NK cells.
In summary, inhibition of NK cell function in the pelvic cavity in women with endometriosis may not be due to direct interactions with ectopic MSC. This finding suggests that other factors present in the pelvic cavity may be involved in the inhibition of NK cells. However, a future study utilizing a similar co-culture system, but with NK cells from women with endometriosis, should be carried out, in order to confirm our findings.
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Expression in UF

e Increased expression in UFs compared with the adjacent
myometrium (Kurachi et al., 2001)

e FElevated serum levels in women with clinically symptomatic
UFs (Ciebiera et al., 2018a)

e UF smooth muscle cells isolated from patients express
higher GM-CSF mRNA and protein levels than myometrial
smooth muscle cells (Chegini et al., 1999)

e Serum levels of IL-33 are significantly higher in UFs patients
as compared to the controls (Santulli et al., 2013)

e Expression of IL-8 and its receptor type A is weaker in UFs
compared with adjacent myometrium (Senturk et al., 2001)

e mMRNA levels in UF samples are higher than in the
myometrium samples (Sozen et al., 1998)

e Upregulated in UFs compared with adjacent myometrium
(Hoffman et al., 2004; Norian et al., 2009; Ciebiera et al., 2017)

e Higher expression in UFs compared to myometrium (Gentry
et al., 2001; Sanci et al., 2011; Tal and Segars, 2014)

e Increased expression of PDGF-C in UFs compared with the
adjacent myometrium (Hoffman et al., 2004; Hwu et al., 2008;
Suo et al., 2009)

e Inconsistent results regarding EGF expression in UFs
compared to the adjacent myometrium. (higher:
Harrison-Woolrych et al., 1994; no difference: Vollenhoven

et al., 1995; lower: Dixon et al., 2000)

e Collagen, fibronectin, and proteoglycans have been shown
to be upregulated in UFs compared to the adjacent
myometrium (Islam et al., 2018).

e Expression upregulated in UFs compared with matched
myometrium (Wang et al., 2007)

e The most highly upregulated miRNA in UFs (Wang et al.,
2007)

e Increased expression in UFs compared with adjacent
myometrium (Marsh et al., 2008)

e UFs expressed significantly lower levels of miR-29b (Wang
et al., 2007) and miR-29¢c compared to the myometrium
(Chuang and Khorram, 2016; Marsh et al., 2016).

e Downregulated in UFs compared to myometrial tissue
(Chuang et al., 2012b)

Effect on endometrium

e Involved in menstrual shedding process and bleeding (Tabibzadeh,
1996)

e Increased concentrations in menses blood flow in women with HMB
(Malik et al., 2006)

e GM-CSF improves endometrial regeneration (Liu et al., 2020) and
increase endometrial thickness (Mao et al., 2020)

e Modulates the timely recruitment of neutrophils and lymphocytes into
the endometrium (Arici et al., 1998a)
e Critical regulator of inflammation and vascularization (Miller et al., 2017)

e May act as an autocrine growth factor in the endometrium (Arici et al.,
1998b; Arici, 2002)

e Control macrophage endometrial migration (Arici et al., 1999)

e Involved in proliferation and remodeling during the menstrual cycle
(Omwandho et al., 2010)

e Preparation of the endometrium for implantation (Jones et al., 2006)
Key factor in endometrial angiogenesis during menstrual cycles and early
pregnancy (Sugino et al., 2002)

e Altered expression is associated with HMB (Smith, 1998)

Stimulates the proliferation of endometrial stromal cells (Matsumoto et al.,
2005)

e Involved in endometrial regeneration (Wang et al., 2020)

e Central role in the regulation of cyclical growth and shedding of the
endometrium (Ejskjeer et al., 2005)

e Critical for endometrial function during early pregnancy (Large et al.,
2014)

e Structure, organization, and molecular composition of the endometrial
ECM are modified during events such as menstrual cycle and
decidualization (Tanaka et al., 2009; Favaro et al., 2014; Okada et al., 2018).

e Associated with endometrial receptivity (Inyawilert et al., 2015; Liu et al.,
2016)

e Potential influence on endometrial genes associated with cell cycle
progression and apoptotic processes (Pan et al., 2007)

e miR-29¢ dysregulation can alter endometrial receptivity, endometrial
epithelial adhesive capacity, and implantation (Griffiths et al., 2019).

e Involved in the hormonal regulation of epithelial cell proliferation in
human endometrium by E2 and P4 (Kuokkanen et al., 2010)
e Involved in endometrial receptivity (Liu et al., 2016)

E2, estrogen; ECM, extracellular matrix; EGF, epidermal growth factor; GM-CSF, granulocyte macrophage-colony-stimulating factor; HMB, heavy menstrual bleeding; IL-
33, interleukin 33; IL-8, interleukin 8; MCP-1, monocyte chemoattractant protein-1; P4, progesterone; PDGF, platelet-derived growth factor; TGF-B, transforming growth

factor beta;, TNF-a, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
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transcription factors.

lon channels

Carriers and pumps.

Signaling molecues
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Example
ubiquitnligase NEDD4-2, induciblenitrc oxide synthase (NOS),
phosphomannose mutase 2 (PMM),
phosphaicylinosiol-3-phosphate-5-kinase (PIKiye), serine/threorine kinase
WNK4, ERK2, mitogenractvated protein kinase/ERK kinase kinase 3 (MEKKS),
stress-activated kinase (SEK1), B-Raf kinase, glycogen synthase kinase 3
(GSK-3), p53-ubiauiinating MDM2 Notch G protein degracing Fow?

‘CREB, AP-1, p53 tumor suppressor protein, CBFA1, MSX2, SOX9

NFXB, p53, forkhead box O3a- protein (FOXO3a)

epithelal sodium channel (ENAC), vottage-gated Na channels (SCNSA), acid
sensing (ASIC1) Nar* channels, renal outer medullary K* channels (ROMK1)
votage-gated K* channels KCNE1/KCNQ1, KCNQ4, voltage-gated K*
channels K1.3, Kv1.5, Kv7.2/3, Kv4.3, voltage-gated K* channels hERG,
Ca?release-actvated Ca?* channel ORAI and its stimulator STIM, transient
receptor potential channels (TRPVA, TRPVS, TRPVG), kainate receptor GIuRS,
unselective cation channel 4F2/LAT, CiCkavbarttn CI~ channels, GIC2 G~
channels, CFTR I~ channels, VSOAG CI- channels

Nar* K* 21~ cotransporters (NKCC2), NaCl cotransporter (NCC), Nat*/H~
exchangers (NHE, NHES), faciltative (GLUT1, GLUT4), Na*-coupled (SGLT1)
glucose transporters, amino acid (ASCT2, SN, B(OJAT!, EAAT, EAAT2,
EAAT3, EAATA, EAATS) peptide (PepT) transporters, Na* dicarboryiate
cotransporter (NaDC-1), creatine transporter (Crea), Na* myoinositol
cotransporter (SM), phosphate carrers (NaPilla, NaPillb), Na* /<*-ATPase,
albumin uptake

nephin, type A natruretic pepide receptor (NPR-A), Ca?*-reguiated
heat-stable protein of apparent molecular mass 24 kDa (CRHSP24), adaptor
precursor (APP) Fe65, NORG1 and NDRG2, myosin-Vc, flamin C,
microtubuie-associated protei tau, Gycin-dependent kinase inhibitor 18
(027%"), huntingtin

References
Firestone et al., 2003; Lang and Stoumaras, 2013

Terada et al., 2008; Rotte et al., 2011; Borst etal
2012; Eylenstein et al., 2012; Lang and Stournaras,
2013; Firestone et al., 2003; Lang et al., 2006,
2018,

Murakami et al., 2010; Lang and Stoumaras, 2013,
Defner et al., 2008; Lang and Stoumaras, 2013;
Sahin etal, 2013,

Giebisch, 1998; Arteaga and Canessa, 2005;
Seebohm etal., 2005; Lang et al., 2006; Lang and
Shumilna, 2013.

Lang etal., 2006, 2014. Lang et al., 2006; Lang
and Stoumaras, 2013,

McCaig et al, 2011; Ohashi et al, 2011; Lang and
Stournaras, 2013; Sahin et al., 2013; Vool et al
2015; Lang etal., 2018,
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Regulator

Stimulating cell
stressors

Stimulating hormones
and medators

Inhibitors

Signaling regulating
SGK1 transcription

SGK1 promotor binding
sites

Example

cell shrinkage, dehydration, mechanic tear, oxidative stress, heat shock, UV radiation, DNA
damage, ischemia, neuronal injury, neuronal excitation, enhanced glucose concentrations,
advanced glycation end products (AGES), peroxisome prolferator-activated receptor y
(PPARY)

glucocorticoids, mineralocorticoids, gonadotropins, progesterone, 1,25(0H);Ds,
erythropoietin, morphine, transforming growth factor-p (TGF-f), interleukin-6, fioroblast and
platelet-derived growth factor, thrombin, endothelin

serum starvation, heparin, dietary iron, nucleosides, nephriin, ageing

cytosolic Ca?*, cyclic AMP, stress-activated protein kinase-2 (SAPK2 or p38 MAPK) protein
Kinase G (PKC), protein kinase RAF, extracellular signal-regulated kinase 1/2 (ERK1/2) and 5
(ERKS) phosphatidylinositide-3-kinase (PI3K), reactive oxygen species (ROS), NADPH
oxidases, nitric oxide, EWS/NOR1(NR4A3) fusion protein

glucocorticoid receptor (GR), mineralocorticoids receptor (MR), progesterone receptor (PR),
1,25(0H)2D3 receptor (VDR), Retinoids receptor (RXR), Farnesoids receptor (FXR), sterol
regulatory element-binding protein (SREBP), PPARy, GAMP response element-binding
protein (CREB), p53 tumor suppressor protein, Sp1 transcription factor, activator protein 1
(AP-1), activating transcription factor 6 (ATF6), heat shock factor (HSF), reticuloendotheliosis
viral oncogene homolog (c-Re), nuciear factor kappa- B (NFxB), signal transducers and
activators of transcription (STAT), TGF-f-dependent transcription factors SMADS and
SMADA, forkhead activin signal transducer (FAST), transcription factor Ton binding protein
(TonEOP/NFATS)

References.

Leong et al., 2003; Saad et al., 2005;
Lang and Stournaras, 2013; Lang and
Voelk, 2013; Lang et al., 2018

Mizuno and Nishida, 2001; Lang and
Stournaras, 2013; Lang et al., 2018,

Lang and Stournaras, 2013; Lang
etal., 2018, Harries et al., 2012; Lang
etal., 2018.

Mizuno and Nishida, 2001; Lang and
Stournaras, 2013; Lang et al., 2018,

Lang and Stournaras, 2013; Lang
etal, 2018,
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Example

insulin, IGF1, hepatic growth factor (HGF), folicle stimulating hormone (FSH),
thrombin, corticosterone, lthium, neuronal depolarization, oxidation,
hypertoricity, fibronectin

PI-3 kinase-sensitive 3-phosphoinasitide (PIP3)-dependent kinases PDK1 and
PDK2, Na*/H* exchanger regulating factor 2 (NHERF2), WK1 (iysine deficient
protein kinase 1), mammaiian target of rapamycin mTOR complex-2 (MTORC2)
composed of MTOR, Rictor (rapamycin-insensitive companion of mTOR), Sint
(stress-activated protein kinase-interacting protein 1), mLST8 and Protor-
P38 MAPK, ERKS, CAMP, Ca?*-sensitive calmodulin-dependent protein
kinase kinase (CaMKK), G-protein Rac1

References.

Lang etal., 2006; Lang and Stoumaras, 2013,
Waldegger etal., 1997; Lee et al., 2012; Lang and
Stoumnaras, 2013; Lang et al,, 2018

Waldegger et al., 1997; Kobayashi et al., 1999;
Lang et al., 2006; Dibble et al., 2009; Peterson
etal, 2009; Rosner et al., 2009; Heise etal., 2010;
Lyoetal, 2010; Treins et al., 2010; Pearce et al.,
2011; Fang et ., 2012; Hall et al, 2012; Na et al.,
2013; Thomanetz et al,, 2013; Domhan et al.,
2014; Tsai et al., 2014; Lang et al., 2018.






OPS/images/fcell-08-572281/fcell-08-572281-g004.jpg
60% = M3 @
oM2 _
o)
o M7 S 08
Q\ 40% = é 07
o g 09
= M1 © 0.5
M13
= @ M15 ® &
o M10gp/ M B
o M9 M6@
20% = *:;:"
M11|V|20 § -
M17\§DM8 OM5 S ()3000
M19
M18 —M14 ©
0% ~—M12 M16 .
-0.4 0 0.4
mean expression change
100

genes in disease-associated modules (%)

cytokine

CCL5 M7

cCL4 M7

WNT4 M11

WNT5A M9
LIF M7

THPO
IL17D
CMTM5
EDN1

uoNBe1100 asessi

transcription regulator

TWIST2 M13
PRDM1 M9
CEBPB M15
LITAF . M13
RUNX3 M7
KLF9 M15
FOXO1
RUNX2 M7
CDKN2C | M20
MITF M15
RUNX1 M7
BHLHE40 M1
CDKN2B M13
KLF2 M15
JUND M11
TWIST1 M17
CITED2 M15
TSC22D3 M20
FOSL2 M9
KLF15
EGR1
GLI1 M8
VDR M5 | g
FOSB §
HMGA1 3
FOXxc1 M2 8
SNAI1 5
PPARGC1A M2 %
D4 M3 5
D2 M3
ID3 M3
CCND1 M3
ID1 M3
LEF1 M6
HOXB5 M1
MXD3 M
HOXA2 M





OPS/images/fcell-08-572281/fcell-08-572281-g005.jpg
=

EDN1

[:] transcription regulator

cytokine

gene function

log, FC
mEm o
(&

growth factor

o

interactions





OPS/images/fcell-08-556543/cross.jpg
3,

i





OPS/images/fcell-08-556543/fcell-08-556543-g001.jpg
Decidualized

* Embryo quality ‘check point'
* Maintains tissue haemostasis
* Immune modulation

« Oxidative stress resistance

 Controls trophoblast invasion






OPS/images/fcell-09-709280/fcell-09-709280-g003.jpg
CD69 MFI (x103)

___|EEF1A1

= 1
=
___‘P
C D
P<0.0001 P<0.01
1.5- J | 1- I ‘
#
g 0.8+ °® &':O-“
14 ‘;'< ‘;|<
. — 0.6 ot
. s S
<t 04' £
0.5+ ~ ® Q
o g o)
o 0.2' 5] O
o L3 L3 0 1 |
E PB E PB

JUND
NR4A1

|NR4A2

LAPTM5
PPP1R15A
YPEL5
YWHAZ
TAGLN2
DDX3X

P<0.05

Pan-B cell marker

18
MHC related genes 16
14
Immunoglobulins 12

Tissue residency marker

Transcription factors

Anti-inflammation related genes

House keeping/
major cellular constituent genes

Mitochondria-related genes

Heat shock genes

Non-coding RNA

Others

HLA-DR MFI (x10%)
N






OPS/images/cover.jpg
HYPE OR HOPE: NEW FRONTIERS
IN ENDOMETRIAL RESEARCH

ke, Dorothy K. Sojka, Biserka Mulac Jericevic.

ind Christos Stournaras

PUBLISHED IN: Frontiers in Cell and Developmental Biology

P frontiers Topics






OPS/images/fcell-08-621016/crossmark.jpg
©

2

i

|





OPS/images/fcell-08-609551/fcell-08-609551-g006.jpg
A

(%3
Q 2.5 . *
0 20
o *H#
PSO-GSK3E|we m v wwm| o . L
Q1.
! ®
GSK3B|-----| % 101
|- | o O.S—H
i S — o e
tubulin Q -
8-BrcAMP: - + + + + -+ + o+
C-peptide: - - + + + - -+ o+
OA: - - - + - - = = o+
Licl: - - - - + R
B 20 - PRL ; A IGFBP1
: *
% 151 8] 15000 * o
< 10 H # 1000~
z ® *# [ J
m (3
E 57 e 500+ ﬁ .
odeeal (1 | .| 0
8-Br-cAMP: + + + + -+ O+ O+ o+
C-peptide : -+ o+ o+ - = g &
shScram: + + - - + + + - -
shPP1C: - - #1#2 - I 7]
Cc 1500 PRL 600 IGFBP1
*
@ 10004 400-
B N R T« ["|*
nE: 500 ’{“ 2004 ﬂ
0 0 Loee
8-Br-cAMP : + + + + - o+ + + +
C-peptide : -+ + + - -+ o+ o+
OA: = = + = = - = + =
LiCl : - - -+ T I





OPS/images/fcell-08-609551/fcell-08-609551-g007.jpg
*
Hﬂ#
+ + +
+ + o+
+ - -
- # #2

U

1.5+
.0
5

0109s Aysuajul
Bujurels [e9y-vS

8-Br-cAMP:
C-peptide :

=

8-Br-cAMP:
C-peptide :

shScram:

-+

shScram:

shPP1C:

p16
*
ﬂ

#1

shPP1C:

ﬁ

+ + + +

:

2.5
2.0
1.5
1.0
0.5
0.0

T T T T
w o ® o © O
N N - «— O o

[19A9] YNYW

+ + + + + + + +

8-Br-cAMP:
C-peptide :

+ + o+ -+ o+ o+

+

+

shScram:

- #1 #2

#1 #2

#1 #2 -

shPP1C:

8-Br-cAMP:

C-peptide:

OA :
LiCl :

p16

IL-8

[9A9] YNYW

+ + + + + + + +

+ + + +

8-Br-cAMP:
C-peptide:

+ + +

+ + + -+ o+ o+

OA:
LiCl :





OPS/images/fcell-08-609551/fcell-08-609551-g008.jpg
° #*
g 104
(= O
+ *
2 05 20
c
8-Br-cAMP: E
C-peptide : 0.0
shScram: 8-Br-cAMP: + + o+
shPP1C: - - #1 #2 C-peptide : + + o+
shScram: + - -
shPP1C: - #1 #2
2.0
B % 1.5 # #
g <
+ 1.0 * |®
2
: g 0.5
8-Br-cAMP: + s + + - 00
C-peptu:l:i ] * I * 8-Br-cAMP: + + +
c-) ] i C-peptide: + + +
LiCl : B B = + g S,
LiCl : - -+
C 2.0+ > #t
> X,
& 1.5- «T® " « B .
<
o 1.0- pespcepes
5
o 057
0.0
8-Br-cAMP: - - - + + + + + + + +
C-peptide: - - - -+ + + -+ 4+ +
OA: - - - - -+ - = o s
Licl: - - - - - -+ - - -+

Deci. hour : 0 36 48





OPS/images/fcell-08-609551/fcell-08-609551-g009.jpg
C-peptide

Senescence 1 Apoptosis






OPS/images/fcell-08-609551/fcell-08-609551-g002.jpg
A TR
@*‘ﬂ Sl £ o
; %% g9
» \. { S 3 24
2% 4 -\ S s AN s 2008 g 2 e
8-Br-cAMP : + - + f;: &
[=
C-peptide : - Q&\é Q‘$ @ 0-
° N 8-Br-cAMP : +
C-peptide :
B s p21 w0y, L8 c
g 304
i’ 2 * #
b4 204
[v'4 *
E 19 104
. 8-Br-cAMP : +
0 - -
8-BrcAMP : - + + -4+ C-peptide: -
C-peptide : - - * - -+

Deci. hour: 0

1.5+
o
5
2 107
x
e *
S 054
=
4 =
0.0
8-Br-cAMP : + +
C-peptide : - +





OPS/images/fcell-08-609551/fcell-08-609551-g003.jpg
A B
— IGFBP1 pPS473-AKT | s =1 " - 60kD
= 10000- PT308-AKT "™ <= wsm == W8-60kD
> p
2 i AKT -60kD
<C 6000-
% 40004 PS256-FOXO1 [ = Sy == S 75KD
£
20004 & FOXO1 l- D &S &8 -8 73D
0 (e
8-Br-cAMP: - + + + + tubulin [#e s sss s s 55kD
Insulin : - - + - + 8-Br-cAMP: - + + + +
C-peptide : - - - + + Insulin : - - + - +
Deci. hour: 0 48 C-peptide : - - - + +
Deci. hour: 0 48
c
.0+ 1.5+ -
.s 2.0 5 3 »
i i # #
q>> _; 1.5 10+ M # o #
e
E.g 1.07 ° » | . ® :
Q Q eo| 0.5 1- * *
X 9 05 * °
(o) - e
g oLl i Hialll
2 o0 ess 0.0 0
8-Br-cAMP: - + + + + - + + + + -+ + + +
Insulin : - - + - + - -+ -+ I T *
C-peptide : - - - + + - - -+ 4 - - -+ o+

pS473-AKT/AKT

pT308-AKT/AKT pS256-FOXO01/FOXO1





OPS/images/fcell-08-609551/fcell-08-609551-g004.jpg
30 4 . PRL 150
2 *#
2 20 oo *# 3 100
<
Z o]
£ 104 50 ~
|€j
0 etee 04
8-BrcAMP: - + + + +
PA: - - + - +
c-peptide: - - - + +
Deci. hour: 0 24
B 1.5
9
C3B S s = 19kD o 1.0 -
(long exposure) 17kD c
LC3B | i § 0.5
(short exposure) [17kD o
P62 [We= D = - -62kD & 0.0
tubulin | s s e—" - . 55kD 8'Br'°A|2n:f *
8-BrcAMP: + + + + .
HEe . m s & C-peptide :
C-peptide : - - + +

IGFBP1

# 2.5+ * *
2.0 )
® 1.5 #

1.0 4
0.5 ‘ |
0.0

- -+ o+

LC3B/tubulin

p62/tubulin





OPS/images/fcell-08-609551/fcell-08-609551-g005.jpg
A B
= 2 2.0
pS9-GSKIB| = —  |aso & 157 £ 157 pSo-GsK3p[ = - a0 ¥
n 2 (L
GSK3[34ekD g 1.0 2101 GSK3p E‘%kD & 1 0-
: ¥ £ X -
B-catenmEl—gsz i - s s o5 Tubulin El-sskn 3 0.5
. * .0 . 1 .
tubulinEl—sskD 2 3 C-peptide: - - + 2
. 0 - 8-Br-cAMP : - + Q 0.0-
C-peptide: - Q 0.0 0.0 4 : - T
,\$Q$ C-peptide: - $ $ - N 8-Br CAI.VIP: .
S NI AT C-peptide : _~
Deci.day: 0
c D 1.5+ * E
2.0 - paa
. * £ o PSO-GSK3[ [#e s s -46kD
= 1.5 - —
2 % o Gstcap [
0 1.0 Q. 0.5- ®
(] o ®
a ali o o
Q05 -
|! ! | i -55
) 0.0- PP1 38kD tubulin E kD
C-peptide : - + C-peptide: - + +
tubulin |-..|'55k0 shScram: + + -
F C-peptide: - + + + shPP1C: - #1
@ shScram: + + - -
g 204 shPP1C: - - #1 #2
7] *#
O 154 "
Q o G
< 10- H
8 . c 1501 2.0+
o 054 pT72-12 s - 34kD 'g > :
(g- I-'-I ! q>> o} 1004 E 1.54
0.0 12 [0 E e k5
S$9-GSK3 |—- o — —|-4skD TS & 1.09
P b tubulin [ == ==lss0 & § 50- o
0.5-
——— | :
GSK3B[ |'46kD C-peptide: - + T 5
o 0.0-
tubulin|-——-|-55kn C-peptide : - + C-peptide : - +
LiCl: - -

C-peptide: - + + +
OA: - -

Q§Q§

N 9

+
5=

*#






OPS/images/fcell-08-609551/fcell-08-609551-g001.jpg
150 - PRL 1500 IGFBP1 154 FOXO1
5 -
*
2 100 4 * * * 10004 * " 104 * N " .
* * *
§ gt ° ® *H# ° *H#
ﬂéso_ ﬂ ° ﬁ 500 3 5 of|°® ﬁ . "I.‘
0 Lleee 0 o121
8-Br-cAMP: - + + + + + + -+ + + + + + -+ + + + -|-§§ +
C-peptide : = - Q?’Q'\Q%Q'SQ@,QQ - - 6@0\060@0@0 Q‘f’o'\‘\ °>°\°°¢,°°
Deci. hour: 0 24 0 24 0 24
B 1.5+ C
°
5 1.04 AT 2]
—~ ’ * * * ﬁﬂi‘;; — G ",..
<Zt ° i ; B 71
n:O.S— P4 ° SN & \'*,‘
PGAMTARRLY N ey
i AM‘:’-O 8-Br-cAMP:  + +
-Br-c T+ o+ + 4+ + o+ L )
C-peptide: - + R - o+ C-peptide: +
PRL IGFBP1 FOXO1 1.5+
L
D E @ 1.0
1.5+ : 5 &
S 3 0.5
2104 w
<
50 5 0.0
e 8-Br-cAMP : -+ o+
& i . - - - - +
0.0 C-peptide : + -
8-Br-cAMP : + - - + - - + - - Deci. hour: 0 24 0 24
c-peptide : - - + = = + - -+
9 QN o
QQ\ OQQ) O+ “““““
F N G i : GO/G1 control
S ¢ G2/M
1.5 100+ s L S
= » o . i
o 3 :
: a7kp 2 1.0 g |
cyclin D1 = - 60 - : TG G anias
tubulinEl-sskD a ® 404 3 ¢ G2/M
£ 05 ) Q % s
C-peptide: - + I3 X 20 ©.4 f
i 0.0 0 m I I I 3 .
C-peptide: - + C-peptide:_- + -+ -+ PI
G0/G1 S G2/M






