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Decorin (DCN) is a leucine-rich proteoglycan produced by chorionic villus mesenchymal cells anddecidual cells during human pregnancy. Studies from our laboratory demonstrated that decidua-derived DCN restrains multiple trophoblast functions including proliferation, migration, invasion andendovascular differentiation, mediated by DCN-binding to multiple tyrosine kinase receptors; expressed by the trophoblast. Furthermore, DCN was shown to be selectively over-produced by thedecidua in preeclampsia (PE) subjects and elevated in the second trimester maternal plasma in PE, before the appearance of clinical signs, presenting as a predictive biomarker for PE. Micro (mi)RNAs are single-stranded non-coding RNAs (17–25 nucleotides) that typically downregulate target genes by repressing translation or facilitating degradation of mRNAs. The human; placenta expresses many miRNAs, some of which are exclusively expressed by the trophoblast. Many; of these miRNAs are dysregulated in PE-associated placentas and some appear in the maternal blood as PE biomarkers. However, little is known about their contribution to the pathogenesis of PE, a multi-factorial disease associated with a hypo-invasive placenta. The objective of the present study was to examine whether exposure of extravillous trophoblast (EVT) to DCN affects expression of specific miRNAs, and to test the role of these miRNAs in altering EVT functions. We identified miR-512-3p, as one of the DCN-induced miRNAs, also upregulated in PE placentas. It was shown to be elevated in ectopic DCN-over-expressing or exogenous DCN-treated first trimester human trophoblast cell line HTR-8/SVneo. Use of miRNA-mimics and inhibitors revealed that miR-512-3p compromised trophoblast migration, invasion and VEGF-dependent endovascular differentiation. Finally, Protein Phosphatase 3 Regulatory Subunit B, Alpha (PPP3R1), a known target of miR-512-3p, was paradoxically elevated in miR-512-3p-overexpressing trophoblast and PE-associated placentas. Using Enrichr, a tool that consists of both a validated user-submitted gene list and a search engine for transcription factors, we found that PPP3R1 elevation resulted from the miRNA binding to and targeting Upstream Transcription Factor 2 (USF2) which targeted PPP3R1. These findings reveal a novel aspect of pathogenesis of PE and biomarker potentials of this miRNA in PE.
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INTRODUCTION
Preeclampsia (PE) is a severe pregnancy-specific disorder that affects around 5% of pregnancies worldwide. It is characterized by new onset hypertension and (typically) proteinuria after 20 weeks of gestation (Gao et al., 2018). If left untreated, PE may lead to multisystem organ damage such as renal failure, pancreatitis and hemolytic anemia (Sheikh et al., 2016). PE is one of the leading causes of maternal and perinatal morbidity and mortality (Duley, 2009). It has long been recognized that the pathogenesis of PE lies within the placenta because removal of the placenta eradicates the clinical manifestations of PE (Zhu et al., 2009; Chen and Wang, 2013).
During normal placental development, trophoblast stem cells contained within the cytotrophoblast (CTB) layer of the chorionic villi differentiate into two subpopulations: syncytiotrophoblast (STB) and extravillous trophoblast (EVT). STB arises by cell fusion and EVT as migratory cell columns. EVT cells proliferate at the villus base and invade uterine decidua and spiral arteries (Knöfler and Pollheimer, 2013). Some of the EVT cells undergo endothelial-like (endovascular) differentiation to invade and remodel distal segments of the arteries into low-resistance tubes that allow steady flow of maternal blood for fetal nourishment (Kaufmann et al., 2003; Cartwright et al., 2010). While both EVT and STB differentiation pathways are dysregulated in PE, poor EVT invasion is thought to be the root cause of the pathological manifestation such as defective uterine arterial remodeling, resulting in a hypo-perfused placenta (Kaufmann et al., 2003; Lala and Chakraborty, 2003; Burton et al., 2009; Cartwright et al., 2010). A hypoxic placenta releases toxic lipid peroxides and inflammatory chemokines into the maternal circulation, leading to vascular damage in multiple maternal organs (Roberts and Lain, 2002). Currently, there is no known cure for PE except delivering the fetus and the placenta (Backes et al., 2011). However, premature delivery increases perinatal morbidity and mortality rates (Backes et al., 2011). As such, further research to understand the mechanisms underlying PE and to identify the novel biomarkers for its early detection is urgently needed. Decorin (DCN), a leucine rich-proteoglycan produced by various mesenchymal cells including decidual stromal cells, is overexpressed by the PE-associated decidua, as shown by in situ hybridization for mRNA and immuno-localization of the protein (Siddiqui et al., 2016). Additionally, plasma DCN levels in second trimester patients are elevated in PE compared to control (non-PE) patients matched for body-mass index (Siddiqui et al., 2016). DCN controls EVT cell proliferation, migration, invasion (Xu et al., 2002; Iacob et al., 2008) and endovascular differentiation (Lala et al., 2012), events needed for uterine spiral artery remodeling (Kaufmann et al., 2003; Lala and Nandi, 2016). Furthermore, DCN is a key regulator of human trophoblast stem cell self-renewal and differentiation (Nandi et al., 2018) and plays an autocrine role in decidual cell differentiation from human endometrial stromal cells (HESC) (Halari et al., 2020). These findings reveal that a balanced DCN production by the decidua is essential for a healthy pregnancy. Decreased DCN production may result in decidual maturation defects, whereas increased levels may result in compromised trophoblast functions associated with PE.
MicroRNAs (miRNAs) are single-stranded non-coding RNAs (17–25 nucleotides) that typically bind to the 3′ untranslated region of target mRNAs to block translation and facilitate degradation (Dexheimer and Cochella, 2020). The human placenta expresses many miRNAs, some of which are exclusively expressed by trophoblasts and not by other normal human tissues (Baek et al., 2008). These placenta-specific miRNAs are clustered in three groups: chromosome 14 miRNA cluster (C14MC), chromosome 19 miRNA cluster (C19MC), and miR-371–373 cluster (Miura et al., 2010; Morales-Prieto et al., 2012). Some of them have been detected in maternal circulation throughout gestation with a significant decline after delivery (Miura et al., 2010; Kotlabova et al., 2011). Many of the miRNAs are dysregulated in PE-associated placentas (Ishibashi et al., 2012; Hong et al., 2014; Xu et al., 2021) and some may appear in the maternal blood as PE biomarkers (Munaut et al., 2016; Jelena et al., 2020; Xu et al., 2021). MiR-512-3p is part of the C19MC (Morales-Prieto and Markert, 2011) and multiple studies have reported upregulation of miR-512-3p in PE patients (Wang et al., 2012; Martinez-Fierro et al., 2018; Martinez-Fierro and Garza-Veloz, 2021). A recent study showed elevated level of this miR-512-3p at 20 weeks of gestation in the serum of women who later developed severe PE (Martinez-Fierro and Garza-Veloz, 2021). Whether this miRNA contributes to the pathology in PE has never been investigated. The objective of the present study was to determine whether exposure of EVTs to DCN affects expression of specific miRNAs, and to test the role of these miRNAs in altering EVT functions. We identified miR-512-3p, as one of the DCN-induced miRNAs, also upregulated in PE placentas. It was shown to be elevated in ectopic DCN-over-expressing or exogenous DCN-treated first trimester human trophoblast cell line HTR-8/SVneo. Use of miRNA-mimics and inhibitors revealed that miR-512-3p compromised trophoblast migration, invasion and VEGF-dependent endovascular differentiation. Surprisingly, PPP3R1, a known target of miR-512-3p, was paradoxically elevated in miR-512-3p overexpressing trophoblast and PE-associated placentas. Using Enrichr, a tool that consists of both a validated user-submitted gene list and a search engine for transcription factors, we found that PPP3R1 elevation resulted from the miRNA binding to and targeting a transcription factor USF2 which targeted PPP3R1. These findings suggest that induction of this miRNA may be one mechanism for the pathogenesis of PE by DCN overproduction by the decidua.
MATERIALS AND METHODS
Cell line and culture
HTR-8/SVneo cells, originally produced by immortalization of EVTs derived from explant outgrowths (Graham et al., 1993), and commonly used as a model of invasive EVTs, were maintained in RPMI- 1640 supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 μM streptomycin. Cells were passaged via light trypsinization prior to reaching confluency and were maintained at 37°C in an atmosphere consisting of 5% CO2 for no more than twenty sequential passages.
Placenta sample collection
Flash-frozen placenta samples collected from normotensive and preeclampsia were obtained from the Research Centre for Women’s and Children’s Health Biobank (RCWIH, Mount Sinai Hospital, Toronto, ON, Canada, http://biobank.lunenfeld.ca). All samples were collected from caesarean section deliveries with informed consent and were approved by the Mount Sinai Hospital and University of Western Ontario research ethics boards. Jeyarajah et al., 2019, have reported the details of these subjects including the gestational age of the pregnancies and parameters used to define preeclampsia.
Transfection with microRNA-mimics and inhibitors
Prior to transfection, HTR-8/SVneo cells were plated in a 12-well plate and grown to 70%–80% confluency. Following the removal of culture media, the cells were incubated with 800 μl/well Opti-MEM media (supplemented with 7.5% FBS) for 1 h. Cells were then treated with Lipofectamine 2000 RNAiMax (Invitrogen, 2.5 μl Lipofectamine/100 μl of Opti-MEM media) and oligonucleotides (2 μg/well) and incubated for 4 h. Subsequently, cells were washed two times with RPMI-1640 complete media and incubated overnight. Successful transfection was verified by determining miRNA levels in cells 24 h after exposure to lipofectamine. MiRNA overexpression and knockdown were achieved via transfection with miRIDIAN miR-512-3p mimic (Dharmacon, cat no. C-300769-03-0005) and miR-512-3p Inhibitor (Dharmacon, Cat No. IH-300769-05-0005). Controls for overexpression and knockdown experiments consisted of transfection with miRIDIAN™ Dharmacon mimic (Dharmacon, Cat No. CN-001000-01-05) and inhibitor (Dharmacon, Cat No. IN-001005-01-05), respectively. The sequences of these control oligonucleotides do not target any known mammalian transcript.
SiRNA-mediated PPP3R1 knockdown
Transient transfection of PPP3R1 siRNA oligomers (Thermofisher, cat no. AM16708) and negative control (Thermofisher, cat no AM4641) was carried out using lipofectamine 2000 RNAiMax (Invitrogen, Thermo Fisher). All plasmid transfections (1 μg) were carried out similar to the protocol described above in miRNA transfection. Successful transfection was verified by determining PPP3R1 mRNA levels in cells 24 h after transfection using quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Experiments with PPP3R1 knockdown cells were conducted within 3 days of transfection.
MicroRNA extraction from HTR-8/SVneo cells
MiRNA was extracted from HTR-8/SVneo cells using the miRNeasy Kit (Qiagen) according to the manufacturer’s instructions (Qiagen, 2020). Briefly, HTR-8/SVneo cells were lysed using 700 µl of TRIzol (Thermofisher) and collected in 1.5 ml Eppendorf tubes. The resulting lysate was treated with 140 µl of chloroform, agitated for 15 s, and centrifuged at 12,000 rpm for 15 min (4°C). The upper aqueous phase was then transferred to a new collection tube and mixed in a 1:1 ratio with 70% ethanol solution. The resulting mixture was then put through the RNeasy minielute spin column (Qiagen, Cat No. 1026497) in increments of 700 µl and centrifuged at 10,000 rpm for 1 min (25°C). Flowthrough was collected, mixed with 0.65 volume of 100% ethanol, and passed through the miRNeasy column at 10,000 rpm for 1 min (25°C) (Qiagen, Cat No. 74104) to isolate miRNA. Once done, the resulting flowthrough was discarded and the isolated miRNA was washed in two steps: 500 μl of RPE buffer (Qiagen) was added, the column was centrifuged at 10,000 rpm for 1 min (25°C) and flow through was discarded; 500 μl of 80% ethanol was added, the column was centrifuged at 10,000 rpm for 1 min (25°C), and flowthrough was discarded. The column was then centrifuged at 10,000 rpm for 5 min (25°C) to dry. Lastly, the column was transferred to a new 1.5 ml Eppendorf collection tube, 12 μl of RNase-free water (Qiagen) was added, and the new tube was centrifuged at 10,000 rpm for 2 min at 25°C. Following purification, the sample concentration and 260/230-absorbance purity ratio were quantified using the Epoch/Take Multi-Volume Spectrophotometer System (BioTek Instruments, Inc.).
MicroRNA extraction from placental tissue samples
MiRNA was extracted from placental tissue samples using the miRNeasy Kit (Qiagen) according to manufacturer’s instructions (Qiagen). Briefly, a small amount of flash-frozen tissue was placed in a 15 ml collection tube with 700 µl of TRIzol (Invitrogen Life Technologies) and homogenized for 40 s using the Omni TH Tissue Homogenizer (Omni International, Inc.). The tube was then left to sit at room temperature for 5 min to promote nucleoprotein complex dissociation. After 5 min, 140 µl chloroform was added to the tube and the isolation proceeded with the same protocol as the HTR-8/SVneo cellular miRNA extraction mentioned above.
cDNA synthesis from microRNA
Purified miRNA was utilized for cDNA synthesis using the qScript miRNA cDNA Synthesis Kit (Quantabio) according to manufacturer’s instructions (Quantabio, 2020). Briefly, 2 µl of Poly(A) Tailing Buffer (5X), 1 µl of Poly(A) Polymerase, and 7 µl of 500 ng/μl purified miRNA solution were added to a PCR tube to give a final volume of 10 µl. The resulting mixture was then incubated in the C1000 thermal cycler (Bio-Rad) at 37°C for 60 min followed by incubation at 70°C for 5 min. Once finished incubating, 9 µl of miRNA cDNA Reaction Mix and 1 µl of qScript Reverse Transcriptase were added to the PCR tube to give a final volume of 20 µl. The resulting mixture was then placed back in the Thermal Cycler at 42°C for 20 min, followed by incubation at 85°C for 5 min. The resulting cDNA was stored at −20°C prior to qRT-PCR analyses.
Reverse transcription-quantitative polymerase chain reaction
qRT-PCR was performed using the qScript miRNA cDNA Synthesis Kit (Quanta bio, Cat No. 95107-025) according to manufacturer’s instructions. Briefly, 2 μl of 500 ng/μl cDNA sample (diluted 1:10) was added to PCR tubes containing 18 μl of master mix (10 µl PerfeCTa SYBR Green SuperMix, 0.4 µl Custom miRNA Assay Primer (2 µM), 0.4 µl PerfeCTa Universal PCR Primer (10 µM), 7.2 µl Nuclease-Free Water). Samples were then run through the Rotor-Gene 3000 (Corbett Research) thermal cycler using custom designed primers (Tables 1, 2). Cycling conditions involved initial holding step (95°C for 13 min), followed by 45 cycles of a two-step PCR (95°C for 15 s and 60°C for 60 s) and a dissociation phase. Fold-changes in miRNA and mRNA expression in treated samples compared to control samples were calculated using the 2−ΔΔCt method. RNU6 was used as a reference miRNA and the geometric mean of GAPDH and 18S rRNA (RNA18SN1) as reference RNA for HTR-8/SVneo and placental tissue samples.
TABLE 1 | mRNA primer sequences used for qRT-PCR.
[image: Table 1]TABLE 2 | miRNA primer sequences used for qRT-PCR.
[image: Table 2]Wound healing assay
To measure migration, we used wound-healing assay. Cells were treated with mitomycin C (500 ng/ml, Sigma, cat: M4287) for 1 h to block cell proliferation, scratched multiple times (eight linear scratches each, vertically and horizontally) in the absence or presence of exogenous DCN (250 nM, a concentration previously shown to have the highest anti-migratory effect, Sigma, cat: D8428) for 24 h. The wound area was recorded using light microscopy (Leica Microsystems) at 0 and 24 h. Migration was recorded as the percentage wound closure at 24 h. To calculate the area of the wound, images were imported into ImageJ (version 1.5.3), where cell frontiers bordering the wound were traced. The percentage of wound closure was determined using the following equation: [(A0−A24)/A0] × 100%, where A0 represents the initial area of the wound at 0 h and A24 represents the area of the wound after incubating for 24 h.
Transwell migration and invasion assays
A transwell migration assay was performed using a 24 well plate and transwell inserts (Corning, CLS3464) containing microporous (8 μm pores) membranes. 40,000 cells were resuspended in serum free media, placed on top of each transwell, and allowed to migrate through the microporous (8 μm pore) membrane for 24 h towards the complete FBS-containing media. After 24 h, non-migratory cells on top of the membrane were removed using a cotton bud and membranes were stained with hematoxylin and eosin. Once dried, membranes were imaged at ×40 total magnification using the Leica Inverted Light Microscope and cells were counted using ImageJ software. For the invasion assay, transwells were coated with a thin layer of matrigel (BD Biosciences, 400 μg/ml diluted in serum free RPMI-1640 medium) for 4 h before performing the assay same as above for 48 h.
Spheroid invasion assay
This assay allows one to quantify the invasion of HTR-8/SVneo cells into Matrigel at various time points (Siddiqui et al., 2016). Spheroids were formed using 24-well AggreWell 800 plates (Stemcell Technologies) containing 800 μm microwells according to manufacturer’s protocol (Stemcell Technologies, 2017). Briefly, AggreWell 800 plate wells were pre-treated with 500 μl of Anti- Adherence Rinsing Solution (Stemcell Technologies, Cat No. 07010) and then the plate was centrifuged at 1,300 g for 5 min. Following microscope verification that no bubbles remained, the Anti-Adherence Rinsing Solution was aspirated from the wells. Each well was then rinsed with 2 ml of basal RPMI-1640 media prior to addition of 1 ml of complete RPMI-1640 media. Next, 900,000 HTR-8/SVneo cells suspended in 1 ml complete media were plated per well and the AggreWell plate was centrifuged at 100 g for 3 min. This resulted in approximately 3,000 HTR-8/SVneo cellscaptured in each microwell. The plate was then incubated at 37°C and 5% CO2 for 24 h. After 24 h, spheroids were collected using a P1000 pipette and passed through a 37 μm reversible strainer into a 15 ml conical tube. Next, 1 ml of basal RPMI-1640 media was dispensed across the surface of the well to dislodge any remaining spheroids, then media was collected and passed again over the strainer. This washing step was repeated three times prior to inverting the strainer, placing it over a well in a 6-well plate and rinsing with 4 ml of complete RPMI-1640 media. The spheroids were then collected individually using a P200 pipette and two spheroids were plated per well in a 12-well plate pre-coated with 200 μl of 8 mg/ml growth factor-reduced matrigel. The plated spheroids were then incubated at 37 °C with 5% CO2 for 48 h. Images were taken every 24 h under ×100 magnification using the Leica Inverted Light Microscope. Spheroid area and percent invasion (measured as the area of sprouts invading Matrigel) relative to the spheroid area was quantified using ImageJ software.
5-Ethynyl-2 deoxyuridine proliferation assay
Cellular proliferation was measured using EdU (5-ethynyl-2 deoxyuridine) incorporation. Briefly, glass coverslips, which had been sterilized via treatment with 70% ethanol solution for 15 min, were placed at the bottom of each well in a 12 well plate. Next, 50,000 cells suspended in 1 ml of RPMI- 1640 complete media were plated into each well and incubated overnight. The following day the medium was changed with fresh media containing 1 μl/ml EdU. The cells were then incubated at 37°C with 5% CO2 for 72 h and media was replaced with fresh EdU supplemented media every 24 h. After 3 days, cells were fixed using 4% paraformaldehyde solution and stained using Hoechst 33342 dye and the Click-iT EdU Cell Proliferation Kit for Alexa Fluor 488 dye (ThermoFisher Scientific, Cat No. C10337) according to manufacturer’s protocol. The cells were then imaged using fluorescence microscopy (Hoechst 33342 excitation/emission: 350/461 nm; Alexa Fluor 488 excitation/emission: 495/519 nm) and percent EdU-positive cells in each representative image were quantified using ImageJ software.
Endothelial-like tube formation assay
Tube formation capabilities of HTR-8/SVneo cells were measured using an endothelial-like tube formation assay. Accelerated tube formation, conducted in the presence of VEGF-A is a measure of endovascular differentiation (Lala et al., 2012). Briefly, 20,000 HTR-8/SVneo cells were diluted in RPMI-1640 complete media supplemented with 30 ng/ml VEGF121 (Sigma, cat no. H9041), plated on 100 μl of 8 mg/ml Growth Factor Reduced Matrigel (Corning, Cat No. 354230) in a 24 well plate, and incubated at 37°C with 5% CO2 overnight. Cells were then imaged at 24 h under ×100 total magnification using the Leica Inverted Light Microscope. Tube length and branch points were quantified using ImageJ software.
Statistical analysis
Statistical analyses were performed using GraphPad Prism Software version 8. Student’s t-test was used to measure differences between two means. All figures present mean data with error bars extending to ± the standard error of the mean (SEM). Significance is represented by: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
RESULTS
Decorin upregulated expression of microRNAs miR-512-3p
Trophoblast cells do not produce DCN. To make trophoblast cell exposed to DCN continuously, we generated DCN overexpressing HTR-8/SVneo cell line (WT-HTR-DCN), which steadily produces substantial amounts of DCN. Since we did not have an a priori knowledge of the local concentration of DCN produced by the decidua to which trophoblast is exposed, we reasoned that a sustained exposure to DCN resulting from ectopic introduction of DCN gene into the trophoblast would provide us with a good means of identifying the DCN-induced miRNAs. Next, we used a concentration of exogenous DCN (250 nM), based on the DCN concentration found in the supernatant of DCN over-expressing trophoblast confirmed by qPCR and ELISA (160–275 nM/24 h) and our earlier findings that at 250 nM, maximal migration inhibition was reached, to treat wild-type trophoblast cells. The latter approach narrowed down the number of DCN-induced miRNAs as presented in Figure 1A. We conducted a differential gene/miRNA micro-array analysis using WT-HTR-DCN and the control (mock- transfected) cell line. Of the large number of DCN-dysregulated miRNAs, we selected some which showed 1.5-fold upregulation or downregulation and were reported to be dysregulated in PE (Table 3). To determine whether exogenous DCN altered expression of these miRNAs, HTR-8/SVneo cells were treated with 250 nM DCN for 24 h, and expression of select miRNAs was evaluated using qRT-PCR. This concentration was based on a pilot experiment conducted by Nandi et al., 2018 showing a maximal inhibitory effect of DCN was observed between 200 nM and 300 nM. We found that only miR-512-3p, out of 12 miRNAs tested, was significantly upregulated (p < 0.05, Figure 1A).
[image: Figure 1]FIGURE 1 | (A) MiRNA expression in HTR-8/SVneo cells in the presence or absence of exogenous DCN. HTR-8/SVneo cells were exposed to vehicle (Ctrl) or 250 nM DCN (Exp) for 24 h, and then qRT-PCR was used to measure expression of select miRNAs. Only miR-512-3p was significantly upregulated. Ctrl: cells not exposed to DCN. Exp: cells exposed to DCN. Time frame used for experiment: 24 h (N = 4–6, *p < 0.05). (B) Increased expression of miR-512-3p in PE placentas. Relative expression of miR-512-3p based on qRT-PCR analyses of placenta tissue samples derived from healthy normotensive control (Ctrl) and preeclamptic (PE) pregnancies. Analysis performed using Student’s t-test. Error bars extending to ± SEM. (*p ≤ 0.05, n = 5 biological replicates).
TABLE 3 | Selected miRNAs from our microarray data along with their literature reference.
[image: Table 3]miR-512-3p is overexpressed in preeclampsia placentas
To validate literature reports of increased miR-512-3p expression in PE, miRNA was extracted from gestational age matched placental tissues derived from healthy normotensive (control) pregnancies and PE complicated pregnancies. Purified miRNA was then used to synthesize cDNA for qRT-PCR analysis of miRNA expression level. miR-512-3p expression levels in PE placentas was found to be significantly higher than in control placentas (p ≤ 0.05, n = 5 biological replicates, Figure 1B).
Overexpression of miR-512-3p resulted in inhibition of trophoblast migration, invasion, proliferation and endothelial like tube formation
To investigate the role of miR-512-3p on various EVT functions, a miR-512-3p mimic was transfected into HTR-8/SVneo cells. Compared to mock-transfected cells, HTR-8/SVneo cells transfected with the miR-512-3p mimic had a 50-fold increased expression of miR-512-3p (Figure 2A, p ≤ 0.05, n = 4). Cells with increased miR-512-3p had reduced capacity to migrate through a transwell membrane compared to control cells (Figure 2B, p < 0.05, n = 4), showing that miR-512-3p has an inhibitory effect on trophoblast motility. To study the role of miR-512-3p on EVT invasion, a 3D spheroid invasion assay was done. Quantification of percent invasion (based on area of sprouts) relative to spheroid area revealed a significant decrease in the invasion capacity of HTR-8/SVneo cells over-expressing miR-512-3p at 24 h (Figure 2C, p ≤ 0.001, n = 4 replicates). Cells transfected with the miR-512-3p mimic also showed decreased numbers of proliferating EVT cells in comparison to the mock-transfected control cells, as indicated by reduced EdU fluorescence signals (Figure 2D, p ≤ 0.0001, n = 4 replicates). To investigate the role of miR-512-3p on EVT endovascular differentiation, an endothelial-like tube formation assay was performed. Extensive tube formation was observed under the control conditions; however, this was drastically disrupted in cells over-expressing miR-512-3p, including a significant decrease in both the total tube length and the number of branch points (Figure 2E, p ≤ 0.01, n = 3 replicates). Collectively, these results indicate that miR-512-3p compromised proliferative, migratory, invasive and tubulogenesis functions of EVT cells.
[image: Figure 2]FIGURE 2 | miR-512-3p overexpression repressed all HTR-8/SVneo trophoblast functions. (A) Expression of miR-512-3p in mock-transfected HTR-8/SVneo cells (Control) or following transfection with miR-512-3p (Mimic). (*p < 0.05, n = 3 replicates). (B) Migration measured using transwell assay. Representative images at 20× of membranes after 24 h with migrated cells stained dark purple (noted here as dark spots) for both control and miRNA overexpressing cells. The assay was quantified by calculating number of cells (×103) migrating through the membrane post 24 h of starting the assay. Error bars extending to ± SEM. (*p ≤ 0.05, n = 4 replicates). (C) Invasion measured using spheroid invasion assays. Representative images of HTR-8/SVneo cells at ×100 total magnification (200 µm scale bar) following 24 h of growth on GFR matrigel. Invasion quantified by measuring percent invasion area (μm2) under control and mimic conditions at 24 h (***p ≤ 0.001, n = 3 replicates). (D) Proliferation measured using the 5-Ethynyl-2 Deoxyuridine (EdU) assay. Representative images of HTR-8/SVneo cells at ×100 total magnification (200 µm scale bar) following 72 h of EdU treatment. Nuclei stained with Hoechst (blue) and proliferating cells with incorporated EdU stained with Alexa Fluor™ 488 dye (green). Proliferation quantified by counting percent EdU-positive cells under control and mimic treated conditions. (****p ≤ 0.0001, n = 4 replicates). (E) Endovascular differentiation measured using endothelial-like tube formation assays. Representative images of HTR-8/SVneo cells at ×100 total magnification (200 µm scale bar) following 24 h of VEGF treatment and growth on GFR Matrigel. Tube formation quantified by measuring total tube length (mm) (shown by dotted line) and total number of branch points (shown by arrows) under control and mimic treated conditions. p ≤ 0.01, (***p ≤ 0.001, n = 3 replicates). All analysis performed using Student’s t-test. Error bars extending to ± SEM.
Knockdown of miR-512-3p resulted in increase in proliferation
Knockdown of miR-512-3p was performed by transfecting HTR-8/SVneo cells with a specific miR- 512-3p antisense oligonucleotide (inhibitor). Using this strategy, we achieved approximately 50% knockdown of miR-512-3p (Figure 3A, p < 0.05, n = 4). Migration, invasion, and tube formation did not show any significant change between the control and knockdown cells (Figures 3B,C,E, n = 3, 4). For the tube formation assay, there was some disruption in tube formation with the inhibitor, but the quantification as presented made no significant difference. However, cells with reduced miR-512-3p expression showed significant increase in proliferation as determined by the number of cells that incorporated EdU (Figure 3D, p < 0.01, n = 4). Collectively, these findings of an absence of significant changes in most EVT functions by miRNA knockdown may have resulted from the possibility that miR-512-3p is a DCN-inducible miRNA, expressed at relatively low levels in native EVT cells.
[image: Figure 3]FIGURE 3 | miR-512-3p knockdown promoted trophoblast proliferation. (A) Expression of miR-512-3p in mock-transfected HTR-8/SVneo cells (Control) or following transfection with miR-512-3p antisense oligonucleotide (Inhibitor). (p < 0.05, n = 3 replicates). (B–E) All assays were conducted and quantified as indicated in figure legend 2. Migration (B), invasion (C) and Tube formation (E) did not show any significant difference between control and miR-512-3p inhibitor treated cells. (n = 3, 4) (D) Proliferation quantified by counting percent EdU-positive cells showed significant increase in inhibitor treated conditions vs. control. (**p ≤ 0.01, n = 4). All analysis were performed using Student’s t-test. Error bars extending to ± SEM.
Knocking down PPP3R1, a known target of miR-512-3p, increased migration and invasion of trophoblast cells
PPP3R1 is a known target for miR-512-3p (Kurashina et al., 2014). The authors showed an downregulation in PPP3R1 in miR-512-3p overexpressing BeWo choriocarcinoma cells. Paradoxically, our qRT-PCR data consistently showed an increase in PPP3R1 mRNA in miR-512-3p overexpressing cells (Figure 4A, p < 0.05, n = 7). We proceeded with knocking down PPP3R1 in HTR-8/SVneo cells (60% knockdown) and performed migration and invasion assays. There was a 50% increase in percent wound closure after 24 h in PPP3R1-knockdown cells in comparison to control cells (p < 0.05, n = 3). Invasion assay was performed using matrigel coated transwells at 48 h. There was a significant increase in the number of cells invading through the membrane in PPP3R1-knockdown cells in comparison to control (Figure 4B, p < 0.05, n = 3). Therefore, PPP3R1 function in EVT cells was consistent with the upregulation of this gene by miR-512-3p overexpression. This finding called for investigating the possibility of an intermediary miR-512-3p binding molecule which targets PPP3R1.
[image: Figure 4]FIGURE 4 | Roles of PPP3R1 in trophoblast functions. (A) miR-512-3p overexpression (miR-512-3p mimic) resulted in significant increase in PPP3R1 confirmed by qRT-PCR (*p < 0.05, n = 7 replicates). (B) qRT-PCR showing knocking down PPP3R1 in HTR-8/SVneo cells (60% knockdown, *p < 0.05) and the resulting effect on migration and Invasion assays. Migration assay performed using scratch assay. Images taken at 0 h and 24 h (20×), measured by the percentage of wound closure at 24 h showing significant increase in wound closure in PPP3R1 knockdown cells. Invasion assay images (200 μm) shown for control and knockdown cells taken at 48 h measured by calculating the number of cells migrating through the Matrigel covered membrane. (*p < 0.05, n = 3). (C) qRT-PCR showing significant increase of PPP3R1 mRNA expression after exogenous DCN treatment of HTR-8/SVneo cells (*p < 0.05, n = 4) and (D) in placentae from PE (*p < 0.05, n = 5). All analysis were performed using Student’s t-test. Error bars extending to ± SEM.
PPP3R1 expression is upregulated in preeclampsia and decorin treated exposure of extravillous trophoblast cells
To the best of our knowledge, there is no information on the levels of PPP3R1 in placentas from PE. Therefore, we decided to measure PPP3R1 transcript levels using gestation age-matched control and PE placental tissues and found a significant increase of PPP3R1 mRNA expression in PE-associated placentae (Figure 4C, p < 0.05, n = 5). Furthermore, since exposure of HTR-8/SVneo to DCN increased levels of miR-512-3p, and miR-512-3p overexpression increased PPP3R1 expression, we also checked the expression level of PPP3R1 after treatment with exogenous DCN for 24 h. We found a significant increase in PPP3R1 mRNA after DCN treatment (Figure 4D, p < 0.05, n = 4).
PPP3R1 upregulation by miR-512-3p is intermediated by the transcription factor upstream transcription factor 2
Elevated expression of PPP3R1 in miR-512-3p overexpressing cells indicated that this miRNA might be targeting negative regulators of PPP3R1. To identify these transcription factors, we used Enrichr, a tool that consists of both a validated user-submitted gene list and a search engine for transcription factors. By comparing miRNA target genes from TargetScan (https://www.targetscan.org/vert_80/), we identified PPP3R1 regulatory transcription factors. Of these transcription factors, we identified USF2 as the only negatively regulated transcription factor targeting PPP3R1. PPP3R1 was found to be a direct target of USF2. (https://maayanlab.cloud/Harmonizome/gene_set/USF2/ENCODE+Transcription+Factor+Targets) We validated this prediction by comparing USF2 mRNA expression in control and miRNA-512-3p over-expressing trophoblast cells. There was a robust downregulation of USF2 with a concomitant upregulation of PPP3R1 in miR-512-3p over-expressing trophoblast cells (Figure 5A). Similarly exogenous DCN treatment (250 ng/ml for 24 h) tended to downregulate USF2, although this did not reach statistical significance (Figure 5B, p = 0.065).
[image: Figure 5]FIGURE 5 | USF2 transcription factor may act as an intermediary for PPP3R1 upregulation by miR-512-3p in HTR-8/SVneo trophoblast cells. qRT-PCR showing USF2 upregulation in overexpressing miR-512-3p cells (A) and in exogenous DCN treated HTR-8/SV neo cells for 24 h (B) analyzed using Student’s t-test (*p < 0.05, n = 3).
DISCUSSION
PE is a life-threatening maternal pregnancy complication arising from abnormal placentation (Roberts and Lain, 2002). Poor placentation and uterine invasion by the trophoblast in PE severely reduce oxygen supply to the placenta and developing fetus, resulting in placental hypoxia and subsequent secretion of toxic factors into maternal circulation (Roberts and Lain, 2002). Recently, the proteoglycan DCN was shown to be overproduced by the decidua associated with PE and elevated in the plasma of PE patients during the second trimester predating PE (Siddiqui et al., 2016). DCN has been shown to facilitate development of placental hypoxia by impairing trophoblast proliferation, migration, invasion, and endovascular differentiation (Xu et al., 2002; Iacob et al., 2008; Khan et al., 2011; Lala et al., 2012). While these observations have been attributed to DCN interaction with several tyrosine kinase receptors EGFR, IGFR2, VEGFR2 (Iacob et al., 2008; Khan et al., 2011), the role of miRNAs in DCN actions on EVT cells remained unknown. With the observation that several miRNAs are dysregulated in PE pregnancies, the contribution of miRNAs to PE development has been gathering attention in recent years (Gao et al., 2018; Xu et al., 2021).
The current study aimed to identify DCN dysregulated miRNAs that could play a role in DCN mediated compromise in trophoblast functions associated with PE. We found multiple miRNAs that were altered in the miRNA microarray analysis with DCN-overexpressing trophoblast and selected those that were reported to be dysregulated in PE. Upon validation of selected miRNAs, we identified miR-512-3p that showed significant upregulation in DCN-treated native HTR-8/SVneo cells. We analyzed the expression of miR-512-3p miRNA in gestation age matched PE vs. control placental tissues (n = 5 for each). We found that this miRNA was significantly upregulated in placentas derived from PE pregnancies compared to normotensive controls. Although ours is a relatively small sample size, our findings are consistent with previous studies that reported upregulated expression of miR-512-3p in PE patients (Wang et al., 2012; Timofeeva et al., 2018).
The current study is first report on the roles of miR-512-3p on trophoblast functions such as migration, invasion, proliferation and tube formation (endovascular differentiation). We found that all these functions were variably downregulated by miR-512-3p. To ascertain that the transwell migration or invasion assay was not influenced by cell proliferation, we used mitomycin C treated cells in our assay. Similarly, to ascertain that spheroid invasion assay was not influenced by proliferation, we quantified the average spheroid area between 24 and 48 h for both control and over-expression conditions and did not find any significant change in spheroid area. Since Zou et al. (2015) reported that DCN can induce apoptosis, we ascertained that in all our functional assays the cell viability was 98%–99% as noted from trypan blue exclusion. We acknowledge that reduced cell viability is an indirect measure of apoptosis. Endothelial-like tube formation gave the same results both measured as total tube length and branching points. The effects of miR-512-3p on EVT functions have not been previously reported, other members of the C19MC cluster, such as miR-515-5p, have shown to may play inhibitory roles in trophoblast differentiation processes (Zhang et al., 2016). Knocking down miR-512-3p did not show any meaningful change in migration, invasion or tube formation. This may reflect relatively low expression of this miRNA in trophoblast cells in the absence of DCN. However, we observed a significant increase in trophoblast proliferation on miR-512-3p downregulated cells, indicating its dominant anti-proliferative role relative to other effects on the trophoblast.
We searched for potential targets of miR-512-3p using literature search and TargetScan. We narrowed down the targets by selecting those that are known to play a role in pregnancy or placenta development. We made a list of 18 targets and tried to validate them by qRT-PCR of control versus respective miRNA overexpressing cells. We validated a target (PPP3R1) for miR-512-3p. PPP3R1 is a gene coding for calcineurin-B, and a known target of miR-512-3p (Kurashina et al., 2014). Calcineurin-B pathway has been reported to cause renal podocyte injury in PE (Yu et al., 2018).
Traditionally, miRNAs negatively regulate gene expression by repressing translation or directing sequence- specific degradation of target mRNAs (He and Hannon, 2004). But contrary to the traditional view, we consistently found an increase of PPP3R1 in cells overexpressing miR-512-3p. Indeed, there is an increasing number of recent reports suggesting that miRNAs can also induce or promote the expression of target genes (Place et al., 2008; Rusk, 2008). For example, Huang et al. (2012) reported miR-744 and miR-1186 induced transcriptional activation by targeting promoter of Cyclin B1 gene. Another study by Xiao et al. (2017) showed that in HEK293T cell line, miR-24-1 overexpression increased histone 3 lysine 27 acetylation by targeting enhancers. Since PPP3R1 was increased in HTR- 8/SVneo cells overexpressing miR-512-3p, the role of PPP3R1 on trophoblast functions was tested. We found a significant increase migration and invasion in PPP3R1-knockdown cells in comparison to control cells. This suggested that PPP3R1 is an anti-migratory and anti-invasive molecule which could contribute to the anti-migratory actions observed in HTR-8/SVneo cells overexpressing miR-512-3p. Calcineurin acts as a crucial connection between calcium signaling and the phosphorylation states of numerous important substrates. These substrates include, but are not limited to, transcription factors, receptors and channels, proteins associated with mitochondria, and proteins associated with microtubules (reviewed by Creamer, 2020).
Using bioinformatics, we compared miR-512-3p target genes and PPP3R1 regulatory transcription factors to search for potential intermediaries. The analysis revealed that miR-512-3p is a putative negative regulator of USF2, a transcription factor which represses expression of PPP3R1. Decreased expression of USF2 and increased expression of PPP3R1 in miR-512-3p overexpressing cells indicate that PPP3R1 upregulation may result from an intermediary transcription factor USF2. It has been reported that DNA binding activity of USF2 mediates the inhibitory effects of hypoxia on CYP19 gene expression to restrain cyotrophoblast differentiation into syncytiotrophoblast (Jiang and Mendelson, 2003). Present results reveal additional roles of USF2 in regulating trophoblast functions. Whether PE- associated DCN over-expression is the cause of miR-512-3p upregulation in PE remains to be unequivocally established by an examination of the same subject population in a larger sample size. Taken together, our findings reveal a novel mechanism in miR-512-3p action (schema shown in Figure 6). While the binding partner for DCN-mediated miRNA induction in the trophoblast is currently unknown, it is also possible that DCN is a cargo carried by extracellular vesicles released from decidual cells (Ma et al., 2022) and endocytosed by EVT cells in vivo.
[image: Figure 6]FIGURE 6 | A schematic indicating the possible role of DCN mediated upregulation of PPP3R1. DCN released by decidual cells (DC) binds as a negative regulatory ligand to multiple tyrosine kinase receptors (TKR) on extravillous trophoblasts (EVT) to restrain migration, invasion, proliferation and endovascular differentiation (EVD). DCN also induces expression of miR-512-3p (binding partner unknown), which paradoxically upregulates its target PPP3R1. This is explained by its binding to an intermediary transcription factor USF2 which downregulates the expression of its target PPP3R1 and results in decreased EVT proliferation, migration, and endovascular differentiation.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Mount Sinai Hospital Research Institute, Human Ethics Committee. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
CDH, the first author designed all experiments, analyzed the data and wrote the manuscript. PN, the second author worked on the preliminary data for this study. JS and MS, third and fourth equal authors provided some preliminary data. MZ, fifth author performed experiments pertaining to Figure 5. PKL, corresponding author conceived, directed the study and provided critical feedback on the manuscript at all levels of completion.
FUNDING
This study was funded by an operating grant from the Canadian Institutes of Health Research and a seed grant from the Schulich School of Medicine and Dentistry to PKL. CDH was supported by a studentship from the Children’s Health Research Institute from funds derived from the Children’s Health Foundation, London, Ontario.
ACKNOWLEDGMENTS
We gratefully acknowledge the bioinformatic assistance from Mousumi Majumder, Associate Professor and Canada Research Chair Tier 2, Deparment of Biology, Brandon University, Manitoba, and to Stephen Renaud (University of Western Ontario) for providing the materials and support to analyze miRNA expression in placentas from normotensive and preeclamptic placentas.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Backes, C. H., Markham, K., Moorehead, P., Cordero, L., Nankervis, C. A., and Giannone, P. J. (2011). Maternal preeclampsia and neonatal outcomes. J. Pregnancy 2011, 214365. doi:10.1155/2011/214365
 Baek, D., Villén, J., Shin, C., Camargo, F. D., Gygi, S. P., and Bartel, D. P. (2008). The impact of microRNAs on protein output. Nature 455, 64–71. doi:10.1038/nature07242
 Burton, G. J., Woods, A. W., Jauniaux, E., and Kingdom, J. C. (2009). Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy. Placenta 30, 473–482. doi:10.1016/j.placenta.2009.02.009
 Cartwright, J. E., Fraser, R., Leslie, K., Wallace, A. E., and James, J. L. (2010). Remodelling at the maternal-fetal interface: Relevance to human pregnancy disorders. Reproduction 140, 803–813. doi:10.1530/REP-10-0294
 Chen, D. B., and Wang, W. (2013). Human placental microRNAs and preeclampsia. Biol. Reprod. 88, 130. doi:10.1095/biolreprod.113.107805
 Creamer, T. P. (2020). Calcineurin. Cell Commun. Signal. 18, 137. doi:10.1186/s12964-020-00636-4
 Dexheimer, P. J., and Cochella, L. (2020). MicroRNAs: From mechanism to organism. Front. Cell Dev. Biol. 8, 409. doi:10.3389/fcell.2020.00409
 Duley, L. (2009). The global impact of pre-eclampsia and eclampsia. Semin. Perinatol. 33, 130–137. doi:10.1053/j.semperi.2009.02.010
 Gan, L., Liu, Z., Wei, M., Chen, Y., Yang, X., Chen, L., et al. (2017). MiR-210 and miR-155 as potential diagnostic markers for pre-eclampsia pregnancies. Med. Baltim. 96, e7515. doi:10.1097/MD.0000000000007515
 Gao, Y., She, R., Wang, Q., Li, Y., and Zhang, H. (2018). Up-regulation of miR-299 suppressed the invasion and migration of HTR-8/SVneo trophoblast cells partly via targeting HDAC2 in pre-eclampsia. Biomed. Pharmacother. 97, 1222–1228. doi:10.1016/j.biopha.2017.11.053
 Graham, C. H., Hawley, T. S., Hawley, R. G., MacDougall, J. R., Kerbel, R. S., Khoo, N., et al. (1993). Establishment and characterization of first trimester human trophoblast cells with extended lifespan.Exp. Cell Res. 206, 204–211. doi:10.1006/excr.1993.1139
 Halari, C. D., Nandi, P., Jeyarajah, M. J., Renaud, S. J., and Lala, P. K. (2020). Decorin production by the human decidua: Role in decidual cell maturation. Mol. Hum. Reprod. 26, 784–796. doi:10.1093/molehr/gaaa058
 He, L., and Hannon, G. J. (2004). MicroRNAs: Small RNAs with a big role in gene regulation. Nat. Rev. Genet. 5, 522–531. doi:10.1038/nrg1379
 Hong, S., Guo, Q., Wang, W., Hu, S., Fang, F., Lv, Y., et al. (2014). Identification of differentially expressed microRNAs in Culex pipiens and their potential roles in pyrethroid resistance. Insect biochem. Mol. Biol. 55, 39–50. doi:10.1016/j.ibmb.2014.10.007
 Huang, V., Place, R. F., Portnoy, V., Wang, J., Qi, Z., Jia, Z., et al. (2012). Upregulation of Cyclin B1 by miRNA and its implications in cancer. Nucleic Acids Res. 40, 1695–1707. doi:10.1093/nar/gkr934
 Iacob, D., Cai, J., Tsonis, M., Babwah, A., Chakraborty, C., Bhattacharjee, R. N., et al. (2008). Decorin-mediated inhibition of proliferation and migration of the human trophoblast via different tyrosine kinase receptors. Endocrinology 149, 6187–6197. doi:10.1210/en.2008-0780
 Ishibashi, O., Ohkuchi, A., Ali, M. M., Kurashina, R., Luo, S. S., Ishikawa, T., et al. (2012). Hydroxysteroid (17-β) dehydrogenase 1 is dysregulated by miR-210 and miR-518c that are aberrantly expressed in preeclamptic placentas: A novel marker for predicting preeclampsia. Hypertension 59, 265–273. doi:10.1161/HYPERTENSIONAHA.111.180232
 Jelena, M., Sopić, M., Joksić, I., Zmrzljak, U. P., Karadžov-Orlić, N., Košir, R., et al. (2020). Placenta-specific plasma miR518b is a potential biomarker for preeclampsia. Clin. Biochem. 79, 28–33. doi:10.1016/j.clinbiochem.2020.02.012
 Jeyarajah, M. J., Jaju Bhattad, G., Kops, B. F., and Renaud, S. J. (2019). Syndecan-4 regulates extravillous trophoblast migration by coordinating protein kinase C activation. Sci. Rep. 9, 10175. doi:10.1038/s41598-019-46599-6
 Jiang, B., and Mendelson, C. R. (2003). USF1 and USF2 mediate inhibition of human trophoblast differentiation and CYP19 gene expression by Mash-2 and hypoxia. Mol. Cell. Biol. 23, 6117–6128. doi:10.1128/MCB.23.17.6117-6128.2003
 Kaufmann, P., Black, S., and Huppertz, B. (2003). Endovascular trophoblast invasion: Implications for the pathogenesis of intrauterine growth retardation and preeclampsia. Biol. Reprod. 69, 1–7. doi:10.1095/biolreprod.102.014977
 Khan, G. A., Girish, G. V., Lala, N., Di Guglielmo, G. M., and Lala, P. K. (2011). Decorin is a novel VEGFR-2-binding antagonist for the human extravillous trophoblast. Mol. Endocrinol. 25, 1431–1443. doi:10.1210/me.2010-0426
 Knöfler, M., and Pollheimer, J. (2013). Human placental trophoblast invasion and differentiation: A particular focus on wnt signaling. Front. Genet. 4, 190. doi:10.3389/fgene.2013.00190
 Kotlabova, K., Doucha, J., and Hromadnikova, I. (2011). Placental-specific microRNA in maternal circulation – identification of appropriate pregnancy-associated microRNAs with diagnostic potential. J. Reprod. Immunol. 89, 185–191. doi:10.1016/j.jri.2011.02.006
 Kurashina, R., Kikuchi, K., Iwaki, J., Yoshitake, H., Takeshita, T., and Takizawa, T. (2014). Placenta-specific miRNA (miR-512-3p) targets PPP3R1 encoding the calcineurin B regulatory subunit in BeWo cells. J. Obstet. Gynaecol. Res. 40, 650–660. doi:10.1111/jog.12217
 Lala, N., Girish, G. V., Cloutier-Bosworth, A., and Lala, P. K. (2012). Mechanisms in decorin regulation of vascular endothelial growth factor-induced human trophoblast migration and acquisition of endothelial phenotype. Biol. Reprod. 87, 59. doi:10.1095/biolreprod.111.097881
 Lala, P. K., and Chakraborty, C. (2003). Factors regulating trophoblast migration and invasiveness: Possible derangements contributing to pre-eclampsia and fetal injury. Placenta 24, 575–587. doi:10.1016/s0143-4004(03)00063-8
 Lala, P. K., and Nandi, P. (2016). Mechanisms of trophoblast migration, endometrial angiogenesis in preeclampsia: The role of decorin. Cell adh. Migr. 10, 111–125. doi:10.1080/19336918.2015.1106669
 Li, H., Ge, Q., Guo, L., and Lu, Z. (2013). Maternal plasma miRNAs expression in preeclamptic pregnancies. Biomed. Res. Int. 2013, 970265. doi:10.1155/2013/970265
 Ma, Q., Beal, J. R., Bhurke, A., Kannan, A., Yu, J., Taylor, R. N., et al. (2022). Extracellular vesicles secreted by human uterine stromal cells regulate decidualization, angiogenesis, and trophoblast differentiation. Proc. Natl. Acad. Sci. U. S. A. 119, e2200252119. doi:10.1073/pnas.2200252119
 Martinez-Fierro, M. L., and Garza-Veloz, I. (2021). Analysis of circulating microRNA signatures and preeclampsia development. Cells 10, 1003. doi:10.3390/cells10051003
 Martinez-Fierro, M. L., Garza-Veloz, I., Gutierrez-Arteaga, C., Delgado-Enciso, I., Barbosa-Cisneros, O. Y., Flores-Morales, V., et al. (2018). Circulating levels of specific members of chromosome 19 microRNA cluster are associated with preeclampsia development. Arch. Gynecol. Obstet. 297, 365–371. doi:10.1007/s00404-017-4611-6
 Miura, K., Miura, S., Yamasaki, K., Higashijima, A., Kinoshita, A., Yoshiura, K., et al. (2010). Identification of pregnancy-associated microRNAs in maternal plasma. Clin. Chem. 56, 1767–1771. doi:10.1373/clinchem.2010.147660
 Morales Prieto, D. M., and Markert, U. R. (2011). MicroRNAs in pregnancy. J. Reprod. Immunol. 88, 106–111. doi:10.1016/j.jri.2011.01.004
 Morales-Prieto, D. M., Chaiwangyen, W., Ospina-Prieto, S., Schneider, U., Herrmann, J., Gruhn, B., et al. (2012). MicroRNA expression profiles of trophoblastic cells. Placenta 33, 725–734. doi:10.1016/j.placenta.2012.05.009
 Munaut, C., Tebache, L., Blacher, S., Noël, A., Nisolle, M., and Chantraine, F. (2016). Dysregulated circulating miRNAs in preeclampsia. Biomed. Rep. 5, 686–692. doi:10.3892/br.2016.779
 Nandi, P., Lim, H., Torres-Garcia, E. J., and Lala, P. K. (2018). Human trophoblast stem cell self-renewal and differentiation: Role of decorin. Sci. Rep. 8, 8977. doi:10.1038/s41598-018-27119-4
 Place, R. F., Li, L. C., Pookot, D., Noonan, E. J., and Dahiya, R. (2008). MicroRNA-373 induces expression of genes with complementary promoter sequences. Proc. Natl. Acad. Sci. U. S. A. 105, 1608–1613. doi:10.1073/pnas.0707594105
 Roberts, J. M., and Lain, K. Y. (2002). Recent Insights into the pathogenesis of pre-eclampsia. Placenta 23, 359–372. doi:10.1053/plac.2002.0819
 Rusk, N. (2008). When microRNAs activate translation. Nat. Methods 5, 122–123. doi:10.1038/nmeth0208-122a
 Sheikh, S., Qureshi, R. N., Khowaja, A. R., Salam, R., Vidler, M., Sawchuck, D., et al. (2016). Health care provider knowledge and routine management of pre-eclampsia in Pakistan. Reprod. Health 13, 104. doi:10.1186/s12978-016-0215-z
 Siddiqui, M. F., Nandi, P., Girish, G. V., Nygard, K., Eastabrook, G., de Vrijer, B., et al. (2016). Decorin over-expression by decidual cells in preeclampsia: A potential blood biomarker. Am. J. Obstet. Gynecol. 215, 361. e1-361.e15. doi:10.1016/j.ajog.2016.03.020
 Timofeeva, A. V., Gusar, V. A., Kan, N. E., Prozorovskaya, K. N., Karapetyan, A. O., Bayev, O. R., et al. (2018). Identification of potential early biomarkers of preeclampsia. Placenta 61, 61–71. doi:10.1016/j.placenta.2017.11.011
 Wang, S., Wang, X., Weng, Z., Zhang, S., Ning, H., and Li, B. (2017). Expression and role of microRNA 18b and hypoxia inducible factor-1α in placental tissues of preeclampsia patients. Exp. Ther. Med. 14, 4554–4560. doi:10.3892/etm.2017.5067
 Wang, W., Feng, L., Zhang, H., Hachy, S., Satohisa, S., Laurent, L. C., et al. (2012). Preeclampsia up-regulates angiogenesis-associated microRNA (i.e., miR-17, -20a, and -20b) that target ephrin-B2 and EPHB4 in human placenta. J. Clin. Endocrinol. Metab. 97, E1051–E1059. doi:10.1210/jc.2011-3131
 Xiao, M., Li, J., Li, W., Wang, Y., Wu, F., Xi, Y., et al. (2017). MicroRNAs activate gene transcription epigenetically as an enhancer trigger. RNA Biol. 14, 1326–1334. doi:10.1080/15476286.2015.1112487
 Xu, G., Guimond, M. J., Chakraborty, C., and Lala, P. K. (2002). Control of proliferation, migration, and invasiveness of human extravillous trophoblast by decorin, a decidual product. Biol. Reprod. 67, 681–689. doi:10.1095/biolreprod67.2.681
 Xu, P., Ma, Y., Wu, H., and Wang, Y. L. (2021). Placenta-derived MicroRNAs in the pathophysiology of human pregnancy. Front. Cell Dev. Biol. 9, 646326. doi:10.3389/fcell.2021.646326
 Yu, Y., Zhang, L., Xu, G., Wu, Z., Li, Q., Gu, Y., et al. (2018). Angiotensin II type I receptor agonistic autoantibody induces podocyte injury via activation of the TRPC6- calcium/calcineurin pathway in pre-eclampsia.Kidney Blood Press. Res. 43, 1666–1676. doi:10.1159/000494744
 Zhang, C., Li, Q., Ren, N., Li, C., Wang, X., Xie, M., et al. (2015). Placental miR-106a-363 cluster is dysregulated in preeclamptic placenta. Placenta 36, 250–252. doi:10.1016/j.placenta.2014.11.020
 Zhang, M., Muralimanoharan, S., Wortman, A. C., and Mendelson, C. R. (2016). Primate-specific miR-515 family members inhibit key genes in human trophoblast differentiation and are upregulated in preeclampsia. Proc. Natl. Acad. Sci. U. S. A. 113, E7069. doi:10.1073/pnas.1607849113
 Zhu, X. M., Han, T., Sargent, I. L., Yin, G. W., and Yao, Y. Q. (2009). Differential expression profile of microRNAs in human placentas from preeclamptic pregnancies vs normal pregnancies. Am. J. Obstet. Gynecol. 200, 661. e7. doi:10.1016/j.ajog.2008.12.045
 Zou, Y., Yu, X., Lu, J., Jiang, Z., Zuo, Q., Fan, M., et al. (2015). Decorin-mediated inhibition of human trophoblast cells proliferation, migration, and invasion and promotion of apoptosis in vitro. Biomed. Res. Int. 2015, 201629. doi:10.1155/2015/201629
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Halari, Nandi, Sidhu, Sbirnac, Zheng and Lala. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-1014672-g005.gif
B

sz
520
£ 1
o

v
2o +






OPS/images/fcell-10-1014672-g006.gif





OPS/images/fcell-10-1014672-g003.gif





OPS/images/fcell-10-1014672-g004.gif





OPS/images/fcell-10-1014672-t003.jpg
MiRNA Our microarray data Literature references

miR-512 T

Wang et al. (2012)

miR-195 T T

Chen and Wang (2013)
miR-18b T

Wang et al. (2017)
miR-363 l l

Zhang et al. (2015)
miR-374 l l

Li et al. (2013)
miR-155 l T

Gan et al. (2017)
t. indicates upregulation and l indicates downregulation.





OPS/images/fcell-10-1014672-t001.jpg
Gene Forward primer Reverse primer

PPP3R1 ‘GAGGGCGTCTCTCAGTTCAG GCTGGACGTCTTGAGCAGAT
USF2 AATGGAGGACAGACAGGAACAC CTCCTTTACTCGCTCCCGTC

GAPDH AATGGGCAGCCGTTAGGAAA GCGCCCAATACGACCAAATC
RNAI8SN1 GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA

Primers for quantitative real-time polymerase chain reaction (qRT-PCR): PPP3RI, Protein Phosphatase 3 Regulatory Subunit B, alpha; USF2, Upstream Transcription Factor 2; GAPDH,
dvoerdideivds: 3-phosphate delivdrogenass: RNATSSNL. 188 sibosumal M1,





OPS/images/fcell-10-1014672-t002.jpg
MiRNA Forward primer

miR-512-3p 5'GTGCTGTCATAGCTGAGGTCAAY'
miR-512-5p 5'CTCAGCCTTGAGGGCACTTT3'
miR-195-3p 5'GGCTGTGCTGCTCCAAAA3'

miR-195-5p 5'GCTAGCAGCACAGAAATATTGG3'
miR-18b-3p 5'GCCCTAAATGCCCCTTCTAAAS
miR-18b-5p 5'GGTGCATCTAGTGCAGTTAGAAAAS
miR-363-3p 5'CAATTGCACGGTATCCATCTG3'
miR-363-5p 5'GGGTGGATCACGATGCAATS'
miR-374a-3p 5'CGCGCTTATCAGATTGTATTGT3'
miR-374c-5p 5'CATAATACAACCTGCTAAGTGCTAAAA3'
miR-155-3p 5'GCTCCTACATATTAGCATTAACAAAAAS
miR-155-5p 5'TGCTAATCGTGATAGGGGTAAA3'
let-7c-5p 5'-CCGAGCTGAGGTAGTAGGTTGTATG-3'

U6 5'GCAAATTCGTGAAGCGTTCC3'
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