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Endothelial Dec1-PPARγ Axis Impairs Proliferation and Apoptosis Homeostasis Under Hypoxia in Pulmonary Arterial Hypertension












	 
	ORIGINAL RESEARCH
published: 26 October 2021
doi: 10.3389/fcell.2021.757168





[image: image]

Endothelial Dec1-PPARγ Axis Impairs Proliferation and Apoptosis Homeostasis Under Hypoxia in Pulmonary Arterial Hypertension

Xiaoming Li1,2, Chengcheng Liu2,3, Wenwen Qi4, Qiu Meng1, Hui Zhao1, Zhenxiao Teng1, Runtong Xu1, Xinhao Wu1, Fangyuan Zhu1, Yiming Qin5, Miaoqing Zhao6*, Fenglei Xu1* and Ming Xia1,2*

1Department of Otolaryngology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, China

2Medical Science and Technology Innovation Center, Shandong First Medical University and Shandong Academy of Medical Sciences, Jinan, China

3Department of Central Laboratory, Shandong Provincial Hospital Affiliated to Shandong University, Jinan, China

4Department of Otolaryngology, Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong University, Jinan, China

5College of Chemical Engineering and Materials Science, Shandong Normal University, Jinan, China

6Department of Pathology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, China

Edited by:
Zhiqiang Lin, Masonic Medical Research Institute (MMRI), United States

Reviewed by:
Jichun Yang, Peking University, China
Debia Wakhloo, Stanford University, United States

*Correspondence: Miaoqing Zhao, zhaomqsd@163.com; Fenglei Xu, laifuju@126.com; Ming Xia, xiamingsdu@sohu.com

Specialty section: This article was submitted to Cell Death and Survival, a section of the journal Frontiers in Cell and Developmental Biology

Received: 11 August 2021
Accepted: 27 September 2021
Published: 26 October 2021

Citation: Li X, Liu C, Qi W, Meng Q, Zhao H, Teng Z, Xu R, Wu X, Zhu F, Qin Y, Zhao M, Xu F and Xia M (2021) Endothelial Dec1-PPARγ Axis Impairs Proliferation and Apoptosis Homeostasis Under Hypoxia in Pulmonary Arterial Hypertension. Front. Cell Dev. Biol. 9:757168. doi: 10.3389/fcell.2021.757168

Background: The hypoxia-induced pro-proliferative and anti-apoptotic characteristics of pulmonary arterial endothelial cells (PAECs) play critical roles in pulmonary vascular remodeling and contribute to hypoxic pulmonary arterial hypertension (PAH) pathogenesis. However, the mechanism underlying this hypoxic disease has not been fully elucidated.

Methods: Bioinformatics was adopted to screen out the key hypoxia-related genes in PAH. Gain- and loss-function assays were then performed to test the identified hypoxic pathways in vitro. Human PAECs were cultured under hypoxic (3% O2) or normoxic (21% O2) conditions. Hypoxia-induced changes in apoptosis and proliferation were determined by flow cytometry and Ki-67 immunofluorescence staining, respectively. Survival of the hypoxic cells was estimated by cell counting kit-8 assay. Expression alterations of the target hypoxia-related genes, cell cycle regulators, and apoptosis factors were investigated by Western blot.

Results: According to the Gene Expression Omnibus dataset (GSE84538), differentiated embryo chondrocyte expressed gene 1-peroxisome proliferative-activated receptor-γ (Dec1-PPARγ) axis was defined as a key hypoxia-related signaling in PAH. A negative correlation was observed between Dec1 and PPARγ expression in patients with hypoxic PAH. In vitro observations revealed an increased proliferation and a decreased apoptosis in PAECs under hypoxia. Furthermore, hypoxic PAECs exhibited remarkable upregulation of Dec1 and downregulation of PPARγ. Dec1 was confirmed to be crucial for the imbalance of proliferation and apoptosis in hypoxic PAECs. Furthermore, the pro-surviving effect of hypoxic Dec1 was mediated through PPARγ inhibition.

Conclusion: For the first time, Dec1-PPARγ axis was identified as a key determinant hypoxia-modifying signaling that is necessary for the imbalance between proliferation and apoptosis of PAECs. These novel endothelial signal transduction events may offer new diagnostic and therapeutic options for patients with hypoxic PAH.
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INTRODUCTION

As a complex, progressive, and lethal disease, pulmonary arterial hypertension (PAH) is characterized by the increased muscularity of pulmonary arteries (PAs), resistance to blood flow, irreversible right ventricular (RV) failure, and premature death (Humbert et al., 2018). Although its precise etiology is poorly understood, hypoxia has been identified as an important contributor to PAH (Stenmark et al., 2006). According to the Sixth World Symposium on Pulmonary Hypertension, PAH can be divided into five clinical groups. Hypoxic pulmonary hypertension (HPH) belongs to the third group and highly prevails in a wide range of hypoxia-associated diseases, such as chronic obstructive pulmonary diseases, obstructive sleep apnea (OSA), and high-altitude illness (Simonneau et al., 2014). The morbidity and mortality of PAH increase dramatically with OSA severity (Adir et al., 2021). This interaction can be explained by the hypoxia-induced endothelial dysfunction, which is critical in vascular remodeling and vasoconstriction (Sehgal and Mukhopadhyay, 2007; Houten, 2015).

Intermittent hypoxia, the physiological hallmark of OSA, increases oxidative stress in endothelial cells, which in turn results in endothelial dysfunction and remodeling (Bauters et al., 2016; Benjafield et al., 2019). The transcriptional factor peroxisome proliferative-activated receptor-γ (PPARγ) links these pathologies in vascular disease conditions and functions as a crucial mediator of the hypoxic response (Montaigne et al., 2021). As a ligand-activated nuclear hormone receptor, PPARγ can be stimulated in response to structurally diverse ligands and execute anti-inflammatory and antioxidant effects in many tissues to modulate cell differentiation, growth, inflammation, apoptosis, and angiogenesis (Polikandriotis et al., 2005). Insufficient PPARγ signaling is essential for PAH pathogenesis (Hansmann et al., 2008; Guignabert et al., 2009; Nisbet et al., 2010; Alastalo et al., 2011; Calvier et al., 2019), although the mechanisms have not been fully understood. PPARγ protein is highly expressed in the pulmonary vascular endothelium of normal individuals but is substantially decreased in the lungs and distal PAs of patients with PAH (Guignabert et al., 2009). PPARγ expression is also reduced in PASMCs and PAECs isolated from the PAs of HPH mice (Alastalo et al., 2011; Calvier et al., 2019). Mice with inducible deletion of PPARγ either in PAECs or PASMCs develop PAH (Hansmann et al., 2008). Pharmacological restoration of PPARγ with either pioglitazone or troglitazone shows therapeutic effects in preclinical animal models (Nisbet et al., 2010). The mechanism on how PPARγ is repressed under hypoxia in HPH must be explored.

In this study, the differentially expressed genes (DEGs) between PAH and normal control tissues were examined from the Gene Expression Omnibus (GEO) dataset (GSE84538), and the hypoxia-related DEGs for PAH were estimated. The differentiated embryo–chondrocyte-expressed gene 1 (Dec1), a hypoxia-induced transcriptional factor, was significantly upregulated in PAH. The protein–protein interaction (PPI) network was further established through the shared DEGs, and a Dec1-PPARγ interaction was found in PAH. Given that Dec1 is a hypoxia-regulated transcriptional factor and is involved in cell survival vs. death, the Dec1-PPARγ axis might be responsible for the proliferation promotion and apoptosis resistance of PAECs in hypoxic PAH.



MATERIALS AND METHODS


Ethics

All experiments were approved by the Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong First Medical University. Written informed consent was obtained from all the participants.



Bioinformatic Analysis of Hypoxia-Related Differentially Expressed Genes in Patients With Pulmonary Arterial Hypertension

RNA-seq expression data of patients with PAH and the corresponding control subjects were extracted from the GEO database (GSE84538). These data were accessed by high throughput sequencing RNA from pulmonary arteries. The raw expression profiles were normalized in Deseq2 in the Affy installation package of R software, and the DEGs were screened out by the following selection criteria: p < 0.05 and |log2 fold change (FC)| > 1 (Rawal et al., 2021). Volcano plot and heatmaps were used to visualize the DEGs by using the R packages of ggplot2 (v3.3.0) and pheatmap, respectively (Wickham, 2009). The PPI networks were generated in Cytoscape (3.7.2) by the Search Tool for the Retrieval of Interacting Genes/Proteins database (StringDB1) protein query (Szklarczyk et al., 2019). Red and blue nodes represented the up and downregulated genes, respectively. GO functional enrichment analysis was performed by the R package “clusterProfiler,” and the top 20 of the most significant entries were obtained with a threshold of a p-value set at 0.05 (Yu et al., 2012).



Enzyme-Linked Immunosorbent Assay

Peripheral venous blood was collected from patients suffering from OSA with or without PAH, then centrifuged for 10 min at 3,000 rpm, and stored in frozen aliquots at −80°C. Human-specific commercial ELISA assays were applied to evaluate the serum concentrations of Dec1 (Shuangying Biological Technology Co., Ltd., Shanghai, China) and PPARγ (X-Y Biotechnology, Shanghai, China) in accordance with the instructions of the manufacturer. Absorbance was measured at 450 nm using a microtiter plate reader. Experiments were repeated three times.



Cell Culture

Human normal PAECs (hnPAECs) were purchased from Lonza (Basel, Switzerland) and cultured for three to six passages prior to use in the medium (EBM-2) provided by the manufacturers. PAH-PAECs were harvested from the explanted lung tissues of patients with PAH, and healthy-PAECs were obtained from the unused lungs of healthy donors. The isolated healthy- and PAH-PAECs were purified using CD31 antibody by the magnetic cell-sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany) in accordance with the instructions of the manufacturer (Comhair et al., 2012). Cultured PAECs were placed in a standard normoxia incubator (21% O2, 5% CO2, 37°C) or a hypoxic incubator (3% O2, 5% CO2, 37°C). The hnPAECs were preconditioned with normoxia (pNor-PAECs) or hypoxia (pHyp-PAECs) for 1 week to observe the effect of hypoxia on the phenotype conversions of PAECs. In a separate experiment, the hnPAECs were treated with concentrations of various oxidative or inflammatory PAH stimuli (serum deprivation, H2O2 for 100 μM, TGF-β for 20 ng/ml, and IL-6 for 50 ng/ml) for 6, 12, and 24 h in vitro.



Construction and Transduction of Recombinant Lentiviral Vectors

Plasmids with Dec1 overexpression (Ov-Dec1), PPARγ overexpression (Ov- PPARγ), and empty control vectors (Ov-Ctrl) were generated as previously described (Li et al., 2016). Plasmids with the short-hairpin RNA of Dec1 (Sh-Dec1, sequence: 5′-GGACTCTTCCTTAATTGCGCC-3′) and nontargeting plasmids (Sh-Ctrl) were generated and recombined into the psi-LVRU6MP vectors in accordance with the instructions of the manufacturer (GeneCopoeia, Rockville, MD, United States). The plasmids were transfected by Lipofectamine 2000 following the instructions of the manufacturer (Thermo Fisher Scientific, San Jose, CA, United States).



Cell Counting Kit 8 Assessment and Flow Cytometry

Cell survival was measured by the CCK8 in accordance with the recommended instructions of the manufacturer (APExBIO, Houston, TX, United States), and cell apoptosis was detected by flow cytometry. After transfection or treatment with hypoxia for the indicated times, the PAECs were collected and double-stained with Annexin V-FITC and propidium iodide by using Annexin V-FITC Apoptosis Detection Kit I (Biosciences Pharmingen, CA, United States) following the instructions of the manufacturer. Apoptosis was measured and analyzed by a FACScan system (Becton Dickinson, Heidelberg, Germany). The cells with Annexin V-FITC positive and PI negative were considered as early apoptosis, and those with Annexin V-FITC positive and PI positive were considered as late apoptosis or necrosis. These experiments were repeated three times.



Ki-67 Immunofluorescence Staining

Ki-67 immunofluorescence staining was performed using the labeled streptavidin–biotin method to evaluate the proliferation of PAECs. After being washed three times with phosphate buffer saline (PBS), the PAECs were sequentially fixed in 4% paraformaldehyde at 4°C for 20 min, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and blocked with 3% bovine serum albumin in PBS for 1 h at room temperature. The cells were then incubated with the Ki-67 primary antibodies (1:500 dilution, Abcam, Cambridge, MA, United States) at 4°C overnight, and then stained with goat anti-rabbit IgG antibody (1:500, Thermo Fisher Scientific, Alexa Fluor 488) at 37°C for 1 h. Finally, nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:500, Abcam). The Ki-67 immunostaining of PAECs were detected by a fluorescence microscope (Zeiss, Heidenheim, Germany). The percentage of Ki-67-positive cells was indicated as the proliferation rate of PAECs. Measurements were repeated three times.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA of PAECs was extracted in accordance with the instructions of the Trizol reagent (Invitrogen), and reverse transcription was performed using reverse transcriptase (Thermo Fisher Scientific, Inc.) as reported previously (Zhao et al., 2017). The primers were designed and obtained from Sangon Biotech Co. (Shanghai, China) as follows: Dec1, forward primer 5′-GAAAGGATCGGCGCAATTAA-3′, reverse primer 5′-CATCATCCGAAAGCTGCATC-3′; and β-actin, forward primer 5′-TGGCACCACACCTTCTACAA-3′, reverse primer 5′-GCAGCTCGTAGCTCTTCTCC-3′. The relative level of mRNA was calculated by the 2–ΔΔCT method (Teng et al., 2012). Fold change of the relative mRNA expression was evaluated as the average fold change of the hypoxic PAECs compared with that of the normoxic PAECs. Measurements were repeated three times.



Western Blot

Proteins were extracted from human pulmonary artery tissues or PAECs and lysed in RIPA lysis buffer (RIPA, Beyotime, China) in accordance with the instructions of the manufacturer. Protein concentrations were evaluated using the BCA assay based on the albumin standard. The primary antibodies were used as follows: Dec1 and PPARγ (Abcam, United States, dilution: 1/1,000, for both), Cyclin B1 and Cyclin D1 (Sigma, United States, dilution 1/1,000, for both), Bax (Cell Signaling Technology, United States, dilution: 1/1,000), Bcl-2 (Sigma, United States, dilution 1/1,000), cleaved caspase 3, and β-actin (Santa Cruz, United States, dilution 1/1,000, for both). Detailed information of Western blot was described previously (Li et al., 2020). β-actin was used as a loading control. Fold change of protein expression was evaluated as average fold change for the ratio of targeting genes/β-actin in treated samples compared with that in the controls. Measurements were repeated three times.



Statistical Analysis

All data were presented as mean ± SEM and independently repeated three times. SPSS 13.0 software (SPSS, Chicago, IL, United States) was applied for statistical analysis. GraphPad Prism 6 (GraphPad Software) was used to draw charts. Student’s t-test was used for data comparison with the two groups. One-way or two-way ANOVA was performed for multiple comparisons. A value of p < 0.05 was considered to be statistically significant.



RESULTS


Identification and Validation of Differentiated Embryo-Chondrocyte-Expressed Gene 1-Peroxisome Proliferative-Activated Receptor-γ Axis by Bioinformatic Analysis in Patients With Pulmonary Arterial Hypertension

Gene expression data in eight lung tissue samples (four patients with PAH and four healthy control subjects) were extracted from the GEO (GSE84538) database. Deseq2 analysis identified 756 DEGs, including 446 upregulated (represented in red) and 310 downregulated genes (represented in blue) between the PAH and normal control samples (Figure 1A). With the use of STRING, the PPI network revealed 890 edges and 385 nodes in these DEGs (Figure 1B). These screened DEGs with all known hypoxia-related genes were overlapped to determine which DEGs have important functions in HPH. As shown in Figure 1C, five hypoxia-related genes showed differential expression in PAH. Among them, BHLHE40 (also named Dec1) and placental growth factor (PGF) were upregulated, whereas ENO1 (enolase 1), glycogen branching enzyme 1 (GBE1), and glycogen synthase 1 (GYS1) were downregulated. The volcano plot represented all the DEGs with statistical significance (upregulated and downregulated genes represented in red and blue, respectively) and indicated the prominently upregulated BHLHE40 in PAH (Figure 1D).
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FIGURE 1. The differentiated embryo-chondrocyte expressed gene 1-peroxisome proliferative activated receptor-γ (Dec1-PPARγ) axis is dysregulated in patients with PAH. (A) The heatmap of differentially expressed genes (DEGs) in patients with pulmonary arterial hypertension (PAH) from the GSE84538 database. (B) The protein-protein interactions (PPI) network of the DEGs. Black and green arrows indicate BHLHE40 (also named Dec1) and PPARγ, respectively. (C) The heatmap of the differentially expressed hypoxia-related genes in patients with PAH from the GSE84538 database. (D) The volcano plot showed the DEGs (upregulated in red and downregulated in blue) in patients with PAH from the GSE84538 database. (E,F) The PPI networks based on BHLHE40 (arrowed as black) and PPARγ (arrowed as green), respectively. (G,H) Plasma protein levels of Dec1 (G) and PPARγ (H) were determined by Enzyme-linked immunosorbent assay (ELISA) in obstructive sleep apnea (OSA) patients with or without PAH. One-way ANOVA tests were applied for statistical analysis. (I) Spearman’s correlation analysis was performed to evaluate the correlations between Dec1 and PPARγ expressions in OSA patients combined with PAH. (J) The top 20 entries of the GO enrichment analysis of the gene set. ∗∗∗p < 0.001.


As the most robust hypoxia-related DEGs in PAH (Figures 1B,C), BHLHE40 was selected as a target gene for further study. The PPI network based on the DEGs showed a potential connection between BHLHE40 and PPARγ, a well-known mediator of PAH and a core DEG in the PPI network (as schematically highlighted by a black or green arrow, Figure 1B). This connection was also observed in the PPI network based on BHLHE40 and PPARγ (as schematically highlighted by a black or green arrow, Figures 1E,F). All these results indicated that the dysregulation of Dec1-PPARγ axis might play major roles in PAH development. However, the expression levels of Dec1 and PPARγ in HPH were still unclear. Therefore, the expression status of Dec1 and PPARγ in OSA patients with or without PAH (n = 20 for both groups) was further determined by ELISA. Compared with that in the healthy OSA group, Dec1 was significantly increased (445.8 ± 38.92 vs. 133.7 ± 12.71, p < 0.001, Figure 1G), and PPARγ was decreased (146.3 ± 13.22 vs. 261.3 ± 16.97, p < 0.001, Figure 1H) in OSA patients with PAH. A negative correlation was found between Dec1 and PPARγ (r = −0.5830, p = 0.0070, Figure 1I). The negative transcriptional regulating effect of Dec1 on PPARγ has been previously reported. The potential molecular biological role of the Dec1–PPARγ axis was further uncovered by GO enrichment analysis (Figure 1J). These data indicated a close relationship between the Dec1–PPARγ axis and the progression of OSA-associated PAH.



Pulmonary Arterial Hypertension Disrupts the Differentiated Embryo–Chondrocyte-Expressed Gene 1-Peroxisome Proliferative-Activated Receptor-γ Axis in Pulmonary Arterial Endothelial Cells

The expression of Dec1-PPARγ axis in human distal pulmonary arteries (PAs) was measured in individuals with or without PAH (control group, n = 4; PAH group, n = 4) for further understanding. Compared with the PAs in patients without PAH (used as control), Dec1 expression was significantly upregulated (>threefold increase, p < 0.01), and PPARγ expression was downregulated in the PAs of patients with PAH (Figure 2A, >fivefold decrease, p < 0.001). The protein levels of the Dec1–PPARγ axis were further examined in isolated PAECs from patients with or without PAH (n = 4 per group). A similar expression trend of the Dec1–PPARγ axis was found in the isolated PAECs. As shown in Figure 2B, the protein levels of Dec1 were significantly increased (>sixfold increase, <0.001), whereas those of PPARγ were decreased in PAH-PAECs compared with those in the control-PAECs (>fivefold decrease, p < 0.001). These results suggest that PAH exhibits disrupted expression of the Dec1-PPARγ axis.
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FIGURE 2. Dec1 is upregulated and PPARγ is downregulated in PAH. (A) Expression levels of Dec1 and PPARγ were determined by western blot in pulmonary arteries from PAH (n = 4) and healthy control patients (n = 4). (B) Human pulmonary arterial endothelial cells (PAECs) were isolated from PAH and healthy control patients (n = 4 per group), and western blot was performed to determine expressions of the Dec1–PPARγ axis. (C–F) Human normal PAECs (hnPAECs) were treated with serum deprivation (C), 100 μM H2O2 (D), 20 ng/ml TGF-β1 (E), and 50 ng/ml IL-6 (F) in vitro. Expression levels of Dec1 and PPARγ in PAECs were determined by western blot (left part) at the indicated times. One-way ANOVA test was applied for statistical analysis (right part). Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The hnPAECs were cultured and treated with different PAH stimuli in vitro to further determine whether the disrupted expression of the Dec1-PPARγ axis is restricted to the presence of PAH. These stimuli promote PAH via oxidative stress and inflammation (Steiner et al., 2009; Wang et al., 2019; Reyes-Palomares et al., 2020). Consistent with the results for distal PAs and PAECs from patients with PAH, Dec1 was elevated, but PPARγ was declined in a time-dependent manner when the cells were treated with serum deprivation (Figure 2C), H2O2 (Figure 2D), TGF-β1 (Figure 2E), and IL-6 (Figure 2F). These findings indicate that the Dec1–PPARγ axis can also be disrupted by the PAH stimuli in vitro and may play critical roles in PAH progression.



Differentiated Embryo–Chondrocyte-Expressed Gene 1 Modulates the Survival of Pulmonary Arterial Endothelial Cells Under Hypoxia

Differentiated embryo-chondrocyte expressed gene 1 is dysregulated by hypoxia-driven responses and plays important roles in cell death and survival (Park and Park, 2012; Sato et al., 2016; Jia et al., 2018; Nakashima et al., 2018; Le et al., 2019). Therefore, the hnPAECs were treated with hypoxia. The results showed that the mRNA and protein levels of Dec1 were gradually increased in the hnPAECs with the extent of hypoxia (Figures 3A,B). However, the protein levels of PPARγ showed the opposite trend (Figure 3B). These results suggested that the Dec1–PPARγ axis was also reprogrammed by hypoxia in PAECs.
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FIGURE 3. Effect of Dec1 on PAECs survival under hypoxia. (A,B) Human normal PAECs (hnPAECs) were treated with 3% O2 for 0, 24, 48, and 96 h and then performed real-time polymerase chain reaction (RT-PCR) or Western blot to determine the mRNA and protein levels of the target genes, respectively. (A) mRNA expression levels of Dec1. (B) Protein expression levels of Dec1 and PPARγ. One-way ANOVA test was applied for statistical analysis. (C–F) After 12 h of transient transfection, cells were treated with 3% O2 for 6, 12, 24, and 48 h and monitored the cell viability vs. time by the cell counting kit 8 (CCK-8) assay. Cells were plotted cell viability at the indicated times. (C) Healthy- and PAH–PAECs with no transfections. (D) PAH–PAECs transfected with Dec1-shRNA (Sh-Dec1) or the scrambled RNA (Sh-Ctrl) plasmids. (E) hnPAECs transfected with Dec1 overexpression (Ov-Dec1) or the empty control (Ov-Ctrl) plasmids. (F) hnPAECs transfected with Dec1–shRNA (Sh-Dec1) or the scrambled RNA (Sh-Ctrl) plasmids. Two-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The question of how PAECs can overcome hypoxia to survive has been extensively investigated. In this work, whether the dysregulated Dec1–PPARγ axis contributes to the cell survival under hypoxia in PAECs was further explored. Cell survival was determined by the CCK-8 assay. As shown in Figure 3C, over 75% of the isolated PAH-PAECs survived comparing with the healthy-PAECs (60%) under hypoxia. These results showed that the PAH–PAECs have a significant pro-surviving ability in hypoxia environment. The transfected PAH–PAECs with Dec1–shRNA were studied to further illustrate whether Dec1 is essential for the survival of PAH–PAECs under hypoxia. The results showed that the survival rate of these cells (PAH–PAECs + Sh-Dec1) declined 25% compared with that of the controlled cells (PAH–PAECs + Sh-Dec1, Figure 3D). Therefore, Dec1 is responsible for the pro-surviving phenotype of PAH–PAECs under hypoxia. Dec1 was overexpressed or silenced in hnPAECs to further specify the role of Dec1 in this pro-surviving phenotype. The results showed the hnPAECs with Dec1 overexpression (hnPAECs + Ov-Dec1) under hypoxia showed an increase survival of up to 20% compared with the hnPAECs transfected with empty vectors (hnPAECs + Ov-Ctrl, Figure 3E). However, under half of the hnPAECs with deletion of Dec1 (hnPAECs + Sh-Dec1) survived compared with the controlled hnPAECs (65%, hnPAECs + Sh-Ctrl, Figure 3F) under hypoxia. All these data showed that Dec1 conferred to the ability of PAECs to survive under hypoxia.



Hypoxia Recapitulates the Pro-proliferative and Anti-apoptotic Phenotypes of Pulmonary Arterial Endothelial Cells

The imbalance between proliferation and apoptosis, which is considered as the PAH phenotype of PAECs, is a major hallmark of the surviving PAECs in PAH development. Therefore, the effects and mechanisms of hypoxia on proliferation and apoptosis of PAECs were investigated. Isolated healthy- or PAH–PAECs were treated with hypoxia (3% O2) for 24 h, and their proliferation and apoptosis were determined by Ki-67 immunofluorescence staining and flow cytometry, respectively. Under hypoxia, the proliferation rate was higher in PAH-PAECs (46.45 ± 3.32) than in the healthy-PAECs (29.50 ± 3.57, p < 0.05, Figure 4A). Furthermore, the expression levels of proliferative factors, such as cyclin B1 and cyclin D1, were significantly upregulated in the PAH–PAECs compared with that in the healthy-PAECs (Figure 4B). By contrast, the apoptosis rate was lower in the PAH-PAECs than in the healthy-PAECs under hypoxia (7.22 ± 0.31 vs. 21.08 ± 0.80, p < 0.001, Figure 4C). The apoptotic indicators of Bax/Bcl-2 ratio and cleaved caspase-3 were significantly declined in the PAH-PAECs compared with that in the healthy-PAECs (Figure 4D). These data indicated a pro-proliferation and anti-apoptosis phenotypes of PAH-PAECs in hypoxic environments.
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FIGURE 4. Effect of hypoxia on phenotypes of PAECs. Isolated healthy- or PAH–PAECs were treated with hypoxia (3% O2) for 24 h. Human normal PAECs (hnPAECs) were preconditioned with normoxia (21% O2, pNor-PAECs) or hypoxia (3% O2, pHyp-PAECs) for 1 week. Then these cells were assessed proliferation and apoptosis by immunofluorescence staining of Ki-67 and flow cytometry under hypoxia (3% O2), respectively. In proliferation assay, Ki-67 positive cells (red) with nuclear DAPI counterstain (blue) indicated the proliferating cells. In apoptosis map, cells were divided into four subpopulations: necrotic cells (Q1: annexin V FITC–/PI+), late apoptotic cells (Q2: annexin V FITC+/PI+), live cells (Q3: annexin V FITC–/PI–), and early apoptotic cells (Q4: annexin V FITC+/PI–). The proliferative (Cyclin B1 and Cyclin D1) and apoptotic factors (Bax, Bcl-2, and cleaved-caspase 3) were detected by Western blot. (A) Immunofluorescence staining of Ki-67 (left part, scale bars = 50 μm) and the proliferation rate (right part). (B) Expressions of Cyclin B1 and Cyclin D1. (C) Flow cytometry (left part) and the apoptosis rate (right part). (D) Expressions of Bax, Bcl-2, and cleaved caspase 3. (E) Immunofluorescence staining of Ki-67 (left part, scale bars = 50 μm) and the proliferation rate (right part). (F) Expressions of Cyclin B1 and Cyclin D1. (G) Flow cytometry (left part) and the apoptosis rate (right part). (H) Expressions of Bax, Bcl-2, and cleaved caspase 3. One-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The hnPAECs were preconditioned under normoxia or hypoxia for 1 week to fully understand the influence of hypoxia in PAH progression. Compared with the normoxia-preconditioned PAECs (pNor-PAECs), the hypoxia-preconditioned PAECs (pHyp-PAECs) showed a significantly increased proliferation rate (38.05 ± 3.32 vs. 17.21 ± 3.57, p < 0.05, Figure 4E) but a decreased apoptosis rate (9.43 ± 0.68 vs. 20.01 ± 0.98, p < 0.001, Figure 4G) when cultured under hypoxia environment. In parallel with these data, the proliferative factors (Cyclin B1 and Cyclin D1) increased, but the apoptotic indicators (Bax/Bcl-2 ratio and cleaved caspase-3) decreased in the pHyp-PAECs compared with that of the pNor-PAECs (Figures 4F,H). Therefore, pHyp-PAECs had a PAH-like phenotype that exhibited a pro-proliferative and anti-apoptotic characteristic under hypoxia. These results were similar to those observed in PAH-PAECs and suggested that hypoxia environment promotes the pro-proliferative and anti-apoptotic phenotypes of PAECs.



Differentiated Embryo–Chondrocyte-Expressed Gene 1 Is Essential for the Hypoxia-Induced Pulmonary Arterial Hypertension Phenotypes of Pulmonary Arterial Endothelial Cells

Differentiated embryo-chondrocyte expressed gene 1 plays an important role in cell proliferation and apoptosis under various oxidative stress and inflammatory stimuli (Seino et al., 2015; Jia et al., 2018; Ming et al., 2018; Le et al., 2019). Therefore, the effects of Dec1 on proliferation and apoptosis of PAECs under hypoxia were examined. As shown in Figure 5A, the pHyp-PAECs were characterized by an increased proliferation rate compared with the pNor-PAECs (51.46 ± 1.89 vs. 12.44 ± 1.31, p < 0.01). The pHyp-PAECs with Dec1 knockdown (Sh-Dec1 + pHyp-PAECs) showed a lower proliferation rate than the corresponding control cells (Sh-Ctrl + pHyp-PAECs, 31.43 ± 3.36, p < 0.05) under hypoxia. Similarly, the expression levels of Cyclin B1 and Cyclin D1 were also upregulated by hypoxia but attenuated by Dec1 silencing (Figures 5B,C). In addition, a decrease in the apoptosis rate was also found in the pHyp-PAECs compared with that of the pNor-PAECs (12.54 ± 0.23 vs. 25.13 ± 1.65, p < 0.05). However, the apoptosis rate was reversed in pHyp-PAECs with Dec1 knockdown compared with that of corresponding control cells under hypoxia (12.54 ± 0.23 vs. 16.18 ± 0.34, p < 0.001, Figure 5D). In parallel, the decreased apoptotic indicators (Bax/Bcl-2 ratio and cleaved caspase-3) induced by the preconditioned hypoxia was also restored by Dec1 knockdown in PAECs (Figures 5E,F). Further comparison was conducted on the expression levels of the proliferative and apoptotic factors between Sh-Ctrl + pNor-PAECs and Sh-Dec1 + pHyp-PAECs groups. Cyclin D1, Bax/Bcl-2 ratio and cleaved caspase-3, but not Cyclin B1, showed significant expression (Figures 5B,C,E,F). These results indicated that knockout of Dec1 under hypoxia rescued the expression of Cyclin B1 normal to the greatest extent. Therefore, hypoxia induces the proliferation promotion and apoptosis resistance of PAECs, a PAH-like phenotype, which is regulated by Dec1.
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FIGURE 5. Hypoxia promotes the PAH phenotypes of PAECs by induction of Dec1. Human normal PAECs (hnPAECs) were transfected with Dec1–shRNA (Sh-Dec1) or scrambled RNA (Sh-Ctrl) and then preconditioned with normoxia (21% O2, pNor-PAECs) or hypoxia (3% O2, pHyp-PAECs) for 1 week. Next, these cells were assessed proliferation and apoptosis by immunofluorescence staining of Ki-67 and flow cytometry under hypoxia (3% O2), respectively. In proliferation assay, Ki-67-positive cells (red) with nuclear DAPI counterstain (blue) indicated the proliferating cells. In apoptosis map, cells were divided into four subpopulations: necrotic cells (Q1: annexin V FITC–/PI+), late apoptotic cells (Q2: annexin V FITC+/PI+), live cells (Q3: annexin V FITC–/PI–), and early apoptotic cells (Q4: annexin V FITC+/PI–). The proliferative (Cyclin B1 and Cyclin D1) and apoptotic factors (Bax, Bcl-2 and cleaved-caspase 3) were also detected by western blot. (A) Immunofluorescence staining of Ki-67 (left part, scale bars = 50 μm) and the proliferation rate (right part). (B,C) The expressions of Cyclin B1 (B) and Cyclin D1 (C). (D) Flow cytometry (left part) and the apoptosis rate (right part). (E,F) The expressions of Bax, Bcl-2 (E), and cleaved caspase 3 (F). One-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.




Differentiated Embryo–Chondrocyte-Expressed Gene 1 Promotes the Pulmonary Arterial Hypertension Phenotype of Human Pulmonary Arterial Endothelial Cells via Inhibition of Peroxisome Proliferative-Activated Receptor-γ

Peroxisome proliferative activated receptor-γ, which was downregulated in experimental PAH models and clinical patients with PAH, has been widely proven as a protective factor for PAH (Crossno et al., 2007; Hansmann et al., 2007, 2008; Guignabert et al., 2009; Alastalo et al., 2011; Gong et al., 2011; Calvier et al., 2017, 2019). PPARγ expression in hnPAECs was detected by gain- and loss-function assays to understand whether hypoxia-induced downregulation of PPARγ, at least partially, is associated with Dec1. As shown in Figure 6A, PPARγ was significantly downregulated by hypoxia but partially restored by Dec1 deletion. Under normoxia, the protein level of PPARγ was also decreased in Dec1-overexpressing hnPAECs compared with that in the corresponding control PAECs (Figure 6B), suggesting that PPARγ suppression was a direct result of Dec1 upregulation. These results confirmed that PPARγ expression is negatively regulated by Dec1 under hypoxia.
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FIGURE 6. Dec1 promotes the PAH phenotypes of PAECs by inhibition of PPARγ. (A) Human normal PAECs (hnPAECs) were transfected with Dec1 Sh-RNA (Sh-Dec1) or the scrambled control (Sh-Ctrl) plasmids and then treated with normoxia (21% O2) or hypoxia (3% O2) for 24 h. Protein levels of Dec1 and PPARγ were detected by Western blot in the indicated cells. (B) hnPAECs were transfected with Dec1 overexpression (Ov-Dec1) or the empty control (Ov-Ctrl) plasmids and treated with normoxia (21% O2) for 24 h. Protein levels of Dec1 and PPARγ were detected by western blot in the indicated cells. (C,D) Human normal PAECs (hnPAECs) were transfected with Ov-Ctrl, Ov-Dec1, Ov-Dec1 + Ov-Ctrl, and Ov-Dec1 + Ov-PPARγ plasmids and treated with normoxia (21% O2) for 24 h. Then these cells were assessed proliferation and apoptosis by immunofluorescence staining of Ki-67 (C, scale bars = 50 μm) and flow cytometry (D), respectively. In proliferation assay, Ki-67-positive cells (red) with nuclear DAPI counterstain (blue) indicated the proliferating cells. In apoptosis map, cells were divided into four subpopulations: necrotic cells (Q1: annexin V FITC–/PI+), late apoptotic cells (Q2: annexin V FITC+/PI+), live cells (Q3: annexin V FITC–/PI–), and early apoptotic cells (Q4: annexin V FITC+/PI–). One-way ANOVA test was applied for statistical analysis. Data are represented as mean ± SEM. Experiments were repeated for three independent times. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


The hnPAECs were co-transfected with Dec1 and PPARγ overexpressing vectors and treated under normoxia to further clarify whether Dec1 upregulation alone is responsible for the PAH phenotype of PAECs. PAECs transfected with empty vectors was as control (Ov-Ctrl PAECs). Compared with that in Ov-Ctrl PAECs, Dec1 overexpression significantly increased the proliferation rate (59.26 ± 4.77 vs. 25.13 ± 2.17, p < 0.01, Figure 6C) and decreased the apoptosis rate of hnPAECs (8.040 ± 0.08 vs. 32.88 ± 0.30, p < 0.001, Figure 6D) under hypoxia. Furthermore, the proliferation rate of hnPAECs with Dec1 overexpression (Ov-Dec1 + Ov-Ctrl) was higher than that of the hnPAECs with co-overexpression of Dec1 and PPARγ (Ov-Dec1 Ov- PPARγ, 47.63 ± 4.16 vs. 19.51 ± 4.39, p < 0.01, Figure 6C). However, the apoptosis rate of hnPAECs with Dec1 overexpression (Ov-Dec1 + Ov-Ctrl) was significantly lower than that of the hnPAECs with co-overexpression of Dec1 and PPARγ (14.40 ± 0.51 vs. 20.67 ± 0.72, p < 0.01, Figure 6D). These results indicated that the increased proliferation rate and the decreased apoptosis rate induced by Dec1 overexpression were at least partially attributed to PPARγ downregulation.



DISCUSSION

Hypoxia and hypoxia-related pathways contribute to the vascular remodeling of PAH, which is characterized by the phenotype conversions of endothelial proliferation and apoptosis. Under hypoxic environment, the hallmark of OSA, reprogram occurs for hypoxia-responsive genes causing the survival of hyper-proliferative and anti-apoptotic PAECs and the structural changes of PAs. Although the dysfunctions of PPARγ signaling are closely correlated with PAH progression (Hansmann et al., 2008; Alastalo et al., 2011; Gong et al., 2011; Calvier et al., 2017, 2019), the underlying mechanisms by which hypoxia-responsive genes dysregulate PPARγ to trigger the endothelial phenotypic conversions have remained elusive. In this study, bioinformatic analysis revealed that the Dec1-PPARγ axis was reprogrammed in PAH. Further evidence confirmed that Dec1 was the missing link among the hypoxic environment, PPARγ dysfunctions, and endothelial phenotypic abnormalities.

Despite the underlying mechanisms are not entirely understood, OSA has been well-known as an important risk factor for PAH, which is closely relevant to the hypoxia-induced PA remodeling. The hypoxia-associated genes were screened in the public PAH database to fully explore the role of hypoxic signaling in HPH. The first hint provided by our bioinformatic studies showed a possible connection between the Dec1-PPARγ axis and PAH. In view of the dysregulation of the Dec1-PPARγ axis in PAH database (Figures 1C,D), we asked whether this hypoxic signaling was also reprogrammed in HPH. It is well established that hypoxic reprogramming induced by HIF-1α initiates intracellular signaling cascades leading to vascular remodeling, such as Notch, NF-κB, AKT, and PPARγ signaling, which play critical roles in PAH (Gong et al., 2011). As expected, we observed an increased Dec1 expression and decreased PPARγ expression in plasma of the OSA patients with PAH compared with OSA patients without PAH. This change was in a negative correlation (Figure 1I), suggesting that hypoxic Dec1 would be involved in downregulating of PPARγ. To the best of our knowledge, this is the first study demonstrating a role of the Dec1-PPARγ axis in the pulmonary vasculature of HPH.

A close relationship was found between hypoxia and the insufficient PPARγ signaling in the pathogenesis of PAH, although the mechanism is still unclear. This concept is supported by that genetic mutations or stimuli of PPARγ regulates development of PAH both in vivo and in vitro (Hansmann et al., 2008; Gong et al., 2011; Calvier et al., 2017, 2019). Several studies observed the spontaneous PAH developing in mice with conditional deletion of PPARγ in PASMCs and PAECs (Hansmann et al., 2008; Guignabert et al., 2009). Other experiments demonstrated that activation of PPARγ ligands by rosiglitazone attenuated pulmonary hypertension via suppressing oxidative, insulin resistance, and proliferative signals in mouse models treated with chronic hypoxia or apoE knockout mice fed a high-fat diet (Crossno et al., 2007; Hansmann et al., 2007; Nisbet et al., 2010). More recent investigations tried to provide the possible mechanism of how hypoxia downregulated the PPARγ expression (Gong et al., 2011; Yao et al., 2021). For example, Kaizheng et al. showed that hypoxia-induced downregulation of PPARγ expression is TGF-β-dependent through increasing Smad2/3/4 and HDAC1 binding at the transcriptional level (Gong et al., 2011). In the present study, we found that insufficient PPARγ signaling is dependent on the induction of Dec1 under hypoxia. These findings are very appealing as it provides an initial insight into the mechanism of which genes with oxygen availability exert a major effect in hypoxic endothelial dysfunctions.

The effects and mechanisms of Dec1 on regulation of PPARγ have been elaborated (Figure 7; Cho et al., 2009; Park and Park, 2012; Noshiro et al., 2018). First, Dec1 occupies the specific region of PPARγ promoter and negatively regulates PPARγ expression by interacting with CCAAT/Enhancer Binding Protein β (C/EBPβ) (Park and Park, 2012). Second, as a transcriptional regulator, Dec1 directly binds to the E-boxes or Sp1 sites of the target genes, therefore suppressing and promoting their transcriptions, respectively (Kato et al., 2014). Dec1 transcriptionally represses RXRα, which is a crucial heterodimer partner of PPARγ, via binding to the E-boxes of RXRα promoter (Cho et al., 2009; Noshiro et al., 2018). Third, peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) is also a key regulator of oxidative metabolism and mitochondrial function in PAH and hypoxia-induced repression of PGC-1α plays a critical role in PAH development (Ye et al., 2016). Dec1 could also directly target the E-box of the PGC-1α core promoter and transcriptionally represses PGC-1α (Hsiao et al., 2009; LaGory et al., 2015). Consistent with these studies, we found that PPARγ expression was not only significantly downregulated by induction of Dec1 but also obviously upregulated via silencing of Dec1 in PAECs (Figures 6A,B). Notably, we found that hypoxia-induced downregulation of PPARγ could be restored by inhibition of Dec1 (Figure 6A), which indicated that Dec1 was essential for the PPARγ deficiency under hypoxia.
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FIGURE 7. Schema of the signaling pathways leading to disruption of Dec1-PPARγ axis in PAECs in response to hypoxia.


Although Dec1 is well known as an oncogene in tumors (Nakamura et al., 2008; Feige et al., 2011; Sato et al., 2016; Jia et al., 2018), the present study also adds to a growing body of molecular evidence linking Dec1 to hypoxia-associated diseases (Nishiyama et al., 2012; Wu et al., 2017; Huang et al., 2018; Nakashima et al., 2018; Le et al., 2019). For example, Hue et al. previously reported that Dec1 expression was significantly upregulated in human cardiac hypertrophy and myocardial infarction, while Dec1 deficiency suppressed cardiac perivascular fibrosis and attenuated expressions of p21, TGF-β1, pSmad3, and TNF-α in transverse aortic constriction treated mouse models (Le et al., 2019). Although the potential mechanism remained to be specified, this study provided key findings regarding Dec1 in transverse aortic constriction induced by hypoxia, inflammation, and fibrosis in cardiovascular diseases. In addition, Ayumu et al. demonstrated that Dec1-deficient mice showed decreased blood pressure in vivo, and mechanistically, Dec1 suppressed activity of the Na+/K+-ATPase by transcriptional repression of Atp1b1 (Prabhakar et al., 2020). It is worth noting that this study also provided indirect evidence that Dec1 might have an important impact on regulating the contraction of pulmonary artery vascular smooth muscle and led to PAH. Owing to the critical roles of hypoxia in blood pressure, it is likely that besides PAH, hypoxic Dec1 may be involved in hypoxic hypertension. Along with these findings, we described Dec1 upregulation to be a key mediator regulating proliferation and apoptosis of PAECs via inhibition of PPARγ under hypoxia conditions. All these findings provided therapeutic interest that hypoxia enhanced Dec1 signaling, which in turn induced genetic reprogramming and promoted development of cardiovascular diseases.

The balance of pro-apoptotic and anti-apoptotic factors regulates cell death and survival. The anti-apoptotic effect of Dec1 has been observed under various environmental stimuli in cell lines and animal models, specifically in the field of tumor (Seino et al., 2015; Li et al., 2016; Sato et al., 2016; Jia et al., 2018). However, the role of Dec1 in endothelial apoptosis under hypoxia is poorly understood. For the first time, this work revealed the anti-apoptotic role of Dec1 in hypoxic PAECs by negatively regulating PPARγ expression. Hypoxia reduced number of apoptotic PAECs, which was restored by Dec1 knockdown (Figure 5D). Emerging evidence suggested that the Bax/Bcl-2 ratio and cleaved caspase 3 expression contribute to cell viability to apoptotic stimuli. Changes in the Bax/Bcl-2 ratio and cleaved caspase 3 expression were found in Dec1-overexpressed or silenced PAECs (Figures 5E,F), indicating the crucial role of Dec1 in the apoptotic sensitivity of endothelial cells under hypoxia. A recent study also revealed that Dec1 transcriptionally upregulates Survivin, a family member of the “anti-apoptotic factors,” and facilitates the survival of gastric cancer cells under hypoxia (Jia et al., 2018). Xin et al. described Dec1 as a prosurvival factor because it upregulates clusterin, a cytoprotective protein that guards against genotoxic stresses to reduce DNA damage-induced apoptotic response (Ming et al., 2018). Therefore, Dec1 might be one of the key anti-apoptotic factors in hypoxic reprogramming during PAH development.

In addition to apoptosis resistance, the increased proliferation of vascular cells contributes to the progressive remodeling of pulmonary arteries and the formation of PAH (Kim et al., 2010). Recent evidence indicates that PPARγ dysfunction plays a crucial role in the excessive PASMC proliferation of hypoxic and other types of PAH (Ameshima et al., 2003; Kim et al., 2010; Xu et al., 2017), and further reveals the effect of PPARγ on anti-proliferation (Hansmann et al., 2008; Calvier et al., 2017, 2019). For instance, the TGF-β1-promoted VSMC proliferation is PPARγ dependent; on the one hand, PPARγ deletion activates TGF-β1 signaling, and on the other hand, TGF-β1 suppresses PPARγ by inducing miR-130a/301b (Calvier et al., 2017). However, the upstream mediators that downregulate PPARγ are yet to be defined. Hypoxia increases Dec1 (Wykoff et al., 2000) but decreases PPARγ (Kim et al., 2010), a transcriptional target of Dec1 (Park and Park, 2012). Therefore, Dec1-induced PPARγ repression might be important in HPH pathogenesis. As shown in Figures 2, 3, PPARγ expression was significantly decreased by Dec1 overexpression in PAH-PAECs and hypoxia-treated PAECs but was enhanced by Dec1 knockdown (Figures 6A,B). These data clarified the hypothesis that hypoxic Dec1 facilitates PAH by inhibiting PPARγ.

Hypoxia is a well-known trigger of vascular remodeling, and PPARγ deficiency is a crucial contributor in PAH development. This study presents the missing link between hypoxia-responsive genes and insufficient PPARγ signaling in PAH pathogenesis. The findings further reveal a causative role of Dec1-PPARγ axis in the imbalance of endothelial proliferation and apoptosis under hypoxia. From the clinical point of view, the Dec1-PPARγ axis might be a novel therapeutic strategy for PAH, especially in HPH.
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