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Hsa_circ_0002062 Promotes the Proliferation of Pulmonary Artery Smooth Muscle Cells by Regulating the Hsa-miR-942-5p/CDK6 Signaling Pathway
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Currently, new strategies for the diagnosis and treatment of hypoxia-induced pulmonary hypertension (HPH) are urgently required. The unique features of circRNAs have unveiled a novel perspective for understanding the biological mechanisms underlying HPH and the possibility for innovative strategies for treatment of HPH. CircRNAs function as competing endogenous RNAs (CeRNA) to sequester miRNAs and regulate the expression of target genes. This study aimed to explore the roles of hsa_circ_0002062 on the biological behaviors of pulmonary artery smooth muscle cells (PASMCs) in hypoxic conditions. A number of in vitro assays, such as RNA-binding protein immunoprecipitation (RIP), RNA pull-down, and dual-luciferase assays were performed to evaluate the interrelationship between hsa_circ_0002062, hsa-miR-942-5P, and CDK6. The potential physiological functions of hsa_circ_0002062, hsa-miR-942-5P, and CDK6 in hypoxic PASMCs were investigated through expression modulation. Our experiments demonstrated that hsa_circ_0002062 functions as a ceRNA, acts as a sponge for hsa-miR-942-5P, and consequently activates CDK6, which further promotes pulmonary vascular remodeling. Therefore, we speculate that hsa_circ_0002062 could serve as a candidate diagnostic biomarker and potential therapeutic target for HPH.

Keywords: circular RNAs, microRNAs, pulmonary artery smooth muscle cells, CDK6, hypoxia-induced pulmonary hypertension


INTRODUCTION

Hypoxic pulmonary hypertension (HPH) presents as an elevated mean pulmonary artery pressure, results from hypoxic pulmonary vasoconstriction and abnormal vascular remodeling, and ultimately leads to right ventricular hypertrophy and heart failure (Rowan et al., 2016). HPH is characterized by pathological changes such as the proliferation of pulmonary artery smooth muscle cells (PASMCs), pulmonary artery endothelial cells, and fibroblasts (Kylhammar and Rådegran, 2017). Despite the application of recent advances in the treatment of HPH, patients with this disease experience a poor median survival rate (Li et al., 2019). Hitherto, many signaling cascades have been detected to play a role in HPH and hold great promise as potentially useful targets for therapeutic intervention (Gassmann et al., 2020). Nevertheless, treatment options remain limited, and in-depth elucidation of the detailed molecular mechanisms underlying vascular remodeling in HPH is urgently required (Smith et al., 2020). Moreover, the function of new non-coding RNAs in the progression of HPH remains largely unknown.

Circular RNAs (circRNAs) are a novel type of non-coding RNA with a covalently closed loop where the 3′ and 5′ ends are joined together (Di Timoteo et al., 2020). The function of circRNAs is just beginning to be unraveled. Growing evidence has provided strong support for the notion that circRNAs play a fundamental role in regulating various physiological and pathophysiological processes (Jahng et al., 2020; Wawrzyniak et al., 2020). However, their function and molecular mechanism in pulmonary hypertension remains an enigma and awaits further in-depth study. CircRNAs are regarded as competing endogenous RNAs that sequester microRNAs (miRNAs) by complementary base pairing (Ghafouri-Fard et al., 2020; Liu et al., 2020). miRNAs are featured as a class of small non-coding RNAs and suppress gene expression by promoting mRNA degradation or inhibiting mRNA translation, and thus, represent novel prospective targets for the diagnosis and therapeutics of various diseases (Barlak et al., 2020).

Previous evidence has demonstrated that mmu_circ_0000790 binds to miR-374c and acts as an endogenous miR-374c sponge by activating the Notch pathway via FOXC1 in mice model with HPH (Yang et al., 2020). A recent study illustrated the functionality of hsa_circ_0002062 as a key circRNA for patients with chronic thromboembolic pulmonary hypertension (CTEPH) through high-throughput sequencing and bioinformatics analysis (Miao et al., 2017). This study showed that hsa_circ_0002062 bound to hsa-miR-942-5P and acted as a miRNA sponge to inhibit hsa-miR-942-5P activity, which led to the increase of CDK6 expression, a target for hsa-miR-942-5P. CDK6 has been found to regulate the cell cycle and promote cell proliferation. Hence, downregulated hsa_circ_0002062 has been implicated as a prospective therapeutic target in PH. The hsa_circ_0002062/hsa-miR-942-5P/CDK6 signaling pathway may be involved in PH, but a detailed mechanism has not been elucidated yet. Based on the aforementioned studies, we hypothesized that the potential interactions between hsa_circ_0002062, hsa-miR-942-5P, and CDK6 might influence cell proliferation in the progression of HPH.



MATERIALS AND METHODS


Cell Lines and Cell Culture

Human pulmonary artery smooth muscle cells (hPASMCs) were purchased from Lonzapet (Lonza, Switzerland). All of the cells were cultured in DMEM (HyClone Victoria, Australia) supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA, United States), and 1% penicillin/streptomycin at 37°C in incubators containing 5% CO2. PASMCs was randomly divided into a hypoxic group (3% O2, 5% CO2, and 92% N2) and a normoxic group (21% O2, 5% CO2, and 74% N2), which were maintained in hypobaric and normoxic incubators, respectively.



Quantitative Real-Time PCR Analysis

According to the manufacturer’s protocol, total RNA was extracted from hPASMCs using the Trizol reagent (Invitrogen, Carlsbad, CA, United States). RNA samples were digested with Ribonuclease R (Geneseed, China) to degrade linear RNA and improve the purity of circRNA. The expression of hsa-miR-942-5P was measured using TaqMan miRNA assays based on the provided instructions, U6 was used for normalization. For the analysis of the levels of hsa_circ_0002062 and CDK6, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Reverse transcription (RT) was conducted using the Revert AidTM First Strand cDNA Synthesis Kit (Fermentas, United States). Amplification reactions were performed with an ABI PRISM 7300 Fluorescent Quantitative PCR System (Applied Biosystems, Foster City, CA, United States). The primers used in the study were synthesized by Beijing Genomics Institute (BGI) (Shenzhen, China). All procedures were performed in triplicate, and the sequences of the forward and reverse primers are as follows: Hsa_circ_0002062 Primer F 5′TTATTGACTGGGTCTTCC3′, Primer R 5′CATACATACATACATAGGGTG 3′; CDK6 Primer F 5′ TAACCTCAGTGGTCGTCAC 3′, Primer R 5′GTCTT TGCCTAGTTCATCG 3′;

GAPDH Primer F 5 GGATTGTCTGGCAGTAGCC 3′, Primer R 5′ATTGTGAAAGGCAGGGAG3′; hsa-miR-942-5p RT Primer, 5′GTCGTATCCAGTGCAGGGTCCGAGGTATTCG CACTGGATACGACCACATG 3′, PCR Primer, Primer F 5′CG CGTCTTCTCTGTTTTGGC 3′, Primer R 5′AGTGCAGGGT CCGAGGTATT 3′; U6 Primer F 5′CTCGCTTCGGCA GCACA 3′,Primer R 5′AACGCTTCACGAATTTGCGT 3′. The expression of target genes was measured using the relative quantitative method (2–ΔΔCt).



RNA Interference and Plasmid Constructs

shRNAs against CDK6 as well as an hsa-miR-942-5P inhibitor, an hsa-miR-942-5P mimics, and a negative control shRNA, were purchased from Gene Pharma (Shanghai, China). Human CDK6 eukaryotic overexpression vector, mouse CDK6 shRNA Adeno-associated Viral virus (AAV), and mouse CDK6 overexpression AAV all were purchased from Gene Pharma (Shanghai, China). Overexpression hsa_circ_0002062 and shRNA hsa_circ_0002062 plasmids were purchased from Gisai Biotechnology Co., Ltd. (Guangzhou, China). The FuGENE HD Transfection Reagent (Promega Corp., United States) was used in PASMCs with specific shRNAs and plasmid vectors based on the provided instructions. The sequences of the shRNA primers are as follows: Sh-CDK6: 5′-GUUUGAACAUGUCGAUCAATT-3′; sh-NC: 5′-UUCUCCGAACGUGUCACGUTT-3′;

hsa-miR-942-5P inhibitor: 5′-CACAUGGCCAAAACAGAG AAGA-3′; hsa-miR-942-5p mimics: 5′-UCUUCUCUGUUUU GGCCAUGUG-3′; miR-N.C

5′-CAGUACUUUUGUGUAGUACAA-3′.



Ethynyldeoxyuridine (Edu) Analysis

Edu incorporation assays were used to determine cell proliferative abilities. Cells in logarithmic growth were taken and cultured in 6-well plates. Edu labeling solution (20 μM, Beyotime, Shanghai, China) was added to the 6-well plates 48 h after transfection and then incubated for 2 h at 37°C and 5% CO2. The cells were stained with the Click Additive Solution (Beyotime, Shanghai, China) and Hoechst 33342, and an anti-Edu working solution according to the manufacturer’s instructions. After this, cells were treated with 4% paraformaldehyde and PBS containing 0.3% Triton X-100. The percentage of Edu-positive cells was finally measured using fluorescence microscopy analysis.



Apoptosis Analysis by TUNEL

Approximately 5 × 107 cells/ml were fixed in 4% paraformaldehyde for 30 min and further treated with PBS containing 0.3% Triton X-100. The samples were first incubated in a TUNEL solution at 37°C for 1 h and stained according to the manufacturer’s instructions (Roche, United States). TUNEL-positive myocytes were determined using the IMS Image Analysis System (Kilton Biotechnology, China), and the apoptotic rate was then calculated based on the number of the TUNEL-positive cells.



Transwell Migration Assay

Cell migration was determined using a transwell chamber (Corning Costar, United States). Cells were first cultivated in a 24-well transwell plate in starvation medium for 24 h. For migration assays, 5 × 104 cells/well were seeded into the top chamber containing 0.2-ml serum-free DMEM. After incubation for 24 h, the cells migrated to the bottom chamber containing 0.7-ml medium supplemented with 10% FBS. The cells that did not migrate were carefully swabbed out of the chamber. The cells were fixed with 4% paraformaldehyde solution and stained with 0.5% crystal violet, imaged, and migration rates were calculated using an Olympus microscope (Tokyo, Japan).



Western Blotting

Cells were homogenized in an ice-cold RIPA buffer (Keelton Co., Ltd., China). Protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (Thermo, Rockford, United States). Equal amounts of protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Bio-Rad, Hercules, CA, United States) and transferred onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany). The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween 20 (TBST) at room temperature for 2 h, incubated overnight with the primary anti-CDK6 (1:1,000 dilution, ab241554; Abcam), anti-VEGF (1:2,000, GTX102643; GeneTex), antiAT1R (1:2,000, ab124734; Abcam), or anti-GAPDH antibodies (1:2,000 dilution, #5174;CST). After washing with TBST three times for 10 min, the membranes were treated with HRP-labeled secondary antibodies (1:1,000 dilution, Beyotime, China) for 1 h and visualized using the chemiluminescence method (Thermo, Rockford, United States). The relative protein expression was measured using GAPDH as an internal control.



RNA Binding Protein Immunoprecipitation (RIP)

RIP assays were conducted using the EZ-Magna RIP kit (Millipore, Billerica, MA, United States). hPASMCs at 80–90% confluency were lysed in a full lysis buffer and then incubated with a RIP buffer containing magnetic beads conjugated with an anti-Ago2 antibody (Abcam, United States) or a negative control IgG antibody (Millipore, United States). The samples were incubated with 150-μl Proteinase K buffer at 55°C for 30 min to remove protein and purify RNA. Next, the immunoprecipitated RNA was reversed transcribed and quantified by qRT-PCR.



Dual-Luciferase Reporter Gene Assays

Dual-luciferase reporter assays were performed to verify further whether hsa_circ_0002062 or CDK6 was the target of hsa-miR-942-5P.

hsa_circ_0002062 wild type, hsa_circ_0002062 mutant, CDK6 wild type, or CDK6 mutant inserts were inserted into the pGL3-basic luciferase vector (Promega, Madison, WI, United States) in order to generate report plasmids. Afterward, cells transfected with indicated reporter plasmid were cultured in a 6-well plate and co-transfected with 5-μL miR-NC, or hsa-miR-942-5p mimic using Lipofectamine 2000 (Invitrogen). The Dual-Luciferase Reporter Gene Assay System (E1910, Promega, United States) was used to detect luciferase activity according to the manufacturer’s instruction, and the ratio of firefly to renilla luciferase activity was calculated.



Establishment of an HPH Mouse Model and in vivo Experiments

In order to construct CDK6 overexpression vector, the coding region of CDK6 (NM_009873) gene was inserted into pAAV-CMV-MCS vector carrying CMV promoter. To build CDK6 shRNA vector, the sequence of sh-CDK6 (5′-GGATATGATGTTTCAGCTTCTCGAGAAGCTGAAACATCA TATCCTTTTT—3′) was inserted into pAAV-U6-MCS carrying the U6 promoter. The CDK6 overexpression vector and CDK6 shRNA vector were co-transfected into AAV-293 cells with a packer plasmid (pAAV-RC) and a helper plasmid (phelper), respectively. Mouse CDK6 overexpression AAV and mouse CDK6 shRNA AAV were packaged and collected, while AAV without target gene was collected as controls.

All the animal experiments were performed with the approval of the Animal Experiment Ethics Committee of Renji Hospital affiliated with Shanghai Jiao Tong University. A total of 42 healthy male C57/BL6 mice 6–9 weeks old and weighing 22–26 g were purchased from SIPPR-BK Lab Animal Co., Ltd. (Shanghai, China), with six mice in the normoxic group and six mice in the hypoxic group. Mice in the Hypoxia + Vector group, the Hypoxia + CDK6 group, and the Hypoxia + sh-CDK6 group were inoculated with control AAV (100 μl,1 × 1011 vg/ml),CDK6 overexpression AAV (100 μl,1 × 1011 vg/ml). and CDK6 shRNA AAV (100 μL, 1 × 1011 vg/mL), respectively. Mice in the Control group were fed under normoxia. All animals in each group were repeatedly inoculated with AAVs through tail vein once a week during modeling. Four weeks later, the mice were sacrificed, and several indices were measured. At the end of the experiment, the lung tissues were fixed with 4% paraformaldehyde and embedded in paraffin. The vascular remodeling of mice in different groups was analyzed by HE and Masson staining. RNA and protein were extracted from the pulmonary arteries in other lung tissues. The expression levels of CDK6 mRNA were determined by qPCR, while the expression levels of CDK6, VEGF, and AT1R were analyzed by Western blot.



Statistical Analyses

Statistical analyses were conducted using SPSS 22.0 (Chicago, IL, United States) and GraphPad Prism 8 (San Diego, CA, United States). All data are presented as the mean ± standard deviation (SD). Student’s t-test and one-way analysis of variance (ANOVA) were used to estimate significant differences between different groups. A p-value < 0.05 was considered to be statistically significant.




RESULTS


Hypoxia Promoted the Proliferation and Migration of hPASMCs and Upregulated the Expression of Hsa_circ_0002062 and CDK6

We first investigated the role of hypoxia in the proliferation and apoptosis of hPASMCs using an Edu incorporation assay and by TUNEL staining. The Edu assay revealed that hypoxia significantly increased the percentage of Edu-positive cells compared with normoxia (Figure 1A), indicating that the content of newly synthesized DNA in hPASMCs was significantly increased under hypoxia. As shown in Figure 1B, hypoxia downregulated the apoptosis ratio of cells compared with controls. This result suggested that hypoxia affected hPASMC proliferation via regulation of apoptosis. Transwell assays indicated that hypoxia significantly accelerated hPASMC migration compared with cells under normoxia (Figure 1C). These findings demonstrated that hypoxia promoted hPASMC proliferation and migration. To investigate the role of hsa_circ_0002062 in hPASMCs, we investigated the expression of hsa_circ_0002062 using qRT-PCR. The relative expression levels of hsa_circ_0002062 and CDK6 mRNA were significantly upregulated in the hypoxic group compared with the control normoxic group (Figures 1D,E). Furthermore, the protein expression levels of CDK6, VEGF, and AT1R, which are related to vascular smooth muscle cell proliferation, were significantly elevated under hypoxia (Figure 1F).
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FIGURE 1. Hypoxia promotes the proliferation and migration of hPASMCs and upregulates the expression of hsa_circ_0002062 and CDK6. (A–C) Based on the results of Edu incorporation assays (A), TUNEL assays (B), and Transwell assays (C), cell proliferation and migration were elevated, while the apoptosis rate of hypoxic PASMCs decreased under hypoxia compared to normoxic conditions (p < 0.01). (D,E) Relative expression levels of hsa_circ_0002062 and CDK6 mRNA were significantly upregulated in the hypoxic group compared with the control group. (F) Under hypoxia, the protein expression levels of CDK6, VEGF, and AT1R were significantly upregulated. Error bars represent the mean ± SD from triplicate experiments. Image magnification: ×200.




Downregulation of Hsa_circ_0002062 Expression in hPASMCs Under Hypoxia Attenuated Cell Proliferation and Migration

To investigate the biological role of hsa_circ_0002062 in hPASMCs under hypoxia, we constructed plasmids containing short hairpin RNA (shRNA) targeting hsa_circ_0002062 or overexpressing hsa_circ_0002062, and then stably transfected these into hPASMCs, which we confirmed by qRT-PCR (p < 0.01; Figure 2A). Edu incorporation assays showed that hsa_circ_0002062 overexpression resulted in a significant increase in cell proliferation. Conversely, hsa_circ_0002062 shRNA led to a significant decrease in cell proliferation compared to that in the control group (p < 0.05; Figure 2D). To probe the effects of hsa_circ_0002062 overexpression or knockdown, we used TUNEL staining to investigate hPASMC apoptosis. The cell apoptosis ratio of cells overexpressing hsa_circ_0002062 was significantly decreased relative to the control group (p < 0.05; Figure 2E). Transwell assays revealed that migration ability was significantly increased after overexpression of hsa_circ_0002062, whereas knockdown of hsa_circ_0002062 expression via shRNA decreased the migration ability of hPASMCs (p < 0.05; Figure 2F). Treatment with hsa_circ_0002062 overexpression plasmid substantially increased the expression of CDK6 mRNA, a transcriptional regulator that links cell-cycle progression to differentiation and cell proliferation (Figure 2B). Western blotting analysis to measure protein expression levels indicated that knockdown of hsa_circ_0002062 led to noticeably decreased levels of CDK6, VEGF, and AT1R (Figure 2C), which are strongly associated with control of cell proliferation. The findings raise the intriguing possibility that inhibition of hsa_circ_0002062 may block the proliferation of hypoxic hPASMCs, representing a novel approach for the treatment of vascular remodeling in HPH patients.


[image: image]

FIGURE 2. Downregulation of hsa_circ_0002062 expression in hPASMCs under hypoxia attenuates cell proliferation and migration. (A) qRT-PCR indicated successful silencing or overexpression of hsa_circ_0002062. (B,C) The mRNA levels of CDK6 and the protein levels of CDK6, VEGF and AT1R were significantly decreased in cells treated with sh-hsa_circ_0002062, whereas they were increased in cells overexpressing hsa_circ_0002062 (all p < 0.01). (D–F) Edu assay (D), TUNEL assay (E), and Transwell assay (F), indicating that cell proliferation and migration were elevated while the apoptosis rate in hypoxia hPASMCs was lowered in the overexpressed hsa_circ_0002062 group, in contrast to the control group. Knockdown of hsa_circ_0002062 with shRNA restrained proliferation and migration while stimulated the apoptosis of hypoxic hPASMCs. Error bars represent the mean ± SD from triplicate experiments. Image magnification: ×200.




Hsa_circ_0002062 Acts as a Competing Endogenous RNA (CeRNA) to Upregulate the Expression of CDK6 by Sequestering Hsa-miR-942-5p, Thereby Affecting the Biological Characteristics of Hypoxic hPASMCs

Previous evidence has indicated that hsa_circ_0002062 can serve as a sponge to regulate gene expression via sequestering miRNAs in CTEPH. The Encyclopedia of RNA Interactomes (ENCORI) was used to predicate the potential miRNAs that may bind to hsa_circ_0002062. Eight miRNAs were found that be possible targets of hsa_circ_0002062. The binding of circRNAs to miRNAs is mediated by Argonaute 2 (Ago2). We therefore used RNA immunoprecipitation (RIP) with an antibody against Ago2 in PASMCs, and determined whether the 8 miRNAs related to hsa_circ_0002062 found in previous studies were enriched by RIP using qPCR. The RIP results showed that hsa_circ_0002062, has-miR-942-5p, and CDK6 were enriched in Ago2-containing immunoprecipitates (Figure 3G). Our findings indicated that Ago2 antibody could simultaneously bind hsa_circ_0002062 and hsa-miR-942-5P in hypoxic PASMCs, indicating that Ago2 mediated the interaction of hsa_circ_0002062 with hsa-miR-942-5P (Figure 3A). ENCORI analysis indicated that there were binding sites common to hsa-miR-942-5p, hsa_circ_0002062, and the CDK6 3′UTR region (Figure 3B).
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FIGURE 3. Hsa_circ_0002062 upregulates the expression of CDK6 by competitively binding to hsa-miR-942-5p. (A) RIP showing that hsa_circ_0002062 binds to hsa-miR-942-5p as a miRNA sponge. (B) ENCORI analysis indicating the binding sites common to hsa-miR-942-5p, hsa_circ_0002062 and the CDK6 3′UTR region. (C,D) Luciferase reporter assay validating the direct interaction between hsa-miR-942-5p and hsa_circ_0002062 or the CDK6 3′UTR. (E) The expression level of hsa-miR-942-5p in hPASMCs was significantly decreased under hypoxia. (F) Knockdown of hsa_circ_0002062 elevates hsa-miR-942-5p expression in hPASMCs, while overexpression of hsa_circ_0002062 inhibits the expression of hsa-miR-942-5p. (G) RIP showing that hsa_circ_0002062, miR-942-5p, and CDK6 were enriched in Ago2-containing precipitates. Error bars represent the mean ± SD from triplicate experiments.


Furthermore, a dual-luciferase reporter assay was performed to assess the effect of hsa_circ_0002062 on hsa-miR-942-5P activity and test whether CDK6 was the target of hsa-miR-942-5P. The luciferase assay results showed that the luciferase activity was reduced in hPASMCs co-transfected with miR-942-5P and WT-hsa_circ_0002062 or WT-CDK6 3′ UTR but was not reduced in hPASMCs containing MUT-hsa_circ_0002062 (Figure 3C) or MUT-CDK6 3′UTR (Figure 3D). These results confirmed that hsa_circ_0002062 directly sequestered hsa-miR-942-5p, and that hsa-miR-942-5p targets CDK6. As illustrated in Figure 3E, the expression level of hsa-miR-942-5p in hPASMCs was significantly decreased under hypoxia. To further corroborate the effect of hsa_circ_0002062 on hsa-miR-942-5P activity, qRT-PCR analysis showed that knockdown of hsa_circ_0002062 triggered a significant increase in hsa-miR-942-5p expression in hypoxic hPASMCs, while overexpression of hsa_circ_0002062 under hypoxia inhibited the expression of hsa-miR-942-5 (Figure 3F). Altogether, we found that hsa_circ_0002062 could sequester hsa-miR-942-5p as a CeRNA and inhibit its activity, and that the hsa_circ_0002062/hsa-miR-942-5P/CDK6 signaling pathway may be involved in hypoxia responses in PASMCs.



Hsa-miR-942-5p Reverses Hsa_circ_0002062-Mediated Promotion of Cell Proliferation and Migration

Our further study focused on the involvement of hsa-miR-942-5p with respect to the functionality of hsa_circ_0002062 in hypoxic PASMCs. Having confirmed that hsa-miR-942-5p expression was negatively regulated by hsa_circ_0002062 expression, we further investigated whether hsa-miR-942-5p reversed hsa_circ_0002062-mediated promotion of hPASMC proliferation and migration. After transfection with hsa-miR-942-5p inhibitor in hPASMCs under hypoxia, the expression level of hsa-miR-942-5p was decreased (P = 0.0232). Transfection of hPASMCs with hsa-miR-942-5p mimic significantly upregulated the expression level of hsa-miR-942-5p under hypoxia (P < 0.0001), which was confirmed by qRT-PCR (Figure 4A). As illustrated in Figure 2, knockdown of hsa_circ_0002062 with shRNA significantly restrained proliferation and migration and stimulated the apoptosis of hypoxic PASMCs, while transfection with hsa_circ_0002062-overexpression plasmid had the opposite effect. In order to investigate whether hsa_circ_0002062 exerted its oncogene effect through sequestration activity on hsa-miR-942-5p, we co-transfected hPASMCs with an hsa-miR-942-5p inhibitor and hsa_circ_0002062 shRNA (Figure 4B). The effects of hsa_circ_0002062 knockdown on the proliferation, migration, and apoptosis of hPASMCs were reversed by the hsa-miR-942-5p inhibitor (Figures 4D–F). Importantly, the inhibition of the protein expression of CDK6, VEGF, and AT1R by hsa_circ_0002062 shRNA was attenuated by the hsa-miR-942-5p inhibitor (Figure 4C). In addition, we co-transfected hPASMCs with hsa-miR-942-5p mimic and hsa_circ_0002062-overexpression plasmid (Figure 4B). The results were consistent with the above findings. The effects of overexpression of hsa_circ_0002062 on the proliferation, migration, and apoptosis of hPASMCs, as well as the protein levels of CDK6, VEGF, and AT1R, were all rescued by hsa-miR-942-5p mimic (Figures 4B–F). Taken together, these results clarified that hsa-miR-942-5p was negatively correlated with hsa_circ_0002062 expression and reversed the hsa_circ_0002062-mediated promotion of cell proliferation or migration and inhibition of cell apoptosis.
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FIGURE 4. Hsa-miR-942-5p reverses the hsa_circ_0002062-mediated promotion of cell proliferation and migration. (A) qRT-PCR indicated successful silencing and overexpression of hsa-miR-942-5p. (B–F) Co-transfection of miR-127-5p inhibitor and hsa_circ_0002062 siRNA, or hsa-miR-942-5p mimic and hsa_circ_0002062-overexpression plasmid in hPASMCs under hypoxia. There were no significant changes between groups in the expression level of CDK6 mRNA (B) protein levels of CDK6, VEGF and AT1R (C), cell proliferation (D), migration (E), or cell apoptosis (F). Image magnification: ×200. n.s.: no significant.




In vitro Downregulation of CDK6 Reverses Hypoxia-Mediated Promotion of Cell Proliferation and Migration

Our results from qRT-PCR confirmed the successful silencing and overexpressing of CDK6 under hypoxia (Figure 5A). The downregulation of CDK6 decreased the expression levels of VEGF and AT1R in hypoxic hPASMCs, while the upregulation of CDK6 had the opposite effect (Figure 5B). The proliferation of hPASMCs in the sh-CDK6 group significantly decreased compared to that in the CDK6 overexpression group (Figure 5C). Moreover, hPASMCs treated with sh-CDK6 exhibited a higher ratio of apoptosis than cells treated with overexpressing plasmid targeting CDK6 (Figure 5D). Further, knockdown of CDK6 with sh-RNA led to decreased cell migration compared with the overexpressed CDK6 group (Figure 5E). These results clarified that CDK6 promoted hPASMC proliferation and migration and knockdown of CDK6 reversed this hypoxia-mediated cell proliferation and migration.
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FIGURE 5. Downregulation of CDK6 in vitro reverses the hypoxia-mediated promotion of cell proliferation and migration. (A) qRT-PCR indicating successful silencing and overexpression of CDK6. (B) The protein expression of VEGF and AT1R was significantly decreased in hPASMCs treated with sh-CDK6. In contrast, they were elevated in cells treated with CDK6 overexpression vectors (all p < 0.01). (C–E) Edu assay (C), TUNEL assay (D), and Transwell assay (E) indicating that the cell proliferation and migration were decreased while the apoptosis rate of hypoxic PASMCs was elevated in the sh-CDK6 group under hypoxia, compared to the control group. Error bars represent the mean ± SD from triplicate experiments. Image magnification: ×200.




Downregulation of CDK6 in vivo Retarded Pulmonary Vascular Remodeling in a Murine Model of HPH

We investigated the in vivo activity of CDK6 in a mice HPH model. To confirm whether CDK6 affects pulmonary vascular remodeling in murine development of HPH, we examined hPASMCs transfected with shRNA and overexpressing plasmid targeting CDK6. HE staining results demonstrated that transfection with this CDK6-overexpression plasmid increased the thickness of the pulmonary artery wall in mice. In contrast, the thickness was significantly decreased in the sh-CDK6 group (Figure 6A). Furthermore, Masson’s trichrome staining findings confirmed the results from HE staining and revealed that overexpression of CDK6 increased collagen fiber precipitation in the murine pulmonary artery wall, while knockdown of CDK6 had the opposite effect (Figure 6B). To test this hypothesis, we performed real-time qRT-PCR and Western blotting to evaluate the transcription and protein expression levels of CDK6 after transfection. Our data showed that the CDK6 in mRNA and protein levels decreased compared with control groups after transfection of CDK6-shRNA, whereas the CDK6 expression levels significantly increased upon overexpression of CDK6 (p < 0.05; Figures 6C,D). Overexpression of CDK6 also increased the protein expression levels of VEGF and AT1R (Figure 5C). These results suggested that VEGF and AT1R were upregulated by CDK6 at the translational level. Our findings suggested that CDK6 was involved in developing pulmonary vascular wall remodeling in HPH and promoted hPASMCs proliferation in vivo. Taken together, as illustrated in the schematic diagram, hsa_circ_0002062 functioned as an endogenous hsa-miR-942-5P sponge to increase CDK6 expression, which resulted in hPASMCs proliferation and pulmonary vascular wall remodeling (Figure 6E).
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FIGURE 6. Low Expression of CDK6 in mice retarded pulmonary vascular remodeling in the development of murine HPH. (A) HE staining demonstrating that knockdown of CDK6 with shRNA decreased the thickness of the pulmonary artery wall in mice. In contrast, transfection with a CDK6-overexpression plasmid had the opposite effect. (B) Masson’s trichrome staining revealing that upregulated CDK6 expression increased collagen fiber precipitation in the pulmonary artery wall of mice, while down-regulation of CDK6 expression did not. (C) The expression of CDK6 mRNA in the pulmonary arteries of mice in different groups by qRT-PCR. (D) Protein expression levels of CDK6, VEGF and AT1R in the pulmonary arteries of mice in each group by Western blot. (E) As illustrated in the schematic diagram, hsa_circ_0002062 functions as an endogenous hsa-miR-942-5P sponge to sequester and inhibit hsa-miR-942-5P activity and increase CDK6 expression, which resulted in hPASMCs proliferation and pulmonary vascular wall thickening. Error bars represent the mean ± SD from triplicate experiments. Image magnification: ×200.





DISCUSSION

An accumulated number of recent studies have identified that circRNAs are intensively associated with various respiratory diseases such as lung cancer, acute respiratory distress syndrome, pulmonary tuberculosis, pulmonary hypertension (PH), and silicosis (Li et al., 2020; Lu et al., 2020; Wang L. et al., 2020; Zou et al., 2020). However, these studies focused exclusively on the functions of circRNAs in lung cancers and only a few have described their functions in other respiratory diseases. New study is required to provide a better understanding of the role of circRNAs in PH.

In our study, hsa_circ_0002062 was found to be highly expressed in hypoxic PASMCs, and promoted pulmonary vascular remodeling, demonstrating that hsa_circ_0002062 might promote HPH development. In vitro experiments demonstrated that when hsa_circ_0002062 was upregulated, cell proliferation was induced, and cell apoptosis was inhibited. Meanwhile, when hsa_circ_0002062 was downregulated, the results were opposite. As hsa_circ_0002062 may play a stimulative role in HPH, these results supported the hypothesis that downregulating hsa_circ_0002062 inhibits HPH progression.

CircRNAs, as a recent identified member of the non-coding RNA family, will be a promising diagnostic and therapeutic target in PH (Gokool et al., 2020). A series of cirRNAs have been found to participate in the development of PH, but only a few of them are clearly understood in terms of their distinct pathophysiological mechanisms (Zhang et al., 2020). In order to better understand the in-depth mechanisms behind the pathogenesis of PH, we designed this study with the aim of investigating the roles of hsa_circ_0002062 in the viability and migration of hypoxic PASMCs via hsa-miR-942-5P-mediated regulation of CDK6. Collectively, we revealed that hsa_circ_0002062 upregulated the expression of CDK6 by binding to hsa-miR-942-5P, consequently affecting the cellular pathophysiological processes of hypoxic PASMCs, such as apoptosis, proliferation, and migration. Our results provide new insights into hsa_circ_0002062 in the pathogenesis of HPH. Downregulation of hsa_circ_0002062 has the potential to block pulmonary vascular remodeling induced by CDK6, overexpression of which accelerates cell proliferation in pulmonary hypertension.

Studies on circRNAs have opened a new chapter in respiratory diseases, as they act as endogenous miRNAs sponges to bind miRNAs through their binding sites to prevent their interactions with target genes (Wang et al., 2019). Liu et al. (2018) demonstrated a novel regulatory signaling pathway involving hsa_circRNA_103809/miR-4302/ZNF121/MYC in lung cancer progression. Additionally, an increasing number of studies have flagged the potential axis of circRNA-miRNA-mRNA as an emerging regulator of non-cancer diseases (Hall et al., 2019; Ma et al., 2020; Miao et al., 2020; Xue et al., 2020). Hall et al. (2019) have suggested that circ_Lrp6 enriched in Vascular Smooth Muscle Cells was a modulator and natural sponge of miR-145. Miao et al. (2020) found that hsa_circ_0046159 serves as a crucial regulator of the development of CTEPH within the miRNA-circRNA network. Nevertheless, previous studies are predominantly phenomenological, in that they are mostly profiling dysregulated circRNAs and lack in-depth mechanisms. Our result revealed that hsa_circ_0002062 acts as hsa-miR-942-5P sponge to upregulate CDK6 in HPH. Further experiments showed that knockdown of hsa_circ_0002062 attenuated pulmonary vascular remodeling, inhibited cell growth, and promoted cell apoptosis.

It has been revealed that miR-942-5p plays an important role in many cell types (Zhang et al., 2017; Luo et al., 2020; Rao et al., 2020). miR-942-5p regulates septic acute kidney injury by targeting FOXO3 (Luo et al., 2020). Five upregulated miRNAs, including miR-942-5p, were identified by qRT-PCR in breast cancer patients’ based on microRNA profiling from blood samples (Zhang et al., 2017). It should be noted that miR-942-5p has been shown to play an increasingly vital role in a series of respiratory diseases (Scheicher et al., 2015; Yang et al., 2019; Wang Q. et al., 2020). It has been reported that miR-942-5p promotes tumor migration and invasion via ZNF471 in non-small cell lung cancer (NSCLC) (Wang Q. et al., 2020). Yang et al. (2019) demonstrated the tumor-promoting activity of miR-942 in NSCLC. Additionally, 761 (e.g., hsa-miR-942-5p) and 453 (e.g., hsa-miR-940) miRNAs were shown to be regulated by hsa_circ_0002062 and hsa_circ_0022342 in the CTEPH group, respectively (Miao et al., 2017). This study indicated that the hsa_circ_0002062–hsa-miR-942-5P–CDK6 and hsa_circ_0022342–hsa-miR-940–CRKL–ErbB signaling pathways might be key mechanisms in CTEPH development. The above scientific findings have highlighted the potential of the circRNA-miRNA-mRNA axis as a promising regulatory mechanism in respiratory diseases. Our study unveiled that miR-942-5p targets CDK6 in hypoxic pulmonary hypertension, which has been found to regulate the cell cycle and promote cell proliferation. Previous publications and our current studies strongly indicate that miR-942-5p is an important miRNA that is involved in various physiological and pathological processes. Thus, it becomes necessary to unearth the downstream targets of miR-942-5P in detail, which should provide further insight into the regulative mechanism of the miR-942-5P/CDK6 axis in HPH.

CDK6 is a member of the cyclin-dependent kinase (CDK) family, which governs cell cycle transitions during quiescence, senescence, and differentiation (Scheicher et al., 2015). CDK6 can promote cancer cell proliferation in different types of cancers (Nebenfuehr et al., 2020). Recent studies have shed new light on several unexpected roles for CDK6 and suggest a novel function for CDK6 as a versatile player in transcriptional regulation and differentiation, the integration of signaling networks, and gene expression modulation (Tigan et al., 2016). It has also been revealed that a number of miRNAs target CDK6 and control cell proliferation and differentiation (Zhu et al., 2016). The current study found that CDK6 was negatively regulated by hsa-miR-942-5P and positively by hsa_circ_0002062 via a specific target site within its 3′ UTR. ENCORI analysis demonstrated common binding sites in hsa-miR-942-5p, hsa_circ_0002062, and the CDK6 3′UTR region. These findings showed that CDK6 was a potential direct target of hsa-miR-942-5P and downregulating hsa-miR-942-5P led to up-regulation of CDK6.

Taken together, we found that hsa_circ_0002062 was a significant regulator of HPH development through its regulation of the hsa-miR-942-5P/CDK6 axis. Our results suggested that hsa_circ_0002062 plays a stimulative role in pulmonary vascular remodeling. It can induce PASMC proliferation by positively regulating CDK6 expression. The hsa_circ_0002062/hsa-miR-942-5P/CDK6 axis thus becomes vital to our understanding of the molecular mechanisms involved in pulmonary vascular remodeling, and may serve as a novel therapeutic target for HPH. Due to its importance, in the future it will be necessary to excavate the downstream targets of hsa_circ_0002062 in detail and gain further insight into the hsa_circ_0002062 regulation mechanism of PH.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

All animal experiments were performed with the approval of the Animal Care and Use Committee of Renji Hospital Affiliated to Shanghai Jiao Tong University.



AUTHOR CONTRIBUTIONS

YWa designed the research, wrote the manuscript, and submitted the article for publication. FH, LZ, and YL collected and analyzed the data. FH, XT, and YWu performed cell experiments. FH, YWa, and SC conducted animal experiments. All authors contributed to the manuscript and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (No. 81800050), the Natural Science Fund of Yangzhou City (No. YZ2017119), and the Science and Technology Innovation Cultivation Program of Yangzhou University (No. 2017CXJ122).



REFERENCES

Barlak, N., Capik, O., Sanli, F., and Karatas, O. F. (2020). The roles of microRNAs in the stemness of oral cancer cells. Oral. Oncol. 109, 104950. doi: 10.1016/j.oraloncology.2020.104950

Di Timoteo, G., Rossi, F., and Bozzoni, I. (2020). Circular RNAs in cell differentiation and development. Development 147:dev182725. doi: 10.1242/dev.182725

Gassmann, M., Cowburn, A., Gu, H., Li, J., Rodriguez, M., Babicheva, A., et al. (2020). Hypoxia-induced pulmonary hypertension - utilising experiments of nature. Br. J. Pharmacol. 178, 121–131. doi: 10.1111/bph.15144

Ghafouri-Fard, S., Shoorei, H., Taheri, M., and Sanak, M. (2020). Emerging role of non-coding RNAs in allergic disorders. Biomed. Pharmacother. 130:110615. doi: 10.1016/j.biopha.2020.110615

Gokool, A., Loy, C. T., Halliday, G. M., and Voineagu, I. (2020). Circular RNAs: the brain transcriptome comes full circle. Trends Neurosci. S0166-2236:30172-7. doi: 10.1016/j.tins.2020.07.007

Hall, I. F., Climent, M., Quintavalle, M., Farina, F. M., Schorn, T., Zani, S., et al. (2019). Circ_Lrp6, a circular RNA enriched in vascular smooth muscle cells, acts as a sponge regulating miRNA-145 function. Cir. Res. 124, 498–510.

Jahng, J. W. S., Liu, L., and Wu, J. C. (2020). Tumor repressor circular rna as a new target for preventative gene therapy against doxorubicin-induced cardiotoxicity. Circ. Res. 127, 483–485.

Kylhammar, D., and Rådegran, G. (2017). The principal pathways involved in the in vivo modulation of hypoxic pulmonary vasoconstriction, pulmonary arterial remodeling and pulmonary hypertension. Acta Physiol. 219, 728–756.

Li, M., Hua, Q., Shao, Y., Zeng, H., Liu, Y., Diao, Q., et al. (2020). Circular RNA circBbs9 promotes PM 2.5-induced lung inflammation in mice via NLRP3 inflammasome activation. Environ. Int. 143:105976. doi: 10.1016/j.envint.2020.105976

Li, Y., Ren, W., Wang, X., Yu, X., Cui, L., Li, X., et al. (2019). MicroRNA-150 relieves vascular remodeling and fibrosis in hypoxia-induced pulmonary hypertension. Biomed. Pharmacother. 109, 1740–1749.

Liu, H., Bi, J., Dong, W., Yang, M., Shi, J., Jiang, N., et al. (2020). Correction to: invasion-related circular RNA circFNDC3B inhibits bladder cancer progression through the miR-1178-3p/G3BP2/SRC/FAK axis. Mol. Cancer 19:124. doi: 10.1186/s12943-020-01241-2

Liu, W., Ma, W., Yuan, Y., Zhang, Y., and Sun, S. (2018). Circular RNA hsa_circRNA_103809 promotes lung cancer progression via facilitating ZNF121-dependent MYC expression by sequestering miR-4302. Biochem. Biophys. Res. Commun. 500, 846–851.

Lu, M., Xiong, H., Xia, Z. K., Liu, B., Wu, F., Zhang, H. X., et al. (2020). circRACGAP1 promotes non-small cell lung cancer proliferation by regulating miR-144-5p/CDKL1 signaling pathway. Cancer Gene Ther. 28, 197–211. doi: 10.1038/s41417-020-00209-0

Luo, N., Gao, H. M., Wang, Y. Q., Li, H. J., and Li, Y. (2020). MiR-942-5p alleviates septic acute kidney injury by targeting FOXO3. Eur. Rev. Med. Pharmacol. Sci. 24, 6237–6244.

Ma, H., Lu, L., Xia, H., Xiang, Q., Sun, J., Xue, J., et al. (2020). Circ0061052 regulation of FoxC1/Snail pathway via miR-515-5p is involved in the epithelial-mesenchymal transition of epithelial cells during cigarette smoke-induced airway remodeling. Sci. Total Environ. 746:141181. doi: 10.1016/j.scitotenv.2020.141181

Miao, R., Gong, J., Zhang, C., Wang, Y., Guo, X., Li, J., et al. (2020). Hsa_circ_0046159 is involved in the development of chronic thromboembolic pulmonary hypertension. J. Thromb. Thrombolysis 49, 386–394.

Miao, R., Wang, Y., Wan, J., Leng, D., Gong, J., Li, J., et al. (2017). Microarray expression profile of circular RNAs in chronic thromboembolic pulmonary hypertension. Medicine 96:e7354. doi: 10.1097/MD.0000000000007354

Nebenfuehr, S., Kollmann, K., and Sexl, V. (2020). The role of CDK6 in cancer. Int. J. Cancer 147, 2988–2995. doi: 10.1002/ijc.33054

Rao, G., Dwivedi, S. K. D., Zhang, Y., Dey, A., Shameer, K., Karthik, R., et al. (2020). MicroRNA-195 controls MICU1 expression and tumor growth in ovarian cancer. EMBO Rep. 21:e48483. doi: 10.15252/embr.201948483

Rowan, S. C., Keane, M. P., Gaine, S., and McLoughlin, P. (2016). Hypoxic pulmonary hypertension in chronic lung diseases: novel vasoconstrictor pathways. Lancet Respir. Med. 4, 225–236.

Scheicher, R., Hoelbl-Kovacic, A., Bellutti, F., Tigan, A. S., Prchal-Murphy, M., Heller, G., et al. (2015). CDK6 as a key regulator of hematopoietic and leukemic stem cell activation. Blood 125, 90–101. doi: 10.1182/blood-2014-06-584417

Smith, K. A., Waypa, G. B., Dudley, V. J., Budinger, G. R. S., Abdala-Valencia, H., Bartom, E., et al. (2020). Role of hypoxia-inducible factors in regulating right ventricular function and remodeling during chronic hypoxia-induced pulmonary hypertension. Am. J. Respir. Cell Mol. Biol. 63, 652–664. doi: 10.1165/rcmb.2020-0023OC

Tigan, A. S., Bellutti, F., Kollmann, K., Tebb, G., and Sexl, V. (2016). CDK6-a review of the past and a glimpse into the future: from cell-cycle control to transcriptional regulation. Oncogene 35, 3083–3091. doi: 10.1038/onc.2015.407

Wang, J., Zhu, M., Pan, J., Chen, C., Xia, S., and Song, Y. (2019). Circular RNAs: a rising star in respiratory diseases. Respir. Res. 20, 3. doi: 10.1186/s12931-018-0962-1.22

Wang, L., Zhao, L., and Wang, Y. (2020). Circular RNA circ_0020123 promotes non-small cell lung cancer progression by sponging miR-590-5p to regulate THBS2. Cancer Cell Int. 20:387. doi: 10.1186/s12935-020-01444-z

Wang, Q., Wu, J., Huang, H., Jiang, Y., Huang, Y., Fang, H., et al. (2020). lncRNA LIFR-AS1 suppresses invasion and metastasis of non-small cell lung cancer via the miR-942-5p/ZNF471 axis. Cancer Cell Int. 20:180. doi: 10.1186/s12935-020-01228-5

Wawrzyniak, O., Zarębska, Ż, Kuczyński, K., Gotz-Więckowska, A., and Rolle, K. (2020). Protein-Related Circular RNAs in Human Pathologies. Cells. 9:E1841. doi: 10.3390/cells9081841

Xue, H., Yu, F., Zhang, X., Liu, L., and Huang, L. (2020). circ_0000638 inhibits neodymium oxide-induced bronchial epithelial cell inflammation through the miR-498-5p/NF-κB axis. Ecotoxicol. Environ. Saf. 195:110455. doi: 10.1016/j.ecoenv.2020.110455

Yang, F., Shao, C., Wei, K., Jing, X., Qin, Z., Shi, Y., et al. (2019). miR-942 promotes tumor migration, invasion, and angiogenesis by regulating EMT via BARX2 in non-small-cell lung cancer. J. Cell Physiol. 234, 23596–23607.

Yang, L., Liang, H., Meng, X., Shen, L., Guan, Z., Hei, B., et al. (2020). mmu_circ_0000790 Is Involved in Pulmonary Vascular Remodeling in Mice with HPH via MicroRNA-374c-Mediated FOXC1. Mol. Ther. Nucleic Acids 20, 292–307. doi: 10.1016/j.omtn.2019.12.027

Zhang, J., Li, Y., Qi, J., Yu, X., Ren, H., Zhao, X., et al. (2020). Circ-calm4 serves as an miR-337-3p sponge to regulate Myo10 (Myosin 10) and promote pulmonary artery smooth muscle proliferation. Hypertension 75, 668–679. doi: 10.1161/HYPERTENSIONAHA.119.13715

Zhang, K., Wang, Y. W., Wang, Y. Y., Song, Y., Zhu, J., Si, P. C., et al. (2017). Identification of microRNA biomarkers in the blood of breast cancer patients based on microRNA profiling. Gene 619, 10–20. doi: 10.1016/j.gene.2017.03.038

Zhu, H., Wang, G., Zhou, X., Song, X., Gao, H., Ma, C., et al. (2016). miR-1299 suppresses cell proliferation of hepatocellular carcinoma (HCC) by targeting CDK6. Biomed. Pharmacother. 83, 792–797. doi: 10.1016/j.biopha.2016.07.037

Zou, Z., Wang, Q., Zhou, M., Li, W., Zheng, Y., Li, F., et al. (2020). Protective effects of P2X 7 R antagonist in sepsis-induced acute lung injury in mice via regulation of circ_0001679 and circ_0001212 and downstream Pln, Cdh2, and Nprl3 expression. J. Gene Med. 22:e3261. doi: 10.1002/jgm.3261


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 © 2021 Wang, Tan, Wu, Cao, Lou, Zhang and Hu. 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/fgene-12-673229-g005.jpg
P<0.0001 g F© &

< o NieR o' o

E QﬁQ o Q:\(;&O QSQOQ"'

EE 4- CDKE @l = o

X 0

Qg

LGJ) éz VEGF| S e e

> -

E© P<0.0001

—

& - ATIR| s —
Hypoxia+ Hypoxia+ Hypoxia+ GAPDH S - —
vector sh-CDK6 CDKé

C  Hypoxia+vector Hypoxia+sh-CDK6 Hypoxia+CDK6

P=0.0106
100~ |
< =0.0111
< g0 — 1
2 8
°
o
(]
2
=
[7]
[}
o
=]
©
w

Hypoxia+ Hypoxia+ Hypoxia+
vector sh-CDKé CDK6

Hypoxia+vector Hypoxia+sh-CDK6 Hypoxia+CDK6

15+
P=0.0097
< P=0.011
Q
2 10+
g
o
[7]
g
S 5-
o
Q.
<
0-

Hypoxia+ Hypoxia+ Hypoxia+
vector sh-CDKé CDKé

Cell numbers

Hypoxia+ Hypoxia+ Hypoxia+
vector sh-CDKé6 CDKé6





OPS/images/fgene-12-673229-g006.jpg
Control CDKé Hypoxia+sh-CDK6
= T s '] . i l « CR3 5 07 TS ? T . T

P=0.0277
Cc I 1
P=0.0166 P=0.0012
8+ T i 1

<
Z
S 5 &
§ o P=0.0046
QB 4-
O <
o &

X
Z o
8 24
()
14

0_
Control Hypoxia+ Hypoxia+ Hypoxia+
vector CDKé sh-CDK6
E

Proliferative
hPASMCs

Vascular wall
thickening





OPS/images/fgene-12-673229-g003.jpg
600

400

200

Flod enrichment (AgO2/1gG) >

m gG

Bl anti-Ago2

s input

|

0_
< R R »©
N ¥ ) o
v v g g
N 55 Ul &
® & & & &
7 & & & &
& & & < S
©4
,‘@Q AN AN ,(‘6
C > 157
=
=
%]
©
2 104
&
<
S
— 5-
(]
2
k|
[}
X ol
WT-circ_0002062 + +
Mut-circ_0002062 - -
miR-NC  + -
miR-942-5p  _ +
E 1.5+
& P<0.0001
g
3 § 1.0
© %
Eg
28
2 5 0.54
i
Q
4
0.0-
Normoxia
G O 800-
o mm IgG
-~
o
o 600
<
t
@ 400
£
¥
2
S -
= 200
o)
3
© O0-

hsa_circ_0002062

| l|
R

R :
® & 3 &
N
& 4 & s
6?,6‘ <& éb,& &
o
D > 101
2
&
o 69
£
S 41
S
s 21
5
[F)
X ol
- WT-CDK6 3'UTR
+ Mut-CDK6 3'UTR
- miR-NC
+ miR-942-5p
F 45
Q.
9
S
3§
© o
Eg
o Q
> X
= o
5
[
(12
Hypoxia
Em anti-Ago2 B input
miR-942-5p CDKe6

has-circ_0002062:5'

has-miR-942-5p:3'

has-circ 0002062:5'

has-miR-942-5p: 3"

©caauUUGCCAACCUUAAUAGAGAAGa 3'
L LLLL AR R RN
gUgUACCGGUU----UUGUCUCUUCu 5'

uacucacUCAUAGUAGAGAAGa 3'
ALL ST I
guguaccGGUUUUGUCUCUUCu 5'

CDK6 3’UTR:5' aaCGUGUC--AGAUGGAGAAGu 3'

has-miR-942-5p:3"'
CDK6 3'UTR:5'

has-miR-942-5p:3'

guGUACCGGUUUUGUCUCUUCu 5'

2aaAUUCCAGAAGAAGAGAAGC 3'
N N R RRRR
gugUACCGGUUUUGUCUCUUCu 5'

CDK6 3’UTR:5' aaaacaaauguuAUGGAGAAGc 3'

has-miR-942-5p:3"'

guguaccgguuuUGUCUCUUCu 5'

IEEARRRANI

+ + -

- = +

+ - =

= + +
P<0.0001

[
P=0.0142






OPS/images/fgene-12-673229-g004.jpg
Relative miR-942-5p >

expression

B &
1.5+ ns. ¥ xS
14 < rns. & "d’é" o*>0§§ '&&
| P<0.0001 I — F & SL S
12 F LIRS
O RS V9’ o7
10 E c 404 SV o NS
w09 R & & v
83 59 & &¥ £
P=0.0232 5] g & & &
= 2 5 05 CDK6
£ —_—— —— —
0.5 °
[
0.0- 0.0- VEGF| s e e
. X . X (¢} . X . X
& ¢f§¢§ 699%? <§é d§§d; Qc?(
+ N . R 3
&Qo ,\s\os @Q & Q?\Q&' @é_\@q@& & &,\@\ & ATIR| wet w—
R )2 QO N
v;“b Q;& h"'f’ & ° 'V"Q P \"9
& & & .9 o oS GAPDH| e s s
& <« & ¢ é‘q;;o"’
. )
Hypoxia+ Hypoxia+
miR-942-5p mimics+ miR-942-5p inhibitor+
Hypoxia+NC hsa_circ_0002062 sh-hsa_circ_0002062 o0 n.s.
T n.s.

Edu

DAPI

Hypoxia+
miR-942-5p inhibitor+
sh-hsa_circ_0002062

; Hypoxia+
miR-942-5p mimics+
hsa_circ_0002062

Hypoxia+NC

TUNEL

Hypoxia+ .
miR-942-5p inhibitor+
sh-hsa_circ_0002062

Hypoxia+
miR-942-5p mimics+
hsa_circ_0002062

¥ o

~a

Apoptosis rate (%)

Edu positive cells (%)

X X
S 4 2 Qo"'\box"
& &&
FEP S
&S & $
s ‘V(°Q~<°’
i
N
Y
89 ns.
n.s.
1
6_
4

N
1

60

Cell numbers
N
8

N
S

g g
3¢ o Lo
& FY) \@\ & ™ &
& & &
&£ S o
o R
S o W
& 2 & a5
& &S





OPS/images/fgene-12-673229-g001.jpg
A

Normoxia

il T
v
A.i ”

e
E
:
5
® 20
3

Normoxia

Hypoxia

Hygoxiva‘ —
e

Edu positive cells (%)

D

Relative hsa_cicr_0002062
expression

P=0.006

IS

©

)

Normoxia

Normoxia

Hypoxia

P=0.0007

Hypoxia

B

Relative CDK6 mRNA

expression

Normoxia

Normoxia

P<0.0001

1
3
2
1

Hypoxia

o N N
° a =3

Apoptosis rate (%)
o

CDK6é

VEGF

ATIR

GAPDH

P=0.0208

Normoxia Hypoxia

Normoxia  Hypoxia






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hsa_circ_0002062 Promotes the Proliferation of Pulmonary Artery Smooth Muscle Cells by Regulating the Hsa-miR-942-5p/CDK6 Signaling Pathway



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Lines and Cell Culture



		Quantitative Real-Time PCR Analysis



		RNA Interference and Plasmid Constructs



		Ethynyldeoxyuridine (Edu) Analysis



		Apoptosis Analysis by TUNEL



		Transwell Migration Assay



		Western Blotting



		RNA Binding Protein Immunoprecipitation (RIP)



		Dual-Luciferase Reporter Gene Assays



		Establishment of an HPH Mouse Model and in vivo Experiments



		Statistical Analyses







		RESULTS



		Hypoxia Promoted the Proliferation and Migration of hPASMCs and Upregulated the Expression of Hsa_circ_0002062 and CDK6



		Downregulation of Hsa_circ_0002062 Expression in hPASMCs Under Hypoxia Attenuated Cell Proliferation and Migration



		Hsa_circ_0002062 Acts as a Competing Endogenous RNA (CeRNA) to Upregulate the Expression of CDK6 by Sequestering Hsa-miR-942-5p, Thereby Affecting the Biological Characteristics of Hypoxic hPASMCs



		Hsa-miR-942-5p Reverses Hsa_circ_0002062-Mediated Promotion of Cell Proliferation and Migration



		In vitro Downregulation of CDK6 Reverses Hypoxia-Mediated Promotion of Cell Proliferation and Migration



		Downregulation of CDK6 in vivo Retarded Pulmonary Vascular Remodeling in a Murine Model of HPH







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fgene-12-673229-g002.jpg
F

Relative hsa_cicr_0002062

Edu

TUNEL

P=0.0022

Edu positive cells (%)

Hypoxia+vector

P=0.0067
25- ™ p=0.0052
= 20
[}
2
S 15+
2
7]
S 104
o
2
< 57
0_
S X x
9 R 2
& & o &
& K K
QO‘P 2 SQ
Qs c,‘\(o ,\(0
>/ >/
X“, ,(\6
&
Hyp_oxia+ Hypoxia+ P=0.0003
Hypoxia+vector sh-hsa_circ_0002062 hsa_circ_0002062
D S5 i s SRy Iy . 4
@
E P=0.0082
3
. ‘e 2
g 3
= b ’ (8]
" 20
(1]
& x
° &
@ o
. @"4 Q:\QO &Q ‘@Q:é\?
O’
@Q 6‘6‘/ &(0/
.(\60/ 90/

B Cc @
8 6 s 619 x &
P<0.0001 < pocoes $ Y &
] 2 & e’ g
6 4 X I
s Ec ] 4 pr B
% g S &’
= 5 ¢ ——
5 S
g 28, i CDKE e e s
2 P=0.005 K| %%
1 e
oL I e N i B v = e e
£ X ¥ 3 3 3
S I, J 0 2
& & g & s & & ATIR| s e ——
Q°+\ p) $ Q°+\ 2 ]
o o7 G/ 24
P N B EY) BN N
2 e e 2 GAPDH s smm s
S o & *
S &
Hypoxia+ Hypoxia+
Hypoxia+vector sh-hsa_circ_0002062 hsa_circ_0002062 P=00173
100+ | '





OPS/images/cover.jpg
a' frontiers
in Genetics










OPS/images/logo.jpg
’ frontiers
in Genetics





