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Circ-calm4 regulates hypoxia-induced pulmonary artery smooth muscle autophagy by binding Purb 
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Materials and methods
The authors declare that all supporting data are available within the article and its online-only Data Supplement. Expanded Methods can be found in the online-only Data Supplement.
Animal and lung tissue preparation
[bookmark: OLE_LINK45][bookmark: OLE_LINK47][bookmark: OLE_LINK46]All animal procedures have been approved by the Institutional Animal Care and Use Committee, and comply with the guidelines for the care and use of laboratory animals approved by the Animal Care Institution and Use Committee (approval number by Animal Committee: HMUDQ20200601). All mouse operations are performed under pentobarbital sodium anesthesia to minimize pain. Six-week-old male C57BL/6 mice will be obtained from the Animal Management Center of Harbin Medical University and placed in a controlled environment with a light-dark cycle of 12 hours, temperature of 22-24°C, a relative humidity of 50%, and food and water temperature for a week to avoid stress. As previously described, study animals were randomly assigned to normoxic (21% O2) or hypoxic (9% O2) conditions for 28 days1. After this time, to anesthetize and carry out the detection of corresponding indicators, 1% pentobarbital sodium was injected intraperitoneally at 40 mg/kg. The mice were anesthetized and their lungs were quickly removed for follow-up experiments.
Construction of serotype 5 adenovirus-associated virus (AAV5) and the hypoxic animal model
[bookmark: OLE_LINK15][bookmark: OLE_LINK13][bookmark: OLE_LINK14]As described above, the obtained mice were stably infected with AAV5 (Genechem, Shanghai)2 intranasally and randomly divided into normoxic plus negative control (NOR+NC) group, hypoxic plus AAV5-NC (HYP+AAV5- NC) group, and hypoxic plus AAV5 (HYP+AAV5) group (n = 6 mice each approximately 25 g) three groups. Prepare an aliquot of the vector at 1010-1011 genome equivalents in 20-30μl in HBSS (Hank's Balanced Salt Solution). Isoflurane anesthesia followed by nasal drops. Mice in the HYP+AAV5-NC and HPY-AAV5 groups were housed in hypoxic chambers (HUAYUE P110; Guangzhou, China; 9.0% O2) for 28 days. A microcatheter was used to measure the mean pulmonary artery pressure. Hematoxylin and eosin (HE) staining and Ultrasound were used to observe pathological changes in the pulmonary artery in order to determine whether the model was successfully established3.
Cell lines and cell culture
The mouse pulmonary artery smooth muscle cells (PASMCs) obtained from Procell Life Science & Technology (Wuhan, China) were incubated at 37°C in a 5% CO2 humidified incubator, add 5 mL of smooth muscle cell growth supplement, 50 mL of fetal bovine serum (FBS) and 5 mL of penicillin/streptomycin to the cell culture medium (ScienCell, USA), and culture the cells to 5-8 generations for experiment.
[bookmark: _Hlk63807679]Transfection of PASMCs with small interfering RNA (siRNA) or antisense oligonucleotide (ASO)
[bookmark: OLE_LINK23]Designed and synthesized siRNA and ASO that silenced circ-calm4 through RiboBio (Guangzhou, China). Designed and synthesized siRNA that silenced Purb through Genepharma (Shanghai, China), and transfected PASMCs respectively, as described above4. In brief, dilute 7.5 μL siRNA or ASO and 7.5 μL X-treme GENE siRNA transfection reagent in 100 μL serum-free Dulbecco’s modified Eagle’s medium (DMEM) (Clark Bioscience, Australian) for 5 minutes, then mix and incubate at room temperature for 15 minutes. Incubate with cells at a density of 60-70% for 4-6 hours, replace the medium with a medium containing 5% fetal calf serum (Clark Bioscience, Australian), and put the cells in a hypoxic incubator (37°C, 3% O2, 5% CO2; Tri-Gas Incubator, Shanghai, China) for 48 hours before using the cells. 
RNA isolation and quantitative reverse transcription PCR (qRT-PCR) analysis
[bookmark: OLE_LINK11][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK8][bookmark: OLE_LINK29][bookmark: OLE_LINK28][bookmark: OLE_LINK31][bookmark: OLE_LINK30][bookmark: OLE_LINK41]The cells and lung tissues were lysed by TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol after washing with PBS three times. After lysis with TRIzol, chloroform was added, and cells were vortexed and centrifuged. The supernatants were removed by aspiration, and isopropanol was added. The samples were then centrifuged, and the precipitate was washed with 75% ethanol, air-dried, and dissolved. The optical density was determined using a microplate reader (Shimadzu, Japan). The resulting total RNA was reverse transcribed using an S1000 Thermal Cycler with random hexamer primers (Thermofisher, USA) or oligo (dt) and random primers (Haigene, China). A Roche LightCycler 480II instrument was used for real-time quantitative fluorescence analysis with a two-step method. The amplification reaction was performed for 1 min at 95°C, 15 min at 95°C, followed by 40 cycles at 95°C for 15 s and 62°C for 15 s5. Expression levels were normalized to the expression of β-actin.
Fluorescent in situ hybridization (FISH)
The circ-calm4 and control FISH probe designed and synthesized by RiboBio (Guangzhou, China), and the experiment was performed according to the manufacturer's protocol6, 7. Briefly, the cells after 48 hours of hypoxia were washed with phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde to make them permeable. Then the cells were blocked with the pre-hybridization solution at 37°C for 30 minutes, and then incubated with the probe hybridization solution containing circ-calm4 at 37°C in the dark overnight. On the next day, perform 4',6-didiayl-2-phenylindole (DAPI) staining, and perform fluorescence quantitative analysis with live cell workstation (AF6000; Leica, Germany).
Plasmid construction and transfection
Purb overexpression plasmid, Beclin1 promoter region wild-type and mutant luciferase reporter gene plasmid, and control plasmid were purchased from Genechem (Shanghai, China). The result of plasmid construction was verified by restriction digestion and sequencing, and the plasmid was transfected with Lipofectamine® 2000 Reagent (Life technologies, 11668) according to the protocol.
Isolation of cytoplasmic and nuclear proteins
According to the manufacturer’s protocol, the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) was used to separate and purify the proteins in the cytoplasm and nucleus8. Briefly, the collected cells are added with PMSF-added cytoplasmic protein extraction reagent A, high-speed vigorous Vortex, ice bath, and 10 microliters of cytoplasmic protein extraction reagent B is added. High-speed vigorous Vortex, ice bath, Vortex for 5 seconds, 4°C 12,000-16,000g centrifugation for 5 minutes. The supernatant is the cytoplasmic protein. For precipitation, add 50 microliters of nucleoprotein extraction reagent supplemented with PMSF. Vortex vigorously at high speed for 15-30 seconds every 1-2 minutes for a total of 30 minutes. Centrifuge at 12,000-16,000g for 10 minutes at 4°C. The supernatant is the extracted nuclear protein.
[bookmark: _Hlk63807606]Chromatin immunoprecipitation (CHIP) assay
[bookmark: OLE_LINK39][bookmark: OLE_LINK38]According to the reagent manufacturer’s protocol, use the Chromatin Immunoprecipitation (ChIP) Assay Kit (Beyotime, Shanghai, China) to precipitate chromatin fragments in the Beclin1 promoter region that bind to Purb. In brief, according to the reagent manufacturer's instructions, the chromatin fragments in the Beclin1 promoter region bound to Purb were precipitated by the Chromatin Immunoprecipitation (ChIP) Assay Kit. In short, the cells were collected, and the supernatant was centrifuged after sonication. Add ChIP Dilution Buffer and centrifuge to collect the supernatant, add the primary antibody in a shaker at 4°C overnight, add Protein A+G Agarose/Salmon Sperm DNA in a shaker at 4°C for one hour, and wash once each with Low Salt, High Salt, LiCl and Immune Complex Wash Buffer. After washing with TE Buffer twice, the precipitate obtained after completing all the above steps can be used for PCR amplification of the target gene sequence or western detection.
RNA pull-down assay
According to the manufacturer's protocol, the RNA pull-down assay was performed using a magnetic RNA protein pull-down kit (Pierce, Waltham, MA, USA). First, Genepharma (Shanghai, China) synthesized a full-length circ-calm4 cyclization site biotin-labeled probe and an RNA fragment biotin-labeled probe predicted to bind to Purb. The biotin-labeled probe is combined with magnetic beads for protein binding. RNA-bound beads were added to the cell protein lysate for immunoprecipitation. The beads were washed 3 times and boiled in SDS buffer, and then Western blot and silver stain analysis were used to detect the recovered protein.
RNA Binding Protein Immunoprecipitation (RIP)
According to the manufacturer's protocol, the RNA Binding Protein Immunoprecipitation (RIP) assay was performed using a Magnetic RIP kit (17-700) (Merck KGaA, Darmstadt, Germany). First, collect the cells and add RIP lysis buffer to swell and lyse the cells; secondly, take out 50ul magnetic bead suspension and wash with RIP washing buffer and incubate with the target antibody for 30 minutes at room temperature, wash and centrifuge, and place on ice for later use; subsequently, the RIP lysate was centrifuged, and the supernatant was added to the RIP immunoprecipitation buffer containing the magnetic bead-antibody complex, incubated overnight at 4°C, and then centrifuged to wash; the final RNA was purified and the subsequent experiment was performed.
Fast Silver Stain assay
According to the manufacturer's protocol, use the Fast Silver Stain Kit (Beyotime, Shanghai, China) to detect RNA pull-down proteins. In brief, the electrophoresis gel is fixed and washed with 30% ethanol for 10 minutes, followed by washing with water for 10 minutes, adding 100ml of silver dye sensitizing solution (1X), washing twice with 100ml of silver solution (1X), washing with water, and developing color. Stop adding silver dye stop solution, and then take pictures.
Western blot analysis
[bookmark: OLE_LINK5][bookmark: OLE_LINK3]According to the manufacturer's instructions, use lysis buffer (Beyotime，Shanghai, China) to extract proteins from cells and tissues, and use BCA Protein Assay Kit (Beyotime，Shanghai, China) to determine protein concentration. The proteins are separated by polyacrylamide gel electrophoresis and electrotransfer to a nitrocellulose membrane. The membranes were then incubated with antibodies against autophagy-related protein LC3B (Abcam; 1:4000 dilution), Beclin1 (Proteintech; 1:400 dilution), Atg5 (Abcam; 1:5000 dilution), P62 (Proteintech; 1:1000 dilution), α-tublin (Proteintech; 1:1000 dilution), Lamin B1 (Proteintech; 1:2000 dilution), β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:2000 dilution), and Purb (Proteintech; 1:1000 dilution). The membrane was then incubated with a horseradish peroxidase-labeled secondary antibody at room temperature, and the protein was visualized using an enhanced chemiluminescence reagent.
Dual luciferase reporter assays
Beclin1 promoter region combined with Purb was cloned into a plasmid expressing luciferase (GENECHEM, Shanghai, China) in combination with wild type and mutant type. The plasmid with the desired fragment and the Purb overexpression plasmid were co-transfected into PASMCs, and the fluorescence intensity was measured to determine the interaction between Purb and Beclin1 promoter.
[bookmark: OLE_LINK43][bookmark: OLE_LINK44]Cell and tissue immunofluorescence
The transfected PASMC was cultured under normoxia or hypoxia for 48 hours, and the lung tissue of the mice was frozen and embedded. The cells or sections were washed in 1x PBS, fixed in 4% paraformaldehyde, ruptured with 0.3% Triton, and blocked with 5% bovine serum albumin. The cells were then incubated with the primary antibody overnight at 4°C, and then incubated with the fluorescently labeled secondary antibody. The nuclei were stained with DAPI and observed and photographed using a fluorescent confocal microscope.
[bookmark: OLE_LINK40][bookmark: OLE_LINK42]Immunochemistry
Fresh mouse lung tissues were fixed with 4% paraformaldehyde for 48 hours and then paraffin-embedded sections. Then the samples were blocked with 3% H2O2 at room temperature to reduce non-specific binding and perform antigen retrieval. Next, the sections were incubated with the primary antibody at 37°C for 1-2 hours, washed with buffer, and incubated with the biotinylated secondary antibody, and stained with diaminobenzidine. Finally, fluorescence microscopy and statistical processing were performed.
3- (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays
As mentioned earlier, the MTT assay was used to determine cell viability. The reaction was stopped by adding dimethyl sulfoxide and incubating the sample at 37°C for 10 minutes. Use a multifunctional microplate reader to measure the optical density at 490 nm to determine cell viability.
5-Ethynyl-2’-deoxyuridine (EDU) assays
According to the manufacturer's instructions (Beyotime, China), use the BeyoClick EdU cell proliferation kit with Alexa Fluor 488 for EDU determination. In short, 48 hours after transfection of PASMC in a 24-well plate, add 2×EdU working solution (20μM; preheated to 37°C) to the wells to a final concentration of 10μM. After incubating for 2 hours, the cells were stained with Hoechst 33342, and fluorescence at 488 nm wavelength was detected by a confocal microscope.
Electron microscope observation of autophagy
Fixation of fresh mouse lung tissue or cells with 2.5% glutaraldehyde, the volume is about 1 square millimeter, rinse with acid rinsing solution, fixation with osmium acid fixation solution, ethanol dehydration, embedding and solidification, section staining, transmission electron microscope observation of autophagic vesicles.
Echocardiogram
All measurements were in accordance with the guidelines of the American Society of Echocardiography. The mice were depilated with sodium pentobarbital anesthesia, and the Vevo2100 imaging system (VisualSonics Inc., Toronto, ON, Canada) was used for small animal echocardiographic analysis. After the relevant parameters are stable, record the corresponding results, such as the time integral of the pulmonary artery velocity.
Histological and histomorphometric evaluation
The fresh lung tissue was fixed with 4% paraformaldehyde. Then proceed to paraffin-embedded sections and stain with hematoxylin and eosin (H&E) as described above9. Use Image-Pro Plus 6.0 software to perform statistical analysis on blood vessel wall thickness.
Statistical analysis
According to the Shapiro-Wilk test to detect normal distribution, when the data is normally distributed, single comparisons were performed using paired or unpaired t tests. Statistical analysis was performed with 1- or 2-way ANOVA, followed by Dunnett tests where appropriate. Results with two-tailed p values of less than 0.05 were considered statistically significant. *P<0.05, **P<0.01, ***P<0.001. All data are expressed as means ± standard errors. Statistical analysis mapping and curve fitting were performed using GraphPad Prism 8 (GraphPad Prism Software, Inc, San Diego, CA). All experiments are greater than or equal to three times.
Abbreviations
PH	Pulmonary hypertension 
PASMCs	Pulmonary artery smooth muscle cells 
CircRNA	Circular RNA 
Purb	Purine-rich binding protein 
AAV5	serotype 5 adenovirus-associated virus 
HE	Hematoxylin and eosin 
PAEC	Pulmonary arterial endothelial cell 
FBS	Fetal bovine serum 
SiRNA	Small interfering RNA 
ASO	Antisense oligonucleotide
RIP	RNA Binding Protein Immunoprecipitation
FISH	Fluorescent in situ hybridization 
CHIP	Chromatin immunoprecipitation 
DAPI	4′,6-Diamidino-2-phenylindole 
PBS	Phosphate-buffered saline 
HBSS	Hank's Balanced Salt Solution 
SMA	Smooth muscle actin
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[image: circcalm4 自噬 supplement S1]
Figure S1. Knockdown of circ-calm4 reverses increased autophagy caused by hypoxia. A, Morphological analysis of the pulmonary artery was performed using HE staining (n=4). B, Ultrasound analysis of AAV5-infected, HYP-exposed mice. Echocardiographic measurements and images illustrating pulmonary arterial velocity time integral (PAVTI) in HYP+AAV5-negative control (NC), and HYP+AAV5 groups are shown (n=5). C, Right ventricular systolic pressure (RVSP), in the HYP+AAV5-NC, and HYP+AAV5 groups are shown (n=4). D, qPCR detection of circ-calm4 expression in AAV5 knockdown circ-calm4 mice model (n=4). HYP, hypoxic; NC, negative control; NOR, normoxic; and AAV5, adeno-associated virus vector 5; Statistical analysis was performed with one-way ANOVA followed by Dunnett’s test. All values are expressed as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.
[image: Figure supplement S2]
Figure S2 Circ-calm4 can be combined with Purb. A, CatRapid software shows proteins that interact with circ-calm4. B, CatRapid software shows the binding sites of Purb and circ-calm4 interaction. C, CatRapid software shows the strength of the combination of Purb and circ-calm4.
[image: supplement S3]
Figure S3 Purb upregulates under hypoxic conditions. A, Ensembl displays the position of Purb chromosome (http://asia.ensembl.org/index.html). D, Genecards show that purb has no RNA and protein expression in different tissues (https://www.genecards.org/). C, Morphological analysis of the pulmonary artery was performed using HE staining (n=4). D, Right ventricular systolic pressure (RVSP), in the HYP and NOR groups are shown (n=5). Statistical analysis was performed with the Student’s t-test. E, qPCR detection of ASO knockdown efficiency of circ-calm4 (n=4). F, PASMCs were cultured, simultaneously transfect circ-calm4 siRNA and ASO, incubated for 48 hours under hypoxia, and tested for the distribution of Purb in hypoxic pulmonary artery smooth muscle by separation of the nucleus and cytoplasm (n = 3). ASO, Antisense oligonucleotide targeting circ-calm4. All values are expressed as the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.
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