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Human plasma samples. 
The human plasma samples used in this study were obtained from 10 J-wave patients and 10 non-J-wave patients, and the J-wave was diagnosed based on the electrocardiogram. The samples were collected in the First Affiliated Hospital of the Harbin Medical University (Harbin, China) from March 2021 to September 2021. J waves were diagnosed 1) as a notch or slur in the terminal portion of the QRS complex; 2) as an amplitude >0.1 mV above the isoelectric line; and 3) when the pattern was noted in at least two contiguous leads. The use of human samples was approved by the Institutional Review Board of College of Pharmacy, Harbin Medical University (IRB2007821) and complies with the requirements of the Declaration of Helsinki. Written informed consent of each participant was obtained.
Animals. 
The generation of lncCIRBIL cardiac-specific transgenic overexpression and knockout mice has been described previously 16. Male adult mice (weighing 22–26 g) were used in the present study. Mice were kept with the standard animal room conditions (Temperature, 25±1℃; Humidity, 55% - 60%) and had free access to food and water. Anaesthesia was induced before operation by intraperitoneal injection of 2% tribromoethanol (Avertin, 0.1 mL/10 g body weight). All experiments were in accordance with the guiding principles for the care and use of laboratory animals in Harbin Medical University, and approved by the Ethics Committee for Animal Experimentation of School of Pharmacy, Harbin Medical University. 
Statistical analysis. 
All data were expressed as mean ± standard deviation. Two groups were compared by analysis of unpaired Student’s t-test, and for all electrophysiological parameters, these criteria were met. The fisher exact test was used to compare categoric variables. To determine main and interaction effects of site (subepicardium versus subendocardium) and genotype (WT versus CIRBIL-KO/CIRBIL-TG), 2-way ANOVAs were performed, followed by Bonferroni-corrected t-tests. Level of significance was set at P < 0.05. Statistical analysis of all data was performed by using GraphPad prism 8.0 software.
Assessment of susceptibility to ventricular arrhythmias. 
Mice were lightly anesthetized by intraperitoneal injection of 2% avertin (0.1 mL/10 g body weight). After anesthesia, an eight-electrode catheter (1.1F, Octapolar EP catheter; NY, Ithaca, USA) was inserted into the right ventricle via a right jugular vein. Programmed ventricular stimulation was performed by delivering ten stimuli (S1*10), followed by two additional stimuli (S2 and S3). Ventricular arrhythmia was defined as rapid non-sinus rhythm ventricular activation lasting for three or more beats.
ECG recordings. 
Mice were lightly anesthetized by intraperitoneal injection of 2% avertin (0.1 mL/10 g body weight) and placed in the supine position on a warming pad. Electrodes were inserted subcutaneously in the limbs and connected to an ECG amplifier.
Echocardiography. 
Mice were lightly anesthetized by intraperitoneal injection of 2% avertin (0.1 mL/10 g body weight) and placed in the supine or lateral position on a warming pad. Cardiac diameter and function were evaluated by M-mode echocardiography using a Vinno6 Imaging System (Vinno, China). The short-axis view was used to obtain the M-mode tracings of the left ventricle (LV) and the ultrasound beam was perpendicular to the left ventricle at the midpapillary level to determine EF, FS, wall thickness, left ventricular diameter and left ventricular volume. The mean LV dimension was derived from a minimum of six consecutive cardiac cycles per heart.
Isolation of ventricular myocytes. 
Mice were injected intraperitoneally with sodium heparin 15 min before euthanasia. Hearts were extracted via a median thoracotomy, cannulated and retrogradely perfused in a langendorff apparatus with Tyrode solution for 5 min at 37 °C. Tyrode solution contained (mM): 123 NaCl, 5.4 KCl, 1.0 MgCl2, 0.33 NaH2PO4, 10 HEPES, and 10 glucoses; pH 7.4 and equilibrated with 100% O2. The perfusion was continued for 19 min with 25 mL of the same solution containing Type II collagenase (1 mg/mL). After the tissue was softened, the subendocardial and subepicardial layers were dissected from the left and right ventricular free wall. Tissue pieces were gently minced into small chunks and then stored in Tyrode solution with 200 μM CaCl2 and 1% BSA. Single rod-shaped cells were used for experiments.
Whole-cell patch-clamp technique. 
Action potentials and ionic currents were recorded using the whole-cell patch clamp technique (Axopatch 700B amplifier). Action potentials were recorded at 37 ± 0.2°C in Tyrode solution. Pipettes were filled with solutions contained (mM): 130 K-glutamate; 1 MgCl2; 5 NaCl; 15 KCl; 5 MgATP ;1 CaCl2; 5 EGTA; 10 HEPES; pH 7.2 (KOH). Potassium current was recorded with external solution (mM): 138 NaCl; 5.4 KCl; 10 HEPES; 1 MgCl2; 10 Glucose; 1.8 CaCl2; 0.02 Nifedipine; pH 7.30 and pipette solution (mM): 130 L-glutamic acid; 1 MgCl2; 5 NaCl; 15 KCl; 5 MgATP; 1 CaCl2; 5 EGTA; 10 HEPES; pH 7.2). Signals were filtered at 1 kHz and data were acquired by A/D conversion (Digidata 1440, Axon Instrument).   
Isolation and culture of neonatal mouse cardiomyocytes. 
The hearts were isolated from 1-day-old neonatal mice and washed in PBS. After adding trypsin (Beyotime, Shanghai, China) and PBS, shake them in 4 °C for 10~12 hours. Then the trypsin was removed and the mixture of Collagenase type II (Gibco Invitrogen, Carlsbad, CA) and DMEM (Biological Industries, Haemek, Israel) was added. Shake them in 37 °C for 10 min and collect the lysates. Repeat this step until all hearts are fully digested. After centrifugation at 1500 g for 5 min, the precipitated cells were resuspended in DMEM buffer supplemented with 5% fetal bovine serum (Biological Industries, Haemek, Israel), and 0.8% penicillin and streptomycin (Beyotime, Shanghai, China). The cells were pre-plated and cultured in humidified 5% CO2 incubator at 37°C for 1.5 h. The dissociated cardiomyocytes were then collected and plated for another 48 h before use for subsequent experiments. 
AC16 cell culture. 
AC16 human adult ventricular cardiomyocyte cell line was grown as previously described32.The cells were maintained in DMEM F-12(#SH30023.01; HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 1% fungizone (#C0222; Beyotime, Shanghai, China), and grown at 37℃ in a humid atmosphere of 5% CO2 + 95% air until they had reached 70-80% confluence. Cells were incubated under hypoxia for 12 h and then collected for RT-PCR.
Preparation of iPS-CM. 
Human iPSCs were purchased form NanJing Helps Company. Briefly, the cells were maintained in E8 medium supplemented with 10 µM Y-27632 in a 37°C incubator with 5% CO2. Culture dishes were coated with 1% Matrigel at least 30 minutes before cell seeding. Every 4 days, the iPSCs were subcultured using Accutase at 37°C for 3-5 min, and then seeded onto Matrigel-coated cell culture plates. The supernatant of iPSCs was derived from the mTeSR1 medium cultured with iPSCs for 1 day. The supernatant was filtered (using a 0.22μm filter) to remove dead cells and cell debris. The supernatant was then stored at −80°C for at least 2 weeks. The iPSC supernatant was mixed with DMEM-HG at a ratio of 1:2 to obtain iPS-CM.
Cell transfection. 
Transfections were carried out using lipofectamine 2000 reagent (Invitrogen, Carlsbad, America) or X-treme gene siRNA transfection reagent (Roche, Basel, Switzerland) according to the manufacturer’s protocol. The sequences used in this study are shown in Online Table Ⅱ.
RNA extraction and qRT-PCR. 
Total RNA was extracted from cells or tissues by using Trizol reagent (Invitrogen, Carlsbad, America) according to the manufacturer’s protocol and cDNA was synthesized using the Trans-Script Allin-one First-strand cDNA Synthesis Supermix for qPCR Kit (TransGen Biotech, Beijing, China). Real-time quantitative PCR was performed using the SYBR Green Master (Roche, Basel, Switzerland), and cDNA was amplified using the primers listed in Online Table Ⅲ. The relative expression levels were calculated based on Ct values and were normalized to GAPDH.
mRNA stability assay. 
To detect the effects of lncCIRBIL and UPF1 on KCND2 mRNA stability, Actinomycin D (Act D) (Selleckchem, Houston, TX, USA) was added into cells with a final concentration of 5 µg/mL. Total RNA was extracted after 0, 1, 2, 3, and 4 hours of incubation with Actinomycin D and used for qRT-PCR.
Decapping analysis. 
Decapped mRNA was quantified as previously described.33 Briefly, 10 μg of total RNA was treated with RNaseOUT and ligated with the rP5_RND primer (Online Table Ⅲ), which binds specifically to 5′ ends lacking the cap structure and presenting a phosphate group. Afterwards, 1 μg were used for cDNA synthesis, and qRT-PCR was performed using the primers indicated in Online Table Ⅲ. Values were normalized to total mRNA expression in each sample.
RNA-RNA pulldown assay. 
RNA-RNA pulldown assay was carried out employing an optimized streptavidin-binding RNA aptamer (a4×S1m tag). 34Briefly, full-length lncCIRBIL was cloned into pcDNA3 backbone and followed by the 4×S1m tag. S1m-plasmids with and without lncCIRBIL were digested overnight at 37℃ by EcoRV-HF (New England Biolabs, MA, United Statesand). The linearized plasmids were transcribed into RNA probes in vitro by T7 RNA polymerase (Roche, Mannheim, Germany). The lncCIRBIL RNA probe and control were individually incubated with streptavidin beads (Invitrogen, Shanghai, China) for 2 h at 4℃ under rotation to couple together. Neonatal mouse ventricular myocytes were harvested and re-suspended with lysis bufferA (150 mM KCl; 25 mM Tris, pH 7.4; 5 mM EDTA; 0.5 % NP40; 0.5 mM DTT; 100 U/mL RNase inhibitor). Subsequently, the cell samples were sonicated gently on ice and then centrifuged at 12000 rpm for 10 min at 4℃. The supernatant was precleared with streptavidin Dynabeads for 2 h at 4℃ under rotation and followed by taking 10% volume of cell lysis as input. Meanwhile, the beads were coupled by RNA probe and then incubated with pre-cleared cell lysis supernatant for 2 h at 4℃ under rotation to assemble RNA-RNA complexes. Subsequently, the lncCIRBIL-KCND2 mRNA complexes conjugated with streptavidin beads were eluted employing 20 mM biotin (Roche, Mannheim, Germany). Finally, all input and the eluted samples were suppled Trizol and extracted RNA to evaluate lncCIRBIL-mediated RNA binding affinity.
Western blot. 
Ventricular myocardium was lysed in RIPA buffer (Beyotime, Beijing, China) in the presence of protease inhibitor cocktail (Roche, Basel, Switzerland) at 4 °C. Lysates were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Pall Corporation, Mexico, USA) with Trans-Blot Turbo system (Bio-Rad). The membranes were blocked in Blocking Buffer (GenScript, Piscataway, USA). The primary anti-Kv4.2 (Proteintech, Chicago, USA), anti-UPF1 (Abcam, Cambridge, UK) and anti-GAPDH (Proteintech, Chicago, USA) were used. After washing with PBST (phosphate-buffered saline (PBS) with Tween), the membranes were incubated with the secondary antibody at room temperature for 60 min. The western blot bands were captured and analyzed by ODYSSEY machine (LI-COR, American).
RNA-binding protein immunoprecipitation. 
RIP was performed using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, MA, USA) according to the manufacturer’s instructions, followed by real-time RT-PCR using the SYBR Green Master (Roche, Basel, Switzerland).
RNA pulldown assay. 
LncCIRBIL was in vitro synthesized and labeled with biotin (Roche Diagnostics GmbH, Lot: 31385421, Mannheim, Germany). Then the biotinylated RNAs were incubated with cell extracts, and pulled down with streptavidin beads. The mixture was shaken violently at a shaking table for 1 h and then centrifuged. The supernatant was discarded and the RNA-binding-protein complex was obtained by elution and precipitation. The lncRNA-interacting proteins were further separated by SDS-PAGE. Western blot was used to analyze the bound proteins. The antisense RNA served as a control.
Cold-inducible JWS mouse model
Mouse was exposed to cold (4 ± 1°C) in a temperature-controlled and ventilated chamber in SPF conditions for 4 weeks. Mouse were caged individually with a 12:12-h light-dark cycle and free access to standard chow diet and water. We replaced padding and drinking water, observed body weight and general status of mouse every day. 
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Supplemental Figure 1. The cardiac-specific lncCIRBIL Tg mice.
The lncCIRBIL sequence was cloned into the murine α-MHC promoter expression vector, and the obtained DNA fragment containing the α-MHC promoter-driven lncCIRBIL was microinjected into fertilized eggs. The founders were genotyped by PCR followed by DNA sequencing analysis. The positive founders were breeding to the next generation and the pups were screened by PCR and DNA sequencing assay.
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Supplemental Figure 2.
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Supplemental Figure 2. The lncCIRBIL knockout mice.
We created a mouse Chr6_108868947-108888680 knockout in C57BL/6 mice by CRISPR/Cas-mediated genome engineering. We identified two exons and selected exon 2 as the knockout target site. And then, we injected Cas9 mRNA and gRNA generated by in vitro transcription into fertilized eggs for lncCIRBIL knockout mice. The founders were genotyped by PCR followed by DNA sequencing analysis. The positive founders were breeding to the next generation and the pups were screened by PCR and DNA sequencing assay.
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Supplemental Figure 3. Morphologic and functional phenotype of transgenic CIRBIL-KO and CIRBIL-TG mice.
(A) Representative hematoxylin and eosin–stained paraffin section of morphology of WT (left) and CIRBIL-KO (right) hearts showing similar cardiac dilation and wall thickness. N = 4 mice per group. Scale bar = 2 mm. (B) Heart-to-body weight ratios (HW/BW) of WT and CIRBIL-KO mice hearts. N = 9 mice per group. (C) Lung-to-body weight ratios (LW/BW) of WT and CIRBIL-KO mice hearts. N = 9 mice per group. (D) Representative cardiac echocardiographic pictures of WT and CIRBIL-KO mice. (E) Ejection fraction (EF). (F) fractional shortening (FS). WT N = 9 and CIRBIL-KO N = 10. (G) Representative hematoxylin and eosin–stained paraffin section of morphology of WT (left) and CIRBIL-TG (right) hearts showing similar cardiac dilation and wall thicknes. N = 4 mice per group. Scale bar = 2 mm. (H) HW/BW of WT and CIRBIL-TG mice hearts. WT N = 9 and CIRBIL-TG N = 12. (I) LW/BW of WT and CIRBIL-TG mice hearts. WT N = 9 and CIRBIL-TG N = 12. (J) Representative cardiac echocardiographic pictures of WT and CIRBIL-TG mice. (K) Ejection fraction (EF). WT N = 9 and CIRBIL-TG N = 12. (L) Fractional shortening (FS) WT N = 9 and CIRBIL-TG N = 12. Date is given as mean ± SEM. *P < 0.05. P values were determined by student’s t-test.
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Supplemental Figure 4. Effects of lncCIRBIL knockout on transmural difference of Ito and APD in the left ventricle. 
(A to C) Representative traces and I-V relationships of Ito in left ventricular cardiomyocytes of WT (N = 8) and CIRBIL-KO (N = 9) mice. (D) Typical APD traces of isolated EPI and ENDO cardiomyocytes from WT and CIRBIL-KO mice as measured with a stimulation frequency of 1 Hz. (E to J) APA, OS, RP APD20, APD50 and APD90 were depicted. Data are presented as mean ± SEM, *P<0.05, **P<0.01, ***P<0.001. P values were determined by 2-way ANOVA test followed by Bonferroni corrected t-tests multiple comparisons test.
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Supplemental Figure 5. The genomic location and sequence of lncRNA NONMMUT058343. 
A: Sequence of NONMMUT058343.2 Chr6(108918953~108938686) 862 nts. 
TGCTTAACCAGTGAGCATAGAAATGGACGTGCTCTGAGTAAGTGTTTAACAGTCCTCTATCTAAGCTGCTTCTTCTGTGGCATGCATTACACAGGCACTGTACTGAATGTCAGAGAGCAGGCATTTCGAACTGGAATTTCATGGTGTAAAAATAAAGGCCTTGTTATTGACTCTGAGAACCATGGGAACAAATTAAACACAGCTTAATAGCACAAAGGGGAATGATGGGGACATTCGGAGCCTAATAAGGTGATCCATGGGGTTCATTAGCACAGGCAGAGCTTATCAGAAGAGGCCTCAGAACCTAATTAGCTGAACCCCCATCAAATAGATGCATTTGATTAATATGACTCCATTCTGAGTTTAAACATCAACATTAATTAGCCCCATAATTGATAGATTTCCCAGCCATGTGAGGAACATTCATCATACTACTCAAGAAAGATCTTTTTTTTTTCCTGATATTTCAAGACAGGTTCTCTCTGGGTAGTCCAGACTGACCTCAAACTAACACTCTTCCAGCCTTGCTTTCAGGGATGCTGGGATTATAAGTATGTGCCACCATCTACAACAAGATCTGTCTTAATATGTAAAGCCTTTGAAAACTGAAAACCTTAGGCCAATGAGACAGCTCCCTGGGCTCTTGGCATGGAAATCTGAAATCCTTAGAAGGAGAGAACTAACTCCCCAAAACTGTCCTCTGACATCCCATCTACACACACACACACACACACACACACACACACACACACAATGAACAAGAAAAAGAAGAAGAAGGAGGAGGACGAGGAGGAGGACGAGGAGGATGAGGACAAGGAGGAAGAAGAAGAAGAAAGAAAGAAAGAAAGAAAGAAAGAAAGAA
B: Conservative sequence of human CIRBIL 
AGTGCTTAACAGTCTAGCTAGGCAGCTTCTTCTATGACATGCATTATGCAGGCACTGTACTGAATTAGAGAGTGAATATTCCTAACTCCCACGACATGGTGTAAAAATAAAGGCCTAGTTATTGACTCTGAGAACCATGTGAACAAATTAAACATGGCCATAATAGTGAAGGGGAAAGGTGGCAACAGTGAGATCTTAACACAGTGATCCATGGGGCTCATTAGCACGGAGTGGAGCTTATCAGAAGAGGTTTTCAGAACCTAATTAATTAGGCCCCCATCAAATAGATGTATTCAATTAATATGACTCCATTCTGAGTTTGAACATCAACATTAATTAACCCTATAATTGATACATTTCCCATCCATGTAAGAAACATTCATCACATTAATCAAAAAGGATC 
407 nts.

Supplementary Tables
Supplementary Table 1. Real-Time PCR sequence of primers
	Primer name
	Primer sequence

	lncCIRBIL（mouse）
	Forward: 5’-CTAACACTCTTCCAGCCTTGC-3’

	
	Reward: 5’-CAGAGGACAGTTTTGGGGAGT-3’

	KCND2（mouse）
	Forward: 5’-GGCAGTGTGCAAGAACTCAG-3’

	
	Reward: 5’-GCTGTGGTCACGTAAGGTTG-3’

	GAPDH（mouse）
	Forward: 5’-GATGCCCCCATGTTTGTGAT-3’

	
	Reward: 5’-GGCATGGACTGTGGTCATGAG-3’

	SCN5A（mouse）
	Forward: 5’-AGCTGGCTGATGTGATGGTC-3’

	
	Reward: 5’-GCACTTGTGCCTTAGGTTGC-3’

	KCND3（mouse）
	Forward: 5’-GCTCCATGGCTCGAAGACTT-3’

	
	Reward: 5’-GGAGGTCCTGCTACTTCACG-3’

	KCNIP2（mouse）
	Forward: 5’-CTCCCTCCTCCTTGCTCCTA-3’

	
	Reward: 5’-CCCCTCTCGTTCTTCCCATT-3’

	lncCIRBIL（human）
	Forward: 5’-TAGTGAAGGGGAAAGGTGGC-3’

	
	Reward: 5’-AAGCTCCACTCCGTGCTAAT-3’

	KCND2（human）
	Forward: 5’-CCAGAATCAACGAGCAGACA-3’

	
	Reward: 5’-ACCATTCCGTTTGCTCTGC-3’

	KCND2-decap
（mouse）
	Forward: 5’-CTACACGACGCTCTTCCGAT-3’

	
	Reward: 5’-GTTCAGCTCAGGTGCAGTGT-3’

	rP5_RND
	CTTTCCCTACACGACGCTCTTCCGATrCrUrNrNrNrNrNrNrNrN







Supplementary Table 2. Sequences for mouse genotyping primers
	Primer name
	Primer sequence

	lncCIRBIL（knockout）
	Forward: 5’-TGCCATATCACCATATGCACAACT-3’

	
	Reward: 5’-TGTCAAAGTCATCAGTACTTTATGGGTT-3’

	lncCIRBIL（transgenic）
	Forward: 5’-GAAGTGGTGGTGTAGGAAAGTCTAG-3’

	
	Reward: 5’-CCCCATCCCTGCAGGCATTC-3’





Supplementary Table 3. The sequences of siRNAs for transfection
	Primer name
	Primer sequence

	lncCIRBIL（human）
	5’-CAUUCAUCACAUUAAUCAATT-3’

	
	5’-UUGAUUAAUGUGAUGAAUGTT-3’

	lncCIRBIL（mouse）
	5’-GUAAGUGUUUAACAGUCCUTT-3’

	
	5’-AGGACUGUUAAACACUUACTT-3’

	UPF1（mouse）
	5’-GAAGAGCUCUGGAAGGAAATT-3’

	
	5’-UUUCCUUCCAGAGCUCUUCTT-3’
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