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Deficiency of LncRNA-CIRBIL promotes J-wave 
syndrome by enhancing transmural heterogeneity of 
Ito current: LncCIRBIL regulates J-wave syndrome via 
UPF1
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Abstract 

Background: Transmural heterogeneity of the transient outward 
potassium current (Ito) is a major contributor to J-wave syndrome 
(JWS). However, the underlying molecular mechanisms remain 
elusive. The present study aimed to investigate the role of cardiac 
injury-related bclaf1-interacting lncRNA (lncCIRBIL) in JWS and to 
delineate the molecular mechanisms. Methods: Whole-cell patch-
clamp techniques were used to record ionic currents and action 
potentials (APs). Protein and mRNA expression related to Ito 
current were assessed. RNA immunoprecipitation, RNA Pulldown, 
mRNA stability, and decapping assays were performed to dissect 
the underlying mechanisms. Results: Plasma lncCIRBIL levels 
were significantly reduced in JWS patients and cold-induced JWS 
mice. Knockout of lncCIRBIL increased the incidence of J-wave and 
the susceptibility to ventricular arrhythmia in mice. In lncCIRBIL-
deficient mice, the transmural gradient of Kv4.2 expression and Ito 
current density was markedly enhanced in the right ventricle, but 
not the left ventricle. In contrast, cardiomyocyte-specific transgenic 
overexpression of lncCIRBIL produced the opposite effects. In human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs), 
the conserved human homologous fragment of lncCIRBIL (hcf-
CIRBIL) suppressed Ito, attenuated the AP notch, and prolonged 
APD20. Mechanistically, lncCIRBIL directly binds to up-frameshift 
protein1 (UPF1), promoting KCND2 mRNA decay by enhancing its 
decapping. Conclusions: LncCIRBIL modulates the transmural 
heterogeneity of KCND2 expression by regulating UPF1-mediated 
mRNA decay. Inhibition of lncCIRBIL exacerbates JWS by enhancing 
right ventricular Ito heterogeneity, whereas its overexpression exerts 
protective effects. These findings identify lncCIRBIL as a potential 
therapeutic target for J-wave syndrome.
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1 Introduction

J-Wave syndrome (JWS) is characterized by distinctive J-waves 
on the electrocardiogram[1] and is strongly associated with an 
increased risk of life-threatening ventricular arrhythmias[2]. The 
J-wave arises from the notch of the ventricular action potential, 
which is mainly determined by the transmural gradient of the 
transient outward potassium current (Ito) and the sodium current 
(INa). J-waves are commonly observed in brugada (BrS) and 

early repolarization syndromes (ERS)[3]. Ito is predominantly 
expressed in the subepicardial myocytes, generating voltage 
gradient between epicardial and endocardial myocytes 
during the early phase of the action potential. This gradient is 
particularly pronounced in the right ventricle and underlies the 
formation of J-waves[4]. Consistently, loss-of-function mutations 
in the sodium channel gene SCN5A in patients with idiopathic 
ventricular fibrillation re associated with prominent J-waves on 
the electrocardiogram (ECG)[5]. Exposure to cold environments 
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has been shown to affect the kinetics of key cardiac ion channels 
and is a well-established trigger for cardiac electrical instability, 
particularly in individuals with underlying channelopathies. 
Systemic hypothermia or localized cold stress can induce or 
accentuate J-waves, and is associated with an elevated risk of 
malignant ventricular arrhythmias[6-7]. Despite advances in our 
understanding of JWS, its precise molecular mechanisms remain 
to be elusive.

Long noncoding RNAs (lncRNAs) are single-strand RNAs longer 
than 200 nucleotides that lack protein-coding capacity. They play 
essential regulatory roles in cardiovascular diseases, including 
myocardial infarction[8], heart failure[9] and cardiac arrhythmia[10-12]. 
LncRNAs modulate diverse electrophysiological properties of 
cardiomyocytes including excitation conduction[11], membrane 
repolarization[13] and automaticity[14]. Dysregulation of lncRNAs 
can contribute to arrhythmogenesis by altering the expression and 
function of ion channels[15]. However, the involvement of lncRNA in 
JWS remains unknown. 

In our previous work, we identified a cardioprotective lncRNA, 
named Cardiac Injury-Related Bclaf1-Inhibit ing lncRNA 
(lncCIRBIL)[16]. Interestingly, during electrocardiographic 
recordings, we unexpectedly observed prominent J-waves in 
lncCIRBIL knockout mice. This prompted us to investigate the 
role of lncCIRBIL in JWS. In the present study, we demonstrate 
that lncCIRBIL regulates J-wave formation by modulating up-
frameshift protein1 (UPF1) mediated KCND2 mRNA degradation 
and thereby controlling the transmural heterogeneity of Ito in 
the right ventricle. These findings reveal that lncCIRBIL as a 
novel electrophysiology-specific functional subclass of lncRNAs. 
Distinct from structural remodeling pathways, lncCIRBIL uniquely 
regulates ion channel heterogeneity through UPF1-dependent 
mRNA decay.

2 Methods

Detailed descriptions of materials and experimental procedures 
are provided in the Supplementary Material.

3 Results

3.1 LncCIRBIL deficiency is associated with J-point 
elevation and increased arrhythmia susceptibility 

We firstly assessed the ECG waveforms in lncCIRBIL knockout 
(lncCIRBIL-KO) mice. J-waves were observed more frequently in 
lncCIRBIL-KO mice 20/22 compared with wild-type (WT) controls 
13/23 (Fig. 1A, 1B). Quantitative analysis of the downward 
deflection slope of the J-wave demonstrated a significantly more 
negative derivative in lncCIRBIL-KO mice than in WT mice (Fig. 
1C). Since accentuated J-waves were closely associated with 

increased arrhythmia vulnerability[17], we next assessed ventricular 
arrhythmia susceptibility using programmed electrical stimulation. 
Ventricular tachycardia (VT) and ventricular fibrillation (VF) were 
inducible in 11 of 14 lncCIRBIL-KO mice, compared with only 2 
of 14 WT mice (Fig. 1D, 1E). Furthermore, VT/VF duration was 
significantly longer in lncCIRBIL-KO mice relative to WT controls 
(Fig. 1F). 

Previous studies have shown that transmural gradients of 
potassium and sodium currents contribute to J-wave syndrome[18]. 
We therefore examined expression patterns of KCND2, KCND3, 
KCNIP2 and SCN5A in the right and left ventricles of WT and 
lncCIRBIL-KO mice. Notably, the transmural difference of KCND2 
was dramatically increased in the right ventricle of lncCIRBIL-KO 
mice, while KCND3, KCNIP2 and SCN5A showed no significant 
changes (Fig. 1G-1J). In contrast, no significant differences 
in the transmural expression of KCND2, KCND3, KCNIP2, 
or SCN5A were detected in the left ventricle (Fig. 1K-1N). To 
exclude structural heart disease as a confounding factor, we 
examined cardiac morphology by hematoxylin-eosin (HE) staining, 
which showed no detectable abnormalities (Supplementary 
Fig. 3A-3C). Echocardiographic assessment further revealed 
that lncCIRBIL deletion had no significant effect on ejection 
fraction (EF) or fractional shortening (FS) (Supplementary 
Fig. 3D-3F). Collectively, these results indicate that lncCIRBIL 
deficiency promotes J-wave formation and increases arrhythmia 
susceptibility, likely by enhancing the transmural heterogeneity of 
KCND2 in the right ventricle.

3.2 Transmural differences in transient outward 
current (Ito) are amplified in lncCIRBIL-KO mice

To further assess the impact of lncCIRBIL knockout on Ito, we 
performed voltage-clamp recordings in right ventricular myocytes. 
In WT mice, Ito was larger in subepicardial than in subendocardial 
myocytes, and this transmural difference was significantly 
amplified in lncCIRBIL-KO mice (Fig. 2A-C). Consistently, Kv4.2 
protein expression was higher in subepicardial compared with 
subendocardial cardiomyocytes of the right ventricle, and this 
difference was further augmented by lncCIRBIL deletion (Fig. 
2D-F). In line with these findings, action potential recordings 
showed a further shortening of APD in subepicardial versus 
subendocardial myocytes of the right ventricle in lncCIRBIL-
KO mice compared with WT controls (Fig. 2G-M). However, 
no significant differences were observed in action potential 
amplitude (APA), resting membrane potential (RP), or overshoot 
(OS) between WT and lncCIRBIL-KO right ventricular myocytes 
(Fig. 2N-P). By contrast, no significant differences in Ito or action 
potential parameters were detected between subendocardial and 
subepicardial cardiomyocytes of the left ventricle in either WT 
or lncCIRBIL-KO mice (Supplementary Fig. 4A-C). Collectively, 
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Fig. 1 Surface ECGs showing arrhythmias in WT and Cardiac lncCIRBIL knockout mice

(A) Representative lead II surface ECGs from WT and CIRBIL-KO mice. Right panels show magnified boxed regions highlighting typical J-waves (arrows). (B) Incidence of J-waves in 

lead II of WT (N = 23) and CIRBIL-KO (N = 22) mice. ****P < 0.0001 versus WT mice. Fisher's exact test. (C) Average values of the derivative of J-wave downward deflection in lead II 

of WT (N = 23) and CIRBIL-KO (N = 22) mice. **P < 0.01 versus WT, unpaired t test. (D) Representative example of VT induced by programmed. stimulation. (E, F) Induction rate and 

duration of VT/VF following programmed stimulation in WT and CIRBIL-KO mice (N = 14 per group). *P < 0.05, ****P < 0.0001 versus WT, Fisher's exact test and unpaired t test. (G-N) 

mRNA expression levels of KCND2, KCNIP2, KCND3, and SCN5A in EPI and ENDO cardiomyocytes of WT-R, CIRBIL-KO-R and WT-L, CIRBIL-KO-L from WT and CIRBIL-KO mice 

(N = 3-6 per group). *P < 0.05, ***P < 0.001, ****P < 0.0001, ####P < 0.0001, two-way ANOVA followed by Bonferroni's multiple comparisons test. Data are expressed as mean ± SEM. 

Data are expressed as mean ± SEM. Electrocardiograms, ECGs; WT, Wild Type; CIRBIL-KO, CIRBIL Knockout; HR, Heart Rate; WT-R, Right Ventricle of WT; CIRBIL-KO-R, Right 

Ventricle of CIRBIL-KO; WT-L, Left Ventricle of WT; CIRBIL-KO-L, Left Ventricle of CIRBIL-KO; ENDO, Endocardial Cardiomyocytes; EPI, Epicardial Cardiomyocytes.



160

FRIGID ZONE MEDICINE

Fig. 2 Effects of lncCIRBIL knockout on transmural differences of Ito and APD in the right ventricle

(A-C) Representative current traces and I-V relationships of Ito in EPI and ENDO myocytes of right ventricle from WT (N = 8) and CIRBIL-KO (N = 9) mice. *P < 0.05, **P < 0.01, ****P < 0.0001 

versus ENDO; two-way ANOVA followed by Bonferroni's post hoc test. (D-F) Kv4.2 protein levels in EPI and ENDO myocytes from WT-R and CIRBIL-KO-R mice (N = 5 per group). 
*P < 0.05, ***P < 0.001, ****P < 0.0001 versus ENDO; two-way ANOVA followed by Bonferroni's post hoc test. (G) Representative AP recordings from EPI and ENDO myocytes of 

WT-R and CIRBIL-KO-R mice. (H-P) Quantitative analyses of AP parameters, including APD20, APD50, APD90, APA, RP, and OS. Quantitative data are presented as mean ± SEM. 
* P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 versus ENDO; two-way ANOVA with Bonferroni's post hoc test. WT, Wild Type; CIRBIL-KO, CIRBIL Knockout; WT-R, Right 

Ventricle of WT; CIRBIL-KO-R, Right Ventricle of CIRBIL-KO; EPI, Epicardial Cardiomyocytes; ENDO, Endocardial Cardiomyocytes; APD, Action Potential Duration; APA, Action 

Potential Amplitude; RP, Resting Membrane Potential; OS, Overshoot.
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these results demonstrate that lncCIRBIL deficiency selectively 
enhanced the transmural heterogeneity of Ito in the right ventricle.

3.3 Transgenic overexpression of lncCIRBIL reduces 
J-wave amplitude and the transmural Ito heterogeneity 
in the right ventricle

To further investigate the role of lncCIRBIL, we generated 
cardiac-specific lncCIRBIL transgenic (lncCIRBIL-TG) mice 
(Supplementary Fig. 1). LncCIRBIL overexpression significantly 
decreased the frequency of J-waves compared with WT controls 
(Fig. 3A-C). Voltage-clamp recordings showed that the transmural 
gradient of Ito between subepicardial and subendocardial myocytes 
in the right ventricle was markedly reduced in lncCIRBIL-TG 
mice relative to WT mice (Fig. 3D-F). Consistently, lncCIRBIL 
overexpression significantly reduced the levels of KCND2 mRNA 
and Kv4.2 protein in right ventricular subepicardium and abolished 
their transmural differences (Fig. 3G-H). In line with the effects of 
lncCIRBIL on Ito, the differences in APD between subepicardial 
and subendocardial myocytes of the right ventricle were 
diminished in lncCIRBIL-TG mice (Fig. 3I-L). By contrast, APA, RP, 
and OS of right ventricular myocytes were not significantly altered 
(Fig. 3M-O). Together, these results demonstrate that transgenic 
overexpression of lncCIRBIL suppresses J-wave formation by 
reducing transmural Ito heterogeneity in the right ventricle. 

3.4 LncCIRBIL binds to UPF1 to regulate KCND2 
mRNA stability

We next explored the molecular mechanism by which lncCIRBIL 
regulates KCND2 expression. Since lncCIRBIL is localized in 
the cytosol[16] and its altered expression affected KCND2 mRNA 
levels, we hypothesized that lncCIRBIL m modulates KCND2 
mRNA stability through interactions with cytoplasmic proteins. 
Interestingly, in our previous RNA pulldown-mass spectrometry 
analysis, the mRNA decay-related factor UPF1 was identified as 
a lncCIRBIL-associated protein[16], suggesting it could mediate 
KCND2 mRNA degradation. To validate this interaction, we 
performed RNA pulldown and RNA immunoprecipitation (RIP) 
assays. The sense, but not antisense, sequence of lncCIRBIL 
successfully pulled down UPF1 (Fig. 4A), and UPF1 antibody 
precipitated lncCIRBIL in RIP assays (Fig. 4B).

We next evaluated whether UPF1 was responsible for KCND2 
mRNA degradat ion and how lncCIRBIL inf luenced this 
process. Silencing UPF1 significantly increased the half-life 
of KCND2 mRNA (Fig. 4C). Similarly, lncCIRBIL knockdown 
in neonatal mouse ventricular myocytes prolonged KCND2 
mRNA half-life (Fig. 4D), whereas lncCIRBIL overexpression 
shortened it (Fig. 4E). 

RIP assays further showed that UPF1 antibody precipitated 
KCND2 mRNA in WT mice, but not in lncCIRBIL-KO mice (Fig. 
4F-G). To explore direct interactions between lncCIRBIL and 
KCND2 mRNA, we performed RNA-RNA pulldown using biotin-
labeled probes followed by RT-qPCR. The schematic plasmid 
constructs used for the assay are shown in Fig. 4H. LncCIRBIL, 
but not the negative control S1m, successfully pulled down 
KCND2 mRNA (Fig. 4I). Notably, lncCIRBIL was still able to bind 
KCND2 mRNA in the absence of UPF1 (Fig. 4J). These results 
suggest that lncCIRBIL directly binds KCND2 mRNA, while UPF1 
recruitment to KCND2 mRNA requires lncCIRBIL.

The 7-methyl-guanosine (m7G) cap at the 5' end of eukaryotic 
mRNAs protects transcripts from exonuclease-mediated 
degradation, and decapping is the critical initial step in mRNA 
decay. Since UPF1-mediated decay typically requires mRNA 
decapping[19], we examined KCND2 mRNA decapping. Decapping 
of KCND2 mRNA was significantly reduced in lncCIRBIL-KO mice, 
whereas it was markedly enhanced in lncCIRBIL-TG mice (Fig. 4K). 
Importantly, UPF1 protein levels were unchanged in both epicardial 
and endocardial tissues of WT and lncCIRBIL-KO right ventricles 
(Fig. 4L). Together, these findings indicate that lncCIRBIL binds 
UPF1 and directly interacts with KCND2 mRNA, thereby recruiting 
UPF1 to promote KCND2 mRNA decapping and degradation. 

3.5 Effects of the human homologous conserved 
fragment of lncCIRBIL (hcf-CIRBIL) on KCND2

LncCIRBIL is an intergenic lncRNA consisting of 862 nucleotides 
(nts) located on chromosome 6 (Supplementary Fig. 5). Sequence 
alignment with the human genome identified a conserved 407-
nt motif, designated as the human conserved fragment of 
lncCIRBIL (hcf-CIRBIL) (Supplementary Fig. 5A-B). Notably, 
plasma levels of hcf-CIRBIL were significantly lower in patients 
with J-wave syndrome compared with control subjects (Fig. 5A). 
Consistent with the findings in mice, hcf-CIRBIL successfully 
pulled down UPF1 in both human AC16 cardiomyocyte cells and 
mouse heart tissue (Fig. 5B). Functionally, overexpression of 
hcf-CIRBIL in AC16 cells significantly decreased KCND2 mRNA 
and protein levels (Fig. 5C), whereas knockdown of hcf-CIRBIL 
led to a marked upregulation of KCND2 expression (Fig. 5D). 
Together, these data suggest that the conserved human fragment 
of lncCIRBIL (hcf-CIRBIL) exerts regulatory effects on KCND2 
expression through a mechanism involving UPF1, paralleling the 
role of mouse lncCIRBIL. 

We next examined the functional role of hcf-CIRBIL in human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs). Knockdown of hcf-CIRBIL significantly increased Ito (Fig. 
6A-B), enhanced the action potential notch, and shortened 
APD20 (Fig. 6C-F). Conversely, overexpression of hcf-CIRBIL 
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Fig. 3 Cardiomyocyte-specific transgenic overexpression of lncCIRBIL attenuates J-wave syndrome

(A) Representative lead II surface ECGs from WT and CIRBIL-TG mice. Right panels show magnified boxed regions highlighting reduced J-wave amplitude (arrows) in CIRBIL-

TG mice. (B) Incidence of J-waves in lead II of WT (N = 23) and CIRBIL-TG (N = 21) mice. ***P < 0.001 versus WT, Fisher's exact test. (C) Average values of the derivative of 

J-wave downward deflection in lead II of WT (N = 23) and CIRBIL-TG (N = 21) mice. **P < 0.01 versus WT mice; unpaired t test. (D) Representative Ito traces from EPI and ENDO 

cardiomyocytes of the right ventricle. (E, F) I-V relationships of Ito in right ventricular cardiomyocytes from WT (N = 15) and CIRBIL-TG (N = 17) mice. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001 versus ENDO; two-way ANOVA followed by Bonferroni's post hoc test. (G) Kv4.2 protein expression in EPI and ENDO myocytes of WT-R and CIRBIL-TG-R mice (N = 3 

per group). **P < 0.01, #P < 0.05. (H) KCND2 mRNA levels in EPI and ENDO myocytes of WT-R and CIRBIL-TG-R mice (N = 5-6 per group). ****P < 0.0001, ####P < 0.0001. (I) Typical 

APD traces from EPI and ENDO cardiomyocytes of WT-R and CIRBIL-TG-R mice. (J-O) Quantitative analyses of APD20, APD50, APD90, APA, RP, and OS in WT and CIRBIL-TG right 

ventricular cardiomyocytes (N = 17 per group). **P < 0.01, ***P < 0.001; two-way ANOVA with Bonferroni's post hoc test. Data are presented as mean ± SEM. WT, Wild Type; CIRBIL-

TG, lncCIRBIL Transgenic Mice; WT-R, Right Ventricle of WT; CIRBIL-TG-R, Right Ventricle of CIRBIL-TG; ENDO, Endocardial Cardiomyocytes; EPI, Epicardial Cardiomyocytes; 

APD, Action Potential Duration; APA, Action Potential Amplitude; RP, Resting Potential; OS, Overshoot.
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Fig. 4 LncCIRBIL binds to UPF1 and regulates KCND2 mRNA stability

(A) Western blot analysis of UPF1 pulled down by lncCIRBIL. (B) RNA immunoprecipitation (RIP) showing enrichment of lncCIRBIL using UPF1 antibody in mouse heart tissue 

(N = 3 per group). *P < 0.05 versus IgG group, unpaired t test. (C) KCND2 mRNA decay in neonatal mouse ventricular myocytes after UPF1 knockdown. Cells were treated with 

5 μg/mL actinomycin D (ActD) for the indicated times; RNA levels were quantified by RT-qPCR. N = 3 independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.001 versus NC, 

student's t test. (D, E) Effects of lncCIRBIL silencing or overexpression on KCND2 mRNA decay. N = 3 independent experiments. ***P < 0.001, ****P < 0.0001 versus NC, student's 

t test. (F, G) RIP showing enrichment of KCND2 mRNA with UPF1 antibody in cardiac tissue from WT and CIRBIL-KO mice (N = 3 per group). *P < 0.05 versus IgG group, one-

way ANOVA followed by Bonferroni's post hoc test. (H) Schematic illustration of S1m-plasmid constructs with or without lncCIRBIL. (I) RNA pulldown showing interaction between 

lncCIRBIL and KCND2 mRNA. N = 3 independent experiments. *P < 0.05 versus S1m control, student's t test. (J) RNA pulldown assay showing lncCIRBIL-KCND2 interaction 

after UPF1 knockdown (N = 3 independent experiments). (K) Decapping of KCND2 mRNA in hearts of WT, CIRBIL-KO, and CIRBIL-TG mice, measured by qRT-PCR (N = 3 per 

group). **P < 0.01 for CIRBIL-KO versus WT; ####P < 0.0001 for CIRBIL-TG versus WT; one-way ANOVA followed by Bonferroni post hoc test. (L) UPF1 protein levels in EPI and 

ENDO myocytes of WT-R and CIRBIL-KO-R mice (N = 3 per group). Data are presented as mean ± SEM. WT, Wild Type; CIRBIL-KO, CIRBIL Knockout Mice; CIRBIL-TG, CIRBIL 

Transgenic Overexpression Mice; WT-R, Right Ventricle of Wild Type Mice; CIRBIL-TG-R, Right Ventricle of CIRBIL Transgenic Overexpression Mice; AD, ActD, Actinomycin; 

EPI, Epicardial Cardiomyocytes; ENDO, Endocardial Cardiomyocytes; NC, Negative Control.
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Fig. 5 Binding of hcf-CIRBIL to UPF1 and its influence on KCND2 in AC16 cells

Plasma levels of hcf-CIRBIL in patients with J-wave syndrome (N = 10) and healthy controls (N = 11), measured by qRT-PCR. *P < 0.05 versus Ctl, unpaired t test. (B) Pulldown 

assays showing binding of UPF1 by hcf-CIRBIL in mouse heart tissue and human AC16 cells. (C) Effects of hcf-CIRBIL overexpression on Kv4.2 protein and KCND2 mRNA 

expression in AC16 cells. qRT-PCR: N = 4; western blot: N = 3; each from 3 independent experiments. *P < 0.05, **P < 0.01 versus negative control (NC), Student's t test. (D) Effects 

of hcf-CIRBIL knockdown on Kv4.2 protein and KCND2 mRNA expression in AC16 cells. N = 3 independent experiments. *P < 0.05 versus NC, Student's t test. Data are expressed 

as mean ± SEM. hcf-CIRBIL, Human Conserved Fragment of lncCIRBIL; NC, Negative Control; Ctl, Control Subjects.

reduced Ito (Fig. 6G-H), attenuated action potential notch, and 
prolonged APD20 (Fig. 6I-6L). Moreover, transfection of hcf-CIRBIL 
significantly reduced the decay half-life of KCND2 mRNA (Fig. 
6M). These data imply that hcf-CIRBIL is a critical regulator of Ito 
in human cardiomyocytes and may contribute to the pathogenesis 
of J-wave syndrome.

3.6 Transgenic lncCIRBIL overexpression alleviates 
cold-induced JWS and ventricular arrhythmia 
susceptibility in mice

To further explore the functional role of lncCIRBIL in JWS, we 
established a cold-induced JWS model by exposing mice to 
cold temperature (4 °C ± 1 °C) for 4 weeks. Plasma lncCIRBIL 
levels were significantly reduced in cold-exposed mice compared 
with those maintained at room temperature (25 °C ± 1 °C) 

(Fig. 7A). Cold exposure markedly increased the incidence of 
J-point elevation in WT mice (20 of 23 at 4 ± 1 °C versus 10 of 
23 at 25 ± 1 °C). In contrast, cardiomyocyte-specific transgenic 
overexpression of lncCIRBIL significantly suppressed J-point 
elevation, which was observed in only 7 of 21 CIRBIL-TG mice 
exposed to 4 ± 1 °C (Fig. 7B-D). Consistently, cold exposure 
substantially increased the incidence of ventricular arrhythmias 
in WT mice, whereas lncCIRBIL overexpression dramatically 
reduced arrhythmia susceptibility (Fig. 7E-G). At the molecular 
level, cold exposure enhanced KCND2 mRNA and Kv4.2 protein 
expression in subepicardial compared with subendocardial 
myocardium of the right ventricle (Fig. 7H-J). Taken together, 
these results demonstrate that lncCIRBIL overexpression 
mitigates cold-induced J-wave augmentation and arrhythmia 
vulnerability by preventing the enhancement of transmural 
heterogeneity in the right ventricle. 
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4 Discussion

In this study, we demonstrated that lncCIRBIL deficiency amplifies 
transmural heterogeneity of Ito in the right ventricle, thereby 
increasing J-wave incidence and arrhythmia susceptibility. 

Conversely, cardiomyocyte-specific transgenic overexpression 
of lncCIRBIL attenuated cold-induced J-waves and reduced right 
ventricular Ito gradients. Mechanistically, lncCIRBIL facilitated 
KCND2 mRNA degradation through direct interaction with UPF1, 
leading to suppression of Ito (Fig. 8). Together, these findings 

Fig. 6 Effects of hcf-CIRBIL on KCND2 expression and function in hiPSC-derived cardiomyocytes (hiPSC-CMs)

(A, B) Effects of hcf-CIRBIL knockdown on Ito in hiPSC-CM (N = 10 cells per group). *P < 0.05, **P < 0.01 versus NC; two-way ANOVA comparison followed by Bonferroni's post hoc 

test. (C-E) Effects of hcf-CIRBIL(SI) knockdown (siRNA, SI) on notching incidence rate and AP notch depth in hiPSC-CM (N = 10 cells per group). *P < 0.05 versus NC., by student's 

t-test. Notching incidence was compared using Fisher's exact test. ****P < 0.0001 versus NC. (F) Effects of hcf-CIRBIL knockdown on APD20 (N = 10 cells per group). *P < 0.05 versus 

NC, student's t-test. (G, H) Effects of hcf-CIRBIL overexpression on Ito in hiPSC-CM. *P < 0.05, **P < 0.01, ***P < 0.001 versus NC; two-way ANOVA with Bonferroni's post hoc test. (I-L) 

Effects of hcf-CIRBIL overexpression on notching incidence rate and AP notch depth in hiPSC-CM (N = 10 cells per group). *P < 0.05 versus NC, student's t-test. Notching incidence 

compared by Fisher's exact test. ****P < 0.0001 versus NC. (M) Effects of hcf-CIRBIL overexpression on decay half-life of KCND2 mRNA in hiPSC-CM treated with 5 ug/ml ActD (N = 3 

independent experiments). *P < 0.05 for hcf-CIRBIL(OE) vs NC, student's t-test. Data are expressed as mean ± SEM. hcf-CIRBIL, Human Conserved Fragment of lncCIRBIL; hiPSC-

CM, Human Induced Pluripotent Stem Cell-Derived Cardiomyocyte; NC, Negative Control; SI, Small Interfering RNA Knockdown; OE, Overexpression; APD20, Action Potential 

Duration at 20% Repolarization; ActD, Actinomycin D.
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identify lncCIRBIL as a critical regulator of J-wave syndrome and 
highlight its contribution to ventricular arrhythmia vulnerability.

4.1 Involvement of lncCIRBIL in JWS

The role of lncRNAs in cardiac arrhythmogenesis has gained 
increasing attention in recent years. For example, Zhang et 
al. reported that lncCCRR prevents ventricular arrhythmia by 
upregulating connexin43 and improving gap junction conduction[11]. 
Similarly, lnc-KCNA2as upregulation decreases KCNA2 mRNA 
and Kv1.2 protein in rats with chronic heart failure[20], lncRNA 

TCONS-00106987 promotes atrial electrical remodeling 
during atrial fibrillation via miR-26-mediated regulation of 
KCNJ2[10]. In the present study, we found that lncCIRBIL 
deficiency significantly increased J-wave incidence and 
arrhythmia inducibility in mice, whereas circulating lncCIRBIL 
levels were markedly reduced in patients with JWS. These 
observations establish lncCIRBIL as a novel player in cardiac 
electrophysiology. Importantly, plasma lncCIRBIL quantification 
may serve as a potential biomarker for JWS risk stratification, 
although further large-scale validation is required. Mechanisms 
underlying lncCIRBIL regulation of JWS.

Fig. 7 LncCIRBIL overexpression suppresses cold-induced J-point elevation and ventricular arrhythmia susceptibility

(A) Plasma lncCIRBIL levels in mice maintained at 4 ± 1 °C (N = 21) versus 25 ± 1 °C (N = 22), measured by qRT-PCR. ***P < 0.001 versus WT 25◦C±1 °C, unpaired t test. (B-D) 

Representative lead II ECGs from WT and CIRBIL-TG mice exposed to 25 ± 1 °C or 4 ± 1 °C, and incidence of J-wave elevation. N = 23 for WT mice maintained at 4◦C ± 1 °C, N = 23 

for WT mice maintained at 25 °C ± 1 °C. ****P < 0.0001 versus WT 25◦C±1 °C, ****P < 0.0001 versus WT 4 °C ± 1 °C, Fisher's exact test. (E-G) Representative ECGs and incidence of 

VT/VF induced by programmed stimulation (N = 10 mice per group). VF/VT inducibility was compared by Fisher's exact test. ****P < 0.0001 versus WT 25 °C ± 1 °C, ****P < 0.0001 versus 

WT at 4 °C. (H-J) Kv4.2 protein and KCND2 mRNA expression in epicardial (EPI) and endocardial (ENDO) myocytes of right ventricles from WT mice exposed to 25 °C or 4 °C. qRT-

PCR: N = 6; western blot: N = 3. *P < 0.05, ***P < 0.001 versus WT-R-ENDO, #P < 0.05 versus WT-R 25◦C; two-way ANOVA with Bonferroni's post hoc test. Data are expressed as 

mean ± SEM. WT, Wild Type; CIRBIL-TG, lncCIRBIL Transgenic Mice; WT-R, Right Ventricle of WT; CIRBIL-TG-R, Right Ventricle of CIRBIL-TG; EPI, Epicardial Cardiomyocytes; 

ENDO, Endocardial Cardiomyocytes; VT, Ventricular Tachycardia; VF, Ventricular Fibrillation.
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JWS has been linked to disturbances in multiple ionic currents, 
including INa, Ito, and ICaL. Yan et al. provided the first direct 
evidence that heterogeneous Ito distribution across the ventricular 
wall generates the spike-and-dome action potential morphology, 
which underlies J-wave manifestation on the ECG[4]. Epicardial 
Ito-mediated action potential notching, absent in endocardium, 
produces a transmural voltage gradient that registers as J-waves 
or J-point elevation[21]. Moreover, Christiaan et al. showed that 
Hey2 haploinsufficiency diminishes Ito and INa gradients, leading 
to attenuated J-waves[22]. Similarly, IRX5, a transcriptional 
regulator of potassium channel genes, is essential for maintaining 
Ito gradients and coordinated repolarization[23]. 

Our results are consistent with these mechanistic insights: 
lncCIRBIL deficiency enhanced Ito and shortened action 
potential duration in right ventricular epicardium compared 
with endocardium, in parallel with increased KCND2 mRNA 
and Kv4.2 protein expression. These findings align with human 
cardiac transcriptome data showing higher KCND2 expression 
in right ventricular epicardium relative to endocardium, but 
no comparable gradient in the left ventricle[24]. Furthermore, 
in hiPS-CM, si lencing of lncCIRBIL shortened APD and 
accentuated AP notching, reinforcing the role of lncCIRBIL in 

regulating Ito heterogeneity and J-wave formation.

4.2 Regulatory mechanisms of lncCIRBIL on KCND2

A key mode of action for lncRNAs involves interaction with 
specific proteins to modulate their function[25]. UPF1 is a 
central effector of RNA surveillance and degradation, best 
known for its role in nonsense-mediated decay (NMD)[26]. 
Beyond NMD, UPF1 also regulates normal mRNAs through 
pathways involving RNA-binding proteins such as staufen, 
glucocorticoid receptor, regnase-1, and Tudor-staphylococcal/
micrococcal-like nucleases [27]. More recently, UPF1 has been 
implicated in the rapid degradation of m6A-modified RNAs[28]. 
LncRNAs are likewise critical regulators of mRNA decay and 
stability [29]. For example, lncRNA 1/2-sbsRNAs induces decay 
of complementary mRNAs via STAU1 recruitment[30] while 
lncICR[31] and SNHG5[32] enhance mRNA stabilization via partial 
base-pairing with ICAM-1 and SPATS2 mRNA, respectively. 
Importantly, UPF1 has been shown to act in concert with 
lncRNAs; Lee et al. demonstrated that linc-ASEN cooperates 
with UPF1 to modulate p21 mRNA stability[33]. 

Our study identifies a unique mechanism whereby lncCIRBIL 

Fig. 8 Proposed mechanism by which lncCIRBIL regulates J-wave syndrome

LncCIRBIL binds and recruits UPF1 to promote KCND2 mRNA decay in cardiomyocytes. Reduction of lncCIRBIL impairs UPF1-mediated degradation of KCND2 mRNA, leading to 

increased Ito density and enhanced transmural heterogeneity in the right ventricle, which predisposes to J-wave syndrome. UPF1, up-frameshift protein1; lncCIRBIL, Injury-Related 

Bclaf1-Interacting LncRNA. The figure was drawn by the BioRender (Toronto, Canada).
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facilitates UPF1-mediated KCND2 mRNA degradation through 
m7G cap-dependent decay. Specifically, lncCIRBIL recruits 
UPF1 to promote removal of the protective 5′ m7G cap, thereby 
exposing KCND2 mRNA to exonucleolytic degradation. In 
contrast, lncCIRBIL deficiency disrupts UPF1 recruitment, allowing 
KCND2 transcripts to retain their protective cap and accumulate, 
ultimately enhancing Ito density and transmural heterogeneity. 

4.3 Effects of lncCIRBIL on cold-exposure induced JWS

J-waves are known to be augmented by hypothermia. Yamaki 
et al. showed that low ambient temperature triggers J-wave 
syndromes and increases arrhythmia vulnerability, which can 
be prevented by Ito inhibition or environmental warming[34]. 
In line with these findings, we observed that cold exposure 
significantly increased J-wave incidence and ventricular 
arrhythmia susceptibility in WT mice. Notably, these effects were 
substantially alleviated by cardiomyocyte-specific overexpression 
of lncCIRBIL, highlighting its protective role against cold-induced 
electrophysiological disturbances. 

5 Study limitations

This study has several limitations. First, human cardiac tissues 
were not available, and plasma samples from patients with 
J-wave syndrome were limited in number. Larger clinical cohorts 
are required to validate the diagnostic and prognostic utility of 
lncCIRBIL in JWS. Second, although our data strongly support 
UPF1-mediated decay as the primary mechanism of KCND2 
regulation, other factors may contribute. Future transcriptome-
wide approaches such as RNA interactome capture and CLIP-
seq will be necessary to identify additional lncCIRBIL-interacting 
proteins or alternative mechanisms, including transcriptional 
regulation or splicing modulation.

6 Conclusion 

Our study identifies lncCIRBIL as a critical regulator of J-wave 
syndrome. Deficiency of lncCIRBIL amplifies transmural Ito 

heterogeneity by impairing UPF1-mediated KCND2 mRNA 
degradation, leading to J-wave formation and heightened 
arrhythmia susceptibility. Conversely, lncCIRBIL overexpression 
attenuates J-wave augmentation under both basal and cold-
induced conditions. These findings reveal a novel molecular 
mechanism underlying J-wave syndrome and underscore the 
clinical relevance of lncCIRBIL as both a biomarker and a 
potential therapeutic target. 
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