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Abstract

Oxidants and canonical Wnt/β-catenin signaling have been shown to decrease cardiac Na+ channel 

activity by suppressing NaV1.5 expression. Our aims are to determine if hydrogen peroxide 

(H2O2), one oxidant of reactive oxygen species (ROS), activates Wnt/β-catenin signaling and 

promotes β-catenin nuclear activity, leading to suppression of NaV1.5 expression and if this 

suppression requires the interaction of β-catenin with its nuclear partner, TCF4 (also called 

TCF7L2) to decrease SCN5a promoter activity. The results demonstrated that H2O2 increased β-

catenin, but not TCF4 nuclear localization determined by immunofluorescence without affecting 

total β-catenin protein level. Furthermore, H2O2 exerted a dose- and time-dependent suppressive 

effect on NaV1.5 expression. RT-PCR and/or Western blot analyses revealed that overexpressing 

active form of β-catenin or stabilizing β-catenin by GSK-3β inhibitors, LiCl and Bio, suppressed 

NaV1.5 expression in HL-1 cells. In contrast, destabilization of β-catenin by a constitutively active 

GSK-3β mutant (S9A) upregulated NaV1.5 expression. Whole-cell recording showed that LiCl 

significantly inhibited Na+ channel activity in these cells. Using immunoprecipitation (IP), we 

showed that β-catenin interacted with TCF4 indicating that β-catenin as a co-transfactor, regulates 

NaV1.5 expression through TCF4. Analyses of the SCN5a promoter sequences among different 
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species by using VISTA tools indicated that SCN5a promoter harbors TCF4 binding sites. 

Chromatin IP assays demonstrated that both β-catenin and TCF4 were recruited in the SCN5a 
promoter, and regulated its activity. Luciferase promoter assays exhibited that β-catenin inhibited 

the SCN5a promoter activity at a dose-dependent manner and this inhibition required TCF4. Small 

interfering (Si) RNA targeting β-catenin significantly increased SCN5a promoter activity, leading 

to enhanced NaV1.5 expression. As expected, β-catenin SiRNA prevents H2O2 suppressive effects 

on both SCN5a promoter activity and NaV1.5 expression. Our findings indicate that H2O2 inhibits 

NaV1.5 expression by activating the Wnt/β-catenin signaling and β-catenin interacts with TCF4 to 

transcriptionally suppress cardiac NaV1.5 expression.
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1. Introduction

NaV1.5 encoded by the SCN5a gene, the main voltage-gated Na+ channel in the heart of 

humans and animals, determines cardiac electrical excitability and conduction [1]. Studies 

have uncovered that altered expression and/or dysfunction of Na+ channel account for 

arrhythmias in patients with ischemic heart disease (IHD), heart failure, and other heart 

diseases [1,2]. Both NF-κB and FoxO1 suppress SCN5a promoter activity, leading to the 

down-regulation of NaV1.5 expression [3,4], indicating that these two signaling pathways 

play important roles in the regulation of Na+ channel activity in heart diseases.

The canonical Wnt (Wnt/β-catenin) signaling pathway is involved in various physiological 

and pathological processes, including embryonic development, apoptosis, differentiation, 

cell cycle arrest, and oxidant stress [5,6]. In the absence of Wnt stimulus, cytoplasmic β-

catenin forms the “destruction complex” with APC/Axin/CK-1a/GSK-3β and is then 

phosphorylated and ubiquitinated [7]. When the Wnt signaling is activated, the β-catenin 

destruction complex is disassembled, which leads to the stabilization of β-catenin. The 

stabilized β-catenin accumulates in the nucleus where it interacts with the T-cell factor/

lymphoid enhancer factor (TCF/LEF) to transcriptionally regulate gene expression [8]. It has 

been reported that Wnt/β-catenin activation is associated with a wide range of diseases 

[9,10]. The Wnt/β-catenin signaling is usually inactivated in the health hearts, but it is 

activated under abnormal conditions such as cardiac hypertrophy and heart failure [9–11] 

and myocardial infarction [12]. Wnt ligand stimulation has been shown to decrease Na+ 

channel activity by suppressing NaV1.5 expression in the neonatal cardiomyocytes of the rat 

[13,14], but its underlying mechanisms have not been determined.

Hydrogen peroxide (H2O2), one oxidant of reactive oxygen species (ROS) is elevated in the 

IHD [15] and inhibits cardiac Na+ channel activity by suppressing NaV1.5 expression [4]. 

H2O2 also activates the Wnt/β-catenin signaling [16], which suggests that H2O2 has a 

potential role in the regulation of NaV1.5 expression through Wnt/β-catenin signaling.

Presently, we determined the effects of activation of Wnt/β-catenin signaling by H2O2 on 

NaV1.5 expression. Our studies showed that activation of Wnt/β-catenin signaling by H2O2 
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inhibits NaV1.5 expression, and TCF4 (also called TCF7L2) is required for β-catenin 

inhibition of NaV1.5 expression at the transcriptional level. These findings provide new 

insights into the mechanisms underlying transcriptional suppression of NaV1.5 expression 

by oxidants.

2. Methods

2.1 Cell Culture

HL-1 cells from the AT-1 mouse atrial cardiomyocyte tumor lineage were kindly provided 

by Dr. William C. Claycomb at the Louisiana State University Health Sciences Center, New 

Orleans, USA. These cells were cultured as described previously [17]. HeLa cells (American 

Type Culture Collection, Manassas, VA, USA) were maintained in 10 cm plates containing 

Dulbecco’s modified Eagle’s medium (high glucose), 10% fetal bovine serum, 100 U/ml 

penicillin and 100 μg/ml streptomycin.

2.2 Western blotting

Western blots were performed on the proteins extracted from cultured cells and mouse 

ventricular tissue taken from 10- to 12-week-old adult mouse hearts. The use of mouse heart 

tissues was authorized by the Chancellor’s Animal Research Committee at the University of 

California, Los Angeles (ARC # 2013-090-01A) in the studies Thirty micrograms of protein 

were equally loaded on 8–10% SDS polyacrylamide gels and transferred onto nitrocellulose 

membranes. The membranes were blocked with 5% non-fat milk for 1 hour at room 

temperature, and then incubated with the indicated primary antibody overnight at 4°C. After 

one-hour incubation with the appropriate secondary antibody, the specific signals were 

revealed by the chemiluminescence detection reagent Western lightning plus-ECL. Primary 

antibodies used in this study include rabbit anti-β-catenin monoclonal (1:1000) (BD 

Transduction Laboratories™, San Jose, CA, USA),rabbit anti-NaV1.5 polyclonal (1:500) 

(Alomone Labs, Jerusalem, Israel) and rabbit anti-GSK-3β monoclonal (1:500) anti-TCF4 

monoclonal (1:500) (Cell Signaling Technology, Inc. Danvers, MA, USA).

2.3 RT-PCR and Real-Time PCR

Using RNeasy Fibrosis Tissue kit (QIAGEN, Valencia, CA, USA) and following the 

manufacturer’s instruction, total RNA was extracted from HL-1 cardiomyocytes. The RNA 

sample was then reversely transcribed to the first-strand cDNA using a high capacity cDNA 

reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The level of β-catenin 

and NaV1.5 mRNA was measured by using TakaRa EmeraldAMP GT PCR Master Mix 

(Takara BIO INC. Otsu, Shiga, Japan) or (SYBR Green PCR Master Mix Kit (Applied 

Biosystems, Foster City, CA, USA) with GAPDH as an internal control. Real-time PCR was 

performed on a 7500 FAST Real-Time PCR System (Applied Biosystems, Foster City, CA, 

USA). The primer sequences used to amplify the cDNA of these genes are as shown in 

Supplementary Table 1.

2.4 ChIP Assay

Adult mouse ventricular tissues were subjected to the ChIP assay using anti-β-catenin, TCF4 

antibodies, or rabbit IgG as a control and the ChIP assay kit materials (Upstate 
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Biotechnology, Lake Placid, NY, USA). The immunoprecipitates were analyzed by 

immunoblot analysis using anti-β-catenin (BD Transduction Laboratories™, San Jose, CA, 

USA) and TCF4 (Cell Signaling Technology, Danvers, MA, USA) antibodies and by PCR 

assay to detect for coimmunoprecipitated DNA using a pair of SCN5a promoter-specific 

primers (forward 5′-TGGTACATACCGTTTCAGGAC-3′ and reverse 5′-

GCACACACACTCACACATAC-3′) that flank the consensus TCF4 binding sites (−1548 to 

−1473 nt) and a pair of primers (forward 5′-GCCTCATTCGTTGCAGTGCC-3′ and reverse 

5′-GCCAGTGCCTTGTGTGGACTCT-3′) that flanked the DNA sequence (−4453 to −4686 

nt) lacking TCF4 binding sites in the mouse SCN5a promoter.

2.5 Luciferase promoter Assays

Lipofectamine™ and plus™ reagents (Invitrogen, Carlsbad, CA, USA) were used to transfect 

SNC5a reporters (SCN5a promoter-Luc reporter plasmid [18] generously provided by Dr. 

Hideko Kasahara at the University of Florida College of Medicine, Florida, USA), TCF4 

siRNA (Santa Cruz Bio., Inc., Dallas, Texas, USA) in the HeLa cells. A Renilla reporter 

gene (Promega, Madison, WI, USA) was included as an internal control. Cells were seeded 

in 24-well plates and grew to 90% confluence. Transfections were performed according to 

the manufacturer’s instructions. Cell lysates were prepared for the luciferase assay 48 hours 

after transfection as described by the manufacturer (Promega, Madison, WI, USA). Data 

were analyzed and expressed as the normalized-fold changes to controls.

2.6 Whole cell voltage-clamp recording

Whole-cell voltage clamp recording techniques were used to record Na+ currents in HL-1 

cardiomyocytes. The methods used were described previously [4,19]. All whole-cell 

recordings were conducted at room temperature (22–24°C) using a patch clamp amplifier 

(Axopatch 200B; Axon Instruments Inc., Foster City, CA, USA). The bath solution for 

recording membrane currents contained (in mM) 145 NaCl, 4.5 CsCl, 1.5 MgCl2, 1 CaCl2, 5 

HEPES, 5 glucose, 0.1 CdCl2 (pH 7.35 with CsOH); the pipette solution contained (in mM) 

10 NaF, 110 CsF, 20 CsCl, 10 EGTA, and 10 HEPES (pH 7.35 with CsOH). Electrode 

resistance ranged from 2.0 to 3.0 MΩ. The experiments were controlled by using pClampex 
10.3 software (Axon Instruments Inc., Foster City, CA, USA). Currents were acquired at 20–

50 kHz (Digidata 1200 A/D converter; Axon Instruments Inc., Foster City, CA, USA), low-

pass-filtered at 5 kHz, and stored on a computer. In all recordings, 80% of the series 

resistance was compensated. Data analysis was accomplished by using pClampfit 10.3 

software (Axon Instruments Inc., Foster City, CA, USA).

2.7 Immunoprecipitation

Total protein was extracted from adult mouse ventricular tissue by using modified RIPA 

buffer (mmol/L) 50 Tris-HCl, pH 7.4; 150 NaCl; 1 EDTA; 1% Nonidet P-40; 0.1% sodium 

dodecyl sulfate (SDS); 0.25% Sodium Deoxycholate; 1:100-diluted protease inhibitor 

cocktail (Sigma, St. Louis, MO, USA); 1 PMSF; and 10 NEM. Immunoprecipitation with 

mouse monoclonal anti-β-catenin was performed per the manufacturer’s instructions of 

EZview™ Red Protein G Affinity Gel (Sigma-Aldrich, St. Louis, MO, USA). Proteins were 

loaded on 10% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose 

membrane. The membranes were blocked with 5% non-fat milk for 1 hour at room 
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temperature, and then incubated with the indicated primary antibody overnight at 4°C. After 

one-hour incubation with the appropriate secondary antibody, the specific signals were 

revealed by the chemiluminescence detection reagent Western lightning plus-ECL 

(PerkinElmer, Inc., Waltham, MA, USA) according to the manufacturer’s instruction. 

Primary antibodies used in this study include rabbit anti-β-catenin monoclonal (1:1000) (BD 

Transduction Laboratories™, San Jose, CA, USA) and rabbit anti-TCF4 antibody (1:500) 

(Cell Signaling Technology, Danvers, MA, USA).

2.8 Immunofluorescence

HL-1 cells were dispersed on the glass in the center of the 32 mm dishes and grew to 80% 

confluence. PBS was used to wash these cells for three times. These cells were immersed in 

10% normal goat serum for 60 min to block non-specific binding, and then incubated 

overnight at 4°C with primary antibody against TCF4 (1:500) (Millipore, Billerica, MA, 

USA). After washing 6 times with PBS, secondary antibody labeled with DyLight-555 was 

added. Nuclear counterstain was performed with 4′, 6-Diamidino-2-Phenylindole (DAPI, 

Sigma-Aldrich, St. Louis, MO, USA).

HL-1 cells expressing β-catenin-GFP were fixed with 4% paraformaldehyde. Nuclear 

profiles were revealed with a brief incubation in DAPI prior to microscopic observation. 

Fluorescence was visualized with an inverted ZEISS fluorescence confocal microscope. All 

imaging was processed in an identical manner to faithfully capture the real time images of 

each sample.

2.9 Statistics

Group data are presented as mean ± SEM. The statistical significance of differences was 

assessed by using ANOVA one way analysis or a two-tailed Student t-test and p<0.05 was 

taken to indicate a statistically significant difference.

3. Results

3.1 H2O2 induced Wnt/β-catenin activation and suppressed NaV1.5 expression in a dose- 
and time-dependent manner in HL-1 cardiomyocytes

H2O2, one of oxidants, is elevated in the heart after myocardial infarction, and is responsible 

for structural and electrical cardiac disorders [20]. Therefore, we tested if 50 μM H2O2, 

which mimics oxidant stress in vivo, was able to induce activation of Wnt/β-catenin 

signaling and NaV1.5 reduction in HL-1 cardiomyocytes. IF staining showed that treatment 

with 50 μM H2O2 for one hour led to the accumulation of β-catenin in the nuclei of HL-1 

cardiomyocytes (Figure 1) while TCF4 was unaltered (Figure 1). Western blot analysis 

displayed that 0, 10 μM, 25 μM and 50 μM H2O2 treatment resulted in the significant 

reduction of NaV1.5 protein in a dose-dependent manner, while the expression of β-catenin 

was not significantly affected in HL-1 cells (Figure 2A). NaV1.5 mRNA was also 

significantly reduced by these different concentrations of H2O2 in HL-1 cells (Figure 2A). 

Western blot analysis was unable to detect the difference of cleaved caspase-3 between 50 

μM H2O2 and the control group (Supplementary Figure 1), indicating that the suppression of 

NaV1.5 expression by this concentration is not due to the cell apoptosis. Moreover, both 
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protein and mRNA levels of NaV1.5 expression were significantly decreased in the HL-1 

cells exposed to 50 μM H2O2 for 0, 12 hours, 24 hours in a time-dependent manner while β-

catenin expression was not changed (Figure 2B). The relative values of NaV1.5 mRNA to 

GAPDH were obtained from the real-time PCR amplification curves. As an example shown 

in Supplemental Figure 2, the amplification curves represented GAPDH and NaV1.5 mRNA 

levels at the different H2O2 treatment time durations. We also tested if another oxidant, 3-

morpholonosydnonimine (SIN-1), which can generate peroxynitrite [21] has the similar 

effect of H2O2 on NaV1.5 expression in HL-1 cells. As shown in supplemental Figure 2, 

SIN-1 at different concentrations (0, 2 μM, 10 μM and 20 μM) and durations of culture (0, 

24 hours and 48 hours) had no effects on NaV1.5 expression at both protein and mRNA 

levels (Supplemental Figure 3). These findings indicated that not all the oxidants have 

effects on NaV1.5 expression.

3.2 Activation of Wnt/β-catenin inhibited NaV1.5 expression in HL-1 cardiomyocytes

An active form of β-catenin (ΔN-β-catenin, N-terminal deletion of 134 amino acids) lacking 

GSK-3β phosphorylation sites has frequently been used to mimic the activation of Wnt/β-

catenin [22]. Therefore, we infected HL-1 cells with ΔN-β-catenin adenovirus to determine 

if activation of Wnt/β-catenin affects NaV1.5 expression. Indeed, we found that ΔN-β-

catenin significantly suppressed NaV1.5 expression at both protein (p<0.05) and mRNA 

levels (p<0.01) (Figure 3A and B). Alternatively, we activated the Wnt/β-catenin signaling 

pathway by two GSK-3β inhibitors, LiCl [23] and Bio [24], in HL-1 cardiomyocytes, and 

then, determined the NaV1.5 expression. As shown in Figure 4A and B, HL-1 

cardiomyocytes treated with 25 mM LiCl for 48 hours had significantly increased β-catenin 

protein level (p<0.01), and decreased expression of NaV1.5 at both protein and mRNA levels 

in HL-1 cardiomyocytes as compared to the controls (p<0.01). Bio at a concentration of 5 

μM significantly decreased NaV1.5 protein levels in HL-1 cardiomyocytes (p<0.05) 

(Supplementary Figure 4).

3.3 Activation of Wnt/β-catenin signaling pathway inhibited Na+ channel activity in HL-1 
cardiomyocytes

To further define the role of Wnt/β-catenin signaling pathway in the regulation of Na+ 

channel activity, we used LiCl, to treat the HL-1 cells and determine Na+ channel activity. 

After HL-1 cells were treated with LiCl 25 mM for 48 hours, the whole-cell patch clamp 

recording was performed to record Na+ currents, and it showed that Na+ currents were 

largely reduced (Figure 4C). The peak Na+ current densities were significantly decreased at 

the voltages from −25 mV to 5 mV compared with the control group (Figure 4D).

3.4 Inhibition of Wnt/β-catenin increased NaV1.5 expression in HL-1 cardiomyocytes

Then, we observed the effects of inhibiting Wnt/β-catenin signal on the expression of 

NaV1.5 in HL-1 cardiomyocytes. HL-1 cells were infected with adenovirus-lacz and 

adenovirus-GSK-3β-S9A, respectively, for 48 hours. As expected, overexpression of 

GSK-3β-S9A, a constitutively active form of GSK-3β with a point mutation at serine 9 [25] 

in HL-1 cardiomyocytes significantly decreased β-catenin protein (p<0.05) and significantly 

increased the expression of NaV1.5 protein (p<0.05), compared to the lacz control group 

(Figure 5A and B). GSK-3β was significantly increased in the cells infected with 
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adenovirus-GSK-3β-S9A (p<0.01), compared to the lacz control group, indicating that 

GSK-3β-S9A was expressed in the HL-1 cells after infection of GSK-3β-S9A (Supplemental 

Figure 5).

3.5 Conservative TCF4 DNA binding sites in the SCN5a promoter

Analysis by using VISTA tools revealed that the proximal region (2308 bp upstream) of the 

SCN5a promoter harbors four TCF4 binding sequences (Figure 6A). These sequences are 

conservative among human, rat, and mouse (Figure 6B), indicating that β-catenin is likely 

recruited in the proximal region of the SCN5a promoter after binding to TCF4.

3.6 β-catenin and TCF4 formed a complex and were recruited in the SCN5a promoter

Total protein was extracted from adult mouse ventricular tissues. Antibody against β-catenin 

was used to do IP; Western blot analysis was performed following IP. As shown in the 

Figure 7A, antibodies against β-catenin or TCF4 were able to pull down both β-catenin and 

TCF4, indicating that β-catenin interacts TCF4 in the mouse heart tissues.

Chromatin immunoprecipitation (ChIP) assays were used to determine if both β-catenin and 

TCF4 are recruited in the SCN5a promoter. As shown in Figure 7B, both β-catenin and 

TCF4 were recruited in the region of SCN5a promoter in mouse ventricular tissues.

3.7 TCF4 was required for β-catenin inhibition of SCN5a promoter activity

To clarify the transcriptional regulation of NaV1.5 by β-catenin, luciferase promoter activity 

assay was performed. The results revealed that both β-catenin overexpression and LiCl 

significantly inhibited the SCN5a promoter activity as compared to the control (p<0.01) 

(Figure 8A). β-catenin inhibition of SCN5a promoter activity was in a concentration-

dependent manner (Figure 8B). β-catenin does not have a DNA binding domain. It functions 

as a co-transcriptional factor to regulate the target gene expression through TCF4 

transcriptional factor [26]. TCF4 SiRNA was used to confirm that β-catenin inhibition of 

SCN5a promoter activity requires TCF4. In HeLa cells, knockdown of TCF4 by specific 

targeting SiRNA (Supplementary Figure 6) did not affect the SCN5a promoter activity 

(Figure 8C), compared with the scrambled SiRNA. However, the SCN5a promoter activity 

was significantly increased (p<0.01) by TCF4 siRNA in the presence of β-catenin, indicating 

that β-catenin inhibition of SCN5a promoter activity is dependent on the presence of TCF4 

(Figure 8D).

3.8 H2O2 suppression of NaV1.5 expression requires β-catenin

We have found that H2O2 activated Wnt/β-catenin signaling, and decreased NaV1.5 

expression. In order to pin down H2O2 suppressive effect on NaV1.5 expression requiring β-

catenin, we set up experiments to determine if β-catenin SiRNA prevented H2O2 to inhibit 

both NaV1.5 expression and SCN5a promoter activity. Total protein and RNA were extracted 

from HL-1 cells treated with β-catenin and scramble SiRNA for 48 hours or from HL-1 cells 

treated with β-catenin SiRNA and 50 μM H2O2 in the culture medium for 48 hours. Western 

blot and real-time PCR were performed. As shown in Figure 9A, SiRNA specifically 

targeting β-catenin significantly decreased β-catenin and increased NaV1.5 expression at 

both protein and mRNA levels, compared to the scramble SiRNA group; as illustrated in 
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Figure 9B, H2O2 suppression of NaV1.5 protein and mRNA expression was prevented by β-

catenin SiRNA. Luciferase promoter assays were performed on the protein extracts from the 

Hela cells transfected with SCN5a promoter-Luc reporter plasmid and SiRNA-β-catenin or 

scramble SiRNA, or from Hela cells transfected with SCN5a promoter-Luc reporter plasmid 

in the presence or absence of 50 μM H2O2 in the culture medium for 48 hours. As shown in 

Figure 9C, SiRNA-β-catenin significantly increased SCN5a promoter activity, compared to 

scramble SiRNA and H2O2 significantly decreased SCN5a promoter activity, compared to 

the control group; H2O2 inhibitory effect on the SCN5a promoter activity was completely 

abolished by β-catenin SiRNA.

4. Discussion

The results presented here reveal that the suppression of cardiac NaV1.5 expression caused 

by activation of Wnt/β-catenin signaling required the presence of TCF4. H2O2, an oxidant, 

was able to lead to β-catenin nuclear translocation and subsequent suppression of NaV1.5 

expression by inhibiting SCN5a promoter activity. The findings provide new insights into 

the molecular mechanisms of Wnt/β-catenin signaling transcriptionally regulating NaV1.5 

expression and H2O2 suppressing NaV1.5 expression. Another oxidant, SIN-1 which can 

generate peroxynitrite [21] did not affect NaV1.5 expression, indicating that not all oxidants 

have effects on NaV1.5 expression.

Activation of Wnt/β-catenin signaling by directly manipulating β-catenin cellular levels 

inhibiting cardiac Na+ channel activity by suppressing NaV1.5 expression was first reported 

from our laboratory in American Heart Association scientific session 2013 [13]. Recently, a 

study by Liang W, et al [14] showed that activation of this signaling pathway by Wnt ligand 

stimulation significantly reduced mRNA and proteins levels of NaV1.5 as well as Na+ 

channel activity in neonatal rat ventricular myocytes. Consistent with the reduction of Na+ 

channel activity, activation of Wnt/β-catenin signaling led to the alteration of action 

potentials with a decrease of the upstroke amplitude and maximum upstroke velocity in 

these cells [14]. Our study showed that the activation of Wnt/β-catenin signaling induced the 

suppression of NaV1.5 expression which required TCF4 directly binding to the SCN5a 
promoter. TCF4 functions as a suppressor in the regulation of NaV1.5 expression. H2O2 did 

not affect total β-catenin expression, but it was able to promote β-catenin nuclear localization 

to supress NaV1.5 expression at the transcriptional level. The mechanism of H2O2 

augmenting Wnt/β-catenin signaling was proposed by Funato Y, et al [16]. The cytoplasmic 

proctein Dishevelled (Dvl) usually inteacts with Axin and Frat1/GBP to inhibit GSK3β 

mediated phosphorylation of β-catenin [27]. This function of Dvl depends on its binding to 

thrioredoxin-like protein nucleoredoxin [16]. The studies by Funato Y, et al showed that 

H2O2 inhibted the interaction between thrioredoxin-like protein nucleoredoxin and Dvl, 

leading to activation of Wnt/β-catenin signaling by increasing nuclear non-phosphorylated β-

catenin level [16]. The increase of nuclear non-phosphorylated β-catenin often does not lead 

to measurable change at total protein levels.

It has been reported that H2O2 suppressed NaV1.5 expression by inhibiting SCN5a promoter 

activity through NF-κB and FoxO1 signaling pathways [3,4]. We sought to determine if 

cellular localization of β-catenin protein is altered by ROS and found that 50 μM H2O2 did 
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not trigger the apoptosis of HL-1 cardiomyocytes, but did induce β-catenin accumulation in 

the nuclei of these cells to suppress SCN5a promoter activity, subsequently leading to the 

suppression of NaV1.5 expression. β-catenin SiRNA was able to completely abolish the 

effects of H2O2 on SCN5a promoter activity and NaV1.5 expression. These findings indicate 

that NF-κB and FoxO1 signaling pathways affecting NaV1.5 expression may be dependent 

on the activation of Wnt/β-catenin signaling. Indeed, it has been reported that oxidative 

stress promotes interaction of β-catenin and FoxO that enhances the expression of the target 

genes [18].

Canonic Wnt/β-catenin signaling is usually silenced in normal adult hearts, but is activated 

under pathological conditions such as cardiac hypertrophy and heart failure [9–11] and 

myocardial infarction [12]. Epidemiologic data indicate that ischemic heart disease (IHD), a 

leading cause of death worldwide, causes 80% of fatal arrhythmias, such as ventricular 

tachycardia and ventricular fibrillation [28–31]. Abnormal Na+ channel activity affects 

cardiac excitability and electrical conduction and it has been linked to cardiac arrhythmias in 

IHD [1]. The expression of NaV1.5, α subunit of the cardiac Na+ channel is significantly 

decreased in humans with end-stage heart failure due to chronic ischemic and dilated 

cardiomyopathies [1,2], in the epicardial border zone of the infarcted canine hearts [32], and 

in the peri-infarction border zone of mouse hearts [19]. However, the mechanisms regulating 

the Na+ channel expression in IHD, in particular at the transcriptional level, are largely 

unknown. ROS are significantly increased in IHD [15] and play an important role in cardiac 

dysfunction [33]. To our best knowledge, our studies first linked H2O2 transcriptionally 

suppressing NaV1.5 expression to Wnt/β-catenin signaling. The modulation of Na+ channel 

activity by Wnt/β-catenin signaling could emerge as a novel therapeutic target to tackle the 

highly relevant problem of fatal cardiac arrhythmias in IHD. Our findings were from the in 
vitro studies and had some limitations. Studies focusing on the role of H2O2 in the 

regulation of cardiac NaV1.5 expression and Na+ channel activity in animal models will be 

pursued.
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Highlights

• Hydrogen peroxide suppresses NaV1.5 expression by activating Wnt/β-

catenin signaling pathway

• Activation of Wnt/β-catenin signaling suppresses cardiac Na+ channel 

activity

• Activation of Wnt/β-catenin signaling suppresses NaV1.5 expression 

through TCF4

• β-catenin suppresses NaV1.5 expression by TCF4 inhibiting SCN5a 
promoter activity
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Figure 1. H2O2 induced β-catenin nuclear localization but TCF4 was not affected
HL-1 cardiomyocytes were infected with β-catenin-GFP adenovirus for 24 hours, treated 

with 50 μM H2O2 for 1 hour, and observed by confocal microscopy. β-catenin-GFP 

adenovirus successfully infected the HL-1 cells and 50 μM H2O2 promoted β-catenin-GFP 

(green) accumulated in the nuclei. TCF4 were stained with Texas red (red). TCF4 

accumulated in the nuclei at the baseline and did not change after 50 μM H2O2 treatment in 

HL-1 cells. n=3 batches of cells from 3 independent experiments carried on separate 

occasions for each group.
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Figure 2. Dose- and time-dependent effects of H2O2 on NaV1.5 expression in HL-1 
cardiomyocytes
(A) Western blot and real-time PCR were performed to evaluate the expression of β-catenin 

and NaV1.5 in HL-1 cells after 0, 10 μM, 25 μM or 50 μM H2O2 treatment for 48 hours. 

NaV1.5 protein and mRNA levels were significantly decreased (p<0.05) with H2O2 in does-

dependent manner but β-catenin expression was not significantly affected. (B) Western blot 

and real time-PCR were performed to evaluate the expression of β-catenin and NaV1.5 

expression in HL-1 cells after 50 μM H2O2 treatment for 0, 12 hours, 24 hours or 48 hours. 

Western blot and real-time PCR showed that NaV1.5 protein and mRNA were significantly 

decreased with time-dependent manner (p<0.01 and p<0.05) after treatment but β-catenin 

protein was not significantly altered. *p<0.05 and ** p<0.01; n=3 batches of cells from 3 

independent experiments carried on separate occasions for each group.
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Figure 3. NaV1.5 expression was downregulated by ΔN-β-catenin in HL-1 cells
HL-1 cells were infected with adenovirus-ΔN-β-catenin and adenovirus-lacz for 48 hours. 

(A) Western blot was performed on the protein extract from these cells. The result showed 

that expression of ΔN-β-catenin, a stabilized form of β-catenin significantly suppressed the 

expression of NaV1.5 protein (p<0.05), compared to the lacz control group. (B) RT-PCR 

analysis was performed on the total RNA extracted from these cells and the results showed 

that the mRNA level of NaV1.5 was significantly decreased by ΔN-β-catenin (p<0.01) 

compared to the lacz control group. *p<0.05 and ** p<0.01; n=3 batches of cells from 3 

independent experiments carried on separate occasions for each group.
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Figure 4. LiCl inhibited cardiac Na+ channel activity by suppressing NaV1.5 expression through 
activating Wnt/β-catenin signaling
(A) Exposure of HL-1 cardiomyocytes to 25 mM LiCl led to a significant increase in β-

catenin expression (p<0.01), compared to the control group (p<0.01), accompanied by a 

significant decrease of NaV1.5 protein (p<0.01). (B) RT-PCR was performed to detect the 

effect of 25 mM LiCl on NaV1.5 mRNA. NaV1.5 mRNA level was significantly decreased in 

HL-1 cells (p<0.01) after 25 mM LiCl treatment, compared to the control group. In A and B, 

Ctl: control; n=3 batches of cells from 3 independent experiments carried on separate 

occasions for each group. (C) INa currents were recorded in HL-1 cardiomyocytes with or 

without LiCl treatment. 25 mM LiCl decreased Na+ current densities HL-1 cells. (D) The 

current-voltage relationship curve of Na+ currents showed that the current densities obtained 

from peak currents divided by individual cell capacitances were significantly decreased from 

−25 mV to +5 mV in HL-1 cells (p<0.05), compared to the control group. In C and D, n=7 

in the control group and n=7 in the LiCl group. In A, B and D, *p<0.05 and **p<0.01.
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Figure 5. NaV1.5 expression was upregulated by GSK-3β-S9A in HL-1 cells
HL-1 cells were infected with adenovirus-lacz and adenovirus-GSK-3β-S9A, respectively, 

for 48 hours. (A, B) Expression of GSK-3β-S9A (mutated active form of GSK-3β) led to a 

significant increase of NaV1.5 protein (p<0.05) and was accompanied by significantly 

decreased β-catenin (p<0.05), compared to the lacz control group. In B, *p<0.05; Ctl: 

control; n=3 batches of cells from 3 independent experiments carried on separate occasions 

for each group.
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Figure 6. Conservative TCF4 DNA binding sites in the SCN5a promoter
(A) The proximal region (2308 bp upstream) of SCN5a promoter harbors four TCF4 binding 

sequences. (B) VISTA plot showing the sequences of these four potential binding sites (#1, 

#2, #3 and #4) in multiple species, including mouse, rat, dog, horse and human. #3 and #4 

are more conservative than #1 and #2 potential binding sites.
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Figure 7. β-catenin and TCF4 formed a complex and were recruited in the SCN5a promoter
(A) Immunoprecipitation (IP) was performed on the total protein extracted from the adult 

mouse ventricular tissues by using an antibody against β-catenin and Western blot was 

performed to show this antibody was able to pull down β-catenin itself (a) and TCF4 (b). 

The results indicated that β-catenin interacts with TCF4. (B) ChIP assay was performed by 

using antibodies against β-catenin and TCF4, and IgG as control on the adult mouse 

ventricular tissues. A pair of flanking DNA primer sequences containing (a and c) or lacking 

TCF4 binding sites (b and d) was used. The results demonstrated that both β-catenin and 

TCF4 were recruited within the SCN5a promoter region.
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Figure 8. Knockdown of TCF4 attenuated β-catenin inhibition of SCN5a promoter activity
(A) Both β-catenin overexpression and LiCl significantly inhibited the SCN5a promoter 

activity (p<0.01), compared to the control groups, respectively. (B) Luciferase promoter 

assays revealed that β-catenin significantly inhibited SCN5a promoter activity in a 

concentration-dependent manner (p<0.01). (C) Knockdown of TCF4 by 100 nM SiRNA did 

not significantly affect the activity of SCN5a promoter, compared to the 100 nM scramble 

SiRNA group. (D) In the presence of β-catenin, knockdown of TCF4 by SiRNA significantly 

increased the SCN5a promoter activity (p<0.01), compared to the β-catenin and scramble 

SiRNA co-transfection group. **p<0.01; Ctl: control; n=3 batches of HeLa cells from 3 

independent experiments carried on separate occasions for each group.
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Figure 9. Knockdown of β-catenin by SiRNA prevented a decrease of both NaV1.5 expression 
and SCN5a promoter activity induced by H2O2
HL-1 cells were transfected with 100 nM β-catenin and scramble SiRNA, respectively, for 

48 hours without or with 48 hours 50 μM H2O2 treatment. Total Protein and RNA were 

extracted from these cells. Western blot and real time-PCR were performed. (A) 100 nM β-

catenin SiRNA significantly knocked down β-catenin expression at both protein and mRNA 

levels (p<0.01) and significantly increased NaV1.5 protein and mRNA (p<0.01), compared 

to the 100 nM scramble SiRNA group. (B) Knockdown of β-catenin completely abolished 

suppressive effects of 50 μM H2O2 for 48 hours on NaV1.5 expression at both protein and 

mRNA levels. (C) Luciferase promoter assays were performed on the protein extracts from 

transfected Hela cells treated with β-catenin or scramble SiRNA or treated with or without 

50 μM H2O2 for 48 hours. The results showed that β-catenin SiRNA significantly increased 

SCN5a promoter activity (p<0.05), compared to the scramble SiRNA control group and that 

H2O2 significantly inhibited SCN5a promoter activity (p<0.01), compared to the control 

group. In order to determine if H2O2 effects on the SCN5a promoter activity is related to β-

catenin, luciferase promoter assays were performed on the protein extracts from Hela cells 

transfected with β-catenin or scramble SiRNA and these cells were cultured in the medium 

containing 50 μM H2O2. The results showed that b-catenin SiRNA completely abolished the 

H2O2 suppressive effects, compared to the scramble group. *p<0.05 and **p<0.01; n=3 

batches of HL-1 or HeLa cells from 3 independent experiments carried on separate 

occasions for each group.

Wang et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Methods
	2.1 Cell Culture
	2.2 Western blotting
	2.3 RT-PCR and Real-Time PCR
	2.4 ChIP Assay
	2.5 Luciferase promoter Assays
	2.6 Whole cell voltage-clamp recording
	2.7 Immunoprecipitation
	2.8 Immunofluorescence
	2.9 Statistics

	3. Results
	3.1 H2O2 induced Wnt/β-catenin activation and suppressed NaV1.5 expression in a dose- and time-dependent manner in HL-1 cardiomyocytes
	3.2 Activation of Wnt/β-catenin inhibited NaV1.5 expression in HL-1 cardiomyocytes
	3.3 Activation of Wnt/β-catenin signaling pathway inhibited Na+ channel activity in HL-1 cardiomyocytes
	3.4 Inhibition of Wnt/β-catenin increased NaV1.5 expression in HL-1 cardiomyocytes
	3.5 Conservative TCF4 DNA binding sites in the SCN5a promoter
	3.6 β-catenin and TCF4 formed a complex and were recruited in the SCN5a promoter
	3.7 TCF4 was required for β-catenin inhibition of SCN5a promoter activity
	3.8 H2O2 suppression of NaV1.5 expression requires β-catenin

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

