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Abstract

Several inherited arrhythmias, including Brugada syndrome and arrhythmogenic cardiomyopathy, 

primarily affect the right ventricle and can lead to sudden cardiac death. Amongst many 

differences, right and left ventricular cardiomyocytes derive from distinct progenitors, prompting 

us to investigate how embryonic programming may contribute to chamber-specific conduction and 

arrhythmia susceptibility. Here, we show that developmental perturbation of Wnt signaling leads 

to chamber-specific transcriptional regulation of genes important in cardiac conduction that 

persists into adulthood. Transcriptional profiling of right versus left ventricles in mice deficient in 

Wnt transcriptional activity reveals global chamber differences, including genes regulating cardiac 

electrophysiology such as Gja1 and Scn5a. In addition, the transcriptional repressor Hey2, a gene 

associated with Brugada syndrome, is a direct target of Wnt signaling in the right ventricle only. 

These transcriptional changes lead to perturbed right ventricular cardiac conduction and cellular 

excitability. Ex vivo and in vivo stimulation of the right ventricle is sufficient to induce ventricular 

tachycardia in Wnt transcriptionally inactive hearts, while left ventricular stimulation has no 

effect. These data show that embryonic perturbation of Wnt signaling in cardiomyocytes leads to 

right ventricular arrhythmia susceptibility in the adult heart through chamber-specific regulation of 

genes regulating cellular electrophysiology.
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1. Introduction

An emerging paradigm dictates that genetic pathways guiding morphologic patterning of the 

heart also program myocardial cellular electrical properties 1–5. Thus, it is not surprising that 

patients with structural congenital heart defects often suffer from arrhythmias 6. Wnt 

signaling regulates many aspects of heart development, including second heart field (SHF) 

progenitor proliferation and differentiation 7. Since the right ventricle (RV) and right 

ventricular outflow tract derive from SHF progenitors, this may at least in part underlie the 

observation of Wnt signaling perturbation in arrhythmogenic cardiomyopathy (ACM), which 

has an RV predilection 8. Genetic variants in several loci of the Wnt signaling pathway have 

been identified in genome-wide association studies of prolonged conduction intervals, a trait 

often associated with arrhythmias such as atrial fibrillation and sudden cardiac death 9–14. 

However, a precise understanding of how Wnt signaling regulates cardiac conduction in 

health and disease is not fully understood. Recent studies using gain-of-function (GOF) 

approaches demonstrated that canonical Wnt signaling regulates atrioventricular junction 

development and ion channel gene expression 15–17. Here, we seek to further define the role 

of Wnt signaling in regulation of cardiac conduction and arrhythmogenesis, with a particular 

focus on electrical programming of the right and left ventricles.

The Wnt signaling pathway involves 19 distinct Wnt ligands and 10 Frizzled receptors that 

signal through canonical or non-canonical Wnt pathways, the latter mediated through Ca2+ 

signaling 18. Canonical Wnt signaling is mediated by nuclear translocation of β-catenin, 

which binds to T-cell factor/lymphoid enhancer-binding factor (Tcf/Lef) cofactors bound to 

Wnt target gene regulatory elements, thereby de-repressing Wnt-sensitive transcription. 

Genetic manipulation of canonical Wnt signaling is often probed through tissue-specific 

knockout of the key transcriptional effector β-catenin. Since β-catenin also plays a key role 

in cell adhesion, here we utilize an allele of β-catenin that abrogates its transcriptional 

functions but preserves its cell adhesion functions in Wnt loss-of-function (LOF) studies, 

allowing us to specifically probe the transcriptional role of Wnt signaling in regulation of 

cardiac conduction genes in cardiomyocytes (CM) 19.

Utilizing both gain and loss-of-function approaches, we show that many genes, including 

those important for conduction, are regulated in a chamber-specific manner. NaV1.5, which 

mediates sodium currents, is down-regulated only in the RV in Wnt GOF mice, while 

connexin43 (Cx43), a component of gap junctions, is down-regulated in Wnt LOF mice only 

in the RV. In Wnt LOF mice, many transcripts are exclusively dysregulated in either the RV 

or LV, and very few transcripts are mutually altered in both the RV and LV. Both Wnt gain 

and loss-of-function models reveal dysregulation of Hairy/enhancer-of-split related with 
YRPW motif protein 2 (HEY2, also known as HRT2), a transcriptional repressor known to 

be a direct Notch target during cardiac development 20, in the RV only. Genome wide 
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association studies link HEY2 variants with Brugada syndrome, a syndrome of ST elevation 

associated with right ventricular tachycardia 12. Wnt-mediated regulation of Hey2 
expression is associated with β-catenin binding to enhancer elements in the RV but not LV. 

Differential β-catenin binding to the Hey2 enhancer in the RV can be seen as early as mid-

gestation when Hey2 expression is high, and binding in the LV is not observed even with 

increased levels of active β-catenin. Wnt LOF chamber-specific transcriptional effects lead 

to conduction slowing only in the RV, associated with increased susceptibility to ventricular 

tachycardia (VT) with RV stimulation that persists into adulthood and may have 

implications for our understanding of right ventricular-predominant arrhythmias. Given that 

the Wnt pathway plays an important role in disease processes in the heart and more broadly, 

we expect these fundamental insights from signaling pathway to electrical phenotype may 

enable improvements in genetic testing and provide novel avenues for molecular-based 

therapeutics.

2. Methods

2.1 Mice

Mlc2vCre/+21, αMHC-Cre 22, αMHCrtTA 23, Ctnnb1dm19, Ctnnb1flox24, Ctnnb1fl(ex3)25, 

TetO-Cre 26 alleles were used to generate developmental Wnt LOF (Mlc2vCre/+; 
Ctnnb1dm/flox), developmental Wnt GOF (Mlc2vCre/+; Ctnnb1fl(ex3)/+ or αMHC-Cre; 
Ctnnb1fl(ex3)/+), and inducible Wnt GOF (αMHCrtTA; TetO-Cre; Ctnnb1fl(ex3)/+). To 

characterize Wnt signaling activity at different time points, Tcf/Lef:H2B-GFP embryos and 

mice were used 27. Animals were maintained on a mixed genetic background. Animal 

protocols were approved by the Animal Studies Committee at Washington University, and 

animals were handled in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals. Control data for molecular biology and electrophysiology were obtained from 

littermate animals with genotypes: Ctnnb1flox/+ for Wnt LOF, Ctnnb1fl(ex3)/+ for Wnt GOF, 

and TetO-Cre; Ctnnb1fl(ex3)/+ for inducible Wnt GOF (iWnt). Mice of both sexes were used 

in all studies, and though experiments were not powered to specifically detect sex 

differences, there were no obvious differences in any parameters between sexes.

Mouse Genotype Phenotype Figure Number(s)

Wnt GOF Mlc2vCre/+;Ctnnb1fl(ex3)/+ Survives to adulthood 2, 3F, S7B,

Wnt GOF αMHC-Cre; Ctnnb1fl(ex3)/+ Embryonic lethal15 3A, 3C, S4

Wnt GOF αMHCrtTA; TetO-Cre; Ctnnb1fl(ex3)/+ Adult Inducible, survives to 
adulthood

3G

Wnt LOF Mlc2vCre/+; Ctnnb1dm/flox Survives to adulthood 1B-F, 4, 5, 6, S2, S3, S8, 
S9, S10, S11

Wnt Reporter Tcf/Lef:H2B-GFP Survives to adulthood (no 
overt phenotype)

1A, S1

2.2 Surface EKG and Conscious Telemetry Recordings

Investigators were blinded to the sample group allocation during the experiment and analysis 

of the experimental outcome. Surface EKGs were performed on conscious mice using EKG 
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Tunnel (EMKA Tech), and with isoflurane, as previously described 28. For pilot telemetry 

studies, developmental Wnt LOF (Mlc2vCre/+; Ctnnb1dm/flox, n=2 females; 1 male) mice and 

a littermate control (Ctnnb1flox/+, n=1 male) were between 3–5 months of age. ETA-F10 

implantable radio frequency transmitters for EKG (Data Sciences International Inc.) were 

implanted subcutaneously in the posterior neck of adult mice. Leads were tunneled to the 

anterior chest in lead II position. After a post-implant recovery period of one week, 

ambulatory heart rhythm and HR were monitored in caged, moving mice. Once per night, 

mice were injected with isoproterenol intraperitoneally (0.2 mg/kg in weight). Recordings 

were obtained continuously at 1 kHz over a one-week period. HR and RR intervals were 

calculated at baseline and following isoproterenol injection using a custom Matlab program.

2.3 Histology and Immunohistochemistry

Immunohistochemistry was performed on paraffin sections with N-Cadherin antibody 

(1:100, Invitrogen 333900) and Alexa Fluor 488 secondary (1:200, Invitrogen 2–21202). Co-

staining was performed with either an antibody recognizing Cx43 independent of 

phosphorylation status (1:50, Invitrogen 71–0700) or an antibody recognizing Cx43 

phosphorylated at Ser368 (1:100, Cell Signaling Technology 3511) and then detected with 

signal amplification using anti-rabbit ImmPRESS (Vector Laboratories MP-7401) with TSA 

(Perkin Elmer SAT702001). For embryonic Wnt Reporter hearts, frozen sections were 

stained with α-actinin antibody (1:100, Sigma A2172), Alexa Fluor 568 secondary (1:200, 

Invitrogen A-11011), and DAPI (Sigma D9542).

To compare the ventricular CM size between genotypes, wheat germ agglutinin (WGA) 

staining was performed on frozen sections from Ctnnb1flox/+ controls (n=1 female; 2 males) 

and littermate Wnt LOF Mlc2vCre/+; Ctnnb1dm/flox mice (n=1 female; 2 males). The area of 

approximately 100 cells perpendicular to the plane of sectioning was outlined and quantified 

using Axiovision. The areas of only circular ventricular CMs were included in the analysis, 

while elongated cells were excluded, to minimize bias in the analysis from cells not 

perpendicular to the plane of sectioning. Quantification was performed in RV and LV from 

n=3 hearts of each genotype by an observer blinded to genotype. Statistical comparison was 

performed using unpaired t test with Welch’s correction.

2.4 RNA Sequencing

For adult RNA-sequencing, Wnt LOF (Mlc2vCre/+; Ctnnb1dm/flox) and littermate control 

(Ctnnb1flox/+) RV and LV were used (n=2 females; 1 male for each group). RV and LV were 

obtained from same animals. For embryonic RNA-sequencing, Wnt GOF (αMHC-Cre; 
Ctnnb1fl(ex3)/+) and littermate control (Ctnnb1fl(ex3)/+) E12.5 embryos were used, n=2 RV 

and LV were pooled for one sample, and 6 samples of each genotype were sequenced. 

Illumina libraries were constructed by the GTAC at Washington University School of 

Medicine. After ribosomal RNA depletion, reverse-transcription with random-priming, 

library construction and multiplexing, samples were sequenced on an Illumina HiSeq 2500 

using indexed libraries multiplexed at 6 samples per lane. Single-end 50-base sequencing 

reads with a total target depth of >25 million reads were performed. Raw sequence reads 

were de-multiplexed, aligned to the reference sequence with Tophat v2.0.8 and Bowtie2 

v2.1.0, and gene and exon-level abundances derived by HTSeq. GTAC analytical pipeline 
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simultaneously performed a standard EdgeR and DEXSeq analysis of gene-level and exon-

level features on the uniquely aligned, unambiguous count of reads per feature as determined 

by HTSeq using a negative-binomial test or generalized-linear negative-binomial model, 

respectively. Genes or exons were filtered to include only those that are expressed, and 

results were filtered to include only differentially expressed genes or exons. Lists of genes 

differentially regulated in the RV and LV of Wnt LOF compared to littermate control 

animals were used to generate a Venn diagram using an online resource: http://

bioinformatics.psb.ugent.be/webtools/Venn/.

Accession number: Data have been deposited in the NCBI GEO database for release after 

publication. The following links have been created to allow review:

Wnt LOF in Figure 1, Supplemental Table 1: GSE106507 Token: qrihkmgonhyndef

Wnt GOF in Figure 3, Supplemental Table 2: GSE106506 Token: irmboueefjeblaf

2.5 Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA was isolated from ventricles using Trizol (Invitrogen) and DNase treated using 

TURBO DNA-free DNase Treatment Kit (Ambion). First-strand cDNA was synthesized 

using a high Capacity cDNA Reverse Transcription kit (Applied Biosystems). Gene 

expression was assayed using the Power SYBR Green PCR Master Mix (Applied 

Biosystems) with primers listed below and quantified using the StepOne Plus Real-Time 

PCR system or ViiA™ 7 qRT-PCR system (Applied Biosystems). Relative fold changes 

were calculated using the comparative threshold cycle methods (2-ΔΔCt).

qRT-PCR oligonucleotide sequences

Gene Forward Primer Reverse Primer

Scn5a 5’ GAAGAAGCTGGGCTCCAGA 3’ 5’ CATCGAAGGCCTGCTTGGTC 3’

Gja1 5’ ACAAGGTCCAAGCCTACTCCA 3’ 5’ CCCCAGGAGCAGGATTCTGA 3’

Axin2 5’ CAGCCCTTGTGGTTCAAGCT 3’ 5’ GGTAGATTCCTGATGGCCGTAGT 3’

Hey2 5’ CGACGTGGGGAGCGAGAACAAT 3’ 5’ GGCAAGAGCATGGGCATCAAAGTA 3’

Tbp 5’ GGGATTCAGGAAGACCACATAG 3’ 5’ CCTCACCAACTGTACCATCAG 3’

Actc1 5’ GACCTCACTGACTACCTCATG 3’ 5’ TCTCGTTCTCAAAATCCAGGG 3’

2.6 Chromatin Immunoprecipitation

Tissue samples were processed for ChIP as described previously with a few modifications 
29. Briefly, for each biological replicate, 4 X 107 cells from single adult LV free wall, adult 

RV free wall, or embryonic ventricles were cross-linked with 1% formaldehyde for 30 mins 

at room temperature and flash frozen and stored at −80°C until further use. Chromatin was 

sheared to approximately 500 base pairs using a Bioruptor sonicator (Diagenode, Sparta, 

NJ). Chromatin was precleared using protein G, precipitated with anti-β-catenin antibody 

(Cell Signaling Technology 8814), or negative control anti-IgG antibody (Abcam ab46540). 

A motif search performed using Transfac Professional V10.2 identified a consensus Tcf/Lef 
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binding motif with a helper site 30 within the Hey2 Enh3 genomic region 

(chr10:30,717,463–30,718,805), while the Hey2 Enh2 heart enhancer (chr10:30,948,697–

30,949,670), Hey2 Enh1 heart enhancer (chr10:30,772,887–30,773,894), and Hey2 promoter 

region (640bp - 140bp upstream of TSS) did not contain a consensus Tcf/Lef binding motif. 

The Bhlh2 locus (108610745 in the 3’ UTR) was a positive control, and given that there are 

no consensus Tcf/Lef binding motifs in Scn10a proximal promoter (~500bp upstream of 

TSS), we chose this region as a negative control. For H3K27ac ChIP, the negative control 

was a gene desert region (chr15:70,649,224–70,649,887), and the positive control was a 

Gata4 peak (chr14:63,263,061–63,263,183). After reverse cross-linking, 

immunoprecipitated DNA was purified and analyzed using quantitative PCR (qPCR) and 

SYBR Green chemistry. Primer sequences for qPCR are indicated below. Fold enrichment 

was calculated as 2^(Ctinput − Cttest) and expressed relative to the IgG negative control.

ChIP-qPCR oligonucleotide sequences

Gene Forward Primer Reverse Primer

Hey2 TSS -140bp 5’ CGTGGGAAAGAACCTCCAG 3’ 5’ GCAGCTACTGTCGCCTA 3’

Hey2 Enhancer 1 5’ AGTGAGATGGGAAGTCAGAGA 3’ 5’ CATGGTGCCAGGGATAACTT 3’

Hey2 Enhancer 2 5’ CTTAAGGCCACCTAGGATTCAG 3’ 5’ GGAGTAGTGAGCGTAGATGTTTC 3’

Hey2 Enhancer 3 5’ GACAGGCGAGTACATCCTATAAC 3’ 5’ ATTTCCCTGGATTTCCGACTC 3’

Bhlh2D 5’ GCTAGACACGGATTTCAAGTGTATCC 3’ 5’ CATCCACTGCTGGGCAAGAG 3’

Scn10a 5’ GCTGCCACTCAGACAAAGGAAT 3’ 5’ GTAAAGCTATGCCCTGCACCCA 3’

Gene desert region 
(Neg)

5’ GGACTAGACTCTGAGATTTTGAGG 3’ 5’ GGGCTACATCCTTAAACCTCAG3’

Gata4 5’ AGGAAGGGAGGCACTCTATAG 3’ 5’ GGTCAGACTGTACAACAGCTG 3’

2.7 Western Blotting

Protein lysates were prepared from RV and LV free wall and used for immunoblotting as 

previously described 29. Briefly, ventricles were harvested and homogenized (separately) in 

ice-cold 1X RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton-X, 

0.5% Sodium Deoxycholate, 0.1% SDS) with protease inhibitor cocktail tablet (1 tablet per 

50 mL lysis buffer, Roche, Mannheim, Germany). Samples were centrifuged at 13200 g for 

10 minutes at 4°C. The supernatants were used for electrophoresis following protein analysis 

via BCA assay (ThermoFisher). Immunoblotting was performed using anti-β-catenin 

(1:1000, Cell Signaling Technology 9562), anti-β-catenin (non-phosphorylated) (1:1000, 

Cell Signaling Technology 8814), anti-connexin43 (1:250, Invitrogen 71–0700), anti-

phospho-connexin43Ser368 (1:1000, Cell Signaling Technology 3511), anti-NaV1.5 (1:1000, 

Alomone ASC-005), and anti-GAPDH (1:2000, Cell Signaling Technology 14C10) 

antibodies. Secondary detection was performed using HRP antibody (1:5000, abcam 6721) 

and Clarity Western ECL Substrate (Biorad).

2.8 Optical mapping with Programmed Electrical Stimulation

Changes in the membrane potential of murine cardiac tissue were recorded using optical 

mapping described previously 15. The cardiac tissue was perfused with oxygenated Tyrode’s 
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solution at 37°C, pH 7.4. Blebbistatin, an excitation-contraction uncoupler, was used to 

eliminate motion artifacts in the recorded optical signal. Changes in the membrane potential 

were detected by Di-4-ANEPPS, a voltage-sensitive dye. A green LED light source with the 

wavelengths of 520 ± 5 nm was used to excite the voltage-sensitive dye. The emitted 

fluorescence was filtered by a long-pass filter at 650 nm and collected by the CMOS camera. 

The recorded data were analyzed using an open source custom MATLAB program. Using 

surface coordinates and time of the maximum derivatives (dVm/dtmax) of the optical signals, 

activation maps were generated and used to calculate the conduction velocity (CV). 

Longitudinal and transverse CV were calculated by distance traveled over the number of 

time isochrones along multiple lines originating from the site of stimulation. The fastest CV 

was defined as longitudinal, and the slowest as transverse (roughly 90 degrees apart).

The standard deviation from a previous optical mapping control cohort was used to perform 

a power calculation. It was estimated to detect a 20% difference in CV that six mice of each 

genotype (control and developmental Wnt LOF) would be required for 80% power. 

Investigators were blinded to the sample group allocation during the experiment and analysis 

of the experimental outcome. For optical mapping studies to measure CV, control 

Ctnnb1flox/+ mice (n=3 females; 4 males) and experimental Mlc2vCre/+; Ctnnb1dm/flox mice 

(n=4 females; 3 males) between 3 and 5 months of age were studied. The stimulus amplitude 

used is twice the diastolic capture threshold with a pulse duration of 2 ms. For determination 

of CV, the epicardial surface was stimulated with a 5 seconds long S1 drive train at 8 Hz, 

followed by a drive train at 10 Hz, and then a drive train at 12 Hz first on the RV followed 

by the LV. Episodes of ventricular tachycardia (VT) were defined as follows: rapid 

ventricular activity faster than atrial activity lasting longer than two seconds.

2.9 Microelectrode Recordings

Investigators were blinded to the sample group allocation during the experiment and analysis 

of the experimental outcome. Microelectrode recordings were obtained from control 

Ctnnb1flox/+ mice (n=3 females; 2 males) and experimental Mlc2vCre/+; Ctnnb1dm/flox mice 

(n=4 females; 1 male) between 3 and 5 months of age. Mouse hearts were Langendorff 

perfused and were recorded while in sinus rhythm. Using glass sharp microelectrodes, single 

RV or LV CMs were sampled near the epicardial surface. Thin glass pipettes with high 

resistance (10–20 MΩ) filled with 3M KCl were used to record action potentials from a 

minimum of 8 single cells from each region of the heart (technical replicates) in the intact 

perfused heart. To decrease noise from motion artifacts, blebbistatin was used to arrest 

motion and allow for stable microelectrode recording without requiring the use of floating 

electrodes. Electrical signals were digitized by a Power 1401 A/D converter. Experiments 

were performed and recordings were analyzed by an observer blinded to genotype. Sampled 

cells with a resting membrane potential (RMP) less than −70mV were averaged, and a 

minimum of 5 hearts were used for analysis for each group. The RMP, action potential 

amplitude (APA), maximum upstroke velocity (dVm/dtmax), and action potential duration 

(APD) at 90% repolarization are reported. Analysis of microelectrode recordings was 

performed using a custom MATLAB script. Cells with at least 20 action potentials and 

stable RMP were included in the data analysis. For each action potential in each cell, the 

peak potential value and time were calculated. The RMP was then calculated for each action 
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potential using a histogram, where the maximum frequency value was defined as the RMP. 

The magnitude (amplitude) of each action potential was then defined as the difference 

between peak potential value and the RMP. The maximum change in voltage with respect to 

time (dVm/dtmax) was calculated using a first derivative. The point in time that corresponds 

to this value was then used as the start time for APD calculation. The end time was when the 

potential decreased to 90% of the amplitude value.

2.10 Intracardiac Electrophysiology with Programmed Stimulation

Protocols for in vivo mouse electrophysiology have been described in detail 28, 31. 

Investigators were blinded to the sample group allocation during the experiment and analysis 

of the experimental outcome. Briefly, control Ctnnb1flox/+ mice (n=6) and experimental 

Mlc2vCre/+; Ctnnb1flox/+ mice (n=6) between 2 and 4 months of age were studied. Mice 

were anesthetized with isoflurane, intubated, laid down on a heating pad to maintain core 

body temperature, and limb leads were placed subcutaneously to obtain multi-lead ECGs. 

An octapolar 1.7-French electrode catheter (CIBer mouse-EP, NuMED) was placed in the 

right atrium and ventricle under electrogram guidance through a jugular vein cutdown. A 

data acquisition unit (PowerLab, ADInstruments) was used to deliver electrical impulses at 

approximately twice the diastolic threshold, and to record surface ECGs and intracardiac 

electrograms. Electrograms were sampled at 2 kHz, high-pass filtered at 20 Hz and notch 

filtered at 60 Hz. To avoid aliasing, a 500 Hz low-pass filter was applied to the signal. 

Standard pacing protocols were used to assess right ventricular conduction, refractoriness 

and arrhythmia inducibility. For determination of arrhythmia susceptibility, a programmed 

pacing protocol that consists of single, double, and triple extrastimuli followed by burst 

pacing was performed on each heart. For single extrastimulus, a pacing drive train of 20 S1 

at a cycle length of 100 ms was used, followed by an S2 with a 50 ms coupling interval, 

which was reduced in 5 ms intervals until loss of ventricular capture (ventricular effective 

refractory period, VERP). For double extrastimuli, a drive train of 20 S1 at a cycle length of 

100 ms was followed by an S2 coupled at 50 ms and an S3 coupled at 50ms. S2 and S3 were 

brought in by 5 ms until reaching the VERP. For ventricular triple extrastimuli, a drive train 

of 20 S1 at a cycle length of 100 ms was followed by an S2, S2, S3, and S4 coupled at 50 

ms. Similarly, S2, S3, and S4 were brought in by 5 ms until VERP. For burst pacing, a 2 

second burst pacing at a cycle length of 50 ms was used for the first burst, followed by 

successive bursts with a 5 ms decrement of the cycle length until VERP. Studies were 

performed and arrhythmias were noted by two independent investigators who were blinded 

to the genotype of the mice. All mice were euthanized at end of study.

2.11 Statistical Analysis

All data are expressed as means ± standard error of the mean (SEM). For comparison of 

more than two experimental groups, the statistical significance of observed differences in 

mean was evaluated using a one-way or two-way analysis of variance (ANOVA), followed 

by post-hoc Tukey’s multiple comparison test. For comparison of two experimental groups, 

an equal variance Student’s t-test was used; a two-tailed P value of <0.05 was considered 

statistically significant. In analysis of contingency tables, a Fisher’s exact test was used.
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2.12 Study Approval

Animal protocols were approved by the Animal Studies Committee at Washington 

University, and animals were handled in accordance with the NIH Guide for the Care and 

Use of Laboratory Animals.

3. Results

3.1 Chamber-specific transcriptional regulation in Wnt LOF right versus left ventricles

Binding of a Wnt ligand to its cell surface receptor(s) results in inactivation of a destruction 

complex that phosphorylates β-catenin and targets it for degradation 18. Inactivation of the 

destruction complex allows intracellular β-catenin to accumulate, eventually resulting in 

higher levels of β-catenin within the nucleus, where it is transcriptionally active. Several 

Wnt ligands are known to be expressed in the developing heart 7. To determine the regions 

within the developing heart where canonical Wnt signaling is most active, we assayed for 

Wnt activity using a transgenic mouse with reiterative Tcf/Lef binding sites located 

upstream of a nuclear-localized GFP (TCF/Lef:H2B-GFP 27). Early in development at 

embryonic day 10.5 (E10.5) and 12.5 (E12.5), Wnt activity is highest in the developing RV 

and atrioventricular regions, eventually becoming quiescent in the adult ventricles (Figure 

1A). At E12.5, Wnt activity is found in a large number of myocytes in addition to non-

myocytes, with higher density in the trabecular region when compared to the compact zone 

of the RV myocardium, as well as in CMs in the RV outflow tract (Supplemental Figure 1).

We previously reported that developmental Wnt GOF mice have slowed CV predominantly 

affecting the RV 15. To further delineate the role of Wnt signaling in regulating cardiac 

conduction, we next assayed the effects in a LOF model. Since β-catenin is integral in 

transducing the Wnt signal into the nucleus but is also important for cell adhesion, we utilize 

an allele of β-catenin that contains a point mutation at the N-terminus and a truncation at the 

C-terminus rendering it transcriptionally inactive but preserving its role in cell adhesion 

(Ctnnb1dm19). When combined with a tissue-specific loss of function allele, the only 

remaining β-catenin expressed within ventricular CMs is transcriptionally inactive (Wnt 

LOF, Mlc2vCre/+; Ctnnb1dm/flox). Western blots for total β-catenin in wild type animals 

show higher amounts of β-catenin in the adult LV when compared with the RV (Figure 1B). 

As expected, Wnt LOF RV and LV reveal a significant decrease in β-catenin levels when 

compared with littermate controls, with a small amount of residual wild type β-catenin at 93 

kDa either reflecting expression in non-myocytes or incomplete inactivation (Figure 1B). 

Wnt LOF mice also express an additional truncated band at 70 kDa from the dm allele 

(Figure 1B). Levels of non-phosphorylated, active β-catenin also parallel the decrease in 

total levels, as expected (Supplemental Figure 2).

To determine the global effects of transcriptionally inactive β-catenin within each ventricle, 

we performed RNA sequencing on tissue from adult Wnt LOF and littermate control RV and 

LV. Of the dysregulated transcripts in the RV, 690 of 773 are exclusively changed in the RV, 

while 715 of 798 transcripts are exclusively dysregulated in the LV (Figure 1C, 

Supplemental Figure 3, data accession tokens provided in Methods). Only 83 transcripts 

(<6% of the total) are dysregulated in both Wnt LOF RV and LV, and of these 83 transcripts, 
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some change in discordant directions (Supplemental Table 1). Notably, RNA-sequencing 

demonstrates that Hey2 and Gja1 are down-regulated in the RV, while Scn5a is up-regulated 

in the LV. Validation via qRT-PCR demonstrates that Hey2 is downregulated more than 4-

fold in the Wnt LOF RV only, while its expression in the LV remains unchanged (Figure 

1D). Scn5a, which encodes the sodium channel NaV1.5, is upregulated more than 3-fold in 

Wnt LOF LV with no change in Wnt LOF RV (Figure 1D). Gja1, which encodes the 

predominant ventricular gap junction isoform connexin43 (Cx43), is reduced 4-fold within 

the RV while its expression is unchanged in the LV (Figure 1D). Consistent with the 

differential effect on transcript levels, Western blots show 60% increase in NaV1.5 protein in 

Wnt LOF LV compared with littermate controls and no change in the RV (Figure 1E). 

Similarly, there is a 50% reduction of total Cx43 in Wnt LOF RV compared with littermate 

controls, with no change in the LV (Figure 1F).

Given that we previously showed conduction slowing in Wnt GOF mice primarily affecting 

the RV 15, we asked whether these molecular determinants of conduction are similarly 

dysregulated with Wnt activation. Surprisingly, we found that NaV1.5 is reduced to 48% of 

littermate control levels in the Wnt GOF RV (Mlc2vCre; Ctnnb1flox(ex3)/+), while levels are 

unchanged in Wnt GOF LV (Figure 2A). Cx43 levels are unchanged in Wnt GOF mice in 

both the RV and LV (Figure 2B). This data reveals that the molecular determinants of 

cardiac conduction are dysregulated by Wnt signaling during development primarily within 

the RV, though GOF and LOF regulates distinct channels.

3.2 Hey2 is a direct Wnt target in the right ventricle

To preferentially identify upstream Wnt targets which may exert an effect during 

development, we performed RNA sequencing comparing global gene expression in 

developmental Wnt GOF (αMHC-Cre; Ctnnb1flox(ex3)/+) with littermate control E12.5 

embryonic ventricles. Principal component analysis shows that all control samples cluster 

tightly together, while 5 of 6 Wnt GOF samples also cluster tightly together (Supplemental 

Figure 4). Differential expression analysis reveals 36 differentially regulated genes, a 

relatively short list likely due to the inclusion of all samples in the analysis (Figure 3A, 

Supplemental Table 2). Interestingly, Hey2 is up-regulated in Wnt GOF embryonic 

ventricles, and was also down-regulated in Wnt LOF RV (Figure 1C,D). Hey2 is a 

transcriptional repressor highly expressed in both ventricles during embryogenesis, with 

relatively lower expression in postnatal hearts 32. Hey2 is a known direct Notch target, 

however, it has long been postulated that regulation of Hey2 expression in the ventricles may 

not simply reflect a role of Notch signaling, and that Notch-independent mechanisms may 

regulate its expression.

To determine whether Hey2 may be a direct Wnt target, we performed a bioinformatics 

analysis on Hey2 regulatory regions. Three Gata-responsive cardiac enhancers have 

previously been identified upstream of Hey2 with differential expression patterns in the 

embryonic heart (Supplemental Figure 5) 33. All three enhancers (Enh1–3) contain Gata4 

binding sites, and we identified consensus RBP-J binding motifs within enhancer 1 (Enh1) 

and near the TSS, consistent with Hey2 as a known direct Notch target (Figure 3B). 

Members of the Tcf/Lef transcription factor family associate with DNA targets in repressive 
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complexes in the absence of Wnt signaling. When canonical Wnt signaling is active, β-

catenin complexes with Tcf/Lef to displace the repressive complex and activate transcription 
18. We identified a putative Tcf/Lef Wnt response element30 within Hey2 enhancer 3 (Enh3) 

(Figure 3B), a 1343 base pair enhancer 82% conserved between mice and humans, with 

conserved Tcf/Lef and GATA binding sites (Supplemental Figure 6). To determine whether 

Enh3 may confer Wnt-responsiveness, we first determined whether β-catenin is associated 

with this region in embryonic ventricles by performing chromatin immunoprecipitation 

(ChIP) followed by qPCR. In control ventricles, we detected more than 20-fold enrichment 

of β-catenin at the positive control Bhlh2 locus relative to IgG, while we did not detect β-

catenin binding to a negative control region within the Scn10a gene that functions as a Scn5a 
enhancer (Figure 3C) 34. Similarly, β-catenin does not bind to Enh1 nor Enh2, while there is 

7-fold enrichment at Hey2 Enh3 (Figure 3C). We next asked whether Hey2 up-regulation 

(Figure 3A) correlates with increased β-catenin binding to the Hey2 enhancer in 

developmental Wnt GOF (αMHC-Cre; Ctnnb1flox(ex3)/+) embryonic ventricles when 

compared with littermate controls. While no further enrichment of basal β-catenin binding 

was seen in E12.5 Wnt GOF embryos at the Bhlh2D locus, 19-fold enrichment was observed 

at Hey2 Enh3, demonstrating dynamic binding (Figure 3C).

Given that Wnt LOF resulted in decreased Hey2 expression only in the RV (Figure 1C, 1D), 

we wondered whether chamber-specific patterns of Hey2 expression are present during 

embryonic stages. To address this, we dissected wild type E12.5 embryos and pooled 4 

primitive RV (bulbus cordis region without the outflow tract region) and LV for gene 

expression studies, and 12 RV and LV for each ChIP technical replicate. We found 

approximately 1.8-fold higher Hey2 expression in the RV compared to the LV at E12.5 

(p=0.034, Supplemental Figure 7A). ChIP for β-catenin shows binding at Hey2 Enh3 in the 

primitive RV but not in the LV (Figure 3D). We then performed ChIP for H3K27ac, a 

modification to Histone H3 that correlates with active enhancers, on wild type E12.5 RV and 

LV. We found over 12-fold enrichment in the RV at Hey2 Enh3, without significant fold 

enrichment in the LV, suggesting that even at this stage there is differential chromatin 

configuration in the RV and LV (Figure 3E).

Since Wnt activity is higher in early embryonic RV versus LV, we asked whether levels of 

active β-catenin can account for differential enhancer binding between ventricles. If levels 

alone are sufficient to dictate differential binding, we might expect to find enhanced β-

catenin binding to the LV Hey2 Enh3 under conditions where active β-catenin levels are 

higher in the LV. In wild type adult mice, Western blots of total and non-phosphorylated 

(active) β-catenin demonstrate more than 1.5-fold higher levels of total β-catenin (Figure 

1B) and active β-catenin (Supplemental Figure 2) in the adult LV compared with RV. 

Despite higher levels of active β-catenin in the adult LV, we observe over 5-fold β-catenin 

enrichment at the Hey2 Enh3 locus only in the RV, while binding to the LV enhancer is not 

observed (Figure 3F). To further test whether active β-catenin levels alone can overcome 

binding to Enh3 in the LV, we assayed for β-catenin binding in developmental Wnt GOF 

mice. While in the Wnt GOF RV we observe over 5-fold β-catenin enrichment at the Hey2 
Enh3 locus (Figure 3F), despite increased levels of active β-catenin binding was not detected 

at Hey2 Enh3 in the LV (Figure 3F). Consistent with these findings, Hey2 gene expression is 

up-regulated in the RV only (Supplemental Figure 7B). Furthermore, in an adult “tet-on” 
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inducible Wnt GOF model (iWnt, αMHCrtTA; TetO-Cre; Ctnnb1fl(ex3)/+), Hey2 gene 

expression is increased by 6-fold compared to control (TetO-Cre; Ctnnb1fl(ex3)/+) in the adult 

RV only, while the Wnt target Axin2 is up-regulated to a similar extent in both RV and LV 

(Figure 3G). Taken together, these results suggest that differential regulation of Hey2 by 

Wnt persists into adulthood and is not due to exclusion of active β-catenin from left 

ventricular nuclei, and is likely due to differential chromatin structure existing from early 

developmental stages.

3.3 Differential electrophysiologic effects in Wnt LOF right versus left ventricles

Given the observed differential expression of molecular determinants of conduction in Wnt 

LOF RV versus LV, we asked whether there may be chamber-specific electrophysiologic 

effects. Using optical mapping techniques together with programmed electrical stimulation, 

we measured the conduction velocity (CV) of Wnt LOF and littermate control mice (Figure 

4A-B, n=7 each group). When stimulated within the physiological range (8 Hz Figure 4, 10 

and 12 Hz Supplemental Figure 8), longitudinal CV in the RV is significantly slower in Wnt 

LOF mutants when compared with littermate controls (52.7±2.0 versus 68.2±0.9 cm/s, 8 

Hz), while transverse CV is unchanged. In contrast, there is no change in either longitudinal 

or transverse CV in Wnt LOF LV.

Large changes in a single conduction parameter or modest changes in a combination of 

parameters are needed to exceed the limits of conduction reserve and impair conduction. To 

delineate whether factors in addition to reduced Cx43 levels may contribute to conduction 

slowing in Wnt LOF mice, we assessed cardiac morphology, fibrosis, and CM cell size 

(Supplemental Figure 9). While mice carrying the global Ctnnb1dm allele are uniformly 

smaller in size when compared with wild type littermates likely due to non-cardiac effects of 

this allele, the heart weight to tibia length ratio and CM cell size is unchanged in Wnt LOF 

mice (Supplemental Figure 9). In addition, no structural heart defects or increased fibrosis 

were observed in Mlc2vCre/+; Ctnnb1dm/flox Wnt LOF mice. Immunostaining shows normal 

localization of Cx43 at the intercalated disc, with strong co-localization together with N-

Cadherin (Figure 4C). Previous studies have shown that phosphorylation of Cx43 at Serine 

368 can lead to altered conductance and internalization of gap junctions 35, 36. Using an 

antibody specific for this phosphorylated Cx43 isoform, immunostaining demonstrates no 

significant change in Cx43 localization, while quantification by Western blot shows a similar 

level of protein reduction to that observed with total Cx43 in the RV (Supplemental Figure 

10). Taken together, the absence of additional changes suggests that transcriptional down-

regulation leading to reduced Cx43 protein is likely the primary reason for RV conduction 

slowing in Wnt LOF mice.

3.4 Increased excitability in Wnt LOF right ventricular cardiomyocytes

Conduction velocity is directly related to CM cell coupling through gap junctions and 

membrane sodium current. To gain further insight into the molecular basis for CV slowing, 

we performed intracellular sharp microelectrode recordings on Langendorff-perfused hearts 

(Figure 5A-G). Interestingly, in control hearts the maximum upstroke velocity (dVm/dtmax) 

is higher in RV subepicardial cells when compared with LV subepicardial cells (Figure 5D, 

Supplemental Table 3). Previous reports in dispersed cells have not reported this right versus 
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left difference 37. We did not observe differences in the resting membrane potential (RMP) 

or action potential amplitude (APA) between control RV and LV (Figure 5F,G), while the 

action potential duration at 90% repolarization (APD90) is significantly longer in LV 

myocytes (Figure 5E), consistent with previous reports 38.

When compared with littermate controls, Wnt LOF RV CMs exhibit increased maximum 

upstroke velocity (dVm/dtmax 229±6.4 versus 251±4.3 V/sec, p=0.005, Figure 5A,C,D, 

Supplemental Table 3), while the LV maximum upstroke velocity remains unchanged 

(dVm/dtmax 180.6±9.2 versus 173.7±7.5 V/sec, Figure 5B,D). The APA, RMP, and APD90 

are similar between control and Wnt LOF in both RV and LV (Figure 5E-G). In whole organ 

physiology, increased maximum upstroke velocity can be due to either enhanced phase 0 

depolarization of the fast sodium current (which would result in increased conduction 

velocity), or from reduced intercellular gap junction coupling (which would result in 

decreased conduction velocity). While in an isolated cell INa,max is the sole determinant of 

dVm/dtmax, reduced coupling in tissue changes the source-sink relationship. Increased 

upstroke velocity in the setting of reduced coupling results from greater confinement of 

depolarizing charge to individual cells (decreased electrical load), thereby increasing the 

available charge for local depolarization and accelerating the rate of depolarization to cause 

a steeper AP upstroke. Therefore, taken together, increased maximum upstroke velocity in 

the absence of structural changes in Wnt LOF RV is consistent with decreased gap junction 

coupling as the leading contributor to conduction slowing.

3.5 Wnt LOF mice are predisposed to ventricular tachycardia originating from the right 
ventricle

To determine whether Wnt LOF mice have perturbation of baseline conduction intervals, 

EKGs were performed in mice while conscious or under light isoflurane sedation. Consistent 

with our previous report demonstrating that Wnt signaling programs the electrical phenotype 

of the atrioventricular junction 15, the PR interval is shorter in Wnt LOF mice when 

compared with littermate control (34.5±0.7 versus 37.7±0.8 ms) while the heart rate, P wave 

duration, QRS and QT intervals are unchanged (Table 1). It is often difficult to induce and 

sustain VT in mice in part due to the small ventricular surface area. To determine whether 

Wnt LOF mice exhibit spontaneous ventricular arrhythmias, we performed conscious 

telemetric monitoring on caged, moving mice. We did not detect spontaneous arrhythmias 

during one week of continuous telemetric monitoring. Given that increased sympathetic tone 

can often trigger arrhythmias in inherited and acquired cardiac disease, we injected Wnt 

LOF mice daily with isoproterenol. Though isoproterenol increased the heart rate as 

expected (Supplemental Figure 11), Wnt LOF mice did not develop spontaneous VT.

EKG Intervals.

EKGs were performed on conscious Wnt LOF (Mlc2vCre/+; Ctnnb1dm/flox, n=6) and flox/+ 
littermate control (Ctnnb1, n=6) mice to determine HR, as well as during isoflurane sedation 

to determine HR and additional conduction parameters. Statistics were performed using 

unpaired t tests with Welch’s correction. *P<0.05, data are expressed as mean ± SEM.
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Ex Vivo Programmed Electrical Stimulation.

Langendorff-perfused hearts from Wnt LOF (Mlc2vCre/+; Ctnnb1dm/flox, n=7) and littermate 

control (Ctnnb1flox/+, n=7) mice were stimulated with 40 beats of an S1 drive train at 8 Hz, 

50 beats at 10 Hz and 60 beats at 12 Hz first on the RV followed by the LV. Episodes of VT 

were defined as ventricular activation faster than atrial activation with AV dissociation 

persisting longer than 2 s. Episodes of both monomorphic VT and polymorphic VT were 

observed, and representative activation maps and movies from the same hearts during sinus 

rhythm and ventricular tachycardia are shown in Figure 6 and Supplemental Videos 1 and 2. 

The average VT cycle length is shown for monomorphic VT episodes. 2 of 7 mice also 

developed frequent episodes of spontaneous NSVT/VT during the protocol. A Fisher’s exact 

test was used to determine significance between number of mice with and without VT. 

*P<0.05, data are expressed as mean ± SEM.

In Vivo Programmed Electrical Stimulation.

Isoflurane-sedated mice (same cohort used for EKGs, n=6 mice) were subjected to an 

invasive EP study via cannulation of the right internal jugular vein. The same stimulation 

protocol was performed on each mouse. The His electrogram was not visualized in the 

majority of mice, therefore AH and HV intervals are not shown. NSVT is defined as 

between 3 beats to 2 seconds of VT, while episodes of VT are defined as those lasting longer 

than 2 sec. Episodes of NSVT/VT elicited from 1 extrastimulus (S1S2) are delineated from 

total number of episodes, which includes those elicited from 2 or 3 extrastimuli and burst 

pacing. Statistics on heart rate, V to A conduction, and RVERP were performed using 

unpaired t tests with Welch’s correction. A Fisher’s exact test was used to determine 

significance between number of episodes of NSVT/VT and number of mice with NSVT/VT. 

*P<0.05, data are expressed as mean ± SEM.

It has previously been shown that intrinsic asymmetry in electric properties of tissue, for 

example excitability, refractory periods, or gap junction coupling, may widen the vulnerable 

window and increase the probability of unidirectional block after a premature stimulus 39. 

Once unidirectional block occurs, reentrant tachycardias can occur if the wavelength of 

excitation, defined as the product of CV and effective refractory period (ERP), is shorter 

than the dimensions of the circuit 40. Given that slowed conduction velocity in the setting of 

reduced gap junction coupling can predispose to reentrant VT, we performed programmed 

electrical stimulation on RV and LV of Langendorff-perfused hearts during optical mapping 

studies. A striking result is that five of seven Wnt LOF mice developed VT during RV 

stimulation at physiologic rates with just a single drive train, even without an extrastimulus, 

while none of the seven littermate controls developed VT in the setting of RV pacing (Figure 

6A-E, Table 1). In some instances, a line of functional block with reentry on alternating 

beats occurred on the anterior surface during VT induced by RV stimulation (Supplemental 

Video 1, Supplemental Video 2). In contrast, the same pacing protocol applied to the LV did 

not lead to arrhythmias in Wnt LOF mice (Table 1). Predisposition to arrhythmias can be 

influenced by factors extrinsic to the heart including autonomic tone. To further probe 

whether Wnt LOF predisposes to an arrhythmic substrate in vivo, we performed invasive 

electrophysiology studies. Wnt LOF mice have a shorter RVERP when compared with 

littermate controls (28±3 vs 38±3 ms, Table 1) and increased susceptibility to VT following 
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RV programmed electrical stimulation, similar to the results observed in ex vivo 
Langendorff-perfused hearts (Figure 5E, Table 1). These results demonstrate that Wnt 

transcriptional activity is required for electrical programming of the RV during development, 

and loss of function results in high predisposition to arrhythmias that persists in adulthood.

Discussion

In this study, we show that embryonic programming can differentially regulate adult 

electrophysiology in the right versus left ventricles. We specifically probe a Wnt LOF model 

where β-catenin is transcriptionally inactive but its cell adhesion properties are preserved. 

Loss of Wnt transcriptional activity during development results in a large, yet mostly 

mutually exclusive, number of genes dysregulated in the adult RV and LV. In this Wnt LOF 

model, CV is preferentially slowed in the RV, at least In part due to RV-specific loss of Cx43 

(Figure 1, 4). Similarly, we previously reported that CV is slowed predominantly in the RV 

in Wnt GOF mice, and we now show that the mechanism is through reduced NaV1.5, while 

Cx43 levels are unchanged (Figure 2). Previous studies have shown using neonatal rat 

ventricular myocytes that Wnt activators can downregulate both Cx43 and NaV1.5 16, 17. 

Discrepancies with our Wnt GOF data could perhaps be explained by earlier developmental 

activation in our in vivo model, or modulation of β-catenin versus use of a Wnt agonist.

Interestingly, gap junction remodeling, evidenced by reduced immunostaining for Cx43 at 

cell-cell junctions appears to be a consistent feature of arrhythmogenic cardiomyopathy 

(ACM) 41. The classic right-dominant form of ACM, also known as arrhythmogenic right 

ventricular cardiomyopathy, is a leading cause of sudden cardiac death in the young 42. 

ACM is characterized by subepicardial fibro-fatty deposition, and is often associated with 

mutations in desmosomal proteins. ACM patients across a wide etiologic spectrum exhibit 

altered GSK-3β distribution, and pharmacologic inhibition of GSK-3β can rescue both the 

histologic and electrical phenotypes in animal models of the disease 43, 44. Among its 

diverse functions, GSK-3β regulates the Wnt signaling pathway and altered canonical Wnt 

signaling has been described in animal models and in patients with ACM 8, 45–47. ACM 

patients tend to have prolonged APDs 48, 49, while the RVERP is shorter in Wnt LOF mice 

(Table 1). Therefore, precisely how GSK-3β redistribution may impact Wnt signaling, and 

how Wnt signaling may relate to RV-predominant arrhythmias will likely remain an area of 

active interest.

Unbiased RNA-sequencing of RV and LV in Wnt LOF mice demonstrates distinct chamber-

specific gene dysregulation, with relatively little overlap (Figure 1C). One interesting gene 

regulated by Wnt specifically within the RV is the previously well-studied Notch target 

Hey2. It has long been postulated that regulation of Hey2 expression in the ventricles may 

not reflect a role of Notch signaling, and that Notch-independent mechanisms may also 

regulate its expression. To our knowledge, this is the first study demonstrating Hey2 is a 

direct Wnt target in any tissue. We delineate RV-specific regulation of this gene that has 

been associated in GWAS studies with Brugada syndrome, characterized by sudden death 

from RV tachycardias 12, 50. Given that recent thoughts based on ultrastructural and 

electrophysiological changes have suggested that perhaps Brugada syndrome and ACM 
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represent different spectrums of the same disease 51, it is intriguing that Hey2 is 

transcriptionally regulated by Wnt.

Differential chamber-specific β-catenin enhancer binding is present by E12.5 (Figure 3D), 

and even at this early developmental stage, there is already differential Hey2 enhancer 

activity (Figure 3E) that coincides with differential β-catenin binding. Increasing β-catenin 

protein levels from early developmental stages when myocytes turn on expression of Myosin 
light chain 2v onward could not overcome differential binding to the Hey2 enhancer 

(Mlc2vCre; Ctnnb1flox(ex3)/+, Figure 3G). Furthermore, Wnt induction in the adult activates 

Hey2 transcription only in the RV, while transcription of another Wnt target gene, Axin2, is 

similarly upregulated in both ventricles (Figure 3G). Since Axin2 is upregulated equally in 

both ventricles, this strongly suggests that the mechanism for differential Hey2 levels is not 

related to the amount of β-catenin in the cell or in the nucleus, but rather points to chamber-

specific regulation at the level of active chromatin and enhancer binding at specific gene 

regulatory elements. Furthermore, even though β-catenin protein levels in the cell are similar 

in adulthood, transcriptional differences seen in the adult may result from the embryonic 

programming events that persist. While Hey2 is associated with Brugada syndrome and 

regulates important chamber-specific electrophysiological properties including dVm/dtmax 
12, previous work has shown that Hey2 does not regulate the maximum upstroke velocity 

through Scn5a transcript levels 52. Therefore, dysregulation of Scn5a and Gja1 by Wnt could 

also occur through direct β-catenin binding to regulatory elements, or through other indirect 

mechanisms. The finding that early embryonic events pattern enhancer binding and regulate 

electrophysiology into adulthood may have implications for protocols involving sequential 

Wnt-pathway modulation to derive CMs from induced-pluripotent stem cells for 

downstream applications involving cellular electrophysiology 53. Specifically, a better 

understanding for the differential manner in which Wnt affects many genes relevant to 

electrophysiology in early right versus left ventricular progenitors may provide an 

opportunity to enhance differentiation and maturation of iPS-derived CMs.

Multiple previous studies have focused on the relationship between gap junction expression 

and arrhythmia susceptibility. Studies on Cx43+/− mice have yielded mixed results 54, 55, and 

cardiomyocyte-specific loss of function studies have shed further light on this relationship 
56. While reduction of Cx43 protein levels to just under half normal levels did not 

significantly affect LV conduction velocity nor lead to ventricular tachyarrhythmias, further 

reduction to 18% of control levels was associated with decreased LV CV and inducible 

polymorphic ventricular tachycardia 57. Interestingly, though effects on RV CV were not 

reported in these studies, loss of Cx43 had a differential effect on K+ currents in the RV 

which predisposed to reentrant arrhythmias 37. The current manuscript examines the 

transcriptional role of Wnt signaling on cardiac conduction, noting a more robust reduction 

of Cx43 protein in the RV (approximately 50%, Figure 1F) with a significant 23% reduction 

in longitudinal CV (Figure 4A, 4B). Since the degree of RV conduction slowing was higher 

than we expected, we ruled out additional effects on excitability (Figure 5) or Cx43 protein 

mis-localization (Figure 4C, Supplemental Figure 10). One potential explanation for why 

this degree of Cx43 reduction could lead to marked RV conduction slowing may involve 

distinct safety factors for conduction between ventricles 58. In addition, the RVERP is 

significantly shorter in the Wnt LOF RV (Table 1), which would be expected to predispose 
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to reentrant tachycardias given a shorter wavelength of excitation. Several genes encoding 

ion channel subunits important in cardiac repolarization are dysregulated in the Wnt LOF 

RV only (NCBI GEO submission GSE106507), including downregulation of genes encoding 

subunits of potassium channels (Kcnn2, Kcnmb1, Kcna4, and Kcnq1). Therefore, additional 

direct or indirect disturbances in ionic currents likely contribute to the marked differential 

arrhythmogenesis observed between the Wnt LOF RV and LV. Although we saw arrhythmia 

susceptibility in Wnt LOF RV in both in vivo and ex vivo experiments (Figure 6, Table 1), 

we did not observe spontaneous arrhythmias in telemetry-monitored mice injected with 

isoproterenol (Supplemental Figure 11). This suggests that, although Wnt LOF mice have a 

pro-arrhythmic substrate, they may lack calcium-mediated triggers. Consistent with this 

hypothesis, of the roughly 700 genes and transcripts dysregulated in the RV, only one 

calcium channel gene (Cacna2d3) was dysregulated.

In the healthy adult heart Wnt signaling is at low levels, but in response to pathologic stimuli 

such as myocardial infarction or pressure overload, Wnt signaling becomes activated 18. 

Though quite a bit is known regarding the effects of Wnt signaling on CM hypertrophy and 

fibrosis, relatively less is known about the effects of Wnt signaling on cardiac conduction 

and arrhythmogenesis 59. Indeed, therapeutic alteration of Wnt signaling in the post-

myocardial infarction setting has produced conflicting results 18. Given that aberrant Wnt 

signaling is associated with diverse disorders giving rise to arrhythmias, including acquired 

disorders such as cardiac hypertrophy and myocardial infarction, as well as familial 

arrhythmias such as ACM, a better understanding of the role of Wnt signaling in cardiac 

conduction could enhance our approach to these diseases 60.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms:

SHF Second heart field

RV Right ventricle

LV Left ventricle

ACM Arrhythmogenic cardiomyopathy

GOF Gain-of-function

LOF Loss-of-function

Tcf/Lef T-cell factor/lymphoid enhancer-binding factor
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TSS Transcription start site

CM Cardiomyocyte

Cx43 connexin43

Hey2 Hairy/enhancer-of-split related with YRPW motif protein 2

VT Ventricular tachycardia

NSVT Non-sustained ventricular tachycardia

HR Heart Rate

ChIP Chromatin immunoprecipitation

APD Action potential duration

APA Action potential amplitude

RMP Resting membrane potential

dVm/dtmax Maximum upstroke velocity

CV Conduction velocity

ERP Effective refractory period
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Highlights

• Embryonic programming via canonical Wnt signaling regulates 

electrophysiology

• There is differential enhancer binding and activity in developing ventricles

• Hey2 is a direct Wnt target in the right ventricle only

• Wnt loss of function affects connexin43 and conduction in the right ventricle

• Wnt loss of function mice have susceptibility to ventricular tachycardia
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Figure 1 –. Wnt signaling differentially regulates genes involved in cardiac conduction in right 
and left ventricles.
(A) Fluorescent images of TCF/Lef:H2B-GFP transgenic hearts where 6 Tcf/Lef responsive 

elements are upstream of an Hsp68 minimal promoter driving GFP. At E10.5 and E12.5, 

higher Wnt activity is noted in the primitive right ventricle (RV) and atrioventricular region 

when compared with the left ventricle (LV). Wnt activity is detectable in the right atrium but 

not in the ventricles of a 10-week old adult heart. Scale bar in each image = 500 μm. (B) 

Western blot for total β-catenin in adult control (Ctnnb1flox/+) and littermate Wnt LOF 
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(Mlc2vCre/+; Ctnnb1dm/flox) (n=3 each) demonstrates higher levels of β-catenin protein in 

the LV at baseline when compared with RV. Wnt LOF mice express a truncated β-catenin 

protein at approximately 70kDa, in addition to a faint band representing wild type β-catenin 

at 93kDa, which likely represents residual β-catenin within non-myocytes. GAPDH is used 

for normalization and quantification of protein levels is based on wild type β-catenin band 

density. (C) Venn diagram of differentially altered transcripts in adult Wnt LOF (Mlc2vCre/+; 
Ctnnb1dm/flox) versus littermate control (Ctnnb1flox/+) RV and LV (n=3 each genotype). 

RNA sequencing revealed 690 transcripts dysregulated in Wnt LOF RV only, including Gja1 
and Hey2, with 715 transcripts dysregulated in Wnt LOF LV only, including Scn5a. A small 

fraction of dysregulated transcripts (83 of 1488, <6%) are dysregulated in both ventricles. 

(D) qRT-PCR in adult Wnt LOF (Mlc2vCre/+; Ctnnb1dm/flox,) versus littermate control 

(Ctnnb1flox/+) mice for selected transcripts (n=5 each genotype). The TATA-box binding 
protein (Tbp, negative control) is unchanged in both ventricles. Hey2 expression is reduced 

4-fold and Gja1 is reduced 3-fold in Wnt LOF RV only, while in contrast, Scn5a is 

upregulated 4-fold in Wnt LOF LV only. (E) Western blot of Nav1.5 (227 kDa) and 

superimposed GAPDH (37 kDa) with quantification based on band density normalized to 

GAPDH shows 60% increase in Nav1.5 in Wnt LOF LV when compared with littermate 

control LV, with no difference in the RV (n=3 each genotype). (F) Western blot of total Cx43 

(43 kDa) normalized to GAPDH (n=3 each genotype) shows 50% reduction of Cx43 protein 

levels in Wnt LOF RV compared with littermate control RV, while Cx43 protein levels in the 

LV are unchanged, consistent with transcriptional changes seen in (C) and (D). One-way 

ANOVA and post hoc Tukey’s test was performed to determine statistical significance in 

(B). An equal variance Student’s t test was used for all other comparisons. Two-tailed P-

values are indicated on the graphs, with *P<0.05 considered statistically significant.
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Figure 2 –. NaV1.5 protein levels are decreased in Wnt gain-of-function mice only in the right 
ventricle, while Cx43 protein levels are unchanged.
(A) Western blot for NaV1.5 and GAPDH with quantification based on band density 

normalized to GAPDH shows a 48% decrease of NaV1.5 in Wnt GOF RV when compared 

with littermate control RV, with no differences in the LV (n=3 each genotype). (B) Western 

blot of Cx43 normalized to GAPDH (n=3 each genotype) shows no difference in Wnt GOF 

Cx43 protein levels compared to controls. An equal variance Student’s t test was used for 

comparisons. *P<0.05 was considered statistically significant.
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Figure 3 –. Hey2 is a direct target of Wnt signaling in the right ventricle with differential 
enhancer binding of β-catenin.
(A) Heat map representation of RNA sequencing of Wnt GOF (αMHC-Cre; Ctnnb1fl(ex3)/+) 

versus littermate control (Ctnnb1fl(ex3)/+) embryonic ventricles (n=6 each) reveals 36 

differentially-regulated transcripts including Hey2. (B) Genomic regions of murine Hey2 
delineating known upstream cardiac enhancers with location relative to the transcription start 

site, and putative Notch and Wnt transcriptional effector binding sites. (C) ChIP for β-

catenin in embryonic day 12.5 (E12.5) Wnt GOF (αMHC-Cre; Ctnnb1fl(ex3)/+) and 

Li et al. Page 27

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



littermate control (Ctnnb1fl(ex3)/+) ventricles (RV and LV combined, n=3 each) shows basal 

binding to the positive control bhlh2D locus, without binding at the negative control Scn10a 
locus, Hey2 Enhancer (Enh) 1, nor Enh 2. 7-fold enrichment of β–catenin was detected in 

controls at the consensus Wnt-responsive element within Hey2 Enh 3, with further 19-fold 

enrichment in Wnt GOF ventricles (a threshold of 4-fold enrichment over IgG was 

considered binding). (D) ChIP for β-catenin in wild type (WT) E12.5 RV versus LV reveals 

4-fold enrichment of β-catenin binding at Hey2 Enh3 in RV, without enrichment in the LV, at 

this early developmental stage (n=4). (E) ChIP for H3K27ac in WT E12.5 RV versus LV 

shows enrichment at the positive control Gata4 locus, but not at the negative control gene 

desert (neg) in both RV and LV. There is more than 12-fold enrichment of H3K27ac in the 

RV at Hey2 Enh3, however, in contrast there is less than 4-fold enrichment in the LV (n=4). 

(F) ChIP in adult RV shows β-catenin binding at the positive control bhlh2D locus, as well 

as Hey2 Enh3 in controls (Mlc2vCre/+), without further enrichment in littermate Wnt GOF 

mice (Mlc2vCre/+; Ctnnb1fl(ex3)/+). Binding is not detected at the negative control Scn10a 
promoter, nor at Hey2 Enh1,2 (n=4 each). In adult control and Wnt GOF LV, β-catenin binds 

at the positive control bhlh2D locus, without enrichment at the negative control Scn10a 
promoter, nor Hey2 Enh1–3. β-catenin binding at Hey2 Enh3 is not detected in Wnt GOF 

LV despite increased β-catenin levels, suggesting that levels alone may not account for the 

lack of Enh3 binding in the LV (n= 4 each). (G) qRT-PCR from inducible Wnt GOF mice 

(iWnt, αMHCrtTA; TetO-Cre; Ctnnb1fl(ex3)/+), where Wnt signaling was induced in 

adulthood, versus control (TetO-Cre; Ctnnb1fl(ex3)/+) mice, shows increased expression of 

the direct Wnt target Axin2 in both ventricles, no change in expression of Tbp (negative 

control), while Hey2 expression increases in the RV only (n=4 each). An equal variance 

Student’s t-test was used for comparisons, with all two-tailed P-values indicated. *P<0.05 

considered statistically significant.
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Figure 4 –. Conduction velocity is slower in Wnt loss-of-function right but not left ventricles.
(A) Representative reconstructed electrical activation maps from the RV (top) and LV 

(bottom) obtained during an optical mapping experiment with epicardial stimulation in Wnt 

LOF (Mlc2vCre/+; Ctnnb1dm/flox, right panel) and littermate control (Ctnnb1flox/+, left panel) 

hearts. Data were recorded during stimulation at 8Hz. More isochrones are visible on the 

Wnt LOF RV epicardial surface indicating slower conduction velocity (CV). Scale bars = 1 

mm. (B) Calculated longitudinal and transverse CVs from control and Wnt LOF hearts (n=7 

each genotype) show RV longitudinal CV is decreased by 23% in Wnt LOF RV compared 

with control (52.7 cm/s versus 68.2 cm/s) with decreased anisotropy (1.32 versus 1.66). In 

contrast, there is no difference in CV between Wnt LOF and control in the LV. An equal 

variance Student’s t test was used for comparisons, *P<0.05 were considered statistically 

significant. (C) Immunostaining of total Cx43 (red) and N-Cadherin (green) in control and 

Li et al. Page 29

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



littermate Wnt LOF shows co-localization without evidence of Cx43 lateralization in both 

RV and LV. Long = longitudinal, Trans = transverse, Scale bars = 20 μm.
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Figure 5 –. Increased excitability in Wnt loss-of-function right ventricular cardiomyocytes.
Averaged action potential from control (blue) and Wnt LOF (red) RV (A) and LV (B) 

myocytes recorded with sharp microelectrodes reflecting a composite of all cells recorded. 

(C) Zoom of a portion of the action potential from (A) including Phase 0 with tangent lines 

drawn through the point of maximum upstroke velocity (dVm/dtmax) demonstrates a greater 

dVm/dtmax in Wnt LOF RV cells when compared with littermate controls (251 mV/ms vs. 

229 mV/ms, p=0.005). (D-G) Graphical representation of RV and LV action potential 

parameters from control and littermate Wnt LOF hearts. dVm/dtmax and APD90 values differ 

between control RV and LV at baseline, consistent with previous reports. The dVm/dtmax is 

significantly higher in Wnt LOF RV compared to control RV cells, while maximal APA, 

RMP, and APD90 are unchanged in Wnt LOF RV cells. In contrast, no action potential 

parameters are different between control and Wnt LOF LV cells. At least ten cells per 

condition reflecting 20 to 100 APs per cell were averaged to yield one value per mouse. The 

average of n=5 mice per genotype is represented with mean±SEM. Control mice are 

Ctnnb1flox/+ and Wnt LOF are Mlc2vCre/+; Ctnnb1dm/flox. Statistics were performed using a 

two-way ANOVA followed by a post-hoc Tukey’s multiple comparisons test. RMP = resting 

membrane potential; APA = action potential amplitude; dVm/dtmax = maximal upstroke 

velocity; APD90 = duration of the action potential at 90% repolarization. *P<0.05 

considered statistically significant, ns = not significant.
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Figure 6 –. Wnt loss-of-function mice are predisposed to ventricular tachycardia following right 
ventricular stimulation.
Reconstructed electrical activation maps showing the RV surface during sinus rhythm (SR, 

A), RV surface during ventricular tachycardia (VT, B), and anterior view of RV and LV 

during VT (C) from the same Wnt LOF mouse. VT was initiated following physiological 

drive train pacing on the RV epicardium (B) and was persistent. During SR (A) the earliest 

RV breakthrough site is near the apex. VT was initiated by stimulation of the RV epicardium 

with an S1 drive train at 8 Hz. During VT, electrical activation of the ventricles was altered 

both spatially and temporally. Note the different timescales for each activation map, with 

change in activation pattern from base to apex (B) and focal conduction block with reentry 

visible on the anterior surface during VT (C). (D) Optical action potentials during SR (left) 

show 1:1 activation of atria (black, A) followed by ventricle (red, V), whereas there is AV 

dissociation during VT (right) with more ventricular action potentials than atrial. 5 of 7 Wnt 

LOF (Mlc2vCre/+; Ctnnb1dm/flox) and 0 littermate control (Ctnnb1flox/+) hearts exhibited VT 

following RV stimulation while none of the hearts (both Wnt LOF and control) had VT 
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following LV stimulation (Table 1) (E) Representative EKG (top, green), intracardiac atrial 

(middle, black) and intracardiac ventricular (bottom, red) traces during invasive 

electrophysiology studies showing an S1 drive train at 10 Hz followed by a triple 

extrastimulus initiating 4 s of polymorphic VT. 4 of 6 Wnt LOF and 0 of 6 littermate control 

mice had VT following RV stimulation (Table 1).
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Table 1.

EKG intervals, Ex Vivo and In Vivo Programmed Electrical Stimulation EKG Intervals

EKG Intervals

Control Wnt LOF

Conscious HR (bpm) 692 ± 16 718 ± 12

Isoflurane HR (bpm) 488 ± 15 497 ± 23

P wave duration (msec) 12.5 ± 1.3 10.5 ± 0.7

PR (msec) 37.7 ± 0.8 34.5 ± 0.7*

QRS (msec) 10.3 ± 0.7 10.1 ± 0.4

QT (msec) 17.5 ± 0.9 17.8 ± 8

Ex Vivo Programmed Electrical Stimulation

Control Wnt LOF

Mice with VT following RV stim 0/7 5/7*

Mice with VT following LV stim 0/7 0/7

Duration VT (s) N/A 94 ± 50

VT cycle length (msec) N/A 48 ± 3

Mice with spontaneous NSVT/VT 0/7 2/7

Total episodes spontaneous NSVT/VT 0 734

In Vivo Programmed Electrical Stimulation

Control Wnt LOF

Heart Rate (bpm) 521 ± 21 572 ± 45

V to A 1:1 (msec) 90 ± 6 96 ± 6

V to A Wenckebach (msec) 83 ± 5 88 ± 5

RVERP120 (msec) 38 ± 3 28 ± 3*

Episodes NSVT/VT (S1S2) 0 10*

Total episodes NSVT/VT 0 31*
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