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AbSTRACT

Rationale

Genome-wide association studies previously identified an association of rs9388451 at 
chromosome 6q22.3 (near HEY2) with Brugada syndrome (BrS). The causal gene and 
underlying mechanism remain unresolved.

Objective

We used an integrative approach entailing transcriptomic studies in human hearts and 
electrophysiological studies in Hey2 heterozygous knockout mice (Hey2+/-) to dissect the 
underpinnings of the 6q22.31 association with BrS.

Methods and Results

We queried expression quantitative trait locus (eQTL) data acquired in 190 human left 
ventricular (LV) samples from the Genotype-Tissue Expression (GTEx) consortium for 
cis-eQTL effects of rs9388451 which revealed an association between BrS risk allele 
dosage and HEY2 expression (β=+0.159; P = 0.0036). In the same transcriptomic data, 
we conducted genome-wide co-expression analysis for HEY2 which uncovered KCNIP2, 
encoding the β-subunit of the channel underlying the transient outward current (Ito), 
as the transcript most robustly correlating with HEY2 expression (β=+1.47; P = 2×10–34). 
Transcript abundance of Hey2 and the Ito subunits Kcnip2 and Kcnd2, assessed by qRT-
PCR, was higher in subepicardium (epi) vs. subendocardium (endo) in both left (LV) and 
right (RV) ventricles, with lower levels in Hey2 heterozygous knockout (Hey2+/-) mice 
compared to wildtype (WT). Surface ECG measurements showed less prominent J-waves 
in Hey2+/- mice compared to WT. In WT mice, patch-clamp electrophysiological studies 
on cardiomyocytes from RV demonstrated a shorter AP duration and a lower Vmax in epi 
compared to endo cardiomyocytes, which was paralleled by a higher Ito and a lower INa 
density in epi vs. endo. These transmural differences were diminished in Hey2+/- mice due 
to changes in subepicardial cardiomyocytes.

Conclusion

This study uncovers a role of HEY2 in the normal transmural electrophysiological gradi-
ent in the ventricle and provides compelling evidence that genetic variation at 6q22.31 
(rs9388451) is associated with BrS through a HEY2-dependent alteration of ion channel 
expression across the cardiac ventricular wall.
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InTRODuCTIOn

Large-scale genome-wide association studies (GWAS) successfully identified numerous 
loci associated with cardiac electrophysiological traits.1,2 Yet, the understanding of how 
these genetic associations modulate cardiac electrophysiology has been limited to 
only a few loci.3,4 As for most GWAS signals, those associated with electrophysiological 
traits are located in non-coding regulatory regions,5 and are expected to impact on the 
expression dosage of genes encoding cardiac ion channels or associated proteins. These 
dosage effects could be direct, where the genetic variation occurs in regulatory regions 
of ion channel genes or genes encoding their modulatory subunits, or indirect, by 
modulating expression of transcription factors which themselves regulate ion channel 
gene expression.

We previously identified a locus at 6q22.31 associated with Brugada syndrome (BrS), 
an inherited disease associated with increased risk of ventricular arrhythmias and sud-
den cardiac death in young individuals.2 In this previous study we hypothesized that 
the HEY2 gene, encoding a transcription factor belonging to the basic helix-loop-helix 
(bHLH) class, is the causal gene at this locus and demonstrated its involvement in right 
ventricular outflow tract (RVOT) conduction and action potential (AP) morphology.2

We here used an integrative approach entailing transcriptomic studies in human 
hearts and electrophysiological studies in Hey2 heterozygous knockout mice (Hey2+/-) 
to dissect the underpinnings of the 6q22.31 association with BrS.2 Using human left 
ventricular (LV) transcriptomic data we show that the lead single nucleotide polymor-
phism (SNP) at 6q22.31, rs9388451, tags an expression quantitative trait locus (eQTL) for 
HEY2, providing strong support for this gene as an effector at the locus. Genome-wide 
co-expression analysis in human heart identified the transcript abundance of KCNIP2, 
encoding a subunit (KChiP2) of the channel carrying the transient outward potassium 
current (Ito), as most strongly correlated with HEY2 expression. Through studies in Hey2 
heterozygous knockout (Hey2+/-) mice, we demonstrate that Hey2 deficiency leads to 
altered cellular electrophysiological properties across the ventricular wall, reflecting 
the transmural gradient of Hey2 expression. This study uncovers a role of HEY2 in the 
normal transmural electrophysiological gradient in the ventricle and provides compel-
ling evidence that genetic variation at 6q22.31 is associated with BrS through a HEY2-
dependent alteration of ion channel expression across the cardiac ventricular wall.
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METHODS

Expression quantitative trait locus (eQTl) effect analysis in human left ventricle

All 8 protein-coding genes within 1 megabase (MB) of rs9388451 were assessed for 
possible eQTL effects using the Genotype-Tissue Expression (GTEx) resource from which 
we considered the dataset corresponding to human LV from 190 deceased donors (V6 
release). Detailed methodology on genotyping, RNA-seq for transcriptomic analysis 
and eQTL analysis of GTEx has been reported previously.6 In brief, genotyping was per-
formed using Illumina OMNI 5M or 2.5M SNP arrays. Transcriptomic analysis of human 
LV was conducted by RNA-seq using the Illumina TrueSeq RNA sequencing kit on RNA 
isolated from a 10 mm x 10 mm x < 4 mm sample from the apical aspect of the anterior 
LV wall. Alignment to the GRCh37 reference genome was performed using Tophat v1.4.1. 
Gene level annotations are produced by taking the union of exons defined in GENCODE 
v19. eQTL analysis was performed with Matrix eQTL after imputation using the 1000 
genomes panel. A P-value <  0.00625 (0.05/8 genes) was considered significant for an 
eQTL effect.

HEY2 co-expression analysis in human left ventricle

We identified genes that are co-expressed with HEY2 in human heart by correlating the 
abundance of transcripts genome-wide with the abundance of the HEY2 transcript. For 
this, we downloaded the transcriptomic data corresponding to human LV tissue from 
190 deceased donors from the GTEx portal (http://gtexportal.org; V6 release). Specifi-
cally, raw read counts per gene per sample were downloaded from GTEx. Genes with 
no reads in >  50 % of samples and genes with RPKM (reads per kilobase of transcript 
per million mapped reads) < 1 in > 95 % of samples were excluded from further analysis. 
To ensure read count normalization and homoscedasticity, we next performed variance 
stabilizing transformation (VST) of gene counts, as implemented in the R package DE-
Seq2 (version 1.12.4).7 A linear regression analysis was used to assess the association 
between HEY2 transcript abundance and the abundance of each of the 15,617 remain-
ing gene transcripts. Covariates included in the model were organ donor sex, age at 
death, recruiting center, RNA integrity number (quality of RNA) and the first 3 genotypic 
principal components. P-value significance threshold was set to 0.05/15617 (3.2×10–6). 
Analyses were performed in R version 3.3.1.

Transgenic Hey2+/- mice

CL57/BL6 Hey2+/- mice were generated as previously described.2,8 As opposed to Hey2-/- 
knockout mice that show congenital heart defects and cardiomyopathy9, Hey2+/- mice 
do not show any cardiac structural abnormality2 and are thus well suited to study the 
effect of Hey2 dosage on cardiomyocyte gene expression and electrophysiology. For all 
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experiments, Hey2+/- and wildtype (WT) littermates aged 3–5 months were used. For ECG 
measurements both male and female mice were used; males were used for all other 
studies. Experiments involving animals were performed in accordance with governmen-
tal and institutional guidelines for animal use in research and were approved by the 
Animal Experimental Committee of the Academic Medical Center.

Surface ECG measurements

Mice were anesthetized using isoflurane inhalation (0.8–1.0 volume % in oxygen) and 
surface ECGs were recorded and analyzed using the LabChart7Pro software (AD Instru-
ments). Electrodes were placed at the right (R) and left (L) armpit and the left groin (F). A 
reference electrode was placed at the right groin. From these leads, a standard six-lead 
ECG was calculated as follows: I = L-R, II = F-R, III = F-L, aVR = R-(L+F)/2, aVL = L-(R+F)/2, 
and aVF = F-(L+R)/2. For J-wave analysis, the derivative of the J-wave downward deflec-
tion was measured (Figure 3b).

RnA isolation and mRnA quantification

Mice were sacrificed by CO2 inhalation followed by cervical dislocation, after which 
hearts were excised. Subepicardial (epi) and subendocardial (endo) layers were dissected 
manually from the same animal (WT or Hey2+/-) for the LV and from different animals 
for the right ventricle (RV). The tissue was washed in PBS, and total RNA was extracted 
with RNAzol (Sigma) for RV and with Trizol (Invitrogen) for LV following the manufac-
turer instructions. cDNA synthesis was performed using Superscript II (Invitrogen) and 
OligodT primers and 400 ng of total RNA as an input. Transcript abundance of Hey2, 
Kcnd2, Kcnip2 and Scn5a was determined by real-time quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) using the LightCycler real-time PCR system 
(Roche Diagnostics). The samples were run in triplicate. The sequences of the primers 
are described in Supplementary Table I. Specificity of PCR products was determined 
by Sanger sequencing. Gene expression levels were calculated using LinRegPCR10 and 
normalized to Hprt. To determine statistical significance of site (epi vs. endo) and geno-
type (WT vs. Hey2+/-) effects and their interaction on gene expression, a linear model 
(RV, non-paired samples) or a mixed linear model (LV, paired samples) were used, after 
log or rank transformation of the data when appropriate. Within genotype groups, dif-
ferences in gene expression between endo and epi were assessed using Student t-test 
or non-parametric Wilcoxon signed rank test where appropriate (significance threshold 
P < 0.05). Statistical analysis was performed using SPSS statistics 22.

Cardiomyocyte isolation

Single cells were isolated from the epi and endo layers of the RV by enzymatic dis-
sociation. First, excised hearts were perfused with a modified Tyrode’s solution in a 
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Langendorff system for 5 minutes, containing (in mmol/L): NaCl 140, KCl 5.4, CaCl2 1.8, 
MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). Subsequently, the hearts were perfused 
with Tyrode’s solution containing a low Ca2+-concentration (1 μmol/L) for 8 minutes, 
after which Liberase Blendzyme type 4 (Roche Diagnostics, GmbH, Mannheim, Ger-
many) and Elastase from porcine pancreas (Serva, Electrophoresis GmbH, Heidelberg, 
Germany) were added for 10 minutes at a concentration of 0.055 mg/mL and 0.008 mg/
mL, respectively. All solutions were saturated with 100 % O2 and the temperature was 
maintained at 37°C. The digested endo and epi samples were then cut into small pieces 
which were separately triturated through a pipette (tip diameter: 2.0 mm) in the low-
Ca2+ Tyrode’s solution to obtain single cells. The single cells were finally washed twice 
in low-Ca2+ Tyrode’s solution with BSA (1 mg/mL), then again washed twice in normal 
Tyrode’s solution to increase the calcium concentration and to remove the BSA. The 
cells were kept at room temperature (20–22°C) and were used within 5 hours. Quiescent 
single rod-shaped cells with clear cross-striations were selected for electrophysiological 
measurements.

Cellular electrophysiology

Data acquisition and analysis
APs and ionic currents were recorded with the amphotericin-B perforated and ruptured 
patch clamp technique, respectively, using an Axopatch 200B patch-clamp amplifier 
(Molecular Devices Corporation, Sunnyvale, CA, USA). Voltage control, data acquisition, 
and analysis were done using custom software. Data were low-pass filtered at 5 kHz and 
digitized at 40 kHz (for APs), at 4 kHz (for potassium currents), or at 20 kHz (for sodium 
current, INa). Potentials were corrected for the estimated liquid junction potentials. For 
adequate voltage control, borosilicate pipette glasses with low-resistances (1.5–2.5 
MΩ) were used and membrane capacitance and serial resistance were compensated for 
> 80 %.

Action potential measurements
APs were measured at 36 ± 0.2°C in Tyrode’s solution. Pipettes were filled with solutions 
containing (in mmol/L): K-gluconate 125, KCl 20, NaCl 10, amphotericin-B 0.22, HEPES 10; 
pH 7.2 (KOH). APs were elicited at 4 Hz by 3 ms, 1.2x threshold current pulses. The follow-
ing parameters were assessed: resting membrane potential (RMP), maximum upstroke 
velocity (Vmax), AP amplitude (APA) and AP duration at 20, 50 and 90 % of repolarization 
(APD20, APD50 and APD90, respectively). Data from 10 consecutive APs were averaged.

Ion currents
Potassium currents and INa were measured with conventional voltage clamp protocols as 
depicted in the figures. Cycle lengths were 5 and 10 seconds for potassium currents and 
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INa, respectively. Current densities were determined by dividing the current amplitude 
by the cell membrane capacitance (Cm). Cm was determined by dividing the decay time 
constant of the capacitive transient at a hyperpolarizing step of 5 mV from -40 mV by 
the access resistance.

Potassium currents were measured at 36 ± 0.2°C in a Tyrode’s solution to which 0.25 
mmol/L CdCl2 was added to block the L-type calcium current (ICa,L) and the transient 
outward calcium-activated chloride current (ICl(Ca)).11 In addition, since CdCl2 reduces INa 
importantly12, remaining INa was activated and inactivated by a 10 ms prepulse to -40 
mV. Pipette solutions were the same as for AP measurements, except that amphotericin-
B was removed and 5 mmol/L MgATP and 10 mmol/L EGTA were added. Potassium 
current in mouse has been shown to consist of different components.13 Steady-state 
currents negative to –60 mV were defined as inward rectifier potassium current (IK1) and 
steady-state currents positive to –60 mV as the non-inactivating potassium current (ISS). 
Ito was measured as the difference between peak current and ISS.

INa was measured at room temperature in a low-sodium bath solution consisting of (in 
mmol/L): NaCl 7, CsCl 133, CaCl2 1.8, MgCl2 1, glucose 11, HEPES 5, nifedipine 0.005; pH 
7.4 (CsOH). Pipettes were filled with solutions consisting of (in mmol/L): CsCl 145, Na2ATP 
2, NaCl 3, HEPES 10, EGTA 10, pH 7.2 (CsOH). INa was defined as the difference between 
peak current and the current at the end of the voltage step. Voltage dependence of 
activation was determined by plotting normalized current densities as a function to 
membrane potential. For this purpose, currents were normalized to the maximal peak 
current after correcting for the electrical driving force at the given potential. For voltage 
dependence of inactivation, currents were determined at a potential of -20 mV, normal-
ized to the maximal current and plotted against the membrane potential preceding this 
voltage step. The half-maximum voltage of (in)activation (V1/2) and slope factor κ were 
determined by fitting a Boltzmann equation I/Imax=A/{1.0+exp[(V1/2–V)/k] through the 
plots. INa measurements were only included if the slope factor κ of voltage dependence 
of activation was ≥ 4, indicating a proper voltage control.

Statistical analysis of electrophysiological data
Statistical tests were performed in SPSS statistics 22. Parameters were tested for normal 
distribution with the Shapiro-Wilk test and equality of variances was confirmed with 
Levene’s test. For all electrophysiological parameters, these criteria were met. To deter-
mine main and interaction effects of site (epi vs. endo) and genotype (WT vs. Hey2+/-), 
two-way ANOVAs were performed, followed by Bonferroni corrected t-tests. Level of 
significance was set at P < 0.05. Data are presented as mean±SEM.
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RESulTS

The brS GwAS SnP rs9388451 tags an eQTl for HEY2 in human lv

We previously proposed that the effect of rs9388451, which tags a haplotype spanning 
the HEY2 gene, on BrS susceptibility is mediated by HEY2.2 Yet evidence for this was lack-
ing. Since the associated haplotype does not harbor any amino acid changing variant, 
if the effect on BrS susceptibility occurs through HEY2, it likely entails effects on HEY2 
expression. To study this we queried the GTEx dataset corresponding to LV samples 
from 190 donors for cis-eQTL effects of rs9388451 on genes located within the 1 MB 
region downstream and upstream of this SNP. The commonly used span of 1 MB was 
chosen to define a cis-eQTL effect as it takes into consideration the size of topologi-
cally associating domains in mammals.14 Of the 8 genes contained within this interval, 
only HEY2 expression level showed a significant association with rs9388451 (P = 0.0036; 
Supplementary Table S2), with the risk allele (C) being associated with higher expres-
sion of HEY2 (regression coefficient [×] = +0.159; standard error [SE] = 0.054). This eQTL 
effect establishes HEY2 as the most likely driver of the 6q22.31 GWAS locus, where the 
BrS risk allele is associated with increased expression of HEY2.

HEY2 expression is strongly associated with KCNIP2 expression in human lv

Given the fact that HEY2 is a transcription factor, we postulated that the association 
of the locus with BrS involves indirect modulation of ion channel gene expression. To 
assess whether HEY2 affects expression of ion channel genes in the human ventricle, we 
performed an unbiased genome-wide HEY2 co-expression analysis. Using RNA-Seq data 
from 190 human LV samples from GTEx, we performed a linear regression analysis test-
ing a model where HEY2 mRNA expression predicts the expression level of each of the 
genes expressed in the LV. The result is presented as a volcano plot in Figure 1A. In line 
with previous findings15 we observed a negative correlation between HEY2 mRNA level 
and that of NPPA encoding atrial natriuretic peptide (Figure  1b), thus confirming the 
validity of this approach. Strikingly, the strongest association among the 15,617 gene 
transcripts tested was with the transcript of KCNIP2 which was positively correlated with 
that of HEY2 (β = +1.47; SE = 0.096; P = 2×10–34) (Figure 1A,C). KCNIP2 encodes potassium 
channel interacting protein 2 (KChiP2), the β-subunit of the voltage-gated KV4 channel 
underlying Ito.16 Like HEY2,15 KCNIP2 shows a pronounced gradient of expression from 
subendocardium (lowest) to subepicardium (highest) and is thought to underlie the Ito 
gradient across the ventricular wall in humans.17
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Figure 1. Volcano plot of genome-wide association analysis of gene expression vs. HEY2 expression in hu-
man left ventricular tissue (A). Analysis includes 15,617 genes expressed in the human left ventricle (see 
Methods). HEY2 expression is negatively associated with NPPA expression (red; correlation plot in b), cor-
roborating earlier studies. The most significant association is with KCNIP2 expression (blue; correlation plot 
in C). VST, variance stabilization transformation.

Hey2 haploinsufficiency alters ion channel gene expression across the 
ventricular wall

To establish that the correlation between HEY2 and KCNIP2 expression reflects HEY2-
dependent regulation of KCNIP2 expression rather than a simple non-causal association, 
we measured transcript levels of Kcnip2 in epi and endo layers of RV and LV in Hey2+/- 
and WT mice. Using a linear regression model, we assessed the effect of site (epi vs. 
endo) and genotype (WT vs. Hey2+/-) and their interaction on mRNA expression levels 
(Figure 2). Significant site and genotype effects were observed for Hey2 expression, with 
Hey2 expression being higher in epi vs. endo (P < 0.001 for RV and P < 0.01 for LV) and, as 
expected, higher in WT vs. Hey2+/- (P < 0.001 for RV and P < 0.01 for LV). Paralleling Hey2 
expression, we observed higher expression of Kcnip2 in epi compared to endo in both LV 
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and RV (P < 0.001 for both). Genotype effects on Kcnip2 expression were however only 
statistically significant in LV (P < 0.01), where Hey2+/- mice demonstrated reduced Kcnip2 
expression compared to WT.

Figure 2. mRNA levels of Hey2, Scn5a and the transient outward potassium current (Ito) subunits Kcnd2 and 
Kcnip2 in subepicardium (epi) and subendocardium (endo) of (A) left (LV) and (b) right (RV) ventricle from 
wildtype (WT) and Hey2+/- mice. Site effect (epi vs. endo) was significant in all 8 analyses (P < 0.01). Signifi-
cance for genotype effect (Hey2+/- vs WT) is indicated by # markers (#P < 0.05, ##P < 0.01 and ###P < 0.001). No 
statistically significant genotype × site interaction was observed in any of the analyses. Within genotype 
groups, epi vs. endo differences were assessed using Student t-test or Wilcoxon signed rank test (*P < 0.05, 
**P < 0.01, ***P < 0.001). ns, non-significant.

We extended this analysis to Kcnd2 encoding KV4.2, the pore-forming α-subunit of Ito 
in mice, and to Scn5a encoding the cardiac Na+ channel NaV1.5, both established to 
be differentially expressed across the ventricular wall (Figure  2).18,19 We observed the 
expected gradient for Kcnd2 expression in both LV and RV, with higher expression in 
epi compared to endo (P < 0.001 for both). Furthermore, as observed for Kcnip2, Hey2 
deficiency led to a reduced Kcnd2 expression (P  <  0.05 for both RV and LV). While a 
transmural gradient was observed for Scn5a in both RV (P < 0.001) and LV (P < 0.01), with 
higher expression in endo, we observed no significant genotype effect on its expression. 
No significant site × genotype interaction was detected for any of the four transcripts 
tested (Hey2, Kcnip2, Kcnd2, Scn5a). In sum, the human and mouse transcriptomic data 
we present establish a gene dosage effect of HEY2 on the expression of ion channel 
subunit genes underlying Ito.
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Figure 3. Surface ECGs and J-wave analysis in (WT) and Hey2 heterozygous knockout (Hey2+/-) mice. A: Ex-
amples of six-lead surface ECGs obtained from WT and Hey2+/- mice. b, top panel: Magnification of boxed 
area of lead I in A, indicating a smaller J-wave amplitude (arrows) in Hey2+/-. b, lower panel: Examples of 
the derivative of the J-wave downward deflection, indicating a less negative derivative (arrows) in Hey2+/-. 
C: Average values for the derivative of the J-wave downward deflection in leads I and II for WT and Hey2+/- 
mice. Similar results were observed for both leads (2-way ANOVA).

Hey2 affects repolarization and depolarization specifically in subepicardial 
myocytes of the right ventricle

We previously reported that electrocardiographic PR, QRS and QTc intervals were not 
different between Hey2+/- and WT mice.2 We now further assessed the ECG waveforms 
and noted that a clear “J-wave” (marking the transition from the QRS complex to the T 
wave) was less frequently observed in Hey2+/- (6 out of 19) than in WT mice (15 out of 21; 
P < 0.05 Fisher exact test) (Figure 3A, b). To quantify this, we calculated the derivative 
of the J-wave downward deflection, and observed a significantly less negative deriva-
tive in Hey2+/- as compared to WT mice (Figure 3, b and C). Of note, this observation 
was consistent in both lead I and II (Figure 3A), and the difference in J-wave derivative 
between WT and Hey2+/- was independent of lead (2-way ANOVA). Because the murine 
J-wave is an expression of early repolarization20, this indicated that early repolarization 
may differ between the WT and Hey2+/- animals. To further investigate this we recorded 
APs from cardiomyocytes isolated from the epi and endo of the RV (implicated in the 
pathophysiology of BrS21–23) from both WT and Hey2+/- mice (Figure 4, A and b; Supple-
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mentary Table S3). AP recordings in WT mice demonstrated a higher Vmax and APD in 
myocytes from endo compared to epi (P < 0.05; Figure 4, A and C). These transmural 
differences were diminished in Hey2+/- mice (Figure  4, b and D; P  <  0.05 interaction 
effect for Vmax and APD90; P  =  0.1 and P  =  0.07 interaction effect for APD20 and APD50, 
respectively) due to an increase in epi in Hey2+/- compared to WT mice (P < 0.01 for Vmax, 
APD20, APD50, APD90; Supplementary Table  3). Heterozygous loss of Hey2 thus affects 
both depolarization and repolarization specifically in the epi layer.

Figure 4. Action potential (AP) characteristics in (WT) and Hey2 heterozygous knockout (Hey2+/-) cardio-
myocytes. A,b: Typical AP traces of isolated subepicardial (epi) and subendocardial (endo) cardiomyocytes 
from WT (A) and Hey2+/- (b) mice as measured with a stimulation frequency of 4 Hz. Inset: first derivative 
of AP upstroke and phase 1 repolarization. Note the reduced upstroke and increased phase 1 repolariza-
tion in epi cardiomyocytes from WT mice, while these differences disappear in Hey2+/- mice (insets in A, b). 
C,D: Average AP characteristics of epi and endo cardiomyocytes from WT (C) and Hey2+/- (D) mice. Resting 
membrane potential (RMP), action potential amplitude (APA), maximal upstroke velocity (Vmax) and action 
potential duration at 20, 50 and 90 % of repolarization (APD20, APD50 and APD90, respectively) are depicted. 
* P < 0.05 interaction effect of genotype × site (two-way ANOVA), followed by Bonferroni corrected t-test.
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Transmural differences in transient outward current are diminished in Hey2+/- 
mice

We next performed voltage clamp experiments in order to identify the changes in 
ionic currents underlying these effects. Since Hey2 haploinsufficiency affected Vmax in 
epi cardiomyocytes we also studied its impact on INa. Typical voltage clamp traces for 
INa in epi and endo cardiomyocytes from WT and Hey2+/- mice are depicted in Figure 5, 
A and b, respectively. Current-voltage relationships determined from these voltage 
clamp experiments are shown in Figure 5, C and D. At membrane potentials of -35 to 
-10 mV, a genotype × site interaction effect on INa density was evident (P < 0.05). Post-
hoc analysis revealed that at these potentials, INa density was higher in endo compared 
to epi myocytes in WT mice (P < 0.05; Figure 5C), while this difference was absent in 
Hey2+/- mice (Figure  5D and Supplementary Table  4). Endo and epi cardiomyocytes 
from Hey2+/- mice did not display significant differences in INa compared to endo and 
epi cardiomyocytes from WT mice, respectively. Voltage dependence of activation and 
inactivation were not different between all groups (Supplementary Fig. S1). Thus, 
while differences in Vmax in Hey2+/- vs. WT mice appeared restricted to myocytes from epi, 
we could not discriminate an effect specifically at this site for INa.

We then explored the effects of Hey2 deficiency on potassium currents. Figure  6 
shows typical examples in WT (panel A) and Hey2+/- (panel D) cardiomyocytes. In WT 
hearts, Ito was significantly higher in epi as compared to endo myocytes (P < 0.05; Fig-
ure 6b, Supplementary Table 4), in line with the shorter APD in epi cardiomyocytes. 
The difference in Ito between epi and endo myocytes was dependent on the genotype 
(P  <  0.05, site × genotype interaction effect): contrary to WT, Ito density did not differ 
significantly between epi and endo in Hey2+/- mice (P = 0.14 at +60 mV) (Figure 6E). In 
line with the effect of Hey2+/- haploinsufficiency on APD in epi myocytes, Ito density was 
lower in epi myocytes from Hey2+/- mice as compared to epi myocytes from WT mice 
(P < 0.05), while no statistically significant difference was found between endo cells from 
the two lines. No site or genotype effects were found for other potassium currents (IK1 
and Iss) (Figure 6, C and F; Supplementary Table 4).

DISCuSSIOn

While genome-wide association studies have identified a large number of loci associated 
with cardiac electrical traits, the underlying gene and mechanism have been delineated 
for only a few. We previously identified a locus near HEY2 associated with BrS susceptibil-
ity.2 This locus was subsequently also associated with ST segment amplitude in multiple 
ECG leads in the general population24, thus also suggesting a role in normal cardiac elec-
trophysiology. In this study we demonstrate that the lead SNP, rs9388451 is associated 
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with HEY2 transcript abundance in human ventricle, providing strong evidence that 
HEY2 is the causal gene at this locus. By genome-wide co-expression analysis in human 
ventricular tissue we uncover KCNIP2, encoding a subunit of the Ito channel, as the most 
robustly correlated gene, thereby anchoring HEY2 as a transcription factor of relevance 
to control of cardiac electrical function in human. Through studies in Hey2+/- mice we 
validate the Hey2-dependent effect on Kcnip2 expression and also identify an effect on 
the pore-forming subunit of the Ito channel, Kcnd2. Furthermore, we demonstrate that 
Hey2 impacts on depolarization and repolarization gradients across the ventricular wall 
through INa and Ito. Taken together, these data implicate HEY2 as the effector within the 
6q22.31 locus associated with BrS and uncover a role in maintenance of electrical pat-
terning across the ventricular wall.

The electrophysiological differences between the ventricular subendocardium (endo) 
and subepicardium (epi) have been characterized in detail at the cellular and molecular 
levels in hearts from different mammals, including humans.25 Specifically, and as re-
produced in WT mice in this study, endo myocytes show a higher AP upstroke velocity 
(Vmax), longer APD and smaller phase 1 repolarization rate compared to epi myocytes. 
These differences reflect variable ion current densities and underlying ion channel gene 
expression across the ventricular wall.25 Higher expression of SCN5A and larger INa in 
endo myocytes underlie the higher Vmax in this region, while higher expression of potas-

Figure 5. Sodium current (INa) in subendocardial (endo) and subepicardial (epi) cardiomyocytes from wild-
type (WT) and Hey2 heterozygous knockout (Hey2+/-) mice. A,b: Typical traces in WT (A) and Hey2+/- (b) car-
diomyocytes. C,D: Current voltage (I-V) relationships in WT (C) and Hey2+/- (D) cardiomyocytes. * P < 0.05 
interaction effect of genotype × site at the corresponding potential (2-way ANOVA) and epi vs. endo com-
parison (Bonferroni corrected t-test).



195

Hey2 modulates cardiac transmural ion channel patterning

sium channel subunits underlies the higher repolarization rate and shorter APD in epi 
myocytes. As is the case for potassium currents in general, the molecular underpinnings 
of transmural differences in repolarizing potassium current are species-dependent: in 
small rodents, Ito differences are mediated by variation in Kcnd2 and Kcnip2 gene ex-

Figure 6. Potassium currents in subepicardial (epi) and subendocardial (endo) cardiomyocytes from wild-
type (WT) and Hey2 heterozygous knockout (Hey2+/-) mice. A,D. Typical traces of potassium currents mea-
sured at voltage steps -120 and + 60 mV in WT (A) and Hey2+/- (D) cardiomyocytes. Ito, steady state potassium 
current (Iss) and inward rectifier potassium current (IK1) were defined as indicated by the arrows. Inset shows 
initial phase of the currents. b,E: I-V relationships of Ito in WT (b) and Hey2+/- (E) cardiomyocytes. C,F: I-V 
relationships of IK1 and Iss in WT (C) and Hey2+/- (F) cardiomyocytes. * P < 0.05 interaction effect of genotype 
× site at the corresponding potential (2-way ANOVA) and epi vs. endo comparison (Bonferroni corrected 
t-test).
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pression, while in larger mammals including humans it is mediated primarily by KCNIP2 
(KChIP2) differences.18,25,26 We demonstrate for the first time the role of the transcription 
factor Hey2 in regulating ion channel gene expression across the ventricular wall. Hey2 
is most strongly expressed in epi, where Ito is prominent and INa is reduced. Our data 
show that Hey2 deficiency reduces Ito in epi myocytes thereby flattening the electrical 
gradient during repolarization, in line with the observed alterations in J-wave morphol-
ogy on surface ECG. Hey2+/- hearts also show a flattening of the transmural INa and Vmax 
gradients, although no changes in Scn5a expression were detectable. These dosage 
effects of Hey2 concur with our previous observations of increased Vmax and increased 
APD in cardiomyocytes from the RVOT of Hey2+/- mice.2 While it is relevant to study the 
transmural effects of Hey2 dosage at the level of the RVOT, it is technically challenging 
to isolate viable cardiomyocytes specifically from subepicardium and subendocardium 
of the RVOT, given its thin and vulnerable structure.

Classically, AP upstrokes of working myocardial myocytes are thought to be driven 
solely by INa (see Berecki et al.27 and primary references cited therein). Yet, while Hey2 
haploinsufficiency led to a clear increase in Vmax in epi myocytes this was not paralleled by 
a clear increase in INa and Scn5a expression. One could speculate that depolarizing forces 
during the AP upstroke are opposed by repolarizing forces mediated by outward potas-
sium currents, which are typically large in murine cardiomyocytes. In such a scenario, the 
marked decrease in Ito that we observed in epi of Hey2+/- mice would contribute to the 
increased Vmax at this site. However, a recent study in HEK293 cells, combining in silico 
injection of Ito using dynamic clamp with measurement of INa-driven upstrokes using 
alternating voltage clamp/current clamp, demonstrated that Ito hardly affected upstroke 
velocity.28 Furthermore Vmax can be influenced by sodium channel availability, which is 
set by both the RMP and the voltage dependency of INa inactivation. However, these pa-
rameters did not differ significantly between the various groups. Another explanation for 
this discrepancy may alternatively lie in differences in experimental conditions between 
AP and INa measurements. For example, the Vmax was recorded in close-to-physiological 
conditions with normal intracellular calcium (Ca2+

i) cycling, which may modulate INa.29 
It can be speculated that a decrease in Ca2+

i may result in a faster Vmax. However, we 
exclude this possibility because delayed repolarization is associated with a prolonged 
duration of Ca2+ entry, resulting in augmented Ca2+ influx and increased Ca2+ transient 
amplitude.30 Another methodological factor might be related to the lower cell survival in 
the extracellular solution used for the INa measurements. This may have led, in combina-
tion with the difficulty in cutting such small tissue samples from epi and endo, to a larger 
heterogeneity in INa, as displayed by larger coefficients of variation as compared to the 
Vmax recordings, which may have hampered the detection of significant differences.

The transcriptional regulation underlying the electrical patterning of the ventricular 
wall is likely orchestrated by an intricate balance of transcriptional activators and repres-
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sors. Using an Irx5-/- mouse model, Costantini et al.18 demonstrated that Irx5, predomi-
nantly expressed in the endo, represses the expression of the Ito subunit Kcnd2, thereby 
giving rise to long APs in this region of the wall. On the other hand, we here demonstrate 
that Hey2 leads to high expression of Kcnip2 and Kcnd2 in the epi resulting in short APD. 
Thus, the transmural gradient in APD observed in the mouse ventricle is at least in part 
governed by high expression of Irx5 in the endo and high expression of Hey2 in the epi. 
Although clearly more work needs to be done to delineate the exact position of Hey2 
in the transcriptional cascade that fine-tunes ion channel gene expression across the 
wall, we believe we have shown an important role of Hey2 in transmural patterning. 
Several lines of evidence suggest that HEY proteins primarily act as direct transcriptional 
repressors, while gene activation seems to be due to secondary or indirect effects.31,32 In 
this light, the positive correlation that we observe between HEY2 and KCNIP2 transcript 
abundance (Figure 1A,C) suggests an indirect regulatory mechanism of HEY2 on KCNIP2 
expression through an as yet unknown player/s.

The presence of the transmural electrical gradient and its role in the genesis of ST 
deviations, T wave morphology and arrhythmogenesis is a longstanding debate.22 
Likewise, the origin of the characteristic ECG and the mechanism of arrhythmia in BrS 
are debated.22 Dispersion in transmural repolarization has been implicated to play a role 
in the development of arrhythmia in different clinical conditions, such as the long QT 
syndrome, heart failure and BrS.33 In general, increased transmural dispersion is thought 
to increase the risk of arrhythmia, especially when intercellular coupling is reduced.34 In 
BrS, it has been suggested that heterogeneity in transmural repolarization and short-
ening of the AP in subepicardial myocytes would underlie the electrocardiographic 
signature, i.e. ST-elevation in the right precordial ECG leads, and the generation of 
arrhythmia.22,35 Evidence for this repolarization theory has been obtained from pseudo-
ECGs in RV wedge preparations.35 However, the repolarization theory has been chal-
lenged by body surface potential mapping and by electrical mapping in hearts of BrS 
patients.21,36 These data rather support a depolarization theory which implicates conduc-
tion delay in the RVOT as a mechanism for the BrS ECG and arrhythmia. This hypothesis 
explains the electrocardiographic signs, the role of sodium channel mutation and the 
mechanism of arrhythmogenesis.37 Multiple levels of evidence also implicate increases 
of the repolarizing current Ito in the BrS phenotype, either through increased transmural 
electrical gradient during early repolarization38 and/or by accentuating current-to-load 
mismatch.39 Using human heart modeling, this latter study showed that increased Ito ac-
centuates the typical BrS ST-T abnormalities in presence of electrical uncoupling and INa 
decrease but does not affect the ST segment otherwise. In this regard, increase in HEY2 
expression levels associated with the risk allele at rs9388451 may increase risk for BrS2 
by increasing Ito and decreasing the depolarization rate in epicardium, in the presence 
of fibrosis and/or further decreased depolarizing currents such as with the presence of 
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coding SCN5A variants or common variants in the SCN5A/SCN10A locus.2 Importantly, it 
is worth highlighting that the genetic basis of BrS might be complex in the majority of 
cases, involving interplay of rare and common genetic variants with variable effect sizes. 
The HEY2 locus harbors common variants with a moderate effect size (odds ratio of 1.6 
per risk allele)2 and should be regarded as a modifier of BrS risk among other genetic and 
acquired risk factors. Likewise, while this study significantly increases our understanding 
of the molecular underpinnings linking HEY2 to BrS, it is not expected to entirely explain 
the pathophysiology of this complex syndrome.

The Hey genes are downstream of the Notch signaling pathway and are required for 
normal cardiovascular development.40 Knockout of Hey2 in mice results in congenital 
heart disease with high perinatal lethality.9 Interestingly, myocardial-specific conditional 
Hey2 knockout mice do not present significant congenital heart defects and survive to 
adult life41,42, but show expansion of the cardiac conduction system.42 Furthermore, in 
embryos of these mice, expression of genes normally enriched in the (subendocardial) 
trabecular component of the ventricle is expanded to the compact myocardium.41 Hart-
man et al.42 studied neonatal cardiomyocytes from cardiac-specific Hey2 knockout mice 
and showed decreased Vmax and SCN5A expression but no changes in APD. Apparent 
discrepancy between this study and the current study may reflect the animal model 
(full knockout vs. heterozygous knockout), the tissue in which Hey2 is knocked out 
(cardiomyocyte-specific vs. systemic), the stage of studied cardiomyocytes (neonatal vs. 
adult) and most importantly, the non-distinction of cardiomyocyte origin (endo vs. epi) 
in their study. More recently, Khandekar et al.43 studied the effect of Notch modulation on 
ventricular cardiomyocyte ion channel gene expression and cellular electrophysiology. 
This Notch gain-of-function model exhibits upregulation of Hey2 and downregulation 
of potassium channel subunits (Kcnd3, Kcnip2, Kcna5, Kcnb1) and corresponding potas-
sium currents. These observations are in apparent contrast with ours in Hey2+/- mice. 
However, the findings from the two studies may be reconciled by the observation that 
Hey2 protein is capable of interacting with the downstream Notch signaling effector 
RBP-Jk44 possibly repressing Notch-dependent transcriptional activator effects of RBP-Jk 
by sequestration into a repressive complex. In this scenario, a reduced Hey2 protein (as 
in the Hey2+/- mice) would increase the abundance of Notch effectors available for acti-
vation of the Notch targets, therefore phenocopying the Notch gain-of-function model.

In conclusion, the current data provide compelling evidence from human ventricular 
transcriptomic data and cellular electrophysiology in a haploinsufficient Hey2 mouse 
model that HEY2 regulates the electrical patterning across the ventricular wall, and 
establishes its role in the pathophysiology of BrS. This study is among the first to use 
genome-wide co-expression analysis of human heart transcriptomic data as a means of 
dissecting the mechanism underlying a locus identified in GWAS.
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SuPPlEMEnTARy MATERIAlS

Supplementary Tables
Table S1. Primer sequences used for quantitative RT-PCR studies in mice

Primers Sequences

Hey2_F CAGTGGATCATTTGAAGATGCTC

Hey2_R CACTTCTGTCAAGCACTCTCG

Scn5a_F GTCATCCTCTCCATCGTTGG

Scn5a_R AGACGGATGACACGGAAGAG

Kcnd2_F GGCAGTGTGCAAGAACTCAG

Kcnd2_R GCTGTGGTCACGTAAGGTTG

Kcnip2_F GGCTGTATCACGAAGGAGGAA

Kcnip2_R CCGTCCTTGTTTCTGTCCATC 

Hprt_F CTTTCCCTGGTTAAGCAGTACAG

Hprt_R GTCAAGGGCATATCCAACAACAAAC

Table S2. Cis-eQTL results for rs9388451

Ensembl gene ID Gene name b* SE T statistic* P value

ENSG00000135547 HEY2 0.1589 0.0537 2.9589 0.00358**

ENSG00000146373 RNF217 -0.1174 0.0478 -2.4536 0.0153

ENSG00000066651 TRMT11 -0.1109 0.0509 -2.1777 0.0310

ENSG00000111912 NCOA7 -0.1047 0.0493 -2.1239 0.0353

ENSG00000111911 HINT3 0.0377 0.0336 1.1212 0.2640

ENSG00000203760 CENPW -0.0601 0.0833 -0.7221 0.4713

ENSG00000111907 TPD52L1 0.0187 0.0591 0.3157 0.7526

ENSG00000111906 HDDC2 -0.0071 0.0652 -0.1085 0.9138

*The sign/direction of the regression coefficient (β) and T statistic refer to the alternate allele (C).
**Only HEY2 shows a significant eQTL effect with rs9388451 (significance threshold: P = 0.05/8 = 0.00625)
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Table S3. Average action potential (AP) parameters in subepicardial (epi) and subendocardial (endo) car-
diomyocytes from wildtype (WT) and Hey2 heterozygous knockout (Hey2+/-) mice.

WT Hey2+/-

Epi (n=18) Endo (n=16) Epi (n=21) Endo (n=26)

RMP (mV) -81.6±0.7 -82.1±0.6 -81.1±0.5 -81.3±0.7

APA (mV) 103±3.0 114±2.6* 113±1.3* 113±1.3

Vmax† (V/s) 295±21 373±18* 392±20* 389±15

APD20 (ms) 0.9±0.05 1.7±0.3* 1.6±0.1* 1.8±0.2

APD50 (ms) 2.1±0.25 7.1±1.2* 6.1±0.9* 7.8±1.0

APD90† (ms) 57±6.4 97±5.7* 97±6.0* 99±3.6

*p < 0.01 versus WT epi cardiomyocytes
† p < 0.05 interaction effect site * genotype
RMP, resting membrane potential; APA, action potential amplitude; Vmax, maximal upstroke velocity; 
APD20, APD50 and APD90, action potential duration at 20, 50 and 90 % of repolarization

Table S4. Ion currents in epicardial (epi) and endocardial (endo) cardiomyocytes from wildtype (WT) and 
Hey2 heterozygous knockout (Hey2+/-) mice.

WT Hey2+/-

Epi Endo Epi Endo

Peak INa (pA/pF) † -64.3±3.6 (n=22) -80.0±6.1 (n=21)* -69.5±3.9 (n=29) -72.0±3.5 (n=27)

Ito at +60 mV (pA/pF) † 82.7±7.0 (n=13) 45.2±3.6 (n=12) * 51.5±4.5 (n=9) * 39.5±5.9 (n=7)

Iss at +60 mV (pA/pF) 11.3±0.8 (n=13) 10.6±0.7 (n=12) 10.0±1.8 (n=9) 11.7±1.2 (n=7)

IK1 at -120 mV (pA/pF) -13.6±0.6 (n=13) -13.2±0.7 (n=12) -11.4±1.3 (n=9) -12.0±1.9 (n=7)

*p < 0.01 versus WT epi cardiomyocytes
† p < 0.05 interaction effect site*genotype
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Supplementary Figure

Figure S1. Sodium channel voltage dependence of activation and inactivation. Sodium channel voltage 
dependence of activation and inactivation was not different between WT and Hey2+/- endo and epi myo-
cytes. A-b Voltage dependence of activation (A) and inactivation (b) in WT. C-D Voltage dependence of ac-
tivation (C) and inactivation (D) in Hey2+/-. Inset in b represents the voltage clamp protocol that was applied 
to assess the voltage dependence of inactivation.


