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Abstract

The human ether-a-go-go related gene (hERG) encodes two subunits, hERG 1a and hERG 1b, that 

combine in vivo to conduct the rapid delayed rectifier potassium current (IKr). Reduced IKr slows 

cardiac action potential (AP) repolarization and is an underlying cause of cardiac arrhythmias 

associated with long QT syndrome (LQTS). Although the physiological importance of hERG 1b 

has been elucidated, the effects of hERG 1b disease mutations on cardiac IKr and AP behavior 

have not been described. To explore the disease mechanism of a 1b-specific mutation associated 

with a case of intrauterine fetal death, we examined the effects of the 1b-R25W mutation on total 

protein, trafficking and membrane current levels in HEK293 cells at physiological temperatures. 

By all measures the 1b-R25W mutation conferred diminished expression, and exerted a 

temperature-sensitive, dominant-negative effect over the WT hERG 1a protein with which it was 

co-expressed. Membrane currents were reduced by 60% with no apparent effect on voltage 

dependence or deactivation. The dominant-negative effects of R25W were demonstrated in iPSC-

CMs, where 1b-R25W transfection diminished native IKr compared to controls. R25W also slowed 

AP repolarization, and increased AP triangulation and variability in iPSC-CMs, reflecting cellular 

manifestations of pro-arrhythmia. These data demonstrate that R25W is a dominant-negative 

mutation with significant pathophysiological consequences, and provide the first direct link 

between hERG 1b mutation and cardiomyocyte dysfunction.
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1. Introduction

The first studies of heterologously expressed hERG channels described biophysical and 

pharmacological properties uniquely characteristic of cardiac IKr (Snyders and Chaudhary, 

1996; Trudeau et al., 1995). Later, alternate transcripts of KCNH2 in mouse and human 

heart were shown to encode two subunits, hERG 1a, the original isolate, and hERG 1b 
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(Lees-Miller et al., 1997; London et al., 1997). The hERG 1a N-terminus contains a Per-

Arnt-Sim (PAS) domain, also known as the ether-à-go-go or eag domain (Morais Cabral et 

al., 1998), which normally modulates channel gating via a concerted interaction between the 

cytoplasmic linker of the 4th and 5th transmembrane helical segments and the C-terminus 

(Gianulis et al., 2013; Hull et al., 2014; Ng et al., 2014; Wang et al., 2000; Wang et al., 

1998). In the hERG 1b transcript, an alternate 5’ exon replaces 1a exons 1-5, resulting in a 

shorter and unique N-terminus that lacks a functional PAS domain (Lees-Miller et al., 1997; 

London et al., 1997). Introduction of the 1b subunit reduces the number of PAS domains in 

the channel and accelerates kinetics of heteromeric hERG 1a/1b channel compared to 1a 

homomeric channels (Sale et al., 2008; Trudeau et al., 2011). Overall, the characteristics of 

hERG 1a/1b channels better resemble those of native IKr (Jones et al., 2014; Larsen and 

Olesen, 2010; McPate et al., 2009; Sale et al., 2008). Most recently it was shown that 

disruption of native hERG 1b subunits altered native IKr kinetics and magnitude, as well as 

prolonged the action potential (AP), thereby demonstrating that hERG 1b is a functional 

component of human IKr and cardiac repolarization (Jones et al., 2014).

The 1a N-terminus is relatively large (>340 amino acids) with a well-described role in 

channel trafficking and gating. Numerous 1a-specific mutations have been identified and 

shown to cause trafficking and functional defects (Anderson et al., 2006; Anderson et al., 

2014). Genetic evidence for 1b-specific disease mutations is limited to two clinical cases 

(Crotti et al., 2013; Sale et al., 2008). And although the 1b subunit’s importance in human 

IKr and action potential repolarization has been shown (Jones et al., 2014), a direct link 

between a 1b-specific mutation and cardiomyocyte dysfunction has not been demonstrated.

R25W is a hERG 1b-specific mutation associated with a case of intrauterine fetal death that 

was initially shown to reduce heteromeric hERG current heterologously expressed in 

Chinese hamster ovarian cells and recorded at room temperature (Crotti et al., 2013). To 

further explore the mechanism of disease we recorded membrane currents and APs at 

physiological temperatures from human embryonic kidney (HEK) cells and human induced 

pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) exogenously expressing the 1b-

R25W mutant. These data identify R25W as a dominant negative mutation that reduces 

hERG protein levels and native IKr, leading to increased AP duration, triangulation, and 

variability that represent cellular hallmarks of arrhythmia.

2. Materials and Methods

2.1. Cell Culture

Human iPSC-CMs (iCell® Cardiomyocytes, Cellular Dynamics International) were plated 

and stored in 12 well dishes as per manufacturer’s instructions. HEK293 cells were cultured 

in 6-well in DMEM supplemented with 10% fetal bovine serum (FBS).

2.2. Transfection/Infection

The R25W mutation was inserted into a WT hERG 1b pcDNA3.1 vector backbone by 

quickchange. Mutation was confirmed by automated sequencing (University of Wisconsin-

Madison Biotechnology Center). HEK cells stably expressing the hERG 1a subunit were 
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transfected with 2 μg/ml of either wild-type (WT) hERG 1b or the R25W mutant using 1.25 

μl/ml Lipofectamine 2000 (Life Technologies). iPSC-CMs were transfected with 1.5 μg/ml 

WT 1b, R25W, or empty vector DNA using 1.25 μl/ml Lipofectamine 2000. For all voltage 

clamp experiments we co-transfected hERG 1b constructs with 0.5 μg/ml pcDNA3.1-GFP 
to identify transfected cells. For AP recordings, iPSC-CM’s were transformed with 1 μl/ml 

of adenoviral lysate. Adenoviral DNA encoded Kir2.1 in frame with GFP, as described 

(Jones et al., 2014). We did not transfect GFP for any of the AP recordings because the GFP 

encoded by the Kir2.1 viral construct masks any transfected GFP. We therefore completed 

AP recordings without selecting for transfected cells. To minimize recording bias we 

discarded recordings only if we were unable to elicit an AP with a stimulus current. AP 

failure occurred equally between wildtype and R25W transfected groups.

2.3. Western Blot

Cells were lysed 48 h post-transfection using buffer containing (in mM): 150 Tris-NaCl, 25 

Tris HCl, 10 Na-EGTA, 20 Na-EDTA, 5 glucose, and supplemented with 1% Triton X-100, 

50 µg/ml 1,10 phenathroline, 0.7 µg/ml pepstatin A, 1.56 µg/ml benzamidine and 1x 

Complete Minitab (Roche Applied Science). Solution was sonicated, incubated on ice for 30 

min, and centrifuged for 10 min at 13,000 rpm at 4°C. Protein concentration of supernatant 

was assessed using a BIORAD protein Assay. 30 µg of protein per lane was electrophoresed 

on a 7.5% SDS-polyacrylamide gel and then transferred onto PVDF membranes. 

Membranes were blocked and incubated overnight with 1:2000 anti β-actin (ab8226, 

abCam), and either anti-hERG (CT) (pan) (ALX-215-049-R100, Enzo Life Sciences) or 

anti-Ribosomal Protein L13A (C-11) (sc-390131, Santa Cruz Biotechnology). Membranes 

were washed and then incubated with 1:1000 dilutions of secondary antibody Alexa Fluor® 

647 Goat Anti-Rabbit IgG A-21245 (Life Technologies) for 1 hour and imaged using a 

Chemidoc-MP Imaging System (BIORAD). Individual values were calculated from the 

mean of three parallel experiments completed on the same day and under identical 

conditions (i.e. n = 1). Protein values were then paired with experiments completed on the 

same day to increase statistical power.

2.4. Biotinylation

Cell surface proteins were biotinylated with a water soluble sulfo-NHS-SS-biotin (#21331 

Thermo Scientific). Cells were washed twice with PBS and labeled with 1 mg/ml sulfo-

NHS-SS-biotin in PBS for 30 min at 4ºC. Cells were washed twice and non-reacted 

biotinylation reagent was quenched with three 5 minute washes using 50 ml of 50 mM 

glycine in PBS at 4ºC. Cells were lysed in IP buffer containing in mM: 5 EDTA, 5 EGTA, 

10 Na-Pyrophosphate, 50 NaF, 1 NaVO3, and supplemented with 1% Triton and 1 protease 

inhibitor tablet (Roche cat# 1873580). Solution was then centrifuged at 14000 rpm for 10 

min at 4ºC. 30 µg of protein is used as lysate input. 100 ul of supernatant containing 500 
µg of protein was immunoprecipitated with anti-hERG (See Co-immunoprecipitation 

methods). Precipitated hERG protein was subjected to 7.5% SDS-polyacrilamide gel 

electrophoresis and biotin labeled hERG was detected by horseradish peroxidase-conjugated 

streptavidin (Thermo Scientific). We used the same cell count and plating conditions for 

each lane.
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2.5. Co-immunoprecipitation

Purified protein was co-immunoprecipitated as previously described (Phartiyal et al., 2007). 

Briefly, transiently HEK293 whole cell lysates (500μg) were precleared with 30µl protein G 

sepharose beads for 1 hour at 4 °C. Following a 1 minute at 10,000 g, centrifugation at 4 °C 

to remove beads, 5 µl mouse anti-myc (Abcam) was added to the supernatant and incubated 

for 16 hours at 4 °C, rotating. For biotinylation preps we replaced anti-myc with the anti-

hERG (ALX-215-049-R100, Enzo Life Sciences). Protein G sepharose beads were then 

added and incubated for an additional 2h. Immunoprecipitates were washed three times in 

0.5 ml lysis buffer, and eluted into 30µl Laemmeli sample buffer (25 mM Tris-HCl, pH 6.8, 

2% sodium dodecysulfate, 10% glycerol, 0.2 M DL Dithiothreitol) and subjected to a 

western blot probed with rabbit-pan hERG antibody (Enzo Life Sciences).

2.6. Electrophysiology

iPSC-CM recordings were conducted 5-40 days post-plating. All recordings were completed 

48 hrs post-transfection at 36 ± 1°C using whole-cell patch clamp. Recordings were made 

using an Axon 200A amplifier and Clampex (Molecular Devices). Data were sampled at 10 

kHz and low-pass filtered at 1 kHz. Cells were perfused with extracellular solution 

containing (in mM): 150 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 15 glucose, 10 HEPES, 1 Na-

pyruvate, and titrated to pH 7.4 using NaOH. Recording pipettes had resistances of 2-4.5 

MΩ when backfilled with intracellular solution containing (in mM): 5 NaCl, 150 KCl, 2 

CaCl2, 5 EGTA, 10 HEPES, 5 MgATP and titrated to pH 7.2 using KOH. Intracellular 

solution aliquots were kept frozen until the day of recording. During recording, the 

intracellular solution was kept on ice and discarded 2-3 hours post-thaw.

The voltage dependence of hERG 1a/1b currents expressed in HEK cells was assessed by 

stepping from a −80 mV holding potential to a 3-second pre-pulse between −80 and +50 mV 

in 10 mV increments. Tail currents were then measured during either a −50 mV, 6-second 

test pulse. The voltage dependence of IKr in iPSC-CMs was assessed by stepping to from 

−40 mV holding potential a 3-second pre-pulse between −50 and +30 mV in 10 mV 

increments. Tail currents were then measured during a −40 mV 6-second test pulse. Cells 

were held at −50 mV to inactivate voltage-gated sodium channels. Steady-state current in 

HEK and iPSC-CMs was measured as the 5 ms mean at the end of the pre-pulse. Leak 

subtraction was performed off-line based on measured current observed at potentials 

negative to hERG channel activation. To describe the voltage dependence of channel 

activation, peak tail current was normalized to cellular capacitance, plotted as a function of 

pre-pulse potential, and fitted with the following Boltzmann equation:

where A1 and A2 represent the maximum and minimums of the fit, respectively, V is the 

membrane potential, and V0 is the midpoint.

Repolarizing charge was measured from the integral of membrane currents recorded during 

a voltage protocol designed to mimic a human ventricular action potential (Zhou et al., 

1998b). iPSC-CM voltage protocols were completed before and after bath perfusion of 2 μM 
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E-4031, an IKr-specific blocker, and the difference in current was taken to represent IKr 

(Jones et al., 2014). The time course of deactivation was measured by fitting current decay at 

−50 mV (HEK) or −40 mV (iPSC-CM) with a single or a double exponential function. 

iPSC-CM APs were paced at 1 Hz using a 5 ms and 300-1000 pA stimulus. AP variability 

was measured by recording the AP duration at 90% repolarization (APD90) from 50 

sequential APs paced at 1 Hz and reporting the coefficient of variation. The coefficient of 

variation is defined as the standard deviation of each recording series divided by that series’ 

mean (Kesteven, 1946).

2.7. Statistical Analysis

Analysis was completed using Clampfit (Molecular Devices) and Origin (OriginLab). All 

data were reported as mean ± SEM and compared using a Student’s t-tests. When 

applicable, an ANOVA and Bonferroni post hoc t-tests where used. Statistical significance 

was taken at p < 0.05.

3. Results

3.1. 1b-R25W reduces membrane current at physiological temperatures

Previous studies demonstrated that heteromeric hERG 1a/1b currents expressed at room 

temperature in Chinese hamster ovary cells were reduced by 35% when 1b-R25W was 

substituted for 1b. We repeated these experiments in HEK293 cells at physiological 

temperatures (36 ± 1°C) (Fig. 1A, B). After transfecting stable hERG 1a cell lines with 

either 1b or 1b-R25W, we found the mutation reduced maximum peak tail current density by 

60% from 64.6 ± 12.6 pA/pF (n = 7) to 25.4 ± 4.4 pA/pF (n = 8, p = 0.01) (Fig. 1C). 

Similarly, R25W significantly reduced the maximum steady-state current density, measured 

at the end of a 3-second test pulse, from 71.1 ± 8.3 pA/pF (n = 7) to 40.7 ± 7.7 pA/pF (n = 8, 

p = 0.01) (Fig. 1D). Thus, the mutant phenotype may be enhanced at physiological 

temperatures. We found no differences comparing 1a/1b to 1a/1b-R25W channels with 

respect to voltage dependence (Table 1) or deactivation kinetics (Fig. S1), suggesting the 

decrease is not obviously attributable to differences in channel gating properties.

To predict the potential physiological consequences of 1b-R25W, we measured “repolarizing 

charge” (Q) during a voltage protocol that mimics a human ventricular action potential (AP) 

(Fig. 2). Repolarizing charge was calculated as the integral of membrane currents elicited 

during the AP protocol. The R25W mutation significantly reduced repolarizing charge 

normalized to cellular capacitance to roughly 45% of controls (1a/1b: 17.9 ± 3.0 pC/pF, n = 

7; 1a/1b-R25W: 8.1 ± 1.4 pC/pF, n = 5, p = 0.03) (Fig. 2A, B). To assess if changes in gating 

kinetics contribute to the reduced repolarizing charge density we normalized repolarizing 

charge to maximum peak tail current. Normalizing to maximum peak tail current revealed 

that the repolarizing charge per channel in 1a/1b-R25W channels was not reduced compared 

to 1a/1b controls, as would have occurred if changes in gating were responsible (1a/1b: 0.30 

± 0.05 pC/pA, n = 7; 1a/R25W: 0.29 ± 0.03 pC/pA, n = 5, p = 0.8) (Fig. 2C, D). This finding 

reinforces the conclusions from experiments above that the effects of R25W are not caused 

by alterations in channel gating kinetics.
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3.2. A dominant-negative effect of 1b-R25W on protein levels

To determine if the decrease in current is reflected in protein levels, we carried out 

quantitative western blot analysis on HEK293 cells stably expressing hERG 1a and 

transfected with either WT 1b or 1b-R25W (Fig. 3). With values normalized to an actin 

loading control, we measured 53.8 ± 7.8% less protein for the 1b-R25W mutant compared to 

WT 1b (Fig. 3A, B). Moreover, hERG 1a protein levels were also reduced when co-

expressed with 1b-R25W compared to 1b, exhibiting 46.1 ± 8.9% less protein. Protein levels 

affected by 1b-R25W were recovered when cells were incubated at 27°C, consistent with a 

defect in protein folding conferred by the mutant protein (Fig. 3).

The dominant-negative effect of 1b-R25W on hERG 1a protein levels suggests that the 

mutation does not affect subunit association. To further test this hypothesis, we co-

immunoprecipitated myc-tagged 1b and 1b-R25W subunits respectively co-expressed with 

hERG 1a (Fig. 3D). The 1a subunit effectively co-purified with both WT and mutant 

subunits. These findings support the idea that the 1b-R25W mutation disrupts protein 

folding, but not assembly.

To assess defects in channel trafficking commonly associated with hERG mutations 

(Anderson et al., 2006; Anderson et al., 2014), we measured maturation of protein from the 

ER-associated glycoform to the mature, Golgi-glycosylated form destined for the plasma 

membrane (Zhou et al., 1999). Using western blot analysis, we measured the mature 

glycoform normalized to total protein for hERG 1b and 1b-R25W. (A predominance of the 

1a immature glycoform precluded measurements of 1a maturation.) We found that the 1b-

R25W mutation significantly reduced mature hERG 1b by roughly 25%, consistent with its 

effect on protein folding (Fig. 4A, B). Additionally, surface protein labeled with biotin and 

purified with streptavidin beads showed a corresponding reduction of hERG attributable to 

1b-R25W. Under identical cell counts and plating conditions for each lane, biotin labeled 

hERG protein in the presence of 1b-R25W displayed a 51.1 ± 4.7% and 55.2 ± 3% reduction 

in 1a and 1b protein, respectively, compared to WT controls (n = 5, p < 0.0001) (Fig 4C, D). 

The biotin labeled protein did not display protein bands corresponding to the β-actin loading 

control, indicating that we successfully isolated only the membrane-bound protein.

3.3. Evaluation of protein instability induced by 1b-R25W

We tested the hypothesis that 1b-R25W destabilizes hERG protein via enhanced lysosomal 

degradation. We used bafilomycin, a vacuolar H-ATPase inhibitor, to disable lysosomal 

function (Xu et al., 2003). Western blot analysis revealed that bafilomycin enhanced protein 

levels in both the control and mutant heteromers, consistent with the role of the lysosome in 

hERG protein homeostasis (Guo et al., 2009) (Fig. 5A - C). Data displayed in Figure 5B and 

C were acquired from the three experimental repeats shown in Figure 5A. Similar effects 

were observed in two additional blots. The enhancement seemed to be greater for the 1a/1b-

R25W channels, as expected if they were rendered unstable by the mutation, but this trend 

did not reach statistical significance (Fig. 5D). Data displayed in Figure 5D are from nine 

experiments completed on three different days. Experiments completed on the same day 

were paired to increase statistical power. These experiments suggest 1b-R25W increases 
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degradation through the lysosome but do not rule out the possibility that bafilomycin also 

acts, in part, as a molecular chaperone.

3.4. Physiological Consequences of 1b-R25W on Native IKr

The western blot and electrophysiological analyses above suggest a dominant-negative effect 

of R25W. To further test this hypothesis, we transfected exogenous 1b-R25W into 

cardiomyocytes derived iPSC-CMs and assessed its effects on native IKr measured as 

E-4031-sensitive current. The 1b-R25W mutant cDNA significantly reduced peak tail (0.7 

± 0.1 pA/pF, n = 5, p < 0.01) and steady-state (0.8 ± 0.1 pA/pF, p < 0.05) IKr density 

compared to pcDNA3.1 vector controls or exogenous WT 1b, which expressed in an additive 

manner (Fig. 6, Table 2, Fig. S2). These data indicate that the dominant-negative effects of 

R25W observed under conditions of heterologous expression can also be exerted on native 

IKr.

3.4. Physiological Consequences of 1b-R25W on the Cardiac Action Potential

To determine the effects of 1b-R25W on the cardiomyocyte functional properties we 

measured APs from Kir2.1-transduced iPSC-CMs (Jones et al., 2014), transfected with 

either pcDNA3.1 vector or 1b-R25W (Fig. 7). As predicted by its effect on IKr, 1b-R25W 

significantly slowed repolarization as measured by APD90 (351 ± 25 ms, n = 13, p < 0.01) 

compared to vector controls (264 ± 19 ms, n = 25) (Fig. 7C), whereas WT 1b transfection 

significantly shortened the APD90 (Fig. S3). Moreover, compared to controls, 1b-R25W 

significantly enhanced two important metrics of cellular proarrhyhmia: AP triangulation and 

AP variability (Altomare et al., 2015; Gallacher et al., 2007; Hondeghem et al., 2001; 

Jacobson et al., 2011; Ziupa et al., 2014). AP triangulation was assessed using the ratio of 

Phase 2 (APD40-APD30) divided by Phase 3 (APD80-APD70). We found that 1b-R25W 

significantly reduced the AP ratio from 5.6 ± 1.0 (n = 25) in controls to 2.2 ± 0.5 (n = 13, p 
< 0.05) in R25W transfected iPSC-CMs, indicating an increase in triangulation. To 

determine AP variability, we measured the coefficient of variation of the APD90 recorded 

from 50 sequential APs paced at 1 Hz (Fig. 7E), and observed a significant increase from 3.2 

± 0.4% in vector controls (n = 22) to 5.1 ± 0.7% in 1b-R25W-transduced cells (n = 12, p < 

0.01) (Fig. 7D). The maximum diastolic potential, upstroke velocity, and AP amplitude were 

unchanged by 1b-R25W (Table 3). These data demonstrate that the 1b-R25W mutant 

triggers cellular markers of pro-arrhythmia in a dominant-negative manner.

4. Discussion

Here, we describe a temperature-sensitive, dominant-negative phenotype of the hERG 1b-

R25W mutation associated with a case of intrauterine fetal death. Expressed heterologously 

in HEK293 cells, hERG 1a/1b currents recorded at physiological temperatures and total 

protein levels are much reduced when the 1b subunit harbors the R25W mutation. The 

mutation does not disrupt oligomerization with hERG 1a, and association amplifies its 

effects: both 1b-R25W and WT 1a protein levels are reduced compared to WT controls. 

Moreover, the mutation retards channel trafficking as measured by maturation. Exogenously 

expressed 1b-R25W reduces native IKr in iPSC-CMs, consistent with a dominant-negative 

phenotype. A corresponding increase in APD and variability were also observed. Together 
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these findings provide a mechanistic explanation for the disease phenotype and the first 

direct link between a hERG 1b-specific mutation and cardiac pro-arrhythmic behavior.

hERG 1b-R25W was first identified in a genetic screen for potential long QT syndrome 

mutations associated with unexplained intrauterine fetal death (Crotti et al., 2013). That 

report described a reduction attributable to the mutation in hERG 1a/1b current expressed in 

Chinese Hamster Ovary (CHO) cells at room temperature. We found a slightly larger 
reduction in current magnitude but did not see the modest changes observed in gating 

properties in the previous study (Crotti et al., 2013). Although we have not ruled out 

differences attributable to different expression systems, our studies in human iPSC-CMs 

demonstrate physiological differences consistent with our findings using HEK293 cells, a 

human cell line. The apparently enhanced phenotype in our study could be attributed to 

elevated temperatures, which are less permissive to protein folding defects associated with 

many other hERG-associated (LQT2) mutations (Anderson et al., 2006; Zhou et al., 1998a), 

and can mask or uncover different gating phenotypes (Sale et al., 2008). We conclude that a 

reduction in membrane density of IKr channels is the predominant determinant of the disease 

phenotype.

What is the molecular mechanism underlying the 1b-R25W mutant phenotype? Because 

assembly of hERG 1a and 1b subunits has been reported to involve a co-translational 

association of the nascent 1a and 1b subunits (Phartiyal et al., 2007), we considered the 

possibility that assembly of the subunits might be disrupted by the substitution of a charged 

arginine residue for a bulky tryptophan. This hypothesis was not supported, as the 1b-R25W 

effectively co-purified with the 1a subunit. Moreover, loss of oligomerization would be 

expected to result in 1a homomeric-like currents because 1b subunits fail to traffic efficiently 

without 1a to mask an ER retention signal (Phartiyal et al., 2008). Such changes in current 

properties were not observed. These observations indicate the arginine at position 25 in the 

wild type protein is not critical for heteromeric subunit association and place constraints on 

hypotheses to map the interaction interface. Future experiments will be required to 

determine at what point in biogenesis or trafficking the mutation exerts its deleterious effects 

and what the physico-chemical nature of that perturbation might be.

The limitations of our study relate in part to the challenges of studying mutant phenotypes in 

heterologous expression systems or native-like systems in which exogenous expression of 

the mutant is used as a proxy for a genomic alteration. For example, it is likely that 

expression of the cDNA construct in iPSC-CMs results in levels of the mutant 1b protein in 

excess to what would be expected from allelic expression within the patient’s 

cardiomyocytes. Our findings provide a strong rationale for generating patient-derived iPSC-

CMs to ultimately elucidate the molecular mechanism of this 1b-specific mutation.

Another consideration is the use of the iPSC-CM as a model for the fetal ventricular 

myocytes. Depolarized diastolic potentials, myogenic AP firing, and a reduced maximum 

rise rate of the AP upstroke (dV/dtMAX) are several characteristics that iPSC-CMS share 

with the developing myocardium (Doss et al., 2012; Gennser and Nilsson, 1970; Kong et al., 

2010; Liang et al., 2013; Lieu et al., 2013; Mummery et al., 2003; Zhang et al., 2012; Zhang 

et al., 2009) and that distinguish them from adult ventricular APs (Freud, 1972; Jost et al., 

Jones et al. Page 8

Prog Biophys Mol Biol. Author manuscript; available in PMC 2017 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2013). Despite their limitations as proxies for adult cardiomyocytes, these properties of 

iPSC-CMs are closer to the characteristics of cardiomyocytes isolated from embryonic 

(Jezek et al., 1982; Tuganowski and Cekanski, 1971) or early fetal heart (Gennser and 

Nilsson, 1970; Mummery et al., 2003), and therefore may better approximate the native 

setting for intrauterine cardiac death. Clearly there is a rationale for focused efforts to 

generate better models not only representing “adult” cardiomyocytes but also the young 

heart which, at increasingly earlier stages of development, is front and center of studies of 

life-threatening cardiac arrhythmias (Saul et al., 2014).

R25W was isolated from a fetus whose mother also carried the mutation but was 

asymptomatic with only borderline QT prolongation (Crotti et al., 2013). Developmentally-

dependent disease phenotypes have been described for cardiac sodium channels, where the 

LQTS mutation L409P/H558R confers a dramatically more deleterious phenotype in the 

fetal splice variant compared to the adult variant (Murphy et al., 2012). Interestingly, the 

ratio of hERG 1b/1a transcript is greater in fetal compared to adult heart, suggesting that 1b-

specific mutations may be more deleterious early in development (Crotti et al., 2013). The 

ratios of hERG 1a and 1b protein are also altered in the failing heart (Holzem et al., 2015). 

How LQTS mutations manifest at different stages of development continues to be active 

point of research.

5. Conclusions

Evidence supporting the importance of hERG 1b in human cardiac physiology has been 

growing since it was first isolated in 1997 (Lees-Miller et al., 1997; London et al., 1997). 

The presence of 1b subunits in cardiac tissue is well documented (Jones et al., 2004a; Jones 

et al., 2004b; Lees-Miller et al., 2003; Lees-Miller et al., 1997; London et al., 1997) and its 

relevance in human IKr and AP morphology has been shown using both shRNA knockdown 

of 1b and overexpression of the 1a PAS domain to mask 1b’s effects on gating (Jones et al., 

2014). Here we show that transfection of R25W disrupts hERG protein levels, trafficking 

and surface expression corresponding to reduced native IKr and increased AP duration, 

triangulation, and variability. These data strongly support a role for R25W as a 

proarrhythmic mutation, and provide the first direct link between a naturally occurring 

hERG 1b mutation and cardiac dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AP Action potential

hERG human ether-à-go-go related gene

HEK human embryonic kidney

iPSC-CMs induced pluripotent stem cell-derived cardiomyocytes

LQTS long QT syndrome

PAS Per-Arnt-Sim

IKr rapid delayed rectifier potassium current

APD90 action potential duration at 90% repolarization

WT wild-type
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Figure 1. 
R25W reduces heteromeric peak tail and steady-state current density in human embryonic 

kidney (HEK) cells at physiological temperatures (36 ± 1°C). Sample current traces, 

normalized to cellular capacitance, and recorded from HEK cells coexpressing 1a/1b (A) or 

1a/1b-R25W (B). (C) Peak tail current density measured at −50 mV, plotted as a function of 

pre-pulse potential, and fitted with a Boltzmann function for hERG 1a/1b channels (green) 

and hERG 1a/1b-R25W channels (blue). (D) Steady-state current measured at the end of 3-

second test pulse, normalized to cellular capacitance and plotted as a function of test pulse 

potential for hERG 1a/1b (green) and hERG 1a/1b-R25W (blue). * indicates statistical 

significance compared to controls at p < 0.05. n = 6-9.
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Figure 2. 
R25W reduces repolarizing charge density in HEK cells at physiological temperature (36 

± 1°C). (A) Representative current profiles recorded during an action potential command 

(black tracing) and normalized to cellular capacitance from HEK cells expressing hERG 

1a/1b (green) or 1a/1b-R25W (blue). (B) Repolarizing charge density (pC/pF) measured 

from the integral of current profiles as in “A” for hERG 1a/1b (green) and hERG 1a/1b-

R25W (blue). Charge density is significantly reduced by 1b-R25W compared to controls. 

(C) Same traces shown in “A” but normalized to the maximum tail current density (ItailMAX) 

recorded for that cell. (D) Repolarizing charge normalized to ItailMAX for hERG 1a/1b 

(green) and hERG 1a/1b-R25W (blue). * indicates statistical significance compared to 

controls at p < 0.05. n = 6.
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Figure 3. 
The hERG 1b-specific mutation R25W reduces hERG 1a and 1b protein levels. (A) Sample 

western blot from HEK cells transfected with either hERG 1a/1b or hERG 1a/R25W and 

incubated at either 37°C or 27°C. (B) Total hERG 1a protein relative to actin and normalized 

to control following 24 hour incubation at 37°C and 27°C. (C) Total hERG 1b protein 

relative to actin and normalized to control following 24 hour incubation at 37°C and 27°C. 

Experiments completed on the same day were paired to increase statistical power. (D) 

Western blot showing hERG protein from cell lysate (Lysate) and co-immunoprecipitation 

(IP). * indicates statistically significance compared to control at p < 0.05. n = 3-7.
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Figure 4. 
1b-R25W impairs hERG 1b trafficking and surface expression. (A) Western blot depicting 

reduced mature hERG 1a (155 kDa) and hERG 1b (90 kDa) protein in the presence of 1b-

R25W. (B) Mature hERG 1b protein reported as a ratio of total protein for hERG 1a (left) 
and hERG 1b (right). (C) Western blot displaying lysate (left) and biotinylation assay (right) 
against hERG display reduced surface hERG in the presence of 1b-R25W. (D) 

Quantification of biotinylation assay displaying surface hERG 1a (left) and hERG 1b (right) 
protein levels reported relative to control experiments from the same blot. * indicates 

statistical significance compared to control at p < 0.05. n = 5-8.
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Figure 5. 
Lysosomal inhibition rescues protein levels in the presence of 1b-R25W. (A) Sample 

western blot from HEK cells coexpressing hERG 1a with either hERG 1b or 1b-R25W. Cells 

were incubated for 24 hours in control medium (Untreated) or 1 µM of the lysosomal 

inhibitor, bafilomycin (Bafilo). (B & C) Total hERG 1a (B) and 1b (C) protein levels relative 

to actin measured from cells cultured in untreated medium and medium supplemented with 1 

µM bafilomycin. Data displayed were acquired from the sample blot displayed in “A”. 

Overnight treatment with bafilomycin restored total hERG 1a (B) and hERG 1b (C) protein 

levels to WT levels. (D) Percent increase in total hERG 1a (left) and 1b (right) protein 

following bafilomycin treatment. Data displayed are from nine experiments completed on 

three different days. Experiments completed on the same day were paired to increase 

statistical power. * indicates statistical significance compared to control. n = 3-8
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Figure 6. 
1b-R25W displays a dominant negative phenotype on native IKr. Sample E-4031 sensitive 

current traces, indicative of IKr, recorded from induced pluripotent stem cell-derive 

cardiomyocytes (iPSC-CMs) transfected with pcDNA3.1 (Vector, A), WT hERG 1b (B), or 

1b-R25W (C). (D) Peak tail IKr, measured at −40 mV, normalized to cellular capacitance, 

plotted as a function of pre-pulse potential, and fitted with a Boltzmann function for vector 

(black), WT hERG 1b (green), and 1b-R25W (blue) transfected iPSC-CMs. (E) Steady-state 

IKr, measured at the end of 3-second test pulse, normalized to cellular capacitance, and 

plotted as a function of test potential for vector (black), hERG 1b (green), and 1b-R25W 

(blue) transfected iPSC-CMs. * indicates statistical significance compared to Vector at p < 

0.05. n = 6–11.
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Figure 7. 
1b-R25W is arrhythmogenic in iPSC-CMs. 50 sequential AP traces paced at 1 Hz recorded 

from iPSC-CMs transfected with either pcDNA3.1 (Vector, A) or 1b-R25W (B) at 36 ± 1°C. 

(C) Time to 90% repolarization (APD90) recorded from vector-transfected (gray) or R25W-

transfected (green) iPSC-CMs (n = 25 & 13, respectively). (D) Ratio of Phase 2 to Phase 3 

repolarization times reported as (APD40-APD30)/(APD80-APD70) for either vector-

transfected (gray) or 1b-R25W-transfected (green) iPSC-CMs (n = 25 & 13, respectively). 

(E) Mean coefficient of variation measured from 50 sequential APs paced at 1 Hz from 

either vector-transfected (gray) or 1b-R25W-transfected (green) iPSC-CMs (n = 22 & 12, 

respectively). * indicates statistical significance compared to control at p < 0.05. ** indicates 

statistical significance compared to control at p < 0.01.
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Table 1

Table 1
V1/2

(mV)
k

(mV)
ITail

(pA/pF)
ISSmax

(pA/pF)
Cell Cap.

(pF) n

1a/1b −24.2 ± 1.4 11.2 ± 2.1 64.6 ± 10.9 71.1 ± 8.3 23.0 ± 3.7 7

1a/1b-R25W −26.5 ± 1.2 10.1 ± 1.5 25.4 ± 4.4* 40.7 ± 6.8* 19.3 ± 1.4 8

*
indicates statistical significance at p < 0.05 compared to 1a/1b
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Table 2

Table 2
V1/2

(mV)
k

(mV)
ITail

(pA/pF)
ISSmax

(PA/pF)
Tauw
(ms)

Cell Cap.
(PF) n

Vector −30.7 ± 1.1 5.1 ± 0.7 1.4 ± 0.2 1.2 ± 0.2 595 ± 33 46 ± 11 10

hERG 1b −26.7 ± 1.9 6.9 ± 0.8 3.0 ± 0.6* 3.6 ± 0.5* 74 ± 19* 95 ± 27 7

1b-R25W −33.5 ± 4.1 7.2 ± 0.6 0.7 ± 0.1* 0.8 ± 0.1* 547 ± 54 68 ± 8 5

*
indicates statistical significance compared to Vector at p < 0.05
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Table 3

Table 3
APD90
(ms)

APD40 − APD30
APD80 − APD70

50 Beat
APD Variance

(ms2)

Diastolic
Potential

(mV)
dV/dtMax

AP Amplitude
(mV) n

Vector 264 ± 19 5.6 ± 1.0 98 ± 28 −74 ± 5 102 ± 13 123 ± 6 25

1b-R25W 351 ± 25* 2.2 ± 0.5* 279 ± 60* −71 ± 10 83 ± 20 117 ± 13 13

*
indicates statistical significance at p < 0.05 compared to Vector
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