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Aims Patients with particular mutations of type-2 long QT syndrome (LQT2) are at an increased risk for malignant arrhythmia 
during fever. This study aimed to determine the mechanism by which KCNH2 mutations cause fever-induced QT prolonga
tion and torsades de pointes (TdP).

Methods 
and results

We evaluated three KCNH2 mutations, G584S, D609G, and T613M, in the Kv11.1 S5-pore region, identified in patients with 
marked QT prolongation and TdP during fever. We also evaluated KCNH2 M124T and R269W, which are not associated 
with fever-induced QT prolongation. We characterized the temperature-dependent changes in the electrophysiological 
properties of the mutant Kv11.1 channels by patch-clamp recording and computer simulation. The average tail current dens
ities (TCDs) at 35°C for G584S, WT+D609G, and WT+T613M were significantly smaller and less increased with rising tem
perature from 35°C to 40°C than those for WT, M124T, and R269W. The ratios of the TCDs at 40°C to 35°C for G584S, 
WT+D609G, and WT+T613M were significantly smaller than for WT, M124T, and R269W. The voltage dependence of the 
steady-state inactivation curve for WT, M124T, and R269W showed a significant positive shift with increasing temperature; 
however, that for G584S, WT+D609G, and WT+T613M showed no significant change. Computer simulation demon
strated that G584S, WT+D609G, and WT+T613M caused prolonged action potential durations and early afterdepolariza
tion formation at 40°C.

Conclusion These findings indicate that KCNH2 G584S, D609G, and T613M in the S5-pore region reduce the temperature-dependent 
increase in TCDs through an enhanced inactivation, resulting in QT prolongation and TdP at a febrile state in patients with 
LQT2.
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What’s New?

• KCNH2 G584S, D609G, and T613M in the Kv11.1 S5-pore region, 
identified in the LQT2 patients with fever-induced QT prolongation 
and torsades de pointes, reduced the temperature-dependent in
crease in tail current densities (TCDs) of Kv11.1 channel through 
the reduced temperature-dependent depolarizing shift of 
steady-state inactivation.

• In contrast, KCNH2 wild-type and M124T and R269W in the Kv11.1 
N-terminus, which were identified in the patients with long QT syn
drome, increased TCDs with increasing temperature.

• Some patients with specific KCNH2 mutations in the S5-pore region 
may develop QT prolongation and life-threatening arrhythmias in 
the febrile state due to the enhanced inactivation of Kv11.1 channel.

Introduction
Long QT syndrome (LQTS) is an inherited cardiac disorder character
ized by delayed repolarization of ventricular action potentials (APs) and 
malignant arrhythmia, which may lead to syncope, cardiac arrest, and 
sudden death.1,2 Genetic studies have identified 17 forms of congenital 
LQTS caused by mutations in genes encoding cardiac ion channels or 
ion channel modulators, including membrane adapters.3 The acquired 
form of LQTS is more common than the congenital form. Risk factors 
for acquired LQTS include drugs administered for non-cardiac condi
tions, use of over-the-counter drugs, hypokalemia, bradycardia, and 
genetic variations in ion channel genes.4,5

Fever has rarely been recognized as a trigger for cardiac events in LQTS. 
Previous studies showed that hyperthermia resulted in a temperature- 
dependent decrease in AP amplitude and AP duration at 90% 

repolarization in guinea pig papillary muscles.6,7 In normal subjects, rate- 
corrected QT interval (QTc) duration decreased with increasing body 
temperature.8 Whole-cell patch clamp experiments showed that current 
densities of the repolarizing delayed rectifier K+ currents9 and the depolar
izing cardiac Na+ and Ca2+ currents10 increase at a higher temperature. 
The balance between depolarizing and repolarizing currents may favor re
polarization during fever in normal subjects.6

Few studies have reported QT prolongation and torsades de pointes 
(TdP) that were triggered by fever in patients with KCNH2 muta
tions.8,11,12 KCNH2 A558P was identified in patients with type-2 
LQTS (LQT2) who showed prolonged QTc and TdP with fever 
(39.7°C).8 KCNH2 T613M was identified in a young Japanese woman 
who developed QT prolongation and TdP triggered by fever (38°C 
or higher).11 Additionally, we identified two patients who presented 
QT prolongation and TdP during fever and harbored KCNH2 
G584S12 or D609G mutation.13 Interestingly, all these mutations are lo
cated in the Kv11.1 S5-pore region, which may be related to the under
lying mechanism of fever-induced QT prolongation and TdP.

One study has reported the mechanisms of fever-induced QT pro
longation and TdP in patients with the KCNH2 A558P mutation;8 how
ever, there is insufficient data on the biochemical and biophysical 
mechanisms of other KCNH2 mutations. In this study, we sought to char
acterize the temperature-dependent changes in the electrophysiological 
properties of KCNH2 G584S, D609G, and T613M in the S5-pore region 
to elucidate the mechanisms of fever-induced QT prolongation and TdP.

Methods
An expanded Methods section is available in the Supplementary Material
online.
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DNA isolation and mutation analysis
Genomic DNA was extracted from peripheral blood leukocytes using 
standard methods. All exons of the KCNQ1, KCNH2, SCN5A, KCNE1, 
KCNE2, and KCNJ2 genes were sequenced.

This study followed the principles outlined in the Declaration of Helsinki 
and was approved by the Ethics Committee of Medical Research at 
Kanazawa University, Graduate School of Medical Science and Gunma 
University, Graduate School of Medical Science. All study patients provided 
written informed consent before registration.

Plasmid constructs and transfection
The hERG (KCNH2) cDNA in the pSI vector was kindly provided by Dr. Sabina 
Kupershmidt. Mutant cDNAs were constructed. CHO-K1 cells were transi
ently transfected with wild-type (WT) cDNA alone (1.0 µg), mutant (MT) 
cDNA alone (1.0 µg), or WT and MT in a 1:1 molar ratio (0.5 µg each), using 
FuGene 6 (Promega, WI, USA). Cells displaying green fluorescence 48–72 h 
after transfection were subjected to electrophysiological analysis.

Electrophysiology and data analysis
Potassium currents were studied using the whole-cell patch clamp technique 
at room temperature (25°C), physiological temperature (35°C), and high 
temperature (40°C). Electrode resistance ranged from 2 to 4 MΩ for potas
sium channel recordings when the glass electrodes were filled with the pip
ette solution. The voltage clamp protocols have been described previously14

and are available in the figures. The voltage dependence of the potassium 
current activation was measured for each cell. The amplitudes of the tail cur
rents were normalized to [0, 1], and the normalized tail-current amplitudes 
(Itail) were plotted against the test potential and fitted using a Boltzmann 
function with the following form: Itail = 1 / {1 + exp[(V1/2 - Vt) / k]}, where Vt 
is the test potential, V1/2 is the half-maximum voltage, and k is the slope fac
tor. Steady-state inactivation of the Kv11.1 channels was analyzed, as de
scribed previously.14 For extremely negative voltages, the rapid closing 
that occurred during the brief hyperpolarizing step was corrected.15 The 
corrected steady-state inactivation curves were fitted with the Boltzmann 
function. All results at 35°C and 40°C were obtained from paired experi
ments, i.e. we measured the potassium current consecutively at 35°C and 
then re-measured it at 40°C for the same sample.

Computer simulations of human ventricular 
action potentials for wild-type and each 
mutant KCNH2
We simulated early afterdepolarization (EAD) generations in LQT2 cardiomyo
cytes using a mathematical model of human ventricular myocytes developed by 
Kurata et al.16 A mid-myocardial (M) cell version of the model was developed 
based on transmural heterogeneity in densities of sarcolemmal ion channels and 
intracellular Ca2+ dynamics, as summarized by O’Hara et al.17 and in 
Supplementary material online, Table S1. We employed the M cell version be
cause it has high ICaL and low IKr and IKs, thus being much more vulnerable to 
EAD formation than the endocardial and epicardial versions. Action potentials 
were elicited by 1-ms stimuli of 60 pA/pF at 1 Hz. For simulating the febrile 
state as a trigger for EADs and TdP in LQT2, parameters describing the max
imum conductance and gating kinetics of the rapidly activating delayed rectifier 
K+ channel current (IKr) were modified based on the temperature-dependent 
behaviors of the WT and mutants observed in this study.

The Q10 values for the maximum conductance and activation/inactiva
tion rates of the WT and mutant Kv11.1 channels, as well as those of 
each mutant’s Kv11.1 channels relative to those of the WT, are specified 
in Supplementary material online, Table S2. The activation and inactivation 
curves for the Kv11.1 channels were assumed to shift linearly, depending on 
the temperature between 35°C and 40°C. Temperature-dependent beha
viors of the L-type Ca2+ channel current (ICaL) and the inward-rectifier K+ 

channel current (IK1) were also formulated using the Q10 of 2.3 and 1.5, re
spectively, according to the report by Kiyosue et al.6

Statistical analysis
We checked the normality of the data on the parameters of tail current and 
Kv11.1 channel kinetics using QQ plots and Shapiro–Wilk test. Pooled 

electrophysiological data were expressed as mean ± standard error. 
Two-tailed Student’s t-test was used to compare the two groups. Paired 
t-test was used to compare the means of two groups in the case of two 
samples that are correlated. One-way analysis of variance (ANOVA), fol
lowed by post hoc Tukey’s test, was used to analyze data with equal variance 
among three or more groups. Two-way ANOVA, followed by post hoc 
Tukey’s test, was used to analyze data regarding the rate of channel inacti
vation between the WT and mutant channels. A value of P < 0.05 was con
sidered statistically significant. Statistical analysis was performed using 
Origin 9.8 (OriginLab, Northampton, MA, USA).

Results
Clinical characteristics and gene analyses
Case 1 is a 47-year-old woman who experienced syncope caused by 
TdP during fever.12 She was previously diagnosed with drug-induced 
LQTS caused by antidepressant use (fluvoxamine and trazodone) at 
age 40, discontinuing the drug use thereafter. At age 47, she experi
enced marked QT prolongation (QTc = 563 ms) and TdP during an 
outpatient visit for moderate grade fever (38.5°C) due to pyeloneph
ritis. Figure 1A, left and Figure 1B shows QT prolongation and TdP on 
admission. Then, she had a mild prolonged QTc interval of 444 ms after 
her temperature had gone down (Figure 1A, right).

Case 2 involved a 2-year-old boy who was diagnosed with bradycar
dia at birth. At age 2, he was prescribed clarithromycin for acute bron
chitis without fever (37.3°C) at a hospital. Three days later, he returned 
to the hospital because of a moderate grade fever (39°C). 
Electrocardiography performed in the emergency room revealed 
marked QT prolongation (QTc = 566 ms, Figure 1C, left) and TdP 
(Figure 1D). Even after his temperature decreased, he still had a pro
longed QTc interval of 532 ms (Figure 1C, right).

We identified a KCNH2 G584S mutation from Case 112 and a 
KCNH2 D609G mutation and a KCNQ1 D611Y mutation from Case 
2.13 We also evaluated KCNH2 T613M, which was previously re
ported.11 The patient with KCNH2 T613M was a 25-year-old female di
agnosed with LQTS at age 8. At age 25, she experienced an episode of 
QT prolongation (QTc = 695 ms) and TdP during low-grade fever 
(38°C or higher) due to an infection of a central venous catheter inserted 
for treatment of adult-onset type 2 citrullinemia. After her temperature 
had gone down, she still had a prolonged QTc interval of 600 ms.

These three KCNH2 mutations were located in the Kv11.1 S5-pore 
region (Figure 1E). We also evaluated two other mutations, KCNH2 
M124T and R269W, which are distinct from the Kv11.1 S5-pore region 
(Figure 1E). M124T was identified from a 59-year-old woman with 
drug-induced LQTS and R269W in a 47-year-old woman with 
LQTS.5 They had never experienced syncope during fever. All patients 
with KCNH2 G584S, D609G, T613M, M124T, and R269W, and KCNQ1 
D611Y were heterozygous.

Comparisons of the cellular 
electrophysiological properties of KCNH2 
mutants at 25°C
Whole-cell voltage clamp measurements were performed using cultured 
CHO-K1 cells that were transiently expressing Kv11.1 WT or mutants at 
25°C to define the basal functional effect of the five KCNH2 variants. 
Voltage clamp recordings from the cells expressing M124T alone, 
R269W alone, or G584S alone demonstrated functional channel currents 
with relatively small amplitudes. In contrast, those expressing D609G 
alone or T613M alone showed no functional channel currents (see 
Supplementary material online, Figure S1A). Co-expression of G584S, 
D609G, or T613M with WT resulted in significant tail current densities 
(TCDs), which were less than half of the control current observed with 
the expression of WT alone (see Supplementary material online, Figures 
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S1A and S1B). The TCDs at 40 mV for the Kv11.1 channels showed that 
G584S, D609G, and T613M suppressed WT in a dominant-negative man
ner (see Supplementary material online, Figure S1B and Supplementary 
material online, Table S3).

We evaluated the kinetics and voltage dependence of Kv11.1 channel 
gating. Because D609G or T613M alone produced no functional chan
nels, we studied co-expressed WT+D609G and WT+T613M, respect
ively. We assessed the voltage dependence of Kv11.1 activation using 
tail current analysis (see Supplementary material online, Figure S2A
and Supplementary material online, Table S4). The potential at which 
half of the channels were activated (V1/2) was -3.5 ± 0.8 mV for WT 
(n = 102). There were no significant differences in V1/2 between all 
Kv11.1 channels. We assessed the voltage dependence of steady-state 
inactivation using a triple pulse voltage protocol (see Supplementary 
material online, Figure S2B and Supplementary material online, 
Table S4). The V1/2 values for G584S, WT+D609G, and WT+T613M 
were -94.6 ± 4.8 mV (n = 19), -94.4 ± 3.0 mV (n = 10), and -105.4 ±  
6.1 mV (n = 9), which were significantly shifted toward the negative dir
ection compared to that of WT, M124T, and R269W (-76.0 ± 1.1 mV, 
n = 64; -75.2 ± 2.5 mV, n = 17; -79.5 ± 1.6 mV, n = 18) (P < 0.01). We 

also determined the rate of channel inactivation using the triple pulse 
protocol (see Supplementary material online, Figure S2C and 
Supplementary material online, Table S4). The time constants of inacti
vation for M124T, G584S, WT+D609G, and WT+T613M showed sig
nificant attenuation compared with those for WT (P < 0.01).

Cellular electrophysiological properties of 
KCNH2 wild-type and mutants at high 
temperature
We evaluated the effect of temperature on WT and mutant Kv11.1 
channels to clarify the mechanisms of fever-induced QT prolongation 
and TdP. We measured the Kv11.1 currents using the whole-cell patch 
clamp technique at 35°C, which is equivalent to the physiological tem
perature in humans, and at 40°C, which mimics a febrile state in hu
mans. Figure 2A shows representative tail current traces at 20 mV of 
the six different types of Kv11.1 channels at different recording tem
peratures. Tail current densities at 20 mV at 35°C for G584S, WT 
+D609G, and WT+T613M were significantly smaller than those for 
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Figure 1 Electrocardiograms (ECGs) and location of KCNH2 variants in patients with fever-induced long QT syndrome. (A) ECGs of Case 1 show a 
prolonged QTc (563 ms) during moderate grade fever and an almost normal QTc (444 ms) at normal temperature. (B) ECG obtained at the time of mod
erate grade fever shows torsade de pointes (TdP). (C) Case 2 has prolonged QTc intervals of 566 ms during moderate grade fever and 532 ms at normal 
temperature. (D) ECG obtained in the emergency room at the time of moderate grade fever shows TdP. (E) Illustrations of a Kv11.1 α-subunit with the 
cytoplasmic NH2- and COOH-terminus and six transmembrane segments. A558P, G584S, D609G, and T613M in the S5-pore region are associated with 
QT prolongation and TdP during fever. M124T and R269W are associated with QT prolongation but not with fever-induced QT prolongation and TdP.
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WT, M124T, and R269W. The TCDs at 20 mV increased with a rise in 
temperature from 35°C to 40°C but the temperature-dependent in
creases in TCD at 20 mV for G584S, WT+D609G, and WT+T613M 
were significantly lower than those for WT, M124T, and R269W (P  
< 0.01) (Figure 2A, 2B, and Table 1). We assessed the ratio of Kv11.1 
current at 40°C to 35°C (Figure 2C) to compare the magnitude of 
the thermal-dependent change in TCDs among the six Kv11.1 channels. 
The ratios for G584S (1.07 ± 0.05), WT+D609G (1.09 ± 0.04), and 

WT+T613M (1.09 ± 0.03) were significantly lower than those for 
WT (1.26 ± 0.03), M124T (1.38 ± 0.05), R269W (1.31 ± 0.05) (P <  
0.01 by one-way ANOVA, followed by a post hoc Tukey’s test).

We then evaluated the kinetics and voltage dependence of Kv11.1 chan
nel gating, including activation and inactivation at 35°C and 40°C. (see 
Supplementary material online, Figure S3). In all Kv11.1 channels, the 
steady-state activation curve at 40°C showed a marked negative shift com
pared to that at 35°C (Figure 3A and Table 1). The assessment of voltage 
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expressing WT alone, M124T alone, R269W alone, G584S alone, WT+D609G, and WT+T613M at 35°C and 40°C. The pulse protocol is shown in the 
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dependence of Kv11.1 activation showed that the V1/2 values for WT and 
the five mutant channels were comparable at each recording temperature 
(Table 1). The differences in V1/2 values for the steady-state activation curve 
at 35°C and 40°C were also comparable among all Kv11.1 channels 
(Table 2). Figure 3B shows the steady-state inactivation curves at 35°C 
and 40°C. As the temperature increased from 35°C to 40°C, the 
steady-state inactivation curves for all the five Kv11.1 channels except 
WT+T613M shifted significantly in a positive direction (Figure 3B and 
Table 1). The differences in V1/2 values for the steady-state inactivation curve 
at 35°C and 40°C were significantly greater for WT, M124T, and R269W 
than for G584S, WT+D609G, and WT+T613M (P < 0.01). The differences 
were not significant among WT, M124T, and R269W (Table 2). Figure 4, 
Supplementary material online, Figure S3C, and Supplementary material 
online, Table S5 show the rate of channel inactivation at 35°C and 40°C. 
As the temperature was increased from 35°C to 40°C, the time constants 
of inactivation for all Kv11.1 channels were significantly decreased. At 40°C, 
the time constants for inactivation of G584S, WT+D609G, and WT 
+T613M were not significantly different from that of WT.

Computer simulations of human 
ventricular action potentials and early 
afterdepolarization formation
The cellular electrophysiological study demonstrated that G584S, WT 
+D609G, and WT+T613M reduced temperature-dependent increases 

in TCDs accompanied by enhancement of the steady-state inactiva
tion at higher temperatures. To assess physiological implications of 
the alterations in channel properties by the mutations, we simulated 
EAD generations in the LQT2 cardiomyocytes using the Kurata et al. 
(human ventricular myocyte) model.16 Figure 5 shows the simulated 
effects of enhanced inactivation of the mutant Kv11.1 channel 
currents on APs of the M cells at 35, 37, and 40°C. G584S, WT 
+D609G, and WT+T613M, in contrast to WT, did not show 
temperature-dependent increases in IKr due to the smaller positive 
shift in the steady-state inactivation at 40°C. Consequently, repolar
izations of APs were delayed by the smaller mutant channel currents, 
resulting in EAD formation at 40°C. In contrast, M124T, R269W, 
and WT exhibited significantly increased IKr during the febrile state, 
decreasing AP duration (Figure 5).

Discussion
This study investigated the clinical characteristics of patients with 
QT prolongation and TdP due to fever and harbored KCNH2 
G584S, D609G, or T613M in the Kv11.1 S5-pore region. We also 
characterized the temperature-dependent changes in the electro
physiological properties of these mutant Kv11.1 channels using 
heterologous expression systems. The cellular electrophysiological 
study and computer simulation study showed G584S, WT+D609G, 
and WT+T613M reduced temperature-dependent increases in TCDs 
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Table 1 Activation and inactivation parameters of the Kv11.1 channels at 35°C and 40°C

35°C

WT M124T R269W G584S WT/D609G WT/T613M

Tail current density at 20 mV pA/pF 49.8 ± 5.1  

(n = 34)

28.9 ± 4.8  

(n = 14)

32.1 ± 5.5  

(n = 16)

14.9 ± 2.4  

(n = 19)

14.1 ± 3.1  

(n = 15)

14.3 ± 3.3  

(n = 18)

Steady-state activation V1/2 (mV) −19.1 ± 1.8  

(n = 13)

−17.2 ± 2.4  

(n = 13)

−14.4 ± 2.1  

(n = 13)

−18.9 ± 1.2  

(n = 13)

−20.2 ± 2.2  

(n = 13)

−20.1 ± 2.3  

(n = 13)
SF (mV) 6.6 ± 0.4  

(n = 13)

6.5 ± 0.4  

(n = 13)

6.7 ± 0.2  

(n = 13)

6.5 ± 0.4  

(n = 13)

5.8 ± 0.5  

(n = 13)

5.9 ± 0.4  

(n = 13)

Steady-state inactivation V1/2 (mV) −51.3 ± 2.6  

(n = 15)

−41.5 ± 3.6  

(n = 15)

−55.1 ± 3.0  

(n = 15)

−65.2 ± 3.8  

(n = 15)

−53.5 ± 2.8  

(n = 15)

−53.3 ± 2.0  

(n = 14)

SF (mV) 25.2 ± 1.4  
(n = 15)

25.1 ± 0.8  
(n = 15)

28.0 ± 1.2  
(n = 15)

24.3 ± 1.1  
(n = 15)

24.0 ± 1.6  
(n = 15)

22.3 ± 0.9  
(n = 14)

40°C

WT M124T R269W G584S D609G/WT WT/T613M

Tail current density at 20 mV pA/pF 62.3 ± 6.2*  

(n = 34)

37.6 ± 5.6*  

(n = 14)

40.3 ± 6.2*  

(n = 16)

16.3 ± 2.6  

(n = 19)

16.2 ± 3.7*  

(n = 15)

16.0 ± 3.7*  

(n = 18)

Steady-state activation V1/2 (mV) −30.3 ± 2.6*  

(n = 13)

−28.0 ± 1.6*  

(n = 13)

−25.0 ± 1.8*  

(n = 13)

−30.0 ± 1.5*  

(n = 13)

−30.3 ± 2.2*  

(n = 13)

−30.3 ± 3.1*  

(n = 13)
SF (mV) 5.1 ± 0.2*  

(n = 13)

5.5 ± 0.4*  

(n = 13)

6.3 ± 0.4  

(n = 13)

5.5 ± 0.4  

(n = 13)

5.3 ± 0.6  

(n = 13)

5.1 ± 0.4  

(n = 13)

Steady-state inactivation V1/2 (mV) −29.7 ± 2.5*  

(n = 15)

−15.6 ± 2.8*  

(n = 15)

−30.6 ± 3.5*  

(n = 15)

−57.3 ± 4.1*  

(n = 15)

−44.4 ± 2.8*  

(n = 15)

−46.2 ± 4.5  

(n = 14)

SF (mV) 19.4 ± 0.7*  
(n = 15)

20.0 ± 1.5*  
(n = 15)

24.4 ± 2.2  
(n = 15)

24.4 ± 1.5  
(n = 15)

25.0 ± 1.5  
(n = 15)

24.0 ± 2.7  
(n = 14)

SF, Slope factor. *P < 0.01 vs. 35°C by paired t-test.
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Figure 3 Temperature sensitivity of the voltage dependence of steady-state activation and inactivation in the Kv11.1 channels. (A) Summary of 
temperature-dependent shifts in the voltage dependence of steady-state activation for WT alone (n = 13), M124T alone (n = 13), R269W alone (n  
= 13), G584S alone (n = 13), WT+D609G (n = 13), and WT+T613M (n = 13) at 35°C (closed symbol) and 40°C (open symbol). The pulse protocol 
is shown in the inset. (B) Summary of temperature-dependent shifts in the voltage dependence of steady-state inactivation for WT alone (n = 15), 
M124T alone (n = 15), R269W alone (n = 15), G584S alone (n = 15), WT+D609G (n = 15), and WT+T613M (n = 14) at 35°C (closed symbol) and 
40°C (open symbol). The pulse protocol is shown in the inset. The deactivation that occurred at more negative second pulse (P2) voltages of the triple 
pulse protocol was corrected. The peak current amplitude at the test potential was normalized and plotted against the prepulse potential. Curves re
present the best fit by the Boltzmann function.

Mechanisms of fever-induced QT prolongation                                                                                                                                                    7



through the reduced temperature-dependent depolarizing shift of 
steady-state inactivation. In contrast, as the temperature increased, 
WT, and M124T and R269W in the Kv11.1 N-terminus exhibited a 
greater increase in TCDs compared to G584S, WT+D609G, and 

WT+T613M. To our knowledge, this is the first demonstration of 
an association between the failure of temperature-dependent 
increases in IKr and enhanced steady-state inactivation of Kv11.1 
channels at high temperatures.
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Table 2 Differences in V1/2 of activation and inactivation curves at 35°c and 40°c

WT M124T R269W G584S WT/D609G WT/T613M

Differences in V1/2 of activation curve  

at 35°C and 40°C

−11.2 ± 1.9  

(n = 13)

−10.1 ± 1.2  

(n = 13)

−10.5 ± 1.3  

(n = 13)

−10.8 ± 1.1  

(n = 13)

−10.1 ± 1.2  

(n = 13)

−10.2 ± 1.7  

(n = 13)

Differences in V1/2 of inactivation curve  

at 35°C and 40°C

21.6 ± 1.9*  

(n = 15)

25.9 ± 3.7†  

(n = 15)

24.4 ± 2.3†  

(n = 15)

7.9 ± 2.8  

(n = 15)

9.1 ± 2.0  

(n = 15)

7.0 ± 4.5  

(n = 14)

*P < 0.05 or †P < 0.01 vs. G584S, WT/D609G, and WT/T613M by one-way ANOVA, followed by post hoc Tukey’s test.

WT M124T

G584S D609G T613M

+50 mV

–100 mV
5 ms 

–20 mV

+60 mV

WT 35°C (n = 13)

WT 40°C (n = 13)

G584S 35°C (n = 12)

G584S 40°C (n = 12)

WT+D609G 35°C (n = 11)

WT+D609G 40°C (n = 11)

WT+T613M 35°C (n = 12)

WT+T613M 40°C (n = 12)

M124T 35°C (n = 11)

M124T 40°C (n = 11)

* * * * * * * * *

R269W 35°C (n = 12) 

R269W 40°C (n = 12)

R269W

* * * * * * * * *

* * * * * * *
* *

* * * * * * * * *

* * * * * * * *
*

* * * * * * * * *

P1 P2 P3

5

4

3

2

1

0

5

4

3

2

1

0
–20 0 20

Membrane potential (mV)

T
im

e 
co

ns
ta

nt
 (

m
s)

5

4

3

2

1

0

T
im

e 
co

ns
ta

nt
 (

m
s)

5

4

3

2

1

0

T
im

e 
co

ns
ta

nt
 (

m
s)

5

4

3

2

1

0

T
im

e 
co

ns
ta

nt
 (

m
s)

T
im

e 
co

ns
ta

nt
 (

m
s)

5

4

3

2

1

0

T
im

e 
co

ns
ta

nt
 (

m
s)

40 60 –20 0 20

Membrane potential (mV)

40 60 –20 0 20

Membrane potential (mV)

40 60

–20 0 20

Membrane potential (mV)

40 60 –20 0 20

Membrane potential (mV)

40 60 –20 0 20

Membrane potential (mV)

40 60

Figure 4 Temperature sensitivity of the rates of inactivation in Kv11.1 channels. Summary of temperature-dependent shifts in rates of inactivation for 
WT alone (n = 13), M124T alone (n = 11), R269W alone (n = 12), G584S alone (n = 12), WT+D609G (n = 11), and WT+T613M (n = 12) at 35°C 
(closed symbol) and 40°C (open symbol). The pulse protocol is shown in the inset. The inactivation rates at each potential were measured directly 
by fitting a single exponential function to the decay of the current. *P < 0.01 vs. 35°C by paired t-test.
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KCNH2 mutations identified in the 
patients with fever-induced QT 
prolongation and torsades de pointes
Cardiac events in patients with LQT2 are typically associated with emo
tional stress and sudden noise. Their association with fever has also 
been reported before, but only in a minority of cases.4 Previous studies 
showed that A558P and T613M mutations in KCNH2 genes were asso
ciated with fever-induced QT prolongation and ventricular tachyar
rhythmia.8,11 We identified patients with KCNH2 mutations, namely, 
G584S and D609G, who developed marked QT prolongation and 
TdP at a relatively early phase (a few minutes to a few hours) of devel
oping a low-grade fever (38°C or higher). The four mutations, G584S, 
D609G, T613M, and A558P, were located in the Kv11.1 S5-pore re
gion. The Kv11.1 channel contains a long linker between the fifth trans
membrane domain and the pore helix (S5P linker), which is important 
for the fast inactivation of this channel.14 Previous studies showed that 
the S5P linker contributes to the voltage sensing for inactivation.18

Zhao et al.19 reported a family with G584S with modest QT interval 
prolongation and six of 19 carriers exhibiting syncope. At the same 
time, there was no data regarding the types of triggers for the syncope. 

They also showed that G584S traffic normally, and the mutant channels 
had abnormal inactivation gating. However, they did not describe 
changes in channel function with increasing temperature.

There are no reports on D609G other than our report. In Case 2, 
the proband had KCNH2 D609G and KCNQ1 D611Y. In the family 
members of Case 2, D611Y was identified in 12 members, and six of 
these subjects showed QT prolongation. KCNH2 D609G was detected 
only in the proband, and no other family member presented TdP during 
fever. We previously reported that the current density of Kv7.1 D611Y 
was not significantly suppressed compared with that of Kv7.1 WT, but 
the rates of activation of the D611Y slowed compared with that of 
WT.13 Therefore, we assumed that KCNH2 D609G might be mainly as
sociated with fever-induced QT prolongation and TdP. To clarify the 
role of the interaction between D609G-hERG and D611Y-Kv7.1 chan
nels, we should also characterize the temperature-dependent changes 
in the electrophysiological properties of KCNQ1 D611Y and conduct a 
simulation study to assess the physiological implications of alterations in 
both hERG and Kv7.1 channels.

There have been several reports on T613M. Huang et al.20 reported 
that T613M showed a trafficking-deficient phenotype by chemilumines
cence assay for surface expression of hERG protein, and T613M caused 
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Figure 5 Simulated action potentials (APs) and IKr behaviors of the K05 models for the normal and type2 long QT syndrome cardiomyocytes (M 
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a dominant-negative effect on Kv11.1 WT. They also showed no signifi
cant change of steady-state activation between WT and WT+T613M, 
and steady-state inactivation of WT+T613M was significantly shifted 
toward the negative direction compared to that of WT at room tem
perature (21°C to 23°C). These findings are consistent with our results, 
although they did not evaluate the temperature dependence of the 
channel function.

Electrophysiology of the mutant Kv11.1 
channels at high temperature
Temperature can have acute and chronic effects on the Kv11.1 channel 
and hERG protein.9,21 Previous studies have indicated that the acute ef
fect is due to gating kinetics,9 and the chronic effect is due to channel 
expression levels.21 The present study focused on the former. We 
measured IKr currents at 35°C and 40°C at intervals of approximately 
3 min. Vandenberg et al. showed that Kv11.1 channel currents that are 
heterologously expressed in CHO cells are markedly sensitive to 
changes in temperature; increasing temperature from 22°C to 37°C 
produced negative shifts in the voltage dependence of activation and 
positive shifts in the voltage dependence of inactivation.9 Our results 
coincided with these findings. Clinically, Case 1 showed significant 
QT prolongation and TdP a few minutes after the onset of fever. In con
trast, the duration of fever in Case 2 was unclear, but it might have been 
a few hours. Therefore, we speculate that the acute effects of tempera
ture on the inactivation kinetics of Kv11.1 may influence the clinical 
phenotypes of both patients.

Amin et al., for the first time, reported the acute electrophysiological 
effects of temperature on WT and WT+A558P currents; the normal 
increase in Kv11.1 WT current density at higher temperatures was re
duced by the co-expression of A558P subunits, and A558P co- 
expressed with WT selectively accelerated the inactivation rates.8

We also demonstrated that G584S, WT+D609G, and WT+T613M 
currents exhibit reduced temperature-dependent increases. In contrast 
to previously characterized KCNH2 mutations identified in fever- 
induced LQTS, G584S alone could express functional channels without 
trafficking defect, which is a great advantage for analyzing the mechan
isms of fever-induced QT prolongation and TdP. The difference from 
the results of Amin et al.’s study was that G584S, WT+D609G, and 
WT+T613M showed no difference in the inactivation rate at high tem
peratures compared to WT (Figure 4, Supplementary material online, 
Table S5); however, the three mutant channels showed significantly 
less change in steady-state inactivation with increasing temperature 
compared to WT, although Amin et al. did not evaluate the steady-state 
inactivation of the Kv11.1 current. The voltage dependence of Kv11.1 
inactivation is an important contributor to determining AP duration.22

Faster inactivation rates may not be the main reason for the prolonga
tion of AP duration. We suggest the importance of smaller positive 
shifts in steady-state inactivation of Kv11.1 channels, which contributes 
to the failure of temperature-dependent increases in IKr.

Another interesting finding is that the M124T and R269W in the 
N-terminal domain yielded pronounced currents with rising tempera
ture, similar to that for the WT channel, even though the TCDs at nor
mothermia were smaller than that for WT. Because the steady-state 
activation kinetics of Kv11.1 channels were not significantly different 
for all tested channels, the differences in the increase of TCDs with in
creasing temperature between M124T and R269W in the N-terminal 
domain and G584S, WT+D609G, and WT+T613M in the S5-pore re
gion are likely due to the differences in steady-state inactivation kinetics 
at high temperatures. These findings are consistent with the clinical 
phenotype, including that the KCNH2 M124T carriers and R269W car
riers had never experienced syncope during fever. We speculate that 
specific KCNH2 mutations in the S5-pore region, which show impair
ments in the voltage dependence of inactivation with increasing tem
perature, may fail to increase IKr during fever.

Kiyosue et al. studied the acute effects of temperature on APs and 
membrane currents of guinea pig ventricular myocytes using a tight-seal 
whole-cell clamp technique.6 They showed that the APD at 95% repo
larization was 314 ± 83 ms at 24°C–25°C and 146 ± 33 ms at 33°C– 
34°C. They noted that the calcium current (ICa), the delayed rectifier 
potassium current (IK), and the inwardly rectifying potassium current 
(IK1) were sensitive to temperature, with Q10 (temperature coefficient) 
values of 2.3 ± 0.6 for ICa, 4.4 ± 1.2 for IK tail current, and 1.5 ± 0.3 for 
IK1. Thus, IK is particularly sensitive to temperature and plays an import
ant role in shortening the APD at high temperatures. These results sug
gest that patients with loss of IKr caused by KCNH2 mutations may be 
prone to delayed cardiac repolarization and arrhythmias when they 
have fevers.14 Our data support the hypothesis that patients with spe
cific KCNH2 mutations in the S5-pore region, which reduces the de
polarizing shift of steady-state inactivation in a febrile state, may be at 
risk of fever-induced QT prolongation and TdP. For these patients, 
QTc interval monitoring and immediate treatment of fever with anti
pyretic drugs are highly recommended, as is the case for those diag
nosed with Brugada syndrome.

Limitations
This study has several limitations. First, we assessed the functional con
sequences of KCNH2 mutations using heterologous expression sys
tems, not human cardiomyocytes. However, we believe these 
systems are useful to elucidate the mechanisms for channel dysfunction 
and how it leads to the arrhythmia phenotype because using these ex
pression systems is a well-established method. Although experimental 
studies using induced pluripotent stem cells (iPS cells) may be more ap
propriate, recording stable APs in iPS cell-derived cardiomyocytes at 
varying temperatures is extremely challenging.

Second, we did not test whether KCNH2 mutations in this study 
showed a trafficking-deficient phenotype, although the temperature 
can chronically affect channel expression levels. Zhao et al. studied 
the effects of febrile temperature culture on hERG channels in HEK 
293 cells and on IKr in cardiomyocytes.21 They showed that febrile tem
perature accelerates the degradation of hERG channels and chronically 
decreases hERG K+ current. The data indicate that the specific KCNH2 
mutations may be at a higher risk of fever-induced QT prolongation and 
TdP in a chronic febrile state. On the other hand, in the present study, 
patients with fever-induced QT prolongation and TdP had cardiac 
events relatively early after the onset of high fever. Kv11.1 G584S, 
which has been reported to have normal trafficking, also showed re
duced temperature-dependent increases in IKr and enhanced 
steady-state inactivation, as did WT+D609G and WT+T613M. These 
findings suggest the importance of the acute effect of temperature 
on the gating kinetics of the Kv11.1 channel.

Third, we did not conduct the patch clamp analysis and in silico si
mulations at 35°C and 40°C for co-expressed WT+G584S channels. 
Considering the heterotetrameric character of Kv11.1 channels, the pres
ence of both WT and G584S subunits in the channels may change the re
sults. In this study, we evaluated homotetrameric channels as much as 
possible because they can exhibit channel properties simply and strictly.

Fourth, we cannot exclude the possibility that fever-induced malig
nant arrhythmias with KCNH2 G584S, WT/D609G, and WT/T613M 
result mainly from a large reduction in the IKr tail current at normal tem
perature rather than reduced temperature-dependent IKr increase due 
to enhanced Kv11.1 inactivation. It is currently difficult to distinguish be
tween these two factors. To support our theory, we would need to 
identify and study a variant that notably reduces IKr tail current while 
maintaining a temperature-dependent IKr increase without fever- 
induced arrhythmias (EADs or TdPs), or conversely, a variant causing 
a small IKr tail current reduction but with a compromised temperature- 
dependent IKr increase and resulting fever-induced arrhythmias. There 
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might be a significant overlap between these situations. This issue 
should be addressed in future studies.

Finally, it should be noted that the patients with the KCNH2 mutations 
in the S5-pore region might be affected by several risk factors, aside from 
a febrile state, which could cause QT prolongation and TdP, e.g. cla
rithromycin use in Case 2. Under these conditions of reduced repolar
ization reserve, reduced temperature-dependent increases in IKr during 
a febrile state could exacerbate QT prolongation and TdP.

Conclusions
We evaluated KCNH2 mutations, namely, G584S, D609G, and T613M, 
in the S5-pore region identified in the patients with fever-induced QT 
prolongation and TdP. These mutations reduced temperature- 
dependent increases in IKr due to an enhanced Kv11.1 inactivation at 
a high temperature. Our findings indicate that the enhancement of in
activation of Kv11.1 channel during fever may contribute to QT pro
longation and life-threatening arrhythmias in patients with specific 
KCNH2 mutations in the S5-pore region.
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Supplementary material is available at Europace online.
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Translational perspective
This study shows that some specific KCNH2 mutations in the S5 pore re
gion of the Kv11.1 channel reduce the temperature-dependent increase in 
TCDs due to an enhanced Kv11.1 inactivation at a high temperature. 
Namely, some patients with LQT2 and particular KCNH2 mutations might 
be at risk of fever-induced QT prolongation and TdP. Understanding 
these mechanisms may contribute to the development of targeted ther
apies and management strategies for LQT2 patients with these specific 
mutations. Addressing the underlying mechanisms of fever-induced QT 
prolongation and TdP may potentially reduce the risk of life-threatening 
arrhythmias in these patients during febrile states.
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